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Chromie hver disease s the eghth leading
cause of death in the United States. The
most common causes of this disease include
hepatus C virus (HCV), alcohol. nonalco-
holic fatrtv hiver disease, and hepanus B
virus. Liver transplantadon 1 the only treat-
ment remaiming for many patients with
end-stage liver disease. There are currently
more than [7.000 patuents waiting for a
liver ransplanc, bur only 6.168 transplanta-
tion procedures were performed n 2004

b INDICATIONS

Liver transplantanion 1s indicated in panents
with (a) debihtaung or life-threatening
complicanions of liver disease, or (b) early-
stage hepatocellular carcinoma when surg-
cal resection 1s not an option because of
concomtant hiver disease or tumor loca-
ton. The speaitic disease indicatons include
noncholestatic cirrhosis (e.g.. alcoholic liver
disease). chronic active heparins (B. C. or
autoimmune), cryptogemce, nonalcoholic
steatohepanus; cholestane liver disease/cir-
rhosis (e.g.. primary bilary cirrhosts, pri-
mary sclerosing cholangins, Caroli discase,
and biliary atresia): fulminane liver failure
(e.g.. acetammnophen overdose. heparits,
ischemia. idiosyneranc drug toxiciry): meta-
bolic discases (e.g.. a,- anutrypsin defi-
ciency. Crigler-Napar disease, type [, Byler
discase. glycogen storage disease, types [A
and IV, Wilson disease. hemochromatosts,
tyrosinemia. ormrthine transcarbamvlase
deficiency. and galactosenma); malignant
neoplasms (e.g.. hepatoblastoma. heman-
goendothelioma, angiosarcoma. hepatocel-
lular carcinoma ); and other disease-induced
liver diseases. such as Budd-Chiani syn-
drome. bemgn neoplasms, and total par-
enteral nutrinon (Table |

CONTRAINDICATIONS

The contrandications to liver transplanta-
non have decreased as our ability to perform
transplants successfully has improved for pa-
tents who are more sicker and more com-
plex. Absolute contrmindications include ad-
vanced uncorrectable cardiac or pulmonary
discase. severe irreversible pulmonary hy-
pertension (>30 mm Hg). irreversible

Part VII: The Gastromresanal Tracr
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neurologic imparrment. uncontrolled sepsis,
and extrahepatic malignancy {with the ex-
cepnon of skin cancer and some neuroen-
docrme tumors), Protocols exist for a num-
ber of diseases that were previously thought
to be absolute contraindicanons for trans-
plantation. These diseases mclude human
immunodeficiency virus (HIV), infection.
advanced hepatocellular carcinoma, and
(Table 2). There is
currently a Nanonal Insticutes of Health-
sponsored tral of Kidney and liver trans-

cholangiocarcimoma

plantanion mn selected HIV-posiave panents.

TIMING

Prior to February 2002, allocanion of de-
ceased donor hvers was heavily influenced
by wair imes of the intended recipient. In
February 2002, the Model for End-stage
Liver Disease (MELD) system was imple-
mented by the United Network for Organ
Sharing and de-emphasized waiting time
and allocated deceased donor livers on the
basis of severity of recipient disease. The
MELLD scoring system uses three objective
laborarorv values (serum creannine, serum
bilirubin. and international normalized ra-
ton [INR]) that are entered into the re-
gression cquanon to determune an indi-
vidual's MELD score (range, 6 to 40):

MELD score = 9.57 X log, Creatinine
(mg/dL) + 3.78 X log,
Bilirubin (mg/dL) + log,
INR + 6.43 (disease
constant)

This model was originally described to
predict 3-month mortality rates in cir-
rhotic patents undergomg transjugular
intrahepanic portal systemic shunts, but
several studies have also shown that the
MELD score predicts the risk of dying for
patients awarting liver transplantation
United Network for Organ Sharing allo-
cates deceased donor livers first to status 1
patients and then panents according to
their MELD score. A Pediatric End-Stage
Liver Disease (PELD) system for pedi-
atric patients has also been implemented
that incorporates age. bilirubin, height
weight. INR. and bilirubin. Recenr data

suggest that mortality rates for p
with a MELD score of 15 to 17 are &
alent with or without transplant, me
rates are less wich transplane for p
with MELD scores of more than 17
mortality rates tor patients with MER
scores of less than 15 are lower :
watting list compared with transplang,

Pattents with hepatocellular carcingg
meetng the United Network for ©
Sharing hsting criteria (single tumor, <§
cm or two or three tumors, the [
which s <3.0 ¢m) are imaally assi
MELD score of 22 (equal to a 3-m
mortality rate of 15%) and are givena
tional pomu equivalent to a 10% me
unal they receive a transplant. This
was insticuted 10 order to facilicate
plantation for panents with hepatoce
carcinoma before their tumors
large or had metastasized, thereby preg
ing successful transplantanon.

PREOPERATIVE
EVALUATION

o)

Potential liver transplant recipients
dergo an evaluation that begins withs b
tory. physical examiation, routine i
ratory studies. chest radiograph, &
electrocardiogram. All patients
hepartins serology (A, B, and C), viral
ogy (herpes simplex virus, cytomegal
Epstein-Barr virus, HIV, and van
zoster virus). infectious serology |
plasma reagin. toxoplasmosis, and rubé
a-fetoprotein. carbohydrate antigen §
in patients with suspected cholangi

noma or sclerosing cholangits), cor

erized axial tomography (CAT) orn
netic resonance imagmg of the
(for vessel patency. liver volume, ank
rule out hepatic tumors) with comp
1zed reconstructions of the vasculau
per gastrointestinal endoscopy, d
uation, Pap smear. mammogram
women older than 4() years), and pro
specific anngen (in men older
vears). Orcher studies that are obraine
trequently, depending on the patient
tory and disease. include pulmong
rion tests, colonoscopy (in patients
than 50 years). echocardiogram,



Noncholestatic cirrhosis
Hepatius C virus
Alcohol

- Hepanas B virus
‘Nonalcoholic steatohepatins
Cholestan cirrhosis

Primary biliary cirrhosis

~ Primary sclerosing cholangius
Caroli disease

Biliary atresta
Other

Fulminant iver failure
~ Acemminophen overdose

Hepmm

Hoqmcranc drug reactnon
diseases

Q-anutrypsin deficiency
 Crigler-Najjar disease. rype |

- Glycogen storage disease types 1A
~ and IV

Wilson disease
‘Hemochromarosis

Ornithine transcarbamylase deficency

neoplasms
roblastoma
ngioendothelioma
ZIOsATComa
carcinoma

Cholangiocarcinoma
- Metastatic

A hiart syndrome
bﬂly::ywc liver disease
~ Total parenteral nutrition

Benign hepatic rumons

O

~Mm¢d uncorrectable cardiac or
: disease
‘Severe irreversible pulmonary disease
- (>30 mm Hy)
Irreversible neurologic impairment
Uncontrolled sepsis
Extrahepatic malignancy (wich the
exception of skin cancer and some
newroendocrine tumors)

* Human immunodeficiency virus
- mfection

- Advanced hepatocellular carcinoma
~ Cholangiocarcinoma

Chapter 106: Liver Transplantanon

damole stress  challinm study, cardiac
cathetenizanon with coronary angiography.
and psychiatric evaluanon {for anv panent
with a history of substance abuse, alcohol
abuse, or psychiatric illness). Appropriate
consulations from cardiology, pulmonary
disease, neurology. and mfecnous disease
spectalists are obramned as needed

~ , TREATMENT OF PATIENTS
—/  WITH LIVER FAILURE

Acute Liver Failure

Panents with acute fulminant hepanc fail-
ure or decompensation of chronic hver
disease require urgent inpatient evaluation
and consideranion ot lisung for liver rans-
plantanon. The principles of management
of panents with acute fulmnant hepauc
farllure include (a) protecnon agamnse and
treating of cerebral edema. /b) mainte-
nance of other organ svsteni funcuon
(e.g., cardiovascular, resprratory, and renal).
() protection against complicanions of co-
agulopathy. (d) prevenuon of sepsis. and (¢
prevenuon of hypoglveenua. Patients n
stage I or IV coma are intubated when
[hcrﬁ' 1§ concertn rug,m‘hng rc‘spir.ltur\ n-
suthiciency or a risk of aspiration.

All pauents undergo placement of a
Swan-Ganz catheter. an arterial hine, and a
Foley catheter for appropriate flud man-
agement. A CT scan of the head 15 ob-
tammed. The panents coagulopathy s
corrected (INR, <1.3) and factor VII ad-
nunistraton s particularly effective. An
epidural, intraparenchymal, or subdural in-
tracramial pressure monitor s placed to
momtor mntracranmal pressure and cerebral
perfusion pressure. Cerebral edema 1s man-
aged by the use of hypervenalaton, intra-
venous mannitol, and fluid restricoion,
maintaining the serum osmolahry at ap-
proxamately 325 mOsm/dL. The pavents
coagulopathy 1s closely monitored and
treated as needed wath fresh-frozen plasma.
cryopreapitate, factor VII, and platelers. It
the panent requires large amounts of blood
products, diurencs are admmistered as nec-
essary o avoid cerebral edema. Panents are
treated with prophylactic anubiotics to pre-
vent sepsis. Patients undergo very close
neurologic monitoring and are aggressively
treated for any evidence of an increase in
mtracranial pressure or a decrease m cere-
bral perfusion pressure (<60 mm Hg)

Chronie Liver Failure

The principles of managing patents with
chronic hiver failure require treating che
mamifestations of portal hvpertension, in-
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cluding controllling ascites, prevenuon of
intecuon and bleeding, treating hepanc
encephalopathy, mamrtaining adequate
nutrition. and svmpromanc relief. For
patients with hepatocellular carcinoma.
local control with radiofrequency abla-
ton or chemoembohizanon 1 important
to prevent disease progression while they
are wainng for ransplantation. These -
dividuals are followed closely with CT
Or magneric resonance imaging ar 3-
month ntervals to ensure that disease
does not progress bevond established
Criteria.

INTRAOPERATIVE MANAGEMENT

Because pauents undergo induction of
general anesthesia, often with a full stom-
ach, a rapid-sequence induction with
¢ricoid pressure 1s used for intubanon.
Monitoring and infusion lines, nasogastric
tube, and Foley catheter are placed, and
continuous  electrocardiography, pulse
oximetry, capnography. and core tempera-
ture monitoring are pertormed. Trans-
esophageal echocardiographic monitoring
i individuals with pre-existing cardiac
discase or in those with evidence of
pretransplant pulmonary hypertension
should be used. Intraoperauvely, close
monitoring of arterial blood pressure,
central venous and pulmonary artery
pressures, cardiac output. systenuc vascular
resistance, stroke volume, and urine out-
put 1s critical during the recipient
hepatectomy, when blood loss can be sig-
nificant. Laboratory studies, including he-
moglobin/hemacocrit, plateler  count,
elecrrolytes. 1omzed calctum. prothrombin
ume, parual thromboplastin e, and
INR, factor and fibrinogen levels, fibrin
degradation products, and arterial blood
gases, are measured at least hourly.

