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Simple Summary: Transplant oncology is an emerging field in cancer treatment that applies trans-
plant medicine, surgery, and oncology to improve cancer patient survival and quality of life. This
review aims to provide a comprehensive overview of the history and emergence of cfDNA technology,
its applications to specifically monitor tumor burden at pre-and post-liver transplant stages, and
evaluate transplant rejection. The use of ctDNA to evaluate transplant rejection has been extensively
studied in non-hepatocellular carcinoma (HCC) diseases. Emerging studies have also investigated
the use of ctDNA detection in evaluating HCC tumor burden pre-and post-surgery as well as trans-
plant rejection. However, extensive studies still need to be conducted to evaluate the role of ctDNA
detection in the medical management of transplant oncology patients.

Abstract: Transplant oncology is an emerging field in cancer treatment that applies transplant
medicine, surgery, and oncology to improve cancer patient survival and quality of life. A critical
concept that must be addressed to ensure the successful application of transplant oncology to patient
care is efficient monitoring of tumor burden pre-and post-transplant and transplant rejection. Cell-
free DNA (cfDNA) detection has emerged as a vital tool in revolutionizing the management of cancer
patients who undergo organ transplantation. The advances in cfDNA technology have provided
options to perform a pre-transplant evaluation of minimal residual disease (MRD) and post-transplant
evaluation of cancer recurrence and transplant rejection. This review aims to provide a comprehensive
overview of the history and emergence of cfDNA technology, its applications to specifically monitor
tumor burden at pre-and post-transplant stages, and evaluate transplant rejection.

Keywords: transplant oncology; liver transplantation; cholangiocarcinoma; neuroendocrine tumor;
liver metastases; hepatocellular carcinoma; cell-free DNA; circulating tumor DNA; colorectal cancers;
breast cancer; immunotherapy

1. Introduction to Transplant Oncology

Targeting cancer has been a highly personalized therapeutic and multidisciplinary
effort aimed at normalizing organ function, sustaining quality of life, and controlling can-
cer burden. A field that strives to achieve these goals is transplant oncology. Transplant
oncology is an emerging field in which transplant medicine, oncology, and surgery merge
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to help improve the survival outcomes, quality of life in patients, and enhance our under-
standing of hepatobiliary cancers [1]. Hepatobiliary malignancies, such as hepatocellular
carcinoma (HCC), have been treated with liver transplantation, leading to improved sur-
vival outcomes relative to other standard-of-care treatment approaches [1]. In fact, liver
transplantation for a selected group of liver malignancies is the only solid organ trans-
plant with a noticeable efficacy in curing cancer [1]. Previous papers have suggested that
transplant oncology can significantly contribute to treatment and research of hepatobiliary
malignancies by (1) enhancing the evolution of a multidisciplinary cancer care approach
that may help overcome limitations to current surgical techniques, (2) engaging the fields
of tumor biology and transplant immunology together to pursue translational research on
self and non-self-recognition, (3) exploring genomic mechanisms of carcinogenesis and
innovative outcome endpoints, and (4) applying innovative transplantation techniques to
surgical oncology [1,2].

2. Defining Transplant Oncology in Hepatocellular Carcinoma

The overall goal of transplant oncology is to utilize transplantation to maximize the
care and cure of cancer patients [3]. Achieving this goal has been tangible, largely due to
the multidisciplinary collaborative approach among various subspecialties, such as hep-
atologists, transplant oncologists, gastroenterologists, transplant hepatobiliary surgeons,
pathologists, interventional radiologists, and immunologists [1,4]. New advances, such as
adopting surgical transplantation techniques into oncology practice have greatly improved
conventional resection approaches.

Unlike other solid organ transplantations, where a history of cancer is a contraindica-
tion for transplantation, liver transplantation (LT) is a strategy that can be used as a curative
approach for hepatobiliary malignancies [1]. For HCC, LT remains one of the best curative
options because this approach provides the best oncological resection, replaces the diseased
liver, and restores normal hepatic function [5]. While surgical resection alone or radiofre-
quency ablation are options in HCC cases with well-compensated liver function or smaller
tumors, the reality is that 90% of HCC cases occur in the background of liver cirrhosis [1,6].
Therefore, LT remains a sensible approach to also treat the underlying liver cirrhosis, a
significant risk factor that enhances the development of new pre-oncogenic tissue.

Substantial efforts have been made in the emerging field of transplant oncology to
develop standardized criteria to appropriately select patients with hepatobiliary malignan-
cies to receive deceased and living donor LT [7–10]. One of the first protocols developed
as a primary reference to decide whether a patient with unresectable HCC receives LT
was from Milan, Italy by Mazzaferro and colleagues, known as the Milan Criteria [1,7].
Since its conception in 1996, the Milan Criteria has resulted in improved post-transplant
recurrence-free survival, with 5-year survival reaching similar rates (60–70%) when com-
pared to LT for non-cancer indications [11]. This success has led to the expansion of the
Milan Criteria, which solely relies on the primary tumor size and number of nodules to
determine whether a patient with HCC is eligible for LT and to also include other criteria,
such as alpha-fetoprotein levels [12]. The first research institution to expand the Milan
Criteria was UCSF (specifically known as the UCSF Criteria) in 2001 [13]. Since that first
expansion for LT eligibility, transplant societies in Spain, Italy, China, France, and Canada
have successfully expanded the criteria to maximize the number of patients with HCC who
could benefit from transplant oncology [1,5,14–17].

Despite the promise of transplant oncology as a curative option for unresectable HCC,
a key caveat that needs to be taken into consideration is that there is still an elevated
recurrence rate for HCC after radical surgical resection, ablation, or LT [18]. The detection
and monitoring of HCC recurrence still rely primarily on imaging, assessing tissue biopsies,
and evaluating serum alpha-fetoprotein levels [19]. Unfortunately, imaging and pathology
are still limited with diagnostic accuracy and sensitivity, and common serum markers
display poor prognostic performance [20]. As a result, there is a need to develop a robust
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method to detect HCC at early stages and to monitor tumor recurrence and transplant
rejection [21].

3. The Concept of Circulating Free DNA

To address this unmet need, the concept of the “liquid biopsy” has emerged as a
promising method to monitor tumor recurrence and organ rejection from LT [22,23]. A
liquid biopsy is a minimally invasive analysis approach to prognostically and diagnos-
tically detect cell-derived markers from bodily fluids, such as blood, urine, saliva, stool,
cerebrospinal fluid, and sputum [24,25]. These cell-derived markers include circulating
tumor cells (CTCs), circulating extracellular nucleic acids (including cell-free DNA, mRNA,
and microRNA), exosomes, nucleosomes, as well as various glycoproteins and antigens
(CA-125, PSA, CEA, CA-19-9, etc.) [26,27]. Utilizing liquid biopsies for HCC is beneficial
because conventional biopsy approaches are invasive and liquid biopsies can provide an
overall genetic profile of all cancerous lesions (primary and metastatic) [28]. Liquid biopsies
can also provide us with the ability to dynamically and systemically track HCC tumor
evolution. The analysis of clonal composition using cfDNA and CTCs can help (1) predict
expected time till treatment failure, (2) identify mechanisms of resistance, and (3) improve
patient stratification [29].

