
Journal of

Clinical Medicine

Review

Donor-Derived Cell-Free DNA in Kidney Transplantation as a
Potential Rejection Biomarker: A Systematic Literature Review

Adrian Martuszewski 1 , Patrycja Paluszkiewicz 1 , Magdalena Król 2, Mirosław Banasik 1 and
Marta Kepinska 3,*

����������
�������

Citation: Martuszewski, A.;

Paluszkiewicz, P.; Król, M.; Banasik,

M.; Kepinska, M. Donor-Derived

Cell-Free DNA in Kidney

Transplantation as a Potential

Rejection Biomarker: A Systematic

Literature Review. J. Clin. Med. 2021,

10, 193. https://doi.org/10.3390/

jcm10020193

Received: 24 November 2020

Accepted: 5 January 2021

Published: 7 January 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Nephrology and Transplantation Medicine, Wroclaw Medical University, Borowska 213,
50-556 Wroclaw, Poland; adert123@interia.pl (A.M.); patrycja.paluszkiewicz@op.pl (P.P.);
m.banasik@interia.pl (M.B.)

2 Students Scientific Association, Department of Biomedical and Environmental Analysis, Faculty of Pharmacy,
Wroclaw Medical University, 50-556 Wroclaw, Poland; m.krol1996@gmail.com

3 Department of Biomedical and Environmental Analyses, Faculty of Pharmacy, Wroclaw Medical University,
Borowska 211, 50-556 Wroclaw, Poland

* Correspondence: marta.kepinska@umed.wroc.pl; Tel.: +48-71-784-0171

Abstract: Kidney transplantation (KTx) is the best treatment method for end-stage kidney disease.
KTx improves the patient’s quality of life and prolongs their survival time; however, not all patients
benefit fully from the transplantation procedure. For some patients, a problem is the premature loss
of graft function due to immunological or non-immunological factors. Circulating cell-free DNA
(cfDNA) is degraded deoxyribonucleic acid fragments that are released into the blood and other
body fluids. Donor-derived cell-free DNA (dd-cfDNA) is cfDNA that is exogenous to the patient and
comes from a transplanted organ. As opposed to an invasive biopsy, dd-cfDNA can be detected by a
non-invasive analysis of a sample. The increase in dd-cfDNA concentration occurs even before the
creatinine level starts rising, which may enable early diagnosis of transplant injury and adequate
treatment to avoid premature graft loss. In this paper, we summarise the latest promising results
related to cfDNA in transplant patients.
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1. Introduction

Most medical centres obtain great results in kidney transplantation (KTx), and graft
survival within one year after transplantation is today more than 95%. A problem is the
poor results of long-term follow-up after kidney transplantation, primarily due to chronic
or acute antibody-mediated rejection (ABMR) [1].

The indication for KTx is end-stage kidney disease, which diabetes, high blood pres-
sure, glomerulonephritis, polycystic kidney disease, and other diseases can lead to [2–5].

After KTx, the patient may have manifestations suggesting the need for a biopsy
to finally diagnose the type of transplant injury. The biopsy evaluation is based on the
current Banff classification of kidney transplant pathology, an international classification
for histopathological kidney biopsy assessment. The assessment includes testing for the
absence (or presence) of donor-specific antibodies (DSAs) [6–8].

There are some non-invasive methods of diagnosing and monitoring patients with
acute rejection (AR), such as human leukocyte antigen (HLA) and non-HLA antibodies;
blood gene expression profiles (Trugraf, the kidney solid organ response test—kSORT);
mRNA (e.g., perforin, granzyme B, interferon (IFN)-inducible protein-10); urinary levels of
chemokine (CXCL9 and CXCL10); proteomic and peptidomic signatures of AR in urine and
blood samples; IFN-gamma enzyme-linked immunospot (ELISPOT) assay; or metabolomic
changes [9–13]. Apart from these methods, monitoring of donor-derived cell-free DNA (dd-
cfDNA) levels in the serum of the recipient may contribute to improved clinical outcomes
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after kidney transplantation. The dd-cfDNA in the blood of the recipient comes from
damaged cells in the transplanted kidney. Due to rejection, the number of damaged cells,
and thus the amount of dd-cfDNA, increases. The great advantage of dd-cfDNA is the
possibility of non-invasive monitoring of the patient’s condition, which is currently a target
in clinical trials. More clinical trials are needed for dd-cfDNA monitoring to become a
standard of clinical practice [1]. There is no official Food and Drug Administration (FDA)-
approved method of identifying the quantity of cell-free DNA (cfDNA). cfDNA studies
have been performed in organs such as kidney, liver, heart and lung [5]. We believe that
our review will inspire researchers to conduct further research. We aimed to summarise
the latest research related to cell-free DNA in transplants, and particularly kidneys.

2. Materials and Methods

A systematic literature review was conducted per the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) statement. Editorial comments, letters
to the editor, and International Congress indexed abstracts were not considered. The com-
prehensive literature review was performed by a systematic analysis of literature published
until October 2020. A keyword search of the PubMed database (https://www.ncbi.nlm.
nih.gov/pubmed/) was conducted to find various terms: “cfDNA”, “renal transplanta-
tion”, “cell-free DNA”, and “serum cfDNA”. The publication review included living and
deceased donors, as well as cellular, animal, and human studies. Prospective and retro-
spective clinical studies, including centre studies, meta-analyses, and review articles, were
considered as well. A search of the ClinicalTrials.gov database (https://clinicaltrials.gov/)
was conducted in September 2020 using the keyword “cfDNA”. Formal institutional review
board (IRB) approval was not required for this study.

