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Abstract

LITMUS was a single-centre, Phase 2a study designed to investigate whether the gene biomarker FGL2/IFNG previously reported for the identi-
fication of tolerance in murine models could identify operationally tolerant liver transplant recipients. Multiplex RT-PCR was used to amplify eight
immunoregulatory genes in peripheral blood mononuclear cells (PBMC) from 69 adult liver transplant recipients. Patients with PBMC FGL2/
IFNG > 1 and a normal liver biopsy underwent immunosuppression (IS) withdrawal. The primary end point was the development of operational
tolerance. Secondary end points included correlation of tolerance with allograft gene expression and immune cell markers. Twenty-eight of
69 patients (38%) were positive for the PBMC tolerance biomarker and 23 proceeded to IS withdrawal. Nine of the 23 patients had abnormal
baseline liver biopsies and were excluded. Of the 14 patients with normal biopsies, eight (57 %) have achieved operational tolerance and are off
IS (range 12-57 months). Additional studies revealed that all of the tolerant patients and only one non-tolerant patient had a liver gene ratio of
FOXP3/IFNG > 1 prior to IS withdrawal. Increased CD4* T regulatory T cells were detected both in PBMC and livers of tolerant patients following
IS withdrawal. Higher expression of SELE (gene for E-selectin) and lower expression of genes associated with inflammatory responses (GZMB,
CIITA, UBD, LSP1, and CXCL9) were observed in the pre-withdrawal liver biopsies of tolerant patients by RNA sequencing. These results sug-
gest that measurement of PBMC FGL2/IFNG may enrich for the identification of operationally tolerant liver transplant patients, especially when
combined with intragraft measurement of FOXP3/IFNG. Clinical Trial Registration: ClinicalTrials.gov (LITMUS: NCT02541916).
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Introduction reducing long-term survival [2]. Strategies to reduce or stop IS
remains an important goal to prevent long-term side effects.
It has been reported that IS can be discontinued in liver
transplant patients without the development of graft
rejection—a phenomenon known as spontaneous operational
tolerance [3]. As these patients are no longer susceptible to
IS-related toxicity, investigators have sought to determine the

The outcomes of liver transplantation have improved over
the past three decades, mainly as a result of advances in sur-
gical techniques, management of post-transplant complica-
tions, and introduction of newer immunosuppressive agents
[1]. However, the need for long-term immunosuppression (IS)
is associated with serious transplant-related complications
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frequency and clinical predictors of operational tolerance in
liver transplantation. Over the past 25 years, a number of
clinical trials have focused on operational tolerance in adult
liver transplantation [4-12]. In these studies, the overall fre-
quency of operational tolerance was shown to vary from 5.6
to 62.5% with the best results in small trials using highly
selected patients. The combined success of IS withdrawal in
these studies was 30.8% (140/455) in agreement with a re-
view on operational tolerance which concluded that 20-40%
of liver transplant recipients may be operationally tolerant
[13]. Clinical predictors of operational tolerance included
greater time post-liver transplantation, older age, and male
sex [10]. Greater time post-liver transplantation was also
determined to be a predictor of tolerance in paediatric liver
transplantation [14].

A variety of different cellular and transcriptional markers
in the peripheral blood have been identified that discriminate
between tolerant and non-tolerant transplant recipients, al-
though some studies had a retrospective cross-sectional
design, in which tolerant recipients weaned off IS were com-
pared with immunosuppressed controls, leading to a po-
tential bias in the analysis of immunological parameters |3,
15, 16]. A more recent study suggested that the gene expres-
sion profiling of the liver biopsy may be more accurate than
blood-related biomarkers in predicting the outcome of IS
withdrawal [17]. This gene biomarker, which includes genes
involved in the regulation of iron homeostasis, is currently
undergoing validation in a multi-centre trial in Europe (LIFT
trial: NCT02498977).

We previously described a gene biomarker panel that had
the ability to distinguish between tolerance and rejection in
preclinical murine models of heart and liver transplantation
[18, 19]. The biomarker panel included 22 immunoregulatory
genes, which are known to be associated with alloantigen
recognition, signal transduction, T-cell activation and differ-
entiation, adhesion/migration, and the response of immune
effectors. Tolerance was characterized by high expression
of immunoregulatory genes and low expression of pro-
inflammatory genes. A smaller common set of genes associated
with tolerance was also identified [18]. Included in this set are
anti-inflammatory genes associated with regulatory T cells
(Tregs), which are known to facilitate transplantation toler-
ance [20]. The results generated in the preclinical studies sug-
gested that the designed novel biomarker gene set may have

Table 1. Inclusion and exclusion criteria
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sufficient sensitivity and specificity to distinguish between allo-
graft rejection and tolerance. Furthermore, the data suggested
that tolerance induction was an active process in which early
upregulation of a combination of a specific set of tolerogenic
genes such as fibrinogen-like protein 2 (FGL2) counteracts the
increased expression of an inflammatory set of genes including
interferon-y (IENG) and granzyme B (GZMB). Based on these
preclinical studies, we hypothesized that the preclinical gene
biomarker panel in PBMC and a high FGL2/IFNG gene ratio
could identify operationally tolerant human liver transplant
recipients who could be safely weaned off IS.

