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The Contribution of Transpliantation to
Gastroenterologic Knowledge

THOMAS E. STARZL

How whole-organ transplantation came
to be a clinical discipline has been told else-
where by many of the persons directly in-
volved (1). Although the history of the field
through 1959 was dominated by the kidney
(2). the extrarenal vacuum rapidly filled in
the late 1950s with the development in sev-
eral laboratories of canine transplant
models with which to study all of the intra-
abdomuinal (Fig. 21-1) and thoracic organs.

EARLY ANIMAL MODELS

The Liver
Auxiliary Transplantation

In 1955. C. Stuart Welch of Albany. New
York. described the insertion ot an extra
(auxiliary) canine liver 1nto the peivis or
night paravertebral gutter of nomimmuno-
suppressed recipients (3). The allogrart he-
patic artery was revascularized from the
aonta or iliac anery. and the portal flow was
restored by rerouting the high voiume sys-
temic venous return of the host inferior vena
cava into the gratt pontai vetn (Fig. 21-2).
It was not discovered unul a decade iater
that tactors other than rejection were in-
volved 1n the rapid destruction of the auxil-
lary transplant (see subsequent section on
hepatotrophic physiology).

Orthotopic Liver Transpiantanon

The first mention of liver reptacement (or-
thotopic transpiantauon) (Fig. 21-3) was by
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Dr. Jack Cannon of the University of Cali-
fornia. Los Angeles. who cited Welch's arti-
cle as the stimulus for his own "*several suc-
cessful’’ operations in dogs ‘‘without
survival of the pauent’ (4). Assuming that
the liver piayed an important roie in rejec-
uon. Cannon speculated that the graft
would not contribute to its own repudiation.
No details were given about the operation.
which remained virtually unknown until its
independent investigation in dogs beginning
in the summer of 1958 at the Peter Bent
Brigham Hospital (Boston) (5-7) and at
Northwestern Umversity (Chicago) (8.9).
The Boston etfort under the direction of
Francis D. Moore was part ot an immuno-
logically oniented institutional commitment
1o organ transpiantauon that initially was
preoccupied with the kidney (10).

In contrast. the Northwestern initiative
stemmed from a conviction that the liver
was a modulator ot endogenous insuiin. or
instead was governed by this hormone
t11=13). Such metabolic questions and thesr
investigation ultimately led to the deveiop-
ment of a new field called **hepatotrophic
physiology " (14.15). To pursue them. a new
technique of total hepatectomy (the tirst
half of a transpiant operauon) was devel-
oped (16). The second step of inserting an
allogratt into the vacated hepatic fossa soon
tollowed: trom the outset. the superior hv-
cr-supportng qualities ot portal versus sys-
temic venous biood were obvious (8).

Although there was no etfective way (0
prevent rejection. an astonishing amount of
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information about orthotopic liver trans-
plantation was compiled in 1958 and 1959.
At the April 1960 meeting of the American
Surgical Association. Moore reported on 3!
canine experiments with 7 survivors of 4 to
12 days. In discussing his paper (17). | de-
scribed an experience that was in press eise-
where (8) with more than 80 dogs. ot which
18 had lived for 4 to 20-1/2 days. Rejection
was always present atter 5 or 6 days and
usually was the cause of death thereafter.
Bevond demonstrating the need to revas-
cularize the hepatic gratt with splanchnic
venous blood. the work in Boston and Chi-
cago clanfied the other requirements tor
successtul liver replacement. Preservation
ot the transplanted liver was accompiished
with intraportal infusion ot chilled clec-
trolvte solutions in much the same way as
practiced clinicaily today (¥). Improved
infusates in the succeeding vears (18.19)

Fig. 21-1. The compiex of
intra-abdominal viscera which
has been transplanted as a unit
(center) or as separate compo-
nents. Counterclockwise: a.
liver: b. pancreas: ¢. liver-in-
testine: d, intestine: ¢. liver-
pancreas.

cventually replaced the originaily used lac-
tated Ringer's and saline solutions. Until
1987, the safe preservation time was only 5
or 6 hours, but since then, the University of
Wisconsin (UW) solution (20) has permitted
reliable safe refrigeration of human livers
for 18 to 24 hours (21.22).

The final requirement for success in dogs
was the use of plastic external venous by-
passes that passively redirected blood from
the occluded splanchnic and systemic ve-
nous beds to the superior vena cava during
the so-called anhepatic stage while recipient
hepatectomy was pertormed and the new
liver was installed (6.8). Such venous de-
compression was later shown (o be expend-
able in dogs submitted several weeks in ad-
vance of transplantation to common bile
duct ligation. because of the development
in the tntenm ot decompressing venous col-
laterals (23). Similariv. venous bvpasses
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Fig. 21-2. Auxiliary liver transplantation in a
dog by a modification of Welch's original tech-
nique. Note that the reconstituted portal blood
supply is from the distal inferior vena cava. Re-
drawn with permission from Starzl TE. et al.;
Immunosuppression after experimental and clin-
ical homotransplantation of the liver. Ann Surg
160:411, 1964,

i

Fig. 21-3. Orthotopic liver
transplantaton thver replace-
ment). Biliarv tract recon-
struction  1v  usually  with
choledochojejunostomy (to a
Roux hmb) or unset) with a
choledochocholedochostomy,
which 1s stented with a T tube.
Reproduced with permission
trom Starz! TE et al.: Medical
progress:  Liver transplanta-
uon. N Engi J Med 32/:1014.
1Y89,
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were shown to be nonessential in most clini-
cal cases if the operation was pertormed by
highly experienced surgeons (24.25).
Nevertheless. the introduction of pump-
driven venovenous bypasses in the [980s.
first with (25) and then without anticoagula-
tion (26-28), made the operation less stress-
fulin humans. placed it well within the grasp
of most competent general and vascular sur-
geons. and allowed the systematic training
of a new generation of liver transplant sur-
geons.

