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General introduction
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GENERAL INTRODUCTION

MONITORING SOLID ORGAN TRANSPLANT FUNCTION
Solid organ transplantation (SOT) is the preferred treatment for patients with end-stage 
renal, heart, liver or lung disease. Although SOT is a life-saving treatment, it is not a cure 
and transplant recipients need life-long follow-up with intensive surveillance of transplant 
function. Despite the development of effective immunosuppressive drug (ISD) combination 
therapy, acute and chronic transplant rejection remain important complications (1, 2). The 
incidence of acute rejection depends on the type of organ transplanted. Between 10-20% 
of all kidney transplant recipients will suffer from acute allograft rejection, whereas as 
much as 20-25% and 15-25% of heart and lung transplantation recipients, respectively, will 
experience this complication (3-5). Chronic antibody-mediated rejection occurs late after 
transplantation and is the main cause of chronic allograft loss (6). In addition to allograft 
rejection, solid organ transplants are susceptible to other causes of allograft injury, including 
injury due to surgical complications and to ischemia and reperfusion (IRI) of the allograft 
during the transplant procedure. Other important causes of allograft injury are related to the 
use of ISDs, such as infections and drug nephrotoxicity, or recurrence of the primary kidney 
disease (7). Early detection of allograft injury is of paramount importance to ensure the best 
outcome of therapeutic interventions. 

Currently, graft function is monitored using established biomarkers. The National Institutes 
of Health defi ned a biomarker as “a characteristic that is objectively measured and evaluated 
as an indicator of normal biological processes, pathogenic processes, or pharmacologic 
responses to a therapeutic intervention” (8). Clinical application of a candidate biomarker 
depends on the reproducibility, grade of invasiveness, cost-effectiveness and the turnaround 
time. For kidney transplantation, such biomarkers include serum creatinine and urinary 
protein excretion. After heart transplantation, cardiac troponin and N-terminal pro-hormone 
of brain natriuretic peptide (NT-proBNP) are often measured, whereas liver allograft integrity 
is routinely monitored by measuring bilirubin, liver enzymes [gamma-glutamyl transferase 
(γ-GT), aspartate aminotransferase (ASAT), and alanine aminotransferase (ALAT)] and 
synthetic function (albumin and clotting factor synthesis). However, these markers have 
several drawbacks including their relatively insensitivity for allograft injury. For example, 
serum creatinine only starts to increase when the glomerular fi ltration rate has decreased 
by more than 50% (9, 10). In addition, serum creatinine concentrations are by defi nition 
stable in case of subclinical kidney transplant rejection (11). Urinary protein excretion also 
has a suboptimal performance for the detection of kidney allograft injury at an early stage 
(12). Monitoring the health of cardiac allografts by cardiac enzymes in blood is even more 
unreliable (13). 
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A second problem with these markers is their lack of specifi city for diagnosing rejection. 
For example, there are many causes of injury to a renal allograft [e.g. BK virus-associated 
nephropathy (BKVAN), recurrent primary kidney disease, drug-induced nephrotoxicity] and 
conventional biomarkers are unable to distinguish these. Therefore, a biopsy remains the gold 
standard to diagnose rejection and to exclude other causes of allograft dysfunction. However, 
a biopsy is an invasive procedure, has high costs, suffers from sampling error, is subject to 
inter-observer variability (between pathologists), and has a relatively long turnaround time 
(14, 15). In addition, a biopsy is not always feasible and sometimes even contraindicated 
(such as in patients who require anticoagulant therapy and in young children). There is thus 
an unmet need for novel biomarkers that allow for early and non- (or minimally) invasive 
detection of allograft rejection. Several potential biomarkers, including donor-derived cell-
free DNA (ddcfDNA), cell-free nucleosomes and endothelial cells (ECs), are discussed later 
in this introduction as these markers may fulfi ll the above-discussed requirements. 

DONOR-DERIVED CELL-FREE DNA

Characteristics of cfDNA
The interest in cfDNA as a potential biomarker has increased enormously over the past decade. 
The presence of cell-free nucleic acids (both DNA and RNA) in blood of healthy subjects 
and patients was fi rst described by Mandel and Metais in 1948 (16). cfDNA is degraded non-
encapsulated DNA that is present in several biofl uids, such as blood, urine, saliva, cerebrospinal 
fl uid and pleural fl uid (17). cfDNA comprises double-stranded DNA with a size of <200 base 
pairs (bps; Figure 1) (18). In healthy subjects, cfDNA is predominantly hematopoietic in 
origin, whereas injury leads to the release of non-hematopoietic cfDNA (19). The concentration 
of cfDNA varies considerably in blood (between 0 and 100 ng per mL blood) (18, 20). This 
variation is caused by physiological circumstances causing cfDNA release, such as exercise 
or infl ammation. Several studies have shown an increase of cfDNA release after, for example, 
running and strength training with rapid normalization (21, 22). cfDNA concentrations may 
also increase as a result of pathological conditions, including burn wounds, cancer, autoimmune 
disease, and sepsis (17, 23-25). The fact that cfDNA has a short half-life (minutes to hours in 
the circulation), suggests that there is an ongoing release and degradation by DNAses (26). The 
short half-life means that ddcfDNA could be a useful biomarker for the detection of ongoing 
damage and for the evaluation of antirejection therapy. cfDNA is primarily released from 
apoptotic cells but also through necrosis and active secretion by cells (18, 27). Degradation 
of cfDNA is important to prevent the release of infl ammatory cytokines through binding of 
cfDNA to Toll-like Receptors (28). The biological function of cfDNA has not been completely 
elucidated, but it has been hypothesized that cfDNA could serve as an intercellular messenger 
after internalization by cells (27).
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Figure 1. Potential biomarkers to diagnose acute rejection (cfDNA, nucleosomes and endothelial 
cells). Characteristics, presence in blood or urine in stable SOT recipients, and changes during 
allograft rejection. (A) cfDNA from the recipient and donor (ddcfDNA) can be distinguished based 
on genetic differences such as  single-nucleotide polymorphisms (SNP) or insertions and deletions 
(InDels). ddcfDNA is depicted in red and recipient cfDNA in green. In a stable situation, circulating 
DNA is mainly released from recipient cells. During allograft rejection, more ddcfDNA is present in 
the circulation. (B) Nucleosomes consist of 4 histone proteins, DNA wrapped around the histones, H1 
histone and linker DNA. Histone tails can be modifi ed through for example, methylation or acetylation. 
In a stable situation, circulating cell-free nucleosomes (CCFN) have a standard modifi cation 
pattern. During rejection, the concentration of CCFN increases and/or rejection-specifi c nucleosome 
modifi cations can be detected. In this case for example, the increase of acetyl groups on specifi c histone 
tails. (C) Circulating endothelial cells (cECs) express CD-markers and HLA. CD-markers can be used 
to identify ECs and donor-derived ECs can be distinguished from recipient-derived ECs using HLA. In 
a stable situation, the concentration of circulating ECs is low. But during rejection, the concentration of 
circulating ECs, in particular donor-derived ECs, increases. 

ddcfDNA and Transplantation
During allograft rejection, cells of donor origin are damaged and their content is released 
into the recipient’s bloodstream. Several studies have shown that after SOT ddcfDNA can be 
detected in the recipient’s blood and urine (29-31). 

Quantifi cation of donor and recipient cfDNA has shown encouraging results in the diagnosis 
of acute rejection in recipients of heart, lung, liver and kidney transplants (Figure 1) (32-
37). During the fi rst days after engraftment, ddcfDNA content in blood is high and decreases 
rapidly to baseline values within the fi rst week(s) after transplantation (34, 35, 38-41). This is 
most likely due to IRI and suggests that a graft from a deceased donor may cause a relatively 
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higher release of ddcfDNA during the fi rst days after engraftment compared with grafts from 
living donors. 

The ddcfDNA fraction (amount of ddcfDNA divided by the total amount of cfDNA) is high 
after engraftment and declines when the graft recovers (and suffers no additional injury) to a 
baseline fraction, also called mean/median baseline fraction (MBF). The ddcfDNA fraction 
(%) in the fi rst week after transplantation and the MBF differ enormously between different 
types of grafts. Lung or liver transplant recipients have a mean ddcfDNA fraction ranging 
between 26% and 50% during the fi rst days after transplantation, with a decline to an MBF 
of <10% within the fi rst two weeks post-transplant (34, 35, 39). In heart transplant recipients, 
the mean ddcfDNA fraction in blood during the fi rst days after engraftment was 3.8% and 
much lower compared with lung and liver transplant recipients and decreased within one 
week to an MBF of <1.0% (32, 33, 35). In kidney transplant recipients, ddcfDNA was 
10.0% on the fi rst day after transplantation and declined to a MBF of 0.46% at day 10 after 
transplantation (40). The differences in tissue mass and cell turnover rate per transplanted 
organ need to be considered to generate a reliable threshold value for organ-specifi c cfDNA. 
In addition, ddcfDNA MBF is not only dependent on the transplanted organ itself but also on 
the characteristics of the recipient. For example, a higher body weight of a recipient could 
result in more physiologic release of cfDNA, thereby decreasing the ddcfDNA MBF. On the 
other hand, a lower body weight, for example, in pediatric transplant recipients, could result 
in a higher ddcfDNA MBF because of less physiologic release of cfDNA from the recipient, 
especially in cases where the transplanted tissue mass is high. 

A prospective, observational, multicenter cohort study demonstrated that ddcfDNA allowed 
for more sensitive discrimination of acute rejection in liver transplantation recipients, 
compared with the conventional liver function tests (bilirubin, γ-GT, ALAT and ASAT) (39). 
During acute rejection episodes, the ddcfDNA fraction was signifi cantly elevated (median 
29.6%) compared with the ddcfDNA fraction during stable periods (median 3.3%). The 
diagnostic sensitivity and specifi city for acute rejection were 90% and 93%, respectively, with 
a threshold value of 10% the area under the curve-receiver operating characteristic (AUC-
ROC) performance was slightly higher for ddcfDNA (0.97) as compared to conventional 
liver function tests [ASAT (0.96), ALAT (0.95), γ-GT (0.95), bilirubin (0.83)]. 

Bloom et al. showed a signifi cantly elevated fraction of ddcfDNA in kidney transplant 
recipients with biopsy-proven rejection (42). The median fraction of ddcfDNA was 2.9% 
during antibody-mediated rejection (ABMR), 1.2% during T cell-mediated rejection (TCMR) 
types >1B, and 0.3% in the group without rejection. With a threshold value of 1.0%, the 
AUC-ROC was 0.74, the sensitivity 59%, and the specifi city 85% to diagnose rejection. In 
this study, the fraction of ddcfDNA could discriminate acute rejection from no rejection, 
whereas serum creatinine did not (with an AUC-ROC of 0.54). Allografts with a diagnosis 
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of TCMR grade 1A had a ddcfDNA fraction of 0.2% and would be missed with a threshold 
of 1.0%. Another study in kidney transplant recipients demonstrated that the performance of 
ddcfDNA to diagnose allograft rejection is dependent of the rejection subtype; ABMR was 
more reliably detected by ddcfDNA compared to TCMR (43). 

Heart and lung transplant recipients also have a signifi cantly higher ddcfDNA fraction during 
rejection compared with the stable situation (32, 34). With a threshold value of 0.25% and 
1.00% the performance of ddcfDNA in distinguishing rejection from no rejection yielded an 
AUC-ROC of 0.60-0.95 and 0.70-0.90 in heart and lung transplant recipients, respectively 
(32, 34). The performance of ddcfDNA to diagnose rejection was better when the rejection 
was more severe. The potential for early diagnosis of acute rejection by ddcfDNA was shown 
in heart transplant recipients by De Vlaminck et al.(32). The fraction of ddcfDNA was already 
signifi cantly elevated up to 5 months before the rejection episode was diagnosed clinically 
and by conventional means.

Taken together, the results of these studies demonstrate that ddcfDNA is a biomarker for the 
detection of rejection in SOT. However, the performance of ddcfDNA is more robust when 
the rejection is severe, as opposed to lesser grades of rejection. 

Detection of ddcfDNA
The detection of ddcfDNA is based on chimerism: the presence of cells in a transplant 
recipient that are genetically distinct from that of the individual itself. The fi rst study that 
investigated the potential of ddcfDNA to assess graft integrity was performed in liver and 
kidney transplant recipients in 1998 (29). Sex-specifi c chromosomal differences were used to 
distinguish between donor and recipient DNA. Male donor DNA was successfully detected 
in 36 female kidney or liver transplant recipients by means of a chromosome Y (ChrY)-
specifi c quantitative PCR (qPCR). This method has a high sensitivity, rapid turnaround time, 
and low costs. However, it cannot be applied to all transplant recipients because only a small 
fraction of the total transplant population will consist of females receiving an organ from a 
male donor. 

Gadi et al. successfully detected and quantifi ed ddcfDNA in 42 pancreas-kidney transplant 
recipients with a qPCR assay targeting specifi c polymorphisms in human leukocyte antigen 
(HLA) sequences (38). Compared to detection of ChrY, this method is not sex-dependent 
and is thereby more broadly applicable. Besides qPCR, droplet digital PCR (ddPCR) can 
be used in the quantifi cation of ddcfDNA. To perform the ddPCR, a sample is partitioned 
in droplets to carry out the PCR amplifi cation in each droplet individually (44). After PCR 
amplifi cation, a droplet reader determines whether a droplet contains a specifi c target or 
not (10). The target DNA, in this situation the ddcfDNA, can be quantifi ed absolutely 
because the reader calculates the concentration of the target based on the amount of droplets 
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containing this target. The advantage of ddPCR over qPCR is improved performance due 
to higher sensitivity, precision, and absolute quantifi cation. Like qPCR, ddPCR can be used 
to detect several genetic differences between donor and recipient, including ChrY, HLA 
polymorphisms, single-nucleotide polymorphisms (SNPs), and Insertions and Deletions 
(InDels). SNPs and InDels are variants at the nucleotide level. InDels are defi ned as small 
genetic variations (insertions or deletions) of 1-10,000 bps in the genome. Compared to 
SNPs, this quantifi cation technique is not based on a variation in one base pair but on the 
variation of a number of base pairs, which in theory makes the use of InDels more specifi c. 

Usable SNPs or InDels are those bases that are present in either 1 (heterozygous) or 2 
(homozygous) donor alleles and that are not present in the recipient’s genome. Especially, 
SNPs or InDels that are highly variable in the population are useful because this increases the 
probability of discrimination between donor DNA and recipient DNA and thereby ddcfDNA 
from cfDNA of the recipient. Another option for the quantifi cation of SNPs is massive 
parallel shotgun sequencing, which is a form of next-generation sequencing (NGS) (33). 
This is a high-throughput approach for DNA sequencing, which has a high sensitivity, but is 
very costly and has a long turnaround time. 

(Pre)-Analytical Factors Infl uencing ddcfDNA
(Pre)-analytical factors are critical for the accuracy of ddcfDNA detection. The yielded 
amount of cfDNA is infl uenced by several pre-analytical factors, including the type of blood 
collection tube (BCT), centrifugation and isolation protocols, and the storage of the isolated 
cfDNA (45).

Increased amounts of cfDNA are present in serum compared with plasma samples because 
of the lysis of leucocytes in response to coagulation in serum BCTs (19, 45-47). The lysis of 
the recipient’s cells dilutes the amount of ddcfDNA in serum, which could lead to a lower 
detection accuracy of ddcfDNA. With different plasma BCTs, the yielded amount of cfDNA 
differed as well (45). Higher and signifi cantly higher cfDNA concentrations were found in 
EDTA samples compared with citrate and heparin. cfDNA is preserved for a longer time in 
especially designed cfDNA collection tubes compared to EDTA tubes (45). In the EDTA 
collection tubes, no signifi cant differences in cfDNA concentrations were detected between 
various time points of up to 24 hours (h) after blood sampling (45). This indicates that EDTA 
BCTs are reliable tubes for cfDNA isolation but only when these are processed within 24 h 
after blood sampling. Several centrifugation protocols are used for the purifi cation of plasma. 
Slow centrifugation is necessary to remove blood cells, followed by high-speed centrifugation 
to remove cellular remnants (45). A 2.5–3.0-fold decrease in plasma cfDNA was observed in 
samples that were processed with a 2-step centrifugation (slow and high) compared with only 
slow speed centrifugation (45). This means that 2-step centrifugation is necessary to prevent 
cell contamination. Data on storage conditions after centrifugation are limited. It has been 
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described that the cfDNA concentration declines with an average rate of approximately 30% 
per year, when stored at -20 °C (48).

Accurate post-PCR analysis is necessary to interpret the quantifi ed cfDNA. The quantifi ed 
ddcfDNA can be reported as total amount of positive droplets with donor cfDNA, as donor 
copies per microliter (corrected by Poisson distribution), or as the ratio (expressed as the 
fractional abundance or percentage) between donor positive and total positive droplets (donor 
positive + recipient positive droplets). As described above, physiological circumstances, such 
as exercise, can infl uence the total amount of cfDNA in the blood. To date, studies mainly 
reported ddcfDNA as a fraction of total cfDNA. The reporting of ddcfDNA as total amount 
of positive donor droplets or as donor copies per microliter seems to be less susceptible 
to biological effects but is more susceptible to technical issues, such as the total amount 
of droplets produced during the process of droplet generation. Because all these methods 
of reporting ddcfDNA have limitations, we believe it is necessary to report ddcfDNA by 
means of both donor signal (total amount of positive droplets with donor cfDNA or donor 
copies per microliter) and as ratio (fractional abundance or percentage). Furthermore, as 
described above, differences in transplanted tissue mass, cell turnover, and body weight 
will infl uence the amount of (dd)cfDNA. A general ddcfDNA threshold for the detection of 
allograft rejection is unlikely to be established, and we feel it is more likely that personalized 
thresholds will have to be defi ned. Until now, one study that corrected ddcfDNA for allograft 
tissue mass has been reported (34). ddcfDNA was multiplied by a factor 2 in bilateral versus
single lung transplant patients. No studies have reported body weight-corrected cfDNA 
measurements. The effect of drugs, such as antibiotics (in case of allograft injury and cfDNA 
release resulting from infection), on the amount of ddcfDNA is also not well understood. 

OTHER POTENTIAL BIOMARKERS FOR SOLID ORGAN 
TRANSPLANT FUNCTION MONITORING 

Nucleosomes
Nucleosomes consist of 8 histone proteins, 2 H2A-H2B dimers, and a H3-H4 tetramer, which 
are coupled to approximately 146 bps of DNA (49). Outside the nucleosome, H1 histone, 
the linker histone, binds to the linker DNA (approximately 10-80 bps). Nucleosomes are 
critically involved in the regulation of gene expression by packaging the DNA and thereby 
infl uence the accessibility to transcription factors. The packaging of DNA is dependent on 
specifi c modifi cations of histone proteins (e.g. acetylation, phosphorylation, ubiquitination, 
and methylation) and the methylation status of the DNA itself (Figure 1). These epigenetic 
features infl uence gene expression without altering the DNA itself. In general, acetylated 
histones and DNA demethylation promote the transcription process. Nucleosomes are also 
released into the circulation, so-called circulating cell-free nucleosomes (CCFN), upon 
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cell death and are rapidly cleared by phagocytosis. In the situation of increased release of 
nucleosomes, for example, in case of malignancy, infl ammation, degenerative or autoimmune 
disease, as well as ischemic or traumatic injury, this elimination is insuffi cient leading to 
higher CCFN concentrations (49). Several studies have shown that cell- and tissue-specifi c 
nucleosomes exist, which can be distinguished by means of their modifi cations, such as 
acetylation and methylation (49-51). Cell- and tissue-specifi c nucleosomes could serve 
as biomarkers for the detection of disease (52). In SOT, (the release of) nucleosomes has 
not been studied (yet). It can be imagined that in analogy to ddcfDNA, the total amount 
of CCFN will increase during transplant rejection or other causes of graft injury (Figure 
1). Identifi cation of a specifi c panel of nucleosome modifi cation variants released during 
rejection could serve as a potential marker of acute allograft rejection after transplantation. 
Nucleosome quantifi cation and nucleosome modifi cation characterization could be performed 
with enzyme-linked immunosorbent assay (ELISA) (53). 

