
This item is the archived peer-reviewed author-version of:

Cell-free DNA : an upcoming biomarker in transplantation

Reference:
Gielis Els, Ledeganck Kristien, De Winter Benedicte, Del-Favero Jurgen, Bosmans Jean-Louis, Claas F.H.J., Abramowicz
Daniel, Eikmans M..- Cell-free DNA : an upcoming biomarker in transplantation
American journal of transplantation - ISSN 1600-6135 - 15:10(2015), p. 2541-2551 
Full text (Publishers DOI): http://dx.doi.org/doi:10.1111/AJT.13387 
To cite this reference: http://hdl.handle.net/10067/1287690151162165141

Institutional repository IRUA

http://anet.uantwerpen.be/irua


Page | 1  
 

  

Cell-free DNA: an upcoming biomarker in transplantation 
 

 

Running title:  

 

Cell-free DNA as a transplantation biomarker 

 

 

 

Authors: 

 

Gielis E.M.1,2, Ledeganck K.J.1, De Winter B.Y.1, Del Favero J.3, Bosmans J-L.1,4, Claas F.H.2, Abramowicz 

D.1,4, Eikmans M.2 

1Laboratory of Experimental Medicine and Pediatrics, University of Antwerp, Antwerp, Belgium 

2Leiden University Medical Center, Department of Immunohematology and Blood Transfusion, 

Leiden, The Netherlands 

3Multiplicom N.V., Niel, Belgium  

4Department of Nephrology and Hypertension, Antwerp University Hospital, Antwerp, Belgium  

 

Corresponding author: 

Michael Eikmans 

Leiden University Medical Center 

Department of Immunohematology and Blood Transfusion 

Albinusdreef 2  

2333 ZA Leiden  

The Netherlands 

Tel: +31 (0)71 5266722 

Email: M.Eikmans@lumc.nl  



Page | 2  
 

Abbreviations: 

 

µg microgram 

AR acute rejection  

AST aspartate transaminase 

ATN  acute tubular necrosis 

AUC area under the curve 

BKVN BK viral nephropathy 

bp base pairs 

CAI chronic allograft injury 

cfDNA cell-free DNA 

ChrY chromosome Y 

CMV cytomegalovirus 

CND copy number deletion 

ddcfDNA donor-derived cell-free DNA 

ddPCR digital droplet PCR 

EDTA ethylenediaminetetraacetic acid 

GE genome equivalents 

H heart 

HTP heart transplant patient 

K kidney 

kb kilobase 

KPTP kidney pancreas transplant patient 

kSORT kidney solid organ response test 

KTP kidney transplant patient 
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L liver 

LTP liver transplant patient 

MOF multiple organ failure 

MPSS massive parallel shotgun sequencing 

n number in group 

ng nanogram 

N.M. not mentioned 

NTX drug-induced nephrotoxicity 

P pancreas 

PCR polymerase chain reaction 

qPCR quantitative polymerase chain reaction 

ROC receiver operating characteristic 

SNP single nucleotide polymorphism 

SRY sex-determining region of chromosome Y 

TMA thrombotic microangiopathy 

Tr-DNA transrenal DNA 

Tx transplantation 

UTI urinary tract infection 
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ABSTRACT 

 

After organ transplantation, donor-derived cell-free DNA (ddcfDNA) can be detected in the 

recipient’s blood and urine. Different ddcfDNA quantification techniques have been investigated 

but a major breakthrough was made with the introduction of digital droplet PCR and massive 

parallel sequencing creating the opportunity to increase the understanding of ddcfDNA kinetics 

after transplantation. The observations of increased levels of ddcfDNA during acute rejection and 

even weeks to months before histologic features of graft rejection point to a possible role of 

ddcfDNA as an early, non-invasive rejection marker. In this review we summarize published 

research on ddcfDNA in the transplantation field thereby elaborating on its clinical utility. 

Major references that will be used: 

De Vlaminck I, Valantine HA, Snyder TM, Strehl C, Cohen G, Luikart H, et al. Circulating cell-free DNA 

enables noninvasive diagnosis of heart transplant rejection. Sci Transl Med 2014; 6(241): 241ra277. 

Snyder TM, Khush KK, Valantine HA, Quake SR. Universal noninvasive detection of solid organ 

transplant rejection. Proc Natl Acad Sci U S A 2011; 108(15): 6229-6234. 

Beck J, Bierau S, Balzer S, Andag R, Kanzow P, Schmitz J, et al. Digital droplet PCR for rapid 

quantification of donor DNA in the circulation of transplant recipients as a potential universal 

biomarker of graft injury. Clin Chem 2013; 59(12): 1732-1741. 

Sigdel TK, Vitalone MJ, Tran TQ, Dai H, Hsieh SC, Salvatierra O, et al. A rapid noninvasive assay for the 

detection of renal transplant injury. Transplantation 2013; 96(1): 97-101. 

