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Introduction

Allograft biopsy evaluation plays a critical role in the

emerging field devoted to minimization or complete

weaning of immunosuppression from human solid organ

allograft recipients. The immediate practical goal of this

field is to improve the quality of life and outcomes for

allograft recipients by minimizing exposure to the high

cost and serious side-effects of chronic immunosuppres-

sion, such as hypertension, diabetes, hyperlipidemia, kid-

ney damage, and increased susceptibility to malignancies.

Presumably, this can be achieved without sacrificing allo-

graft structure and function consequent to uncontrollable

acute or even indolent chronic rejection. A secondary, but

equally important, goal is to use allografts as probes to

understand cellular and molecular mechanisms associated

with immunologic tolerance. The hope is that treatment

algorithms might then be devised to routinely induce tol-

erance to allografts in a large percentage of recipients.

These concepts might also be transferable to the related

fields of autoimmunity and cancer immunosurveillance.

Since the advent of solid organ transplantation, two

general approaches have been used to study clinical allo-

graft acceptance/tolerance: (i) so-called ‘spontaneous

operational tolerance (SOT)’ is a term borrowed from

Ashton-Chess et al. [1]. It refers to rare noncompliant

recipients and others deliberately removed from immuno-

suppression who do not develop rejection even long after
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Summary

Several factors acting together have recently enabled clinicians to seriously con-

sider whether chronic immunosuppression is needed in all solid organ allograft

recipients. This has prompted a dozen or so centers throughout the world to

prospectively wean immunosuppression from conventionally treated liver allo-

graft recipients. The goal is to lessen the impact of chronic immunosuppression

and empirically identify occasional recipients who show operational tolerance,

defined as gross phenotype of tolerance in the presence of an immune response

and/or immune deficit that has little or no significant clinical impact. Rare

operationally tolerant kidney allograft recipients have also been identified, usu-

ally by single case reports, but only a couple of prospective weaning trials in

conventionally treated kidney allograft recipients have been attempted and

reported. Pre- and postweaning allograft biopsy monitoring of recipients adds

a critical dimension to these trials, not only for patient safety but also for

determining whether events in the allografts can contribute to a mechanistic

understanding of allograft acceptance. The following is based on a literature

review and personal experience regarding the practical and scientific aspects of

biopsy monitoring of potential or actual operationally tolerant human liver

and kidney allograft recipients where the goal, intended or attained, was com-

plete withdrawal of immunosuppression.
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the event. SOT recipients are usually identified by trial

and error. This approach was pioneered by Starzl who

realized that acute rejection was reversible with temporar-

ily increased immunosuppression, with the need for such

immunosuppression significantly diminished afterward

[2] and (ii) tolerance can also be induced intentionally

via hematopoietic macrochimerism, using bone marrow

or hematopoietic stem cell transplantation combined with

simultaneous [3–5] or delayed kidney transplantation [6–

10]. The hematopoietic chimerism approach was based

on the original experimental animal observations of

Billingham et al. [11]. It was matured in further experi-

mental animal studies and then successfully applied to

humans by Sachs, Sykes, and Cosimi, using precon-

ditioning with a nonmyeloablative regimen and major

histocompatibility complex (MHC)-matched [3–5] or

-mismatched [12] simultaneous bone marrow and living-

donor kidney transplantation.

Distinguishing between these approaches has meaning

beyond the purpose of understanding how the histopa-

thology literature developed in this field. It also pro-

vides insights about the predominant immunologic

mechanisms involved in allograft acceptance/tolerance.

In experimental animals, tolerance achieved through

hematopoietic chimerism is robust, mediated predomi-

nantly by deletion [13], and organ-independent. In the

first author’s experience as a clinical and experimental

transplant pathologist, this approach leads to the ‘clean-

est’, or the most normal-appearing allografts. Stable

macrochimerism, however, is very difficult to achieve in

mismatched humans without graft-versus-host disease

[12]. Comparatively, SOT is meta-stable and probably

mediated by a combination of deletion, ignorance, and

regulation and is organ-dependent. Liver allografts exhi-

bit SOT more frequently than other allografts (see

below). SOT allografts are usually not as clean or free

from inflammation as allografts in chimerically tolerant

recipients. Rather than being totally different, however,

the two approaches are qualitatively similar, but differ

quantitatively in reference to underlying mechanisms,

such as deletion and (micro-)chimerism, that contribute

to long-term allograft survival [12,14].

These approaches also fit well with tolerance as recently

defined by Girlanda and Kirk [15]. ‘True tolerance’ refers to

the absence of any detectable detrimental immune response

as well as the absence of immunocompromise. ‘Operational

tolerance’ refers to the gross phenotype of tolerance in the

presence of an immune response and/or immune deficit that

has no significant clinical impact. For the histopathologist,

the difficult phrase in the operational tolerance definition is,

‘…that has no significant clinical impact’. This is not so

easily determined and will be discussed in greater detail

subsequently. For this review, we excluded an evaluation of

pathology material from so-called prope tolerance studies

[16,17] and reports of late rejection occurring in patients

with low immunosuppression levels because it was difficult

to determine what exactly constituted low-level or minimal

immunosuppression.

Instead, this review is based on a literature survey and on

personal observations from studies in which complete

weaning from immunosuppression was the intended goal

or provided some insight into the weaning process. It

focuses primarily on studies of human SOT; detailed mech-

anistic studies in experimental animals are beyond the

intended scope, except where they serve to illustrate a point

relevant to human material. We apologize in advance

because many of the histopathologic observations discussed

are, because of trial design and material available, anecdotal

and descriptive. But currently, that is the state of the field.

All allografts are not created equal

Spontaneous operational tolerance in conventionally trea-

ted recipients is, by far, most commonly observed in liver

allograft recipients. Most clinical trials that attempt to pro-

spectively wean human recipients from immunosuppres-

sion are conducted in liver allograft recipients and these

also show the highest rate of success (see below). The tradi-

tional and probably the most accurate and authoritative

reason given for this success is the so-called ‘hepatic tol-

erogenicity’ (reviewed in Benseler et al. [18] and Crispe

et al. [19]). This refers to the liver’s unique role as an

immunologic organ. Examples include: (i) oral tolerance,

or the observation that systemic immune responses to any

particular antigen are significantly less robust if the antigen

is fed orally beforehand; (ii) spontaneous acceptance of

fully MHC-mismatched liver allografts without immuno-

suppression in many animal species, excepting humans and

primates; (iii) ability of liver allografts to protect other,

extrahepatic, allografts from rejection if the latter are

derived from the same donor; and (iv) ability of the liver to

protect central immune organs from overstimulation by

gut bacteria, bacterial products, and other antigens that

normally leak through the intestinal barrier. A detailed dis-

cussion of the various mechanisms of hepatic tolerogenicity

is beyond the scope of this review. Included are the release

of soluble MHC antigens, migratory passenger leukocytes

and activation of recipient lymphocytes in secondary lym-

phoid tissues, microchimerism, hepatic dendritic cell

immaturity, activation of naı̈ve T cells and purging of cyto-

toxic cells within the liver, and stimulation of regulatory T

cells (reviewed in Benseler et al. [18] and Crispe et al.

[19]).

There are, however, other reasons as to why the liver

allograft recipients are more ideal candidates for weaning

studies than other conventionally treated solid organ
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allograft recipients. First, the vast majority of acute cellu-

lar rejection episodes, regardless of severity, are not life-

or allograft-threatening, do not produce significant

morbidity, and are easily reversible with current immuno-

suppressive medications [20,21]. Second, reversal of rejec-

tion is usually complete: the allografts heal without

significant fibrosis, architectural distortion, or loss of

function because of robust hepatic regeneration [21–23].

Even the early phases of chronic rejection are reversible

in the liver [24]. Therefore, if a liver allograft recipient

develops acute or the early chronic rejection during or

after weaning, the process is likely to be completely

reversible without significant sequelae [21,24]. But there

are exceptions and weaning is not risk-free (Table 1).

Table 1. Pre- and postweaning duration, and histopathologic diagnosis in follow-up liver tissue samples from liver allograft recipients withdrawn

from immunosuppression.

Study

No. Pts off IS/

attempted IS time IS-free time

Histopathologic diagnoses in postweaning biopsy

specimens

NS*

changes NRH

AR/

CR� CH PBC AIH Biliary

Starzl et al. [14] 6� 15 years 8.8 years 2 NA 2

Sandborn et al. [29] 0/12 >1 years 0 6/3

Ramos et al. [23] 16/59§

27.1%

>5 years 3–19 months 7

12%

1

2%

15/0

25.4%

2

3.4%

1

2%

Mazariegos et al.– [22];

updated in [84]

18/95§

19%

ca. 8 years

1.7–25 years

0.6–3.5 years 10

11%

21**/3

26%

3

3.1%

2

2%

3

3.1%

Devlin et al. [57]

and Girlanda et al. [61]

5–3/18

28%

>5 years

5–11 years

8–24 months 7 3 4–13/1

22–66%

2

Takatsuki et al. [52] 24/63

38.1%

Most >2 years Mean = 23.5 months 16/0

(25.4%)

Pons et al. [58] 3/9

33%

62.5 months

24–105

17–24 months 2–6��

22–66%

Tryphonopoulos et al. [102] 20/104

19%

>3 years 0.9–3.3 years 70��/2

69.2%

3

3%

Eason et al. [103] 1/18

5.5%

>6 months <1 year 11/0

61%

4

22%

Eghtesad et al. [30] NR/23 13 19

Tisone et al. [31] and

Martinez-Llordella et al. [33]§§

8+8=16/>34

23.4%

4.5–5 years average

>1 year.

Yearly Bxs

Av. = 45.5 months

26/0***

76.5%

34/34

100%

Koshiba et al. [32]

and Yoshitomi et al. [51]

87/581

15%

Most >2 years >5 years 8/25���

AIH, autoimmune hepatitis; AR, acute rejection; CH, chronic hepatitis; CR, chronic rejection; IS, immunosuppression; NR, not reported; NRH, nod-

ular regenerative hyperplasia; NS, nonspecific; PBC, primary biliary cirrhosis.

*Most frequently consists of mild ‘nonspecific’ portal inflammation and steatosis.

�Vast majority of acute rejection episodes were Banff [104] mild to moderate. Two patients from the Tryphonopoulos et al. [102] study developed

chronic rejection; one required re-transplantation; three patients in the Mazariegos et al. [22] study developed early chronic rejection stabilized by

a return to immunosuppression; three patients in the Sandborn et al.’s study [29] developed CR and two died; one patient in the study of Devlin

[57] and Girlanda et al. [61] required re-transplantation because of CR.

�Pathology results were not available for all patients in this study because some samples were submitted for immunofluorescence and PCR analy-

sis.

§Not all patients were routinely subjected to follow-up biopsies after withdrawal of immunosuppression.

–Overlaps with the study of Ramos et al. [23], but with longer follow-up.

**Seven patients were treated for rejection without biopsy.

��Four patients developed ‘portal inflammation’ with elevated liver injury test parameters, not necessarily diagnostic of rejection, but were

returned to immunosuppression.

��Forty rejection episodes were clinically suspected and 30 were biopsy-proven.

§§Overlapping patient populations.