Endothelial cells
The endothelium is a thin layer of cells that lines the interior wall of the entire vasculature. 
The endothelium covers an area of more than 1000 m2 and forms a barrier between the 
vascular space (lumen) and tissue. It has a great regenerative capacity and is involved in the 
formation of new blood vessels (angiogenesis). Endothelial progenitor cells (EPCs) directly 
contribute to this process via the differentiation into endothelial cells (ECs), or indirectly via 
the release of proangiogenic factors (54). These EPCs are also involved in tissue repair. The 
endothelium regulates the blood fl ow and hemostasis, and interacts with circulating blood 
cells that are crucial for innate and acquired immunity. The endothelium plays a crucial role 
in SOT as this layer forms a barrier between circulating recipient cells and donor allograft 
tissue and is the fi rst contact site for recipient cells with donor cells (55). The attachment of 
antibodies to the donor endothelium (either anti-HLA or non-HLA antibodies) is an important 
step in the rejection process, in particular for ABMR. Moreover, donor HLA present on ECs 
can be recognized by cytotoxic lymphocytes and can therefore also lead to allograft rejection 
(especially TCMR) (55). During the process of allograft rejection the endothelium will 
be damaged which most likely result in the shedding of ECs in the circulation. (Figure 1) 
Therefore, allograft rejection can potentially be detected by measuring circulating ECs. Several 
studies have already illustrated that allograft rejection causes damage to ECs which could be 
detected in the circulation; signifi cantly higher circulating EC numbers were observed in 
kidney transplant recipients with allograft rejection compared to recipients without rejection 
(56, 57). Circulating ECs could potentially also detect other non-immunological factors of 
allograft injury with involvement of the endothelium, including IRI. The circulating donor 
ECs could be distinguished from circulating recipient ECs by using the differences in HLA 
between the donor and the recipient. 
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SUMMARY

To overcome the limitations of currently used biomarkers and invasive biopsies, new 
markers are required for the diagnosis of allograft rejection. Biomarkers for transplant 
rejection are ideally minimally invasive diagnostic tools that are able to diagnose acute 
rejection at an early stage and permit pre-emptive intervention. Promising candidate markers 
are ddcfDNA, nucleosomes, and circulating ECs. As for ddcfDNA, the clinical potential 
to serve as biomarker for kidney allograft rejection has been documented often. However, 
several issues regarding ddcfDNA limits the implementation of this biomarker in the clinic. A 
possible variable which might affect ddcfDNA is the timing of blood sampling. For example, 
ddcfDNA in samples drawn after an invasive biopsy procedure might be different from 
samples drawn before such a procedure. Second, there are different techniques available that 
can be used to measure ddcfDNA. However, it is not clear which technique will be the most 
suitable in daily clinical practice. For example, detection of ddcfDNA by using InDels would 
be preferable instead of commonly used SNPs as these InDels are (in theory) more specifi c 
than SNPs. Another improvement is presented by using ddPCR instead of conventional PCR 
to quantify ddcfDNA as the ddPCR has a better sensitivity and precision. As described, the 
ddPCR is cheaper and has a shorter turnaround time than the NGS method. It is not clear 
whether ddcfDNA should be expressed as ddcfDNA% or as ddcfDNA concentration but 
with the ddPCR the value of both can be investigated as this quantifi cation method can both 
absolutely (ddcfDNA concentration) as well as relatively (ddcfDNA%) quantify ddcfDNA. 
Studies on ddcfDNA have mainly been performed in a selected case-control setting, whereas 
evaluation of ddcfDNA in a real-live cohort of consecutive patients would be less prone to 
bias and thereby provides a more reliable insight into the usefulness of ddcfDNA in clinical 
practice. Other important questions are if and for which rejection types ddcfDNA can be 
used, whether ddcfDNA is specifi c for allograft rejection and from which moment after 
transplantation ddcfDNA can be used to screen for allograft rejection. In line with ddcfDNA, 
which is released upon injury to the allograft, other potential biomarkers which have not or 
only barely been investigated include CCFN, circulating ECs, and might also be affected by 
injury related to allograft rejection. Therefore, the value of these candidate biomarkers for 
allograft rejection should be further examined. 

The primary aim of this thesis is to investigate new and potential minimally-invasive 
biomarkers for the diagnosis of acute rejection after kidney transplantation. The fi rst part 
of the thesis focusses on ddcfDNA in a real-life cohort, whereby a recently developed assay 
was assessed; the second part examines relatively new potential biomarkers for allograft 
rejection. This thesis will assess the following: 
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• To investigate ddcfDNA as biomarker for acute kidney transplant rejection (Chapter 2
and Chapter 6). 

• To assess important technical pitfalls for accurate ddcfDNA detection (Chapter 3), 
including the effect of amplicon length of ddcfDNA on ddPCR effi ciency and the effect 
of donor genotype (heterozygosity or homozygosity) on ddcfDNA values. 

• To determine the sensitivity of two ddcfDNA quantifi cation methods; SNP-based NGS 
versus InDel-based ddPCR (Chapter 4). 

• To analyze the effect of iatrogenic injury, caused by the biopsy of the heart allograft, on 
ddcfDNA values (Chapter 5). 

• To confer the clinical utility of ddcfDNA, a prospective observational study was performed 
in a real-live cohort of consecutive kidney transplant recipients (Chapter 6).

• To investigate whether circulating cell-free nucleosomes (Chapter 7) or endothelial 
cells (Chapter 8) are able to detect allograft rejection. 

In Chapter 9, the main fi ndings of this thesis are summarized and discussed and put into 
perspective of clinical practice.
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Background: In solid organ transplant (SOT) recipients, transplant rejection during immune 
checkpoint inhibitor (ICI) treatment for cancer is a clinical problem. Donor-derived cell-free 
DNA (ddcfDNA) can be detected in blood and is a sensitive biomarker for diagnosis of acute 
rejection in SOT recipients. To our best knowledge, this is the fi rst case report of a kidney 
transplant recipient with advanced cancer treated with ICI who was monitored with ddcfDNA.

Case presentation: A 72-year old female with a long-standing renal transplant was diagnosed 
with advanced melanoma in 2018 and was treated with the anti-PD1 antibody nivolumab. 
Within 12 days after the fi rst administration of nivolumab, ddcfDNA ratio increased to 23%, 
suggesting allograft rejection. Her kidney transplant function deteriorated and acute rejection 
was confi rmed by renal transplant biopsy. As the rejection could not be controlled despite 
immunosuppressive treatment, a transplant nephrectomy was necessary and haemodialysis 
was started. Immunological analysis of the renal explant showed infi ltration of alloreactive, 
nivolumab-saturated, PD1+ cytotoxic T cells. After transplant nephrectomy, she experienced 
nivolumab-related toxicity and rapid disease progression. 

Conclusion: Clinicians prescribing ICIs should be aware that SOT recipients are at risk of 
transplant rejection as a result of T cell activation. DdcfDNA is a sensitive biomarker and 
should be further studied for early detection of transplant rejection. A
bs

tra
ct



Kidney transplant rejection during nivolumab treatment   |   31   

2

INTRODUCTION

Immune checkpoint inhibitors (ICIs) have signifi cantly improved the overall survival 
of patients with advanced malignancies, including advanced stage melanoma (1). The 
monoclonal antibody nivolumab blocks the inhibitory immune checkpoint receptor 
programmed death-1 (PD-1), thereby promoting the anti-tumor immune response (2). This 
is particularly hazardous for solid organ transplant (SOT) recipients who may develop acute 
rejection as a result of enhanced T cell activation (3). As SOT recipients have an increased 
risk to develop ICI-responsive malignancies, including melanoma and cutaneous squamous 
cell carcinoma (4, 5), ICI-induced SOT rejection is a clinical problem. For adequate patient 
counselling and early intervention during ICI treatment, biomarkers for early detection of 
acute rejection are needed. However, conventional biomarkers to monitor SOT integrity have 
a low sensitivity and specifi city (6).

Donor-derived cell-free DNA (ddcfDNA) can be detected in blood and urine of SOT 
recipients and has been shown to be a potentially useful biomarker for the early diagnosis 
of acute rejection of kidney transplants (7). In kidney transplant recipients, ddcfDNA levels 
of <1% of total cfDNA appear to refl ect the absence of active rejection whereas levels >1% 
seem to indicate active rejection (7). However, many questions regarding the clinical utility 
of ddcfDNA monitoring following SOT remain and this is not standard practice (reviewed in 
Verhoeven et al.) (6). Here, a kidney transplant recipient is described who experienced severe 
acute allograft rejection during ICI therapy for metastatic melanoma. In the current analysis, 
ddcfDNA was evaluated as a potential sensitive biomarker for detection of transplant rejection 
in a cancer patient treated with ICIs. Second, to understand the pathophysiology of this ICI-
induced rejection, graft-infi ltrating leucocytes were isolated and characterized.

MATERIALS AND METHODS

Genotyping, isolation and measurement of ddcfDNA
Peripheral blood mononuclear cells of the recipient and spleen cells of the donor were used 
for automated purifi cation of DNA (Maxwell, Promega, Leiden, the Netherlands). Donor and 
recipient were genotyped and discriminated by using a panel of 10 preselected different single-
nucleotide polymorphisms (SNP). Blood samples for ddcfDNA were collected in CellSave 
BCT tubes (Menarini, San Diego, CA). Blood collection tubes were stored at 4°C within 3 
hours after collection, and within 2 days post draw, plasma was separated by centrifugation 
at 1,600 × g for 20 minutes and stored at -80°C. Post thaw, plasma was centrifuged for a 
second time at 16,000 × g for 10 minutes and cfDNA was extracted immediately using the 
Circulating Nucleic Acid kit (Qiagen, Venlo, The Netherlands)). For the droplet digital PCR 
(ddPCR), droplets were manually generated with the QX200 Droplet Generator (Bio-Rad, 
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Lunteren, The Netherlands). The samples were run on a the T100TM Thermal Cycler (Biorad, 
Lunteren, The Netherlands). DdcfDNA was quantifi ed based on differences in SNPs between 
donor and recipient (3 different SNPs that were able to distinguish between ddcfDNA and 
cfDNA) using the QX200TM Droplet Reader (Biorad, Lunteren, The Netherlands). Analysis 
was performed with QuantaSoft Analysis Pro (Bio-Rad, Lunteren, The Netherlands).

Immunohistochemical stainings
Four μm sections of Formalin-Fixed Paraffi n-Embedded (FFPE) tissue were mounted 
serially on adhesive glass slides and deparaffi nized. Antigen retrieval was performed by CC1 
antigen retrieval solution (ref. 950-124, Ventana Medical Systems, Inc., Oro Valley, Arizona). 
Specimens were incubated with the primary antibody. The following antibodies were used; 
CD3 (ref. 790-4341, Ventana Medical Systems, Inc., Oro Valley, Arizona), CD4 (ref. 790-
4423, Ventana Medical Systems, Inc., Oro Valley, Arizona), CD8 (ref. 790-4460, Ventana 
Medical Systems), CD20 (790-2531 Ventana Medical Systems), Granzyme B (262R-18, Cell 
Marque Corporation, Rocklin, California), Ki-67 (ref. 790-4286 Ventana Medical Systems) 
and PD-1 (ref. 760-4895, Cell Marque). Detection was performed with OptiView DAB 
(ref. 760-700, Ventana Medical Systems, Inc.) or UltraView-DAB (ref. 760-500, Ventana 
Medical Systems, Inc) and amplifi cation was done with the Amplifi cation Kit (ref: 760-
080 or OptiView Amplifi cation Kit ref: 760-099, Ventana Medical Systems, Inc.). Next, 
the specimens were counterstained with haematoxylin II (ref: 790-2208, Ventana Medical 
Systems, Inc.) and cover-slipped in order to keep the specimens pressed fl at. Each slide 
contained a positive control. All stainings were performed on the VENTANA BenchMark 
ULTRA (Ventana Medical Systems, Inc.).

Flow cytometric phenotyping of graft infi ltrating lymphocytes (GILs)
GILs were stained with the following monoclonal antibodies (MoAb) in order to determine 
their phenotype: CD3, CD4, CD8, and PD-1. In order to measure the capacity of the cells to 
produce pro-infl ammatory cytokines, the GILs were stimulated for 4 hours with 0.5 μg/mL 
phorbol myristate acetate (PMA) and 10 μg/mL ionomycin (Sigma-Aldrich, St. Louis, MO) 
at 37°C. Intracellular accumulation of cytokines was enhanced by the addition of monensin 
and brefeldin A. The reaction was stopped by the addition of ethylene-diamine-tetra-acetic 
acid. Subsequently, cells were stained with CD3 brilliant violet 510 (BV510; Biolegend, 
San Diego, CA), CD4 brilliant violet 421 (BV421; Biolegend), CD8 phycoerythrin-cyanine7 
(Pe-Cy7; BD), PD-1 allophycocyanin-Cy7 (APC-Cy7; Biolegend), and the viability marker 
7-aminoactinomycin (7-AAD; Biolegend). After surface staining, the cells were immediately 
fi xed with FACS lysing solution (BD) and permeabilized with PERM II (BD). Intracellular 
staining was performed with the following MoAb: TNFα PE (Biolegend), IFNγ fl uorescein 
isothiocyanate (FITC; BD) and IL-2 APC (BD). Samples were measured on the FACSCanto 
II (BD). 
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In order to determine free binding places of nivolumab (Bristol-Myers Squibb, New York, 
NY), was labelled with the SiteClickTM R-PE Antibody Labeling Kit (ThermoFisher, Waltham, 
MA). The GILs from the patient and the control patient were not stimulated.  Cells were 
phenotyped with the following monoclonal antibodies: CD3 brilliant violet 510 (Biolegend), 
CD4 brilliant violet 421 (Biolegend), CD8 phycoerythrin-cyanine7 (BD), Nivolumab-
PE, and the viability marker 7-aminoactinomycin (Biolegend). After surface staining, the 
cells were measured on the FACSCanto II (BD). Analysis was performed with Kaluza 1.5a 
software (Beckman Coulter, Brea, CA).

CASE PRESENTATION

In 2018, a 72-year-old female with a long-standing renal transplant was diagnosed with 
metastatic BRAF-wildtype melanoma, fi ve years after a cutaneous melanoma (Breslow 
thickness 0.8 mm) had been radically excised. She presented with a solitary large left axillary 
metastasis of 6 cm which encased the axillary artery and the plexus brachialis, resulting 
in edema and paralysis of her left arm. The patient had received a deceased donor kidney 
transplant in 2013 due to end-stage renal disease caused by hypertensive nephropathy and 
a unilateral nephrectomy because of renal cell carcinoma (T2N0M0) in 2006. Apart from 
the development of post-transplantation diabetes mellitus, the clinical course after her 
transplantation had been uneventful. At the time of melanoma diagnosis, she had a stable 
renal function with limited proteinuria (urinary protein to creatinine ratio of 33 g/mol) and a 
serum creatinine concentration of 150 umol/L, corresponding to an eGFR of 30 mL/min per 
1.73 m2 (CKD-EPI formula) (8). 

The large left axillary mass was considered unresectable. After radiotherapy combined 
with hyperthermia, she had progressive disease with pulmonary and distant lymph node 
metastases. She was carefully counselled about ICI-associated side effects, specifi cally 
about the possibility of renal allograft rejection. Progressive axillary metastasis with severe 
vascular and neurologic complications led to the shared decision to start fi rst-line nivolumab 
(3 mg/kg Q2W). The immunosuppressive regimen consisting of tacrolimus (1.5 mg q.d.) 
and mycophenolate mofetil (500 mg b.i.d.) was switched to prednisolone (20 mg q.d.) and 
nivolumab was administered one week thereafter. 

Twelve days after fi rst nivolumab administration, the patient presented with nausea, vomiting, 
loose stools and abdominal pain located at the site of her transplant. Laboratory investigation 
demonstrated severe renal insuffi ciency with a serum creatinine of 549 umol/L. A kidney 
transplant biopsy was performed and demonstrated extensive acute ischemic changes with 
capillary endothelial necrosis, tubular epithelial degeneration, edema and haemorrhage, 
consistent with infarction (Figure 3A). These fi ndings were interpreted as acute kidney 
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transplant rejection and methylprednisolone pulse therapy (1000 mg intravenously for 3 
consecutive days) and haemodialysis were initiated. Because of ongoing rejection despite 
methylprednisolone treatment, prednisolone was discontinued and transplant nephrectomy 
was performed. Because of advanced malignancy, T lymphocyte-depleting antibodies were 
not administered.

After transplant nephrectomy, nivolumab was continued for a period of 8 weeks. As she 
experienced immune-related adverse events, including pneumonitis grade 2 and colonoscopy-
conformed colitis grade 2 (common terminology criteria for adverse events version 4.03), 
nivolumab was discontinued and prednisolone was initiated. Three months after the start of 
nivolumab, 18F-FDG PET-CT revealed progressive disease with new lung and lymph node 
metastases (Figure 1). The patient decided to stop haemodialysis and died fi ve months after 
the start of nivolumab.
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Figure 1. Three months after the start of nivolumab, 18F-FDG PET-CT revealed progressive disease 
with new lung and lymph node metastases. Pleural effusion was present.
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ddcfDNA reveals acute allograft rejection 
The patient participated in the MULTOMAB clinical trial, (see Dutch Trial Register number 
NTR7015), in which blood is collected prospectively for translational purposes. After 
kidney transplant rejection, previously obtained blood samples were analyzed for ddcfDNA. 
DdcfDNA was expressed as a percentage of total cfDNA (see Methods section below). 
Prior to administration of nivolumab, ddcfDNA was low (0.9%; Figure 2). One week after 
administration of nivolumab, ddcfDNA increased to 2.9%, indicating active rejection of the 
allograft. At the time of rejection, 12 days after fi rst administration of nivolumab, ddcfDNA 
increased to a maximum of 23.1%. DdcfDNA levels declined to 8.8%, 0.1% and 0.0% at 3-5 
hours, 22 days and 77 days after transplant explantation, respectively, corresponding with the 
half-life of ddcfDNA (9).

Figure 2. Time course of the percentage plasma ddcfDNA (green) and serum creatinine concentration 
(red), in relation to important clinical events. During the hospital admission, hemodialysis (HD; day 17) 
was initiated. DdcfDNA levels declined from 23% to 8.8% 3-5 hours after kidney explantation. Dotted 
lines are added to connect separate measurements of creatinine and ddcfDNA. Of note, no comparative 
serum creatinine measurement was performed at 7 days after the fi rst administration of nivolumab.

Acute vascular rejection with viable graft infi ltrating lymphocytes
Histopathological examination of the explanted kidney allograft demonstrated severe vascular, 
acute T-cell mediated rejection with an almost entirely necrotic kidney parenchyma with 
hemorrhage and moderate endothelialitis with focal fi brin deposition (Figure 3B). CD3+ T 
lymphocytes were found subendothelially (Figure 3C) and included both CD4+ (Figure 3D) 
and CD8+ T cells (Figure 3E). No CD20+ B lymphocytes were identifi ed (Figure 3F). The 
cytotoxic CD8+ T cells were active and viable, as evidenced by the presence of intracellular 
granzyme B (Figure 3G) and Ki-67 (Figure 3H), refl ecting their cytotoxic potential and 
proliferation, respectively. PD-1+ staining was also seen in the vessel wall (Figure 3I).

Despite the necrotic status of the renal explant, viable lymphocytes were revealed, which 
mainly consisted of CD3+ T cells (59%). Within the total CD3+ T cell population, the 
CD4+:CD8+ ratio was approximately 1:3 (22% CD4+ and 73% CD8+, Figure 4A). Cytokines, 



Kidney transplant rejection during nivolumab treatment   |   37   

2

such as IFN-y, TNF and IL-2, play an important role in the immune response that mediate 
allograft rejection. The amount of these pro-infl ammatory cytokines, produced by T-cells, 
indicates whether these cells are activated. After polyclonal stimulation, the capacity of the 
T cells to produce  IFN-γ, TNFα and IL-2 was measured (10). CD8+ T cells had a higher 
capacity than CD4+ T cells to produce IFN-γ (91% vs. 37%; Figure 4B) and TNFα (66% vs. 
34%), whereas CD4+ T cells showed a higher capacity for IL-2 production (5% vs. 17%).  

Figure 3. Histology of the renal graft at the time of the kidney transplant biopsy and the explantation 
under nivolumab treatment (250 μm scale bar). Immunohistochemistry of the explanted kidney. A: HE 
staining of the kidney biopsy shows diffuse cortical necrosis, hemorrhage and glomerular congestion. 
B: HE staining of the renal explant shows moderate endothelialitis with focal fi brin deposition. C-I: 
immunohistochemistry of the explanted kidney. C-E: CD3+, CD4+ and CD8+ T-cells are present. F: no 
CD20+ B-cells are present. G and H: indicates the presence granzyme producing cells and proliferating 
cells (Ki-67) cells. Overall, there is infl ux of PD-1+ granzyme B-producing CD8+ T-cells in the vascular 
wall with endothelialitis. Magnifi cation: 10x.

Nivolumab PD-1 occupancy on graft infi ltrating lymphocytes
Further immunological analysis was performed to examine whether nivolumab was 
successfully bound to the graft infi ltrating lymphocytes (GILs), which were considered to 
have caused rejection. Among the GILs, PD-1 was expressed on both the CD4+ and CD8+ T 
cells (31% and 34%, respectively; Figure 4C), indicating that the receptor for nivolumab was 
present on the surface of these cells. To determine the amount of free PD-1 binding places on 
the GILs in the explant, conjugated nivolumab was added to the explant of both the current 
and a control patient, who experienced an acute rejection without ICI. In the renal explant 
of the control patient, nivolumab binding capacity was 49% of CD4+ and 37% CD8+ T-cells 
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(Figure 4D), whereas conjugated nivolumab was not able to bind CD4+ and CD8+ T-cells (0% 
and 0%, respectively) in the nivolumab-treated patient.

Figure 4. Phenotyping of the graft infi ltrating lymphocytes isolated from the explanted kidney during 
nivolumab treatment. A: Unstimulated graft infi ltrating-lymphocytes were gated by size and granularity 
in the forward and side scatter. CD4+ and CD8+ T cells were gated within total CD3+ cells. B: Intracellular 
IFN-γ, TNFα and IL-2 was determined in CD3+CD8- (representing the CD4+ population) and CD8+ T 
cells at 3 hours of stimulation with PMA/ionomycin. C: Presence of the presence of PD-1 in CD4+ and 
CD8+ T-cells was also determined.  D: Blockade of the PD-1 receptor by nivolumab was demonstrated 
by adding conjugated nivolumab to these cells and was compared with graft infi ltrating lymphocytes of 
a rejected kidney from a patient who was not treated with nivolumab.
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DISCUSSION 

Here a melanoma patient with a kidney transplant is reported who developed a fulminant 
acute kidney allograft rejection two weeks after the start of nivolumab treatment. DdcfDNA 
was measured in this cancer patient to monitor allograft integrity and detect potential allograft 
rejection at an early stage during treatment with an ICI. Previously, it has been reported that 
quantifi cation of so called ddcfDNA can be useful to detect allograft rejection. Cell-free DNA 
is degraded into non-encapsulated DNA and released after cell death, or by active secretion 
of cells. During SOT rejection, the cells of donor origin are damaged and their content is 
released into the bloodstream (7). Detection of ddcfDNA is based on chimerism: donor cells 
are genetically distinct from that of the transplant recipient (6). 