Multivisceral and Intestinal
Transplantation

Isolated Intestine

Nearly 90 years ago. Alexis Carrel and
C.C. Gunthrie performed canine intestinai
transplantations. Little more was added
until the similar studies of small bowel
transpiantation in dogs by Richard Lillehei
of the University of Minnesota (29). who
replaced the entire small intestine in unmod-
ified recipients except for short segments of
jejunum and ileum. The gratt was preserved
by immersing it in iced saline. and the blood
vessels were anastomosed to companion re-
cipient structures in an anatomically normal
way. Although it was later demonstrated in
Toronto (30). London (Ontario) (31). Pitts-
burgh (32). Kiel (33). and Paris (34) that the
gut could be successtully replaced with long
survival in large animals under immunosup-
pression. the clinical application of this pro-
cedure languished. The first clinical suc-
cesses did not come until the late 1980s
(35.36).

Multivisceral Transplantation

The multiple organ ailogratt in this versa-
tile operation (37) was envisioned as a grape
cluster with a double central stem consisting
ol the celiac axis and superior mesenteric
artery (Fig. 21-1. center). In vanatons of
the operation used clinically nearly 30 vears
later. the grapes. or individuai organs. could
be removed or retatned according to the sur-
gical oblectives (Fig. 21-1. peripherv). but
both arterial stem structures were pre-
served (38). The venous outflow was kept
intact up to or bevond the liver.

Two observations were made in the un-
modified canine multivisceral recipients ot

1959 that have dominated the field of gas-
troenterologic transplantation since then.
First. rejection of the organs making up the
composite graft was less severe than that
seen when the organs were transplanted in-
dividually (39). This finding was confirmed
and greatly extended in 1969 by Calne et al.
{40), who described in pig liver recipients
the protection of kidney and skin grafts from
the hepatic donor: these experiments identi-
fied the liver as the '‘protective’ organ.
Calne’s conclusion about hepatic tolerogen-
icity has been contirmed by the Japanese
surgeon Naoshi Kamada. whose expen-
ments were performed in rats (41), and by
many others. Most recently, Valdivia et al.
{42) demonstrated the similar protection of
hamster heart and skin xenografts in rats bv
simuitaneous or prior xenotranspiantation
of a hamster liver.

The second fundamental issue raised at
the outset was the specter of graft-versus-
host disease (GVHD) with the muitivisceral
procedure. GVHD was well known in 1960
from the prior work of Billingham and Brent
{43) and Trentin (44). but this was associ-
ated almost exclusively with bone marrow
or splenocyte (not whole organ) transpian-
tation. Histopathologic cvidence of GVHD
was found in recipient tissues of our multi-
visceral canine recipients (39). who quickly
developed muiltiple organ tailure. Later ex-
periments by Monchik and Russeil (45) con-
tfirmed the potential threat of GVHD. using
the F, hybrid modei in which the parent and
F, hybrid otfspring were donor and recipi-
ent respectively. However, these studies
vastly overestimated the GVHD threat atter
splanchnic organ transplantation tor rea-
sons explained in the subsequent section on
“*Mechanisms ot Graft Acceptance.™

The multivisceral operation is not otten
indicated clinically. but 1t has spawned
many vanauons (38) and was itselt the pro-
cedure with which the tirst long survival (>6
months) ot a tunctioning human intestinal
gratt was accomplished (46).

Pancreas Transplantation

Transplantaton ot the pancreas alone has
not been considered in these historicai notes
because this procedure i1s done oniy tor en-
docrine objectives. However. the etfect ot
pancreatic insulin sccretion on the liveris a
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vital concern with all gastroenterologic
transplant procedures (see next section).
Furthermore. even the transpiantation of
the whole pancreas '‘alone’” implies the
concomitant engraftment of a segment of
duodenum which receives exocrine pan-
creatic secretions and with which the pan-
creas shares its blood supply in humans and
animals (Fig. 21-1b). Thus. it was not sur-
prising that pancreaticoduodenal grafts
were used in the first reported acute experi-
ments on pancreas transpiantation (47.48).
When immunosuppression became avail-
able. essentially the same pancreaticoduo-
denal graft was used in dogs (49) and even-
tually in humans (50).

HEPATOTROPHIC PHYSIOLOGY:
LIVER ATROPHY AND
REGENERATION

The Eck Fistula and Liver
Transplantation

C. S. Welch's conclusion that rejection
was solely responsible for the rapid destruc-
tion of the auxiiiary liver graft (3.51) was
based on an erroneous concept about liver
physiology that had evolved from nearly 80
years of research with the experimental pro-
cedure of Eck's fistula (portacaval shunt) in
dogs. The operation ot canine Eck fistula is
well known to gastroenterologists. When it
is pertormed. blood returning trom the pan-
creas. intestines. and other spianchnic vis-
cera by way of the portal vein is diverted
around the liver instead of through it. Thus.
the liver. which now is supplied only by the
hepatic artery. loses much of its total blood
flow. The liver shrinkage that occurs in dogs
(and also in rats, baboons. and humans
(15.52]) and the wasting. hair loss. and brain
damage that tollow were ascribed until the
mid 1960s to the diminuton of flow rather
than the loss ot exposure to the liver of any
specific substance(s) in the portal blood
(53-56). This became known as the tlow hy-
pothesis of portal physiology.

Although Welch uaccepted this false
dogma and attributed auxihary gratt de-
struction to rejection alone. he unwiuttingly
had created an experimental model of great
power. The prninciple of the model was the
coexistence ot two livers in the same animai

with similar conditions except for the con-
tent of the blood delivered to the graft and
native portal veins. When we repeated
Welch's experiments in 1963 under immu-
nosuppression. auxiliary livers protected
from rejection by azathioprine but deprived
of splanchnic venous inflow shrank within
a few days to a fraction of their original size
(57). This acute atrophy was not seen in nor-
mally vascularized orthotopic livers. The
atrophy could be prevented in auxiliary liv-
ers if they were nourished with normal por-
tal blood: then. it afflicted the native liver
that was deprived of its portal supply (58).

