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immune tolerance

immunosuppression withdrawal

immune senescence

clinical trial

ITN056ST study (OPTIMAL; NCT02533180) assessed clinical outcomes and mechanistic

correlates of phased immunosuppressionwithdrawal (ISW) in nonautoimmune, nonviral adult

liver transplant recipients. Enrolled subjects were �3 years posttransplant with minimal/ab-

sent inflammation or fibrosis on a screening liver biopsy. The primary end point was opera-

tional tolerance at 52 weeks following complete ISW. Of 61 subjects who initiated ISW, 34

failed during ISWand 10 restarted immunosuppression after completing ISW due to clinically

manifest acute rejection. Only 10 of 17 clinically stable subjects remaining off immunosup-

pression at 1 year were ultimately deemed tolerant by biopsy. Therewere no cases of chronic

rejection or graft loss; 28.3% developed de novo donor-specific antibody during ISW, which

persisted in 11.3%. The majority of subjects (78.6%), including those who experienced

rejection, ended the study on same or less calcineurin inhibitor than at baseline. A minority

(16.4%) of histologically and clinically stable long-term adult liver transplant recipients can

successfully discontinue and remain off immunosuppression. Increased frequency of donor-

specific T cell senescence, C4d deposition, and higher density of immune synapses on the

screening liver biopsy emerged as potential candidate biomarkers for operational tolerance.

1. Introduction

A subset of highly selected adult liver transplant recipients,

estimated at ~20%,1-3 can successfully discontinue immuno-

suppression and yet sustain normal graft function, consistent

with a state of operational tolerance. Prospective identification of

such individuals could provide clues to mechanisms of tolerance

and facilitate tolerance induction in recipients not naturally pre-

disposed to its spontaneous development.

Although robust predictors of tolerance remain elusive, age

and time from transplant have been found to be strongly corre-

lated with outcome,4 with an 80% success rate in those who

initiated weaning at >10.6 years posttransplant compared with

only 38% of those 5.7-10.6 years posttransplant.5,6 These cor-

relations may be a clue to the mechanistic underpinnings of

tolerance. Time-dependent development of immune dysregula-

tion, especially in the CD8 T cell subset, which occurs in the

setting of chronic antigen exposure such as with chronic viral

infections,7-15 has been termed immune exhaustion.16 Func-

tionally, these changes are manifested by a sequential loss of

interleukin-2 production, proliferation, and cytotoxicity. In one

study, tolerance was associated with a higher proportion of

exhausted PD1/CTLA4/2B4-positive hepatitis C virus

(HCV)-specific circulating CD8þ T cells at baseline,17 a popula-

tion later found to be expanded in HCV-positive liver transplant

recipients and correlated with higher CXCL10 plasma levels.18

Notably, decreased antidonor responses in T cell lines generated

from HCV-infected liver transplant recipients were significantly

reversed by HCV eradication.

We theorized that chronic residence of a liver allograft in a

transplant recipient recapitulates the chronic exposure to a viral

pathogen, leading to tonic stimulation of donor-reactive T cells

and their functional silencing or elimination over time, a process

rendered more efficient by the age-dependent reduction in thymic

output. This prospective trial investigated whether operational

tolerance is associated with detectable signal of donor-specific T

cell exhaustion and/or senescence before weaning.

2. Materials and methods

2.1. Study design and population

The Immune Tolerance Network trial ITN056ST, Evaluation of

Donor-Specific Immune Senescence and Exhaustion as Bio-

markers of Operational Tolerance Following Liver Transplantation

in Adults (OPTIMAL), was a multicenter, prospective, single-arm

interventional cohort study of adult liver transplant recipients.

Candidates had to be �3 years posttransplant (�6 years if �50

years old),5 on a calcineurin inhibitor (CNI), with stable graft

function, no episodes of rejection �1 year, and direct bilirubin and

alanine aminotransferase (ALT) levels of <2� the upper limit of

normal. A screening liver biopsy had to meet specific histologic

criteria (Supplementary Table 1 ). Subjects with a history of HCVor

HIV, active hepatitis B, autoimmune liver disease, and medical

conditions requiring systemic steroids, or with estimated glomer-

ular filtration rate (eGFR) of <40 mL/minute/1.73 m2, or in need of

chronic uninterrupted anticoagulation were excluded. All subjects

provided informed consent and the protocol conformed to ethical

principles stated in the 1975 Declaration of Helsinki. The study

was registered with clinicaltrials.gov (NCT02533180).

2.2. Immunosuppression withdrawal and follow-up

Eligible subjects underwent immunosuppression withdrawal

(ISW) from a CNI-based immunosuppressive regimen according

to a prespecified algorithm over 24 to 45 weeks (Supplementary

Table 2). Subjects were followed up for 3 years after successful or

failed ISW. Protocol-directed liver biopsies were obtained at

screening and at 1 and 3 years post-ISW, and for-cause biopsies

as needed to evaluate unexplained allograft dysfunction.
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Suspected rejection was confirmed by liver biopsy, unless

medically contraindicated. Biopsies were prospectively analyzed

and scored as per the Banff global assessment criteria.19,20 The

central pathologist’s assessment was also prospective, which

effectively blinded the assessment to outcome and was used for

data analysis and reporting. Rejection diagnosis on for-because

biopsies was made by the site pathologist and treatment deter-

mined by the site investigator. Subjects treated with increased

immunosuppression for graft dysfunction without a confirmatory

biopsy were considered to have clinical rejection.

2.3. Study end points

The primary end point was the proportion of subjects who

achieved operational tolerance at 52 weeks after completion of

ISW, defined as no acute rejection episodes and a liver biopsy

demonstrating histologic stability consistent with operational

tolerance per Banff 2012 criteria21 and absence of rejection per

the Banff global assessment criteria.19,20 Secondary safety end

points included the following: (1) proportion of subjects who

developed de novo donor-specific antibodies (DSAs); (2) inci-

dence, severity, and timing of acute, steroid-resistant, and

chronic rejection; (3) incidence and progression of graft fibrosis;

(4) incidence of graft loss; (5) incidence of all-cause mortality;

and (6) incidence of study-related serious adverse events. Sec-

ondary efficacy end points included changes in renal function at 1

and 3 years post-ISW and predictive value of recipient age and

the time since transplant for operational tolerance.