Materials and methods
Study design

The Liver Immune Tolerance bioMarker Utilization Study
(LITMUS, ClinicalTrials.gov NCT02541916) was a pro-
spective observational single-centre, single-arm study con-
ducted at the Toronto General Hospital, University Health
Network (Toronto, Canada). LITMUS was approved by the
Research Ethics Board of the University Health Network
(14-8691). An independent data safety monitoring board
monitored the trial. All patients provided written, informed
consent. The inclusion and exclusion criteria for entry into
the study are provided in Table 1. Twenty-three healthy living
donors from the liver transplant program at the University
Health Network who had normal liver biopsies were enrolled
in the study and served as a control group for the gene expres-
sion analysis. Figure 1 shows the design of the trial including
timing of blood and liver biopsies for GeXP analysis. In Phase
1 of LITMUS, blood samples were collected from eligible pa-
tients for PBMC gene expression analysis. Patients who had
the predefined gene expression ratio (FGL2/IFNG > 1) and
a normal baseline liver biopsy were eligible to enter the IS
withdrawal phase of the study (Phase 2). All cases eligible
for Phase 2 were reviewed by an independent selection com-
mittee to confirm that there were no contraindications to IS
withdrawal. In those patients who entered Phase 2 of the
study, IS was withdrawn over 3 to 4 months in a stepwise
fashion (25% reduction each month). Liver function tests
were performed every 2 weeks during the withdrawal period,
weekly for 1 month after cessation of IS, and then monthly
for the next 11 months. Percutaneous liver biopsies and liver

Inclusion criteria:
1) Be between 18 and 70 years of age
2) Be recipients of a hepatic allograft

3) Be a minimum of 3 months post-transplant

4) Have normal liver function tests for the 3 months prior to entry including AST, ALT, ALP, bilirubin, and prothrombin time (INR)

5) Be free of rejection in the previous 3 months prior to enrolment
Patient exclusion criteria:

1) Patients under the age of 18 and over the age of 70

2) Patients who are positive for HIV

)
3) Patients who have detectable levels of HCV RNA or HBV DNA at the time of enrolment
4) Patients who have a combined transplant and/or have been re-transplanted
)
)

5) Patients taking IS for other diseases besides their liver transplant

6) Patients unable to give written informed consent in accordance with research ethics board guidelines

HBYV, hepatitis B virus; HCV, hepatitis C virus; INR, international normalized ratio.
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Fig. 1 Trial design. In Phase 1, eligible patients had blood collected for PBMC gene expression profiling. In Phase 2, patients with a positive tolerance
biomarker underwent IS withdrawal, following a baseline liver biopsy. Liver biopsies were performed, and blood was collected at various months

post-IS withdrawal as indicated. M, months.

chemistry were performed at baseline, 6 months, and 1 year
post-1S withdrawal. Although not formally part of the study,
it was recommended patients undergo liver biopsy yearly for
up to 5 years post-IS withdrawal.

Definition of rejection

Suspected rejection was diagnosed by disturbances in liver
biochemistry including aspartate aminotransferase (AST),
alanine aminotransferase (ALT), alkaline phosphatase (ALP),
and bilirubin but all rejection episodes were confirmed by
liver biopsy findings according to the Banff criteria [21].
Patients who had documented rejection were treated with a
short course of oral steroids and reinstitution of IS.

Definition of operational tolerance

Patients were classified as operationally tolerant as long as
complete cessation of IS was maintained for a minimum of 12
months and no histologic evidence of rejection was observed.

Study end points

The primary aim of the study was the development of oper-
ational tolerance in patients who had the PMBC gene ratio
(FGL2/IFNG = 1). Secondary end points were mortality, graft
loss, changes in adverse effects associated with cessation of IS
and assessment of immune markers/gene expression in per-
ipheral blood and liver allografts including RNA sequencing
described below.

Liver biopsy specimens

Percutaneous liver biopsies were performed under local an-
aesthesia using an 18-gauge Jamshidi needle. A 0.5-cm por-
tion of the biopsy to be used for gene expression was stored in
RNALater (Qiagen, Germantown, MA, USA) for 24 h at 4°C
and then transferred to —80°C. The remainder of the biopsy
was used for histologic examination and was formalin-fixed
and paraffin-embedded.
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Histologic examination of liver biopsies

Haematoxylin-eosin- and Masson trichrome-stained sections
were examined by two local pathologists who were blinded to
all clinical and biological data. Biopsies were evaluated using
the Banff criteria [21, 22]. For entry into Phase 2 of the study,
patients were required to have a normal liver biopsy, defined
as the absence of cellular, ductopenic, antibody-mediated, or
other form of rejection; absence of active interface or lobular
inflammation; absence of other active parenchymal or biliary
injury; and fibrosis not more than Laennec stage 2.

Isolation of peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMC) were isolated
from whole blood using Cell Preparation Tubes with so-
dium heparin (Becton, Dickinson and Company, Franklin
Lakes, NJ, USA) following the manufacturer’s instructions.
PBMC were resuspended in RNAprotect cell reagent (Qiagen,
Germantown, MA, USA) and stored at -80°C for Multiplex
RT-PCR and qPCR studies. PBMC were also cryopreserved
in freezing media (10% DMSO in fetal calf serum) for
immunophenotyping studies.

RNA extraction from PBMC and liver biopsies

Total RNA was isolated from PBMC preserved in RNAprotect
(Qiagen) using the PureLink RNA Mini Kit (Ambion, Austin,
TX, USA) following the manufacturer’s instructions. The
final RNA precipitate was dissolved RNA Storage Solution
(Ambion). RNA aliquots were stored at —-80°C for future use
in GeXP multiplex reverse transcriptase polymerase chain
reaction (RT-PCR), quantitative PCR (qPCR), and RNA
sequencing (RNA-seq) studies.

Total RNA was extracted from liver biopsies preserved
in RNALater. Specimens were thawed and transferred to a
clean, RNase-free microcentrifuge tube. Tissue samples were
incubated in lysis buffer (Ambion) with 2-mercaptoethanol
for 10 min. Tissue samples were then homogenized using
a nuclease-free disposable pellet pestle (Kimble Kontes,
Vineland, NJ, USA) and processed using the PureLink RNA
Mini Kit (Ambion).

GeXP multiplex RT-PCR

Thirteen genes were analysed in a single PCR using the
GenomeLab GeXP Genetic Analysis System (SCIEX, Brea,
CA, USA). Eight target genes [FGL2, forkhead box P3
(FOXP3), transforming growth factor-f1 (TGFB1), lympho-
cyte activating-3 (LAG3), T-cell immunoreceptor with Ig and
ITIM domains (TIGIT), interleukin-10 (IL10), IFNG, and
GZMB] were chosen for multiplexing based on previous
studies [18, 19], and five housekeeping genes [hypoxanthine-
guanine phosphoribosyltransferase (HPRT), TATA box
binding protein (TBP), beta-2 microglobulin (B2M), cancer
susceptibility candidate-3 (CASC3), and ezrin (EZR)] were
used to normalize the data. Primers were designed to ensure
that five nucleotides or more separated the length of each of
the 13 amplicons in the gene panel, allowing for each gene
amplicon to be characterized by a unique distinct peak on the
electropherogram.