Soon. nontransplant models were devel-
oped in which the animal’s own liver was
divided into two parts. each of which could
be given the venous blood that came from
different organs or different parts of the
body (59.60) (Fig. 21-4). It was apparent
that the healthy and hypertrophic liver frag-
ment with first access to the portal blood,
particularly that returning from the upper
abdominal viscera. was able to remove sub-
stance(s) so completely that little was left
for the competing fragment which shriveled
up (Fig. 21-5). From the outset. it was pos-
tulated that insulin was the most important.
although not the only. liver-supporting sub-
stance (60-63). This conclusion was sup-
ported by later experiments in which the ef-
fect on the liver of removing the nonhepatic
visceral organs was tested (64.65).

Meanwhile. intusion cxperiments had
been pertormed showing that insulin, when
injected alone into the tied-off central vein
after portacaval shunt (Fig. 21-6), could
prevent most of the consequences to the
liver that were caused by the Eck fistula
(66). As other liver growth factors of pan-
creatic. cnteric. and nonsplanchnic origin
have become available in recent vears. they
have been screened and evaiuated for po-
tency with the Eck fistula model (67.68). In
this preparation. an active test substance
prevents in the infused liver lobes the ex-
pected acute hepatocyvte atrophy. organelle
disruption. and fatty infiltration caused by
depriving the liver of portal venous
blood—the comparison ot protected versus
nonprotected hepatic tissue being similar to
that in Figure 21-5.

In addition to atfecting the size of hepato-
cvtes. the most potent tactors tested in the
model shown in Figure 21-6 also promote

. 1o

.

T S IR R AN s s dadet

o D By B et Bt

-
;b
3
¥
i
:



The Contribution of Transplantation to Gastroenterologic Knowledge 353
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PANCREATECTOMY

Splanchnic division

Fig. 21-4. Splanchnic division experiments. In these dogs. the right liver tobes received venous
return trom the pancreaticogastroduodenosplenic region. and the left liver lobes received venous
blood trom the intestines. A. nondiabetic dogs: B. alloxan-induced diabetic dogs: C. dogs with totat
pancreatectomy. Reproduced with permission trom Starzt TE ¢t al.: The eftect of diabetes meilitus
on portal blood hepatotrophic factors in dogs. Surg Gynecol Obstet {40:549, [975.

proliferation—beginning with insulin (66)
but also including the immunosuppressive
agents cvclosporine (69) and FK 506 (70)
and the growth factors. insulin-like growth
tactor (IGF-ID). transtorming growth factor-
alpha (TGFa) and hepatocyvte growth factor
{HGF) (68). By virtue of these develop-
ments. hepatotrophic physioiogy has be-
come a consistent countertheme ot all re-
search on the transplantation ot splanchnic
organs as well as a common ground shared
bv lhver transplantation. clinicai portal
shunt operations (all are variations ot Eck’s
fistula). and the regeneration that tollows
hepauc resection (15.71). In the portal shunt
field. the new insight into portal hepato-
trophic physiology provided an incentive to
use portal flow-spanng procedures such as
the Warren shunt 1n reterence to compiete

portal diversion for the treatment of portal
hypertension (15).

In contrast. the completely diverting por-
tacaval shunt has been used preterentally
to palliate several inborn errors ot metabo-
lism (15). The principle was to create with
complete portal diversion a subtle kind of
liver disease that inhibited the synthesis and
accumulation of abnormal glycogen in pa-
tients with certain glycogen storage dis-
cases (72). or aipha-[-antitrypsin in patients
with alpha-l-antutrypsin deticiency (73.74).
Because portal diversion reduces the pro-
duction ot cholesterol that cannot be nor-
mallv catabolized in the disease of familial
hvpercholesterolemia. portacaval shunt
lowered serum cholesterol in pauents with
this diagnosis (75.76). The manutacture in
the liver ot many other substances afso 1s
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Fig. 21-5. Hepatocyte shadows traced during histopathologic examinauon of liver biopsies from
experiments shown in Figure 21-4A. These were later cut out on standard paper and weighed as an
index of hepatocyte size. The right tobes with the large hepatic cells received venous blood from the
pancreas. stomach. duodenum. and spieen. The relatively shrunken left lobes with the smail hepato- ’
cytes received intestinal blood. Reproduced with permission trom Starzl TE et al.: Surg Gynecol P
Obstet /37:179. 1973. The ongin. hormonal nature. and action of hepatotrophic substances in portal
venous blood.
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curtailed by portal diversion. but the conse-
quent adverse effects in patients with the
metabolic diseases were superseded in sig-
nificance by the gain in controi of the abnor-
mal or runaway metabolites. Eventually. it
was shown that all three of the cited inborn
errors. as well as many others. could be cor-
rected definitively by liver repiacement (see
subsequent section). When this occurred.
the use of portal diversion tfor metabolic
purposes became obsolete.

An additional ripple effect ot research in
transplantation was stimulated by the reter-
ral for liver replacement of patients with
large but still localized liver neoplasms that
were thought to be unresectable. As an al-
ternative to transplantation. we standard-
ized and popularized the previously danger-
ous operation of right trisegmentectomy
(77) and introduced the new operation of left
trisegmentectomy (extended left hepatic lo-
bectomy) (78).

IMMUNOSUPPRESSION

While the gastroenterologic transpiant
operations were being pertected. other de-
velopments had raised hopes ot their poten-
tial clinical application. The literature on
these developments. which has been sum-
martzed clsewhere (79). began with the
demonstration by Medawar in 1944 that re-
Jection 1s an immunologic event (80.81). The
deliberate weakening of the immune system
with total body irradiation (82). and cortico-
steroid therapy (83.84). and (much later) the
thiopurine compounds. 6-mercaptopurine
and azathioprine (85-89) ameliorated the re-
Jection of skin grafts in rodents and renal
erafts in dogs. However. complete control
of rejection with a single agent was rarely

achieved in animals without lethal side ef-
fects. This same thing was seen in discour-
aging clinical trials of renal transplantation
(90-95). In the numerous clinical trials of
kidnev transplantation trom January 1959
through the autumn of 1962. there were oniy
8 examples of survival for at least 5
months—2 in Boston (90-92) and 6 in Panis
(96.97). All except the last of these patients
were treated primarily with total body irra-
diation: the final patient was the first to have
long survival with azathioprine (92).