***Focal ductopenia involving <20% of portal tracts was observed in occasional recipients, but criteria for chronic rejection were felt not to be

present.

���Yoshitomi et al. [51] reported decrease in size and increase in number of bile duct and fibrosis in patients, which they attributed to possibly a

variant of chronic rejection.
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This is in contrast to cardiac allografts, where severe acute

cellular rejection might be lethal. In pancreas, lung, and

renal allografts significant acute rejection more frequently

results in irreversible scarring, architectural distortion,

and permanent loss of function. Intestinal allografts can

also heal without significant fibrosis, but severe acute

rejection is usually more difficult to reverse and accompa-

nied by significant morbidity. Third, liver injury test

parameters are more sensitive indicators of injury than

are standard function tests for other organs, for example,

serum creatinine in kidneys, pulmonary function tests in

lung allografts, or symptoms of decreased cardiac output

in heart allografts. Finally, liver allografts are more resis-

tant to antibody-mediated rejection than are other solid

organ allografts [25].

The reported experience of SOT in conventionally trea-

ted liver- and kidney allograft recipients is shown in

Tables 1–3. One study from our center [26] that included

50 kidney-, 17 liver-, 14 pancreas-, and 11 intestinal allo-

graft recipients treated with leukocyte-depleting antibod-

ies was not included in these tables because long-term

follow-up has not yet been tabulated and the patients

were not entirely immunosuppression-free at the time of

publication. Spaced weaning leading to a significant

reduction in immunosuppression, however, was achiev-

able in a majority of surviving recipients [26]. The kidney

cohort in that study overlaps with a series reported subse-

quently by Shapiro et al. [27] with longer follow-up.

Much of the data used to construct these tables are dif-

ficult to verify because individually tolerant recipients are

often reported more than once and the same patients are

not easily traced among the studies. But, even so, the rel-

ative ease with which liver allograft recipients can be

completely weaned from immunosuppression as com-

pared with kidney allografts recipients is obvious, espe-

cially if one compares the ratio of SOT/total transplants.

SOT has been reported in the global literature in at least

49 kidney allograft recipients versus 148 liver allograft

recipients (Tables 1–3). These numbers, however, are

probably significantly lower than the actual number of

SOT recipients who are either unknown and/or unre-

ported.

Weaning trial designs

Most prospective ‘weaning trials’ have been conducted in

liver allograft recipients. The various trials were similar in

design and comprised primarily of conventionally treated

and immunologically stable liver allograft recipients more

than 2 years after transplantation, without technical com-

plications, evidence of rejection or significant allograft

pathology (Table 4). The clinical perspective, including

the details of initial immunosuppression, which differed

somewhat among the studies, has been expertly reviewed

elsewhere [28]. Most trials weaned immunosuppression

slowly over a period of months. Attempts at weaning ear-

lier after transplantation were reported in recipients trea-

ted with lymphocyte-depleting antibodies at the time of

transplantation [26].

It is difficult to contest the premise of weaning trials

that less immunosuppression without rejection is desir-

able. But only the study of Sandborn et al. [29], who

attempted to wean Cyclosporine, included contemporane-

ous matched controls maintained on conventional immu-

nosuppression to determine whether the withdrawal from

immunosuppression was indeed beneficial overall. One

study from our center included comparison to a historic

control group [30]. Other studies compared immunosup-

pressant-dependent (failed weaning) with immunosup-

pressant-free (successful weaning) recipients [31–33]. In

general, no specific molecular mechanistic hypothesis was

being tested in these weaning trials other than the one

that microchimerism and long-term allograft acceptance

under immunosuppression are conducive to immunosup-

pression-free allograft acceptance [34]. Therefore, the data

collected differed somewhat among the studies. It would

be more ideal, in conventionally treated recipients, to

compare a ‘weaning’ group with a maintenance immuno-

suppressive therapy group and include both potentially

positive and negative endpoints, such as incidence of

acute and chronic rejection and development of graft

fibrosis over a period of time, incidence and severity of

immunosuppression-related complications (renal failure,

diabetes, cardiovascular disease, malignancies) and cost of

medications.

The data on majority of the SOT kidney allograft

recipients have been derived from anecdotal reports based

on individual patients that were either noncompliant or

who had anti-rejection medication withdrawn because of

immunosuppression-related complications (Table 2).

Again, no specific hypothesis was being tested in these

reports other than the possibility that immunosuppres-

sion weaning might be possible. In contrast, studies

attempting to induce tolerance through macrochimerism

were all conducted prospectively and tested the hypothesis

that hematopoietic chimerism would lead to allograft tol-

erance in outbred humans (Table 3). The approaches

included: (i) using a nonmyeloablative preparatory regi-

men and simultaneous MHC-matched [3–5] or -mis-

matched [12] bone marrow- and living-related kidney

transplants; (ii) delayed renal transplantation after suc-

cessful bone marrow transplantation from the same liv-

ing-related donor using myeloablative therapy [6–10];

and (iii) MHC-mismatched renal transplantation after

total lymphoid irradiation, lymphoid depletion, and

donor hematopoietic stem cell infusion [35,36].

Demetris et al. Human liver and kidney allograft tolerance

ª 2008 The Authors

Journal compilation ª 2008 European Society for Organ Transplantation 22 (2009) 120–141 123



T
a
b

le
2
.

R
et

ro
sp

ec
ti
ve

st
u
d
ie

s
o
f

‘s
p
o
n
ta

n
eo

u
s’

ki
d
n
ey

al
lo

g
ra

ft
ac

ce
p
ta

n
ce

/t
o
le

ra
n
ce

.

St
u
d
y

Pt
s

IS
ti
m

e
IS

fr
ee

G
ra

ft
ro

u
ti
n
e

h
is

to
p
at

h
o
lo

g
y

fo
llo

w
-u

p
IP

EX
an

d
o
th

er
al

lo
g
ra

ft
ti
ss

u
e

st
u
d
ie

s

O
w

en
s

et
al

.
[5

4
]

4
/6

3
–1

8
0

m
o
n
th

s
8
–5

2
m

o
n
th

s
A

cu
te

re
je

ct
io

n
o
cc

u
rr

ed
in

2
/6

p
at

ie
n
ts

8
–1

8
m

o
n
th

s
af

te
r

w
ea

n
in

g
fr

o
m

IS
;

n
o

h
is

to
p
at

h
o
lo

g
y

d
es

cr
ip

ti
o
n
s

o
f

re
je

ct
-

in
g

o
r

st
ab

le
al

lo
g
ra

ft
s

N
A

U
eh

lin
g

et
al

.
[5

5
]

1
/5

0
.2

–1
0
.5

–2
.5

Tw
o

p
at

ie
n
ts

d
ev

el
o
p
ed

se
ve

re
re

je
ct

io
n

af
te

r
se

ve
ra

l
m

o
n
th

s

o
ff

IS
,

tw
o

re
tu

rn
ed

to
IS

an
d

o
n
e

re
m

ai
n
ed

o
ff

IS
;

n
o

h
is

-

to
p
at

h
o
lo

g
y

d
es

cr
ip

ti
o
n

o
f

an
y

re
je

ct
in

g
o
r

st
ab

le
al

lo
g
ra

ft
s

N
o
t

d
o
n
e

H
u
ss

ey
[1

0
5
]

1
/8

N
A

4
0

m
o
n
th

s
M

o
st

p
at

ie
n
ts

ei
th

er
d
ev

el
o
p
ed

se
ve

re
re

je
ct

io
n

o
r

re
tu

rn
ed

to
im

m
u
n
o
su

p
p
re

ss
io

n
;

n
o

h
is

to
p
at

h
o
lo

g
y

d
es

cr
ip

ti
o
n

o
f

an
y

re
je

ct
in

g
o
r

st
ab

le
al

lo
g
ra

ft
s

Zo
lle

r
et

al
.

[5
6
]

6
/4

8
9
5
8

±
7
9
2

d
ay

s
3
9
4

±
6
4
5

d
ay

s
2
1
/4

8
ex

p
er

ie
n
ce

d
g
ra

ft
fa

ilu
re

(m
o
st

w
it
h
in

a
fe

w
m

o
n
th

s)

an
d

o
n
ly

si
x

co
n
ti
n
u
ed

to
d
o

w
el

l
af

te
r

IS
ce

ss
at

io
n
;

n
o

h
is

-

to
p
at

h
o
lo

g
y

d
es

cr
ip

ti
o
n

o
f

an
y

re
je

ct
in

g
o
r

st
ab

le
al

lo
g
ra

ft
s

N
A

St
ar

zl
et

al
.

[6
4
,6

6
]

an
d

R
an

d
h
aw

a
et

al
.*

[6
3
]

7
2
–3

6
ye

ar
s

0
.3

–>
1
2

ye
ar

s
Th

re
e

p
at

ie
n
ts

su
b
je

ct
ed

to
B
x:

o
n
e

to
le

ra
n
t

an
d

tw
o

p
at

ie
n
ts

o
n

m
in

im
al

st
er

o
id

s
sh

o
w

ed
m

ild
p
at

ch
y

in
te

rs
ti
ti
al

ly
m

p
h
o
-

cy
ti
c

in
fl
am

m
at

io
n

fo
rm

in
g

o
cc

as
io

n
al

sm
al

l
cl

u
st

er
s,

b
u
t

w
it
h
o
u
t

tu
b
u
lit

is
o
r

va
sc

u
la

r
in

ju
ry

.
M

ild
ar

te
ri
al

n
ep

h
ro

sc
le

-

ro
si

s,
fo

ca
l

g
lo

m
er

u
la

r
lo

b
u
la

r
ac

ce
n
tu

at
io

n
an

d
g
lo

b
al

g
lo

m
er

u
lo

sc
le

ro
si

s
in

vo
lv

in
g

u
p

to
1
0
%

o
f

g
lo

m
er

u
li

In
te

st
ab

le
ca

se
s,

ly
m

p
h
o
id

in
fi
lt
ra

te
s

w
er

e
o
f

re
ci

p
i-

en
t

o
ri
g
in

;
en

d
o
th

el
iu

m
an

d
tu

b
u
le

s
w

er
e

p
ri
m

ar
ily

o
f

d
o
n
o
r

o
ri
g
in

;
o
n
e

ca
se

sh
o
w

ed
re

ci
p
ie

n
t-

ty
p
e

ce
lls

in
th

e
m

es
an

g
iu

m

Fi
sc

h
er

et
al

.
[1

0
6
]

as
so

ci
at

ed

w
it
h

p
re

g
n
an

cy

1
9

ye
ar

s
9

ye
ar

s
N

o
p
at

h
o
lo

g
y

N
A

B
u
rl
in

g
h
am

et
al

.
[6

8
,6

9
]

1
2

ye
ar

s
7
–8

ye
ar

s
Pr

e
w

ea
n
in

g
b
io

p
sy

sh
o
w

ed
fo

ca
l

in
fi
lt
ra

te
an

d
fi
b
ro

si
s,

b
u
t

n
o

ti
ss

u
e

d
am

ag
e;

F/
U

b
io

p
sy

7
ye

ar
s

su
b
se

q
u
en

tl
y

sh
o
w

ed

fo
ca

l
in

fi
lt
ra

te
s

b
u
t

n
o

tu
b
u
lit

is
o
r

ev
id

en
ce

o
f

ac
u
te

re
je

c-

ti
o
n
.