There are several major events that oc-
cur intraoperanvely during liver trans-
planaation that require arcention. During
the recipient hepatecromy. it 1s critical to
replace ongoing blood loss caretully and
to maintamn normal fluid, electrolyte, and
coagulation homeostasis. Overly rapid
correction of coagulatnon abnormalites,
however, may lead to intraoperative
thrombosis, including pulmonary embolus,
and righe heart failure. During the anhep-
atic phase, careful attenuon to hemody-
namic changes, electrolvre abnormalities, and
coagulation abnormalities 1s important, and
appropriate nieasures to correct any devia-
nons from normal are taken as necessary.
Before unclamping the liver, addinonal cal-
cium, sodium bicarbonate, and fluid or
blood products are admuimstered. After




1198

the liver 1s unclamped. there can be a
brief period of hyperkalemia, hypocal-
cemia, metabolic acidosis, depressed car-
diac output and hypotension, pulmonary
hypertension and right ventricular dys-
function. and fibrinolysis that requires
careful correction. Once the patent 1s
stabilized and all bleeding 15 controlled.
overcorrection of minor abnormahiies in
the INR or plateler count should be
avoided to munimize the risk of subse-
quent intravascular, hepaunc artery, or por-
tal vein thrombosis

DECEASED DONOR SELECTION

Donor selection and liver procurement are
criical to prevent primary nonfunction or
delayed primary funcnon of the trans-
planted liver. and to prevent disease trans-
mussion. Donor factors that must be con-
sidered  include ABO  and
compaubility, age. cause of death, hemody-
namic stability, other medical conditions.
social history, laboratory values, and viral
serology. Primary nonfunction occurs in
5% to 10% of transplants and requires ur-
gent retransplantation. Donor risk factors
tor primary nonfuncuon include ad-
vanced age (>60) vears), macrovesicular
steatosis (>30%), prolonged cold and
warm ischemia. hypotension and vaso-
pressor use, and the use of donors after
cardiac death, Donors with one or more
of these factors have been rermed ex-
panded criteria donors and, in the past, hvers
from these donors have been discarded
Because of the marked increase in the
number of patients on the waiting list,
many centers have expanded their use of
these donors. In most instances, the pres-
ence of one factor alone will not have an
impact on posttransplant organ function,
but the presence of multiple factors may
lead ro imual poor function or primary
nonfuncuon and must be considered. In
addition to donor factors, reciprent fac-
tors also can contribute to mnal poor
function or primary nonfunction

HCV remains the most frequent -
dication for hver transplantation in this
country and. because of the universal
recurrence of the virus after transplant,
HCV-positive donors have been used in
HCV-positive recipients with equiva-
lent panient and graft survival rates
compared with HCV-negative donors.
The use of steatouc livers and livers
from older donors has been shown to
increase the rate and progression of re-
current HCV after transplant and should

be avoided.
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Surgical Technique

DECEASED DONOR
HEPATECTOMY

SMandard Technique

A midhne made from the
suprasternal notch to the symphysis pubis
(Fig. 1). This includes a sternotomy. In obese
patients. a transverse abdomunal incision at
the level of the umbihicus can facibtate ex-
posure. The abdomen s thoroughly exam-
ined to exclude anv unsuspected infecnons.
malignancies, or other disease processes that
would preclude organ remeval. The dissec-
tion can proceed i one of several ways, de-
pending on the surgeon’s preference. In the
standard technique. most of the dissection 1s
performed “warm.” while the heart 15 sall
beanng. It is important to gamn early control
of both the supracehac (Fig. 2) and in-
frarenal aorta in case the donor becomes
unstable; this allows for rapid cannulation
and aornc cross-clamping should the need
arise. The right-sided peritoneal reflection 1s
incised and the cecum, ascending colon.
and small bowel mesentery are mobilized
toward the left. The aorta can now be dis-
sected and looped just proximal to 1ts bifur-
caton. Next, the supracehac aort 1s con-
trolled: the left coronary and triangular
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Fig. 1. Inasion for deceased donor operation fro
bone and which can be “cruciated ™ 1f required
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higaments are inaised and the left lobe of
liver 1s retracted toward the right. The
toneum overlymg the gastroesophag
Junction 1s divided and the esopahgus
tracted toward the left. The diaphragmag
crura can then be divided to exposed
supracehac aorta, which 1s looped.
The dissection then continuesa
gastrohepatic ligament. A replaced e
patic artery ansing from the left g
tery occurs in approximately 17
donors. usually passes through the:
rior portion of the gastrohepanc liga
to the liver, and must be carefully'
served by tracing 1t to 1ts junction’
the left gastric arterv. The left gaseen
tery 1s then traced to its origin @
cehiac trunk, idenufying and ligan
arterial branches to the stomach. Thi
secnion then continues in the hepate
denal hgament. The ussue of the
duodenal ligamenr 1s mcised close @
duodenum. the common bile
idenufied inferiorly. and the prop
pauc artery 1s idenufied at the sup
pect of the porta hepats. The p
patc artery 1s dissected free and fo
proxiumally along the superior bo
the pancreas, and the gastroduod
right hepatic arteries are ligated
splenic artery 18 identified and presen
the pancreas 15 being retrieved and liga
and divided 1f 1t 1s not. The com

m the suprasternal nowch (A) (B) to the: ,
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Celiac axis

Splemc artery

Common hepatic artery

2. Anatoniic relanonships in the porta hepats and the supracehac aort

gpatic artery 1s then freed to the level of
cehac axis.
The nssue between the hepance artery
d common bile duct overlying the por-
ven 15 ncised, and the anterior surface
the portal vemn s exposed. The portal
n 1s mobilized and isolated. A replaced
ght hepanic artery, arising from the supe-
mesenteric artery, occurs in 19% of
pnors. [t 1s located lateral and deep to the
mmon bile duct and 1s traced to 1ts or-
n wich the superior mesenteric artery.
most cases, the replaced right hepanc
can be separated from the head of
e pancreas, allowing preservation of the
creas for transplant 1t necessary. The
poximal part of the superior mesenteric
tery trunk 15 kept with the replaced
ght hepatic artery, and the distal part of
SUPETIOr MmEsenteric artery 1S pre-
d with the pancreas. The poral vein
jseparated from the common bile duct,
phich 1s then encircled distal to the entry
fthe cysnc duct while preserving the
riductal ossue, which contamns 1ts blood
gpply, hgaung the left gastric (coronary)
along 1ts superior aspect, and hganng

the pancreancoduodenal vein branch that is
usually on the anterior or infertor aspect of
the portal vein. The common bile duct s
then ligated distally, adjacent to the pan-
creas, and divided. An mcision is made in
the fundus of the gallbladder, and the bihary
tree 15 irrigated with cold saline. This pre-
vents necrosis of the bilary tract mucosa.
which 15 caused by bile remaining in con-
tact with the mucosa during cold storage
Next, a site is selected for placement of
the portal infusion catheter. This can be
placed either directly mto the portal vein
1self, into the superior mesenteric vem, or
into the nferior mesenteric vein. The su-
perior mesenteric vern can be easily 1so-
lated at the root of the small bowel mesern-
tery. The inferior mesenteric vein can be
found just to the lett of the higament of
Trietz. The mfrahepanc vena cava 1s mobi-
hized above the level of the renal vemns. If
easily visualized. the right adrenal vein can
be ligated and divided at this ume. Any re-
maming hgamentous attachments o the
right lobe of the hver are then divided
The pauent 15 then systenucally he-
p.mmzcd with 30,000 umits, intravenously.
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and the distal aorta s ligated with an um-
bihical tape. The aorta 1s compressed against
the vertebral column by the assistant, an
aortotomy 18 made, and a perfusion
catheter 15 nserted into the aorta and se-
cured with an umbihcal rape. A No. 10-14
French catheter 15 inserted into the porral
system, either through the inferior mesen-
Leric vem, superior mesenteric vein, or di-
rectly into the portal vem. The supracehac
aorta 1s cross-clamped and the vena cava 1s
vented mn the right chest by ncising the
inferior vena cava-right atrium junction.
Alternatively, the venung may rake place
through a cannula placed n the distal vena
cava. Surface cooling of the hiver, pan-
creaas, and kidneys 1s achieved by placing
cold slush solution i the abdomen.

Usually, 3 L (5300 to 1,000 mL in chil-
dren) of Unmiversity of Wisconsin (UW )
preservation solunon is nfused mro the
aorta,and 2 L (100 to 2500 mL 1n children)
are infused 1nto the portal vein during a pe-
riod of approximately 10 minutes (Fig. 3).
The hver edges should be carefully ob-
served for signs of overperfusion, mani-
fested by a hver that 1s tense to palpation
and rounded ar the edges.

The liver 1s excised by dividing the aorta
proximal to the celhac axas and distal to e1-
ther the cehac axis or superior mesenteric
artery, depending on whether a replaced
right hepatc artery 1s present. If the pan-
creas 15 being removed, then the portal vein
15 divided ro provide an adequate length of
vetn for the hiver and for the pancreas. The
inferior vena cava 1s divided proximal to the
renal veins. The suprahepanc vena cava will
have been divided above the diaphragm by
the cardiac surgeon. The diaphragm is di-
vided around the suprahepatic vena cava,
and the liver 1s ken ro the back table and
placed in cold UW solunion. An addinonal
250 to 500 mL of UW solunion 1s mfused
into the hepanc artery. 500 to 730 mL is m-
tused into the portal vein, and a small
amournt into the common bile duct The ef-
fluent from the hepatic veins should be
clear. The hver 1s then packaged in UW so-
lution for transport. The tliac vemns and ar-
teries are excised and stored n cold UW in
the event that vascular reconstructon is re-
quired m the recipient

Before transplantation mto the recipi-
ent, the deceased donor hiver must be pre-
pared on the back table. The diaphragm left
on the liver 1s dissected free, and the supra-
hepatnc vena cava 1s 1solated. The three
phrenic veins entering rthe suprahepatic
vena cava must be idenafied. and must be
suture-ligated to prevent bleeding after un-
claimping. The infrahepatic vena cava s
cleaned of its atachments, the right adrenal
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Fig. 3. Deceased donor liver procurement. The supraceliac aorta has been cross-clamped and the
mferior vena cava divided ar the atriocaval juncoon. Preservanon solution s intused into both the
aorta and portal vein. A drammage cannula 1s placed m the mterior vena cava

vemn 1s ligated, and any other small branches
that were divided during retmeval are lig-
ated. If che transplant 1s bemng performed as
a piggyback the infrahepatic vena cava
must be stapled wath a vascular stapler or
oversewn. The portal vein and hepanc ar-
tery are isolated. and the gallbladder is re-
moved after ligation of the cysuc artery
and duct. UW solution 1s infused nto the
hepatic artery. portal vein, and vena cava to
check for leaks. A portal vein cannula i se-
cure 1n the portal ven for portal vein fu-
ston during performance of the suprahep-
ANC Vena cava anastonosis.

Rapid Flush Technique

The "rapid flush™ techmque minmmzes the
amount of dissecton before flushing with
preservanon solunion. Although some sur-
geons use this techmque or a varuane rou-
rmely. 1t is most applicable in an unstable
donor, from whom the expeditious re-
moval of the liver 1s necessary, or n donors
after cardiac death. The key steps involve
division of the gastrohepanc hgament and
1solation and preservation of a righr or left
hepauc artery, if present; incision and irri-
gation of the gallbladder; placement of a

portal pertusion cannula in the mterior

mesenteric vemn: placement of an aorte
perfusion cannula in the distal aorta; and
solation of the supracehac aorta for cross-
clamping. The proximal aorta 1s clamped,
and mnfusion of cold UW through the por-
tal cannula and aornc catheter 15 begun.
The liver. and often the pancreas. are then
removed 1 a bloodless field. The common
bile duct 1s divaded. The right gaseric artery
and gastroduodenal artery are higated on
the side going to the hver. and divided. The
left gastric artery and splenic artery are di-
vided. The portal vein 1 dissected back to
the juncnon of the splene vem and supe-
rior mesenteric vemni, which are divided
once the portal flush has been completed.
A patch of aorta incorporanung the celiac
axis 15 incised. The infrahepauc vena cava is
divided just above the renal vemns. The re-
mamng peritoneal and diaphragmanc ar-
tachments are divided. and the liver and
pancreas are removed en bloc and taken o
the back rable. where thev are flushed as
previously described. The liver and pan-
creas are then separated on the back wble.