This discouraging picture changed dra-
matically during 1962 and 1963 in Colorado.
where the synergism of azathioprine and
prednisone was known from animal investi-
gations (98). When these two drugs were
used together trom the outset in human kid-
ney transplant recipients. the resuits ex-
ceceded cveryone's cxpectations (99.100)
and precipitated a revolution in clinical
transplantation. Success hinged. first. on
the fact that acute rejection usually could
be reversed with prednisone and. second.
that the amount of drug treatment required
to achieve stability of graft function often
became less in time (99-102).

The reversibility of rejection and change
in host-graft rclationship were cventually
verified with all other transplanted organs.
beginning with the liver (103.104). Although
immunosuppression has improved. the cen-
tral therapeutic dogma tor whoie organ
transplantation that had emerged by 1963
(99.100) has changed little in nearly 30
vears. The dogma calls for daily trecatment
with one or two baseline drugs with further
immune modulation by the highly dose-ma-
neuverable adrenal corucal sterowds 1o
whatever level is required to mamntain stable
aratt functon (Table 21-1). This means that
cvery organ rectpient goes through a tnal

Table 21-1
Central Therapeutic Dogma

Strateqgy

Baseline Agents Sites of Action

1 Baseline merapy with one or two drugs

Secondary agjustments with steroids or

antitymphota agents

3. Case-to-case trial (and potentai error) of
weaning

N

Azathioprine DNA synthesis

1

2. Cyclophospnamide DNA synthesis
3. Cyclosporine IL-2 production
4 FK 506 iL-2 production
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Table 21-2

Principal Immunosuppressive Drug Regimens and Adjuncts* Used Clinically

Year Described

and Reported Used for Gl
Agents (Ret.) Place Deticiencies Organs
Total body 1960 (90) Boston Ineffective, No
irradiation dangerous
Azathioprine 1962 (91) Boston Ineffective, No
dangerous
Azathioprine- 1963 (99) Denver Suboptimal Yes, liver
steroids
Thoracic duct 1963 (105) Stockholm Nuisance: requires  Yest, liver
drainage as 20 to 30 days
adjunct pretreatment
Thymectomy as 1963 (106) Denver Unproven value Yes. rarely
adjunct in 1963
Splenectomy as 1963 (106) Denver No longer Yes. once
adjunct necessary commonly
for liver
ALG as adjunct 1966 (107) Denver Suboptimal Yes
Cyclophosphamide 1970 (108) Denver No advantage Yest, liver
substitute for except for
azathioprine patients with
azathioprine
toxicity
Total lymphoid 1979 (109, 110) Palo Alto. Dangerous, Yes§, for
irradiation Minneapoiis extensive liver
preparation, not
quickly reversibie
Cyclosporine 1978-1979 (111) Cambridge Suboptimal Yes
Cyciosporine- 1980 (112) Denver Nephrotoxicity: Yes
steroids rejection not
always controiled
FK506-steroids 1989 (114) Pittsburgh Nephrotoxicity; Yes

rejection not
always controlled

* Until 1966, these were developed with kidney transpiantation and applied for livers. From 1966 onward.
the liver increasingly became the dominant test organ.
t It was not realized until much later that pretreatment for 3 to 4 weeks before transpiantation was a
necessary condition tor effective use of TDD (113).
t These triais were summarized many years later with at least 10 years follow-up for surviving pa-

tients (25).

§ By Professor J. A. Myburgh of Johannesburg.

and potential error cxpertience as drugs are
weaned 10 maintenance levels.

The principal regimens used clinically
within this format over the ensuing 30 vears
are summarized in Table 21-2. Aside trom
the simplicity and the consequent ¢ase with
which the therapeuuc formuia could be
taught. it proved applicable to euach new
drug regimen or immune modulating tech-
nique used clinically over the next 30 vears

(105-114) and to each new organ. of which
the liver was the first atter the kidney and
the intestine the most recent.

The history of this remarkable phase in
transplantation has been told clsewhere
(79). Even at the end of 1962, transplanta-
tion still scemed like a mirage. One year
later. a wild proiiferanon ot kidney trans-
plant centers had begun on both sides of the
Atlanuc. driven by knowiedge ot the etfi-
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cacy of the "‘drug cocktail™ approach. of
which the first example was the azathio-
prine-prednisone combination. Trials with
the liver. the next vital organ bevond the
kidney. had started (115) and clinical kidney
xenotransplantation with chimpanzee (116)
and baboon (117) donors had been svstem-
atically tried with encouraging, although ul-
timately unsatisfactory. resulits.

CLINICAL TRIALS OF LIVER
TRANSPLANTATION

Phase I: The Failed First Cases

The prospect of establishing a forerunner
Kidney program in Denverin preparation for
liver transplantation was the reason tor my
move trom Northwestern to the University
of Colorado in late 1961 (118). Now, the
cffectiveness ot azathiopnne-prednisone
cocktail tfor kidney grafting having been
proved. a decision was taken to move on to
the liver (115.119). The first recipient was a
3-year-old boy with biliary atresia who had
had multiple previous operations. The
transplantation could not be completed be-
cause ot a tatal hemorrhage from venous
collaterals and an uncontrollable coagulopa-
thy. Even tor a team that had been tully pre-
pared for technical vicissitudes by hundreds

of amimal operations. the exsanguination ot

this child was a terrible shock.

Two more liver transplantations were
carried out 1n the next 4 months. In both.
the procedures secemed satistactory. but the
recipients died after 22 and 7-1/2 days. re-
spectively (115.119). The strategy ot coagu-

lation control introduced atter the death ot

the first patient had a delaved backfire in all
of the liver transpiant recipients in whom it
was used. During the time when the hivers
were sewn in. the plastic external bvpasses
were used to reroute venous blood around
the area ot the liver in the sume wav as had
been worked out in dogs. In the humans
who were being given drugs and blood prod-
ucts to promote clots. these clots tormed in
the bypass tubing and passed on to the
lungs. There. thev caused abscesses and
other lung damage which contributed to or
caused delaved death ot all tour ot the pa-
lients who survived the mtraoperative pe-
riod (57.115). A pail settied over the fiver

program. with a self-imposed moratorium
that lasted more than 3 years. By this time.
isolated attempts also were unsuccessful at
the Brigham (120) and in France (121).