B
io

p
sy

at
ca

.
8

ye
ar

s
sh

o
w

ed
ac

u
te

re
je

ct
io

n
;

d
et

ai
ls

n
o
t

g
iv

en

N
o
t

d
o
n
e

C
h
ri
st

en
se

n
et

al
.

[1
0
7
]

1
3

ye
ar

s
3

ye
ar

s
N

o
p
at

h
o
lo

g
y

N
A

V
an

B
u
sk

ir
k

et
al

.

[1
0
8
],

X
u

et
al

.
[6

7
]

2
>

1
.5

ye
ar

s
1
0
.3

an
d

1
8

ye
ar

s
B
io

p
si

es
o
b
ta

in
ed

fr
o
m

tw
o

SO
T

p
at

ie
n
ts

af
te

r
F/

U
o
f

1
0
.3

–

1
8

ye
ar

s.
B
o
th

sh
o
w

ed
ly

m
p
h
o
id

ag
g
re

g
at

es
an

d
sc

at
te

re
d

in
te

rs
ti
ti
al

m
o
n
o
n
u
cl

ea
r

ce
ll

in
fi
lt
ra

te
s

w
it
h
o
u
t

tu
b
u
lit

is
,

al
lo

-

g
ra

ft
va

sc
u
lo

p
at

h
y,

in
te

rs
ti
ti
al

fi
b
ro

si
s,

o
r

tu
b
u
la

r
at

ro
p
h
y

N
u
m

er
o
u
s

C
D

4
+
/T

G
F-

b
1

+
/C

D
2
5

+
/)

/F
o
xP

3
)

in
th

e
in

-

te
rs

ti
ti
u
m

;
TG

F-
b
1
-/

Fo
xP

3
+
/C

D
2
5

+
ce

lls
m

ai
n
ly

in

ly
m

p
h
o
id

ag
g
re

g
at

es

R
o
u
ss

ey
-K

es
le

r
et

al
.

[5
3
]

an
d

B
ro

u
ar

d
et

al
.

[1
0
9
]

1
0

1
–1

3
ye

ar
s

1
–2

0
ye

ar
s

B
io

p
si

es
fr

o
m

tw
o

re
ci

p
ie

n
ts

:
(i)

af
te

r
1
3

ye
ar

s
o
f

SO
T

re
n
al

d
ys

fu
n
ct

io
n

p
ro

m
p
te

d
a

b
io

p
sy

th
at

sh
o
w

ed
g
ra

d
e

I
C

A
N

w
it
h

m
ild

n
ep

h
ro

an
g
io

sc
le

ro
si

s
w

it
h
o
u
t

si
g
n
ifi

ca
n
t

ly
m

p
h
o
id

in
fi
lt
ra

ti
o
n

o
r

sp
ec

ifi
c

ch
an

g
es

su
g
g
es

ti
ve

o
f

ch
ro

n
ic

re
je

c-

ti
o
n

(C
4
d
-)

an
d

(ii
)

af
te

r
7

ye
ar

s
o
f

SO
T

re
n
al

d
ys

fu
n
ct

io
n

p
ro

m
p
te

d
d
ia

ly
si

s
an

d
a

b
io

p
sy

th
at

w
as

n
eg

at
iv

e
fo

r
ac

u
te

re
je

ct
io

n
,

b
u
t

sh
o
w

ed
fo

ca
l

fi
b
ro

-e
d
em

a
as

so
ci

at
ed

w
it
h

m
ild

m
o
n
o
n
u
cl

ea
r

in
fi
lt
ra

ti
o
n
,

an
d

d
o
u
b
le

co
n
to

u
rs

in
G

B
M

an
d

m
o
d
er

at
e

ar
te

ri
o
la

r
h
ya

lin
o
si

s
(n

o
t

sh
o
w

n
)

d
ia

g
n
o
se

d

as
g
ra

d
e

Ib
C

A
N

w
it
h

al
lo

g
ra

ft
g
lo

m
er

u
lo

p
at

h
y

(C
4
d
-)

N
o
t

d
o
n
e

N
ew

el
l
et

al
.

[1
1
0
]

1
6

1
3

±
1
0

ye
ar

s
>

1
ye

ar
N

o
p
at

h
o
lo

g
y

N
A

C
A

N
,

ch
ro

n
ic

al
lo

g
ra

ft
n
ep

h
ro

p
at

h
y;

F/
U

,
fo

llo
w

-u
p
;

G
B
M

,
g
lo

m
er

u
la

r
b
as

em
en

t
m

em
b
ra

n
e;

IP
EX

,
im

m
u
n
o
p
er

o
xi

d
as

e
ti
ss

u
e

st
ai

n
in

g
;

IS
,

im
m

u
n
o
su

p
p
re

ss
io

n
.

*
Tw

o
o
f

th
e

th
re

e
p
at

ie
n
ts

w
er

e
m

ai
n
ta

in
ed

o
n

ve
ry

lo
w

(7
.5

an
d

1
0

m
g
,

re
sp

ec
ti
ve

ly
)

o
f

p
re

d
n
is

o
n
e

d
ai

ly
.

Human liver and kidney allograft tolerance Demetris et al.

ª 2008 The Authors

124 Journal compilation ª 2008 European Society for Organ Transplantation 22 (2009) 120–141



T
a
b

le
3
.

Pr
o
sp

ec
ti
ve

st
u
d
ie

s
o
f

‘in
d
u
ce

d
’

ki
d
n
ey

al
lo

g
ra

ft
ac

ce
p
ta

n
ce

/t
o
le

ra
n
ce

.

St
u
d
y

Pt
s

IS
ti
m

e
IS

fr
ee

A
llo

g
ra

ft
fi
n
d
in

g
s/

h
is

to
lo

g
y,

if
av

ai
la

b
le

IP
EX

an
d

o
th

er
al

lo
g
ra

ft
ti
ss

u
e

st
u
d
ie

s

M
H

C
-m

is
m

at
ch

ed
ca

d
av

er
ic

re
n
al

Tx
(S

tr
o
b
-

er
et

al
.

[3
5
])

o
r

liv
in

g
-r

el
at

ed
ki

d
n
ey

Tx

(S
ca

n
d
lin

g
et

al
.

[3
6
])

af
te

r
TL

I,
ly

m
p
h
o
id

d
ep

le
ti
o
n

an
d

d
o
n
o
r

h
em

at
o
p
o
ie

ti
c

ce
ll

in
fu

si
o
n

4
ca

.
3

ye
ar

s
2
–5

.8
ye

ar
s

O
b
st

ru
ct

ed
u
re

te
r

p
ro

m
p
te

d
a

B
x

at

1
0

m
af

te
r

IS
w

it
h
d
ra

w
al

sh
o
w

ed
n
o
r-

m
al

g
lo

m
er

u
li

an
d

b
lo

o
d

ve
ss

el
s

an
d

an
o
cc

as
io

n
al

fo
cu

s/
cl

u
st

er
o
f

in
te

rs
ti
-

ti
al

m
o
n
o
n
u
cl

ea
r

ce
lls

.
A

su
b
se

q
u
en

t

ep
is

o
d
e

o
f

o
b
st

ru
ct

io
n

w
as

fo
llo

w
ed

b
y

in
cr

ea
se

d
cr

ea
ti
n
in

e
an

d
a

se
co

n
d

b
io

p
sy

sh
o
w

ed
d
if
fu

se
m

o
n
o
n
u
cl

ea
r-

ce
ll

in
fi
lt
ra

te
co

n
si

st
en

t
w

it
h

ei
th

er

ch
ro

n
ic

o
b
st

ru
ct

io
n

o
r

re
je

ct
io

n
.

A
n
o
th

er
p
at

ie
n
t

h
ad

a
‘n

o
rm

al
’

B
x

2
0

m
af

te
r

w
it
h
d
ra

w
al

o
f

IS
.

M
o
st

re
ce

n
t

p
at

ie
n
t

[3
6
]

h
ad

n
o
rm

al
fu

n
c-

ti
o
n

at
2
8

m
o
n
th

s,
b
u
t

n
o

b
io

p
sy

w
as

re
p
o
rt

ed

N
o
t

d
o
n
e

Si
m

u
lt
an

eo
u
s

M
H

C
m

at
ch

ed
(S

p
it
ze

r
et

al
.

[3
],

B
u
h
le

r
et

al
.

[4
],

Fu
d
ab

a
et

al
.

[5
])

an
d

M
H

C
m

is
-m

at
ch

ed
(K

aw
ai

et
al

.
[1

2
])

liv
-

in
g
-r

el
at

ed
re

n
al

an
d

B
M

Tx
u
si

n
g

n
o
n
-

m
ye

lo
ab

la
ti
ve

re
g
im

en

6
m

+
4
/5

m
m

9
–1

4
m

o
n
th

s
2
–5

.3
ye

ar
s

M
H

C
m

at
ch

ed
d
o
n
o
rs

:
n
o
t

re
p
o
rt

ed
in

an
y

d
et

ai
l

M
H

C
m

is
m

at
ch

ed
d
o
n
o
rs

:
o
n
e

al
lo

-

g
ra

ft
lo

st
to

an
ti
b
o
d
y-

m
ed

ia
te

d
re

je
c-

ti
o
n
.

O
n
e

d
ev

el
o
p
ed

an
ti
-d

o
n
o
r

H
LA

cl
as

s
II

an
ti
b
o
d
ie

s
2

m
o
n
th

s
af

te
r

co
m

-

p
le

te
IS

w
it
h
d
ra

w
al

w
it
h

C
4
d

d
ep

o
si

ts

in
th

e
al

lo
g
ra

ft
an

d
se

g
m

en
ta

l
d
u
p
lic

a-

ti
o
n

o
f

th
e

G
B
M

in
so

m
e

g
lo

m
er

u
li.

B
io

p
si

es
fr

o
m

th
e

th
re

e
o
th

er
g
ra

ft
s

re
p
o
rt

ed
as

n
o
rm

al
an

d
/o

r
sh

o
w

in
g

tr
an

si
en

t
m

o
n
o
n
u
cl

ea
r

ce
ll

in
fi
lt
ra

te
s

af
te

r
IS

w
it
h
d
ra

w
al

M
H

C
m

is
m

at
ch

ed
d
o
n
o
rs

:
in

tr
ag

ra
ft

le
v-

el
s

o
f

Fo
xP

3
m

R
N

A
w

er
e

ab
o
u
t

si
x

ti
m

es
h
ig

h
er

in
th

e
st

ab
le

IS
-f

re
e

g
ro

u
p

th
an

in
th

e
st

ab
le

-w
it
h
-I
S

g
ro

u
p
,

w
h
er

ea
s

th
e

g
ra

n
zy

m
e

B
m

R
N

A
le

ve
ls

w
er

e
si

m
ila

r.
Th

er
ef

o
re

,
th

e
ra

ti
o

o
f

Fo
xP

3
:g

ra
n
zy

m
e

B
m

ig
h
t

b
e

im
p
o
rt

an
t

D
el

ay
ed

liv
in

g
-r

el
at

ed
re

n
al

Tx
af

te
r

su
cc

es
s-

fu
l

B
M

Tx
fr

o
m

th
e

sa
m

e
d
o
n
o
r:

Sa
ye

g
h

et
al

.*
[6

],
B
u
tc

h
er

et
al

.*
[7

]
H

el
g

et
al

.*

[8
],

Ja
co

b
se

n
et

al
.�

[9
],

So
ro

f
et

al
.�

[1
0
]

8
0
–2

ye
ar

s
0
–2

.5
ye

ar
s

N
o

p
at

h
o
lo

g
y

N
A

al
em

tu
zu

m
ab

d
ep

le
ti
o
n

w
it
h
o
u
t

(K
ir
k

et
al

.