Donors after Cardiac Death

Liver rransplantanon using livers from
donors after cardiac death or nonheart-

beatunyg donors 15 bemng performed more
trequently. Withdrawal of support usually
takes plice m an imtensive care uni
or n the operating room after conse:
obrained. After withdrawal of hife support
if the potential donor does not proces
asvstole within 1 hour, the procedure
usually abandoned. Incision 15 made onh
after 3 nunutes of confirmed asystole and
declaranon of death by the panent’s phy
<an. A standard nudhne inasion is mg
and the abdormmnal cavity is immedia
packed with cold slush solution. The d
aorta 15 quickly cannulated wath a la
bore cannula and perfusion begun
UW solution. It 1s usually easiest 1o
through the distal vena cava. The supraci
aorta 15 then cross-clamped. The o
and abdomuinal contents are carefully |
spected during the flushing proced
On complenon of flushing, the procu
ment can then proceed using one of €
techniques already described. This ted
nique has not achieved widespread

ceptance because of the logistics of re- trun
trieving organs trom donors after cardiae duri
death. concerns about long warm trans
chemia nmes leading to an increased n in th
of primary nonfunction. and bili ufiec
necrosis. Wich greater experience, how into
ever, donors after cardiac death could be - vein
an mmportant source of viable livers, in= VETIC
creasing the donor pool by 5% to 1086 may
" . The
In Situ Splitting o
and
A deceased donor liver may be split artes
anatonuc planes allowing transplane gin
INLO TWO separate recipients vari
- deal
Adult/Pediatric Split plac
In this technique. a left lateral segn and
graft is split from the mam liver for - graf
a pediatric reciprent, simlar to a plar
donor left lateral segmentectomy (d liga
cussed later in this chaprer and in con
6). The operaton follows the principlesof inta
segmental liver anatomy as described cros
Coumaud. The split mav be performedin per
situ or ex sieu. Although in situ splicting i the!
more nme-consuning and requires sect
tul coordination wich the other pro ale
ment teams, it results i less bilary me
phcations, less bleeding from the cat sade
surtace of the liver, and less risk of warm 6.7
ischentic mjury to the liver as 1t avoids: 1)1
back rable manipulation of the allograft:

Standard principles of liver procure-— Ad
ment are initally followed. The suprahep - Th
anc vena cava is exposed and the left he= her
patic vemn 1s identified. The left hepane ~adv
vein 1s 1solated separately from the middle acc

hepatic vein. If there 1s a long common: 8@ are
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Fig. 4. Deceased donor adult adulr iver splic. The hiver 1s split in a plane just to the righr of the
middle hepatac vem. resulung i two hemgrafts. In this mstance, the cava s preserved with the
lobe. RHV, right hepauc vein: LPV. left portal vemn; LHD, lett bile duct: RHA, right hepanic ar-

ery: PV, portal vein; CBID. common bile duct

nk, the left hepatic vein may be solated
during subsequent hepatc parenchymal
transection. Dissection 1s then contnued
in the left hepatic hilum. This s best iden-
tficd by following the umbihcal liganment
into the umbilical fissure. The left portal
1s isolated for its enore length, Small
venous branches to segment 4 of the hver
imay be transected and ligated at thas point.
The left hepatc artery 1 also dissected.
The segment 4 arterial branch 15 idencified
and preserved. Transecnion of the hepanc
ery must be at a pomne distal ro the ori-
gin of the segment 4 branch. Anatomic
wariations may be encountered and are
dealt with accordingly. For example. a re-
placed left hepanc artery may be present,
and this 1s kept with the lareral segment
raft. Hepatic transecnon then begins 1n a
planc just toward the right of the falciform
gament. Once parenchymal transectnon is
complete. the vascular structures are left
mtact for the time being. The aorta 1s
gross-clamped and flushing is performed
er standard protocol. The hiver graft can
hen be removed and the remaming tran-
fection completed ex situ. In this manner,
left lateral segment consisting of seg-
pents 2 and 3 s isolated. A larger. right-
wded segment consisting of segments 4, 3,
6.7.and 8 with the caudate lobe (segment
18 also preserved for transplantation.

Adult/Adule Split
This 15 a true left-righe split. whereby both
emilivers are transplanted into two small
dults (Figs. 4 and 3). Agan, the spht 1s best
complished m sicu. All hilar structures
carefully identfied. Biturcanons of the

hepatic artery, portal vemn, and common
bile duct are wdenuned The left hepatic
vasculature ¢can be remporarily clamped ro
idennfy a plane of transection. This s
usually just toward the nght of the mmd-
dle hepatic vemn. The hiver parenchvma 1s
carefully transecred along this plane us-
ing standard methods. Once parenchvimal
transection 15 complete. the aorta 1s cross-
clamped and flushing proceeds i the stan-
dard fashion. The hiver is then removed and
the final separation takes place on the back
table.

There are several varations in the spht-
ung of the vasculature. Typically, the main
portal vein 1s kept with che night-sided
graft because of the longer left portal vein
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(Figs. 4 and 3). The cehac runk. proper
hepatic artery. and left hepauc artery are
kept with the left-sided gratt. This allows
preservaton of the segment 4 artery with
the left-sided gratt. The common bile duct
15 usually kept wath the nght-aded graft,
with the division taking place at the left
hepane ducr just beyvond the bifurcation.
The vena cava can be kept with eicher side
(Figs. 4 and 5). Mamtaming the cava with
the righe graft allows small and large he-
patic veins dramning the right to be kept
imtact (Fig. 5). The final result 15 a right-
sided graft consisung of segments 3.6, 7,
and B, and 4 left-sided graft consisang of
segments 4. 3, and 2. Part of the caudate
lobe may go to each side, depending on
where the cava s preserved. Vascular struc-
tures may require reconstruction on the
back table prior to unplantanon.

LIVING DONOR HEPATECTOMY

Left Lateral Segmentectomy

The left hepate artery, left portal vein,
and left hepanc duct are 1solated far to the
left of the porta hepatis at the base of the
falciform hgament (Fig. 6). A segment 4
branch arising from the left hepatic artery
is idennfied and preserved on the donor
side. Simularly, any obvious portal venous
branches supplying segment 4 should also
be preserved. The left lateral segment he-
patic vein is also identified and looped.
Parenchymal transection takes place in a
plane just to the right of the falciform lig-
ament. The vessels are divided after sys-
temic heparinization and the hiver is flushed
on the back table with cold UW solunon. If
necessary, a segment of recipient saphenous

LHV/MH\

Celiac

Fig. 5. Deceased donor adult’ adult bver splic. In this instance, the cava is preserved with the nghe

lobe. LPV, left portal vein: LHD. left hepanie duct: RHA. right hepatic artery: PV, portal vein:

MHV. middle hepatc vein
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Fig. 6. Living donor left lateral segmentectomy. The Iiver 18 transected ar the falciform ligament.

Portal and arterial branches to the medial segment are preserved on the rec iprent side. LHV. le

hepatic vein; LHD, left hepauc duct; LPV, left portal vein, LHA, left hepatic artery

vein may be used to lengthen the hepatic
artery. Portal vein grafts are avoided if

possible

Right Donor Hepatectomy

[ssection begins in the hepatoduodenal
hgament (Fig. 7). The proper hepauc artery
and 1ts left and right bifurcation are 1denti-
fied. Occasionally, a segment 4 heparic ar-
tery may arise from the right hepatic ar-
tery; this should be idenafied and preserved
on the donor side. The gallbladder is ex-
cised and an intraoperative cholangiogram

1s obtained through the stump of the cysnic
duct. It

caretully

1S of p4ramount importance to

delincate biliary anatomv  as
anatomic variaaons are common. If there 1s
in early division of the right hepauc duct
mnto anterior ‘H}\‘. pu\u‘rmr sectoral
branches. 1t may not be possible to obtain a
single duct. and two separate biliary anasto-
moses will have to be performed in the re-
cipient. After cholangiography, the com-
mon bile duct 1s circumferennally dissected
and the left and right hepanc ducts are ex-
posed. This usually involves taking down

the hilar plate. The portal vein and its left

Fig. 7. Living donor right hepatectomy. The liver 1s transected in a plane to the right of the mud-

dle hepatc vein. RHYV, right hepan
RHID. right hepatc duct

vein; RPV, right portal vein: RHA. right hepatic artery

and right dwvisions can be exposed by
tractung the freed hepanc artery towand
lefe side. Next, the right hepatic v
idenofied and controlled. The righe lobe
the liver 1s completely mululizcd.The‘
patocaval ligament is divided and small¥
nous branches from the caudate lobe
hgated. Intraoperative ultrasound is par
ularly helptul i idendfying the ¢
the middle hepatnc vemn, which guid
parenchymal Parenchy
transection is usually performed mn 2 ph
just toward the right of the middle k
vein. However, others prefer to transece
liver just to the left of the mddle heps
vein, keeping that structure with theg

On « umplv(hm of ;\m:nchymal
section. the vessels are divided and @
liver s flushed on the back table withicg
UW solution. The liver 1s carefully
spected. Large segmental veins (d 1
segmient 5 or 8) may require separatess
plantavion. either directly into the reci
ent’s vena cava or via a saphenous
graft. Early bifurcanon of the rightp
vein may result in two separate port '
nous branches. These can sometimes
spatulated rogether or, 1f chis is not pe
ble, reconstructed using a Y graft ta
from explanted recipient portal vein.

transecuon

RECIPIENT HEPATECTOMY 3

In this procedure, a bilateral subcostal's
mciston with a mudline extension to'gl
xiphoid process 1s made (Fig. 8). The fak
form hgament 15 divided cephalad
the anterior surface of the suprak
cava 18 idennfied. The left lobe g
liver 18 mobihized by dividing the leff
ingular and

vena

coronary ligaments and
gastrohepatic higament. The hilar disses
begins by dividing the cystic duct and
uc artery. The left and rnight hepatic
1es are located along the superior bos
of the hilum and divided close to thell
Lo pre wide .ldcqu.ltc Icngth for a bran
patch anastomosis to the donor hepd
irtery. The hepatc arteries are th ; i
sected free proximally to the bifurcati

and a length of the common hepatié
tery is cleared sufficiently to allowad
to be placed later. In some cases, né
the right and left hepatic arteries/nog
common hepatic artery is suitabléld
anastomosis, and further dissection
beyond the takeoff of the gastroduods
artery may be necessary.

The nssue posterior to the hep
terv 1s then divided, exposing the antef
aspect of the portal vem, which 15
lized distally to its bifurcation and pro
mally to the head of the pancreas)
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ymph node tissue inferolareral and poste-
tor to the common duct 1s divided, and
the posterior aspect of the portal vein is
dennfied. An opening anterior to the por-
| vein and posterior to the common duct
g then made. leaving intact as much of the
urrounding ussue adjacenr to the bile
guct as possible to avord devascularizanon
of the bile duct. The common bile duct 1s
bgated adjacent to the liver and divided.

The nssue overlymg the anterior sur-
face of the infrahepanc vena cava is then
1ded. Mobihizauon of the right lobe of
liver is performed by dividing the
ght triangular and coronary ligaments.
it this stage, the procedure varies de-
ding on whether a standard ortho-
opic transplant or piggyback transplant 1s
p be performed. In a priggyback trans-
lant, which is our preferred approach in
Imost all panents, the hepatic veins enter-
g the posterior liver are 1solated, ligated.
suture-hgated, and divided first along
left side and behind the caudate lobe.

nd the veins along the nght side are also
ivided, with care being taken ro idenufy.
amp, and suture-ligate large, right, acce-
ory hepatc vemns. The dissection pro-
geeds untl the liver has been separated up
o the confluence of the hepanc veins
ghere they enter the suprahepatic vena
a.

Using this techmque, the inferior vena
cava can be left in situ. reducing the blood
loss, and the need for venovenous bypass
to maintain venous return from the lower
extremities can be ehminated. A vascular
clamp 1s then placed around the conflu-
ence of the hepauc veins anterior to the m-
ferior vena cava and the lhiver parenchyma
adjacent to the clamp, divided, and the liver
excised.

In a standard orthotopic liver trans-
plant, the infrahepanc vena cava is isolared
above the renal veins and looped with an
umbilical tape. The ussue along the right
side of the vena cava 15 then divided
cephalad to the level of the suprahepatc
vena cava. The right adrenal vein 1s doubly
hgated and divided along with any other
lumbar branches. The ussue along the left
side of the vena cava 1s also divided so thar
the entire vena cava s separated from the
retroperitoneum. The liver 1s then ready
for removal. In patients with severe portal
hypertension. or when exposure of the
vena cava 1s difficulc. isolacion of the enare
length of the vena cava is not necessary
and. n fact, should be avoided to prevent
hemorrhage from the retroperitoneum.
The infraheparic and suprahepanc vena
cavae simply can be 1solated enough to al-
low clamping, and the back wall of the
vena cava can be left in place when the
liver 1s excised.
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To remove the hver once the panent 1s
on venovenous bypass support, the infra-
hepatic vena cava and suprahepatic vena
cava are clamped and the liver 1s removed.
If the retrohepatc vena cava has not been
isolated, the vena cava 1s incised anteriorly,
leaving the posterior wall of the vena cava
intact. Suture ligation of back-bleeding
lumbar veins and the right adrenal vein s
then accomplished.

VENOVENOLUS BYPASS

The primary advantage of venovenous
bypass 1s the mamntenance of venous re-
turn and splanchnic venous drainage dur-
ing the anhepanc phase, with improved
hemodynamic stability and a reduction n
mesenteric edema. Other benefits include
improved renal perfusion as a conse-
quence of lowered renal venous hyperten-
ston and the provision of additional tme
to obtain hemostasis n the retroperi-
toneum for placement of vascular grafts,
when necessary, and for performance of
the vascular anastomoses. Venovenous by-
pass can be performed by the percuta-
neous placement of heparin-bonded can-
nulae into the subclavian and femoral
veins. The portal vein is cannulated with a
Gortt shunt and the portal, femoral. and
subclavian lines are connected to the Bio-
Medicus pump (Fig. 9).