Immunological analysis of the kidney explant showed marked graft infi ltration with 
alloreactive PD-1+ cytotoxic T cells that were saturated with nivolumab, demonstrating 
nivolumab-mediated inhibition of PD-1. This indicated that nivolumab was bound to the T 
cells which likely caused allograft rejection. The graft infi ltrating T cell population had the 
capacity to mount an effector response.

As indications of ICIs are expected to expand and SOT recipients have an increased risk to 
develop malignancies, e.g. advanced hepatocellular carcinoma in liver transplant patients, 
the use of ICIs in SOT recipients is a clinical problem, the magnitude of which is likely to 
increase in the near future (11). However, clinical trials of ICIs excluded SOT patients. Apart 
from case reports and case series (12-16), the effi cacy and toxicity of ICI in transplanted 
patients with malignancies have not been studied extensively but do indicate the high risk 
of allograft rejection. Serum creatinine, which estimates the glomerular fi ltration rate, is not 
specifi c nor sensitive for kidney transplant rejection (17). The fi nding of the present case 
study suggest that ddcfDNA may be a valuable biomarker for early detection of ICI-induced 
transplant rejection. It remains unclear at this stage if this novel biomarker outperforms 
conventional biomarkers such as serum creatinine. The fi rst serum creatinine measurement 
in this case was only performed 12 days after the fi rst administration of nivolumab and not at 
the same time of the ddcfDNA measurement. 

In conclusion, physicians prescribing ICIs should be aware of the increased risk of allograft 
rejection as a result of T cell activation. We believe that a combined measurement of ddcfDNA 
and conventional biomarkers may assist physicians to diagnose transplant rejection in this 
particular setting at an early stage but this should be studied prospectively. The transplant 
rejection was caused by alloreactive cytotoxic T cells that were positive for PD-1 and were 
saturated with nivolumab, which is in line with the anti-tumor effect of this drug.
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TO THE EDITOR

In the context of solid organ transplantation (SOT), donor-derived cell-free DNA (ddcfDNA) 
has been proposed to serve as a potential biomarker to detect allograft rejection. In kidney 
transplant recipients, ddcfDNA values are increased during the fi rst days after transplantation 
and at times of allograft rejection (1). As donor cells are genetically distinct from recipient 
cells, it is possible to specifi cally detect cfDNA released by the allograft. In human plasma, 
the fragment length of cfDNA is small and peaks at 167 base pairs (bp) (2). Quantifi cation 
of ddcfDNA is possible using variable approaches, including methods based on targeting 
insertion/deletion polymorphisms (InDels) (3). Pitfalls of PCR-based ddcfDNA detection 
methods that need to be considered are 1) PCR effi ciency differences due to different 
amplicon lengths of ddcfDNA and 2) correction for either heterozygous or homozygous 
donor genotype. 

The problem of different amplicon lengths is that amplifi cation of large amplicons is less 
effi cient, which might result in an underestimation of the true ddcfDNA value (4). In 
addition, it is reasonable to correct ddcfDNA values for donor genotype as quantifi cation 
of heterozygous genetic variants gives lower values than homozygous variants. In theory 
this could be done by either multiplying heterozygous ddcfDNA values by 2 or diving 
homozygous ddcfDNA values by 2. 

Here, we measured ddcfDNA in plasma of 162 kidney transplant recipients and examined 
1) the amplicon length-dependent effect on ddcfDNA values and 2) the possibility of 
multiplying/dividing hetero/homozygous genetic variants by 2.

cfDNA was isolated from plasma (Qiagen, Hilden, Germany), collected at day 3 after 
transplantation of patients who participated in a prospective, observational study that aimed 
to identify minimally-invasive biomarkers for kidney transplant rejection (Medical Ethical 
Review Board number 2018-035). At this time point (at day 3 after kidney transplant surgery), 
none of the included patients could be considered to be entirely clinically stable. However, 
none of these patients underwent a for cause-kidney transplant biopsy for suspected rejection 
(nor for another reason) at this time point. Both donor and recipients were genotyped (JETA 
molecular, Leiden, The Netherlands) using a panel of 46 InDels with amplicon lengths 
ranging between 56 and 225 bp. One or two donor-specifi c InDels were selected to quantify 
ddcfDNA using a droplet digital PCR (ddPCR; Bio-Rad, Hercules, CA, USA). Relative 
amounts of ddcfDNA were calculated as fraction (%) of total cfDNA (quantifi ed by using 
RNase P, amplicon length 107 bp). 

First, the effect of amplicon length on ddcfDNA quantifi cation was assessed: a signifi cant 
inverse correlation was observed between donor fraction and amplicon length (r=-0.22, 



46   |   Chapter 3

p<0.01; Figure 1A). Subsequently, donor fraction was compared pairwise in patients (n=46) 
of whom ddcfDNA was quantifi ed using both donor-specifi c InDel assays with short (≤167 
bp) and large (>167 bp) amplicons. A cut-off for InDel assays of 167 bp was chosen because 
the size distribution of cfDNA peaks at 167 bp (2). The median (IQR) donor fraction was 
0.54% (0.18-2.30) for short amplicons and was signifi cantly lower (0.05%, IQR 0.00-0.32) 
for large amplicons, respectively (p<0.01; Figure 1B). This 10-fold difference in donor 
fraction demonstrates that the presence of donor-specifi c InDels with large amplicons results 
in less effi cient amplifi cation of ddcfDNA and thereby affects donor fraction.

Next, the possibility of multiplying/dividing hetero/homozygous genetic variants by 2 was 
assessed. For this, genomic InDel as fraction of total genomic DNA (quantifi ed using RNAse 
P) was analysed. In theory, the genomic InDel fraction should be either 50% (for heterozygous 
donors) or 100% (for homozygous donors). Interestingly, this was not observed: the genomic 
InDel fraction for heterozygous and homozygous genetic variants ranged from 9.1-68.2% 
and 79.8-147.2%, respectively (Figure 1C). 

Figure 1. PCR effi ciency by different amplicon lengths and distribution of InDel fraction (%) of 
genomic donor DNA. (A) Donor fraction quantifi ed (n=317) in kidney transplant recipients (n=162) 
and (B) pairwise comparison of donor fraction in patients (n=46). (C) InDel signal as fraction of total 
DNA (RNase P) in genomic DNA samples of donors.
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Here, we demonstrate two important pitfalls that need to be considered when quantifying 
ddcfDNA. First, we show that quantifi cation of ddcfDNA is less effi cient using InDels with 
large amplicons, especially those with a length >167 bp. As the reference assay (RNase P, 
amplicon length 107 bp) had a fi xed amplicon size, the effect of amplicon size on donor 
fraction was caused by the variability in amplicon sizes for donor-specifi c InDel assays 
and not by the reference assay itself. Dauber et al. demonstrated comparable results with a 
~5 times higher cfDNA concentration when using smaller amplicons (80 bp) compared to 
larger amplicons (214 bp) (5). Therefore, the use of short (≤167 bp) InDel amplicon assays 
appears to be necessary for accurate quantifi cation of ddcfDNA. Failure to do so may cause 
an underestimation of ddcfDNA and possibly missing a diagnosis of allograft rejection (a 
false negative result). For the comparison of ddcfDNA values between individual patients 
over time, it would be preferable to use InDel assays with identical amplicon lengths. 

Second, the genomic donor InDel fraction had a wide range that was neither 50% nor 100% 
which shows that correction of the donor fraction with a factor 2 is not recommendable. A 
possible reason for this wide range may be that the InDel and RNase P assays target different 
genomic sites, which may introduce differences in PCR effi ciency. Notably, the wide range 
was not caused by low genomic donor DNA input as the donor InDel fraction was accurately 
determined by the ddPCR based on in average thousand droplets containing the InDel signal, 
reference signal (RNase P), or both. For the comparison of ddcfDNA values at different 
time points after transplantation in the same patient, corrections for either heterozygous or 
homozygous InDel genotype is not necessary as the same donor-specifi c InDel can be used 
at all time points. Comparing ddcfDNA values between patients is more complex and either 
multiplying or dividing by a factor 2 is undesirable as it may introduce extra variety in the 
results. Comparing changes in ddcfDNA values within a patient over time might be more 
appropriate.
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TO THE EDITOR

Donor-derived cell-free DNA (ddcfDNA) is a minimally-invasive biomarker for the detection 
of kidney allograft rejection (1, 2). However, suggested cut-off values for allograft rejection 
differ between studies and vary between 0.43-2.7% ddcfDNA (1). It is unclear if this is 
caused by differences in study design or differences in quantifi cation methods for ddcfDNA. 
For this reason, two different methods for ddcfDNA quantifi cation were compared with the 
aim to assess correlation between these two methods.

Forty cfDNA samples of 14 kidney transplant recipients (2-4 samples per patient) who 
participated in a prospective, observational study that aims to investigate ddcfDNA as a 
minimally-invasive biomarker for kidney transplant rejection (Medical Ethical Review Board 
number 2018-035) were used for the comparison of ddcfDNA. The percentage ddcfDNA 
(from total cfDNA; ddcfDNA%) was quantifi ed by a droplet digital PCR (ddPCR; Bio-Rad, 
Hercules, CA, USA) of Insertion and Deletion genetic variations (InDels) (DigitalTRACETM, 
JETA Molecular, Utrecht) and by next generation sequencing (NGS) of single-nucleotide 
polymorphisms (SNPs) using a commercially available kit (AlloSeq® cfDNA, CareDx) 
(3, 4). The 40 samples were selected based on their wide range of ddcfDNA%. A total of 
15 samples were collected between post-operative days 2 and 4, 14 samples at times of a 
clinically indicated (for-cause) biopsy (6 samples with biopsy-proven acute rejection and 8 
without biopsy-proven acute rejection) and 11 samples at month 6 after transplantation. The 
agreement between the two quantifi cation methods could thus be assessed in samples with 
high and low ddcfDNA%. 

No signifi cant differences were observed in median (IQR) ddcfDNA% between ddPCR and 
NGS: 0.40% (0.01-2.41%) and 0.59% (0.32-1.74%), respectively (n = 40; paired Wilcoxon’s 
signed-rank test, p=0.39). There existed a correlation between the ddPCR and NGS method 
in ddcfDNA% (n = 40; Spearman’s correlation coeffi cient r=0.88; p<0.001; Figure 1A). 
The intercept was 0.12 (95%-CI, -0.58 to 0.91) and the slope was 0.93 (95%-CI, 0.77 to 
1.09). Lower limits of quantifi cation (LLoQ) for ddPCR (0.15%) and NGS (0.20%) have 
been reported in literature (5). A second analysis including only those samples (n = 27) with 
ddcfDNA% above these thresholds was performed and showed a similar correlation between 
the ddPCR and NGS method in ddcfDNA% (Spearman’s correlation coeffi cient r=0.87; 
p<0.001). In 9 samples, ddcfDNA could only be detected by NGS with a range between 0.16 
and 0.47%. The reasons for this are not clear but one explanation might be that cfDNA was 
fragmented at the target location of the selected InDels. 

Analysis including only one sample per patient (n=14) showed a similar correlation (r=0.91). A 
Bland-Altman plot showed heteroscedasticity as the variability in the difference in ddcfDNA% 
between ddPCR and NGS increased with an increase in ddcfDNA% (Figure 1B). 



54   |   Chapter 4

A

B

Figure 1. Comparison of 40 paired ddcfDNA% by ddPCR and NGS. Figure 1A illustrates a scatterplot 
of ddcfDNA% measured by ddPCR and NGS. The highlighted area represents the range of suggested 
cut-offs for allograft rejection (0.43-2.7%) (1). Figure 1B shows a Bland-Altman plot: differences in 
ddcfDNA% measured by ddPCR and by NGS. Upper and lower dotted lines indicate the limits of 
agreement (LOA).
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Although the two quantifi cation methods for ddcfDNA% correlated, differences were 
observed. First, the NGS method was more sensitive as it could better detect ddcfDNA in the 
lower range than the ddPCR method. Second, for higher ddcfDNA%, the agreement between 
the two methods decreased. The cut-off to diagnose rejection is suggested to be between 
0.43% and 2.7% (1). This cut-off range is depicted in Figure 1A and suggests that differences 
in the performance of the two methods, especially in the higher ddcfDNA% range, may have 
no clinical consequences (i.e. a patient suffering from rejection is likely to be identifi ed as 
such by both methods). 

For the interpretation of ddcfDNA data in literature, as well as the cut-off value for rejection, 
the used quantifi cation method has to be considered. NGS is more sensitive in the lower 
ddcfDNA concentration range. However, ddPCR using donor-specifi c InDels, has the 
important advantage that it more specifi cally detects donor-derived cfDNA as the donor and 
recipients are both genotyped. In addition, the ddPCR can quantify ddcfDNA as concentration 
which is not, compared to ddcfDNA%, infl uenced by fl uctuations in recipient’s cfDNA. The 
use of ddcfDNA as concentration has also been shown to be superior to ddcfDNA% as a 
biomarker for allograft rejection compared to ddcfDNA% (6).
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Background: In heart transplant recipients, donor-derived cell-free DNA (ddcfDNA) is a 
potential biomarker for acute rejection (AR), in that increased values may indicate rejection. 
For the assessment of ddcfDNA as new biomarker for rejection, blood plasma sampling around 
the endomyocardial biopsy (EMB) seems a practical approach. To evaluate the effect of the 
EMB procedure on ddcfDNA values, ddcfDNA values before the EMB were pairwise compared 
to ddcfDNA values after the EMB. We aimed at evaluating whether it matters whether the 
ddcfDNA sampling is done before or after the EMB-procedure. 

Methods: Plasma samples from heart transplant recipients were obtained pre-EMB and 
post-EMB. A droplet digital PCR method was used for measuring ddcfDNA, making use of 
single-nucleotide polymorphisms that allowed both relative quantifi cation, as well as absolute 
quantifi cation of ddcfDNA. 

Results: Pairwise comparison of ddcfDNA values pre-EMB with post-EMB samples (n=113) 
showed signifi cantly increased ddcfDNA concentrations and ddcfDNA% in post-EMB 
samples: an average 1.28-fold increase in ddcfDNA concentrations and a 1.31-fold increase in 
ddcfDNA% was observed (p=0.007 and p=0.03, respectively).

Conclusion: The EMB procedure causes iatrogenic injury to the allograft that results in an 
increase in ddcfDNA% and ddcfDNA concentrations. For the assessment of ddcfDNA as 
marker for AR, collection of plasma samples before the EMB procedure is therefore essential. A
bs

tra
ct



Impact of timing of the liquid biopsy on ddcfDNA   |   61   

5

INTRODUCTION

Heart transplant recipients are monitored for acute rejection (AR) by a strict endomyocardial 
biopsy (EMB) surveillance scheme. Histopathological examination of an EMB is currently 
the gold standard for diagnosing AR. However, this procedure is invasive, costly and can 
result in several complications, including coronary artery fi stula formation and tricuspid 
regurgitation (1). Moreover, the diagnosis of AR may be missed as a result of sampling error. 
Finally, considerable variability exists in the interpretation of an EMB between pathologists 
(2). There is thus an unmet need for minimally-invasive biomarkers to timely diagnose heart 
transplant rejection. 

Donor-derived cell-free DNA (ddcfDNA) is a promising biomarker that could improve 
AR monitoring in heart transplant recipients (3-7). ddcfDNA is highly fragmented DNA 
derived from apoptotic and necrotic cells (8). Based on genetic differences between the donor 
and recipient, such as single nucleotide polymorphisms (SNPs) or insertion and deletion 
variations of DNA sequences, it is possible to specifi cally detect donor cfDNA in blood 
plasma in a background of recipient cfDNA. The release of ddcfDNA especially occurs at 
times of allograft injury, including AR. Increased values of ddcfDNA were observed during 
high-grade heart transplant rejection (3, 4, 6, 7). 

An EMB procedure itself also causes allograft injury that may result in an increase in 
ddcfDNA. Therefore, it is important to establish whether the timing of sampling is important 
for the interpretation of the ddcfDNA values. 

DdcfDNA can be quantifi ed as fraction (% ddcfDNA of total cfDNA) or as absolute 
concentration (copies/mL plasma). So far, in heart transplant recipients, studies mainly 
focussed on ddcfDNA% and not on concentration. An important limitation of ddcfDNA% 
is that values may be affected by fl uctuations in recipient cfDNA, the denominator in 
the calculation of ddcfDNA%. These fl uctuations in recipient cfDNA occur both during 
physiological conditions (9, 10), as well as pathological conditions, including infection and 
cancer (11, 12), that occur frequently in heart transplant recipients (13). For this reason, using 
ddcfDNA concentration might be more accurate to avoid the variability of ddcfDNA% (14). 
Additionally, the EMB procedure might not only affect the level of donor cfDNA but also of 
the recipient cfDNA. This implies that a potential effect of an EMB procedure on ddcfDNA% 
might be different in magnitude than for ddcfDNA concentration. Therefore, it is important 
to assess both values. 

This present study aims 1) to determine the effect of the EMB procedure on plasma ddcfDNA 
and; 2) to assess both ddcfDNA% and ddcfDNA concentration (not subject to fl uctuations in 
recipient cfDNA).
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MATERIALS AND METHODS

Study design 
Adult heart transplant recipients who were scheduled for an EMB were eligible for 
participation in this clinical study that was performed at the Erasmus MC, University Medical 
Center, Rotterdam, the Netherlands. The study was approved by the institutional review 
board of the Erasmus MC (Medical MEC-Review Board number 2017-196) and recipients 
gave written informed consent prior to participation. The study was conducted in accordance 
with the principles of the Declaration of Helsinki, consistent with the Good Clinical Practice 
guidelines of the International Conference on Harmonization.

Clinical sample collection and processing
Blood samples were collected from heart transplant recipients who underwent routine 
surveillance EMB. Samples were collected immediately before (<15 minutes pre-biopsy) 
and immediately after the biopsy procedure (<15 minutes post-biopsy). The EMB was 
performed via the jugular vein with a bioptome size of 7 French. In the early post-transplant 
phase, routine EMB was performed weekly for the fi rst two months, monthly for the next 
four months, and then every three months. 

10 mL of blood was collected in anti-coagulated CellSave blood collection tubes (Menarini, 
Florence, Italy). Samples were stored at 4 °C within 3 hours after collection. The plasma was 
separated by centrifugation at 1600×g for 20 minutes within 24 hours after collection, and 
stored at -30 °C. 

DNA isolation and SNP genotyping
Genomic DNA from recipients was obtained from peripheral blood mononuclear cells, 
and DNA from their corresponding donor was obtained from either spleen cells or heart 
transplant tissue (collected with routine surveillance of transplant rejection from an EMB) by 
automated purifi cation (Maxwell, Promega, Leiden, the Netherlands). According to Dutch 
law, spleen cells are considered as left over material. Therefore, for the use of these spleen 
cells, no informed consent of donors was necessary. Recipients and donors were genotyped 
by using an in house designed panel of 10 preselected SNPs by a quantitative PCR (Applied 
Biosystems™ QuantStudio™, Foster City, CA). Per patient, one to three discriminative 
SNPs were selected for ddcfDNA quantifi cation. 

cfDNA isolation and ddcfDNA measurement
cfDNA was isolated from 3 mL of anti-coagulated blood plasma by using the Circulating 
Nucleic Acid kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. 
The QX100 droplet digital PCR (ddPCR) system (Bio-Rad Laboratories, CA, United States) 
was used for the quantifi cation of (dd)cfDNA. Samples of 20 uL were prepared for PCR 
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reactions by making a mixture containing purifi ed cfDNA, water, a donor specifi c target assay 
(discriminative SNP) and ddPCR Supermix for Probes (Bio-Rad). Droplets were generated 
with a QX100 droplet generator (Bio-Rad) according to the manufacturer’s instructions. 
The ddPCR was performed using the T100TM Thermal Cycler (Bio-Rad) with the following 
amplifi cation protocol: 95° C for 10 min, 40× (94 ° for 30 s, 55 ° for 1 min), then 98 °C 
for 10 min. The quantifi ed droplets were analyzed through a QX100 droplet reader (Bio-
Rad) using Quantasoft software version 1.0.596 (Bio-Rad). ddcfDNA values were quantifi ed 
either as fraction (%) (donor-specifi c SNP signal/ total SNP signal (donor-specifi c SNP signal 
+ non-donor-specifi c SNP signal)) or as concentration (copies/ mL plasma). In samples were 
ddcfDNA was quantifi ed with two or three SNPs, the ddcfDNA values were averaged.

Biopsy examination
All biopsies were examined and scored according to the ISHLT grading system by an 
experienced transplant pathologist (JvT) (15, 16). Biopsies were classifi ed as acute cellular 
rejection (ACR) grade 0R-2R and as antibody-mediated rejection (pAMR) grade 0-2. 

Statistical analysis
The primary objective of this study was to assess the effect of the EMB procedure on 
ddcfDNA values. IBM SPSS version 25 (Armonk, NY, USA) was used for statistical analysis 
of the data and for making the fi gures. Continuous variables are presented as median with 
interquartile range (fi rst and third, IQR) for non-normally distributed data. Nonparametric 
data of paired samples before and after biopsy were compared pairwise using the Wilcoxon 
matched-pairs signed rank test. Results were considered statistically signifi cant for two sided 
p-values below 0.05. 