A key mechanistic end point was assessment of the predictive

value of phenotypic or molecular markers of immune senes-

cence and/or exhaustion in circulating T cells for operational

tolerance. We also examined the predictive value of DSA and

intra-allograft C4d at baseline, as well as de novo DSA during the

study.

2.4. Human leukocyte antigen typing, mismatch, and

antibody analysis

Recipient and donor human leukocyte antigen (HLA) typing

data were obtained from United Network for Organ Sharing. DNA

samples for HLA typing were obtained from all recipients and

those living donors who agreed to participate. Batched class II

HLA antibody analyses were performed centrally on serum

samples collected at baseline and during, and after ISW. Mean

fluorescent intensity of >1000 was considered a positive result.

Additional details are in Supplementary Table 3.

2.5. Alloreactive T cell detection assay

Alloreactive T cells were detected following 1-way mixed

lymphocyte reaction.22 Briefly, 1-day rested recipient peripheral

blood mononuclear cells were cocultured with carboxyfluorescein

Figure 1. Flow of subjects from study entry through evaluation of the primary end point. IS, immunosuppression; ISW, immunosuppression withdrawal;

MMF, mycophenolate mofetil; PE, primary endpoint.
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Table 1

Baseline characteristics of study subjects by histologic eligibility and tolerance outcome.

Characteristic Underwent screening biopsy (n ¼ 95) Initiated IS withdrawal (n ¼ 61)

Total (n ¼ 95) Biopsy

ineligible

(n ¼ 31)

Biopsy

eligiblea (n ¼ 64)

Total (n ¼ 61) Nontolerant

(n ¼ 51)

Tolerant

(n ¼ 10)

Donor Age (y), median (IQR) 39 (25-53) 38 (21-50) 42 (26-54) 42 (25-54) 42 (25-54) 46 (30-53)

Male sex, n (%) 52 (54.7) 15 (48.4) 37 (57.8) 35 (57.4) 28 (54.9) 7 (70.0)

Race, n (%) White 69 (72.6) 21 (67.7) 48 (75.0) 46 (75.4) 39 (76.5) 7 (70.0)

Black 4 (4.2) 0 4 (6.3) 3 (4.9) 3 (5.9) 0

Other 14 (14.7) 4 (12.9) 10 (15.6) 10 (16.4) 8 (15.7) 2 (20.0)

Ethnicity, n (%) Hispanic or Latino 4 (4.2) 2 (6.5) 2 (3.1) 2 (3.3) 2 (3.9) 0

Not Hispanic or Latino 41 (43.2) 15 (48.4) 26 (40.6) 26 (42.6) 21 (41.2) 5 (50.0)

Unknown/not reported 40 (42.1) 9 (29.0) 31 (48.4) 28 (45.9) 24 (47.1) 4 (40.0)

Type, n (%) Deceased 70 (73.7) 24 (77.4) 46 (71.9) 44 (72.1) 36 (70.6) 8 (80.0)

Living, related 20 (21.1) 6 (19.4) 14 (21.9) 14 (23.0) 12 (23.5) 2 (20.0)

Living, unrelated 5 (5.3) 1 (3.2) 4 (6.3) 3 (4.9) 3 (5.9) 0

Recipient Age at transplant (y), median (IQR) 53 (43-59) 47 (20-55) 55 (46-62)b 56 (46-62) 56 (46-62) 55 (46-59)

Age at enrollment (y), median (IQR) 61 (53-66) 54 (32-62) 63 (55-68)b 63 (56-68) 63 (56-68) 65 (55-69)

Male sex, n (%) 63 (66.3) 18 (58.1) 45 (70.3) 43 (70.5) 37 (72.5) 6 (60.0)

Race, n (%) White 80 (84.2) 27 (87.1) 53 (82.8) 50 (82.0) 43 (84.3) 7 (70.0)

Black 1 (1.1) 1 (3.2) 0 0 0 0

Asian 6 (6.3) 0 6 (9.4) 6 (9.8) 3 (5.9) 3 (30.0)

Native Hawaiian or

Pacific Islander

2 (2.1) 1 (3.2) 1 (1.6) 1 (1.6) 1 (2.0) 0

Other 6 (6.3) 2 (6.5) 4 (6.3) 4 (6.6) 4 (7.8) 0

Ethnicity (%) Hispanic or Latino 6 (6.3) 1 (3.2) 5 (7.8) 4 (6.6) 4 (7.8) 0

Not Hispanic or Latino 80 (84.2) 29 (93.5) 51 (79.7) 49 (80.3) 39 (76.5) 10 (100)

Unknown/not reported 9 (9.5) 1 (3.2) 8 (12.5) 8 (13.1) 8 (15.7) 0

Body mass index (kg/m2), median (IQR) 28 (25-33) 27 (24-31) 28 (26-34) 28 (26-33) 28 (26-34) 27 (25-29)

Blood type, n (%) A 37 (38.9) 10 (32.3) 27 (42.2) 26 (42.6) 22 (43.1) 4 (40.0)

AB 4 (4.2) 1 (3.2) 3 (4.7) 3 (4.9) 3 (5.9) 0

(continued on next page)
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B 10 (10.5) 5 (16.1) 5 (7.8) 5 (8.2) 5 (9.8) 0

O 39 (41.1) 10 (32.3) 29 (45.3) 27 (44.3) 21 (41.2) 6 (60.0)

Transplant Indication, n (%) Alcoholic liver disease 30 (31.6) 7 (22.6) 23 (35.9) 21 (34.4) 19 (37.3) 2 (20.0)

Hepatitis B 9 (9.5) 3 (9.7) 6 (9.4) 6 (9.8) 4 (7.8) 2 (20.0)