3. Characteristics of Cell-Free DNA

Circulating free DNA consists of degraded deoxyribonucleic acid (DNA) fragments
that are released into the blood and other body fluids. It is present in both healthy and
ill people, but in much higher concentrations in the latter [14]. The presence of cfDNA
molecules in the bloodstream was first discovered in 1948 thanks to the work of two
French scientists, Mandela and Metais, who studied a patient with systemic lupus ery-
thematosus [15]. At first, this phenomenon was not considered significant or useful by
clinicians. The situation changed when researchers observed differences in cfDNA concen-
tration in healthy and ill people, which confirmed the clinical significance of the molecule.
The first reports of increased cfDNA concentration concerned autoimmune diseases and
leukaemia [16,17]. In subsequent scientific papers, it was noted that elevated cfDNA
levels often occur in people with cancer [18]. Further research confirmed not only that
tumour cells are able to release cfDNA fragments into the bloodstream, but also that the
fragments have unique genetic and epigenetic changes characteristic of the tumours they
originated from [19].

cfDNA exists as double-stranded, non-cell-associated DNA fragments residing in
human blood and can also be detected in urine. Most cfDNA fragments are approximately
150–180 base pairs (bp) in length, which would indicate that the source of these fragments
is cell apoptosis [20,21]. Larger DNA fragments, reaching up to 21 kilobase pairs (kbp) in
length, also occur in patients and are most likely formed as a result of necrosis [22]. cfDNA
fragments can bind to phospholipids and various proteins on the outer surface of cells.
This mechanism may be associated with the absorption or release of cfDNA. Damage to
DNA-binding proteins on the cell surface caused by hydrolysing enzymes can cause DNA
fragments to separate from cells and release into the bloodstream [23].

3.1. Types of cfDNA

Based on the available literature, several types of cfDNA can be useful as biomarkers
of different disease states. The most important include circulating mitochondrial DNA,
also called circulating cell-free mitochondrial DNA (ccf mtDNA), circulating tumour DNA
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(ctDNA) [24], cell-free foetal DNA (cffDNA), and donor-derived cell-free DNA. These types
are summarised in Table 1.

Table 1. Types of cell-free DNA (cfDNA) and their potential applications.

Types of Cell-Free DNA Abbreviations Potential Application References

Circulating cell-free
mitochondrial DNA ccf mtDNA

Diagnostic and predictive marker in various
disease states, marker of cell death and

non-specific tissue damage
[25–29]

Circulating tumour DNA ctDNA Marker in oncological diagnostics,
monitoring of tumour development [30,31]

Cell-free foetal DNA cffDNA Prenatal diagnostics,
detection of foetal defects [32–34]

Donor-derived cell-free DNA dd-cfDNA Evaluation of post-transplant complications [35,36]

Circulating mitochondrial DNA consists of fragments of mitochondrial DNA (mtDNA)
that are released outside the cell and persist in extracellular fluids in the form of circulating
cell-free fragments. They correspond to double-stranded DNA molecules that are divided
into short (less than 1 kbp) and long (up to 21 kbp) segments. Due to the very high struc-
tural similarity, with their evolutionary origins reaching back to bacterial DNA, mtDNA
fragments are capable of activating the innate immunity of the body and generating in-
flammation through a common molecular pathway, acting in a wide variety of etiological
disorders. The role of ccf mtDNA was analysed in various clinical conditions such as
cancer, injury, infection, stroke, and cardiovascular disease, where it was tested as a diag-
nostic and predictive marker [25,26]. Recently, scholars have started to analyse mtDNA in
neurological disorders as well [27,28]. Due to the higher resistance of mtDNA to nuclease-
dependent degradation compared to nuclear DNA, mtDNA is maintained as ccf mtDNA
in extracellular fluids. As a result of this, ccf mtDNA can serve as a potential biomarker
for cell death and non-specific tissue damage, which would enable the development of
screening and facilitate the prognosis of many disorders at an early stage [29].

In turn, ctDNA is fragmented DNA from a tumour that has been released into the
bloodstream but is not related to cells. Since ctDNA can reflect the entire tumour genome,
it has drawn attention due to its potential clinical utility. It can come directly from the
tumour or from circulating tumour cells (CTCs), which are live, intact tumour cells that are
released from primary tumours and reside in the blood or lymphatic system [30]. The exact
mechanism of ctDNA release is not yet fully understood. Based on the available research,
it can be seen that biological processes involved in the release of ctDNA include apoptosis
and cell necrosis or active release from live tumour cells [31].

Another of the described types, cffDNA, is foetal DNA that freely circulates in the
mother’s blood. cffDNA fragments come from placental trophoblasts. Foetal DNA is
fragmented and enters the mother’s bloodstream along with placental microparticles [32].
Cell-free foetal DNA appears in a woman’s blood around the fifth to seventh week of
pregnancy, and its concentration increases as the pregnancy progresses; however, it de-
creases rapidly after childbirth and cffDNA is undetectable in the mother’s blood just
two hours afterwards. Fragments of this type of cfDNA usually have a length of about
200 bp, which allows them to be easily distinguished from much larger fragments of the
mother’s DNA [33]. cffDNA analysis enables prenatal diagnostics but does not raise the
risk of miscarriage due to the non-invasive way of obtaining the material (taking blood
from the mother) [34].

cfDNA that is foreign to the patient and comes from a transplanted organ is defined
as donor-derived cell-free DNA and can be detected both in blood and urine (Figure 1).
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the blood. 

Initially, dd-cfDNA values increase after transplantation (>5%), but these values de-
pend on the transplanted organ and usually decrease (<0.5%) within a week. The presence 
of dd-cfDNA in the patient’s blood makes it possible to assess potential complications. If 
the host organism rejects the transplanted organ, dd-cfDNA concentration increases more 
than five times compared to its level in patients without complications [35]. This increase 
can be detected even before other clinical or biochemical symptoms of complications. 
Some studies have also focused on the excretion of dd-cfDNA via urine. This is particu-
larly vital in the case of allogeneic kidney transplants [36]. 