When these first seven liver transplanta-
tions failed in three different centers (Table
21-3). pessimism settled in worldwide. The
operation seemed too difficult to allow prac-
tical application. the methods of preserva-
tion were thought inadequate for an organ
so seemingly sensitive to ischemic damage.
and it began to be asked if immunosuppres-
sion available was considered too primitive
to permit success. This last reservation was
reinforced by the fact that truly chronic sur-
vival after liver replacement had never been
achieved to this time in experimental an-
imals.

Phase 2: Feasible But Impractical
Therapy

By the summer of 1967. these deficiencies
had been at least partially rectified by 3
more vears of laboratory etfort. Many long-
term canine survivors had been obtained
(103). some dogs having passed the 3-vear
postoperative mark. Better immunosup-
pression with the so-cailed triple drug ther-
apy was now available. following the devel-
opment and first clinical trials in the world
of antilvmphocvie globulin (ALG) prepared
from sensitized horses (107) and used to
supplement azathioprine and prednisone.
FFinally, improved techniques ot organ pres-
crvation had been developed (122.123).

On July 23, 1967, a 1-1/2 year old child
with a huge hepatoma was restored almost
immediately from a moribund state to seem-
ingly good heaith atter liver replacement.
More cases followed. The nipple cttect ot
successtully transplanting a4 vital organ
other than the kidnev was tar-rcaching
(124). 1t the liver. the most difticuit ot all
organs. could be transplanted. anyvthing
scemed possible. The smoldering embers in
other spectalty centers burst into tlames:
tirst. with the heart transplantation in Cape-
town bv Christaan Barnard (December
1967). then with attempts at intestinal trans-
plantaton bv Richard Lillcher and Wilhiam
Kelly (University of Minnesota. 1967). and
tinally with the tirst successtul lung trans-
plantaton on November 14, 1968 (by F.
Derom ot Louvain. Belgium).
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carcinoma

J
Table 21-3 o _
The First 7 Attempts of Clinical Orthotopic Liver Transplantation
Location Age Survival .
No. (Ref.) (Yr) Disease (Days) Main Cause of Death
1 Denver (115) 3 Extrahepatic biliary 0 Hemorrhage
atresia
2 Denver (115) 48  Hepatocellular cancer, 22 Pulmonary emboli,
cirrhosis sepsis
3 Denver (115) 68  Duct ceil carcinoma 7% Sepsis. puimonary
emboli,
gastrointestinal
bleeding
4 Denver (57) 52  Hepatocellular cancer. 6% Pulmonary emboli.
cirrhosis hepatic failure,
pulmonary edema
5 Boston (120) 58 Metastatic colon 11 Pneumonitis. liver
carcinoma abscesses. hepatic
failure
6 Denver (57) 29  Hepatocellular cancer, 23 Sepsis. bile peritonitis,
cirrhosis hepatic failure
7 Paris (121) 75  Metastatic colon 0 Hemorrhage

Most of these attempts failed early. and
all of the patients eventually died. For the
liver aiso. it was not a time ot triumph. The
child who became the tirst long-term survi-
vor atter hepatic replacement died ot recur-
rent cancer after 400 days. The maximum
survival of the other six liver recipients
treated between July 1967 and March 1968
was 2-1/2 years (25.124). For the next I2
vears. the 1-year mortality atter liver trans-
plantation never tell below 50%% in cases that
were accrued at the University of Colorado
at the rate ot about one per month. The terri-
ble losses were concentrated in the first
postoperative months. Atter this. the life
survival curve tlattened. leaving a residual
group of stable and remarkably well survi-
vors. Thirty (189 of the first 170 patients in
the consecutive series that started | March
1963 and ended in December 1979 lived
more than a decade: 23 are sull alive atter
13 to 23 vears. All were treated with azathi-
opnne tor cvclophosphamide). prednisone.
and polvcional ALG (25).

In the meanwhile. Protessor Rov Calne
at Cambndge University (England) began
clinical tnals ot liver transpiantation on May
23, 1967. As in our carlier experience. his
first patient cxsanguinated ([25). A tew

months later. Calne formed a collaboration
that endured for more than two decades
with the hepatologist. Professor Roger Wil-
liams. at Kings College Hospitai in London.
The Colorado and Cambridge-London
tcams continued thewr chinical ctforts
through the vears. in spite ot trequent disap-
pointments and many tragic taures. The
long survival of patients in both series was
a testimonial for hiver transplantation. but it
was asked incrcasingly on both sides of the
Atlantic if such a smail dividend could jus-
tity the prodigious cttort that had brought
liver transplantation this tar (126). Other
tcams established subsequently in Hanno-
ver (Rudolt” Pichlmayr. 1972) and Parnis
tHenn Bismuth. 1974) also reporied the
nearlv miraculous benetits ot hiver trans-
plantation when this (reatment was success-
tul. but alwavs with the notation that the
mortality was too great to allow 1ts pracucal
use. Liver transplantation was a teasible but
impractical operation.

Phase 3: The Cyciosporine/FK 506 Era

The frustration ended when cvclosponne
became avalable clinicallv i (979 (111
but onlv atter this drug was combined with

i
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prednisone or lymphoid depletion in the
tirst of the cvclosporine-based cocktails
(112). Of our tirst 12 liver recipients treated
with cvclosporine and prednisone in the
first 8 months of 1980. 11 lived for more than
a vear (127) and 7 are stiil alive more than
12 years later. As the news was contirmed
that |-vear patient survival of at least 70%
was readily achievable. new liver programs
proliferated worldwide. When FK 506 was
substituted for cyclosporine in 1989 (114),
the |-vear patient and liver graft survival
rose another 15% in the Pittsburgh experi-
cnce (128). An improvement also was
recorded in a muiticenter European trial. By
now. liver transplantation had become the
accepted court ot last appeal for aimost all
non-neoplastic liver diseases. and even for
selected patients with otherwise nonresect-
able hepatic malignancies. The principal
limitation of the technology quicklv became
the supply ot organs to meet the burgeoning
needs.