Liver tumor 6 (6.3) 1 (3.2) 5 (7.8) 5 (8.2) 5 (9.8) 0

NASH 8 (8.4) 0 8 (12.5) 8 (13.1) 6 (11.8) 2 (20.0)

Inherited 2 (2.1) 2 (6.5) 0 0 0 0

Biliary atresia 5 (5.3) 4 (12.9) 1 (1.6) 1 (1.6) 1 (2.0) 0

Metabolic liver disease

with cirrhosis

8 (8.4) 3 (9.7) 5 (7.8) 4 (6.6) 4 (7.8) 0

Metabolic liver disease

without cirrhosis

1 (1.1) 1 (3.2) 0 0 0 0

Other 26 (27.4) 10 (32.3) 16 (25.0) 16 (26.2) 12 (23.5) 4 (40.0)

Graft, n (%) Whole 66 (69.5) 21 (67.7) 45 (70.3) 43 (70.5) 35 (68.6) 8 (80.0)

Partial 28 (29.5) 9 (29.0) 19 (29.7) 18 (29.5) 16 (31.4) 2 (20.0)

At study entry Time from transplant (y), median (IQR) 8 (5-12) 9 (6-16) 7 (5-11) 7 (5-11) 7 (5-11) 9 (4-13)

Antibody depleting induction medication, n (%) 7 (7.3) 3 (9.7) 4 (6.3) 4 (6.6) 2 (3.9) 2 (20.0)

Maintenance IS, n (%) CNI þ MMF compound 28 (29.5) 9 (29.0) 19 (29.7) 18 (29.5) 15 (29.4) 3 (30.0)

CNI þ prednisone 6 (6.3) 4 (12.9) 2 (3.1) 2 (3.3) 2 (3.9) 0

CNI only 61 (64.2) 18 (58.1) 43 (67.2) 41 (67.2) 34 (66.7) 7 (70.0)

Tacrolimus dose (mg/d), median (IQR) 3 (2-3) 3 (2-4) 3 (2-3) 2 (2-3) 3 (2-3) 2 (2-3)

Cyclosporine dose (mg/d), median (IQR) 150 (75-150) 138 (88-150) 150 (75-200) 150 (75-200) 175 (113-225) 50 (50-50)

Alanine aminotransferase (U/L), median (IQR) 22 (16-30) 21 (16-28) 22 (17-32) 21 (17-28) 22 (17-29) 20 (17-25)

γ-Glutamyl transferase (U/L), median (IQR) 23 (17-55) 32 (17-71) 22 (16-50) 23 (17-48) 25 (17-52) 19 (17-24)

Donor-specific antibodyc NA NA NA 7 (11.5) 6 (11.8) 1 (10.0)

CNI, calcineurin inhibitor; IS, immunosuppression; IQR, interquartile range; MMF, mycophenolate mofetil; NA, not applicable; NASH, non-alcoholic steatohepatitis.

a Three subjects underwent a screening biopsy, were eligible based on results of the screening biopsy, but were ineligible for IS withdrawal due to clinical reasons (subsequently elevated liver enzymes, estimated

glomerular filtration rate of <40 mL/min/1.73 m2, and a medical condition that in the opinion of the principal investigator would interfere with safe completion of the trial).
b P < .01 for comparison between biopsy eligible and biopsy ineligible.
c Donor-specific antibody at baseline was unavailable for 16 subjects who initiated withdrawal (13 nontolerant and 3 tolerant).
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succinimidyl ester–labeled irradiated stimulators activated for 48

hours with multimeric CD40L (100 ng/mL; Adipogen) and rIL-4 (10

ng/ml; Peprotech) in the presence of allophycocyanin-conjugated

anti-CD154 monoclonal antibodies. After 20 hours of incubation,

CD4 and CD8 alloreactive T cells were identified as

CD69þCD154þCD4þ and CD69þCD137þCD8þ in responder

CD3þ cells, respectively. To identify third party-reactive T cells, we

used the same batch stimulators that mixed allogeneic peripheral

blood mononuclear cell after preconditioning (activation, carbox-

yfluorescein succinimidyl ester label, and irradiation). Senescence

markers CD57 and killer-cell lectin like receptor G1 (KLRG1) were

analyzed in samples from baseline, dose taper level 3 (33%-50%

baseline), and 26 and 52 weeks post-ISW completion or failure.

Antibody details are in Supplementary Table 4.

2.6. Histologic assessments

C4dstainingwasconducted on fresh-frozen tissues.23Multiplex

immunohistochemistry for automated image detection of immune

synapses (ai-iSYNs; CD34/CD45/HLA-DPB1/CD8/MAC387) was

conducted as previously described24 on formalin-fixed paraffi-

n-embedded slides of the screening biopsy. Briefly, ai-iSYN

counting was performed following nuclear segmentation and fully

automated tissue-tethered cytometry using NearCYTE (http://

nearcyte.org).23-25 Detailed methods are in Supplementary Ta-

bles 3 and 5.

2.7. Statistical analysis and sample size calculation

Data were summarized using descriptive statistics for cate-

gorical variables (counts and percentages) and continuous vari-

ables (medians and interquartile ranges [IQR]). Statistical

comparisons were made using a Fisher exact test (categorical

data) and Student paired t test or Wilcoxon rank sum test (contin-

uousdata).Anexact 2-sided95%binomial confidence intervalwas

computed for the primary end point. Analyses were performed

using Statistical Analysis System (SAS), version 9.4, or R, version

4.0.3. A sample size of 60 subjectswith an expected tolerance rate

�40%5 was estimated provide �80% power to detect a mean

difference between tolerant and nontolerant subjects of�0.1155 in

the proportion of CD8þIFNγþCTLA4þPD1þ2B4þ donor-specific

cells, a potential biomarker of tolerance.