[3
7
])

o
r

w
it
h

d
eo

xy
sp

er
g
u
al

in
(K

ir
k

et
al

.

[3
8
])

in
liv

in
g

d
o
n
o
r

Tx

7
+

5
0

1
8
–3

2
d
ay

s
A

ty
p
ic

al
re

je
ct

io
n

d
ev

el
o
p
ed

in
al

l
1
2

p
at

ie
n
ts

in
b
o
th

st
u
d
ie

s
ch

ar
ac

te
ri
ze

d

b
y

m
ac

ro
p
h
ag

es
-r

ic
h

in
fi
lt
ra

te
s

b
ef

o
re

T-
ce

ll
ex

tr
av

as
at

io
n
,

w
h
ic

h
in

it
ia

lly
d
is

-

te
n
d
ed

in
te

rs
ti
ti
al

ca
p
ill

ar
ie

s,
b
u
t

su
b
-

se
q
u
en

tl
y

b
ec

am
e

d
if
fu

se
in

vo
lv

in
g

m
o
st

o
f

th
e

in
te

rs
ti
ti
al

ca
p
ill

ar
ie

s,
th

e

in
te

rs
ti
ti
u
m

,
an

d
tu

b
u
le

s
d
u
ri
n
g

cl
in

ic
al

d
u
ri
n
g

re
je

ct
io

n

IP
EX

st
ai

n
in

g
fo

r
C

D
3
,

C
D

4
C

D
8
,

C
D

2
0
,

C
D

4
5
R
O

C
D

6
8
,

C
D

5
6
,

p
er

fo
ri
n
,

g
ra

n
-

zy
m

eB
,

an
d

H
LA

-D
R

sh
o
w

ed
m

ac
ro

-

p
h
ag

e-
ri
ch

in
fi
lt
ra

te
s

d
u
ri
n
g

re
je

ct
io

n

w
it
h

fe
w

C
D

4
5
R
O

+
ce

lls
,

n
o

in
cr

ea
se

d

N
K

ce
lls

,
an

d
u
p
re

g
u
la

ti
o
n

o
f

H
LA

-D
R

o
n

tu
b
u
le

s;
in

cr
ea

se
d

tr
an

sc
ri
p
ts

as
so

ci
-

at
ed

w
it
h

m
ac

ro
p
h
ag

e/
m

o
n
o
cy

te
fu

n
c-

ti
o
n

an
d

ch
em

o
ki

n
es

.
C

4
d

st
ai

n
in

g
w

as

n
eg

at
iv

e
in

th
e

se
co

n
d

st
u
d
y

[3
8
]

Demetris et al. Human liver and kidney allograft tolerance

ª 2008 The Authors

Journal compilation ª 2008 European Society for Organ Transplantation 22 (2009) 120–141 125



Three other prospective kidney trials are included in

Table 3. Two by Kirk et al. [37,38] used alemtuzumab

leukocyte depletion both without [37] and with coexistent

deoxyspergualin therapy [38], but without other immu-

nosuppressants in related and unrelated living donors.

Shapiro et al. [27] used thymoglobulin or alemtuzumab

depletion plus tacrolimus monotherapy with fully mis-

matched cadaveric donors. These studies differed in the

timing and dosage of alemtuzumab. Kirk et al. [37,38]

did not use any baseline immunosuppression except

deoxyspergualin in his second study [38], whereas Shap-

iro et al. [27] relied on tacrolimus monotherapy, which

was weaned shortly after transplantation. They were also,

however, testing the hypothesis that depletion of the reci-

pient immune system would create favorable conditions

for the development of tolerance [37,38] and donor leu-

kocyte migration might positively contribute to this pro-

cess [34] through the induction of chimerism.

Clinical and detailed histopathologic observations

This section will follow the observations during enroll-

ment and follow-up of patients participating in immuno-

suppression minimization trials.

Pre weaning clinical profiles and biopsies

In most, but not all, prospective SOT liver and kidney

allograft immunosuppression minimization trials, ‘pre

weaning’ biopsies are obtained. The liver injury test

parameters and serum creatinine are usually normal or

near-normal, but minor abnormalities are not uncom-

mon. The purposes of the biopsy are to: (i) exclude any

histopathologic rejection-related activities or other find-

ings, such as significant fibrosis, that might exclude the

patient from the trial and (ii) document any other base-

line inflammatory and/or structural changes present

before withdrawal so that they can be compared with

findings in subsequent biopsies. The rationale for these

biopsy-based exclusions is as follows. Low-level subclinical

rejection is likely to significantly worsen after weaning

and any additional insult on an already structurally com-

promised allograft would likely lead to failure. In addi-

tion, any changes to allograft structure might represent a

heretofore unrecognized manifestation of rejection, or a

beneficial effect of immunosuppression withdrawal.

Most ‘pre weaning’ liver allograft biopsies are obtained

several years after transplantation and show changes that

are typical of protocol biopsies obtained at that time.

These biopsies are often difficult to interpret and the sub-

ject of a recent Banff consensus document [39]. Nearly

75% of biopsies obtained from adult recipients surviving

more than 1 year ‘with abnormal liver tests’ will showT
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histopathologically significant abnormalities [40–45],

which are usually attributable to recurrent disease or bili-

ary tract strictures [40–45]. The percentage is significantly

less in pediatric recipients because recurrent disease is

much less common. However, unexplained chronic hepa-

titis/inflammation is seen in a high percentage of pediat-

ric recipients at some centers and this might represent a

form of late rejection [46,47]. In addition, nearly 25% of

biopsies from long-surviving ‘asymptomatic adult recipi-

ents with normal liver tests’ will show significant abnor-

malities if the original disease is one that commonly

recurs, such as hepatitis C virus(HCV), steatohepatitis,

primary biliary cirrhosis, or autoimmune hepatitis [40–

45] and in up to 11% of recipients the pathology findings

were judged to be of clinical significance [48].

Other minor histopathologic abnormalities occur in

about two-thirds of long-term biopsies, even without

recurrent disease, in asymptomatic recipients with normal

or near-normal liver tests [40–45]. Common findings are

portal venopathy and nodular regenerative hyperplasia;

thickening and hyalinization of small hepatic artery

branches [43,49], ‘nonspecific’ portal and lobular inflam-

Table 4. Design of immunosuppression withdrawal trials after liver transplantation and time until rejection, if it occurred.

Study Inclusions/exclusion criteria Time until rejection

Sandborn et al. [29] Adult, cadaveric donors

>12 months s/p Tx

Normal liver biopsy within 3 months of weaning

Serum creatinine >2.1 mg/dl or creatinine

clearance <35 ml/min

6 months

(1–21 months)

Ramos et al. [23] Adult, cadaveric donors, >5 years post-transplant;

>2 years without rejection

History of medical compliance

Immunosuppression related complications

Primary physician cooperation

Absence of rejection or severe necro-inflammatory

disease on liver biopsy

6.5–22.5 m Average = 15 months

Mazariegos et al.* [22] Same as above 0.2–42 months

Devlin et al. [57]

and Girlanda et al. [61]

Adult, cadaveric donors

Side effect of immunosuppression

(range, 10–176 days)

Three weeks after withdrawal

of immunosuppression

Takatsuki et al. [52] Pediatric, living-related donor

‡2 year post-Tx; nl. graft function; ‡1 year rejection-free

Evidence of medical compliance

Cooperative local physician for follow-up

Median = 9.5 months

(1–63 months)

Pons et al. [58] Adult cadaveric donors

>2 years after Tx

NA

Tryphonopoulos et al. [102] Adult, cadaveric donors

Compared BM infusion group to controls to determine

if infusion augmented chimerism and whether

augmented chimerism increased tolerance

>3 years post-Tx; stable liver function tests; rejection-free 12 months

Recipients with autoimmune disorders excluded

17.8 (no BM)–23.9 (BM) months

Eason et al. [103] Adult and pediatric, presumed cadaveric

>6 months post-transplant without rejection

Tacrolimus monotherapy with trough levels

<5 ng/ml Normal liver function tests; no recurrent disease

NA

Tisone et al. [31] Adult, cadaveric donors

HCV RNA serum positivity

12 months after transplant; absence of advanced disease

Biopsy proven HCV recurrence with normal graft function

Treatment compliance

0.5–8 months, except for one

patient at month 43

Koshiba et al.� [32] Pediatric, living-related donor

Pediatric patients; >2 years s/p Tx; >1 year rejection-free

Normal liver function

Parental permission

NA

*Overlaps with the population of Ramos et al. [23].

�Overlaps with the population of Takatsuki et al. [52].
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mation [43–45,50], and Ito cell hyperplasia [48]. A higher

percentage of split and liver donor allografts also show

architectural changes compared to whole cadaveric organs

(A. Demetris, unpublished observation). The pathogene-

sis, significance, long-term consequences, and impact of

weaning on these otherwise unexplained, long-term histo-

pathologic findings are in need of further study. It is

important in drug minimization trials that changes asso-

ciated with long-term engraftment are not confused with

variants of rejection after weaning, which reinforces the

need for pre weaning biopsies.

It is worth emphasizing that original disease recurrence

is a significant problem in adult liver transplantation

[39], accounting for about 50% of all episodes of allograft

dysfunction occurring more than 1 year after transplanta-

tion. In contrast, biliary atresia is the indication for the

vast majority of pediatric liver transplants. As this disease

does not recur after transplantation, interpretation of the

results of pediatric weaning studies, such as those from

the Kyoto group [32,51,52], are less complicated from the

perspective of recurrent disease.

In kidney allografts, interpretation of baseline pathol-

ogy changes is generally much less complicated and the

findings are usually attributable to age and hypertension,

calcineurin toxicity, and/or diabetes-related changes, such

as patchy interstitial fibrosis/tubular atrophy, mild mono-

nuclear interstitial inflammation, and arterial and arterio-

lonephrosclerosis of varying severity. In contrast to liver

allografts, recurrence of the original disease is much less

common and rarely impacts the decision to continue with

weaning. For weaning studies, however, theoretically the

pre weaning biopsy should show no evidence of active tu-

bulitis or other obvious rejection-related changes and

negative C4d stains [26]. Weaning has been attempted,

however, in recipients showing borderline changes when

the serum creatinine levels were near-normal and/or sta-

ble [26]. It is very difficult, however, on the basis of rou-

tine light microscopy to absolutely and reliably

distinguish between borderline changes and nonspecific

inflammation associated with aging and arterial and arte-

riolonephrosclerosis. Some of these patients did not

develop more severe rejection after weaning [26], but

characterization of the infiltrates with formal long-term

follow-up studies are needed to determine the impact of

this decision.