RESULTS

Patients and samples
A total of 226 paired samples from 15 patients (aged 18-63 years) was collected both pre-
EMB (n=113) and post-EMB (n=113) between November 2019 and August 2020. The paired 
samples was collected between day 7 and day 509 post-transplant. Patient characteristics 
and an overview of the biopsy results are depicted in Table 1 and Table 2. An overview of 
the timing of the EMB biopsies with the ddcfDNA values and biopsy results is presented in
Supplementary Figure 1A and Figure 1B. 
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Table 1. Baseline characteristics
Baseline characteristics Study population (n=15)

Patients 15

Age (years) 49 (18-63)

Female/ Male 6 (40.0%)/ 9 (60.0%)

Continues variables are described as mean (range). Categorical variables as number of cases (%).

Table 2. Biopsy results
Biopsy result and classifi cation Biopsies (n=113)

ACR 0, ACR 1, AMR 0 111

ACR 2 2

AMR 2 0

Abbreviations: ACR, acute cellular rejection; AMR, antibody-mediated rejection.

Effect of EMB procedure on ddcfDNA
In order to assess the effect of the EMB procedure on ddcfDNA values, pre-EMB ddcfDNA 
values were compared with post-EMB values in the paired samples (n=113). The median 
(IQR) pre-EMB ddcfDNA concentration was 7.5 (3.0-14.5) copies/mL. This concentration 
increased to 9.6 (5.4-20.8) copies/mL post-EMB, corresponding to a 1.28-fold increase 
(Figure 1A; p=0.007). ddcfDNA% increased signifi cantly from 0.08% (0.00-0.14) pre-
EMB to 0.10% (0.02-0.20) post-EMB, corresponding to a 1.31-fold increase in ddcfDNA% 
(Figure 1B; p=0.03). The absolute differences in ddcfDNA concentration and ddcfDNA% 
between pre- and post-EMB samples are represented in Figure 1C and Figure 1D. There 
was no correlation between age (18-63 years) and fold change in both ddcfDNA% (n=113; 
Spearman’s correlation coeffi cient r=-0.02, p=0.74) and ddcfDNA concentration (r=-0.04, 
p=0.64).
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DISCUSSION

The present study was performed to assess the effect of the EMB procedure on plasma 
ddcfDNA values. We observed an increase in ddcfDNA concentration (1.28-fold) and 
ddcfDNA% (1.31-fold) in post-EMB samples, compared to pre-EMB samples. This illustrates 
that the EMB procedure causes iatrogenic injury to the allograft. 

The EMB-related effect is mild in comparison with the effect of allograft rejection on 
ddcfDNA values as the reported differences in ddcfDNA values between acute rejection and 
non-rejection seem to be more pronounced; 0.17% during acute rejection and 0.07% during 
non-rejection, indicating a more than 2-fold increase in ddcfDNA% which is more than the 
1.31-fold increase in ddcfDNA% in post-EMB samples (4). 

The use of ddcfDNA as minimally invasive biomarker for acute rejection is meant to help 
clinicians determine whether it is necessary to perform an invasive EMB or not. This should 
reduce the amount of unnecessary EMBs in heart transplant recipients. However, despite 
the fact that the EMB procedure slightly increases ddcfDNA values in post-EMB samples, 
this effect could potentially still affect the evaluation of ddcfDNA as biomarker for allograft 
rejection in studies. 

The currently published studies for acute rejection monitoring suggest threshold values for 
ddcfDNA% ranging from 0.15% to 2.0% (5). For example, a previous study suggested a 
threshold of 0.2%, with a corresponding sensitivity of 44% and a negative predictive value 
(NPV) of 97% for the detection of heart allograft rejection (4). 

For the determination of a certain threshold value, the use of post-EMB samples could lead to 
inappropriately high suggested thresholds. An inappropriately high threshold means that the 
sensitivity of the assay decreases; more rejection episodes would be missed as the ddcfDNA 
values during these episodes are below the threshold that triggers for the performance of an 
EMB. In order to rule out such a potential effect of timing of sample collection on threshold 
values, samples thus need to be collected before an EMB procedure.

Another potential clinical application of ddcfDNA is to monitor the response of anti-rejection 
therapy within heart transplant recipients. A previous study showed that ddcfDNA% decreases 
after the start of anti-rejection therapy (17). To reliably examine a response of anti-rejection 
therapy, it is important that the ddcfDNA values are not affected by the EMB procedure. This 
is also a reason why samples need to be collected before an EMB procedure. 

To the best of our knowledge, this is the fi rst study that examined the effect of an EMB on 
ddcfDNA values in an adult heart transplant population. A previous publication of the effect 
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of the EMB on ddcfDNA values in young heart transplant recipients observed a stronger EMB 
related increase in ddcfDNA which seemed to be age-dependent (18); a 35.1-fold increase in 
ddcfDNA concentration in pediatric patients and a 4.4 fold increase in young adults (aged 18-
22 years) was observed (18). With respect to this age-dependent effect, the lower increase in 
the present study might be explained by a higher average age of the study population. Another 
explanation for the discrepancy between the results of these studies might be that both studies 
used different ddcfDNA quantifi cation methods; the present used ddPCR, whereas ddcfDNA 
quantifi cation in the previous study was performed by using quantitative real-time PCR. 
The time between the EMB and sample collection in both studies was similar and could 
therefore not be a reason for the observed discrepancy. This study had a limited amount of 
rejection episodes. Therefore, it was not possible to analyze ddcfDNA during rejection and 
non-rejection in these samples. In addition, there is no evidence that confounders such as 
rejection, infection, immunosuppressive therapy and time after transplantation infl uence the 
fold change induced by the EMB procedure. For a more robust analysis of these confounders, 
a larger cohort than that presented here, needs to be investigated.

The present study found that the EMB procedure affects both ddcfDNA% and ddcfDNA 
concentration alike as the fold increases in both were comparable (1.28-fold vs 1.31-fold). 
This illustrates that the EMB procedure itself does not cause fl uctuations in recipient cfDNA. 

To conclude, we observed an increase in ddcfDNA concentration and ddcfDNA% caused by 
iatrogenic injury occurring as a result of the EMB procedure. If ddcfDNA is to be a promising 
biomarker to detect allograft rejection in transplantation patients, it is important that this 
biopsy-related effect is taken into account. Collection of blood sampling before the EMB 
procedure is essential to prevent ddcfDNA values being affected by this procedure. The value 
of ddcfDNA concentration for rejection monitoring should be addressed in a future cohort 
with more rejection episodes.
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SUPPLEMENTALS

A

B

Supplementary Figure 1. Timing of the biopsies post-transplant with the corresponding pre-EMB 
ddcfDNA values and biopsy result. Figure 1A shows ddcfDNA concentration and Figure 1B shows 
ddcfDNA%. Abbreviations: ACR, acute cellular rejection.
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Background: Donor-derived cell-free DNA (ddcfDNA) is a promising minimally invasive 
biomarker for acute rejection (AR) in kidney transplant recipients. To assess the diagnostic 
value of ddcfDNA as marker for AR, ddcfDNA was quantifi ed at multiple time points after 
kidney transplantation with a novel high-throughput droplet digital PCR (ddPCR) InDel 
method that allowed for the absolute quantifi cation of ddcfDNA.

Methods: In this study, ddcfDNA in plasma samples from 223 consecutive kidney transplant 
recipients was analyzed pre-transplantation, and at 3, 7 and 180 days after transplantation, and 
at time of for-cause biopsies obtained within the fi rst 180 days after transplantation.

Results: Median (interquartile range [IQR]) ddcfDNA concentration was signifi cantly higher 
on day 3 (58.3 [17.7-258.3] copies/mL) and day 7 (25.0 [10.4-70.8] copies/mL) compared to 
day 180 after transplantation (4.2 [0.0-8.3] copies/mL; p<0.001 and p<0.001, respectively). At 
time of biopsy-proven AR (BPAR), between day 11 and 180 after transplantation, ddcfDNA 
concentration was signifi cantly higher (50.0 [25.0-108.3] copies/mL) compared to those when 
biopsies showed non-AR (0.0 [0.0-15.6] copies/mL; p<0.05). ddcfDNA concentration within 
the fi rst 10 days after transplantation showed no signifi cant difference between recipients with 
BPAR and those with non-AR in their biopsy or between recipients with BPAR and ddcfDNA 
measured at day 3 and day 7.

Conclusion: Unfortunately, ddcfDNA concentration is not a good biomarker to detect AR 
within the fi rst 10 days after transplantation. However, BPAR occurring after 10 days after 
transplantation can be detected in kidney transplant recipients by ddcfDNA using a novel and 
unique, high-throughput ddPCR InDel method. A
bs

tra
ct
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INTRODUCTION

A promising minimally-invasive biomarker for the detection of kidney allograft rejection (AR) 
is donor-derived cell-free DNA (ddcfDNA) (1, 2). The allograft injury that occurs during AR 
leads to an increased release of DNA which can be detected in the circulation as ddcfDNA. The 
effect of AR on ddcfDNA release seems to be dependent on the type of rejection; ddcfDNA 
strongly increases during antibody-mediated rejection (ABMR), whereas no or only a minor 
increase in ddcfDNA was observed during a T cell-mediated rejection (TCMR) (3, 4).

In the fi rst week after transplantation, higher ddcfDNA values have been reported, likely as a 
result of ischemia-reperfusion injury (IRI) (5, 6). In this period, it is challenging to distinguish 
IRI-related ddcfDNA increases from increases caused by AR. ddcfDNA returns to baseline 
value after approximately 8 to 10 days post transplantation (6-8). Most publications on the 
use of ddcfDNA as a biomarker focusses on rejection episodes occurring after the fi rst two 
weeks after transplantation. There is thus an unmet need for a minimally-invasive biomarker 
that reliably diagnoses early rejection in the fi rst week after transplantation.

There is an ongoing discussion about how ddcfDNA should best be quantifi ed. Current 
ddcfDNA quantifi cation methods vary in the way how they detect ddcfDNA and how they 
express quantifi ed ddcfDNA values. First, ddcfDNA detection is based on genetic differences 
between donor and recipient. The most commonly used way to discriminate ddcfDNA from 
that of the recipient itself, is by using single-nucleotide polymorphisms (SNPs). SNPs 
are variations that affect only one base pair, whereas other genetic variations, such as 
insertion and deletion variations (InDels), are variations of multiple base pairs. In theory, 
quantifi cation of ddcfDNA using an InDel-based method is more specifi c and less subject to 
false positive results than a SNP-based method as the chance of a-specifi c binding of donor-
specifi c primers is lower (9, 10). Therefore, an InDel-based ddcfDNA quantifi cation method 
could be preferable over an SNP-based method. The second difference between ddcfDNA 
quantifi cation methods is the way how to express ddcfDNA. ddcfDNA can be expressed 
as fraction (%) of total cfDNA, i.e. the ratio of the amount of donor-derived cfDNA and 
total cfDNA (donor- plus recipient-derived cfDNA), or as concentration (copies/mL). A 
disadvantage of determining ddcfDNA% is that it is subject to fl uctuations in the amount 
of recipient cfDNA (the denominator of ddcfDNA%). Such fl uctuations occur frequently 
during normal physiological conditions, but they also occur during pathological states 
such as infection and cancer (2). These pathological states are common complications after 
transplantation and decrease the sensitivity of ddcfDNA% as a biomarker for AR. Therefore, 
determining the absolute concentration of ddcfDNA in combination with an InDel-based 
quantifi cation method may provide a more accurate quantifi cation of ddcfDNA. 
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Here the results of a prospective, observational study that included consecutive kidney 
transplant recipients in which ddcfDNA was quantifi ed over time, are presented. A novel 
high-throughput droplet digital PCR (ddPCR) InDel method that allows for the absolute 
quantifi cation of ddcfDNA was used. The feasibility of absolute ddcfDNA quantifi cation to 
discriminate AR from graft injury induced by IRI within the fi rst 10 days after transplantation 
was evaluated. Moreover, the diagnostic value of ddcfDNA to detect AR was assessed. 

MATERIALS AND METHODS

Study design 
This was a prospective, observational study which examined the clinical value of ddcfDNA 
for the detection of acute kidney transplant rejection. All adult patients who were admitted 
to receive a kidney transplant at the Erasmus MC, University Medical Center Rotterdam, 
were eligible for participation and were asked to participate in the study. Only patients who 
received a non-renal organ transplant simultaneously were not included. The follow-up of 
the study was 180 days after transplantation. The study was approved by the institutional 
review board of the Erasmus MC (Medical Ethical Review Board number 2018-035). All 
patients provided written informed consent. The study was conducted in accordance with 
the principles of the Declaration of Helsinki, consistent with the Good Clinical Practice 
guidelines of the International Conference on Harmonisation. 

Clinical sample collection and processing
Whole blood samples were collected before transplantation, and on days 3, 7 and 180 after 
transplantation. Samples were also collected on the morning of (or the day preceding) a for-
cause kidney transplant biopsy. 

Blood samples from living donors were collected and used for genotyping as part of our 
ongoing Biobank program (Medical Ethical Review Board number 2010-022). In case no 
blood sample of the kidney transplant donor was available, spleen cells (deceased donors) 
or kidney transplant tissue (collected from clinically indicated kidney transplant biopsies), 
were used for DNA isolation and genotyping. According to the Dutch law, spleen cells are 
considered to be left over material and therefore no informed consent was necessary from 
deceased donors. For cfDNA isolation, plasma was separated from EDTA blood samples after 
centrifugation at 3000 rpm × 10 minutes and plasma was spun by a second centrifugation 
step at 16.000 g × 10 minutes within 8 hours after sampling. Plasma was stored at -80°C until 
further evaluation. 
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InDel genotyping
Genomic DNA from donor and recipient was isolated from whole blood, spleen cells or kidney 
transplant tissue with a DNeasy Blood&Tissue Kit (QIAGEN GmbH, Hilden, Germany) and 
quantifi ed with a DeNovix spectrophotometer (DeNovix, Wilmington, DE, USA) prior to 
storage at -30°C. The screening for donor-specifi c InDels (donor positive / recipient negative) 
was performed with a panel of 46 different InDel markers, according to the manufacturer’s 
instructions (DigitalTRACETM, JETA Molecular, Utrecht, The Netherlands; Supplementary 
Figure S1). Genotyping was performed with an Applied Biosystems StepOne™ real-time 
PCR system (Applied Biosystems; Thermo Fisher Scientifi c Inc., Foster City, CA, US). 

cfDNA isolation and ddcfDNA measurement
cfDNA was isolated from 1.5 mL of EDTA plasma and eluted into 50 uL de-ionized H2O 
using the Circulating Nucleic Acid kit (QIAGEN GmbH, Hilden, Germany) according to 
the manufacturer’s instructions. A total of 8 μl isolated cfDNA was used for each reaction. 
Per recipient, one or preferably two donor-specifi c target assays (amplicon size 58-223; 
DigitalTRACETM, JETA Molecular, Utrecht, The Netherlands) were selected from the panel 
of 46 different InDels. A reference target assay (RNase P, amplicon size 107 bp) was used 
to quantify the total amount of cfDNA. The QX100 ddPCR system (Bio-Rad Laboratories, 
Hercules, CA, United States) was used and all reactions were prepared using the ddPCR 
Supermix for Probes (Bio-Rad). Droplets were generated with a QX100 droplet generator 
(Bio-Rad) according to the manufacturer’s instructions. The ddPCR was performed using 
the T100TM Thermal Cycler (Bio-Rad) with the following amplifi cation protocol: 95°C for 
10 min, 40× (94°C for 30 s, 59°C for 1 min), then 98°C for 10 min. Subsequently, droplets 
were analyzed through a QX100 droplet reader (Bio-Rad) using Quantasoft software version 
1.0.596 (Bio-Rad). Raw data was uploaded in an online digital PCR management and analysis 
application Roodcom WebAnalysis (version 1.9.4., https://www.roodcom.nl/webanalysis/). 
Description about the used method to discriminate droplets containing ddcfDNA is presented 
in the Supplementary Material (Figure S2). 

The assay quantifi es the fraction of ddcfDNA (ddcfDNA / total cfDNA, ddcfDNA%) and 
the ddcfDNA concentration, which is converted to ddcfDNA copies per mL of recipient 
plasma (presented as copies/mL; see Supplementary Material). As ddcfDNA values need to 
be analyzed separately based on the donor genotype (heterozygous or homozygous), donor 
genotype was determined for the selected donor-specifi c InDel(s) used (10). If ddcfDNA 
values were quantifi ed with two InDels, values were averaged if the donor genotype was 
identical for both InDels (either heterozygous or homozygous). As 91% of the measurements 
were done with heterozygous InDels, only these results are shown in the manuscript. The 
results from ddcfDNA quantifi ed with homozygous InDels were comparable with the results 
quantifi ed with heterozygous InDels. 
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Sample categorization and histopathological examination
All samples collected on days 3, 7 and 180 after transplantation were used to investigate the 
time course (“trajectory”) of ddcfDNA. A sample was considered to be “negative” if it was 
collected from a recipient that did not undergo a kidney transplant biopsy or did not receive 
anti-rejection therapy within the fi rst 180 days after transplantation. 

All for-cause kidney transplant biopsies were evaluated by a renal-pathologist and classifi ed 
according to the 2019 Banff classifi cation (11). Biopsy samples were categorized into (1) a 
“biopsy-proven acute rejection” (BPAR) group, (2) a “presumed rejection” group and (3) 
a “non-AR” group. The “presumed rejection” group consisted of samples from recipients 
who were presumed to have a rejection but whose biopsy results did not fulfi ll the Banff 
2019 criteria for rejection. This group included recipients with a pathological diagnosis 
of “suspicious for ABMR” (i.e. histologic evidence of ABMR such as microvascular 
infl ammation or thrombotic microangiopathy but without C4d positivity and/or donor-
specifi c antibodies (DSA)) and “suspicious for TCMR (borderline rejection)”. Recipients 
who had no histologic evidence of rejection but were treated with anti-rejection therapy on 
clinical grounds were also classifi ed as “presumed rejection”. The “non-AR” group consisted 
of biopsies without evidence of rejection and no anti-rejection therapy. No protocol kidney 
transplant biopsies were obtained for this study.

All biopsies that were performed within the fi rst 180 days after transplantation were 
analyzed. A subgroup analysis was performed on samples obtained at time of indication 
biopsy within the fi rst 10 days versus those samples obtained at biopsies taken after 10 days 
after transplantation. In recipients with multiple biopsies, only data of the sample obtained at 
time of the fi rst biopsy was used for analysis. The sample obtained at time of a second biopsy 
was used for analysis if sampling at time of the fi rst biopsy was missed, or if the sample had 
to be excluded because of technical problems.

Statistical analysis
Continuous variables are reported as median and interquartile range (IQR; fi rst and third 
quartile). For the comparison of more than two independent groups, a Kruskall-Wallis rank 
sum test was used. Once this test gave signifi cant differences between groups, pairwise 
comparisons were performed and p-values were adjusted by the Bonferroni correction for 
multiple testing. For the comparison of two independent groups with non-normally distributed 
data, the Mann-Whitney U test was used. To evaluate ddcfDNA over time, a linear mixed 
model was used to adjust for repeated measures within recipients. The area under the curve-
receiver operating characteristic curve (AUC-ROC) was used to assess the discriminative 
ability of ddcfDNA for discriminating different groups. The threshold value of ddcfDNA was 
selected by a data-driven approach using the Youden’s index. The positive predictive value 
(PPV) and negative predictive value (NPV) for AR were calculated based on the prevalence 



A novel ddPCR-based InDel quantifi cation method for ddcfDNA detection   |   79   

6

of AR in this study. All statistical tests were considered statistically signifi cant when the two-
sided p-value was below 0.05.

RESULTS

Patients and samples
A total of 225 recipients was included in the study in the time period between 16th of August 
2018 and the 2nd of December 2019. Two of these recipients were excluded from the analysis 
because 1 recipient received an en-bloc (dual) kidney transplantation and 1 recipient received 
a transplant from an identical twin, leaving 223 recipients for the analysis. The characteristics 
of these 223 recipients are depicted in Table 1.

Table 1. Characteristics of the 223 recipients and their corresponding donors
Recipient and donor characteristics study population Study population (n=223)

Age (years) 58.8 (13.4)

Gender

Female / Male 93 (42%) / 130 (58%)

Ethnicity

Caucasian 169 (76%)

African 25 (11%)

Asian 20 (9%)

North african / arab 7 (3%)

Other 2 (1%)

BMI 28.0 (5.4)

Primary kidney disease

Diabetic nephropathy 45 (20%)

Hypertensive nephropathy 40 (18%)

Glomerulonephritis 27 (12%)

Polycystic kidney disease 23 (10%)

Unknown 17 (8%)

Refl ux nephropathy / Chronic pyelonephritis 8 (4%)

Other 63 (28%)

Total number of transplantations

1 184 (83%)

2-3 39 (17%)

Prior non-kidney grafts

Yes / No 6 (3%) / 217 (97%)
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Type of prior non-kidney graft

Heart 3 (50%)

Lung 2 (33%)

Stemcell 1 (17%)

Prior RRT

Yes / No 148 (66%)/ 75 (34%)

RRT prior to kidney transplantation

Hemodialysis 101 (45%)

Peritoneal dialysis 47 (21%)

Donor type

Deceased, ECD / non-ECD 118 (53%), 66 (56%) / 52 (44%)

    DBD 46 (21%)

    DCD 72 (32%)

Living 105 (47%)

   Living Donor - Related 33 (15%)

   Living Donor - Unrelated 72 (32%)

Donor-gender

Female / Male 105 (47%) / 118 (53%)

Total mismatch number

0 11 (5%)

1-2 57 (25%)

3-4 104 (47%)

5-6 51 (23%)

Preformed DSAa

Yes / No 6 (3%) / 217 (97%)

Bloodgroup ABO compatible

Compatible / Incompatible 216 (97%) / 7 (3%)

Induction therapy

Basiliximab 205 (92%)

Alemtuzumab 14 (6%)

   Additional IVIG and/or plasma exchange 7 (3%)

ATG, IVIG, plasma exchange and/or ritximab 2 (1%)

None 2 (1%)

Maintanance immunosuppresion 

TAC/MMF/Prednisolone 222 (99%)

TAC/ Prednisolone 1 (1%)

Continues variables are described as mean (SD). Categorical variables as number of cases (%). 
Abbreviations: BMI, body mass index; RRT, renal replacement therapy; DBD, donation after brain 
death; DCD, donation after circulatory death; DSA, donor specifi c antibodies; IVIG, intravenous 
immunoglobulins; ATG, anti-thymocyte globulin; TAC, tacrolimus; MMF, mycophenolate mofetil. 
aHLA incompatible transplantations (with preformed DSA and positive CDC crossmatch).

