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Abstract

Background—Long-term immunosuppression in transplant patients has significant morbidity, 

poorer quality of life, and substantial economic costs. Operational tolerance, defined as graft 

acceptance without functional impairment in the absence of immunosuppression, has been 

achieved in some pediatric liver transplant recipients. Using mass cytometry, peripheral blood 

immunotyping was performed to characterize differences between tolerant patients and patients 

who are stable on single-agent immunosuppression.

Methods—Single-cell mass cytometry was performed using blood samples from a single-center 

pediatric liver transplant population of operationally tolerant patients to comprehensively 

characterize the immune cell populations in the tolerant state compared to patients on chronic low 

dose immunosuppression. Specific T cell populations of interest were confirmed by flow 

cytometry.

Results—This high dimensional phenotypic analysis revealed distinct immunoprofiles between 

transplant populations as well as a CD4+ T cell subset of Operational Tolerance (TOT; 

CD4+CD5+CD25+CD38−/loCD45RA) that correlates with tolerance in pediatric liver transplant 

recipients. In operationally tolerant patients the TOT was significantly increased as compared to 

patients stable on low levels of immunosuppression. This TOT cell was confirmed by flow 

cytometry and is distinct from classic T regulatory cells.

Conclusion—These results demonstrate the power of mass cytometry to discover significant 

immune cell signatures that have diagnostic potential.
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Introduction

Solid organ transplantation is a life-saving procedure which, given the success of 

immunosuppressive drugs, is generally well tolerated. With improved surgical procedures, 

medical management and the development of new immunosuppressive agents, transplant 

patients are living longer. However, there are known adverse effects associated with long 

term usage of immunosuppression, including infection, nephrotoxicity, and increased 

incidence of malignancy. Indeed, it has been reported that 40–70% of all post-transplant 

mortality can be directly or indirectly attributed to immunosuppression (1, 2). In the 

pediatric population, the risks of long-term immunosuppression are especially significant 

and pose a number of health challenges, including impact on quality of life, growth and 

development, and survival from co-morbidities (3).

The liver is unique among transplanted organs as it is suggested to have “tolerogenic” 

properties, with probable improved graft survival of other solid organs when co-transplanted 

with the liver (4–6). Additionally, MHC matching is not a prerequisite for successful liver 

transplant (LT) outcomes. Operational tolerance (TOL), defined as graft acceptance without 

functional impairment in the absence of immunosuppression, has been achieved in some 

pediatric LT recipients (7–9). There is a strong incentive to fully characterize the 

immunoprofiles of LT recipients to differentiate TOL patients from those that require 

immunosuppression. Despite numerous studies based on gene expression profiling and 

characterization of specific immune cell subsets by flow cytometry markers that specifically 

identify TOL patients have not been reliably validated for clinical use (10–20).

Mass cytometry, or Cytometry by Time-of-Flight (CyTOF), is a single cell–based platform 

that utilizes antibodies conjugated to rare heavy metal ions for analysis of cellular proteins 

by a time-of-flight mass spectrometer (21). This new technology allows for the evaluation of 

significantly more parameters in a single sample since the limitation of spectral overlap, 

seen in conventional flow cytometry, is eliminated. For the first time, mass cytometry is used 

here to perform a pilot comprehensive phenotypic characterization in solid organ transplant 

recipients with the intent to identify immune cell features of TOL.

Materials and Methods

Patients

Peripheral blood samples were collected from 15 pediatric liver transplant recipients for 

CyTOF analysis; seven operational tolerant recipients (TOL) and eight recipients on low 

dose single agent tacrolimus (IS) (Table 1). Blood samples were processed within 48 hours 

of sample collection using Ficoll-Pacque Plus (Amersham Pharmacia Biotech, Piscataway, 

NJ) then peripheral blood mononuclear cells (PBMC) frozen and maintained in liquid 

nitrogen until use. All patients had stable graft function (alanine aminotransferase, aspartate 
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aminotransferase, total bilirubin, and gamma-glutamyl transferase in the normal range) on 

labs performed within one month of research blood sample. TOL patients were identified 

retrospectively and had not been under any immunosuppression weaning protocol. TOL was 

defined as stable graft function in the absence of IS, for more than one year. 