Clinicopathologic observations during and shortly

after weaning

Allograft biopsies were obtained in most weaning trials

only when there was an elevation in liver injury test

parameters for liver allografts or serum creatinine for kid-

ney allografts. However, at the Liver Sessions 2007 Banff

consensus meeting, which was devoted to late allograft

dysfunction and weaning of immunosuppression, all par-

ticipating hepatologists and surgeons agreed that protocol

follow-up biopsies should be mandatory, or at least

strongly encouraged, in such trials. Arguments raised by

Roussey-Kesler et al. [53] not to conduct protocol biop-

sies in stable SOT kidney allograft recipients included the

possibility that minimal histopathology findings might be

misleading and result in an unjustified return to immu-

nosuppression. In addition, the need to conduct serial

biopsies to monitor possible progression of subtle find-

ings carries a risk of morbidity. And weaned stable allo-

graft recipients might not want to undergo biopsy

evaluation. Counter-arguments to these reasonable points

of concern are that the biopsy findings and interpretation

should be viewed similar to any other laboratory test

result and incorporated into the entire clinicopathologic

profile. In addition, much can be learned from the biopsy

material, particularly as there is evidence to suggest that

in humans the allograft plays an important role in the

maintenance of tolerance.

Elevation of the liver injury test parameters in liver

allograft recipients or serum creatinine in kidney allo-

graft recipients is not uncommon and usually occurs

within the first several months during or after drug

withdrawal [22,23,27,52,54–57]. In liver allograft recipi-

ents, however, elevated liver injury test parameters did

not distinguish between those who developed acute

rejection and those who did not [22,23,57]. This is

because biopsies obtained for elevated liver injury test

parameters showed a variety of changes, including recur-

rence and/or exacerbation of underlying chronic viral or

autoimmune hepatitis, primary biliary cirrhosis, biliary

tract complications, steatohepatitis, nodular regenerative

hyperplasia, and nonspecific ‘lobular reactive changes’

(Table 1). This illustrates that immunosuppression also

prevents immunologically mediated liver injury other

than rejection. In addition, mildly elevated liver injury

test parameters occasionally returned to normal without

therapeutic intervention after a biopsy had largely

excluded acute rejection as the cause of the dysfunction

[22,23].

Persistent significant elevations of liver injury test

parameters (3X baseline values), however, usually signal

the development of a clinically relevant problem. Of the

various enzyme measurements comprising the standard

liver injury test profile, gamma-glutamyl transpeptidase

(GGTP) elevations were felt to be the most specific and

sensitive for rejection in two studies from two different

studies/centers [23,52]. In contrast to its value in the early

post-transplant period, total serum bilirubin was a rela-

tively insensitive marker for acute rejection developing

after weaning [22,23,52,57].
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When acute rejection was identified as a cause of liver

allograft dysfunction during or after weaning, in our

experience, the histopathologic appearance of most, but

not all cases, was typical of that reported for late onset

acute rejection (reviewed in [39]). Most of these episodes

were graded as mild, but occasional cases of moderate to

severe symptoms were reported (Table 1). In several liver

studies, however, even when biopsy analysis had excluded

other causes of allograft dysfunction associated with a

clinical diagnosis of acute rejection, the histopathologic

findings were not always typical of those reported for

acute rejection [22,23,57,58]. There are at least four possi-

ble reasons for this observation: (i) acute rejection occur-

ring late after transplantation (>1 year) in liver allografts

differs from that occurring earlier within the first several

months of transplantation, even in conventionally immu-

nosuppressed recipients (reviewed in [39]); (ii) the com-

position of both the allograft and the recipient immune

system are different early versus late time points after

transplantation; (iii) immunosuppressive regimens used

before weaning, such as lymphocyte-depleting antibodies,

can alter the histopathologic appearance of acute rejection

after weaning; and (iv) understandable clinical anxiety

about elevated liver injury test parameters occurring in

conjunction with weaning might trigger therapeutic inter-

vention before characteristic histopathologic changes have

time to develop.

Portal and/or perivenular inflammation is almost

invariably observed. The major histopathologic differences

between acute liver allograft rejection occurring after

weaning versus ‘typical early acute rejection’ include less

inflammatory bile-duct damage and more interface and

lobular necro-inflammatory activity in the former. These

differences cause the biopsies obtained after weaning to

resemble hepatitis, which in turn, results in some diag-

nostic difficulties for the pathologist [22,23,57,58].

Increased interface and disease activity is also seen after

weaning in patients with an original disease of autoim-

mune hepatitis [57] and primary biliary cirrhosis [23],

some of whom develop new onset autoimmune hepatitis.

In addition, early and rapid weaning of immunosuppres-

sion in HCV+ recipients treated with lymphocyte-deplet-

ing antibodies can ‘re-arm’ the immune system [30]. This

manifests histopathologically as an aggressive hepatitis

with rapid progression of fibrosis [30]. The important

message from the above observations is that rejection is

not the only cause of allograft dysfunction that occurs

after weaning (Table 1).

No standardized reliability studies have been conducted

on biopsy samples obtained in the setting of immunosup-

pression weaning to determine if pathologists agree in

their interpretation. This is because of the rarity of such

samples and the anxiety associated with clinical decision-

making process. Such studies, however, are important

and will be needed, particularly to define changes that

might signal a need to return to immunosuppression ver-

sus ones that are probably benign and nonprogressive. In

the meanwhile, in the first author’s experience, reliance

on standardized criteria is suggested [39].

Acute and chronic kidney allograft rejection occurring

during or after weaning, in our experience, has not dif-

fered significantly enough from that usually seen in con-

ventionally treated immunosuppression patients to cause

diagnostic difficulties for the histopathologist. Develop-

ment of anti-donor antibodies in the peripheral circula-

tion and C4d deposits in the kidney, however, usually

signals a need for returning to immunosuppression if the

deposits are accompanied by histopathological evidence of

significant tissue injury. Recurrence of the original disease

can also be the primary cause of allograft kidney dysfunc-

tion after weaning, but the incidence is much less com-

mon than in liver allografts (unpublished observation).

The leukocyte-depleting alemtuzumab studies of Kirk

et al. [37,38] nicely illustrate how the treatment strategy

can influence the histopathologic findings. In the first

study, no other baseline immunosuppression was used

[37]. The histopathologic findings during clinical rejec-

tion that subsequently developed in all recipients, sev-

eral weeks after transplantation, were not typical of

early acute cellular rejection in conventionally treated

renal allograft recipients. Instead, chemokine and mac-

rophage function-rich transcripts were detected in nee-

dle biopsies early after transplantation, accompanied by

margination of macrophages in interstitial capillaries on

day 14. This occurred before the onset of significant

T-cell infiltration and clinically evident rejection. Macro-

phage infiltrates became more diffuse at the onset of

clinical dysfunction involving most of the interstitium,

capillaries, and tubules. Small numbers of CD45RO+

(memory) T cells were limited to the areas of macro-

phage infiltration, and tubulitis, when seen, was macro-

phage-predominant. Treatment with corticosteroids,

OKT3, and sirolimus monotherapy reversed these epi-

sodes. A follow-up study added deoxyspergualin to the

regimen in an attempt to inhibit macrophage function

[38]. However, neither the clinical results nor the histo-

pathologic features of rejection were significantly differ-

ent from the study using alemtuzumab alone [37] and

C4d stains to monitor for antibody-mediated rejection

were negative in the second study [38].

A general consensus in most kidney- and liver-weaning

studies is that biopsy monitoring to determine the cause

of dysfunction after weaning is an absolute necessity.

Close clinicopathologic correlation, however, is even more

important. In our experience, unbalanced emphasis on

either the histopathologic findings or clinical profile can
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adversely impact either the scientific validity of the study

and/or patient safety. The usual situation is that the

pathologist is the worrier, whereas the clinicians are more

reassured by stable liver injury test parameters or creati-

nine, although the reverse can also occur. As the truth is

often somewhere in between the two viewpoints, one

should override the other only when findings are obvious,

or there is evidence of a clear trend over a period of time.

Long-term follow-up often provides a clear indication of

whether the chosen approach was correct or not.

Correlation between preweaning biopsy findings

and outcome

Baseline biopsy findings in some liver studies proved to

be associated with successful weaning when compared

with biopsies from unsuccessfully weaned patients. Signif-

icant variables included: (i) less portal inflammation,

overall; (ii) less CD3+ and CD8+ but more CD45RO+

lymphocytes within the lobules [59]; (iii) more advanced

portal fibrosis in HCV+ recipients [31]; and (iv) an

increase of potentially regulatory FoxP3+ T cells within

the allografts of pediatric recipients [32,60]. Unsuccessful

weaning, conversely, was associated with significantly

more chronic portal inflammation on hematoxylin and

eosin (H&E) stains and decreased CD45RO+ as well as

increased CD8+ lymphocytes in the lobules [59]. These

observations suggested that chronic portal inflammation

and lobular CD8+ cells might represent a latent form of

rejection held in check by medications, which manifests

itself clinically after the removal of immunosuppression.

A worry is that seemingly ‘tolerant’ patients might

actually be experiencing low-grade chronic rejection. For

example, in one liver series, five patients were categorized

initially as showing SOT [57]. During longer follow-up,

however, one recipient developed acute rejection requiring

reinstitution of immunosuppression, another required re-

transplantation for chronic rejection, and a third resumed

immunosuppression because of a kidney transplant [61].

We appear to have observed similar occurrences in liver

allograft recipients, but more characterization of tissue

samples is needed (A. Demetris, unpublished observa-

tions). Similar findings have been reported in SOT kidney

allograft recipients, so it is prudent to continue to closely

follow seemingly tolerant patients.

Studies examining associations between pre weaning

kidney biopsy findings and postweaning outcome have

not been reported.

Clinicopathologic observations in stable SOT recipients

Many centers do not sample the allografts of SOT recipi-

ents if they are ‘clinically stable’. Thus the number of

tissue samples from SOT liver and kidney allografts who

remain off of immunosuppression after the biopsy, is

considerably smaller than the total number of SOT recipi-

ents. Instead, biopsies are obtained only when indicated

by elevated liver injury test parameters or serum creati-

nine. Consequently, the number of reported protocol tis-

sue samplings in stable SOT recipients, whom remain

immunosuppression-free after biopsy, is exceeding small.

In total, ‘more or less’ protocol biopsies were obtained

from eight SOT kidney recipients and from six chimeric-

bone marrow plus kidney recipients and reported in the

literature (Tables 2 and 3). The total number of liver allo-

graft biopsies from SOT is more difficult to tabulate

because different reports frequently contain overlapping

patient populations (Table 1). The number appears to be

between 100 and 200. This is somewhat disappointing

because protocol biopsies from SOT patients can provide

clinically and scientifically useful information.

