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Preface

The outstanding advances and new discoveries in organ transplantation science have result‐
ed in remarkable changes in this field. The aim of our book is to present some of these ad‐
vances. This book is addressed to researchers, practicing physicians, and surgeons in the
field of organ transplantation, as well as the medical students, residents, and fellows. The
topics covered include the religious concepts in organ transplantation, embryonic organ
transplantation, tolerance, normothermic graft perfusion, pharmacogenetics of immunosup‐
pressors, viral transmission in organ transplantation, pediatric and split-liver transplanta‐
tion, portopulmonary hypertension, mechanical circulatory support, ex vivo lung perfusion,
and ABO-incompatible kidney transplantation.

We wish to thank all our distinguished authors for their cooperation and desire to share
their precious experience with the medical community. On their behalf, we wish to express
hope that this publication will facilitate access to the latest scientific achievements in the
field of organ transplantation. We are particularly thankful to Ms. Iva Simcic and her collea‐
gues at InTech, for their expertise and support in bringing this edition to completion.

Prof. Hesham Abdeldayem
Prof. Ahmed F. El-Kased

Prof. Ahmed El-Shaarawy
Menoufia University

Egypt
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Chapter 1

Religious Concepts in Organ Transplantation

Hesham Abdeldayem, Ahmed Farag El-Kased,
Ahmed Elshaarawy, Essam Salah Hammad,
OmKolsoum Al-Haddad, Gihan Sobhi and
Naglaa Allam

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/62401

Abstract

Beside cultural, social, and educational issues, religious beliefs are assumed to play a
significant role on the attitude towards organ transplantation much more often than
clinicians believe. At the same time, health-care providers may lack sufficient knowl‐
edge on religious issues pertaining to transplantation.

This chapter aims to provide an overview on the different religious concepts on organ
transplantation. Such knowledge among transplant physicians and surgeons, donor
coordinators, and intensivists may provide a background to deal with religious concerns
towards organ and tissue donation professionally and appropriately and to increase the
transplant numbers.

Keywords: deceased donor, faith, living donor, religion, transplantation

1. Introduction

One of the most touching forms of human compassion is related to the transplantation of
human organs from a mother to a son, from a father to daughter, from a brother to a sister,
from a friend to a friend, and from a stranger to a stranger.

Organ donation, from both living and deceased donors, is considered by most religions as an
expression of the believer’s altruism, generosity, duty, charity, and cooperation as long as the
following conditions are fulfilled [1]:

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



1. The procedure occurs in the context of respect for the dignity of the dead person.

2. Organs from deceased donors are removed only after certain death has be confirmed.

3. Live organ donation does not impede the life of the donor.

4. Organ donations are given as a free gift without reward.

5. Commercialization and/or considering organs as items for trade or exchange are prohib‐
ited.

However, there are different schools of thought, between different religions and within each
religion, regarding the issue of transplantation of human organs. In fact, religious concerns are
considered by many as an important reason that explains why many individuals decline
deceased and live organ donation and/or the willingness to accept a transplant.

2. Concerns around brain death

There are concerns and uncertainty regarding the issue of brain death. For example, some
Muslim scholars, Orthodox Jews, Catholic theologians, and Buddhist scholars do not accept
the concept of brain death [2].

3. Religiosity and willingness to donate

Religious views have been identified as a factor influencing the willingness to donate, with
religion tending to be cited as a barrier to donation. Those who are described as being more
religious may be less likely to support donation, believing that their religions oppose donation.
In fact, most of the negative attitudes towards organ transplantation may be due to the
uncertainty about the religious stance rather than the interpretations of religious teachings.
The conservativeness of religious belief, rather than religiosity itself, may be the underlying
factor against donation [3].

Negative attitudes are also related to how the individual interprets his or her relationship with
God at the times of sickness. The response to illness is that it is God’s will and they have to
accept. Therefore, organ donation may conflict with the belief that one should respect God’s
will [4].

4. Body integrity

The importance of body integrity is much related to religious and cultural beliefs. The belief
of being resurrected in the afterlife and the need for own organs after death is an obstacle
against organ donation. Showing respect to the deceased individual may be also a barrier
against donation. Dissecting the body is commonly perceived as a violation, believing that the
deceased person could still feel pain [5].

Frontiers in Transplantology4
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5. Funeral

The expectation that the process of organ donation will delay funeral and prevent it from
proceeding in the traditional way may also be a factor explaining negative attitudes against
deceased organ donation [6].

6. Interplay of religious and cultural beliefs

There are striking differences between countries as to the willingness to donate. Besides the
religious factors, some of the differences could be attributed to different infrastructure, law,
and consent systems. At the same time, the interplay between religious and cultural beliefs is
also an important factor. Barriers to organ donation that are perceived as religious may actually
reflect cultural attitudes that transcend religion [7].

7. Directed donation and religion

This is defined as organ donation directed to a group of recipients determined by the presence
or absence of a particular characteristic, such as ethnicity, religion, age, or gender. Most
transplant centers emphasize unconditional altruism as the fundamental principle of deceased
organ transplantation and do not allow directed deceased donation [8].

8. Attitudes of different religions towards organ transplantation

8.1. Christianity and organ donation

The predominantly Christian countries of Europe and America have higher rates of organ
donation [9]. However, there is no conclusive evidence regarding the role of the Christian
religion as regards to its influence on the willingness to organ donation. It is the strength of
religious belief and the interpretation of individual relationship to God, rather than the
teachings of the faith, that will influence the attitudes towards organ donation [10].

Christians believe in eternal life and that nothing that may happen to the body, before or after
death, would impair the relationship with God. “In eternity we will neither have nor need our
earthly bodies: former things will pass away, all things will be made new” (Revelation 21: 4–
5).

The cross (Figure 1), a central Christian symbol, is about Jesus giving for the salvation of the
world. The Christian faith is based upon the revelation of God in the life of Jesus Christ. John
3:16 says, “God so loved the world that God gave his only son. Jesus sent his twelve disciples
out with the imperative to heal disease and illness: “Heal the sick…freely ye have received,
freely give” (Matthew 10:8). Healing and saving life is a great gift.

Religious Concepts in Organ Transplantation
http://dx.doi.org/10.5772/62401
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Figure 1. The cross, the central Christian symbol.

On this basis, organ donation to save other lives is considered to be the ultimate humanitarian
act, and with this understanding, donating organs for transplantation is acceptable in terms
of moral Christian law. On the contrary, organ donation is not morally allowed if the donor
or his proxy has not given formal and clear consent. At the same time, it is not acceptable to
cause death or mutilation of a human being to delay the death of another person [10].

8.1.1. Catholicism and organ donation

Roman Catholicism is the largest Christian denomination in Europe. Almost half of the
European Union population consider themselves Catholic. It has been noticed that countries
with a higher proportion of Catholics have higher rates of deceased organ donation [9]. Many
Catholics view organ donation as an act of charity and love. In fact, Catholicism is one of many
factors that predict willingness to organ donation, and making a causal link between Cathol‐
icism and donation is difficult [10].

The Vatican considers both organ donation and transplantation morally acceptable and
encourages organ donation [11]. In 1956, Pope Pius XII [12] (Figure 2) declared that: “A person
may will to dispose his body and destine it to ends that are useful, morally irreproachable and
even noble, among them is the desire to aid the sick and suffering…this decision should not
be condemned but positively justified.” In August 2000, Pope John Paul II (Figure 3) told
attendees at the International Congress on Transplants in Rome that “Transplants are a great
step forward in science” and stated that “the Catholic Church would promote the fact that
there is a need for organ donors and that Christians should accept this as a ‘challenge to their
generosity and fraternal love’ so long as ethical principles are followed.” Lately, in October
2014, Pope Francis described the act of organ donation as “a testimony of love for our neigh‐
bor”.

Frontiers in Transplantology6
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Figure 2. Pope Pius XII.

Figure 3. Pope John Paul II.

8.1.2. Orthodox Christian Church

In the Orthodox Church tradition, organ donation could be considered as an act of charity. If
the donor is living, the decision to donate an organ should be made in consultation with the
spiritual father and the medical professionals. Deceased organ donation is also an act of charity
that helps to make possible a sick patient to live a longer and better life. Organ donation is
acceptable only if the deceased donor had willed such donation or if the relatives permit. The
body of the donor should be treated respectfully. Organ transplantation should never be
commercialized nor taken place without clear consent. The death of the donor should never
be hastened to recover organs for transplantation [13].

8.1.3. Protestantism

Because of the many different Protestant denominations, a generalized statement on their
views regarding organ donation and transplantation cannot be made. The Protestant faith
shares a common belief in the New Testament (Luke 6:38: “Give to others and God will give
to you.”) and respects individual conscience and the right to make decisions regarding the
person’s own body. It is generally not believed that resurrection requires making the body
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whole again. Most Protestant Churches encourage the spirit of generosity of organ and tissue
donation [14].

Churches, such as African Methodist Episcopal (AME) and African Methodist Episcopal Zion
(AME Zion), Assembly of God, Brethren, Christian Church (Disciples of Christ), Church of the
Nazarene, Episcopal, Evangelical Covenant Church, Evangelical Lutheran Church in America,
Lutheran Missouri Synod, Mormon (Church of Jesus Christ of Latter-day Saints), Presbyteri‐
ans, Unitarian Universalist, United Church of Christ, and United Methodist Church, are highly
supportive of donation. They encourage their members to consider the possibility of organ
donation as an act of Christian love. However, the decision to donate is left to each individual
[15, 16].

On the contrary, Churches, such as, Unitarian Universalism, Southern Baptist Convention,
Society of Friends (Quakers), Pentecostals, Mennonite, Moravians, Christian Science, and
Amish, have no official position on organ donation and consider that there are no spiritual or
theological beliefs that would prevent an individual from donating. They believe that the
decision to donate is up to the individual and/or his or her family [15, 16].

8.1.4. Jehovah’s Witnesses

Jehovah’s Witnesses are a non-Trinitarian Christian denomination. They are distinct from the
mainstream Christianity. The issue of transplantation is compounded by their refusal of blood
transfusion. This includes full blood, platelets, and plasma. On the contrary, dialysis, plasma
exchange, albumin, clotting factors, and erythropoietin infusions are all allowed [17].

Jehovah’s Witnesses are often assumed to oppose organ donation because of their belief against
blood transfusion. However, this merely means that all blood must be removed from the
organs and tissues before being transplanted (Office of Public Information for Jehovah’s
Witnesses, October 20, 2005). Some have argued that consent to rescue transfusion should be
a prerequisite for transplant listing [18].

Organ transplantation was not allowed for Jehovah’s Witnesses until recently. The religious
guidance from the 1960s stated that those who submit to human organ transplantation are
living off the flesh of other humans. That is cannibalistic. Jehovah God does not grant permis‐
sion for humans to perpetuate their lives by cannibalistically taking into their bodies’ human
flesh. This view was only revised in the 1980s, and the decision for or against transplantation
is regarded as an individual choice under the assumption that no blood is transfused. Small
series of kidney and pancreas transplants in Jehovah’s Witnesses have been described. Early
postoperative deaths in anemic cases have been reported [19].

8.2. Islam and organ donation

When a Muslim dies, it is a religious requirement that the body is ritually washed and draped
and the corpse is buried. Cremation is not allowed in Islam. Washing and shrouding is carried
out by respected persons of the same sex as the deceased, who is experienced in the rules of
Muslim burial. All clothes are removed and the body is covered. Private parts are covered with

Frontiers in Transplantology8
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a sheet and never exposed during the wash [20]. Muslims are buried in such a way that the
face of the deceased faces Mecca. The arms and legs should be straightened and the mouth
and eyes are closed. Muslims believe in the Day of Judgment and the afterlife. It is a religious
recommendation that an ill person, whether a relative or a stranger, be visited. This is consid‐
ered a form of worship. It is traditional for Muslims to be buried as quickly as possible.
Violating the human body, whether living or dead, is forbidden in Islam [21].

Muslim laws (Shari’ah) are derived from Koran and Hadith (practices and sayings of the
prophet Mohammed). Islam recognizes no intermediary between humans and God, such as a
clergy. High-ranking Muslim jurists (Ulamas) help Muslims on the interpretation of the Koran
and the Hadith. Organ transplantation has not been dealt with in the Koran or the Hadith, and
there is a difference of opinion among the Ulamas. The majority of Islamic scholars have
concluded that organ donation as treatment for otherwise lethal disease is a good and faithful
thing [22].

Islam considers that life is sacred and it must be preserved by all possible means, and one of
the basic rules in Islam is the saving of human life. This is a fundamental aim of Islam. Many
Muslim scholars consider organ donation as an expression of the believer’s altruism, gener‐
osity, duty, charity, cooperation, etc. [23].

Although, in Islam, violating the human body, whether living or dead, is greatly forbidden,
this prohibition may be waived in the cases of necessity, such as saving a human’s life. The
fundamental Islamic rule that “necessities permit the prohibited” (al-darurat tubih al-
mahzurat) will support donation of both living and deceased human organs by saving a life
of another because the benefit outweighs the cost that has to be paid [24].

The following are some verses that have been used to support organ donation:

1. “Whosoever saves the life of one person it would be as if he saved the life of all mankind.”
Holy Qur’an, chapter 5 vs. 32 (Figure 4).

Figure 4. Holy Qur’an, chapter 5 vs. 32: “Whosoever saves the life of one person it would be as if he saved the life of all
mankind.”
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2. “Whosoever helps another will be granted help from Allah.”—Prophet Mohammed
(PBUH)

Most of the major academies of the Muslim world support organ transplantation as a means
of alleviating pain or saving lives and encourage Muslims to donate organs for transplantation
[25]. These include the following:

1. Al-Azhar Academy of Egypt,

2. The Organization of Islamic Conference (representing all Muslim countries).

3. The Grand Ulamas Council of Saudi Arabia, and

4. The Iranian Religious Authority.

In 1952, the supreme head of the Islamic School of Jurisprudence in Egypt stated that if
anything was of “good” for mankind, then “necessity allows what is prohibited.” Such rulings
allow transplants of organs as long as the following conditions are satisfied [24]:

1. This is the only form of treatment available.

2. The likelihood of success of the transplant is high.

3. The consent of the donor is obtained.

4. The death of the donor has been fully confirmed, in the case of deceased donors.

5. There is no imminent danger to the life of the donor, in the case of living donors.

6. The recipient has been informed of the operation and its implications.

The Islamic Jurisprudence Assembly Council in Saudi Arabia approved deceased and live
donations in 1988. Similar rulings are in place in, among other countries, Egypt, Iran, and
Pakistan [25].

Islam, as all religions, is not monolithic. Some of Muslim scholars are less approving of organ
donation. Various reasons are given for the skepticism. These include the following [26]:

1. The thought that the human body is entrusted to man and man is not allowed to interfere
with.

2. The human body has a special honor, and violating the human body, whether living or
dead, is greatly forbidden. This is supported by the words of the Prophet Mohammed
(PBUH): “The breaking of a bone of a dead person is equal in sin to doing this while he
was alive.”

3. The concept and definition of brain stem death is still controversial.

It is also important to mention that religious concerns play a role even among Muslim
physicians.
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8.3. Judaism and organ donation

Figure 5. The seven-branched menorah, a traditional symbol of Judaism.

Judaism religion stresses on the honor and respect of the dead (kavod hamet). According to
Solomon, the following three Jewish principles should be followed in the treatment of the body
after death [27]:

1. Respect and dignity to a cadaver,

2. Not benefiting from a corpse, and

3. Immediate burial.

At the same time, many Jewish scholars disagree to accept the concept of brain death. In fact,
Halachic guidance, which is so important in Judaism faith, is not settled to whether the Jewish
law considers a person dead or not when the whole brain dies or when the heart stops beating.
A Goses, a Halachic term describing a person who is critically ill and likely to die within 3
days, must not be interfered with in order not to hasten death. Therefore, there may be
reluctance to medically interfere with a dying patient for the purpose of preparing for organ
donation [28].

On the contrary, saving a life is a fundamental value in Judaism (pikuach nefesh). Many Jewish
scholars state that the urge to save lives overrides the above-mentioned concerns. In fact,
Jewish law mandates that, to save a life, one may violate almost all commandments (except
for the prohibitions of murder, idolatry, and illicit sexual relations). This guidance has been
used to support the concept organ donation, as it results in saving lives [29].
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The Jewish principles of saving a life (pikauch nefesh) and the respect to the dead (kavod
hamed), therefore, may come into conflict with one another considering the organ donation
[29].

Rabbi Elliott N. Dorff, a professor of Jewish theology at the American Jewish University
(formerly the University of Judaism) in California, an author and a bioethicist, wrote: “Saving
lives by organ donation could override the rules concerning treatment of a dead body.
Transplantation neither desecrates nor disrespects the dead body, and the delay in burial to
facilitate organ donation is respectful to the decedent. Organ donation honors the deceased as
it would save a life” [30].

At the same time, the Conservative Movement’s Committee on Jewish Laws and Standards
argued that deceased organ donation for transplantation represents not only an act of gener‐
osity but are also a “commanded obligation,” which could save a human life. “Do not stand
idly by your neighbor’s blood” (Leviticus 19:16), which directs we use any resource possible
to save a life [29, 30].

Another question is whether or not a kidney transplantation is truly life saving, so long survival
on dialysis is possible, and whether corneal transplantation, which is not life saving, is justified.
Some Jewish scholars argue that blindness is nearly similar to death, and corneal transplan‐
tation is Halachicly acceptable [28].

The important question is whether or not the Jewish law considers someone dead when the
whole brain dies or when the heart stops beating. There are scholars on both sides of the
question. For this reason, uniquely, the donor card issued by the Halachic Organ Donor Society
provides two options, i.e., donation after brain death and/or after cardiac arrest [31].

Disagreements between rabbinic authorities and physicians on the concept of brain death were
only settled in 2008, when a new Organ Transplant Law in Israel was approved. However,
refusal to the acceptance of brain death remains, and not all rabbinic authorities approve it [30].

8.4. Buddhism

Organ donation rates, in the predominantly Buddhist countries of Southeast Asia particularly
in Thailand, Cambodia, Singapore, and Vietnam, are low. Beside the religious barriers, cultural
barriers to donation also exist due to a lack of acceptance of brain death [32].

Central to the faith of Buddhism is the idea that all of life is suffering (dukkha). This suffering
can be overcome by an eightfold path of virtues. Buddhism considers everything on earth
transitory and believes in rebirth. In Buddhism tradition, the time of death is very important
and should be treated with great respect. The concept of brain death is doubted, and according
to some Buddhism traditions, the spiritual “consciousness” will remain in the body for days
after cessation of breathing. The departure of this spirit is the actual moment of death. Until
then, the body must remain undisturbed. Disturbance of this process may adversely affect the
individual’s next rebirth. In other words, the moment of death is defined according to criteria
very different from those of modern Western medicine [33].
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Figure 6. Drawing of Buddha face.

The above-mentioned considerations are in conflict with generosity (dāna) or selfless giving.
Dāna is central to Buddhism faith. It entails the wish to relieve suffering; therefore, there may
be circumstances where organ donation may be seen as an act of generosity [34]. Buddha
(Figure 6) said to his monks, when he discovered a sick monk, “Whoever would care for me,
let him care for those who are sick” [Mahavagga VIII.26.1-8 (Kucchivikara-vatthu—The Monk
with Dysentery, translated from the Pali by Thanissaro Bhikkhu)] [35]. Reverend Gyomay,
President and Founder of the Buddhist Temple of Chicago said, “We honor those people who
donate their bodies and organs to the advancement of medical science and to saving lives.”

Overall, it is probably a mixture of beliefs within the East Asian tradition rather than the true
Buddhist beliefs that influence the attitudes towards organ donation and transplantation [33].

8.5. Hinduism

Hinduism is the predominant religion in South Asia with approximately 1 billion followers.
Hindus believe in the transmigration of the soul and that the deeds of an individual in the
present life will eventually determine its fate in the next life. In the Hindu faith, life is an
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ongoing process of rebirth after death. The law of Karma determines the way the soul will go
in the next life. The Bhagavad Gita, a narrative framework of a dialogue between Pandava
prince Arjuna and his guide and charioteer Lord Krishna (Figure 7), describes the mortal body
and the immortal soul like the relation of clothes to a body: “vasamsi jirnani yatha vihaya
navani grhnati naro ‘parani tatha sarirani vihaya jirnany anyani samyati navandi dehi.’” “As
a person puts on new garments giving up the old ones the soul accepts new material body
giving up the old one” (Bhagavad Gita chapter 2:22). The physical integrity of the dead body
is not seen as crucial to reincarnation of the soul [36].

Figure 7. A page from Bhagavad Gita: “Those who are faithful do not grieve for the dead or for the living. Neither I,
you, nor the princes of the earth shall ever cease to be. Anyone confirmed in this belief will not be disturbed by any‐
thing that may come to.”

An important tenet of Hinduism is to help those who are suffering. Daan is the original word
in Sanskrit for donation meaning selfless giving. Daan ranks third among the list of 10 Niyamas
(virtuous acts). Of all the things that are is possible to donate, to donate your own body is
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infinitely more worthwhile. The important issue for a Hindu is that which sustains life should
be accepted and promoted as Dharma (righteous living) [37].

The Hindu faith perhaps represents less of a barrier to donation than cultural factors concern‐
ing family approval and death rituals. Hindu religion does not prohibit living or cadaveric
donation to alleviate suffering. The use of body parts to benefit others is embedded in Hindi
mythology [37]. The best known and widely worshipped deities in the Hindu pantheon is
“Ganesha,” who is pictured with an elephant head and may represent the earliest depiction
of xenotransplantation (Figure 8).

Figure 8. The Hindu God, Ganesha.

8.6. Sikhism

Sikhism is a monotheistic religion. It was founded in 15th century in India by Guru Nanak Dev
Ji (1469–1538). The word “Sikh” means learner [19]. There are no ordained priests in Sikhism.
Gurdwara (the Sikh temple) (Figure 9) is in the care of a granthi (reader) who is appointed by
the community. Sikhs think that faith is practiced by coping with life’s everyday problems.
Sikhism stresses the importance of good deeds. Sikhs believe in life after death and a contin‐
uous rebirth. Sikhs are cremated and the physical body is not crucial to the cycle of rebirth.
The soul is eternal and the body is just a flesh. Sikhism, as Hinduism, perhaps represents less
of a barrier to donation than cultural factors concerning family approval and death rituals [38].
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Figure 9. The golden Gurdwara in Amritsar.

8.7. Confucianism

Confucianism is a Chinese philosophical tradition developed from the lessons of the Chinese
philosopher Confucius (Kǒng Fūzǒ, 551–478 BC) (Figure 10). Confucianism is prevalent in the
Mainland China, Taiwan, Hong Kong, Singapore, and Korea. The key principle in Confucian‐
ism is the Filial piety, which is the basis of Jen (humaneness). Children should be obedient to
their parents when young, servant to them when they grow old, bury them after death, and
worship them afterwards [39].

Figure 10. Kǒng Fūzǒ.

The Confucian tradition assumes that one is born with a complete body and should end the
same way as a form of filial piety. The body, hair, and skin are gifts from the parents and should
not be damaged. This view will dictate that organ donation and transplantation are unfilial
and disrespectful of parents. Therefore, Confucian beliefs could be considered as obstacles to
organ donation [40].
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Modern Confucian scholars have a different explanation. They stress on the words of Confu‐
cius who said, “The man of Jen is one who, desires to sustain himself, should sustain others”.
They view that Jen and righteousness are more valued than preserving the integrity of the
dead body and therefore approve donation for organ transplantation [41].

8.8. Shintoism

Shinto is the predominant faith in Japan (Figure 11). There is debate as to whether Shintoism
can be classed as a religion. Shintoism is very much concerned with the idea of purity. Shinto
believe that humans are born pure while that living make their bodies impure. The body after
death is thus impure and hazardous, and interfering with dead body brings bad luck and might
injure the relationship between the theitai (the bereaved person) and the dead person. In view
of this belief, the concept of brain death does not go with the Shintoism view of death [42].

Figure 11. Tori, a traditional Japanese gate at the Shinto shrine, symbolically marks the transition from the profane to
the sacred.

Until 1997, legislations in Japan used to forbid deceased donation. In 1997, the law has been
changed to allow transplantation from deceased donors. However, deceased donation is still
not often carried out in Japan and the percentage of Japanese who have an organ donor card
is among the lowest in the world [43].

8.9. Taoism

Taoism embraces a variety of philosophical traditions and religious beliefs in Eastern Asia.
Tao roughly translates as “path” (of life). This faith dates since more than 2000 years. The Taoist
philosophy emphasizes naturalness, non-action (wu-wei), and peace. Wu-wei dictates not
taking action against the path of nature. Organ donation may be viewed according to this
tradition as an attempt to change the natural process. Modern Taoist scholars have indicated
that the body itself is only a shelter to the soul and attempts to change the body cannot truly
affect the nature of life and approved organ donation for transplantation. They also cite Laotze
when he stated that “Let what is superfluous to fill what is insufficient” [44] (Figure 12).
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Figure 12. Ying Yang, a Taoism symbol representing a visual depiction of the intertwined duality of all things in na‐
ture.

8.10. Gypsies

Gypsies have different ethnic groups without a formalized religion. They share common
beliefs and tend to oppose organ donation and transplantation. This may be related to their
beliefs about the afterlife. Their traditional belief is that for 1 year after death the soul retraces
its steps. Therefore, the body should remain intact so as the soul can maintain its physical
shape.

8.11. Bahá’í Faith

There is no opposition in the Bahá’í Faith against organ donation. It is an issue that is left to
the person’s choice (Office of Public Information, Bahá’í International Community, November
10, 2005). The Bahá’í Faith assumes that organ donation is a noble act and insists on treating
the donor’s body respectfully and burying the remains within 1 hour of travel time (from the
hospital to the funeral place) [45].

9. Conclusions

The interplay of faith, religion, and wider cultural attitudes and their relationship with views
on organ donation is so complex. Engaging faith leaders and providing them accurate, clear,
and detailed information about the concepts of brain death, organ donation, and transplanta‐
tion is of great importance.
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Abstract

Here, we review the recent advances towards the use of organs from embryonic donors,
antecedent investigations, and the latest work from our own laboratory exploring the
utility for transplantation of embryonic kidney as an organ replacement therapy. In
addition, we have recently reported, for the first time, that it is possible to create a long-
term biobank of kidney precursors as an unlimited source of organs for xenotransplan‐
tation, facilitating inventory control and the distribution of organs.

Kidney transplantation from deceased or living human donors has been limited by donor
availability as opposed to the increasing demand. Simultaneously, the risk of loss of graft
by rejection or toxicity of immunosuppressive therapy exacerbates this organ shortage.
In recent years, xenotransplantation of developing pancreas and kidney precursor cells
has offered a novel solution for the unlimited supply of human donor organs. Specifical‐
ly, transplantation of kidney precursors in adult hosts showed that intact embryonic
kidneys underwent maturation, exhibiting functional properties, and averted humoral
rejection post-transplantation from non-immunosuppressed hosts.

Organ primordia engraft, attract a host vasculature, and differentiate following
transplantation to ectopic sites. Attempts have been made to exploit these characteristics
to achieve clinically relevant endpoints for end-stage renal disease using animal models.
We focused on two main points: (a) performing transplantation by a minimally invasive
laparoscopic procedure and (b) creating a long-term biobank of kidney precursors, as
an unlimited source of organs for transplantation, facilitating the inventory control and
the distribution of organs. Because even if supply and demand could be balanced using
xenotransplants or laboratory-grown organs from regenerative medicine, the future of
these treatments would still be compromised by the ability to physically distribute the
organs to patients in need and to produce these products in a way that allows adequate
inventory control and quality assurance.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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1. Introduction

The functional failure of an organ has several origins, from malignancies to degenerative
diseases. These latter ailments are non-infectious disorders characterised by progressive
disability. Nowadays, more and more patients are suffering from degenerative processes that
end in specific irreversible organ failure. Loss of function becomes irreversible once injury
exceeds the inherent regenerative potential or redundancy of the affected organ system; in
many instances, therapeutic options are limited to supportive measures and prevention of
further damage [1]. Although substantial progress has been made in the minimisation of
irreversible tissue loss in the acute phase of many disease processes, the restoration of lost
tissue and organ function after critical damage has occurred has been less successful. In these
cases, transplantation represents the ideal method of restoring full physiological organ
function [2]. However, transplantation from deceased or living human donors has been limited
by donor availability, as opposed to the increasing demand, by the risks of allograft loss
rejection and immunosuppressive therapy toxicity [2,3]. These factors mean that many patients
have to wait for long periods of time, entailing increased morbidity and mortality for tens of
thousands of people each year [4], and a lot of patients die before receiving the desired organ.
As proof, it is interesting to recall that, in April 2014 in the United States, approximately 122,000
patients were waiting for an organ transplant, but, a year later, less than 30,000 of them had
received it [5].

Currently, in the field of urology, the prevalence of chronic renal failure continues to outpace
the development of effective treatment strategies. In the European Union, in late 2011, more
than 42,000 patients were on waiting lists for kidney transplant [6]. During this year, 18,712
transplants were performed, of which 20.6% came from living donors. This means that patients
with advanced renal disease are habitually obliged to resort to renal replacement therapies,
such as haemodialysis or peritoneal dialysis. However, these techniques fail to meet the
functional endocrine and reabsorption demands of normal kidney function [2], also affecting
the quality of patient’s life [7]. In the United States, approximately 100,000 individuals are
waiting for a kidney transplant and more than 400,000 individuals are suffering some kind of
end-stage kidney disease requiring haemodialysis [8,9]. Nevertheless, the issue is even more
severe than in the United States, being a universal problem affecting approximately 5–7% of
the world population [10]. Two decades ago in Spain, a leading country in the field of trans‐
plants, approximately 4400 patients were on the waiting list for kidney transplantation [11].
Today, approximately 129 (incidence) and 1039 (prevalence) patients per million habitants still
require renal replacement therapies [12]. The therapeutic alternatives to transplant (haemo‐
dialysis or peritoneal dialysis) represent a cost of €1518 million to the country’s public services.
Whereas this is a problem in Spain, the issue is much more serious in other countries, such as
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the United Kingdom, where organ donation rates are lower and the costs of renal replacement
therapies amounted to £1.2 billion [13,14]. Therefore, seeking alternative solutions to this grave
problem is indispensable.

2. Transplantation of embryonic organs as a novel solution to organ
shortage

Even before obtaining an allogeneic organ, despite advances in renal transplant immunology,
20% of recipients will experience an episode of acute rejection within 5 years of transplantation,
and approximately 40% of recipients will die or lose graft function within 10 years after
transplantation [9]. Thus, the risk of graft rejection is still an obstacle in the field of kidney
transplantation. Similarly, the use of xenotransplants has been considered for years as a
possible solution to the organ shortage, but the risks of xenograft loss rejection and zoonosis
have limited the clinical application of this kind of treatment [15,16]. The use of individual
cells or groups of cells to repair damaged tissue (cellular therapies) offers an alternative for
renal tissue replacement. However, the recapitulation of complex functions, such as glomer‐
ular filtration and reabsorption and secretion of solutes that are dependent on a three-
dimensionally integrated kidney structure, is beyond the scope of most cellular replacement
therapies [17].

The field of renal transplantation is exploring new frontiers. Recently, following this line, and
together with the production of specific pathogen-free animals [18], xenotransplantation of
developing kidney precursors has provided a novel solution for these troubles [17,19]. Unlike
embryonic stem (ES) cells or induced pluripotent stem cells, developing metanephric kidney

Figure 1. Effect of foetus metanephroi transplanted into 14- and 15-day-old rabbit on peripheral blood. (A) Total lym‐
phocytes, (B) B lymphocytes (C), and T lymphocytes CD5+ (×106/l), (D) CD4+ (×106/l), (E) CD8+ (×106/l), and (F) CD25+

cells (×106/l) after 21 days in non-immunocompromised recipients. a,b significant differences (P<0.05).
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cells are already committed to a genetic program of renal development and ”knowing“ its
destination cell type and how it should be assembled [3], obviating the need to pre-program
cell fate. Otherwise, transplantation of kidney precursors in adult hosts showed that intact
embryonic kidneys underwent maturation, exhibiting functional properties and avoiding
rejection from non-immunosuppressed hosts [17]. This happens because, in a developing
kidney, antigen-presenting cells, which mediate direct host recognition of strange antigen, are
absent because they would not have yet developed in the donor and migrated into the
metanephroi [20,21]. Furthermore, metanephroi express fewer MHC class I and II antigens,
which mediate host recognition, than the adult kidney [22,23] (Figure 1). In addition, the
immunological response mediated by T helper lymphocytes is skewed when responding to a
foetal organ compared to an adult organ [24].

Moreover, it is important to recall that metanephroi trigger the formation of a vascular system
directly from the host [25,26], attenuating rejection and encouraging their transplantation
across the species barrier [19,26–28]. Additionally, renal primordials do not require immediate
vascular anastomosis upon transplantation, as is the case in a vascularised organ [29]. Finally,
into the bargain, the use of animal cells avoids ethical barriers to human ES cell use [3].
Therefore, the results achieved with embryonic organs (Figure 2) have returned the use of
xenotransplantation as a possible solution to the shortage of vital organs, such as the kidney,
to the front line of research [30].

Figure 2. Histology of 15-day-old rabbit foetus and recovery organs. (A) Foetus. (B) Lung and heart. (C) Stomach and
intestines. (D) Gonads and cloaca.

Frontiers in Transplantology28



cells are already committed to a genetic program of renal development and ”knowing“ its
destination cell type and how it should be assembled [3], obviating the need to pre-program
cell fate. Otherwise, transplantation of kidney precursors in adult hosts showed that intact
embryonic kidneys underwent maturation, exhibiting functional properties and avoiding
rejection from non-immunosuppressed hosts [17]. This happens because, in a developing
kidney, antigen-presenting cells, which mediate direct host recognition of strange antigen, are
absent because they would not have yet developed in the donor and migrated into the
metanephroi [20,21]. Furthermore, metanephroi express fewer MHC class I and II antigens,
which mediate host recognition, than the adult kidney [22,23] (Figure 1). In addition, the
immunological response mediated by T helper lymphocytes is skewed when responding to a
foetal organ compared to an adult organ [24].

Moreover, it is important to recall that metanephroi trigger the formation of a vascular system
directly from the host [25,26], attenuating rejection and encouraging their transplantation
across the species barrier [19,26–28]. Additionally, renal primordials do not require immediate
vascular anastomosis upon transplantation, as is the case in a vascularised organ [29]. Finally,
into the bargain, the use of animal cells avoids ethical barriers to human ES cell use [3].
Therefore, the results achieved with embryonic organs (Figure 2) have returned the use of
xenotransplantation as a possible solution to the shortage of vital organs, such as the kidney,
to the front line of research [30].

Figure 2. Histology of 15-day-old rabbit foetus and recovery organs. (A) Foetus. (B) Lung and heart. (C) Stomach and
intestines. (D) Gonads and cloaca.

Frontiers in Transplantology28

3. Experiences in embryonic organ transplantation

A major advantage inherent in the use of embryonic kidney or pancreas (Figure 3) for
transplantation relative to more pluripotent undifferentiated cells is that the former differen‐
tiate spontaneously along defined organ-committed lines, albeit with a different outcome
relative to what would occur if the primordia remained undisturbed within the embryo [31].

Figure 3. Detail of rabbit 15-day-old metanephros (A) and pancreas (B) and stem cells (C).

At present, experiences in this area revolve around the endocrine pancreas and kidney, the
latter organ being the theme that will be the focus of this work. However, it is interesting to
mention the major advances that have been achieved with embryonic pancreas to emphasise
the potential of embryonic organ transplantation as a possible solution to solve many of today’s
diseases. Thus, it was reported that, when embryonic pancreas was transplanted through the
species barrier (xenotransplantation), a selective development of endocrine tissue took place
[32–38]. These developing β cells enter lymphatic vessels and engraft in mesenteric lymph
nodes, secreting insulin in response to elevated blood glucose. Consequently, glucose intoler‐
ance can be corrected in formerly diabetic rats [32–35,37] and ameliorated in rhesus macaques
[36,38] based on porcine insulin secreted in a glucose-dependent manner by β cells originating
from transplants [31]. Furthermore, if embryonic pancreas were obtained in a specific time
window of the embryonic development, these primordia were able to engraft in diabetic rats
[32–35,37] and rhesus macaques [36,38] without immunosuppression treatment. However,
although the results obtained in this field are promising, it is still too soon to predict the future
of this line. This is because the experiences show that, depending on which xenogeneic barrier
is crossed, the results will be different [31]: rat-to-mouse transplantation results in the forma‐
tion of the new organ and requires host immunosuppression, whereas pig-to-rat or pig-to-
rhesus macaque transplantation results in lymphatic dissemination of β cells and no
immunosuppression is required. Therefore, further studies are required to clarify the matter
and its therapeutic potential.

In the case of renal primordia, since Woolf et al. [39] reported a study of embryonic kidney
tissue transplantation in 1990, several groups have investigated embryonic kidney transplan‐
tation, with surprising results [19,27,39–47] (Figure 4).
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Figure 4. Image of metanephroi in different species. (A) Details of porcine 28-day-old metanephroi. (B) Details of rabbit
15-day-old metanephris. (C) Details of mouse 13.5-day-old metanephroi.

Woolf et al. [39] reported that mouse metanephroi continued to grow if transplanted into the
renal cortex of a host mouse [39]. In this study, developed metanephroi showing vascularised
glomeruli, mature proximal tubules, and extensions of metanephric tubules into the renal
medulla were observed. This is a sufficiently encouraging result, which boosted research in
this line. Later, Rogers et al. [27] reported in rats the first long-term survival (>10 days) after
subcapsular transplantation of metanephroi into fully differentiated kidneys of animals in
which nephron formation is no longer taking place as well as the first intraomental transplan‐
tation of metanephroi. Glomerular filtration in developed metanephroi transplanted was
demonstrated both subcapsularily [39] and in the omentum [27]. Rogers et al. [40] demon‐
strated that pig metanephroi transplanted into pigs underwent growth and differentiation of
nephrons over a 2-week period without the need for co-stimulatory blockade of hosts.
Furthermore, pig metanephroi after 2 weeks of transplantation had enlarged, become vascu‐
larised, and formed mature tubules and glomeruli in host mice with the use of immunosup‐
pressants. In the same year, Dekel et al. [19] transplanted metanephroi of both human and pig
origins into mice, which differentiated into functional nephrons and their renal functionality,
as evidenced by the dilute urine they produced. One year later, it was reported that the survival
of rats with all native renal mass removed can be increased by prior metanephroi transplan‐
tation and ureteroureterostomy [41]. A couple of years later, Takeda et al. [42] confirmed
experimentally that the predominant origin of endothelial cells after transplantation of
embryonic pig metanephroi into rats is the host, whereas mesangial cells originate mainly from
the donor. Recently, in 2012, the Hosoya et al. [43] group reported that transplantation of
metanephroi produces plasma renin activity and contributes to raising arterial blood pressure
in a rat model of acute hypotension and suppresses the progression of vascular calcification
in rats with adenine-induced renal failure by significantly reducing vascular calcium and
phosphorus content [44]. Thus, developed metanephroi in new renal tissue not only provide
an excretion function but also an endocrine function, synthesising renal hormones such as
renin and erythropoietin [43,45] Interestingly, it is known that xenotransplanted embryonic
kidney also provides a niche for endogenous mesenchymal stem cell differentiation into
erythropoietin-producing tissue [46]. Furthermore, using metanephroi from transgenic ER-
E2F1 suicide-inducible mice, the xenotissue component could be eliminated, leaving autolo‐
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gous EPO-producing tissue. These findings may alleviate adverse effects due to long-lasting
immunosuppression and help mitigate ethical concerns [46]. One of the most important
obstacles in this field of renal primordia transplantation is that, due to the growth and
functionality of the nascent kidney, it ultimately developed hydronephrosis and did not grow
in size because it lacked a urine excretion channel [47]. However, through the method
described by Yokote et al. [47], it is possible to avoid this end. If metanephroi were transplanted
beside bladders (developed from cloacas), the tubular lumina dilatation and interstitial fibrosis
were reduced in comparison to single metanephroi transplant. In addition, if cloacal-devel‐
oped bladder was connected to the host ureters, it avoided hydronephrosis and permitted the
cloacas to differentiate well, producing and excreting urine through the recipient ureter and
allowing the metanephroi to continue their growth (Figure 5).

Figure 5. Detail of cloaca structure. (A) Cloaca-gonads-metanephroi.

4. Metanephroi transplant surgery and graft site

Initial studies have been performed using the renal subcapsular space and omentum, neither
being an immunologically privileged site [48]. However, because the vasculature of the
transplant is of host origin and the embryonic organ per se is less immunogenic [24], intense
immunomodulation should not be required. Nonetheless, the influence of the insertion site of
the kidney is not indifferent. Matsumoto et al. [45] reported that, when metanephroi were
transplanted into the paraaortic area, where the developing kidney is exposed to hydrostatic
pressure from the aorta, and in the omentum, where there is no hydrostatic pressure, renin
production was greater in the metanephroi transplanted to the paraaortic area, although there
were no site-specific differences in erythropoietin production. This result therefore suggests
that renin production in our systems requires induction by vascular tension stimulus, whereas
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erythropoietin production can be achieved by transplanting tissue into the omentum, where
it is easily accessed by endoscopy.

Nevertheless, although to date metanephroi have been transplanted into different sites, such
as the anterior eye chamber [49], intrarenally [27,39,49–51], intra-abdominally [52], or intrao‐
mentally [27,53], all these experiments were performed through open surgery. To our best
knowledge, our recent study [54] was the only experiment to tackle embryonic kidney
transplantation through laparoscopic surgery.

5. Laparoscopic surgery for metanephroi transplantation

Taking into account all the information reported by some of the authors just mentioned, we
have learnt that omentum is used mainly because it is not confined by a tight capsule,
facilitating the growth of transplanted metanephroi [27,53] and the transplantation technique
[45]. Until now, laparotomy was the sole method used to transfer metanephroi into recipients.
In 2014, we developed a new minimally invasive laparoscopic procedure to transfer meta‐
nephroi into the retroperitoneal fat [54]. In addition, this new study was first conducted in
rabbit as animal model, where our experience shows that size does play a crucial role. Choosing
a healthy large animal more than 3–3.5 kg provides an experimental subject with a good
capacity for the laparoscopic approach (Figure 6).

Figure 6. New Zealand rabbit.

The rabbit (Oryctolagus cuniculus) is the third mammal most used as experimental animal in
Europe after the mouse (59%) and the rat (17%) [56]. Moreover, the rabbit is phylogenetically
closer to primates than rodents are [57], and disease aetiologies exhibited by humans are more
similar to those in rabbits than in mice [58]. This animal is very docile and non-aggressive and
hence easy to handle and observe. Widely bred and very economical compared to the expense
of larger animals, rabbits also have short life cycles (gestation, lactation, and puberty). Taking
these reasons into account, we consider that the rabbit is an excellent animal model for the first
steps in this field. Nevertheless, we do not lose sight of the fact that further development of
the art, in higher species more similar anatomically and physiologically to the human species
in an attempt to finally reach clinical use, is crucial.
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in an attempt to finally reach clinical use, is crucial.
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The effectiveness of the minimally invasive laparoscopic procedure was recently reviewed
[6,54]. Briefly, recipient animals were sedated by intramuscular injection of xylazine (5 mg/kg)
and morphine chloride (3 mg/kg). As surgical preparation, anaesthesia was performed by
intravenous injection of ketamine hydrochloride (35 mg/kg) into the marginal ear vein
(Figure 7).

Figure 7. Receptor preparation. (A) Sedation. (B) Anaesthesia by intravenous injection into the marginal ear vein. (C)
Skin. (D) Evacuating the bladder using a urinary catheter. (E) Cleaning surgical area. (F) Disinfection of the surgical
area.

First, animals were placed in the stretcher in a vertical position (head down at 45° angle). Only
one endoscope trocar was inserted into the abdominal cavity (Figure 8).

Figure 8. Laparoscopy procedure for metanephros transfers. (A) Allocation of the animal on the surgical table, trocar
endoscope insertion position (white arrow) and epidural needle (black arrow). (B) Epidural needle (Perifix® 17 Ga × 4
in. (100 mm) and epidural catheter (17G, Vygon Corporate). (C) Epidural catheter, needle, and metanephros (white ar‐
row). (D) Introduction of the catheter through the needle with the metanephros.

Then, a 17G epidural needle was inserted into the inguinal region (Figure 9). After identifying
a vessel in the retroperitoneal fat, a hole was performed adjacent to the vessel (Figure 9). Then,
kidney precursor was aspirated into an epidural catheter and the catheter was introduced
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through the epidural needle and inserted into the performed hole (Figure 9). Four kidney
precursors were transplanted in each host without immunosuppression (one metanephros per
hole). After surgery, analgesia was administered every 12 h for 3 days [6,54].

Figure 9. Laparoscopy procedure for metanephroi transfers. (A) Epidural needle. (B) Performing a hole into the retro‐
peritoneal fat where the metanephros will be transferred. (C) Introduction of the catheter through the needle with the
metanephros. (D) Insertion of the catheter with the metanephros into the hole and transfer.

Figure 10. Successful development of new kidneys after allotransplantation of metanephroi. (A) Macroscopic view of
kidney precursor 3 weeks after transplantation. Note massive growth and the blood vessels of a new kidney. Black
arrowheads indicate the new kidneys. White asterisk indicates the host kidney. (B) Macroscopic view of a vitrified kid‐
ney precursor 3 weeks after transplantation. Black arrowhead indicates the new kidney. White asterisk indicates the
host kidney. (C) Micrographs [haematoxylin and eosin (H&E)] showing glomeruli of the control kidney originating
from a 5-week-old rabbit (coeval with the metanephroi age). (D) Micrograph (H&E) showing glomeruli of new kidney
after fresh kidney precursor allotransplantation. (E) Micrograph (H&E) showing glomeruli of new kidney after allo‐
transplantation of vitrified kidney precursor. Scale bar, 0.1 mm (C–E).
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Following this protocol, we show that, 3 weeks after transplantation, 10 of 20 (50%) of 15-day-
old and 12 of 26 (46.1%) of 16-day-old metanephroi grew and differentiated, presenting
normally developed glomeruli, proximal and distal tubules, and collecting ducts [6,54,55]
(Figure 10).

Thus, we describe, for the first time in the literature, laparoscopic allogeneic transplantation
of metanephroi as a non-invasive and viable technique in receptors without immunosuppres‐
sion [6,54]. In addition, our development of an appropriate research protocol reviewed by our
institutional research ethics committee involving surgical procedures on white New Zealand
rabbits has allowed us to carry out the project with good quality, control, and safety for both
the researchers and the animals.

Figure 11. Laparoscopy procedure for metanephroi transfers. (A) Allocation of the animal on the stretcher. (B and C)
Insertion of the trocar endoscope.

At the moment, successful embryo kidney transplantation tolerance has only been demon‐
strated previously in mice and rat. One attractive approach would be to apply this technology
to large animals, whose nephron structure and size closely approximate human nephrons [3].
Larger animals, such as pigs, goats, sheep, and non-human primates, are ideal models. To the
best of our knowledge, it has never been demonstrated in a large animal model. In this chapter,
we develop a preliminary study in goat to provide a better test of the procedure feasibility for
clinical application. As in the studies reported here in rabbit, we made use of our laparoscopy
procedure adapted to this model. Briefly, recipient animals were sedated by intramuscular
injection of xylazine (0.05 mg/kg) and butorphanol (0.1 mg/kg). As surgical preparation,
anaesthesia was performed by intravenous injection of ketamine hydrochloride (0.5 mg/kg).
First, animals were placed on an operating table in a vertical position (head down at 45° angle).
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In Trendelenburg’s position, rumen, stomach, and intestines do not cover the groin fat tissue
into which metanephroi were transplanted. Only one endoscope trocar was inserted into the
abdominal cavity (Figure 11).

Then, a 14G biopsy needle (Tru-Cut, 14G, 152 mm) was inserted into the inguinal region
(Figure 12). After identifying a vessel in the retroperitoneal fat, a hole was performed adjacent
to the vessel (Figure 12). Then, kidney precursor was aspirated in an adapted orogastric
feeding catheter and the catheter was introduced through the biopsy needle and inserted into
the aperture (Figure 12). Kidney precursors were transplanted in each host without immuno‐
suppression (one metanephros per hole). After surgery, analgesia was administered every 12
h for 3 days [6,54].

Figure 12. Laparoscopy procedure for metanephroi transfers. (A) Biopsy needle (Tru-Cut®, 14G, 152 mm) and orogas‐
tric feeding catheter. (B and C) Insertion of the biopsy needle. (D) Perform a hole into the fat where the metanephros
will be transferred. (E) Introduction of the catheter through the needle with the metanephros. (D) Insertion of the cath‐
eter with the metanephros into the hole. (E) Metanephros transfer.

Following this protocol, we show that 6 weeks after transplantation of 15-day-old rabbit,
metanephroi grew (Figure 13).
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Figure 13. Successful development of new kidneys after xenotransplantation of rabbit metanephroi to goat. (A) Trans‐
plant area. (B) Growth.

6. Cryoconservation of embryonic kidney

Even if in a most favourable future situation the organ supply and demand could be balanced
using xenotransplants or laboratory-grown organs from regenerative medicine, without
proper cryopreservation procedures, the future of these treatments would still be compro‐
mised by the ability to physically distribute the organs to patients in need and produce these
products in a way that allows adequate inventory control and quality assurance [59]. To this
end, organ cryopreservation will be indispensable. Cryobiology is the study of the effects of
low temperatures on living organisms. The aim of this discipline is to shift the pendulum from
cell death to immortality at low temperatures. To achieve this, it is necessary to eliminate the
two main causes of cell death associated with cryopreservation, ice crystal formation and lethal
concentration of solutes, while maintaining the functional capacity of intracellular organelles
[60–62] (Figure 14).

Figure 14. Successful development of new kidneys after xenotransplantation of rabbit metanephroi.

To date, small ovaries, blood vessels, heart valves, corneas, and similar structures are the only
macroscopic structures having the capacity to recover, at least in part, after vitrification [63].
Fahy et al. [63] reported a case history of one rabbit kidney that survived vitrification and
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supported the life of a recipient animal for an indefinite period of time. Based on this knowl‐
edge, we recently described a method to cryopreserve metanephroi whole organs and generate
kidneys after transplantation into a syngeneic non-immunosuppressed host [59]. Previously,
to our best knowledge, only Bottomley et al. [64] evaluated the cryopreservation of metaneph‐
roi immediately after thawing, but only under in vitro conditions. Briefly, vitrification was
performed following the minimum essential volume method using Cryotop® as device and
VM3 as vitrification solution (Figure 15). Kidney precursors were first exposed for 3 min to
equilibration solution containing 1.7% (w/v) ethylene glycol (EG), 1.3% (w/v) formamide, 2.2%
(w/v) dimethyl sulfoxide (DMSO), 0.7% (w/v) PVP K12 (polyvinylpyrrolidone of Mr 5000 Da),
and 0.1% (w/v) SuperCool X-1000 and SuperCool Z-1000 (ice blockers) in base medium [BM:
Dulbecco’s PBS + 20% foetal bovine serum (FBS)]. Then, the kidney precursors were exposed
for 1 min to solution containing 4.7% (w/v) EG, 3.6% (w/v) formamide, 6.2% (w/v) DMSO, 1.9%
(w/v) PVP K12, and 0.3% (w/v) ice blockers in BM. Finally, the kidney precursors were
transferred to vitrification solution consisting of 16.84% (w/v) EG, 12.86% (w/v) formamide,
22.3% (w/v) DMSO, 7% (w/v) PVP K12, and 1% (w/v) ice blockers in BM before being loaded
onto Cryotop® devices and directly plunged into liquid nitrogen within 1 min.

Figure 15. Details of 15-day-old metanephros loaded in a Cryotop® device. Details of metanephros loaded into film
strip of Cryotop®.