3. Results

3.1. Study enrollment and subject disposition

In total, 100 subjects enrolled in the study from 201 to 2018

and proceeded as depicted in Figure 1; 95 subjects underwent

screening liver biopsies: 31 were ineligible by histology and 3

became clinically ineligible or withdrew; 61 initiated ISW; and 27

(44.3%) completed ISW successfully. Of these, 17 (63.0%)

remained off immunosuppression for 52 weeks, and 10 (37.0%)

restarted immunosuppression within 52 weeks due to acute

rejection. Further, 10 of the 17 subjects who remained off

immunosuppression for 52 weeks met the primary end point.

3.2. Baseline demographics, clinical characteristics,

and liver pathology

Subjects’ baseline characteristics are provided in Table 1; 31

(32.6%) had unfavorable histology due to inflammation (n ¼ 24),

fibrosis (n ¼ 12), bile duct damage (n ¼ 3), and/or arteriopathy (n

¼ 3). Ineligible subjects tended to have exclusionary findings in

>1 category (Supplementary Fig. S1). Eligible subjects were

older at transplant (median age, 55 vs 47 years; P ¼ .002) and

enrollment (median age, 63 vs 54 years; P ¼ .002), and more

likely to have hepatic steatosis with or without low-grade stea-

tohepatitis (51.6% vs 9.7%; P � .001). No other significant dif-

ferences were observed (Table 1).

Table 2

Characteristics of tolerant subjects.

Baseline immunosuppression (total daily dose) Days to ISW

completion

ALT/GGT (U/L) Days

off ISBaseline 52 wk after ISW End of study

Tacrolimus: 0.5 mg 126 23/17 25/15 20/20 1115

Tacrolimus: 1.5 mg 162 12/17 21/63 17/90 1211

Tacrolimus: 2 mg 168 19/18 32/17 24/14 1232

Tacrolimus: 2 mg 162 25/19 29/18 24/38 1266

Tacrolimus: 2.5 mg 168 20/14 30/19 16/16 1141

Tacrolimus: 4 mg 161 13/16 17/14 17/41 1111

Tacrolimus: 1 mg and MMF: 500 mg 228 17/23 18/25 22/25 1115

Tacrolimus: 3 mg and MMF: 250 mg 221 19/24 21/13 40/21 1097

Tacrolimus: 3 mg and MMF: 1500 mg 273 31/48 29/56 30/42 1045

Cyclosporine: 50 mg 144 40/29 25/17 48/25 1215

Allograft dysfunction was defined as an unexplained elevation in alanine aminotransferase (ALT) or γ-glutamyl transferase (GGT) tests relative to baseline: a value

greater than 2� upper limit of normal (ULN; ALT: 41 U/L; GGT: 58 U/L) if the baseline value was less than the ULN or a value greater 2� baseline value if the baseline

was greater than the ULN. IS, immunosuppression; ISW, immunosuppression withdrawal; MMF, mycophenolate mofetil.
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3.3. Operational tolerance in the study

Characteristics of the 10 tolerant subjects are listed in Table 2.

Another 7 completed ISW and maintained stable liver tests for 52

weeks but were deemed nontolerant on the primary end point

biopsy. Six of the 7 resumed immunosuppression; 1 subject

showed mild histologic changes, not meeting criteria for rejection,

and remained off immunosuppression at the discretion of the

treating physician. Altogether 51 subjects were considered non-

tolerant; their characteristics are listed in Supplementary Table 6.

3.4. Acute rejection and graft fibrosis in the study

In total, 43 subjects had acute rejection in the study; 30 during

ISW, 10 after completing ISW but before the primary end point

assessment, and 3 diagnosed on the primary end point biopsy

despite stable liver tests (Fig. 2A); 29 were biopsy confirmed. Most

cases were mild (n ¼ 22) or moderate (n ¼ 6) per Banff criteria;

there was 1 case of severe rejection. In 22 subjects, treatment

consisted of resumption of immunosuppression plus corticoste-

roids, with a median total dose of 3335 mg (IQR, 2170-4975 mg)

Figure 2. Acute rejection in the study: severity, treat-

ment, and resolution. (A) Panel of subjects with acute

rejection represented temporally by each taper level

(up to 8 levels for those on CNI in blue and up to 2

additional levels for those also on a mycophenolic

compound in green). The width of the box corre-

sponds to the length of time spent at that taper level.

Symbols indicate if the acute rejection event was

clinical (triangle) or biopsy proven (circle). (B) Distri-

bution plots summarize the 43 acute rejection epi-

sodes by severity according to Banff criteria and RAI

score (as determined by the central pathologist) for

biopsy proven acute rejection (BPAR) episodes, by

treatment required, and by resolution of liver tests by

the end of study participation. The unresolved acute

rejection episode was in the participant who died due

to suspected cardiac arrhythmia. At the time of death,

liver tests were improving. CNI, calcineurin inhibitor;

IS, immunosuppression; ISW, immunosuppression

withdrawal; MMF, mycophenolate mofetil; NA, not

available; PE, primary endpoint; RAI, rejection activity

index.
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over a median of 169 days (IQR, 99-865 days); 21 subjects were

treated with resumption of immunosuppression alone. Treatment

resulted in resolution (by ALT) in all but 1 subject in a median of 78

days (IQR, 41-133 days). There were no cases of steroid-resistant

or chronic rejection, or of graft loss. Figure 2B depicts the spec-

trum of rejection grades, treatment and resolution. Supplementary

Figure S2 shows the trajectory of liver enzymes during and after

rejection.

Figure 3 shows changes in graft inflammation and fibrosis

including the liver allograft fibrosis score (LAFSc)26 in tolerant vs

nontolerant subjects with biopsies at 1 and 3 years post-ISW.