Total RNA from PBMC and liver biopsies were processed
using the Genomelab GeXP Start Kit (SCIEX) following the
manufacturer’s protocols. RNA was first reverse-transcribed
using the primer mixture and the reverse transcription reaction
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mixture from the GenomeLab GeXP Start Kit (SCIEX) and
kanamycin resistance gene (kanR) RNA, which served as an
internal control. A PCR mixture was then assembled using
c¢DNA product from the reverse transcription step, forward
primer mixture, and Thermo-Start DNA Polymerase. The
forward primer mixture consisted of custom-designed gene-
specific primers along with a fluorescent dye-labelled uni-
versal primer. PCR products were then separated by capillary
electrophoresis using the GenomeLab GeXP Genetic Analysis
System (SCIEX). Using the kanR signal as the reaction control
for each well, the GeXP Quant Tool program normalized the
fragment data to the kanR signals by dividing the peak area
of each gene peak by the peak area of kanR. Gene expression
values were then normalized to the house keeping genes and
subsequently expressed as a ratio compared with gene expres-
sion in PBMC or liver tissue obtained during surgery from
live liver donors who served as healthy controls.

Quantitative PCR

To validate the GeXP results, qPCR was performed. Gene ex-
pression of eight genes of interest (FGL2, FOXP3, TGFBI1,
LAG3, TIGIT, IL10, IEFNG, and GZMB) and two house-
keeping genes (HPRT and TBP) was measured by real-
time qPCR (qPCR) using the LightCycler 480 SYBR Green
I Master (Roche Applied Science, Indianapolis, IN, USA)
and LightCycler 480 Real-Time PCR Machine (Roche
Diagnostics, Rotkreuz, Switzerland). The primers for gPCR
amplification of the target and housekeeping genes are shown
in Supplementary Table 1. Total RNA was reverse-transcribed
into complementary DNA (cDNA) using the SuperScript IV
First Strand Synthesis System (Invitrogen, Waltham, MA,
USA). Real-time qPCR was then performed in a 10 pl volume
of 2x Master Mix (5 pl), 5 uM primer mixture (1 pl), PCR-
grade water (2 pl), and cDNA diluted 1:7 (2 pl). Samples were
run in triplicate and all results were normalized to HPRT. The
2-88¢t method was used to calculate gene expression of target
genes relative to housekeeping gene HPRT [23].

Mass cytometry

Peripheral blood immune cell subsets were characterized
with a 36-parameter mass cytometry panel (Supplementary
Table 2) based on the immune monitoring flow cytometry
markers used in the ONE Study of immunoregulatory cell
therapy in renal transplantation [24]. Cryopreserved PBMC
were recovered and stained with cis-platinum and a DNA
intercalator to distinguish live cells from debris. After staining
with antibodies and washing, data were acquired on a CyTOF
2 mass cytometer (Fluidigm, South San Francisco, CA, USA)
and analysed with conventional gating using Cytobank soft-
ware (Cytobank, Santa Clara, CA, USA).

Liver immunofluorescence

Intrahepatic immunophenotyping was performed as pre-
viously described [17, 25, 26]. Briefly, the portal infiltrate
size was determined by encircling portal infiltrates along the
limiting plate and excluding the lumen of veins, arteries, and
bile ducts. The intrahepatic infiltration of CD4*CD8-FOXP3-
(CD4*), CD8'CD4-FOXP3- (CD8*), CD4*CD8FOXP3*
(CD4*FOXP3*Tregs),and CD8*CD4-FOXP3* (CD8*FOXP3)
cells was quantified. In the current study 95% of portal
FOXP3* cells were CD4*, and only 5% were potentially ac-
tivated CD8*FOXP3* T effector cells excluding a significant
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contamination of activated T effector cells in the pool of
CD4*FOXP3* Tregs. The immunohistological Treg detection
in human FFPE tissue sections was recently validated by flow
cytometric and epigenetic analysis [17, 25].

RNA-seq and analysis

RNA previously isolated from baseline liver biopsies for
GeXP studies was used for RNA-seq, which was performed at
The Centre for Applied Genomics (Toronto, Canada). Briefly,
RNA quality was evaluated using a Bioanalyzer 2100 (Agilent,
Santa Clara, CA, USA) and samples with an RNA integrity
number (RIN) > 7 were submitted for sequencing. RNA li-
brary preparation was performed with the NEBNext Ultra
II Directional RNA Library Prep kit (New England Biolabs,
Ipswich, MA, USA). Libraries were sequenced on a High
Throughput Run Mode flowcell with V4 sequencing chem-
istry on a HiSeq 2500 (Illumina, San Diego, CA, USA) plat-
form following the manufacturer’s recommended protocol.
Generated sequence fragments were aligned to the reference
genome (GRCh38, Gencode annotations, Release 356) using
the STAR aligner, v.2.6.0c. The filtered STAR alignments were
processed to extract raw read counts for genes using Htseq-
count v.0.6.1p2. Only uniquely mapping reads are counted.
Two-condition differential gene expression analysis was per-
formed with DESeq2 v.1.26.0s, using R v.3.6.1. Initial min-
imal filtering of 10 read counts per gene for at least three
samples was applied to the data set. A cut-off of P adjusted
(P,;) < 0.05 by the Benjamini-Hochberg method was used to
identify genes with differential expression between tolerant
and non-tolerant groups.

Statistics

Continuous variables were analysed with either a #-test for
normally distributed data or a Mann—-Whitney U test for
non-normally distributed data. Categorical variables were
analysed with a Fisher’s exact test. Analysis of gene expres-
sion and liver immunohistochemistry was performed with
Kruskal-Wallis test followed by Dunn’s multiple compari-
sons post hoc test. Statistical analyses were performed using
the Graphpad Prism version 8 software package (Graphpad
Software, La Jolla, CA, USA). P-values of < 0.05 were con-
sidered statistically significant.