While other reviews extensively discuss the history of transplant oncology and the
evolution of standardized criteria for patient eligibility in extensive detail, we focus our
attention on this review to discuss the role of cell-free DNA (cfDNA) in transplant oncology.
We provide an overview of the history of cfDNA and its role in transplant oncology of HCC.
We detail how the detection of cfDNA can detect tumor burden pre-and post-transplant, as
well as monitor transplant rejection.

4. Characteristics of cfDNA Biology

Cell-free DNA (cfDNA) is defined as extracellular DNA present in bodily fluids that
can be derived from healthy, inflamed, or diseased (cancerous) tissues. Cells typically
release cfDNA through a combination of apoptosis, necrosis, and secretion [30]. cfDNA
is typically double-stranded DNA found in plasma or serum, whereas circulating tumor
DNA (ctDNA) is usually shorter in length than non-malignant cfDNA molecules [31].
Observational studies have determined that the half-life for cfDNA in circulation ranges
between 16 min to 2.5 h, enabling ctDNA analysis to provide a real-time snapshot of disease
burden [32–34]. Gel electrophoresis experiments conducted two decades ago to evaluate
cfDNA length determined that the average cfDNA length was 180 bp, suggesting that
cfDNA was likely to be associated with nucleosomes [35]. More specifically, sequence-
based approaches have continued to refine this measurement as 166 bp, corresponding to
the length of DNA wrapped around a nucleosome (approximately 147 bp) plus linker DNA
associated with histone H1 [36,37]. Other cfDNA fragment length peaks also correspond
well with an increased linear progression of nucleosome units (i.e., one unit for 150 bp,
two units for 300 bp, three units for 450 bp) [38]. Fragment sizes of cfDNA also show
a 10 bp ladder pattern, which may be caused by nucleases cleaving the cfDNA strands
at periodically exposed areas with each turn of the DNA double helix [39]. Interestingly,
fragment sizes of cfDNA differ between urine and plasma, which may be associated with
elevated nuclease activity in urine [39,40].

5. History of cfDNA

In 1948, Mandel and Metais first discovered cfDNA in blood plasma [41]. Between
1965 to 1966, studies reported that cfDNA may have participated in both metastasis and
disease burden. For example, elevated lab results of cfDNA were identified in patients
with systemic lupus erythematosus SLE [42,43]. Thirty years later, Leon and colleagues
utilized radioimmunochemistry to demonstrate the presence of elevated lab results of
cfDNA in cancer patients compared to normal control cases [44]. However, technological
challenges delayed the discovery that cfDNA directly originates from tumor cells [45,46].
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In the mid-1990s, two reports identified tumor-specific mutations of cfDNA in plasma
samples of pancreatic adenocarcinoma and acute myelogenous leukemia. Mutation-specific
primers were used for polymerase chain reaction (PCR) amplification of N-RAS mutations.
Because circulating tumor DNA (ctDNA) is usually diluted by normal DNA in bodily
fluids, the existing sequencing approaches in the 1990s, such as Sanger sequencing, were
insufficient at detecting mutant ctDNA molecules. Weak tumor-specific cfDNA was better
detected by mutation-specific PCR. This approach was the preferred method of mutation
assessments of cfDNA until the rise of massively parallel sequencing next-generation
sequencing technology [38].

In the late 1990s, cfDNA was clinically implemented in the prenatal diagnosis of sex
determination and pregnancy-associated disorders via assaying fetal DNA in maternal
plasma [47–49]. Then in the mid-2000s, a digital PCR method called BEAMing which stands
for beads–emulsion–amplification–magnetic, was used to detect and quantify mutations
in the plasma of patients with colorectal tumors [50]. As a result, the study proved that
advanced colorectal cancer corresponds with the presence of mutant adenomatous poly-
posis coli (APC) DNA molecules in blood plasma. More than 60% of patients with early
colorectal cancer had mutant APC DNA molecules at levels ranging from 0.01 to 1.7 percent
of the total APC molecules. This suggests that circulating tumoral DNA may be used for a
diagnostic purpose.

Due to the vast developments of digital PCR and NGS-based technologies, ctDNA
has become a biomarker in multiple cancer types, including lymphoma, thyroid cancer,
breast cancer, gastrointestinal stromal tumors, colorectal cancer, and lung cancer. Common
mutations in genes, such as BRAF, EGFR, KRAS, and P53, have been particularly impor-
tant [51–60]. Due to the fact that ctDNA analysis helps monitor tumor response to targeted
therapy, ctDNA is used in clinical trials. It also allows clinical investigators to detect
minimal residual disease in addition to monitoring the development of resistance [61–63].

A recent key advancement in ctDNA technology is the detection of epigenetic aberra-
tions, specifically methylation signatures, in blood-derived ctDNA from patients with solid
tumors [64–66]. DNA methylation is an epigenetic modification in which a methyl group
(-CH3) is added to position 5 of the DNA cytosine ring by DNA methyltransferases, leading
to reduced gene expression [67]. In carcinogenesis, the DNA methylation of promoter
sites, specifically CpG islands, of tumor suppressor genes is a common early event and
ctDNA methylation profiling can be harnessed as a key tool for cancer detection [66]. The
advantages of ctDNA methylation detection over ctDNA somatic mutation detection are
that CpG methylation sites are relatively more constant in each cancer type, relative to
somatic mutations, higher clinical sensitivity, and multiple detectable methylation target
regions [68–70]. The three main approaches for detecting ctDNA methylation sites are
bisulfite treatment with methylation-specific PCR/sequencing, using methylation-specific
restriction enzymes prior to DNA amplification, and enrichment-based methods (immuno-
precipitation) [70]. The gold standard method to detect ctDNA methylation signatures is
the bisulfite treatment, in which unmethylated ctDNA cytosine sites are deaminated to
uracil, methylated sites are left unchanged and ready for detection. Unfortunately, this
method carries a disadvantage because the bisulfite treatment can also damage ctDNA
molecules, leading to reduced starting material for analysis [70].

6. Utilizing cfDNA in Transplant Oncology

cfDNA has emerged as a vital tool in revolutionizing the management of cancer
patients who undergo organ transplantation [1]. The advances in cfDNA technology have
provided options to perform a pre-transplant evaluation of minimal residual disease (MRD)
and post-transplant evaluation of transplant rejection and cancer recurrence [1].

