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Strategies to minimize immune-suppressive medications after liver transplantation are limited by allograft rejection. Biopsy of liver is the current standard of care in diagnosing rejection. However, it adds to physical and economic burden to the patient and has diagnostic limitations. In this review, we aim to highlight the different
biomarkers to predict and diagnose acute rejection. We also aim to explore recent advances in molecular diagnostics to improve the diagnostic yield of liver biopsies. ( J CLIN EXP HEPATOL 2023;13:139–148)
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severity of acute rejection and improvement in histological
markers to make an accurate diagnosis.4
In this review, we aim to explore newer biomarkers and
advances in molecular diagnostics and their promising use
in patients with LT.

CURRENT STATE OF IMMUNE-SUPPRESSION
IN LIVER TRANSPLANTATION
Transplantation of any solid organ induces a T-cell-mediated immune response, which might lead to graft rejection.
Although liver has a special micro-environment that promotes tolerance, immune-suppressive (IS) medications
are still necessary to avoid graft rejection and failure.5
They are used to induce and maintain graft tolerance,
and also to treat rejection.6 According to the latest
consensus statement by the international liver transplantation society (ILTS), many regimens are used as IS agents in
LT, and include one or more of the following pharmacological classes:
 Corticosteroids
 Calcineurin inhibitors (CNIs): Tacrolimus and cyclosporine
 Mechanistic target of Rapamycin (MTOR) inhibitors: Sirolimus and everolimus
 Anti-metabolites: Mycophenolate mofetil and azathioprine
 Depleting
monoclonal
antibodies:
Antithymoglobulin and alemtuzumab
 Non-depleting monoclonal antibodies: Basiliximab7
Each class and speciﬁc agent has unique efﬁcacy
and side–effect proﬁle, and a tailored immunesuppression is essential for the best outcome after
transplantation.6,8

© 2022 Indian National Association for Study of the Liver. Published by Elsevier B.V. All rights reserved.
Journal of Clinical and Experimental Hepatology | January–February 2023 | Vol. 13 | No. 1 | 139–148

Liver Allograft
Dysfunction

L

T represents the only curative option for decompensated liver disease.1 According to United network for
organ sharing and procurement (UNOS), 8869 LTs
were performed in the US in 2019.2 One of the challenges
that affect graft survival and overall mortality in transplanted patients is graft rejection.3 Liver biopsy is considered the SOC to diagnose acute rejection and serves as
the cornerstone for therapeutic interventions. However, it
is invasive, expensive, and may result in complications.
Also, its interpretation may be difﬁcult in the presence of
infection or recurrence of primary disease. There is a
need of non-invasive biomarkers to predict the onset and
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Long-term follow-up of liver transplant patients shows signiﬁcant morbidity and all-cause mortality related to
immune-suppression. Infection is the most common cause
of death in the ﬁrst year post-LT. Malignancy, cardiovascular complications, and renal impairment constitute the
main causes of death in later years.9 CNIs are associated
with diabetes mellitus due to their effects on glucose transport-4 thus increasing insulin resistance and also affecting
b-cell functions, while MTOR inhibitors are associated
with hypertriglyceridemia and metabolic syndrome evolution.10 Chronic kidney disease resulting from hyaline arteriolosclerosis, glomerulo-sclerosis, and tubule-interstitial
nephritis is a recognized risk in up to 70% of LT patients
with chronic CNIs.11,12 Multiple reports showed that
immune-suppression is linked to development of skin cancers (squamous cell carcinoma and basal cell carcinoma),
lymphoproliferative disorders, colorectal carcinoma, and
lung cancers in LT patients.13
The complications of immune-suppression are dependent on dose, class, and duration of the drugs. Therefore,
reduction in immune-suppression is helpful in most patients starting early following transplantation and a full
withdrawal of immune-suppression may be possible in
select patients.7
However, strategies to minimize or withdraw immunesuppression have been limited by acute graft rejection.
Shaked et al. reported that 42 out of 52 patients did not
tolerate reduction of immune-suppression dose to less
than 50% of the baseline due to development of acute rejection.14 Figure 1 shows that balancing immunesuppression to avoid complications is necessary; however,
present tools are inaccurate in evaluating the state of
immune-suppression. Future direction focuses on bio-
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markers and molecular diagnostics to accurately identify
the underlying pathways of liver rejection.