DECEASED DONOR LIVER

Orthotopic Technique

The suprahepanc vena caval anastomosis is
performed first as an end-to-end anasto-
mosis (Fig. 10). The donor infrahepatic
vena caval anastomosis 1s then performed
while infusing 1 L of cold lactated Ringer’s
soluton through the portal vein cannula.
This clears the liver of UW solunon. which
1s high in potassium and contains heparimn,
It also flushes air from the liver and reduces
the risk of air emboli. The portal vein ven-
ovenous bypass cannula 1s clamped and re-
moved from the recipient portal vein,
which 1s clamped. The portal vein anasto-
mosis is completed end-to-end with a
loosely ted corner (“growth stitch™) to al-
low expansion of the portal vein after un-
clamping. If the portal vein 1s thrombosed,
a long donor iliac vein graft can be sewn
end-to-side to the superior mesenteric
vein, which is isolated 10 the mesentery of
the transverse colon. Two sutures are placed
n the corners of the free end of the donor
Veln to maintain 1ts orientation as it is tun-
neled retrocolic, postertor to the antrum
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Fig. 9. Venovenous hypass.
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Subclavian cannula

Femoral cannula

and anterior to the pancreas, for anastomo-
sis to the portal vein (Fig. 11). After com-
pletion of the vascular anastomoses, the
clamps are removed sequenaally. First, the
portal vemn clamp 1s removed and the liver
perfused, followed by the suprahepanc vena
cava clamp. and mferior vena cava clamp.
Hemostasis 1s obtained and the pauent is
taken off venovenous bypass.

There are several techmiques for per-
tforming the arterial anastomosis, depending
on the size of the vessels and the arterial
anatony. It can be performed as an end-to-
end anastomosis between the recipient
proper hepauc artery and the donor com-
mon hepanc artery. Alternauvely. the reaipi-
ent right and left hepanc artery branches
are opened longitudinally using Potts-
Smith seissors to create a branch patch. An
end-to-end anastomosis of the branch
patch to the donor celiac axis wath a Carrel
patch is completed (Fig. 12). The donor
common hepatc artery can also be sewn
end-to-side to the junction of the common
hepatic artery and the gastroduodenal ar-
tery. When there 1s a replaced right hepanc
artery from the superior mesenteric artery, a
cuff of superior mesenteric artery can be
sewn end-to-end to the stump of the
splenic artery or. if the replaced right he-
patic artery has been divided. it 1s sewn di-
rectly to the splenic artery stump. Alterna-
avely, 1if a cuff of aorta with the onfices of

the cehac axis and superior mesenteric ar-
tery 1s preserved. the aornc patch can be
folded. the edges can be sewn together, and
the distal superior mesenteric artery can be
used for anastomosis to the recipient he-
patic artery. If there 15 inadequate inflow via
the recipient hepatic artery or celiac axis, a
donor 1luic artery graft can be placed to the
supracehac or mfrarenal aorta as an end-to-
side anastomosis

The bile duct is usually reconstructed
as an end-to-end choledochostomy using
interrupted 3-0) monofilament absorbable
sutures. Two sutures between the donor
and recipient bile ducts are mmnally
placed. one n the center of the posterior
duct and one opposite this anteriorly. The
postertor suture 1§ tied. and interrupted
sutures are placed superiorly and then in-
fertorly, leaving the anterior half of the
anastomosis open. If a T tube is to be
used. a No. 8-French T rtube can be
brought out through a separate choledo-
chotomy 1n the recipient common bile
duct with one limb crossing the anasto-
mosis. The choledochotomy 1s repaired
around the T tube with interrupted 3-0)
monofilament absorbable sutures. The an-
terior row of sutures 1s then completed
The T tube 1s injected with saline to 1den-
ufy and allow repair ot any leaks. An intra-
operauve cholangiogram s obrained. The
bile duct anastomosis is then covered with

saline and air s injected into the T beis
turther idenufy any leaks.

It the reapient bile duct 15 nor usal
secondary to disease  (e.g.. sclerosig
cholangits and large periductal varices)al
a marked size discrepancy with the dong
duct. an end-to-ade Roux-en-Y chol®

dochojejunostomy should be perform

E

A 60-cm Roux-en-Y loop is created. Tl
jejunum is divided using a GIA sty
and the end 18 oversewn with 4-0
rupted silk sutures. Intestinal conon
re-established with a two-layer end
side Jejunojejunostomy o) cm from
end of the Roux-en-Y loop. The i
layer 15 completed using a running
monotilament absorbable suture w
Connell sutch anteriorly. The outer &
18 completed using 4-0 silk interrupt
sutches. The Roux-en-Y loop 1s b
retrocolic. An end-to-side choledocho
junostomy 1s performed in a single l
usmg mterrupted 5-0 Maxon suture
a No. 3 French feeding tube as a b
stent. Two enterotonues are made ne:
end of the Roux-en-Y loop. and a
French feeding rube 1s passed and
to the bowel with a 5-0 Maxon p
string suture. Interrupted 4-0 silk
are placed to create a tunnel for the:
ing tube to prevent any leakage of i
unal contents. Two corner sutures of
Maxon are placed berween the co
bile ducr and the bowel, and they a
unted. A posterior row of stitches
placed 1nside-our on the bowel and @
side-mm on the common bile duetd
the knots tied on the inside for sim
The knots can be also ted on the outhd
by placing the sutures outside-in ond
the bile duct and bowel using doi
armed sutures, but 1t 15 unnec
anterior row of sutures is then plag
side-in on the bowel and inside=
the bile duct. with the knots dedig
outside. The anastomosis 1s check
noted previousiv. and an intraope
cholangiogram 1s obtamned. ‘
After hemostasis has been obtaineg
anastomoses are again examined and'th
abdomen 15 irmigated with antibiol
containing saline solution. Two Jacks
Pratt drains are placed. one subphren
and posterolateral to the right lobe
liver with the end adjacent to the supral
anc vena cava, and one subhepane
terior to the porta hepans and anteri
the infraheparic vena cava. The drainsa
tube or bihary stent are brought®
through separate stab incisions in thes
domunal wall and secured to the skind
3-0) nylon horizontal mattress sutures T8
abdominal mcision is closed.
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Cehac with
aortic cuff

- 10. Orthotopic deceased donor liver transplant. Supra-
patic and infrahepanc cavae (IVC) are separately anasto-
d. Corresponding donor and recipient hepatic arteries
), portal vein (PV), and bile ducts are anustomosed end-
d. CBD, common hile duct

Recipient py
stump

L 11, Donor thac ven graft from the recipient superior
enteric vem (SMV) to the donor portal vem (PV
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Celiac with aoric cuft pediatric reciprents (Fig. 15). The right
/ lobe can be ransplanted into an adult reaps
1ent via orthotopic (Fig. 16) or piggybag
placement (Fig. 17). The left Jobe can'bes

<a— R and L hepatic anteries cally (Fig. I8) or piggyback (Fig. 19),d&s
pending on how the split was performedt
Donor iliac vessels are used as extension
grafts 1f necessary. Reciprent and graft sus
vival rates are similar to those reporred fos
whole-organ transplants, but biliary con

plicanons are n the 20% to 3% range.

LIVING DONOR TRANSPLANTS

Left Lateral Segment Grafts

The graft 1s procured and prepared as pré
viously described (Fig. 6). The recipi
hepatectomy is similar to chat desc
for the piggyback rechmque. with preses
vation of the entire vena cava, and?
much length as possible on the left porel
vein and hepatic artery. The donor lefthe
patic ven 1s sewn to the confluence off
left and nuddle hepatnc veins in the -

Fig. 12. Branck ot or | The d \ ent (Fig. 13). Attenuon to graft orientat

1. . Branch-pat techmque tor hepanc arc 'T\.N‘ nastonw e nor Depatic artery 1 ro- :

g S s panic artenial anastomosis. & fic conor NEpatic AMery 18 Pro= — ynehin the abdomen and constructiofig

cured with the celiac trunk and a surrounding aortc cuff. The recipient night and left hepanc ar- del ol N
- bz Mcler )‘ - “' » ) p

teries are ncised at the bifurcation to create the branch patch: this 15 anastomosed to the aortic WIdely: pAent: VenonS: QU uOW L

Guff to avord postoperative congestion. F

donor hepatic artery 1s anastomosed tof

Piggyvback Technique

An alternanve method for hiver transplan-
taton 1s the piggyback technique. This
techmque involves leaving the recipient
vena cava in situ and mobilizing the liver
off the inferior vena cava by dividing all
the hepatc veins entering the posterior
aspect of the hver. Only the left, middle,
and night hepatic veins are left in place. A
clamp is placed across the hepatic veins,
and the confluence of the veins is opened
(F1. 13). The donor infrahepatc vena cava
is oversewn or stapled with a vascular sta- \
pler on the back table, eliminating onc Hepatio /

anastomosts, and the donor suprahepanc
vena cava 1s sewn end-to-end to the con-
fluence of the recipient hepatic veins (Fig
14). Venovenous bypass is not required. In
addition, there 1s significantly less blood
loss as a result of avoiding dissection pos-
terior to the vena cava, where bleeding
from retroperitoneal collaterals can be en-
countered.

veins

Split Liver Transplantation

The surgical techmques for spht hiver im-
plantation are similar to those described
for living donor transplants. Generally,
left lateral segments are transplanted into  Fig. 13. Confluence of the main hepatic veins for piggyback liver transplantanon




fig. 14. Piggyback deceased donor liver transplanc. The dis-
donor inferior vena cava (IVC) is oversewn, and the
rahepatic end 1s piggybacked onro the reapient IVC,
y at the onfices of the hepanc vems. Donor and recip-
hepauc arterses (HA), portal vemns (PV) and bile ducts
anastomosed end-to-end. CBD. common bile duct

Roux
limb

. 15. Living donor left lateral segment transplant. The bile duct s
stomosed to a Roux-en-Y limb over a stent. Extension grafts mav
be used for vascular reconstructnion. HA, hepanc artery, PV, portal vein

Oversewn
1V(
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[ra

Fig. 16. Raght lobe recipient operanorn. The

duct; RHA, right hepanc artery: PV, portal vem.

iy, LHID, lett hepari

recipient hepate artery 1f lengeh allows. A
saphenous vein graft may be used to anas-
tomose the hepanc artery directly to the
aorta, and the use of a surgical microscope
has led to a significant reduction in arte-

rial Not all

branches need to be revascularized so

complhications arterial
long as pulsatle back-bleeding 1s noted

following anastomosis of the largest
trunk.The graft portal vein can generally
be sewn to the recipient left (or main)
portal vemn. Roux-en-Y biliary recon-
struction 1s performed

separate segment 2 and 3 ducts

11 some c¢ases to

Fig. 17. Rught lobe recipient operanon (prggvback). The
to the widened onfice of the recipient right hepatic vein

pacic artery: PV, portal vemn

Rif_"ll Lobe Gralts

The recipient hepatectomy 1s performed
in a similar manner. The nght and left he
patic ducts are ndividually ligated beyond
the common duct bifurcaton. As much
length as possible 15 mamntained on the
right hepauc artery. The right lobe graft is
procured and prepared as previously de
seribed (Fig. 7). The donor right heparic
vein 15 anastomosed to the orifice of the
}‘lg 17) .'\L
cessory hepanc veins draming segments V

recipient right hepatic vemn

or VIII that are larger than 5 mm should

1

en 1s anastomosed

{onor right he pat

&t
f1

LHD. left hepane duct; RHA. right he

<

be remmplanted. either directly mrto the
cava or through saphenous vein grafts. The
n 1 sewn to the recipient
right (or mam) portal vein. The donor and
reciprent right hepanc arteries undergg

donor portal ve

end-to-end anastomosis

\\"m'!'.ll mnovanve varianons 1in .ir[frd
reconstruction have been described, ms
cluding Y grafts frony the recipient hepatig
wrrery bifurcanon. if there are two donof
irteries (ex situ reconstruction). Biliang
recanstrudtion can ‘l‘\‘ p&‘(l-l‘r:ncd as am
end-to-end anastomosis. Often, two sepe
rate anastormoses o anterior and posteriof
sectoral ducts have to be performed and
in this siewation, the donor right and ek
ducts be used separately. Alternss
nvely, Roux-en-Y biliary reconstruction

may be emploved

man

INFECTION PROPHYLAXIS |

A varierv of infectious complications
curs atter hiver transplantation. Many
these infecnous comphceations can be
vented or their sevenity reduced by .lpplvs
priate prophylaxis. At the nme a liveg
eransplant candidate 1s listed for transpland
tation. he or she 1s prescribed M}‘ctkl’;
Troche (clotrimazole) three nmes per day
to reduce fungal colomzatnon n the g
tromtestinal rract Afrer liver transplant®
non. our ana-infective prophylacuc regh
a) ampicillin/sulbacrany
3.0 g preoperanvely and 1.3 g mioms
venously every 6 hours tor 5 davs pos
eratively: (b) ganciclovir, 5 mg/kg mms
venously twice a day for 14 days, foll
by valganciclovir 900 mg/d for 3 mundli
tfluconazole. 400 mg by mouth once@
day tor 3 months: and (d) Bactrim SS. one

tablet by mouth every day indefiniely.

men ncludes

IMMUNOSUPPRESSIVE !
PROTOCOL AND RESULTS

QOur current iduction lnmllmuxuppm'-;
sive protocol mcludes the intraoperanig
use of mveophenolate mofenl (Cellcepth
500 myg intravenously. and methyipre
¢ imtravenously. Postoperss
tvely, pauents receive l]l\u\ph(‘ilohé
Solu-Medrol s
venously, changed to prednisone thaty
tapered to 0.3 mg/kg by | month

nisolong,

mofeul (2 g/d

transplant and disconunued by 3 mo
On the first postoperative day. tacro
1.07 mg/kg/d in two divided doses
mouth) 1s started, and the dosage i
justed to maintain level of 8 to 10 ngh
for the first 3 months posttransplant.
nents with acute renal farlure or hepat
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18. Left lobe recipient operation. The cava can be sewn orthotopically, The left hepanc duct
pastomosed to a Roux-en-Y limb over a stent (depicted) or may be directly anastomosed ro
reciprent duct. PV, portal vemn; HA, hepauc artery

drome preoperatively may receive
oglobulin. a polvclonal antubody. or
KT3, an anuo-CD3 monoclonal anu-
pdy, until renal funcoion improves be-
starnng tacrolimus. Alternanvely, ra-

patic arcery

pamycin can be used, although it has been
associated with an increased incidence of
wound complications.