Figure 16. Kidney precursor viability analysis evaluated by a confocal microscope. Viability cells were evaluated by
SYBR-14 (live) and propidium iodide (dead) fluorescence. (A) Fresh metanephros. (B) Live vitrified metanephros. (C)
Dead vitrified metanephros. Scale bar, 1 mm.

For warming, kidney precursors were placed in a solution composed of 1.25 M sucrose in BM
for 1 min and later transferred stepwise into decreasing sucrose solutions (0.6, 0.3, and 0.15 M
sucrose in BM) for 30 s before and then washed twice in BM for 5 min. When the kidney
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precursors were thawed and processed without further culture, a high percentage of kidney
precursors was considered as viable (80%; Figure 16).

In our study, 14 metanephroi were transplanted after 3 months of vitrification (storage).
Twenty-one days after transplant, the capacity for angiogenesis of the metanephros after
laparoscopic transplantation was observed (Figure 17).

Figure 17. Generation of new kidneys using fresh (A) and vitrified (B) metanephroi after allotransplantation in rabbits.
Note massive growth and blood vessels of the new kidney.

Figure 18. Generation of a kidney using vitrified kidney precursors after allotransplantation in rabbits. (A) Image
showing the growth and shape of kidneys as well as the appearance of the renal cortex and renal medulla. Control
kidney originating from a 5-week-old rabbit. (B) Histological analysis, by H&E staining, of the vitrified and fresh kid‐
ney precursors under in vivo culture for 3 weeks after transplantation. Control kidney originating from a 5-week-old
rabbit. g, glomeruli. Scale bar, 0.1 mm.

In all of the recipients, new kidneys were recovered and examined. In total, 7 (50.0%) vitrified
metanephroi were successfully grown. Similar rates were reached from fresh kidney precur‐
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sors (43.7%; Figure 18). In all of them, new kidneys developed mature glomeruli whose
histomorphometry analysis showed that vitrification has no significant effect on glomerular
perimeter compared to the corresponding values in the control (Figure 18).

Finally, we examined whether kidneys had normal endocrine functionality. We analysed the
expression profile of the renin and erythropoietin transcript by quantitative real-time PCR (RT-
PCR). The expression of renin and erythropoietin was similar in vitrified new kidneys,
consistent with previous reports (Figure 19).

Figure 19. RT-PCR analysis of renin and erythropoietin transcript expression in kidneys from vitrified and fresh meta‐
nephroi and control kidney. Gapdh was used as reference gene. n=6; mean±SD. Student’s t test: P value not significant
(ns).

7. Conclusion

Our study essentially makes two innovative contributions in the field of transplantation of
embryonic organs. First, we provide the first evidence of a successful long-term storage of an
entire vital organ, enabling the generation of new kidneys after transplantation into a synge‐
neic non-immunosuppressed host. Our results therefore make a substantial contribution to
the development of a long-term biobank of kidney precursors as an unlimited source of
kidneys, facilitating sanitary and inventory control and the distribution of organs. Second, we
show that a translational future application to transplant patients is possible using a very
simple and minimally invasive laparoscopic procedure. Our present findings should also
encourage the future development of bioengineering technologies to reconstitute primordial
organs as an alternative approach to regenerative medicine.
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Abstract

Transplantation is often the best option to treat organ end stage failure. Transplanted
patients need to take long-term immunosuppressive drugs to inhibit  rejection and
maintain their graft. But those therapies have numerous important side effects such as
cancer induction and opportunistic infections. Thus, the development of novel thera‐
pies to induce specific rather than general immunosuppression and therefore, tipping the
balance between effector and regulatory functions to inhibit transplant rejection is a major
goal in the field. One major approach is the blockade of costimulatory signals to abort
effector T-cell activation following TCR engagement and to promote regulatory T cells.
Here we summarized the research to date that details immune mechanisms involved in
tolerance in organ transplantation and strategies toward tolerance.

Keywords: Transplantation, Tolerance, Costimulation, Tregs, Immunointervention

1. Introduction

The primary role of the immune system is to protect against foreign antigens without reacting
against self-antigens. In this objective, some mechanisms of immune tolerance have been set
up. Immune tolerance is defined in general by a total absence of specific reaction against antigens,
and particularly self-antigens and a break in immune tolerance can lead to autoimmune
disorders.  Understanding  the  mechanisms  of  immunological  tolerance  is  crucial  for  the
development of strategies to manipulate the immune system in the context of organ transplan‐
tation. Here, we provide a comprehensive summary of the immune mechanisms involved in
transplant rejection and tolerance induction and the research to date leading to new strategies
toward tolerance, as well as their translation to the clinics.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



2. Tolerance in organ transplantation

In the context of transplantation, the graft is recognized as foreign antigens and immune
responses are triggered. Immunosuppressive treatments can repress total immune responses,
including responses against the graft, but these drugs are well known for inducing side effects
such as cardiovascular diseases or increased opportunistic infections and malignancies, and
lead to high morbidity and mortality, even when avoiding excessive immunosuppression [1].
In addition, current immunosuppressive regimens have marginal effects on long-term
allograft survival with for example a half-life of 10 years for kidney transplantation. In fact,
these drugs can even be deleterious in the establishment of tolerance. Some cases of tolerance
spontaneously acquired by patients who stopped their immunosuppressive treatments
because of side effects and noncompliance have been reported [2, 3]. Tolerance in transplan‐
tation is defined by the following criteria: the graft must be definitely accepted without any
lesions of chronic rejection, and the recipient should not be on treatment at the moment of
analysis and should be able to develop immune responses against any other foreign antigen
(i.e. immunocompetent), and thus represents the center of immunologist efforts working in
the field of transplantation. The most commonly transplanted solid organ is the kidney, but
the field of solid organ transplantation also includes the heart, liver, pancreas, lung or intestine.
Nowadays, transplantation still remains the best solution for organ failure, even in the face of
graft rejection. There are three types of solid graft rejection:

- The quickest mechanism of rejection, said hyperacute rejection, takes place between minutes
to hours after transplantation. It is mediated by the presence of pre-existent circulating
antibodies against A, B molecules expressed by red blood cells [4, 5] and acquired antibodies
against the human leukocyte antigen (HLA) [6, 7]. Those antibodies allow the immune
system of the grafted patients to strongly recognize the molecules present at the surface of
graft endothelium and lead to the destruction of this endothelium through complement
cascade, neutrophils, and monocytes. Nowadays, hyperacute rejection is no longer a
concern due to the establishment of pre-transplantation tests as cross-match test, where
closest HLA compatibility between donor and recipient is ensured (concerning mainly
HLA-A, B, and DR) and blood group typing.

- The months following transplantation, acute rejection can occur. Two mechanisms can be
involved in this process. The cell-mediated rejection is induced by presentation of alloreac‐
tive molecules by APCs (Antigen Presenting Cells) to recipient’s T lymphocytes, leading
such activated lymphocytes to infiltrate and destroy the grafted organ [8]. The humoral
mechanism acts through generation of alloantibodies directed mainly against MHC (major
histocompatibility complex) class I by activated alloreactive B lymphocytes leading to
antibody-dependent cellular cytotoxicity of endothelial cells (ADCC) [9]. Prevention of
acute rejection is now ensured in more than 85% of cases by the current repertoire of
immunosuppressive drugs available [10].

- Even though, the main problem in transplantation which remains unsolved is the long-term
allograft dysfunction or chronic rejection. This phenomenon is slow and progressive but
irreversible and cannot be controlled by immunosuppressive drugs. It is characterized by
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an increase of the thickness of the intima’s layer of graft vessels, leading to the ischemia of
the tissue and finally to graft loss. Chronic rejection is mediated by the antigen-specific
cellular and humoral immune responses against the graft. These immune responses lead to
the recruitment of inflammatory mediators to the graft through the activation of the
endothelium, and the secretion of free radicals and damage signals which activate muscle
vessels proliferation.

Thus, T cells play an important role in graft rejection. In solid organ transplantation, naive T
cells from the recipient are activated by recognition of blood group (ABO), donor major
histocompatibility complex (MHC), minor histocompatibility complex (mHC, MICA, MICB,
H-Y), or nonpolymorphic peptides (collagen, angiotensin II receptor) presented by professio‐
nal APCs from the recipient or the donor or directly from endothelial cells of the graft (mostly
MHC class I) [11]. Thus, T cells can be primed by three distinct pathways.

The direct allorecognition: when the transplanted organ is reperfused, intact MHC/peptide
(MHCp) at the surface of APCs from the donor travel to the lymphoid organs of the recipients
where they interact with CD4+ and CD8+ alloreactive naive T cells and active them [8, 12]. This
pathway is generally associated with acute rejection because donor’s APCs persist a few
months following transplantation. In addition, intact MHCp at the surface of endothelial cells
of the graft can activate and maintain allogeneic CD8+ effector T-cell responses [13].

The indirect allorecognition: this pathway involves the presentation of allogeneic peptides
derived from donor MHC molecules and presented by APCs of the recipient. Dominant
peptides presented by this pathway are generally derived from hypervariable regions. This
pathway involves capture, processing, and presentation of alloantigens and is predominantly
used by CD4+ T cells and most of the alloantigens are presented by MHC class II. However,
cross-presentation on MHC class I can occur and CD8+ T cells can also be activated [14–16].
The indirect allopresentation pathway is also necessary for B cells activation, since their
activation depends on CD4+ T cells help [17]. The indirect allorecognition is involved in both
acute and chronic rejection since the alloantigens are present during all the life of the allograft
[18–21].

The semi-direct allorecognition: Lechler’s team reported that APCs from the recipient can
capture entire intact MHC/peptide complexes expressed at the surface of the donor’s APCs.
Those complexes are internalized, processed, and presented directly to CD8+ T cells or
indirectly to CD4+ T cells. This presentation pathway involves the phenomenon of trogocytosis,
i.e. the exchange of membrane fragments between cells in contact [22–24]. Brown and al have
reported in vivo, in a model of transplantation in mice, the presence of intact donor MHC-I and
MHC-II on the surface of DCs, B cells, and macrophages [25].

2.1. The immune tolerance

To date, two elaborated and complementary mechanisms of immune tolerance have been
described as central tolerance and peripheral tolerance (see Figure 1).
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Figure 1. Central and peripheral tolerance. In the thymus, tight interactions between TCRs and self-antigens present‐
ed by thymic epithelial cells (TEC) induce thymocytes apoptosis. Four mechanisms induce peripheral tolerance: igno‐
rance, apoptosis, phenotypic skewing and anergy. Appropriate combination of signals results in complete T-cell
activation.

2.1.1. Central tolerance

In the context of immune tolerance, the T lymphocyte lineage is particularly important. T
lymphocytes, B lymphocytes, and NK cells derive from a common hematopoietic precursor
from foetal liver during embryogenesis of from adult bone marrow. The CD3−CD4−CD8− TCR
− thymocytes colonize the thymus and undergo different stages of maturation leading to TCR
rearrangement. During their migration to the cortex, cells also acquire expression of CD3, CD4,
and CD8 molecules and undergo a step of positive selection. All CD4+CD8+cells said double-
positive (DP) thymocytes express a complete αβTCR but only 20–25% of them are able to
interact with the MHC [26, 27]. Cells that strongly interact with MHC class I become CD8+

simple positive (SP) and the one which interact with MHC class II becomes CD4+ SP [28–30].
This interaction provides a survival signal to thymocytes that can pursue their education by
migrating into the thymic medulla. In this medulla, SP thymocytes undergo the second step
of immune central tolerance called negative selection. After positive selection, the TCR
repertoire is very large and uncontrolled; thymocytes are able to recognize a broad range of
foreign antigens but also self-antigens. The maturation of thymocytes expressing a TCR against
self-antigens can lead to autoimmune disease in the periphery. Negative selection consists in
the inhibition of potentially autoreactive thymocytes by clonal deletion or by induction of
anergy if receptor editing fail. This selection is mediated by medullary thymic epithelial cells
(mTECs) that are the only antigens presenting cells (APCs) expressing a panel of ectopic tissue-
specific antigens (TSA). The expression of those TSA is mainly under control of a transcription
regulator named Auto-Immune REgulator (AIRE) [31]. Two mechanisms of TSA presentations
can occur in the medulla. The first one is the direct presentation by mTEC that can be sufficient
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to induce negative selection of both CD4+ and CD8+ T cells [32, 33]. The second mechanism of
presentation is mediated by thymic dendritic cells which are able to get TSAs from mTECs
and to present them to thymocytes [34]. Thymocytes able to strongly recognize a TSA pre‐
sented by mTECs or DCs receive a signal that leads to apoptosis [35]. After negative selection,
approximately 5% of total thymocytes can finally go to the periphery.

2.1.2. Peripheral tolerance

Due to the absence of self-antigen presentation in the thymus [36], or the low affinity of T cells
for self-antigens [37], autoreactive T cells escape sometimes from thymic negative selection.
To complete the efficacy of central tolerance, the immune system developed many tools to
neutralize these cells and avoid autoimmune diseases. These mechanisms are either passive,
concerning antigen ignorance, T-cell anergy or apoptosis induction and phenotypic skewing,
or active when mediated by regulatory cells [38].

Antigen ignorance allows autoreactive T cells to persist as functional circulating T cells while
never primed by any antigen [39]. Indeed, antigens can be masked by anatomical barriers like
lens proteins, spermatozoids, or nervous system protein protected by the meninges barrier.
Besides, a low amount of antigens can be sufficient to activate cytotoxic T lymphocytes
previously primed but not naive T lymphocytes [40].

On the contrary, a high amount of antigen can induce T-cell apoptosis. This mechanism called
activation-induced cell death is induced by Fas signaling pathway [41]. Indeed, Fas expression
deficiency results in autoimmunity [42]. Autoreactive T-cell peripheral deletion can also result
from a lack of costimulatory signal or of growth factor. [43–45]. Likewise, the absence of
costimulatory molecules induces a Fas-mediated apoptosis of autoreactive B cells [46], but
anyway the autoreactive B cells escaping the clonal deletion are unlikely to meet the T cells
specific to the same antigen they need to be completely primed [47, 48].

Autoreactive T cells can also be primed but functionally inactivated. This state of anergy is
characterized by incapability to proliferate and to produce IL-2 following antigen stimulation
[49, 50]. Antigens are required to maintain this inactive state [51], and large amounts of IL-2
or anti-OX40 antibodies can abrogate it [52]. Anergy results from either a lack of costimulatory
signal by APCs, a low affinity of TCR for the antigen, or from CTLA4/B7 interaction. Indeed,
interactions between CD28 expressed on T-cell surface and CD80-CD86 on antigen-presenting
cells are essential for activation and proliferation of alloreactive T cells [53], allow generation
of memory T cells and inhibit regulatory T (Tregs) suppressive activity [54, 55]. Without CD28/
CD80-CD86 engagement, interactions between TCRs and alloantigens induce the anergy of T
cells. CTLA-4 (CD152) has a large structural homology with CD28 and interacts with CD80-
CD86 with better affinity than CD28 molecule and functions as a negative regulator of T-cell
activation [56]. The expression of these two molecules regulates the balance between activation
and inhibition of T cells and allows the control of an over-reaction of the immune system
leading to inflammation or autoimmunity [57]. Similarly, the expression of Programmed
Death-1 (PD-1) after antigenic stimulation and interaction with its ligand PDL-1 reduces IL-2
synthesis and induces T-cell anergy [58]. Another important co-stimulatory pathway is the
CD40/CD40L co-stimulatory pathway. The CD40 molecule is a transmembrane protein that
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belongs to the TNF receptor family. It is expressed on vascular endothelial cells [59], activated
DCs [60], monocytes/macrophages, platelets [61] and B lymphocytes [62]. The CD40L, also
called CD154, exists in soluble form or at the cell membrane [63]. It is expressed on activated
CD4+ T cells, basophiles, eosinophils [64], DCs from the blood [65], endothelial cells, macro‐
phages [66], and B lymphocytes [67]. The CD40-CD40L interaction is critical for T-cell–
dependent effector functions [68]. Indeed, CD40/CD40L interaction acts with IL-12 to induce
production of IFN-y by human T lymphocytes stimulated by anti-CD3/anti-CD28, as well as
IL-2 production by Th1 and IL-4, IL-5 and IL-10 by Th2 lymphocytes [69]. Besides, interaction
with CD40 activates the expression of adhesion molecules by T lymphocytes [70]. Many other
co-stimulation pathways are well described such as RANK/RANKL or ICOS/ICOSL. These
costimulatory pathways are crucial for T-cell activation inducing rejection, so inhibition of one
or more of these pathways may inhibit rejection. Moreover, anergized T cells can inhibit DCs
function [71], become IL-10 producing Tregs [72], and induce T-cell apoptosis [73]. Autoreac‐
tive B cells also undergo anergy induced by chronic stimulation of BCR(B cell receptor) by
antigens [74].

Activated autoreactive T cells can persist in a nonpathogenic state. Indeed, Th2 cytokines
expression is linked to lower autoimmunity [75, 76] and tolerance in transplantation [77–79],
sometimes through Tregs induction [80]. By contrast, Th1 and Th17 are linked to allograft
rejection [81]. Therefore, immunosuppressive treatments, like glucocorticoides or sirolimus,
aim to inhibit Th1 responses and promote Th2 responses [82, 83].

Peripheral tolerance is also maintained by regulatory cells. Immune cells can acquire a
regulatory function during development, such as “natural” Tregs in the thymus, or in
periphery under the influence of the microenvironment, such as “induced” Tregs in the
allograft or draining lymph nodes. Almost all type of cells have a regulatory counterpart,
including T cells, B cells, myeloid cells (MDSCs, M2 macrophages), DCs. These regulatory cells
limit effector cell responses to pathogens and self-antigens, acting by contact or by secretion
of suppressive cytokines. In transplantation, regulatory cells are targets for therapeutic
strategies to control innate immune responses triggered by ischemia/reperfusion of the graft,
and adaptive responses triggered by the allograft.

3. Induction of tolerance

3.1. Animal models of tolerance

The immune system complexity is due to a large number of possible interactions and activation
pathways. So, in vitro experiments provide primary results but they need to be confirmed by
in vivo studies to overview all the potential effects on the organism. There are lots of rodent
models of allograft transplantation and numerous strategies have been used successfully to
induce tolerance in these models.

Kidney transplantation is often used between MHC mismatched rodents [84, 85]. General
physical condition is observed during all the experiments. Serum creatinine levels and urine
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quality are measured after transplantation to evaluate kidney activity. Generally, this graft is
realized in different steps. First, ablation of one recipient kidney and allograft of MCH
mismatched kidney. The transplanted organ is not immediately efficient. So, ablation of the
second recipient’s kidney is realized few days after transplantation. At this time, the recipient
has only one transplanted kidney. If the kidney is rejected, the rodent dies because of blood
toxicity.

Cardiac allograft in rodent is also a good model [86–90]. In this case, it is a heterotopic graft.
Recipients keep its heart and receive a MHC-mismatched heart in the abdomen. The heart is
connected to recipient blood circulation. Heart allograft survival is evaluated by palpation
through the abdominal wall and scoring of its beating. Just after transplantation, heart beats
strongly. But, if there is activation of the recipient immune system against alloantigens, the
heart tissue is stiffened and beating are less intense and frequent until their full arrest. The
major advantage of this model is that the recipient survives even if rejection occurred, and thus
mechanisms can be analyzed.

But, sometimes, results obtained in rodent models could not be reproduced in larger animal
models, such as non-human primates (NHPs) or swine. Rodents are too different from human
to serve as preclinical models. Indeed, rodents have 90% similarity with human genome while
there are around 99% similarity between NHP and human. Thus, NHPs constitute a more
relevant animal transplant model. But, using NHPs is considerably more expansive and
restrictive than rodents. Indeed, NHPs need more time for reproduction and development and
more place than rodents. Moreover, all protocols conducted on animals have to be approved
by an ethical comity. NHPs are ethically largely more controlled than rodents. So, first
experiments are generally conducted on rodent models to generate primary results and
conclusion. Then, a model with immune system more reflective of the human immune system
is essential for testing protocols before moving into clinical studies.

This was the case for anti-CD40L treatment. All results obtained in rodents have demonstrated
a great potential for induction of transplant tolerance. However, similar experiments in
primate and human have highlighted a major barrier. Indeed, CD40L is a molecule expressed
on NHPs, and human platelets. So this treatment resulted in thrombosis in NHPs and could
not be used in the clinic [91, 92]. New anti-CD40L antibodies are being engineered as alterna‐
tives given the potential of this strategy in multiple diseases [93–95].

An alternative possibility that has been developed in the last decade is the engineering of
mouse with humanized immune system in which various types of human cells are engrafted
and functional [96, 97]. These mice harbor a complete null mutation of the IL-2 receptor gamma
chain, NOD/SCID IL-2r γnull (NSG), or Rag 2−/−γnull and are characterized by an impaired
development and function of murine T, B and NK cells. These mice can efficiently support the
development of a functional human hemato-lymphopoiesis. There are different protocols,
more and more efficient, to induce humanization in highly deficient mice, such as injection of
CD34+ cells or PBMCs. Mice humanized with PBMCs represent the fastest model of graft versus
host disease (GVHD), due to direct injection of adult PBMCs. Indeed, these models allow the
analysis of human immunology in vivo [98, 99]. The mice are monitored for weight loss and
tissue damages.
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Another important model is skin transplantation [100–102]. It is possible to graft tailskin on
the recipient lateral flank in rodent models. After removal of the bandage, grafts are observed
to analyse their evolution. It’s considered as rejected when skin dries and falls, indeed no viable
skin remains. This strategy is even more relevant in humanized mice model [103]. In this case,
mice are grafted with human skin obtained from abdominal surgery from patients. In this kind
of model, skins are left to engraft at least 15 days before rejection is triggered by injection of
allogeneic PBMCs.

3.2. Co-stimulation blockade

The aim of transplantation research is to exploit mechanisms of self-tolerance to generate
specific tolerance after transplantation. One of the most promising approaches is to inhibit co-
stimulatory pathways to abort activation of T cells following TCR engagement. T cells are an
essential component of the immune response against allogenic cells inducing allograft
rejection. Interaction between TCR and MHC/antigen induces the first signal of stimulation.
But this alloantigen recognition only is not sufficient for complete T cell activation. Co-
stimulatory signals generated by the interaction between antigen and T cells and cytokine
stimulation are also necessary for complete immune system activation [104]. There are 4
different co-stimulation molecules families: immunoglobulins superfamily, TNF receptors,
integrin family, and T-cell immunoglobulin and mucin-containing domain (TIM) family.

Blockade of costimulatory pathways has been considered as a good strategy for the prevention
of allograft rejection in transplantation by aborting activation following TCR engagement [52,
105]. These strategies have been studied in mice, rat, and NHPs and induces allograft tolerance
[106, 107]. Blockade of both CD28/B7 and CD40/CD40L co-stimulatory pathways induces long-
term allograft survival. In the ’90s, the first CTLA-4Ig soluble molecule was generated [108].
This molecule corresponds to the fusion between CTLA-4 extracellular domain and a modified
IgG1 constant fragment domain [109]. CTLA-4Ig interaction with CD80-CD86 inhibits T-cell
activation and prevents rejection of cardiac and renal allografts in rodent models [87, 108,
110] and prolongs survival of human islets xenograft in mice [111]. But CTLA-4Ig is not
sufficient to induce tolerance because all allograft were finally rejected. Besides, when this
treatment is combined with donor-specific transfusion (DST), allograft tolerance is obtained
in heart allograft rodent models [105, 112]. DST corresponds to injection of donor splenocytes
during transplantation and induces a state of chimerism. CD28 blockade show interesting
results in rodent models, but this strategy is not efficient enough in NHP models [113].
Furthermore, it has been described that CTLA-4 is important for Tregs functions [114] and also
for induction of tolerance to allograft [115, 116]. Thus, it would be more benefic to target CD28
molecule on T cell than CD80/CD86. Different groups have demonstrated that specific
targeting of CD28 prevented rejection and generated Tregs [115, 117, 118]. FR104 has been
developed in our laboratory as a costimulatory inhibitor that target CD28 without altering
CD80/CD86 [119]. There are important differences between murine and human CD28 in terms
of expression and interactions [120]. Thus, FR104 has been studied in NOD/SCID mice and
NHP models. FR104 is safe in vitro and in vivo on human cells and does not play agonistic
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function on T cells [99]. This point is really important because another anti-CD28 molecule
(TGN1412) studied in a phase 1 clinical trial induced important cytokine storm that caused life
threatening effects [121].

CD40-CD40L blockade has also been studied for induction of transplantation tolerance. There
are different strategies to block this pathway (monoclonal antibodies, CD40Ig). Treatment with
monoclonal antibody anti-CD40L induces skin, renal, and cardiac allograft survival in mice
[86, 122] and in NHP models [123, 124] but only with long-term repeated injections [123]. Some
groups have shown that these monoclonal antibodies deplete activated T cells through
cytotoxicity [125] and apoptosis [126], and induce Tregs [102]. These blockades of the CD40-
CD40L pathway induce prolongation of allograft survival but without real allograft tolerance.
Effect of anti-CD40L treatment has been improved by association with DST in islet graft in
mice [127]. Different studies have demonstrated the importance of treatment associated with
DST, such as anti-CD4, anti-thymocytes, or anti-CD40L [128–130]. Another strategy uses
CD40Ig molecule as treatment in allograft models. Our team has demonstrated that treatment
with CD40Ig molecule or gene transfer induces allograft acceptance in cardiac allograft rat
models [131] mediated by CD8+CD45RClow Tregs [132]. Several approaches use combined
protocols. Indeed, anti-CD40L and CTLA-4Ig treatment synergies in heart and skin allograft
in rodents [86, 101] and in renal allograft in NHPs [113].

ICOS-ICOSL pathway is another costimulatory pathway. ICOS presents around 40% similarity
with CD28 and CTLA-4. ICOSL is constitutively expressed by B lymphocytes and monocytes
and induced after T-cell activation [133]. Mice knocked out for ICOS have shown weak
humoral responses [134–136]. ICOS-ICOSL blockade alone does not really induce significant
effect on graft outcomes [137]. Therefore, our team have demonstrated that blockade of both
ICOS-ICOSL and CD40-CD40L induce long-term heart allograft survival in rat model and
decreases chronic rejection lesions [138]. During acute rejection, RANK and RANKL molecules
are increased. Moreover, RANKL blockade induce long-term heart allograft survival in both
rats and mice [139], and blockade effect is stronger when associated with CD40 pathway. PD1
is expressed by activated T lymphocytes, B and NK cells and macrophages, while PDL1 and
PDL2 are expressed by activated APCs. PD-L1Ig alone does not improve allograft survival but
synergizes with cyclosporine A, rapamycin, and anti-CD40L [140]. This pathway seems to play
a role in the generation of some Tregs [141, 142].

3.3. Regulatory cells, crucial players in tolerance

In the context of organ transplantation, the findings of the last decades have put lights on
regulatory cells as key players in the induction and maintenance of tolerance in organ
transplantation. Although it has become evident that several distinct subsets of regulatory cells
have the capacity to finely and tightly regulate the anti-donor immune responses in organ
transplantation, one subset has attracted most of the research, the CD4+CD25highCD127lowTregs,
thanks to the identification of a crucial mastergene necessary for their development, identity,
and function, the Foxp3 (Forkhead box P3) transcription factor [143–146].
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3.3.1. Regulatory T cells (Tregs)

Tregs suppression of immune responses has been unravelled in the ’70s [147]. Several subsets
of Tregs have been evidenced including CD4+CD25highCD127low Tregs, but also CD8+ Tregs,
among them the CD8+CD45RClow and CD8+CD28- Tregs are the most known, CD4−CD8− Tregs,
NKT cells and γδ T cells. Tregs can further be subdivided in characteristics (phenotype,
repertoire…) and potential in organ transplantation depending of their emergence from the
thymus (nTregs) or from the periphery (iTregs). While nTregs developed as a distinct lineage
in the thymus, iTregs can be generated from naive cells in the periphery and can be in vitro or
in vivo induced in transplantation under some conditions such as donor-specific blood
transfusion, blockade of the CD40/CD40L pathway, or donor MHC-derived peptides [148–
150].

Since the identification of the CD25 and Foxp3 markers, several other markers have been
proposed to better define Tregs, such as for CD4+ Tregs glucocorticoid-induced tumor necrosis
factor receptor family-related protein (GITR), CTLA-4, CD62L, CD103 (alpha beta integrin),
LAG-3 and CD127 (alpha chain of the IL-7 receptor) [151–155]. For CD8+ Tregs, the identifica‐
tion of relevant markers has been more difficult and several markers have been proposed such
as CD122, CD28, CD45RC, CD103, and PD-1 [156–160]. A major discovery for Tregs biology
was the identification of the Foxp3 and its role in CD4+ Tregs development, identity and
function [161, 162]. Mutations of the Foxp3 gene lead to a lymphoproliferative pathology in
mice and an immune dysregulation polyendocrinopathy enteropathy X linked (IPEX) syn‐
drome in human [163]. To date, this gene remains the best marker to identify CD4+ Tregs,
although in human it has been demonstrated that it can be transitory upregulated in T
lymphocytes upon activation without providing regulatory capacity [164]. The Helios and
neuropilin-1 (Nrp-1) markers have also been proposed to distinguish nTregs from iTregs, and
also more recently as an important marker for CD8+ Tregs identity and function [165–167].
Indeed, the Cantor group demonstrated that Helios was a key transcription factor that
stabilizes CD8+ Tregs in the context of an inflammatory response and that Helios-deficient
Tregs developed an unstable phenotype (reduced Foxp3 and increased effector cytokines
expression) during inflammatory responses. Antigen specificity has also been proposed to play
an important role to distinguish Tregs origins [168]. Tregs originating from the thymus were
selected for their specificity toward self-antigens, and thus are susceptible to be continuously
stimulated by the self-antigens in periphery, potentially explaining their high expression of
activation markers such as CD25, while iTregs generated by environmental conditions
(inflammation, tolerance. . .) have a higher affinity toward exogenous antigens and thus are
less stable once the antigens have been eliminated. In the context of organ transplantation, the
antigens remain and we have demonstrated that CD8+CD45RClow iTregs were maintained and
stable for a long time [132, 150].

Tregs use different mechanisms to suppress anti-donor immune responses; they can mediate
their activity through cell contact, cytokines secretion, or metabolic disturbance. Suppression
through cell contact is mediated by the CTLA-4 and LAG-3 molecules expressed by Tregs.
Interaction of CTLA-4 with B7 modulates CD80-86 expression by APCs and tryptophan
catabolism in DCs, thus inhibiting T-cell activation [169]. Tregs can also induce effector cells
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apoptosis by cytolysis mediated by cell contact and secretion of cytotoxic molecules such as
granzyme B and perforin [170]. Suppression through metabolic disturbance consists in the
modification of the biochemical and cytokine environment, leading to target cell death.
Adenosine triphosphate (ATP), cyclic-adenosine-monophosphate (cAMP), or IL-2 deprivation
has been shown has strong inhibitor of cell proliferation [171, 172]. Finally, immunosuppres‐
sive cytokines play a major role in Treg-mediated suppression. IL-10, TGF-β, IL-34, IL-35,
FGL-2, and IFNγ are all involved in CD4+ and/or CD8+ Tregs function [89, 159, 173, 174]. We
have demonstrated that IFNγ production by CD8+CD45RClow Tregs in a model of cardiac
allograft tolerance in rat resulted in indoleamine 2,3-dioxygenase (IDO) expression by DCs
and endothelial cells of the graft [159]. We have shown that CD8+CD45RClow iTregs also
produced high levels of FGL-2 [89] and IL-34 in rat and we have demonstrated that IL-34 is a
cytokine that is specifically expressed by human Foxp3+ CD4+ and CD8+ Tregs [173].

3.3.2. Other subsets of regulatory cells

Clinical and experimental observations have highlighted the role and potential of non–T cells
with regulatory properties, defined as regulatory B cells (Bregs), tolerogenic dendritic cells
(Tol-DCs), or regulatory macrophages (Mregs) or myeloid-derived suppressor cells (MDSCs)
(nonexhaustive list) [89, 175–179].

The role of Bregs has been particularly investigated in allograft models of tolerance by our
laboratory and in tolerant transplanted patients. In these patients, high levels of B lymphocytes
and B markers have been observed, while these patients were tolerant and displayed an
absence of donor-specific antibodies (DSAs) [3, 180, 181]. The phenotypic profile of Bregs
remains unclear, in contrast to Tregs, although a few markers have been identified including
CD1d, CD21, CD24, and IgM and it has been demonstrated that they mostly display an
immature phenotype [182, 183]. A common feature of Bregs is their ability to secrete IL-10 and
IL-35, two cytokines playing a major role in their activity and initially demonstrated in
autoimmune diseases [184]. Other mechanisms of action resulting in Bregs activation and
suppression involve their BCR engagement, cooperation with T lymphocytes, signaling via
CD40/CD40L, TLR activation, IFNγ from tolerogenic DCs, or granzyme B secretion [185–189].
The engagement of their function results in inhibition of effector CD4+ T-cell proliferation, Th1
differentiation, APCs function, and monocytes activation. In addition, Bregs have been shown
as able to induce Tregs and NKT cells [177, 190]. In the context of transplantation, the role of
Bregs has been proven in a model of cardiac allograft tolerance in mice treated with anti-
CD45RB [191]. In our laboratory, we have demonstrated that IgM+IgG− B cells with a regulatory
activity accumulated in the cardiac allograft of tolerant rat recipients and can adoptively
transfer allograft tolerance to newly grafted recipients [183, 189]. We have shown that those
Bregs had a partial defect in CD40 signaling and overexpressed granzyme B. In a similar model
of cardiac allograft, we have demonstrated that administration of an adenovirus encoding
fibroleukin-2 (FGL-2), a cytokine associated with Treg function, can induce tolerance to the
allograft, thought generation of Bregs capable of infectious tolerance [89]. Finally, we have also
demonstrated in a model of CD8+ Treg-mediated CD40Ig-induced allograft tolerance, deple‐
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tion of CD8+ Tregs resulted in maintenance of long-term survival induction through generation
of Bregs and RegMCs [176].

Although DCs are mostly known to be immunogenic; they also have the capacity to be
tolerogenic. They play a major role in central and peripheral tolerance since they are involved
in clonal deletion of autoreactive T lymphocytes in the thymus and correlate with an increased
risk of autoimmune diseases and decreased presence of CD4+ Tregs when depleted in periph‐
ery [192]. They are defined by their expression of tolerogenic molecules, such as IL-10,
indoleamine 2,3-dioxygenase (IDO), TGF-β or heme-oxygenase 1 (HO-1), their low expression
of immunostimulatory molecules, such as MHC molecules or CD80 and CD86, and in general
their ability to generate Tregs and to inhibit effector T-cell responses. Their tolerogenic
properties have been linked with their maturation, exposure to immunosuppressive, or anti-
inflammatory treatments and their environment [193]. In the last year, a number of protocols
have been developed to generate Tol-DCs as therapeutic tools to induce a specific tolerance to
antigens in autoimmune diseases and transplantation, and our laboratory is involved in the
first clinical trial in kidney transplanted patients using Tol-DCs in the context of a European
“ONE STUDY” funding involving several centers [194, 195].

Initially, the focus was on the potential of immature conventional DCs (cDCs) expressing low
levels of MHC and costimulatory molecules and their potential to induce transplant tolerance
to a cardiac graft in mice [196, 197]. Our laboratory has demonstrated that autologous DC
combination with suboptimal dose of immunosuppressive drugs induces long-term allograft
survival in rat [198]. We have shown that they require TMEM176B, an intracellular protein
identified in tolerant recipients, to cross-present donor antigens and induce Tregs and prolong
allograft survival [199]. We have also shown that the molecule HO-1 can inhibit DC maturation,
while preserving their production of IL-10, and thus leading to inhibition of pro-inflammatory
and allogeneic immune responses [200].

Although their tolerogenic properties in transplantation are less well defined, the role of
plasmacytoid DCs (pDCs) has been demonstrated for the regulation and the maintenance of
bone marrow and organ transplantation [201]. As for cDCs, they can be immunogenic or
tolerogenic according to their receptor engagement and maturation status. We have demon‐
strated their preferential interaction with CD8+ Tregs in a model of cardiac allotransplantation
in rat treated with CD40Ig resulting in the superior suppressive potential of CD8+CD45RClow

Tregs [159, 202]. A group has shown their involvement in a model of cardiac allograft tolerance
in mice treated with DST and anti-CD40L. In this model, pDCs induced tolerance through
generation of alloantigen-specific CD4+CD25+Foxp3+ Tregs [203] and depletion of pDCs
inhibited Treg development and tolerance induction. In human, pDCs stimulated through
certain of their TLR (toll like receptor) or costimulatory molecules efficiently induced CD4+

and CD8+ Tregs inhibiting in vitro allogeneic T-cell stimulation [204–206]. Liver-transplanted
patients tolerating their allograft displayed significantly more pDCs and CD4+ Tregs [207].

Finally, Tregs can generate tolerogenic DCs, by modifying molecules expression such as
inducing tolerogenic molecules expression like IDO, ILT3 or ILT4, changing their function
[208]. We have demonstrated in several models of allograft tolerance that DCs were essential
for establishment and maintenance of allograft tolerance [202, 209–211].
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In transplantation, although macrophages activation is often associated with allograft de‐
struction and rejection in the early phases, the existence of an alternative population of Mregs
contributing to tissue reparation, activated by Th2-type cytokine such as IL-4 and IL-13 and
inhibiting pro-inflammatory cytokines secreted by macrophages [212]. Mregs can be induced
by Treg interactions, Tregs depletions, and can even induce in turn Tregs via IL-10 secretion
for example [213, 214]. The reduction of macrophages in mice receiving hematopoietic stem
cells aggravated the GVHD, whereas expansion of macrophages with CSF-1 resulted in the
opposite effect [215]. Mregs isolated from peripheral blood are characterized by their mor‐
phology, specific markers, although unstable, and their capacity to inhibit T-cell proliferation
in vitro [216]. A clinical pilot study is administering donor-derived Mregs to kidney-trans‐
planted patients, allowing graft survival under minimal immunosuppression one year
following administration without clinical signs of graft rejection [217]. We and others have
shown the potential of M-CSF and IL-34, two cytokines involved in monocytes survival and
differentiation to induce Mregs in vitro and in vivo in human, mice, and rat transplantation
models, and that those Mregs induced in turn Tregs capable of tolerance induction [173, 218].

MDSCs are a heterogeneous population of immature hematopoietic progenitor cells present‐
ing numerous suppressive functions, including alloantigen tolerance induction in cardiac and
islet allograft model in mice and kidney allograft in rat [219, 220].

3.4. Tipping the balance between effector and regulatory functions

Allograft outcome depends on the balance between effectors, which attack alloantigenic
tissues, and regulators, which are essential for regulation/inhibition of alloresponses and
induction of tolerance [221]. Induction of tolerance might be induced by the diminution of
alloreactive T cells to allow Tregs to suppress the immune system activation. A large number
of protocols have been studied with more or less efficacy.

Several approaches have been based on the expression amount of CD45 molecule on T cells
allowing to distinguish effector and Tregs [222]. Strategies using monoclonal antibodies have
been tested in animal models, notably in mice models of transplantation targeting CD45RB,
as CD4+CD45RChigh T cells from untreated mice have been shown as capable of inducing colitis,
diabetes, and thyroiditis [223]. In all cases where CD4+CD45RBhigh T cells have been shown to
cause autoimmunity, their counterpart CD4+CD45RBlow T cells have been shown to prevent
the induction of the disease. Anti-CD45RB antibody (MB23G2) caused transitory decrease of
circulating lymphocytes expressing CD45RB and induced allograft survival with normal
kidney allograft function [85]. This antibody induces also upregulation of CTLA-4 on lym‐
phocytes [224]. This treatment has been studied in kidney, pancreatic islets, and heart allograft
models. Lazarovits et al. have studied two different CD45RB mAb (MB23G2 and MB4B4). They
have shown that the nondepleting MB4B4 is therapeutically ineffective while MB23G2 depletes
CD45RBhigh lymphocytes and induces renal and islets allograft tolerance in mice model [85,
225].

Tipping the balance to favor regulatory functions is an interesting alternative to effector cells
depletion. In our laboratory, we have developed and demonstrated the efficacy of different
therapeutic strategies to modify the balance in favor of regulatory functions, such as CD40Ig,
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anti-CD28 (FR104), HO-1, FGL-2, or IL-34, for example [55, 89, 131, 173, 226]. Our team studied
CD40Ig treatment in a cardiac allograft rat model. We have demonstrated that this treatment
induces long-term survival by generation of CD8+CD45RClow[131]. CD45RC has been shown
in rats, mice, and humans to be a marker of both CD4+ and CD8+ Tregs [98, 102–106]. Moreover,
this cell population is able to transfer infectious tolerance to naive transplanted rats[159]. Anti-
CD28 is a good candidate to prevent rejection in the clinic [115, 231]. Zhang and al have shown
that anti-CD28 inhibits lymphocytes activation and increases the proportion of cells expressing
Foxp3 in the allograft. Our team and others have proved that treatment with anti-CD28 acts
through the increase of the proportion of Tregs [117, 118, 178]. Actually, FR104 is the most
known molecule targeting CD28. This humanized molecule has no agonist activity on human
T cells in vitro and it does not induce cytokine storm in NOD/SCID mice reconstituted with
human PBMCs. Moreover, Poirier and al have demonstrated the potential of FR104 in GVHD
humanized mice model. They have also administrated FR104 to NHPs. Their results indicated
a good tolerance in NHP and excluded cytokines release [99]. Several nondepleting antibodies,
such as anti-CD4 and anti-CD8 mAb, are efficient to induce tolerance [232] and have permitted
the first proof of the possibility of infectious tolerance [233]. Moreover, different strategies
should be combined to improve their effects. Indeed, anti-CD45RB mAb and anti-CD40L mAb
synergized and improved long-term allograft survival in islets and skin allografts [234].

All these examples confirm the importance of the balance between effector and regulatory cells
for graft outcome.

4. From the bench to the clinic

Regulatory cells are essential for tolerance in transplantation. Many animal models have
highlighted the potential of such tools for preventing allograft rejection and GVHD develop‐
ment. Their human counterparts are a promising issue for following immune status and
inducing tolerance in transplanted patients.

4.1. New biomarkers for a real-time adapted treatment

A biomarker is “a characteristic that is objectively measured and evaluated as an indicator of
normal biological processes, pathogenic processes, or pharmacologic responses to a therapeu‐
tic intervention” [235]. Nowadays, the reliability of the prognosis to predict allograft survival/
rejection is low. For pancreas and liver transplantation, the measurement of lipase/amylase
and liver enzymes respectively is recommended as routine post transplantation monitoring.
The monitoring of cardiac enzymes is not recommended because of the poor sensitivity of
these markers in the diagnosis of acute rejection, thus patients have to suffer endomyocardial
biopsies 15 times during the first year after transplantation [236]. Echocardiography, diastolic
function analysis, and quantitative measurement of changes of the transverse relaxation time
T2 in the myocardium by magnetic resonance imaging are considered to improve cardiac
allograft rejection prediction [237]. For renal allograft, the prognosis is generally based on
creatinemia evolution and glomerular filtration. This prediction can be improved by calculat‐
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ing the kidney transplant failure score (KTFS) considering not only the creatinemia at 3 and
12 months post graft, but also the proteinuria at 12 months, the number of previous trans‐
plantations, the age and sex of the donor, the creatinemia of the donor at the harvesting time,
and the incidence of an acute graft rejection in first year post transplantation [238].

Noncompliant patients spontaneously developing an operational tolerance to their graft are
useful to identify new biomarkers and adapt in real time the care of patients. By comparing
phenotypes of cells and cytokines from tolerant patients with healthy volunteers and patients
rejecting their graft, we should be able to identify markers correlating with the immune status
toward the graft. However, studies are limited to blood and urine analysis because of the
ethical question of performing a biopsy of a tolerated graft. Kidney-grafted spontaneous
operational tolerant patients are defined as having ceased all immunosuppressive drugs for
more than one year, with no increase in serum creatinine during the last 12 months (CRT <
10%). Using microarray analysis, Brouard, Newell, and Sagoo compared genes differentially
expressed in tolerant recipients with patients exhibiting chronic rejection [181, 239, 240].
Tolerant patients showed a reduction of activation markers of proinflammatory T cells, a
down-regulation of pro-inflammatory cytokines [239], a GATA3 upregulation suggesting a
Th2 deviation [241], and an increase in CD4+CD45RA-Foxp3hi memory Tregs versus patients
with chronic rejection [3, 242, 243]. Interestingly, the three distinct studies and cohorts converge
also with an increase of B cells in blood and CD20 transcript in urine in tolerant patients [180,
181, 240]. However, the phenotype of B cells named Bregs they described diverges [180, 181,
240, 244]. In liver-grafted spontaneous operational tolerant patients, higher numbers of
CD4+CD25+CD127− T cells, Vδ1+ T cells, and NK cells were detected [245, 246].

The heterogeneity of treatments, in terms of dose and type of immunosuppressors adminis‐
tered to patients during chronic rejection episodes, and the heterogeneity of the parameters
selected to monitor regulatory cells activity in the recent trials, prevents comparison of the
results. To define general tolerance signatures, consortiums as The ONE Study and EU COST
Action “BM1305: action to focus and accelerate cell-based tolerance-inducing therapies,”
standardized immune monitoring of patients included in clinical trial [247]. Six panels of 7–9
markers designed are now standardized within 8 international laboratories to monitor T cells,
B cells, and DCs [247].

Newly described cytokines associated with regulatory cells should be considered as prognostic
markers. Recently, IL-34 has been closely associated with Tregs and M2 macrophages [173].
FGL2, produced by Tregs and generating Bregs, could also reflecting immune status of the
graft [248]. Furthermore, nucleic acid analysis suggests new biomarkers for allograft rejection,
such as donor-derived cell-free DNA (ddcfDNA) [249], OX40 [250], OX40L [250], PD-1 [250],
Foxp3 [250] mRNA levels in urinary cells, and A20 [251], HO-1 [251], granzyme B [251],
perforin [251], and Tim-3 mRNA [252] in both urinary cells and PBLs.

4.2. From patients observation to action

Many immunosuppressive drugs were developed these last decades. By targeting many cell
types at different levels/pathways, their association largely contains the immune responses
against the allograft. Briefly, glucocorticoids and calcineurin inhibitors (ciclosporin, tacroli‐
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mus) inhibit cytokine transcription in T lymphocytes and macrophages; mTOR inhibitors
(rapamycin, everolimus [253]) inhibit expression of costimulatory molecules on APCs and T
lymphocytes proliferation; cytostatics (cyclosphosphamide, methotrexate, azathioprine) and
purines inhibitors (mycophenolate mofetil) inhibit T and B cell divisions; antibodies targeting
thymocytes (ATG, thymoglobulin), CD3 or CD52 (Campath-1H) deplete T lymphocytes, CD25
(basiliximab, daclizumab) inhibit T lymphocytes activation, and CD20 (rituximab) and CD52
deplete B lymphocytes; sphingosine 1 phosphate inhibitor FTY720 (Fingolimod) retain
lymphocytes in lymphoid organs and decrease their circulation in blood; efalizumab inhibits
LFA-1 functions. However, drawbacks and side effects they induce are still unresolved.

The identification of new immunoregulatory mediators and the recent findings regarding
regulatory cells over-represented in tolerant patients whereas lacking in graft-rejecting ones
suggest new therapeutic strategies to control the immune balance. Several cytokines and
antibodies have shown promising results in animal models. It has recently been shown that
the cytokine IL-34 is able to induce Tregs through conversion of regulatory macrophages
[173]. Similarly, FGL2 can induce Bregs [248]. In addition, antibodies blocking costimulatory
pathway like CD28 antagonist (FR104) or antibodies targeting TCR-associated signaling
(CD45RC [254]) or DR3 [255] marker seem efficient to decrease T-cell function whereas
promoting Tregs [55, 99, 256]. The promotion of regulatory cells is likely to induce lower
drawback than classical broad-spectrum drugs.

Immunoregulatory cell therapy may be able to support peripheral tolerance and aims to induce
a donor-specific unresponsiveness. This personalized method consists in harvesting blood
cells from a patient, isolating and expanding ex vivo regulatory cells before re-infusing them
to the patient in order to control allogeneic response against the graft in solid organ trans‐
plantation, or to control allogeneic response against the recipient infused with hematopoietic
stem cells (HSCT) to avoid a GVHD reactions.

The first clinical trial was realized in 2009 by Trzonkowski et al, using 105 Tregs/kg expanded
CD4+CD25+CD127− Tregs to reduce chronic GVHD symptoms [257]. In 2011, Brunstein began
a phase I clinical trial and to date showed that until 3 × 106 expanded Tregs would be safe and
efficient to reduce the incidence of grade II–IV aGVHD [258]. The same year, Di anni showed
that freshly purified CD4+CD25+ Tregs counteracts the GVHD potential of a high number of
donor Tcons in HLA-haploidentical HSCT [259]. In 2014, Martelli confirmed in a phase II
clinical trial that co-infusion of freshly purified CD4+CD25+ Tregs significantly reduces GVHD
incidence without affecting GVL (graft versus leukemia) effect [260]. In 2014, Bacchetta infused
105 donor T lymphocytes pretreated with IL-10/kg into recipient of HSCT and showed the
protective effect of TR1 cells against GVHD [261]. Whereas these first clinical studies focused
on Tregs in HSCT, several alternative regulatory cell types have been identified as potential
sources for immunotherapies in solid organ transplantation. The EU-funded international
ONE study consortium considers several immunoregulatory cell-based therapies for clinical
management of solid organ transplant recipients and shares a common clinical protocol design.
The ONE Study project titled “A Unified Approach to Evaluating Cellular Immunotherapy in
Solid Organ Transplantation” aims to compare the feasibility and the potential of cell therapy
by using MDSCs, Mregs, DC-10, Tol-DCs [262], rapa-DCs, monocytes conditioned with
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mesenchymal stem cells [263], Tr1 [264], and CD4+ Tregs [265]. CD8+ Tregs are now approach‐
ing clinical tests [266–268] and Bregs are also considered as a tool for cell therapy [269].

Success of cell therapy to control allogeneic immune responses against the donor depends on
regulatory properties of cells and on the number of regulatory cells infused into the recipient.
Based on animal models and preclinical models of humanized mice, about 7 to 11 × 108 Tregs/
kg would be necessary to control allogeneic response [270]. However, we have to consider the
in vivo proliferation of Tregs after infusion [271]. Thus, the maximal infusible dose approved
by The ONE Study for safety is 107 Tregs/kg [265]. Nowadays, Tregs from patients can be 100
to 1000 fold short-term expanded ex vivo while keeping their suppressive properties [272–274].

Importantly, clinical protocols also consider specificity of therapeutic cells against the graft
donor. Indeed, antigen-specific Tregs have been shown more efficient in inhibiting anti-donor
immune response [275]. The frequency of direct alloreactive Tregs has been estimated to 1–
10% of total Tregs [276]. Injecting more donor-specific cells would amount to inject fewer cells,
and to reduce nonspecific unwanted drawbacks. For Tang and Bluestone, the effect induced
by 5 × 109 polyclonal CD4+ Tregs would be equivalent to the effect induced by 1.5 × 108 to 1 ×
109 allogeneic Tregs [277]. That is why processes have been developed to expand Tregs
specifically with APCs or antigen derived from the HLA donor. Indeed, CD4+ Tregs expanded
with donor DCs or B cells, or by indirect presentation of donor cell lysate antigen onto recipient
APCs [276], showed a higher suppressive activity compared to polyclonally expanded Tregs
[275, 278–280]. Similar protocols were used to generate donor-specific CD8+ Tregs [266].
Whereas TCR repertoire of donor APCs-expanded Tregs is still diverse, Tregs relatively
efficiently reduce alloreactive T cell response without compromising general immunity
according to mice models [266, 279]. Based on their capacity of infectious tolerance, Ag-specific
Tregs can exert dominant tolerance to alloantigen in vivo by inducing regulatory properties in
alloreactive T cells [281]. The identification of a unique shared peptide is of crucial interest
today. Tregs with a unique antigen specificity can also be isolated and then expanded for cell
therapy [282], or selected during the expansion by indirect presentation of one peptide [150,
267, 283]. Genetic engineering used to confer a TCR specificity to lymphocytes to redirect T
cells in cancer immunotherapy [284, 285] offers new possibilities to obtain Tregs with an
artificial specificity toward the graft donor Ag.