Table 1. Continued
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A total of 180 indication biopsies was performed in 120 recipients. The biopsy fi ndings are 
depicted in Table 2. Eighty biopsies (44% of the total number of biopsies) were performed 
within the fi rst 10 days after transplantation. These 80 biopsies (performed in 73 patients) 
were indicated because of delayed graft function (n=53), slow graft function (n=26) or 
proteinuria (n=1). In 59 biopsies a pathological diagnosis of acute rejection was made. 
Forty-eight recipients were diagnosed with BPAR giving an overall incidence of 21.5%. 
Based on both the clinical course and pathology fi ndings, biopsies were divided into (1) 
BPAR (n=59), (2) presumed rejection (n=49) and (3) non-AR (n=72). The most frequent 
pathological diagnosis in the group without BPAR was acute tubular necrosis (ATN; n=59). 
Details regarding the treatment of the BPAR cases can be found in Supplementary Table S2.

During the follow-up period of 180 days, one patient withdrew consent, eight patients died, 
and fi ve patients lost their graft due to rejection (n=3), recurrence of primary kidney disease 
(n=1), and hemorrhagic shock caused by the biopsy procedure (n=1).

Table 2. Biopsy fi ndings
Biopsy result and classifi cation Biopsies (n=180)

TCMR

       Suspicious for TCMRa 3

        1A 1

        1B 3

        2A 33

        2B 8

ABMR

        Suspicious for ABMRb 11

        ABMR 13

Mixed (TCMR and suspicious for ABMR) 1

ATN 84

TMA 8

Otherc 15

Abbreviations:   TCMR, T cell-mediated rejection; ABMR, antibody-mediated rejection; ATN, acute 
tubular necrosis; TMA, thrombotic microangiopathy. aBorderline TCMR, bHistologic evidence of 
ABMR without C4d positivity and without donor-specifi c antibodies (DSA), cother group consisted 
of 3 biopsies diagnosed as “kidney infarction”, 3 as “urinary tract infection/pyelonephritis”, 2 as 
“IgA nephropathy”, 1 as “chronic damage”, 1 as “diabetic nephropathy”, 1 as “i-IFTA”, 1 as “oxalate 
nephropathy”, and 1 as “chronic damage”. 
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Trajectory of ddcfDNA 
A total of 700 samples, including 100 samples obtained at time of a biopsy, from 192 
recipients was used for analysis. Samples that did not meet the technical requirements or 
samples that were only measured with homozygous InDels were excluded.

To investigate the trajectory of ddcfDNA over time, all pre-transplantation (n=173) and 
day 3 (n=147), day 7 (n=125) and day 180 (n=155) post-transplantation samples were 
analyzed. In pre-transplant samples, no ddcfDNA could be detected: median ddcfDNA 
concentration was 0.0 (0.0-0.0) copies/mL. At day 3 after transplantation, the ddcfDNA 
concentration was 58.3 (17.7-258.3) copies/mL and decreased to 25.0 (10.4-70.8) copies/mL 
at day 7 after transplantation. At day 180 after transplantation, the ddcfDNA concentration 
was 4.2 (0.0-8.3) copies/mL which was signifi cantly lower compared to day 3 and day 7 
(p<0.001 and p<0.001, respectively; Figure 1). The results of ddcfDNA% are shown 
in Supplementary Figure S3. Next, ddcfDNA concentrations at days 3, 7 and 180 after 
transplantation were compared between blood group AB0 compatible and incompatible 
kidney transplant recipients, between recipients with and those without a previous transplant, 
and between recipients with and without preformed DSAs. None of these comparisons 
showed a statistically signifi cant difference in ddcfDNA concentrations (data not shown).  

Figure 1. Trajectory of ddcfDNA concentration in copies/mL. The middle line of the box represents 
the median and the upper and lower borders of the box represent the 25 and 75% percentile. Whiskers 
represent the 5th-95th percentile and the small circles represent outliers. 
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ddcfDNA during BPAR, presumed rejection and non-AR
ddcfDNA concentrations measured at the time of a kidney transplant biopsy (n=100) are 
depicted in Supplementary Figure S4 and illustrates that the ddcfDNA concentration is 
higher in the fi rst period after transplantation irrespective of the diagnosis (≤ day 10). 

Analysis of the samples at time of the fi rst biopsy showed no signifi cant differences in 
ddcfDNA concentration between recipients with BPAR (n=27), presumed rejection (n=19) 
and non-AR (n=25) in their biopsy. The main diagnosis in the non-AR group was ATN 
(n=20). The remainder of the biopsies was diagnosed as thrombotic microangiopathy 
(TMA, n=2), oxalate nephropathy (n=1), pyelonephritis (n=1) and renal infarction (n=1). 
Median ddcfDNA concentration was 33.3 (16.7-83.3) copies/mL during BPAR, 41.7 (12.5-
87.5) copies/mL during presumed rejection, and 12.5 (0.0-68.8) copies/mL during non-AR 
(p=0.08). Box-plots of these three groups are shown in (Figure 2A). 

Next, an analysis was performed on the samples obtained at the time of biopsies that were 
performed within the fi rst 10 days and after the fi rst 10 days after transplantation. Cutoff 
at day 10 is based on previous studies that showed that ddcfDNA reaches baseline values 
between day 8 through 10 after transplantation (9, 12, 13). ddcfDNA concentration did 
not signifi cantly differ between recipients with BPAR (n=20), presumed rejection (n=11) 
and those with non-AR (n=15) in their biopsy performed within the fi rst 10 days after 
transplantation. ddcfDNA concentration was 33.3 (16.7-80.9) copies/mL during BPAR, 41.7 
(12.5-103.3) copies/mL during presumed rejection, and 33.3 (8.3-454.2) copies/mL during 
non-AR, respectively (p=0.81; Figure 2B). 

Importantly, the subgroup of recipients who had a biopsy performed after 10 days after 
transplantation, demonstrated a signifi cantly different ddcfDNA concentration between 
recipients with BPAR (n=7), presumed rejection (n=8) and those with non-AR (n=10) in 
their biopsy. ddcfDNA concentration was 50.0 (25.0-108.3) copies/mL during BPAR, 29.2 
(2.1-65.6) copies/mL during presumed rejection, and 0.0 (0.0-15.6) copies/mL during non-
AR (p=0.02; Figure 2C). Pairwise comparison of these three groups showed a signifi cantly 
increased ddcfDNA concentration during BPAR compared to non-AR (p=0.02; Figure 2C). 
The ddcfDNA concentration was not signifi cantly different between BPAR and presumed 
rejection, and between presumed rejection and non-AR (p=1.0 and p=0.24, respectively). 
The BPAR group (n=7) consisted of 6 TCMR biopsies with the following grades: TCMR1B 
(n=1), TCMR2A (n=3), and TCMR2B (n=2). Subgroup analysis of TCMR (n=6) compared 
with non-AR (n=10) showed that ddcfDNA concentration was signifi cantly increased during 
TCMR compared to non-AR (p=0.01). All analyses including ddcfDNA% are depicted in 
Supplementary Table S1 and showed that ddcfDNA% was not signifi cantly different between 
recipients with BPAR, presumed rejection and non-AR in their biopsy both ≤ day 10 and >
day 10 after transplantation. 
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B

C

Figure 2. ddcfDNA concentration in recipients with BPAR, presumed rejection and non-AR in their 
biopsy between day 0-180 after transplantation (A), within 10 days after transplantation (B), and after 10 
days after transplantation (C). Box whiskers represent the 5th-95th percentile. The middle line of the box 
represents the median and the upper and lower borders of the box represent the 25 and 75% percentile. 
Whiskers represent the 5th-95th percentile and the small circles represent outliers. Abbreviations: AR, 
acute rejection; BPAR, biopsy-proven rejection. 
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ROC analysis for the ability of ddcfDNA concentration to discriminate recipients with BPAR 
(n=7) from recipients with non-AR (n=10) showed an AUC of 0.86 (95% CI: 0.65-1.00) 
(Figure 3). At a cut-off of 18.7 copies/mL, the sensitivity was 85.7% (95% CI: 42.1-99.6) 
and the specifi city was 80.0% (95% CI: 44.4-97.5; Table 3). The PPV and NPV for BPAR 
were 54.0% (95% CI: 24.7-80.0) and 95.3 (95% CI: 76.4-99.2), respectively. 

Table 3. Performance characteristics of ddcfDNA concentration to discriminate recipients with a BPAR 
from those with no rejection (either recipients with non-AR in their biopsy or negative samples at day 
180 after transplantation)
Performance 
characteristics

BPAR (n=7) / 
non-AR (n=10)

BPAR (n=7) / 
Negative day 180 (n=72)

AUC (95% CI) 0.86 (0.65-1.00) 0.88 (0.77-0.99)

Threshold (copies/mL) 18.7 20.9

Sensitivity (95% CI) 85.7 (42.1-99.6) 85.7 (42.1-99.6)

Specifi city (95% CI) 80.0 (44.4-97.5) 90.3 (81.0-96.0)

PPV (95% CI) 54.0 (24.7-80.0) 70.7 (52.9-83.9)

NPV (95% CI) 95.3 (76.4-99.2) 95.9 (79.0-99.3)

Abbreviations: BPAR, biopsy-proven acute rejection; AR, acute rejection

Figure 3. ROC curve of ddcfDNA concentration to discriminate recipients with BPAR vs non-AR 
in their biopsy after day 10 after transplantation. Abbreviations: BPAR, biopsy-proven rejection; AR, 
acute rejection.
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Figure 4. Comparison of ddcfDNA concentration in recipients with BPAR, presumed rejection, non-
AR in their biopsy with non-biopsy time points (negative samples at day 3, 7 and day 180 samples). 
Figure A shows ddcfDNA concentration in recipients at time of a for-cause biopsy within the fi rst 10 
days after transplantation and non-biopsy time points (day 3 and 7 samples). Figure B shows ddcfDNA 
concentration in recipients with for-cause biopsy after day 10 after transplantation compared with 
negative day 180 samples. 
The middle line of the box represents the median and the upper and lower borders of the box represent 
the 25 and 75% percentile. Whiskers represent the 5th-95th percentile and the small circles represent 
outliers. Abbreviations: BPAR, biopsy-proven acute rejection.
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ddcfDNA in biopsies and non-biopsy time points
To assess whether ddcfDNA concentration in recipients with either BPAR, presumed 
rejection or non-AR in their biopsy could be discriminated from negative samples (day 3, 
7 or day 180), samples obtained at the time of a biopsy performed within the fi rst 10 days 
after transplantation were compared with negative day 3 and 7 samples, and samples from 
biopsies performed after day 10 after transplantation were compared with negative day 
180 samples (Figure 4). ddcfDNA concentration in negative day 3,7 and day 180 samples 
was 51.7 (16.7-261.5) copies/mL, 25.0 (8.3-58.3) copies/mL and 4.2 (0.0-8.3) copies/mL, 
respectively. The ddcfDNA concentration during non-AR within 10 days after transplantation 
was not signifi cantly different from negative samples at day 3 and day 7 (p=0.89 and p=0.26, 
respectively). In addition, ddcfDNA concentration during non-AR (0.0 [0.0-15.6] copies/
mL) after day 10 after transplantation, was also not signifi cantly different from negative day 
180 samples (p=1.0).

For rejection biopsies performed within the fi rst 10 days after transplantation, ddcfDNA 
concentration was not signifi cantly different during BPAR (n=20) or presumed rejection 
(n=11) compared to negative day 3 (n=70) or day 7 (n=65) samples (Figure 4A). In contrast, 
ddcfDNA concentration was signifi cantly increased during BPAR (n=7) compared to negative 
day 180 samples (n=72; Figure 4B; p<0.01). ddcfDNA concentration was not signifi cantly 
different between presumed rejections and negative day 180 samples (p=0.11). 

DISCUSSION

This prospective, observational study aimed to investigate the diagnostic performance of 
ddcfDNA for the detection of acute kidney transplant rejection over time. For the fi rst time, 
ddcfDNA was quantifi ed in kidney transplant recipients with a novel high-throughput ddPCR 
InDel method that allowed for the absolute quantifi cation of ddcfDNA using standard EDTA 
collecting tubes. 

We show that the ddcfDNA concentration decreases over time, from day 3 to day 7 to 180 days 
after transplantation. Additionally, we found that 10 days after transplantation, the ddcfDNA 
concentration was signifi cantly higher in recipients with BPAR compared to recipients with 
an alternative diagnosis in their for-cause biopsy, thereby confi rming previous studies which 
used other assays to measure the ddcfDNA concentration (6, 12). However, within the fi rst 
10 days after transplantation, it was not possible to discriminate between recipients with a 
BPAR and those without biopsy fi ndings demonstrating AR, or from non-biopsy time points 
(negative day 3 or 7 samples). 
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The fi nding that the ddcfDNA concentration is higher in the fi rst week after transplantation 
likely refl ects IRI and is in line with previous studies in which a higher ddcfDNA% or 
ddcfDNA concentration was observed in kidney, heart or liver transplant recipients (6, 
7, 13, 14). This implies that ddcfDNA is not a suitable minimally-invasive biomarker for 
AR during the early post-transplantation period. In the present study, 44% of all for-cause 
biopsies was performed during this time period. We believe that the high number of early 
kidney transplant biopsies refl ects the high-risk population transplanted in our centre (both 
from an immunologic and co-morbidity point of view) (15, 16). Possibly, daily measurement 
of ddcfDNA during this period may overcome this limitation. 

A previous study that quantifi ed both ddcfDNA concentration and ddcfDNA% concluded that 
the ddcfDNA concentration is superior over ddcfDNA% for the detection of BPAR (6). In line 
with this, the present study could discriminate recipients with BPAR from recipients without 
signs of AR in their for-cause biopsies with the ddcfDNA concentration, while ddcfDNA% 
could not. This encourages the measurement of ddcfDNA concentration in future studies. 
Several other analytical differences between the present ddcfDNA quantifi cation method and 
those previously reported in literature need to be acknowledged. First, in the present study 
we measured ddcfDNA in blood that was collected in standard EDTA tubes. We believe this 
is an advantage as these tubes are used in everyday clinical practice and are considerably 
cheaper than special nucleic acid collection tubes. A disadvantage is that once collected in 
an EDTA tube, the sample needs to be processed the same day to ensure the preservation of 
cfDNA (17). Second and in contrast to other ddcfDNA quantifi cation methods, the donor 
needed to be genotyped as a limited amount (1 or 2) donor-specifi c InDel variations were 
measured per patient (2). In the live donor setting, collection of donor DNA may not be much 
of a problem but this may be more challenging in the deceased donor setting. An important 
advantage of the present assay, however, is that it is more accurate as the detected ddcfDNA 
is unequivocally derived from the allograft providing an additional advantage in patients 
receiving a repeat transplant.

The fi nding that ddcfDNA concentration >10 days after transplantation was signifi cantly 
increased when a recipient had BPAR (which consisted mainly of TCMR), is promising. 
TCMR is a process of interstitial infl ammation, arteritis and tubulitis accompanied with 
presumably extensive degradation of ddcfDNA that results in the release of relatively small 
fragments of ddcfDNA in the circulation (2). Due to these small fragments only donor-
specifi c assays with short amplicons sizes, as used in this study, will be able to measure 
ddcfDNA which is in line with previous observations (6, 18, 19). 

The incidence of acute rejection was 21.5% which in our view was to be expected in a 
relatively high risk real world population, which included HLA and blood group AB0 
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incompatible kidney transplant recipients, many recipients of extended criteria donors, as 
well as morbidly obese recipients.  

This study observed a comparable high NPV for ddcfDNA concentration to discriminate 
BPAR from non-AR after 10 days after transplantation, which is in accordance of the 
literature (6). This implies that ddcfDNA concentration could be used as a ‘rule out’ test for 
AR; if ddcfDNA concentration is low, the chance of ongoing AR is low. This could reduce the 
amount of (unnecessary) biopsies in recipients that have a clinical suspicion of AR but have 
low ddcfDNA values. On the other hand, the observed PPV is low which means that ddcfDNA 
concentration above a suggested threshold will not always be indicative of AR (20). Instead 
of only using ddcfDNA, a combination of different minimally-invasive biomarkers, including 
DNA, protein and metabolite biomarkers (21), might potentially further improve the (early) 
diagnosis of AR (22-25). A combination of different biomarkers might particularly be useful 
in the initial period after transplantation in which the detection of AR can be challenging. 

Different threshold values for ddcfDNA concentration to discriminate BPAR from non-AR 
have been reported. The present study recommends thresholds of 17.2 copies/mL (BPAR vs 
non-AR) and 13.0 copies/mL (BPAR vs negative day 180 samples), whereas Oellerich et al.
suggested a higher threshold of 52.0 copies/mL to discriminate BPAR from negative samples 
(6). In contrast, Whitlam et al. suggested a threshold of 13.0 copies/mL to discriminate ABMR 
from non-AR (12). The methodological differences, including differences in the various 
recipient cohorts, ddcfDNA quantifi cation method (i.e. effi ciency of cfDNA extraction and 
ddPCR amplifi cation) and correction for donor genotype (heterozygous or homozygous) 
limits the use of a general threshold, therefore making it undoable to recommend a general 
threshold for ddcfDNA. 

Here, a substantial part of the samples had to be excluded due to several reasons. Factors, such 
as the recent recognition of the need of the use of short amplicons for accurate detection of 
ddcfDNA (2, 8-10), the absence of donor-specifi c InDels in recipients with a previous kidney 
graft or non-kidney grafts, separate analysis of homozygous and heterozygous InDels, led 
to a reduction of available samples for analysis. This resulted in a limited amount of BPAR 
episodes to be analyzed. 

Despite this, the ddcfDNA concentration was increased in recipients with BPAR in their 
biopsy that occurred after 10 days after transplantation when compared to recipients with 
non-AR in their biopsy. This illuminates the potential of using ddcfDNA as minimally-
invasive biomarker. It could help to reduce the need of a kidney allograft biopsy, which is 
currently considered the gold standard for diagnosing AR. So far, however, it is not clear 
how the measurement of ddcfDNA should be implemented in the clinical practice; how often 
should ddcfDNA be measured after transplantation? Which concentration points to AR and 
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which threshold value should be used that triggers the clinician to request a kidney transplant 
biopsy? Could ddcfDNA be used to examine the response to anti-rejection treatment (26)? 

In conclusion, this study shows using the high-throughput ddPCR InDel method that ddcfDNA 
can accurately be detected in samples from kidney transplant recipients over time. ddcfDNA 
could not detect AR in the fi rst 10 days after transplantation, presumably due to the IRI-
related increase of ddcfDNA. However, after this period, this novel ddcfDNA quantifi cation 
method was able to detect AR using ddcfDNA concentration. 
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Table S2. Treatment of BPAR cases
Anti-rejection therapy BPAR (n=59)

TCMR 45

Methylprednisolone 31

With additional alemtuzumab and/or IVIG 15

Alemtuzumab 9

Increase of baseline immunosuppression 1

Nonea 4

ABMR 13

Methylprednisolone + IVIG 11

With additional alemtuzumab and/or plasma exchange and/or tocilizumab 4

Alemtuzumab and IVIG 1

Nonea 1

Mixed (TCMR and suspicious for ABMRb) 1

Methylprednisolone and alemtuzumab and IVIG 1

Abbreviations:   TCMR, T cell-mediated rejection; IVIG, intravenous immunoglobulins; ABMR, 
antibody-mediated rejection.aBiopsies that were initially not, but after re-examination classifi ed as 
rejection .bHistologic evidence of ABMR without C4d positivity and/or donor-specifi c antibodies 
(DSA).
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C

B

D

Figure S2. 2D plots of genomic donor DNA (2A), genomic recipient DNA (2B), pre transplant cfDNA 
(2C) and a post-transplant sample (2D). Droplets could contain no DNA (grey droplets), ddDNA (blue 
droplets), total DNA (green droplets) or both ddDNA and total DNA (orange droplets).
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Figure S3. Trajectory of ddcfDNA% for pre transplantation, and day 3, 7 and 180 after transplantation. 
Box whiskers represent the 5th-95th percentile. The middle line of the box represents the median and the 
upper and lower borders represent the 25 and 75% percentile. Small cirkels and stars represent outliers 
and extreme outliers, respectively.

Figure S4. Scatterplot for ddcfDNA concentration measured at the time of a for-cause biopsy. The 
dotted line indicates the cutoff (day 11) that was used for subgroup analysis of biopsies taken ≤ day 
10 and > day 10 after transplantation. Abbreviations: BPAR; biopsy-proven acute rejection; AR; acute 
rejection.
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ADDITIONAL INFORMATION

InDel genotyping
A genotyping plate (DigitalTRACETM, JETA Molecular, Utrecht, The Netherlands) was used 
for the assessment of InDels which discriminate donor DNA from recipient DNA, the so 
called donor-specifi c InDels. Figure S1A shows the genotyping plate of a recipient-donor 
couple. Genotyping was performed on genomic DNA of both the recipient (orange wells) 
as well as for the donor (green wells) for 46 InDels and RNase P. A reference target assay 
(RNase P, amplicon length 107 bp) was used to quantify total amount of cfDNA. For each 
sample to be genotyped, 25 µl mix was used consisting of 5.0 uL Master Mix and 20.0 uL mix 
of de-ionized H20 containing 5 ng of genomic DNA. In addition, a no template control (NTC) 
was prepared with de-ionized H20 and qPCR Master mix. An example of the amplifi cation 
plot for a donor-specifi c InDel is presented in Figure S1B.

