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SOLID ORGAN TRANSPLANTATION

generally incurs a lifelong bur-
den of immunosuppression
with many accompanying toxic

effects, including renal dysfunction,
metabolic perturbation, opportunistic
infection, and malignancy.1-4 How-
ever, in liver transplantation, several
single-center experiences suggest that
a proportion of liver recipients can
maintain normal allograft function
without immunosuppression, termed
operational tolerance.5-16 Based on these
studies, the estimated frequency of op-
erational tolerance has been proposed
to be as high as 20%.17 Although with-
drawal of immunosuppression therapy
in liver allograft recipients can precipi-
tate rejection, most episodes are revers-
ible without long-term consequences,
rendering this patient population ap-
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Context Although life-saving, liver transplantation burdens children with lifelong im-
munosuppression and substantial potential for morbidity and mortality.

Objective To establish the feasibility of immunosuppression withdrawal in pediatric
living donor liver transplant recipients.

Design, Setting, and Patients Prospective, multicenter, open-label, single-group
pilot trial conducted in 20 stable pediatric recipients (11 male; 55%) of parental living
donor liver transplants for diseases other than viral hepatitis or an autoimmune dis-
ease who underwent immunosuppression withdrawal. Their median age was 6.9 months
(interquartile range [IQR], 5.5-9.1 months) at transplant and 8 years 6 months (IQR,
6 years 5 months to 10 years 9 months) at study enrollment. Additional entry require-
ments included stable allograft function while taking a single immunosuppressive drug
and no evidence of acute or chronic rejection or significant fibrosis on liver biopsy.
Gradual immunosuppression withdrawal over a minimum of 36 weeks was instituted
at 1 of 3 transplant centers between June 5, 2006, and November 18, 2009. Recipi-
ents were followed up for a median of 32.9 months (IQR, 1.0-49.9 months).

Main Outcome Measures The primary end point was the proportion of opera-
tionally tolerant patients, defined as patients who remained off immunosuppression
therapy for at least 1 year with normal graft function. Secondary clinical end points
included the durability of operational tolerance, and the incidence, timing, severity,
and reversibility of rejection.

Results Of 20 pediatric patients, 12 (60%; 95% CI, 36.1%-80.9%) met the pri-
mary end point, maintaining normal allograft function for a median of 35.7 months
(IQR, 28.1-39.7 months) after discontinuing immunosuppression therapy. Follow-up
biopsies obtained more than 2 years after completing withdrawal showed no signifi-
cant change compared with baseline biopsies. Eight patients did not meet the primary
end point secondary to an exclusion criteria violation (n=1), acute rejection (n=2), or
indeterminate rejection (n=5). Seven patients were treated with increased or reinitia-
tion of immunosuppression therapy; all returned to baseline allograft function. Pa-
tients with operational tolerance compared with patients without operational toler-
ance initiated immunosuppression withdrawal later after transplantation (median of
100.6 months [IQR, 71.8-123.5] vs 73.0 months [IQR, 57.6-74.9], respectively; P=.03),
had less portal inflammation (91.7% [95% CI, 61.5%-99.8%] vs 42.9% [95% CI,
9.9%-81.6%] with no inflammation; P=.04), and had lower total C4d scores on the
screening liver biopsy (median of 6.1 [IQR, 5.1-9.3] vs 12.5 [IQR, 9.3-16.8]; P=.03).

Conclusion In this pilot study, 60% of pediatric recipients of parental living donor
liver transplants remained off immunosuppression therapy for at least 1 year with nor-
mal graft function and stable allograft histology.
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propriate for drug minimization, dis-
continuation, or both.

To determine the feasibility of with-
drawal of immunosuppression therapy
in children, we conducted a prospec-
tive, multicenter, open-label, single-
group pilot trial of withdrawal of im-
munosuppression therapy in a selected
subgroup of pediatric liver transplant
recipients. The study’s primary end
point was the proportion of operation-
ally tolerant patients, defined as those
remaining off immunosuppression
therapy for 1 year with normal graft
function. Secondary clinical end points
included the durability of operational
tolerance, and the incidence, timing, se-
verity, and reversibility of rejection.

METHODS
The study was limited to pediatric (�18
years) recipients of parental living do-
nor liver transplants 4 or more years
prior to enrollment, who also had stable
allograft function during the preced-
ing 6 months while taking a single im-
munosuppressive drug. Eligible pa-
tients were required to undergo liver
biopsy and permitted to undergo with-
drawal of immunosuppression therapy
if the biopsy did not show evidence of
acute or chronic rejection or signifi-
cant fibrosis (Ishak stage �1). Pa-
tients were excluded if they under-
went transplantation for liver failure
due to viral hepatitis or an autoim-
mune disease. Patients with serologi-
cal evidence of autoimmunity defined
as abnormal anti–nuclear, anti–
smooth muscle, anti–mitochondrial, or
anti–liver or anti–kidney microsomal
antibody titers also were excluded.
Similarly, patients with hepatitis B in-
fection (defined by the presence of
hepatitis B surface antigen or active
treatment for hepatitis B) or those with
hepatitis C infection (defined by the
presence of antibody against hepatitis
C) were not eligible for the study. Full
study entry criteria appear in the eAp-
pendix (at http://www.jama.com) and
details regarding patient selection ap-
pear in FIGURE 1.