Utilizing cfDNA as a biomarker and non-invasive tool to monitor disease dynam-
ics and response to transplantation will advance transplant oncology into the treatment
armamentarium for hepatobiliary malignancies [1].
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The advantages of cfDNA detection are that sample collection for analysis is minimally
invasive, serial collection can be conducted to monitor treatment response and recurrence,
tumor evolution can be evaluated, and cfDNA is typically easier to isolate and is more
stable than other biomarkers (circulating tumor cells, RNA) [71,72]. The disadvantages of
cfDNA detection are that some tests require prior knowledge of tumor mutations, results
can be semiquantitative, the source of cfDNA can be from multiple sources (apoptosis,
graft rejection, immune cells versus tumor cells, etc.), and there can be technical difficulties
associated with analysis approaches [73]. However, despite these setbacks, numerous com-
mercial, research, and industry sequencing platforms and approaches have been developed
to provide a practical solution for the evaluation of molecular residual disease, tumor
recurrence, and graft rejection [74].

Guardant360® CDx, FoundationOne Liquid Cdx, Vanadis cfDNA platform, PlasmaSel-
ect-R, and Oncotype SEQ are examples of widely available commercial sequencing assays
that can analyze cfDNA for diagnostic and therapeutic purposes. Furthermore, companies,
such as the Austin-based cfDNA testing company, Natera, have pioneered various tests,
such as Prospera™ and Signatera™, as options to better personalize the care of patients who
specifically undergo liver transplantation (Figure 1). In September 2020, Natera announced
an expansive program that would utilize the Signatera™ test to evaluate minimal residual
disease (MRD) assessment and post-transplant and the Prospera™ test for transplant
rejection assessment [75]. Below we provide a comprehensive overview of commercially
available liquid biopsy sequencing assays, with a primary focus on the tests from Natera.
The reason is that Natera tests have been validated to analyze liquid biopsies for the specific
application in transplant oncology, such as the evaluation of organ rejection and cancer
recurrence.

Figure 1. Schematic representation of utilizing cell-free DNA as a biomarker to evaluate minimal
residual disease pre-and post-transplant (cancer recurrence), and liver transplant rejection using the
Signatera™ and Prospera™Tests, respectively. Figures created with Biorender.com.
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7. Emerging Genomic Tests in Transplant Oncology

7.1. Guardant360® CDx

The Guardant360® CDx [76] cfDNA test detects guideline-recommended biomarkers
at a rate similar to standard-of-care tissue genomic testing (such as next-generation se-
quencing of tissue samples, PCR hotspot testing, and Sanger sequencing) [77]. This cfDNA
test assesses single-nucleotide variants in 73 genes, insertion–deletion (indel), fusion al-
terations, and copy number amplifications in guideline-recommended biomarkers (such
as KRAS, PIK3CA, RET, ATM, BRAF, and KIT) [78]. In August 2020, the Food and Drug
Administration (FDA) approved the Guardant360® CDx cfDNA test as a liquid biopsy
test that also combines next-generation sequencing technology to provide information on
multiple solid tumor biomarkers and to identify patients with specific types of epidermal
growth factor receptor mutations in a metastatic form of non-small cell lung cancer [79].
The Guardant Health cfDNA tests have been utilized to assess tumoral genomic profiles in
patients with HCC [80–82]. These studies all found TP53 to be the most common altered
gene, followed by EGFR, MET, ARID1A, MYC, NF1, BRAF, ERBB2 CTNNB1, TERT, ATM,
CDKN2A, PIK3CA, CCNE1, and ARID1A in HCC. Furthermore, the Guardant360® test
detected at least one actionable mutation in 79–84% of HCC patients and shows promise
as a popular commercialized cfDNA test to detect tumor genomic profiles and cancer
recurrence [80,82].

In early 2021, Guardant Health announced the availability of a new test called
Guardant RevealTM, a first-of-its-kind blood-only liquid biopsy test for the detection
of residual and recurrent disease [76]. This test has been shown to improve the man-
agement of early-stage colorectal cancer by detecting ctDNA in blood post-surgery. This
detection can help identify patients who may benefit from adjuvant therapy and detect
recurrence months earlier than standard-of-care detection methods, such as imaging and
carcinoembryonic antigen (CEA) [83–87]. The Guardant RevealTM test has a 91% sensitivity
in ctDNA detection by evaluating genomic aberrations and methylation.

7.2. FoundationOne

The FoundationOne Liquid Cdx assay is a pan-cancer cfDNA-based comprehensive
genomic profile assay that was recently FDA approved [88,89]. This test utilizes next-
generation sequencing (NGS) technology that targets 324 genes, in which select intronic and
non-coding regions are targeted in 21 genes and all coding exons of 309 genes are assessed.
Woodhouse and colleagues validated this assay and found that there was a 95% limit of
detection, 0.40% variant allele fraction for select substitutions and insertions/deletions,
a false-positive variant rate of 0.013%, and the reproducibility of variant calling was
99.59% [89]. When the Foundation Liquid Cdx assay was compared to an orthogonal
cfDNA-based NGS method that was utilized for the SOLAR-1 clinical trial (NCT02437318),
the Foundation test showed a positive percent agreement of 96.3% and a negative percent
agreement of >99%. The test is capable of detecting genomic rearrangements, substitutions,
indels, CNA (amplification and losses), tumor mutational burden, microsatellite instability,
and tumor fraction.

7.3. Signatera™

Signatera™ is a non-invasive, personalized, and tumor-informed genetic test that
detects ctDNA to assess minimal residual disease (MRD) and cancer recurrence [90]. Unlike
other ctDNA genetic tests that are typically panel-based and tumor-naïve, the Signatera™
test is a tumor-informed test. This approach starts with whole-exome sequencing of
approximately 20,000 genes from the primary tumor and matched normal tissues (such as
peripheral blood mononuclear cells). The top 16 clonal, somatic, single-nucleotide variants
unique to each patient’s tumor are then identified to custom-design a multiplex polymerase
chain reaction (mPCR) assay. The custom-designed mPCR assay can then be used to
identify the presence and quantity of ctDNA from the patient’s blood using next-generation
sequencing. The advantage of this tumor-informed approach to detect MRD and cancer
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recurrence post-transplant is that this test can detect tumor-specific variants at a variant
allele frequency (VAF) of 0.01%, whereas tumor-naïve tests are less sensitive with reliable
detection limited to 0.1–1% VAF [83,91–96]. Furthermore, this test also significantly reduces
false-positive rates by filtering out germline-derived variants and clonal hematopoiesis
of indeterminate potential, which are well-established sources of biological noise and can
increase false-positives in cfDNA analysis [97].