Analyses of ddcfDNA results
A total of four 2D plots are shown which were generated by Roodcom WebAnalysis (version 
1.9.4., (https://www.roodcom.nl/webanalysis). Thresholds were placed between negative 
droplets (without DNA) and positive droplets (with DNA) as close as possible to the negative 
droplet cluster. Channel 1 (y-axis) represents the donor-specifi c InDel assay fl uorescence 
signal (FAM-signal) and channel 2 (x-axis) represents total DNA assay fl uorescence signal 
(RNAse P, HEX-signal). Droplets could contain no DNA (grey droplets), ddDNA (blue 
droplets), total DNA (green droplets) or both ddDNA and total DNA (orange droplets). Per 
recipient, 3 control samples were used to confi rm the donor specifi city of the selected InDel: 
genomic donor DNA (Figure S2A), genomic recipient DNA (Figure S2B), pre transplant 
cfDNA (Figure S2C). The third control, pre transplant cfDNA, was used to show that no false 
positive ddcfDNA droplets were detected, especially to show in recipients with previous 
kidney transplants. cfDNA results in a sample after transplantation are presented in Figure 
S2D.  

Calculation of the concentration of ddcfDNA 
In order to convert the quantifi ed concentration ddcfDNA expressed as copies/µl into copies/
mL plasma, the following calculation was performed: 

Copies/mL plasma = ((Concentration-reaction * Volume-reaction)/ Volume-inputcfDNA)* 
(Volume-elution/Volume-isolatedplasma)

Concentration-reaction was the quantifi ed concentration of ddcfDNA in copies/µL reaction. 
The following defi nitions of the described volumes are: 1) Volume-reaction: total volume of 
the PCR reaction elements, 2) Volume-inputcfDNA: total volume of eluate used for the PCR 
reaction, 3) Volume-elution: total elution volume and, 4) Volume-isolatedplasma: volume of 
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plasma used for cfDNA isolation. For most of the isolated samples, the volumes were the 
same and were 20 µL for the Volume-reaction, 8 µL for the Volume-inputcfDNA, 50 µL for 
the Volume-elution and 1.5 mL for the Volume-isolatedplasma. 
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Background: There is an unmet need for non-invasive markers specifi c for kidney transplant 
rejection. Such a marker may eventually overcome the need for a transplant biopsy. In this pilot 
study, the potential of circulating cell-free nucleosomes (CCFN) to serve as a biomarker for 
kidney transplant rejection was evaluated. 

Methods: Forty de novo kidney transplant recipients were prospectively followed as part 
of a randomised, controlled clinical trial. Total CCFN (H3) and CCFN with the histone 
modifi cations H3K36me3 and H3 citrulline were measured in patients at 4 fi xed time points: 
before transplantation and on days 3-6, 30 and 180 after kidney transplantation. In addition, 
serum collected at times of transplant rejection (n=14) was analyzed. CCFN were measured 
with a Nu.Q™ Assay kit (VolitionRx), an ELISA-based assay using antibodies directed against 
nucleosomes.

Results: For total CCFN (H3), H3K36me3 and H3 citrulline, the same pattern was seen over 
time: concentrations were elevated shortly after transplantation (day 3-6) followed by a decline 
reaching baseline (pre-transplantation) values at days 30 and 180. At times of acute rejection, 
the median concentration of total CCFN (H3) was signifi cantly higher compared to the stable 
situation (day 30): 4309 (3435-5285) vs. 2885 (1668-3923) ng/mL, p<0.05, respectively. 
Total CCFN (H3) had an acceptable ability to discriminate rejection from no rejection 
(AUC-ROC=0.73) with a negative predictive value of 92,9%. For both histone modifi cations 
(H3K36me3 and H3 citrulline), there was no signifi cant difference between episodes of acute 
rejection and the stable situation (day 30).

Conclusion: In this pilot study, total CCFN (H3) concentrations are increased at times of acute 
kidney transplant rejection. The high negative predictive value implies that whenever a patient 
experiences loss of renal transplant function and the total CCFN (H3) is not increased, causes 
other than acute rejection should be considered. Clinical implementation of total CCFN (H3) 
measurement may avoid unnecessary and potentially harmful kidney transplant biopsies.A
bs

tra
ct
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INTRODUCTION

Approximately 10-20% of kidney transplant recipients experiences acute rejection (AR) 
within the fi rst year after transplantation (1). Rejection is associated with an increased risk 
of (long-term) graft failure and death and accurate and timely diagnosis of acute rejection is 
important to start anti-rejection therapy as soon as possible (2). 

The current diagnosis of acute rejection relies on serial monitoring of serum creatinine, 
urinary protein excretion and histopathological examination of a needle biopsy of the 
allograft. However, these parameters have several limitations. Serum creatinine is relatively 
insensitive to diagnose rejection; a rise in serum creatinine occurs after substantial kidney 
tissue injury has occurred (3). In addition, other causes of graft injury, such as infection and 
drug toxicity can also lead to increased serum creatinine concentrations or increased urinary 
protein loss. A needle biopsy to confi rm acute rejection is, however, an invasive procedure, 
has high costs, suffers from sampling error, has a relatively long turnaround time and is 
subject to inter-observer variability (4). In addition, a kidney transplant biopsy is not always 
feasible. For example, in patients that require anticoagulant therapy and young children 
(5). Therefore, there is an unmet need for reliable and minimally invasive biomarkers to 
diagnose kidney transplant rejection (6). A candidate biomarker should be cost-effective, 
give reproducible outcomes, have a short turnaround time, and have a high sensitivity, 
specifi city and positive and negative predictive value. Currently, several biomarkers are 
under investigation, including biomarkers that refl ect injury to the allograft (for example, 
donor-derived cell-free DNA, kidney injury molecule 1 and neutrophil gelatinase-associated 
lipocalin) (6-10). Investigation of other potential biomarkers, including nucleosomes, is 
necessary as the diagnostic performance of the proposed biomarkers to replace the current 
diagnostic measures is unclear.  

As a result of cell damage, nucleosomes (internal cellular content) are released in the 
circulation, so-called circulating cell-free nucleosomes (CCFN). Nucleosomes consist of 
DNA wrapped around histone proteins and are critically involved in the epigenetic regulation 
of gene expression (6). Histone modifi cations, such as methylation, acetylation, ubiquitination 
and phosphorylation, mark the ‘tail’ domains of histones. These modifi cations alter the affi nity 
of histone proteins for DNA and thereby control the transcription of genes (11). Variation 
in the epigenetic signature of histones determines their cell-specifi c phenotype and enables 
discrimination between normal and pathological cells. Total CCFN concentration is increased 
during several diseases, which make their use as specifi c biomarker for disease limited (12). 
However, specifi c histone modifi cations (or combination of these modifi cations) may allow 
discrimination between diseases, such as cancer, and normal physiology (13). In pancreatic 
cancer patients, combination of the measurement of a DNA modifi cation (5-Methylcytosine) 
and histone modifi cations (H2AZ, H2A1.1 and H3K4Me2) with the conventionally used 
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biomarker carbohydrate antigen 19-9, gave a better diagnostic performance for detecting 
pancreatic cancer than the measurement of carbohydrate antigen 19-9 alone (14). In the 
context of acute kidney transplant rejection, serial CCFN values may change as a result of the 
rejection process. As total nucleosome concentrations generally refl ect cell damage, specifi c 
nucleosome modifi cations could serve as markers specifi c for kidney rejection. Citrullination 
of histone H3 (H3 citrulline) has been associated with infl ammation and with the activation 
and release of neutrophil extracellular traps (NETs)(15, 16). Torres-Ruiz et al. showed that 
these NETs play a role in kidney transplant rejection; higher amounts of circulating NETs 
were found in patients with AR (17). Therefore, CCFN with H3 citrulline could be a valuable 
marker in terms of AR. H3K36me3 has been associated with various types of malignant 
tumours; altered levels of H3K36me3 have been reported in breast cancer, gliomas and 
renal cell carcinoma (18-20). Up until now, only associations has been made with renal cell 
carcinoma, and not with other types of pathology of kidney tissue. In the present pilot study, 
we investigated whether total CCFN (H3) and CCFN with specifi c histone modifi cations 
(H3K36me3 and H3 citrulline) in serum of kidney transplant recipients could serve as a 
biomarker for acute kidney transplant rejection. 

MATERIAL AND METHODS

Study design
Serum samples were collected from 40 kidney transplant recipients who participated in 
an investigator-initiated, prospective, randomized-controlled, single-centre, clinical trial 
performed at the Erasmus MC, University Medical Center, Rotterdam, the Netherlands (21). 
The study was approved by the Medical Ethical Review Board (MERB number METC-
2012-421) and was registered in the Dutch national trial registry (https://www.trialregister.
nl/trials; number NTR4242, registered October 2013). All participating patients gave written 
informed consent before inclusion. Samples were collected at the following time points: 1 
day before transplantation and at day 3-6, 30 and 180 after transplantation and at the time 
of a clinically indicated transplant biopsy (collected four days before, till one day after the 
biopsy) (Figure 1). Only serum samples of patients who were diagnosed with biopsy-proven 
acute rejection (as opposed to other histopathological diagnoses) were analyzed. No protocol 
biopsies were obtained in this trial. 

The serum samples were centrifuged (1910 g, 10 minutes) and the supernatant was stored at 
-80°C until further use. All biopsies were scored independently by two experienced kidney 
pathologists according to the Banff 2015 classifi cation (27). At the time of the trial, donor-
specifi c anti-HLA antibodies were not routinely measured and therefore the biopsies could 
not be scored according to the most recent Banff classifi cation (28). 
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Cell-free nucleosome immunoassays
Total CCFN (histone H3) and CCFN with the modifi cations H3K36me3 (commonly altered 
in several cancer types) and H3 citrulline (induced in neutrophils in response to infl ammatory 
stimuli) were separately measured by the manufacturer using a not commercialized NuQ® 
ELISA (Belgian Volition SPRL, Isnes, Belgium) according to the manufacturer’s instructions 
(14, 29). The ELISA assays used were sandwich ELISA’s where 1) the capture antibody 
consisted of an antibody raised again either a histone H3 epitope for the quantifi cation of CCFN 
(H3) or against H3K36Me3 or H3 citrulline, for the two nucleosome modifi cation assays, 
respectively; 2) the detection antibody was a biotinylated anti-nucleosome detection antibody 
directed against a nucleosome conformational epitope (which confi rms that nucleosomes were 
measured and not histones). In brief, 96-well microtiter plates were coated with a capture 
antibody and 10 μL of serum was dispensed into each well (in duplicate). After incubation 
for 150 minutes, the biotinylated anti-nucleosome antibody solution was added to each well 
and the plate was incubated for another 90 minutes. Wells were then washed with a wash 
buffer (provided by Volition), a streptavidin-horseradish peroxidase solution was added and 
the plate was incubated for 30 minutes. Subsequently, wells were washed, substrate solution 
was added and after 10-20 minutes, the colorimetric reaction was stopped by adding the diluted 
stop solution (provided by Volition). All incubation steps were performed at 15°C to 25°C 
with orbital shaking at approximately 700 rpm. The optical density (OD) of the wells was 
determined with a spectrophotometer at 405 nm. For both histone modifi cations, values were 
expressed as OD units, while for the total CCFN (H3) values were expressed as concentration 
(ng/mL serum).

Statistical analysis
All analyses were performed using Graphpad (5.01, GraphPad, Inc, LA Jolla, CA) and SPSS 
version 25.0 (IBM Corp., Armonk, NY, US). Continuous variables are reported as median 
and inter-quartile range (IQR; fi rst and third quartile). To evaluate CCFN values over time, 
samples at different time points from the same patients were compared using a linear mixed 
model with a random intercept for patient to adjust for repeated measurements within patients.

To evaluate the performance of CCFN as a biomarker for acute kidney transplant rejection, 
samples were divided into an AR group and a non-AR group. The non-AR group consisted 
of day 30 samples of clinically stable patients who were free from (biopsy-proven) AR at this 
time point, or from other causes of (histologically-confi rmed) allograft injury. The AR group 
consisted of samples of patients with biopsy-proven rejection. In this group, all samples 
collected from different rejection events were used for the analysis. Differences between the 
AR measurements and non-AR measurements were compared using a linear mixed model 
with a random intercept for patient to adjust for multiple measurements per patient.
The area under the curve-receiver operating characteristic curve (AUC-ROC) was used to 
assess the discriminative ability of total CCFN (H3) for differentiating AR and non-AR. 
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Based on a data-driven cut-off value, sensitivity and specifi city were calculated. The positive 
predictive value (PPV) and negative predictive value (NPV) for AR were calculated based 
on an assumed incidence of AR of 15%. The 95% confi dence intervals of the AUC were 
estimated using bootstrapping. All statistical tests were considered statistically signifi cant 
when the two-sided p-value was below 0.05.

RESULTS

Patients and samples
This study comprised serum samples (n = 156) from 40 kidney transplant recipients which 
were collected at the following time points: 1 day before transplantation and at day 3-6, 
30 and 180 after transplantation and at the time of a clinically indicated transplant biopsy 
(Figure 1). The baseline characteristics and clinical information after transplantation of 
these patients are depicted in Table 1. A total of 14 serum samples were measured from 
biopsy-proven acute rejection episodes, occurring in 11 patients (two patients suffered from 
2 or 3 episodes of biopsy-proven acute rejection). Total CCFN (H3) and CCFN with the 
modifi cations H3K36me3 and H3 citrulline were separately investigated, and dependent on 
these measured epigenetic features, 1-8 samples were excluded because of technical failure.

Figure 1. Overview of the study and sampling. The grey lines represent samples collected at times of 
AR. AR, acute rejection. 
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Table 1. Baseline characteristics (at time of transplantation) and clinical information 
Study group (n=20)

Age, y                      54 (21-76)

Male/Female                      30 (75%)/ 10 (25%)

Etnicity

• Caucasian                      33 (82.5%)

• African                        4 (10%)

• Asian                        3 (7.5%)

Cause of end-stage renal disease

• Diabetes mellitus                      10 (25%)

• Hypertension                        7 (17.5%)

• IgA nephropathy                        4 (10%)

• Polycystic kidney disease                        6 (15%)

• Obstructive nephropathy                        4 (10%)

• Unknown                        5 (12.5%)

• Other                        4 (10%)

Renal replacement 

Preemptive/ non-preemptive                      18 (45%)/ 22 (55%)

No. Kidney transplantation

• First                      39 (97.5%)

• Second                        1 (2.5%)

Living donor/deceased donor                      40 (100%)/ 0 (0%)

Immunosuppressive therapy

• Belatacept based                      20 (50%)

• Tacrolimus based                      20 (50%)

Biopsy-proven acute rejection (BPAR)                      11 (27.5%)
Time to fi rst BPAR (within the fi rst 6 months after 
transplantation), days

                     56 (3-152)
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Longitudinal analysis of CCFN
The values of CCFN of all patients were compared over time at the scheduled time points, 
except of values measured at times of AR (Figure 2). For total CCFN (H3), H3K36me3 and 
H3 citrulline, the same pattern was seen: elevated values shortly after transplantation (day 3-6), 
followed by a decline and return to baseline values at day 30 and day 180. For total CCFN (H3), 
the median concentration before transplantation was 3634 (2737-4438) ng/mL serum (Figure 
2A). Total CCFN (H3) concentrations were signifi cantly higher at day 3-6; 4535 (3746-6170) 
ng/mL (p<0.001). Thereafter, the concentrations returned to baseline: 2885 (1668-3923) and 
2921 (1739-4112) ng/mL for day 30 and day 180, respectively (p<0.001). 

For H3K36me3 the median OD before transplantation was 1.04 (0.78-1.43) which increased 
to 2.43 (1.46-3.27) at day 3-6 (p<0.001) (Figure 2B). Compared to day 3-6, the OD decreased 
to 0.71 (0.43-1.44) at day 30 and 0.97 (0.62-1.65) at day 180, respectively (p<0.001). For 
the modifi cation H3 citrulline, the median OD before transplantation was 1.01 (0.60-1.60) 
compared to 1.21 (0.56-2.53) in day 3-6 specimens (p=ns) (Figure 2C). Compared to day 3-6, 
the OD decreased at days 30 and 180 to 0.48 (0.30-1.32) and 0.76 (0.39-1.10), respectively 
(p<0.001). 

Figure 2. Course of CCFN values in 40 kidney transplant recipients (A). Depicted are the concentrations 
of total CCFN (H3) and ODs of (B) CCFN with H3K36me3 and (C) CCFN with H3 citrulline over time. 
OD: optical density. N.B.: CCFN box whiskers represent minimal and maximal values. The middle line 
of the box represents the median and the upper and lower borders represent the 25 and  75% percentile, 
respectively (*p < 0.05, **p < 0.01, ***p < 0.001). 

A B

C
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CCFN and kidney transplant rejection
Next, CCFN values during AR were studied. To this end, samples with AR were compared 
to stable samples without AR (collected at day 30). During AR, the median concentration of 
total CCFN (H3) was with 4309 (3435-5285) ng/mL signifi cantly higher compared to 2885 
(1668-3923) ng/mL in samples without AR (Figure 3A; p<0.05). These results demonstrate 
an increase of 49.4% at times of AR compared to the stable situation. 

For both histone modifi cations, no signifi cant differences were found between samples with 
AR and stable samples without AR. For H3K36me3, the median OD at times of AR was 
1.21 (0.95-1.72), compared to 0.87 (0.56-1.50) during no AR (p=ns) (Figure 3B). For H3 
citrulline, the median OD at times of AR and no AR were 0.60 (0.29-1.57) and 0.67 (0.32-
1.16), respectively (p=ns) (Figure 3C). 

Next, the performance of total CCFN (H3) to discriminate AR from samples without AR 
was investigated by an AUC-ROC analysis. An AUC of 0.73 (95%-CI, 0.62-0.85; Figure 
4A) was calculated, showing a 69.0% sensitivity (95%-CI, 50.8-82.7) and 71.4% specifi city 
(95%-CI, 45.4-88.3) with a cut-off of 3687 ng/mL, to discriminate AR from no AR (Figure 
4B). The corresponding PPV and NPV for total CCFN (H3), based on an incidence of AR of 
15%, were 29.9% and 92.9%, respectively.

Figure 3. CCFN values at times of AR compared to the stable situation (day 30). (A) Concentrations 
of total CCFN (H3) and (B) ODs of CCFN with H3K36me3 and (C) H3 citrulline. OD: optical density. 
The middle line of the box represents the median and the upper and lower borders represent the 25 and 
75% percentile, respectively (*p < 0.05, **p < 0.01, ***p < 0.001).

A B

C
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Figure 4. Diagnostic performance of total CCFN (H3) to discriminate from the stable situation (day 
30 and day 180). (A) ROC curve and (B). Sensitivity (black) and specifi city (white) depicted over the 
observed range of CCFN concentrations. Reported sensitivity and specifi city correspond to a cut-off of 
3687 ng/mL serum. PPV and NPV are based on an incidence of AR of 15%. AUC, area under the curve; 
PPV, positive predictive value; NPV, negative predictive value. 

DISCUSSION

This pilot study was designed to investigate the potential of CCFN as a biomarker for the 
detection of acute rejection after kidney transplantation. The main fi nding is that total CCFN 
(H3) concentrations are increased at times of acute rejection compared to no acute rejection. 
For H3K36me3 and H3 citrulline, no signifi cant differences were found between episodes 
of rejection and no rejection. Total CCFN (H3) had an acceptable ability to discriminate 
rejection from no rejection. Especially, the NPV of total CCFN (H3) is high. This means that 
this test can potentially avoid a risky and costly kidney transplant biopsy in a patient with 
a deterioration of kidney function. This may result in fewer biopsy-related complications 
such as (life-threatening) bleeding or the formation of arteriovenous fi stula (4). Monitoring 
CCFN concentrations can especially be benefi cial in patients who cannot undergo a biopsy 
(as a result of the need to continue anti-coagulant therapy) or in small children who require 
general anaesthesia when performing a biopsy. Finally, CCFN monitoring can help to reduce 
the number of transplant biopsies in patients with potentially more harmful biopsy-related 
complications, such as in cardiac transplant recipients. 

In contrast to the high NPV, the low PPV for total CCFN (H3) is an obvious limitation. 
However, we feel that even when the PPV of total CCFN (H3) would have been higher, 
this still would not circumvent the need for a biopsy. A biopsy is not only necessary to 
demonstrate acute rejection but also discriminates different rejection types which require 
different therapies (22, 23).
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The present fi ndings demonstrate that both histone modifi cations are not associated with acute 
rejection in kidney transplant recipients. Nevertheless, it could still be possible to increase 
the specifi city of nucleosomes as a marker for kidney transplant rejection by measuring other 
nucleosome modifi cations. 

Another fi nding of this study was that CCFN values change over time. Both total CCFN 
(H3) and CCFN with H3K36me3 were signifi cantly higher shortly after transplantation 
(day 3-6) and total CCFN (H3) and both modifi cations (H3K36me3 and H3 citrulline) 
decreased signifi cantly at the day 30 and day 180 time points. Increased values shortly after 
transplantation have also been observed for other potential biomarkers for acute rejection, such 
as circulating cell-free DNA (6, 24). We speculate that ischemia and repair and regeneration 
processes (accompanying kidney transplantation) that results in ischemia-reperfusion injury 
(IRI), leads to increased CCFN values shortly after transplantation due to cellular apoptosis 
and necrosis (25). 