There have been three studies, two liver- [14,58,62]

and one kidney transplant [63,64] that have characterized

the donor/recipient phenotype of cells infiltrating and

comprising SOT allografts. In liver allografts, the vast

majority of hepatocytes, bile ducts cells, and large vessel

endothelia remain of donor origin, as do the tubular epi-

thelial cells and endothelial cells of kidney allografts

[63,64]. A majority of infiltrating leukocytes, however,

were of recipient origin [14,58,62–64]. But donor hema-

topoietic cells can also be detected amidst the interstitial

inflammation in some nearly SOT kidney allografts on

low-dose immunosuppression [26]. The significance of

persistent donor hematopoietic cells within the allograft

and whether it predicts subsequent acceptance has not

been studied in any detail. In SOT liver allografts, some

replacement of sinusoidal lining cells can be seen. But it

is difficult to distinguish between Kupffer’s cells and

endothelial cells and the level of sinusoidal cell replace-

ment did not correlate with the ability to wean immuno-

suppression [58].

No long-term follow-up biopsies were conducted in the

SOT kidney allografts, and because of the small numbers,

it is difficult to draw any conclusions regarding any asso-

ciation with weaning. At this time, however, the evidence

suggests that recipient replacement of donor epithelial or

endothelial cells within the allograft is not a substantial

mechanistic contributor to the development of SOT.

Whether persistence of donor hematopoietic cells, includ-

ing dendritic cells (DC) in the interstitium of allografts is

associated with acceptance, as in experimental animals

[65] is being actively investigated in our SOT tissue sam-

ples.

The Kyoto group conducted protocol biopsies in 14

pediatric living-donor liver allograft recipients who had

been weaned from all immunosuppression. These biopsies
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were compared with biopsies from control liver allograft

recipients maintained on chronic immunosuppression

[51]. There was more extensive portal fibrosis, ductular

reactions, more CD8+ cells and decreased luminal diame-

ter of bile ducts in SOT immunosuppression-free recipi-

ents [32,51]. The authors worried that the changes

observed in the SOT recipients might represent a subtle,

heretofore unrecognized, variant of chronic rejection

[32,51]. Some of their concern is warranted because of

the significant fibrosis and increased CD8+ lymphocytes is

similar to that reported by Wong et al. [59], above. The

mean follow-up in the Kyoto SOT group, however, was

several years longer than that in their control group. This

raises some questions about the etiology of these changes,

which are not entirely typical of either early or late, acute

or indolent chronic rejection. As the influence of longer

term engraftment, regardless of immunosuppression,

needs to be considered, more follow-up and detailed

characterization of the changes are needed in this cohort.

Tisone et al. [31] studied the effect of immunosuppres-

sion weaning in HCV+ recipients and conducted protocol

biopsies at 1 month after completion of weaning and

yearly thereafter. Interestingly, successfully weaned

patients initially showed more advanced fibrosis in base-

line biopsies than immunosuppression-dependent HCV+

recipients. After weaning, fibrosis failed to progress signif-

icantly, or actually regressed, in patients removed from

immunosuppression [31]. In contrast, the immunosup-

pression-dependent HCV+ recipients showed fibrosis pro-

gression typical of conventionally treated HCV+

recipients. Thus, complete weaning of immunosuppres-

sion showed a beneficial effect on HCV-induced fibrosis

progression in one patient subset [31]. They also men-

tioned that focal ductopenia, a histopathologic finding of

concern for early chronic rejection, was occasionally

observed in protocol biopsies from the SOT patients. It

was, however, always limited to less than 20% of the por-

tal tracts, which is of uncertain significance. Once again,

however, longer follow-up is needed in this cohort to

make sure that early chronic rejection does not occur.

But it is reassuring that this group did not show signifi-

cantly elevated GGTP levels (a biochemical marker of

ductopenia) as compared with the immunosuppression-

dependent controls [31].

A common finding reported in SOT kidney allografts

is that of patchy interstitial inflammation that is often

arranged into small nodular aggregates [63,64,66,67]

(Tables 2 and 3). Some biopsies have been reported as

normal. Other findings include mild arterial nephroscle-

rosis, focal global glomerulosclerosis, grade 1 chronic

allograft nephropathy with mild ‘nephroangiosclerosis’,

moderate arteriolar hyalinosis and double contours of

the glomerular basement membrane indicative of trans-

plant glomerulopathy (Table 2). Most of these findings,

however, are largely nonspecific from a light micro-

scopic perspective and are commonly encountered in

aged and/or hypertensive or diabetic kidneys and those

with calcineurin toxicity. A possible exception is some

of the transplant glomerulopathic changes, which might

signal a form of antibody-mediated injury.

Xu et al. [67] characterized the patchy tubulointerstitial

lymphocytic infiltrates in two SOT kidney allografts after

10.3 and 18 immunosuppression-free years. They found

the interstitial infiltrates to be enriched with CD4+/trans-

forming growth factor (TGF)-b1+/CD25±/FoxP3) adap-

tive regulatory T cell (Treg) and lymphoid aggregates

enriched with TGF-b1-/FoxP3+/CD25+ natural Treg. Sev-

eral years earlier, Burlingham et al. [68] reported a SOT

kidney allograft recipient that showed similar findings

(i.e. patchy interstitial infiltrates without damage) in a

pre weaning biopsy. The patient remained stable during

follow-up and a biopsy after 7 immunosuppression-free

years was unchanged. The serum creatinine, however,

gradually increased from 1.6 to 1.8 to 2.0 mg/dl and the

patient eventually developed biopsy-confirmed acute

rejection 9.7 years after transplantation [68,69].

Roussey-Kesler et al. [53] reported 10 SOT kidney allo-

graft recipients after 9.4 ± 5.2 immunosuppression-free

years. Most of these patients had interrupted weaning of

immunosuppression over a long period of time and

donor age was younger than donors used in the general

transplant population. One patient, after 13 years of SOT,

developed renal dysfunction. A biopsy showed grade I

chronic allograft nephropathy with mild nephroangioscle-

rosis without significant lymphoid infiltration or specific

changes suggestive of chronic rejection. C4d staining was

negative and no anti-HLA antibodies were detected in the

circulation. Renal function also deteriorated progressively

in another patient, requiring dialysis. An allograft biopsy

in this patient performed after 7 immunosuppression-free

years, showed grade Ib chronic allograft nephropathy with

allograft glomerulopathy, but without C4d staining.

The most impressive and carefully documented series

of biopsies from tolerant kidney allograft recipients were

reported by Kawai et al. [12]. They induced tolerance

using combined bone marrow and kidney transplants

from MHC single-haplotype mismatched living-related

donors with a nonmyeloablative preparative regimen. Of

the five patients enrolled in that trial, one allograft was

lost to antibody-mediated rejection. One other developed

anti-donor HLA class II antibodies 2 months after com-

plete immunosuppression withdrawal. Biopsies from this

patient showed C4d deposits and segmental duplication

of the glomerular basement membrane in some glomeruli.

The patient was not returned to immunosuppression

because of uncertainty about the significance of the
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relatively minor changes that did not worsen over a per-

iod of time. Protocol biopsies from the three other grafts

obtained from between 666 and 1135 days after trans-

plantation and from about 400 to 1000 days after with-

drawal of all immunosuppression were reported as

normal and/or showing transient mononuclear cell infil-

trates; C4d stains were negative. Intra-graft levels of

FoxP3 mRNA were about six times higher in the stable

immunosuppression-free group than in the stable-with-

immunosuppression group, whereas the granzyme B

mRNA levels were similar. Therefore, the ratio of

FoxP3:granzyme B might be an important marker of a

favorable Treg–Teffector ratio and allograft acceptance.

Lessons learned and common characteristics of
spontaneously/operationally tolerant allografts

Common clinical characteristics of successful weaning

that emerge from the review of SOT liver- and kidney

allografts include living-related allografts, immunologi-

cally stable/noninflamed allografts, and long survival, in

situ, under conventional immunosuppression with grad-

ual weaning of immunosuppression over months to years

(Tables 1–3). Conversely, early and abrupt weaning of

immunosuppression, nonrelated cadaveric allografts, or

previously inflamed allografts are more likely to experi-

ence rejection after weaning. The ‘take home’ messages

reported in the liver trials are shown in Table 5. These

observations/lessons are beginning to point toward

immunologic processes associated with graft acceptance,

and eventually, these will translate into molecular path-

ways. But currently, the field is in its infancy.

Problems with early abrupt weaning and the advantage

of relatively long allograft residence under immunosup-

pression and slow weaning are all probably related to the

immunologic interface between the donor and recipient.

Early after transplantation, in conventionally treated recip-

ients, this interface is an activated and contentious one

because: (i) the massive migration of donor hematolym-

phoid cells and cellular debris (danger-associated mole-

cules) from the allograft floods the recipient lymphoid

tissues [70,71] and (ii) tissue damage from preservation-

related injury [72] fosters recipient leukocyte migration

and retention within the allograft. The migration of donor

leukocytes and debris, particularly from liver allografts,

floods recipient lymphoid tissues with innate activation

signals that can have both positive and negative effects,

such as activation and partial deletion of donor-reactive

lymphocytes and/or development of allospecific memory

cells [14,34,73,74]. This probably explains why more

immunosuppression is needed to prevent rejection early

after transplantation and why it is more difficult to wean

immunosuppression at this time [2,14].

The immunologic barrier is overcome or subverted,

however, while using the combined bone marrow or

hematopoietic stem cell and kidney transplant approach

[12]. Part of the early success in this pioneering trial is

likely related to the relatively harsh conditioning regimen;

but it is also nonmyeloablative, and weaning from immu-

nosuppression has been rapid and deliberate. As com-

pared with other trials using more conventional

immunosuppression, this approach also shows a higher

overall rate of success, but currently it can be applied to

only a limited subset of patients. Nevertheless, the high

rate of success, convincing demonstration of donor-spe-

cific nonreactivity, and ‘cleanliness’ of the allografts [12],

in our opinion, suggest that deletion has occurred in

these patients, at least early after transplantation. And

deletion results in more robust tolerance. As macrochim-

erism was only observed transiently in these patients [12],

it will be interesting to determine whether the deletion,

donor-specific nonreactivity and allograft cleanliness per-

sist long-term.

Preservation injury eventually heals, donor passenger

leukocyte migration diminishes, and most, but not all,

hematolymphoid cells within the allograft are eventually

replaced by recipient ones. And the recipient immune sys-

tem is no longer the same as is was before transplanta-

tion. In SOT, however, the allograft also contributes

significantly to acceptance because the organ (liver versus

kidney) and prolonged exposure under treatment

enhances the ability to ultimately wean immunosuppres-

sion. However, the role of the allograft in SOT is not well

understood and is evolving. Speculations include: (i) pro-

vision of a stromal niche for donor hematopoietic stem

cells [75] and maintenance of microchimerism [65]; (ii)

provision of donor antigen needed to stimulate adaptive

Treg cells, which causes them to locate there [67,76]; (iii)

a unique micro-environment in the case of the liver vari-

ably dampens a number of different immune responses

[18,19,77]; (iv) a sink for alloreactive cells slowly mediat-

ing chronic rejection; or (v) some combination of the

above.

Other nonrejection-related insults, such as recurrence

of the original disease and technical complications associ-

ated with inflammation, can either sustain or re-activate

the contentious allograft/recipient immunologic interface.