The mcadence of rejection 1s approxi-
mately 36%. The incidence of second and

LHV

19. Left lobe recipient operation. The donor left hepanc vemn (LHV) 1s anastomosed ro the
Mencd orifice of the reciprent LHV The left hepatc duct 1s anastomosed to 4 Roux-en-Y limb

pr 2 stent (depicted) or may be directly anastomosed to the reciprent duct. PV, portal vein; HA.
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third rejection episodes 1s 153% and 11%,
respectively. Approximately 81% of rejec-
non episodes respond to antirejection
therapy with steroids.

OUTCOMES

Liver transplantation has made signifi-
cant progress in the last decade. This
progress has come from the develop-
ment of new immunosuppressive agents,
improved surgical techniques, improved
patient selecuion, and the recenc imple-
mentanon of an allocation system based
on the severity of disease. Data from the
The U.S. Organ Procurement and Trans-
plantanon Nerwork and the Scientific
Registry of Transplant Recipients demon-
strate that, for deceased donor liver
transplant recipients, overall patient sur-
vival rates at 3 months, 1 year, and 3
years are 92%, 87%, and 79%., respec-
nvely. Corresponding overall graft sur-
vival races for the same periods are 88%,
81%, and 72%. Overall patient survival
for living donor recipients at 3 months,
1 year, and 3 years are 92%, 87%, and
79%, respecrively, with graft survival
rates for the same ume periods of 86%,
80%, and 70%.

Severity of illness at the time of trans-
plant conunues to play an important role
in determuning outcomes. Several notable
factors have been found to have a negative
impact on patient survival, including hos-
pitalizanon at the ume of transplant (83%
1-year survival) and being an intensive
care unit pauent at the nme of transplant
(79% 1-year survival). A MELD score
more than 30 at the nme of transplant was
associated wich 86% and 76% patient sur-
vival at 3 months and | year. respectvely,
as compared with 89% pauent survival at
1 year for panents with a3 MELD score of
11 ro 30.

Cause of disease also plays a sigmficant
role in panient outcomes. Best results are
seen in pauents with metabolic liver dis-
ease (91% 1-vear survival) and cholestauc
liver disease (90% 1-year survival). Patents
with fulminant hepatic disease fared
worse, with a 1-vear survival of 81%. He-
patns C deserves addinonal attention be-
cause 1t remamns the most prevalent indi-
canon tor liver transplantation. The
universal recurrence of heparitis C after
transplant and 1ts potennal to cause cir-
rhosis in up to 30% of recipients at 5 years
begs for improved medical management
of pretransplant and postrransplant disease,
as well as improved pauent and donor se-
lection, to optimize outcomes for chis dif-
ticult group.
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. _EDITOR'S COMMENT
Mechanism-Based

Immunosuppression
Despite a reasonable rate of 1-, 3-, and 5-year sur-
vival after liver transplantation, a steady mortality rate
during the first 5 years and beyond is exemplified by Organ Bone Marrow
the stanstics cited in this fine chapter. The delayed Feature Transplantation Transplantation
losses have been ly the resule of the ravages of

long-term immuﬁﬁpmon, S;ciﬁc principles Host cytoablanon No Yes' i
of immunotherapy will have to be applied if im- HLA matching Not essential Cnincal E I
provement in late survival 1 to be achieved. These Principal complicanon/disease Rejection Graft-versus-host disease E f
principles denve from two features of the alloim- Immunosuppression-free Uncommon Common [
ml '.“l panse mh:;n"o:wh; '::i"ﬁ: Term for success Acceptance Tolerance ]
demonstrated with all other kinds of organ grafs. Lewkocye chimerism No Yes

and under all regumens of immunosuppression. In
the pioneer patients of 1962-1963, renal rejections
that under azathioprine were casily re-
versed with the addition of large doses of pred-
nisonie. More imporuntly, successful rejection rever-
nlﬁ:quendywasmcccedcdby gready reduced

© immunosuppression.
Huocouwadﬂuy was not a prerequisite
for success. There was litde thmmfgnﬁ-vemn-hon
disease, and perpetuation of organ graft survival al-
most always depended on lifetime drug teatment.
Because of these striking differences from bone mar-
row tansplantation (Table 1), organ was
considered for many years to involve
different immunologic mechanisms. This miscon-
was challenged in 1992 by our discovery of
small numbers of multlineage donor hﬂmmlym
phopoietc cells (microchimerism) in long-surviving
Organ engraftment then could be defined as a
variable form of tolerance that resulted from . . .
responses of coexisting donor and recipient im-
mune cells, each to the other, causing reciprocal
clonal expansion followed by peripheral clonal
delenon™ (Flg. 1A). The pz&—vctsm—host arm of
the double immune reacrion usually was clinically
inapparent. The prerequisite for the variable organ-
induced donor-specific tolerance was migration of
the graft’s passenger leukocytes to host lymphoid
organs and induction there of the host-versus-graft
response. Exhaustion and deletion of this response
expluned the charactenistic rejection reversal and
subsequent decline in need for immunosappres-

§10N in Organ recipients.

“In hindsight, this therapeuric step allows a relatively unopposed gratt-versus-host reactnion and

accounts for the other differences.

Cyroablanon of bone marrow, but not of organ
recipients, was the apparent reason for essentally all
of the differences between the two kinds of trans-
plantation. This unified view of transplantation was

iriglly rstal, in part because it was incom-

. that made up much of the foun-

danon of transplantanion immunology. However, the
paradigm was upheld in principle when Zinkernagel
(Nobel Laureate 1996) formally proved in mouse in-
fection models that the antigen-specific T-cell re-
sponse aganst noncytopathic micro-organs could be
exhausted and deleted, and concluded that chis was
the explanation for the carrier state that may develop
after infection with intracellular viruses (e.g., hepat-
tis viruses, cytomegalovirus, and Epstein-Barr virus).
The chnical outcomes after an infection were deter-
mined by the balance between the amount of viral
antigen and the number of induced virus-specific
cvtolytic T lymphocytes.

In this context, the objective of mansplant im-
MuUnosupp on is not merely to prevent rejection,
but also to amid in the establishment of a beneficial
balance berween mobile donor antgen (the passen-
ger leukocytes) and the donor specific T-cell re-
sponse. The best chance to establish a balance favor-
ing stable deletional tolerance is during the first few
posttransplant weeks, during which the maxumal

donor leukocyte nugration pmwda the
conditions for reciprocal exhaustion

the double smmune response (Fig. IA) It ws
vious that this one-ume-only window of |

nity could be narrowed and closed by
pre-emptive immunosuppression that ¢ i
vation s subverted (Fig. 1B), To the extent chat
would occur. later reduction of the pi
overtreatment predictably would lead to e
of the ineffecuvely deleted clone with the

e 53

consequence of delayed rejection (Fl[. 1B).
Yet, the penalty of roo little §

sion during the critical early period
versible rejection. In 2001, we suggested
dilemma could be addressed by applicat
or both of the two therapeutic principles d
mn Figure 1C. The first principle is to admin
more posttransplant immunosuppre
would be needed to prevent irreversible imm
mediated damage. Because of histocompabi
andodwrconfound‘mgpmmemnb 0
populaton, smple monotherapeutic

pression (Fig. lA)cannotbe-&!yM ]
ond principle (recipient pretreatment) ¢
reducing host immune mpomiven—by_
loablative conditioning before arrival of

antigen, thereby bringing the anticipated antides

(Continued
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| immune response into a more easily controllable
and deletable range and making monotherapeunc
immunosuppression (e.g., with tacrolimus) rou-
tinely feasible. The two principles have been com-
bined at our center, using a single large dose of an
| antilymphoid antibody before rtransplantation
| (Thymoglobulin or Campath), followed by mimi-
| malist posttransplant tacrolimus monotherapy with

Using the strategy, satisfactory results in organ
recipients with reduced ovenall exposure to im-
| munosuppression have been obtained, with the
sriking exceprion of liver recipients whose
chronic end-stage hepatic fallure was caused by
hepatitis C virus (HCV), Because the mechanisms
of Immunologic responsiveness or nonresponsive-
ness to allografts and 1o HCV are the same, it is not
difficult to understand why hiver transplant im-

|

Fig. 1. Organ-induced tolerance. The upright curves depict the host ver-
sus graft (HVG) response. The mverted curves depict the usually silent
graft-versus-host (GVH) reaction. A: Immunosuppression-aided toler-
ance in organ transplant models in which the recipient response that nor-
mally would cause rejection (dashed line) is reduced into a deletable
range (continuous thin line) with a short course of early posttransplant
immunosuppression. Lifenme tolerance may be present after stopping
immunosuppression. This was the first convincingly demonstrated in ca-
nine liver recipients. B: A self-defeating consequence of excessive pro-
phylactic overimmunosuppression with which clonal exhaustion-dele-
von is impaired. This antitolerogenic effect of overtreatment was not
recognmized until 2001. The imitially overtreated recipient may be commit-
ted o unnecessarily high-maintenance immunosuppression. Muluple
agents are depicted as layered bars. C: Protocol of “wlerance friendly”
immunosuppression introduced at the University of Pittsburgh Medical
Center. An antilymphoid antibody infusion prior to arrival of an allograft
reduces the anticipated antidonor response into a more readily deletable
range and allows maintenance treatment to begin with daily monother-
apy. to which other agents are added only for rejection. Variable weaning
from the monotherapy may be possible later. Tx, transplantation.

munosuppression in the HCV-infected patient has
been fraught with difficulty. Suffice it to say, clucida-
uon of the effects of immunosuppression on these
mechanisms has made it possible to formulate thera-
peutic protocols that reduce HCV disease recur-
rence. This has been parucularly imporant because
HCV-associated hepatic disease accounts for almost
half of the liver transplantations currently being
done mn the United States.

The implications of the coherent view of im-
mune function and govermance that have emerged
from studies in transplantation and infection are too
vast to describe here. Those interested in the devel-
opment and dewils of the "new immunology” are
urged to consult the articles for Suggested Reading
that follow this commentary (particulady the hver-
specific references)

TE.S. and NM

COMMENTARY SUGGESTED
READING

Eghtesad B, Fung [J, Demetris AJ, et al. Mecha-
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Legacy: Something immaterial, as a style or philosophy, that is passed from one generation to another. Anything handed doun from, or

as from, an ancestor.

During the past quarter century. the philos-
ophy and practice of hepatology were dra-
mancally transformed by the wide accepr-
ance of orthotopic hiver rransplantanon.
Numerous milestones i the development
and use of this procedure had been reached
between 1955 and 1980 (Table 1). The
prodigious task that lay ahead 25 vears ago
was diffusion of the complex new mulndis-
ciplinary enterprise mto the national and
internadonal health care systems (Table 1).
The extent to which this was accomplished
is evident i the 2004 Acnon Plan for Liver
Disease Research designed to ... coordi-
nate research efforts [to treat hepatic and
bihary disease| across the NIH.”