As cells will be re-infuse into the patient, all reagents used to culture cells have to be validated
for “clinical grade,” and after expansion, cells are analyzed for purity and stability. Tregs are
phenotypically characterized for expression of helios [167], DNA methylation status of the
TSDR (Treg specific demethylated region) [286], while Foxp3 expression is no more sufficient
[287], and tested in in vitro suppression assay.

Cell therapy strategy would allow reducing the use of conventional immunosuppression in
organ transplant recipients; nevertheless, clinical trials are rarely totally free of drugs for
patients’ safety. This could affect regulatory cells survival and functions. Indeed, tacrolimus,
mycophenolate mofetil (MMF), and methylprednisolone do not affect phenotype, function, or
stability of Tregs, but reduce their proliferative capacity, whereas rapamycin did not [288–
290]. Moreover, rapamycin is sometimes used to maintain regulatory properties of Tregs
during expansion culture and also to convert conventional CD4+ T cells into Tregs ex vivo [291].
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By targeting upstream IL-2 synthesis, cyclosporine A compromises the homeostatic behaviour
of CD4+ Tregs in peripheral immune compartments [292]. On the contrary, FTY720 synergizes
with rapamycin for the conversion of CD4+ Tregs [293]. Thus, the choice of drugs combined
with cell therapy has to be considered.

5. Conclusion

Research in transplantation has made considerable progresses improving transplantation
outcomes, but important obstacles remain. Induction of tolerance is considered as the key to
reduce the impact of toxic side effects of general immunosuppressive drugs. Better definition
of immune tolerance mechanisms in human should lead to a better understanding of the
potential effects of targeting strategies.
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Abstract

Due to the worldwide organ shortage, interest in the use of marginal liver allografts has
increased. More widespread use of marginal grafts is limited by graft injury from cold
storage and the risk of poor outcomes after transplantation. Warm (subnormothermic
and normothermic) ex vivo liver perfusion has emerged as a novel preservation strategy
to recover marginal organs and potentially increase the organ pool. Over the last decade,
advances in the field have taken warm ex vivo liver perfusion from the laboratory to
clinical trials. While most investigation thus far has focused on the rescue of marginal
grafts for expansion of the donor pool, warm perfusion (WP) preservation also has great
potential to facilitate novel graft interventions prior to transplantation.

Keywords: ex vivo liver perfusion, warm perfusion, machine perfusion, ischemia-re‐
perfusion injury, organ preservation, subnormothermic machine perfusion, normo‐
thermic machine perfusion

1. Introduction

Liver transplantation (LT) is the treatment of choice for patients with end-stage liver disease.
Since its origin in the 1960s, outcomes after LT have improved dramatically. Advances in surgical
technique, anesthetic management, critical care, and immunosuppression have led to consis‐
tently safe performance of LT in the modern era.

However, in the last few decades, the number of patients on liver transplant waiting lists (WL)
worldwide has increased significantly, greatly exceeding the number of available liver grafts.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



This discrepancy between supply and demand has resulted in increasing mortality on the liver
transplant WL. The severe organ shortage has triggered interest in increasing the donor pool
by expanding donor criteria. These extended criteria organs include grafts donated after
cardiocirculatory death (DCD), grafts with higher degrees of steatosis, grafts from elderly
donors, and grafts with prolonged cold storage time. Preclinical and clinical experience with
extended criteria grafts demonstrates an increased susceptibility to preservation injury during
cold static storage and higher rates of graft dysfunction after transplantation [1,2].

Historically, cold static storage has been the preferred method of preservation due to its
simplicity, low cost, and acceptable transplant outcomes with good-quality organs. The
fundamental principle underlying hypothermic organ preservation is the reduction of cellular
metabolism and oxygen demand. This prolongs organ viability by slowing down progression
of ischemic injury. While cellular metabolism is significantly reduced at 4°C, ongoing low-level
metabolic processes continue and lead to the development of energy debt and depletion of
adenosine triphosphate (ATP) stores. ATP depletion results in dysfunction of Na+/K+ cell
membrane pumps, accumulation of toxic products derived from anaerobic metabolism,
mitochondrial injury, and cell swelling. At the time of graft reperfusion, restoration of oxygen
supply to dysfunctional mitochondria results in the generation of reactive oxygen species
(ROS), leading to cellular damage and activation of pro-inflammatory pathways. Depending
on the initial quality of the graft and the duration of cold ischemic injury, the effects of ischemia-
reperfusion injury range from minor cellular dysfunction to primary nonfunction of the graft.

While standard criteria donor organs typically have the physiologic reserve to tolerate the
injury associated with cold storage preservation, the diminished ability of marginal grafts to
tolerate this process has triggered research to improve organ preservation. The shortcomings
of cold static storage coupled with advances in organ perfusion technology have resulted in
increased interest in warm ex vivo liver perfusion as an alternative to cold static storage. Warm
perfusion (WP) preservation can potentially reduce injury from cold ischemia, facilitate a
window of graft assessment during the preservation period, and serve as a platform for graft
modification before LT.

2. Basic principles of warm liver perfusion

The primary objective of WP preservation is restoration of physiologic conditions and cellular
function. The graft is supplied with nutrients and oxygen to restore and maintain cellular
metabolism at physiologic or near-physiologic temperature. Simultaneously, toxic products
from the cellular milieu are continuously eliminated. Under these conditions, ATP and
glycogen reserves can be actively restored. If pro-inflammatory mediators are excluded from
the perfusate (cytokines, leukocytes, platelets), reperfusion injury is minimized. The mecha‐
nisms underlying the observed benefit of WP have not yet been elucidated, but preclinical data
suggest improved preservation of the graft endothelium may be contributory [3,4].

A second important characteristic of WP is the ability to perform an assessment of the graft
during the preservation period. Since the organ is metabolically active, its performance can be
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evaluated by vascular flow parameters, injury markers, and functional indicators like bile
production and lactate clearance. By assessing graft injury and metabolic function during
organ perfusion, transplant physicians and surgeons can accept or decline liver grafts based
on performance data, rather than purely clinical history and graft appearance. Perhaps most
relevant for future research, the active metabolism during warm ex vivo perfusion also offers
the opportunity to apply repair strategies to improve the quality of liver grafts.

3. Technical aspects of warm liver perfusion

Liver perfusion involves two separate inflow vessels (the hepatic artery and portal vein) with
different pressures and flow requirements. While the hepatic artery requires high pressure
(50–70 mmHg) and moderate flow (300–600 mL/min), the portal venous system has low
pressure (3–5 mmHg) with higher flow (600–900 mL/min). Most groups have used continuous
flow as opposed to a pulsatile flow in the hepatic artery. So far, there are no data available
demonstrating superiority of either system. Clinical experience from left ventricular assist
devices suggests that continuous flow devices are simpler to implement and more reliable,
with comparable functional results, making it reasonable to assume similar outcomes for warm
liver perfusion.

Figure 1. University of Toronto ex vivo liver perfusion system.

Regarding venous drainage, two different systems have been applied. In the simplest system,
the venous blood drains directly into the organ basin, from where it is collected and recircu‐
lated. Alternatively, the venous blood can be drained through a closed tubing system either
by dual vena cava outflow (infrahepatic and suprahepatic cannulas) or single vena cava
outflow (Figure 1, Toronto perfusion scheme).
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Ideally, warm organ perfusion should be initiated immediately after organ retrieval in order
to avoid prolonged cold ischemic injury. Preclinical studies have demonstrated improved
outcomes if cold storage is minimized prior to WP preservation for DCD grafts [1]. In clinical
practice, however, in order to initiate warm perfusion immediately at the time of organ
retrieval, a portable perfusion machine that can be transported to the donor hospital is
required. Warm perfusion during organ ground transportation adds complexity to the
preservation process and requires a safe and reliable system to maintain stability during this
period. The cost of system failure is high, as this would lead to graft loss. An alternative strategy
that has been employed to circumvent this issue is an initial period of cold storage, followed
by transport and delayed start of WP at the transplant center. This strategy may require a
modified perfusion solution to compensate for the inflammatory stimulus of the cold storage
period.

4. Perfusate alternatives for warm ex vivo liver perfusion

Different perfusates have been explored in preclinical models. Due to its significant metabo‐
lism and large size, the liver requires a robust oxygen supply that cannot be provided without
the addition of oxygen carriers. This is in contrast to normothermic lung perfusion, in which
sufficient oxygen levels can be achieved by ventilation. While some preclinical studies have
used whole blood from the donor animal for WP, most studies have used isolated RBCs as the
primary oxygen carrier to avoid inflammatory mediators found in whole blood. Alternative
cell-free oxygen carriers have been developed and incorporated in WP strategies with success
in the preclinical setting [5].

The RBCs or alternative oxygen carriers are typically mixed with a colloid solution to replace
the plasma component of whole blood. Examples of such colloid solutions include fresh frozen
plasma, albumin-rich Steen solution, or starch-based solutions. Additional perfusate compo‐
nents typically include antibiotics, amino acids, glucose, anticoagulants, and antioxidants.

5. Temperature conditions for warm ex vivo liver perfusion

Two temperature settings have been explored for warm ex vivo liver perfusion. Normothermic
perfusion is conducted at 37°C, while subnormothermic ex vivo liver perfusion (SNP) is carried
out at lower temperatures (20–34°C). Both approaches have relative pros and cons, which will
be highlighted below.

5.1. Subnormothermic ex vivo liver perfusion (SNP)

At the intermediate temperatures used in SNP, graft cellular activity and metabolism are
greatly increased over cold storage, facilitating a window of observation of graft function prior
to transplantation. The primary theoretical advantage of perfusion under subnormothermic
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conditions is that increased solubility of oxygen at lower temperatures (relative to 37°C)
facilitates the use of perfusate solutions without the need for oxygen carriers.

5.1.1. Preclinical studies

Several groups have developed preclinical models in the pig, which is thought to most closely
approximate human liver transplantation. Below, we highlight some of the most recent
advances from these preclinical studies. In 2013, Minor and colleagues compared the effects
of hypothermic perfusion (4°C), SNP (20°C), and controlled oxygenated rewarming, in which
perfusion temperature was gradually increased from 4 to 20°C during perfusion [6]. Graft
preservation consisted of an initial period of cold storage for 18 hours, followed by 90 minutes
of machine perfusion preservation. Graft reperfusion was performed ex vivo with blood-
containing perfusate for a period of 4 hours to simulate transplantation. Tissue ATP and energy
charge were improved in the controlled rewarming and subnormothermic machine perfusion
groups. Aspartate aminotransferase (AST) release and bile production were significantly
improved in the controlled rewarming group relative to the other groups. These findings
suggest there may be value in gradually increasing perfusion temperature to subnormothermic
levels during preservation. In 2014, Knaak and colleagues at the University of Toronto reported
a DCD study comparing cold storage versus SNP at 33°C [3]. After 45 minutes of in situ warm
ischemia, livers underwent either cold storage for 10 versus 7 hours of cold storage followed
by 3 hours of SNP. Grafts were then transplanted, and recipients followed for 7 days post
transplant. SNP improved bile duct preservation and function with lower serum alkaline
phosphatase (ALP) and bilirubin, lower LDH levels in bile, and the absence of biliary necrosis
on histologic examination. Additionally, SNP had beneficial effects on graft endothelium. In
2015, Fontes and colleagues investigated SNP at 21°C using a novel hemoglobin-based oxygen
carrier in a standard criteria donor model [5]. Grafts were preserved by SNP versus cold storage
for 9 hours, followed by transplantation. Posttransplant survival at 5 days was significantly
increased for SNP-preserved grafts (100 % SNP versus 33 % cold storage). SNP recipients
demonstrated improved serum markers of cellular injury (AST), alanine aminotransferase
(ALT) significantly increased bile production, and significantly decreased ischemia-reperfu‐
sion injury by histologic analysis. In recent report, Spetzler and colleagues at the University
of Toronto performed a study with the objective of establishing the safety of SNP for standard
criteria grafts [4]. In this study, heart-beating donor grafts were preserved by either 3 hours
cold storage followed by 3 hours of SNP at 33°C versus 6 hours of cold storage, followed by
transplantation. Following transplantation, serum levels of AST, ALP, and hyaluronic acid
were lower in the SNP group. Immunohistochemistry demonstrated decreased apoptosis of
sinusoidal cells in the SNP group.

5.1.2. Human studies

Thus far, SNP has not been studied in the clinical setting, although studies are likely forth‐
coming given the preclinical success described above. Human studies have been limited to
examining the effects of SNP in discarded allografts. In 2014, Bruinsma and colleagues reported
their experience with seven discarded grafts (five DCD, two DBD). SNP was carried out for
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3 hours at 21°C using a bloodless perfusate [7]. Observations included increasing oxygen
uptake, increased clearance of lactate, increased volume of bile production, and improved ATP
content of the liver tissue during the course of perfusion, suggesting improvement in organ
function. Histologic analysis demonstrated preservation of hepatocyte morphology and the
sinusoidal endothelium.

5.2. Normothermic ex vivo liver perfusion (NMP)

Normothermic perfusion is performed at physiologic body temperature. The advantages of
perfusion under normothermic conditions include rapid restoration of normal organ function,
the ability to assess organ performance at full metabolic activity, and being a potential platform
for organ repair/modification interventions (Figure 2).

Figure 2. Liver graft connected to the Metra device being actively perfused.

5.2.1. Preclinical studies

Several preclinical studies have examined the effects and mechanisms of NMP, and encour‐
aging results have prompted further investigation in clinical trials. The most clinically relevant
preclinical experiments have been performed in porcine models, and below we highlight some
of the most important studies in the preclinical setting.

Schon and colleagues reported one of the earliest studies describing the potential benefits of
NMP in 2001 [8]. In this study, the effects of NMP were assessed in a DCD model with 1 hour
of in situ warm ischemia. Grafts were preserved by cold storage for 4 hours versus NMP for
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4 hours, followed by transplantation. In the cold storage group, all grafts exhibited primary
nonfunction and recipient death. In contrast, the NMP grafts demonstrated normal graft
function with 100 % recipient survival. Histologic examination demonstrated confluent
necrosis in the cold storage group, while the NMP group demonstrated preservation of liver
architecture. In 2005, Reddy and colleagues highlighted the detrimental effect of an initial
period of cold storage prior to NMP in a DCD model [1]. In this study, grafts were retrieved
after 1 hour of in situ warm ischemia and preserved either by 1 hour cold storage then 23 hours
NMP or 24 hours of NMP. Markers of cellular injury (AST, ALT), sinusoidal dysfunction
(hyaluronic acid), and Kupffer cell injury (β-galactosidase) were significantly higher in the
grafts initially preserved with 1 hour of cold storage prior to NMP. These findings suggest that
minimizing cold storage time as much as possible may improve preservation. In 2009,
Brockmann and colleagues reported a study comparing NMP to cold storage in a DCD model
(in situ warm ischemia of 40 versus 60 min) and also assessed the effect of extended preser‐
vation times (20 hours) [9]. At extended preservation times (20 hours), there was a significant
improvement in recipient survival in the NMP group (86 % versus 27 % for grafts with no
warm ischemia, 83 % versus 0 % for grafts with 40 minutes of warm ischemia). For longer warm
ischemic times (60 minutes), there were no survivors in either group. An analysis of factors
available during NMP that distinguished survivors from non-survivors demonstrated that bile
output, base excess, AST, ALT, hyaluronic acid, portal venous pressure, and portal venous
resistance were all significantly different between survivors and non-survivors. In 2013,
Boehnert and colleagues at the University of Toronto reported results from a DCD study
assessing the impact of NMP after an initial period of cold storage [10]. The goal of this study
design was to more closely approximate the timeline of events in actual clinical practice. In the
study, grafts were subjected to 1 hour of in situ warm ischemia, followed by either 4 hours of
cold storage or 4 hours cold storage plus 8 hours NMP using an acellular colloid perfusate.
After a period of ex vivo reperfusion to simulate transplantation, NMP-preserved grafts
demonstrated lower ALT, higher oxygen extraction, more physiologic biliary composition,
and less bile duct necrosis. CT angiography demonstrated superior hepatic artery perfusion
in NMP grafts. In 2014, Liu and colleagues investigated the effect of NMP on bile duct
preservation [11]. DCD grafts (1 hour in situ warm ischemia) were preserved by 10 hours of
cold storage versus NMP. Grafts were reperfused ex vivo for an extended time period
(24 hours). Histologic examination demonstrated the well-preserved parenchyma in NMP
grafts, while cold-stored grafts demonstrated significant hepatocyte and biliary necrosis. In a
novel analysis, the authors demonstrated increased Ki-67 staining in the biliary system of NMP
grafts, consistent with biliary regeneration [11].

5.2.2. Human studies

Based on the encouraging results from several of the preclinical studies described above,
normothermic ex vivo liver perfusion has entered the clinical setting. The results from a phase
I trial using the transportable OrganOx Metra device (Oxford, UK) were recently reported by
Ravikumar and colleagues in 2016 [12]. In this study, clinical outcomes of 20 liver transplants
performed after graft preservation by NMP were compared with 40 matched controls trans‐
planted after standard cold storage. Thirty-day graft survival was similar between groups
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(100 % NMP versus 97 % cold storage), with significant improvements observed in posttrans‐
plant peak AST in the NMP group. Importantly, NMP was demonstrated to be safe, with no
device-related failures in 20 consecutive cases. A second European study led by Dr. Peter
Friend is currently underway comparing NMP to standard cold storage in randomized
fashion. In North America, a prospective, non-randomized phase I clinical trial has been
recently initiated at the University of Toronto and the University of Alberta, also using the
OrganOx Metra device (Figure 3).

Figure 3. Normothermic perfusion of a DCD organ at the University of Toronto using the Metra device.

While clinical trials are necessary to establish the safety and efficacy of NMP, recent case
studies describing the use of NMP to rescue extremely marginal grafts highlight what may
become possible in the future. In 2016, Perera and colleagues in the UK reported the use of
NMP to resuscitate a DCD graft with extended warm and cold ischemia time far outside of
traditionally accepted parameters (109 minutes of in situ warm ischemia followed by 422 mi‐
nutes of cold storage) [13]. After initiating NMP and observing evidence of good graft function
including normalized lactate levels in the perfusate and robust bile production, the authors
proceeded with transplantation. The recipient had an unremarkable posttransplant recovery
and no evidence of ischemic-type biliary strictures at 15 months post transplant. In 2016,
Watson and colleagues reported a similarly impressive clinical outcome using NMP to
resuscitate a DCD graft from a 57-year-old donor with 160 minutes of warm ischemia time
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(WIT) followed by 350 minutes of cold storage [14]. After establishing NMP, the assessment
phase demonstrated decreasing lactate levels in the perfusate and bile production, and the
graft was successfully transplanted. The recipient had an uncomplicated postoperative course
and no evidence of ischemic-type biliary strictures at 6-month follow-up.

6. Conclusion

In the last decade, warm ex vivo liver perfusion has made tremendous progress and transi‐
tioned from animal studies to clinical use. It has demonstrated great potential to improve organ
preservation, particularly for extended criteria grafts. As the portability and expense associ‐
ated with perfusion technology improve, wider clinical application will become feasible and
may facilitate expansion of the donor pool. The potential future benefit of warm machine
perfusion may extend beyond rescuing marginal grafts. Due to the restoration of cellular
metabolism facilitated by warm ex vivo perfusion, this technology provides an ideal platform
for a variety of graft interventions including alteration of the graft response to hepatitis C
infection, prevention of hepatocellular carcinoma recurrence, decreasing the graft immune
response, and the application of stem cell and gene therapy. Further research in these exciting
avenues has great potential to improve liver transplantation outcomes in the future.
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Abstract

Our aim in this chapter is to present the state of the art, including our own group
research, in the field of immunosuppressant pharmacogenetics in the four main types
of solid organ transplantation: kidney, heart, lung, and liver. The main focus will be on
those findings in the field that have been widely investigated and then in those that are
close to clinical implementation, mainly CYP3A5 genotyping for the adjustment of the
initial  tacrolimus  dose.  This  recommendation  will  be  discussed  in  more  detail,
explaining its clinical potential as well as its limitations. To end, a short opinion about
the feasibility of implementation in the health systems as well as discussion about
private companies selling pharmacogenetic tests will be presented.

Keywords: SNP, tacrolimus, pharmacogenetic-guided therapy, CYP3A5, ABCB1, pre‐
cision medicine

1. Introduction

Since the first successful kidney transplantation was performed in the 1950s, great advances
have been achieved in the control of immunosuppression and graft outcome, improving
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drastically patient survival. Nowadays, the most common immunosupressant regimens in
solid organ transplantation consist of a combination of a calcineurin inhibitor (CNI: cyclo‐
sporine [Cs] or tacrolimus [TAC]) with an antiproliferative agent such as mycophenolic acid
(MPA: mycophenolate mofetil or mycophenolate sodium) or the less used azathioprine.
Corticosteroids are also widely employed. Also, mTOR inhibitors [sirolimus (SIR) and
everolimus (EVE)] have become common drugs in the prophylaxis of rejection after trans‐
plantation [1, 2]. Immunosuppressive agents have a narrow therapeutic index and substantial
inter-patient variability, so achieving the optimal equilibrium between efficacy and an
acceptable grade of toxicity is essential for the success of the treatment, and individualizing
drug therapy has become an important goal.

Therapeutic drug monitoring (TDM) is indispensable for immunosuppressive agents dosing
and reduces the pharmacokinetic component of variability by controlling drug blood concen‐
trations. However, TDM is only possible after the drug is administered and steady state and
patient’s compliance are achieved; thus, complementary strategies are needed. The intra- and
inter‐patient differences in immunosuppressant dosage requirements and pharmacokinetics
are attributable to several factors, such as kidney function, ethnicity, concomitant use of other
drugs [3], and qualitative and quantitative changes of proteins whose activity plays key roles
in the absorption, distribution, metabolism, and function of these drugs. In these last men‐
tioned protein changes is where pharmacogenetics plays a crucial role: Functional changes of
these proteins (transporters, metabolizing enzymes, target proteins, etc.) have been attributed
to polymorphism in their coding genes [4, 5]. Single-nucleotide polymorphisms (SNPs) are the
main type of polymorphisms involved in human genome variation. These are different alleles
or variants that naturally occur at a determined position of a gene, the frequency of the less
common allele in the population being not higher than 1%. For instance, in a concrete point of
a determined gene, part of the population, let’s say 80%, could have an adenine (A) or AA,
and this would be the most frequent genotype at that genomic position, while 5% would have
a thymine, being the variant and less frequent allele (TT genotype), and the rest 15% of the
mentioned population would be heterozygous for the variant, AT genotype. Pharmacogenet‐
ics aims to determine the effect of those genetic variants regarding the efficacy and toxicity of
drugs, and therefore, it may be able to predict patients’ response to them. These genetic
characteristics can be known for each single patient before the drug is administered, allowing
the design of the best strategy to treat the patient, what we nowadays know as precision
medicine.

In this scenario, it is also very important to take into account that in transplantation each patient
actually contains two different genetic entities: the donor and the recipient. Therefore, the
drugs administered to the recipient will be metabolized or excreted by the transplanted organ
from the donor when we are talking about liver or kidney transplantation, respectively. But
also in heart- or lung-transplanted patients, the effect of the donors’ genotype could be seen if
we find toxicities and/or efficacies directly related to these organs. This is the reason why more
and more studies in transplantation pharmacogenetics consider both the donor and recipient
genotypes to evaluate the response to treatment [6–9].
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from the donor when we are talking about liver or kidney transplantation, respectively. But
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and more studies in transplantation pharmacogenetics consider both the donor and recipient
genotypes to evaluate the response to treatment [6–9].
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2. The genes related to the immunosuppressants

Cs and TAC are metabolized by CYP3A subfamily in both enterocytes and hepatocytes. Cs is
primarily metabolized by CYP3A4 and in a lesser extent by CYP3A5, while TAC is mainly
metabolized by CYP3A5. Both enzymes are characterized by great variations in their expres‐
sion and activity caused by genetic variability but also by concomitant administration of drugs
that act as inhibitors or inducers [4, 5, 10–13]. P450 (cytochrome) oxidoreductase (POR) has
been suggested as an element that also influences CYP3A5 activity.
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the active transport and expulsion of multiple substances across cell membranes and is present
in several tissues but mainly in excretory organs [14].This pump plays a major role in the
pharmacokinetics of TAC and Cs. P-gp has been found to be present at high concentrations in
enterocytes, and it is present in hepatocytes, kidney cells, and lymphocytes [15]. A 17% of the
variability in oral clearance of Cs depends on the P-gp accounts in intestinal enterocytes [16].
In TAC, the level of ABCB1 intestinal expression showed a strong inverse correlation with the
TAC concentration/dose ratio [17]. Genotypes associated with lower P-gp function have been
associated with greater drug absorption and higher blood concentration. The three most
frequent ABCB1 gene polymorphisms studied are the synonymous SNPs 1236C<T (rs1128503)
and 3435C<T (rs1045642), as well as the nonsynonymous SNP 2677G<T/A (rs2032582). The
variant TT genotype of these SNPs is proposed to result in decreased levels of mRNA expres‐
sion and P-gp activity, although this point is still controversial.

Following administration, mycophenolate mofetil (MMF) or enteric-coated mycophenolate
sodium is hydrolyzed to MPA, the active metabolite. MPA is metabolized in the liver,
gastrointestinal tract, and kidney by uridine diphosphate gluconosyltransferases (UGTs).
MPAG, the main metabolite, is a phenolic glucuronide, which has no pharmacological activity
and is excreted into the urine via active tubular secretion and into the bile by multidrug
resistance protein 2 (MRP-2 or ABCC2). MPAG is de-conjugated back to MPA by gut bacteria
and then reabsorbed in the colon, the so-called enterohepatic circulation pathway [18–21].
MPA acts as a selective inhibitor of inosine 5’-monophosphate dehydrogenase (IMPDH). Two
isoforms of IMPDH exist and MPA is more active against type II (expressed primarily in
malignant and activated lymphocytes) than against type I (predominantly found in normal,
resting leukocytes) [22–25]. SNPs in these genes might affect the efficacy of MPA and therefore
acute rejection in transplant patients.

Azathioprine is employed in patients with intolerance to mycophenolate as an alternative
antimetabolite. This prodrug is activated to 6-mercaptopurine in the erythrocytes, and
thiopurine methyltransferase (TPMT) is the main enzyme for 6-mercaptopurine metabolism.
Described TPMT polymorphisms produce a decreased enzyme function and a higher risk of
side effects related to the 6-thioguanine formation such as bone marrow suppression. The
Clinical Pharmacogenetics Implementation Consortium has published guidelines for the
clinical implementation of TPMT genotype analysis in patients treated with azathioprine;
likewise the US Food and Drug Administration label also recommends TPMT testing [26]. One
study evaluated this association in liver transplantation, and aversely, its findings suggest that
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TPMT, ITPA, and MTHFR genotypes do not predict adverse drug reactions, including bone
marrow suppression [27].

Information about genetic variations affecting SIR and EVE response is still scarce. Both drugs
are metabolized via CYP3A4, CYP3A5, and CYP2C8 enzymes [28] and both are P-gp substrates.
EVE is used as off-label immunosuppressive therapy in lung transplantation with CNI-
associated renal insufficiency, skin neoplasms, and bronchiolitis obliterans syndrome [29, 30].
As the rest of immunosuppressive drugs, SIR and EVE have a narrow therapeutic index and
a significant inter- and intra-individual pharmacokinetic variability.

Glucocorticoid-induced osteonecrosis is an important adverse event affecting transplant
patients, leading to severe joint pain and limitations on physical activity. Numerous studies
have reported that ABCB1 polymorphisms are associated with glucocorticoid-induced
osteonecrosis, as, for instance, in renal transplant patients [31]. A recent meta-analysis
suggested that some ABCB1 alleles may decrease the risks of corticoid-induced osteonecrosis
[32].

Other clinical consequences, mainly long term, of immunosuppressants are being subject to
really interesting pharmacogenetic studies: tumor development, fertility impairment, or
hypertension [33–35].

3. Kidney transplantation

3.1. Calcineurin inhibitors

The expression of ABCB1 in the kidney plays an important role in the renal elimination of
metabolic waste products and toxins. It seems like after renal injury, ABCB1 expression is
upregulated, which may represent an adaptive response in the renal regeneration process.
Also, it has been shown that treatment with CNI induces ABCB1 expression both in vivo and
in vitro, which could serve to protect the kidney from the injurious effects of CNIs by facili‐
tating their extrusion [36]. A decrease in ABCB1 levels of expression could lead to intrarenal
accumulation of CNIs and predispose patients to the occurrence of CNI-related nephrotoxicity
[37]. Capron et al. showed in a prospective study with 96 renal transplant recipients that ABCB1
1199G>A, 3435C>T, and 2677G>T/A (rs2229109, 1045642, 2032582, respectively) seemed to
reduce the activity of P-gp increasing TAC peripheral blood mononuclear cell concentrations.
Nevertheless, the impact of ABCB1 SNPs on TAC blood concentrations was negligible [38]. In
another study conducted in Asian renal transplant recipients, ABCB1 C3435T was not an
important factor in TAC pharmacokinetics [39]. The presence of ABCB1 3435T variant allele in
the donor was related to a higher risk of histologic kidney damage [40], maybe due to a local
drug accumulation.

In the meta-analysis conducted by Terrazzino et al. [41], no evidence of an effect of the ABCB1
3435C>T variant was detected on TAC Cmin/D, except for a modest effect limited to the first
month after renal transplantation. In contrast, another meta-analysis conducted by Li et al. [42]
showed that ABCB1 3435C>T could influence the TAC pharmacokinetics at different post‐
transplant times, so subjects with wild-type genotype showed lower Cmin/D than those
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carrying variant T allele. Results of a more recent meta-analysis published in 2015 in Cs-treated
kidney transplant recipients indicated a significant difference of Cmin/D and Cmax/D between
3435CC and 3435TT genotype carriers (p = 0.03). Subgroup analysis by ethnicity demonstrated
that in Asians, Cmin/D was lower in CC versus TT genotype carriers but did not vary for
Caucasian recipients. This meta-analysis showed that patients with 3435CC genotype will
require a higher dose of Cs to achieve target drug blood concentrations when compared with
3435TT carriers, especially in the Asian population and especially during the early and middle
time periods after transplantation [43].

A polymorphism in intron 3 of CYP3A5 (rs776746 or CYP3A5*3) results in altered mRNA
splicing that leads to a premature stop codon and hence a nonfunctional protein [11]. So, while
*3/*3 carriers do not express the enzyme (nonexpressers), individuals carrying at least one
functional CYP3A5*1 allele express the enzyme (expressers) and are able to metabolize CNIs
via CYP3A5 [12]. Our studies in Spanish Caucasian population show that although *1/*1
genotype is rare and carried by only 1% of the population, 16% of transplanted patients and
donors present CYP3A5*1/*3 genotype and might have different dosage needs than *3/*3
carriers [13].

The first studies about the relationship between CYP3A5 and CNI dosage in transplant
recipients were published over 10 years ago. In 2003 Hesselink et al. [5] reported in kidney
transplant recipients receiving Cs or TAC that TAC dose-adjusted trough levels were higher
in CYP3A5*3/*3 patients than in *1/*3 plus *1/*1 patients, but found no differences in Cs-treated
patients. The same year, MacPhee et al. [44] also reported a reduced exposure to TAC in the
first weeks after kidney transplantation in CYP3A5 expressers, but found no difference in the
rate of biopsy-confirmed acute rejection. Haufroid et al. [10] reported in 2004 that dose-
adjusted trough concentrations were threefold and 1.6-fold higher in CYP3A5*3/*3 patients
than in CYP3A5*1/*3 patients for TAC and Cs, respectively. Since then, several studies have
shown that CYP3A5 expressers require higher TAC doses than nonexpressers to achieve the
same blood concentrations [45–50]. A pharmacogenetic substudy of a randomized-controlled
trial where patients were treated with TAC, MPA, and corticosteroids compared CYP3A5
expressers with CYP3A5 nonexpressers. TAC doses were higher for expressers, whereas dose-
corrected Cmin were lower for this group. This would mean that patients expressing CYP3A5
need more TAC to reach target concentrations and have a lower TAC exposure. However, no
differences in biopsy-proven acute rejection were found [51]. Regarding graft rejection,
whereas some studies have found an association with CYP3A5 genotype [52, 53], others have
not shown this [54, 55]. In the case of nephrotoxicity, results are also controversial [47, 54, 56].

The first prospective randomized-controlled trial (by Thervet et al.) to compare the pharma‐
cokinetic characteristics of TAC in patients receiving a fixed dose of the drug or a dose adapted
according to the patient’s CYP3A5 genotype showed that, in the genotype-based group, a
higher proportion of patients had values within the targeted Cmin at day 3 after initiation of
TAC (43.2% vs. 29.1%; p = 0.03); they required fewer dose modifications and the targeted Cmin
was achieved by 75% of these patients more rapidly [57]. No differences in clinical outcome
were found, but the study population was at low immunological risk. A later randomized-
controlled trial with similar pharmacogenetic-guided TAC starting dose found no differences
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between groups in the percent of patients having a TAC exposure within the target range or
the incidence of acute rejection [58].

Other authors have studied the influence of donors’ genotype. Opposite to liver transplanta‐
tion, donors’ CYP3A5 genotype seems to have no influence in CNI dose requirements to
achieve target drug concentrations [56].

Several meta-analyses have been performed. The results of a meta-analysis performed by our
group suggest a significantly lower TAC dose-normalized Cmin among CYP3A5*1 allele
carriers compared with carriers of the CYP3A5*3/*3 genotype at weeks 1 and 2 and months 1,
3, 6, and 12 after kidney transplantation. Also CYP3A5 expressers might have higher risk of
acute rejection and chronic nephrotoxicity [59]. Terrazzino et al. [41] conducted another meta-
analysis in which random-effects model showed significantly higher TAC Cmin/D in
CYP3A5*3/*3 compared with CYP3A5*1 allele carriers, either in the overall analysis and when
stratifying for ethnicity or time of posttransplantation (≤1, 3–6, 12–24 months). In the meta-
analysis conducted by Tang et al. [60], CYP3A5 expressers required higher mean TAC daily
doses [95% confidence interval (CI), 0.033–0.056] than nonexpressers. In Cs-treated patients, a
meta-analysis also showed that CYP3A5*3 polymorphism is associated with Cs dose-adjusted
concentration in renal transplant recipients [50].

Regarding CYP3A4, different studies have explored the impact of CYP3A4*1B on CNI
pharmacokinetics. Gervasini et al. found that carriers of the CYP3A4*1B variant allele showed
TAC Cmin that were on average 59% lower than in patients with the CYP3A4*1/*1 genotype.
Furthermore, among CYP3A5*1 carriers, those also carrying the CYP3A4*1B allele showed the
lowest dose-corrected Cmin, as compared with CYP3A4*1/CYP3A5*3 carriers [61]. Other
studies have shown the influence of this variant in TAC and Cs pharmacokinetics [46, 62], but
results are still inconsistent [63, 64]. This variant has been reported to lead, in vitro, to increased
transcription of the gene [65], but several authors attribute its observed effects to the fact that
CYP3A4*1B is in strong linkage disequilibrium (LD) with the CYP3A5*1 active allele, meaning
that very frequently they are carried together. This could explain the inconsistencies of the
reported associations with Cs and TAC pharmacokinetics, if only one of those two SNPs is
addressed [1, 2]. Another functional SNP, located in CYP3A4 intron 6 (CYP3A4*22, rs35599367,
C>T), has been found associated with decreased mRNA hepatic expression and therefore
decreased enzymatic activity and has also been correlated with the statin dose requirement
for lipid concentration control [66]. This SNP was associated with altered TAC and Cs
metabolism and dose-adjusted Cmin were higher for *22 carriers in a study carried out in 99
stable renal transplant recipients [67]. This difference was even higher when combining
CYP3A4/CYP3A5 poor metabolizer genotypes, for both TAC and Cs, and was reproduced in
185 kidney transplant recipients treated with TAC [68].

POR has been suggested as an element that influences CYP3A5 activity. Carrying *28 allele
was associated with increased dose of TAC in kidney transplant recipients. And an association
for a higher daily dose requirement was found only in CYP3A5 expressers [69]. Another study
showed that POR*28 allele is associated with increased in vivo CYP3A5 activity for TAC in
CYP3A5 expressers, whereas POR*28 homozygosity was associated with a significant higher
CYP3A4 activity in CYP3A5 nonexpressers for both TAC and Cs [70]. But other studies have

Frontiers in Transplantology104



between groups in the percent of patients having a TAC exposure within the target range or
the incidence of acute rejection [58].

Other authors have studied the influence of donors’ genotype. Opposite to liver transplanta‐
tion, donors’ CYP3A5 genotype seems to have no influence in CNI dose requirements to
achieve target drug concentrations [56].

Several meta-analyses have been performed. The results of a meta-analysis performed by our
group suggest a significantly lower TAC dose-normalized Cmin among CYP3A5*1 allele
carriers compared with carriers of the CYP3A5*3/*3 genotype at weeks 1 and 2 and months 1,
3, 6, and 12 after kidney transplantation. Also CYP3A5 expressers might have higher risk of
acute rejection and chronic nephrotoxicity [59]. Terrazzino et al. [41] conducted another meta-
analysis in which random-effects model showed significantly higher TAC Cmin/D in
CYP3A5*3/*3 compared with CYP3A5*1 allele carriers, either in the overall analysis and when
stratifying for ethnicity or time of posttransplantation (≤1, 3–6, 12–24 months). In the meta-
analysis conducted by Tang et al. [60], CYP3A5 expressers required higher mean TAC daily
doses [95% confidence interval (CI), 0.033–0.056] than nonexpressers. In Cs-treated patients, a
meta-analysis also showed that CYP3A5*3 polymorphism is associated with Cs dose-adjusted
concentration in renal transplant recipients [50].

Regarding CYP3A4, different studies have explored the impact of CYP3A4*1B on CNI
pharmacokinetics. Gervasini et al. found that carriers of the CYP3A4*1B variant allele showed
TAC Cmin that were on average 59% lower than in patients with the CYP3A4*1/*1 genotype.
Furthermore, among CYP3A5*1 carriers, those also carrying the CYP3A4*1B allele showed the
lowest dose-corrected Cmin, as compared with CYP3A4*1/CYP3A5*3 carriers [61]. Other
studies have shown the influence of this variant in TAC and Cs pharmacokinetics [46, 62], but
results are still inconsistent [63, 64]. This variant has been reported to lead, in vitro, to increased
transcription of the gene [65], but several authors attribute its observed effects to the fact that
CYP3A4*1B is in strong linkage disequilibrium (LD) with the CYP3A5*1 active allele, meaning
that very frequently they are carried together. This could explain the inconsistencies of the
reported associations with Cs and TAC pharmacokinetics, if only one of those two SNPs is
addressed [1, 2]. Another functional SNP, located in CYP3A4 intron 6 (CYP3A4*22, rs35599367,
C>T), has been found associated with decreased mRNA hepatic expression and therefore
decreased enzymatic activity and has also been correlated with the statin dose requirement
for lipid concentration control [66]. This SNP was associated with altered TAC and Cs
metabolism and dose-adjusted Cmin were higher for *22 carriers in a study carried out in 99
stable renal transplant recipients [67]. This difference was even higher when combining
CYP3A4/CYP3A5 poor metabolizer genotypes, for both TAC and Cs, and was reproduced in
185 kidney transplant recipients treated with TAC [68].

POR has been suggested as an element that influences CYP3A5 activity. Carrying *28 allele
was associated with increased dose of TAC in kidney transplant recipients. And an association
for a higher daily dose requirement was found only in CYP3A5 expressers [69]. Another study
showed that POR*28 allele is associated with increased in vivo CYP3A5 activity for TAC in
CYP3A5 expressers, whereas POR*28 homozygosity was associated with a significant higher
CYP3A4 activity in CYP3A5 nonexpressers for both TAC and Cs [70]. But other studies have

Frontiers in Transplantology104

not replicated these results [71–73]. Also POR*28 allele has been associated with increased risk
of diabetes mellitus in patients treated with TAC [74].

Transplant patients receive a large number of drugs and the effect of concomitant drugs is
important. Gastric protection is very common in transplant recipients. We conducted a study
in 75 renal transplant recipients treated with TAC and omeprazole. This drug is mainly
metabolized via CYP2C19 and secondarily by CYP3A4/5. In patients carrying a nonfunctional
CYP2C19 variant, omeprazole inhibits TAC metabolism via CYP3A5, increasing TAC blood
concentrations. The patients with CYP2C19*2/*2 genotype showed a median posttransplanta‐
tion hospital stay of 27.5 days (95%CI: 23–39), compared with 12 days (95%CI: 10–15) in patients
with CYP2C19*1/*1 or 1/*2 genotype. In the group of CYP3A5 nonexpressers (expressers were
excluded to avoid its influence), there was a direct correlation with an increase in Cmin/D TAC
blood levels and CYP2C19*2/*2 genotype, which also showed allograft delayed function (acute
tubular necrosis in 3 out of 4 patients). So CYP2C19*2/*2 variant indirectly elicits an increase
of TAC blood levels in CYP3A5 nonexpressers and may lead to adverse events [3].

3.2. mTOR inhibitors

CYP3A5 genotype might explain part of the variability in SIR drug levels. In a few studies,
CY3A5 expressers showed increased dose requirements to achieve adequate blood trough
levels of SIR in people with kidney transplantation as compared to CYP3A5*3/*3 genotype.
Also, CYP3A5*3/*3 was associated with decreased metabolism of SIR and higher blood levels
[75–77].

A study also showed that CYP3A4*1B carriers may require an increased dose of SIR as
compared to patients with the *1/*1 genotype [75]. Preliminary data demonstrated that human
liver microsomes carrying CYP3A4*22 metabolized SIR at a significantly slower rate than
noncarriers [1]. ABCB1 genotype does not seem to be of relevance for mTOR inhibitor therapy,
although patients with the CC genotype in 3435C>T or 1236C>T may have decreased total and
low-density lipoprotein cholesterol when treated with SIR, as was shown by Sam et al. [78].

3.3. Mycophenolic acid

Several studies have reported the role of SNPs in the promoter region of UGT1A9 in MPA
pharmacokinetics and the risk of rejection, including gain of function SNPs -275T>A
(rs6714486) and -2152C>T (rs17868320) [79]. Van Schaik et al. [80] showed in a study including
338 kidney transplant recipients that UGT1A9 -275T>A and -2152C>T SNPs were associated
to lower MPA exposure in patients receiving TAC and corticosteroids plus MMF. Additionally,
in this study UGT1A9*3 was associated with higher MPA exposure when MMF was given in
combination with CNIs. In another study including 133 stable Caucasian renal transplant
recipients, promoter SNPs -275T>A and -2152C>T were associated with lower MPA exposure,
and additionally the carriers of these SNPs had higher incidence of gastrointestinal side effects
[81]. UGT1A8*3 and UGT1A9*3 might influence MPA pharmacokinetics but occur with a very
low allele frequency (<5%), so their clinical impact is limited [82]. UGT1A8*2 might also be
associated to less adverse gastrointestinal adverse events. UGT2B7 has also been postulated
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as a candidate biomarker of MPA pharmacokinetics, but no relevant results have been found
yet.

Regarding ABCC2, MPAG is excreted in bile primarily by this transporter and this transport
is essential for the enterohepatic circulation. ABCC2 -24C>T (rs717620) has been associated
with lower MPA clearance in patients with concomitant treatment with TAC [83]. ABCC2
1249G>A (rs2273697) was also related to higher MPA metabolite levels [84].

MPA is also substrate of organic anion-transporting polypeptides (OATPs), which are
responsible for the entrance of MPA and MAPG into hepatocytes. This has been observed in
vitro [85], but in vivo results are still contradictory [85–87]. Picard et al. [85] observed that the
pharmacokinetics of both MPA and MPAG were significantly influenced by the SLCO1B3
polymorphism 334T>G/699G>A in 70 renal transplant patients receiving combination treat‐
ment of MMF with either TAC or SIR, but not in 115 patients receiving MMF and Cs. Miura
et al. [87] found a significant association between MPA excretion into bile and SLCO1B3
334T>G. The organic anion transporter polypeptide-1B1 (SLCO1B1) is involved in the liver
uptake of MMF. In renal transplantation, the minor allele of SLCO1B1 (rs4149056) polymor‐
phism was associated to lower MPA clearance than wild-type genotype, because this genotype
reduces drug uptake [88].

The association of SNPs in IMPDH with MPA is not clear. IMPDH1 rs2278294 allele T was
found associated with decreased risk of biopsy-proven acute rejection [22, 89], but this was
not found in other studies [23, 90]. Regarding IMPDH2 rs11706052, allele G carriers who are
treated with Cs and MMF may have an increased risk of biopsy-proven acute rejection and
decreased response [82], but several other studies have not confirmed this association [24, 25].

4. Heart transplantation

Heart transplantation has experienced a great improvement in the last years. Survival among
cardiac transplant recipients is estimated to be 83% 5 years posttransplantation as a result of
improvements in immunosuppressant treatments, surgical technique, and reduction of
adverse events [91, 92]. Nevertheless, still a considerable number of patients experience
morbidity and mortality after transplantation. These outcomes could be related to genetic
variability in genes that encodes transporters, metabolizers, or molecular targets of immuno‐
suppressant therapy.

4.1. Calcineurin inhibitors

Most of the published studies analyzed the relationship between ABCB1 polymorphisms and
CNI pharmacokinetics. Regarding TAC, some studies found a relationship between wild-type
ABCB1 genotypes and reduced drug blood levels during the first 2 weeks after transplantation
in adult patients [7] or after 6 and 12 months after transplantation in pediatric population [93].
However, several other studies did not find significant results [94–97]. Cs is also substrate of
P-gp, and there are numerous reports of lesser cyclosporine blood concentrations with wild-
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type ABCB1 genotypes [7, 97–100], although again other authors did not obtain significant
differences [96]. The inconsistent influence of ABCB1 genotypes on CNI therapies may be due
to unique genetic populations or small sample size.

High CNI levels are related to the appearance of nephrotoxicity. Most of the studies did not
detect association between ABCB1 variants and renal function [95, 100–104]. On the other hand,
in one of our last works, we obtained lower renal function in patients with AG genotype of a
rarely studied polymorphism of ABCB1 (rs9282564), related to higher Cs blood concentrations
[97]. Besides, ABCB1 wild-type genotype of 1236C<T SNP was correlated to lower risk of
serious infections and lower Cs blood levels. Wild-type homozygosity for the 3435C<T and
2677G<T/A SNPs has been associated to increased steroid dependency after 1 year of heart
transplantation in pediatric patients treated with TAC [105, 106], but this effect was not
reproduced in a larger adult cohort of 337 patients with Cs therapy [100]. Wild-type genotypes
of 3435C<T and 2677G<T/A were also correlated to higher risk of graft rejection in a large cohort
of 170 adult recipients [107], although in smaller cohorts these effects were not reproduced [94,
100]. Other outcomes studied with these SNPs were new-onset diabetes [95] and plasma lipid
concentrations [108]. Of these outcomes only higher LDL cholesterol pretransplant values were
related to variant alleles of ABCB1, but this association was lost after transplantation.

The differences in TAC blood levels regarding the already explained CYP3A5 variants *1 or
*3 were clearly observed in adult heart transplantation [95, 96, 98, 109, 110] and also in children
[93, 94, 111]. However with Cs it was only described in our small cohort of 25 adult heart
transplant patients, in which the CYP3A5*3/3* variant was associated to an increase in trough
blood levels corrected by dose and body weight [98]. These results were not reproduced in
two other similar studies (30 and 45 adult heart recipients) [96, 99].

Age and CYP3A5 genotype were related to TAC concentration/dose ratio and dosing require‐
ments in pediatric cardiac transplant population [94]. This was reflected in CYP3A5 expressers,
because when they were older than 6, the dosing requirements were more than 1.5 times lower
than in CYP3A5 expressers younger than 6 years. Besides CNI clearance, CYP3A5*1 carriers
were associated to higher estimated glomerular filtration rate after heart transplantation in a
cohort of 160 adult recipients treated with TAC or Cs [102]. Other studies in cohorts of 53 and
60 adult cardiac transplants and 39 and 453 pediatric cardiac recipients did not find significant
relationships between CYP3A5 genotypes and renal outcomes [94, 97, 101, 103]. A study in a
large cohort of 115 adult heart recipients did not find associations between CNI nephrotoxicity
and CYP3A5 genotypes, but it showed significant relationship with posttransplant kidney
function in CYP3A5*3/3* and CYP2A6 (rs28399433) variants in European Americans (subgroup
of 99 recipients) [104]. Other outcomes as steroid dependency, graft rejection, and risk of
developing new-onset diabetes after transplantation were studied without significant rela‐
tionships [94, 95, 106].

A study in 60 pediatric heart transplant recipients investigated the combined effect of CYP3A5
and CYP3A4*22 (rs35599367) [111]. CYP3A poor metabolizers (CYP3A5*3/3* and CYP3A4*1/
*22) required 17% less TAC than intermediate (CYP3A5*3/3* and CYP3A4*1/*1) and 48% less
than extensive metabolizers (CYP3A5*1/1* or CYP3A5*1/3* and CYP3A4*1/*1). This study also
obtained similar effects with CYP3A4*22 allele carriers alone in number of TAC doses to reach
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target concentrations, but not in TAC concentrations and the dose-adjusted concentration.
However, a later study in adult cardiac transplant patients treated with TAC (52 patients) or
Cs (45 patients) did not find significant associations with CYP3A4*22 variants [96] but showed
that POR*28 variant carriers had higher dose-adjusted TAC concentrations 3 and 6 months
posttransplantation. This variant had previously been studied in kidney transplantation
combined with CYP3A5 expressers [112–114], with a contradictory effect compared to this
effect in heart transplant recipients. Another CYP3A modulator is the pregnane X receptor
encoded by NR1I2 gene, whose SNP rs3814055 was studied by Lesche without changes in TAC
clearance [96].

Other different CYP enzymes were studied in heart transplantation. CYP2C8 and CYP2J2 are
expressed in the kidney and are involved in the metabolism of arachidonic acid–promoting
kidney homeostasis. The CYP2C8*3 variant was associated with a higher risk of nephrotoxicity
in liver recipients treated with TAC or Cs [115]. In heart transplantation, CYP2C8 variants were
studied in a small cohort of 30 patients treated with maintenance therapy (Cs, EVE, predni‐
solone) and there were no differences in EVE dose requirements between CYP2C8 genotypes
[116].

4.2. mTor inhibitors

A report in adult heart recipients suggested that EVE blood levels were not related to ABCB1
genotypes. No significant associations between CYP3A5 poor expressers and EVE pharmaco‐
kinetics were observed either [110, 117]. CYP2C8 variants were also studied in a heart trans‐
plantation cohort of 30 recipients without significant differences in EVE pharmacokinetics
[116].

4.3. Mycophenolic acid

In pediatric heart transplantation, the gastrointestinal intolerance was reproduced with variant
allele of ABCC2 rs717620, causing MMF discontinuation [118]. Other toxicities associated to
ABCC2 SNPs were anemia (rs3740066) and leucopenia (rs17222723) [119].

Regarding serum levels of MPA and their metabolites, a study did not obtain significant
relationships with ABCC2 polymorphisms (34Ting LSL 2010). In a large pediatric cohort of 290
heart recipients, wild-type ABCC2 (rs717620) genotype was correlated to higher risk of graft
rejection and late rejection, both with hemodynamic compromise [120].