Tests such as the Signatera™ genetic test have proven to be highly sensitive and
specific in evaluating ctDNA levels for minimal residual disease and disease surveil-
lance/recurrence in various cancers, such as breast, colorectal, lung, and urothelial car-
cinoma [83,94–96]. However, in liver transplantation cases, where HCC remains to be
the leading indication for liver transplant (27%) [98], there is currently no consensus as
to what the appropriate cancer surveillance schedule and strategy should be post-liver
transplant. To address this unmet need, Natera recently launched a new clinical trial called
the Observational Study of Signatera in Liver Cancer (SIGNAL) in September 2020 [75]. The
SIGNAL trial aims to utilize ctDNA detection to identify MRD after liver transplantation
and correlate the presence of ctDNA with risk of recurrence. The inclusion criteria for this
study are patients over 18 who have either undergone a liver transplant within the past
90 days or have received a diagnosis of HCC with a scheduled future liver transplant. To
develop the tumor-informed genetic panel for ctDNA analysis, available and sufficient
tumor tissue on liver explant is also required. The benefit of this trial is that absence of MRD
(ctDNA) can allow for de-escalation of surveillance in low-risk liver transplant patients,
where identification of MRD (ctDNA) can inform the incorporation of intense surveillance
in high-risk patients for whom locoregional therapy may improve overall survival. This
trial is the first to use ctDNA as a biomarker specifically to evaluate MRD and cancer
recurrence post-transplant in HCC patients. The evaluation of MRD and cancer recurrence
post-transplant are key components to effectively translate the concept of transplant on-
cology as a therapeutic strategy, with the hope to improve the overall survival of patients
diagnosed with HCC.

7.4. Prospera™

Prospera™ is a transplant rejection test that uses a blood draw to assess clinically mean-
ingful transplant rejection [99,100]. The test utilizes a single-nucleotide polymorphism-
based massively multiplexed polymerase chain reaction (mmPCR) to non-invasively assess
allograft rejection without the need for donor or recipient genotyping. To conduct the Pros-
pera™ test, cfDNA is extracted from a recipient blood sample, which is expected to contain
donor and recipient cfDNA. Proprietary library preparation, assessment of >13,000 single
nucleotide polymorphisms, and advanced bioinformatics approaches are performed to
differentiate the quantity of donor and recipient cfDNA. In cases of active organ rejection,
there would be an increased % of donor-derived cfDNA (dd-cfDNA) that can be detected
with Prospera testing.

Thus far, the Prospera™ test has been clinically validated to measure dd-cfDNA in
cardiac and renal transplant recipients for the detection of allograft rejection/organ injury
without the knowledge of donor genotype [100–103]. In 2016, Grskovic et al. first developed
a targeted next-generation sequencing assay that used 266 single nucleotide polymorphisms
(SNP) to quantify dd-cfDNA in transplant recipients without requiring donor or recipient
genotyping [100]. The analytical performance of this assay was characterized and validated
using 1177 samples and quantified the fraction of dd-cfDNA in both unrelated and related
donor-recipient pairs. The assay was also applied to clinical samples from heart transplant
recipients, which found that there were increased dd-cfDNA levels in patients with biopsy-
confirmed rejection and decreased levels after successful rejection treatment [100]. This
assay is the first to be applicable to single-donor recipient pairs with no dependence on
the knowledge of donor or recipient genotype. Bloom and colleagues conducted the first
study to validate the use of cfDNA as a biomarker for renal allograft rejection (Diagnosing
Active Rejection in Kidney Transplant Recipients (ART) Study) [102]. This study correlated



Cancers 2022, 14, 743 8 of 24

plasma levels of dd-cfDNA with tissue histology showing allograft rejection in 102 kidney
recipients. The study showed a positive correlation between elevated dd-cfDNA and
histology revealed antibody-mediated and T-cell mediated tissue rejection.

This study also found that dd-cfDNA levels <1% reflect the absence of active renal
rejection (T-cell mediated or ABMR) and >1% indicate the potential of active rejection.
Sigdel and colleagues validated the Prospera™ test by performing SNP-based massively
multiplexed PCR (mmPCR) targeting +13,000 SNPs to measure donor-derived cfDNA
(dd-cfDNA) in renal transplant recipients for allograft rejection/injury without any prior
knowledge of donor genotype [101]. The median dd-cfDNA was significantly higher in pa-
tients with biopsy-proven active rejection (2.3%) vs borderline rejection (0.6%), other injury
(0.7%), and stable allograft (0.4%) (p < 0.0001 all comparisons). Using a dd-cfDNA cutoff
of >1%, this assay was able to differentiate active from non-rejection status with an area
under the curve (AUC) of 0.87, 72.6% specificity (95% CI, 65.4–79.8%), and 88.7% sensitivity
(95% CI, 77.7–99.8%). The study also compared dd-cfDNA to the estimated glomerular
filtration rate (eGFR), one of the current gold standard measurements to evaluate renal
transplant rejection. The SNP-based dd-cfDNA assay was far superior at detecting re-
nal allograft rejection relative to the standard of care measurement of eGFR. This study
also validated the use of dd-cfDNA as a non-invasive, accurate marker for renal allograft
rejection/injury in both acute and chronic states.

8. Utilizing cfDNA to Evaluate Cancer Occurrence Pre-Transplant

Evaluation of cfDNA has potential clinical applications for the detection and surveil-
lance of many cancers, such as HCC, because abnormal forms of cfDNA are likely to
be present in the circulation of these patients [1]. Currently, the pathological profile of
HCC is evaluated from surgical and biopsy specimens [21]. However, the limitations with
biopsy profiling are that conventional biopsies for HCC cannot be performed at times
due to the invasive nature of the disease and single biopsies can fail to reflect the het-
erogeneity of the disease. The benefit of evaluating cfDNA as a liquid biopsy for HCC
detection pre-transplant is that it can non-invasively provide the genetic profile of all
primary and metastatic cancerous lesions and allows the opportunity to dynamically track
genomic evolution [28].