Age-appropriate written informed as-
sent of all study patients and informed
consent of all parents or legal guard-
ians and all parental liver donors were
obtained in person. The study was ap-
proved by the institutional review
boards of all participating centers.

Immunosuppression Withdrawal

Patients underwent stepwise immuno-
suppression reduction over a mini-
mum of 36 weeks at 1 of 3 transplant
centers between June 5, 2006, and
November 18, 2009 (FIGURE 2).
Withdrawal was temporarily sus-
pended for allograft dysfunction.
Liver biopsy was required for any
episode of allograft dysfunction
unexplained by concurrent illness or
other circumstance. Patients were
considered to have failed immuno-

suppression withdrawal if the medi-
cation reduction was suspended for
longer than 4 weeks or for any epi-
sode of rejection requiring treatment.

Assessments

During immunosuppression with-
drawal and for 3 months after the last
dose, patients underwent liver tests,
which included levels of aspartate trans-
aminase, alanine transaminase (ALT),
alkaline phosphatase, total and direct
bilirubin, and �-glutamyl transpepti-
dase (GGT), every 2 weeks and at clinic
visits every 3 months. Next, patients
were transitioned to monthly liver tests
and biannual clinic visits for 2 years fol-
lowed by liver tests every 2 months and
annual clinic visits for 2 additional
years. Alloantibodies, autoantibodies,
and quantitative immunoglobulin G
(IgG) were monitored every 3 months
during immunosuppression with-
drawal and for 3 months after the last
dose and every 6 months thereafter. Pa-
tients who did not complete immuno-
suppression withdrawal were man-
aged according to the treatment center’s
standard of care and were followed up
for 1 year.

Four protocol-specified liver biop-
sies were required at study entry, at 4
to 8 weeks, at 2 years, and at 4 years
after the last immunosuppression dose
after study entry. Patients who did not
complete immunosuppression with-
drawal were not required to undergo
additional protocol biopsies. Patients
were followed up for a median of 32.9
months (interquartile range [IQR], 1.0-
49.9 months).

Allograft Dysfunction

Allograft dysfunction was defined as el-
evation of ALT or both alkaline phos-
phatase and GGT compared with val-
ues at baseline. Baseline values were
calculated as the mean of 3 separate as-
sessments using values obtained prior
to screening, at screening, and at the
liver biopsy visit. If values were nor-
mal or below normal at baseline, dys-
function was considered to have oc-
curred when values reached twice the
upper limit of normal. If above nor-

Figure 1. Patient Flow Diagram
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mal at baseline, dysfunction was con-
sidered to have occurred when values
reached twice the baseline value. Reso-
lution was defined as values less than
or equal to the upper limit of normal
if baseline tests were normal or below
normal and less than or equal to
1.2�baseline if baseline tests were
above normal.

Diagnosis and Treatment
of Acute Rejection

Clinical diagnosis of acute rejection was
based on the site pathologist’s assess-
ment of the liver biopsy according to
the Banff criteria.18,19 Treatment was
given according to the discretion of the
principal investigator and not speci-
fied by the trial protocol. The central
pathologist’s blinded prospective read-
ings were used for data analysis and re-
porting.

End Points

The primary end point was the propor-
tion of patients who remained off im-
munosuppression therapy for at least
1 year and retained normal graft func-
tion. Secondary end points included
rates and severity of acute rejection,
graft loss, death, and adverse events.

HLA Typing, Alloantibody
Detection, and Flow Crossmatch

HLA typing was performed by auto-
mated DNA sequencing (University of
California, San Francisco). HLA anti-
body screening and specificity deter-
mination were performed at Emory
University using the FlowPRA Screen-
ing (One Lambda Inc) and LabScreen
Single Antigen (One Lambda Inc) as-
says. Flow cytometry crossmatches
were performed and reported as previ-
ously described.20,21

Histology and
Immunohistochemistry

High resolution 40� whole slide im-
ages of formalin-fixed, paraffin-
embedded, and hematoxylin-eosin–
stained 4-µm tissue sections were
prospectively scored for 48 histopatho-
logic criteria. C4d deposition was evalu-
ated blindly on frozen preweaning bi-

Figure 2. Immunosuppression Withdrawal Algorithm
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opsies using multiplex quantum dot
immunostaining for C4d (rabbit poly-
clonal BI-RC4D, Alpco Diagnostics,
1:30) and CD31 (mouse monoclonal
JC/70A, ThermoFisher, 1:25).22 Each
vascular compartment and surround-
ing stroma (portal vein and capillary,
portal stroma, hepatic artery, sinus-
oid, central vein and perivenular
stroma) was separately scored (0=none;
1=minimal; 2=focal; 3=diffuse) and
summed for a total C4d score.