REJECTION AND GRAFT SURVIVAL
Rejection in LT is a major cause of morbidity and may lead
to graft failure and mortality. Graft rejection may present
as acute T-cell-mediated rejection (ATCMR), antibodymediated rejection (AMR), and chronic rejection. Each subtype has different pathophysiological characteristics and
clinical presentation and requires different management
modalities.3
ATCMR occurs in 15–25% of LT patients in the ﬁrst year
following LT. It presents as elevated aminotransferases,
bilirubin, and cholestatic enzymes, it may be asymptomatic
in 7–11% of patients, especially after 1 year post-transplantation.15–18 ATCMR has two overlapping phases: allograft
recognition and effector responses. Allograft recognition
has 3 pathways (Figure 2): (1) direct pathway in which
the donor antigen presenting cells (APCs) migrate to the
lymphoid tissues where the recipient naive CD4+ Tlymphocyte recognizes both the presented antigen and
the major histo–compatibility complex (MHC) class II on
donor APCs as allogeneic. Similarly, donor class I MHC
molecules also are recognized by CD8+ T-cell.19 (2) Indirect
pathway in which the recipient APCs present phagocytosed
allogeneic material shed by donor cells to the recipient
CD4+ T-helper cells. (3) Semi-indirect pathway in which a
transfer of donor MHC molecules from donor APCs to
recipient dendritic cell occurs by exocytosis, and then, antigen presentation takes place through the recipient APCs.20
These pathways lead to naive CD4+ T-cell to differentiate
to Th1, Th2, Th17, and Reg-T-cells and migration of
both CD4+ T-cells and CD8+ cells to the liver graft.21 The

Figure 1 Current and future strategies to adjust immune-suppression.
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Figure 2 Allograft recognition pathways and immune effector pathways. 3 pathways has been identified; in direct pathway donor APCs, MHC class II
molecules are recognized by recipient CD4+ T-cells as foreign and recipient CD8+ T-cells recognize MHC class I molecules on donor APCs. In indirect
pathway, recipient APCs present graft antigen to recipient CD4+ T-cells, semi-indirect pathway combines both pathways as recipient APCs present
exocytosis transferred donor MHC molecules to recipient CD4+ T-cells. Effector phase depends on hepatocyte cytotoxicity by activated CD8+ T-cell
augmented by cytokines release from CD4+ T-cells.

second phase involves cellular damaged by the recruited Tcells. CD8+ T-cell is the main mediator of the direct cytotoxic damage via perforin/granzyme pathway and FAS/
FASL pathway leading to direct hepatocyte damage, aided
by the various cytokines produced by CD4+ T-cell subtypes
which include IL-1, IL-2, IL-4, IL-17, TNF-a, and INF-g.20
AMR is poorly understood in LT, with incidence less
than 1% in ABO matched grafts.22 Banff group deﬁnes
AMR with the presence of four criteria: (1) endothelial hypertrophy, portal capillary dilatation, micro-vasculitis, and
involvement of the central vein; (2) C4d deposition in portal
microvascular endothelium; (3) high titer of donor speciﬁc
antibodies; (4) no other cause to explain the presentation.23
Chronic graft rejection is a late complication that usually develops months to years after transplantation. It is
uncommon complication that occurs in 3.3% of LT recipients,24,25 mostly related to non-optimized immune-suppression, characterized by ductopenia and parenchymal
ﬁbrosis and may lead to graft failure requiring re-trans-

plantation.26 Graft rejection leads to decreased overall
graft survival, increase in hospital admission and mortality, irrespective of the time and type of rejection from transplantation.27,28
Currently, there are no direct measures to evaluate the
state of immune-suppression in the graft. We monitor IS
drug levels and biochemical markers of liver inﬂammation
with elevated liver enzymes and rely on liver biopsy to diagnose rejection as the SOC. However, liver enzymes cannot
differentiate between rejection, infection, or biliary obstruction. Biopsies are expensive, time consuming, and carry a
risk of bleeding. It led to the search for a more affordable,
easier to implement, and safer non-invasive biomarkers.
The goal is to predict and diagnose rejection to guide clinical
interventions early in the course for a better outcome.29,30

HISTORY OF BIOMARKERS FOR REJECTION
A biomarker is a measurable quantity that can evaluate a
physiological process, assess, and predict a pathological
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Figure 3 Historic biomarkers of liver rejection.