This, in turn, can predispose to rejection, even in seem-

ingly SOT allografts. Examples include diminished ability

to wean immunosuppression in patients with autoim-

mune hepatitis or primary biliary cirrhosis in liver allo-

grafts [22,23] and triggering of apparent rejection after an

episode of obstructive uropathy [35] (Table 3). Also,

HCV-negative liver allografts that are inflamed at the

time of weaning are more prone to rejection. This is

probably related to the alterations of leukocyte trafficking

Human liver and kidney allograft tolerance Demetris et al.

ª 2008 The Authors

132 Journal compilation ª 2008 European Society for Organ Transplantation 22 (2009) 120–141



Table 5. ‘Take home’ messages of the liver immunosuppression minimization trials.

Study Take home messages

Starzl et al. [14] Micro-chimerism is frequently observed in long-term liver allograft survivors

Not all recipients require long-term maintenance immunosuppression

‘Tolerant’ recipients/accepted allografts and show inflammation/hepatitis, not attributable to rejection

Sandborn et al. [29] Renal toxicity of cyclosporine is improved

High percentage (ca. 50%) developed acute rejection; 2/12 (17%) developed chronic rejection

Ramos et al. [23] Enzyme elevations typically occurred about 150 days into the weaning process, but not all associated with

rejection

Close monitoring needed; liver injury test parameters not adequate monitor, but weaning is safe: no allografts

failures or permanent damage

Weaning should not be attempted until 5–10 years after transplantation; micro-chimerism not necessarily asso-

ciated with acceptance

Acute/chronic rejection had typical presentation; sometimes preceded by ‘nonspecific lobular changes’

Mazariegos et al. [22] Close physician surveillance during weaning with frequent assessment of liver function; weaning should not be

abrupt/quick

LFTs not a good discriminator of rejectors versus tolerant; but patient should be biopsied and returned to

immunosuppression, if needed

Cyclosporine-treated recipients more resistant to weaning than those treated with tacrolimus or azathioprine

Devlin et al. [57],

Wong et al. [59],

and Girlanda et al. [61]

Close physician surveillance as required; transient rise in liver injury test parameters not always indicative of

rejection – can spontaneously resolve

Acute rejection that develops does not always show histopathologic features of ‘classic’ acute cellular rejection

Microchimerism not statistically associated with graft acceptance

Successful drug withdrawal correlated with nonimmune mediated liver diseases, HLA matching, low incidence

of early rejection

Ability to wean associated with less portal inflammation, less CD8+ lymphocytes and more lobular CD45RO+

lymphocytes

Takatsuki et al. [52] Weaning can be attempted in a majority of recipients; successful in up 38.1% of living-related donor liver

recipients

Liver injury test parameters were not significantly different in the rejection versus weaned groups

Mechanisms of graft acceptance unclear

Pons et al. [58] ‘Tolerance’/graft acceptance observed in 33% of recipients

Sinusoidal endothelial cell chimerism was frequent, but not necessary for graft acceptance

Portal inflammation without endothelialitis or bile duct damage might represent either ‘latent’ rejection or

‘immunologic activation’ associated with graft acceptance

Tryphonopoulos et al. [102] Bone marrow infusion increases the level of microchimerism, but does not significantly increase the percentage

of patients that can be weaned from immunosuppression

About 20% of stable liver allograft recipients can be weaned from all immunosuppression

Eason et al. [103] Clinical ‘tolerance’/graft acceptance can be achieved in a minority of recipients

Weaning from immunosuppression can be risky

Tisone et al. [31] and

Martinez-Llordella et al. [33]

Univariant analysis: longer F/U after Tx, treatment with ribavirin, less steroids, more advanced architectural dis-

tortion/fibrosis on entry biopsy, and lower first week cyclosporin blood levels associated with ability to wean.

Multivariate analysis: low cyclosporine trough levels during those first post-transplant week and initial steroid

free immunosuppression independently associated with ability to wean

‘Tolerance’/graft acceptance associated with lower fibrosis progression/regression after weaning

Differential expression of genes in circulating blood mononuclear cells associated with: (i) IL-2 signaling; (ii)

pro-inflammatory, oxidative stress, apoptosis, etc. associated with HCV; (iii) upregulation of Vd1cd, NK recep-

tors and TGF-b signaling; and (iv) increased percentage of FoxP3+, increased Vd1cd: Vd2cd ratio CD4+/

CD25+/CD62Lhigh

Koshiba et al. [32],

Yoshitomi et al. [51],

and Li et al. [60]

Recipients of living-related donors can be successfully weaned more frequently than mismatched cadaveric allo-

grafts

Baseline biopsies show increased infiltration by CD4+/CD25high and peripheral blood shows increased ratio of

Vd1/Vd2 ratio as compared with normal individuals

Graft acceptance resembles successful pregnancy in that Vd1cd T cells express very high IL-10 levels

Tolerant grafts showed more portal fibrosis, ductular reactions, and decreased luminal diameter of bile ducts as

compared with those maintained on immunosuppression; might be a variant of late onset rejection
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through the organ, which diminishes immunologic igno-

rance.

It is not surprising that recipients of living-related allo-

grafts are more easily weaned from immunosuppression

than nonrelated cadaveric organs. They are usually

better MHC-matched than cadaveric organs and generally

experience less severe ischemic/preservation-related injury.

And if the donor is the mother, oral exposure to maternal

antigens through breast feeding might positively contrib-

ute to tolerance induction. Clearly, more work is needed

in studying the relationship between innate and adaptive

immunity in triggering rejection in stable SOT allografts.

Several studies showed the presence of mononuclear

infiltrates in SOT kidney and liver allografts (Tables 1–3).

Many completely normal nonallograft kidney and livers

show similar findings. But most transplant pathologists

intuitively react with some level of concern because

inflammation is so frequently associated with tissue dam-

age and formation of aggregates and/or germinal centers

in tissues is a time-tested marker of chronic inflamma-

tion. Yet Xu and Burlingham [67] have reported,

in humans, how these infiltrates might represent a ‘pro-

tective’ response in the allograft. Their observation of a

Treg-rich infiltrate supports the hypothesis that peripheral

allograft tolerance involves Treg-dominance in the Treg–

Teffector ratio homeostasis, as in experimental animals

[76,78,79]. Their observation is also consistent with the

finding that Treg localize in allograft tissue and at sites of

inflammation [76]. A higher Treg–Teffector ratio was also

observed in tolerant kidney allografts studied by Kawai

et al. [12] and increased Treg were noted in the liver allo-

grafts of tolerant pediatric recipients, but a Treg–Teffector

ratio was not reported [32].

It should also be noted, however, that nodular lym-

phoid aggregates have also been used to distinguish

chronically rejecting organs from seemingly tolerant

ones in experimental animal studies [65,80]. But per-

haps the quantity, composition or function of the lym-

phocytes/nodules differ between tolerance and chronic

rejection, as in the peripheral circulation [81,82]. Or

perhaps the two processes, tolerance and chronic rejec-

tion, are closely related and differ only in the severity

and pace of the response in relationship to the lifespan

of the recipient: A 65-year-old liver allograft recipient

that is slowly developing chronic rejection over a per-

iod of 20 years might be better off considered tolerant

rather than returned to maintenance immunosuppres-

sion. Regardless, better characterization and comparison

to similar infiltrates in normal nontransplant tissues

and stable allograft recipients on immunosuppression is

needed. These seemingly benign infiltrates in tolerated

organs appear to be related to the well-recognized affin-

ity of adaptive Treg for allograft tissue and sites of

inflammation [76,78,79]. But as TGF-b secretion plays

an important role in their function [76] it will be

important to determine whether regulation itself might

produce pathology/fibrosis. T lymphocytes showing a

regulatory phenotype, and producing significant TGF-b,

were recently shown to be associated with IgG4-cholan-

giopathy, a fibrosing condition of bile ducts [83] that

can affect other organs.

Another common characteristic of SOT in liver- and

kidney allografts is that it appears to be meta-stable and to

evolve over a period of time. Seemingly minor perturba-

tions can trigger clinically significant acute rejection epi-

sodes, even in patients who have been off all suppression

for many years. At least one study, however, suggests that

the instability decreases with time [84]. In addition, it is

not entirely surprising that some apparently well-tolerated

human allografts show features of chronic rejection after

longer follow-up. This occurred in several renal allografts

and at least one liver allograft recipient (Tables 1–3). And

as we already know that liver injury test parameters and

serum creatinine are not sensitive markers of tissue injury,

some method of follow-up by protocol will benefit patient

management and contribute to an understanding of mech-

anisms associated with allograft acceptance. The first

author would certainly advocate for protocol biopsies,

even in stable SOT patients, at least until we understand

the process better.

Roles of the pathologist, features of interest
within tolerated allografts, and sampling/testing
recommendations

The pathologist will be asked to play two roles in this

emerging field of immunosuppression minimization. The

first, and most important, will be a clinical one in moni-

toring allograft acceptance and ‘helping in decision-mak-

ing, but not unilaterally deciding,’ as to whether a

particular recipient needs to be returned to immunosup-

pression or not. To successfully play this role, the pathol-

ogist has to be able to distinguish all of variants of

antibody- and cell-mediated rejection that might require

a return to immunosuppression from changes associated

with long-term engraftment, recurrent disease, and tech-

nical complication where immunosuppression might not

be indicated. Furthermore, there are likely to be findings

of uncertain significance and these will require follow-up

over a period of time. As with any new pathology endea-

vor, limiting biopsy analysis and interpretation to one or

a small group of pathologists with a specific interest in

immunosuppression minimization will decrease observer

variation.

Thus, at a minimum, samples that should be obtained

in any weaning study include: (i) indicated biopsies to
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determine the cause of any allograft dysfunction before

weaning; (ii) protocol biopsies immediately before wean-

ing in stable recipients; (iii) indicated biopsies in recipi-

ents who develop any significant evidence of graft

dysfunction after weaning; and (iv) protocol biopsies in

stable recipients after weaning. The schedule for, and even

whether to obtain, protocol biopsies in stable recipients

off all immunosuppression is controversial. But at least

one sample after 1, 3, and 5 immunosuppression-free

years is reasonable, in the first author’s opinion. But

defensible arguments can be made for more or less fre-

quent sampling. It is ideal to also have available donor

and/or postreperfusion biopsies to determine whether

early events, such as significant donor disease or preserva-

tion/reperfusion injury affect the ability to wean subse-

quently.

Routine light and histochemical microscopic examina-

tion, appropriate to the organ, is mandatory because it pro-

vides a plethora of information and because it is fast and

inexpensive and based on abundant empirical data. We

attempt to preserve as much tissue as possible for future

experimental studies and routinely obtain H&E stains alone

in liver allografts and H&E, Methenamine–silver–trichrome

(MST) combination, PAS, and C4d stains in kidney allo-

grafts. Fibrosis can be reliably assessed by polarization

microscopy. Beyond these tests, more sophisticated (exper-

imental) analyses must balance the various limitations such

as: sample size, potential yields of testing modalities; and

research interests of the investigator and the field.