Portal inflammation showed small increase (1 point) in 4 of the

10 tolerant subjects and 5 of the 10 nontolerant subjects at 52

weeks; scores improved to baseline values or lower in 2 tolerant

and all nontolerant subjects at 156 weeks. Four of the 10 tolerant

subjects showed slight increase (1-2 points) in the LASFSc at

156 weeks; scores were unchanged or improved in the remaining

6. Five of the 10 nontolerant subjects showed increases as well.

The significance of these changes is unclear given that an in-

crease or decrease �2 grades in in LAFSc in �1 analyzed

compartment is usually required to be considered clinically sig-

nificant.27 By these measures, 6 of the 20 subjects (3 tolerant and

3 nontolerant) demonstrated worsening of fibrosis. Presence of

DSA at baseline or emergence during the study were not

correlated with worsening or fibrosis or inflammation on the

follow-up biopsies.

3.5. Change in kidney function during the study

In tolerant subjects (off immunosuppression for 1045-1266

days at study completion), the median change in eGFR from

baseline was þ6.7 mL/min/1.73 m2 (IQR, �0.1 to 9.4 mL/min/

1.73 m2) at 1 year and �3.8 mL/min/1.73 m2 (IQR, �9.1 to 10.4

mL/min/1.73 m2) at 3 years. Median change in nontolerant sub-

jects’ eGFR was �0.9 mL/min/1.73m2 (IQR, �7.7 to 8.4 mL/min/

1.73 m2) and �6.0 mL/min/1.73m2 (IQR, �11.8 to 9.3 mL/min/

1.73 m2) at comparable time points. The degree of change was

not significantly different between the 2 groups.

3.6. Immunosuppressive therapy at baseline and end of

study

All subjects were on a CNI at the time of enrollment; 11

subjects remained off immunosuppression at the end of the

study. Of the 50 subjects who failed during or after ISW, 31

(62%) were on less CNI the end of the study compared with

study entry. Figure 4 displays CNI doses in individual subjects

over the timeline of the study. Overall, 48 of 61 subjects ended

the study on same or lower dose of CNI than at study entry or on

no CNI. Of the 50 subjects, 15 who failed were also on

mycophenolate mofetil (MMF) at baseline. Of these, 7 (47%)

were on less MMF at the end of the study. Two of the 50

subjects were on prednisone at baseline and ended the

Figure 3. Changes in inflammation and graft

fibrosis on follow-up compared to baseline

biopsies. Biopsy data for tolerant (n ¼ 10)

and nontolerant (n ¼ 10) subjects are shown;

only 20% (10/51) of nontolerant subjects had

biopsies collected at either one of these time

points; 52 weeks represents the primary end

point biopsy that was performed 52 weeks

following successful completion of ISW and

156 weeks represents the biopsy collected 2

years after the primary end point (end of

study). The 34 subjects who failed ISW did

not have a biopsy at 52 or 156 weeks.

Additionally, 7 subjects who failed following

completion of ISW but before 52 weeks did

not have a biopsy at 52 or 156 weeks. Each

row represents a single subject and subjects

are presented in the same order in all panels,

sorted by tolerant and nontolerant status. To

calculate change over time, absolute scores

at baseline were subtracted from scores at

follow-up for the following parameters: portal

inflammation, interface inflammation, peri-

venular inflammation, perivenular fibrosis,

and LAFSc. All score scales range from 0 to

3 except the LAFSc scale, which ranges from

0 to 9. Pink indicates an increase in score

and green indicates a decrease in score;

increasing intensity of either pink or green

indicates larger magnitude of change. Gray

indicates no change and blank (white) in-

dicates no biopsy. ISW, immunosuppression

withdrawal; LAFSc, liver allograft fibrosis

score; PV, portal vein.
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study on a lower dose. Finally, 7 (14%) subjects on CNI

monotherapy at baseline ended the study with an additional

immunosuppressant.

3.7. Safety

In total, 67 serious adverse events were reported in 27 sub-

jects; 13 (in 10 subjects) were deemed related to study treatment

(Supplementary Table 7). There were 2 deaths. One subject, a

70-year-old male, died from COVID-19, 605 days after ISW fail-

ure due to mild acute rejection, treated with steroids. He was on

tacrolimus 0.5 mg daily, a dose lower than at study entry. Death

was deemed not related to study participation. The second

subject was a 76-year-old woman with diabetes mellitus and

hypertension who died 60 days after treatment with corticoste-

roids and resumption of tacrolimus and MMF for mild acute

rejection post-ISW completion. ALT and γ-glutamyl transferase

were improving at her last visit. An autopsy showed moderate

hypertensive and atherosclerotic cardiovascular disease, without

other significant pathologic findings. Death was deemed possibly

related to study participation, as the resumption of tacrolimus

might have contributed to a cardiac arrhythmia.

3.8. HLA antibody

In total, 61 recipients and 17 live donors provided samples for

HLA typing. Historical HLA typing data (of variable quality) were

available on 39 of the 44 deceased donors. At baseline, 13 of the

61 subjects had class II HLA antibody. During the study, 17 sub-

jects developed de novo class II HLA antibody (including 1 subject

who had class II HLA antibody at baseline). Donor specificity could

not be determined in 8 subjects (6 with baseline class II HLA

antibody and 2 with de novo class II antibody) due to inadequate

historical deceased donor typing data. Among 53 subjects in

whom HLA antibody could be reliably assigned as DSA or non-

DSA, 7 (13.2%) had DSA at baseline and 15 (28.3%) developed

de novo DSA during the trial, which persisted in 11.3% (6/53)

(Fig. 5). Rates of operational tolerance were 9.7% in those without

baseline or de novo DSA, 14.2% in those with baseline DSA, and

20% in those with de novo DSA; differences were not statistically

significant.

3.9. Alloreactive T cell detection

Donor-reactive %CD4 and %CD8 T cells detected using a

newly developed assay (Fig. 6A) were lower than those of third

party-reactive cells at baseline (Fig. 6B). However, neither corre-

lated with successful operational tolerance (Fig. 6B). Percentage

of donor-reactive regulatory T cells (CD137þCD154þCD4þ) at

baseline also did not correlate with tolerance status. On the con-

trary, the fraction of CD57þKLRG1hi cells at baseline was higher in

donor-reactive CD8 T cells compared with third party-reactive T

cells in tolerant subjects (32.6% vs 8.58%; P ¼ .044), although

these fractions were similar in nontolerant subjects (12.1% vs

13.9%) (Fig. 6C). Looking at the ratio of donor vs third party-

reactive T cells over time, we found the %CD57þKLRG1hi in

donor-reactive vs third party-reactive CD8 T cells to be 58% higher

in tolerant than those in nontolerant subjects at baseline (P¼.020)

and 66% higher at taper level 3 (P ¼ .021) (Fig. 6D). Kinetic an-

alyses revealed stable expression of CD57 and KLRG1 regardless

of tolerance status over time.