Results

Development of a human GeXP gene expression
assay

A human GeXP assay was developed to quantify expression
of eight target genes (FGL2, FOXP3, TGFB1, LAG3, TIGIT,
IL10, IFNG, and GZMB) previously identified to be pre-
dictive of tolerance in preclinical studies [18, 19]. Comparison
of gene expression using this GeXP assay with real-time gPCR
showed a high degree of correlation with R-square values >
0.72 for six of the genes (FGL2, FOXP3,IFNG, IL10, LAG3,
TIGIT) (Supplementary Figure 1).

Patients and clinical outcomes

Sixty-nine liver transplant recipients who were a minimum of
6 months post-liver transplant and had no documented rejec-
tion episodes in the previous 3 months were enrolled over a
54-month period from May 2015 to November 2019. Patients
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with autoimmune liver disease and non-active (no viral rep-
lication) viral hepatitis B and C were eligible for inclusion in
the trial. After patients entered the study, their PBMC gene
expression was determined using the custom GeXP assay.
Similar to the murine preclinical studies of tolerance, we ex-
pressed the eight genes in the assay as increased or decreased
in relation to normal healthy controls and as the ratio of
anti-inflammatory to pro-inflammatory genes (e.g. FGL2/
IFNG, IL10/IFNG, TIGIT/IFNG, and TGFBI1/IFNG). An
elevated PBMC ratio of FGL2/IFNG, which was predictive
of tolerance in preclinical models of tolerance, was used to
as a putative tolerance biomarker in LITMUS. Overall, 28
of the 69 patients were positive for the tolerance biomarker
(FGL2/IFNG = 1). Interestingly, the order of 69 patients re-
mained relatively unchanged when patients were sorted by
the ratio of FGL2/IFNG, FOXP3/IFNG, or TGFEB1/IFNG,
suggesting that there may be coordinated expression of other
immunoregulatory genes (Supplementary Figure 2). Table 2
shows the clinical characteristics of the entire cohort and pa-
tients who were positive and negative for the tolerance bio-
marker. Compared with patients in the negative tolerance
biomarker group, patients in the positive biomarker group
had a higher percentage mycophenolate mofetil (MMF) use
and a lower percentage of hepatitis B virus (HBV) as an indi-
cation for transplantation (Table 2).

Of the 28 eligible patients, 23 entered the IS withdrawal
phase of LITMUS (Phase 2), three patients refused entry,
and two patients were deemed medically ineligible due to
pre-existing medical conditions (one patient had polycy-
thaemia vera and preleukemia, and another patient had a his-
tory of hepatic artery and portal vein thromboses and was
on systemic anticoagulation). Of the 23 patients, nine had
evidence of recurrent or de novo autoimmune liver disease
or subclinical cell-mediated rejection on their liver biopsies
(Supplementary Figure 3) and thus were excluded from the
withdrawal of IS phase of the study. Fourteen patients had
normal liver biopsies and entered the IS withdrawal phase of
the study. No patients with a diagnosis of autoimmune liver
disease (autoimmune hepatitis, primary biliary cholangitis, or
primary sclerosing cholangitis) had the tolerant profile and
a normal liver biopsy. Of the patients who entered the IS
withdrawal phase of the study (Phase 2), eight patients have
been successfully weaned off IS and are operationally tolerant
(IS-free for a range of 12-57 months). Six patients developed
rejection which occurred either during IS weaning (n = 3) or
post-IS withdrawal (17 = 3) (Figs 2 and 3). All of the rejection
episodes were mild (Banff score less than 5) and were easily
reversed with a short course of steroids and reinstitution of
IS. No patients suffered graft loss or any long-term side ef-
fects and their liver chemistry returned to normal following
treatment.

Table 3 shows baseline characteristics of the operationally
tolerant patients versus non-tolerant patients who either de-
veloped rejection or had abnormal liver biopsies. Although
there was no difference in age between the two groups, two of
the patients who developed tolerance were less than 30 years
of age. Compared with non-tolerant patients, operationally
tolerant patients had a longer time from transplant to en-
rolment and a lower baseline ALT. Choice and drug levels
of calcineurin inhibitor at entry into the study (pre-IS with-
drawal) were not statistically different between tolerant and
non-tolerant patients. Although MMF usage was increased in
the high biomarker ratio patients, its use was not different
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Table 2. Clinical characteristics of the entire trial cohort, patient who were positive for the tolerance biomarker, and patients who were negative for the

tolerance biomarker

Total cohort (7 =69)  Tolerance biomarker positive (7 =28)  Tolerance biomarker negative (7 =41)  P-value
Age (years) 561§ 55+16 57«14 0.51
Sex (% male) 61 57 63 0.62
Diagnosis (number of patients)
HCV cirrhosis 18 9 9 0.41
HBYV cirrhosis 10 1 9 0.04
Alcoholic cirrhosis 12 3 9 0.34
Autoimmune S 2 3 0.99
FHF S 4 1 0.15
NASH 6 4 2 0.21
Other 13 5 8 0.99
Time from transplant to 111 =74 110 = 69 111+ 76 0.98
trial enrolment (months)
No history of rejection 70 71 68 0.78
post-liver transplant (%)
IS regimen (%)
Tacrolimus 68 68 68 0.99
Cyclosporine 32 32 32 0.99
MMF 9 18 2 0.04
Donor age (years) 45 =18 44 + 15 45 +18 0.83
Type of transplantation (%) 0.99
Deceased donor 83 82 83
Living donor 17 18 17
Laboratory values at enrolment
Creatinine 99 = 34 99 =25 99 = 40 0.96
AST 25=+8 26 =8 24+ 8 0.33
ALT 24 +13 27 + 14 22 =12 0.16
ALP 104 = 40 108 = 45 102 = 37 0.58
Bilirubin 14 11 11.9+5.6 14.8 = 12.9 0.27
INR 1.1+0.4 1.2+ 0.6 1.1+0.3 0.67

Data are expressed at mean = SD. FHEF, fulminant hepatic failure; HBV, hepatitis B virus; HCV, hepatitis C virus; INR, international normalized ratio; MMEF,

mycophenylate mofetil; NASH, non-alcoholic steatohepatitis.

between tolerant and non-tolerant patients (Table 3). The
ability of other gene ratios (FOXP3/IFNG and TGFB/IFNG)
to identify tolerant patients was also examined. Using these
gene ratios, less patients would have been identified as having
a positive ratio (ratio value > 1) and less tolerant patients
would have been identified than with FGL2/IFNG ratio
(Supplementary Table 3).