3.2. cfDNA in the Human Body: Origin and Removal 
The concentration of cfDNA in the blood can vary significantly depending on the 

condition of the person being tested, and can also fluctuate as a result of disease progres-
sion. In patients diagnosed with cancer, it is usually at a level of 0–5 to >1000 ng/mL, while 
in healthy people it typically does not exceed 100 ng/mL. The cfDNA concentration can 
also vary depending on factors such as cancer type and stage. It has been proven that 
people in the early stages of the disease have lower cfDNA levels compared to those in 
advanced stages with metastases present [23]. This seems to support the idea that the 
amount of cfDNA can illustrate the tumour interaction microenvironment or describe can-
cer biology and metabolism. On the other hand, the increasing concentration of these mol-
ecules may be due to the increasing number of cells undergoing apoptosis or related to 
the burden on the body of developing cancer. 

cfDNA formation and release characteristics still require further research to investi-
gate the complex nature of these processes, along with the removal of these molecules 
from the body. The research carried out so far indicates that the half-life of cfDNA in the 

Figure 1. Distribution of cell-free DNA (cfDNA). Kidney transplantation (KTx) is captured here
to highlight its dual function—as a kidney after other transplants and as a transplanted kidney.
dd-cell-free DNA in a kidney transplant is secreted by donor-derived urinary tract and secreted into
the blood.

Initially, dd-cfDNA values increase after transplantation (>5%), but these values de-
pend on the transplanted organ and usually decrease (<0.5%) within a week. The presence
of dd-cfDNA in the patient’s blood makes it possible to assess potential complications. If
the host organism rejects the transplanted organ, dd-cfDNA concentration increases more
than five times compared to its level in patients without complications [35]. This increase
can be detected even before other clinical or biochemical symptoms of complications. Some
studies have also focused on the excretion of dd-cfDNA via urine. This is particularly vital
in the case of allogeneic kidney transplants [36].

3.2. cfDNA in the Human Body: Origin and Removal

The concentration of cfDNA in the blood can vary significantly depending on the
condition of the person being tested, and can also fluctuate as a result of disease progression.
In patients diagnosed with cancer, it is usually at a level of 0–5 to >1000 ng/mL, while in
healthy people it typically does not exceed 100 ng/mL. The cfDNA concentration can also
vary depending on factors such as cancer type and stage. It has been proven that people in
the early stages of the disease have lower cfDNA levels compared to those in advanced
stages with metastases present [23]. This seems to support the idea that the amount of
cfDNA can illustrate the tumour interaction microenvironment or describe cancer biology
and metabolism. On the other hand, the increasing concentration of these molecules may
be due to the increasing number of cells undergoing apoptosis or related to the burden on
the body of developing cancer.

cfDNA formation and release characteristics still require further research to investigate
the complex nature of these processes, along with the removal of these molecules from the
body. The research carried out so far indicates that the half-life of cfDNA in the bloodstream
is estimated to be between 16 min and 2.5 h [37,38]. Unfortunately, this also requires further



J. Clin. Med. 2021, 10, 193 5 of 19

confirmation and must be checked under various environmental conditions and in patients
in different states of health. It is known that cfDNA can enter the liver or spleen and
be degraded by macrophages located inside them [39] as a result of the enzyme activity
of DNase I [40], or can be removed from the body through filtration in the kidneys and
excreted via urine [41]. As already mentioned, cfDNA can bind to proteins on the surface of
cells and be transported to others for possible degradation or transport to the cell nucleus.
The binding of cfDNA to receptors on the surface of cells depends on factors such as pH
and temperature, and can be inhibited by various substances [42]. Therefore, the speed
of its removal from the human body may depend on the speed of its binding and cellular
uptake.

4. cfDNA Detection

Although serum and plasma remain the most popular materials for cfDNA analysis,
there have been cases of clinical use of other biological materials; this is because cfDNA
derived from fluids that have increased contact with the tumour microenvironment can
be more indicative of the disease status. As mentioned before when discussing cfDNA
characteristics, its molecules can be removed via urine, so urine can be used for testing
as well [43]. Other means of excretion include saliva, sputum, faeces, and cerebrospinal
fluid [44–47]. According to the latest knowledge, serum samples have higher concentrations
of cfDNA than plasma. Serum testing can also be used to better detect specific mutations
in molecules that come from tumours. Research also suggests that cfDNA present in serum
is not subject to such severe destructive processes as in plasma [48].

4.1. Pre-Analytical Steps

Assessment of cfDNA concentration and/or other biomarkers in plasma or serum
is also called “liquid biopsy”. Recently, it has become one of the most important clinical
analyses aimed at early detection of cancer, as well as monitoring its course, predicting
relapses, assessing cancer therapeutic resistance, and conducting prenatal tests. Compre-
hensive liquid biopsy analysis can additionally be a tool for assessing tumour burden,
as well as a cancer’s molecular features [49]. This is why carrying out cfDNA analysis
procedures properly is so vital. Unfortunately, there are some challenges and difficulties
in extraction, and the process itself is not easy due to cfDNA fragmentation. Depending
on the extraction method, obtaining cfDNA fragments of different length from the same
sample can be another difficulty. Apart from obtaining different-sized cfDNA fragments,
different extraction methods can also result in various concentrations of the molecules
tested [50,51]. Since the concentration of cfDNA molecules is often very low, any loss of
biological material from the sample reduces the sensitivity of further molecular analyses.
As such, choosing the right extraction method to ensure the highest efficiency is extremely
important. Additionally, cfDNA extraction efficiency can be increased by using optimal
pre-analytical steps [52]. Figure 2 shows pre-analytical stages which can help optimise the
extraction process [37].