The influence of UGT SNPs on MPA plasma concentrations is moderate and must be analyzed
along with ABCC2 and ABCB1 polymorphisms. In a cohort of 68 thoracic transplant recipients
(36 lung and 32 heart transplants), two variants of UGT2B7 (rs7439366 and rs73823859) and
acyl-MPA glucuronide levels were associated in both cohorts [119]. In this study, two variants
of UGT2B7 (rs7668258 and rs73823859) showed a significant influence in thoracic graft
rejection, as well as UGT1A7 variant rs11692021 with anemia and UGT 3´UTR T1813 variant
with leucopenia.

The presence of polymorphisms in IMPDH1 and IMPDH2 genes does not result in lower
activity in all cases [121]. In a cohort of 59 pediatric cardiac transplant, two variants of IMPDH1
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(rs2278294 and rs2228075) were associated to greater gastrointestinal toxicity [122]. On the
other hand, this study also found that variant G of IMPDH2 (rs11706052) polymorphism was
related to neutropenia that required dose holding. A posterior haplotype analysis repeated the
association of IMPDH1 to gastrointestinal intolerance but this was not greater than individual
IMPDH1 polymorphisms [122].

4.4. Azathioprine

In heart transplantation, heterozygotes for TPMT SNPs (rs1142345, rs1800460, rs1800462) were
shown lower enzyme activity and earlier and higher rejection than wild-type genotypes,
although without changes in leukopenia incidence [123].

4.5. Other genes: the immunomodulatory pathway

The immune response and acute transplant rejection could be influenced by cytokines and
growth factors; hence regulating cytokine production is a strategy to minimize rejection. Of
these, the most studied in heart transplantation is the transforming growth factor- ß1 (TGF-
ß1), because this inductor of the collagen has profibrotic activity during the progression of
glomerulonephritis, consequence of CNI nephrotoxicity. Polymorphisms in the TGF-ß1
promoter region produced a reduction of TGF-ß1 level [124]. In a large cohort of 237 cardiac
transplants, the presence of variants of two TGF-ß1 polymorphisms (rs1800470 and rs1800471)
was associated to CNI-induced end-stage renal failure [125]. However, in two smaller cohorts
and a larger pediatric cohort, these two SNPs were not related to renal outcomes [101, 103,
126]. Other polymorphisms included in one of these studies an SNP in the protein kinase C-
β gene (PRKCB; rs11074606), a gene implicated in the renin-angiotensin-aldosterone intracel‐
lular signaling, was related to posttransplant estimated glomerular filtration rate [126].

Polymorphisms in cytokine genes (TNF-α, TGF-ß1, IL-10, IL-6, and INF-γ) were also analyzed
regarding steroid dependency. Of these SNPs, only IL-10 polymorphisms (rs1800896,
rs1800871, rs1800872) were associated as independent risk factor with steroid dependency at
1 year after heart transplantation [106]. In a large multiethnic cohort of 300 pediatric cardiac
transplant patients, acute rejection at 5 years was related to the combination VEGF high
(rs699947, rs833061, rs2010963), IL-6 high (rs1800795), and IL-10 low (rs1800896, rs1800871,
rs1800872) expression genotypes, but not with TNF-α (rs1800629) [127].

The nucleotide-binding oligomerization domain containing 2 (NOD2/CARD15) encodes a
protein involved in intracellular pathogen recognition and lymphocyte activation. In our latest
study we observed a tendency of association between CC genotype in NOD2/CARD15
(rs2066844) and increased graft rejection [97].

A new gene that was studied in heart transplantation was the connective tissue growth factor
(CTGF), whose expression has been shown to be induced in in vitro models of chronic heart
allograft rejection. Carriers of the C allele of rs6918698 SNP were associated to high risk for the
development of cardiac allograft vasculopathy, a surrogate marker for chronic rejection [128].
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5. Lung transplantation

Lung transplantation has become an alternative option for a variety of end-stage pulmonary
diseases, including cystic fibrosis, idiopathic pulmonary fibrosis, pulmonary arterial hyper‐
tension, bronchiolitis, or advanced chronic obstructive pulmonary disease. Hardy performed
the first human lung transplantation in 1963 but the recipient survived only 18 days. In the
1980s, the introduction of Cs generated renewed interest in this area, and in 1986, Dr Joel
Cooper reported the first successful single lung transplant. Since the early 1990s, more than
30,000 lung transplants have been performed around the world.

The increasing success of thoracic transplantation is largely attributable to the development
of effective immunosuppressive regimens. However, it remains as one of the solid organ
transplant with the worst outcomes, with less than 80% 1-year survival and less than 70% after
3 years [129]. Several reasons for these poor results have been identified; some of them are
shared with other solid organ transplants, including acute rejection and drug treatment
toxicity. Lung-transplanted patients are a particularly difficult group to study: Immunosup‐
pressive treatment variations and the way they are administered (intravenous and oral) during
the first weeks post transplantation make changes in blood concentration difficult to evaluate.
On the other hand, patients with cystic fibrosis, one of the main groups of lung transplantation
patients, present high absorption variability, leading to lower immunosuppressive drugs
blood levels [130]. It should be noticed that most of the lung transplant studies have not
considered this variable in their analyses, potentially leading to erroneous results. This
complexity has made this group of patients less studied than other groups such as heart, liver,
or kidney transplantation. However, some relevant findings have been published.

Contradictory results have been reported regarding the effect of ABCB1 polymorphisms on
TAC disposition in lung transplantation. Wang et al. [131] reported an association between
ABCB1 haplotype and TAC blood concentration. This result has been replicated in subsequent
studies [132]. However, other authors have not found this relationship [5, 45]. It should be
noticed that these two studies did not considered the concomitant effect of CYP3A5 genotype,
which has shown to have important effects in this group of patients [133].

Initial studies have demonstrated a positive association between TAC dosing and the CYP3A5
gene polymorphism in heart and adult lung transplant patients [5, 131]. The CYP3A5 *3/*3
nonexpresser patients have a higher TAC level/dose than the CYP3A5 *1/*1 or *1/*3 enzyme
expressers. Several authors have recommended that CYP3A5 expressers should initially get
double dose of TAC than the administered to CYP3A5 nonexpressers [44], but this proposal
should be tested thoroughly in lung transplantation before initiation in clinical practice.

No relevant information related to SNP variations and MPA concentrations in lung trans‐
plantation has been published. In a 51 patients study, we found that those patients with
heterozygous at ABCC2 rs3740066 had lower MPA blood concentrations than homozygotes
[132]. However, large study sizes are needed to confirm these results.

Schoeppler et al. [134] in 65 lung transplant recipients did not find associations between several
polymorphisms, in genes including ABCB1, CYP3A5, CYP3A4, CYP2C8, and EVE blood
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concentration. The author concluded that genotyping lung transplantation patients for these
polymorphisms is unlikely to be helpful for clinicians in optimizing EVE therapy. However,
the small number of patients included makes necessary new studies to confirm this hypothesis.
In the last years, SIR has been introduced as an alternative immunosuppressive therapy for
lung transplantation patients [135, 136], but still no information has been reported about
pharmacogenetics of this drug in lung transplantation.

The process of chronic rejection is a pathologic process very different to acute rejection, and
almost all lung transplant patients at 4 years posttransplantation have some evidence of
chronic rejection [137]. Whether the chronic rejection process either directly or indirectly
involves P-gp is unknown but is a possibility worth to be explored.

Budding et al. [138] found an association between complement regulatory gene CD59
polymorphism and the pathogenesis of acute rejection in lung transplantation. HLA-G
haplotypes have also been associated with increased graft survival and decreased rejection
episodes in lung transplantation [139]. NOD/CARD15 has been related with graft organ
survival outcomes of transplanted patients [140, 141], but information in lung transplantation
is scarce.

6. Liver transplantation

The concept that a single gene polymorphism could affect patient survival in a complex patient
population is difficult to conceive. However, a study by Hashida et al. [142] suggested that
patients who had high amounts of ABCB1 mRNA had a significantly poorer patient survival
than the patients with low amounts of ABCB1 mRNA. Patients with the ABCB1 2677GG, 1236
CC, and 3435CC genotypes would have greater function of the drug transporter associated
with lower TAC bioavailability and level/dose ratio, but the evidence remains uncertain. Some
studies in Caucasian patients [143, 144] have not reported association between both variables;
however a meta- analysis reported a significative association between ABCB1 C3435T and C/
D ratio TAC, although with a low quality of evidence [145]. Other ABCB1 polymorphisms do
not seem to relevantly influence TAC pharmacokinetics.

In summary, there is not sufficient information to support prospective clinical trials about TAC
dosing based only in these polymorphisms, but they may be good candidates for combined
analyses of polymorphisms affecting the inter-individual variability in TAC pharmacokinetics
among CYP3A5 expressers.

6.1. Influence of donor versus recipient genotype

Pharmacokinetic studies in liver transplant recipients are complex due to the fact that the
recipient’s intestinal genotype and the donor liver genotype may act together influencing the
overall drug disposition. Several studies have evaluated the effect of donors and recipients
CYP3A5 6986A>G. They had showed that nonexpresser recipients grafted with CYP3A5
nonexpresser donors had the largest TAC C/D ratio and this genetic effect changed over time
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since transplantation [146–149]. These results suggest that the organ influencing TAC dispo‐
sition may change from the native intestine (recipients) in the early phase following trans‐
plantation to the graft liver (donors) in the stable phase, when the transplanted organ has
gained the recovery of metabolic function.

In view of this and many more studies published through the years, there is enough evidence
to carry out studies to assess the prescription of TAC based on both the donor and the recipient
CYP3A5 genotype [150]. The recipient ABCB1 and donor CYP3A5 genotypes may also act
together in overall drug disposition. Previous studies have evaluated the effect of recipients’
ABCB1 C3435T or G2677T/A genotype and graft CYP3A5 genotype. We published a meta-
analysis [151] showing that donors with CYP3A5 nonexpresser genotype had a TAC blood C/
D ratio (concentration normalized for daily dose received on a body weight basis) 1.3 to 2 times
higher than CYP3A5 expressers, during the first month after transplantation. When the C/D
ratio was analyzed with regard to the recipient genotype, this polymorphism variant also
affected the pharmacokinetics, although its effect was less pronounced (1.1 to 1.4 times higher).
The quality of evidence was at least moderate.

Regarding CYP3A4, its association with the TAC dose requirement or trough dose-adjusted
concentrations has not been demonstrated. Recently a study in renal transplantation reported
that only a significant influence of CYP3A4*22 on Cs pharmacokinetics was found, but this
effect is not high enough to justify dose modification based on CYP3A4*22 [152]. There are not
similar studies in liver transplantation, and current knowledge about this polymorphism does
not justify the genotyping of this SNP to assist in selecting the best initial dose.

Influence of the CYP3A5 6986A> G SNP on the pharmacokinetics of Cs also remains uncertain
[153]. Monostory et al. evaluated the effect of donors’ CYP3A5 genotype and CYP3A4
expression in the blood concentrations and dose requirements of CNIs in liver transplant
recipients. They reported that recipients transplanted with liver grafts from CYP3A4 low
expresser donors carrying also CYP3A5 *3 /*3 required about 50% lower dose of Cs or TAC
than that of the patients with grafts from donors expressing CYP3A4 at the normal level [154].
So, estimating a donor’ s CYP3A4 expression combined with CYP3A5 can have predictive
power regarding the recipient’s medication options and may refine the immunosuppressant
therapy facilitating the appropriate dosage for each individual recipient.

Influence of ABCB1 3435C> T, 1236C> T, and 2677G> T/ A SNPs on the pharmacokinetics of
Cs remains uncertain, with inconsistent results to date. Higher Cs exposure at a given dose
was found in liver transplant recipients with the 3435CT heterozygous variant genotype
compared with the 3435CC wild-type genotype [155]. However, other studies reported
contradictory results. Jiang et al. [156] conducted a meta-analysis and they failed to demon‐
strate a correlation between ABCB1 C3435T and pharmacokinetics of cyclosporine.

Respect to the combined effect of CYP3A5 and ABCB1 polymorphism in donors and recipients
regarding Cs, there are no studies published to date.

No relevant studies regarding mTor inhibitors or mycophenolate pharmacogenetics in liver
transplantation have been found either.
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6.2. Impact of pharmacogenetics on clinical outcomes

Acute rejection: Acute cellular rejection occurs in 20 to 35% patients during the first 2 weeks
after liver transplantation. The impact of SNPs of drug transporter proteins and metabolizing
enzymes needs to be further analyzed, as studies about the impact of CYP3A5 showed
controversial results [157] and no correlations have been found regarding CYP3A4 and ABCB1
polymorphism [158, 159]. Maybe, the efficiency on TAC routine TDM may partly abrogate the
polymorphism clinical impact on drug exposure and acute graft rejection.

Acute nephrotoxicity occurs in 30 to 90% patients. It is due to vasoconstriction of the afferent
arterioles, a dose-dependent and reversible effect. Its etiology had been associated with
relatively higher systemic exposure to CIs, but recent studies could not confirm this associa‐
tion, which could explain why the evidence does not support an effect of CYP3A4, CYP3A5,
and ABCB1 on this clinical outcome.

The improvement of the outcome and survival of liver transplant patients has been associated
with the occurrence of long-term chronic complication. One of them is chronic nephropathy,
whose frequency is higher than in other solid organ transplants (5-year cumulative incidence
of 20–37%) [160]. The main cause is local renal exposure of CNIs or their metabolites in kidney
tissue, which is not necessarily associated to the CNI blood level [161]. Some studies have
linked the inter-individual variability in kidney accumulation of CNIs to ABCB1 and CYP3A5
polymorphisms. There are two studies that detected significant association with ABCB1
polymorphism in liver transplantation, but they have special characteristics. Hebert et al. [162]
found a significant effect of ABCB1 2677, but the patients were treated with TAC and Cs, the
latter with known increased risk of nephrotoxicity. Hawwa et al. [163, 164] found an association
for the 3 ABCB1 SNPs, albeit they studied children and did not evaluate potential confounding
factors that could affect the creatinine clearance.

Respect to CYP3A5, Fukudo et al. [165] did not find a significant association in donors, although
they only used changes in serum creatinine concentrations (and not creatinine clearance) for
diagnosing chronic nephrotoxicity. Tapirdamaz et al. [166] reported that neither the CYP3A5
6989A>G nor ABCB1 3435C>T genotype of either donor or recipient was associated with risk
of chronic kidney disease, but they did not consider as exclusion criteria other different causes
of chronic kidney disease, so further studies are needed.

7. So, what can we actually do in the clinical practice?

After reviewing the state of the art with the most recent works published in each type of solid
organ transplantation, which of all those findings does really have evidence enough to be
implemented in the clinic? Currently, CYP3A5 association related to TAC dosage and metab‐
olism is the only one classified with a level of evidence 1A by PharmGKB consortium
(www.pharmgkb.org), with an actionable consequence: a dosing guideline proposed by the
Clinical Pharmacogenetics Implementation Consortium (CPIC) [167]. The authors of this
guideline underline that “…we are not recommending whether or not to test for CYP3A5
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genotype in transplant, but we are providing recommendations on how to use CYP3A5
genotype information if it is known. Since it is typical clinical practice to achieve target blood
concentrations as quickly as possible, we do recommend if CYP3A5 genotype is known, to
individualize initial tacrolimus treatment using CYP3A5 genotype to guide tacrolimus
dosing…” and also “Thus at present, there is no definitive evidence to indicate that genotype-
guided dosing for tacrolimus affects long term clinical outcomes. However there is strong
evidence to support its effect on achieving target trough whole blood concentrations, which
is routine clinical practice for most centers….”

This considers that patients with at least one *1 allele (genotype GA or AA) being recipients
of a kidney, heart, lung, or hematopoietic stem cell transplant and liver transplant patients
where the donor and the recipient genotypes are identical, who are treated with TAC, would
present lower dose-adjusted trough concentrations and decreased chance of achieving target
concentrations, so they recommend to increase the starting dose 1.5 to 2 times the initially
recommended starting dose (weight guided), not exceeding 0.3mg/kg/day, and then to use
TDM to guide following dose adjustments. The same would apply for children and adoles‐
cents. Of course, other clinical factors influencing the treatment must be considered.

The association of CYP3A5 rs776746 with Cs dosage and metabolism is classified with a level
of evidence 2B by PharmGKB, with no further recommendations regarding genotype-guided
dose adjustment.

7.1. And how can we have these analyses performed?

As in any field of knowledge that directly affects the improvement of health, even more if it
deals with drug use, clinical applications arising from pharmacogenetics should be well
regulated and should be given proper use. Both the patient and the doctor should be well
informed of the scope and meaning of the data to be obtained. It is vital to know what we
expect from pharmacogenetic analysis realistically, without creating false hopes.

In the last years, many private companies have developed “direct to consumer genetic
analyses.” Many of them analyze tens to hundreds of genetic variants and it seems like “the
more, the better,” but what can we do with that large amount of information? How do we
interpret all those results? Is there enough knowledge about which is the biological meaning
of each variant? And least but not last, what level of evidence does that knowledge have?

Regulatory agencies, academia, and industry agree in their worry about the alarm with regard
to some proposals, which are clearly misleading for the consumer. Just a quick search on the
Internet to realize that consumers can buy genotyping kits that offer scientifically implausible
predictions, such as predicting vulnerability to sudden death in athletes, obesity, the ability to
succeed in school, etc. The US committee SACGHS (the Secretary's Advisory Committee on
Genetics, Health and Society) has issued several reports concerning this point, stressing the
need to regulate this area of biomedicine to protect consumers. There are two excellent
publications about Dr. J.P. Evans, illustrating the problem [168, 169].

Therefore, researchers still have a huge amount of work to do, to validate the associations
proposed between certain SNPs and drug efficacy and toxicity and to discover new ones. These
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studies should finally be prospective and well designed and include the whole steps of the
drug fate inside the organism, interactions, etc. and of course include accurate biostatistical
and bioinformatic tools. The development of informatic tools to make pharmacogenetic results
accessible and easy to interpret for clinicians is also a hot point. Only those associations with
the highest level of evidence should be implemented in the clinical practice, as in our case
CYP3A5 rs776746 regarding TAC initial dosing.

8. Conclusions

The variability in solid organ transplantation therapy outcomes cannot be predicted only by
clinical factors. Pharmacogenetics will help to implement personalized medicine based on
patient data, clinical parameters, and genotypes. Evidences of the role of polymorphisms in
some candidate genes have been established, as CYP3A5 in pharmacokinetics of TAC, TPMT
in clearance and toxicity of azathioprine, and possibly also ABCB1 in CNI-associated nephro‐
toxicity. Besides, other genes related to immunosuppressant pathways are being studied,
although their influence still has to be correctly validated. The relatively small size of some
cohorts, the absence of ethnic subgroup analysis, or isolated analysis of some genes ignoring
other genes that affect drug disposition could cause the inconsistent results obtained by
different studies. These SNPs should be analyzed taking into consideration real biological
pathways, as complete as possible, and the results should be validated in prospective studies
involving larger groups of patients. Still, the biological consequences of many of the most
studied SNPs seem to be the same, independently of the type of transplant studied. And also
another consideration to keep in mind is the interest of studying both the donor and the
recipient genotypes, again, in spite of the organ.

Certainly pharmacogenetics is already a reality in clinical application. To know about it and
to understand its limits are unavoidable challenges that must be confronted by those who are
responsible for the health of the population. Likewise, to establish the frames of cost-effec‐
tiveness for a feasible implementation is crucial for its real use in the clinical setting, in order
to be used correctly and in a sustainable manner.
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Abstract

Organ transplantation presents a low but extant risk of allograft transmission of blood-
borne viruses (BBV) including human immunodeficiency virus (HIV), hepatitis B virus
(HBV), and hepatitis C virus (HCV). Other infections temporarily present in blood are
also transmissible from donor to recipient, such as cytomegalovirus (CMV), polyoma‐
virus (BK), Epstein-Barr virus (EBV), and others, where the donor has acute infection at
the time of donation. Decisions about accepting organs for transplantation involve a
trade-off  between the acquisition of  good-quality organs,  which can confer  longer
survival time for the recipient, but at the risk of dying from waiting too long from the
underlying condition,  versus accepting an organ of  less quality,  but  at  the risk of
potentially acquiring a donor-derived infection (DDI), unless such infection can be ruled
out in the donated organ. In this chapter, we describe the different factors contribu‐
ting to the overall risk of acquiring a BBV infection through the allograft, mechanisms
for assessing risk of the donor and the different strategies available to minimize or
mitigate the risk. The process is one of risk assessments and risk ameliorations through
optimum  laboratory  and  clinical  assessment  processes,  so  that  transplantation
professionals can balance the overall risk against the life-saving and life-enhancing
benefits of organ transplantation.

Keywords: blood-borne virus infection through transplantation, donor-derived infec‐
tions, risk assessment, risk management, risk mitigation

1. Introduction

Organ transplantation currently provides definitive therapy for individuals with end-organ
failure. Despite the enormous therapeutic advances in this area, donor-derived infections (DDI)

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



in the recipient from the donated organ, although rare, have been associated with significant
morbidity and mortality [1,2]. These unexpected DDI are often with blood-borne viruses (BBV),
including  hepatitis  B  virus  (HBV),  hepatitis  C  virus  (HCV),  and less  frequently  human
immunodeficiency virus (HIV) [3–5]. There are few data available to ascertain the risk of infection
in organ transplantation for known and emerging pathogens, as most information comes from
events of transmission, which are rare and not always well characterized, with few countries
having well-established post-transplant surveillance systems with universal recipient assess‐
ment [6].

Due to the scarcity of donor organs, the safety paradigm in solid organ transplantation (SOT)
should be based on a risk-benefit trade-off and the decision-making strategy for organ
allocation be based on risk management. In this context, it is important to consider that most
often the benefits of transplanting the organ outweigh the risk of DDI. Therefore, care should
be taken to find the appropriate balance between minimizing the risk of transmission and
organ wastage or recipient illness progression [7].

This chapter describes the different factors contributing to the overall risk of acquiring a BBV
infection through the allograft, the risk assessment of the donor, and the different strategies
available to minimize or mitigate the risk.

2. Donor assessment

Donor assessment often uses a questionnaire based on review of medical and social history to
identify donor risks, including those associated with infection with blood-borne pathogens.
In Australia, a standard questionnaire is available nationwide to streamline the assessment
criteria [8]. The organ donor coordinator must review all potential donor’s available medical
records to identify evidence of an infectious disease or documentation of established risk
behaviors associated with BBV infection. The information should be obtained from a next of
kin and/or other person who has an established relationship with the donor (e.g. the donor’s
general practitioner). Attention to travel history is critical to identify donors at risk of endemic
infections [9,10].

• Men who have had sex with another man in the preceding 5 years.
• Intravenous, intramuscular, or subcutaneous injection of drugs in the preceding 5 years.
• Incarceration in the previous 12 months.
• Persons who have had sex in the preceding 12 months with any of the above persons or a person known or suspected

to have HIV, HCV, or HBV infection.
• Persons who have engaged in sex in exchange for money or drugs in the preceding 5 years.
• Exposure in preceding 12 months through percutaneous inoculation or open wound.
• Nonsterile tattooing, piercings in the past 12 months.
• Unexplained fever/weight loss/LAD/cough.
• Cocaine snorting.
• Physical concern.
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Careful physical assessment of the donor’s body is conducted by both the organ procurement
team and the procuring surgeon. The examination also searches for evidence of underlying
disease, such as cirrhosis or other surface manifestations of infections, malignancies or of recent
drug use [11]. In the acute donation situation, the appropriate person is not always available
to question regarding the donor’s risk, and manifestations of BBV can be minimal or non-
existent. Thus, optimal donor screening testing is of paramount importance.

3. Prevalence of infection

The prevalence of BBV infection on a given population is particularly important as donor
history may fail to uncover donor risk factors and, especially in the case of HBV or HCV, the
rate of prevalent disease remains relatively high in 2016 in many countries, even in donors
without identified risks. BBV potentially transmitted from donor organ to recipient are
prevalent at 2% of the Australian population (Table 2) [12], whereas cytomegalovirus (CMV),
Epstein–Barr virus (EBV), and polyomavirus (BK) virus are far more common, with prevalence
rates of 50–70%, 95% [13], and ∼60% [14], respectively.

Virus estimated Infected

population 

Prevalence 

rate (%) 

Prevalence rate

in high-risk population (%)

HIV 25,700 0.10 2.8

HBV 218,000 0.87 50

HCV 233,525 0.93 50

Total 468,525 1.9 80*

* Some individuals are infected with both HCV and HBV.

Table 2. Prevalence of BBV (HIV-1, HBV, and HCV) in the Australian population.

The prevalence of BBV among potential increased-risk organ donors in our laboratory in the
Serology and Virology Division (SAVID), providing testing services to the NSW Organ and
Tissue Donation Service was 50% for HBV, 10% for HCV, and 0.1% for HIV-1 [15]. In the United
States, the prevalence of HIV and HCV in average-risk donors was reported to be 0.10 and
3.45%, respectively, whereas the prevalence of HIV and HCV among increased risk donors
(IRDs) was 0.50 and 18.20%, respectively [16]. Viruses endemic to certain geographical areas
or population groups including human T-cell lymphotropic virus 1 (HTLV-1) in the Australian
Aboriginal population and HBV in Mediterranean and Asian Countries may be one reason for
unexpected positive screening results of average-risk donors or donors without apparent risk
factors [17]. The WHO publishes updated prevalence figures of BBV worldwide, which could
assist in ascertaining the probability of BBV latent infections [18] and hence background risk
of donor infection.
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4. Serology/nucleic acid testing results

Donors are routinely screened to identify viral or bacterial infection using serology and nucleic
acid testing (NAT) assays. NAT assays detect the presence of specific viral or bacterial
RNA/DNA in a patient’s blood. The latter is a marker of infectivity of the organ donor when
compared with antibody tests, which show previous infection without distinguishing current
infection. All BBV serological tests have a ‘window period’ (WP), which is a time after infection
during which the antibody response cannot be detected by the usual testing methods
(Figure 1). The serological WP varies with the sensitivity of the assay, but generally are 17–22
days for HIV, 38–60 days for HBV, and 70 days for HCV.

Figure 1. Events taking place after viral exposure.

NAT assays significantly reduce the WP between infection and detection compared with
serological testing (6–7 days for HIV, 30–40 days for HBV, and 4–6 days for HCV) (Figure 2).
Thus, NAT assays also have WP when they are negative following acute infection, therefore
a negative NAT assay result does not completely eliminate the possibility of recent infection.
In practice, the risk of infection from screened donors has been extremely low, but no screening
test that is performed on a donor is entirely capable of reducing risk of transmission to nil,
although all efforts are taken to reduce risk of BBV transmission and effectively resulting in
extremely low risk.

All potential organ donors (living or deceased) should be tested for antibodies to HIV (anti-
HIV 1/2 antigen/antibody combo assay), HCV and HBV. Donors should also be tested for HIV,
HCV, and HBV RNA/DNA, whereas increased-risk organ donors should be tested by NAT
for HIV, HCV, and HBV prospectively (Table 3).
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Figure 2. Differences in window periods for serology and NAT for HIV, HCV, and HBV (Data from SAVID).

Serology: NAT:

• Anti-HIV-1/2 • HIV-1 RNA

• Anti-HCV • HCV RNA

• Anti-HTLV-I/II • HBV DNA

• HBsAg • Prospective in increased risk donors

• Anti-HBc • Retrospective in average-risk donors

• Anti-HBs

• Anti-EBV

• Anti-CMV

• Syphilis antibody (TPHA )

Table 3. Mandatory testing for prospective organ donors in Australia.

The WP of an assay has important implications for the risk assessment of a particular donor.
The definition of IRD as per the Transplantation Society of Australia and New Zealand
guidelines [11] is “where there is concern regarding the donor’s risk behavior and it cannot be
reliably determined or the behavior may have occurred within the last 2 months”. These 2
months cover the NAT WPs for HIV, HCV, and HBV (Figure 2).

The arrival of fully automated platforms for triple viral NAT currently in 2016 in Australia by
at least two manufacturers opens the possibility of 24-hour access to HBV, HCV, and HIV NAT
testing. New technologies, such as the Cobas 6800 system [19] from Roche Molecular Systems
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and the Panther system [20] from Hologic, are now available with shorter turnaround time
(TAT = 3.5 hours), and the possibility of confirmatory testing of initially positive results.

5. Conduct of donor testing

If the specimen sample used for testing has unusual characteristics, such as where donors have
had massive blood and/or blood product transfusion, it is essential to indicate to the testing
laboratory and the transplanting team the underlying condition of the donor. If the donor has
received greater than 50% of blood volume in blood product transfusion, the sample is
unsuitable for serology and NAT testing due to dilution of native antibodies by transfused
fluids [21]. A pre-transfusion sample should be provided to the laboratory. If this is not
possible, NAT-enhanced sensitivity may reduce the frequency of false-negative test results
when donor specimens are haemodiluted.

There are significant concerns that the use of assays with higher sensitivity for pathogen
detection—such as NAT assays—will result in net organ loss. This is because the majority of
positive tests in low-prevalence populations will be false positives [22], and time constrains
do not allow confirmatory testing with certain testing platforms. The NAT laboratory at
SAVID, Prince of Wales Hospital in Sydney, Australia, has developed screening algorithms
using three NAT assays run in parallel for prospective screening of IRD to maximize organ
availability by effectively eliminating false-positive results (FPR) [15]. The availability of a 24-
hour NAT screening service for organ donors provided diagnosis within 8 hours and enabled
the use of organs from donors with positive serology but negative NAT results or donors with
false-positive serology results. This algorithm allowed us to perform real-time discrimination
of initially reactive results and the use of 35 IRD, which resulted in transplantation of 102
additional organs with safer expansion of the donor pool.

Positive serology or NAT results should be interpreted consistent with current guidelines
[10,16] by the accepting teams in consultation with an Infectious Disease Physician.

6. Risk of transmission

The risk of acquisition of a BBV through organ transplantation is related to the efficiency of
virus transmission and replication after contact with blood and tissues. Not all BBV are
transmitted in the same way, and the result may be related to the type and size of the inoculum,
the titre of virus and the immunization status of the recipient. Most of the well-documented
transmissions are from blood transfusions but this may correlate with similar level of infec‐
tivity from donated organs. In humans, HBV transmission has been reported to be from blood
donors in the WP or from donors with occult hepatitis B (OBI) with HBV viral loads of >20 IU/
ml [23], whereas donors with an anti-HBs titre of >100 seem to have a protective role to prevent
de novo HBV infection [24]. In terms of HIV, a pre-seroconversion donation with a viral load
of ≤150 copies of RNA/ml went undetected and resulted in an HIV transmission [25]. Finally,
HCV-infected recipients have been reported from donors with a viral load of as low as 182 cp/
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ml and even from a donor with undetectable levels of RNA in the transcription-mediated
amplification (TMA) assay (limit of detection (LOD) = 9.6 IU/ml)) [26].

In a report by the Canadian Society for Transplantation and Canadian National Transplant
Research Program [27], the residual risk to acquire a HIV or HCV infection from transplanted
organs of IRD after screening with serology and NAT was calculated (Table 4). The group
concluded that these donors should screened by serological testing in conjunction with NAT
testing for HCV and HIV and hepatitis B surface antigen (HBsAg) or NAT for HBV.

Virus  Risk of WP
infection for NAT

and ELISA per 10,000

Risk of WP
infection for NAT and ELISA

expressed as ratio

HIV 0.71 1:14,923

HCV 3.79 1:2,637

Table 4. Risk per 10,000 donors of an HIV or HCV infection occurring during the WP, by enzyme-linked
immunosorbent assay (ELISA) and NAT. Assumes a WP of 21 days for ELISA and 7 days for NAT.

7. Organ-specific risks

HBV- and HCV-infected livers produce universally infected HBV- or HCV-naïve recipients,
with outcomes determined by factors, such as the viral genotype, the presence or absence of
previous immunity and the response to antiviral therapy. On the other hand, a HCV- or HBV-
infected donor may be able to donate other organs rather than the liver. As both HBV and HCV
can be transmitted via organ donation, especially through liver grafts, a thorough approach is
needed for successful management of the recipient, and an emphasis on aggressive immuni‐
zation and risk mitigation of transplant candidates prior to transplant should be pursued.

Allografts from HBV-infected donors should preferentially be given to recipients who are
HBsAg positive, hepatitis B core antibody (anti-HBc) positive, or hepatitis B surface antibody
(HBsAb) positive [28]. Transmission of de novo HBV infection to liver grafts recipients from
anti-HBc–positive donors has been detected since 1992; however, further studies demonstrated
that non-liver allografts from these donors can be safely used [29,30]. Several studies have
clearly shown that non-liver organs and tissues from donors who are anti-HBc positive and
HBsAg negative can be used with negligible risk, especially if the recipient is protected through
vaccination or prior exposure to HBV [31,32].

A different scenario is that of donors with OBI, characterized by persistence of HBV DNA in
the liver tissue (and in some cases also in serum) of HBsAg-negative individuals [33], therefore
exhibiting undetectable HBsAg in serum and low-level HBV DNA (<200 IU/ml). In HBV, low-
prevalence countries, the prevalence of OBI is low (0.1–2.4%) [34], whereas in HBV, high-
prevalence countries, the prevalence can range from 7.5 to 16% [35,36].
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The molecular bases of OBI appear to be related to the long-lasting persistence in the nuclei of
the hepatocytes of the HBV cccDNA, an intermediate form of the virus life cycle that serves as
a template for gene transcription [37,38]. The risk of OBI being associated with anti-HBc
seropositivity has been demonstrated [39,40], and one of the best sentinel markers for OBI is
a positive anti-HBc serology result [41]. Long-standing abnormal results of liver function tests
of unknown aetiology in the absence of HBV serological markers and serum HBV DNA may
also indicate the presence of HBV DNA in the liver and peripheral blood mononuclear cells
[42]. Donors with OBI may transmit HBV infection, especially in orthotopic liver transplanta‐
tion (OLT), because the hepatocytes are the reservoir of the viral cccDNA. These recipients
may develop de novo hepatitis B, particularly when they are HBV naïve [43,44]. Prevention
measures include anti-HBV prophylaxis, based on anti-HBs immunoglobulin alone or in
combination with lamivudine. These measures, however, cannot completely eliminate HBV
transmission because there have been documented reports on the development of OBI in
recipients who received an organ from an OBI carrier [44], exhibiting the same viral genomes
(including HBV cccDNA) in the transplanted liver.

As already mentioned, HBV-infected donors can be safely used for potential HBV-infected
recipients [28] with the use of post-transplantation prophylaxis (hepatitis B immune globulin
(HBIg) and nucleoside/nucleotide polymerase inhibitors, such as lamivudine in combination
with adefovir, entecavir, or tenofovir) [45–47]. It has also been reported that a titre of HBsAb
greater than 100 in the donor has a protective effect [48]. Recipient sero-protection through
prior exposure or vaccination is a highly effective way to prevent transmission of HBV through
organ transplantation [49]. As some potential organ recipients do not respond well to vacci‐
nation and remain unprotected, a priority area is to devise new ways to enhance vaccination
responses.

HCV-positive donor organs can also be used in HCV-positive recipients with minimal impact
on clinical outcomes [50,51]. Clinical studies have shown that there is no significant difference
in survival in HCV-positive recipients who receive either HCV-positive or HCV-negative
livers or kidneys [51–55]. Therefore, there needs to be education to enhance uptake of HCV-
positive organs in HCV-positive recipients. As first-generation direct acting antivirals (DAAs)
offer a significant therapeutic improvement when compared with previous therapies, partic‐
ularly for patients with HCV genotype-1 infection, this may lead to the use of more HCV-
infected organ donors for HCV-infected recipients treated with this highly effective post-
transplant prophylaxis [56,57].

8. Use of IRDs

In the United States alone, almost 10,000 individuals die annually while awaiting organ
transplantation [58], whereas in Australia, there are almost 3000 individuals in the waiting list.
Due to organ scarcity, attempts at expanding the pool of potential donors are necessary, and
the criteria for donation are under continuous scrutiny. Recent campaigns globally from organ
procurement agencies to expand the donor pool have resulted in use of organs from IRD, who
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are at greater risk of infection with BBV, including HBV, HCV, and HIV. The use of NAT to
screen such IRD has been associated with increased utilization of these organs [10,11,16,27].

The key to using these IRD is to maximize the measures to identify risk factors; particularly
ensuring that infectious diseases are not transmitted from donor to recipient in the allograft.
A successful strategy to mitigate the overall risk has been to match the allograft to the most
appropriate recipient by improved selection and monitoring. In such scenarios, additional
consent and recipient screening at regular intervals during the first year after transplant should
be performed [10,11,16,27].

We documented in one study that with the use of prospective NAT, 102 additional organs
from IRD were used in Australia. These organs would otherwise have been discarded or used
with restrictions [15]. This represents 18.8% of all organs transplanted during the study period.
Furthermore, the utilization of parallel NAT assays combined with mathematical modeling
enabled us to estimate the probability that the combination of results were predictive of true-
positive results. Thus, we piloted a methodology for effectively minimizing FPR. This resulted
in higher confidence in the NAT results and minimizing the loss of organs secondary to FPR
to negligible.

In a Canadian study of 3746 transplants using deceased liver donors [59], it was concluded
that over the last decade, there was an increase in the use of older donors and donation after
cardiac death (DCD) organs, but recipient survival was not compromised. In Australia, IRDs
are routinely used, and this strategy has substantially contributed to an increased use of organs
[15]. Furthermore, the acceptance of these organs by the transplantation community has been
increased over the years, and from 2013 onwards, the same number of organs was retrieved
from IRD and from average-risk donors (Figure 3).

Figure 3. Number of organs retrieved from increased-risk donors vs average-risk donors over the years (data from SA‐
VID).

Final decisions in individual cases about using organs of IRD must acknowledge the recom‐
mendations from national and international guidelines, the risk-benefit trade-off in the context
of the gravity of recipient’s prognosis without transplantation, consideration of all clinical and
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laboratory assessment parameters and a fully informed consent and risk acceptance by the
recipient.

9. Scoring the risk

Decision aids are increasingly being developed to support transplantation teams in making
difficult treatment decisions involving trade-offs between provision of a good quality organ
with longer survival but longer wait pre-transplant versus accepting an organ of less quality
with earlier transplantation but higher risk of shorter survival post-transplantation or post-
transplant infections. Furthermore, transplant providers who are helping patients to make
treatment decisions may find it difficult to communicate the risks associated with each option
in a clear, understandable fashion, particularly for IRD organs, given the complexities of risk
assessment.

Scoring systems to indicate recipient’s gravity include the Model for End-Stage Liver Disease
(MELD) score, which is a scoring system for assessing the severity of chronic liver disease. It
was found to be useful in determining prognosis and prioritizing for receipt of a liver trans‐
plant [60]. The score was developed by the Organ Procurement and Transplantation network
(OPTN)/United Network for Organ Sharing (UNOS) and implemented in February 2002.
MELD uses the patient’s values for serum bilirubin, serum creatinine, and the international
normalized ratio for prothrombin time (INR) to predict survival. It is calculated according to
formula [61]. On the other hand, the donor risk index (DRI) by Feng et al. [62] using Organ
Procurement and Transplantation Network (OPTN) data was developed as a continuous
scoring system that includes donor and transplant parameters that significantly influence
outcomes after liver transplantation (LTx). The author undertook a multivariate analysis of a
large cohort (20,023 transplants) from the Scientific Registry of Transplant Recipients database.
The parameters used were the donor’s age, race, height, and cause of death (COD); the split
liver donation status; the donation after cardiac death (DCD) status; the type of allocation
(local, regional, or national); and the cold ischaemia time.

The DRI was validated in a study conducted by the Eurotransplant region, which aimed to
identify its potential use [63]. The study was a database analysis of all 5939 liver transplants
involving deceased donors and adult recipients from January 1, 2003, to December 31, 2007,
in the Eurotransplant region. Follow-up data were available for 5723 patients with a median
follow-up of 2.5 years. The mean DRI was remarkably higher in the Eurotransplant region
versus OPTN (1.71 versus 1.45). The results demonstrated that Kaplan-Meier curves per DRI
category showed a significant correlation between the DRI and outcomes (p < 0.001). A
multivariate analysis demonstrated that the DRI was the most significant factor influencing
outcomes (p < 0.001). Among all donor, transplant, and recipient variables, the DRI was the
strongest predictor of outcomes.

In another study [64], it was investigated the impact of the DRI on the outcome of HCV-infected
patients undergoing LTx, where the median DRI was 1.3 (range, 0.77–4.27). Increasing DRI
was associated with a statistically significant increase in the relative risk (RR) of graft failure
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identify its potential use [63]. The study was a database analysis of all 5939 liver transplants
involving deceased donors and adult recipients from January 1, 2003, to December 31, 2007,
in the Eurotransplant region. Follow-up data were available for 5723 patients with a median
follow-up of 2.5 years. The mean DRI was remarkably higher in the Eurotransplant region
versus OPTN (1.71 versus 1.45). The results demonstrated that Kaplan-Meier curves per DRI
category showed a significant correlation between the DRI and outcomes (p < 0.001). A
multivariate analysis demonstrated that the DRI was the most significant factor influencing
outcomes (p < 0.001). Among all donor, transplant, and recipient variables, the DRI was the
strongest predictor of outcomes.

In another study [64], it was investigated the impact of the DRI on the outcome of HCV-infected
patients undergoing LTx, where the median DRI was 1.3 (range, 0.77–4.27). Increasing DRI
was associated with a statistically significant increase in the relative risk (RR) of graft failure

Frontiers in Transplantology142

and patient death for both HCV (+) and HCV (−) recipients. Finally, Rosemberg et al. [65] using
a prospectively collected infection data set, matched liver transplant recipients (and the
respective allograft DRI scores) with their specific post-transplant infectious complications.
All transplant recipients were organized by DRI score and divided into groups with low-DRI
and high-DRI scores. Three hundred and seventy-eight liver transplants were identified, with
189 recipients each in the low-DRI and high-DRI groups. The mean MELD scores were 26.25–
0.53 and 24.76–0.55, respectively (p = 0.052), and the mean number of infectious complications
per patient were 1.60–0.19 and 1.94–0.24, respectively (p = 0.26). Logistic regression showed
only length of hospital stay and a history of vascular disease as being associated independently
with infection, with a trend toward significance for MELD score (p = 0.13). The study concluded
that although DRI score predicts liver graft survival, infectious complications depended more
heavily on recipient factors.

Even though organs from donors with high DRI score correlate with poorer post-transplant
survival, the overall contribution of high-DRI grafts to the donor pool and the resultant
reduction in wait list mortality make them cost-effective [66].

10. Clinical guidelines

Deciding how to allocate organs for transplantation is a very complex process and raises a
number of clinical and ethical issues. Up-to-date guidelines provide an overarching framework
to facilitate the decision-making process in clinical robust ways based on previous evidence.
In general, transplantation guidelines follow many of the recommendations in place for the
selection and microbiological testing of blood donors. However, as in organ donation and
transplantation, the logistics are greatly influenced by the need to retain organ viability, the
testing of potential donors will be conducted under severe time constraints. In these situations,
the testing that needs to be carried out, and the general principles for balancing the risks and
benefits are unique to this field.

Some of the most important transplantation guidelines published recently are as follows:

• PHS Guideline for Reducing Human Immunodeficiency Virus, Hepatitis B Virus, and Hepatitis C
Virus Transmission Through Organ Transplantation was published in the United States in
August 2013 [16]. The aim of the guide was to improve organ transplant recipient outcomes
by reducing the risk of HIV, HBV, and HCV transmission. The guide is truly comprehensive
and based on systematic reviews. It is extremely detailed and specialized and not very
practical for the daily use of transplantation professionals.

• Advisory Committee on the Safety of Blood Tissues and Organs (SaBTO) published the
Guidance on the Microbiological Safety of Human Organs, Tissues and Cells Used for Transplan‐
tation in February 2011 in the United Kingdom [67]. The guidance was written by a working
group after extensive consultation and is extremely clear, accurate, and user friendly.
However, as professionals involved in transplantation need to take real-time decisions that
could be life saving for patients, most of the information given in the guidance could have
been summarized and presented on tables to facilitate the information to readers.
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• The Council of Europe in 2013 published the 5th edition of the Guide to the Quality and Safety
of Organs for Transplantation [68]. This guideline collates updated information to provide
professionals in transplantation with a useful overview of the most recent advancements in
the field. The guide has a very comprehensive section on risk of transmission of infectious
diseases. However, as pointed out before, the information is too comprehensive and should
have been summarized.

• Transplantation Society of Australia and New Zealand (TSANZ) published version 1.4 of
the guideline Organ Transplantation from Deceased Donors: Consensus Statement on Eligibility
Criteria and Allocation Protocols in April 2015 [11]. The guide has only one section related to
transmission of infectious agents from donor to recipient with data from HCV and HBV
infection risks alone. The information is insufficient as many other real-life situations are
not contemplated. Within Australia, the NSW Ministry of Health published the guide Organ
Donation and Transplantation—Managing Risks of Transmission of HIV, HCV and HBV in 2013
[10]. This is a very useful guide for transplantation professionals.

Ideally, guidelines for transplantation should be comprehensive but presented in a concise
manner to facilitate its use to readers, as shown in Table 5 [69].

Donor
status 

Advice  References 

Antibody to
HIV (+)

Exclude from organ donation [11,67]

Antibody to
HCV (+)

Exclude from organ donation for HCV (−) recipients If used, usually reserve
organ for recipient HCV (+) or severely ill recipient. HCV RNA testing should be
done and allocated to a donor with a higher HCV viral load

[11,67]

Hepatitis B surface
antigen HBsAg (+)

Exclude from organ donation. Use in life-threatening situations with recipient
antiviral prophylaxis against HBV

[11,67]

Hepatitis B core
antibody IgG (anti-
HBc) (+)

Indicates past HBV infection. Organs from anti-HBc (+) of anti-HBs (−) may
still be infectious. High risk for transmission with liver donation—generally used
with intensive prophylaxis. Non-hepatic organs—small risk of transmission of
HBV, and generally used for immunized HBsAb (+) recipients

[11,67,70,71]

Hepatitis B surface
antibody Anti-HBs
(+)

Anti-HBs >100 IU/l and anti-HBc (+) donations unlikely to be infectious and
donation is permitted with the potential exception of livers (see above).
HBV DNA NAT should be done and available prior to organ donation HBV DNA
(−) indicates suitability for donation, though does not exclude risk of infection from
liver. Use in vaccinated recipients and with negative NAT testing if donor
vaccination unknown

[11,67,70,71]

Antibody to
CMV (+)

Donation permitted. Post-transplant CMV monitoring and preventive strategy
based on risk to the recipient

[67]

Antibody to
EBV (+)

PCR monitoring of the seronegative or paediatric recipient [67]
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Donor
status 

Advice  References 

RPR (+) Not a contraindication to donation. Recipients receive standard
prophylaxis (benzathine penicillin or ceftriaxone). Ensure administration of
adequate antimicrobial therapy and the patient should be monitored for
serological evidence of syphilis infection

[11,67,70,71]

Antibody to
HTLV I/II (+)

High rate of false-positive results and consistent strategy not available.
Some centers exclude from organ donation or use for life-threatening situations,
with informed consent

[11,67,71]

Antibody to
Toxoplasma IgG (+)

Not a contraindication to donation. Seronegative recipients with a
seropositive donor should receive prophylaxis. Cardiac recipients particularly
prone to transplant-associated toxoplasmosis

[11,67,71]

Viral encephalitis Unknown etiology in donor is a contraindication to transplantation (risk of rabies,
West Nile Virus or other exotic neurotropic infections). HSV or VZV CNS infection
is a contraindication as it may cause systemic infection. HSV encephalitis without
evidence of systemic infection treated with antivirals may be used, and antiviral
prophylaxis should be used for the recipient. Local HSV/VZV infection
treated with adequate antiviral therapy for >7 days organs can be used; if treated
<7 days, recipient should receive antiviral prophylaxis (the serological status of the
recipient must be known)

[67]

Anti-HBs, hepatitis B surface antibody; IgG, immunoglobulin G; RPR, rapid plasma reagin; VZV, Varicella Zoster
virus.

Table 5. Recommendations for organ allocation based on screening data as at 2015 – subject to change with changes in
policy.

This kind of format is how the Scandinavian guidelines have been presented and this could
be a very useful resource for professionals identifying organ donors, transplant co-ordinators
managing the donation process, and transplant physicians responsible for organ allocation
[72].

11. Risk stratification and management

Currently, there are two ways in which organ donors are risk stratified in Australia: donors
are dichotomized as being either at increased risk (IRD) or without identified risk factors for
transmission of infectious diseases. Figure 4 shows the flowchart for BBV testing and risk
stratification in New South Wales (NSW), Australia [10].

In principle, any reactivity in one or more of the mandatory marker assays used for screening
donors renders the donor ineligible. However, in life-preserving situations, it is possible to
waive this exclusion. The risk-benefit trade-off means that using an IRD should only be
considered when the donation is life-preserving. In this situation, the transplant surgeon with
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the informed consent of the potential recipient should balance the risk of infection against the
risk of dying while waiting for another graft. Heart, lung, and liver transplants will almost
always fit within this definition because the clinical situation of the recipient is likely to be
terminal. However, short-term or intermediate support measures can be employed to avoid
the immediate need for transplantation with an organ from an IRD.

Figure 4. Blood-borne virus testing and risk stratification flowchart (from Organ Donation and Transplantation – Man‐
aging Risks of Transmission of HIV, HCV, and HBV). Reproduced with permission from NSW Ministry of Health,
2015.

One strategy when using IRD is matching infection status of donor and recipient. Previous
infection, current infection, or immunization may decrease or remove the risk of infection
following the use of a transplant from a donor who is known to be infected. Thus, it is
appropriate to consider the use of an organ from a donor who is known to be infected, or who
is potentially infected with HCV or HBV or a recipient who is also infected with HCV or HBV
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(i.e. infection match). Another approach involves matching of the immune status of the
recipient to the infection status of the donor. For example, a recipient shown to be immune to
hepatitis B, naturally or by immunization, is unlikely to suffer re-infection from an HBV-
infected donor. In this type of matching, it is essential that the status of the recipient is known
with certainty.

Matching the status will also include an assessment of the likelihood of transmitting viral
genotypes, which may pose an additional hazard to the already infected recipient, such as
using an organ infected with HCV genotype 1 for a non-1 genotype–infected recipient; drug-
resistant variants, and immune escape variants. Infectious Disease specialist support should
be sought to ensure that appropriate testing has been undertaken to inform the risk assessment
and to confirm the recipient’s status.

Risk mitigation measures include the use of prophylaxis with antiviral drugs or antibiotics;
counseling and discussing with the recipient the potential infection risk and the possibility of
disease arising from infection. In addition, a full informed consent and post-transplant
surveillance for infection of the recipient with planned interventions should they become
necessary in the case of infection transmission should be undertaken.

12. Post-transplant surveillance

The final verification of risk estimates for DDI is carried out using post-transplant surveillance
aiming to identify possible donor-derived events and clusters of transmissions. These proce‐
dures require careful post-transplant follow-up, diligent clinicians to suspect and report cases
and reporting systems to accept and inform investigation of potential transmission reports in
a proactive manner. These systems, if universally instituted, could improve investigation of
potential clusters of infection, with enhanced rapid detection and improved advice to clini‐
cians. Furthermore, they can be valuable resources for examination of clinical data to establish
evidence-based guidelines.

Recent biovigilance initiatives in the United States and Europe have occurred with the aim of
developing national surveillance systems for cells, tissues, and organs. In Europe, the Eustite
project [73] initiated in 2008 focused especially on inspection, training, and vigilance for tissue
banks. The project developed special tools and a system for the classification and reporting of
adverse events to all European countries that could be used internationally for biovigilance
and surveillance. Subsequently, the tools developed by the Eustite project were streamlined
by the WHO, resulting in an educational program designed for organs and tissues through
the NOTIFY Project. The vigilance information database collected by the Notify Project is
available on the WHO/CNT Global NOTIFY Library website [74]. The library aims to be a
comprehensive reference of different types of adverse events and reactions identifying their
underlying root causes. The library is regularly maintained and updated and serves as a
communication hub for transplantation institutions with international vigilance and surveil‐
lance data to enhance donor and recipient safety and for greater public transparency in
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transplantation. The project also aims to be a reference of internationally terminology for
biovigilance of organs, tissues, and cells.