Protocol liver biopsies were performed pre- and post-IS
withdrawal. Biopsies were examined especially for the pres-
ence of interface hepatitis, arteriopathy, bile duct loss, and
fibrosis which have been reported to be associated with in-
ability to wean off IS [22]. Results from a detailed analysis of
biopsies from tolerant patients are shown in Fig. 4A. Pre-IS
withdrawal, two of eight of the tolerant patients had mild
fibrosis (Grade 1) without additional abnormalities, and six
patients had no significant abnormalities. Post-IS withdrawal,
there was no evidence of arteriopathy, fibrosis progression,
interface hepatitis, or bile duct injury/loss in any of the biop-
sies from tolerant patients. However, five of the tolerant pa-
tients developed mild portal inflammation. Figure 4B shows
pre- and post-IS withdrawal biopsies from a patient who
had no significant change in liver pathology post-IS with-
drawal (Patient Tol1) and biopsies from another patient who

developed mild portal infiltrates, which resolved on a sub-
sequent biopsy (Patient Tol2). At the time of the diagnosis
of rejection, liver biopsies from the six non-tolerant patients
had evidence of rejection with mild to moderate portal and/
or interface hepatitis (# = 5), arteriopathy (7 = 1), bile duct
injury (n = 4), and increased fibrosis (7 = 4) (Supplementary
Figure 4).

To determine if withdrawal of IS had clinical benefit, pa-
tients were monitored for effect on renal function, hyperten-
sion, diabetes, cancer, and death at 1 year post-IS withdrawal.
Patients who were maintained on IS (PBMC tolerance bio-
marker negative) served as a control group. Patients suc-
cessfully weaned off IS had numerical improvements in the
incidence and severity of renal dysfunction and no new hyper-
tension, diabetes, cancer, or death, but none of these reached
statistical significance (Table 4).

Operationally tolerant patients have an increase in
peripheral blood Treg post-IS withdrawal

Further analysis of PBMC GeXP gene expression was per-
formed to gain insights into mechanisms of tolerance. At
baseline (prior to IS withdrawal), there were no differences
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Fig. 2 Flowchart of patient enrolment.
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Fig. 3 Probability of patients being free of rejection from the initiation of
IS withdrawal. Tick marks indicate patients who are operationally tolerant.

in the gene panel and the FGL2/IFNG gene ratio between
operationally tolerant patients and non-tolerant patients
(Supplementary Figure 5). In operationally tolerant patients,
serial PBMC profiling revealed an early (3 months) increase
in FOXP3 gene expression, consistent with an expansion of
Tregs in the peripheral blood (Fig. S5A). There was also a sig-
nificant increase in TIGIT (9 months) and decrease in TGFB1
(9 and 12 months) post-IS withdrawal (Fig. SA).

In order to confirm GeXP gene changes, mass cytometry
was performed on PBMC from operationally tolerant pa-
tients. These studies demonstrated a greater than 2.5-fold

A

6 developed rejection

expansion of Tregs as a percentage of CD4* cells post-IS with-
drawal (1.78% vs. 4.72%, P < 0.01) (Fig. 5B).

Operationally tolerant patients have an elevated
baseline liver FOXP3/IFNG gene ratio and an
accumulation of portal Tregs post-IS withdrawal
Gene expression from liver biopsies were also profiled with
the GeXP assay to identify intrahepatic genes associated
with tolerance. In contrast to baseline PBMC gene expres-
sion, there was a significant difference between baseline liver
gene expression between operationally tolerant patients and
patients who developed rejection (non-tolerant) with a higher
intrahepatic FOXP3/IFNG gene ratio in the tolerant patients
(Fig. 6A). Furthermore, at a FOXP3/IFNG ratio cut-off of
1, only one patient (17%) in the non-tolerant group had an
elevated ratio, whereas all eight patients (100%) in the tol-
erant group had an elevated ratio (Fig. 6B). This result sug-
gests that a higher ratio of intrahepatic Tregs to inflammatory
cells at baseline may serve to identify tolerant liver transplant
recipients. In the eight patients who achieved tolerance, pro-
filing of liver gene expression over time revealed a decrease
in this FOXP3/IFNG ratio, consistent with inflammatory
changes in the liver post-IS withdrawal (Fig. 6C). Over time
there was also an increase in TGFB1 and a decrease in FGL2
intrahepatic gene expression in operationally tolerant pa-
tients (Fig. 6C).
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Table 3. Clinical characteristics of operationally tolerant patients and non-tolerant patients
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Operationally tolerant (1 = 8) Non-tolerant® (n = 15) P-value

Age (years) 56 =19 55 =16 0.93
Sex (% males) 63 60 0.99
Diagnosis (number of patients)

HCYV cirrhosis 3 5 0.99

Alcoholic cirrhosis 0 2 0.53

Autoimmune 0 2 0.53

FHF 1 1 0.99

NASH 1 3 0.99

Other 3 2 0.29
Time from transplant to trial enrolment (months) 158 + 83 91 =51 0.03
Free of rejection prior to enrolment (%) 75 68 0.99
IS regimen prior to withdrawal (%)

Tacrolimus 50 73 0.37

Cyclosporine 50 27 0.37

MMF 13 20 0.99
CNI drug levels prior to IS withdrawal (ng/ml)

Tacrolimus (trough level) 5.8+0.5 59=+1.5 0.68

Cyclosporine (C2 level) 354 + 245 278 =133 0.89
Donor age (years) 48 =7 46 =9 0.82
Type of transplantation (%) 0.99

Deceased donor 88 80

Living donor 12 20
Laboratory values at enrolment

Creatinine 107 = 36 94 =18 0.27

AST 22 +4 29 =10 0.07

ALT 196 3317 0.05

ALP 99 =33 110 = 53 0.61

Bilirubin 126 + 5 10.6 = 10.6 0.33

INR 1+0 1=+0.1 0.43

Data are expressed at mean = SD. CNI, calcineurin inhibitor; FHE, fulminant hepatic failure; HCV, hepatitis C virus; INR, international normalized ratio;

NASH, non-alcoholic steatohepatitis.