Extraction is followed by the next stage of cfDNA analysis, detection. Real-time poly-
merase chain reaction (RT-PCR) is a commonly accepted detection method [53]. It detects
all types of free and protein-bound cfDNA. An alternative method of direct immunolog-
ical detection of nucleosomal DNA in serum and plasma has also been described. This
method only captures the histone-related fraction, which is the main part of circulating
DNA. A ready-made enzyme-linked immunosorbent assay (ELISA) kit (e.g., Cell Death
Detection ELISAplus) can be used for this purpose, utilising anti-H1, H2A, H2B, H3, and
H4 histone antibodies and anti-DNA antibodies that bind to single- and double-stranded
DNA. Therefore, the test can detect both mono- and oligonucleosomes [54].
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4.2. Problems with cfDNA Detection

Unfortunately, we may also encounter difficulties at the cfDNA detection stage. The
sensitivity of technologies used to detect cancer cfDNA is expressed using the so-called
mutant allele fraction (MAF) range, i.e., the average fraction of the mutated allele, which is
a measure that determines the ratio of the number of mutated to wild-type alleles in the
sample. The detection limits of MAF in traditional qPCR range from 10 to 20% [37]. Many
PCR-based variants increase sensitivity, such as allele-specific quantitative polymerase
chain reaction (AS qPCR) [55]. In turn, digital PCR (dPCR) methods can quantify cfDNA
with exceptional sensitivity, up to 0.001–0.05% MAF [56,57]. These tests are based on
differences in the binding affinity of mutant and wild-type alleles, which require primers
or probes targeting specific mutations, and the multiplex ability is limited in this case [58].

There are also other methods for detecting cfDNA, such as whole-genome sequenc-
ing, including Plasma-Seq [59] and Fast Aneuploidy Screening Test Sequencing Sys-
tem (FAST-SeqS) [60], which require relatively large amounts of cfDNA to be detected
(5–10% MAF) [37]. Fortunately, it has already been shown that the MAF detection limit
can be reduced to as low as 0.1% by minimising background sequencing error levels and
increasing the signal-to-noise ratio of the samples [61,62]. Sampling noise can also be
reduced by implanting selective cfDNA scavengers, which simultaneously increases the
efficiency [61]. Additionally, the method sensitivity can be increased by using exome
sequencing, digital sequencing, and PCR enhancers (e.g., Safe-Seqs) [63].

Such technical limitations can be overcome by examining the genomic features of
cfDNA that are significantly altered, including diverse methylation patterns and post-
translational histone modifications [37]. The use of this data would increase the likelihood
of cancer detection and help determine tumour location, and could also be helpful in
identifying cancers of unknown origin. Studies should first be conducted on large groups
of patients before their clinical utility can be confirmed.

Among the key elements of cfDNA detection are the sensitivity and specificity of tests
due to their usefulness in screening and distinguishing between ill and healthy people.
Therefore, before introducing these methods for diagnostic screening, the sensitivity of
the available tests should be increased. These methods already show sufficient sensitivity
in giving prognoses and assessing disease severity. In addition, they can also be vital
when choosing a treatment method, assessing the response to a chosen therapy, monitoring
minimal residual disease, and predicting relapses.
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4.3. Distinguishing dd-cfDNA from Recipient cfDNA

Quantification of cfDNA in circulating blood derived from a transplanted organ is a
powerful approach to monitoring post-transplant injury. Detection of dd-cfDNA is based on
chimerism, i.e., the presence of cells in the transplant recipient that are genetically different
from the cells of the transplant donor [64]. The potential of dd-cfDNA was first tested in
liver and kidney transplant recipients. Sex-specific chromosome differences were used to
distinguish donor and recipient cfDNAs. Male donor cfDNA was detected in 23 female
kidney or liver transplant recipients using chromosome Y (ChrY)-specific quantitative PCR
(qPCR) [65]. This method is characterised by high sensitivity, short lead time, and relatively
low cost; however, it cannot be applied in all patients, as women receiving organs from
male donors are only a small fraction of the total recipient population.

Gadi et al. [66] used the qPCR test targeted at specific polymorphisms in human
leukocyte antigen (HLA) sequences. Compared to the detection of ChrY, this method is
not gender-specific and therefore has wider application. Digital droplet PCR (ddPCR) [67]
can be used to quantify dd-cfDNA as well. Similarly to qPCR, ddPCR can also be used
to detect genetic differences between donors and recipients, including single nucleotide
polymorphisms (SNPs), ChrY, and insertions or deletions (InDels). ddPCR displays greater
sensitivity, precision, and completeness of quantification. This technique is based on a
variation in the number of base pairs, making the use of InDels more sensitive [64].

Today, genome transplant dynamics (GTD) uses different SNPs to distinguish between
host and donor molecules to determine whether dd-cfDNA from a transplanted organ is
present in the recipient’s bloodstream. Unfortunately, this procedure requires genotyping
for both recipient and donor, and clinical practice shows that information about the donor’s
genotype is often difficult to obtain [68]. Various algorithms have been developed to
overcome this problem [68,69]. Additionally, next-generation sequencing (NGS) assays are
starting to be used to quantify dd-cfDNA, which suggests great clinical utility and further
benefits [70,71].

SNPs or InDels that are present in one or two alleles of the donor, and not present in
the recipient genome, may be useful for the detection of dd-cfDNA. SNPs that are highly
variable in the population are particularly useful, as this increases the probability that
donor DNA can be distinguished from recipient DNA, and thus dd-cfDNA from recipient
cfDNA. Another option for SNP quantification is massive parallel shotgun sequencing,
which is a form of NGS [72]. While this method is characterised by high sensitivity, it is
also very expensive and has a long implementation time.

5. cfDNA in Transplantations

Elevated serum dd-cfDNA is suggested as a biomarker of rejection in liver, lung, and
heart transplant (HT) recipients [73–75].