Although the ascension of liver transplan-
tatton was dominated by improvements in
immunosuppression. other significant im-
provements occurred. including modified
details of the operation itself. The incidence
ot biliary duct complications (obstruction.
fistula. and cholangitis). which had been
more than 30% (129). was reduced by the
use of choledochocholedochostomy with a
[-tube stent. or i this was not teastble. by
choledochojejunostomy 1o a Roux limb
125). Management of coagulopathies was ta-
ciiitated by the use of the thromboelasta-
gram to tollow the minute-to-minute clot-
ung changes in the operating room
(115.130). The systematic use of veno-ve-
nous bvpasses without anucoagulation also
ereatly  diminished the hemorrhages of
nghtmare proportions that were common at
one tume (|31).

ORGAN PROCUREMENT

Hiypothermia and Core Cooling

Steps in the development of liver gratt
procurement and preservation have been
tew. However, these steps have had anim-
portance tar bevond their apphication tor
liver replacement. because the principles
were apphed cquallv to other whole organs.
The first step was core cooting by intusion

of chilled lactated Ringer’s solution into the
portal vein (8) a laboratory technique
promptly modified for use in clinical kidney
transplantation (132).

Today. core cooling is the first step in the
preservation of all whole organ grafts. but
in contrast to the original method. this is
most often done by some variant of the in-
situ technique originally developed at the
Untversity of Colorado to cool and continu-
ously pertuse cadaveric liver and kidney do-
nors before the acceptance of brain death
conditions (133.134). Ackerman and Snell
1135) and Merkel and colleagues (136) sim-
plified the in-situ cooling of cadaveric kid-
nevs with cold electrolyte solutions infused
into the distal aorta. Finally. in-situ cold in-
tusion techniques were pertected that al-
lowed removal of all thoracic and abdominal
organs. inciuding the liver. without jeopar-
dizing any of the individual organs (137).
Modifications of this procedure have been
made for unstable donors and even for do-
nors whose hearts have ceased to beat (138).
Inless than 5 years. multiple-organ procure-
ment. using techniques that are interchange-
able not only from city to city but tfrom
country to country. had become standard-
ized in all parts of the world.

The technique 1s versatile. A complete
midline abdominal and thoracic incision is
made. The aorta at the diaphragm is encir-
<led so that it can be crossclamped when
the core cooling i1s begun. The distal aona
t~ used as an cntry site tor the tluid intusion.
By coordination of the tluid intusion and the
crossclamping ot the great vessels and by
dissection and ligation ot appropriate arte-
ral branches. the cold infusate can be made
to go selectively to the organs tincluding the
liver) that are to be transplanted. The portal
vein of the liver also is infused atter a cathe-
ter 1s placed into it through the splenic vein
or other major tributary. Core cooling ot the
thoracic organs 1~ accomplished with the
<ame principles (137). Atter the chilled or-
cans have been removed. subseguent pres-
crvauon mayv be by simple retnigeraton. or
by sopnisticated methods of continuous
pertusion.

INDICATIONS FOR LIVER
IRANSPLANTATION

Because the potentallv suntable candi-
Jates for lhiver transplantation outnumoer

il
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Table 21-4
Generic Listing of Liver Diseases
Treatable by Hepatic Transpiantation

Disease

Parenchymal
Postnecrotic cirrhosis
Alcoholic cirrhosis
Acute liver failure
Budd-Chiari syndrome
Congenital hepatic fibrosis
Cystic fibrosis
Neonatal hepatitis
Hepatic trauma
Cholestatic
Biliary atresia
Primary biliary cirrhosis
Sclerosing cholangttis
Secondary biliary cirrhosis
Familial cholestasis
Inborn errors of metabolism
Tumors
Benign
Primary malignant
Metastatic

the available organs by 3 to 1. the selection
of appropriate recipients from such a large
pool requires highly individualized assess-
ment. By 1989. the hist of benign diseases
treatable by transplantation had become so
long that it was increasingly given in broad
categories such as cholestatic or parenchy-
mal disease (Table 21-4). The simplification
made it easy to lose sight ot the tact that
nearly 100 distinct diseases have been
treated with liver transpiantation. including
more than 20 in the broad category ot chole-
static disorders. Because products of he-
patic synthesis permanently retain the origi-
nal metabolic specificity of the donor atter
transplantation (139,140). liver transplanta-
tion 1s a decisive way to treat many liver-
based or liver-intluenced inborn ¢rrors ot
metabolism (Table 21-5).

Diseases that precluded transplantation 3
or 10 vears ago. such as alcoholic cirrhosis.
are no longer absolute contraindications. In
addition. scarnng trom multiple upper ab-
dominal operatons and prior portal-svs-
temic shunts that at one ume would have
rufed out liver transplantation are no longer
overnding deterrents 1n any major center.
Extensive thrombosis of the portal and su-
perior mesentenc vems which previousty

made liver transpiantation difficuit or im-
possible has been almost eliminated as
a contraindication to attempted liver
transpiantation by the use of vein grafis
(141-145).

Inflexible age proscriptions at either the
upper or lower range have been dropped.
The shortage of appropriate-sized donors
for very small pediatric recipients was
greatly ameliorated by the use of liver frag-
ments. The first known reduced liver graft
operation was performed in Denver in 1975
(146) but was not reported until long after
the landmark descriptions of this technique
by Henri Bismuth and Didier Houssin of
Paris (147) and the team of Rudolf Pichl-
mavr and Christoph Broelsch of Hannover
(148).