one. Ideally, it needs to be non-invasive, inexpensive, and
easy to perform with a high speciﬁcity and sensitivity,
and reproducible with validated studies.31
Search of biomarkers to detect liver rejection started 40
years ago with Neopterin, a catabolic product of purine
metabolism and a marker of macrophage activity which
was the ﬁrst one to be studied.32 Further search for biomarkers focused on cytokines and inﬂammatory markers
such as IL-2R, TNF-a, CD-28 expression, IL-15 and b2microglobulin, biliary markers, and other markers not
related to inﬂammation. However, all of them failed to
be implemented into clinical use due to their inability to
differentiate ATCMR from other conditions (infection
and biliary obstruction) and the absence of validation in
large multicenter studies, Figure 3 summarizes categories
of the these biomarkers.33
ImmuKnow, a marker approved by FDA in 2002, is a
molecular assay using intra-cellular concentration of adenosine triphosphate (ATP) in CD4+ T-helper cell to assess
immune system activity.34 It was proposed that CD4+
cellular activity correlates with the state of immunesuppression. It can predict rejection with a higher ATP level
and infection with a lower level. Despite its initial promising results, pooled results in a meta-analysis failed to
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show its predictive value in acute rejection with a sensitivity
of 0.43, speciﬁcity of 0.75, and positive likelihood ratio of
1.30 (95% CI: 0.74–2.28). Another meta-analysis showed
that low levels of ATP may identify patients with increased
risk of infection; however, no correlation was found with
acute rejection.35,36

ERA OF NEW BIOMARKERS
Advances in molecular biology have led to the evolution of
modern ﬁelds of biomarkers such as metabolic, transcription factors, and genetic biomarkers.33 We systematically reviewed the literature to identify prominent studies exploring
the new biomarkers, which are summarized in Table 1.

METABOLIC BIOMARKERS
Metabolic biomarkers depend on detecting multiple metabolic products or intermediary products to assess pathophysiologic processes during liver rejection.45 One of the
earliest reports described the use of Hi-nuclear magnetic
resonance to evaluate the metabolic proﬁle of grafted liver
before and after LT.37 Another report described the
different metabolic patterns associated with graft
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Table 1 New Biomarkers of Rejection in Liver Transplantation.
Author
Metabolic
biomarkers

Transcription
Factors

Sample
type

population

Outcome

Duarte37

Phospholipid and triglyceride
content

Liver biopsy

6 adults

Identiﬁcation of liver graft metabolic
proﬁle by HNMR

Cortes38

Phospholipid, histidine and Bile
acid biosynthesis

Liver biopsy

124 adults

Predicting graft rejection by HNMR

Muthukumar39

miRNA-22, miR-34a, miRNA-122,
miR-148a, miRNA-192,
miRNA-193b, miRNA-194,
miRNA-210 and miRNA-885-5p
hsa-miRNA-483-3p and
hsa-miRNA-885-5p

Serum

91 adults

Diagnosis of acute rejection,
differentiating AR from other
inﬂammatory conditions

Serum

69 adults

Differentiating AR from other
inﬂammatory conditions

36-gene probe

serum

186 adults

Diagnosis and prediction of AR

Goh

dd cfDNA

Serum

20 adults

Diagnosis of AR

€tz43
Schu

dd cfDNA

serum

115 adults

Early detection of AR

Zhao44

dd cfDNA

serum

49 pediatric

Diagnosis of AR

Shaked40
Genetic
biomarkers

Biomarker

Levitsky41
42

Abbreviations: AR, Acute rejection; miR, micro-RNA; dd cfDNA, donor-derived cell-free DNA; HNMR, high nuclear magnetic resonance.

TRANSCRIPTION FACTORS
Transcription factors associated with liver rejection is
another ﬁeld of study in evolution. Micro-RNA is a small
non-coding RNA sequence regulating transcription processes47 and is associated with acute liver rejection by upregulating pro-inﬂammatory TGF-b pathway and
downregulating FOXP3 pathway in regulatory T-cells.48
A recent study using small-RNA sequencing and miRNA
microarray on 91 LT serum samples identiﬁed nine
micro-RNA sequences that showed statistically signiﬁcant
association with acute rejection and has the ability to
distinguish acute rejection from other inﬂammatory conditions.39 Another study performed on serum samples of
69 liver recipients and compared to biopsies showed that
2 of the studied micro-RNA sequences were statistically signiﬁcant in prediction, diagnosis, and differentiating acute
rejection from other inﬂammatory conditions.40 Transcription biomarkers are the only biomarkers being studied with the potential of differentiating acute rejection
from other inﬂammatory causes. Further studies are
needed to validate the current results and assess their ability to be transferred to clinical application.