Common biomarkers that are assessed in cfDNA for cancer surveillance pre-transplant
in HCC patients include hotspot mutations of TP53, TERT, CTNNB1, VEGF amplification,
copy number variants (CNV), and single nucleotide variants (SNV) [104–111]. In Liao et al.,
a high-throughput sequencing platform called MiSeqTM was utilized to detect hotspot
mutations in TP53, TERT, and CTNNB1 in matched ctDNA and tumor samples from
41 patients [104]. In the 41 patients tested, tumor-associated mutations were detected in
8 (19.5%) plasma samples. The ctDNA with mutations were also more commonly found
in patients with vascular invasion (p = 0.041) and predicted a shorter recurrence-free
survival (89 days) versus 365 days for patients with no mutations in ctDNA from plasma.
There was also no relationship between the presence of tumor-associated mutations and
concentrations of ctDNA in plasma (p = 0.818). Another study that discovered a positive
relationship between tumor-associated mutations in cfDNA and vascular invasion was
by Oversoe and colleagues (2020) [108]. In their study, droplet digital polymerase chain
reaction (ddPCR) was performed on ctDNA collected from 95 HCC patients and 45 liver
cirrhotic patients without HCC for TERT C228T mutation. The TERT C228T mutation was
detected in the plasma of 42 of the 95 HCC patients (44%), not in the plasma of any patients
with liver cirrhosis, and in tumor tissue of 68% of HCC biopsy samples. There was a
positive correlation between the presence of the TERT mutation in plasma and an advanced
TNM stage (p < 0.0001) and vascular invasion (p = 0.005). The TERT mutation detected in
plasma was associated with increased mortality (adjusted HR 2.16 [1.20–3.88], p = 0.10), but
not in tumor tissue (adjusted HR 1.11 [0.35–3.56], p = 0.86). This study suggests that TERT
mutations in cfDNA may be a promising biomarker to predict HCC prognosis.
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The detection of TERT mutations in ctDNA as a potential biomarker for HCC prognosis
has also been supported by other studies [107,110]. Similar to Oversoe et al., other studies
also showed that in ctDNA from patients with HCC, TERT promoter mutations were found
in 44–54.6% of all patients and were associated with large intrahepatic tumor size, elevated
des-gamma carboxyprothrombin levels, and shorter survival [107,108,110]. Yet in order to
utilize the detection of ctDNA TERT promoter mutations of patients with liver cirrhosis to
detect HCC early, those results must be combined with magnetic resonance imaging (MRI)
surveillance [107].

However, it is possible to detect ctDNA earlier than imaging surveillance to predict
HCC disease occurrence and patient prognostic outcomes. Cai et al. (2019) discovered that
using target sequencing and low-coverage whole-genome sequencing, ctDNA detection
(copy number variants (NV)/single-nucleotide polymorphisms (SNP))can discover tumor
occurrence before MRI imaging by a median of 4.6 months, can outperform other clinical
biomarkers such as AFP, AFP-L3%, and des-gamma carboxy prothrombin DCP), and
predict patients’ prognostic outcomes for both relapse-free survival (p = 0.001) and overall
survival (p = 0.001) [105].

Other genomic aberrations found in ctDNA of HCC patients pre-transplant include
mutations in TP53, MLH1, and CTNNB1. In the evaluation of ctDNA of 895 patients
with HCC, the R249S TP53 mutation encompassed 60.28% of all TP53 mutations [111].
In comparison to other TP53 mutations, the overexpression of the R249S TP53 mutate
assessment of HCC patients was associated with a more malignant phenotype, worsened
overall survival, and progression-free survival. A study conducted in 2020 had performed
target deep sequencing and ddPCR on 107 HCC patients and found at least one SNV
in 55.9% of all patients [109]. The four most frequently observed SNVs in ctDNA of
HCC patients were in the MLH1 (13%), STK11 (13%), PTEN (9%), and CTNNB1 (4%)
genes. Furthermore, the presence of the MLH1 SNV, in combination with increased ctDNA
concentration, predicted poor overall survival among HCC patients. These current studies
shed light on the potential of utilizing ctDNA molecular markers to detect HCC tumor
occurrence early before liver transplantation, predict prognosis, and respond to therapy.

cfDNA to Evaluate Hepatocellular Carcinoma Recurrence Post-Transplant/Hepatectomy

Liquid biopsies in the form of detecting cfDNA biomarkers have become increasingly
common as a new mechanism to evaluate HCC recurrence post-transplantation [1].

Examples of cfDNA biomarkers that have been examined include cfDNA concen-
tration, copy number aberrations (CNA), methylation density, TP53 hotspot mutations,
methylation of RASSF1A, and GSTP1 genes [112–115]. Long and colleagues investigated
the diagnostic value of ctDNA concentration as a marker for transplant rejection in pa-
tients with HCC post-liver transplant [115]. In this retrospective study, post-operative
cfDNA were measured and evaluated as a biomarker for HCC recurrence. A total of
82 patients with HCC underwent hepatectomies; cfDNA was isolated from post-operative
blood samples, and a fluorometric dsDNA assay was used to measure the concentration of
cfDNA. The patients were divided into two groups: cfDNA-low (cfDNA ≤ 2.95 ng/µL)
and cfDNA-high (cfDNA > 2.95 ng/µL). The cfDNA-low and cfDNA-high groups had
median recurrence times of 19.5 and 14 months, respectively. Lastly, multivariate analysis
revealed that post-operative cfDNA, tumor number, and microvascular invasion (p < 0.05)
were independent risk factors for recurrence in operable HCC.

Two other studies also showed a positive association between elevated cfDNA biomark-
ers and microvascular invasion [114,116]. In Ono et al. (2015), the plasma of 46 HCC
patients who underwent liver transplant or hepatectomy was evaluated for ctDNA with
PCR and whole-exome sequencing. ctDNA was detected in 7 of the 46 (15.2%) patients
before surgery and the levels increased as the disease progressed. Cancer recurrence and
extrahepatic metastasis were significantly worse in the ctDNA-positive group versus the
ctDNA-negative group (p = 0.0102 and p = 0.0386). Multivariate analysis revealed that
ctDNA was an independent predictor of microscopic vascular invasion of the portal vein
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(OR 6.10; 95% CI 1.11–33.33, p = 0.038). Wang and colleagues found comparable results
when they performed ddPCR on ctDNA collected from 81 patients with HCC who un-
derwent curative hepatectomies [114]. Unlike Ono and colleagues’ finding that 15.2% of
HCC patients had detectable ctDNA pre-transplant, Wang and colleagues found that 57 of
the 81 (70.4%) patients had detectable ctDNA pre-transplant. This discrepancy between
studies may be related to the sensitivity and specificity of the detection technique (ddPCR
versus whole-exome sequencing/PCR). It was also found that the positive pre-operative
ctDNA status among HCC patients was related to large tumor size, multiple tumor lesions,
microvascular invasion, advanced BCLC stages, shorter disease-free survival, and over-
all survival (p < 0.001). Lastly, HCC patients with an increased mutant allele-frequency
had more incidence of microvascular invasion (p = 0.016) and post-operative recurrence
(p < 0.001).

Among the multiple studies that have evaluated the potential of plasma cfDNA de-
tection as a biomarker for cancer recurrence post-transplant, there are limited studies that
have examined urine cfDNA as a novel marker of tumor recurrence. Hann and colleagues
performed one of the first studies that evaluated urine-derived cfDNA tumor biomarkers
as potential indicators of tumor recurrence post-treatment [113]. In this study, ten patients
diagnosed with HCC were treated and monitored. Urine samples were collected, urine
DNA was isolated/underwent bisulfite treatment, and qPCR was performed to quantify
the expression of TP53 249T mutation (TP53m), aberrant promoter methylation of GSTP1
(mGSTP1), and RASSF1A (mRASSF1A). Urine DNA markers were compared to standard
diagnostic methods (alpha-fetoprotein [AFP], MRI) for diagnosis of HCC recurrence. MRI
identified recurrence in 5 of the 10 (50%) patients, and in the 4 recurrent patients that re-
mained in the study, urine DNA markers were elevated 9 months before MRI confirmation.
This study is the first to demonstrate that urine DNA biomarkers have the potential for
early detection of HCC recurrence post-treatment, may overcome the inherent limitations
of imaging technology, and may provide a more convenient testing option for patients
instead of venipuncture blood draw.