“Patients with either unsuccessful IS withdrawal (7 = 6) or abnormal baseline liver biopsy (17 = 9).

Immunofluorescence was performed on liver biopsies to
delineate CD4* T cells, CD8* T cells, and FOXP3* Tregs in
operationally tolerant patients (Fig. 7A). After the complete
withdrawal of IS, the size of portal tracts exhibited a non-
significant trend to an approximately 50% expansion (Fig.
7B and G). T cells as well as Tregs accumulated in the portal
tracts after the weaning (Fig. 7C-E). The lobular T-cell infil-
tration was persistently low and too variable for a system-
atic analysis. While both CD4* and CD8* T cells increased
over time, Tregs accumulated disproportionately in the portal
tracts compared to total T-cell numbers, as exemplified by an
increasing ratio of Tregs to total CD4* and CD8* T cells (Fig.
7F and G). The increase in portal Treg seen at 1 year persisted
out to 2 years post-IS withdrawal (Fig. 7E and G).

Operationally tolerant patients have higher
baseline liver expression of SELE and lower
expression of genes associated with inflammatory
responses

To gain further insights into mechanisms of tolerance in-
duction, pre-IS withdrawal liver biopsies from patients who
achieved operational tolerance and who were non-tolerant
(abnormal biopsies at baseline or developed rejection during

IS withdrawal) were analysed with RNA-seq. Overall, there
were 16 genes that were differentially expressed between
the two groups with five genes upregulated and 11 genes
downregulated (Supplementary Table 4). Figure 8A shows a
volcano plot and Fig. 8B shows a heatmap of these differ-
entially expressed genes. The gene for E-selectin (SELE) was
the most significantly upregulated gene in the tolerant group
versus the non-tolerant group (P, = 0.00026; log, fold change
= 1.67). Additional upregulated genes included tetraspanin
11 (TSPANT11), inositol hexakisphosphate kinase 6 (IP6K3),
thiosulfate sulfurtransferase (TST), AC162151.2 (pseudo-
gene), and AC136475.3 (long non-coding RNA). Genes that
were reduced in the tolerant versus the non-tolerant group
were associated with inflammatory responses including ubi-
quitin D (UBD), lymphocyte-specific protein-1 (LSP1), class
II major histocompatibility complex transactivator (CIITA),
C-X-C motif chemokine ligand 9 (CXCL9), and GZMB. The
most significantly downregulated gene was X-inactive spe-
cific transcript (XIST). The significance of this is presently un-
known but may be due to a mismatch in the sex of the liver
donors between the two groups (two female liver donors in
the tolerant group and five female donors in the non-tolerant

group).
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Fig. 4 Liver biopsy histopathology in tolerant patients. (A) Evaluation of liver biopsies for arteriopathy, duct injury, fibrosis, interface hepatitis, and portal
inflammation. The absolute score for each of these parameters is represented in the heatmap as shown in the scale. Arteriopathy, duct loss, and portal
inflammation were scored from 0 to 3, whereas fibrosis was scored from 0 to 4. Scoring was performed using Banff criteria [21, 22]. All eight tolerant
patients had biopsies at baseline (B) and end of trial at 12 months (12M) post-IS withdrawal. Some of the tolerant patients also had biopsies available
for evaluation at 24 months (24M) and 36 months (36M) post-IS withdrawal. White spaces in the heatmap represent biopsies that were not available
for evaluation. (B) Liver biopsies in two patients (Patient Tol1 and Patient Tol2) pre-IS withdrawal, 12 months post-IS withdrawal, and 24 months post-IS
withdrawal. Patient Tol1 was noted to have mild macrovesicular steatosis at baseline (arrow). On post-IS withdrawal biopsies, there was persistent
macrovesicular steatosis and no evidence of cellular infiltrates. Patient Tol2 developed a focal portal mononuclear cell infiltrate at 1 year post-IS
withdrawal (arrowhead). At 2 years post-IS withdrawal, the infiltrate had largely resolved. Liver biopsies were stained with haematoxylin and eosin
(H&E). Scale bars: 300 um.
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Table 4. Development of transplant complications in operationally tolerant patients and tolerance biomarker negative liver transplant recipients

Operationally tolerant (1 = 8) Tolerance biomarker negative (7 = 41) P-value
Renal function (change from baseline;pmol/L) -10.1 £ 15.1 +0.6 = 15.3 0.075
Hypertension (new diagnosis) 0 (0% 3(7.3%) 0.9
Diabetes (new diagnosis) 0 (0% 1(2.4%) 0.9
Malignancy (new diagnosis) 0 (0% 1(24%) 0.9
Death 0 (0% 2 (4.9%) 0.9

Data are presented as mean = SD or number (percent). Change in clinical parameters since time of enrolment into trial (Phase 1).

Discussion

Liver transplantation is now recognized as a highly suc-
cessful therapy for patients with end-stage liver disease. Yet
despite this, the need for long-term IS leads to significant
morbidity and mortality [2]. The ability to safely stop IS
would presumably improve the long-term success of liver
transplantation especially if it could be done early post-
transplantation prior to the development of long-term
complications such as renal dysfunction [2]. Although it is
known that selected liver transplant recipients may be op-
erationally tolerant and can safely be weaned off IS, there
is presently no reliable biomarker to identify these patients.
The LITMUS study was a Phase 2a pilot study to examine
whether a gene biomarker panel that was predictive of tol-
erance in preclinical heart and liver transplant models could
identify operationally tolerant recipients. We identified
28/69 (41%) liver transplant recipients who had the puta-
tive PBMC tolerance biomarker and thus were candidates
for IS withdrawal. Of these 28 patients, 23 had evaluable
outcomes including eight patients who are operationally tol-
erant. Further analysis showed that patients who achieved
tolerance had high baseline FOXP3/IFNG allograft gene
expression and high mRNA levels of E-selectin as detected
by RNA-seq.