The US program monitoring DDI (the UNOS and the Disease Transmission Advisory Com‐
mittee (DTAC)) [75] undertakes data collection and dissemination on pre-transplant and post-
transplant events and examines and classifies potential donor-derived transmission through
transplantation of infection or malignancy. These aim to educate the transplant community
and help change policy and improve processes. The membership includes CDC, FDA,
transplant centers, transplant infectious disease professionals, laboratory testing personnel,
and organ procurement organizations. The OPTN currently requires reporting of donor-
derived events. All potential donor-derived transmission events (PDDTE) reported to OPTN/
UNOS are reviewed by the DTAC, and real-time reports are available for transplantation
professionals.

The ANZDATA [76] registry in Australia and New Zealand is a retrospective reporting system
to evaluate data from donors and recipients. Attempts are recently made for timely data
collection of key events and the creation of a real-time Web-based system utilization, including
historical data for all years and real-time data for the current year grouped by country and
state with interactive reports that can be generated at any point of time.

Most of the established surveillance systems are passive, that is laboratories notify positive
test results to public health regulators. Thus, only recipients tested are notified. This system is
far from ideal as most infections with a BBV do not have symptoms at the time of infection
and an infected recipient may not be tested for some time post-transplant. Furthermore, not
all notifications are followed up, so a recently infected organ recipient may not be detected
even if tested and notified.

Despite the efforts in many countries to gather transplantation data, the main difficulty seems
to lie in the absence of dedicated organ donation and transplantation surveillance registries,
as usually the transplant team reports back to the organ donation agency and the data are not
shared. The transplantation community requires a real-time worldwide surveillance system
to identify possible clusters of infections worldwide. This could be achieved through data
linkage from already established biovigilance programs. An important aspect of biovigilance
systems is to develop data linkages with public health regulators and healthcare providers, so
that the integration of databases can be conducted to strengthen responses to potential BBV
threats worldwide.

13. Conclusions

The development of national policies for risk assessment and definition of acceptable levels of
risk for BBV infection—including specific risk-benefit assessments—is increasing safety,
equity and transparency in organ allocation. All decisions related to virological risk assessment
need to be supported by up-to-date guidelines, optimal diagnostic testing and ongoing
surveillance for DDI post-transplantation. This will continue to result in additional use of
organs and continuous improvement of transplantation outcomes.
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Abstract

Liver transplantation is the most effective treatment for the patients with acute liver
failure or end-stage liver diseases. Liver transplantation is also indicated for patients
with hepatocellular carcinoma to yield a best result if the tumor/tumors meet Milan
criteria, University of California San Francisco(UCSF) criteria, or up-to-seven criteria. It
is no doubt that more and more people need liver transplantation to save their lives.
However, liver donation is always short to match the demand of liver transplanta‐
tion. Therefore, how to expand the donor pool to increase the opportunities of liver
transplantation is paramount. Splitting liver is one of the ways to expand the donor pool
and offers an additional chance of liver transplantation. At the beginning of split liver
transplantation (SLT), the liver was split and transplanted to an adult and a child. Now,
the liver can be split into full right and left lobes and transplanted to two adults. When
split liver transplantation is to be performed, there are many considerations that should
be  clarified.  With  the  improvement  of  surgical  skill,  the  outcomes  of  split  liver
transplantation are similar to that of deceased whole liver transplantation. It is worth
to promote the policy of split liver transplantation.

Keywords: split liver transplantation, deceased liver transplantation, liver splitting,
Lee’s formula, donor pool increase

1. Introduction

Liver transplantation is considered to be the most effective treatment for acute and chronic liver
failure patients as well as the only definitive treatment for hepatocellular carcinoma(HCC). With
increased demand for liver transplantation, a big gap and discrepancy have been developed
between the demand for liver transplantation and donation of liver. This increases the wait‐
ing time in the waiting list, which carries the hazards of progression of the disease to be out of
curability spectrum. This encourages those who work in the transplantation field to find new
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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ways to increase the donor pool. Split liver transplant (SLT) is one of these methods for expanding
the donor pool and giving another chance for transplant candidates, in which either one cadaver
liver is split between one pediatric patient and an adult or between two adults.

SLT is considered to be a magic bullet, which gives the possibility to duplicate the numbers of
transplanted patients using the same donor pool capacity.

2. Historical background

The concept of partial liver allograft was first advocated by Smith [1] in 1969 who proposed
left lateral segments suitable for children. In 1988, Pichlmayr was the first surgeon who split
the liver into two grafts, one for child (left lateral segment ) and the other for adult (extended
right trisegments) [2]. In 1989, Bismuth et al. [3] reported another case of split liver transplant
for two patients with acute liver failure, and in 1990, Emond from the University of Chicago
reported the first series of nine SLT procedures in 18 pediatric and adult recipients [4].
Although splitting of the liver between pediatric and adult patients has a good impact on the
donor pool expansion for pediatric patients, it has little impact on the donor pool for adult
patients, as only one adult patient will benefit from the splitting of the liver. Because most of
the patients in the waiting list for liver transplantation are adults, this encouraged Bismuth
and Paul Brousse hospital group in 1996 to publish a series of 26 adult patients receiving full
left and right lobe split grafts [5]. In 1997, the first split liver transplant in Asia was performed
in Taiwan, followed by the other Asian countries which need to augment the cadaveric donor
pool, which is already low due to some cultural reasons [6].

Although the early experience of SLT was not encouraging as the results revealed higher rate
of complications and graft loss, a European workshop held in 1993, analyzing data from
different centers, published its findings in 1995, which reported 20% of the graft was lost due
to complications including hepatic artery thrombosis (11%), portal vein thrombosis (4%), and
biliary complications (19%). This report also revealed that the patient and graft survival were
correlated to medical acuity at the time of transplantation. In transplantation due to acute
emergency like fulminant liver failure, the 6-month pediatric graft and recipient survival were
61%, and adult recipient and graft survival were 67 and 55%, respectively. Contrarily, in
elective liver transplantation, adult recipient and graft survival were 80 and 72%, respectively,
and pediatric patient and graft survival were 89 and 80%, respectively [7].

So, it was clear that there was a learning curve to this technique, which contributed to higher
incidence of complications and graft loss [8]. Another important factor was the recipient
selection; high-risk recipient was unable to tolerate the technical complications, which
contributed to the suboptimal results [9]. With the improvement in recipient selection and
refinement of the surgical technique, significant improvement of the outcome was noticed.
Azoulay et al. [5] described 27 split grafts with 1-year recipient and graft survival of 79 and
78%, respectively.

Our results from Chang Gung Memorial Hospital at Linkou were published in 2013 for 21 split
liver transplants for 42 patients, which showed that 5-year recipient survival for right and left
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correlated to medical acuity at the time of transplantation. In transplantation due to acute
emergency like fulminant liver failure, the 6-month pediatric graft and recipient survival were
61%, and adult recipient and graft survival were 67 and 55%, respectively. Contrarily, in
elective liver transplantation, adult recipient and graft survival were 80 and 72%, respectively,
and pediatric patient and graft survival were 89 and 80%, respectively [7].

So, it was clear that there was a learning curve to this technique, which contributed to higher
incidence of complications and graft loss [8]. Another important factor was the recipient
selection; high-risk recipient was unable to tolerate the technical complications, which
contributed to the suboptimal results [9]. With the improvement in recipient selection and
refinement of the surgical technique, significant improvement of the outcome was noticed.
Azoulay et al. [5] described 27 split grafts with 1-year recipient and graft survival of 79 and
78%, respectively.

Our results from Chang Gung Memorial Hospital at Linkou were published in 2013 for 21 split
liver transplants for 42 patients, which showed that 5-year recipient survival for right and left
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hemiliver were 70.1 and 61.5%, respectively, with no reported vascular complications of either
hepatic artery or portal vein thrombosis [10].

3. Donor criteria

Donor selection is one of the crucial determinants in the splitting liver transplant procedure.
The key is to be able to predict the potential graft function and the graft weight. Regarding
graft function and quality, donors less than 50 years are defined to be suitable for splitting.
Minimal to mild fatty liver (10–20%) may be suitable, if the cold ischemia time is maintained
as short as possible. Donors with slightly elevated liver enzymes (less than three times the
normal range), with intensive care stay of less than 7 days, and without significant vasopressor
use with absent or short arrest time could be considered as potential donors [10–14]. Short
warm and cold ischemia time is a determinant factor, as early graft dysfunction is usually
associated with prolonged warm and cold ischemia time (Table 1).

Determinant factors in graft function and quality in SLT

1. Donor age <50 years
2. Steatosis (minimal to mild)
3. ICU stay <7 days
4. Vasopressor support
5. Arrest and its duration
6. Warm and cold ischemia time
7. Liver enzymes less than three times the normal range

Table 1. Determinant factors in graft function and quality.

The gross picture and the intraoperative assessments play a major rule in splitting decision,
although the liver biopsy and microscopic examination are the ideal determinants [11]. There
is no big difference regarding the graft quality between right and left hemiliver splitting (two
adult recipients) and extended right graft and left latter segment (one adult and one pediatric
recipient), except that in the former it is safer to have a better graft quality in the form of less
steatosis, shorter warm and cold ischemia time, and younger donor age.

3.1. Determination of graft weight

Regarding graft weight, some centers correlate the graft weight with the donor weight, as liver
weight constitutes about 2–2.7% of body weight. Donor weight gives an idea about the whole
graft weight, but cannot predict each hemiliver graft weight. Furthermore, application of
donor weight in clinical practice is limited as obese donors are considered to be a risk factor
for splitting liver transplantation as significant steatosis increases the possibility of primary
graft dysfunction.
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Some donors may have computed tomography or MRI scan of the abdomen, especially if the
cause of death is trauma, and the graft volume of each split liver graft can be obtained easily
from these scans. However, not every donor has computed tomography or MRI scan of the
abdomen. For splitting the liver, transporting a potential organ donor from an intensive care
unit to a CT facility to enable measurements of the sizes of hemilivers is controversial. In
addition, the relevant technical expertise required to measure liver volumes by CT may not be
readily available.

We introduced a simple formula and procedure to determine each split graft weight using
only bedside ultrasound scans to measure right and left portal vein diameters. This formula,
known as Lee’s formula, consisted of standard liver volume (SLV) and portal vein diameters.
The standard liver volume (SLV) is calculated by Urata’s formula to determine the whole liver
weight. The weight of each split liver graft is determined as follows: right hemiliver volume
(RHLV) = SLV × [R2/(R2 + L2)] and left hemiliver volume (LHLV) = SLV × [L2/(R2 + L2)], where
(R) is maximal right portal vein diameter and (L) is maximal left portal vein diameter [15].
Lee’s formula can be used in two adult split liver transplants to determine the weight of each
graft and subsequently the graft-to-recipient weight ratio (GRWR).

4. Recipient criteria

As we mentioned earlier, improper recipient selection was one of the causes of the unfavorable
outcome of split liver transplant at the beginning of the procedure development. Two impor‐
tant determinants in the recipient may act as keys for favorable outcome: the first is the patient’s
general condition and acuity of the disease; the second is the correlation between the graft
weight and recipient weight. Regarding patient’s condition and acuity of the disease, the early
experience of considering high-risk patient with high MELD score or acute liver failure for SLT
was associated with low outcome with high incidence of graft dysfunction, graft loss, and re-
transplantation [16]. Generally, critically ill patients with high MELD score, with severe portal
hypertension, are not good candidates for split liver transplantation, which should be pre‐
served for low-risk patients with low MELD score. Also, urgency is considered to be a
determinant factor for outcome in SLT, as patient survival in urgent liver transplant is lower
than that for elective causes [7, 17]. Nevertheless, in countries with low cadaveric liver donor
pool, as most of Asian countries, SLT is the only treatment in such an acute fatal condition and
must be offered to high urgent patients [10, 18].

The other important key for favorable outcome after SLT is the correlation between graft
weight and recipient weight (GRWR). In extended right/left lateral split, the effect of this factor
is not prominent, as left lateral segment is suitable for all children with acute or chronic liver
disease with good patient and graft survival. In right/left hemiliver split, GRWR plays an
important rule, especially in patients who will receive left hemiliver. As mentioned earlier,
graft weight can be roughly estimated using Lee’s formula; this helps in the determination of
the ideal recipient weight.
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Most of the results published using GRWR <0.8% show inferior outcome than those with ≥0.8%,
in spite of the results of living donor liver transplantation (LDLT) with GRWR < 0.8% being
accepted. There are more risk factors and stresses on the SLT graft more than LDLT graft, as
in the former, graft from deceased donor may suffer from hemodynamic instability of the
donor and prolonged cold ischemia time, which have more injurious effect on the split graft
[19]. Although most of the centers consider GRWR > 0.8% is the cutoff of safe SLT, our
published data show that GRWR > 1% is the most optimal cutoff point to predict early graft
and patient survival [10, 13].

5. Surgical techniques

5.1. Left lateral/extended right split

In the left lateral split, the liver is split into left lateral segment graft and extended right liver
graft; left lateral segment is allocated to a child and the extended right graft is allocated to an
adult recipient. The ex situ split technique was performed by Pichlmayr et al. [2]. Rogiers et
al. introduced a technical modification in 1995, named in situ split technique in which split
procedure is performed during procurement before aortic cross-clamp [20, 21].

5.1.1. Ex situ split

After retrieval and perfusion, the liver is split on back table while maintained in preservation
solution at a temperature below 4°C. At first, the vascular inflow (portal vein and hepatic
artery), outflow (hepatic veins), and biliary structures are assessed.

• Dissection of the left hepatic artery (LHA) from bifurcation of the hepatic artery proper is
performed with the identification of segment IV artery, which may arise from right or left
hepatic arteries; preservation of segment IV artery is important to maintain perfusion to
segment IV and to avoid segment IV ischemia and necrosis. If segment IV artery arises from
right hepatic artery, left hepatic artery could be cut at the bifurcation of hepatic artery proper
(HAP) safely. If segment IV artery arises from left hepatic artery, some prefer to cut LHA
distal to the origin of segment IV artery and others cut LHA at the bifurcation, with the
reconstruction of segment IV artery later in the recipient. Actually, it depends on the
experience of the transplant team and size matching with the child’s recipient artery.

• Regarding biliary system, some prefer to do cholangiogram to identify segment IV duct and
caudate ducts, but using a metallic probe only looks to be enough in left lateral split. Role
of intraoperative cholangiogram may be more effective in right and left splits, which will
be discussed later. Dissection of left hepatic duct should be avoided to maintain the
periductal vascular plexus and avoid any injury to the caudate bile ducts. Then, the bile duct
drain in the left lateral segment is cut at the level of hilar plate behind the junction of the
transverse and longitudinal part of left portal vein, just proximal to segment IV duct, and
its orifice in extended right graft is sutured.
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• Then, left portal vein (LPV) is dissected from its bifurcation, and tributaries from the caudate
and segment IV are isolated and ligated, Then, LPV is cut at the bifurcation, and its orifice
in the main portal vein is sutured.

• After completing inflow and biliary duct division, liver parenchymal dissection is started 1
cm to the right of falciform ligament, using Kelly’s clamp-crushing technique, with clipping
or suturing any vascular structure.

• Left hepatic vein (LHV) is isolated during liver parenchymal transection, hanged with
vascular loop, and then LHV is cut, and its orifice at the confluence of left and middle hepatic
veins (LHV/MHV) is sutured.

Then, flushing of both grafts with preservation solution is done through portal veins; left lateral
segment graft is prepared for implantation in a pediatric recipient, based on left hepatic vein,
left portal vein, left hepatic artery, and left bile duct. Extended right graft is prepared for
implantation in an adult recipient, based on IVC containing right and middle hepatic veins,
main portal vein, main hepatic artery with aortic patch, and main bile duct. The main disad‐
vantages of ex situ split is failure of assessment of segment IV perfusion and viability,
prolonged cold ischemia time, and repeated rewarming during liver parenchymal transection,
which may affect the graft survival (Table 1).

5.1.2. In situ split

Splitting is performed during organ retrieval before aortic cross-clamping.

• The liver parenchyma is divided at first 1 cm to the right of falciform ligament; transection
of liver parenchyma is performed using clamp-crushing technique or cavitron ultrasonic
surgical aspirator (CUSA), with the identification and ligation or clipping of vascular and
biliary structures at the transection line.

• Segment IV perfusion is assessed, and hemostasis is performed on both cut surfaces of the
liver. Once parenchymal transection is completed, retrieval procedure is continued as usual,
and perfusion of the preservation solution is started.

• On back table, vascular and biliary structures are isolated as in ex situ technique.

In situ split has several advantages on ex situ split, as it decreases the total cold ischemia time
by 1–2 h and reduces the possibility of rewarming in the back table split, which may have
negative impact on the outcome. Also, the two liver grafts can be assessed for significant
ischemia at the cut surface and margin, especially in segment IV. During parenchymal
transection, hemostasis and vascular control may help in decreasing bleeding from cut surface
after reperfusion.

On the other hand, there are some disadvantages of in situ split technique, as increased
retrieval time may not only affect the liver itself but also the other retrieved organ, which makes
this technique not a suitable option in hemodynamically unstable donors (Table 2).
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Advantages Disadvantages

1. Assessment of perfusion and viability of segment IV
2. Better hemostasis on both liver cut surfaces
3. Decrease cold ischemia time

1. Increase retrieval time
2. Not suitable in hemodynamic unstable donor

Table 2. Advantages and disadvantages of in situ split over ex situ split technique.

5.2. Right/left split

There is no standard splitting technique in left/right split. Each center has its own technique
with many modifications. We will try to present some of these modifications and techniques
with our comments on each.

5.2.1. Ex situ split

• After retrieval of the whole liver with IVC, cholangiogram is performed on back table to
detect any biliary anomaly.

• Then, transection line is identified in the midplane along Cantlie’s line. Liver parenchyma
transection is performed as described earlier with clamp-crushing technique and identifi‐
cation of large tributaries of veins from segment V and VIII. Caudate lobe is preserved to
left hemiliver, in spite of some centers excising it completely from the graft.

• Many centers, including our center, preserve the middle hepatic vein (MHV) in the left
hemiliver to guarantee good drainage of segment IV. If there is sizable segment V or VIII
veins, they should be reconstructed either using vascular allograft, portal vein of the
explanted liver, or synthetic (Gortex) vascular graft (Figure 1). Some authors describe MHV
split in which the transection line passes through MHV, which is reconstructed by vascular
patch on each side.

• The stump of LHV/MHV is hanged and cut near IVC, and its opening is closed.

• IVC is better to be maintained in the right hemiliver to allow better outflow through
retrohepatic veins. Some centers describe IVC split technique in which IVC is split into two
halves longitudinally, one with each graft, and then reconstructed using vascular patch on
each side. Both MHV split and IVC split carry the hazards of suture leakage and bleeding
due to the long reconstruction line.

• Hepatic artery and portal vein are dissected, and it is better to preserve the main branches
(main portal vein and main hepatic artery) with the left hemiliver graft, as the size of its
vessels is relatively smaller.

• Segment IV artery is isolated, and if it arises from RHA, RHA is cut distal to the origin of
segment IV artery.

• The main bile duct is preserved with the right hemiliver, as the left hepatic duct has longer
extrahepatic course, and possibility to have more than one duct is more frequent at the right
side.
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Figure 1. Reconstruction of the tributaries of segments V and VIII with a vein graft. Because the middle hepatic vein
was preserved in left hemiliver graft, the tributaries of segments V and VIII were severed. When the diameters of trib‐
utaries were more than 5 mm, the tributaries were reconstructed with a vein graft into IVC.

Now we have two grafts: right hemiliver based on IVC, common bile duct, right hepatic artery
(RHA), and right portal vein (RPV); and left hemiliver based on MHV/LHV confluence, main
portal vein (MPV), hepatic artery proper (HAP), and left hepatic duct (LHD) (Figure 2).

Figure 2. Diagram showing (A) left and (B) right split grafts with attached inflow and outflow structures.
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5.2.1.1. Implantation of the right hemiliver

Vascular graft from reconstructed segments V and VIII branches can be anastomosed directly
in donor IVC through a separate cavotomy. During implantation of the graft, IVC can be
implanted by caval interposition technique, conventional piggyback (end-to-side) technique,
or modified piggyback technique (side-to-side). RPV of the graft is anastomosed to RPV or
MPV of the recipient; RHA of the graft is anastomosed to RHA of the recipient; and biliary
reconstruction is achieved by duct-to-duct or Roux-en-Y technique (Figure 3).

Figure 3. Diagram showing implantation of (A) left and (B) right hemiliver (left hemiliver was implanted by left at
right technique).

5.2.1.2. Implantation of the left hemiliver

The left lobe could be implanted as usual in the left upper abdomen, but we have a new
modification, published and innovated by Chang Gung Memorial hospital—Linkou, called
left at right implantation [22], in which the left lobe is placed in the right upper quadrant to
facilitate inflow and outflow reconstruction and avoid any compression of IVC or kinking of
hepatic vein by the growing liver graft. Donor MHV/LHV confluence is anastomosed by
separate cavotomy in recipient IVC; donor MPV is anastomosed to recipient RPV or MPV
according to size-matching; donor HAP is anastomosed to recipient HAP; and biliary recon‐
struction is achieved by duct-to-duct or Roux-en-Y technique (Figure 3).
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5.2.2. In situ split

In this technique, split is performed during retrieval procedure before aortic cross-clamping.

• First of all, careful examination of the liver with visual assessment of liver quality and size
is performed.

• Then, intraoperative cholangiogram is performed to detect biliary anatomy and any
anomaly in biliary system.

• The liver is mobilized from its attachment to diaphragm and retroperitoneum, but without
interruption of the short hepatic veins which drain directly into IVC to keep reasonable
outflow of the right lobe.

• Porta hepatis is examined. RHA and RPV are encircled.

• Then, transection of the liver parenchyma is started with CUSA or clamp-crushing techni‐
que, just to the right of MHV, which is detected either by intraoperative ultrasound or just
through Cantlie’s line.

• After complete transection of liver parenchyma, LHD is divided in the hilar plate just before
the carina.

• Then, the infradiaphragmatic aorta is cross-clamped. The visceral organs are perfused with
cooled preservation solution. All the donated organs are retrieved subsequently.

• Finally, two hemiliver grafts are separated completely by diving RHA, RPV, and confluence
of MHV and LHV at the back table. IVC is preserved with the right hemiliver graft most of
the time. The large venous tributaries of segments V and VIII are reconstructed to IVC with
venous grafts. The two liver grafts now are kept in cold preservative solution, with irrigation
of the grafts through the portal vein.

We prefer to do the liver parenchymal transection only in the donor and keep porta hepatis
division as described in ex situ splitting in the back table to decrease the retrieval time.

6. SLT outcomes

On reviewing graft and patient survival of SLT, it is apparent that there is prominent im‐
provement across the time since 1988 till now; this improvement can be attributed to the
learning curve and the improvement of patient selection as we mentioned before.

6.1. Pediatric recipient

Data from U.S. Scientific Registry of Transplant Recipient and Organ Procurement showed
that recipient survival after year 2000 ranged between 76 and 100%, while Broering reported
that recipient survival before 2000 was 50–92%. The graft survival is also improved after 2000
from 50–80% to 66–100%. The incidence of complications is 32%, which is comparable with
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LDLT. This improvement in outcome is associated with better surgical technique and better
recipient selection [11, 12].

6.2. Adult recipient

Similar to pediatric data, there is significant improvement regarding adult recipient, either in
extended right liver graft or right and left liver grafts. Recipient survival ranges from 79 to
100%, and graft survival is 69–100% after year 2000, with 26% of complications [12, 23, 24]. Our
published data showed that 3-month and 1-year survival rates were 76.2 and 71.4% for SLT
and 89.3 and 79.9% for living donor recipients, respectively. This result shows no significant
difference in patient outcomes between SLT and LDLT [9, 10].

7. Ethical considerations

Since the introduction of SLT, there are many ethical considerations, and debates have evolved.
As SLT is introduced as one of the solutions of the gap between liver demands and liver donor
pool, SLT helps in decreasing the waiting list time, as about 15–20% of the deceased livers are
eligible to be split from medical point of view. This increases the number of recipients to receive
liver transplantation. On the other hand, it is clear that the outcomes of SLT are relatively lower
than whole liver transplant, with relative increase in morbidities and complications. So, the
ethical debate is to increase the number of patients receiving LT, decrease the waiting time list,
and decrease dropouts from waiting list by splitting the liver, or increase the patient survival,
outcomes, and decrease the number of patients receiving LT without splitting the liver.

Although the importance of this question is fading down with time, with improvement in the
splitting techniques and outcome, still there are different morbidities and complications
between whole organ transplant and SLT. When the donated liver graft is suitable for splitting,
the primary recipient who is on the top of waiting list should be asked for his consent and
agreement to receive a liver splitting graft and sharing with another recipient. Transplant
coordinator and team are obliged to supply the recipient with full data about the possible
morbidities of split liver graft and the benefits regarding sharing this organ with another
recipient. However, the patients have the full right to accept the splitting or receiving the whole
organ depending on the medical data given by the transplant coordinator. If the primary
recipient has not consented to split a liver which is ideally suited for splitting, the liver should
be offered to the next person on the list who consents to splitting the liver. But, the primary
recipient would maintain their position based on the MELD score and wait for the next
opportunity of whole liver transplantation [25].

Another important ethical issue is that all parties involved in the transplantation process must
understand a stewardship rather than an ownership of an organ by a potential recipient,
transplant center/program, or transplant surgeon. To maximize the opportunities of liver
transplantation, high-quality organs such as young deceased donors with low BMI and related
stable hemodynamics are used for splitting, and the suboptimal organs are kept as whole liver
grafts.
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Again, this confliction between maximizing the number of transplanted recipients and
maximizing the recipient survival could fade down with the improvement of the outcome of
SLT, which is based primarily on choosing the right donor livers for splitting and improvement
in split techniques.
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Abstract

Liver transplantation (LT) has become standard management of pediatric liver diseases
that lead to acute liver failure or can progress to end-stage liver disease (ESLD). Indications
for LT in pediatric patients can be classified into cholestatic disorders, metabolic liver
diseases causing liver cirrhosis, metabolic liver diseases without liver cirrhosis, acute liver
failure, acute and chronic hepatitis, and liver tumors. The most common indication of
PLT is biliary atresia. Generally, the patient is a child with biliary atresia with several prior
surgical  procedures,  extremely malnourished,  with  stigmata  of  fat-soluble  vitamin
deficiency, bleeding diathesis, uncontrolled portal hypertension and massive ascites.
Before the technique of liver splitting, pediatric patients were dependent on donors with
similar age or size. Partial liver grafts can be obtained either by splitting a cadaveric donor
organ or by living-donor liver donation. Living donor liver recipients have a shorter
waiting time. The majority of centers employ a regime of' triple therapy with predniso‐
lone, mycophenolate and tacrolimus. LT in the pediatric setting is technically challeng‐
ing due to the reduced size of the vasculature and biliary tree. Strategies for identification
and mitigation of risk factors, prevention of technical complications, and protocols for
early detection of vascular complications may reduce mortality, morbidity.

Keywords: organ transplant, liver transplant, pediatric liver disease

1. Introduction

The first successful transplant was performed by Starzl in 1967, on a 1-year-old child with
hepatoma [13–15]. The patient survived for over 12 months dying from recurrence of the liver
tumor. Throughout the next 15 years, liver transplants (LTs) were performed rarely in a very
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few centers, with survival rates of only 20‒30%. However, the quality of life in pediatric liver
transplant (PLT) patients was so good as to support these forerunners to persevere in their efforts
and to continue to refine and improve techniques and postoperative care [5].

By March 1980, the liver trials with cyclosporine began in Denver. Twelve patients entered the
study between March and September 1980; 11 patients lived for 1 year or longer [2,16]. In 1983,
a National Consensus Conference on Liver Transplantation was held in the United States,
which became a landmark in the liver transplantation history. This event concluded that liver
transplant had advanced from an experimental stage to that of a procedure with a widespread
application for patients dying of liver failure. The number of transplants performed both in
the United States and elsewhere has grown since then. The number of liver transplant (LT)
continues to grow to date as an increasing number of indications for liver replacement are
identified [5].

Liver transplantation is the treatment of choice for pediatric liver diseases causing acute liver
failure or progressing to end-stage liver disease (ESLD). These include congenital hepatitis,
hepatocellular carcinoma, biliary atresia, Wilson’s disease (WD), progressive familial intrahe‐
patic cholestasis, and other metabolic syndromes involving injury to the liver [17]. Pediatric
acute liver failure (PALF) is a complex, rapidly progressive clinical syndrome that is the final
common pathway for many disparate conditions, some known and others yet to be identified.
PALF accounts for 10‒15% of pediatric liver transplants performed in the United States
annually [18–20].

The foremost factor limiting expansion of orthotopic liver transplant (OLT) is donor availa‐
bility. In small children, scarcity of size-appropriate grafts imposes a significant barrier to PLT.
At present, waiting list mortality rate for children less than 6 years of age is four times greater
than for children of ages 11–17 years [21]. Living-donor liver transplantation (LDLT) has been
developed to address the disparity between the number candidates for transplant and the
reduced number of available organs for LT [22].

2. Indications

Various diseases that are indications for LT in pediatric patients can be classified into choles‐
tatic disorders, metabolic liver diseases causing liver cirrhosis, metabolic liver diseases without
liver cirrhosis, acute liver failure, acute and chronic hepatitis, and liver tumors. The most
common indication of PLT is biliary atresia, approximately 40% of the pediatric candidates [1].
The indications are listed in Table 1.

2.1. Biliary atresia

Biliary atresia (BA) is a disease of unknown etiology in which there is obstruction or destruction
of the biliary tree [6]. It occurs in approximately 1 of every 15,000 live births [24]. Early
diagnosis and palliative surgery—Kasai portoenterostomy are the corner stone for the
treatment of BA. In this procedure, the biliary tree is excised to expose biliary channels, and a
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Roux-n-Y loop is fashioned for drainage. The procedure is only successful if there is restoration
of biliary flow under 6 month of age and is conditional to the age when the operation is
performed, the skill of the surgeon, and the degree of fibrosis at operation [25]. BA is the main
indication for PLT worldwide and accounts for 76% transplants in children younger than 2
years; 80% of children who have a successful operation do not require transplantation before
adolescence [6,23,25].

Chronic liver failure Acute liver failure

Neonatal liver disease
Biliary atresia
Idiopathic neonatal hepatitis

Fulminant hepatitis
Autoimmune hepatitis
Halothane exposure
Acetaminophen poisoning
Viral hepatitis

Cholestatic liver disease
Alagille’s syndrome
Familial intrahepatic cholestasis (FIC)
Nonsyndromic biliary hypoplasia

Metabolic liver disease
Fatty acid oxidation defects
Neonatal hemochromatosis
Tyrosinemia type I
Wilson’s disease

Inherited metabolic liver disease
Alfa1 antitrypsin deficiency
Cystic fibrosis
Glycogen storage disease type IV
Tyrosinemia type I
Wilson’s disease

Chronic hepatitis
Autoimmune
Idiopathic
Postviral (hepatitis B, C, other)

Inborn errors of metabolism
Crigler-Najjar type I
Familial hypercholesterolemia
Primary oxalosis
Organic acidemia
Urea cycle defects

Other
Cryptogenic cirrhosis
Fibropolycystic liver disease ± Caroli syndrome

Liver tumors
Benign tumors
Unresectable malignant tumors

Table 1. Indications for LT in pediatric patients [23].

In several cases, the child needs LT in the first year of life due to the aggressive evolution of
the disease leads to cirrhosis accompanied with severe malnutrition. Consequently, technical
difficulties related to the limited dimensions of the anatomic structures are faced [26]. Hypo‐
plasia, with or without portal vein thrombosis are relatively frequent in the course of BA. These
features are related to a higher incidence of portal vein complications [27]. Previous portoen‐
terostomy procedures cause intra-abdominal adhesions increasing the morbidity due to
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intraoperative bleeding and eventual bowel perforation. Previous reports have indicated that
BA patients display lower survivals than children undergoing LT for other hepatic diseases
[26,28,29].

Infants with suspected BA should be evaluated as rapidly as possible because the success of
the surgical intervention (hepatoportoenterostomy, the Kasai procedure) diminishes progres‐
sively with older age at surgery [30]. The evaluation process involves a series of serologic,
laboratory, urine, and imaging tests. The order of diagnostic tests is prioritized based on testing
for treatable diseases first, such as biliary obstruction, infections, and some metabolic diseases.

Evaluation of biliary anatomy begins with an ultrasound. The main utility of the ultrasound
is to exclude other anatomic causes of cholestasis (i.e., choledochal cyst). In infants with BA,
the gallbladder is usually either absent or irregular in shape. When a detailed ultrasonographic
protocol is used, additional features can be identified to support the diagnosis of biliary atresia,
including abnormal gallbladder size and shape, the “triangular cord” sign, gallbladder
contractility, and absence of the common bile duct [31–34]. The triangular cord sign is a
triangular echogenic density seen just above the porta hepatis on US scan. Its presence is highly
suggestive of biliary atresia [35]. Patency of the extrahepatic biliary tree can be further assessed
by hepatobiliary scintigraphy.

The liver biopsy is important for mainly two reasons: to identify histologic changes consistent
with obstruction that warrant surgical exploration and to differentiate BA from other causes
of intrahepatic cholestasis, which would not need surgical exploration. Biopsy findings that
indicate another etiology include bile duct paucity (Alagille syndrome), periodic acid-Schiff
(PAS) positive diastase resistant granules (consistent with alpha-one antitrypsin deficiency),
or giant cell hepatitis without proliferation of ducts. Characteristic histologic features of BA
include expanded portal tracts with bile duct proliferation, portal tract edema, fibrosis and
inflammation, and canalicular and bile duct bile plugs. The earliest histological changes
associated with BA may be relatively nonspecific, and biopsies done too early may result in a
false negative [36].

Histologic findings alone cannot help to distinguish BA from other causes of obstruction, such
as choledochal cyst or external compression. Therefore, any evidence of obstruction mandates
imaging exploration and a definitive cholangiogram. The intraoperative cholangiogram is the
gold standard in the diagnosis of BA. It is essential that patency be investigated both proximally
into the liver and distally into the bowel to determine whether BA is present. If the intraoper‐
ative cholangiogram demonstrates biliary obstruction (i.e., if the contrast does not fill the
biliary tree or reach the intestine), the surgeon should perform a hepatoportoenterostomy
(Kasai HPE) at that time [37].

An increase in the number of long-term survivors of biliary atresia has been observed.
Nevertheless, the disease is still one of the most challenging problems in the field of pediatric
surgery because of progressive fibrosis, portal hypertension, and liver cirrhosis [17]. Kasai
portoenterostomy (KPE) may play a role in gaining time for liver transplantation [17,38].
Shinkai et al. [39] showed improvement of post-KPE survival rate with almost 90% for 5 years
and nearly 80% for 10 years in patients who were operated on in the 1980s. Still, despite early
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success with portoenterostomy, a few long-term survivals will present manifestations of portal
hypertension, such as esophageal and/or gastric varices, and hypersplenism. Cholangitis and/
or hepatic failure caused by progressive ongoing cirrhosis may also occur in patients with long
follow-up after KPE. The main cause of comorbidity among long-term survivals of biliary
atresia is portal hypertension. Despite the improvement in the long-term survival rate after
KPE in biliary atresia, two-thirds of patients who survived over 10 years suffer from various
complications including portal hypertension, cholangitis, intrahepatic cyst, and intestinal
obstruction in spite of successful KPE. Approximately one-third of these patients will not
present any problem. Meticulous follow-up is required since some manifestations of on-going
liver cirrhosis will present and therefore planning for liver transplantation is necessary [40].

2.2. Inherited metabolic liver disease

2.2.1. Acute liver failure in inherited metabolic liver disease patients

Metabolic diseases account for at least 10% of acute liver failure cases in North America and
Europe [19,41]. While some conditions, such as mitochondrial disease, may present at any age,
many metabolic conditions presenting as liver failure segregate within age groups. Metabolic
conditions affecting infants in the first few months of life include galactosemia, tyrosinemia,
Niemann-Pick type C, mitochondrial hepatopathies, and urea cycle defects [42]. In older
infants and young children up to 5 years of age presenting with acute liver failure, metabolic
diseases are sometimes identified [18], such as mitochondrial hepatopathies, hereditary
fructose intolerance (HFI), argininosuccinate synthetase deficiency (citrullinemia type 1), and
ornithine transcarbamylase deficiency. In older children and adolescents, Wilson’s disease and
mitochondrial disease (fatty acid oxidation defects) may cause acute liver failure [43].

2.2.2. Alpha 1 antitrypsin deficiency

Alpha 1 antitrypsin (AAT) deficiency is the most common form of inherited metabolic liver
disease in childhood in Europe. Although 50‒70% of children develop persistent liver disease
progressing to cirrhosis, only 20‒30% require transplantation in childhood or adolescence
[44,45].

The presentation of alpha 1 antitrypsin deficiency can include neonatal cholestasis. The
frequency of AAT deficiency in infants with neonatal cholestasis ranges from 1 to 10% in
different series [46,47]. AAT is an antiprotease and the natural inhibitor of the serine proteases
released by activated neutrophils [48]. The “deficiency” state is actually an accumulation of
abnormal protein within the endoplasmic reticulum resulting in liver injury in a subset of
patients by unclear mechanism [49].

2.2.3. Alagille’s syndrome

This autosomal dominant condition has an incidence of 1 case per 100,000 live births. It is a
multisystem disorder with cardiac, facial, renal, ocular, and skeletal abnormalities. The
condition is caused by mutations in the Jagged 1 gene (JAG1), which encodes a ligand of Notch
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1 [50]. The main clinical issues are cholestasis, malnutrition, and cardiac or renal disease [6].
Cholestatic liver disease is of variable severity and may stabilize by school age. It is managed
conservatively, with treatment for pruritus and malabsorption as needed. Portoenterostomy
(Kasai procedure) is not beneficial and is not recommended [51]. End-stage liver disease
develops in approximately 20% of affected children and is amenable to liver transplantation
[43,52].

2.2.4. Tyrosinemia type I

Tyrosinemia type I, also known as Hepatorenal tyrosinemia [43], is an autosomal recessive
disorder caused by a defect of fumaryl acetoacetase (FAA). There is a lifetime risk of developing
hepatocellular carcinoma (HCC) [53]. Clinical features are heterogeneous, even within the
same family. Young infants present with cholestasis and coagulopathy, which is often
disproportionate to the apparent degree of liver disease. Older infants and children may
present with chronic liver disease, with or without cholestasis, and painful crises, mimicking
porphyria [44]. Management is with a phenylalanine and tyrosine-restricted diet and nitisone,
which prevents the formation of toxic metabolites and allows normal growth and development
[55]. The long-term outcome has significantly improved with nitisone therapy and transplan‐
tation is now only indicated in those adolescents who do not respond to nitisone, or develop
HCC [6,54]. Affected individuals have increased urinary excretion of succinylacetone and
markedly elevated blood tyrosine concentration [44].

2.2.5. Cystic fibrosis

Cystic fibrosis (CF) occurs in 1 in every 3000 live births worldwide [55].

The gene defect is an abnormality in the cystic fibrosis transmembrane conductance regulator
(CFTR) located on chromosome 7q31. It is a multiorgan disease mainly affecting the lungs and
pancreas [6]. The cystic fibrosis transmembrane conductance regulator is located on the apical
surface of the biliary epithelium, explaining some of the biliary tract disease seen in patients
with cystic fibrosis [56]. Neonatal cholestasis is an uncommon presentation of cystic fibrosis,
occurring in fewer than 5% of patients with CF. In affected infants, jaundice and hepatomegaly
slowly resolve. Infants with CF are more likely to present with meconium ileus or steatorrhea
with failure to thrive [43]. Cystic fibrosis-associated liver disease (CFLD) occurs in 27‒35% of
patients and usually presents before the age of 18 years [60]. Cirrhosis and portal hypertension
occurs in 5‒10% of patients during the first decade of life and present with complications in
adolescence or early adult life [57]. The indications for LT include malnutrition unresponsive
to nutritional support, intractable portal hypertension, and hepatic dysfunction. It is essential
that transplantation be carried out before pulmonary disease becomes irreversible [58].

2.2.6. Wilson’s disease

Wilson’s disease is the most common metabolic condition associated with PALF in children
over 5 years of age [18]. It is an autosomal recessive disorder with an incidence of 1 case per
30,000 live births. The defective gene is on chromosome 13 and encodes a copper transporting
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P-type adenosinetriphosphatase (ATPase) (ATP7B) [59]. Clinical features in adolescence
include hepatic dysfunction (40%) fulminant hepatitis, chronic hepatitis or cirrhosis, and
psychiatric symptoms (35%). Neurologic symptoms may be nonspecific, but deteriorating
school performance, abnormal behavior, lack of coordination, and dysarthria are common.
Renal tubular abnormalities, renal calculi, and hemolytic anemia are associated features
[60,61].

The presence of a Coombs-negative hemolytic anemia, marked hyperbilirubinemia, low serum
ceruloplasmin, and a normal or subnormal low serum alkaline phosphatase should prompt
consideration of WD, but confirming the diagnosis remains a challenge [62]. LT is indicated
for those with advanced liver disease (Wilson’s score > 6), fulminant liver failure, or progres‐
sive hepatic disease despite therapy [60,61].

2.2.7. Other inborn errors of metabolism

LT is indicated for those metabolic disorders secondary to hepatic enzyme deficiencies that
lead to severe extrahepatic disease such as kernicterus in Crigler-Najjar type I and systemic
oxalosis in primary oxaluria. Selection and timing of transplantation depends on the quality
of life on medical management and the mortality and morbidity of the primary disease
compared with the risks of transplantation [23]. Crigler-Najjar type I is an autosomal recessive
condition caused by a deficiency of bilirubin uridine diphosphate glucuronosyltransferase
(UDPGT) [63]. Most children require transplantation in early childhood, but those with milder
forms may manage with phototherapy into adolescence. Primary hyperoxaluria is a defect of
glyoxylate metabolism characterized by the overproduction of oxalate, which is deposited as
calcium oxalate in various organs including the kidney [64]. Ideally, liver replacement should
be prior to the development of irreversible renal failure. If this is not possible, liver and kidney
replacement may be required simultaneously [65]. Children with milder phenotypes will not
require intervention until adolescence [6].

2.3. Liver tumors

2.3.1. Hepatoblastoma

The most common primary liver tumor in children is hepatoblastoma (HB), accounting for
two-thirds of all malignant liver neoplasms in the pediatric population [66]. Neoadjuvant
chemotherapy and surgical resection followed by adjuvant chemotherapy is the treatment of
choice for patients with HB. When HB shows to be unresectable or unresponsive to chemo‐
therapy, combination of chemotherapy and liver transplantation is an attractive alternative
[67]. The United States Surveillance, Epidemiology, and End Results (SEER) from 2002 to 2008
showed an incidence in HB of 10.5 cases/million in children under 1 year of age and 5.2 cases/
million in children 1‒4 years of age [68]. Histologically, HB cells resemble embryonic liver cells
and the incidence is highest at birth suggesting that the process is initiated during gestation
[69].
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Liver transplantation has resulted in long-term disease-free survival in up to 80% of children
with large solitary, and especially multifocal, hepatoblastomas invading all four sectors of the
liver [70]. While “extreme” resection of tumors without liver transplant will avoid the need
for long-term immunosuppressive therapy, hazardous attempts at partial hepatectomy in
children with major venous involvement or with extensive multifocal tumors should be
discouraged [71–75]. Only in centers that have a facility for liver transplant extensive hepatic
surgery in children should be carried out. In these centers, surgical expertise, as well as
willingness to embark on more radical surgery with a transplant “safety net” is likely to be
greater [75]. In a review of the United Network for Organ Sharing database in the United States
concerning liver transplantation in 135 children transplanted for unresectable or recurrent HB
(1987–2004), the 1-, 5-, and 10-year survival was 79, 69, and 66%, respectively [76]. The latest
European Liver Transplant Registry (ELTR) report, including 129 patients transplanted for
HB, has shown a 1- and 5-year survival of 100 and 74%, respectively [77,78].

The only absolute contraindication for liver transplantation is the persistence of viable
extrahepatic tumor deposit after chemotherapy, not amenable to surgical resection. When
macroscopic venous invasion occurs (portal vein, hepatic veins, and vena cava), liver resection
can be carried on if complete resection of the invaded venous structures is feasible. “En-bloc”
and reconstruction should be performed whenever there is evidence or suspicion of invasion
of the retrohepatic vena cava. Patients with lung metastases at presentation should not be
excluded from liver transplantation if the metastases clear completely after chemotherapy and/
or surgical resection. Liver transplant can only be performed after complete eradication of
metastatic lesions, by chemotherapy and surgical resection, of any suspicious remnant after
chemotherapy [79]. Rescue liver transplantation, after an incomplete partial hepatectomy or
when intrahepatic relapse occurs, may be a relative contraindication because of the disap‐
pointing results observed in the SIOPEL-l study and in the reported world experience [77].

2.3.2. Hepatocellular carcinoma

Unlike the adult population, the frequency of HCC in the pediatric population is low; therefore,
the experience in the application of liver transplantation in the pediatric population for HCC
is limited [80–83]. Experience with liver transplantation in children with unresectable HCC is
somewhat limited but results have significantly improved over the recent years. The Milan
criteria—no more than three tumors, each not more than 3 cm in size, or a single tumor, not
more than 5 cm in diameter, and no evidence of extrahepatic disease or vascular invasion is
commonly used to determine which patients benefit the most with LT [84]. Recently, it has
been suggested that the present cut-off for tumor size might be expanded to 6.5 cm or 7 cm, in
an otherwise normal liver [89, 90]. Data suggesting that Milan criteria can appropriately
identify children with a low-risk tumor recurrence of after transplantation is not yet available.
The Milan criteria are derivative from experience treating adult patients with cirrhosis,
whereas HCC in children usually is not associated with cirrhosis. The role of OLT in noncir‐
rhotic liver is unknown due to lack of prospective trial in children. Furthermore, there are
differences in biology of HCC in adults and in children [85]. The different molecular findings
include mutation of c-met gene in children; lower levels of glycin D1 (regulatory protein of G1
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phase cycle) expression in children; and higher incidence of loss of heterozygosity on chro‐
mosomal arm, 13q, in children [85]. In patients whose disease is confined to the liver, the use
of liver transplantation is indicated.

2.4. Acute Liver Failure

Viral hepatitis A and B are the most common causes of acute liver failure in the developing
world [86,87]. However, in the United Kingdom and United States, indeterminate hepatitis is
the most common cause and has the worst prognosis for spontaneous recovery [18]. The main
indications for LT for acute liver failure in adolescence are drug induced, infectious hepatitis,
or metabolic disease (e.g., Wilson’s disease) [18,88]. Many different drugs cause acute liver
failure, including antibiotics, antituberculosis therapy, antiepileptic therapy, and acetamino‐
phen poisoning [89]. Adolescents have a lower incidence of liver failure with acetaminophen
overdose than adults, possibly because of the effect of hepatic maturation and glutathione
production [90]. Transplantation is more likely to be required if the overdose was taken with
another drug (e.g., lysergic acid diethylamide [LSD], ecstasy) or with alcohol [91]. Persistent
coagulopathy (INR > 4), metabolic acidosis (pH < 7.3), an elevated creatinine (>300 mmol/l),
and rapid progression to hepatic coma grade III are indicatives for liver transplant. Cerebral
edema may persist despite evidence of hepatic regeneration and recovery and influence
postoperative recovery.

Once the diagnosis of liver disease is made, the most important assessment is to determine the
severity of the liver disease and its projected outcome. Patients with evidence of end-stage
liver disease, including variceal hemorrhage, intractable ascites, hepatorenal syndrome,
recurrent infection, and portosystemic encephalopathy, are candidates for immediate listing
for transplantation. Selected patients with well-compensated Child’s A cirrhosis and isolated
variceal bleeding benefit from surgical portosystemic shunting. The success of transplantation
in patients with sequel of end-stage liver disease has also heralded an increasing willingness
to apply transplantation in patients with life-disabling complications of liver disease conse‐
quent to severe metabolic consequences of chronic liver disease [92].

Thus, the indications for PLT are significantly different to indications in adult LT recipients.
In the past, PLT was only performed in curative intent. Nowadays, if life expectancy and/or
quality of life can be significantly improved, PLT is also performed. Children diagnosed with
metabolic liver diseases not resulting in liver cirrhosis, the indication for LT has to be cautiously
evaluated. LT should be performed when the disease can either be cured or if extrahepatic
manifestations can be significantly improved [1].

3. Contraindications for transplantation

The few contraindications include severe systemic sepsis—particularly fungal sepsis, at the
time of operation; malignant hepatic tumors with extrahepatic spread; severe extrahepatic
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disease that is not reversible following LT (e.g., severe cardiopulmonary disease for which
corrective surgery is not possible), or severe structural brain damage [23].

4. Preoperative management

When transplantation was still perceived as experimental, potential candidates were referred
to very late in their course of end-stage liver disease. Generally, the patient was a child with
biliary atresia with several prior surgical procedures, who was extremely malnourished, with
stigmata of fat-soluble vitamin deficiency, bleeding diathesis, uncontrolled portal hyperten‐
sion, and massive ascites. One could not imagine a poorer candidate for major surgery.
Unfortunately, this is still reality in many centers [2].

Correct preparation before transplantation requires a multidisciplinary approach. The use of
new milk formulas specially developed for cholestatic children, parenteral nutrition, may be
necessary to correct the nutrition deficit [93]. Gastrointestinal bleeding from esophageal
varices should be prevented with sclerotherapy [93], variceal banding [94], and transjugular
intrahepatic portosystemic shunt in older children [95]. The remarkable enhancement in the
outcomes of liver transplantation, including children, has encouraged an earlier referral,
allowing a more elective approach toward liver transplantation [2].

Immunizations should be administered to solid organ transplant candidates as early as
possible in the transplant evaluation in order to optimize immune responses and provide
immunity to pathogens against which there is only a live vaccine (measles, mumps, rubella,
varicella, and zoster). Standard age-appropriate vaccines, as well as vaccines indicated for
immunocompromised hosts (e.g., pneumococcal vaccines in adults), should be administered
2‒6 months following transplantation, once maintenance immunosuppression levels have
been attained. Inactivated vaccines are generally considered to be safe following solid organ
transplantation [96].

Live vaccines (measles, mumps, rubella, varicella, zoster, and intranasal influenza vaccine) are
not recommended in the majority of solid organ transplant recipients. An exception is varicella-
nonimmune pediatric renal or liver transplant recipients who are receiving minimal or no
immunosuppression and who have had no recent allograft rejection; such individuals may
receive the varicella vaccine [96].

The measles, mumps, and rubella vaccine is considered safe in household contacts of solid
organ transplant recipients. We suggest administering the varicella vaccine to nonimmune
household contacts. The zoster vaccine should be administered to household contacts when
indicated. Vaccinees who develop a rash should avoid contact with transplant recipients for
the duration of the rash [1].

In biliary atresia patients, which is the most frequent indication, a sequential strategy with a
single attempt at surgical correction, Roux-en-Y portoenterostomy as described by Kasai [97],
followed by liver transplantation, when it fails, is consensus by pediatric surgeons [104]. At
present, most infants who do not achieve remission following portoenterostomy are referred
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to and transplanted under the age of 1 year. Malatack et al. [98] proposed a score to choose the
timing of transplantation for children with chronic liver failure. Though such a score can be
beneficial, it is suggested that liver transplantation should be performed as soon as an
appropriate donor is found, even for children in stable condition, at least when the indication
is straightforward at any age of the child.