Statistical Analysis

Individual baseline characteristics were
analyzed to identify those that dif-
fered between tolerant and nontoler-
ant patients. Categorical variables were
compared between the 2 groups using
the Fisher exact test and the t test for
continuous variables with a 2-tailed �
level of .05. The 1-sample 95% confi-
dence intervals were constructed using
an exact binomial distribution. Analy-
ses were conducted using SAS statisti-

cal software version 9.1 (SAS Institute
Inc). Data were analyzed up to July 31,
2010.

RESULTS
Demographics
and Transplant History

Donor and recipient demographics
showed a median recipient age of 6.9
months (IQR, 5.5-9.1 months) at trans-
plantation and 8 years 6 months (IQR,
6 years 5 months to 10 years 9 months)
at enrollment. Eleven patients (55%)
were male and all were white (TABLE 1).
Biliary atresia was the liver disease eti-
ology for 16 patients (80%). The me-
dian donor age was 32.5 years (IQR,
30.8-37.3 years); 6 donors (30%) were
fathers and all were white.

None of the patients received induc-
tion immunosuppression. After trans-
plantation, all were discharged from the
hospital while taking corticosteroids
and calcineurin inhibitors (cyclospor-
ine: n = 17 [85%]; tacrolimus: n = 3

[15%]). Fifteen patients (75%) also
were discharged while taking a third im-
munosuppression drug (mycopheno-
late mofetil: n = 11 [55%]; azathio-
prine: n=4 [20%]). Prior to enrollment,
9 patients (45%) had 1 episode, 2 pa-
tients (10%) had 2 episodes, and a
single patient (5%) had 3 episodes of
acute rejection. At study entry, 13 pa-
tients (65%) were taking tacrolimus and
7 patients (35%) were taking cyclo-
sporine monotherapy.

Outcomes

Of the 20 patients, 12 (60%; 95% CI,
36.1%-80.9%) met the primary end
point of remaining off immunosup-
pression therapy for at least 1 year with
normal graft function and were termed
tolerant. Of the 8 patients (40%) who
did not meet the primary end point and
who were termed nontolerant, 5 did not
meet the primary end point during
withdrawal of immunosuppression
therapy and 3 did not meet the pri-

Table 1. Demographic Characteristics of Study Participants and Parental Living Liver Donors

Patient
No.

Age
Period From
Transplant to
Study Entry Sex Liver Disease

Immunosuppression Therapy
at Study Entry

At
Transplant

At Study
Entry

Calcineurin
Inhibitor Dose

1 3.8 mo 8 y 3 mo 7 y 11 mo Male Biliary atresia Tacrolimus 1.00 mg twice daily

2 6.8 mo 9 y 2 mo 8 y 7 mo Male Biliary atresia Tacrolimus 0.35 mg twice daily

3 6.6 mo 8 y 9 mo 8 y 2 mo Female Biliary atresia Tacrolimus 0.25 mg twice daily

4 7.0 mo 12 y 2 mo 11 y 7 mo Male Biliary atresia Tacrolimus 0.50 mg twice daily

5 4.6 mo 10 y 4 mo 10 y Male Biliary atresia Cyclosporine 45 mg twice daily

6 9.1 mo 7 y 6 y 2 mo Female Biliary atresia Tacrolimus 1.00 mg twice daily

7 4.8 mo 11 y 9 mo 11 y 4 mo Female Biliary atresia Cyclosporine 38 mg twice daily

8 7 y 6 mo 15 y 3 mo 7 y 10 mo Female Ornithine
transcarbamylase
deficiency

Tacrolimus 4.50 mg twice daily

9 9.1 mo 5 y 3 mo 4 y 6 mo Male Biliary atresia Tacrolimus 0.50 mg twice daily

10 5.3 mo 6 y 8 mo 6 y 3 mo Female Biliary atresia Cyclosporine 25 mg twice daily

11 7.4 mo 5 y 6 mo 4 y 11 mo Male Biliary atresia Cyclosporine 50 mg twice daily

12 6.7 mo 11 y 2 mo 10 y 7 mo Female Biliary atresia Cyclosporine 50 mg/d

13 8.4 mo 13 y 5 mo 12 y 9 mo Female Biliary atresia Tacrolimus 1.00 mg/d

14 3.8 mo 10 y 4 mo 10 y Female 21-Antitrypsin
deficiency

Cyclosporine 35 mg/d

15 1 y 1 mo 6 y 3 mo 5 y 2 mo Male Biliary atresia Tacrolimus 1.50 mg/d

16 2 y 5 mo 8 y 10 mo 6 y 5 mo Male Familial cholestasis
or Byler disease

Tacrolimus 2.00 mg/d

17 1 y 5 mo 7 y 1 mo 5 y 7 mo Male Neonatal sclerosing
cholangitis

Tacrolimus 1.00 mg/d

18 5.6 mo 6 y 7 mo 6 y 1 mo Female Biliary atresia Tacrolimus 1.00 mg/d

19 5.6 mo 5 y 3 mo 4 y 10 mo Male Biliary atresia Tacrolimus 0.50 mg twice daily

20 7.7 mo 5 y 4 y 5 mo Male Biliary atresia Cyclosporine 37.50 mg twice daily
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mary end point after immunosuppres-
sion withdrawal. The median time to
not meeting the primary end point was
5.68 months (IQR, 3.15-9.91 months)
after initiation of immunosuppression
withdrawal. One patient was termi-
nated from the study shortly after ini-
tiating immunosuppression with-
drawal secondary to an exclusion
criteria violation and was excluded from
the subsequent analysis.