Garcia Moreira V, Prieto Garcia B, Baltar Martin JM, Ortega Suarez F, Alvarez FV. Cell-free DNA as a 

noninvasive acute rejection marker in renal transplantation. Clin Chem 2009; 55(11): 1958-1966. 
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MAIN BODY TEXT 

 

Introduction 

Current monitoring of the graft 

After transplantation of any organ type, the graft is susceptible to different pathologies including 

(opportunistic) infection, disease recurrence and acute rejection. In addition, drug-induced toxicity is 

an important cause of graft dysfunction in kidney and liver transplantation (1, 2). The incidence of 

acute rejection varies between graft types, with the highest incidence of acute rejection after 

intestinal, heart, and lung transplantation (approximately 55%, 30-45%, and 35-40%, respectively) (3-

5). After liver, simultaneous kidney-pancreas, and kidney transplantation, acute rejection is less 

frequent with incidences of 13-30%, 20%, and 12-14%, respectively within 2 years after 

transplantation (6-8). In the case of pancreas, kidney and liver transplantation, the measurement of 

blood markers (lipase/amylase, serum creatinine and liver enzymes, respectively) is recommended as 

routine post-transplantation monitoring (1, 9, 10). However, in the field of kidney transplantation, 

deterioration of graft function cannot be detected until significant graft damage has occurred (11) 

and after cardiac transplantation, the monitoring of cardiac enzymes is not recommended because of 

the poor sensitivity of these markers in the diagnosis of acute rejection (12), pointing to an urgent 

need of alternative biomarkers for monitoring graft status.  

The importance of non-invasive graft monitoring is further emphasized as subclinical rejection may 

occur: these cases can exclusively be detected with (invasive) surveillance or protocol biopsies (13-

17). Currently, to our knowledge, AlloMap is the only commercially available non-invasive organ 

transplant monitoring test (18). This gene expression profiling assay has been investigated and 

validated in cardiac transplant recipients and has been included in the current heart transplantation 

guidelines to rule out the presence of a moderate to severe acute rejection in low-risk patients 

between 6 months and 5 years after transplantation (12). In the field of kidney transplantation, the 
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use of the kSORT (kidney solid organ response test) - a peripheral blood gene set assay – has been 

investigated to identify patients at high risk of acute rejection (19). However, as discussed recently 

(20), more studies are needed to validate its predictive ability. 

Interest in cell-free DNA 

Since the discovery of donor-derived cell-free DNA (ddcfDNA) in the recipient’s blood and urine, 

clinical interest in genomic cell-free DNA (cfDNA) within the transplantation field is growing (21, 22). 

The release of ddcfDNA in the recipient’s blood and urine secondary to cell damage in the graft 

makes these molecules potential biomarkers of graft health. In contrast with aforementioned organ-

specific molecular rejection prediction assays, ddcfDNA may be used as a universal marker that is 

applicable in the monitoring of the health of any solid organ transplant.  

Different mechanisms accounting for DNA release in the circulation have been postulated, including 

apoptosis (23-26), necrosis (26), and active secretion (27-29). Observations in gender-mismatched 

bone marrow and solid organ transplantation models point to hematopoietic cells as primary source 

of cfDNA in the plasma, with non-hematopoietic cells accounting for a minority of the free circulating 

DNA (24, 30, 31). After crossing the kidney barrier by glomerular filtration, low molecular weight DNA 

fragments can appear in the urine, called ‘transrenal DNA’ (Tr-DNA), whereas higher molecular 

weight DNA is derived from cells shed from the urinary tract or other urinary cells (32, 33) (Figure 1 

and Table 1). The possibility to isolate cfDNA from serum, plasma, and urine for ddcfDNA 

quantification may give rise to the development of novel non-invasive tests for the diagnosis of graft 

damage linked to acute rejection. In this review we summarize published research on ddcfDNA in the 

transplantation field thereby elaborating on its clinical utility. 
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Cell-free DNA isolation and quantification: technical aspects 

After transplantation, low concentrations of cfDNA can be detected in the recipient’s plasma, serum 

and urine (Figure 1). As only a small fraction of this total cfDNA is graft-derived, quantification of 

ddcfDNA is challenging. Different pre-analytic and methodological factors must be taken into account 

to minimize cell degradation and subsequent release of background recipient DNA (Table 1). In the 

past 20 years, ddcfDNA quantification techniques have been investigated which differ in terms of 

applicability, sensitivity, turnaround times and instrumentation costs (Table 2). While amplification of 

Y-chromosome genes in the recipient’s plasma and urine has been widely used in gender-

mismatched transplantations (21, 22, 30, 31, 34-39), this strategy is limited to about 25% of the 

transplant population. A more universal approach is the use of informative genetic polymorphisms 

whereby a particular allele differs or is absent in the donor genome compared to the recipient 

genome; in addition to the quantification of donor-specific HLA DNA (40) and copy number deletion 

polymorphisms (41), single nucleotide polymorphisms (SNPs) can be targeted to determine the 

percentage of ddcfDNA by counting donor and recipient’s bases at informative SNP sites with digital 

droplet polymerase chain reaction (ddPCR) (42-44) or massive parallel shotgun sequencing (MPSS) 

(34, 45).
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Kinetics of ddcfDNA levels in recipients with stable grafts 

The ddcfDNA kinetics seem to follow an L-shaped curve with high percentages in the immediate 

post-engraftment phase followed by a swift decrease to a stable baseline level. The high ddcfDNA 

levels immediately after transplantation may be caused by ischemia-reperfusion injury (40, 42, 43). If 

this is the case, higher levels of ddcfDNA are expected in recipients with grafts of deceased donors. 