3.10. Histologic findings

3.10.1. C4d staining

Overall, 54 subjects had acceptable C4d staining quality on

baseline biopsy specimens. C4d was absent/minimal in the

majority (48/54, 88.9%), including all 8 subjects ultimately

deemed tolerant. Of these 48 subjects, 10 (20.8%) had baseline

class II HLA antibody, 3 of which were identified as DSA. These

DSA were directed against HLA-DRw53 and HLA-DQ7, HLA-

DRw53 alone, and HLA-DQ5 alone, respectively. Conversely,

all 7 subjects with focal or diffusely positive C4d staining (driven

Figure 4. Immunosuppression exposure in the study. Immunosuppres-

sion exposure over the trial timeline is shown for subjects who initiated

ISW. (A) Tacrolimus exposure for the 56 subjects who were on tacrolimus

at study entry; (B) cyclosporine exposure for the 4 subjects who were on

cyclosporine at study entry. One subject who was on cyclosporine at

study entry and then switched to tacrolimus for the treatment of rejection

is excluded. Expected exposure (x-axis) was calculated assuming that

the subject was maintained on the dose at trial entry and plotted against

actual exposure (y-axis). Pink circles (n ¼ 12) identify subjects with

higher actual than expected exposures, although green circles (n ¼ 48)

identify subjects with lower actual than expected exposures. Color in-

tensity increases with larger differences between actual and expected

exposures. ISW, immunosuppression withdrawal.
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by portal capillary and sinusoidal positivity) were ultimately

deemed nontolerant (Fig. 7). Three of these 7 (42.8%) had

baseline class II HLA antibody identified as DSA to HLA-DR7

and HLA-DR53, HLA-DQA05 alone, and HLA-DQ2 alone,

respectively.

3.10.2. Multiplex immunohistochemistry and analysis of

ai-iSYN

ai-iSYN were characterized and defined in the baseline bi-

opsies (Fig. 8A, B). Density (in cells per square millimeter) of

lobular CD8þ cells, previously shown to predict nontolerance,28

was higher in biopsies of nontolerant subjects when compared

with that in tolerant subjects (Fig. 8C),24 but these differences

were not statistically significant. No correlation was observed

between increased metabolic dysfunction-associated liver dis-

ease fibrosis scores and ai-iSYN density. Stratification of the

CD8þ cell population into CD8þ/CD45hi and CD8þ/CD45lo

demonstrated an increased proportion of CD8þ/CD45hi cells

(but not CD8þ/CD45lo cells) in baseline biopsies of nontolerant

subjects vs those of tolerant subjects (P ¼ .002) (Fig. 8E, F).

The density of ai-iSYNs in the baseline biopsy, also previously

shown by us to predict nontolerance,25 was higher in nontolerant

subjects than that in tolerant subjects (P ¼ .009) in this study

(Fig. 8D). As shown in Figure 8G, we were able to segregate

tolerant subjects, contained inside the 3D scatter plot (green cir-

cles; n ¼ 9) and nontolerant subjects (brown circles; n ¼ 45) ac-

cording to the number of lobular CD8þ cells/mm2 (Teffector cells;

x-axis), MAC387þ cells/mm2 (calprotectin/infiltrating macro-

phages; y-axis), and lobular CD45hiMHCIIþpairs/mm2 (leukocy-

te/antigen-presenting cell pairs; z-axis). The inner shaded cube

identifies thresholds that simultaneously maximize the number of

tolerant subjects (8 of 9; 88.9%) and minimize the number of

nontolerant subjects (19 of 43; 42.2%). Plots only show subjects

for whom values of all 3 parameters were available.

Figure 5. Evolution of donor-specific antibodies (DSAs) during the study. This figure displays heat maps of DSA in subjects who underwent ISW. (A)

Subjects who did not have baseline DSA nor de novo DSA detected during the study. (B) Subjects who had DSA at baseline but did not develop de

novo DSA during the study. (C) Subjects who developed de novo DSA during the study. Each row represents a single subject. Horizontal bold black

lines separate nontolerant from tolerant subjects. Nontolerant reason is overlaid at the visit closest to the event: BPAR, clinical rejection, histologic

instability (HIST INST), and other. Vertical dotted lines separate the phases: baseline, during ISW, and post-ISW. Blue cells indicate samples positive

for DSA, light gray indicate no DSA, and dark gray cells indicate samples in which HLA antibody was detected but could not be categorized as DSA due

to missing or inadequate donor typing data. White cells indicate that no sample was collected. Rates of tolerance were not significantly associated with

presence or absence of DSA at baseline or with the emergence of de novo DSA during the study. BPAR, biopsy proven acute rejection; CLIN, clinical

rejection (no biopsy); HLA, human leukocyte antigen; ISW, immunosuppression withdrawal; MFI, mean fluorescent intensity.
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4. Discussion

We conducted an ISW trial in stable long-term liver transplant

recipients and found a rate of operational tolerance of ~16%,

lower than that reported by Benitez et al,5 despite stringent

candidate selection in OPTIMAL that included both normal graft

function based on liver tests and graft biopsy to exclude occult

pathology. The differences in outcome of ISW between the 2

studies may be related to differences in baseline cohort char-

acteristics including a higher prevalence of viral etiology of liver

disease and active HCV viremia as well as lower level of starting

immunosuppression in the cohort described by Benitez et al.5On

the other hand, the rate of tolerance in OPTIMAL is comparable

to that observed (11%) in another ITN study, A-WISH, although in

that study, the earlier timing of ISW was thought to have been a

contributing factor.29

The low rate of tolerance in OPTIMAL prompts a reexamination

of the risk: benefit calculus of ISW. Subjects in OPTIMAL under-

went stringent screening and close monitoring, including serial

biopsies. The large majority of acute rejection cases was mild and

nearly half responded to resumption of immunosuppression alone.