Tolerant Patients

The 12 tolerant patients were off im-
munosuppression therapy for a me-
dian of 35.7 months (IQR, 28.1-39.7
months) and had a median follow-up
of 44.7 months (IQR, 36.4-47.8
months). Levels of ALT and GGT be-
fore, during, and after immunosuppres-
sion withdrawal appear in FIGURE 3. Six
of the 12 patients exhibited a stable pro-
file throughout the study (Figure 3A).
Three patients had discrete spikes in
ALT and GGT, consistent with the di-
agnosis of biliary obstruction made dur-
ing the study (Figure 3B).

The remaining 3 patients exhibited
predominantly GGT abnormalities
(Figure 3C). For patient No. 9, an in-
dication for liver biopsy was nondiag-
nostic and liver tests subsequently nor-
malized. For patient No. 16, the first
postwithdrawal protocol biopsy was
performed 55 days after the last immu-
nosuppression dose and it showed cen-
tral mild perivenulitis without rejec-
tion. An indication biopsy was
performed 37 days later and it showed
decreased inflammation. A subse-
quent protocol biopsy was performed
697 days later when liver tests were
back at baseline levels and it showed
an absence of inflammation but mild
perivenular fibrosis. Patient No. 17 had
2 indication biopsies on days 355 and
364 after the last immunosuppression
dose that were read as indeterminate
and mild acute rejection, respectively,
by the central pathologist; however, the
site pathologist did not read acute re-
jection for either biopsy so the patient
remained off immunosuppression
therapy. Portal vein stenosis was diag-
nosed and treated by dilatation and

stenting on day 606 and liver tests im-
proved substantially. The follow-up bi-
opsy was performed on day 969 (719
days after the last immunosuppres-
sion dose) and it showed indetermi-
nate rejection with minimal inflamma-
tion but increased perivenular fibrosis
per the central pathologist.

All 12 patients considered operation-
ally tolerant had protocol biopsies at 4
to 8 weeks after the last dose of immu-
nosuppression therapy; 11 of 12 pa-
tients had a second protocol biopsy 2
years after the last immunosuppres-
sion dose. Compared with baseline bi-
opsies, follow-up biopsies did not ex-
hibit increased inflammation (portal,
lobular, or central venous; TABLE 2) or
fibrosis (portal, Disse, or central ve-
nous; TABLE 3).

Nontolerant Patients

Seven of 19 evaluable patients did not
meet the primary end point (TABLE 4)
and had a median follow-up of 18.1
months (IQR, 14.8-21.7 months). Four
patients developed allograft dysfunc-
tion 43 to 169 days (median, 121.5
days) after initiating immunosuppres-
sion withdrawal. Three patients were
diagnosed by liver biopsy as having in-
determinate or borderline acute rejec-
tion and 1 patient as having moderate
acute rejection.

Three nontolerant patients did not
meet the primary end point at 48, 51,
or 69 days after discontinuation of im-
munosuppression (Table 4). For 2 pa-
tients (Nos. 18 and 19), protocol liver
biopsy obtained 4 to 8 weeks after the
last immunosuppression dose in the set-
ting of normal ALT and GGT levels was
read as mild acute rejection by the site
pathologist. The third patient (No. 10)
developed allograft dysfunction 69 days
after the last immunosuppression dose.
Local assessment of the liver biopsy was
diagnosed as indeterminate acute
rejection.

Treatment of allograft dysfunction or
acute rejection was determined by the
site principal investigator and not stipu-
lated by the trial protocol. All 7 non-
tolerant patients were treated with in-
creased calcineurin inhibitor dosing

(Table 4). Three patients also received
a short course of corticosteroids. No an-
tibody treatment was administered.
Study participation for nontolerant pa-
tients ended 1 year after resolution of
allograft dysfunction. At the end of fol-
low-up, all 7 nontolerant patients had
normal liver tests (eFigure at http:
//www.jama.com) while taking calci-
neurin inhibitor monotherapy. Three
patients were receiving higher and 1 pa-
tient was receiving lower calcineurin in-
hibitor doses than at study entry, 2 pa-
tients were receiving the same dose as
at study entry, and 1 patient had been
switched from cyclosporine to tacroli-
mus (Table 4).