Krenzien et al. [76] examined the hypothesis that liver transplant recipients have high
levels of cfDNA due to ischemic reperfusion injury (IRI). The population group included
50 patients, who had elevated cfDNA levels in the first week after transplantation. The
authors concluded that increased cfDNA in liver transplant recipients is associated with
worse 1-year survival. They also found granulocytes and eosinophils in liver biopsies of
patients with high cfDNA, which was in line with the increased level of neutrophils in
their blood. In another prospective observational multicentre cohort study, the level of
dd-cfDNA in the plasma of 115 liver transplant patients was tested. It was determined that
dd-cfDNA measurements are better than standard patient liver monitoring. In addition,
dd-cfDNA may help to identify rejection 8 to 15 days before a biopsy-proven rejection with
sensitivity and specificity of about 90% [77].

Sayah et al. [78] analysed dd-cfDNA in blood obtained from lung transplant patients.
dd-cfDNA was elevated in patients with acute cellular rejection and a cut-off of 0.87%, with
sensitivity at 73.1% and specificity at 52.9%. To detect AR in lung transplant recipients,
a transbronchial lung biopsy via fibreoptic bronchoscopy is typically performed. More
than 85% of lung transplants show an HLA mismatch of at least four out six alleles,
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while only less than 0.1% show a donor–recipient HLA match of six out six alleles [79].
Zou et al. [80] developed a test method based on phenotypic HLA differences between
recipient and donor DNA. They developed a panel of DNA probes in which each probe
targets a unique HLA allele sequence. After transplantation, donor- and recipient-specific
probes are matched based on the differences in HLA loci, after which ddPCR quantifies the
amount of dd-cfDNA in significant excess of recipient cfDNA. It was determined that the
dd-cfDNA level was significantly elevated in patients with AR (p < 0.01). dd-cfDNA can
be used as a non-invasive early biomarker of acute rejection, detected using a peripheral
blood sample.

Richmond et al. [81] analysed 624 biopsy-paired blood samples obtained from seven
centres. They concluded that dd-cfDNA could be useful for ruling out acute rejection after
HT in paediatric and adult population groups with a cut-off value of 0.16% (sensitivity: 75%;
specificity: 79%). Non-invasive monitoring of dd-cfDNA levels provides an alternative
to endomyocardial biopsy as a standard for assessing rejection in HT recipients. Iwijn
De Vlaminck et al. [73] analysed dd-cfDNA using 565 plasma samples obtained from
HT patients. It was concluded that the increased dd-cfDNA level was in line with acute
rejection, with sensitivity and specificity comparable to biopsy. Khush et al. [82] analysed
blood samples from HT patients in a multicentre study with a reference population of 646
patients. The dd-cfDNA median level in this population was 0.07%. In patients with acute
rejection, the median level of dd-cfDNA was 0.17%. Using a threshold of 0.2%, the authors
determined that the sensitivity of this method for detecting rejection was 44%.

Despite the clinical success of pancreatic islet transplants, results may be worse due to
the early death of cells after intraportal infusion. After transplantation, islets are under-
oxidised, exposed to alloimmunity and instant blood-mediated inflammatory response
(IBMIR), leading to the loss of a significant proportion of the transplant. Alloimmunity is
controlled by measuring DSA. Pre-transplantation DSA was associated with failure of the
transplant, but not all studies have proven this [83]. A limiting factor in predicting early
and long-term function of a transplant is the impossibility of determining cell death after
transplantation. During 2014–2016, Gala-Lopez et al. [84] conducted research involving
isolation of pancreatic islets and allotransplantation. A total of 100 islet allotransplantations
were performed on 83 patients. Statistical analysis was carried out on data of 37 patients
who met the relevant criteria, such as receiving their first transplant or a second transplant
more than a year after the previous one. The beta cell-specific level of cfDNA in plasma
was measured 1 h, 24 h, 7 days, and 1 month after transplantation; the function of the
transplant and the requirements for exogenous insulin were examined as well. The results
showed that beta cell-specific cfDNA measured 24 h after transplantation correlated with
the transplant functioning immediately after the procedure. An hour after transplantation,
patients both with and without cfDNA signals had similar initial transplantation function,
which was assessed using monthly exogenous insulin requirements and C-peptide levels
(0.14 vs. 0.11 U/kg per day, p < 0.05) and 1 month stimulated C-peptide levels (0.92 vs.
1.3 nmol/L, p < 0.05). Patients with cfDNA detected 24 h after transplantation had a
significantly higher monthly insulin demand, higher absolute insulin consumption, and
lower C-peptide levels stimulated for one month. Beta cell-specific cfDNA measured 24 h
after transplantation may be a predictive factor for islet transplantation.

By September 2020, five clinical trials related to cfDNA in transplantation were regis-
tered in the ClinicalTrials.gov database (Table 2). More clinical trials with study groups
including kidney transplant recipients are required.
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Table 2. The five clinical trials of cfDNA in transplantation downloaded from ClinicalTrials.gov database (https://
clinicaltrials.gov/) with terminated, completed, and active, not recruiting status.

NCT Number Title Condition Actual
Enrolment

Recruitment
Status Location Age of

Participants 1

NCT03765203
Utility of a Novel Dd-cfDNA Test

to Detect Injury in Renal
Post-Transplant Patients (QIDNEY)

Kidney transplant failure 175 participants Completed United States Child, adult,
older adult

NCT04271267 Cell-free DNA as a Biomarker
After Lung Transplantation Lung transplant rejection 126 participants Completed No data Adult,

older adult

NCT02424227
Non Invasive Blood Test To

Diagnose Acute Rejection After
Kidney Transplantation (DART)

Kidney transplant recipients 401 participants Active, not
recruiting United States Adult,

older adult

NCT01985412
Genome Transplant Dynamics:

Non-invasive Sequencing-based
Diagnosis of Rejection (GTD)

Cardiac transplant rejection;
lung transplant rejection 65 participants Completed United States Child, adult

NCT02109575

Quantitative Detection of
Circulating Donor-Specific DNA in

Organ Transplant Recipients
(DTRT-Multi-Center Study) (DTRT)