However, no studies have been published comparing ddcfDNA kinetics in recipients transplanted 

with a graft of a living donor versus a deceased donor. Residual blood cells or cells loosely associated 

with the graft might be an alternative source of ddcfDNA.  

In liver transplant recipients, plasma ddcfDNA fractions reaching 90% of total cfDNA were observed 

immediately after transplantation, and ddcfDNA levels decreased rapidly thereafter with a half-life of 

24-48 hours, to < 15% at day 10 (42). High serum ddcfDNA levels (2000-72 000 ng/ml) were found in 

liver transplant recipients a few minutes after liver reperfusion, which dropped to low baseline levels 

within a few days when there were no complications (Table 3) (39). 

Similar ddcfDNA kinetic curves have been observed in plasma (37) and urine (35, 37, 59) from kidney 

transplant recipients and in serum from recipients of a simultaneous kidney-pancreas transplant (40). 

One study reported a high inter-patient variability of urinary ddcfDNA levels and showed no 

correlation of urinary ddcfDNA levels with donor age, duration of cold ischemia or donor source (38). 

Another study reported a median urinary ddcfDNA fractional concentration of 8.7% in kidney 

recipients with stable graft function (Table 3) (22). 

In heart transplant recipients, De Vlaminck and colleagues reported a mean plasma ddcfDNA fraction 

of 3.8% on the first day post-transplant, which declined within one week to a baseline level of 0.06% 

for the following year during stable graft conditions (45). Other studies reported plasma ddcfDNA 

fractions of approximately 0.9% in cardiac recipients with stable graft function (34, 42) (Table 3).  
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The amount of ddcfDNA release in the blood seems to be organ-specific, as Beck and colleagues 

reported mean plasma ddcfDNA fractions in heart, kidney, and liver transplant recipients with stable 

graft function of 0.9%, 1.2%, and 3.5%, respectively (42) (Table 3), thereby confirming previous 

observations in gender-mismatched transplantation models (31). As previously proposed (42), these 

differences might be related to organ size and cell regeneration rate.  

 

Cell-free DNA and graft injury 

Various studies have been published on plasma, serum, and urinary levels of total and donor-derived 

cfDNA after kidney, kidney-pancreas, liver, and heart transplantation during different graft- 

associated complications (Table 3). Several research groups focused on the value of cell-free DNA as 

a rejection biomarker (22, 34, 37, 45), while others aimed to evaluate the role of cell-free DNA as a 

more general biomarker of organ integrity (38-40, 42, 43). 

 

Kidney and kidney-pancreas allografts 

After kidney transplantation, Garcia Moreira and coworkers showed early increases of total cfDNA 

levels during acute rejection and systemic infection and to a lesser extent during local infections, 

acute tubular necrosis and drug-induced nephrotoxicity, compared to patients with stable graft 

function (37) (Table 3). In addition, ddcfDNA levels were increased during acute rejection and graft 

infection episodes (37).  

To investigate the role of urinary ddcfDNA as a surrogate marker of kidney transplant injury, Sigdel 

and coworkers compared urinary ddcfDNA levels between kidney recipients with BK viral 

nephropathy (BKVN), chronic allograft injury, and acute rejection (38). Polyomavirus nephropathy 

remains a common complication after kidney transplantation with a prevalence of approximately 

10% in kidney transplant recipients. The differentiation from acute rejection is challenging both on 

clinical and pathological grounds (60). Because urinary ddcfDNA levels during BKVN did not differ 
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significantly from those in patients with acute rejection in the study of Sigdel and coworkers, the 

authors concluded that urinary ddcfDNA can be used as a sensitive biomarker of acute allograft 

injury (38). With a cut-off of 3 or more urinary chromosome-Y copies/µg creatinine, a sensitivity of 

81% and specificity of 75% was reached in the diagnosis of allograft injury.  

To the best of our knowledge, no studies in the field of kidney transplantation have investigated the 

role of a urinary tract infection (UTI) – the most common complication after renal transplantation - 

on urinary ddcfDNA levels. In non-transplanted patients, a significantly higher urinary total cfDNA 

level was found in patients suffering from UTI compared to healthy controls (61), but no 

differentiation between pyelonephritis and lower UTI was made. High urinary total cfDNA levels were 

also found in renal transplant patients with urinary sepsis (37). Based on the current data (32, 33, 

58), we would expect increased levels of small Tr-ddcfDNA fragments in case of pyelonephritis, and 

larger donor-derived urinary tract cfDNA during a lower UTI. 

In simultaneous kidney-pancreas transplantation, increased levels of serum ddcfDNA were found in 

patients suffering from acute rejection and a modest increase in a patient with thrombotic 

microangiopathy, which points to a possible role of ddcfDNA as a non-invasive biomarker of 

pancreas-kidney allograft injury  (40).  

 

Liver allografts 

Beck and colleagues showed that the plasma ddcfDNA fraction was between 5 to 10% at day 10 post-

transplantation in stable liver transplant recipients whereas in case of rejection it remained 

approximately 20% and gradually increased to 55-60% (42) (Table 3). Conventional biomarkers 

including aspartate transaminase (AST) levels were more variable during acute rejection compared to 

the ddcfDNA fraction. The occurrence of a liver hematoma, CMV infection, and acute rejection led to 

increased ddcfDNA fractions up to 90% compared to 10% during stable graft function (43).  