The use of conventional liver transplanta-
tion to treat otherwise nonresectable pri-
mary or metastatic hepatic cancers has re-
sulted in a very high rate of recurrence
(139). Nevertheless. the use of liver trans-
plantation to treat cancer is still being inves-
tigated by many transpiantation tcams.
almost invariably in combination with adju-
vant chemotherapy or other experimental
treatment protocols. Certain kinds ot neo-
plasms have a better prognosis than others.
A crucial condition ot candidacy involves
ruling out the possibility that the tumor has
spread bevond the liver.

A radical extension of this concept is the
removal ot organ ciusters to ¢n bloc tliver.,
pancreas. spleen. stomach. duodenum.
proximal jejunum. and right colon) to treat
extensive sarcomas and carcinoid tumors ot
the pancreas or duodenum with liver metas-
tases. bile duct carcinomas with liver metas-
tases. and hepatomas that had invaded the
duodenum and colon (149). The excised or-
vans have been replaced with hepatopan-
creaticoduodenal grafts (see Fig. 21-1¢), or
in some cases by the hiver alone.

CLINICAL TRIALS OF INTESTINAL
IRANSPLANTATION IN COMPOSITE
VISCERAL GRAFTS OR ALONE

Composite Grafts

FFuncuon tor more than a halt vear ot a
cadaveric intestine was not accomplished
untd 1987 (130150, In November ot that
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Table 21-5

Inborn Errors of Metabolism Treated with Liver Transplamatipn—Most of the Patients
Were in University of Colorado—University of Pittsburgh Series. Follow-up to January

1989 (139).
Longest Associated
Disease Explanation of Disease Survival Liver Disease
arAntitrypsin deficiency Structural abnormality of the 13 yr Cirrhosis
protease inhibitor synthesized in
liver
Wilson's disease Abnormal biliary copper excretion, 16.5 yr Cirrhosis
decreased copper binding to
ceruioplasmin, and copper
accumulation in tissues;
autosomal recessive gene
mapped to chromosome 13
Tyrosinemia Fumaroylacetoacetate hydrolase 7.5yr Cirrhosis.
deficiency hepatoma
Type | glycogen Glucose-6-phosphatase deficiency 7yr Glycogen
storage disease storage.
fibrosis.
tumors
Type iV glycogen Amylo-1:4.1:6-transglucosidase 45yr Cirrhosis
storage disease (branching enzyme) defect
Cystic fibrosis Unknown: pancellular disease. liver 4.5 yr Cirrhosis
often affected
Niemann-Pick disease Sphingomyelinase deficiency, 2 yr (died) None
sphingomyelin storage
Sea-biue histiocyte Unknown. neurovisceral lipochrome 7 yr Cirrhosis
syndrome storage
Erythropoietic Hepatic ferrochelatase deficiency, 1.5yr Cirrhosis
protoporphyna ?overproductive of
protoporphyrin by erythropoietic
tissues
Crigler-Najjar syndrome Giucuronyi transferase deficiency 4yr None
Type 1 hyperoxatuna Peroxisomal alanine:glyoxyiate 8 mo. None
aminotransterase deficiency
Urea cycle enzyme Ornithine carbamoylitransferase 8 mo. None
deficiency (3 types) deficiency
C protein deficiency Detective C protein synthesis 2.25 yr None
Famuial Low-density lipoprotein receptor 6 yr None
hypercholesteroiemia deficiency. low-density lipoprotein
overproguction
Hemophiha A Factor Vill deficiency 4yr Cirrhosis, a
complication
ot blood
component
therapy
Hemophilia B Factor 1X deficiency 6 mo. Cirrhosis, a
comptication
ot biooa
component

therapy
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year. the recipient of a multivisceral graft
who was treated with cvclosporine. predni-
sone. and the antilymphoid agent. OKT3.
survived for 192 days before dving of a B
cell lymphoma (46). Several subsequent re-
cipients of the full muitivisceral graft (see
Fig. 21-1. center) are alive after as long as
17 months under treatment with FK 506
(36.152).

A variant procedure in which only the
liver and small bowel are retained (see Fig.
21-1c) was described by Grant et al. (153) of
London. Ontario. This operation has been
particularly useful in patients with the short
gut syndrome who developed liver failure
after prolonged hyperalimentation (36).
Using FK 506. 13 (76.5%) of 17 patients in
the Pittsburgh series of liver-intestinal
grafts are alive after 5 to 31 months—all but
one liberated from total parenteral hyperaii-
mentation (TPN) (36.152).

Intestinal Transplantation Alone

As recently as late 1991, some workers in
the field believed that the protection to the
intestine atforded by the concomitant trans-
plantation of the liver from the same donor
(see previous text) was sufficiently great to
Justify combined liver and intestinal trans-
plantation even when only a technically
simpler intestinal transplant was needed.
Enthusiasm tor this draconian strategy
began to tade with the successtul transplan-
tation in March 1989 of a cadaveric small
intestine by Goulet et al. (35) ot Paris. and
of an ileal segment from a living related
donor by Deltz of Kiel. Germany (154).

These were isolated straws in the wind.
The routine survival ot cadaveric intestinal
recipients then became possible in Pitts-
burgh under immunosuppression with FK
306. where the results have been better with
isolated intestinal transplantation than with
cither the muitivisceral operation or uts liv-
er-intestine variant (36.152). Eight ot'9 such
recipients arc alive. several after | to 2
vears—all but one being TPN-free. The ex-
pected release ot FK 506 tor general use in
the near tuture 1s certain to sumulate rapid
turther development of the intestinal trans-
plantation tield.

Metabolic Interactions

Nonimmunologic factors can intluence
the success or tailure of abdomnal organ

grafts. Normaily. the venous effluent from
all of the nonhepatic splanchnic organs con-
tributes to the portal blood supply. ensuring
the liver of first-pass exposure to the intes-
tinal nutrients, and the so-called portal hep-
atotrophic substances. of which insulin is
the most important.