At the end of the study 62% were on same or lower doses of CNI

than at study entry and 18% were free of immunosuppression.

This may reflect an untapped potential for immunosuppression

minimization in stable liver transplant recipients, as also indicated

in the A-WISH study. Conversely, 7 of 17 subjects (41%) with

Figure 6. Accumulation of donor-specific senescence in alloreactive CD8þ T cells characterize recipients who achieved operational tolerance prior to

initiation of ISW. (A) Alloreactive T cell detection assay identified donor-reactive CD4/CD8 T cells in 1-way mixed lymphocyte reaction. (B) The dots

plots show the percentage of alloreactive CD4 and CD8 T cells in PBMC from tolerant (open) and nontolerant (closed) subjects at baseline. (C)

Representative flow plots demonstrate a CD57þKLRG1hi population accumulating in donor-reactive CD8þ T cells (upper plots) compared with third

party-reactive CD8 (lower plots) in tolerant recipients (Tol). No greater accumulation is found in donor-reactive CD8þ T cells in nontolerant (non-Tol)

subjects. The paired plots demonstrate the status of CD8þ T cells at baseline. In tolerant subjects, the proportion of CD57þKLRG1hi in donor-reactive

CD8þ T cells (D) is significantly higher than third party-reactive cells (3rd) at baseline. Statistical analyses were performed using Student paired t tests.

(D) Stable accumulation of the senescence phenotype is found in donor-reactive CD8þ T cells in tolerant recipients. The line graph shows the mean

ratio of %CD57þKLRG1hi in donor-reactive vs third party-reactive CD8þ T cells from tolerant and nontolerant recipients. The bars and symbols indicate

standard deviation and time points, respectively: baseline: circle (Tol, n ¼ 3/non-Tol, n ¼ 5); taper level 3: square (Tol, n ¼ 3/non-Tol, n ¼ 5); and 26

weeks: triangle (Tol, n ¼ 3/non-Tol, n ¼ 4) and 52 weeks: diamond (Tol, n ¼ 2/non-Tol, n¼ 3) after ISW completion/rejection). Tolerant, open/empty

symbol; nontolerant, closed/filled symbol. Statistical analyses were performed using unpaired t tests at each time point. CFSE, carboxyfluorescein

succinimidyl ester; ISW, immunosuppression withdrawal; KLRG1, killer-cell lectin like receptor G1; MLR, mixed lymphocyte reaction; PBMC, peripheral

blood mononuclear cell.
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stable liver enzymes for 1 year post-ISWwere found to have either

acute rejection or histologic instability on biopsy, highlighting the

need for surveillance biopsies. Additionally, a small but significant

proportion (28.3%) of subjects developed de novo DSA during

ISW, which persisted in in 11.3%, including 3 subjects deemed

tolerant. Although no correlation was identified between DSA and

the change in LAFSc, longer follow-up may be needed to truly

identify the impact of ISWon the evolution of DSA and liver fibrosis

and to monitor those who show worsened inflammation or fibrosis

after weaning; transient elastography could be considered for

monitoring fibrosis progression.

Although the low rate of success reduced our ability to identify

robust clinical predictors of tolerance, we explored several candi-

date biomarkers. An interesting observation was that subjects with

favorable histology were older and more likely to have hepatic

steatosis or low-grade steatohepatitis than those with ineligible

screening biopsies (50.8% vs 9.7%). The risk of hepatic steatosis/

steatohepatitis in native livers increases with age30; whether this

might be a surrogate marker for immune senescence is uncertain,

but worth further study. Of additional interest were 7 subjects with

positive C4d staining on their baseline biopsies who were all ulti-

mately deemed nontolerant, similar to the WISP-R study,6

although this difference was not statistically significant in our study.

We were unable to find a statistical correlattion of DSA at baseline

or its development during ISW with operational tolerance, unlike

previous studies,25,31 possibly due to the small number of toler-

ance events and the potential for antibody adsorption by the liver.

Two assays of immune reactivity revealed potentially infor-

mative associations with tolerance/nontolerance. First, a next-

generation pathologic analysis was conducted to detect

antigen-presenting cell-lymphocyte pairs (immune synapses: ai-

iSYN) as indicators of ongoing alloimmune activity. A lower

number of ai-iSYN was associated with the achievement of

tolerant status, as previously reported in a pediatric cohort. The

clinical usefulness of this assay may lie in its ability to exclude

subjects with the lowest chances of success at screening,

thereby creating a more favorable risk: benefit profile in the pa-

tients who undergo weaning. Although not directly tested in this

study, the lobular ai-iSYN engaged antigen-presenting cells are

likely to be recipient-derived Kupffer cells32–34 and implicate

Figure 7. C4d staining on baseline biopsy in

tolerant and nontolerant subjects. (A)

Representative images of immunofluores-

cence staining for C4d (green) separated

according to score. Nuclei are shown in blue.