Cardiovascular disease;
acute rejection of

cardiac transplant;
cardiac transplant rejection;

heart transplant failure
and rejection

no data Active, not
recruiting United States Child, adult,

older adult

1 Child: new-born to 17 years old; adult: 18–64 years old; older adult: more than 65 years old.

6. cfDNA in Kidney Transplantation

Currently, the only reliable method of detecting the causes of kidney injuries is an
invasive test, a transplant biopsy. Developing a non-invasive diagnostic method to detect
damage after organ transplantation is a clinical need that has not been met so far. It
has been assessed that cfDNA may be a potential substitute for the donor’s acute organ
transplantation biomarker and AR biomarker (Figure 3).
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Early non-invasive detection of an increase in cfDNA level could reduce the number of
unnecessary biopsies. In addition, it would allow clinicians to modify immunosuppressive
therapy at the proper time. The immunosuppressive drugs used by kidney transplant
recipients often include tacrolimus. It has been shown that dd-cfDNA can be used to
assess the effective tacrolimus trough concentrations in the livers of kidney transplant
recipients. The clinical utility of the dd-cfDNA test needs to be better defined. It is missing
the distinction between immunological and non-immunological factors, which can be
rectified with additional analysis of donor-specific antibodies as the main immunological
factor causing graft injury [85–87].

https://clinicaltrials.gov/
https://clinicaltrials.gov/


J. Clin. Med. 2021, 10, 193 10 of 19

Dauber et al. [5] conducted a study in which they determined the dd-cfDNA levels in
serum using quantitative RT-PCR, which analysed InDels in patients after KTx. In patients
with AR, the dd-cfDNA level was 5.24% of the total cfDNA in the recipient’s plasma, while
in the remaining patients it was 3.74% lower. Analysing InDels seems to help differentiate
AR from other causes of rejection after KTx.

Some studies have shown that T cell-mediated rejection (TCMR) is not always associ-
ated with increased dd-cfDNA in the serum [88,89]. Stites et al. [90] analysed dd-cfDNA
levels in patients with T cell-mediated rejection grade IA (TCMR IA), as well as borderline
conditions (inflammation that does not qualify as TCMR), after biopsy. The authors demon-
strated the presence of a significantly higher amount of cfDNA in the serum of patients
with reduced estimated glomerular filtration rate (eGFR) and patients with DSA present
in the serum. They suggested the potential use of cfDNA assays to complement the Banff
classification of kidney allograft pathology based on histologic biopsy assessment.

A study by Bloom et al. [88] on 102 patients showed a statistically significant difference
in dd-cfDNA levels in patients with active rejection compared to the non-rejection group.
It is assumed that the probability of acute rejection increases when the dd-cfDNA level
exceeds 1%. Another study of 107 plasma samples of kidney transplant patients, looking
for cfDNA derived from the donor organ (dd-cfDNA) using NGS was carried out by
Gielis et al. [91]. A total of 1036 plasma samples were tested and a threshold of 0.88% was
established. According to the authors, rejection had a higher diagnostic value in the case of
elevated creatinine level, but an increase in dd-cfDNA was also observed. The increased
dd-cfDNA was often associated with pyelonephritis and acute rejection. Despite this, the
authors did not find any correlation between kidney function and dd-cfDNA percentage in
a 3-month follow-up after transplantation (determining serum creatinine or eGFR at the
same time). The study showed that dd-cfDNA percentage has a similar diagnostic value as
serum creatinine in AR prognosis. There was also no significant increase in dd-cfDNA in
the case of cytomegalovirus (CMV) or bovine kobuvirus (BKV) infection. In their previous
work [92], they studied patient samples using PCR to determine the dd-cfDNA kinetics
after transplantation and the threshold value. The level decreased exponentially in plasma
within 10 days after transplantation and the threshold value was 0.88%. The authors also
reported that recipients with longer warm ischaemia time (WIT) had higher dd-cfDNA
levels in the first day after transplantation.

dd-cfDNA is used in the United States to detect rejection in kidney transplant re-
cipients and has been reimbursed under Medicare (the US government social insurance
programme) since October 2017. Huang et al. [89] analysed 63 adult KTx recipients with
suspected allograft rejection. For this purpose, dd-cfDNA measurement and allograft
biopsy were performed. In this analysis, 43% of the patients had DSA, and biopsy showed
rejection in 54% of cases. The percentage of dd-cfDNA was found to be higher (median
1.4%) in recipients with ABMR compared to recipients without rejection (median 0.38%)
and recipients with T cell-mediated rejection (median 0.27%). The authors suggested
that due to unclear reasons, cfDNA tests had false positive results in patients with T cell-
mediated rejection. It seems that while cfDNA may have broad application for detecting
the presence of ABMR, the existing scientific data of dd-cfDNA are limited and further
research is needed.

Sigdel et al. [93] carried out a study to measure dd-cfDNA levels by SNP-based
massively multiplexed PCR (mmPCR) using NGS in 300 plasma samples collected from
patients after KTx. In this retrospective analysis, the mmPCR-NGS method had more than
80% sensitivity and more than 70% specificity in detecting dd-cfDNA levels (cut-off >1%),
higher than in the case of eGFR (cut-off <60 for AR). Median cfDNA in the AR group was
2.32% and in the non-rejection group was 0.47%, however there was no difference between
TCMR and ABMR groups.

Zhang et al. [94] studied blood samples of patients a median of 3 years after kidney
transplantation with ABMR and stable graft function to determine the presence of cfDNA
and attempted to assess the impact of dd-cfDNA on ABMR pathological severity and
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prognosis. Biomarker levels were measured using a targeted next-generation sequencing
assay. The mean amount of dd-cfDNA in plasma was 2.4% in the ABMR group, which was
higher than in the stable allograft group (0.65%). There was no significant difference in
cfDNA levels between acute and chronic ABMR; however, in patients with ABMR, cfDNA
levels were elevated compared to those without rejection. The cut-off point was 1% of the
cfDNA value.