Due to better understanding of the pathophysiology and/or increased of clinical experience,
many contraindications accepted in the past are not presently valid. An example is hepato‐
pulmonary syndrome, which can associate with any type of chronic liver disease. Room air
PaO2 level lower than 60 mmHg has been described to be associated with prohibitive mortality
after liver transplant [99]. Differently, regardless of the severity of the syndrome, others have
shown complete reversion of hepatopulmonary syndrome after LT [107].

4.1. Psychological preparation

A skilled multidisciplinary team, including a psychologist, is essential for counseling and
preparation of the patient and his/hers family. Young people need to be involved in the
decision making wherever possible, and previous experience of illness, knowledge about their
condition and treatment, previous/current adherence to prescribed medical regimens, and self-
management behaviors need to be explored. Parents and appropriate relatives must be fully
informed of the necessity for LT in their child and of the risks, complications, and the long-
term implications of the operation. Particularly, careful counseling is necessary for parents and
children being considered for transplantation because of extrahepatic disease due to an inborn
error of metabolism. As these young people are not dying from liver disease, they may find it
difficult to accept the risks and complications and the necessity for compliance with long-term
immunosuppression [6].

4.2. Psychosocial evaluation of live organ donors

Adequate psychosocial evaluation includes assessment of the motivation for donating,
decision making and informed consent process, donor-recipient relationship, adequacy of both
financial and social support, behavioral and psychological health, and substance use history.
A complete assessment of a potential living donor should also address obstacles such as
impression management and explicit deception. It should also include ethical aspects, such as
the right to donate, donor autonomy, freedom from coercion, and “reasonable” risks to donors.
The Transplantation Society Ethics Committee emphasizes that is essential when considering
living organ donation, that the well-being of donors, including survival, quality of life, and
psychological and social well-being, outweighs the risks to the donor-recipient pair, which
include death and medical, psychological, and social morbidities [100]. Like to the psychosocial
evaluation of the recipient, the attention should be on the interaction of risk versus protective
factors for each donor [109]. Although recent research identifies the needs for standard criteria
[101], live organ donor evaluations should be viewed within both individual and contextual
frameworks [22].
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5. Surgical techniques

Liver transplantation has gained from the knowledge of anesthesiologists handling babies
with serious conditions. The pediatric anesthesiologist is an essential member of the team. As
in any long operation, exact correction of blood loss, continual monitoring of electrolytes and
blood gases, correct identification and treatment of bleeding diathesis, and maintenance of
body temperature and diuresis are fundamental. Alongside a correct comprehension of all the
surgical techniques, good tactics and technical expertise, proper attention by the surgeon to
hemostasis is essential. Although limitation of graft ischemia time is important, the patient
will be better off at the end of surgery if the operative field is dry and the small bowel has been
preserved from damage during the tedious dissection of tight adhesions, rather than been
rushed through surgery by a hurried surgeon [2].

Figure 1. Examples of surgical techniques for orthotopic liver transplantation.

Prior the development of the technique of liver splitting, PLT was dependent on donors with
similar age or size. In the early 1980s, Christoph Broelsch and Henri Bismuth were the first
applying the technique of reduced-size LT in children [102,103]. Rudolf Pichlmayr performed
the first split LT offering one cadaveric liver to two recipients in 1988 [104]. However, pediatric
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deceased donors as well as organs suitable for split LT remain rare. The numbers of PLTs
performed significantly exceed the number of available pediatric organ donors [1,105].

LT in children is comparable to adult LT (piggy back or conventional technique) when full size
grafts are transplanted. Partial liver grafts can be obtained either by splitting a cadaveric donor
organ or by living-donor liver donation. When liver-splitting technique is used, the anatomical
determination of the eight liver segments first described by Couinaud [106,107] in 1957 is
essential. Figure 1 depicts the surgical options for OLT.

The splitting procedure can be performed as anatomical splitting, dividing the liver at Cantlie’s
line, and splitting along the falciform ligament [117]. When the left lateral segment divided,
the technique is much easier to perform than the true right/left lobe split procedure. Addi‐
tionally, the left lateral segment is preferentially used in PLT. It is the smallest part of the liver
when compared to the extended right, the anatomical left, or the right liver lobe.

In small infants, even the left lateral segment of the liver often is too large and techniques to
cut down left lateral lobes may be used to prevent graft-size mismatching and the so-called
“large-for-size” syndrome [108]. Not rarely, primary closure of the abdominal wall after PLT
is not feasible and should not be enforced in order to avoid increase in intra-abdominal
pressure. Excessive increase in intra-abdominal pressure may compromise graft perfusion. In
such occasions, abdominal wall closure is performed in stages during the first week post-
transplant or accomplished by using mesh grafts. This allows for a continuous recovery of the
graft from reperfusion injury and edema [109].

5.1. Auxiliary transplantation

Auxiliary partial orthotopic LT (APOLT) is an alternative technique for LT in patients with
acute liver failure or in children with metabolic liver diseases without primary hepatocellular
dysfunction or cirrhosis. In this technique, a partial graft is implanted without entirely
removing the native liver. Gubernatis et al. reported the first successful case in a patient with
acute liver failure. After her recovery, the native liver has regenerated and immunosuppressive
treatment could be withdrawn [110,111].

In patients with metabolic diseases, APOLT may provide sufficient liver mass to correct the
hepatic metabolic function. If the graft fails, the patient’s native liver is still present to secure
general liver function [112]. When APOLT is performed in acute fulminant liver failure, the
immunosuppressive therapy can be stopped if the native liver recuperates, resulting in an
atrophy of the transplanted liver [113].

5.2. Living-donor liver donation

After successful implementation of split-liver LT in PLT, this technique leads to the first living-
donor liver transplant (LDLT). In 1989, the first series of LDLT in pediatric recipients was
performed in Chicago [114], after the pioneer work of Raia et al. [115] in Brazil. As of today,
LDLT is an established procedure and the main form of LT due to scarcity of deceased donor
organs in most East-Asian countries [116]. In western countries and especially in the UNOS
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area, use of living-donor organs for LT is less frequent and within UNOS constantly <5% of
LT over the last years [117]. Within the European Transplant Network, rates of LDLT in PLT
are steadily increasing.

Retrospective analyses have shown favorable or equal results as compared to PLT after
deceased donor liver transplant (DDLT) [118–126]. When performing LDLT the scenery
include an optimal healthy donor, minimal ischemic time, elective surgery, and timing of
transplantation according to the recipients’ need. This is particularly pertinent for pediatric
patients. During a waiting time for PLT, the underlying disease can complicate and psycho‐
social long-term morbidity may develop pediatric patient. It has been shown that long-term
outcome after PLT significantly correlates with the severity of morbidity at PLT. In a early
publication, significant independent predictors of survival after OLT in children with end-
stage liver disease were bilirubin (p=0.0024), lower weight (p=0.034), and albumin (p=0.039).
Post-transplantation survival rates was statistically significant difference at 1 year (57% vs.
90.5%) and 4 years (49% vs. 90.5%) after OLT(p=0.0001), when one or more of these risk factors
- bilirubin >340 μmol/L, lower weight <−2.2 and albumin < 33 g/L, were presente [127]. LDLT
offers the possibility and advantage of optimal timing of the transplant procedure before
severe morbidity develops.

Living-donor livers recipients have a shorter waiting time when compared to recipients of
organs from deceased donors. This reflects in a reduction of waiting list mortality. Neverthe‐
less, live donors are not deprived of risk. Also to considerer is the fact that LDLT is surgically
more challenging than whole organ transplantation. Donor major complications, exceeding
Clavien’s classification grade II, were described in up to 44% after right-lobe LDLT with a
mortality risk up to 0.8% [128–130]. Donors of right liver lobe experience operating procedures
with longer duration, have significant longer hospital stay and require more blood transfusions
[131,132]. For PLT, in most cases, the left lateral segment donation is sufficient. The complica‐
tion rates after full left lobe or left lateral lobectomy are significantly lower than right lobe
donation [133–135]. In order to decrease morbidity and mortality after liver donation, a
thorough evaluation of the potential donor is essential to detect and exclude potential
increased medical risk factors for the otherwise healthy donor.

5.3. Living related donor liver transplantation in children

5.3.1. Surgical technique

The donor procedure is performed first, except when recipient’s diagnosis is malignant liver
tumor. The recipient surgery usually starts immediately after the quality of the graft is assured
to minimize the cold ischemia time. Left lateral hepatectomy is performed without clamping
of the portal triad. The vessels were divided after completion of the parenchymal transection.
The whole hilum is dissected and the left hepatic artery is identified. Subsequently, dissection
is confined to the left branch of the portal vein and to the left hepatic artery. Minimal dissection
was performed around the left hepatic duct to avoid damaging its blood supply. At bench
surgery, the graft is perfused with preservation solution.
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was performed around the left hepatic duct to avoid damaging its blood supply. At bench
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The liver implantation technique consists of the anastomosis of the left hepatic vein to the
native inferior vena cava. This anastomosis can be performed by direct suturing of the donor
hepatic veins to the recipient hepatic veins; by a triangular anastomosis after creating a wide
triangular orifice in the recipient inferior vena cava at the confluence of all of the hepatic veins;
or a wide longitudinal anastomosis in the anterior wall of the inferior vena cava. Subsequently,
the portal vein is anastomosed to the trunk of the recipient’s portal vein in an end-to-end
technique [136].

The liver graft is reperfused after conclusion of the portal vein anastomosis. For the recon‐
struction of the artery, microsurgical techniques are necessary. The graft hepatic artery is
anastomosed to one of the stumps of the main branches or to the trunk of the proper hepatic
artery of the recipient in end-to-end fashion using 9-0 or 10-0 prolene sutures. The arterial
anastomosis should be performed using microsurgery techniques under surgical microscope
(magnification, 8×) or surgical loupes (magnification, 6×), depending on the size of the arteries.
Biliary reconstruction is achieved by a Roux-en-Y hepaticojejunostomy. Occasionally, an end-
to-end duct anastomosis can be performed [136].

6. Post-transplant care

Immediately after the transplant, the patient is usually ventilated in intensive care for 24-48 h.
Graft function is assessed with coagulation studies, blood sugar and acid-base balance, and
liver function tests. Initially in the post-operative period, high transaminase levels are usually
observed that progressively fall during the first few postoperative days. A rapid reduction of
jaundice is an indication of a well-functioning graft.

When abnormal liver function tests are detected, a specific protocol of investigations to
determine the cause is necessary. In patients with a t-tube, a cholangiogram will demonstrate
patency of the biliary tree. In patients without a t-tube, an ultrasound of the liver can exclude
biliary obstruction and demonstrate patency of the portal vein and hepatic artery. In the
suspicion of a thrombotic event, angiography should be performed to confirm it. The gold
standard for diagnosing a rejection episode is needle biopsy. Liver biopsy should be carried
out subsequently. Other diagnoses such as preservation injury or viral hepatitis in the graft
can also be diagnosed. For confirmation of viral infections, specific antibody tests usually are
necessary [5].

7. Immunossupression

As in adult LT, the introduction of calcineurin inhibitors (CNI) in the early 1980s gave way to
long-term survival also for pediatric transplant recipients and until today remains the
backbone of immunosuppression practices [1,3,137]. The most popular immunosuppression
drugs combination comprises low doses of prednisolone, mycophenolate, and tacrolimus.
Despite the high effectiveness of these medications in controling the imune response, rejection
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is a reality in the majority of liver transplant recipients which can be controlled with the
intensification of the steroid dose. Higher doses of immunosuppression are usually associated
with a lower incidence of rejection. On the other hand, at the same time, a higher infection rate
with considerable morbidity and even morality appears. Moreover, each of the agents has
specific toxic effects [5]. Observations made by several groups indicate that after liver trans‐
plantation in children require more immunosuppression than adults, with a higher incidence
of steroid sensitive and steroid-resistant acute rejection episodes [137].

The period of highest risk for immunologic reactions between graft and host usually is in the
early post-transplant phase. Consequently, higher dose of immunosuppression is required
during this period. Most protocols include induction therapy, usually interleukin-2 receptor
antibodies especially in the pediatric transplant population (Basiliximab® and Daclizumab®),
in association with corticosteroids and calcineurin inhibitors (cyclosporine A and tacrolimus)
as maintenance therapy [138–143]. In the pediatric transplantation community, the use of other
mono- or polyclonal antibodies—monoclonal anti-CD3 antibody preparations (OKT3) and
rabbit or equine antithymocyte globulin, for induction therapy has not been adopted. These
potent agents can cause undesired short—and uncertain long-term effects on the developing
organism and immune system [144]. Several reports showed that the lower doses of immu‐
nosuppression can be used based on the individual needs, particularly in pediatric cases which
can, in long-term, improve the quality of life of these patients minimizing undesired side effects
[145–148].

Common side effects of immunosuppressants include diabetes, deficiency of growth, hyper‐
tension, nephrotoxicity, hyperlipidemia, neurologic alterations, hypertrichosis, and bone
marrow suppression. Ideal levels of immunosuppression are hard to obtain due to great
differences between individuals as well as within the same individual over time. Multiple
combination protocols, such as mycophenolate-mofetil and mammalian target of rapamycin
inhibitors (sirolimus and everolimus), with and without CNIs have been introduced for
maintenance therapy also in pediatric solid organ transplant based on increasing data to safety
aspects in the use of different immunosuppressant drugs in the adult population [149–156].

It is well established that long-term immunosuppression increases the risk of infectious and
malignant complications. Other side effects, such as nephrotoxicity, disturbances of the lipid
profile, arterial hypertension, and cardiovascular disease, are also of concern. These side effects
can jeopardize both quality of life and life expectancy. Especially in pediatric liver recipients
whose survival can be expected to be more than a few decades; consequently prevention of
these side effects is a major objective. The reduction of the global immunosuppression in the
first months after the procedure, concerning the total amount of steroids and the target blood
levels of calcineurin inhibitors, is the main goal. The use of tacrolimus has allowed complete
withdrawal of steroids within the first posttransplant year in most patients, which has been
proved to be beneficial. New protocols, specifically designed for children to test new immu‐
nosuppressive compounds as well as tolerance inducing strategies, have been more easily
introduced [2].

Although immunosuppression drugs is still recommended after liver transplantation, several
studies have shown that particularly patients who are transplanted in the early years or receive
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a parental living liver donation could develop an evident degree of immune tolerance
concerning the graft. Single center experiences demonstrate that patients who were withdrawn
from immunosuppression because of medical reasons (such as renal insufficiency) or due to
noncompliance suggest that around 20% of liver transplant patients develop operationally
tolerance regarding the graft [157–162]. Another more aggressive approach to induce immune
tolerance in solid organ transplantation is to combine solid organ transplantation with
hematopoietic stem cell transplantation from the same donor [1,163–165].

Complete freedom from immunosuppression or significant withdrawal of immunosuppres‐
sion is possible in long-surviving recipients of liver allografts [159,166,167]. The drug weaning
protocol established for pediatric liver transplant patients at the University of Pittsburgh
includes long-term survivors who are medically compliant and have normal liver function
without recent acute rejection episodes within the past 2 years. Drug withdrawal was begun
at a mean time of 6 years after liver transplantation. The baseline immunosuppressant of
tacrolimus or cyclosporine was weaned at 2-month to 3-month intervals as long as hepatocel‐
lular enzyme tests remained stable. Liver injury tests of aspartate aminotransferase (AST),
alanine aminotransferase (ALT), gamma glutamyltransferase (GGTP), and bilirubin are
monitored weekly after changes in drug dosage. Tacrolimus or cyclosporine levels are not used
in monitoring because baseline levels in this patient population are frequently low or unde‐
tectable. Liver biopsy is done for sustained alterations in liver tests. Forty percent (17 of 43) of
the patients were off immunosuppression, with a mean time from weaning of 1.7 years. No
patient or graft loss has occurred. Rejection has occurred in 14% of patients (6 of 43), being
mild in two patients and mild to moderate in four patients, prompting switch to tacrolimus
from cyclosporine-based immunosuppression. Pediatric patients have the greatest potential
benefit from the significant dosage reductions or complete drug withdrawal that can be
potentially realized [2].

However, it is not without risk and it must be done with great care because no marker is
available to identify the patients who have developed graft acceptance operational tolerance
[168]. Three main objectives should be pursued in PLT regarding immunosuppression: (1)
reduction and individualization of immunosuppression in order to diminish long-term side
effects; (2) maintenance of long-term allograft function; and (3) monitor and induce tolerance
through the development of specific protocols, as well as identify operationally tolerant and
nontolerant patients [1].

8. Adherence

Nonadherence to the medical regimen is part of the risk-taking spectrum of behavior [77], and
approximately 33‒50% of adolescents with a chronic illness are nonadherent in some way with
their treatment protocol [169]. There is a clear association between medication nonadherence
and unfavorable transplant outcome.

Several studies investigate the role of different factors predisposing to medication nonadher‐
ence [170]. In a recent study, 75% of post-LT adolescents were nonadherent and reported
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poorer health perceptions, lower self-esteem, more limitations in social and school activities,
and poorer mental health than those who were adherent [171]. Factors such as history of
substance abuse, previous psychiatric problems, older age, female gender, and living in a one-
parent household have been associated with poorer adherence [172,173].

Nonadherence to medication is associated with increased medical complications and higher
rates of rejection and graft loss [174–176]. In addition, other aspects of nonadherence include
clinic nonattendance, missing routine blood tests, and inconsistent timing of medications. The
desire to be like their friends can result in nonadherence to different aspects of the treatment
regimen. The monitoring and management of nonadherence can be challenging, necessitating
a nonjudgmental approach, with a focus on individual adherence plans, improved education,
behavioral strategies to encourage self-management and self-motivation and a recognition of
the role of treatment burden for patients, and their families [6,177].

9. Complication

The main causes of graft loss in the first week include primary nonfunction (PNF), hepatic
artery or portal vein thrombosis, systemic sepsis, and multiorgan failure (<10%). Other
significant early complications are acute (50%) or chronic rejection (10%), biliary leaks/
strictures (5–25%), viral infections (especially cytomegalovirus (CMV) and Epstein Barr virus),
and acute kidney injury and fluid imbalance [7–12]. The most frequent complications are listed
in Table 2.

Complications after liver transplant

Hemorrhage
Primary nonfunction
Hepatic artery thrombosis
Acute rejection
Chronic rejection
Biliary leak/stenosis
Infection
 Bacterial
 Opportunistic
  Viral (e.g., CMV)
  Fungal
  Pneumocystis
Acute renal failure
Fluid imbalance

Table 2. Complications after liver transplant.

Intraoperative bleeding in PLT is commonly less of a problem than in adults, even though the
majority of the children will have had previous surgery on the liver. This can be explained by
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the fact that portal hypertension as measured by portal vein pressure is less severe in the child
than in the adult, possibly consequence of more effective collateral vessel formation [5].

Thrombosis of the hepatic artery is a major concern in PLT with rates varying from 10 to 25%.
This ischemia, when occurring in the early posttransplant period, produces either acute graft
failure or biliary tree infarction with bile leakage and intra- or extrahepatic abscess formation
[5]. Early hepatic artery thrombosis (HAT) is the most common form of vascular complication
and is the main cause of graft loss in pediatric living-related liver transplantation (LRLT) [178].
Early diagnosis and treatment can prevent biliary tract and parenchymal damage [179]. Bekker
et al reported an incidence for early HAT in pediatric LT of 8.3% compared to 2.9% in adults.
[180]. Hepatic artery stenosis and thrombosis can result in allograft ischemia, which is
associated with high mortality and morbidity rate. Arterial complications are frequently
diagnosed first by Doppler ultrasound followed by CT angiogram or angiography. Doppler
ultrasound showed a sensitivity of 100%, a specificity of 99.5%, a PPV of 95% and NPV of 100%,
and overall accuracy of 99.5% in early diagnosis of HAS [179]. According to the interval
between LT and development of thrombosis, HAT can be divided into early (within 4 weeks)
and late. Usually, early HAT may be the result of technical problems and can have dramatic
presentation [181]. Due to the fact that early HAT has a higher mortality comparing to late
HAT, intervention is required as urgent procedure [182]. Late HAT is usually due to ischemic
or immunologic injuries. Patients with late symptomatic HAT can be initially treated with
biliary stent placement and/or endovascular interventions [181].

Positive CMV antibody in donor and negative CMV recipients has been shown to be associated
with late HAT [183–186]. Some authors also suggest that perioperative hypercoagulable state
as the possible underlying cause for hepatic artery thrombosis [180–187]. Although urgent
retransplantation is considered the main therapy for early HAT, endovascular interventions,
including PTA, intra-arterial thrombolysis (IAT), and stent placement, may be alternative
treatments.

Venous complications after PLT include caval/hepatic vein and portal problems. Clinical
manifestations of portal vein stenosis (PVS) include ascites, anemia, splenomegaly, and
gastrointestinal bleeding [188–191]. Platelet counts may be below normal limit in pediatric
patients with PVS due to hypersplenism [192]. The incidence of portal vein complications is
usually higher in pediatric recipients than in adults. Smaller portal vein diameter, size disparity
between donor’s and recipient’s portal vein, and short pedicle of the donor’s portal vein are
risk factors for portal vein complications [193–196].

Clinically hepatic vein obstruction (HVO) is analogous to Budd-Chiari syndrome [197]. HVO
is a general term reflecting any obstruction of the hepatic veins caused by either compression
and twisting of the anastomosis. It can be caused by graft regeneration or by intimal hyper‐
plasia and fibrosis at the anastomotic sites [198]. Risk factors related to portal vein complica‐
tions include technical problems, young age, body weight <6 kg, the recipient’s portal vein size
<5 mm, graft rotation, previous splenectomy, simultaneous thrombectomy for pre-existing
PVT, and use of venous conduits for portal vein reconstruction [9,193,199–204]. Cold ischemia
time longer than 12 h can also be a impose risk for developing venous problems. Portal vein
stenosis is mostly associated with cryopreserved vein for portal conduits. Portal vein hypo‐
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plasia is one of the main risk factors for developing vascular complications in pediatric
recipients of LT, particularly when biliary atresia is the indication for LT [205,206]. Suzuki et
al. [207] reported a portal vein diameter of <3.5 mm to be the single most sensitive and specific
predictor of portal vein stenosis.

Endovascular interventions are less invasive treatment for post-LT vascular complications
particularly in pediatric patients. In cases of post-LT HVO, percutaneous endovascular
treatment with balloon dilation and/or stent placement can be used as a safe treatment with
high success rate. Complications, such as ascites, renal failure, lower limb edema, and
splenomegaly, can be resolved after endovascular interventions [208]. Simultaneous obstruc‐
tion of HV and IVC can also be treated with endovascular interventions. However, isolated
HV stenosis is better treated with balloon-expandable stent treatment than with balloon
dilation [209].

Although balloon dilation is an effective and relatively safe procedure for treatment of portal
vein stenosis, 28–50% of these patients may develop recurrent PVS [210–213]. Previous reports
suggest stent placement and repeated balloon dilation as solutions for this problem [212,213].
Sanada et al. [202] showed combined anticoagulant therapy using LMW heparin, warfarin,
and aspirin can significantly lower the risk of recurrent PVS [214].

9.1. Biliary complications

The presentation of biliary complications is quite variable. The diagnosis biliary leakages (BL)
usually are straightforward and presents early in the posttransplant period. Biliary stenosis
(BS) has a more indolent progression and usually is diagnosed later. BS demands a high index
of suspicion because in the initial phases the clinical picture can be confused with rejection,
infection and primary disease recurrence [215].

Early complications, occurring within 30 days of the transplant, usually are consequence of
technical problems. These include handling and harvesting of the graft, preservation injuries,
surgical technique of biliary reconstruction, or even vascular insufficiency [216]. Late compli‐
cations, occurring after 90 days posttransplant, are classified into anastomotic (AS) and
nonanastomotic strictures (NAS). NAS are associated to the use of ABO-incompatible grafts,
preservation injury, opportunistic infections, recurrent hepatitis, ductopenic rejection,
recurrent primary sclerosing cholangitis (PSC), stones or casts, posttransplant lymphoproli‐
ferative disorder or other tumors [216].

Long cold ischemia time, hepatic artery thrombosis (HAT), CMV infection, and chronic
rejection constitute risk factors for biliary anastomotic complications (leaks and strictures).
Also, tissue hypoxia at level of the anastomosis, secondary to hepatopulmonary syndrome,
can increase the frequency of biliary complications after liver transplantation [217]. Multiple
bile ducts, requiring reconstruction or more than one biliary anastomosis is an independent
risk factor for the development of biliary complications with a higher incidence of biliary
complications when compared with a single duct (21% versus 9%, respectively) [218].
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Treatment strategies are based on the type and severity of the complication and the biliary
reconstruction technique applied, duct-to-duct anastomosis or hepaticojejunostomy. Nonop‐
erative management is the first-line approach, and success can be achieved in 70‒90% of all BS
cases [219–222]. A novel magnetic compression anastomosis has been recently described.
Transmural compression with two magnets causes gradual ischemic necrosis, thus creating a
new anastomosis between the dilated duct and small intestine or bile duct. This technique has
been applied in only few cases, and further experience is necessary before it has broader
indications [215,223,224].

The majority of patients will experience at least one episode of acute rejection. However,
usually it is treated increasing the steroid. Small bile ducts destruction shown on biopsy is
typical finding of chronic rejection. This type of rejection is not reversible by increasing
immunosuppression. Repeated biopsy with histological confirmation is necessary to establish
this diagnosis. When chronic rejection occurs, the only treatment is retransplantation [5].

Immunosuppressed patients have a higher risk for infection complications. Common bacterial
infections, usually in the respiratory and biliary tracts, opportunistic infections are a potential
problem. The commonest of these are cytomegalovirus and fungal infections. Donor and
recipient CMV status matching of both graft and blood products can minimize CMV infections
[5].

When CMV-negative patient receives a CMV-positive graft, prophylactic treatment with
acyclovir has been shown to be effective in minimizing the severity of any resulting CMV
infection. Fungal infections are not rare after liver transplant, since the majority of children
with chronic liver disease are heavily colonized with candida. Limited use of broad-spectrum
antibiotics and oral antibiotic prophylaxis may reduce the incidence and severity of fungal
sepsis. Pneumocystis infection is an additional risk in these patients. Any of these infections
is associated with a high mortality. Prophylaxis with oral cotrimoxazole is nearly always
effective for these risks [5].

Another rare complication of LDLT in pediatrics is the graft rotation. Previous studies showed
that the graft rotation can lead to venous outflow obstruction and suggested stabilization of
the graft to avoid this complication [225,226]. Several surgical factors might have an important
role in preventing vascular thrombosis, especially in the transplantation of live donor or split
liver allografts. Adequate inflow in the donor vessels is also important to reduce vascular
complications. The use of interposition grafts (arteries or veins) is stimulate in the case of small-
caliber vessels or a fibrotic and small portal vein, common observed in children with biliary
atresia [224].

Oversized grafts are prone to compression after abdominal wall closure, which may compro‐
mise the flow in the afferent hepatic vessels increasing the risk for thrombosis. Delayed
abdominal wall closure is recommended in these situations, avoiding tight wound closure,
and consequently avoiding augmented intra-abdominal pressure. Administration of antipla‐
telet agents early in posttransplant, such as aspirin, has been advocated to prevent HAT [227,
228].
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10. Conclusion

In conclusion, LT in the pediatric setting is technically challenging due to the reduced size of
the vasculature and biliary tree. Discrepancies in portal vein and hepatic arterial diameter
between the donor and recipient are expected. Despite technical evolution of pediatric liver
transplantation, vascular complications are still a significant cause of allograft loss, reflecting
in increase of postoperative morbidity and mortality. Arterial complications are more com‐
mon, occur early in the postoperative period, and are associated with high rates of graft loss
and patient mortality. On the other hand, venous complications are less frequent usually
occurring in the late postoperative period with no significant effect on graft loss or mortality
rates. Important strategies for reduction of mortality, morbidity, and the need for retransplan‐
tation include detection and mitigation of risk factors, avoidance of technical complications,
and protocols for prompt detection of vascular complications.
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In conclusion, LT in the pediatric setting is technically challenging due to the reduced size of
the vasculature and biliary tree. Discrepancies in portal vein and hepatic arterial diameter
between the donor and recipient are expected. Despite technical evolution of pediatric liver
transplantation, vascular complications are still a significant cause of allograft loss, reflecting
in increase of postoperative morbidity and mortality. Arterial complications are more com‐
mon, occur early in the postoperative period, and are associated with high rates of graft loss
and patient mortality. On the other hand, venous complications are less frequent usually
occurring in the late postoperative period with no significant effect on graft loss or mortality
rates. Important strategies for reduction of mortality, morbidity, and the need for retransplan‐
tation include detection and mitigation of risk factors, avoidance of technical complications,
and protocols for prompt detection of vascular complications.
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Abstract

Portopulmonary hypertension (PPH) is characterized by the development of pulmo‐
nary arterial hypertension (PAH) associated with portal hypertension, with or without
liver disease. It is defined as a mean pulmonary artery pressure (MPAP) greater than
25 mmHg, pulmonary vascular resistance (PVR) above 240 dynes.s.cm-5, pulmonary
artery occlusion pressure (PAOP) normal when less than 15 mmHg or transpulmona‐
ry gradient (TPG) > 10 mmHg. In the pulmonary hypertension classification PPH is
classified in Group I. Pulmonary arterial hypertension in association with cirrhosis and
portal hypertension is underdiagnosed. Epidemiological studies estimated that about
2–6% of patients with portal hypertension develop PPH. Mortality is directly propor‐
tional to measured MPAP and PVR. Mean pulmonary artery pressure is an independ‐
ent predictor of mortality, and many centers consider that values greater than 50 mmHg
is an absolute contraindication to liver transplantation (LT). The aim of the review is to
explore the current aspects of PPH relative to concept, diagnosis, and treatment.

Keywords: pulmonary hypertension, portal hypertension, portopulmonary hyperten‐
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1. Introduction

Pulmonary hypertension (PH) is defined as a mean pulmonary artery pressure greater than or
equal to 25 mmHg at rest, and above 30 mmHg during exercise, measured by right heart
catheterization (RHC) [1].

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



Pulmonary arterial hypertension (PAH) is a complex clinical entity, classified as Group I from
the classification of PH. It may be idiopathic (formally called primary pulmonary hyperten‐
sion), hereditary, induced by drugs or toxins, or associated with connective tissue diseases,
human immunodeficiency virus, portal hypertension, congenital heart disease, schistosomia‐
sis, and others [1–3].

Portal hypertension is a hemodynamic disorder that usually results from chronic liver disease
or cirrhosis. Portal blood flow in adults is about 1000–1200 mL/min, creating a normal
intraportal pressure of 7 mmHg. In the normal liver, the gradient between the portal vein and
hepatic veins or the right atrium usually does not exceed 5 mmHg. Portal hypertension is
defined by a gradient greater than 6 mmHg. When pressure gradients reach 10–12 mmHg,
portal blood flow is shunted into the systemic circulation, resulting in the development of
esophageal varices, ascites, and splenomegaly. Diagnosis can be made by abdominal ultraso‐
nography and endoscopy [4].

Portopulmonary hypertension (PPH) is a form of pulmonary hypertension, associated with
portal hypertension, with or without advanced liver disease [5–9].

In liver transplantation (LT) candidates, a large deconstructed pulmonary vasculature can
occur. Vasculature alteration may range from hepatopulmonary syndrome (HPS), character‐
ized by pulmonary vascular dilatation to portopulmonary hypertension, with pulmonary
vascular resistance elevated, causing severe clinic hypoxemia, right heart failure, and death [5,
10, 11].

Mantz and Craige were the first to describe an association between pulmonary hypertension
and portal hypertension in 1951. Those authors reported a case of a 53-year-old patient
diagnosed with axial portal vein thrombosis and spontaneous portocaval shunt. Autopsy
revealed changes in the pulmonary arterial vascular bed and reduction in portal vein diameter
with normal liver parenchyma [12, 13].

Since the 1980s, PPH has gained recognition and importance, following the evolution of liver
transplantation. In some cases, LT can be beneficial for the disease [6, 11].

In 1983, the National Institutes of Health Consensus Development Conference concluded that
LT should be considered a therapeutic procedure for patients with chronic and end-stage liver
disease lack of alternative treatment [14].

PPH was classified as a subtype of primary pulmonary hypertension in 1981 by the National
Institute of Health Registry for Characterization of Primary Pulmonary Hypertension [8].

PPH was classified as secondary pulmonary hypertension in 1993, and since then it has become
known as portopulmonary hypertension [5, 11, 15].

The Second World Pulmonary Hypertension Symposium was held in Evian (France) in 1998,
where pulmonary hypertensive diseases were classified into five groups according to simi‐
larities in pathophysiologic mechanisms, clinical presentation, and therapeutic options [2].

Frontiers in Transplantology214



Pulmonary arterial hypertension (PAH) is a complex clinical entity, classified as Group I from
the classification of PH. It may be idiopathic (formally called primary pulmonary hyperten‐
sion), hereditary, induced by drugs or toxins, or associated with connective tissue diseases,
human immunodeficiency virus, portal hypertension, congenital heart disease, schistosomia‐
sis, and others [1–3].

Portal hypertension is a hemodynamic disorder that usually results from chronic liver disease
or cirrhosis. Portal blood flow in adults is about 1000–1200 mL/min, creating a normal
intraportal pressure of 7 mmHg. In the normal liver, the gradient between the portal vein and
hepatic veins or the right atrium usually does not exceed 5 mmHg. Portal hypertension is
defined by a gradient greater than 6 mmHg. When pressure gradients reach 10–12 mmHg,
portal blood flow is shunted into the systemic circulation, resulting in the development of
esophageal varices, ascites, and splenomegaly. Diagnosis can be made by abdominal ultraso‐
nography and endoscopy [4].

Portopulmonary hypertension (PPH) is a form of pulmonary hypertension, associated with
portal hypertension, with or without advanced liver disease [5–9].

In liver transplantation (LT) candidates, a large deconstructed pulmonary vasculature can
occur. Vasculature alteration may range from hepatopulmonary syndrome (HPS), character‐
ized by pulmonary vascular dilatation to portopulmonary hypertension, with pulmonary
vascular resistance elevated, causing severe clinic hypoxemia, right heart failure, and death [5,
10, 11].

Mantz and Craige were the first to describe an association between pulmonary hypertension
and portal hypertension in 1951. Those authors reported a case of a 53-year-old patient
diagnosed with axial portal vein thrombosis and spontaneous portocaval shunt. Autopsy
revealed changes in the pulmonary arterial vascular bed and reduction in portal vein diameter
with normal liver parenchyma [12, 13].

Since the 1980s, PPH has gained recognition and importance, following the evolution of liver
transplantation. In some cases, LT can be beneficial for the disease [6, 11].

In 1983, the National Institutes of Health Consensus Development Conference concluded that
LT should be considered a therapeutic procedure for patients with chronic and end-stage liver
disease lack of alternative treatment [14].

PPH was classified as a subtype of primary pulmonary hypertension in 1981 by the National
Institute of Health Registry for Characterization of Primary Pulmonary Hypertension [8].

PPH was classified as secondary pulmonary hypertension in 1993, and since then it has become
known as portopulmonary hypertension [5, 11, 15].

The Second World Pulmonary Hypertension Symposium was held in Evian (France) in 1998,
where pulmonary hypertensive diseases were classified into five groups according to simi‐
larities in pathophysiologic mechanisms, clinical presentation, and therapeutic options [2].

Frontiers in Transplantology214

At the Third World Pulmonary Hypertension Symposium in 2003 in Venice (Italy) and the
Fourth World Symposium in 2008 in Dana Point (California, USA), PPH was categorized into
Group I Pulmonary Hypertension [1, 2, 16, 17].

During the Fifth World Pulmonary Hypertension Symposium held in 2013 in Nice, France, the
consensus was to maintain the general disposition of previous classification, with some
modifications and updates [18], as seen in Table 1.

Group I. Pulmonary arterial hypertension

• Idiopathic

• Hereditary: mutation in the bone morphogenetic protein receptor type 2 (BMPR2), activin type I receptor kinase-like
gene (ALK-1), endoglin (ENG), mothers against decapentaplegic 9 (SMAD9), caveolin 1 (CAV1), gene encoding
potassium channel superfamily K member 3 (KCNK3) or unknown causes

• Drug and toxin induced

• Associated with: connective tissue disease, congenital heart disease, acquired immunodeficiency syndrome,portal
hypertension, schistosomiasis

1′-Veno-occlusive pulmonary disease and/or pulmonary capillary hemangiomatosis

1”-Persistent pulmonary hypertension of the newborn (PPHN)

Group II. Pulmonary hypertension due to left heart disease

• Systolic dysfunction, diastolic dysfunction, valvular disease, congenital/acquired left heart inflow/outflow tract
obstruction and congenital cardiomyopathies

Group III. Pulmonary hypertension due to lung diseases and/or hypoxia
Chronic obstructive pulmonary disease, interstitial lung disease, other pulmonary diseases with mixed restrictive and
obstructive pattern, sleep disordered breathing, alveolar hypoventilation disorders, chronic exposure to high altitude,
developmental lung diseases

Group IV. Chronic thromboembolic disease (CTEPH)

Group V. Pulmonary hypertension with unknown multifactorial mechanisms

Table 1. Classification of pulmonary hypertension—2013 Nice/France [18].

Based on diagnostic criteria, PPH can also be defined as: an increase in mean pulmonary artery
pressure (MPAP) > 25 mmHg, increased pulmonary vascular resistance (PVR) > 240
dynes.s.cm-5, and a mean pulmonary artery occlusion pressure (PAOP) normal < 15 mmHg,
in patients with portal hypertension and no other causes of pulmonary hypertension. These
hemodynamic criteria are consistent with the definitions and classification proposed by the
Third World Pulmonary Hypertension Symposium, according to the European Respiratory
Society (ERS) Task Force on Pulmonary-Hepatic Vascular Disorders (PHD). Furthermore, a
transpulmonary gradient (TPG) > 10 mmHg was finally recommended by the ERS Task Force
on PHD [19], as seen in Table 2.
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1. Portal hypertension (with and without cirrhosis)

2. Abnormal pulmonary hemodynamics

a. MPAP > 25 mmHg

b. PVR > 240 dynes.s.cm-5

c. PAOP < 15 mmHg

MPAP, mean pulmonary artery pressure; PVR, pulmonary vascular resistance; PAOP, pulmonary artery occlusion
pressure.

Table 2. Diagnostic criteria for portopulmonary hypertension (according to ERS Task Force on PHD) [19].

The addition of transpulmonary gradient,TPG (MPAP-PAOP), was suggested because it can
distinguish between excess volume (TPG < 10 mmHg) and vascular abnormalities (TPG > 10
mmHg) [19].

Approximately 30–50% of patients with cirrhosis have a high-flow circulatory state, owing to
splanchnic vasodilation and hyperdynamic circulation, and this may cause an increase in
MPAP, despite lack of pulmonary vasculature remodeling. The hyperdynamic circulation is
characterized by a high cardiac output (CO), a low systemic vascular resistance (SVR), and a
low PVR [6, 20]. Therefore, the proposed classification for severity of PPH was based on MPAP
[19, 21], as described in Table 3.

Severity rate Mean pulmonary artery pressure (mmHg)

Mild 25 to < 35

Moderate 35 to < 45

Severe ≥ 45

Table 3. Classification of severity of portopulmonary hypertension based on MPAP (mean pulmonary artery pressure)
[19].

Mild PPH appears to have no impact on outcomes following LT. However, significant increases
in pulmonary artery pressures are associated with high mortality rates. MPAP > 50 mmHg is
associated with 100% mortality in patients undergoing LT. Mortality is 35–40% in MPAP
ranging from 35 to 50 mmHg and from zero to 17% in MPAP < 35 mmHg [22].

2. Prevalence and survival

The first autopsy studies were carried by McDonnell et al. in 1983. Those authors reported a
prevalence of 0.13% in PAH non-cirrhotic patients compared to 0.73% in patients with cirrhosis
and portal hypertension. In biopsies of other clinical studies, the prevalence of PAH ranged
from 0.61% to 2% in cirrhotic patients [8, 23, 24].
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Hemodynamic data from prospective studies revealed that approximately 2–6% of patients
with portal hypertension develop PPH [25, 26].

The incidence of PPH in patients undergoing LT ranges from 4 to 6%, while some studies show
percentages as high as 8.5–12.5% [13, 25, 27, 28].

In a study involving 362 patients from 1985 to 1993, Castro et al. [27] used the criteria MPAP
> 25 mmHg and PVR > 120 dynes.s.cm-5 for diagnosis of PPH. Those authors concluded that
increased MPAP is common in patients with advanced liver disease (20%), although PPH
occurred in only 4% of patients (15 patients).

Ramsay et al. [28] reviewed severe PH in patients with advanced liver disease in a study from
Baylor University Medical Center. Those authors evaluated 1205 consecutive LTs, between
December 1984 and October 1995. The incidence of PPH was 8.5% (102 patients with MPAP >
25 mmHg, and 6.72% in the mild form, 1.16% in the moderate form, and 0.58% in the severe
form), using the same criteria. Mortality was 30% in three years in mild to moderate PPH, 42%
in nine months in severe PPH, and 71% at three years post-LT.

In 1990, Robalino et al. [29] found that patients suffering from PAH associated with portal
hypertension had a 15-month survival mean and a 50% mortality rate within six months of
diagnosis, compared to those with primary pulmonary hypertension who survived two to
three years and had a 57% survival rate within two years of diagnosis.

In a retrospective cohort study (data collection from 1997 to 2001 at the University of Penn‐
sylvania, with a 3-year follow-up), Kawut et al. [30] compared survival and hemodynamics in
patients with PPH (n=13) and PAH (n=33, pulmonary arterial hypertension was idiopathic,
familial or associated with anorexics). Many of those patients were treated with epoprostenol.
Those authors concluded that death risk in patients with PPH increased two fold compared
to patients with PAH. Estimates of 1-year and 3-year-survival rates were 85% and 38% for
patients with PPH, 82% and 72% for patients with PAH respectively. Although PPH patients
had a higher cardiac index and lower PVR than PAH, patient outcome was worse, and could
be attributed to complications of portal hypertension.

In a retrospective analysis of 154 PPH patients diagnosed from 1984 to 2004 and referred to
the French Center for Pulmonary Arterial Hypertension, Le Pavec et al. [31] found a survival
rate of 88%, 75%, and 68% at one, three, and five years, respectively. In this study, mortality
was related to cirrhosis severity (higher in patients with Child-Turcotte-Pugh class B and C)
and to low cardiac index.

In another French study (data obtained from the 2002/2003 National Registry including 17
university hospitals), Humbert et al. [25, 32] evaluated 674 cases diagnosed with PAH, showing
that 10.4% of this population had PPH. Among all causes, PPH was the fourth cause of PAH,
following idiopathic PAH (39.2%), PAH associated with connective tissue disease (15.3%), and
PAH associated with congenital heart disease (11.3%). At diagnosis, 75% of patients were New
York Heart Association (NYHA) class II or IV. Diagnosis was made following diagnostic
criteria, according to RHC. Survival rate of PAH was 88% within one year.
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In a retrospective Mayo Clinic study, Swanson et al. [33] reviewed 74 patients with PPH,
between 1994 and 2007. Using current diagnostic criteria, hemodynamic data (averages and
ranges) were: MPAP= 49 mmHg (27–86); PVR = 515 dynes.s.cm-5 (241–1285); PAOP = 12 mmHg
(3-29); TPG = 36 mmHg (14-77). Patients were categorized into three subgroups: (I) 19 patients
without therapy for PAH or LT represented the natural history of the disease, (II) 43 patients
with therapy for PAH, and (III) 12 patients with therapy for PAH and LT. In subgroup (I), the
5-year survival rate was 14%, and 54% of patients had died within one year of diagnosis. In
subgroup (II), the five-year survival rate was 45% and 12% of the patients had died within one
year of diagnosis. In subgroup (III), the 5-year survival rate was 67% in nine patients under‐
going LT and therapy for PH, and 25% in patients undergoing only LT. The authors concluded
that mortality was not related to baseline hemodynamic variables, type of liver disease or
severity of liver dysfunction. Medical therapy for PPH should be considered in all patients
with PPH. However, its effects and impact on potential LT candidates deserve further study.

In a recent research study carried out by REVEAL (Registry to Evaluate The Early and Long-
Term PAH Disease Management), Krowka et al. [34] conducted an observational study of 174
patients with PPH, compared to 1392 patients with idiopathic PAH and 85 patients with
familial PAH. Survival in patients with PPH was 67% within two years and 40% within five
years, and 85% and 64% in patients with PAH, respectively. The authors concluded that despite
better hemodynamics, survival was worse in PPH. A delay in diagnosis, different treatment
patterns, late onset of treatment of pulmonary hypertension, and liver-related complications
had an impact on survival in PPH patients. However, further controlled studies are needed to
elucidate this issue. Those authors concluded that PPH accounted for 7–10% of Group I
pulmonary hypertension cases.

Nowadays with the advent of better patient selection for LT and appearance of new drugs, it
is hoped that this limited scenary will be changed.

2.1. Pathophysiogenesis

The development of PPH is independent on the cause of portal hypertension and severity of
underlying liver disease. It is weakly correlated with the Child-Turcotte-Pugh [35] classifica‐
tion and is associated with mortality beyond that predicted by the MELD score (Model End-
Stage Liver Disease) [16, 36].

The pathogenesis mechanisms of PPH remain unclear, and the knowledge on its development
comes from PAH because of features similarity. Both disorders are characterized by obstruc‐
tion of pulmonary arterial blood flow with increased PVR. The lesions detected are: medial
hypertrophy, intimal proliferation and fibrosis of muscular pulmonary arteries, thickening of
the adventitia, and in situ thrombosis. Plexiform lesions are typically found in small muscular
arteries, adjacent to a larger parent vessel, and large arterial vasodilatation. Necrosis of
muscular arteries cause leakage of plasma proteins into the arterial wall, resulting in necroti-
zing inflammatory arteritis, a probable precursor of plexiform lesions [8, 19, 37].

All these changes lead to increased pulmonary vascular resistance with vasoconstriction,
arterial wall remodeling, and in situ microthrombosis, among other angiogenic factors
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investigated, such as genetic susceptibility, increased production of inflammatory mediators,
and neurohormones [19].

It is believed that hyperdynamic circulation with high cardiac output can cause PPH, which
are influenced by hepatic dysfunction caused by liver cirrhosis. This condition of increased
pulmonary blood flow seen in patients with portal hypertension determines an increase shear
stress at the level of vasculature, that may lead to endothelial injury and dysfunction with
vasoconstriction and progressive vascular remodeling [25, 38].

Investigators have postulated that high concentrations vasoactive substances secondary to an
imbalance between vasoconstrictor and vasodilator factors could reach the pulmonary
circulation due to portosystemic shunts or defective hepatic metabolism, and initiate the
pulmonary vascular injury present in PPH [19, 25].

The mediator substances envolving in this process may be ET-1A, tromboxane A2, interleu‐
kin-1, interleukin-6, angiotensin-1, glucagon, and serotonin. PPH patients showed elevated
ET-1 and interleukin levels compared to patients with cirrhosis without PPH [38, 39].

ET-1 is produced by the pulmonary endothelium and liver, and binding ET-1A and ET-1B
receptors on smooth muscle cells results in vasoconstriction and mitogenesis [19].

In a prospective multicenter case-control study of 175 patients with liver disease, Kawut et al.
[40] identified 34 patients with PPH. Those authors demonstrated that the risk of developing
PPH was higher in females and patients suffering from autoimmune hepatitis, and lower in
those with hepatitis C virus.

In a recent study, Roberts et al. [41] showed that genetic variation in estrogen signaling and
cell growth regulators is associated with PPH.

In another study, the same authors demonstrated that serotonin transporter polymorphism is
not associated with PPH [42].

The fact that the presence of a high cardiac output, can result in a degree of pulmonary
hypertension with normal or near normal pulmonary vascular resistance, which might have
led to erroneous interpretation and overestimation of the incidence of PPH [43].

2.2. Clinical presentation

Patients with PPH usually have symptoms similar to those observed in other forms of PAH
[1, 25].

Symptoms produced by the disease may be nonspecific. The most common symptoms are
dyspnea, fatigue, and chest pain. Syncope, palpitations, and peripheral edema are less
commonly observed. Symptoms arise when mean pulmonary artery pressure exceeds 40
mmHg [5, 44].

Clinical symptoms of liver disease and portal hypertension may be present [25, 45].

A prospective study by Hadengue et al. showed that 60% of patients with PPH were asymp‐
tomatic and 40% had exertional dyspnea [11, 35].
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Investigating a small number of patients with PPH, Robalino and Moodie found that symp‐
tomatic patients had a higher incidence of dyspnea (81%), followed by syncope (26%), chest
pain (24%), asthenia (15%), hemoptysis (12%), and orthopnea (12%) [29].

Regarding cardiac auscultation, an increased pulmonic component of the second heart sound
(P2) occurred in 82% of cases. A systolic murmur of tricuspid regurgitation was present in 69%,
edema in 35%, and signs suggestive of right heart failure in 34% [22, 29].

Differences between hepatopulmonary syndrome and portopulmonary hypertension are
described according to Rodriguez-Roisin et al., as seen in Table 4 [6, 19, 43, 46].

HPS PPH

Symptoms progressive dyspnea progressive dyspnea,
chest pain, syncope

Clinical examination cyanosis,
finger clubbing,
spider angiomas

no cyanosis,
RV heave,
pronounced P2 component

ECG none RBBB
Rightward axis
RV hypertropy

Arterial blood gas moderate/severe
hypoxaemia

no or mild hypoxaemia

Chest radiograph normal cardiomegaly
hilar enlargement

CEE always positive, left atrial
opacification for > 3-6
cardiac cycles after RA
opacification

usually negative

Pulmonary angiography  normal/spongy appearence
(type I) elevated PVR
Discrete AVC (type II)

large main pulmonary
arteries

99mTcMAA ≥6% <6%

Hemodynamics normal/ low PVR elevated PVR/ normal PAOP

OLT indicated even in severe stages only in mild/ moderate stages

Abbreviations: RV, right ventricle; P2, hyperphonesis of the pulmonic component of the second heart sound; ECG,
electrocardiography; RBBB, right bundle-branch block; CEE, contrast-enhanced echocardiography; RA, right atrium;
PVR, pulmonary vascular resistance; AVC, arteriovenous comunication; 99mTcMAA, technetium99m labelled
macroaggregated albumin; PAOP, pulmonary artery occlusion pressure; OLT, orthotopic liver transplantation.
Rodriguez-Roisin R, Krowka MJ, Herve P, Fallon MB. Pulmonary-hepatic vascular disorders (PHD). Eur Respir J 2004;
24 (5):873 [19].

Table 4. Differences between hepatopulmonary syndrome (HPS) and portopulmonary hypertension (PPH).
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2.3. Diagnosis

PPH is usually diagnosed after a diagnosis of portal hypertension is made. The mean interval
between diagnoses of both conditions is 28 ± 38 months, according to a prospective study by
Hadengue et al. [35]. Those authors reported that 40% of dyspneic patients were overlooked
on clinical examination.

According to currently established and recognized diagnostic criteria, the American Associa‐
tion for the Study of Liver Disease (AASLD) has proposed transthoracic echocardiography
screening of all LT candidates for noninvasive identification of any form of PH and patient
selection for RHC [47].

Transthoracic echocardiography (TTE) provides a number of variables that correlate with right
heart hemodynamics, including pulmonary artery pressure. Estimated pulmonary artery
pressure (PAP) is based on maximum tricuspid regurgitant jet velocity. The simplified
Bernoulli equation describes the relationship between tricuspid regurgitant jet velocity and
peak tricuspid regurgitant pressure gradient is equal to 4X (tricuspid regurgitant jet veloci‐
ty)2 . This equation allows us to estimate systolic pulmonary artery pressure (SPAP), taking
into account right atrial pressure (RAP):

SPAP = (tricuspid regurgitant pressure gradient) + estimated RAP (which is equal to 5 or 10
mmHg), or Equation (1):

( )2[4    ]SPAP x tricuspid regurgitation jet velocity meanRAP= + (1)

In patients with severe tricuspid regurgitation, calculation of SPAP may be underestimated,
thus the pulmonary hypertension is not precisely defined by Doppler for a threshold value of
SPAP obtained [1].