Compared to studies that do not rely on biomarkers to
guide IS withdrawal, this PBMC biomarker approach ap-
pears to enrich for recipients who can successfully be weaned
off 1IS. Here we found that 8/14 (57%) of patients with
the positive tolerance biomarker (FGL2/IFNG > 1) and a
normal liver biopsy were operationally tolerant. This is in
contrast to non-biomarker-guided studies where a combined
140/455 (30.8%) of adult liver transplant recipients were op-
erationally tolerant [4-12]. Unlike LITMUS, many of these
non-biomarker-guided studies used highly selected patients
(non-autoimmune, non-viral replicative liver transplant re-
cipients), which can improve success rates of IS withdrawal.
Furthermore, patients had stopped IS at a time well after
complications had developed. We also examined the utility of
other PBMC biomarkers identified in our preclinical studies by
GeXP including FOXP3/IFNG and TGFB/IFNG. Although
there was significant overlap in patients among these bio-
markers (Supplementary Figure 2), the ratio of FGL2/IFNG
> 1 identified more patients who were operationally tolerant
than either of the other two biomarkers. These results support
the use of FGL2/IFNG in future larger clinical studies.

The biomarker represents the ratio between an anti-inflam-
matory gene (FGL2) and the pro-inflammatory gene (IENG).
In preclinical models of heart transplantation, we demon-
strated that both Tregs and FGL2 are necessary for tolerance
induction as treatment of tolerant animals with either an

anti-CD25 (PC61) or an anti-FGL2 antibody led to rejection
of allografts [18]. FGL2 is known to be primarily secreted
by Tregs and inhibits dendritic cell maturation following
binding to its cognate receptor, FcyRIIb [27]. FGL2 has also
been shown to inhibit a subset of effector CD8* T cells that
express FcyRIIb [28]. Recently, FGL2 has been shown to be
an effector molecule of T follicular regulatory cells, which are
known to limit antibody responses in germinal centres [29].
Upregulation of FGL2 gene expression may therefore serve to
inhibit cellular and humoral allo- and autoimmune responses.
IFN-vy is a pro-inflammatory cytokine with important roles in
T-cell activation and allograft rejection [30]. A high FGL2/
IFNG ratio therefore selects for low IFNG gene expression
and lower levels of T-cell activation. Transplant recipients
who can be successfully weaned off IS presumably have less
T-cell activation while they are immunosuppressed compared
with non-tolerant patients and therefore have a higher FGL2/
IFNG gene ratio. The choice and level of calcineurin inhibitor
and use of MMF was not different between tolerant and non-
tolerant patients. However, there was an increased propor-
tion of patients on MMF in the high FGL2/IFNG biomarker
group, which may reflect an inhibition of IENG by MMF as
has been described previously [31]. In favour of using ratios
of anti-inflammatory to pro-inflammatory factors to predict
patient outcomes is a recent study that showed a high cyto-
kine IL-10 to Tumour necrosis factor-a (TNF-a) ratio in tran-
sitional B cells was associated with freedom of rejection in
kidney transplant recipients [32].

In LITMUS, we also showed that monitoring of allograft
gene expression may be critical to identifying operationally
tolerant patients as the baseline liver allograft FOXP3/IFNG
gene ratio was higher in tolerant versus non-tolerant pa-
tients. This is consistent with previous studies showing that
a higher intragraft Foxp3/Ifng ratio correlated with tolerance
versus rejection in preclinical transplant models [18, 19]. The
intragraft and not the PBMC FOXP3/IFNG ratio was higher
in tolerant versus non-tolerant patients, suggesting that local
(intragraft) cell populations mediate tolerance. Importantly,
FOXP3 gene expression by itself was not predictive of tol-
erance, consistent with prior studies showing no significant
difference in graft infiltrating Tregs in baseline liver biopsies
of tolerant and non-tolerant patients [17].

One of the strengths of the LITMUS study is that we pro-
vide data from multiple time points post-IS withdrawal. The
data are supportive that operational tolerance is an active
process involving peripheral regulation. We observed an in-
crease in both FOXP3 gene expression and numbers of Tregs
by mass cytometry in the peripheral blood of operationally
tolerant recipients. This is similar to a previous report of in-
creased numbers of CD4+*CD25* T cells and FOXP3 mRNA
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Fig. 6 Baseline and longitudinal liver allograft gene expression. (A) Baseline FOXP3/IFNG liver gene ratio in operationally tolerant patients (n = 8) versus
unsuccessful (n = 6) IS withdrawal. Symbols represent median, and bars represent IQR. Significance was determined by a Mann-Whitney U test.

(B) Baseline FOXP3/IFNG liver gene ratio separated by a FOXP3/IFNG < 1 or FOXP3/IFNG > 1. (C) Change in liver target gene expression at 6 and 12
months post-IS withdrawal in operationally tolerant recipients. For each recipient, gene expression was normalized to pre-withdrawal gene expression.
Symbols represent median, and bars represent IQR. Significance was determined with the Kruskal-Wallis test followed by Dunn’s multiple comparisons
post hoc test. *P < 0.05; P < 0.01. IQR, interquartile range; M, months.