GENETIC BIOMARKERS
Genetic biomarkers are designed to recognize genomic
signaling association with acute rejection and involves
both messenger RNA (mRNA) and donor-derived cellfree DNA (dd cfDNA). A recent study has identiﬁed a
mRNA probe consisting of 36 genes associated with high
speciﬁcity and negative predictive values (sensitivity 0.57,
speciﬁcity 0.82, PPV 0.47, and NPV 0.87, AUROC 0.925)
in detecting acute rejection. In addition, it showed the ability to predict the occurrence of acute rejection even before
development of liver enzyme derangement.49 It needs
further validation in randomized trials.
Donor-derived cell-free DNA (dd cfDNA) is a new promising biomarker under investigation for use to detect
cellular rejection in solid organ transplantation. It was hypothesized that shedding of dd cfDNA from graft may
correlate with acute rejection. The utility of dd cfDNA
has been explored in renal and heart transplant with promising results. In a report of pediatric renal transplantation,
dd cfDNA showed sensitivity 86% and speciﬁcity 100% in
the diagnosis of acute rejection (AUC 0.996)50 and is under
investigation in patients with LT.51 In the setting of LT, dd
cfDNA studied on 20 patients demonstrated a high sensitivity of 83.3% in detecting acute rejection with AUC
0.98.42 Another study showed that dd cfDNA has sensitivity
of 90.3% (95% CI 74.2%–98.0%) in the detection of acute
rejection and correlates earlier with the development of
rejection compared to aminotransferases or cholestatic biomarkers. It also showed that due to a short half-life (<1.5 h),
it reﬂected more accurately with the response to treatment
(sensitivity and speciﬁcity of 97.1 and 89.3 compared to
95.7 and 82.1 for aminotransferases, respectively).43 To
our knowledge, only one report analyzed the diagnostic
utility of dd cfDNA in pediatric liver transplant patients.
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dysfunction and development of rejection after transplantation.38 Despite their promising prospective, no metabolic proﬁling technique has yet been transferred to
clinical practice.
The use of fecal microbiota to predict acute rejection is
being explored. An ongoing clinical trial is exploring the
use of fecal microbiota in patients who underwent living
donor LT to predict the development of acute rejection
in the ﬁrst year after transplantation.46 More studies encompassing different cohorts are needed to validate the
use of microbiota as a biomarker for acute rejection.
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It showed that dd cfDNA yielded speciﬁcity of 81.9% and
sensitivity of 81.8% in detecting acute rejection; however,
its ability to differentiate acute rejection from other causes
of liver injury was not explored in that study.44
Dd cfDNA has a limited ability to accurately differentiate acute rejection from other causes of graft injury
such as viral infection (CMV, HCV, HBV), biliary complications, or ischemic injury.51 This limitation is more pronounced in LT than other solid organ transplants. A
report of 171 heart transplant recipients showed that dd
cfDNA showed a sensitivity of 95% and speciﬁcity of 92%
and AUROC of 0.92 at a threshold of 0.5%.52 Another
report of 93 renal transplant recipients showed that urinary dd cfDNA has the ability to distinguish acute rejection from viral infection with a sensitivity of 96%,
speciﬁcity of 91%, and AUROC of 0.745 at a threshold of
0.84%.53 This disparity may be explained by the ability of
hepatocytes to have unlimited proliferation compared to
stable cells as in renal parenchyma and cardiac muscle.
Consequently, we see higher baseline levels of cfDNA in
liver transplant recipients in the absence of hepatocyte
damage. In the study by Beck et al., dd cfDNA was <6.8%
in stable liver transplant recipients, <2.5% in kidney transplant recipients, and <3.4% in heart transplant recipients.54
Hepatocyte proliferative ability and a higher baseline level
of dd cfDNA may explain its limitation to differentiate AR
from other causes of liver injury in liver transplant recipients compared to other solid organ recipients.55
None of the available biomarkers has yet reached optimum clinical applicability. Multiple obstacles hinder
bench to bedside transition for these biomarkers. As this
ﬁeld is still in its infancy, there are no standardized laboratory methods to evaluate each biomarker, resulting in heterogeneity of study outcomes.56 Variability of expression of
the biomarkers between patients and intra-patient variability during the clinical course affect their reliability.57
Furthermore, sample complexity in genetic biomarkers
hinders the identiﬁcation of valid biomarkers. Debey et
al., showed that the presence of globin-mRNA complex
leads to variability in analyzing gene expression by microarrays.58,59 Large prospective studies with well-deﬁned
study designs are needed before the acceptance of biomarkers in clinical practice.