9. cfDNA to Evaluate Liver Transplant Rejection

There are limited studies that have evaluated the use of ctDNA to detect rejection
post-liver transplantation indicated for HCC treatment. Specifically, studies that have
evaluated the use of ctDNA detection for transplant rejection have been for other clinical
indications, such as propionic acidemia, sepsis, cirrhosis, hemochromatosis, bile duct
necrosis, sclerosing cholangitis, and inborn errors of metabolism [115,117–123]. One of the
first studies that investigated the presence of donor-specific DNA as a marker for graft
rejection was from Lo and colleagues in 1998 [124]. In this study, eight women who received
liver transplants were recruited, and cfDNA from their respective plasma samples was
collected. The majority of the liver donors were males, which prompted the researchers to
evaluate the expression of Y-chromosome-specific genes using polymerase chain reaction
(PCR) as an indicator of graft rejection. In six female liver-transplant recipients with male
donors, plasma and cellular chimerism were found in six (100%) and five (83%) patients.
Though there are multiple etiologies for the enhanced presence of donor-specific DNA
in plasma and this study is only limited to male donor/female recipient pairs, this study
raised the first possibility that the concentration of donor DNA in recipient plasma is a
potential marker for rejection.

After years of technological advancements, ddPCR became a more rapid and cost-
effective method to evaluate graft rejection post-liver transplant. In Beck et al., ddPCR was
performed on cfDNA samples from patients who underwent liver transplantation [120].
Specifically, this study evaluated the presence of particular single-nucleotide polymor-
phisms (SNPs) that are differentially expressed between donor and recipient and applied
this method to quantify graft-derived cfDNA (GcfDNA). An average of 6.8% of GcfDNA
was found in patients with a stable liver transplant. On the day of a liver transplant,
GcfDNA was approximately 90% and by day 10 post-transplant, the GcfDNA value was
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15% in complication-free liver transplant recipients. In two patients with biopsy-proven
rejection, the GcfDNA levels increased to >60%. This study suggested that evaluating
donor-specific SNPs in cfDNA can be a potential biomarker for graft rejection and can
evaluate recovery and graft rejection in a time-dependent manner.

Schutz et al. (2017) found similar results when they monitored the levels of traditional
liver function tests and GcfDNA of 115 post-liver transplants. The GcfDNA percentage
calculated (graft cfDNA/total cfDNA) was measured with ddPCR to evaluate the presence
of a limited number of differentially expressed SNPs. It was found that GcfDNA levels
were increased >50% on post-operation day 1, likely from ischemia/reperfusion injury, and
then levels rapidly declined in patients without graft injury within 7–10 days, where levels
remained stable for 1 year. Interestingly, traditional LFTs had a low overall correlation
(r = 0.28–0.62) with GcfDNA levels.

In 2018 and 2019, Ng and colleagues published that GcfDNA levels post-transplant
were positively associated with traditional LFTs values [122,123]. In their 2018 study, they
performed PCR of Y-chromosome-specific genes using cfDNA samples from two patients
who underwent liver transplantation to treat ornithine transcarbamylase deficiency [123].
They found that the GcfDNA levels had similar discrimination of graft injury trend com-
pared to routine LFTs. The limitations of this study were the small sample size and that
this analysis was limited to donor-recipient-sex-mismatch pairs. In their 2019 study, they
enrolled 11 patients diagnosed with different inborn errors of metabolism who required a
liver transplant [122]. They serially collected plasma at different time points post-transplant
(day 0, day 1, day 7, day 14, day 30, and day 60). Using Y-chromosome capture method-
ology from their 2018 study, [123] and analysis of cfDNA fragment size distribution, they
discovered that GcfDNA fragment sizes were smaller than normal cfDNA (105–145 bp
and 160–170 bp). As a result, they calculated a ratio of short/long cfDNA fragment (S/L)
with an elevated S/L ratio indicating early graft injury. They found that an elevated
S/L ratio was significantly associated with ALT (p < 0.0001) and AST (p < 0.0001) during
flow-blown transplant rejection. Furthermore, this study was the first to show that the
GcfDNA fragment size profile is a potential biomarker to evaluate graft injury and rejection
post-liver transplantation. Table 1 provides a comprehensive list of other studies that have
investigated the potential of cfDNA to detect liver transplant rejection.

The following table provides a summary of studies in which ctDNA evaluation was
utilized to evaluate minimal residual disease, cancer recurrence, and transplant rejection in
HCC and liver transplantation indicated for HCC.
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Table 1. Circulating tumor DNA studies in HCC and transplantation cases to evaluate minimal residual disease, cancer recurrence, and transplant rejection.

Study Number of HCC
Patients Technique Biomarkers Outcomes

Liao et al., 2016
[104] 41 Illumina miSeq NGS Hotspot mutations of TP53,

TERT, and CTNNB1

-Tumor-associated mutations found in 8/41 (19.5%) of plasma samples.
-ctDNA with mutations more commonly found in patients who suffered from
vascular invasion (p = 0.041) and predicted a shorter recurrence-free survival
(89 days) versus 365 for patients with no mutations in cfDNA from plasma.
-There is no relationship between the presence of tumor-associated mutations
and the concentration of ctDNA (p = 0.818).

Cai et al., 2019
[105] 34

Target sequencing and
low-coverage whole-genome

sequencing

ctDNA (harboring copy
number variants [CNV] or
single-nucleotide variants

[SNV])

-CNVs and SNVs detected in plasma correlated with the patients’ tumor burden.
-Comprehensive ctDNA mutation profiles correlated well with imaging results
in accurately assessing patients’ tumor burden.
-ctDNA detection could discover tumor recurrence and minimal residual disease
before MRI imaging by a median of 4.6 months and outperformed other clinical
biomarkers AFP, AFP-L3%, and des-gamma-carboxy prothrombin (DCP).
-ctDNA detection can effectively predict patients’ prognostic outcomes for
relapse-free survival (p = 0.0001) and overall survival (p = 0.0001).

Oh et al., 2019
[106]

151 HCC, 14 healthy
controls

Low-depth whole-genome
sequencing CNV, VEGF amplification

-cfDNA concentrations were significantly higher in patients with HCC than
healthy controls (0.71 vs 0.34 ng/µL, p < 0.0001).
-High concentration of cfDNA was associated with HCC patients who did not
achieve disease control, had a worse time to progression and overall survival.
-VEGFA ratio was not significantly associated with sorafenib
treatment outcomes.