expression in the peripheral blood in liver transplant recipients
who successfully discontinued immunosuppressive therapy
[33]. Within the liver allograft, we observed an increase in

numbers of T cells in portal tracts and a proportionally larger
increase in FOXP3* Tregs, similar to what has been observed
in previous IS weaning trials [10, 26]. Although there was not
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an increase in intrahepatic FOXP3 gene expression during the
development of operational tolerance, there was increase in
gene expression for TGFB1, a known Treg effector molecule.
These findings of the intrahepatic T-cell compartment point
to active immune regulation involving immunoregulation

by Tregs in the graft itself rather than a deletion of T-cell
alloreactivity. However, the expansion of intragraft Treg may
at least in part be related to withdrawal of calcineurin inhibi-
tors, which are known to suppress Treg proliferation [34]. At
this point, we cannot distinguish between Treg expanding to
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control alloimmune responses versus expanding as a result
of calcineurin withdrawal. In support of Treg playing an ac-
tive role in transplantation tolerance are spontaneous models
of liver transplant tolerance, which are characterized by an
inflammatory infiltrate in the liver and an accompanying ex-
pansion of Tregs [19]. By post-operative day 100, there was
near-complete resolution of the inflammatory infiltrate liver
in this model (similar to liver biopsies of Patient Tol2), while
operationally tolerant human liver grafts usually exhibit a
long persistence of mild portal infiltrates [26]. That Tregs are
necessary for tolerance in preclinical models has been con-
firmed as depletion of Tregs with an anti-CD25 antibody
leads to rejection [35].

As part of the study design, liver biopsy samples were ana-
lysed with RNA-seq technology to identify additional genes
associated with tolerance. Liver allografts from tolerant pa-
tients compared with non-tolerant patients expressed higher
mRNA levels of SELE (gene for E-selectin) at baseline prior
to IS withdrawal. E-selectin, which is an inducible adhesion
molecule expressed by endothelial cells, plays an important
role in recruitment of lymphocytes and neutrophils to sites of
inflammation [36]. However, in the tolerant livers expression
of E-selectin was increased in the presence of lower inflamma-
tory gene expression. Interestingly, Tregs are reported to ex-
press ligands for E-selectin and thus expression of E-selectin
may also be important for recruitment of Tregs [37, 38].
Furthermore, upregulation of E-selectin may be involved in
the skewing the FOXP3/IFNG ratio to tolerance through
increased Treg recruitment. The gene for a tetraspanin
protein (TSPAN11) was also upregulated in tolerant livers.
Tetraspanins play an important role in cell adhesion and
signalling, although little is known of the role of tetraspanin
11 in either the liver or immune function [39]. Additionally,
we found decreased inflammatory gene expression (UBD,
LSP1, CIITA, CXCL9, and GZMB) in patients with suc-
cessful IS withdrawal. Although IFNG was not significantly
decreased, we did observe a decrease in IFN-y inducible genes
including UBD and CIITA in patients undergoing successful
withdrawal. Thus, the data lend support to using a ratio of
gene expression (anti-inflammatory to pro-inflammatory) to
identify liver transplant candidates for IS withdrawal. Based
on results of the RNA-seq data, we plan to add SELE and
TSPANT11 to the GeXP gene expression assay to determine
if these additional genes will help in the identification of pa-
tients who can be weaned off IS.

In agreement with other studies, no patients with a history
of autoimmune liver disease achieved operational tolerance
[40]. Two patients with autoimmune liver disease did have the
PBMC gene profile for tolerance but were found on liver bi-
opsy to have histologic evidence of recurrent disease and were
excluded from withdrawal of IS as per protocol. Therefore, the
use of the biomarker even in these patients proved valuable
in that histologic evidence of recurrent disease was detected
despite normal liver biochemistry. Both of these patients were
successfully treated with increased IS with resolution of liver
inflammation.

Another important finding was that time after transplant-
ation may be an important predictor of ability to wean IS,
which is consistent with a larger study of operational tol-
erance in liver transplantation [10] and suggests host-graft
adaptation over time [41]. Although age was not signifi-
cantly higher in the group with successful wean, six of eight
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patients in this group were greater than 60 years old. In other
studies, greater age is known to correlate with increased fre-
quency of operational tolerance in liver transplantation, an
observation which is likely related to diminished immune re-
sponses (immunosenescence) during the ageing process [42].
Of interest, in the present study, two patients who developed
operational tolerance were young (less than 30 years of age).
The PBMC biomarker may thus help in identifying young pa-
tients who are candidates for IS withdrawal. That young pa-
tients may develop tolerance is also supported by a previous
study of IS withdrawal in paediatric liver transplant recipients
[14].

Our study has several limitations. First, it was conducted
at a single site, which may introduce a bias, and only 69 pa-
tients were enrolled. Although none of the tolerant patients
developed rejection after 1 year of IS withdrawal, we do not
know long-term consequences of IS withdrawal and we plan
to continue to follow the operationally tolerant patients with
blood test monitoring and yearly liver biopsies. Additionally,
as we did not attempt IS withdrawal in patients who did
not have the PBMC biomarker profile (FGL2/IFNG > 1),
it is not possible to firmly conclude that patients with low
FGL2/IFNG ratio cannot be weaned off IS. In this pilot trial,
the research ethics board of our hospital did not allow us to
withdraw IS in patients with a low ratio in PBMC due to the
risk of developing rejection and graft loss. In a future valid-
ation study, we plan to include a biomarker negative group
so that numbers of operationally tolerant patients can be dir-
ectly compared in between biomarker positive and negative
groups. Finally, we had hoped to show that cessation of IS
would lead to a clinical benefit such as improvement in renal
function. Although patients who achieved operational toler-
ance did have improvements in renal function, this did not
reach statistical significance due to the small numbers of pa-
tients and will have to be addressed in future studies.

In conclusion, we have developed a human GeXP gene
expression assay to monitor anti-inflammatory and pro-
inflammatory genes associated with transplant tolerance. The
results of the study suggest that the PBMC biomarker (FGL2/
IFNG > 1) enriches the patient pool for liver transplant re-
cipients who have developed operational tolerance and can
be successfully weaned off IS. The data derived from LITMUS
also suggest that the combined use of the PBMC and a liver
gene biomarker (FOXP3/IFNG = 1) may increase the preci-
sion of the biomarker approach to identify tolerant patients.
Furthermore, the immunological studies and gene expression
studies over time point to active immune regulation involving
Tregs as the mechanism underlying spontaneous operational
tolerance.

Supplementary data

Supplementary data are available at Clinical and Experimental
Immunology online.
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