Despite the relatively few rejection events (n=14), limiting the statistical power of this 
study, signifi cant differences were observed. Three of these rejections occurred at day 3-6 
after transplantation when CCFN may have increased as a result of IRI. Currently, we are 
collecting samples in a larger cohort of kidney transplant recipients where the effect of IRI 
on CCFN during rejection should be explored by comparing rejections occurring shortly 
after transplantation with rejections occurring later on after transplantation. It would also be 
of interest to investigate CCFN using ImageStream(X)-based imaging technology, a newly 
identifi ed promising methodological approach to measure CCFN (26). 

The rejections in this study were all biopsy-proven whereas the no rejection samples weren’t. 
This means that within the no rejection group, serum samples may have been collected at 
times of a subclinical rejection, which by defi nition, can only be detected by protocol biopsy 
as patients with a subclinical rejection do not have clinical graft dysfunction. To rule out the 
possible effect of subclinical rejection, it would be preferable to perform protocol biopsies, 
which allows for the comparison of biopsy-proven rejection samples with biopsy-confi rmed 
no rejection samples. 

An advantage of CCFN is that the measurement can be performed within hours, requires 
very small amounts of sample volume (10 uL), and that large variety of different measurable 
histone modifi cations are available (14). This large variety allows for the epigenetic profi ling 
of CCFN to identify specifi c combinations of epigenetic features which can be used to 
improve the diagnostic performance of CCFN to serve as a marker for acute rejection. It 
would be interesting to assess the discriminatory capacity of CCFN to differentiate between 
different types of acute rejection and between rejection and other types of pathology such as 
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acute tubular necrosis, BK virus nephropathy, pyelonephritis and renal calcineurin inhibitor 
toxicity. 

Analysis of CCFN concentrations in serum of kidney transplant recipients is a promising 
minimally-invasive diagnostic tool to screen for acute rejection after kidney transplantation. 
Measurement of total CCFN (H3) has a high negative predictive value for acute rejection. 
These fi ndings suggest that whenever a patient experiences loss of renal transplant function 
and CCFN is not increased, causes other than acute rejection should be considered. Clinical 
implementation of CCFN measurement may avoid unnecessary and potentially harmful 
transplant biopsies. 
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Background: The diagnosis of kidney allograft rejection is based on late histological and 
clinical markers. Early, specifi c and minimally-invasive biomarkers may improve rejection 
diagnosis. Endothelial cells (EC) are one of the earliest targets in kidney transplant rejection. 
We investigated whether circulating EC (cEC) could serve as an earlier and less invasive 
biomarker for allograft rejection.

Methods: Blood was collected from a cohort of 51 kidney transplant recipients before and at 
multiple timepoints after transplantation, including during a for cause biopsy. The number and 
phenotype of EC was assessed by fl ow-cytometric analysis. Unbiased selection of EC was done 
using principal component (PCA)
analysis.

Results: Paired analysis revealed a transient cEC increase of 2.1-fold on the third day post-
transplant, recovering to preoperative levels at seventh day post-transplant and onwards. 
Analysis of HLA subtype demonstrated that cEC mainly originate from the recipient. cEC levels 
were not associated with allograft rejection, allograft function or other allograft pathologies. 
However, cEC in patients with allograft rejection and increased levels of cEC showed elevated 
levels of KIM-1 (kidney injury marker-1).

Conclusion: These fi ndings indicate that cEC numbers and phenotype are affected after kidney 
transplantation but may not improve rejection diagnosis.A
bs

tra
ct
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INTRODUCTION

Kidney transplantation stands as the optimal therapeutic procedure for patients affected 
by end-stage renal disease. Improvements in immunosuppressive therapy have prolonged 
short-term graft survival and helped in decreasing rejection (1). To date, renal function 
after transplantation is mainly assessed by serum creatinine concentration, urinary protein 
excretion and renal transplant biopsy in case rejection is suspected. Nonetheless, these 
approaches have several drawbacks. Serum creatinine levels increase late after injury and 
are non-specifi c for the type of injury (2). Additionally, creatinine levels are not very useful 
to predict the progression of chronic injury (3, 4). Biopsies provide insight in the status of 
kidney transplants and cause of renal allograft function decline. However, biopsies cannot 
be performed continuously due their invasive and potentially harmful character, and the 
diagnosis can be missed as a result of sampling error (the tissue specimen typically exemplify 
about 0.01% of the volume of the organ (5-7). Therefore, the development of minimally 
invasive, reliable and predictive biomarkers for early diagnosis and monitoring of kidney 
transplant health is essential for improving transplant outcome (8-11). Endothelial cells (EC) 
cover the inner side of all vasculature in tissues. It is widely accepted that ECs possess unique 
phenotypic, functional, and angiocrine characteristics (12-14). EC have malleable cellular 
features that allow them to respond to normal physiological stress and to promote tissue 
homeostasis. Upon injuries or infl ammation, EC recruit and activate circulating leukocytes 
by increasing the expression of adhesion molecules and chemokines. Simultaneously, EC are 
able to initiate regeneration pathways. The correspondence between their proinfl ammatory, 
vasoconstrictive, and regenerative capacities might infl uence allograft acceptance (15). 
Circulating endothelial cells (cEC) are mature cells held as reliable markers of endothelium 
derangement. Healthy subjects have low cEC counts, whereas it has been demonstrated that 
levels increase signifi cantly in conditions associated with vascular damage, as cancer and 
cardiovascular diseases (16-19). In the specifi c case of kidney transplantation, the allograft 
micro- and macrovasculature is affected by ischemia–reperfusion injury (IRI) during the 
transplant procedure, and later by acute rejection episodes leading to endothelial injury and 
EC shedding side with renal fi brosis and loss of renal function (15, 18). Thus, the adaptive 
functions and characteristics of cEC may position them as a potential biomarkers for organ 
viability in organ transplantation.

EC identifi cation can be performed before and after kidney transplantation. We hypothesized 
that upon injury, cells within the capillaries are likely to get released from the graft. After 
organ transplantation, characterization of EC from peripheral blood represents a valuable 
methodology to avoid invasive diagnostic procedures. Furthermore, understanding the 
phenotypical determinants of cEC could aid in clinical decision making, developing effi cacious 
strategies for organ repair, and improving long-term graft survival after transplantation. In the 
present study we examined whether injury induced by the transplant procedure and rejection 
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episodes is associated with release of EC, with elevated cEC and with phenotypic changes in 
cEC. To this end, we measured EC numbers in 3 deceased donor kidney machine perfusion 
perfusates and in the blood of 51 kidney transplant recipients. We additionally examined the 
cEC phenotype to evaluate their potential as biomarker for transplant status diagnosis. Lastly, 
we investigated the cEC origin and made correlations with clinical variables related with this 
biomarker and its relevance in the clinical setting for renal transplantation.

MATERIAL AND METHODS

Study design and participants 
Fifty-one consecutive adult patients (≥ 18 years) who received a kidney transplant were 
included between March 2019 and August 2019 at the Erasmus MC, Rotterdam, the 
Netherlands. Written informed consent was obtained from all patients and all living donors 
before inclusion. All patients could be included, except for patients who also received different 
organ transplants (i.e. combined transplants). The study was performed in accordance with 
the declaration of Helsinki (2013) and was approved by the institutional review board of 
the Erasmus MC (Medical Ethical Review Board number 2018-035). Donor kidneys in the 
study included both deceased donor organs and living donor organs (living related donors 
and living unrelated donors). Kidneys obtained from deceased donors were subjected 
to either Hypothermic Machine Perfusion (HMP), Normothermic Machine Perfusion 
(NMP) or Static Cold Storage (SCS). All patients received induction therapy with either 
basiliximab (Simulect; Novartis Pharma, Basel, Switzerland), or rATG (Thymoglobulin, 
Sanofi -Genzyme), or alemtuzumab (Campath, Sanofi -Genzyme, Cambridge, MA). The 
maintenance immunosuppressive therapy consisted of mycophenolate mofetil (Cellcept; 
Roche Pharmaceuticals, Basel, Switzerland), glucocorticoids and tacrolimus (Prograft; 
Astellas Pharma, Leiden, the Netherlands).

Blood and perfusate collection 
Venous blood of kidney transplant recipients was collected in heparinized blood collecting 
tubes. Blood was collected at the following time points: before kidney transplantation, 2–4 
and 6–8 days after transplantation, and 6 months after transplantation. Additional blood 
samples were collected at the day a clinically-indicated renal transplant biopsy was taken 
within the fi rst six months after transplantation. Samples were processed between 1 and 24 h 
after collection. Samples that were not processed within the fi rst two hours after collection, 
were stored at 4 °C. UW machine perfusion perfusate samples were collected from kidneys 
of deceased after circulatory death donors (DCD; n = 3). These samples arose from kidneys 
that were perfused using hypothermic perfusion. Subsequently, the samples were stored 
at 4 °C. Perfusates were processed between half an hour and eight hours after collection. 
Collected volume was 0.1L. Perfusates, collected from these deceased donor kidneys, are 
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considered as left over material. Therefore, no specifi c informed consent was necessary from 
the deceased donors.

Endothelial cell culturing from perfusates 
Kidney perfusates were centrifuged at 800 RCF for 5 min. Later, all cells from kidney perfusate 
solution were washed in PBS and incubated for 10 min in darkness with FACS lysing solution 
(BD Biosciences, San Jose CA, USA) to remove red blood cells. The remaining cells were 
cultured in Endothelial Growth Media (EGM2; Lonza, Walkersville MD, USA). Culture 
media was refreshed every two days. Potential EC colonies were isolated by mechanically 
removing colonies with non-EC morphology under the microscope. After expansion, EC 
identity was confi rmed by fl ow cytometry using the following anti-human antibodies: CD45-
PerCP (clone 2D1; BD Biosciences), CD31-PECy7 (clone WM59; BioLegend, San Diego 
CA, USA), CD34-APC (clone 8G12, BD Biosciences), CD146-AmCyan (clone P1H12; 
BD Biosciences), CD133-BV421 (clone 7, BioLegend) and CD105-FITC (clone 266; BD 
Biosciences).

Angiogenesis 3D gel assay
A tube formation assay was performed to evaluate the angiogenic potential of EC. 
Geltrex LDEV-Free Reduced Growth Factor Basement Membrane Matrix (Thermo Fisher 
Scientifi c—Gibco, Rockford IL, USA) was kept at 4° C overnight prior to the experiment 
to allow complete thawing. 50 μl Geltrex was added to each well of an ice-cold 96-well 
plate using cold pipette tips to avoid premature Geltrex solidifi cation. Cells were stimulated 
with 25 ng/ml of VEGF (R&D Systems, Abingdon, UK). Plates were incubated for 30 min 
at 37 °C to allow Geltrex solidifi cation. Cells were added to the wells in a concentration of 
2 × 104 cells per well. After 6 h, pictures were taken to evaluate the formation of tube-like 
structures (i.e. angiogenic capacity). The total length of the tubes formed during the assay 
was measured. Images were analyzed using ImageJ (version 1.52p).

Circulating endothelial cell identifi cation by fl ow cytometry 
Venous blood samples were centrifuged for 10 min at 1885 RCF. Plasma was exchanged for 
PBS. Four milliliters of the cell suspension were taken and FACS lysing solution was added 
in a proportion of 8:1 to induce red-cell lysis. Lysis was performed for 45 min in darkness 
at room temperature. After lysis, cells were washed twice with PBS + 2% FBS. Cells were 
resuspended to a fi nal concentration of 106 cells/ml. The following anti-human antibodies were 
used for identifi cation and phenotyping of cEC: CD45-PerCP, CD31-PECy7, CD34-APC, 
CD146-AmCyan, CD133-BV421, CD105-FITC. The antibody for kidney injury molecule-1 
(KIM-1) CD365-PE (clone 1D12; BioLegend) was used as endothelial injury marker (20, 
21). The DNA dye 1,5-bis[2-(dimethylamino)ethyl]amino-4, 8-dihydroxyanthracene-9, 
10-dione (DRAQ5; BioStatus Ltd, Shepshed, UK) was used to exclude non-nucleated and 
polynucleated cells. Antibodies were titrated individually and fl uorescence minus one (FMO) 
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controls for CD133 and CD365 were included. Following labeling, cells were washed twice 
with Facsfl ow solution (BD Bioscience) before analysis by fl ow cytometry. Data acquisition 
was done at a low fl ow rate (10 μL min-1). At least 1.5·106 cells were recorded on BD FACS 
Canto II (BD Bioscience). Measurements were performed in a blindfolded fashion. The same 
procedure was followed with perfusion solutions, with the difference of a shorter lysis time 
(10 min) due to a lower amount of red blood cells in the perfusion samples. To distinguish 
between donor/recipient derived endothelial cells, patients with an HLA(A2)- mismatch with 
their donor were identifi ed. HLA(A2) antigen was used in this study because it is one of the 
most common mismatching antigens among donor/recipients (11). Cells from these patients 
were labelled with anti-human antibody HLA(A2)-BV421 (BD Bioscience) together with the 
other antibodies used to phenotype endothelial cells, except for CD133-BV421. Two patients 
without HLA-A2 were used as negative control for this patient subgroup.

Biopsy examination 
Biopsies were taken for cause and scored by a nephropathologist. Biopsies were scored as 
(a) borderline acute cellular rejection (ACR) if histology met the Banff 2019 lesion scores 
(22) i ≥ 1 and t ≥ 1, (b) T-cell mediated rejection (TCMR) if histology met the Banff 2019 
defi nition of TCMR (i.e. Banff lesion scores i ≥ 2 and t ≥ 2), or (c) acute Antibody mediated 
rejection (aABMR) if it met the Banff 2019 criteria for ABMR, including C4d- negative 
ABMR. Vascular damage was considered present when biopsies were classifi ed as aABMR, 
TCMR2a, TCMR2b and TCMR3, following the Banff 2019 classifi cation.

Statistical and data analysis 
All bioinformatics analyses were performed in R (version 3.6.2) (23). Flow cytometry data 
was analyzed using the fl owCore package (24). Data was compensated using a spill over 
matrix generated with single labeled cells. Data quality was checked for anomalies regarding 
fl ow rate, signal acquisition and dynamic range using the fl ow_auto_qc function from 
fl owAI (25). Thresholds were set on FSC and SSC to remove non-single cells from the data. 
Fluorescence signal data were transformed to Logicle scale. Unbiased and unsupervised data 
clustering was performed using a non-linear generalization of principal component analysis 
(PCA) using fl owSOM (26). EC are a rare population, therefore, multiple clustering numbers 
and random seeds were used to determine the robustness of detected endothelial cell clusters 
between samples. Data set size and variance were also taken into consideration; 500 clusters 
were used for all patient data samples. Clusters were then displayed using t-SNE. A query 
was implemented to identify EC containing clusters and later those were manually inspected 
for all samples. One-way ANOVA or Mann–Whitney U-test was used for statistical analysis 
wherever it was appropriate and described in the fi gure legend. A Bayesian Mann–Whitney 
U-test was also used to provide a more trustworthy perspective than the traditional frequentist 
analysis for the associations between cEC and rejection. Data shown are means ± SEM. 
P-value ≤ 0.05 was considered signifi cant. Correction of p-values for multiple comparisons 
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was done using the Benjamini and Hochberg procedure for controlling the false discovery 
rate (FDR).

RESULTS

Endothelial cells are present in kidney perfusion solution 
Endothelial cells (EC) from deceased donor kidneys were identifi ed in machine perfusion 
perfusates by fl ow cytometry using a non-linear generalization of principal component 
analysis (PCA) and unsupervised clustering (Figure 1A). 500 clusters were used to classify 
cells, based on data set variance, and robustness of detected endothelial cell clusters. Cluster 
criteria selection was set up to determine EC containing clusters (CD45-, CD31+, CD34+, 
CD146+, CD105+, DRAQ5+). For most samples one cluster contained all EC (Figure 1A). 
The amount of EC present in perfusates was 0.57 cells/ml on average and varied between 
donors from 0.23 to 1.03 cells/ml of perfusate (n = 3). The EC found recorded differences 
in size and granularity (Figure 1B). To confi rm EC identity, we cultured the cells present in 
kidney perfusates. The majority of the selected and expanded cells showed a similar expression 
profi le compared to the non-cultured EC in perfusates (Figure 1C). An angiogenesis assay 
was carried out to provide evidence that the isolated cells possessed EC functional properties. 
Culture expanded EC from the perfusate recorded nearly 2.5-fold increase in tube length after 
stimulation with VEGF, confi rming they possessed EC functional properties (Figure 1D). 
These results indicate that donor kidneys release EC before transplantation.
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Figure 1. Identifi cation of EC in kidney perfusates. Perfusate cells were stained for CD45, CD31, CD34, 
CD146, CD105, and Draq5. EC were identifi ed by non-biased clustering. (A) t-SNE representation 
of cell clusters; cluster size indicates amount of cells; pie charts inside clusters depict the mean 
fl uorescence intensities (MFIs) of the indicated markers in the cluster. The EC cluster is magnifi ed. 
(B) Dot plot depicting cells in perfusion solution, EC are marked with red dots. (C) Cells isolated from 
perfusates on the basis of their morphology and subsequently expanded showed EC immunophenotype 
and typical cobblestone morphology. (D) Branching network forming capacity upon stimulation with 
VEGF. The tube length in three randomly chosen fi elds from each well was measured. Data is expressed 
as mean of 4 experiments ± SEM.

Kidney transplant recipients show an increase in cEC number shortly after 
transplantation
We went on examining whether cEC can be detected in patients after transplantation. We 
quantifi ed and phenotyped EC in the blood of 51 kidney transplant recipients before and after 
transplantation. Of these, n= 46 completed the 6-month follow-up. Two patients died before 
month 6, two had a transplantectomy and one dropped out the study for another reason. 
These missing patient samples were pairwise deleted from all performed analyses. The same 
clustering procedure used in perfusates was followed to detect EC in blood. We detected 1.28 
± 0.96 cEC/μl before transplantation. cEC numbers were signifi cantly increased 3 days after 
transplantation (2.05 fold on average, p < 0.001) (Figure 2A). At day 7 cEC numbers returned 
close to preoperative levels (p < 0.001, compared to day 3); 6 months after transplant cEC 
numbers were similar to pre-transplantation levels (1.29 ± 0.91 cEC/μl). We checked whether 
the number of cEC in recipients could be indicative of the status of the transplantation and 
an early biomarker for kidney injury and rejection. Therefore, we compared cEC numbers 
with patient and donor parameters such as sex, age, creatinine concentration, delayed graft 
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function (DGF), cause of end-stage renal disease, preservation time, donor type, rejection 
type, dialysis type, induction therapy and other clinical parameters shown in Table 1 (Figure 
2B, Supplementary Figure S1-2 online). Patient age and the length of the fi rst warm ischemia 
time were the only substantial and negatively correlated variables with cEC numbers across 
time points.

Table 1. Overview of recipient and donor characteristics

Kidney Transplants

Total included n 51

Recipient Age Range 24-83

Sex F, M 24,27

Race C, As, B, Ar 41,5,3,2 

Rejection n (TCMR, 
aABMR, Mixed) 15  out of 51 (29.4%)(9,4,2)

Dialysis (Type) n (HD,PD) 34 out of 51 (25,9)

Induction therapy Bax, rATG, Alem 46,1,4

Donor Type LDR, LDU, DCD, DBD 8,15,19,9

Donor Age Range 22-79

Donor Sex F,M 23,28

Perfusion Type (for DCD and DBD donors) HMP, NMP, SCS 21,1,6

Recipients; median age and range, distribution of males and females, race (C Caucasian, As Asian, B 
Black, Ar Arab), rejection type (TCMR T cell-mediated rejection, aABMR acute antibody-mediated 
rejection, ACR borderline acute cellular rejection), dialysis type (HD hemodialysis, PD peritoneal 
dialysis), and induction therapy (Bax Basixilimab, Alem Alemtuzumab): rATG (rabbit anti-thymocyte 
globulin)). Donors; donor type (LRD living related donor, LURD living unrelated donor, DCD donation 
after cardiac death, DBD donation after brain death), median age and range, distribution of males 
and females, and perfusion type (HMP hypothermic machine perfusion, NMP normothermic machine 
perfusion, SCS static cold storage).