RESEARCH AND DEVELOPMENT
OPPORTUNITIES

The National Institutes of Healch (NIH)
plan was divided into 16 chapters. one of
which was devoted exclusively to hver
transplantaton. with primary emphasis on
clinical research, The lver transplant chap-
ter began with the simple declaranve sen-
tence, “Liver transplantanon 1s now the
standard of care for patients with end stage
liver disease or acute liver failure.” It was a
proud statement from the government
agency whose unfailing support had made
this possible. But, had liver ransplantanon
matured so completely that there 15 noth-
ing left to do but fine tuning? This view 15
negated by links to biver transplantation in
almost all of the 15 other chaprers of the
NIH prospectus. Most of these links were
to targets of research opportunitv that al-
ready had been enriched by. or even owed
their provenance to, hver transplantation.
For example. techmques of liver procure-
ment. preservation, and replacement are
currently bemng adapted in nontransplant
arrcumstances (e.g.. for subtotal hepanc re-
secnons). The discovery that portal venous
blood contains substances important for
maintenance of liver size. function, and the
capacity for regeneranion was the beginning
of the stll-evolving special field of hepa-
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totrophic physiology that 1s concerned with
the funcnonal and hormonal mterrelation-
shups of the different splanchnic organs. The
hepatotrophic studies ulumarely led to the
cure or pallanon with liver replacement of
numerous hepatic-based mmborn errors of
metabolism, providing the first examples of
what nught be accomphished m the furure
with gene therapy and the apphcanon of
stem cell biology. Finally. rehgious beliefs,
concerns about medical ethics, and pubhc
policy or legal issues that surfaced 4 decades
ago with the first attemipts of hiver transplan-
tanon remain as unresolved agenda items in
the NIH master plan of 2004.

However. the most frequently idenn-
fied potennal research minauves in the
NIH strategic plan of 2004 concerned the
immune response and/or the manifold
consequences of modifving it. not just for
transplantation but also in the context of
hepautis. human immunodeficiency virus
(HIV). and oncology (to which separate
chapters of the plan were devoted). Using
today’s sophisncared rools (particularly
those of molecular biology). it now may
be possible to expand the sphere of 1m-
munology i1 new direcuons. fill in knowl-
edge gaps. explain long-standing enigmas,
and contribute ultimately ro berter patent
care. With this in mind, the following dis-
cusston will consider specific 1ssues of 1im-
munology that are central to the further
development of liver transplantation and
to improvement of treatment under multi-
ple nontransplant circumstances.

THE RELATION OF
ALLOENGRAFTMENT TO
ACQUIRED IMMUNE TOLERANCE

The Historieal View

Bone Marrow Transplantation

Transplantanion immunology was brought
to 1ts present state by a series of events that
began m 1943-1944 with Medawar’s
demonstratton that rejectuon 1s an mumune
response. A vear later. Owen discovered

muxed blood cell chimerism in freen
cattle whose fused placentas had permig
fetal cross-circulation; such animals we
subsequently shown to be mutually tole
ant. Then, in 1953-1955. the strong assoc
ation of donor leukocyte chimerisa
acquired donor-specific tolerance
demonstrated m experiments in whi
logeneic spleen and bone marro
were transplanted without 1mm
presston into immunologically 1
mice and mto rradiated adult mor
cipients. After hematolymphopot
engraftment. the recipients could acel
other donor nssues and organs. The:
tolerance models escalated during th
sumng 15 years to clinical bone
transplantation 1n immunodefici
irradiated pauents. However, su
pended on the use of HLA
donors. Otherwise, the penalty fo
graftment was lethal graft-versus-h
ease (GVHD): that 15, rejection of th
by the graft

Organ Transplantation :
In contrast to the “bench to be

chronology of bone marrow trans
tion, organ transplantation (initially
kidney) was accomplished in hum
fore proof of feasibility was deme
in an ammal model and 1n the ap
sence of leukocyte chimerism. The
kidney recipients with prolonged g
vival (1959-1962) were precond
with sublethal total-body irradiati
were not infused with donor bone
cells. In 1960-1961. daily posttras
azathioprine was shown to prolong:
survival in dogs. and taken to clinic
Used alone or with other cytotoxic 2
azathioprine was only marginally e
However, its combination with predms
made renal transplantanon a practical
1ce by exposing two features of the allol
mune response that later were
strated with liver and all other kis
organ transplantaton and under all
regimens of iImmunosuppression.
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First arucle in the luenmse on auxiliary liver tansplantauon
Concept of liver replacement first mentioned

Results reported of canine toral hepatectomy and liver replacement without immunosuppression

Abdoml nmlnvncml transplantation described in nonimmunosuppressed dogs

cocktail introduced (kidneys firse, then livers) and recognition of organ-induced tolerance

N Duaipuen of in situ preservation and procurement of cadaveric organs
First attempts to transplant
reported of hepatorrophic (liver-supporting) factor(s) in portal venous blood
Liver-induced rolerance under a short course of azathioprine reported in dogs

First iver xenotransplantation on July 15, 1966 (chimpanzee donor)
Clinical introduction of ALG for kidney, then liver recipients
Evidence that HLA matching would not be a major factor in cadaveric organ transplantation
First 1-year survivals after human liver replacements
Accepunce of brain death concept

Liver-induced tolerance in pigs without immunosuppression
First textbook of liver transplantation based on 25 Denver cases
First palliation (or cure) of inborn error of mewbolism with liver transplantation
Evidence accrued that the liver controls cholesterol homeostasis
Description of the hver’s resistance to antibody-mediated rejection
Principal portal blood hepatotrophic factor identfied as insulin

Causes of failure analyzed in first 93 Colorado cases of liver transplantation
Improved slush liver preservation peruun:cd long-distance procurement
Systematic use of arterial and venous grafts for cadaveric liver revascularization
Cyeclosporine mtroduced for organ mansplantation including two liver recipients

the human liver

798¢ Cyclosporine-steroid cocktil introduced clinically
1981 80% 1-vear liver recipient survival reported using cyclosporme-prednisone

PR~ proliferation of transplant centers worldwide
198 Standardization of in situ preservation-procurement techniques for cadaveric muluple organ donors
198 Reversibility reported of B-cell malignancies (PTLD) in liver and other organ recipients
198 Reports of reduced-size liver grafts for pediatric recipients

Successful extensive use of livers from “marginal” donors reported

Review of progress i liver transplantation generates widespread mterest of heparologises
‘Introduction of pump-driven venovenous bypass without anticoagulanon
993 USA consensus development conference conclusion that liver rransplantation 1s a service (1983) 1s followed by rapid

Liver mansplantation of panent with hypercholesterolenua verified hypothesis that the hiver 1s the site of cholesterol homeostasis
First successful transplantation of liver-contiming multivisceral grafts
University of Wisconsin (UW) solution improves preservaton of hver and other organs

' National adoponon of Pirtsburgh point system for cadaveric kidney and lhiver distribution complies with Organ Transplant
R Act of 1984
989 Popularization of the “piggy back” variation of liver transplantation

f\ : Clinical introduction of FK 506 (mcrolimus)-based immunosuppression

Farst report of split cadaveric hiver for transplantation mro two recipients
First use of live liver donors (left-side fragments)
Discovery of donor leukocyre microchimerism in liver (and other organ) recipients, placing organ and bone marrow cell

mansplantation on common ground

1998 Delineanon of analogies between transplantanon and infecnon immunology
19941996 Live donor transplantation of right-side liver fragments

200 Mechamsm-based rolerogenic immunosuppression proposed
Double knockout of porcine al, 3GT gene, revitalizing hopes of chinical xenotransplantation
Clinical use of tolerogenic immunosuppression
Mechanisms of recurrent hepatitis under transplant immunosuppression elucidated

mmﬂyqthocyu globulin: PTLD, pasttransplant lvmphoproliferative disorders

The first unexplained observation was
‘hat rejections that developed under aza-
‘hioprine were casily reversed with the
ddition of large doses of predmisone
ather than being inexorable, as previously
hought. Secondly. a successtul rejection
eversal frequentdy was succeeded by a
rready reduced requirement for mainte-
lance immunosuppression (Fig. 1), sug-

gesung thar the graft was inherencly
tolerogenic. It also was learned that histo-
compaubilicy matching was nor a prereg-
uisite for success, that there was hree

threar of GVHID, and rhat perpetuanon of

organ graft survival almost always de-
pended on lifetime drug treatment. In ad-
dition to these striking differences from
bone marrow transplantanon, none of the

organ recipients were thoughr to have
donor leukocyte chimenism (Table 2).
Because of these striking disparines, or-
gan engraftment and successful bone mar-
row transplantation were considered for
many years to mvolve fundamentally differ-
ent mechansms. Experimental therapeuric
strategies were empirically developed with
the objecuve of endowing organ recipients

¢
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Immunosupp

ression

Failure
(irreversible rejection)

Time after organ transplantation

Fig. 1. Contemporaneous host-versus-graft (HV

'GG) and graft-versus

GVH

nost mmmune re

sponses after ransplantanon. The presence of the weaker GVH response i organ recipients (the in-
verted curves on a grav background) was not recogmzed untl the discovery of microchimerism in

1992, However, the demonstranon in 1962-1963 th
may be succeeded by a state of variable tolerance (v
of immunosuppression-aided climical organ transpla

at the HVG response (rejection) 1s reversible and

ellow panel), allowed the pracncal development

ntanon. HGVD. graft-versus-host disease

with the donor leukocyte chimerism-associ-
ated mechamsms of the bone marrow recip-
1ient while avoiding the penalty of GVHD.
These strategies had in common the mfusion
of donor hematolymphopoietic cells into
organ recipients that had been immunologi-
cally weakened by irradiation, analvmphoid
anuobody preparations, or other means (i.e.,
nonmyelotoxic cvtoreduction). Although
encouraging experimental results have been
reported, such protocols have not found a
significant miche 1in clinical organ rransplan-
tation practice because of their complexity,
risks, and unpredictable consequences.
Nevertheless, this body of experimental
work demonstrated that the establishment

of a hemarolymphopoietic population
composed of donor and recipient cells was

Organ

possible 11 some models with a reasonably

low risk of GVHD and could result in
donor-specific tolerance, providing the
donor cell contribution was at least 1% to
2% ("macrochimerism’™). Levels below this

“microchimerism’™) were generally inter-
preted as either neganve findings or arti-
facts. By so doing, the historical paradigm
thar artribured bone marrow and organ en-
graftment to different mechanisms re-
quired no substantive revision

\ | nification of Bone Marrow
and Organ Transplantation
The historical paradigm was not chal-

lenged unul 1992. When small numbers
of multilineage donor hematolymphopo-

Bone Marrow
Feature Transplantation Transplantation
Host cytoablation No Yes*
HLA matching Not essential Crincal

Principal complication
Immunosuppression-free

Rejection

Uncommon

disease

Graft-versus-host

Common

Term for success Acceptance Tolerance
Leukocyte chimerism No Yes
*This therapeutic step allows a relanvely unopposed grafi-versus-host reaction and accounts for the

other differences.

i

etc cells (mcrochimerism) were founding
ammal and human recipients of long-surss
viving kidney and liver allografts, ity
postulated that the mechanisms of organ
engraftment differed only in degree frog
the leukocyte chimerism-dependent onss
of successtul bone marrow transplang=
non. Organ engraftment was now defineds
as a vartable form of tolerance that res
sulted from responses of coexistg
donor and recipient immune cells, eachito$
the other. causing reciprocal clonal expanes
sion followed by peripheral clonal deless
tion.” The graft-versus-host arm of the®
double-immune reaction (the invertsdis
curve in Fig. |) usually was clinically 2
parent v
The prerequisite tor the donor-spealiés
tolerance was nmugranon of the graft’s pa=s
senger leukocvtes to host lymphoid g
ind induction there of the host-versg

g
passenger leukocvees of an organ are
bone marrow origin, their hematogeni
migration

graft response. Because the multilines
¥

mto  the recipient was,
essence, the equivalent of a bone ma ™
cell infusion. Exhaustion and deletion off8
the anudonor response explained the cha=S
acteristic rejection reversal and subseques
decline 1n need for immunosuppression
organ recipients (Fig. 1). Cyroablation of8
bone marrow, but not of organ l’t‘CIp.
was the apparent reason for essentially alli6f®
the differences berween the two kindsiof
transplantation. mcluding the high risk
the bone marrow recipient of GVHD, ag
the need to restrict marrow donors
those with a histocompaubility matchs

[able 2). Importantly. essentially all gy=
toablated bone marrow recipients havess

small residual populanon of their owmis
hematolymphopoietic cells (i.e.. mirrors
image microchimerism) rather than com=
plete bone marrow replacement. g
Thas unified view of transplantation was
controversial, in part because it was meg -
patible with dogmas that made up muchof¥
the foundation of transplantation imeaes
munology. One point of contention W
our view that historically rooted ale
engraftment mechanisms (listed in Table3
were either epiphenomena or “variangs :
stages”” of the clonal exhaustion-delenon™
that followed the key event of leukocytes
migration. In addition, the role of small®
numbers of persistent cells (the m#
crochimerism) in perpetuation of longs
term graft survival was not vet clear. Finalg®
the crucial mechamsm of clonal exhaus=%%
non-deletion was sull generally considered
to be only a theory. Although we did nofss
know 1t at the time, precisely these isusts
were bemng addressed independenty mSs

natve



1. Clonal exhausunon-deletion
£, 2 lnmeignomcc

1. SpedmpaemcclkTreguhz

B Anﬁoﬂuzldxotypxc, ‘enhancing”
- 3. Cywokines: self-perpetuating
combinations

- 4. Inhibitory molecules: down

- regulation
- 5. Graft secretions: soluble HLA

antigens

6, Antigen presentation: defecrive
or deviant

7. Anergy: absence of second signal,
or cytokine exhaustion

rich but 1n the context of immune re-
onsiveness and unresponsiveness to non-
tytopathic microparasites (see later discus-
gon) .