DONOR SPECIFIC ANTIBODIES
Donor-speciﬁc antibodies (DSA) are immunoglobulins
complimentary to polymorphic proteins that are different
between the recipient and the graft donor, most DSAs are
directed against donor human leukocyte antigen proteins,
other DSAs such as angiotensin-II type-1 receptor antibodies, anti-glutathione S-transferase antibodies, and
MHC-1-related chain A antibodies have been recognized.
DSAs can be either preformed before LT or it can appear
de novo after transplantation.60,61
144

EL SABAGH ET AL

DSAs are also associated with increased risk of graft rejection (acute and chronic). One meta-analysis showed that
compared to patients who do not develop de novo DSAs, patients who develop them have a higher risk of developing
acute rejection (OR 6.43, CI 3.17–13.04 P < 0.001). This association was more pronounced in pediatric population (OR
10.2, CI 4.65–22.33; P < 0.001).62
Banff work group updated criteria for diagnosing AMR
include positive DSA, deﬁned as mean ﬂuorescence intensity (MFI) > 5000. MFI is a different metric for assessing
DSA activity and was shown to have an association with
clinical signiﬁcance. MFI should be interpreted with
caution as there is a lack of standard cut-off value and
can be misleading if used as a single measure to evaluate
AMR.23,63
No studies evaluating biomarkers in patients receiving
multiple organ transplantation were identiﬁed.

SEARCH FOR MOLECULAR DIAGNOSTICS
Biopsy with histopathology can help in differentiating the
cause of liver damage or formulate a differential diagnosis,
stage the damage, and guide the therapeutic strategies.64
Biopsy can help differentiating the types of acute rejection
(ATCMR, AMR, or chronic rejection) based on several
criteria and stage each subtype.23
Despite being the SOC procedure, biopsy is far from
ideal. Biopsy has two major limitations, inadequacy of liver
biopsy sample, and variability of histopathological interpretation. Liver biopsy gives a representative sample of
the entire liver tissue and Banff working group recommends a liver biopsy with a 16-gauge needle passing twice
through the liver with more than 11 portal tracts to accurately represent the liver pathology. Reports showed that
about 84% of biopsies fails to pass this threshold, and other
reports showed that despite reaching this biopsy size, biopsy may miss the diagnosis suggesting that a sample of
11–16 portal tracts are necessary to adequately represent
liver tissue.65 Liver biopsy interpretation is subjective and
intra-observer and inter-observer bias has been shown to
affect interpretation even when using Banff criteria. A
report of 102 liver biopsy samples showed 27% discordance
between experienced pathologists’ assessment of the biopsies for acute rejection and assessment by the initial
pathologist.66 Due to these shortcomings of liver biopsy
and the fact that till now there are no reliable biomarkers
for diagnosis of acute rejection, many groups started to
search for ways to improve diagnostic yield of liver biopsy
and avoid inter and intra-observer bias.

MOLECULAR MICROSCOPIC DIAGNOSTIC
SYSTEM
The earliest application for microarrays was tested in the
early 2000's in the setting of kidney transplantation.67
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NANO-STRING
One of the drawbacks of the MMDX systems is their
dependability on a different tissue preservation technique
other than conventional formalin-ﬁxed parafﬁn embedded
preparation (FFPE) thus limiting the practical application
of MMDX.78
Nano-stringÒ is a highly multiplexed RNA sequencing
system that can analyze up to 800 target genes at the same
time, it can use the standard FFPE biopsies without the
need for any special preparation which gives it the advantage of being able to be studied and compared retrospectively to the archived biopsies.79 In a report evaluating
liver biopsy from 133 pediatric LT, Nano-stringÒ was
used to analyze a model compromised of 194 genes to
detect rejection in liver biopsies. The model was able to
detect rejection (OR Log2 0.4 CI: Log2 0.2-Log2 0.6 P-value
0.05) and furthermore was able to give details on the underlying pathophysiological pathways of rejection.80
Further studies are still needed to evaluate the different
RNA models to determine the most signiﬁcantly associated genes with liver rejection and then to test these models
prospectively to determine clinical applicability.