Hurkmans et al. [95] published a case report in which they described a patient with
increased dd-cfDNA to 23% of total cfDNA after kidney transplantation. The increased
dd-cfDNA suggested transplant rejection, which was confirmed by biopsy. The patient had
co-occurring melanoma, which was treated with an immune checkpoint inhibitor, which
probably stimulated allograft rejection. The dd-cfDNA level probably increased because of
the presence of cancer. This may suggest a lower sensitivity of the marker.

Oellerich et al. [4] indicated an inaccuracy in the fractional determination of cfDNA
levels and suggested measuring this biomarker by absolute quantification of dd-cfDNA
(copies per mL of plasma). They conducted a single centre study of patients after KTx.
Five days after KTx, the average amount of dd-cfDNA fraction was about 0.6% regard-
less of the donor, and the absolute dd-cfDNA amounted to 98 cp/mL from non-living
and 68 cp/mL from living donors. Values above 0.50% and 50 cp/mL are of practical
importance. In patients with biopsy-proven rejection (BPR), the dd-cfDNA median was
0.57% and 82 cp/mL, while in stable patients it was 0.29% and 25 cp/mL. The authors
suggested that this biomarker may detect inadequate immunosuppression because it was
increased in patients with lower tacrolimus levels. Measuring dd-cfDNA (%) in comparison
with copy number variation (CNV) (cp/mL) in the receiver operating characteristic (ROC)
analysis shows differences (0.73 vs. 0.83, respectively) in the area under the curve (AUC).
Whitlam et al. [96] concluded that the determination of dd-cfDNA fraction or absolute
quantification of dd-cfDNA may be equally helpful in diagnosis. In the diagnosis of ABMR,
determination of dd-cfDNA (%) and dd-cfDNA (cp/mL) has a sensitivity of 0.85 for both
and a specificity of 0.75 and 0.79, respectively.

Shen et al. [97] analysed 77 blood samples of 28 AR patients (5 with ABMR and 23
with TCMR). The amounts of total cfDNA and dd-cfDNA were measured before and
after anti-rejection therapy. Both parameters significantly decreased. Serum creatinine
showed no significant difference in either subgroup after therapy. dd-cfDNA was measured
2 weeks after the end of therapy, and results showed no significant differences. The same
comparative analysis was performed for creatinine, and a slight decrease was observed
2 weeks after the end of anti-rejection therapy.

Zhou et al. [98] examined 32 samples of peripheral blood from 30 KTx patients. The
mean dd-cfDNA ratio was 1.17% (highest, 3.53%; lowest, 0.23%) and was more statistically
significant in patients with rejection.

An important problem in clinical practice is the difficulty of early diagnosis of kidney
injury which may have a bad influence on chronic kidney disease (CKD). Patients with
CKD may consequently require KTx. Watson et al. [99] developed the Kidney Injury Test
(KIT) after analysing 397 urine samples collected from CKD patients. They measured
6 biomarkers: cfDNA, methylated cfDNA (m cfDNA), CXCL10, clusterin, total protein,
and creatinine. The KIT can be used for monitoring of CKD patients.

In some patients, immunoglobulin A (IgA) nephropathy recurs after KTx [100]. Yang
et al. [101] studied urine samples of 34 patients with IgA nephropathy using the KIT
developed by Watson et al. It turned out that the KIT panel may be useful in distinguishing
healthy patients from those with IgAN; however, the cfDNA values were the best predictor.

In another multicentre prospective study [102], KIT was used to analyse urine samples
collected just before kidney allograft biopsy in paediatric and adult KTx patients. They
measured 6 biomarkers in 364 urine samples which were paired with kidney transplant
biopsies of transplant recipients (mainly in the case of stable allograft function and acute
rejection patients). These biomarkers were cfDNA, methylated cfDNA (m-cfDNA), clus-
terin, CXCL10, creatinine, and total protein. Based on these, the authors developed the
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quantitative Q score (QiSant score) with a scale of 0–100. It has been observed that the
QiSant score can determine the occurrence of TCMR and ABMR. It can also predict an
episode of rejection up to 200 days before biopsy-confirmed rejection. The KIT enabled the
diagnosis of AR with 96% accuracy, as well as early diagnosis of AR even before increased
serum creatinine was present. Nolan et al. [103] analysed 152 urine samples from patients
with stable allograft function (STA) and 71 samples from patients who suffered AR after
KTx, indicating the levels of 6 biomarkers using the QiSant score and blinded to clinical
information. The Q score test in this study successfully distinguished patients with AR
(Q score ≥ 32) and STA (Q score < 32) with sensitivity and specificity of more than 90% in
adult and paediatric groups. There were no statistically significant differences between
patients with ABMR and TCMR. Urinary tract infection (UTI) can occur in KTx patients and
occurs in 17% of patients within 6 months after the procedure. Later, UTIs also increase the
risk of death in these patients [104]. Using next-generation sequencing, Burnham et al. [105]
tested 141 urine samples from KTx patients for cfDNA; this included two groups, bacterial
(99 samples) and viral (42 samples). All patients with BKV infection had high levels of
cfDNA.

The level of dd-cfDNA in urine correlates with the protein/creatinine ratio (r = 0.48;
p < 0.05) and glomerular filtration index (r = 0.52; p < 0.05). It was most sensitive to acute
allograph damage. The measurement of dd-cfDNA in urine may be a sensitive marker of
acute injury in the donor organ [106].