Adverse Events

No incidences of death, graft loss, or op-
portunistic infections were observed.
Four children (3 tolerant; 1 nontoler-
ant) were diagnosed with and treated
for biliary obstruction during the trial.
A complete listing of all adverse events
(including serious adverse events) re-
lated to immunosuppression with-
drawal appears in eTable 1. Of the 10
serious adverse events, 7 corre-
sponded to not completing immuno-
suppression withdrawal. The 3 oth-
ers, 1 episode each of cholangitis
(patient 1), elevated liver enzyme lev-
els (patient 9), and abdominal pain ac-
companied by fever and vomiting (pa-
tient 12) resolved with either no
treatment or concomitant medica-
tions.

Donor-Specific Antibody,
C4d Staining, Autoantibody,
and Quantitative IgG Profiles

HLA antibody profiles were available for
all 12 tolerant patients and for 6 of the
7 nontolerant patients (eTable 2). Four
of the 12 tolerant patients had donor-
specific antibodies at study entry. A new
donor-specific antibody was detected in
7 of the 12 tolerant patients either dur-
ing or after withdrawal, although it was
transient in 3 patients (eTable 2). Five
of the 6 nontolerant patients had
detectible donor-specific antibodies at
study entry; 2 had new donor-specific
antibodies at the time of not completing
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Figure 3. Alanine Transaminase (ALT) and �-Glutamyl Transpeptidase (GGT) Profiles for 12 Tolerant Patients
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immunosuppression withdrawal
(eTable 3). Autoantibody and quanti-
tative IgG profiles fluctuated but with-
out correlation with significant clini-
cal events such as allograft dysfunction.

Factors Associated
With Operational Tolerance

Demographic, clinical, histological, and
alloantibody characteristics prior to at-
tempted withdrawal were analyzed for
association with tolerance (TABLE 5).
Tolerant compared with nontolerant

patients initiated immunosuppres-
sion withdrawal later after transplan-
tation (median of 100.6 months [IQR,
71.8-123.5] vs 73.0 months [IQR, 57.6-
74.9 months], respectively; P=.03), had
less portal inflammation (91.7% [95%
CI, 61.5%-99.8%] vs 42.9% [95% CI,
9.9%-81.6%] with no inflammation;
P=.04), and had lower total C4d scores
on the screening liver biopsies (me-
dian of 6.1 [IQR, 5.1-9.3] vs 12.5 [IQR,
9.3-16.8]; P=.03). HLA mismatch, sen-
sitization status, and presence of donor-

specific antibodies were not associ-
ated with operational tolerance. The
small number of patients rendered sta-
tistical assessment of correlations be-
tween C4d score and alloantibody or
donor-specific antibody unfeasible.

COMMENT
We completed a multicenter pilot trial
designed to assess the feasibility of im-
munosuppression withdrawal for pe-
diatric recipients of parental living do-
nor liver transplants with stable liver

Table 2. Portal, Lobular, and Central Venous Inflammation on Baseline and Follow-up Biopsies for Operationally Tolerant Participants

Patient
No.

Baseline Biopsy

Follow-up Biopsy After Discontinuation
of Immunosuppression Therapy

At 4-8 wk At �2 y

Portal Lobular Central Portal Lobular Central Portal Lobular Central

1a None None None Mild None None None None None

2a None None None Mild None None None None None

3 None Mild None Mild None None None None None

4 None None None None None None None None None

5 None None None None None None None None None

7 None None None Mild None None NAb NAb NAb

9 None None None None None None None None None

11 None None None None None None None None None

12 Mild None None Mild None None Mild None None

14a None None None None None None Mild None None

16 None None None Mild Mild None None None None

17 None None None None None None Mild Mild Mild
Abbreviation: NA, not available.
aDiagnosed with biliary obstruction during trial.
bRefused protocol liver biopsy.

Table 3. Portal, Disse, and Central Venous Fibrosis on Baseline and Follow-up Biopsies for Operationally Tolerant Participants

Patient
No.

Baseline Biopsy

Follow-up Biopsy After Discontinuation
of Immunosuppression Therapy

At 4-8 wk At �2 y

Portal Disse Central Portal Disse Central Portal Disse Central

1a Moderate Mild None Moderate None Mild Moderate Mild Mild

2a Mild Mild None None None None None Mild None

3 Mild Mild None Mild None None Mild Mild None

4 Mild Mild None Mild Mild None Mild Mild None

5 Mild None None None Mild None None None None

7 None None None None None None NAb NAb NAb

9 None None None None Mild None None Mild None

11 None Mild None None Mild Mild None Mild None

12 Mild Mild None Mild None None Mild Mild None

14a Mild None None None None None Moderate Mild None

16 Mild None None Mild None None None None Mild

17 None Moderate None None Moderate Mild Mild Mild Moderate
Abbreviation: NA, not available.
aDiagnosed with biliary obstruction during trial.
bRefused protocol liver biopsy.
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tests. Of the 20 enrolled patients, 12
were operationally tolerant (60%),
maintaining normal allograft function
for more than 1 year after immunosup-
pression cessation. Follow-up biop-
sies from more than 2 years after im-
munosuppression discontinuation
showed preservation of allograft his-

tology. All 7 nontolerant patients were
managed with immunosuppression that
promptly returned liver tests to their
baseline levels. Of these 7, only 3 pa-
tients met Banff criteria for acute re-
jection. We did not observe severe or
steroid refractory acute rejection,
chronic rejection, graft loss, or death.