Immunosuppression had been discontinued in TOL recipients due to post-transplant 

lymphoproliferative disease or chronic EBV viremia (n=5), or non-compliance (n=2). TOL 

patients had no history of acute rejection except one patient who had a single episode of 

acute rejection that occurred within a week of transplantation and no acute rejection 

thereafter. The criteria employed in selecting patients for the IS group were (a) more than 

one year after transplantation; (b) single-drug immunosuppression; and (c) absence of 

autoimmune liver disease before or after transplantation. Among the eight IS patients, two 

patients also have a history of EBV disease with one patient having chronic EBV viremia 

and another with history of EBV-related post-transplant lymphoproliferative disease. 

Additionally, peripheral blood samples were obtained from five healthy controls (HC) from 

the Stanford Blood Bank (Palo Alto, CA). Clinical and demographic characteristics of 

patients included in the CyTOF analysis are summarized in Table 1. Clinical and 

demographic characteristics for samples analyzed by flow cytometry are summarized in 

Table S1. Due to the limited number of TOL patients as well as limited volume of blood 

available from some of the patients, three samples from each group (TOL and IS) were used 

for both mass cytometry and flow cytometry. Additional samples (two TOL and three IS) 

were used for flow cytometry. As this is a single-center study there are limited numbers of 

TOL patients, the two TOL independent samples came from two patients who provided 

PBMC for mass cytometry analysis (Table 1). However, these samples were drawn at 

different time points, more than one year apart from when the mass cytometry samples were 

taken. The additional three IS samples came from different patients. The study was approved 

by the Institutional Review Board at Stanford University are in accordance with the Helsinki 

Declaration of 1975, and informed consent (and assent when the patient was over seven 

years of age) was obtained from all legal guardians of participants or from patients if over 18 

years of age.

Reagents

All CyTOF reagents and antibodies (Table S2) were purchased from Fluidigm (South San 

Francisco, CA). Cell-ID™ Cisplatin (Fluidigm) was used per manufacturer’s directions to 

differentiate live versus dead populations. Monoclonal antibodies for flow cytometry were 

all purchased from BioLegend (San Diego, CA) and include: anti-human CD3 (OKT3), CD4 

(OKT4), CD5 (UCHT2), CD25 (M-A251), CD38 (HIT2), CD45RA (HI100), and Foxp3 

(259D). LIVE/DEAD® Fixable Aqua Dead Cell Stain Kit (Life Technologies, Grand Island, 

NY) was used for detection of dead cells.

CyTOF and data processing

PBMC were stained as per manufacturer’s instructions using the MaxPar® Cytoplasmic/

Secreted Antigen Staining Protocol (Fluidigm). Data was collected on the CyTOF2 

instrument (400–500 cells per second) at the Stanford Shared fluorescence-activated cell 

sorting (FACS) Facility using NIH S10 Shared Instrument Grant S10OD016318-01. 

Normalized CyTOF data (using beads) was further preprocessed in FlowJo v9.7.6 (FlowJo, 

Lau et al. Page 3

Pediatr Transplant. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



LLC, Ashland, OR) via manual gating of single cells (191Iridium and 193Iridium double 

positive) and live cells (195Cisplatin negative), which were exported for bioinformatic 

analysis, or further manual gating for cell populations as described in Figure S1. 

Comprehensive comparisons between CyTOF and flow cytometric data has been described 

by Bendell et al. (21).

Bioinformatic analysis

CyTOF data was analyzed for statistically significant differences of populations between 

groups, preprocessed live cell data was run through Citrus v0.8 (22) using R v3.1.2 (23) as 

described by Bruggner et al. (22). Briefly, Citrus defines cellular populations by arranging 

the various markers through an autogating fashion based upon an hierarchical clustering 

algorithm to a user defined threshold of the minimum ‘cluster’ (nee. population) size of 

events of the total data (e.g. 1.5%). We performed the Citrus analysis of the CyTOF data 

using a set of 20,000 to 50,000 randomized cellular events per sample with minimum cluster 

size threshold of 1.5% for population definition. The analysis was based upon abundance of 

events using predictive analysis of microarrays (pamr; nearest shrunken centroid 

classification method) v1.55 (24) for three-group analysis and glmnet (logistic regression 

with lasso regularization) (25) v1.9-8 for two-group analysis as the prediction algorithms. K-
fold cross-validation was used for model selection by varying the regularization threshold 

and picking the simplest model with an error rate within one standard error of the minimum 

error rate.

Principal component analysis (PCA) was performed on the normalized manual gated 

CyTOF data using the prcomp (26–28) function and associated dependencies within R 

v3.1.2 (23). PCA was performed on zero centered and scaled loge transformed data using 

singular value decomposition and principal components ordered by the magnitude of their 

eigenvalues.