7. cfDNA in Kidney Diseases

Homolová et al. [107] studied the amount of extracellular DNA (ecDNA) in plasma
in animal models of acute kidney injury (AKI). The authors identified three subtypes of
ecDNA: mtDNA, nuclear ecDNA (ncDNA), and total ecDNA. In AKI induced by bilateral
ureteral obstruction and glycerol, higher total ecDNA was observed. Similarly, in bilateral
ureteral obstruction-induced AKI, ncDNA was increased compared to sham (placebo
operation without ligation, excision, or clamping). Based on this study, it was concluded
that AKI pathogenesis significantly affects the increase in ecDNA in plasma and may be
useful in diagnosing AKI.

It was reported that cfDNA levels are elevated in type 2 diabetes mellitus (T2DM).
In addition, patients with retinopathy have higher levels of cfDNA than those without
it [108]. Many T2DM patients can develop diabetic kidney disease (DKD). In a prospective
study, blood samples from patients with DKD were analysed to determine the serum level
of cfDNA with a 3-year follow-up. cfDNA in serum was higher in patients with DKD
progression (960.49 ng/mL), and it was defined as decreased eGFR or urinary albumin-to-
creatinine ratio compared to the group without disease progression (824.51 ng/mL). As
such, serum cfDNA is associated with DKD and can be used as a predictor in patients with
T2DM who develop DKD [109].

A study of 131 patients diagnosed with CKD was carried out by Chang et al. [110],
which showed a correlation between low plasma cfDNA and cf mtDNA concentration
in urine and favourable treatment results within 6 months; as such, they are prognostic
factors. They are non-invasive biomarkers of CKD and make it possible to monitor its
progress.

Immunohistochemical testing and biochemical characterisation of tumours are cur-
rently used as the basis for making diagnoses and determining the prognosis for patients
with kidney cancer. Many researchers are intensively searching for new diagnostic and
prognostic markers in easily accessible and retrievable biological samples, especially blood
and urine. ctDNA is highly specific and can be used for diagnosis and as a prognostic and
predictive factor [111]. In body fluids other than blood, ctDNA is not diluted; it reaches
higher concentrations and its presence is a result of necrotic changes (and/or it is actively
excreted). The use of body fluids which are in direct contact with cancer cells to measure
ctDNA may provide an alternative to measuring ctDNA in the blood, as some cancer types
only secrete small amounts of ctDNA into it. The type of biological material in which a
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high level of ctDNA is detected suggests the cancer location; in addition, the marker is also
an indicator of genetic and epigenetic changes in the cancer tissue. As such, detecting and
quantifying cancer cells becomes possible.

Lasseter et al. [112] studied the possibility of using m-cfDNA immunoprecipitation
sequencing (cfMeDIP-seq) to detect renal clear cell carcinoma (RCC) after isolating cfDNA
plasma. The results of the analysis showed that the use of sequencing increased sensitivity
to 52% (from 39%), whereas in the case of metastatic RCC, the sensitivity was 100% with
88% specificity. cfMeDIP-seq monitoring may also be useful as a predictive marker.

Bacon et al. [113] tested blood samples from patients with metastatic RCC to determine
the usefulness of cfDNA as a predictive biomarker. Patients with metastatic RCC and
elevated serum cfDNA had significantly shorter progression-free survival (PFS) and overall
survival (OS) with first-line therapy.

Rouvinov et al. [114] analysed blood samples collected from 23 patients to verify
whether cfDNA could be a predictive biomarker in the treatment of metastatic RCC
(mRCC). The cfDNA level was measured using a fluorometric assay. An elevated cfDNA
level before targeted mRCC therapy can be associated with worse PFS. Skrypkina et al. [115]
carried out a study in which they tried to check the usefulness of measuring cfDNA levels
in plasma samples as a kidney cancer biomarker (involving 27 patients with carcinoma
and 15 healthy donors). cfDNA levels were measured using two methods: SYBR Green
I fluorescence and quantitative real-time PCR (qRT-PCR). For the results obtained using
fluorescence, the median cfDNA level was 235.55 ng/mL in patients with renal cancer,
while in the healthy group it was 53.66 ng/mL. For the qRT-PCR method, the values were
also higher for renal carcinoma patients (median 80.97 ng/mL) than for healthy donors
(median 35.1 ng/mL). The authors also studied the methylation of specific genes in these
samples (FHIT, APC, and RASSF1) and concluded that cfDNA with methylation can be a
useful addition to serological tumour markers in detecting renal carcinoma. cfDNA alone
cannot be a specific biomarker for detecting kidney cancer [31].

In their original article, Lu et al. [116] concluded that cf mtDNA (measured using
qRT-PCR) is higher in patients with mRCC compared to those with non-metastatic RCC
and healthy people. They also suggested that cfDNA can be a prognostic marker in
non-metastatic RCC.

8. Conclusions

Since 1998, there has been great interest in cfDNA plasma testing in molecular di-
agnostics for cancer detection and prenatal diagnosis. It was eventually discovered that
dd-cfDNA can be detected in the plasma of transplant recipients. The method of geno-
typing the constitutional DNA of transplant donors and recipients provided genotyping
information which allowed researchers to analyse the sequencing of DNA in plasma and
study the polymorphisms specific to donors. Different methods have established an aver-
age value of less than 1% for cfDNA in healthy individuals, whereas during organ rejection,
cfDNA levels increase to an average of 3–4% of the total cfDNA.

Assessing the level of dd-cfDNA seems to be a minimally invasive and sensitive
method. Compared to biopsy, the waiting time is much shorter as well; however, false
positive results can occur for KTx patients with coexisting diseases and other cancer types.
The results may also be questionable if there has been post-allograft retransplantation.

The presence of the donor genome in a transplanted organ can be used to monitor
the condition of the transplanted organ. Treatment leads to a decrease in cfDNA levels. If
detected quickly, rejection can be treated at an early stage before complete rejection occurs.
Future multicentre studies and clinical trials on detecting dd-cfDNA (in urine and serum)
in KTx patients with suspected graft rejection are still required. The methods to be used in
such studies are vital and any samples obtained should be in line with the biopsy results.
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