These outcomes demonstrate that im-
munosuppression withdrawal in this
clinical trial setting appears to be fea-
sible for both tolerant and nontoler-
ant patients.

Our definition of operational toler-
ance is similar to that used in previous
reports of immunosuppression with-

Table 4. Laboratory Data, Biopsy Results, and Immunosuppression Doses Associated With Discontinuation of the Immunosuppression
Withdrawal Protocol for 7 Nontolerant Participants

Patient
No.

Rejection Episode

Biopsy

Maximum
Treatment
CNI Dose

(% of Dose
at Entry)b

Day of
Last

Follow-
up

End of Study
CNI Dose

(% of Dose at
Study Entry)cDay

Local Read Central Read

Start;
End
Daya

CNI Dose
(% of Dose

at Entry)

Peak
ALT;
GGT

Primary;
Secondary
Diagnosis RAI

Primary;
Secondary
Diagnosis RAI

8 43;
162

Tacrolimus
3.50 mg
in AM;
3.25 mg
in PM
(75%)

121;
244

59 Nonspecific
change;
Nonspecific
inflammation

NA Nonspecific
inflammation;
Acute
rejection,
indeterminate
or borderline

2 Tacrolimus
4.50 mg
twice daily
(100%);
No steroids

430 Tacrolimus
4.50 mg twice
daily
(100%)

15 88;
190

Tacrolimus
0.90 mg
5 times/
wk
(43%)

318;
98

108 Acute rejection,
moderate

5 Acute rejection,
moderate

5 Tacrolimus
4.50 mg/d
(300%);
Intravenous
and oral
steroids

472 Tacrolimus
2.00 mg/d
(133%)

6 155;
515

Tacrolimus
1.10 mg
4 times/
wk
(31%)

562;
127

157 Nonspecific
change;
Nonspecific
inflammation

NA Acute rejection,
indeterminate
or
borderline;
Nodular
regenerative
hyperplasia

3 Tacrolimus
3.00 mg
twice daily
(300%);
No steroids

661 Tacrolimus
3.00 mg twice
daily
(300%)

20 169;
222

Cyclosporine
32 mg/d
(43%)

312;
197

184 Acute rejection,
moderate

5 Acute rejection,
indeterminate
or
borderline;
Biliary
obstruction
or
cholangitis

2 Tacrolimus
1.00 mg
twice daily
(NAd);
Oral steroids

551 Tacrolimus
0.30 mg twice
daily
(NAd)

18 NA None NA 295 Acute rejection,
moderate

4 Acute rejection,
indeterminate
or
borderline;
Nonspecific
inflammation

1 Tacrolimus
2.00 mg
twice daily
(400%);
Oral steroids

450 Tacrolimus
2.00 mg twice
daily
(400%)

19 NA None NA 298 Acute rejection 4 Acute rejection;
Nodular
regenerative
hyperplasia

3 Tacrolimus
0.50 mg
twice daily
(100%);
No steroids

645 Tacrolimus
0.50 mg twice
daily
(100%)

10 333;
402

None 134/25 358 Nonspecific
change;
Nonspecific
inflammation

NA Acute rejection,
indeterminate
or
borderline;
Drug
exposure

2 Cyclosporine
25 mg twice
daily
(100%);
No steroids

830 Cyclosporine
25 mg twice
daily on Tue,
Thu, and Sat;
25 mg/d on
Mon, Wed, Fri,
and Sun
(71%)

Abbreviations: ALT, alanine transaminase; CNI, calcineurin inhibitor; GGT, �-glutamyl transpeptidase; NA, data not applicable; RAI, rejection activity index.
aThe days provided are based on liver test abnormalities and are relative to the first day of immunosuppression withdrawal. Patients 18 and 19 do not have start or end days because

rejection was diagnosed during the protocol biopsy, which was required between 4 and 8 weeks after the last immunosuppression dose.
bTreatment of acute rejection was left to the discretion of the site principal investigator and not specified by the trial protocol.
cStudy participation ended 1 year after resolution of acute rejection.
dPercentage of dose at study entry cannot be calculated because patient was switched from cyclosporine at study entry to tacrolimus monotherapy.
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drawal. The definition is functional and
based on clinical allograft status rather
than on immunological assessment of
donor-specific vs third-party alloreac-
tivity. The 60% rate that we observed
was higher than previously re-
ported.5-16 Reports of adult transplan-
tation have demonstrated tolerance
rates ranging from 8% to 33% for liver
allograft recipients.5,7,9-12,15,16 There are
few reported pediatric trials of immu-
nosuppression withdrawal. The Uni-
versity of Pittsburgh’s tolerant cohort
included a significant number of chil-
dren, but success rates were not speci-
fied.9,11,23 A Kyoto University Hospital
study reported that 88 of 581 pediat-
ric living donor liver recipients (15%)
were operationally tolerant.8,14 At Kyoto,
immunosuppression was withdrawn
more than 2 years after transplant for
all children who had not experienced
rejection in the preceding year. Among
the tolerant Kyoto children, 38% un-
derwent immunosuppression with-
drawal after developing a contraindi-
cation to ongoing immunosuppression.
Our study differed by requiring a lon-
ger time from transplant (4 years vs 2
years) and a liver biopsy prior to study
entry, while excluding those with an au-
toimmune or viral disease. Despite dif-
ferences in how immunosuppression
was withdrawn, our experience, com-
bined with that of Pittsburgh and Kyoto,
suggests that operational tolerance oc-
curs more frequently in children than
in adults.