When partial multivisceral grafts such as
the liver-intestine are used in recipients
whose pancreas and other upper abdominal
organs are retained. it is preferable to direct
the venous effluent from the residual host
organs into the portal circulation of the new
liver. Otherwise. subtle injury of the liver
typical of. although less severe than. that
caused by Eck fistula. can be produced.
Similarly. when the intestine is transpianted
alone. the ideal route of venous return is
through the liver. However, the inability for
technical reasons to drain intestinal return
into the host liver has not caused severe he-
patic complications in a small number of our
human recipients (36).

MECHANISM OF GRAFT
ACCEPTANCE

Throughout the modern history of trans-
plantation. it has not been known how grafts
were able. with the aid of immunosuppres-
sion. to weather the initial attack by the re-
cipient immune svstem. and later to merge
half-forgotten into the host. Study of the
castromntestinal organs and their recipients
has provided unique insights into this pro-
cess (155.156). In 1969. the liver became the
first transplanted organ to be recognized as
having a composite (chimeric) structure. It
was noted that the Kuptter cells and other
tissue leukocytes became predominantly re-
cipient-phenotype within 100 days after
transplantation while the hepatocvtes per-
manently retained their donor spectficity.
At the ime and long atterward. this trans-
formation was assumed to be unique to the
hepatic allogratt.

However. 22 vears later. lirst in rat
models (157), and then in humans (158). it
was realized that the saume process oceurred
in all successtullv transplanted intestines.
The epithelium ot the bowel remained that
ot the donor. whereas the ivmphoid. den-
dritic and other icukocvies of recipient ori-
uin quicklv became the domuinant cells in the

'
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lamina propria. Pever's patches. und mes-
cnteric nodes. Subsequent studies of the
kidnev and thoracic organs made 1t obvious
that all whole-organ gratts underwent a sim-
ilar transtormaton that ditfered oniv quanti-
tatively tfrom organ to organ. The number
of substituted tissue leukocytes ranged trom
large in the case of the liver to small in or-
cans like the kidney and heart.

What rcmained to be dctermined was
the fate of the leukocvtes vacating the
gratts. The answers were provided in the
spring and summer of 1992 by the longest
survivors ot Kidnev and liver transplanta-
ton (155.156.159.160). Sampices were taken
from the transplanted organ as well as tfrom
the pauent’s own skin. lvmph nodes. and
olher tussues. After special staining proce-
dures tummunostaining or sex identitication
atter tluorescence in-situ hvbridization). the
tissues were examined under the micro-
scope to see 1t the individual cells that made
them up had come trom the organ donor.
the reciptent’s own body. or both. Alterna-
tively. the donor and recipient contributions

10 any specimen could be separated by polv-
merase chain reactions (""DNA fingerpnnt-
ing’’) techniques.

Within minutes after restoring the blood
supply of anv whole organ transpiant. mvn-
ads of sessile but potentially migratory leu-
kocytes that are part of the normal structure
of all organs left the graft and migrated all
over the recipient while similar recipient
cells took their piace in the transplant with-
out disturbing the highly specialized donor
parenchymal cells (Fig. 21-7). The reio-
cated donor and recipient leukocytes
learned to live in harmony. provided they
were given sutficient protection during their
nesting by immunosuppressive drugs. The
same process applied to the intestine and all
whole organs. In this new context. the drugs
could be viewed as traffic directors. allow-
ing movement ot the white ceils in both di-
rections (to and from the gratt) but prevent-
ing the immune destruction that 15 the
normal purpose of this traffic.

It 1s not known yvet how the two sets of
white cclls—a smail population ot predomi-

G V H

Exhaustive Clonali
Differentiation

HV @G (Rejection)

Fig. 21-7.  Current understanding ol the gratt and svstemie chimernism that oceurs ldter transplanta-
uon,an this case ot the intestune, byolution ot this concept hias expluned how gratts are accepted

esee text).
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nantly dendritic cells from the donated
organ and a large one that is in essence the
entire recipient immune system of the pa-
tient—reach a “"truce.”” This is so complete
in some cases that immunosuppression can
be stopped. particularly atter liver trans-
plantation and less constantiy with other or-
gans. Such a stable biologic state can be in-
duced more easily by the liver than by other
transplanted organs because of the liver's
higher content of the critical missionary ieu-
kocytes. This was thought to be the expla-
nation for the protection afforded the intes-
tine by a concomitantly transplanted liver
(38.39).

While still incompiete. this much infor-
mation already provides a tool with which
1o shape tuture strategies (156.159). The mi-
gratory cells can be puntied from the bone
marrow or spleen of a donor and then in-
fused to improve the "*acceptability " of var-
ious organs from that specific donor includ-
ing those taken from an animal for use in
humans as xenogratts. The cell migration
and mixed chimerism phenomena make

comprehensible the unexpected inability of

donor-recipient HLA matching to accu-
rately predict the outcome of whole organ
transplantation (161). As a resuit of the mu-
tual cell engagement. neither the new organ
nor its new host remains the same as at the
time ot the matching tests.

WHOLE-ORGAN
XENOTRANSPLANTATION

When organs are transplanted from a
significantly disparate species. the first
immunologic hurdle is that of pretormed
xenospecific antibodies. which quickly de-
vascularize the graft and exclude it tfrom re-
cipient circulation by damaging 1ts blood
vessels (162). If this barner can be sur-
mounted. the process of xenogratt accep-
tance involves the same bidirecuonal cell
migration and conseguent svstemic chimer-
ism as with allotransplantauon (163). This
means that successtul clintcal xenotrans-
plantation must be wvisuahized along the
same lines ot donor-recipient cellular migra-
tion and repopulation as with allogratt ac-
ceptance.

SUMMARY

Over a period of 38 vears. it has become
possible to successfullv transplant individ-
ual intra-abdominal viscera or combinations
of these organs. The consequences have
been. first. the acquisition of new informa-
tion about the metabolic interrelations that
the visceral organs have in disease or
health: second. the addition of several
transplant and nontransplant procedures to
the treatment armamentarium tor GI dis-
cases: and third. the development ot'a more
profound understanding ot the means by
which all whole organ graftts are ‘“‘ac-
cepted.”’
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