Beyond basic general diagnostic considerations, major

histopathologic features of focus should include the over-

all tissue architecture, severity and composition of inflam-

matory infiltrates, development and/or progression of

fibrosis and parenchymal cell atrophy and obliterative

arteriopathy. The latter features are more easily followed

in kidney than in liver allografts and are important, albeit

not entirely specific, histopathologic markers of chronic

allograft rejection. Routine tissue monitoring for C4d

deposition in conjunction with circulating anti-donor

antibodies is an absolute necessity in kidney allografts. In

liver allografts, C4d deposits are infrequent and their clin-

ical significance is much less certain unless there is sinu-

soidal deposition, which is rare. Most centers do not

routinely obtain C4d stains for liver allograft recipients,

but it is probably prudent to do so for any cause of unex-

plained allograft dysfunction or when anti-donor antibod-

ies are detected in the circulation.

Any noticeable progression of routine histopathologic

findings over a period of time, such as interstitial fibrosis

and parenchymal cell atrophy, especially if it is accompa-

nied by laboratory-validated deterioration of function,

should prompt a thorough re-evaluation of the immuno-

suppression management policy. This recommendation

includes caveats of intra- and inter-observer variation,

sampling issues, and whether the rate of deterioration is

relevant to the clinical setting. For example, a minimal or

very slow progression of allograft fibrosis over a period of

time without immunosuppression might be the result of

sampling issues or be an acceptable alternative for a dia-

betic-prone elderly allograft recipient.

The second scientific role of the pathologist comple-

ments and extends the clinical one. Immunostaining, in

situ hybridization, and various nucleic acid and protein

expression arrays can be used to gain a functional under-

standing of the routine histopathology findings. Specific

areas of interest would include evidence of injury and a

response to injury in endothelial and parenchymal cells

and the phenotype and activation/maturational status of

various leukocyte populations, including organ-resident

DC and various T-cell subsets. But assay selection should

be balanced by considerations of tissue availability and

potential significance and impact of any result(s). Recent

development of multiplex staining in tissue sections has

helped to conserve tissue by staining for multiple antigens

in the same section (Fig. 1).

For example, livers and kidney (and allografts) usually

show a relatively low rate of cellular stress and regenera-

tion, as determined by immunohistochemical staining,

and deviations from controls/normal might be a reason

for concern. But any experimental result should not sig-

nificantly influence the clinical decision-making process,

Figure 1 Nanoparticle colloidal semiconductor quantum dot (Qdots)-

labeled monoclonal antibodies can be used for multiplex staining of

tissue sections to monitor dendritic cell maturation status using mark-

ers such as CD11c (green; mDC), CD83 (yellow), HLA-DR (blue) and

phosphorylated STAT3 (red; pSTAT3). This is an example from a ‘toler-

ant’ human liver allograft recipient. The individual colors of the cell

highlighted by the arrow are shown in the left panels. Protein expres-

sion from Qdot immunofluorescence images is also quantifiable using

NIH ImageJ analysis software. BD, bile duct.
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unless scientifically validated. Evidence of injury and

response to injury in endothelial and parenchymal cells

might be monitored using markers of caspase activation,

apoptosis, proliferation, and senescence-related changes,

such as Ki67, PCNA, TUNEL, caspase 3, p16, p21, heme

oxygenase-1, and increased expression of DNA repair

enzymes. Beyond C4d deposits, one might look for

immunohistochemical evidence of subtle endothelial

injury. This might manifest as upregulation of anti-apop-

totic molecules bcl-2, bcl-xl, or stress-induced hemoxy-

genase-1 HO-1 [85–89], CD46 [90,91], the complement

regulatory proteins CD55 [92] and CD59 [93,94]; or

pAKT [85,95,96] and Phospho-S6 Ribosomal Protein

(Ser235/236) [86,97] or reduced expression of ICAM-1

and VCAM-1 [85–89], complement component 3 recep-

tor-alpha [91,98], and complement component 5a recep-

tor [91,98].

Our group is particularly interested in the donor versus

recipient origin and activation/maturational status of

organ-resident DC as they occupy an important niche

within the immune system as monitors of the environ-

ment and translators of innate-into-adaptive immunity

(Figs 1 and 2). In the first author’s experience, well-toler-

ated allografts almost invariably contain residual donor

DC [65]. And DC are especially good at triggering rejec-

tion [99] and tolerogenic pathways [100]. At a very basic

level, however, we do not know whether the composition

and maturational/activation status of interstitial leuko-

cytes and DC in tolerated allografts resembles normal

organs. And this will likely provide information about the

mechanisms of allograft acceptance. Considering previous

studies on the importance of naı̈ve and memory T cells

[59] and cd-T cells [32,33] the composition of resident

allograft leukocytes will certainly be of interest, as will

expression of immunomodulatory cytokines such as TGF-

b and interleukin (IL)-10.

The position of the liver within the body, immediately

downstream of the intestines, also appears to be an

important contributor to the tolerogenic properties [19]

of the liver and might help explain why it is the liver allo-

graft recipients who are able to be more easily withdrawn

from immunosuppression and display SOT [77]. Our

group has been interested in hepatic STAT3 activity

(pSTAT3) [77], which is higher in the liver than in other

commonly transplanted organs. Bacteria and bacterial

products normally leak through the intestines into the

portal venous blood and this stimulates Kupffer’s cells to

produce IL-6, which in turn, upregulates hepatic STAT3

activity. Activated or phosphorylated STAT3 inhibits

hepatic myeloid and plasmacytoid dendritic cell matura-

tion [77]. The critical role of IL-6 is illustrated in normal

IL-6-deficient mice livers, which harbor DC that are sig-

nificantly more mature than DC in normal wild-type

mice livers. Depletion of gut commensal bacteria in the

wild-type decreased hepatic pSTAT3 levels and caused

hepatic dendritic cell maturation [77]. Activated STAT3

has also recently been recognized as a key modulator of

tumor immunity [101] being involved in several aspects

of tumor immunology including inhibition of DC matu-

ration and expansion of Treg within neoplasms (reviewed

in [101]). Thus, the normal physiologic state of the liver

might resemble a tumor microenvironment [77,101] and

in turn, this might enable recipients to be weaned from

immunosuppression without triggering a rejection reac-

Immature
recipient DC

Mature
recipient DC

(a) (b)

Figure 2 A model whereby intrahepatic IL-6-mediated activation of STAT3 (pSTAT3) stimulated by gut-derived bacterial products in the portal

blood inhibits liver DC maturation. (a) In an allograft with gut-bacterial product stimulated IL-6/STAT3 activity, both passenger donor DC (green

cells with blue nuclei) and infiltrating recipient DC (green cells with red nuclei) are immature with subsequent reduced migration to secondary

lymphoid tissues. This might help explain the persistence of donor DC within tolerant allografts. (b) When hepatic IL-6/STAT3 activity is reduced,

by decreasing gut bacteria with oral antibiotics, for example, the DC maturational threshold is reduced and both donor and recipient liver DC are

more mature (red cells). These mature DC have increased migration from the organ and are more potent stimulators of allo-reactivity. Subse-

quently, the liver DC compartment would be repopulated with recipient DC.
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tion. Clearly, molecular mechanisms beyond STAT3 are

likely involved in the complex process of liver allograft

acceptance, but pre-existing mechanisms to prevent an

over-reaction to gut-derived antigens likely contribute sig-

nificantly to the process.

Tolerance in humans induced via hematopoietic mac-

rochimerism, even if transient, appears to be deletional

and robust, at least early after transplantation [12], but

might evolve towards relatively less stable regulatory path-

ways subsequently after transplantation [12]. SOT in con-

ventionally treated allograft recipients can be studied in

more patients and appears to rely less on deletion and

more on active regulation. Therefore, study of the regula-

tory characteristics of lymphocytes within SOT allografts

has, and will continue, to gain popularity. As many of

these studies will likely involve study of FoxP3 expression

it is worthwhile to note that most human T cells express

FoxP3 during early stages of T-cell activation [76]. There-

fore, studies using this marker alone to define Tregs

should be interpreted with caution. Expression of the IL-

7 receptor (CD127) might be helpful in this regard, as

CD4+CD25+CD127+low cells include threefold more

FoxP3+ T cells than the classic CD4+CD25hi subset, but

show equivalent regulatory activity [76].

Perspective and future studies

One of the most remarkable observations made during

compilation of this article was the realization that tissue

samples from SOT liver- and kidney allograft recipients

were scarce. This is not only attributable partially to the

infrequency with which SOT patients are identified, but

also to the fact that clinicians are hesitant to perform

biopsies on otherwise seemingly stable SOT recipients. As

mentioned before, clinicians might be misled by insignifi-

cant histopathologic curiosities. In addition, biopsies are

invasive and not without risk of morbidity, and even mor-

tality albeit rarely. In our opinion, the benefits of protocol

biopsies in this situation outweigh their risks. It is crucial,

however, that the tissue samples be used wisely. The issue

of how to use them is not always an easy decision.

The choice of controls for SOT tissue studies can be

problematic, especially for liver allografts because of the

high incidence of recurrent disease. Normal age-matched

control liver tissue, stable allograft recipients on immuno-

suppression, stable allograft recipients on immunosuppres-

sion with the same recurrent disease, and recipients that

fail weaning attempts are possible comparison groups for

SOT patients. Each one has advantages and drawbacks.

The advent of array technology and discovery science

often pits those who practice ‘discovery’ science against

those who practice ‘mechanistic/hypothesis testing’ sci-

ence. Both have advantages and shortcomings. The essence

of hypothesis testing is to associate a specific cell or path-

way or system with a specific phenomenon. Key interven-

tional experiments that change the potentially critical

component are then conducted to determine whether the

relationship holds up, as expected/hypothesized. The

major problem, however, is how to identify the critical

cell, pathway, or system that ultimately controls complex

biologic phenomena like immunologic tolerance to human

allografts. One could expend significant resources studying

an unimportant cell, pathway, or system. In addition, in-

terventional experiments in humans are usually delayed

until the final stage of hypothesis testing. Moreover, they

are expensive and often difficult to interpret.

‘Discovery science’, in contrast, has recognized that

array technology and bioinformatics are reducing bio-

logic phenomena to a ‘closed’, albeit very complex, sys-

tems. No assumptions are made about the particular

importance of one cell, molecule, or signaling system

over another. Instead, expression array analyses are con-

ducted on populations that exhibit a phenomenon and

prominent genes, proteins, pathways, or systems emerge

[33]. Single nucleotide polymorphism arrays also have

the potential to contribute significantly to our under-

standing of tolerance. Genetic tendencies certainly con-

tribute to the development of certain original diseases

that lead to transplantation and are likely to also con-

tribute to the ability to wean immunosuppression. This

discovery approach also has drawbacks. Not all compo-

nents of biologic systems are amenable to array analy-

ses. For example, mRNA expression arrays are only

quantitative and some protein arrays do not account

for the activation/phosphorylation status of proteins

(e.g. STAT3), which can significantly affect function. It

is not a trivial task to identify nodal points in complex

systems that ultimately control or significantly influence

the phenomenon being observed. A particular gene or

protein might be one of the most up- or downregulat-

ed quantitatively during the process, but might not be

an important nodal regulator.

In the end, it is our opinion, that the best approach to

the study of tolerance in tissue samples will be a combi-

nation of both the approaches. The ‘shotgun’ criticism

currently applied to many array studies will eventually

give way to ‘targeted’ or focused arrays through hypothe-

sis testing that measure only key parameters associated

with the biologic process of interest.
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