Our longitudinal data showing the
emergence and disappearance of donor-
specific antibodies in tolerant patients
suggests that functionally defined op-
erational tolerance may be a dynamic
state. This is consistent with emerging
data from studies in humans and in ani-
mals that indicate a requisite role for ac-
tive regulation of antidonor responses
to maintain tolerance rather than the
complete absence of antidonor re-
sponses.24 Importantly, our study offers
protocol biopsies obtained 2 years after
immunosuppressionwithdrawal.Central
pathological assessment of these biop-
sies compared with baseline biopsies did
not show increased inflammation or fi-

Table 5. Factors Associated With Operational Tolerance of Organ Recipent

Median (IQR)

P
Valuea

Nontolerant
(n = 7)

Tolerant
(n = 12)

Recipient age, y
At transplant 7.7 mo (5.6 mo-1 y 1 mo) 6.8 mo (4.7 mo-8.3 mo) .40

At study entry 6 y 7 mo (5 y 3 mo-7 y) 9 y (7 y 7 mo-10 y 9 mo) .08

Time from transplant to study
entry, mo

73.0 (57.6-74.9) 100.6 (71.8-123.5) .03

At study entry
Alanine transaminase, U/L 30 (24-34) 31 (25-34) .92

�-Glutamyl transpeptidase, U/L 16 (14-68) 27 (18-43) .58

C4d score at baseline biopsy 12.5 (9.3-16.8) 6.1 (5.1-9.3) .03

Donor age at donation, y 32.5 (29.6-39.6) 33.2 (32.1-37.1) .71

No. (%) [95% CI]
Male sex

Recipient 3 (42.9) [9.9-81.6] 8 (66.7) [34.9-90.1] .38

Donor 3 (42.9) [9.9-81.6] 3 (25.0) [5.5-57.2] .62

Liver transplant indication
Biliary atresia 6 (85.7) [42.1-99.6] 9 (75.0) [42.8-94.5]

.50
Other diseases 1 (14.3) [0.4-57.9] 3 (25.0) [5.5-57.2]

History of rejection 4 (57.1) [18.4-90.1] 7 (58.3) [27.7-84.8] �.99

Calcineurin inhibitor at study entry
Cyclosporine 2 (28.6) [3.7-71.0] 5 (41.7) [15.2-72.3]

.66
Tacrolimus 5 (71.4) [29.0-96.3] 7 (58.3) [27.7-84.8]

HLA antigen mismatch
A � B � DR

3 4 (57.1) [18.4-90.1] 4 (33.3) [9.9-65.1]
.38

�3 3 (42.9) [9.9-81.6] 8 (66.7) [34.9-90.1]

Class I (A � B � C)
3 4 (57.1) [18.4-90.1] 7 (58.3) [27.7-84.8]

�.99
�3 3 (42.9) [9.9-81.6] 5 (41.7) [15.2-72.3]

Class II (DR � DQA � DQB)
3 2 (28.6) [3.7-71.0] 3 (25.0) [5.5-57.2]

�.99
�3 5 (71.4) [29.0-96.3] 9 (75.0) [42.8-94.5]

Sensitization at study entry (positive
class I and/or II flow
percentage reactive antibody)

5 (71.4) [29.0-96.3] 5 (41.7) [15.2-72.3] .15

Donor-specific antibody at
study entry

5 (71.4) [29.0-96.3] 4 (33.3) [9.9-65.1] .13

At baseline biopsy
Portal inflammation

None 3 (42.9) [9.9-81.6] 11 (91.7) [61.5-99.8]
.04

Mild or moderate 4 (57.1) [18.4-90.1] 1 (8.3) [0.2-38.5]

Rejection activity index
0 5 (71.4) [29.0-96.3] 12 (100) [73.5-100]

.12
1 2 (28.6) [3.7-71.0] 0 [0-26.5]

Hepatocyte apoptosis
0 7 (100) [59.0-100] 11 (91.7) [61.5-99.8]

�.99
1 0 (0) [0-41.0] 1 (8.3) [0.2-38.5]

Central fibrosis
None 5 (71.4) [29.0-96.3] 12 (100) [73.5-100]

.12
Mild or moderate 2 (28.6) [3.7-71.0] 0 (0) [0-26.5]