Doppler TTE is a sensitive method for detection of PH, despite its low positive predictive value.
Consequently, pulmonary hemodynamics should be measured by RHC in positive cases to
substantiate diagnosis [1, 19, 46, 47].

In a recent study, Raevens et al. [48–50] analyzed the accuracy of TTE in the detection of all
forms of PPH for different cutoff values of SPAP. In SPAP values of 30 mmHg, those authors
found a sensitivity of 100%, a specificity of 54%, a positive predictive value of 10%, and a
negative predictive value of 100%. In SPAP values of 38 mmHg, findings were: 100% sensi‐
tivity, 82% specificity, 22% positive predictive value, and 100% negative predictive value. In
SPAP values of 50 mmHg, 86% sensitivity, 95% specificity, 46% positive predictive value, and
99% negative predictive value were found.

The authors incorporated the presence or absence of right ventricle dilatation, concluding that
TTE is a highly sensitive screening test for PPH detection. Currently, in the performance of
RHC to confirm or rule out PPH, an SPAP cutoff of 30 mmHg may produce a high number of
false-positive tests, resulting in low specificity, and low positive predictive values. An SPAP
of 38 mmHg was associated with a lower number of false-positive tests and higher specificity,
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ensuring a negative predictive value of 100%, safely reducing the number of patients referred
to RHC. An SPAP of 50 mmHg is associated with a decreased sensitivity of 86% and a risk of
canceling LT at the time of surgery.

Right heart catheterization is the gold standard for diagnostic confirmation of pulmonary
arterial hypertension, including PPH. RHC measures pressure, flow, and resistance, provides
assessment of severity of hemodynamic impairment, and is useful for vasoreactivity testing
of the pulmonary circulation. The following variables are measured systolic, diastolic and
mean pulmonary artery pressure, RAP, PAOP, right ventricular pressure (RVP), cardiac
output (CO) by thermodilution or by the Fick method, allowing calculation of pulmonary
vascular resistance [19, 48]. The PVR is calculed using following formula, Equation (2):

80MPAP PAOPPVR
CO
- ´

= (2)

In PPH, the vasoreactivity test should be performed to determine disease severity and identify
which patients could benefit from vasodilator therapy. A acute vasodilator testing should be
commonly performed using intravenous epoprostenol (IV) or inhaled nitric oxide (NO). The
test is considered positive when MPAP decreases by ≥ 10 mmHg to an absolute value of MPAP
≤ 40 mmHg with increased or no change in CO [1, 19].

MPAP may increase in different situations. First, many patients with advanced liver disease
present a hyperdynamic, high-flow circulatory state, resulting from splanchnic vasodilation
caused by portal hypertension, leading to a marked increase in MPAP and CO. However, PVR
remains normal or decreased. Second, elevation of MPAP is due to increased central blood
volume due to left ventricular (LV) abnormalities measured by PAOP, which reflects end-
diastolic LV volume, resulting in varying effects on PVR. Traspulmonary gradient (TPG =
MPAP - PAOP) can distinguish between excess volume (TPG < 10 mmHg) and vascular
pulmonary abnormalities (TPG > 10 mmHg) [19]. Third, MPAP is elevated regardless of disease
severity, due to increased PVR caused by changes in the pulmonary vascular bed with
progressive obliteration to pulmonary arterial blood flow from the right ventricle (RV) to the
lungs [19, 36].

Type MPAP PAOP CO PVR

1. Hyperdynamic circulatory state ↑ N or ↓ ↑↑ ↓

2. Excess volume ↑ ↑↑↑ ↑ NA

3.Portopulmonary hypertension ↑↑↑ ↓ ↑follow by ↓ ↑↑↑

MPAP, mean pulmonary artery pressure; PAOP, pulmonary artery occlusion pressure; CO, cardiac output; PVR,
pulmonary vascular resistance; N, normal; NA, no alteration.

Table 5. Hemodynamic data obtained by right heart catheterization in advanced liver disease [19].
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In all patients with pulmonary hypertension, RHC is essential for diagnostic confirmation and
assessment of disease severity [1, 19, 36].

Diagnostic confirmation of cirrhosis by liver biopsy may strengthen the diagnosis of PPH [5, 8].

Pulmonary artery catheterization obtained the following hemodynamic data [19, 36], as
observed in Table 5.

2.4. Treatment

Specific treatment of PAH are use in PPH and includes different classes of vasodilators, such
as prostacyclin analogs, endothelin receptor antagonists, and phosphodiesterase type 5
inhibitors [19, 25, 38].

The goal of therapies is to improve haemodynamics by reducing mean pulmonary artery
pressure and pulmonary vascular resistance, to improve the haemodynamic right ventricle,
thus creating possibility for patients to become eligible for LT [51, 52].

These drugs are used only after diagnostic confirmation of the disease by RHC, and patients
meet diagnostic criteria for PPH, according to the ERS Task Force on PHD [16, 19].

A decrease of > 20% in MPAP and PVR indicates that patients are responsive to vasodilators
[11]. Publications and reports of a recent small case series have indicated that use of these drugs
before and after LT results in clinical improvement. However, further studies are needed [53–
55].

2.4.1. Prostacyclins

Prostacyclin analogs (prostanoids), such as epoprostenol, beraprost, iloprost.

Epoprostenol is administered by continuous intravenous infusion. It is a potent pulmonary
and systemic vasodilator, it has antiproliferative effects, and potent inhibitor of platelet
aggregation. The drug also reduces MPAP, and probably improves exercise tolerance and
hemodynamic parameters, but common adverse effects and complications are attributable to
this drug: jaw pain, headache, diarrhea, nausea, and vomiting; others effects are described as
infecction in infusion line, ascites, right heart failure, splenomegaly, severe thrombocytopenia,
and leukopenia [1, 19, 25, 56].

2.4.2. Endothelin receptor antagonists

Bosentan, ambrisentan, and sitaxentan.

Endothelin are endogenous vasoconstrictors with a major role in the pathogenesis of PAH.

Bosentan is an orally active dual antagonist of endothelin 1A and 1B that reduces PVR,
improving exercise capacity, functional class, pulmonary and cardiac hemodynamics, and
even prevents clinical deterioration. It can elevate liver enzymes despite limited experience in
PPH [1, 19].Bosentan use should be avoided in patients with moderate to severe liver dys‐
function and elevated liver enzymes.
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Ambrisentan is a selective ET-1A with minimal effect on liver function and sitaxentan was
withdrawn from the market due fatal liver injury registration [38].

2.4.3. Phosphodiesterase inhibitors (PDE 5 inhibitors)

Sildenafil, vardenafil, tadalafil.

These drugs block cyclic GMP degradation. Cyclic GMP is a second messenger for nitric oxide,
thereby prolonging vasodilator mediation of NO, producing lower MPAP and PVR [1]. These
should be use cautiously because it may increase portal hypertension by splanchnic vasodi‐
lation [38].

Reichenberger et al. [16, 57] used sildenafil in 14 patients with PPH for 12 months. Of these
patients, six received inhaled iloprost or treprostinil. Hemodynamics improved significantly
within three months and was maintained at 12 months, when diagnosed by RHC. Other small
studies have shown clinical improvement after safe and effective use of this drug.

Yamashita et al. [58] reported cases of two patients with advanced liver disfunction and
thrombocytopenia who were successfully treated with a combination of two oral vasodilators,
ambrisentan and tadalafil. They concluded that it may be a safe and effective option for selected
patients with severe and rapidly progressing PPH.

Retrospective studies involving postoperative liver transplant have stated that PPH was an
absolute contraindication to transplantation because of high perioperative mortality. It is
currently known that better preoperative evaluation, early initiation of drug, and improved
anesthetic and surgical conditions offer new treatment possibilities.

PPH can thus become more common in liver transplantation centers [1, 5, 19, 56, 59].

2.5. Liver transplantation

Liver transplantation is a highly complex procedure, since the organ is responsible for multiple
functions in the body. The first unsuccessful attempt at orthotopic LT in humans was carried
out in the United States in 1963 by Thomas Earl Starzl and staff. Starzl was named the father
of modern transplantation. The first successful case was recorded in 1967. By the end of the
1960s, 33 transplants had been described worldwide. Subsequently, other teams started
performing this surgery with a low survival rate [14].

PPH patients have a high mortality rate related to right heart failure. There are few treatment
options and LT has become an attractive therapy with a potential for cure. The role of LT in
the treatment of PPH has evolved over the past 15 years [16]. Over time, better results will be
achieved by advances in the understanding of new immunosuppressive drugs, biologic drug
activity, metabolism, surgical technique, evaluation and intraoperative monitoring in anes‐
thesiology and intensive care [14]. The anesthesiologist has an important role in managing
these high risk patients [60].

Perioperative mortality risk is 100% in patients with a MPAP above 50 mmHg. However, a
patient with MPAP ≤ 35 mmHg, observed in intraoperative period, can safely undergo LT. An
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MPAP ranging from 35 to 50 mmHg poses a dilemma if these values are associated with PVR
> 240 dynes.s.cm−5, mortality rate hovers around 50% [61–63].

Studies have proved successful in practice, with the introduction of pulmonary arterial
vasodilators after PPH diagnosis, lower pulmonary artery pressure, and improving right
ventricular function obtained for patient referral to LT [16, 19, 64].

Kwo et al. [65] reported that four patients with severe PPH showed a marked reduction in
MPAP and PVR after long-term use of epoprostenol, providing better results for LT candidates.

Mair et al. [66] described a poor outcome in a case report. The patient received epoprostenol
for eight months before LT. PVR was reduced from 12 units to 3 Wood units, but the patient
developed right heart failure unresponsive to conventional inhaled therapy in the LT perio‐
perative period, and died 28 days later.

LT is a special case of right ventricular stress with a sharp 5–10% increase in CO during
reperfusion. However, an increase in CO is unpredictable and may reach up to 300%, precip‐
itating right heart failure in a RV that is already under strain [61, 67]. Increased CO probably
results from removal of blood flow obstruction through the portal vein in the diseased liver,
associated with systemic vasodilatation caused by acid rain, and other metabolites originating
from the new graft. There is a significant decrease in myocardial contractility, chronotropy,
and systemic vascular resistance [61, 68]. Once this occurs, a patient suffering from pulmonary
hypertension is at great risk [61].

2.6. Study justification

We believe that understanding the aspects and nuances of this severe disease may raise
awareness about the issue and increase scientific knowledge. Following recommendations
proposed by the international scientific community will certainly contribute to solidify work
done by a multidisciplinary team to decrease morbidity and mortality in PPH patients
undergoing liver transplantation.

2.7. Nomenclature

ALK 1 Activin-like receptor kinase-1

AASLD American Association for the Study of Liver Disease

BMPR2 Bone morphogenetic protein receptor type 2

CAV1 Caveolin-1

CO Cardiac output

ENG Endoglin

ERS European Respiratory Society

ET-1A Endothelin-1A
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ET-1B Endothelin-1B

cGPM Cyclic guanosine monophosphate

HPS Hepatopulmonary syndrome

IV Intravenous

KCNK3 Gene encoding potassium channel

LT Liver transplantation

LV Left ventricle

MELD Model end-stage for liver disease

MPAP Mean pulmonary artery pressure

NO Nitric oxide

NYHA New York Heart Association

PAH Pulmonary arterial hypertension

PAOP Pulmonary artery occlusion pressure

PAP Pulmonary artery pression

PDE Phosphodiesterase

PH Pulmonary hypertension

PHD Pulmonary hepatic vascular disorders

PPH Portopulmonary hypertension

PVR Pulmonary vascular resistance

RAP Right atrial pressure

RHC Right heart catheterization

RV Right ventricle

SPAP Systolic pulmonary artery pressure
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Abstract

Lung transplantation is an established treatment option for eligible patients with end-
stage  lung  disease.  Nonetheless,  there  exists  an  imbalance  between  donor  lungs
considered suitable for transplantation and the ever-growing number of patients dying
on the waiting list. This chapter reflects the potential alternative, normothermic ex-
vivo lung perfusion (EVLP), which has emerged to address this issue and how it can
expand the currently limited donor pool. Normothermic ex-vivo lung perfusion (EVLP),
as a novel preservation technique, is capable of assessing, evaluating, and improving
lung function prior to lung transplantation. Here, we (1) contrast the various available
commercial EVLP available and used around the world; (2) outline the University of
Alberta novel EVLP circuit; (3) discuss the limitations present between clinical and
laboratory applications;  and (4)  present  what  we are  currently  working on at  the
laboratory to further improve the assessment techniques used on EVLP.

Keywords: donor lung preservation, donor lung repair, ex-vivo lung perfusion, lung
transplantation, lung health index

1. Lung transplantation

1.1. History

Human lung transplantation (LTx) has been widely accepted as a modality of treatment for
advanced stage lung disease [1]. The annual report from the Registry of the International
Society  for  Heart  and Lung Transplantation  (ISHLT)  states  more  than 45,000  LTx cases
performed worldwide since the 1990s. In 2012, ISHLT reported that in that year it had the

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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second highest  annual  activity,  following the  highest  activity  level  in  2011,  in  LTx per‐
formed. “The number of adult primary lung transplants in 2012 was 40-fold higher than the
number of pediatric primary lung transplants” [1].  The agency for healthcare policy and
research in the United States mentioned that “lung transplantation has evolved as a clinical
procedure achieving a favourable risk–benefit ratio and acceptable 1- and 2-year survival
rates” [1].

In the 1940s and the 1950s, a rise in animal experimentation verified feasibility of LTx proce‐
dure [2–4]. However, it was not until 1963 when the first human lung transplantation was
performed. The recipient of that first lung transplantation received a left lung, which was
donated from a cardiocirculatory death donor (DCD); however, the recipient survived for only
18 days [5]. From 1963 to 1980, almost 44 lung transplantations were attempted worldwide;
due to rejections and problems with anastomotic bronchial and tracheal healing, the survival
rates were only several days [6, 7].

The introduction of cyclosporine A in the 1980s, a powerful immunosuppressant, generated a
renewed interest in organ transplantation, including LTx. In 1983, Dr. Cooper from Toronto
performed the first successful human single lung transplantation, while Dr. Patterson per‐
formed the first double lung transplantation in 1988 [6, 7]. Despite the relatively short history
of thoracic transplantation, there has been significant improvement in post-transplantation
mortality rate from only weeks to several months and years. This success can be attributed to
the advent of the heart–lung machine, improved preservation solutions, immunosuppression
regimes, and specialized patient care by transplant clinics.

1.2. Indications

Lung transplantation is considered for patients with end-stage lung disease. Referral for
transplantation is urgent when the lung disease begins to limit basic daily activities and poses
a high risk of death in the short term.

According to ISHLT, the most common primary indication for adult lung transplants between
January 1995 and June 2013 was chronic obstructive pulmonary disease (COPD, 33%) not
associated with α1-antitrypsin deficiency (A1ATD), followed by interstitial lung disease (ILD,
24%), including idiopathic pulmonary fibrosis (IPF), cystic fibrosis (CF, 16%) associated with
bronchiectasis, and 6% of COPD associated with A1ATD [8, 9]. For the 45,711 lung transplants
that occurred from 1990 to 2012, recipients with COPD not associated with A1ATD, ILD, and
CF contributed to the greatest amount of growth in the number of LTx [8, 9].

1.3. Criteria

The appropriate timing for patients to be referred for lung transplantation is when they are
believed to have less than 50% of a survival chance in 24–36 month period. An additional
consideration is the patient’s quality of life. The following are the guidelines for referral for
LTx, based on the underlying lung disease [10] (Table 1).
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Criteria for referral in patients with COPD and alpha1-antitrypsin deficiency emphysema are as follows:

• BODE index > 5

• Postbronchodilator FEV1 < 25% predicted

• Resting hypoxemia (i.e., PaO2 < 55–60 mm Hg)

• Hypercapnia (PaCO2 > 50 mm Hg)

• Secondary pulmonary hypertension

• Clinical course marked by rapid rate
of decline in FEV1 or life-threatening
exacerbations

FEV1, forced expiratory volume in 1 s; PaO2, partial pressure
of arterial oxygen; PaCO2, partial pressure of arterial carbon
dioxide

The BODE index, a multidimensional 10-point scale, can
be used to assess the need for transplantation in patients
with COPD. It consists of the following [46]:

• B—Body mass index

• O—Degree of airflow obstruction

• D—Degree of dyspnea, as measured by the modified
Medical Research Council dyspnea scale

• E—Exercise capacity (E), which is measured with a 6
min walk test

Criteria for referral in patients with cystic fibrosis are as follows:

• Postbronchodilator FEV1 < 30% predicted

• Resting hypoxemia, i.e., PaO2 < 55 mm Hg

• Hypercapnia (PaCO2 > 50 mm Hg)

• Clinical course—Increasing frequency and severity of exacerbations (ICU stays)

• Development of pulmonary hypertension

Criteria for referral in patients with idiopathic pulmonary fibrosis are as follows:

• DLCO < 39%, predicted

• A 10% or greater decrement in forced vital capacity (FVC) during 6 months' follow-up

• FVC < 60–65%, predicted

• Decrease in oxygen saturations <88% during 6 min walk test

DLCO, diffusion capacity of carbon monoxide; FVC, forced vital capacity.

Table 1. Guideline criteria for referral to lung transplantation, based on underlying lung diseases [10].

1.4. The burden

The Canadian Organ Replacement Registry (CORR) has reported that in the past decade, the
annual number of lung transplants has gradually increased over the years [11]; meanwhile,
the waiting list increases at a much faster rate. Therefore, a staggering increase in the morbidity
rate and a high waiting list mortality rate have been reported [11]. With the advancements of
medical knowledge and specialized patient care over the years, lung disease patients with
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other ailments can now have their nonrelated lung conditions managed appropriately and live
longer till they require a lung transplant.

Currently, more than 80% of donor lungs are potentially injured and therefore not considered
suitable for transplantation [12]. At the University of Alberta, we report that from 2007 to 2011
there have been a total of 681 lungs offered, and only 183 lungs deemed acceptable for LTx.
This equates to approximately a 27% utilization rate over the past 5 years. With the University
of Alberta/Mazankowski Alberta Heart Institute acting as a catchment for over 6 million
Canadians, this institute performs the majority of thoracic transplantations for several
provinces in Canada. Unfortunately, with such a low lung utilization rate, there are more than
24 deaths/year for patients waiting for a suitable donor lung. Having said that, various
strategies need to be implemented to increase the utilization rate of the current standard lung
donor pool.

During recent years, transplant centers worldwide have started to include the use of lungs
from extended/marginal criteria donors, living lobar donors, as well as tapping into the unused
pool of donors after circulatory death (DCD) [13, 14]. Normothermic ex-vivo lung perfusion
(EVLP) emerged as a new and promising platform, with the clinical potential to increase the
number of transplantable lungs and improve the early and late outcome post-transplantation.
EVLP has the potential to assess, evaluate, and recondition lungs, and eventually expand the
limited donor pool. Currently, EVLP is limited to only 4–6 h of a reconditioning window [13].
This narrows therapeutic interventions that can be applied during this short perfusion time.
The need for an extended clinical EVLP protocol (≥12 h) is critical to achieve its full potential.
Gene therapy and stem cell therapy are promising therapeutic examples. However, their
respective delivery techniques using EVLP are yet to be optimized.

2. Normothermic ex-vivo lung perfusion

2.1. Lung preservation

Since the late 1980s, conventional donor lung preservation has been focused around the use
of cold static preservation (CSP): placing them on ice for transportation to a recipient site. CSP
supports the slowing down of cell metabolism, thus, reducing the demand for oxygen and
other substrates [15]. Low metabolic state decreases enzymatic activity related to ischemia and
hypoxia, thereby protecting the graft from their deleterious effects. However, the associated
decrease in function of vital enzymes such as Na+/K+ ATPase causes an ionic imbalance, leading
to edema and a rise in intracellular calcium, which causes cellular injury [16]. With the lungs
inflated during CSP, studies have shown significant generation of reactive oxygen species,
leading to more damage of the donated lungs [17, 18].

Over the years, there has been a predominant effort to optimize retrograde and antegrade
flushing solutions, with the compositions representing mostly extracellular characteristics [19].
Further studies reported better results utilizing flush solutions, with temperatures at 10°C,
whereas others supported the routine use of solutions in the 4–8°C range [20]. This was
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Over the years, there has been a predominant effort to optimize retrograde and antegrade
flushing solutions, with the compositions representing mostly extracellular characteristics [19].
Further studies reported better results utilizing flush solutions, with temperatures at 10°C,
whereas others supported the routine use of solutions in the 4–8°C range [20]. This was
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achieved after flushing the lungs with the respective flush solution and storing them on ice for
the duration of the transport of the donor lungs to the recipient site. Cold preservation was
thought to benefit the lungs more than other organs, given the ability to store them inflated
with oxygen, allowing for efficient aerobic metabolism and maintaining their gas-exchange
surface [21].

2.2. Definition and history

Physiological normothermic ex-vivo lung perfusion is a novel method that maintains the organ
in a more physiological protective condition, outside the body, during preservation. EVLP will
help increase the utilization of donor lungs by allowing trained professionals to accurately
evaluate and assess the functionality of lungs (which otherwise would be unutilized) during
the transport period. While the lungs are on EVLP, they will be maintained under normother‐
mic physiological conditions to help alleviate the deleterious ischemia reperfusion injury that
is observed with CSP, furthermore, permitting the treatment/reconditioning of the lungs prior
to transplantation. Currently, with CSP, lungs have no way to be truly assessed for injury that
occurs during the transport period which can range from 6 to 8 h. Thus, transplanting lungs
that have suboptimal functions can result in poor postlung transplantation outcome and
increase the severity of primary graft dysfunction/failure.

Ex-vivo perfusion of organs began with the work of Carrel and Lindbergh in 1935 [22]. They
have documented 26 perfusions of whole organs: ovary, thyroid, kidney, and heart. Organs
that were perfused were functional for several days with active cellular proliferation. Since the
advent of the work of Carrel and Lindbergh on ex-vivo perfusion, ex-vivo systems were limited
to the study of organ physiology, including lungs [23]. It was not until 2001 that Stig Steen first
described the use of EVLP in clinical lung transplantation. Using a proprietary lung-perfusion
solution (STEEN SolutionTM), put together in Dr. Stig Steen and his team’s lab, the group was
able to reassess uncontrolled donation after cardiocirculatory death (DCD) lungs [24, 25]. Until
then, the majority of donor lungs were from brain-dead donors (BDD). With the help of EVLP,
the successful reconditioning of these DCD lungs (an unutilized donor pool) resulted in a
cascade of research to revisit the possibility of utilizing donor lungs from the DCD pool.

It was not until further modifications of the EVLP system and perfusion technique by the
University of Toronto group, which allowed perfusion of pig lungs on EVLP from only 4 to 6
h [25] to a prolonged 12-hour ex-vivo perfusion, without damaging the organ [26]. The group
went on to determine the impact of prolonged EVLP using injured ischemic donor pig lungs.
To mimic the clinical scenario, where lungs undergo a period of cold ischemia during trans‐
portation, pig lungs were preserved under CSP for 12 h and subsequently divided into two
groups: cold static preservation (the current gold standard) and normothermic EVLP for a
further 12 h of perfusion (total 24 h of preservation) [27].

It became evident that unlike CSP, normothermic EVLP demonstrated noticeable improve‐
ment with regard to overall lung function: less edema formation post-transplantation, better
alveolar–epithelial cell tight junction integrity, enhanced metabolic function, and improved
oxygenation [25].
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2.3. The circuit

As described in more detail in reference [14], in general, most EVLP platforms utilized around
the world (used experimentally or clinically) consist of the same components. The circuit
consists of a perfusion circuit with tubing, a reservoir, a pump, membrane gas exchanger, a
leukocyte depletion filter, and an ICU-type ventilator [14] (Figure 1). The system is then primed
with their respective perfusate and additives, and then warmed to 32–34°C. Once this tem‐
perature is achieved, careful institutional specific lung ventilation commences, allowing the
lungs to continue to reach a perfusate temperature of normothermia (37°C).

Figure 1. Schematic of the standard ex-vivo lung perfusion circuit [26].

The lungs are placed in a specially designed organ chamber. A pump, roller or centrifugal,
circulates the perfusate from the reservoir through a gas-exchange membrane and a leukocyte
filter, before entering the lungs via the pulmonary artery. Before entering the leukocyte filter,
the gas-exchange membrane is connected to a heat exchanger and a special gas tank: the heat
exchanger warms up/maintains the perfusate at normothermic temperatures, while the special
gas tank consists of a low oxygen mixture to deoxygenate the perfusate before returning to the
lungs (6% O2, 8% CO2, and 86% N2) [14]. The outflow perfusate returns to the reservoir either
through a left atrial (LA) cannula or via an open atrium, where it is then recirculated. Catheters
or pressure transducers are used to continuously monitor and measure pulmonary artery
pressures (PAP) and left atrial pressures (LAP), if it is a closed left atrial system. A temperature
probe monitors the circuit temperature throughout the perfusion, and flow probes measure
PA and LA perfusate flow (if the circuit has a closed left atrium). Finally, lungs are ventilated
with a standard intensive care unit (ICU) ventilator [14].
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2.4. EVLP protocols

Reference [14] outlines an in-depth review on the currently utilized EVLP platforms and their
protocols. As of today, there currently exist three different EVLP protocols utilized around the
world: (1) Toronto protocol, (2) Lund protocol, and (3) Organ Care SystemTM (OCS) protocol
(TransMedics, Andover, MA). These protocols vary in composition of their respective
perfusate, in perfusion and ventilation settings, and in the equipment used for their circuits
[14] (Table 2). In general, after cold pulmonary flush and retrieval using an extracellular fluid
(ECF)-type solution (low-potassium dextran solution, known as Perfadex®), the donor lungs
will be instrumented in the donor hospital or recipient hospital (after experiencing a period of
cold ischemia during transport) and placed on the EVLP platform for either immediate or
delayed normothermic perfusion, respectively. Interestingly, reference [28] investigated the
best timing for EVLP: at the donor hospital immediately after cold pulmonary flush or at the
recipient hospital after transport and a period of cold storage (delayed EVLP) [14, 28]. It was
further found that lower levels of inflammatory markers on bronchoalveolar lavage were
present, and less histological lung injury and superior post-transplant oxygenation were seen
in the group of delayed EVLP (4 h of cold storage followed by 4 h of EVLP) [14, 28].

Parameter Toronto Lund OCS

Perfusion

 Target flow 40% CO 100 % CO 2.0–2.5 1/min

 PAP Flow dictated ≤20 mm Hg ≤20 mm Hg

 LA Closed Open Open

 Perfusate SteenTM Solution SteenTM Solution + RBC’s hct 14% OCSTM solution+ RBC’s hct 15–25 %

Ventilation

 Start temp (°C) 32 32 34

 Tidal volume 7 ml/kg bw 5–7 ml/kg bw 6 ml/kg bw

 RR (bpm) 7 20 10

 PEEP 5 cm H2O 5 cm H2O 5–7 cm H2O

 FiO2 (%) 21 50 12

All parameters are listed for perfusion in steady state (preservation); values may vary during monitoring of the graft.
bw, body weight donor; bpm, breaths per minute; CO, cardiac output; FiO2, inspired fraction of oxygen; hct,
hematocrit; LA, left atrium; PAP, pulmonary artery pressure; RBCs, red blood cells; RR, respiratory rate; PEEP,
positive end-expiratory pressure; Temp, temperature.

Table 2. Comparison among the three different protocols currently used for EVLP [14].

2.4.1. Toronto protocol

The Toronto group uses an acellular perfusate, STEEN SolutionTM (XVIVO Perfusion, Gote‐
borg, Sweden), which was originally described by Stig Steen and coworkers from the Lund
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University [25]. This proprietary solution is an extracellular solution, with the addition of
human albumin, which maintains optimal colloid pressure, and dextran-40, which protects
the endothelium from complement- and cell-mediated injuries and inhibits coagulation and
platelet aggregation [14, 25]. Once the LA cannula is filled with STEEN SolutionTM (XVIVO
Perfusion, Goteborg, Sweden), perfusion commences at 10% of the calculated cardiac output
flow, and is incrementally increased till the final 40% cardiac output flow for the remainder of
the perfusion run, by 50 min from the start of perfusion [12–15]. Ventilation is initiated once
the perfusate temperature reaches 32°C at an immediate 7 ml/kg tidal volume, positive end-
expiratory pressure (PEEP) of 5 cm H2O, respiratory rate (RR) of 7 breaths/min, and with an
inspired fraction of oxygen (FiO2) of 21% [12–15] (Table 2). Unlike the other two protocols, the
Toronto method elects to have a closed left atrium and has the height of the reservoir adjusted
manually to maintain a positive LA pressure between 3 and 5 mm Hg [12–15]. Finally, the
Toronto group carefully monitors and maintains the mean pulmonary arterial pressure (PAP)
to stay below 15–20 mm Hg, which is flow-dictated. This is believed to avoid development of
hydrostatic pulmonary edema [14, 15].

2.4.2. Lund protocol

The Lund group utilizes a cellular perfusate, STEEN SolutionTM (XVIVO Perfusion, Goteborg,
Sweden), mixed with packed red blood cells (pRBCs) to obtain a hematocrit of 14% [14, 25]
(Table 2). In the Lund technique, ventilation begins at a tidal volume of 3 ml/kg at 32°C and
gradually increases by 1 l/min, for each degree, until it reaches 5–7 ml/kg at 37°C [14]. Other
parameters that differ from the Toronto protocol are the open LA system at 100% cardiac
output flow, respiratory rate (RR) of 20 breaths/min, and a FiO2 of 50% [14, 25, 29] (Table 2).

2.4.3. OCS (transMedics) protocol

The OCSTM protocol is based on a cellular perfusate like the Lund protocol; however, in this
protocol, the perfusate is composed of an OCSTM Solution® (TransMedics) or Perfadex® (XVIVO
Perfusion AB, Goteborg, Sweden) and pRBCs to achieve a hematocrit between 15 and 25% [14,
30]. Both of these solutions are low-potassium dextran-40 based solutions, without the addition
of human albumin (unlike STEEN SolutionTM) [14]. Perfusion flow is set to 2–2.5 l/min, PAP
maintained less than 20 mm Hg, with an open LA system, initiating ventilation at 34°C and 6
ml/kg, a RR of 10 breaths/min, PEEP of 5–7 cm H2O, and an FiO2 of 12% [14, 15, 30]. The
variations among these protocols have been summarized in Table 2.

2.5. EVLP application

2.5.1. Commercial application of EVLP

There are several commercially available EVLP platforms, under different stages of develop‐
ment. Today, there exist four EVLP platforms used commercially that differ in their technology
and perfusion protocol, and in the concept for clinical use.
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Equipment OCSTM Lung Vivoline® LS1 Lung Assist® XPSTM

Pump type Piston Roller Centrifugal Centrifugal

Flow Pulsatile Continuous Continuous Continuous

Ventilator Yes No No Yes

Monitor Yes Yes No Yes

Gas cylinder Yes No Yes Yes

Gas analyzer Portable No No In-line

Real time No No No Yes

X-Ray

Portability Yes No Yes No

OCSTM Lung (Transmedics); source: www.transmedics.com. Vivoline® LS1 (Vivoline Medical); source:
www.vivoline.se. Lung Assist® (Organ Assist), source: www.organ-assist.nl. XPSTM (XVIVO Perfusion AB); source:
www.xvivoperfusion.co.

Table 3. Comparison between commercially available devices for EVLP [14].

1. OCSTM Lung (TransMedics) is a portable device that uses a cellular-based perfusate, piston
pump (creating a pulsatile-type flow), LA open system, with all the required equipment
on board: batteries, gas cylinders for preservation and monitoring, and a ventilator for
use during transport of organs from donor to recipient hospital [14]. Whether there is any
benefit for pulsatile versus nonpulsatile flows has been a topic of controversy over the
years; however, some document that the presence of a pulsatile-type flow may be
beneficial for recruitment of the pulmonary vasculature, while being perfused under
physiological conditions [14, 31].

OCSTM Lung (TransMedics) was included in an international INSPIRE trial used to
compare normothermic preservation versus cold static preservation, ending its trial in
January 2014 [14, 30, 32, 33]. The University of Alberta Hospital being one of the centers
involved in this trial, we demonstrated the feasibility of prolonged EVLP using the OCS
system. Our results revealed how complications, postoperatively, in regards to primary
graft dysfunction (an acute lung injury that can occur in the first 72 h after transplantation),
were resolved after 30 days. Moreover, the patient/recipient demonstrated excellent
pulmonary function at 1 year post-transplantation, despite getting reconditioned extend‐
ed criteria lungs that otherwise would have been discarded [33].

2. Vivoline® LS1 (Vivoline Medical, Lund, Sweden) is a nonportable device that uses the
Lund technique, requires the availability of an external ventilator and gas cylinder, and
has an internal roller pump to create a continuous flow (nonpulsatile). It was utilized in
the United Kingdom under the “Donor Ex-Vivo Lung Perfusion in United Kingdom”
(DEVELOP-UK) trial to assess reconditioned extended criteria lungs versus standard-
criteria lungs; the trial ended in October 2015 [34].
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3. Lung Assist® (Organ Assist, Groningen, the Netherlands) is deemed “a less robust device
with its individual components fixed on a frame designed for EVLP, and for in situ
evaluation of lungs from uncontrolled DCD at the donor site, prior to explanting the
organs from the body” [14, 35].

4. XPSTM (XVIVO Perfusion AB) utilizes the Toronto protocol and only differs by the addition
of various in-line monitors to streamline organ assessment [32]. It contains a centrifugal
pump that delivers a continuous flow (nonpulsatile); it is a fully integrated device, and
unlike the other commercially available devices, it offers X-ray possibilities during EVLP
[14]. XPSTM (XVIVO Perfusion AB) has been involved in the FDA NOVEL lung trial:
“Normothermic Ex-Vivo Lung Perfusion as an Assessment of Extended/Marginal Donor
Lungs,” since May 2011–May 2014 to compare the reconditioned extended criteria lungs
versus standard-criteria lungs in the United States [14, 36]. A summary of the various
commercially available devices and their technological differences is described in Table 3.

Figure 2 provides a visual representation of the four commercially available devices previously
mentioned.

Figure 2. Commercially available ex-vivo lung perfusion devices. (A) OCSTM Lung (TransMedics); source: www.trans‐
medics.com. (B) Vivoline LS1 (Vivoline Medical); source: www.vivoline.se. (C) Lung Assist (Organ Assist); source:
www.organ-assist.nl. (D) XPSTM (XVIVO Perfusion AB); source: www.xvivoperfusion.com [37].

2.5.2. Potential applications of EVLP

As described in more detail in reference [38], there are a few applications that can benefit from
the platform of EVLP:

Transplantation
• Extended donor lung preservation

• Functional assessment prior to transplantation
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• Biological assessment before implantation

• Enabling organ’s natural recovery processes

• Active repair of injured lungs using various therapies

• Active molecular treatments for organ preparation

• Xenotransplantation studies

Regenerative medicine
• Bioreactive for lung de-cellularization and regeneration

• Stem cell and gene therapy for lung injury

Respiratory medicine
• Study of acute lung injury

• Functional studies for endobronchial interventions for chronic obstructive pulmonary
disease

• Study of lung physiology

Cancer
• Study of chemotherapeutic agents to evaluate lung toxicity and antitumor activity

• Lung cancer treatments

2.6. EVLP and lung transplantation

The first clinical use of EVLP was in 2001 by Stig Steen [39]. Steen evaluated lungs from DCD
donors and six extended criteria donor lungs for 60 min on EVLP before transplantation. It
was observed that the mean time in the intensive care unit (ICU) was longer for the perfused
lungs with EVLP compared to the standard criteria lungs. However, the 30-day survival rate
post lung transplantation from the perfused groups with EVLP was 100% [39–41].

Human ex-vivo lung perfusion (HELP) trial in 2011 was the first prospective clinical trial done
at Toronto General Hospital. Of the 23 lungs from high-risk brain death (BDD) and cardiac
death donors (DCD) that underwent 4 h of EVLP, 20 were considered suitable and later
transplanted [12, 26, 38, 42]. The criteria to terminate perfusion and discard lungs included
pulmonary vascular resistance (PVR), dynamic compliance (Cdyn), and peak inspiratory
pressure (PIP) decline by more than 15%, and also a change in partial pressure of oxygen/
fraction of inspired oxygen ratio (ΔPaO2/FiO2 or P/F ratio) of less than 350 mm Hg. Again, there
were no significant differences in primary graft dysfunction (PGD) trends, extubation time,
ICU/hospital stay, and 30-day mortality rate, compared to the standard criteria lungs [12].

In Europe, Zych et al. [43], from Hartfield, evaluated 13 sets of rejected lungs, of which 6
improved during EVLP and were later implanted: no difference in ICU stay and in 3 and 6
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months survival compared to the standard criteria lungs [43]. From Vienna, Aigner et al. [44]
perfused and reassessed 13 sets of lungs, of which 9 showed improvement after EVLP.

Currently, FDA mandated multicenter clinical trial (the NOVEL lung trial) to approve the
clinical use of EVLP for assessment of extended/marginal donor lungs. Eight centers using a
nonrandomized, controlled, clinical study in the United States were involved in the trial using
inclusion/exclusion criteria for perfusion on EVLP, described in the HELP trial [29, 38] (Table
4). The trial began in May 2011 and ended in May 2014; first report of 30 patients who received
EVLP lungs were comparable to 31 control groups of non-EVLP transplants. The 2014 updates
described 76 EVLPs yielding 42 transplants [45]. No significant difference was present between
transplanted lungs after EVLP reconditioning and the 42 non-EVLP perfused controls in
regards to the 1-year survival rates.

Inclusion Exclusion

Best PaO2/FiO2 < 300 mm Hg Pneumonia

Pulmonary edema Severe mechanical trauma

Bilateral infiltrates Contusion more than one lobe

Chest radiograph Gross gastric acid aspiration

Transplant team evaluation (poor lung deflation/inflation)

Blood transfusion (>10 units)

Donation after cardiac death
(PaO2/FiO2) ratio—partial pressure of arterial oxygen/fraction of inspired oxygen

Table 4. Inclusion and exclusion criteria for the HELP trial [29].

The end of the trial compared data from 84 recipients regarding their 30-day post-transplant
mortality as the primary endpoint between standard donor lungs (42 cases) and extended
criteria donor lungs (42 cases) after EVLP reconditioning (Using Toronto protocol and XPSTM

device) [14]. The secondary endpoints included PGD, days before extubation, need for
extracorporeal membrane oxygenation (ECMO) after transplant, ICU stay, and 1-year survival
[29].

The Gothenburg group published a study where 11 EVLPs were done over the course of 18
months period. Eight double and three single post-EVLP transplants were done. Despite the
reported 100% survival of the EVLP cohort, ICU stay and ventilation time were longer in
perfused lungs compared to that in controls [45].

2.7. University of Alberta experience with EVLP

The University of Alberta Hospital Transplant Program is the most geographically isolated
lung transplantation program in the world. Due to this geographical isolation and the large
catchment area served to Canadians, compounded by the shortage of suitable donor lungs, we
began experimenting with EVLP on a large porcine model in 2014. Our laboratory effort thus
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far has primarily focused on one of the most prevailing questions in literature regarding EVLP:
which perfusate, acellular or cellular-based, is more optimal for perfusing the lungs and how
can we overcome the current limitation we observe clinically to extend EVLP from merely 4–
6 h to >12 h safely?

Figure 3. The fully automated and mobile EVLP circuit at the U of A.

We began with constructing a circuit that should help us relieve our main issue here at the
University of Alberta—geographical isolation. As seen in Figure 3, our circuit contains all the
universal components that are present in the commercially available circuits discussed earlier
and illustrated in Figure 1: centrifugal pumps, a reservoir, tubing, deoxygenator/heat ex‐
changer, a leukocyte filter, pressure/flow probes, and an ICU-type ventilator. However, our’s
is the only laboratory in the world that currently uses a circuit that is fully automated and does
not require constant monitoring and/or manual manipulation throughout the perfusion.
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Unlike the EVLP circuit utilized at the University of Alberta, the Toronto group using the
XPSTM (XVIVO Perfusion AB) and the OCSTM Lung (TransMedics) are not fully automated.
Our circuit is capable of controlling and manipulating the flow, pulmonary arterial (PA) and
left atrial (LA) pressures, in real time without the need for manual alterations. Our software-
driven microcontroller (Figure 4) receives PA/LA pressures and flow in real time, while
adjusting the centrifugal pumps’ RPMs accordingly to maintain desired constant PA flow/
pressure control (user-selectable) and constant LA pressure. This is unlike that in the OCSTM

Lung (TransMedics), where the desired flow would need to be manually changed by an
attendee, or that in the XPSTM (XVIVO Perfusion AB), where the LA pressures are manually
altered by the use of gravity (adjusting the height of the reservoir).

Figure 4. Microcontroller interface for the EVLP circuit parameters.

The current design of our circuit provides us with the freedom of portability, with full
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reproducible technique to successfully perfuse these large porcine lungs up to 12 h. With
preliminary unpublished data demonstrating that an acellular based perfusate results in 50%
more edema formation after 12 h of perfusion, compared to perfusing with either cellular based
perfusate – whole blood or packed red blood cells (pRBCs) (p < 0.01). Here, edema formation
corresponds with the deteriorating lung vasculature and integrity. We believe that despite the
lungs showing stable physiological parameters during EVLP, especially with acceptable lung
oxygenation (P/F ratios) of >300 mm Hg, lung oxygenation is not a sensitive parameter of lung
health, even though it has been a widely accepted modality for evaluating lung integrity. Our
data confirms what others have shown, that the focus when assessing lung integrity/health
after EVLP should be with the trends of compliance over the duration of EVLP than oxygen‐
ation of the perfusate (P/F ratios) [27, 47–49]. Moreover, we believe that the blunting we observe
in lung vasculature tone throughout the duration of the perfusion (with serial hypoxic
challenges) can be another more sensitive physiological index of lung health. The decrease in
magnitude in hypoxic pulmonary vasoconstriction (HPV) response likely correlates with the
diminishing lung quality during EVLP, as supported by an ongoing cytokine profile that
accumulates over time.

3. Conclusion

Lung transplantation has shown over the years to be a life-saving therapy for patients that are
suffering from end-stage lung disease. However, despite the improvements in techniques, lung
donor grafts have the lowest graft acceptance rate of any solid organ [50]. With only 15–25%
of lungs from multiorgan brain death donors (BDD) currently deemed suitable for clinical
transplantation, the rest acquire too much injury during brain death, ICU-related complica‐
tions, or the onset of a prolonged cold ischemic time, rendering the donor lungs unusable.
Therefore, as observed at the University of Alberta, the mortality rate on the waiting list
continues to grow as clinicians must remain conservative in their donor selection to avoid post-
transplantation primary graft dysfunction (PGD). The advent of normothermic ex-vivo lung
perfusion (EVLP), as a novel donor preservation and reconditioning technique, has demon‐
strated over the years results that are positive if not different between lungs deemed unsuitable
(marginal/extended) and standard (unperfused) criteria lungs, after lung transplantation [12,
41].

Normothermic ex-vivo lung perfusion (EVLP) has the capability, as a platform, for real-time
functional assessment, evaluation, and reconditioning through administration of targeted
therapies, prior to lung transplantation––a capability that clinicians were unable to perform,
prior to the establishment of this platform, in 2001. Moreover, EVLP has permitted us to re-
explore other donor pools: marginal lungs, extended criteria lungs, and cardiocirculatory
death (DCD) lungs. As more research goes into developing the technology and improving the
current evaluative/assessment techniques, simplifying EVLP will help more centers around
the world to utilize its beneficial attributes and save lives: by expanding the currently limited
donor pool. Our transplant program at the University of Alberta serves as a massive catchment
area for the majority of thoracic transplantation, spanning 6 million km2 for more than 7 million
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Canadians. Being the most geographically isolated transplantation program in the world, our
continuous research to further develop our program one of a kind fully automated circuit and
to make it truly portable is imperative. We can save 24 human lives per year, if EVLP is used
just twice a month to recondition lungs that otherwise would be discarded because they
incurred too much damage or came from an unusable donor pool.

There is still much to investigate with EVLP and to refine. As we continue to seek out EVLP
techniques that will allow us to safely extend the limited clinical perfusion of human lungs
from merely 4–6 h to >12 h, it will open up more avenues for therapeutic interventions such
as cell and gene therapies. Normothermic ex-vivo lung perfusion is the future, and it will help
usher in a new era in medicine and lung transplantation, sooner than we think.
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Abstract

Heart failure (HF) is a global public health concern that has the potential to reach epidemic
proportions. The gold standard for treating end-stage HF remains heart transplanta‐
tion. Unfortunately, given the scarcity of available organs, alternative means for providing
cardiac support are required. Mechanical circulatory support devices (MCSDs) have the
potential to treat many patients with end-stage HF. They replace some of the mechani‐
cal functions of the failing heart to improve cardiac output and organ perfusion. These
include the intra-aortic balloon pump, extracorporeal membrane oxygenation, ventric‐
ular assist devices, and the total artificial heart. In this chapter, we will discuss a brief
history of MCSD, available devices, indications, patient selection, surgical procedures,
postoperative management, complications, and outcomes.

Keywords: heart failure, intra-aortic balloon pump, extracorporeal membrane oxy‐
genation, ventricular assist device, total artificial heart

1. Introduction

Heart failure (HF) is a global public health concern, affecting 26 million people worldwide at
an estimated cost of $108 billion in 2012. It typically affects the elderly, and both the right heart
and left heart can be involved. In right HF, the right ventricle cannot effectively pump blood to
the lungs. In left HF, which is more common, the left ventricle cannot effectively pump blood
to meet the body’s demands. In our aging world, where 22% of the population is expected to be
over the age of 60 by 2050 [1], HF has the potential to reach epidemic proportions. Although
medications such as beta-blockers, angiotensin-converting enzyme inhibitors, and angioten‐
sin II receptor blockers can alleviate the symptoms of HF and improve mortality [2], the gold
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standard for treating end-stage HF remains heart transplantation. Unfortunately, given the
scarcity of available organs, only about 4500 heart transplantations were performed world‐
wide in patients of all ages in 2013 [3]. The demand for heart transplantations is expected to far
exceed the available supply for the foreseeable future.

Mechanical circulatory support devices (MCSDs) replace some of the mechanical functions of
the failing heart to improve cardiac output and organ perfusion. They have the potential to
treat many patients with end-stage HF who cannot be transplanted either due to lack of
available organs or socioeconomic reasons. Between June 2006 and December 2014, 15,745
patients were implanted with ventricular assist devices (VADs) and the total artificial heart
(TAH) in the United States. These numbers have been rising steadily, from approximately 1000
devices implanted in 2009 to approximately 2500 devices implanted in 2014 in the United States
[4]. Besides the VAD and the TAH, other types of MCSD exist, including the intra-aortic balloon
pump (IABP) and extracorporeal membrane oxygenation (ECMO). The IABP, ECMO, and
VAD can be utilized as a bridge to recovery (BTR). All four types of MCSD can be utilized as
a bridge to transplantation (BTT), whereas only VADs can be utilized as destination therapy
(DT).

In this chapter, we will discuss a brief history of MCSD, available devices, indications, patient
selection, surgical procedures, postoperative management, complications, and outcomes.

1.1. History

MCSDs trace their origin to the early days of cardiac surgery. In 1953, Dr. Gibbon successfully
utilized the heart–lung machine, which he developed over the course of two decades, to repair
an atrial septal defect (ASD) in an 18-year-old woman [5]. This patient did well and was
discharged home. Although his subsequent efforts to utilize the heart–lung machine to close
ASD were met with poor results, secondary to misdiagnosis and bleeding complications, he
laid the foundation for modern-day open-heart surgery with cardiopulmonary bypass [6].
Soon afterwards, it became clear that failure to wean off cardiopulmonary bypass was a
significant problem in the field of cardiac surgery. Dr. Spencer ushered in the use of mechanical
support for postcardiotomy cardiac recovery in 1959. He utilized left atrial–femoral cardio‐
pulmonary bypass to provide temporary cardiac support in postoperative patients. This early
work in mechanical support set the stage for mechanical support for cardiogenic shock [7]. In
1966, Dr. DeBakey performed the first successful implantation of a VAD. He implanted a
paracorporeal VAD from the left atrium to the right subclavian artery in a patient with
cardiogenic shock after a double valve replacement. The patient required mechanical support
for 10 days and ultimately recovered [8]. Dr. Kantrowitz was the first to successfully utilize
the IABP in 1967. His patient was a 45-year-old woman who was in cardiogenic shock
secondary to an acute myocardial infarction. She remained on the IABP for 7 hours and, during
this time, was weaned off all vasopressors ([9]. In 1984, Dr. DeVries reported on the first clinical
use of the TAH. Although the patient ultimately died after 112 days from multiorgan system
failure, the TAH remained functional and uninvolved in any thrombotic or infectious proc‐
esses [10].
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Our modern era of MCSD began in 2001 with the Randomized Evaluation of Mechanical
Assistance for the Treatment of Congestive Heart Failure (REMATCH) trial. This landmark
study compared patients with advanced HF who underwent left ventricular assist device
(LVAD) implantation versus maximal medical therapy. It showed a survival benefit of 52% in
the LVAD group versus only 25% in the medical therapy group at 1 year (p = 0.002). Likewise,
using a variety of quality-of-life questionnaires including the SF-36, Minnesota Living with
HF, and Beck Depression Inventory, the patients who underwent LVAD implantation had a
statistically significant improved quality of life when compared to the medically managed
patients [11]. This pivotal study played a key role in the approval of the LVAD for DT in the
United States in November 2002 [12].

Each of these technological advancements in mechanical support has been monumental.
Equally important was the creation of a national database, the Interagency Registry for
Mechanically Assisted Circulatory Support (INTERMACS), in the United States. In 2005, this
was developed as a joint venture between the National Heart, Lung, and Blood Institute, the
Food and Drug Administration, the Centers for Medicare and Medicaid Services, and the
University of Alabama at Birmingham. This database serves as a registry for all patients who
have been implanted with VAD and TAH. It collects data from the index hospitalization,
follow-up appointments, and all major adverse events to improve clinical outcomes and
promote research into new devices [4, 13].

2. Devices

2.1. Intra-aortic balloon pump

2.1.1. Background

The IABP is the most frequently utilized MCSD, having been in clinical practice for more than
40 years. When mechanical support is indicated, it is often the first one employed as it could
be readily inserted and has a relatively low complication rate. Upwards of 70,000 patients are
supported annually with the IABP in the United States [14]. It serves as a temporary MCSD
that can be placed quickly at the bedside, in the interventional cardiology suite, or in the
operating room to improve shock and promote organ perfusion.

2.1.2. Basic principles

The IABP results in decreased myocardial oxygen demand and an increase in myocardial
oxygen supply. These physiologic effects are achieved through a reduction in the afterload
and an increase in coronary perfusion [15]. The IABP functions by reducing left ventricular
afterload, which leads to a decrease in left ventricular wall stress. Since wall stress is propor‐
tional to oxygen consumption, this reduction in afterload and wall stress results in decreased
myocardial oxygen consumption. In addition, the IABP increases aortic diastolic pressures.
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Since the coronary arteries are perfused during diastole, this increase in aortic diastolic
pressures leads to increased coronary perfusion and thus myocardial oxygen supply [16, 17].
The combined physiologic effects of afterload reduction and augmented coronary perfusion
lead to an improvement in cardiac output.

Figure 1. IABP Console (Image courtesy of Teleflex.com).

The sequential inflation and deflation of the IABP is synchronized to the electrocardiogram
(EKG), pacemaker, or to the arterial pressure tracing. This results in counterpulsation and the
various hemodynamic changes that are observed. IABP inflation is timed to coincide with the
closure of the aortic valve. As seen on the aortic pressure tracing, this coincides with the dicrotic
notch. Alternatively, it is timed to coincide with the T-wave of the EKG. With counterpulsation,
the IABP rapidly inflates. This inflation increases the intra-aortic pressures and displaces a
volume of blood equivalent to the volume of the balloon (usually 30–50 mL in adults, 2.5–25
mL in children) away from the balloon. This results in increased coronary perfusion.