Flow cytometric analyses

Flow cytometric analyses were performed as described (29–31) with minor modifications 

and following instructions provided with True-Nuclear™ Transcription Factor Buffer Set 

(Biolegend). Cells were then analyzed using a Becton-Dickinson LSR flow cytometer in the 

Stanford Shared FACS Facility.

Statistical analysis

Data was analyzed using GraphPad Prism 6.0 for Mac for OSX (GraphPad Software, La 

Jolla, CA) for differences between the various study groups. Demographic parameters and 

clinical data were assessed using a one-way ANOVA for three groups and Student’s 

unpaired T-test for two groups. Categorical or nominal data was assessed using a Chi-

squared test comparing relative proportions. Percentages of the various manual gated derived 

immune cell populations from either FACS or CyTOF was assessed via an unpaired 

Student’s T-test. Differences were considered significant with a two-tailed p-value less than 

or equal to 0.05.
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Results

Mass cytometry reveals a single significant immune cell population that distinguishes 
tolerant patients

PBMC were isolated from whole blood obtained from subjects (n=20) identified as TOL 

(n=7), those with stable graft function maintained on single agent immunosuppression (IS, 

n=8), and healthy controls (HC, n=5). There was no significant difference in any of the 

demographics of TOL and IS patients (Table 1).

PBMC were stained with heavy metal conjugated-antibodies recognizing 21 cell surface 

markers and one intracellular marker (Table S2) and analyzed by CyTOF. Analysis was 

performed by two methods: (1) high dimensional multi-parameter analysis and (2) manual 

gating of populations to determine frequencies of multiple cell populations (Figure S1). 

Analysis was initially performed with Citrus, which uses an unsupervised clustering 

algorithm followed by a supervised learning algorithm to identify significant cell subsets 

that may normally be overlooked by manual gating strategies (22). Using Citrus, the 22-

parameter single-cell data can be presented as a hierarchy of 104 nodes on the basis of the 

markers (Figure 1a). Using predictive analysis of microarrays (pamr), ten nodes were found 

to be more abundant in one group of subjects in relation to the other two (A, B1-4, C1-4, and 

D; Figure 1a). Nodes B1-4 and C1-4 (all monocyte subsets) and node D (a lymphocyte 

precursor) were significantly more abundant in HC compared to TOL and IS (Figure S2). Of 

note, node A, a CD4+ T cell subset, was significantly more abundant in TOL compared to IS 

and HC (Figure 1b). This node expresses CD3, CD4, CD5, CD25, has low/negative 

expression of CD38, and is negative for CD45RA (Figure 1b).

Analysis of only TOL versus IS patient groups was then performed to address whether HC 

drive the majority of the findings and thereby masked subtle differences between the two 

groups. Citrus analysis revealed a single significant node, and this population was more 

abundant in the TOL group compared to IS (Figure 1c). Importantly, this node had similar 

surface marker expression as node A (Figure 1b). As CD4+CD5+CD25+CD38−/loCD45RA− 

expressing nodes discriminate between TOL and both IS and HC, we have defined this 

subset as the T cells of Operational Tolerance, or TOT. To confirm that these six markers 

were sufficient to significantly discriminate TOL from IS, manual gating of TOT from 

CyTOF data was performed (Figure 1d) and compared to CD4+CD25+Foxp3+ T regulatory 

cells (Treg, Figure 1d). The frequency of Treg was significantly elevated (p<0.01) in the 

TOL population (mean 7.8%) compared to IS (mean 4.0%). Similarly, the frequency of TOT 

was significantly increased in TOL (mean 10.0%) patients compared to IS (mean of IS 5.2%, 

p=0.001) (Figure 1d). Thus in addition to identifying Treg as a significant marker in 

distinguishing TOL from IS patients, CyTOF discovered the TOT which distinguishes TOL 

from IS with more significance.

TOL patients have a distinct immunoprofile

In a separate analysis 38 specific immune cell populations were specifically analyzed 

(Figures S1a, b). The abundance of Natural Killer (NK) cells and classical monocytes were 

significantly decreased in TOL and IS patients compared to HC (Figure 2a). Additionally, 
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the frequency of granulocytes, memory CD4+ cells, and activated and memory CD8+ T cells 

were decreased in IS compared to HC whereas effector CD8+ T cells were increased in IS 

patients (Figure 2a). TOL patients differed from HC with reductions in NK cells, classical 

monocytes, total CD8+ T cells, activated CD8+ T cells, and memory CD8+ T cells (Figure 

2a). Taken together, this pilot analysis indicates that TOL patients have a unique 

immunoprofile from IS patients and HC.