DLERANCE FROM THE
CTION PERSPECTIVE

¢ major histocompaubihity complex -
estricted mechanisms of T-cell recogni-
ion of, and response to, noncytopathic
picroorgamisms, and to allografts, had
peen clucidated by Zinkernagel and
Dougherty in the 1970s. but the mecha-
isms of acquired immune nonreacrivicy
pemained a puzzle. During the early
990s, Zinkernagel and his associates n
Zurich formally proved in mouse infec-
gon models that the anupathogen T-cell
ponse could be exhausted and deleted,
nd concluded that this was the explana-
jon for the carner state that may develop
ifter infecnion with noncytopachic (intra-
gellular) viruses. As with transplantanon,
the crincal step was migranon of the
athogen or 1ts pepude to host lymphoid
rgans. The presence of virus that failed
o reach these destinanions was not recog-
ized by the host. This was termed 1m-
ne indifference (now called imimune igno-
ance). In essence, Zinkernagel et al. had
clarified the interrelationship of immu-
ity and rolerance to pathogens, and had
fined tolerance 1n terms of two essen-
mechanisms: immune ignorance and
clonal exhauston-delenon. Moreover.
they placed these mechanisms in the
e dynamic context of antigen nugra-
ition as that of transplantanon.

¢ Once the viral anugen reached lym-
‘pho:d destinations and induced a cytolynic
5
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T-lymphocyte (CTL) response, the out-

comes in the highly controlled models of

lymphocynic choriomeningitis virus in-
fection were determined by the balance
berween the amount of virus anngen and
the number of induced anugen-specific
CTLs (115). Analogous to the maximal
flood of passenger leukocytes migrating
from a transplanted organ, the critical pe-
riod was during the first few days or
weeks of viral replication. If the CTLs
were induced in sufficient numbers, the
result was disease control; if not, the result
was clonal exhaustnon-delenion and a car-
rier syndrome that ranged from asympto-
matic to progressively more serious dis-
ease states. No matter what balance was
established acutely, perpetuation of chis
balance (whether immunicy, deletional
tolerance, or some stage mn between) de-
pended on persistence of antngen with ac-
cess to host lvmphoid organs. The abilicy
of small amounts of persistent virus to
survive was attribured to its relocanon n
nonlvmphoid sites thar were maccessible
to host immune effector mechamsms.
From these protected niches. the virus
mugrated secondarily to host lymphoid
organs and could sustaim immunicy or, al-
ternatively, maintain tolerance. Thus, per-
sistent antigen was a two-edged sword.

THE BOUNDARY BETWEEN
IMMUNITY AND TOLERANCE

The analogies between transplantanon and
infection were summarized i 1998 and
generahized to other branches of immunol-
ogy mn the followng statement: ... Migra-
non and localizavon are the governing fac-
tors in immunologic responsiveness or
unresponsiveness against infections, mmors
and self, and against xenografts and allo-
grafts”” All of the climcal scenarios of trans-
plantanion, and those resulung from infec-
uon by noncytopathic pathogens, could be
correlated with the routes of nugradon and
the ulumarte localizanon of the respecuve
anagens. The “gray area” between unequiv-
ocal immunity and durable tolerance n-
cluded a diversity of transplant outcomes
short of outright acute irreversible rejecnion,
as well as a panoply of analogous virus car-

rier states; all represented different degrees of

partial tolerance. Such immunologic “com-
promises” included chronic allograft rejec-
non and its analogue, chronic hepartits

The Rejection Option

Organ Transplantation
The anugen nugration s essentially the
same with transplantanion of the liver and

1215

any other surgically revascularized whole
organ (Fig. 2A). Movement of the passen-
ger leukocytes 1s selecuve ar first to host
lymphoid organs, where a clonal anti-
donor T-cell response is induced. The
CTLs then target the transplanted organ
as well as the peripheralized cells of the
source graft (Fig. 2A).

Infection

The migratory principles after infection
by noncytopathic microparasites are the
same as those of passenger leukocytes, but
the derails differ as both the pathways of
microorganism mugration and the targets
of the CTL response are dictated by the
tropism of the various pathogens (Fig.
2B-D). For example. because of the liver
tropism of the hepatitis viruses, the quan-
tty of viral antigen that migrates to host
lymphoid organs 1s small compared with
that homing to the liver (Fig. 2B). At the
lymphoid organs, virus-specific CTLs are
induced by infected antigen-presenting
cells displaying complexes of major histo-
compatibility complex molecules plus
peptides derived from the pathogen. Be-
cause the induced CTLs then destroy in-
fected host cells no martter where these
“nonself” cells are located, the principal
disease expression is hepartic (Fig, 2B).

The Tolerance Option without
Immunosuppression

Organ Transplantation

Exceptions to the outcome of immunity
(1.e., rejection) in untreated transplant re-
apients are rare. However, liteume rtoler-
ance to liver allografts occurs without
therapeunc mampulation in about 20% of
outbred pig recipients, and with near
100% regularity using selected donor-re-
cipient rat strain combinations, and the
majority of mouse strain combinations.
Less well leukocyte-endowed mouse heart
and kidney allografts also rehably self-in-
duce tolerance, although n far fewer stramn
combinations. These models of sponta-
neous transplantanon tolerance demon-
strate that graft-induced immune nonreac-
ovity Is a normal potennal option of the
immune response (Fig. 3A). Importantdy,
the “spontaneous tolerance” may be abro-
gated 1n some of these models by adminis-
tering immunosuppression.

Infection

After most infections by noncytopathic
parasites, the balance berween anagen and
antgen-specific CTL cdls wichin a few
weeks 0 immunity. The exceptions i
which protecuve immuniry frequently does

The Gastrointestinal Tract
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A: No treatment
(spontaneous tolerance)

.v Irreversible rejection

Spontaneous tolerance
(pig, rat, mouse)

Donorspecific
clonal
activation/deletion

B: Treatment after Tx

Single
agent
oW lrreversible rejection
»
L]
L ]
L 3
Donorspecific
clonal
activation/deletion
C: Overtreatment after Tx
Multiple
agents
' Irreversible rejection
'l
®
- Clonal
- racovery with
: Loss of weaning
e donorspecific
® activation/ deletion
L)
Tx Time

Fig. 3. Organ-induced tolerance. Az Spontancous tolerance duced by the liver in experimental
models 1n which the host-versus-graft immune n\punw induced by the nugratory donor leuko-

the continuous thin line). Mamtenance of engraftment depends on small numbers of persistent
gonor leukocvres (microchimerism). The less well leukocvte-endowed hearr and kidney also can
self-induce” engraftment but mn a muoch smaller number of models. B: Immunosuppression-
sided tolerance 1n organ transplant models m which the recipient response that normally would
baause rejection (dashed liner 1< reduced into a deletable range with 4 short
course of carly postrransplant immunosuppression. Litenme tolerance after stopping mmmunosup-
pression was firse convincingly demonstrated in canine hver reciprents. C: A self-defeating conse-
quence of excessive prophylacac overimmunosuppression (depicted with mulnlavered bars) swith
ich clonal exhauston-delenon 1s imparred. The inmally overtreated recipient may be commut-
ted to unnecessarily high maintenance immunosuppression. an undesirable effect of oo much
mmunosuppresston that was not recognized unul 2001 Tx. transplanranon.

fcontiviwons thn fine)
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gytes s too weak to elimmare the donor anugen and is exhausted and deleted (the rise and tall of
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the absence of an immunopathologic T-
cell response.

The Organ Engraftiment Objective

Comparable anugen/CTL balances must
be tound and kept stable for successful
rransplantanon. The best chance to estab-
lish 4 balance selectively favoring tolerance
15 during the first few posteransplant weeks.
during which the maximal donor leuko-
cvte migranon provides the optumal condi-

nons for reciprocal exhausnon-delenon of

the double-immune response (Figs. 1 and
3B). It was obvious that this one-time-only
window of opportumty could be narrowed
or closed by so much prophylactc 1m-
munosuppression that clonal acovanion 1s
subverted. To the extent this were to occeur,
later reduction of the primary overtreat-

ment predictably would lead to recovery of

the ineffecnvely deleted clone with the
chnical consequence of delaved rejection
(Fig. 3C). Yer. the penalty of too hitle im-
munosuppression durmg the critcal early
pertod may be irreversible rejection. In
2001, 1t was suggested that this dilemma
could be addressed by apphicanon of one or
both of the therapeunc principles depicted
in combmanon n Figure 4.

The first principle (shown alone in Fig.
3B) consists of administranon of no more
postrransplant immunosuppression than the
amount needed to prevent irreversible im-
mune-mediated damage. Because of histo-
compaubihity and other confounding pa-
rameters in the human populanion, such
ideal immunosuppression m mdinvidual pa-
uents cannot be accurately predicted. With
the second principle (recipient pretreat-
ment). host global munune responsiveness
can be reduced by nonmveloablanve condi-
noning before arrival of donor anugen,
thereby bringing the anncipated donor-
specific iImmune response 1Nto a4 more easily
controllable and deletable range (Fig. 4).
The two principles have been combined in
a pracncal regimen using a single large dose
of an analymphoid annbody before trans-
plantanon followed by muumalisac post-
transplant tacrolimus monotherapy with the
mtent of eventual weamng (Fig. 3). Saostac-
tory resules in liver (Fig. 6) and orther kinds
of organ reciprents with reduced overall ex-
posure to immunosuppression have been

obtaimed with the striking exceprion of

liver recipients, whose chrome end-stage
hepanic fatlure was caused by hepanns C
virus ((HCV] discusston follows).

The frequency and extent to which
drug weaning can be accomplished 1n
hepauus-free liver reciprents with such
rolerance-tacilitating 1mmunosuppression

The Gastrointestinal Tract
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Current protocol

Steroid bolus or short course
Prednisone of other agents only as needed

Tacrolimus L

Irreversible
> rejection
. Pretransplant
depleting antibodies

Posttransplant
immunosuppression

clonal deletion

Time

3 TAC q 2 weeks

20 Bl TAC 1 x week — 20
N TAC 2 x week
mm TAC qod
Bl TAC qd
R TAC bid

10 =+~ TAC level + 10

0+ tatsl R« ; 0

== Bilirubin - SGOT - GGTP
1000
O Steroid PO
100 7= Biopsy taken
# Steroid bolus
10
1 A T
1 2 3
Posttransplant year

Fig. 4. Protocol of "tolerance friendly " immunosuppression introducedat
the Umverary of Pittsburgh Medical Center. An anulymphoid ancdbodyd
mfusion prior to arrval of an allograft reduces the anacipated anudonos
response mnto a more readily delecable range and allows mamtenance e
ment t begin with daily monotherapy to which other agents are a
only for rejection. Weaning from the monotherapy may be possible l
The inverted curve 15 at the bottom shows the usually silent graft
host reacuon shown more clearly in Figure 1. Tx. transplantanon

Fig. 5. An example of the strategy shown m Figure 4. A woman withial
hepanic hemangioendothehoma who was infused with 5 mg/kg anui
mocyte globulin (Thymoglobulin) prior to hiver allograft revascul
non. Tacrolmus (TAC) monotherapy was reduced from daily to
other day at 100 days, and to once per week by 10 months, Treaoment
stopped ar 22 months. She has been immunosuppression-free for ki
vears, Serum bihrubin and measures of hepatic parenchymal fun
have been normal throughout. Although enzvme levels have been stib
these have hovered at a high normal range or slightly above since a
tion at 6 months, which was treated with | g methylpre
SGOT.serum glutamic-oxaloacenic transaminase: GGTP. gamma-glu
ranspepudase
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fig. 6. Pauient and graft survival fabore) and current immunosuppression (belowy of hepatitis-free
nmary hiver transplant recipients treated in Pitisburgh wich the principles of immunosuppression

23). Right' pretreatment was with

s vet to be determined. Complete stop-
ge of treatment has been attempted

only 1n a few of these recent cases. How-
1. the teasibility of hberanon from im-
munosuppressive drugs 1s evident from
observations of our first 210 lver recipi-
ents: 184 at the University of Colorado
(between 1963 and 1980) and 26 at the
University of Pitssburgh (in early 1981).
Thirty-five (17%) of the 210) patients have
s reached or passed their postrransplant
ilver anniversary (Fig. 7). Thirty-two pa-
flents (15%) are still alive trom 24.5 to
5.7 posttransplant years (mean, 27.1 £
31 SD) and three died after 25 years from
lung disease (no. 42 in Fig. 7). widespread
metastases from colon carcinoma (no. 82)
and de novo HCV infectuon (no. 93).