Macher and coworkers showed higher total cfDNA and ddcfDNA serum levels in patients with 
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damage to the liver transplant (acute rejection, hepatic arterial and venous thrombosis, and 

profound cholestasis ending in multiple organ failure), as compared to recipients with stable graft 

function. In contrast, increases in total cfDNA levels but not ddcfDNA were observed in patients with 

complications that did not compromise the donated organ (biliary peritonitis and surgical wound 

infection) (39).  

Subtherapeutic tacrolimus trough levels resulted in increased ddcfDNA fractions up to 66% (43), 

possibly caused by immunological graft damage. The role of ddcfDNA in the establishment of 

minimal effective tacrolimus trough concentrations has been proposed by Oellerich and coworkers 

thereby creating the possibility of a personalized immunosuppressive treatment (44). 

 

Could cfDNA serve as a biomarker of acute rejection? 

The use of total cfDNA as a rejection biomarker has been evaluated by Garcia Moreira and colleagues 

(37). As both the occurrence of acute rejection and systemic infection led to marked increases in 

total cfDNA levels (55 303 and 40 400 GE/ml, respectively), total cfDNA values were combined with a 

biochemical parameter of systemic infection (procalcitonin) thereby increasing the diagnostic 

specificity for acute rejection from 85% to 98%.  

Zhang and colleagues provided the first evidence of increased urinary total cfDNA concentrations 

during acute kidney rejection (Table 3). Different mechanisms accounting for increased total cfDNA 

levels were discussed including cellular destruction secondary to the rejection process, the release of 

DNA from the recipient’s immune effector cells, and an alteration in glomerular permeability (22). 

Similar rises in urinary total cfDNA levels during acute kidney allograft rejection were reported in 

other studies (35, 37). Although Garcia Moreira and colleagues concluded that the measurement of 

ddcfDNA showed no better efficiency for the diagnosis of acute rejection compared to total cfDNA 

(37), this approach is less specific for graft injury as total cfDNA may rise during any process of 

increased cell-turnover in the recipient. 
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Studies investigating the role of ddcfDNA as a biomarker of acute rejection have been mainly 

performed within the cardiac transplantation field, thereby evaluating to which extent the 

measurement of ddcfDNA is discriminative of rejection as confirmed in the transplant biopsy. In the 

retrospective study by Snyder and colleagues (34), significantly higher ddcfDNA fractions (2.75 ± 1.81 

%) were observed in patients with a biopsy-proven cardiac rejection (the true positive group) 

compared to other samples (0.92 ± 1.16%). ROC (receiver operating characteristic) analyses showed 

that at a threshold of 1.70% of ddcfDNA fraction a sensitivity of 83% and specificity of 84% were 

reached for the diagnosis of cardiac rejection (34). In a prospective study, De Vlaminck and 

colleagues (45) found significantly higher ddcfDNA fractions in heart transplant patients with T-cell- 

and antibody- mediated cardiac rejection compared to stable transplant recipients. Furthermore, 

ddcfDNA levels correlated with rejection severity. At a ddcfDNA fraction of 0.25%, a sensitivity and 

specificity of 58% and 93%, respectively, were reached for the diagnosis of an acute rejection with an 

area under the curve (AUC) of 0.83. In addition, ddcfDNA levels showed the best performance in 

distinguishing severe rejection events from no rejection (AUC = 0.95), and the lowest performance in 

distinguishing mild rejection from the absence of rejection (AUC = 0.60). The test performance of the 

ddcfDNA assay relative to the endomyocardial biopsy improved with time after transplantation, 

showing the best results beyond 4 months post-transplantation. De Vlaminck and coworkers showed 

significantly elevated ddcfDNA fractions in samples collected up to 5 months before the histological 

diagnosis of acute cardiac rejection, pointing to a potential role of ddcfDNA in the early diagnosis of 

transplant rejection (45). 
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How to implement ddcfDNA in clinical practice? 

Although ddcfDNA is an interesting and promising marker of solid transplant organ health, much 

work still needs to be done before clinical implementation.  

The studies performed to date mainly focused on detection and applicability of cfDNA as a 

biomarker. A few studies focused on quantification methods, searching for fast, easy, and affordable 

methods that are widely applicable in a transplantation setting (22, 34, 37-42, 45). Although much 

progress has been made in the ddcfDNA quantification techniques, several limitations impede the 

clinical implementation of the biomarker until now. Some of the techniques used to detect ddcfDNA 

(22, 37-39) are only suitable in female patients transplanted with a male donor organ. Other 

techniques are time consuming or less affordable (34, 42, 45), which makes them less attractive for 

routine monitoring of ddcfDNA. Other limitations of the currently published studies are the inclusion 

of relatively small study populations (22, 34, 35, 37-42) and the analysis of different targets, including 

total cfDNA (37, 39), ddcfDNA (34, 37, 39, 40, 42, 45) and Tr-DNA (22, 37, 38), making it difficult to 

propose recommendations for clinical practice. There is a need for large prospective studies in 

different types of solid organ transplantation along the line of the study by De Vlaminck and 

coworkers (45) to investigate the role of the three targets in the monitoring of transplant health. It 

would be interesting to investigate the role of donor-derived Tr-DNA, since urine is even more 

accessible than blood and larger sample volumes can be obtained. Since Tr-DNA consists of shorter 

DNA molecules, methodologic considerations need to be made to isolate these small urinary 

fragments in non-kidney transplant recipients (Figure 1 and Table 1). In contrast, after renal 

transplantation, urinary ddcfDNA can originate from the bloodstream and is filtered through the 

glomerular barrier, or it can be derived from dying cells shed from the donor urinary tractus (Figure 

1).  