PCA was performed using frequencies of these 38 cell populations. TOL patients exhibit a 

differential pattern of immune cell frequencies compared to IS patients using a minimum of 

two principal components, with 65.6% of the data adequately modeled (Figure 2b; 74.2% by 

three components, data not shown). The populations that drive the separation of TOL from 

IS are iterations of the TOT (Figure S3) demonstrating the significance of this single 

population in separating TOL from IS. Moreover, while there are clear differences between 

several cell populations between TOL and HC as discussed above, PCA reveals that when 

immune profiles are comprehensively analyzed, similar cell frequencies appear to drive HC 

and TOL patients, and indeed the HC are contained entirely within the TOL samples, 

occupying the same relative space, although there is variability between TOL patients 

(Figure 2b and Figure S3). Thus, the data above suggest that the immunoprofile of TOL, at 

least partially, resembles the HC state and that the TOT cell is important in identifying active 

TOL.

TOT distinguishes tolerant pediatric liver transplant patients

To translate our findings to a platform amenable for the clinical laboratory, we performed 

immunofluorescent staining and flow cytometry for the six markers defining TOT. Treg were 

also analyzed but, while higher in the TOL group, did not significantly discriminate the TOL 

from IS group. In contrast, in agreement with CyTOF data (Figure 1d), flow cytometric 

analysis of the TOT population significantly discriminated TOL (mean 5.4%) from IS (mean 

3.0%; p<0.05, Figure 2d). Foxp3 expression on this population is variable (Figure S4a) and 

our analysis indicates that it is not an essential marker for TOT. Analysis by both CyTOF 

and standard flow cytometry identified a T cell subset of Operational Tolerance (TOT) that 

correlates with tolerance in pediatric LT recipients.

Discussion

Single-cell mass cytometry was performed using PBMC from retrospectively identified 

pediatric LT recipients to comprehensively characterize the immune cell populations in the 

TOL state compared to patients on chronic low dose immunosuppression. Herein, high 

dimensional phenotypic analysis, performed for the first time in a transplant population, 

revealed distinct immunoprofiles for transplant populations (TOL and IS) as well as a T cell 

subset of Operational Tolerance (TOT) that specifically correlates with TOL in pediatric LT 

recipients. Characterization of these groups’ immunoprofiles and of this newly identified 

TOT cell population could contribute towards future identification of cellular biomarker(s) 

that could distinguish patients who could be weaned from immunosuppression and then be 

used diagnostically to determine maintenance of tolerance would improve long-term clinical 

outcomes.
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Previous studies in pediatric living-donor LT recipients have found that the frequency of 

CD4+CD25hi Treg cells, B cells, and Vδ1/Vδ2γδ T cells were increased in TOL patients 

while NK cells were decreased (14). Our work confirms an increase in Treg cells (Figure 1d) 

and a decrease in NK cells (Figure 2) in TOL patients. Similarly in adult LT recipients the 

Vδ1/Vδ2 γδ T cells and a CD4+CD25hi T cells that express Foxp3 (intracellular or mRNA) 

have been found to be significantly higher in TOL patients (15, 16). More recently Treg and 

γδ T cells were quantitated in 50 pediatric transplant recipients on immunosuppression with 

the primary end point to determine if either Treg (CD4+CD25hiCD127−) or the Vδ1/Vδ2 γδ 
T cells could be used to predict which recipients are tolerant (18). Using the previously 

reported (14) median values for the T cell subsets as a proposed cut-off for identification of 

TOL, 18–24% of their patients were predicted to be TOL when both Treg 

(CD4+CD25hiCD127−) and Vδ1/Vδ2 γδ T cells were utilized (18), in agreement with the 

proposed range of transplant recipients predicted to be TOL (7, 8, 32). However, Treg values 

alone predicted that a very high proportion of transplant recipients (70–78%) were TOL 

suggesting that Treg, independently, maybe a poor biomarker for TOL (18). The γδ T cell 

compartment in liver TOL and immunosuppression patients as well as kidney transplant 

recipients who were on immunosuppression was subsequently examined and it was found 

that the higher Vδ1/Vδ2 of γδ T cells was not specific to TOL patients (33). Indeed it was 

suggested that the enlarged pool of Vδ1 T cells in transplant patients was likely secondary to 

persistent viral infections. Suitable reagents were not available for us to include an analysis 

of γδ T cells in our CyTOF panel.