Interface activity
None 5 (71.4) [29.0-96.3] 12 (100) [73.5-100]

.12
Mild or moderate 2 (28.6) [3.7-71.0] 0 (0) [0-26.5]

Steatosis
None 6 (85.7) [42.1-99.6] 5 (41.7) [15.2-72.3]

.15
Mild 1 (14.3) [0.4-57.9] 7 (58.3) [27.7-84.8]

Abbreviation: IQR, interquartile range.
aCategorical variables were compared between the 2 groups using the Fisher exact test and continuous variables were

compared using an exact Wilcoxon 2-sample test with a 2-tailed � level of .05.
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brosis. In contrast, the Kyoto group re-
ported that grafts of tolerant com-
pared with nontolerant children showed
increased allograft fibrosis that re-
gressed with reinstitution of immuno-
suppression therapy.8 However, our
study cohort and the Kyoto cohort were
not comparable because tolerant chil-
dren received transplants at a younger
age and immunosuppression therapy
withdrawal occurred further out from
the date of transplant. This issue can
only be definitively resolved with well-
designed controlled trials of adequate
size and duration.

Although operational tolerance may
be a dynamic condition, thus far it has
been durable. Many of the 12 opera-
tionally tolerant children have weath-
ered serious adverse events such as bili-
ary obstruction or cholangitis, portal
vein stenosis, and bacterial or viral in-
fections associated with increased lev-
els on liver tests. None required reini-
tiation of immunosuppression therapy.
As a result, these 12 children were off
all immunosuppression therapy for 36.0
to 56.7 months. For the 7 nontolerant
patients, frequent biochemical and his-
tological assessments ensured early
diagnosis of allograft dysfunction, ex-
peditious intervention, and prompt
resolution. Perhaps the most notable
and unexpected adverse event that oc-
curred was the diagnosis of biliary ob-
struction in 4 children (3 tolerant and
1 nontolerant). Two patients experi-
enced cholangitis immediately prior to
and less than 3 months into immuno-
suppression withdrawal. A third pa-
tient was diagnosed with a diaphrag-
matic defect with herniation of the
Roux en Y hepaticojejunostomy as the
etiology of intermittent biliary obstruc-
tion. The final patient was not diag-
nosed until 22 months after immuno-
suppression discontinuation. The
clinical details of these 4 cases argue
strongly against a primary causative role
for immunosuppression withdrawal in
the development of biliary obstruc-
tion.

Our study, while limited in size, elu-
cidated several factors that may be
associated with operational tolerance.

Although these associations are pre-
liminary, they deserve careful assess-
ment in future, larger trials. Increased
time interval between transplantation
and immunosuppression withdrawal,
consistent with the adult experi-
ence,25 was the most important clini-
cal factor associated with successful
immunosuppression withdrawal. His-
tological factors such as portal inflam-
mation, even in the absence of tissue
damage, and increased total C4d score
were associated with the absence of op-
erational tolerance,26 suggesting that ac-
tive and inadequately regulated anti–
donor cellular and humoral responses
interfered with tolerance. The nega-
tive association of overall C4d stain-
ing intensity with operational toler-
ance is a novel observation. Baseline
sensitization and donor-specific anti-
body status were not associated with
tolerance, perhaps reflecting the small
size of our study. The clinical impact
of both humoral rejection and C4d
staining are less well understood in liver
transplantation than in other solid or-
gan transplantation.27 Because C4d
staining has been explored almost ex-
clusively in the setting of allograft dys-
function, its functional significance in
long-term stable allografts such as those
in our study is unknown.28-30 Future
withdrawal trials should assess base-
line and longitudinal patterns of donor-
specific antibody and C4d staining to
identify associations with tolerance, re-
jection, or both.

In conclusion, this pilot trial dem-
onstrates that immunosuppression
therapy can be completely withdrawn
in 60% of highly selected pediatric re-
cipients of parental living donor liver
transplants with maintenance of nor-
mal allograft function and stable al-
lograft histology. While there have been
sporadic reports of immunosuppres-
sion discontinuation after liver trans-
plantation over the past 2 decades, they
have been limited to case series and iso-
lated center experiences. Many fea-
tured atypical patients, such as those
who had developed severe malignant,
infectious, or metabolic complica-
tions that mandated immunosuppres-

sion cessation or those who were non-
compliant with their prescribed medical
regimen. While these reports have pro-
vided anecdotal evidence that liver al-
lografts may continue to function in the
absence of immunosuppression, they
have not yielded generalizable knowl-
edge. As a result, they neither changed
perception nor practice.

Our preliminary study was based on
a rigorous design, clearly defined en-
try criteria, a strict protocol for drug
withdrawal, and histological follow-
up. Our surprising finding that an
unexpectedly high proportion of a well-
defined pediatric cohort are operation-
ally tolerant with stable allograft func-
tion and histology sets the agenda for
larger studies with longer follow-up to
define the frequency, assess the dura-
bility, and derive a predictive profile of
operational tolerance for pediatric liver
transplant recipients.
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