Jiao et al., 2018
[107] 218 HCC, 81 cirrhotic Droplet digital PCR (ddPCR) TERT C228T and C250T

promoter mutations

-TERT promoter mutations are detectable in plasma cfDNA in similar prevalence
(47.4%) to those recorded in The Cancer Genome Atlas (44.4%).
-Long-term imaging surveillance and cfDNA TERT promoter mutation
assessment in patients with cirrhosis may act as potential early biomarkers
for HCC.
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Table 1. Cont.

Study Number of HCC
Patients Technique Biomarkers Outcomes

Oversoe et al.,
2020 [108]

95 HCC, 45 liver
cirrhotic ddPCR TERT C228T mutation

-The TERT promoter mutation was detected in 44% of HCC and none in
non-HCC patients.
-TERT mutations found in cfDNA as opposed to tumor tissue were associated
with increased mortality.
-A positive correlation was found with TERT mutations found in the plasma
with advanced TNM staging and vascular invasion.

Kim et al., 2020
[109] 107 HCC Target deep sequencing,

ddPCR
Deep sequencing of SNVs in

69 genes

-At least one SNV was found in 55.9% of all patients and the four most
frequently observed SNVs found in ctDNA of HCC patients were MLH1 (13%),
STK11 (13%), PTEN (9%), and CTNNB1 (4%).
-The presence of the MLH1 SNV, in combination with increased ctDNA,
predicted poor overall survival among 107 patients.

Hirai et al., 2021
[110] 130 HCC ddPCR TERT promoter mutation

-54.6% of HCC patients were positive for TERT promoter mutations, and the
presence of these mutations was associated with large intrahepatic tumor size
and high des-gamma carboxyprothrombin levels.
-The presence of TERT promoter mutations in ctDNA is associated with short
survival and may be a valuable biomarker for predicting the prognosis of
patients with advanced HCC.

Shen et al., 2020
[111] 895 HCC ddPCR, genomic sequencing

TP53 mutations (recurrent
missense mutations R100L,
V157F, A159P, and R249S)

-The R249s TP53 mutation encompassed 60.28% of all TP53 mutations.
-The overexpression of the R249S TP53 mutation was associated with more
malignant phenotypes, worsened overall survival, and progression-free survival
than other recurrent TP53 missense mutations found in ctDNA from
HCC patients.
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Table 1. Cont.

Study Number of HCC
Patients Technique Biomarkers Outcomes

Chan et al., 2013
[112] 26 Massively parallel bisulfite

sequencing

Methylation density (MD) per
1 million base pairs (Mb) [bin],

copy number aberrations
(CNA)

-Tumor-associated CNAs and hypomethylation patterns can be detected in
plasma as indicators for cancer detection and monitoring.
-In plasma samples of HCC patients, a median of 34.1% of bins showed
hypomethylation versus 0% of bins in healthy controls.
-Serial analysis of plasma samples in an HCC patient found that elevation in
hypomethylation and CNA percentages was associated with poor prognosis.
-In one HCC patient, at the pre-operational stage, the % of bins showing
hypomethylation and CNAs was 64.3% and 57%, respectively. Three days
post-operation, the % of bins showing hypomethylation and CNAs was 75.5%
and 11.7%, respectively. Two months post-operation, there was a continued
increase in hypomethylation/CNAs, which was associated with cancer
recurrence and the development of multiple lung metastases.
-In another HCC patient, at post-operation, the hypomethylation and CNA
levels were both 6.3%. Three- and 12-months post-resection, both parameters
were undetectable which associated with clinical remission.

Tie et al., 2021
[125]

54 patients with
colorectal cancer liver
metastasis (CRLM)

Safe-sequencing
(Safe-SeqS) assay

Somatic mutations in 15 genes
recurrently mutated in CRC
(SMAD4, TP53, AKT1, APC,

BRAF, CTNNB1, ERBB3,
FBXW7, HRAS, KRAS, NRAS,

PIK3CA, PPP2R1A, RNF43,
and POLE).

-Plasma samples from patients with resectable CRLM, including pre-and
post-surgical samples, serial samples from pre-and post-operative chemotherapy,
and serial samples in follow-up.
-ctDNA was detectable in 85% of patients prior to treatment and 24% of patient’s
post-surgery
-End-of-treatment (surgery +/- adjuvant chemotherapy) ctDNA detection was
associated with a 5-year recurrence-free survival of 0% compared to 75.6% for
patients with undetectable end-of-treatment ctDNA.
-Serial evaluation of ctDNA post-treatment may be an effective biomarker for
HCC recurrence.
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Table 1. Cont.

Study Number of HCC
Patients Technique Biomarkers Outcomes

Hann et al., 2017
[113] 10 HCC

Bisulfite treatment of DNA
and quantitative PCR,

magnetic resonance imaging
(MRI)

TP53 249T mutations and
aberrant methylation of

RASSF1A and GSTP1 genes

-Urine samples were collected prospectively from HCC patients after curative
treatment, during follow-up visits. Urine DNA markers were compared to
standard diagnostic methods (alpha-fetoprotein [AFP], MRI) for diagnosis of
HCC recurrence.
-MRI identified recurrence in 50% of HCC patients, and for 40% of recurrent
patients in the study, urine DNA markers were elevated in urine samples nine
months before MRI confirmation.
-Urine cfDNA testing may be a highly sensitive, non-invasive tool to detect HCC
recurrence post-treatment.

Wang et al., 2020
[114] 81 HCC ddPCR

Four hotspot mutations:
TP53-rs28934571 (c.747G > T),

TRETrs1242535815
(c.1-124C > T),

CTNNB1-rs121913412
(c.121A > G), and

CTNNB1-rs121913407
(c.133T > C)

-70.4% (57/81) had detectable ctDNA before hepatectomy.
-The positive pre-operative ctDNA status was related to large tumor size
(p = 0.001), multiple tumor lesions (p = 0.001), microvascular invasion, advanced
BCLC stages (p < 0.001), shorter disease-free survival (p < 0.001), and overall
survival (p < 0.001).
-Patients with an increased mutant allele frequency had more incidences of
microvascular invasion (p = 0.016) and post-operative recurrence (p < 0.001).

Ono et al., 2015
[116] 46 HCC Whole exome

sequencing, PCR

ctDNA, a-fetoprotein (AFP),
and des-g-carboxy

prothrombin (DCP)

-ctDNA was detected in 7/46 patients before surgery and the levels increased in
associated with disease progression.
-Cancer recurrence and extrahepatic metastasis were significantly worse in the
ctDNA-positive group versus that ctDNA-negative group (p = 0.0102 and
p = 0.0386).
-Multivariate analysis revealed that ctDNA (OR 6.10; 95% CI, 1.11–33.33,
p = 0.038) is an independent predictor of microscopic vascular invasion of the
portal vein.
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Table 1. Cont.