Importantly, 16 of the 35 quarter-
tury survivors had periods of 3 to 31
\ off immunosuppression, as indicated
by the green portuon of the horizonral
in Figure 7. In 5 of these 16 recipi-
gnts, immunosuppression was resumed,
but not because of breakthrough rejection
an any case. The reason for treatment rein-
srtution m two patients was hver retrans-
iplantation necessitated by intractable bil-
mary tract complications (no. 202 in Fig. 7)
or because of HCV hepanns (no. 125). A

wunosuppression was stopped after 11
ars, was returned to treatment 6 years

tents. who were asympromanc and had re-
jecuon-free biopsies, were restarted on
treatment because of panent and physi-
cian anxiety (nos. 64 and 105 in Fig. 7)

The Price of Chronie

Immunosuppression

The consequences of a decision to resume
immunosuppression without a clear jusufi-
catton may not be evaluable for vears, or
decades. When a detailed account of our
210 first recipients was published in che

June 1993 issue of Hepatology, 50 (23%) of

the pauents had survived for ar least a
decade (maximum, 23 vears). However, 7
had died from 1 to 11 vears after thewr 10ith
anmiversary, leaving 43 (20.5%) survivors.
Rejecnon had not caused any of the late
deaths. Instead, the most common lethal en-
ologies were hepanus, other infections, ma-
lignant neoplasms, and drug-specific side ef-
fects. The same pattern has been apparent in
the turther shrinkage of survivors berween
1993 and 2005 (from 43 to 32) for reasons
other than rejecton. Chromc immunosup-
pression clearly has been the principal direct
or indirect cause of late mortaliry.

Organ Engraftment
in HOV-Infected Patients

Although the importance of reducing or
elimnaung long-term immunosuppres-
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sion 1s clear, when the tolerogemc strategy
depicted in Figure 5 was applied in HCV-
mfected hiver recipients, the results ful-
filled the 1994 prophecy of Zinkernagel
and Hengartner. Firse, the lymphoid de-
pletion caused viremia. Then, when later
attempts were made to wean from
tacrolimus monotherapy. the heavily in-
fected liver graft was rargeted by recover-
ing CTL, resulung 1n early and severe re-
current HCV disease. With recognition by
Eghtesad and Fung et al. of what had hap-
pened. the explanation also was apparent
for the worldwide epidemic of HCV re-
currence that was associated with the var-
1ous regimens of viremia-inducing heavy
multple drug immunosuppression. Be-
cause strong prophylactic immunosup-
pression cannot be administered indefi-
nitely without fatal consequences, such
treatment eventually must be reduced.
The consequent CTL recovery was lead-
ing to widespread destruction of infected
allograft cells m the same way as wich the
weaning of our lymphoid-depleted pa-
uents.

In conrtrast, hight but continuous double-
drug immunosuppression with tacrolimus
and prednisone has allowed the systematic
development of a relanvely asympromanc
carrier state: a stable equilibrium berween
HCV and HCV-specific CTL. Thus, treat-
ment protocols that minimize disease re-
currence in HC V-infected liver allograft re-
ciptents must balance the desire to reduce
immunosuppressiont or mnduce allotoler-
ance with the need to prevent anaviral im-
munopathology. Curtailment of the epi-
demuologic mmplicanons of producing
HCV-carrier recipients. and of the proba-
bility of msidious disease recurrence, will
depend on continment of the viral load
with yet to be developed HCV-specific
drugs. One candidate 1s the protease in-
hibitor recentdy described in Heparology by
Rewser et al.

Tumor Surveillance

By the late 1960s, there was convincing
evidence that immunosuppression in or-
gan recipients could result in accidental
engraftment of donor malignancies, accel-
erated growth of tumor merastases, or the
development of new malignancies. Be-
cause the highest risk from these conse-
quences has been mn liver recipients, liver
transplant centers have become hot beds
of oncology research. Two rumors have
been of particular interest because of their
enologic associauon with intracellular mi-
croorgamsms: posttransplant lvmphopro-
liferative disorders with the Epstein-Barr

The Gastrointestnal Tract
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Martinez/Good Organ Tx
parabiosis (1992)
(1960)

Fig. 8. The relanon of organ-induced engrattment (nghr) ro classic models of spantancous donor
eukocyte chimerism-assocuated rolerance. TX, transplantation

plantation proved to be 4 prime example
But the accomplishment was more than
'the addition of the crucial centerpiece for
the treatment of otherwise lethal end-

stage hepanic disease. Liver transplantanion

‘was from the beginming, and will conanue
to be. an instrument of scientific discovery
in mulople fields, and above all i 1m-
munology:

Note: The contents of this chaprer
were first published as an arncle in Hepa-
tology (2006:43(2 suppl 11:S151-163). It is
reprinted with pernusaon and slight
modificanons.

SUGGESTED READING

Bachmann MFE, Hunziker L. Zinkernagel RM.
Storm T, Kopf M. Maintenance of memory
CTL responses by T helper cells and CD4ti-
CD40 ligand: anubodies provide the key
Eur | Immunol 2004.34:317

Berenguer M. Crippin |. Gish R_er al. A model
to predict severe HOV- related disease fol-
lowing lwver transplantavon.  HMeparolog)
20003,38: 34

Brent L. A Justory of rransplantation immunolog)
London: Academic Press, 1997:182.

Burhngham W], Gratler A Fechner JH. er al
Microchimerisim linked to cvtotoxic T lvim-
phocyre funcuonal unresponsiveness (clonal
anergy) n a tolerant renal transplant recips-
ent. Transplanranon 1995:39:1147

Colson YL. Li H, Boggs SS. Patrene K10, Johnsan
PC. lldstad ST. Durable muxed allogeneic
chimerism and rolerance by a non-lethal
radianon-based cyvtoreductve approach. [ lin-
o] 1996;157:2820

Cosini AB, Sachs DH. Mixed chimernism and
mransplantanon tolerance. Trosplantation 2004;
77:943.

Curry ME Hepaons B and hepants C viruses
in liver ransplantacion. Transplantation 2004,
TR:955

Lakkis FG, Arakelov A, Konieczny BT, Inoue
Y. Immunologic ignorance of vascularized
organ transplants in the absence of second-
ary lymphord nssue. Nar Med 2000;6:686

Larsen CP. Elwood ET, Alexander DZ, et al.
Long-term acceptance of skin and cardiac
allografes after blocking CD40 and CD28
pathways. Nature 1996:381:434.

Lechler R, Ng WFE Stemman RM. Dendninc
cells w ransplantanon—friend or toe? Im-
mntity 2001:14:357

Marcos A, Eghh‘\‘ld 13, f‘l)llg J_l, et al. Use of
demeuzumab and mcrolimus monotherapy
for cadaveric liver transplantanon: wath par-
ncular reference to hepanns C virus, Trans-
plamtation 2004:75:966

S881

1221

Natonal Insurutes of Health. Action plan for
liver disease research Washington, DC: US
Depe of Health and Human Services: 2004
NIH Publicanon No. 04-3491

Neumann UP. Berg T, Bahra M. et al. Long-
term outcome of hver transplanes for chromic
hepanus C: a 10-vear follow-up. Transplanta-
tionr 2004;77:226

Reiser M. Hinrichsen H. Benhamou Y, et al.
Anuviral efficacy of NS3-serine protease m-
hibitor BILN-2061 1n panents with chronic
genotype 2 and 3 hepantis C. Heparology
2H15;41:832.

Shapiro R. Basu A, Tan H. et al. Kidney trans-
plantation under minimal immunosuppres-
sion after pretransplant lvmphoid deplenion
with Thymoglobulin or Campath. | 4m Coll
Strrg 2005:20000:505

Smuley ST, Caizmadia V, Gao W, Turka LA, Han-
cock WW Differennal effeces of cyclosporine
A, methvlprednisolone. mveophenolate, and
rapamycin and CD 154 inducnon and re-
quirement for NF¢B: imphcanons for toler-
ance mducnon . Transplantarion 2000702415,

Starzl TE. Demetris Al. Transplantatnion mile-
stones: viewed with one- and two-way par-
adigms of tolerance. JAMA 1995.273:876.

Starzl TE, Demetris Al Trucco M. et al.
Chimerism and donor-specific nonreactiv-
iy 27 to 29 years after kidnev allotransplan-
ation. Tansplantanon 1993:55:1272,

Waldmann H. Transplantation  tolerance—
where do we stand? Nuar Med 1999;5:1245.

Walker LSK. Abbas AK. The enemy within:
keeping self-reactive T cells at bay m the pe-
riphery. Nar Rev Imonool 2002:2:11,

Wiesner RH, Sorrell MF Villanul F and the
Internanional Lwver Transplantanon Society
Experts Panel. eds. Report of the first Inter-
natonal Liver Transplantanon Sociery ex-
pert panel consensus conference on liver
transplantanion and hepanns C. In: Liver
transplantacion and hepanns C! a single
topic and consensus development svmpo-
sium. Liver Transpl 2003:9(suppl 3):S1.

Wood K. Sachs DH. Chimerism and transplan-
ration ralerance: cause and effect. lmmunol
Today 1996; 17584,

Zinkernagel RM. Doherty PC. The discovery of

MHC resericaon. Imunol Today 1997:18:14.

Zinkernagel RM. Hengartner H. T-cell medi-
ared immunopatchology versus direct cyvtoly-
sis by virust imphicanons for HIV and AIDS
Immunol Today 1994:15:262

Zinkernagel RM. Moskophidis 1, Kundig T.
Oehen S, Pircher H, Hengartner H. Effector
T-cell nducnon and T-cell memory versus
penipheral delenon of T cells. fmmumol Rer
1993:131:199

What better way to finish the first volume bur wath a
special comment by Dr. Thomas Starzl in associaton
with Dr. Fadi Lakkas. The name Thomas Starzl needs
| no introduction to anyone in the world. He has
| seemingly and repeatedly been asociated wirh the
field of tansplancation. specifically liver transplanta-

hlﬂ, EDITOR'S COMMENT

tion, having conceived of ir, worked ar it in difficult
fishion, and finally brought it to the point where it is,
while limured to acadenuc medical centers, performed
thousands of tmes a vear all over the world. It s an-
other example in which work 10 the clinie, ac Dr: Starzl
points out, then makes 18 way to the laboratory o

continue to enhance what has been started chmcally.
The fact that most of the great advances in medicine
mmﬂywmlmdumd'xmm
n particular order, transplantation, blood transfu-
.mt&rmmmpnﬂmlm—
mtinn.mdendou-inemnnmﬁwmiandhma.
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must show an interest in the health of patients m ex-
change for their support from the federal government.
Tom Starzl carried out his great work at the be-
mning without much in the way of NIH support.
He did this seemingly directed by himself, with
enormous focus on was an almost maniacal de-
sire to perfect liver transplantation. The early years
were not easy and required enormous expenditures
of energy, people, time, and devotion to a goal thac at
that tme seemed distant. Yet, it was accomplished
and tens of thousands of patients all over the world
owe their lives to Dr. Starzl and his group. initally at
the University of Colorado.
Allotolerance has been the “holy grail” of trans-
plantation. The argument in this wonderfully con-
is the proposal that perhaps less is more; in other
words, int order w mduce allotolerance, what is needed

meaculously
resolution to an issue. This i the le
immense contributions to this