Frontiers in Transplantology260



Since the coronary arteries are perfused during diastole, this increase in aortic diastolic
pressures leads to increased coronary perfusion and thus myocardial oxygen supply [16, 17].
The combined physiologic effects of afterload reduction and augmented coronary perfusion
lead to an improvement in cardiac output.

Figure 1. IABP Console (Image courtesy of Teleflex.com).

The sequential inflation and deflation of the IABP is synchronized to the electrocardiogram
(EKG), pacemaker, or to the arterial pressure tracing. This results in counterpulsation and the
various hemodynamic changes that are observed. IABP inflation is timed to coincide with the
closure of the aortic valve. As seen on the aortic pressure tracing, this coincides with the dicrotic
notch. Alternatively, it is timed to coincide with the T-wave of the EKG. With counterpulsation,
the IABP rapidly inflates. This inflation increases the intra-aortic pressures and displaces a
volume of blood equivalent to the volume of the balloon (usually 30–50 mL in adults, 2.5–25
mL in children) away from the balloon. This results in increased coronary perfusion.

Frontiers in Transplantology260

Figure 2. IABP Screen with EKG and aortic pressure tracing (Image courtesy of Teleflex.com).

The second phase of the counterpulsation occurs with deflation of the IABP. Deflation is timed
to occur with the onset of the R-wave, or alternatively before the start of systole. Deflation
occurs as late as possible, in order to maintain the increased aortic diastolic pressures. It is also
timed to occur rapidly, which results in a vacuum effect that leads to a reduction in the afterload
by movement of blood toward the balloon [18].

There are several factors that influence the efficacy of the IABP, including heart rate, rhythm,
balloon volume, proximity to the aortic valve, and aortic compliance. As the heart rate
increases, the amount of time the heart spends in diastole decreases. Thus, the IABP is less
likely to function efficiently with tachycardia, since there would be less diastolic coronary flow
augmentation. The optimal rate reported in the literature is from 80 to 110 beats/minute [19].
In addition, having a normal sinus rhythm allows for readily identifiable waves on EKG or
the aortic pressure tracing, which improves the performance of the IABP. Since the balloon
size is proportional to the amount of blood displaced, a larger balloon allows for increased
coronary perfusion and a greater reduction in afterload. In addition, the proximity of the IABP
to the aortic valve affects diastolic augmentation of coronary perfusion. There is greater
diastolic augmentation when the balloon is positioned closer to the aortic valve. Finally, aortic
compliance affects the function of the IABP. Increased aortic compliance, which is seen in
younger patients, results in a decrease in diastolic augmentation [18, 20].

2.1.3. Components and insertion

The IABP system is composed of a dual lumen catheter, with the inner lumen serving to
monitor aortic pressures and the outer lumen connected to a polyethylene balloon that inflates
and deflates. It is also composed of a pump console that controls the inflation and deflation of
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the balloon. The catheters are available in a variety of sizes, depending on the patient’s height.
Helium gas is utilized to inflate the balloon, since it has a low density and rapidly transfers
from the console to the balloon. In addition, helium is inert and could be rapidly absorbed into
the blood stream in the event the balloon ruptures.

The IABP can be placed via both percutaneous and open surgical techniques. In the percuta‐
neous technique, the common femoral artery is punctured with an introducer needle. Using
the modified Seldinger technique, a guidewire is inserted and then the IABP catheter is inserted
over the wire. The catheter is then positioned about 1–2 cm distal to the left subclavian artery
and confirmed with fluoroscopy or chest roentgenogram [18]. Care has to be exercised to
prevent obstruction of the left subclavian artery and left carotid artery by a highly placed IABP.
Care also has to be exercised to avoid placing the IABP too low, as it could occlude mesenteric
and the renal arteries.

Alternatively, the IABP can be placed via open surgical techniques. This is typically reserved
for patients with severe peripheral vascular disease (PVD) affecting the distal aorta, iliac
arteries, or femoral arteries. In such cases, placement of an IABP can lead to critical limb
ischemia. For these patients, the IABP can be inserted into the ascending aorta, aortic arch,
common iliac artery, subclavian artery, axillary artery, and brachial artery [21].

2.1.4. Indications and contraindications

The indications for the IABP include postcardiotomy syndrome, prophylactic support for high-
risk percutaneous coronary interventions, myocardial infarction or its mechanical complica‐
tions, unstable angina, cardiogenic shock, and as a bridge to heart transplantation. The
Benchmark Registry, a multi-institutional study with nearly 17,000 patients, investigated the
patient demographics, outcomes, and complications of the IABP. They found that the indica‐
tions for the IABP were most frequently hemodynamic support during or after cardiac
catheterization (21%), cardiogenic shock (19%), and weaning from cardiopulmonary bypass
(16%) [22].

There are several important contraindications to using the IABP. These include aortic regur‐
gitation, since the IABP would result in increased regurgitation during diastolic augmentation.
In addition, severe aortic diseases, such as aneurysm or aortic dissection, are a contraindica‐
tion. In this setting, the placement of an IABP could result in aortic rupture or extension of the
dissection. Placing them in the femoral region is contraindicated in patients with known severe
PVD [18, 23].

The authors believe the IABP should be the first MCSD that should be placed for typical
cardiogenic shock, when no obvious contraindications exist. Despite the interpretation of the
controversial IABP-Shock II trial, which showed that the IABP did not lead to a reduction in
12-month all-cause mortality in patients undergoing early revascularization for myocardial
infarction complicated by cardiogenic shock [24], we believe the IABP should be the first to be
placed for cardiogenic shock. We believe this for a number of reasons, including its availability
at most hospitals, the ability to initiate its use quickly, and the ability to upgrade it to a more
advanced MCSD if the cardiogenic shock remains poorly addressed.
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2.1.5. Weaning and removal

Little data exists on how to wean patients off the IABP with minimal hemodynamic conse‐
quences. Generally, weaning is performed in one of two ways: rate reduction or volume
deflation. In the first method, the ventricular assist rate is gradually reduced from full support
of every beat (1:1) to cardiac support every other beat (1:2) to finally cardiac support every
three beats (1:3). Once the patient demonstrates that he can tolerate this wean, the IABP is
discontinued. The IABP can also be weaned by maintaining a ventricular rate of 1:1 and
deflating the balloon over several hours. This leads to a decrease in the counterpulsation and
a decrease in diastolic augmentation [25, 26]. There are limited studies in the literature that
have assessed which weaning method is superior. Onorati et al. [26] showed that weaning
using volume deflation led to improved hemodynamic and metabolic parameters in their
study.

Once the patient has demonstrated that he can tolerate being weaned, the IABP is removed.
The removal of percutaneously placed IABP can be performed at the bedside. After prepping
the femoral artery entry site, the balloon catheter is disconnected from the console. It is then
completely deflated and the catheter is removed. Retrograde bleeding is first allowed, which
enables blood clots to flush into the wound. This potentially prevents distal embolization of
blood clots. After this, antegrade flushing is allowed, to once again prevent distal embolization
of blood clots. Finally, the puncture site in the femoral artery is compressed and pressure is
maintained for about 30 minutes. Inadvertent placement of the IABP above the inguinal
ligament can result in a retroperitoneal bleed, while poor technique at the time of removal can
result in a femoral artery pseudoaneurysm and distal embolization with leg ischemia.

2.1.6. Complications

The overall complication rate has been reported to be low. The Benchmark Registry found that
the incidence of all complications to be 7%. This study found that severe complications
occurred in 2.8% of the patients. Severe complications were defined as severe bleeding (with
hemodynamic instability requiring transfusions or surgical interventions), major limb
ischemia (with loss of pulse or sensation or the presence of pallor), balloon rupture, or in-
hospital mortality related to the IABP. Multivariate logistic regression analysis identified
several predictors of major complication, including female gender, PVD, body surface area
<1.65 m2, and age >75 years [22].

Additional complications include renal artery occlusion and renal failure if the IABP is placed
too distally. By manipulating the aorta with the guidewire and catheter, there is always the
possibility of distal embolism, resulting in bowel ischemia or lower extremity ischemia.

In the Benchmark Registry, the incidence of balloon rupture was found to be 1% [22]. Balloon
rupture usually could be detected by the presence of blood either in the IABP driveline or in
console alarms. Balloon rupture is thought to occur secondary to abrasive contact between the
balloon and atherosclerotic plaque in the aorta. It necessitates the immediate removal of the
IABP to prevent thrombus formation around the balloon and distal embolization.
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2.2. Extracorporeal membrane oxygenation

2.2.1. Background

Veno-arterial extracorporeal membrane oxygenation (VA-ECMO) is another modality for
short-term mechanical support in patients with HF refractory to medical management. Initial
reports of its success were described by Baffes et al. in the 1970s in the pediatric population
[27]. Since that time, its applications have been broadened to include adult patients with
reversible cardiogenic shock and as a bridge to VAD implantation or transplantation. It can
also serve as rescue therapy in patients with cardiopulmonary arrest [28]. Chen et al. showed
that VA-ECMO could be utilized in patients in cardiopulmonary arrest after 10 minutes of
unsuccessful advanced cardiovascular life support. It was shown that VA-ECMO could extend
the duration of cardiopulmonary resuscitation (CPR) with 50% survival with acceptable
neurologic status at 30 minutes [29]. A recent meta-analysis showed ECMO in adult patients
in cardiac arrest had statistically significant improved outcomes if they were younger (age 17–
41) and had a shorter duration of ECMO support (0.9–2.3 days) [30].

Figure 3. ECMO circuit with pump and heater.

2.2.2. Basic principles

VA-ECMO is a form of advanced cardiopulmonary life support which functions essentially
like cardiopulmonary bypass. Blood is drained from a central vein, circulated in the ECMO
circuit, and then returned to the arterial system. In neonates and children, the carotid artery is
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typically accessed for arterial cannulation. In adults, arterial cannulation is obtained via the
femoral, axillary, or carotid artery. Venous access is obtained via the femoral or internal jugular
vein. It provides cardiac support by augmenting cardiac output and respiratory support by
assisting in gas exchange. VA-ECMO can be utilized for a period of days to weeks [31].

2.2.3. Components and insertion

The ECMO circuit consists of a blood pump and membrane oxygenator with a heat exchanger
connected to the VA-ECMO cannulas. The membrane oxygenator has a membrane that readily
allows diffusion of oxygen and carbon dioxide across it. Oxygen can be added to the system
by increasing the amount of oxygen supplied to the oxygenator. Carbon dioxide can be
adjusted by changing the gas flow rate or the “sweep.” The heat exchange helps maintain
normothermia, as heat is readily lost through the circuit.

Figure 4. Biventricular assist devices (Centrimag).

Cannulation insertion techniques include both percutaneous and open surgical approaches.
Percutaneous cannulas are inserted using the Seldinger technique and can be placed readily
at the bedside. After gaining access, the vessels are serially dilated and the cannula is then
placed over the guidewire. The patient requires full anticoagulation with heparin. The femoral
vessels are most commonly used in the adult. For adults, the arterial cannula size ranges
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between 12 French (Fr) and 22 Fr and the venous cannula size ranges between 18 Fr and 28 Fr.
An arterial perfusion cannula (typically 5–8 Fr) can also be added to perfuse the lower
extremity, as lower extremity ischemia is a source of significant morbidity and mortality. A
similar venous drainage line can be placed to drain blood from the lower extremity, as venous
outflow obstruction too can lead to lower extremity ischemia [32].

Figure 5. Biventricular assist devices (Centrimag).

Our institutional practice has been to use a 15 Fr arterial cannula placed via the Seldinger
technique for patients who need modest support. This allows us to decannulate the patient at
bedside without needing to perform a cutdown. When patients require more robust cardiac
support, we use larger cannulas, typically 17–21 Fr. We prefer to perform open insertion when
these larger cannulas are required. It also requires decannulation in the operating room. We
prefer to initiate VA-ECMO in the operating room whenever possible, provided the patient is
stable enough to tolerate transport and waiting for operating room availability. Distal perfu‐
sion cannulas should be routinely placed. If they are not utilized, the lower extremity has to
be monitored for ischemia. There has to be a low threshold for insertion of a distal perfusion
cannula, as the morbidity and mortality of an ischemic limb in a patient on VA-ECMO can be
catastrophic. We perform central VA-ECMO on our patients who have postcardiotomy
cardiogenic shock or in patients who need robust support. We usually use 18–22 Fr arterial
cannulas placed in the ascending aorta and 31–40 Fr venous cannulas placed in the right
atrium.
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2.2.4. Indications and contraindications

The indications for VA-ECMO in adult patients are cardiogenic shock from a variety of causes
including acute myocardial infarction, myocarditis, drug toxicity, and pulmonary embolism.
It also includes peripartum cardiomyopathy, decompensated chronic HF, postcardiotomy
shock, and as a bridge to VAD implantation or heart transplantation. Typically, patients have
low cardiac index (<2 L/min/m2) and hypotension (systolic blood pressure <90 mmHg) despite
inotropic agents, IABP, and adequate volume resuscitation [33]. Advantages of VA-ECMO
over temporary VAD include ease of insertion bedside and not needing to transport a
hemodynamically unstable patient to the operating room.

Absolute contraindications to ECMO include patients who are not candidates for transplan‐
tation or VAD implantation, disseminated malignancy, unwitnessed cardiac arrest, end-stage
organ dysfunction, non-compliance, and patients with prolonged CPR without adequate tissue
perfusion. Relative contraindications include advanced age, obesity, and contraindications to
anticoagulation [33, 34].

2.2.5. Management

There are no randomized trials to date that have validated management guidelines. However,
there are general management strategies that are implemented at most institutions. Such
strategy is geared toward minimizing multiorgan system dysfunction. The complex manage‐
ment of a patient on VA-ECMO requires coordination and communication between the
cardiothoracic surgeon, critical care intensivist, perfusionist, nurses, and ancillary staff.

For the respiratory system, successful management requires aggressive pulmonary toileting.
This necessitates frequent endotracheal suctioning and possible bronchoscopy, positional
changes, nebulizers, and chest roentgenogram. The fraction of inspired oxygen (FIO2) is
minimized in order to lessen oxygen toxicity. In order to lessen atelectasis, increased positive
end-expiratory pressures (PEEPs) is often implemented [33]. Schmidt et al. showed that higher
PEEP during the first 3 days on ECMO led to improved survival [35].

Successful cardiovascular support requires maintaining perfusion and aggressive volume
resuscitation during the first few days on ECMO. Since ECMO promotes release of cytokines
and a generalized systemic inflammatory response syndrome, adequate volume resuscitation
with crystalloid or colloid is paramount. In addition, inotropic support is often required as the
heart recovers.

The management of the renal system is often complex in the ECMO patient. Nearly 70–85% of
patients on ECMO develop acute kidney injury (AKI) [36]. The first 2 days on ECMO usually
require aggressive fluid resuscitation and is associated with oliguria. The diuretic phase
usually begins after 2 days. Frequently, diuretics are utilized to improve mobilization of
extravascular fluid. If AKI does not improve, renal replacement therapy often becomes
indicated. However, the requirement for dialysis carries a significant mortality risk. Kielstein
et al. showed that patients on ECMO who required dialysis had a 3-month survival rate of 17%
while those on ECMO who did not required dialysis had a 3-month survival rate of 53% (p =
0.001). They also showed that duration of dialysis was associated with increased mortality [37].
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Management of the gastrointestinal system and nutrition focuses on maintaining the integrity
of the gastrointestinal mucosa, in order to lessen translocation of bacteria. This is accomplished
with proton pump inhibitors or histamine blockers and enteral nutrition when possible [38].
However, parenteral nutrition is often required to supplement nutrition, as enteral nutrition
is often interrupted. A recent study by Ridley et al. showed that enteral nutrition was inter‐
rupted for a median of 8 hours on 53% of the days. This was secondary to high gastric residual
volume or fasting for a procedure or diagnostic test [39].

Neurologic complications are very common with ECMO and the clinician needs to have a low
threshold to pursue imaging to rule out intracranial hemorrhage and acute stroke. Recently,
all patients who received ECMO between 2001 and 2011 were selected from the Nationwide
Inpatient Sample. Neurologic complications included acute ischemic stroke, intracranial
hemorrhage, and seizures were evaluated. Of the 23,951 patients included in the study, 10.9%
of patients suffered seizures, 4.1% suffered strokes, and 3.6% suffered intracranial hemorrhage.
Patients who suffered intracranial hemorrhage were found to have a higher mortality rate,
length of stay, and discharge to a long-term facility than those who did not have intracranial
hemorrhage. Similarly, patients who suffered acute ischemic stroke had higher rates of
discharge to long-term facilities and length of stay than patients who did not have an acute
ischemic stroke. No difference in outcomes was found between those who had seizures and
those who did not [40].

2.2.6. Weaning

Currently, there is a lack of established guidelines on weaning patients from VA-ECMO.
Generally, patients have to demonstrate hemodynamic stability, recovery of organ dysfunc‐
tion, resolution of pulmonary edema, and be in a euvolemic state. Echocardiogram is an
invaluable tool for assessing cardiac recovery. Different institutions utilize different weaning
parameters. Generally, weaning is accomplished once echocardiogram shows improvement
of cardiac function. ECMO support is then gradually weaned, with flows reduced to 50% and
then 25%. If the patient tolerates this, the circuit is then clamped between 30 minutes to 4 hours.
The cannulas must be flushed with heparinized saline frequently to prevent thrombosis. Once
the patient tolerates this, decannulation can be performed at bedside or in the operating room
for large cannulas [41].

2.2.7. Complications

The most common complications in patients on VA-ECMO are bleeding and thrombosis.
Bleeding requiring surgical treatment has been reported to occur in nearly 34% of patients on
VA-ECMO [42]. It is a major concern for patients on VA-ECMO since the patients are antico‐
agulated with heparin and have platelet consumption and dysfunction [33]. Anticoagulation
is a critical component to prevent circuit thrombosis, although there are no clear guidelines
for standardized goals. However, most institutions use heparin with an activated partial
thromboplastin time (aPTT) of 60–80 seconds. There is also an increased risk of disseminated
intravascular coagulation (DIC) and heparin-induced thrombocytopenia (HIT). HIT mandates
anticoagulation with a non-heparin-based agent. Available medications include bivalirudin
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and argatroban. Additional complications include infection, neurological complications, and
limb ischemia. Limb ischemia is a function of cannula size and positioning in relation to the
patient’s vasculature. Reperfusion cannulas to perfuse distal to the entry site have decreased
the risk of this complication [32, 43].

2.3. Ventricular assist devices

2.3.1. Background

VAD technology has advanced rapidly since the landmark REMATCH trial, which demon‐
strated survival and quality of life improvement in patients who underwent implantation of
an LVAD compared to patients receiving maximal medical therapy. It also highlighted several
limitations of pulsatile devices, namely device failure and thromboembolism [11]. Advance‐
ment in technology has led to the development of continuous-flow devices. These devices have
been associated with significantly improved survival free from stroke and device failure at 2
years, when compared to pulsatile devices [44]. Overall survival with the current continuous-
flow VADS in use today is reported to be 80% at 1 year and 70% at 2 years post implantation [4].

Figure 6. Paracorporeal ventricular assist devices (Reprinted with the permission of Thoratec Corporation).

Most frequently, VADs are implanted to assist the left ventricle. The inflow cannula is inserted
into the left ventricle and the outflow cannula is inserted into the ascending or descending
aorta. They can also provide right ventricular and biventricular support. In a right ventricular
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assist device (RVAD), the inflow cannula is inserted into the right atrium or right ventricle and
the outflow cannula is inserted into the pulmonary artery.

Figure 7. HeartMate XVE (left) and HeartMate II (right) (Reprinted with the permission of Thoratec Corporation).

Figure 8. HeartMate II cross-section view with internal rotor (Reprinted with the permission of Thoratec Corporation).

VADs can be classified based on how they function mechanically. The first-generation VADs
rely on pulsatile-flow technology. These VADs contain one-way valves and a flexible pumping
chamber, which is compressed by an electric motor or pneumatic pressure. This forces blood
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into the circulation. These patients will have a palpable pulse and a measurable blood pressure.
The second-generation VADs are continuous axial flow devices while the third-generation
VADs are continuous, centrifugal flow devices. These nonpulsatile, continuous-flow devices
have internal rotors, which propel blood continuously. These patients have either weak,
irregular pulses or non-palpable pulses.

In addition, VADs can provide both short-term and long-term circulatory support. Those
designed for short-term circulatory support serve to restore organ perfusion quickly to relieve
organ ischemia. They are used for BTR and BTT. These are non-implantable and provide
support for days to weeks. Long-term VADs are implantable and are used for DT or BTT. The
majority of VAD are implanted surgically. However, there are devices currently available that
can be placed percutaneously.

Figure 9. HeartMate II (Reprinted with the permission of Thoratec Corporation).

VADS are preload dependent and afterload sensitive. They can function independently of the
EKG and most require anticoagulation. Generally, these devices are prone to infection,
bleeding, hemolysis, thrombosis, cerebrovascular accidents, and mechanical malfunction. In
addition, right ventricular dysfunction is a known complication of LVAD insertion, as the right
ventricle has to increase its output to match the left heart and LVAD.
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Figure 10. HeartMate 3 (Reprinted with the permission of Thoratec Corporation).

2.3.2. Indications for VAD

As mentioned earlier, indications for VAD can be divided into three main groups: BTR, BTT,
and DT. Mechanical support with a VAD is used as a BTR in patients with acute decompen‐
sated HF. These patients typically have reversible causes of HF, such as postcardiotomy
syndrome, medicine-induced cardiomyopathy, postpartum cardiomyopathy, and viral
myocarditis. A retrospective study showed that patients who have acute fulminant myocar‐
ditis that progressed rapidly (median of 7 days from onset of symptoms to VAD implantation)
had a greater likelihood of recovery of cardiac function and VAD explantation than patients
who had a more indolent presentation (median of 22 days between onset of symptoms to VAD
implantation). Those with a more indolent presentation were more likely to progress to
needing a heart transplantation [45].

BTT remains the most common indication for MCSD. The Seventh INTERMACS report
showed that implantation of VADs as BTT was about 51% in 2014 [4]. VADs allow patients
with advanced HF to become healthier while awaiting heart transplantation. It has been shown
that patients who receive a VAD as a BTT have improved functional capacity and quality of
life [46].

DT refers to the use of VAD as definitive treatment for patients who do not qualify for heart
transplantation. The Seventh INTERMACS report showed that implantation of VADs as DT
has been steadily rising. In the year 2014, 45.7% of all VADs implanted in the United States
have been for DT, up from 43.6% in 2013. This is in stark contrast to the 2008–2011 time period,
when only 28.6% of all VADs implanted were for DT [4].

A fourth group, bridge to decision (BTD), is a new designation for those patients whose
candidacy for heart transplantation or permanent VAD is still not determined, either due to
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medical or socioeconomic reasons. A recent study investigating the CentriMag VAD, an
external continuous-flow device, as BTD therapy in patients with refractory cardiogenic shock
demonstrated survival of 69.2% at 30 days and survival of 48.6% at 1 year. This study showed
that 30% of patients had sufficient myocardial recovery to allow explantation of the VAD.
Another 15% of patients progressed to needing a permanent VAD and 18% of patients required
heart transplantations [47].

2.3.3. Short-term VADs

Short-term VADs are available as pulsatile and nonpulsatile devices. The short-term pulsatile
device includes the first-generation Abiomed BVS 5000 and the second-generation Abiomed
AB 5000, which allows the patient to be more mobile. These are paracorporeal devices that can
provide left ventricular, right ventricular, or biventricular support for several weeks. In a
retrospective single institution review, the Abiomed BVS 5000 was inserted for precardiotomy
cardiogenic shock in 18 patients and for postcardiotomy cardiogenic shock in 53 patients. Of
these, 62% of the patients survived, with 41% of patients being successfully weaned after
myocardial recovery, 11% receiving a long-term LVAD, and 10% receiving a heart transplan‐
tation [48]. Similar to other VADs, patients require anticoagulation while being supported by
this device.

Nonpulsatile short-term devices that could provide univentricular and biventricular support
include the Impella and TandemHeart. These devices require anticoagulation and could be
readily placed in the interventional cardiology suite for acute HF. The Impella LP 2.5 is a
catheter-based VAD that is inserted via the femoral artery. It is passed into the aorta, through
the aortic valve, and into the left ventricle. The catheter has an inlet at its tip and an outlet more
proximally. This device functions by pumping blood through the inlet located in the left
ventricle and into the outlet located in the ascending aorta. This lessens the amount of work
the left ventricle has to perform and augments cardiac output. The Impella LP 5.0 works
similarly but is larger and requires a formal aortotomy or femoral artery cutdown.

However, the TandemHeart consists of a centrifugal pump and a cannula placed through the
femoral vein and guided into the right atrium. From there, the cannula is placed transeptally
into the left atrium. A femoral artery cannula is also placed and blood from the left atrium is
passed into the femoral artery, thereby bypassing the left ventricle [49]. In the largest study of
its kind, Patel et al. showed that percutaneous VADs such as the TandemHeart and Impella
led to a statistically significant reduction in mortality when compared to the IABP in patients
undergoing percutaneous coronary intervention [50].

2.3.4. Long-term VADs

Long-term VADS can be divided into three generations. The first-generation VADs rely on
pulsatile flow technology. It includes the HeartMate XVE, a VAD that has been extensively
studied. In fact, it was this device that was studied in the seminal REMATCH trial. It has a
textured inner surface, which promotes pseudoneointimal lining formation throughout the
pump. Consequently, anticoagulation is not necessary and these patients often only receive
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antiplatelet therapy in the form of aspirin. The incidence of neurologic events remains low
with this device. A small retrospective study with 21 patients showed no strokes or transient
ischemic attacks during the average of 531 days of LVAD support. Only two of these patients
developed metabolic encephalopathy, which resolved [51]. Major limitations of this device
include increased incidence of infection, device malfunction, and its large size, which makes
implantation into patients of a body surface area of less than 1.5 m2 not feasible. Other first-
generation devices include the Novacor, EXCOR, Thoratec IVAD, and Thoratec PVAD.

The second-generation VAD rely on a rotatory axial pump design. These are typically much
smaller than the first-generation VADs because of the nonpulsatile flow design. By eliminat‐
ing pulsatile flow, the need for having valves and chambers was eliminated. In addition, there
are less moving parts leading to less hardware dysfunction. They also require less energy
consumption.  This  group  includes  the  HeartMate  II,  MicroMed  DeBakey  (now  Relian‐
tHeart), and Jarvik 2000. The HeartMate II has been extensively studied and has revolution‐
ized the field of VAD. It was investigated against the HeartMate XVE by Slaughter et al. In
their  study,  they  showed that  continuous  flow LVAD had a  statistically  significant  im‐
proved  probability  of  survival  free  from  stroke  and  device  failure,  when  compared  to
pulsatile devices. In addition, the HeartMate II had actuarial survival rates of 68% at 1 year,
compared to 55% for the HeartMate XVE. The survival benefit extended to 2 years, with 58%
survival in the HearMate II cohort and 24% in the HeartMate XVE cohort [44].

The third-generation VAD also relies on continuous flow technology. However, instead of
having a rotor in contact with blood, which results in hemolysis, there is a hydrodynamic or
magnetic levitation component, which eliminates contact with blood. These include the
DuraHeart, HeartMate 3, HeartWare, Evaheart, and INCOR. These remain investigational and
in clinical trials in the United States. In Europe, several studies have already been conducted.
A retrospective study from Italy reviewed the INCOR VAD in 42 patients. In their cohort,
Iacovoni et al. showed survival of 74% at 1 year and 60% at 2 years. The most frequent adverse
events included driveline infection, stroke, sepsis, and right HF. No episodes of pump
thrombosis or gastrointestinal bleeding occurred [52].

2.3.5. Operative technique

Typically, VADs are placed via a median sternotomy and require cardiopulmonary bypass. A
preperitoneal pocket is created to implant the device. Meticulous hemostasis is necessary since
postoperative hematomas in the device pocket can predispose to infections. Alternatively, with
the increasing miniaturization of the VADs, they can be placed within the pericardium.

With some of the newer models, implantation is possible via a thoracotomy incision and
without cardiopulmonary bypass [53, 54].

2.3.6. Postoperative management

Postoperative care after VAD implantation requires a multidisciplinary approach to care.
However, special attention has to be paid to blood pressure monitoring, anticoagulation, and
right ventricular function. While arterial lines are in place, blood pressure can be titrated to
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mean arterial pressure (MAP) of 70–80 mmHg. Once invasive lines are discontinued, a Doppler
probe and sphygmomanometer can be utilized to measure blood pressure. Antiplatelet
therapy and anticoagulation is started within a few days postoperatively, once risks of bleeding
and coagulopathy have subsided. Antiplatelet therapy is started with aspirin. Anticoagulation
is started with a heparin drip and the transitioned to oral warfarin. Alternatively, starting
warfarin without a heparin bridge has been reported. It has been shown that such management
reduces the need for blood transfusions without increasing risks for short-term thrombosis or
thromboembolic events [55]. The right ventricle is supported with the use of inotropes and
pulmonary vasodilators such as nitric oxide, prostaglandins, and milrinone. Despite maximal
medical therapy, if central venous pressures remain consistently above 20 mmHg and the
cardiac index remains below 2 L/min/m2, implantation with a temporary RVAD may be
indicated.

2.4. Total artificial heart

2.4.1. Background

The TAH is a mechanical support device, which has not yet gained widespread acceptance.
Only 66 were implanted in the United States in 2013 [4]. It provides pulsatile biventricular
support and is pneumatically powered. With this device, the right and left ventricle and all
the heart valves are removed. The removal of the native ventricles and valves eliminates many
of the problems seen with LVAD or biventricular support, namely right HF, valvular regur‐
gitation, and arrhythmias. The TAH is connected directly to the atria. It is currently approved

Figure 11. Total Artificial Heart with battery pack (Image courtesy of Syncardia.com).
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for support for biventricular HF as a BTT [56]. It is available as the SynCardia TAH and
AbioCor.

2.4.2. Indications

The main indication for the TAH is as a BTT for biventricular failure. It can be used in patients
who have contraindications to LVAD and biventricular assist devices implantation. Such
patients include those infiltrative or restrictive cardiomyopathies, aortic regurgitation, severe
cardiac arrhythmias, and left ventricular thrombus.

In a study by Copeland et al., 81 patients were implanted with the TAH as a BTT. Of these, the
rate of survival to transplantation was 79%. The overall 1-year survival for patients implanted
with the TAH was 70%. In those patients who received heart transplantation after a TAH, the
1-year survival was 86% and the 5-year survival was 64% [57].

2.4.3. Limitations and complications

Major limitations to its use include its large size, requiring the patient to have a body surface
area of at least 1.7 m2. It also requires extensive surgery to remove both of the ventricles and
all the valves. It is also fraught with complications including infection, postoperative bleeding,
and thromboembolic events [58].

Figure 12. Total Artificial Heart (Image courtesy of Syncardia.com).

3. Conclusion

With the increase in HF and the lack of available hearts for transplantation, MCSDs will
continue to play a greater role as a BTR, BTT, or DT.
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all the valves. It is also fraught with complications including infection, postoperative bleeding,
and thromboembolic events [58].

Figure 12. Total Artificial Heart (Image courtesy of Syncardia.com).

3. Conclusion

With the increase in HF and the lack of available hearts for transplantation, MCSDs will
continue to play a greater role as a BTR, BTT, or DT.
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Abstract

Previously, ABO-incompatible kidney transplantation (KTx) was believed to be a “taboo”
for immunological reasons. In Japan, the Tokyo Women’s Medical University reported
the first successful case of such transplantation, performed on January 19, 1989. Since
then, we have been striving to improve the outcome of ABO-incompatible transplanta‐
tion for a quarter of a century.

At Niigata University, ABO-incompatible KTx was performed in April 1996, with 80
patients being operated by 2013. The graft survival rates for those patients were 92.5%,
92.5%, 68.6%, and 61.0% for the 1st, 5th, 10th, and 15th years after transplantation,
respectively. In September 2004, we were the first medical institution in Japan to introduce
desensitization therapy into our clinical practice, which involved the use of rituximab
and did not include splenectomy. The graft survival rate dramatically improved after
2004: 96.7% at 1 year, 96.7% at 5 years, and 87.9% at 10 years after transplantation,
respectively. Our department initiated translational research on structural analysis and
immune response of  ABO histo-blood group carbohydrate antigens.  Based on our
experimental and clinical results, desensitization therapy before transplantation was more
effective to inhibit B-cell immunity than multiple antibody removal.

Keywords: ABO blood group antigen, ABO-incompatible kidney transplantation, ac‐
commodation, antibody-mediated rejection, ABO kidney transplantation

1. Introduction

Since Karl Landsteiner discovered the human ABO blood groups in 1901 [1], ABO-incompat‐
ible transplantation has been considered as an immunological contraindication because of the
risk of forming antibodies against ABO blood group antigens in the grafts, leading to hyper‐

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



acute rejection followed by the loss of the kidney graft function. In Japan, kidney transplan‐
tation (KTx) using deceased donors is uncommon because the number of organ donations is
very low. However, the number of end-stage renal disease (ESRD) patients who require a
transplant is high. This situation required us to broaden the indications for living-donor KTx.

To expand the use of living-donor transplantation, ABO-incompatible KTx has been per‐
formed in Japan since 1989. In recent years, the outcome of ABO-incompatible KTx has
improved to the point that it is now in no way inferior to ABO-compatible KTx. The number
of cases using incompatible transplants per year now exceeds that using deceased-donor
transplants, and incompatible KTx accounts for approximately 30% of all living-donor KTx.
As of 2014, more than 3500 patients have been saved by this treatment in Japan.

In this chapter, we review ABO-incompatible transplantation and describe a strategy to
overcome antibody-mediated rejection (AMR) after ABO-incompatible KTx.

2. History of ABO-incompatible KTx

The first ABO-incompatible KTx was performed by Yu Yu Voronoy in Ukraine in 1933 on a
26-year-old acute renal failure patient. The recipient with type O blood group received a blood
type B kidney graft from a 64-year-old male donor. One of the donor’s kidneys was harvested
within 6 h of his death and grafted into the recipient’s femoral region, but the patient died 2
days after transplantation. In this case, the failure of the graft to function was probably due to
prolonged ischemic time rather than incompatibility [2]. Thereafter, some cases of ABO-
incompatible KTx achieved long graft survival [3,4]. However, in 1967, Gleason and Murray
[5] compiled the statistics on KTx, applied statistical analysis to ABO-incompatible cases, and
reported very discouraging results.

Some years later, in 1981, Slapak et al. [6] of the University of Portsmouth, UK, published the
remarkable finding that plasma exchange effectively reduced acute AMR in a transplant from
a deceased donor when, because of a procedural error, the donor and recipient were of
incompatible blood types. This was the first report that clearly showed the effectiveness of
plasma exchange to remove antibody for ABO-incompatible KTx.

Alexandre et al. [7–10] from Belgium were the first to design a transplantation procedure using
plasma exchange for pretransplantation removal of anti-A and -B antibodies. They also
strongly emphasized the importance of splenectomy in achieving long-term graft survival.
However, at that time, deceased-donor KTx was the mainstream procedure in Europe, and the
techniques outlined in Alexandre et al.’s study were not widespread.

In Japan, the number of deceased-donor kidney donations has always been extremely low.
KTx is an absolute indication for children with chronic renal insufficiency because of their need
for healthy growth and development. Thus, to broaden the indications for living-donor KTx,
ABO-incompatible KTx has mainly been developed in Japan since 1989 [11–21].
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plasma exchange to remove antibody for ABO-incompatible KTx.

Alexandre et al. [7–10] from Belgium were the first to design a transplantation procedure using
plasma exchange for pretransplantation removal of anti-A and -B antibodies. They also
strongly emphasized the importance of splenectomy in achieving long-term graft survival.
However, at that time, deceased-donor KTx was the mainstream procedure in Europe, and the
techniques outlined in Alexandre et al.’s study were not widespread.

In Japan, the number of deceased-donor kidney donations has always been extremely low.
KTx is an absolute indication for children with chronic renal insufficiency because of their need
for healthy growth and development. Thus, to broaden the indications for living-donor KTx,
ABO-incompatible KTx has mainly been developed in Japan since 1989 [11–21].
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3. AMR

Anti-A and/or -B antibodies are present in the recipients, and ABO histo-blood group antigens
are expressed on endothelial cells of kidney grafts [22]. In ABO-incompatible transplantation,
these antibodies react to ABO histo-blood group antigens followed by complement activation.
Bleeding and thrombosis develop, which eventually lead to graft loss [23,24] (Figure 1). As
observed in 441 cases of ABO-incompatible KTx from Japan [15], no incidence of hyperacute
rejection occurred within 48 h of transplantation [24] (Figure 2). Many cases of acute AMR
occurred during the first 2–7 days after transplantation. After this period, the incidence of AMR
decreased, and rejection ceased to occur 1 month after transplantation. Based on the results of
this study, we divided the posttransplantation clinical course into three periods: a 48-h “silent
period” with no sign of hyperacute rejection, an 18-day “critical period” from days 2 to 19
(average, day 7) when acute AMR is most likely to develop, and a subsequent “stable period”
during which acute AMR no longer occurs because transplant accommodation has been
established [24]. Accommodation is defined as a phenomenon in which no clinical grafted
organ injury occurs despite the presence of antibodies in the recipient’s body against the ABO
histo-blood group antigens of the graft [15].

Figure 1. Acute AMR in ABO-incompatible KTx and its mechanism [23].
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Figure 2. Onset of acute AMR [15,24].

AMR in ABO-incompatible KTx is classified into two types based on antigen stimulation and
the immunological response to such stimulation [25] (Table 1). Type I acute AMR is caused
by resensitization due to ABO histo-blood group antigens on the endothelial cells of the kidney
graft. In patients at high immunological risk with high antibody titer, ABO histo-blood group
antigens of the grafts can directly stimulate immunological responses, resulting in the
explosive production of antibodies and leading to acute AMR. Typically, IgG antibody titers
increase, accompanied by a parallel increase in IgM antibody titers. Once rejection develops,
its course is dramatic, with no response to currently available therapy and ultimately leading
to graft loss. Because serum IgG antibody titers are generally high before transplantation and
a “rebound” in antibody production often occurs after pretransplantation antibody removal,
desensitization therapy, including the suppression of memory cells, should be administered
before transplantation (detailed in a later section).

Type I Type II

Occurrence of critical period Early phase Late phase

Recipient Immunologically high-risk host Immunocompromised host

Immunosuppression Inadequate Possible immunosuppression

Antigens ABO histo-blood group antigens ABO blood group-associated antigens

Sensitization Resensitization Primary sensitization

Response Secondary and severe Primary and less than type I

Antibody production Explosive Slow

Antibody titer IgG↑>　IgM↑ IgG→　IgM↑
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Type I Type II

Treatment Unresponsive Responsive in early period

Prophylaxis Desensitization Prevention of infection

Prognosis Graft loss Possible graft survival

Table 1. Classification of acute AMR due to ABO blood group antigens in ABO-incompatible KTx [23].

Type II AMR is caused by a primary sensitization by ABO blood group-associated antigens.
In response to bacterial infections, such as sepsis, ABO antigen-like substances on the surface
of bacterial cells act as cross-reacting antigens, causing sensitization and antibody production.
Type II AMR usually progresses more slowly and is less severe than type I AMR [25]. A major
difference from type I rejection is the elevation of IgM antibody titers. Type II AMR also has
a greater chance of responding to currently available treatment. Antibody removal and
anticoagulation therapy should therefore be promptly administered.

4. Development of desensitization therapy for ABO-incompatible KTx

In this section, we summarize the history of ABO-incompatible KTx performed at our institute,
Niigata University, focusing on the transition of immunosuppressive therapy as well as on the
development and implementation of desensitization therapy [21].

Figure 3. Immunosuppression protocol, early phase, period 1, extending from April 1996 to January 1997. Antibody
removal with DFPP started from 5 to 7 days before transplantation, without any immunosuppression. FK506 and AZ
were started 2 days before transplantation and splenectomy was “routinely” performed at the time of transplantation.
MP, methylprednisolone.
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In 1996, tacrolimus (FK506), azathioprine (AZ), steroids, and antilymphocyte globulin (ALG)
were used for ABO-incompatible KTx (Figure 3). FK506 and AZ were initiated 2 days before
surgery, splenectomy was performed at the time of transplantation, and ALG was adminis‐
tered for 14 days after KTx. For antibody removal therapy, double-filtration plasmapheresis
(DFPP) or plasma exchange was performed. The target anti-A and -B titer immediately before
KTx was set at eightfold or less, and the antibody removal protocol was repeated until the
target titer was reached because high pretransplantation antibody titer against donor blood
type has been reported to correlate with acute AMR [26–30].

In patients whose antibody titer rebounded after antibody removal therapies, acute AMR
occurred in some cases with the increase in posttransplantation antibody titer. To avoid this,
cyclophosphamide (CPA) treatment, which inhibits B cells, has been initiated along with low-
dose steroids 10–14 days before transplantation since 1997 (Figure 4). Antibody removal,
FK506, and splenectomy were performed in a conventional manner.

Figure 4. Immunosuppression protocol, early phase, period 2, extending from February 1997 to September 2001. CPA,
a low steroid dose, and AZ were administered starting 10 days before transplantation, at the beginning of antibody
removal.

However, the new protocol seemed to be less than fully adequate because two patients lost
their grafts due to AMR during this period. Mycophenolate mofetil (MMF) and basiliximab
have been included since 2001. To avoid AMR, MMF and steroids were started 14–28 days
before the transplantation surgery (Figure 5). Antibody removal, FK506, and splenectomy
were performed in a conventional manner.
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Figure 5. Immunosuppression protocol, early phase, period 3, extending from October 2001 to August 2004, using
MMF and basiliximab. MMF and a low-dose steroid were started 2–4 weeks before transplantation. The concept of B-
cell desensitization was adopted. AUC, area under the curve; CYA, cyclosporine.

Figure 6. Late phase (September 2004–). Desensitization protocol with two doses of rituximab, MMF, a steroid, and
antibody removal without splenectomy. The concept of “desensitization therapy” for ABO-incompatible KTx was in‐
troduced. MMF and a low-dose steroid were started 4 weeks before transplantation, and two doses of rituximab and a
minimum antibody removal session followed. Splenectomy was completely abandoned in this phase.
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Splenectomy has been considered a prerequisite for a successful outcome of ABO-incompatible
KTx [31] because the spleen has a specific structure for entrapping extrinsic antigens and
contains the largest pools of memory B cells and antibody-producing plasma cells in the body.
However, splenectomy can lead to complications, including postoperative hemorrhage,
pancreatic injury, and leakage of pancreatic juices [32]. Furthermore, the assumed immuno‐
logical benefits of splenectomy are doubtful because severe AMR can still occur sometimes
[26]. In such patients, extrasplenic memory B cells and plasma cells are activated to produce
anti-A and -B antibodies in response to antigen loading after KTx. Strategies for preoperative
immunosuppression must therefore be reconsidered. Instead of splenectomy, 375 mg/m2

rituximab (a chimeric mouse-human monoclonal antibody formulation directed to CD20
antigens expressed on premature and mature B cells) has been administered twice since 2004:
once 2 weeks before and once on the day before ABO-incompatible KTx [33] (Figure 6). The
major goal of treatment with rituximab and MMF is to suppress the induction of differentiation
from memory B cells into antibody-secreting plasma cells. Antibody removal was mainly
intended for the physical removal of anti-A and -B antibodies already present in the circulating
blood and also to aid in assessing the suppressive effects on the B cell line by determining the
extent of antibody rebound after removal. Thus, antibody removal was considered to be a form
of auxiliary therapy. As a general rule, antibody removal was limited to two times because of
the serious concerns regarding the side effects of antibody removal, such as allergic reactions,

Figure 7. Late phase, modified desensitization protocol (2007–). Starting in 2007, a CNI was added 4 weeks before
transplantation and one dose of rituximab was reduced to 100 mg/body. Antibody removal was limited to a minimum,
and splenectomy was completely avoided.
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hemorrhagic tendency due to decreased anticoagulant factors, and decreased colloid osmotic
pressure and intravascular volume depletion due to hypoalbuminemia. Calcineurin inhibitors
(CNI) suppressed the differentiation of B-0 cells to B-1a cells, which would otherwise progress
to be anti-A and -B antibody-producing B cells [34]. Taking this point into account, CNI was
started 28 days before KTx with MMF and steroids. To avoid over-immunosuppression, the
dose of rituximab was eventually reduced to 100 mg/body (Figure 7). The number of peripheral
B cells was well suppressed with this strategy for approximately 6 months after ABO-
incompatible KTx (data not shown).

5. Outcomes of ABO-incompatible KTx in Niigata University

We show our clinical results divided into two periods, before and after 2004. As mentioned
above, MMF and rituximab were used as a desensitization therapy without splenectomy since
2004. Table 2 shows the characteristics of the patients who underwent ABO-incompatible KTx
in Niigata University [21].

1996–2004.5 (n=20) 2004.9–2013 (n=60) P

Recipient age 33.5±11.3 44.9±13.3 0.069

Donor age 57.5±6.3 55.2±9.1 0.224

Male recipient (%) 75 72 0.555

Male donor (%) 50 28 0.037

Graft weight (g) 165.1±27.1 173.4±31.3 0.581

HLA MM 2.6±1.6 3.2±1.3 0.391

HD duration (months) 46.9±39.7 36.4±48.7 0.774

TIT (min) 63.3±27.6 82.8±28.0 0.644

WIT (min) 6.0±1.6 4.1±2.1 0.092

TAC for CNI (%) 85 50 0.000

Preemptive KTx (%) 0 20.3 0.000

Table 2. Characteristics of the patients who received ABO-incompatible KTx in Niigata University.

5.1. Patient survival rate

Patient survival rates are shown in Figure 8 [21]. Before 2004, the patient survival rate was 95%
for the first year, 90% for the first 5, 7, and 10 years, and 80% for the first 15 years after
transplantation. After 2004, the patient survival rate was 100% for all available study periods
(1, 5, 7, and 10 years) after transplantation. A statistically significant difference in patient
survival rate was observed between the late and early phases (Kaplan-Meier analysis, P=0.03).
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Figure 8. Patient survival before and after 2004 in ABO-incompatible KTx (Kaplan-Meier analysis). Patient survival
rate of cases after 2004 was significantly improved compared to that of cases before 2004 (log-rank, P=0.03). N.A., not
yet available.

5.2. Cause of death

Four patients died after transplantation, with their causes of death (time of death) being sepsis
due to pleuritis (at 4 months after transplantation), sepsis (46 months), sepsis due to gastro‐
intestinal perforation (123 months), and brain tumor (123 months). Three of these deaths (two
due to sepsis and one due to brain tumor) were deaths with functioning graft (DWFG).

5.3. Graft survival rate

Graft survival rates are shown in Figure 9 [21]. Before 2004, the death-censored graft survival
rate was 80% at 1 year, 80% at 5 years, 68.6% at 7 years, 51.4% at 10 years, and 45.7% at 15 years
after transplantation. After 2004, the death-censored graft survival rate was 96.7% at 1 year,
96.7% at 5 years, 96.7% at 7 years, and 87.9% at 10 years after transplantation. A statistically
significant difference in graft survival rate was observed between the late and early phases
(Kaplan-Meier analysis, P=0.006).
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Figure 9. Graft survival before and after 2004 in ABO-incompatible KTx (Kaplan-Meier analysis). Graft survival in cas‐
es after 2004 was significantly improved compared to that of cases before 2004 (log-rank, P=0.006).

5.4. Cause of graft loss

Table 3 shows the cause of graft loss [21]. The graft was lost in 17 patients. The causes of graft
loss were chronic allograft nephropathy in five cases (70, 98, 194, 133, and 102 months after
transplantation), acute AMR in three cases (10, 10, and 9 days after transplantation), thrombotic
microangiopathy (TMA) in one case (1 day after transplantation), acute rejection in one case
(4 months after transplantation), recurrent membranoproliferative glomerulonephritis
(MPGN) in one case (114 months after transplantation), recurrent IgA glomerulonephritis
(IgAGN) in one case (114 months after transplantation), drug-induced nephropathy in one
case (2 months after transplantation), graftectomy/total nephroureter/ectomy/cystectomy due
to urothelial tumor in one case (76 months after transplantation), and patient death in three
cases.
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Cause of graft loss n    Posttransplantation duration

Chronic allograft nephropathy 5 194, 133, 102, 98, and 70 months

Death with function 3 123, 46, and 4 months

AMR 3 10, 10, and 9 days

TMA 1 1 day

Acute rejection 1 4 months

Recurrent MPGN 1 114 months

Recurrent IgAGN 1 114 months

AMR: antibody mediated rejection, TMA: thrombotic microangiopathy, MPGN: membranoproliferative
glomerulonephritis, IgAGN: IgA glomerulonephritis.

Table 3. Cause of graft loss in ABO-incompatible KTx.

6. Acute AMR by de novo antibody

In our studies, the indicator for acute AMR, C4d in peritubular capillaries (PTCs), was observed
by graft biopsy over time, at 0-h, 1-h, or 1-month protocol biopsy or by episode biopsy. The
positive rate for C4d in PTCs at 1-h biopsy was only 16.1% [24,35]. The positive rate increased
to 70.9% for the 1-month protocol or episode biopsy. Biopsy was negative at 1 h in all four
cases in which acute AMR developed due to anti-A and -B antibodies after ABO-incompatible
KTx in our institute but was positive 1 month later. Among the cases that turned positive after
negative results, no acute AMR developed except in these four cases. Considering this fact, we
made the following hypotheses: (1) preexisting anti-A and -B natural antibodies do not always
bind to histo-blood group antigens on the graft vascular endothelial cells and subsequently
activate complement, (2) it is likely that antibodies with high affinity to the kidney allograft
are newly formed postoperatively and deposited, and (3) not all antibodies produced postop‐
eratively elicit acute AMR, and accommodation is induced and established in cases where the
graft survives [22,24,35]. The important matter is that titration of anti-A and -B antibodies is
most widely performed by isohemagglutinin using red blood cells (RBCs) in ABO-incompat‐
ible KTx. Our observations also suggested the diversity of anti-A and -B antibodies and
antibody-producing clones and indicated that it is more important to control postoperatively
produced anti-A and -B antibodies that injure target graft vascular endothelial cells (not RBCs)
than to mechanically remove preformed antibodies. Finally, we previously reported that there
were differences regarding the presentation of ABO blood group antigens between RBCs and
endothelial cells of the kidney [22]. According to our results, we have recently excluded, on a
trial basis, antibody removal before ABO-incompatible KTx in patients with antibody titers
below 64-fold [36]. In 14 patients who did not receive antibody removal, the patient and graft
survival after 1 year were each 100% [36].
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7. Strategies for ABO-incompatible KTx

1. In ABO-incompatible KTx, tissue-destroying acute AMR is elicited by an extensive
antibody production. This drastic antibody elevation occurs because memory B cells and
plasma cells having immunological memory are inadequately suppressed and thus can
react to histo-blood group carbohydrate antigens introduced by the graft, producing a
second set phenomenon (type I AMR).

2. Acute AMR can be elicited by anti-A and -B antibody production that has been made
possible because of a prior exposure to blood group-associated carbohydrate antigens due
to certain bacterial infections (type II AMR).

3. Effective desensitization therapy should be performed by suppressing B-cell immunity
rather than by several sessions of mechanical antibody removal. The effective method to
protect from AMR is a pretransplantation procedure with a combination of rituximab and
MMF/CNI, which blocks the induction of B-cell differentiation. The most important
consideration is to inhibit B-cell immunity to a sufficient extent before ABO-incompatible
KTx and potential new antibody production in the critical period. Accommodation has
been established after ABO-incompatible KTx, and the recipient’s posttransplantation
antibody titer becomes less relevant.
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