As mentioned earlier, different technical measurements need to be taken into account for the 

isolation and quantification of ddcfDNA and Tr-DNA. In a few retrospective studies, plasma and 

serum samples from a repository have been used (34, 40), but these studies lack important pre-
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analytical information related to sample collection, time between collection and processing, and 

storage time.  

Determination of the performance of ddcfDNA as an organ health marker or as a rejection biomarker 

relies on the histological evaluation of a biopsy specimen, currently the ‘golden standard’ for the 

diagnosis of transplant pathology. The imperfection of this golden standard (interobserver variability, 

sampling error) needs to be taken into account.  

Since ddcfDNA at present seems to be a general marker of allograft pathology, its measurement in 

the recipient´s plasma or urine after transplantation should be implemented in a clinical algorithm 

for the early and non-invasive detection of acute allograft rejection and the exclusion of other graft-

associated pathologies after transplantation. The diagnostic efficiency of ddcfDNA can be improved 

when combining its measurement with other parameters including immunosuppressive drug 

monitoring, immunological monitoring (measurement of donor-specific antibodies), and microbial 

screening (BKV infection). Based on the current data, plasma and urine ddcfDNA levels show marked 

increases both during acute rejection and graft infection (37, 38), pointing to the necessity of a 

combined viral monitoring strategy. Furthermore, a diagnostic threshold of ddcfDNA levels according 

to the type of transplanted organ should be considered, since baseline levels in recipients with stable 

graft function are organ specific (31, 42). As indicated by Gadi and coworkers, ddcfDNA offers 

potential as a marker for decision making: either to biopsy or to treat when biopsy is not possible 

(40). As discussed before (34), a combination of measuring ddcfDNA fractions in the blood with other 

non-invasive monitoring strategies like AlloMap after cardiac transplantation may be beneficial, since 

the former test reflects graft injury while the latter monitors host immunologic responses during 

acute rejection.   

Obviously, before the implementation in clinical practice, larger clinical studies of a ddcfDNA based 

algorithm are needed alongside other molecular diagnostic methods of graft rejection (18, 19).  

In conclusion, whereas observational studies published so far point to ddcfDNA as a promising 
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marker in the transplantation field, randomized control studies are mandatory comparing a 

ddcfDNA-based monitoring strategy with the standard post-transplantation monitoring in terms of 

graft and patient survival. 
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FIGURE LEGENDS 

Figure 1  

 

Title:  

Origin of blood and urinary (donor-derived) cfDNA after solid organ transplantation 

 

Legend:  

After solid organ transplantation, donor-derived cell-free DNA circulates in the recipient’s blood, and 

accounts for only a small fraction of total cfDNA (recipient plus donor-derived). Small cell-free DNA 

fragments from the blood circulation can be filtered through the glomerular barrier (A) and appear in 

the urine, also called ‘transrenal DNA’. After kidney transplantation, high molecular weight donor-

derived cell-free DNA derived from cells shed from the donor-derived urinary tract also appears in 
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the urine (B). After liver, pancreas or heart transplantation, only transrenal donor-derived cfDNA can 

be detected in the recipient’s urine. cfDNA: cell-free DNA; L: liver; K: kidney; P: pancreas, H: heart.  

 

 

TABLE LEGENDS 

Table 1 

Title:  

Overview of different cell-free DNA biomarkers 

 

Legend:  

cfDNA: cell-free DNA; Tr-DNA: transrenal DNA; bp: base pairs; kb: kilobase; qPCR: quantitative 

polymerase chain reaction; ddPCR: digital droplet PCR; SNPs: single nucleotide polymorphisms; 

MPSS: massive parallel shotgun sequencing; EDTA: ethylenediaminetetraacetic acid. 

 

Table 2 

Title:  

Overview of different ddcfDNA quantification techniques 
 

Legend:  

ddcfDNA: donor-derived cell-free DNA; qPCR: quantitative polymerase chain reaction; SRY: sex-

determining region, Y-linked; CND: copy number deletion; ddPCR: digital droplet polymerase chain 

reaction; SNPs: single nucleotide polymorphisms; MPSS: massive parallel shotgun sequencing; GE: 

genome-equivalents; Sensitivity: the more ‘+’ symbols, the more sensitive the assay; Cost 

instrumentation: the more ‘$’ symbols, the more expensive the instrumentation.   
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Table 3 

Title:  

Overview of studies published on quantification of plasma, serum or urinary cfDNA levels or fractions 

in patients suffering from different post-transplant complications compared to a stable graft function 

 

Legend:  

ddcfDNA: donor-derived cell-free DNA; cfDNA: cell-free DNA; ref.: reference; Tx: transplantation; 

KTP: kidney transplant patients; HTP: heart transplant patients; LTP: liver transplant patients; KPTP: 

kidney-pancreas transplant patients; n: number in group; GE: genome equivalents; ChrY: 

chromosome Y; AR: acute rejection; ATN: acute tubular necrosis; NTX: drug-induced nephrotoxicity; 

CAI: chronic allograft injury; BKVN: BK viral nephropathy; TMA: thrombotic microangiopathy; MOF: 

multiple organ failure; N.M.: not mentioned. * Results are shown as median (p25, p75), ** Results 

are shown as median (min, max), *** Results are shown as mean (± standard deviation), **** Results 

are shown as mean (min-max). 