Bars ¼ 50 μm. (B) Graphic representation of

the percentage distribution of C4d deposition

according to the score (negative 0%, minimal

<10%, focal <50%, and diffuse >50% C4d

deposition stained in the respective areas) in

nontolerant (n ¼ 46) and tolerant (n ¼ 8)

subjects. C4d staining quality was inade-

quate in biopsy samples from 2/10 tolerant

and 5/51 nontolerant subjects.
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indirect major histocompatibility complex allorecognition, as

observed in previous liver allograft studies.24,25 Conversely, the

majority of ai-iSYN engaged lymphocytes are CD8þ/CD45hi in

nontolerant recipients.35 Similar approaches are being used to

monitor immune activation in tumor microenvironments.36

Second, we explored whether the long-term residence of a

liver allograft might predispose induction of senescence or

exhaustion in graft-reactive T cells. A novel assay was developed

to detect donor versus self-reactive and third party-reactive

lymphocytes and to assess the reactive T cells for markers of

senescence and exhaustion.22 This was accomplished using

early activation markers to reveal activation of donor-specific and

third party–specific T cells in a short-term in vitro mixed

lymphocyte reaction-like assay, a period during which the

expression of several exhaustion and senescence markers

remained unperturbed. This analysis identified an increase in the

percentage of CD57þKLRG1hi donor-reactive CD8þ T cells,

compared with third party-reactive CD8þ T cells in tolerant sub-

jects, with CD57þKLRG1hi levels that remained relatively stable

during the study. Expression levels of CD57 and KLRG1 did not

Figure 8. Identification of ai-iSYNs in baseline biopsies correlates with elevated risk of rejection. Images (A) and schematic diagram (B) explaining the

process of ai-iSYNs characterization and definition as previously described.24 Slides queried with multiplex IHC for CD45/MHCII/CD34/DAPI were

subjected to unbiased digital analysis. Analysis first identified nuclei based on DAPI (blue) staining to create objects. Objects were then defined as

different cell types based on the staining characteristics of CD45 (red) and MHCII (cyan). If CD45 and MHCII cells were found to be in proximity of each

other, their nuclear characteristics were evaluated for distance (<3 μm), and elongation of the nucleus of the CD45þ cells as a marker of flattening (ratio

of 1.3-1.7 long-short axis). The axes of both nuclei were also compared to determine whether the long axes were parallel. Together, distance, nuclear

flattening of CD45þ cells, and parallel nuclei are used as surrogate markers of activated immunologic synapses. (C-G) Graphical representation of

baseline biopsies subjected to multiplex IHC with CD34/CD45/CD8/MHCII/MAC387. (C) Lobular CD8þ cells/mm2 alone did not distinguish between

nontolerant and tolerant subjects. (D) Detection of ai-iSYNs/mm2 (defined in methods as CD45þ/MHCII any paired with MHCII only plus nuclear rules)

was significantly increased in nontolerant subjects over tolerant subjects(*P ¼ .009). When CD45 cells in ai-iSYNs were further stratified based on

expression level into (E) CD45high vs (F) CD45low, only CD45high containing ai-iSYNs were able to predict tolerant vs nontolerant subjects on baseline

biopsies (*P ¼.002). (G) Combining lobular CD8þ cells/mm2 (x-axis) with MAC387þ cells/mm2 (y-axis) and CD45high containing ai-iSYNs/mm2 (z-axis)

allows formulation of a prediction cube for this subset of subjects. The gray-shaded box maximizes the number of subjects who will ultimately become

operationally tolerant (8/9 tolerant subjects within the box), although minimizing the number of subjects who fail ISW (19/43 subjects within the box).

Ranges for the inner cube correspond to (1) lobular CD8þ: 0 to 79.4 cells/mm2; (2) MAC387þ: 0 to 18.1 cells/mm2; (3) lobular CD45high ai-iSYNs: 0 to

7.1 pairs/mm2. Subjects within the inner cube are closed symbols; subjects outside the inner cube are open symbols. Brown are nontolerant although

green are tolerant. ai-iSYN, automated image detection of immune synapses; IHC, immunohistochemistry; ISW, immunosuppression withdrawal; MHC,

major histocompatibility complex.
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differ between donor and third party-reactive CD4þ T cells.

Although only a small number of samples was available for this

analysis and we did not investigate whether these findings were

replicated in intrahepatic T cells,37 these observations are

consistent with previous studies showing that tolerance in

HCV-positive liver transplant recipients is associated with an

expansion of exhausted PD1/CTLA4/2B4-positive HCV-specific

circulating CD8þ T cells17 and intrahepatic overexpression of

type I interferon and immunoregulatory genes.

Relevant here is an interesting set of parallel observations in

studies of patients with type 1 diabetes mellitus, where CD8þ T

cell exhaustion profiles (both CD57þ and KLRG1þ) appear to be

induced by alefacept, a CD2 agonist.38,39 Alefacept depletes T

cells with high CD2 expression but exhibits an agonist function

in naïve T cells and T regulatory cells with low CD2 expression,

pushing both CD4 and CD8 cells toward terminal hypores-

ponsive states. The CD8 effect involves a KLRG1þTIGITþ

profile resembling exhaustion and evolving into either a CD57þ

or a KIRþ terminal lineage, both of which correlate with toler-

ance.38 Conceptually based, in part, on these results, we have

initiated (1) studies to determine the prevalence and develop-

mental stage of T cells with senescent/exhausted phenotypes

within liver biopsy tissues to allow direct assay of graft tolerance

within the organ rather than in circulating cell populations and

(2) the development of a follow-on liver trial to ascertain

whether, during ISW withdrawal, the administration of siplizu-

mab, a monoclonal antibody to CD2 currently in clinical devel-

opment, can enhance the proportion of successful weaning by

augmenting donor-specific T cell exhaustion.

In summary, we were unable to identify robust predictors of

tolerance in OPTIMAL due to a low rate of tolerant subjects

(16%). However, we identified signals and markers meriting

further investigation as follows: (1) absence of correlation of

circulating DSA and tolerance outcome; (2) C4d deposition in the

liver microvasculature at baseline, which was associated with

DSA in 50%; (3) higher ai-iSYN density in the allograft, an indi-

cator of ongoing occult alloreactivity that may be useful as a

predictor of ISW failure; and (4) preliminary evidence that donor-

specific CD8þ T cell senescence may be a candidate marker for

and a mechanism of operational tolerance. Collectively, these

results suggest predictors of operational tolerance/nontolerance

in liver transplant recipients that may aid in identifying candidates

for ISW and guide the use of novel interventions to better foster

spontaneous liver graft-induced tolerance in future studies.
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