Other studies have described various immunoregulatory CD4+ T cell populations that do not 

include Foxp3 as a differentiating marker. A regulatory CD4+HLA-G+ population that 

secretes high levels of IL-10, soluble HLA-G and IL-35 has been reported (34). More 

recently, the IL-10 expressing Tr1 population, which lacks consistent Foxp3 expression, has 

been well studied and characterized (35). The TOT identified herein is a CD4+ T cell with a 

CD5+CD25+CD38−/loCD45RA− cell surface marker signature, but lacks stable Foxp3 

expression, suggesting that the TOT is distinct from the classical Treg. The lack of CD45RA 

expression suggests a memory T cell but without stable Foxp3 expression is likely distinct 

from the memory Treg described by Brouard’s group (10). Recently, CD5 was shown to be 

important in promoting Treg generation (36); thus, the expression of CD5 and lack of 

CD45RA on TOT could suggest an antigen-experienced memory CD4+ T cell that promotes 

Treg cell induction. Sequential studies to quantitate TOT levels after transplant are necessary 

to establish the threshold consistent with TOL.

Clearly, a major clinical challenge in the pursuit of TOL is the lack of a diagnostic marker 

that confirms maintenance of the TOL state. Indeed, some presumed TOL patients have been 

reported to develop hepatic fibrosis (37). Immunosuppression is resumed in these patients as 

these findings indicate that true TOL has not been achieved; chronic low-level inflammation 

is believed to be the cause of fibrosis development. Understandably, it has difficult to study 

these transplant recipients as they often remain lost to follow up until the time of diagnosis. 

In our study, one patient, initially thought to be TOL, was found to have a mild elevation of 

serum alanine aminotransferase and upon further workup it was determined that stage III 

fibrosis was evident in the liver graft and the patient was placed back on 

immunosuppression. This patient’s TOT frequency, while completely off all 
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immunosuppressive medications, was low, comparable to the numbers seen in acute 

rejection patients (Figure S4b). Monitoring of patients for TOT may also be useful in 

detecting patients who are no longer TOL.

We recognize that a potential limitation of this study, and similar studies, is that differences 

identified between TOL and IS patients could potentially be attributed to the direct or 

indirect effects of immunosuppression. However, our findings suggest that TOT frequency is 

not related to immunosuppression but rather, the patient’s immune status. The patient cohort 

examined in this study was off immunosuppression for a mean 8.6 ± 4.7 years. Thus the five 

children removed from immunosuppression for EBV disease were, at the time of analysis, 

many years past any EBV disease. While it is possible that EBV does lead to immunologic 

changes, most of these are relatively short-term thus the would not be expected to be a major 

confounding factor many years post-infection. Indeed our results show that the two patients 

off immunosuppression due to non-compliance has the highest levels of TOT and Treg cells 

(TOT: 13.32% and 12.55%; Treg: 11.24 and 11.41%). In summary, using mass cytometry, a 

highly parameterized single cell platform, for the first time in a transplant population, we 

have identified distinct immunoprofiles in post-transplant population. Large scale 

prospective weaning studies are necessary to validate our pilot study, and determine the 

utility of TOT for the identification and maintenance of tolerance.
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Figure 1. Mass cytometry identifies a T cell subset of Operational Tolerance (TOT)
PBMC from pediatric LT recipients that were defined as operationally tolerant, (TOL, n=7); 

stable on immunosuppression (IS, n=8); and PBMC from healthy controls (HC, n=5) were 

analyzed for 22 parameters using specific antibodies for CyTOF. (a) Visual representation of 

unsupervised hierarchical clustering. Results are shown for live cells and with analysis of 22 

parameters. Major immune cell populations are delineated based on canonical lineage 

markers (CD3+CD4+ for CD4+ T cells, CD3+CD8+ for CD8+ T cells, CD14+ cells for 

monocytes, CD11c+HLA-DR+ cells for dendritic cells, CD16+ cells for NK cells, and 

CD19+CD20+ for B cells). The color scale indicates the median intensity of expression of 

the relative marker, in this case CD4, compared to all other cells while node sizes are based 

on the frequency of cells. Specific nodes are labeled A, B1-4, C1-4 and D and represent 
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populations with significant differences between groups. (b) The relative abundance ± SD, 

on a linear scale, of node A for the TOL, IS and HC groups is shown (left). Nodes B1-4, 

C1-4, and D are shown in Figure S2. Selected histograms for CD3, CD4, CD5, CD8, CD25, 

CD38, and CD45RA for node A are shown (right). For each marker, the node of interest 