 

 

 

 

 

    



Page | 18  
 

REFERENCES 

Reference List 
 

1. Lucey MR, Terrault N, Ojo L, Hay JE, Neuberger J, Blumberg E, et al. Long-term management 
of the successful adult liver transplant: 2012 practice guideline by the American Association 
for the Study of Liver Diseases and the American Society of Transplantation. Liver Transpl 
2013; 19(1): 3-26. 

2. Flechner SM, Kobashigawa J, Klintmalm G. Calcineurin inhibitor-sparing regimens in solid 
organ transplantation: focus on improving renal function and nephrotoxicity. Clin Transplant 
2008; 22(1): 1-15. 

3. Smith JM, Skeans MA, Horslen SP, Edwards EB, Harper AM, Snyder JJ, et al. OPTN/SRTR 2013 
Annual Data Report: intestine. Am J Transplant 2015; 15 Suppl 2: 1-16. 

4. Colvin-Adams M, Smith JM, Heubner BM, Skeans MA, Edwards LB, Waller CD, et al. 
OPTN/SRTR 2013 Annual Data Report: heart. Am J Transplant 2015; 15 Suppl 2: 1-28. 

5. Valapour M, Skeans MA, Heubner BM, Smith JM, Hertz MI, Edwards LB, et al. OPTN/SRTR 
2013 Annual Data Report: lung. Am J Transplant 2015; 15 Suppl 2: 1-28. 

6. Kim WR, Lake JR, Smith JM, Skeans MA, Schladt DP, Edwards EB, et al. OPTN/SRTR 2013 
Annual Data Report: liver. Am J Transplant 2015; 15 Suppl 2: 1-28. 

7. Kandaswamy R, Skeans MA, Gustafson SK, Carrico RJ, Tyler KH, Israni AK, et al. OPTN/SRTR 
2013 Annual Data Report: pancreas. Am J Transplant 2015; 15 Suppl 2: 1-20. 

8. Matas AJ, Smith JM, Skeans MA, Thompson B, Gustafson SK, Stewart DE, et al. OPTN/SRTR 
2013 Annual Data Report: kidney. Am J Transplant 2015; 15 Suppl 2: 1-34. 

9. Voskuil MD, Mittal S, Sharples EJ, Vaidya A, Gilbert J, Friend PJ, et al. Improving monitoring 
after pancreas transplantation alone: fine-tuning of an old technique. Clin Transplant 2014; 
28(9): 1047-1053. 

10. Kidney Disease: Improving Global Outcomes (KDIGO) Transplant Work Group. KDIGO clinical 
practice guideline for the care of kidney transplant recipients. Am J Transplant 2009; 9 Suppl 
3: S1–S157. 

11. Colvin RB, Smith RN. Antibody-mediated organ-allograft rejection. Nat Rev Immunol 2005; 
5(10): 807-817. 

12. Costanzo MR, Dipchand A, Starling R, Anderson A, Chan M, Desai S, et al. The International 
Society of Heart and Lung Transplantation Guidelines for the care of heart transplant 
recipients. J Heart Lung Transplant 2010; 29(8): 914-956. 

13. Hopkins PM, Aboyoun CL, Chhajed PN, Malouf MA, Plit ML, Rainer SP, et al. Prospective 
analysis of 1,235 transbronchial lung biopsies in lung transplant recipients. J Heart Lung 
Transplant 2002; 21(10): 1062-1067. 

14. McWilliams TJ, Williams TJ, Whitford HM, Snell GI. Surveillance bronchoscopy in lung 
transplant recipients: risk versus benefit. J Heart Lung Transplant 2008; 27(11): 1203-1209. 

15. Kfoury AG, Snow GL, Budge D, Alharethi RA, Stehlik J, Everitt MD, et al. A longitudinal study 
of the course of asymptomatic antibody-mediated rejection in heart transplantation. J Heart 
Lung Transplant 2012; 31(1): 46-51. 

16. Orandi BJ, Chow EH, Hsu A, Gupta N, Van Arendonk KJ, Garonzik-Wang JM, et al. Quantifying 
renal allograft loss following early antibody-mediated rejection. Am J Transplant 2015; 15(2): 
489-498. 

17. Nankivell BJ, Chapman JR. The significance of subclinical rejection and the value of protocol 
biopsies. Am J Transplant 2006; 6(9): 2006-2012. 

18. Deng MC, Eisen HJ, Mehra MR, Billingham M, Marboe CC, Berry G, et al. Noninvasive 
discrimination of rejection in cardiac allograft recipients using gene expression profiling. Am J 
Transplant 2006; 6(1): 150-160. 



Page | 19  
 

19. Roedder S, Sigdel T, Salomonis N, Hsieh S, Dai H, Bestard O, et al. The kSORT assay to detect 
renal transplant patients at high risk for acute rejection: results of the multicenter AART 
study. PLoS Med 2014; 11(11): e1001759. 