Study Number of HCC
Patients Technique Biomarkers Outcomes

Long et al., 2020
[115] 82 HCC patients Fluorometric Qubit dsDNA

BR assay kit Cell-free dsDNA

-82 HCC patients underwent liver surgery and post-operative blood samples
were collected.
-cfDNA low and high groups had median recurrence times of 19.5 months and
14 months, respectively (p = 0.023).
-Multivariate analysis revealed that post-operative cfDNA, tumor number, and
microvascular invasion (p < 0.05) were independent risk factors for recurrence in
operable HCC.

Lo et al., 1998
[124]

8 female transplant
patients PCR, gel electrophoresis Y-chromosome specific genetic

sequences

-In six female liver-transplant recipients with male donors, plasma and cellular
chimerism were found in six (100%) and five (83%) patients, respectively.

Lehmann-
Werman et al.,

2018 [117]
18 transplant patients Bisulfite conversion, PCR, and

massively parallel sequencing

3 genomic loci, adjacent to the
ITIH4, IGF2R, and VTN genes,
which were unmethylated in
the liver compared with other

tissues and cell types.

-Elevations of hepatocyte-specific cfDNA in patients shortly after liver
transplantation, during acute rejection of an established liver transplant, and in
healthy individuals after partial hepatectomy.
-Patients with sepsis also had high levels of hepatocyte-specific cfDNA that also
correlated with elevations in liver enzymes aspartate aminotransferase (AST)
and alanine aminotransferase (ALT).

Ng et al., 2019
[118]

2 transplant patients
diagnosed with

propionic acidemia

Amplification refractory
mutation system PCR

(ARMS-PCR)

Graft-derived cell-free DNA
(Gcf-DNA), liver enzymes

(alanine transaminase [ALT],
aspartate transaminase [AST])

-5 mL whole blood specimens were collected at six specific time points (day 0, 1,
7, 14, 30, 60).
-Gcf-DNA levels were the highest on day 1 post-transplantation due to ischemia
and reperfusion injury and then declined from day 7–60 due to recovery.
-The levels of Gcf-DNA and liver function enzymes had similar
change-tendency curves.
-The ARMS-PCR method can detect Gcf-DNA without knowledge of donor
information.
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Table 1. Cont.

Study Number of HCC
Patients Technique Biomarkers Outcomes

Macher et al.,
2016 [119] 17 transplant patients RT-PCR Rh gene

-Rh gene found in circulating DNA was quantified by RT-PCR, at day 0 of liver
transplantation and during the stay at the intensive care unit.
-Patients with no complications and patients that accepted the liver transplant
but had other medical complications had low levels of RH gene at follow-up,
with elevations of the gene that were associated with clinical complications.
-Patients that had liver transplant rejection had an associated increase in the Rh
gene in cfDNA.

Beck et al., 2013
[120]

Stable liver (n = 10),
heart (n = 8), and

kidney (n = 9)
transplant recipients,
and seven additional
patients directly after

transplantation

ddPCR SNPs from graft-derived
cell-free DNA (GcfDNA)

-The GcfDNA in stable transplant patients was 6.8% (liver), 2.5% (kidney), and
3.4% (heart).
-On the day of a liver transplant, the GcfDNA was approximately 90% and by
day 10, it was 15% in complication-free liver transplant recipients. -In 2 patients
with biopsy-proven rejection, GcfDNA increased to >60%.

Schutz et al., 2017
[121]

115 liver transplant
patients ddPCR

SNP loci with known high
population minor allelic

frequency

-GcfDNA was increased >50% on post-operation day 1, likely from
ischemia/reperfusion injury, and rapidly declined in patients without graft
injury within 7–10 days to a median <10%, where it remained for one year.
-Liver function tests (LFTs) had a low overall correlation (r = 0.28–0.62) with
GcfDNA.
-The diagnostic sensitivity and specificity were 90.3% (95% CI 74.2–98%) and
92.9% (95% CI 89.3–95.6%), respectively for GcfDNA at a threshold value of 10%.

Ng et al., 2019
[122]

11 liver transplant
recipients

Y-chromosome capture
methodology and sequencing

read lengths

GcfDNA was defined by DNA
fragment sizes (105–145 bp,

160–170 bp). The ratio of short
fragments/long fragments

(S/L) were calculated.

-High S/L ratio was associated with an early trend toward graft injury when
compared to routine liver function enzymes (ALT/AST) and GcfDNA.
-The high S/L ratio was significantly associated with ALT (p < 0.0001) and AST
(p < 0.0001) during flow-blown rejection.
-Size profiles of GcfDNA in patient’s post-liver transplant may be a potential
biomarker to monitor graft function.
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Table 1. Cont.

Study Number of HCC
Patients Technique Biomarkers Outcomes

Goh et al., 2019
[126]

20 liver transplant
recipients ddPCR Deletion/insertion

polymorphisms

-Post-transplant donor-specific cell-free DNA (dscfDNA) was measured in the
plasma of transplant recipients.
-dscfDNA was serially measured at days 3, 7, 14, 28, and 42.
-There was an exponential decrease in dscfDNA in patients who underwent a LT
without complications.
-DscfDNA was higher in patients with biopsy-proven acute rejection compared
to those without rejection.
-The area under the receiver operator curve of DscfDNA was higher than that of
routine LFTs for acute rejection (DscfDNA: 98.8% with 95% CI 95.8–100%,
ALT: 85.7%).

Ng et al., 2018
[123]

Two liver transplant
recipients

PCR of Y-chromosome specific
genes ALT, AST, and GcfDNA

-The trend of GcfDNA levels was comparable to routine LFTs to evaluate
graft injury.
-Limitations of this study were the small sample size and the results apply only
to donor-recipient-sex-mismatch pairs.
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10. Conclusions

Transplant Oncology will continue to advance as an emerging option in the treatment
armamentarium for patients with hepatobiliary malignancies, such as HCC. Despite its
promising future, key caveats that need to be addressed are the elevated recurrence rate
for HCC, particularly after surgeries, such as radical surgical resection or LT, and the
possibility of graft rejection. The current detection approaches for HCC recurrence and
transplant rejection rely heavily on invasive biopsies, imaging, and traditional LFTs. These
approaches are still limited with diagnostic accuracy and sensitivity, and common serum
markers display poor prognostic performance. The detection of cfDNA biomarkers at
various stages of treatment (pre-and post-transplant) may provide guidance in managing
patients who undergo organ transplantation as a treatment for cancer. As described in this
review, the studies that have evaluated cfDNA detection in transplant rejection have been
limited to non-HCC diseases. There are promising studies that have at least evaluated the
utility of cfDNA detection in HCC tumor burden pre-and post-surgery. However, extensive
studies still need to be conducted to truly evaluate the utility of cfDNA detection in pre-and
post-transplant stages in patients with HCC.
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