(red) against the background expression of the same marker on all other live cells (blue) is 

shown. (c) The relative abundance ± SD on a linear scale for the TOL and IS groups is 

shown (left). Selected histograms for CD3, CD4, CD5, CD8, CD25, CD38, and CD45RA 

for this node are shown (right). (d) CD4+CD25+Foxp3+ Treg cells and 

CD3+CD4+CD25+CD5+CD38−/loCD45RA− TOT cells were manually gated from CyTOF 

data and frequency compared between TOL (n=7) and IS (n=8) groups and plotted as the 

subset frequency of total live CD3+ lymphocytes. Data are expressed as percent of total live 

CD3+ lymphocytes. Mean of each group is shown. *, p < 0.01. **, p = 0.001.
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Figure 2. Differential immunoprofile of TOL from HC and IS
The frequency of twenty-two immune cell populations (Figure S1a) as assessed by CyTOF 

between patients who are operationally tolerant (TOL, n=7) or on low dose single agent 

immunosuppression (IS, n=8) compared to healthy controls (HC, n=5) with mean shown for 

each group. * p < 0.05; ** p ≤ 0.01; and *** p ≤ 0.001. (b) Principal component analysis 

(PCA) showing the first two principal components of 38 immune cell populations (Table S3) 

for TOL (n=7), IS (n=8), and HC (n=5) comparison (combined proportion of variance 

57.2%). (c, d) TOT, as determined by flow cytometry, differentiate TOL patients from IS. 

Peripheral blood mononuclear cells from TOL (n=5) and IS (n=6) were analyzed by flow 

cytometry for (c) T regulatory cells (CD4+CD25+Foxp3+) and (d) TOT 

(CD3+CD4+CD25+CD5+CD38−/loCD45RA−). Patient demographics are in Table S1. The 

gating strategy is shown in Figures S1b and S3a. Data are expressed as percent of total live 

CD3+ lymphocytes. Mean of each group is shown. *, p < 0.05.
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Table 1

Demographic data

Parameters Tolerant (TOL, n=7) Immunosuppression (IS, n=8)
Non-transplant 
healthy control 

(HC, n=5)
p-value

Age (yrs ± SD) 16.5 ± 5.2 15.2 ± 4.9 18.8 ± 1.8 0.39

Recipient sex (male : female) 2 : 5 5 : 3 2 : 3 0.41

Transplant type (living : deceased donor) 2 : 5 2 : 6 NA > 0.99

Primary diagnosis 5a : 1b : 1c 5a : 1d : 1e : 1f NA NA

Post-transplant time (yrs ± SD) 15.8 ± 5.1 12.8 ± 4.1 NA 0.23

Time off immunosuppression (yrs ± SD) 8.6 ± 4.7 NA NA NA

Reason for immunosuppression withdrawal 3i : 2j : 2k NA NA NA

Tacrolimus serum level (ng/mL ± SD) NA 3.0 ± 1.0 NA NA

Aspartate aminotransferase (AST, U/L; ± SD) 31.0 ± 14.0 23.0 ± 5.9* NA 0.20

Alanine aminotransferase (ALT, U/L; ± SD) 29.1 ± 17.0 16.7 ± 4.7* NA 0.09

Gamma-glutamyl transferase (GGT, U/L; ± SD) 16.4 ± 6.7† 21.0 ± 11.5* NA 0.44

Total bilirubin (mg/dL ± SD) 0.5 ± 0.3 0.5 ± 0.2* NA 0.91

White blood cell count (103/μL ± SD) 7.3 ± 2.2† 7.8 ± 2.2* NA 0.66

Hemoglobin (g/dL ± SD) 13.4 ± 0.8† 14.0 ± 1.3* NA 0.35

Epstein-Barr Virus at time of blood draw 
(detected : not detected : unknown) 2 : 4 : 1 2 : 3 : 3 NA NA

Key:

a
Biliary atresia,

b
Fulminant,

c
Hepatoblastoma,

d
A1AT deficiency,

e
Tyrosinemia,

f
Familial cholestasis,

g
Acute liver failure,

h
Metabolic,

i
Post-transplant lymphoproliferative disease,

j
Epstein-Barr viremia,

k
Non-compliance.

NA=not applicable, yrs = years, P-value compares TOL vs. IS vs. HC via one-way ANOVA, Fisher’s exact test (Transplant type), chi-squared test 

(Recipient sex), where applicable, for comparison of three groups; and unpaired t-test for two group comparisons. *One or †Two patient values 
missing from analysis as laboratory test was not performed.
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