20. Abecassis M, Kaplan B. Transplantation: Biomarkers in transplantation-the devil is in the 
detail. Nat Rev Nephrol 2015; 11(4): 204-205. 

21. Lo YM, Tein MS, Pang CC, Yeung CK, Tong KL, Hjelm NM. Presence of donor-specific DNA in 
plasma of kidney and liver-transplant recipients. Lancet 1998; 351(9112): 1329-1330. 

22. Zhang J, Tong KL, Li PK, Chan AY, Yeung CK, Pang CC, et al. Presence of donor- and recipient-
derived DNA in cell-free urine samples of renal transplantation recipients: urinary DNA 
chimerism. Clin Chem 1999; 45(10): 1741-1746. 

23. Suzuki N, Kamataki A, Yamaki J, Homma Y. Characterization of circulating DNA in healthy 
human plasma. Clin Chim Acta 2008; 387(1-2): 55-58. 

24. Zheng YW, Chan KC, Sun H, Jiang P, Su X, Chen EZ, et al. Nonhematopoietically derived DNA is 
shorter than hematopoietically derived DNA in plasma: a transplantation model. Clin Chem 
2012; 58(3): 549-558. 

25. Beck J, Urnovitz HB, Riggert J, Clerici M, Schutz E. Profile of the circulating DNA in apparently 
healthy individuals. Clin Chem 2009; 55(4): 730-738. 

26. Jahr S, Hentze H, Englisch S, Hardt D, Fackelmayer FO, Hesch RD, et al. DNA fragments in the 
blood plasma of cancer patients: quantitations and evidence for their origin from apoptotic 
and necrotic cells. Cancer Res 2001; 61(4): 1659-1665. 

27. Stroun M, Lyautey J, Lederrey C, Olson-Sand A, Anker P. About the possible origin and 
mechanism of circulating DNA apoptosis and active DNA release. Clin Chim Acta 2001; 313(1-
2): 139-142. 

28. Gahan PB, Anker P, Stroun M. Metabolic DNA as the origin of spontaneously released DNA? 
Ann N Y Acad Sci 2008; 1137: 7-17. 

29. Rogers JC, Boldt D, Kornfeld S, Skinner A, Valeri CR. Excretion of deoxyribonucleic acid by 
lymphocytes stimulated with phytohemagglutinin or antigen. Proc Natl Acad Sci U S A 1972; 
69(7): 1685-1689. 

30. Lui YY, Chik KW, Chiu RW, Ho CY, Lam CW, Lo YM. Predominant hematopoietic origin of cell-
free DNA in plasma and serum after sex-mismatched bone marrow transplantation. Clin 
Chem 2002; 48(3): 421-427. 

31. Lui YY, Woo KS, Wang AY, Yeung CK, Li PK, Chau E, et al. Origin of plasma cell-free DNA after 
solid organ transplantation. Clin Chem 2003; 49(3): 495-496. 

32. Botezatu I, Serdyuk O, Potapova G, Shelepov V, Alechina R, Molyaka Y, et al. Genetic analysis 
of DNA excreted in urine: a new approach for detecting specific genomic DNA sequences 
from cells dying in an organism. Clin Chem 2000; 46(8 Pt 1): 1078-1084. 

33. Su YH, Wang M, Brenner DE, Ng A, Melkonyan H, Umansky S, et al. Human urine contains 
small, 150 to 250 nucleotide-sized, soluble DNA derived from the circulation and may be 
useful in the detection of colorectal cancer. J Mol Diagn 2004; 6(2): 101-107. 

34. Snyder TM, Khush KK, Valantine HA, Quake SR. Universal noninvasive detection of solid organ 
transplant rejection. Proc Natl Acad Sci U S A 2011; 108(15): 6229-6234. 

35. Zhong XY, Hahn D, Troeger C, Klemm A, Stein G, Thomson P, et al. Cell-free DNA in urine: a 
marker for kidney graft rejection, but not for prenatal diagnosis? Ann N Y Acad Sci 2001; 945: 
250-257. 

36. Zhang Z, Ohkohchi N, Sakurada M, Mizuno Y, Miyagi S, Satomi S, et al. Analysis of urinary 
donor-derived DNA in renal transplant recipients with acute rejection. Clin Transplant 2002; 
16 Suppl 8: 45-50. 

37. Garcia Moreira V, Prieto Garcia B, Baltar Martin JM, Ortega Suarez F, Alvarez FV. Cell-free 
DNA as a noninvasive acute rejection marker in renal transplantation. Clin Chem 2009; 
55(11): 1958-1966. 

38. Sigdel TK, Vitalone MJ, Tran TQ, Dai H, Hsieh SC, Salvatierra O, et al. A rapid noninvasive 
assay for the detection of renal transplant injury. Transplantation 2013; 96(1): 97-101. 



Page | 20  
 

39. Macher HC, Suarez-Artacho G, Guerrero JM, Gomez-Bravo MA, Alvarez-Gomez S, Bernal-
Bellido C, et al. Monitoring of transplanted liver health by quantification of organ-specific 
genomic marker in circulating DNA from receptor. PLoS One 2014; 9(12): e113987. 

40. Gadi VK, Nelson JL, Boespflug ND, Guthrie KA, Kuhr CS. Soluble donor DNA concentrations in 
recipient serum correlate with pancreas-kidney rejection. Clin Chem 2006; 52(3): 379-382. 