BANFF HUMAN ORGAN TRANSPLANT GENE
PANEL
Banff molecular diagnostic work group (MDWG) did a
literature review to search for genes associated with rejection in solid organ transplantation and identiﬁed 760
genes with most association. Using the Nano-stringÒ platform, MDWG created the Banff human organ transplant
(B-HOT) gene panel, to be used as research tool aiming
at reaching a simpliﬁed panel to detect and classify acute
rejection.81 A study evaluated B-HOT on a sample of renal
transplant biopsies and found that this panel was a suitable surrogate for microarrays in the detection of genes

Table 2 Clinical Trials Evaluating Molecular Microscopic Diagnostic System.
Study name
74

Status

Primary endpoint

Locality

Number of biopsies

INTERLIVER

Recruiting

Assign molecular scores of ATCMR and
AMR in liver transplant biopsies

Multicenter

800 biopsies

INTERHEART75

Recruiting

Diagnosis of ATCMR and AMR in heart

Multicenter

889 biopsies from 454 patients

Trifecta-Kidney
cfDNA-MMDx Study72

Recruiting

Compare DDcfDNA to MMDx, HLA,
and histology in kidney

Multicenter

700 biopsies and 2100 blood
samples

Trifecta-Heart
cfDNA-MMDx Study71

Recruiting

Compare DD-cfDNA to MMDx to calibrate
diagnosis of ATCMR and AMR in heart

Multicenter

300 biopsies

INTERCOMEX76

Recruiting

Validate the use of microarrays to reduce
uncertainty in diagnosis of ATCMR and
AMR in kidney

Multicenter

1500 biopsies

INTERLUNGEX77

Recruiting

Detect molecular identiﬁers in
ATCMR and AMR in lung biopsies

Multicenter

818 TBB and 657 3BMBs

Abbreviations: TBB, trans-bronchial biopsies; 3BMBs, third bifurcation mucosal endo-bronchial biopsies.
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The use of microarrays analysis in the setting of LT was
validated in INTERLIVER study. The study aimed to
analyze rejection-associated transcripts using molecular
microscopic diagnostic system (MMDx) in identifying
injury and rejection in liver biopsies using machine
learning models.68 MMDx is a recent application of machine learning which uses microarrays to interpret human
biopsies to improve the diagnostic value of liver biopsy.
The validated computer models were trained to compare
the histologic ﬁndings to database-stored biopsies. The
models can provide data on rejection-related molecular
changes. Additionally, it can provide an index which correlates with non-adherence or under immune-suppression.69
It can also predict survival of an organ with similar histological and molecular changes. MMDx shows higher reliability in kidney biopsies, and it showed diagnostic
utility in both TCMR and AMR.70 MMDX can correlate
histological ﬁnding to liver chemistries which is helpful
in assessing the severity of rejection and monitoring
response to treatment. This led to more comprehensive reporting of biopsies which will open new horizons in the
early management and prediction of acute rejection.68
MMDX systems have also been studied to monitor dd cfDNA in the serum to detect accurately diagnose acute
rejection.71,72
Multiple challenges are still facing MMDX. It depends
on the databases of biopsies which in themselves may be
imprecise. Earlier models showed discrepancy between histological and molecular patterns of rejections. Biopsies
used to train the models cannot distinguish between
inﬂammation due to rejection and inﬂammation due to
non-rejection etiologies that creates inconsistencies in
the system.73 To overcome these challenges, multiple clinical trials are conducted in different solid organ transplantations to improve the system. Table 2 summarizes these
trials.

BIOMARKERS AND MOLECULAR DIAGNOSTIC TOOLS FOR REJECTION IN LIVER TRANSPLANTATION

associated with rejection. This is the ﬁrst report to assess
the efﬁcacy of the new panel.82 MDWG started a multicenter cooperation to validate B-HOT panel and explore
the aspects of its clinical application to improve patient
care.81
Advances in molecular biology and artiﬁcial intelligence
led to the development of multiple biomarkers and molecular diagnostic techniques, including micro-RNA, dd
cfDNA, nano-string, and MMDX. We may need to engage
expert pathologists to use both histology criteria and the
molecular analyses and derive an integrated classiﬁcation.
Biomarkers and molecular diagnostics of liver rejection are
still not ready for prime time and need more studies on
multiple cohorts, including pediatric patients and simultaneous liver-kidney transplant recipients. Before any of
them can be transferred from bench to bedside, we need
prospective large scale multicenter studies to establish its
role in the diagnosis of rejection and achieve the accuracy
in predicting and preventing the occurrence of graft rejection. Only then we can achieve the optimization of
immune-suppression, precision care with the prevention
of long-term side-effects and graft loss, and improved survival with a better quality of life following transplantation.
Liver Allograft
Dysfunction
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