41. Bruno DL, Ganesamoorthy D, Thorne NP, Ling L, Bahlo M, Forrest S, et al. Use of copy number 
deletion polymorphisms to assess DNA chimerism. Clin Chem 2014; 60(8): 1105-1114. 

42. Beck J, Bierau S, Balzer S, Andag R, Kanzow P, Schmitz J, et al. Digital droplet PCR for rapid 
quantification of donor DNA in the circulation of transplant recipients as a potential universal 
biomarker of graft injury. Clin Chem 2013; 59(12): 1732-1741. 

43. Kanzow P, Kollmar O, Schutz E, Oellerich M, Schmitz J, Beck J, et al. Graft-derived cell-free 
DNA as an early organ integrity biomarker after transplantation of a marginal HELLP 
syndrome donor liver. Transplantation 2014; 98(5): e43-45. 

44. Oellerich M, Schutz E, Kanzow P, Schmitz J, Beck J, Kollmar O, et al. Use of graft-derived cell-
free DNA as an organ integrity biomarker to reexamine effective tacrolimus trough 
concentrations after liver transplantation. Ther Drug Monit 2014; 36(2): 136-140. 

45. De Vlaminck I, Valantine HA, Snyder TM, Strehl C, Cohen G, Luikart H, et al. Circulating cell-
free DNA enables noninvasive diagnosis of heart transplant rejection. Sci Transl Med 2014; 
6(241): 241ra277. 

46. Barrett AN, Zimmermann BG, Wang D, Holloway A, Chitty LS. Implementing prenatal 
diagnosis based on cell-free fetal DNA: accurate identification of factors affecting fetal DNA 
yield. PLoS One 2011; 6(10): e25202. 

47. Angert RM, LeShane ES, Lo YM, Chan LY, Delli-Bovi LC, Bianchi DW. Fetal cell-free plasma DNA 
concentrations in maternal blood are stable 24 hours after collection: analysis of first- and 
third-trimester samples. Clin Chem 2003; 49(1): 195-198. 

48. Wong D, Moturi S, Angkachatchai V, Mueller R, DeSantis G, van den Boom D, et al. Optimizing 
blood collection, transport and storage conditions for cell free DNA increases access to 
prenatal testing. Clin Biochem 2013; 46(12): 1099-1104. 

49. Norton SE, Lechner JM, Williams T, Fernando MR. A stabilizing reagent prevents cell-free DNA 
contamination by cellular DNA in plasma during blood sample storage and shipping as 
determined by digital PCR. Clin Biochem 2013; 46(15): 1561-1565. 

50. Holdenrieder S, Von Pawel J, Nagel D, Stieber P. Long-term stability of circulating 
nucleosomes in serum. Anticancer Res 2010; 30(5): 1613-1615. 

51. Sozzi G, Roz L, Conte D, Mariani L, Andriani F, Verderio P, et al. Effects of prolonged storage 
of whole plasma or isolated plasma DNA on the results of circulating DNA quantification 
assays. J Natl Cancer Inst 2005; 97(24): 1848-1850. 

52. van der Vaart M, Pretorius PJ. Is the role of circulating DNA as a biomarker of cancer being 
prematurely overrated? Clin Biochem 2010; 43(1-2): 26-36. 

53. Lee TH, Montalvo L, Chrebtow V, Busch MP. Quantitation of genomic DNA in plasma and 
serum samples: higher concentrations of genomic DNA found in serum than in plasma. 
Transfusion 2001; 41(2): 276-282. 

54. Ito K, Minamiura N, Yamamoto T. Human urine DNase I: immunological identity with human 
pancreatic DNase I, and enzymic and proteochemical properties of the enzyme. J Biochem 
1984; 95(5): 1399-1406. 

55. Murai K, Yamanaka M, Akagi K, Anai M. Purification and properties of deoxyribonuclease II 
from human urine. J Biochem 1980; 87(4): 1097-1103. 

56. Milde A, Haas-Rochholz H, Kaatsch HJ. Improved DNA typing of human urine by adding EDTA. 
Int J Legal Med 1999; 112(3): 209-210. 

57. Wang M, Block TM, Steel L, Brenner DE, Su YH. Preferential isolation of fragmented DNA 
enhances the detection of circulating mutated k-ras DNA. Clin Chem 2004; 50(1): 211-213. 



Page | 21  
 

58. Shekhtman EM, Anne K, Melkonyan HS, Robbins DJ, Warsof SL, Umansky SR. Optimization of 
transrenal DNA analysis: detection of fetal DNA in maternal urine. Clin Chem 2009; 55(4): 
723-729. 

59. Li Y, Hahn D, Zhong XY, Thomson PD, Holzgreve W, Hahn S. Detection of donor-specific DNA 
polymorphisms in the urine of renal transplant recipients. Clin Chem 2003; 49(4): 655-658. 

60. Costa C, Cavallo R. Polyomavirus-associated nephropathy. World J Transplant 2012;2(6):84-
94. 
61. Garcia Moreira V, Prieto Garcia B, de la Cera Martinez T, Alvarez Menendez FV. Elevated 

transrenal DNA (cell-free urine DNA) in patients with urinary tract infection compared to 
healthy controls. Clin Biochem 2009; 42(7-8): 729-731. 

 
 
 
 