Rejection events do not infl uence the number of cEC 
Patients with a biopsy-proven rejection (n = 15) recorded heterogeneous cEC concentrations 
(p = 0.169), comparable to patients who got a biopsy but in whom another diagnosis than 
rejection was made (n = 11) (Figure 2C). Similarly, no signifi cant change was observed 
when cEC levels at the time of rejection were compared to the time point prior to the rejection 
event (n = 15; p = 0.281) (Figure 2D). Rejectors were classifi ed regarding their change 
in cEC during rejection events compared to the previous measured time point (Figure 2E, 
Supplementary Table S1 online). Interestingly, rejectors with an increase in cEC reported an 
increase in KIM-1, while rejectors without an increase in cEC did not show elevated KIM-1 
expression. (Figure 2F).
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Figure 2. EC are detected in venous blood of kidney transplant recipients. (A) cEC numbers in patients 
for all measured time points. (B) Scatter plots with correlations between numbers of cEC in measured 
time points and patient and donor variables. The displayed Pearson’s linear correlation coeffi cients 
indicate the slopes of the least-squares reference lines in the scatter plots. Logistic regression between 
numbers of EC in measured time points and rejection. The displayed logistic coeffi cients indicate the 
change in the log odds of having a rejection. Coeffi cients marked in red show which pairs of variables 
have correlations signifi cantly different from zero (p < 0.05). (C) Numbers of cEC at the time of biopsy 
taking in patients with and without a rejection episode. (D) Numbers of cEC in patients with a rejection 
episode at the time of biopsy taking compared to its respective previous measured time point. (E) cEC 
levels in patients with biopsy-proven rejection, classifi ed by the change in cEC concentration compared 
to the previous measured timepoint. Time points where biopsies were performed are highlighted in 
yellow. Magnifi cations on the fi rst 15 days after transplantation are shown at the left of the original plot. 
(F) Expression of KIM-1 (MFI values) in cEC of patients without rejection, with a rejection but without 
an increase in cEC, and with a rejection with an increase in cEC for the different biopsy outcomes in 
patients. Data are expressed as the median together with the 25th and 75th percentiles. In (A), n = 50 
for Pre, n = 49 for D2, n = 34 for D7, and n = 46 for M6; in (C) n = 17 biopsies with rejection, n = 25 
biopsies with no rejection; in (D) n = 17; in (F) n = 25 biopsies with no rejection, n = 9 biopsies with 
rejection and decrease, n = 8 biopsies with rejection and increase in cEC; (* p. < 0.001). In a) one-way 
ANOVA with Student’s post hoc pair-to-pair test; in (C, D, F) Mann–Whitney U-test was used.
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Progenitor phenotype of cEC relates to recipient age 
Within our EC detection panel, we included the endothelial progenitor cell marker CD133 to get 
insight into the frequency of cEC with potential regenerative characteristics (Supplementary 
Figure S3 online). No signifi cant relationship was found between the expression of CD133 
on cEC and graft rejection nor DGF (Figure 3). Similarly, as with the number of cEC, we 
found a negative correlation between the age of the recipient and the MFI expression of 
CD133. The age of the donor did not have an infl uence on the CD133 expression on cEC 
(Figure 3).

Figure 3. Expression of CD133 in cEC of kidney transplant patients. Correlations between recipient 
and donor age, and CD133 MFI expression in cEC before and after transplantation. The displayed 
Pearson’s linear correlation coeffi cients indicate the slopes of the least-squares reference lines in the 
scatter plots. The two columns on the right show the logistic regression between CD133 in cEC and 
rejection and DGF. Patients with DGF were such patients who needed renal replacement therapy within 
the fi rst seven days after transplantation. The displayed logistic coeffi cients indicate the change in the 
log odds of having a rejection. Coeffi cients marked in red are signifi cant (p < 0.05).
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cEC are of mixed donor and recipient origin 
After corroborating the presence of cEC in patients we investigated cEC origin. We 
hypothesized that the increase in cEC at day 3 after transplant arose from the kidney, 
supported by the fi nding of EC in perfusates. We sought kidney transplant donor-recipient 
couples with an HLA-A2 mismatch (Supplementary Table S2). We included 14 patients; 
7 kidney transplant recipients whose donor expressed HLA-A2, and 7 kidney transplant 
recipients who expressed HLA-A2 but not the donor, and examined HLA-A2 expression on 
cEC by fl ow cytometry. Unbiased clustering was followed to identify the two possible cEC 
populations (Supplementary Figure S4 online). We detected donor kidney derived cEC in 13 
out of 14 patients (Figure 4A-B). The percentage of donor-derived cEC found in patients was 
in the range of 0.95–18.91% of the total cEC (Figure 4C). This demonstrates that the origin 
of cEC is mixed whereas the majority of cEC is recipient derived.

Figure 4. cEC are derived from both the recipient and the donor kidney in transplant patients. Dot plots 
showing donor and recipient EC in peripheral blood of kidney transplant patient 3 days after transplant; 
HLAA2 cEC are shown in green. In (A), sample from a recipient where only the donor expressed 
HLA-A2; in (B), recipient expressed HLA-A2, but not the donor. (C) Overview of recipient and donor 
characteristics.
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DISCUSSION

The endothelium is one of the earliest cell types to be affected by ischemia and immunological 
injury. In the present study we used several markers and an unbiased gating methodology to 
identify EC in kidney machine perfusion perfusates and in peripheral blood via fl ow cytometry. 
Our results demonstrate the presence of kidney transplant-derived EC in machine perfusion 
solution and suggest that ischemic damage in donor kidneys triggers EC detachment. We 
found that cEC are mainly of recipient origin and we observed no association between cEC 
number fl uctuations after kidney transplantation and transplant outcome.

Machine perfusion is increasingly used to preserve kidneys and it provides an excellent 
opportunity to examine the kidney before transplantation (27, 28). In the present study, we 
confi rmed that grafts release EC after perfusion. We propose that EC are partly released 
from the graft through manipulation during the transplantation procedure. We observed a 
signifi cant increase in cEC numbers shortly after kidney transplantation. Baseline levels of 
cEC concentration were recovered for most patients after one week and completely returned 
to preoperative levels after 6 months. This is a novel fi nding as other studies have just 
measured the concentration of cEC at a single time point (29-32). The dynamics observed 
in the level of cEC refl ects the disturbance caused to the graft and recipient’s endothelium 
shortly after the transplantation procedure. Nevertheless, the injury caused to the graft during 
a rejection event had no direct infl uence in the amount of cEC. We believe changes in cEC 
concentrations depend on the severity of vascular stress. While a transplantation is a highly 
invasive procedure with a direct impact on the donor kidney and recipient endothelium due to 
the procedure itself and donor effects, a rejection event is caused by immunological factors at 
the interplay of other responses that trigger infl ammation and aberrant vasculature responses 
(33, 34). The later ones appear not to cause substantial EC shedding. The previously described 
cEC concentration fl uctuation was also observed in 11 out of the 15 patients who had biopsy-
proven rejections before the 6-month time point. Furthermore, cEC levels were not associated 
with different types of rejection nor the vascular damage assessed by histological evaluation. 
Interestingly, we observed that during rejection events with an increase in cEC numbers, cEC 
elicited a higher expression of KIM-1. It is known that the allograft fate is associated with 
the degree of the rejection (5). Nevertheless, the increase in cEC concentration and its KIM-1 
expression were not connected with the type of rejection. Although acute rejection leads to 
vascular damage, we hypothesize the early treatment for rejection added complexity to detect 
changes in cEC concentrations and its phenotype after transplantation. Beside the correlation 
between age and the amount of cEC previously reported in renal transplant recipients and 
healthy subjects (30), we identifi ed other patient and donor variables that infl uenced cEC 
numbers at different stages of transplantation. Shorter warm ischemia times signifi cantly 
increased the number of cEC 6 months after
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transplantation. Since we observed no signifi cant correlation between the other time points or 
ischemia times, we ought to compare the amount of cEC with the total ischemia time, where 
no signifi cant correlation was observed (Supplementary Figure S5 online). Moreover, we 
found that patients with higher mismatches in HLA (classes A and B), in addition to having 
a higher chance for a rejection episode (35, 36), also reported a higher cEC number during 
later time points (Supplementary Figure S1 online). This suggests that ongoing immune 
responses against the donor organ may be a factor that stimulates EC release over time. 
Therefore, we hypothesized that donor cEC could be used as a quality metric after kidney 
transplantation. Contrary to expectation, the concentration of donor related cEC found within 
the recipient was not indicative for recipient status. In the present study the methodology used 
to identify donor/recipient cEC was solely based on the detection of HLA-A2 mismatches. 
In order to potentiate these fi ndings inclusion of patients with different HLA mismatches is 
necessary. Nevertheless, this result added evidence that EC shedding is not solely infl uenced 
by a rejection event, and that further research is needed to determine the main causes of cEC 
levels increase. The use of more sensitive markers for EC characterization in blood may lead 
to a better classifi cation of EC subpopulations in patients. We included within our EC fl ow 
cytometry panel the EPC marker CD133. EPC are involved in repair of various types of 
vascularized tissues and have shown to be a promising repair tool in animal experiments and 
clinical trials (37-39). In our study low concentrations of circulating endothelial progenitor 
cells (cEPC) were only found in young kidney recipients, whereas the donor age did not 
infl uence the cEPC concentration in the recipient. Similar results were observed in a mouse 
model, where EPC mobilization after injury was more robust in the younger animals (40). As 
cEPC are a very rare population, cEPC detection by antigens is challenging and may compel 
the use of different approaches and techniques for EPC identifi cation (41, 42). This would 
enhance the sensitivity of the assay and give better insight into ongoing organ repair. Our 
fi ndings show that donor kidneys release EC during the transplantation procedure. In addition 
to this initial EC release, recipients show an increase in cEC at day 3 post transplantation. 
Contrary to reported for other vascular damage pathologies (16, 43-45), injury derived from 
acute rejection episodes did not infl uence cEC levels. The identifi ed cEC included donor 
derived cells even after 6 months post transplantation. These data shows that the amount 
of donor derived cEC in kidney transplant recipients is lower than the ones reported 
previously (46). Our approach for measuring cEC in kidney transplant recipients shows that 
the endothelium undergoes major changes during early stages of transplantation. On the 
whole, the concentration of cEC, together with cEC phenotype, give an incomplete fi gure 
of the transplant status. This approach of cEC characterization will likely prove effective 
if expanded with markers that could identify the status of cEC and if those are actively 
contributing to injury recovery or setting the stage for fi brosis.
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SUPPLEMENTALS

Table S1. Timepoints and cEC numbers in patients with biopsy-proven rejection. Time point zero 
corresponds to transplantation day.
Patient Sex Rejection Type Pre D3 D7 Biop1 Biop2 Biop3

1 Male aTCMR2B - 3; 1.46 5; 1.62 9; 1.88 - -

2 Female borderline ACR 0; 0.52 3; 2.87 - 6; 1.61 122; 1.95 -

3 Male aTCMR2A 0; 1.10 4; 2.48 - 7; 1.81 81; 0.67 118; 0.86

4 Male caTCMR3 -2; 0.75 3; 1.41 - 4; 041 10; 0.59 -

5 Female aABMR, C4d- -1; 0.31 - 7; 1.68 4; 0.58 81; 070 -

6 Male aABMR, C4d+ 0; 1.13 4; 3.30 - 7; 2.02 38; 1.82 -

7 Female aTCMR2A -1; 1.36 2; 2.99 7; 3.90 5; 2.84 - -
8 Male aTCMR1B + DN 

& aTCMR2A
-1; 1.40 4; 1.29 - 7; 2.04 39; 0.54 -

9 Male bTCMR 0; 0.58 3; 2.04 6; 0.44 8; 0.80 14; 2.82 -
10 Female aTCMR2A & 

c-aTCMR2A
0; 0.90 3; 2.20 7; 1.88 9; 1.29 - -

11 Female aTCMR2A & 
aTCMR2A

0; 1.51 3; 3.83 - 8; 1.32 15; 1.63 63; 1.60

12 Female aABMR, C4d- -1; 1.08 4; 2.15 - 7; 0.84 - -

13 Male aTCMR2A -1; 2.55 3; 2.62 - 46; 1.45 95; 0.25 -

14 Male borderline ACR 0; 0.79 3; 2.03 6; 0.38 - - -

15 Female aABMR, C4d- 0; 0.49 2; 1.39 - 6; 0.82 115; 0.96 -
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Table S2. Demographic data of studied patients with HLA-A2 mismatch and their percentage of donor 
derived cEC.

Patient Sex Donor derived cEC % Measured time 
points

HLA-A2 in 
donor

HLA-A2 in 
recipient

1 Female 0.95% M6 Yes No

2 Female 2.60% M6 Yes No

3 Male 1.70% D3 Yes No

4 Male 0.00% and 1.43% Pre, D3 Yes No

5 Female 3.50% M6 Yes No

6 Female 3.70% M6 Yes No

7 Female 1.36% M6 Yes No

8 Female 16.94% D3 No Yes

9 Male 4.69% and 1.82% D3, day-10 biopsy No Yes

10 Male 0.00% D3 No Yes

11 Female 17.28% and 18.91% D3, D7 No Yes

12 Male 4.62% D3 No Yes

13 Male 7.90% M6 No Yes

14 Female 1.15% M6 No Yes

Control 1 Female 0.00% M6 No No

Control 2 Male 0.00% M6 No No
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Figure S1. Scatter plots with correlation between numbers of EC (x-axis) on measured time points and 
relevant clinical variables (y-axis). The displayed Pearson’s linear correlation coeffi cients indicate the 
slopes of the least-squares reference lines in the scatter plots. Logistic regression between numbers of 
EC in measured time points and relevant clinical variables. The displayed logistic coeffi cients indicate 
the change in the log odds of belonging to any of the observed variables. Coeffi cients marked in red 
are signifi cant (p < 0.05). Abbreviations: Rejection type (TCMR: T cell Mediated Rejection, aABMR: 
acute Antibody-Mediated Rejection, Mixed Rejection); donor type (LRD: Living Related Donor, 
LURD: Living Unrelated Donor, DCD: Donation After Cardiac Death, DBD: Donation After Brain 
Death); dialysis type (H: Hemodialysis, PD: Peritoneal Dialysis); cause of end-stage renal disease 
(DN: Diabetic Nephropathy, HN: Hypertensive Nephropathy, PKD: Polycystic Kidney Disease, 
Unkn: unknown); perfusion type (HMP: Hypothermic Machine Perfusion, NMP: Normothermic 
Machine Perfusion, SCS: Static Cold Storage). Patients with DGF were such patients who needed renal 
replacement therapy within the fi rst seven days after transplantation.
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Figure S3. Identifi cation of EC in venous blood. Cells were stained for CD45, CD31, CD34, CD146, 
CD105, CD133, CD365 (not shown) and Draq5. cEC were identifi ed by non-biased clustering. A) 
t-SNE representation of cell clusters; cluster size indicates amount of cells; pie charts inside clusters 
depict the mean fl uorescence intensities (MFIs) of the indicated markers in the cluster. The EC cluster, 
containing 158 cells, is magnifi ed. B) Panel showing the cEC cluster with markers CD31 and CD133.
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Figure S4. Identifi cation of HLA-A2 expressing cEC. Cells were stained for CD45, CD31, CD34, 
CD146, CD105, HLA-A2, CD365 (not shown) and Draq5 A-B) t-SNE representation of cell clusters 
from a kidney transplant recipient; only the donor expressed HLA-A2. Cluster size indicates amount 
of cells. C) t-SNE representation of cell clusters from a kidney transplant recipient (negative control). 
Both donor and recipient did not express HLA-A2. In A) pie charts inside clusters depict the mean 
fl uorescence intensities (MFIs) of the indicated markers in the cluster; in B and C) expression of 
HLA-A2.
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Figure S5. Scatter plots with correlations between numbers of EC in measured time points and total 
ischemia time. The displayed Pearson’s linear correlation coeffi cients indicate the slopes of the least-
squares reference lines in the scatter plots. Coeffi cients marked in red are signifi cant (p < 0.05).
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SUMMARY 

Solid organ transplantation is the treatment of choice for patients with end-stage heart and 
kidney disease. Allograft rejection (AR) is an important complication affecting 10-20% of 
kidney transplantations and around 25% of heart transplantations within the fi rst year after 
transplantation (1-3). AR may cause irreversible allograft injury limiting the survival of 
the allograft and the recipient (2). Therefore, early diagnosis and appropriate treatment is 
necessary. Shortcomings of the currently used diagnostic methods to diagnose AR are the 
following: 1) the gold standard to diagnose AR, an allograft biopsy, is an invasive and costly 
procedure which is subject to interpretation and sampling error (4, 5); 2) the conventional 
biomarkers used (e.g. serum creatinine concentrations and urinary protein concentrations) are 
insensitive and non-specifi c for AR as these biomarkers only increase (indicating allograft 
injury) when a substantial amount of allograft tissue has been damaged (6). For these reasons, 
novel and minimally-invasive biomarkers are needed which are ideally sensitive and specifi c 
for AR and may ultimately reduce the number of allograft biopsies (7, 8). The overall aim 
of the studies performed in this thesis was to examine the diagnostic performance of three 
minimally-invasive biomarkers for AR: donor-derived cell-free DNA (ddcfDNA), circulating 
cell-free nucleosomes (CCFN), and circulating endothelial cells (cECs). 

The need for minimally-invasive biomarkers (present in a so-called “liquid biopsy”) is 
described in Chapter 1. In this chapter the clinical experience with and evidence for the use 
of ddcfDNA, CCFN, and cECs as minimally invasive biomarkers to diagnose AR in kidney 
transplant recipients are discussed.

The potential of ddcfDNA to diagnose rejection is further illustrated in Chapter 2. Here, 
a kidney transplant recipient is described who was diagnosed with advanced melanoma 
and then treated with the monoclonal anti-programmed cell death protein 1 (PD1) antibody 
nivolumab, an immune-checkpoint-inhibitor (ICI). Nivolumab inhibits the interaction 
between the receptor PD1 on T cells with its ligand PDL1, which is highly expressed on 
melanoma cells (9), which causes an effective T cell-mediated anti-tumor response. However, 
treatment of solid organ transplant recipients with ICI is a clinical problem as the enhanced 
T cell reactivity could lead to ICI-induced AR. The patient described in Chapter 2 did indeed 
develop biopsy-proven AR (BPAR) after the administration of nivolumab. During the clinical 
presentation, ddcfDNA% was elevated at the time BPAR was diagnosed. The rejection did 
not respond to anti-rejection therapy (methylprednisolone pulse therapy), necessitating a 
transplant nephrectomy. Immunological evaluation of the renal explant demonstrated graft 
infi ltrating PD1+ cytotoxic T cells that were saturated with nivolumab. This suggests that 
nivolumab did activate these T cells and presumably caused the BPAR. To conclude, this 
case demonstrates the potential of ddcfDNA to serve as a biomarker for AR. Furthermore, 
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the immunological investigation of the graft infi ltrating cells, led to more insight in the 
pathophysiology of AR during ICI treatment. 

DdcfDNA is a promising candidate biomarker for post-transplantation monitoring of heart 
and renal allograft integrity (10-13). So far, several ddcfDNA quantifi cation methods have 
been described but there is no consensus on which quantifi cation method is superior. We 
evaluated two technical pitfalls of ddcfDNA quantifi cation (Chapter 3) and compared two 
quantifi cation methods with each other (Chapter 4). Detection of ddcfDNA is based on 
genetic differences between the donor and recipient, such as single-nucleotide polymorphisms 
(SNPs) or insertion and deletion polymorphisms (so called “InDels”). DdcfDNA is generally 
quantifi ed with polymerase chain reaction (PCR)-based methods, where donor-specifi c SNP 
or InDel amplicon assays with different base pair (bp) lengths are used to specifi cally amplify 
donor specifi c cfDNA fragments. These amplicon assays target DNA sequences for which 
the donor is either heterozygous (50.0%) or homozygous (100.0%), while the recipient does 
not have this specifi c DNA sequence. To compare ddcfDNA quantifi ed with different SNP 
or InDel amplicon assays, ddcfDNA must be corrected for the heterozygous or homozygous 
donor genotype. Donor genotype can be determined by calculating the specifi c SNP or InDel 
sequence as fraction of total DNA in genomic donor DNA, the so called genomic SNP or 
InDel fraction. 

First, the effect of different amplicon assay lengths (56-223 bp) on quantifi ed ddcfDNA was 
evaluated with a droplet digital PCR (ddPCR)-based InDel quantifi cation method in plasma 
samples from kidney transplant recipients (collected on day 3 after transplantation). An inverse 
correlation was observed between the amount of quantifi ed ddcfDNA and the amplicon 
length of the donor InDel assay. A pairwise comparison of ddcfDNA showed signifi cantly 
lower ddcfDNA% for large amplicon assays (>167 bp) compared to short amplicon assays 
(≤167 bp). Second, genomic donor DNA was used to determine donor genotype (Chapter 3). 
The genomic InDel fraction for hetero- and homozygous donors ranged from 9.1-68.2% and 
79.8-147.2% instead of the expected 50% and 100% (Chapter 3). Based on these fi ndings, for 
accurate PCR-based ddcfDNA quantifi cation, the use of short amplicon assays is necessary 
as quantifi cation with large amplicon assays is less effi cient which leads to underestimation 
of the true ddcfDNA values. In addition, since the genomic InDel fraction was neither 50.0% 
nor 100.0%, it is undesirable to correct ddcfDNA values for hetero- or homozygous genetic 
variants with a factor 2 when using this quantifi cation method. 

The agreement between ddcfDNA values quantifi ed with the aforementioned ddPCR-based 
InDel quantifi cation method and a commercially available next generation sequencing (NGS)-
based SNP quantifi cation method (Alloseq cfDNA, CareDx) was investigated (Chapter 4) 
(14, 15). The agreement was compared for a wide range of ddcfDNA% in kidney transplant 
recipients: Low ddcfDNA% (day 180 after transplantation), as well as medium and high 
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ddcfDNA% (day 3 after transplantation and at times of a for-cause transplant biopsy). 
Pairwise comparison showed similar ddcfDNA% quantifi ed with both methods that strongly 
correlated (r=0.88) with each other, but the NGS-based method had a better sensitivity 
because in 9 samples (22.5% of the total amount of samples) ddcfDNA could only be detected 
by NGS and not by ddPCR. The strong correlation between both methods implies that both 
quantifi cation methods can be used to quantify ddcfDNA. However, the NGS method is 
preferable for detection of ddcfDNA in the lower range. 

An endomyocardial biopsy (EMB) is necessary to diagnose AR after heart transplantation. 
This is an invasive procedure that causes iatrogenic injury to the allograft and may thus 
increase the amount of ddcfDNA in the circulation of a heart transplant recipient. We 
investigated whether ddcfDNA values are indeed increased by the EMB procedure (Chapter 
5). In 113 paired samples from 15 heart transplant recipients, collected within 30 minutes 
before and after the EMB, ddcfDNA was measured. Both ddcfDNA% and ddcfDNA 
concentration were signifi cantly higher after the EMB than before. ddcfDNA% increased 
1.31-fold and the ddcfDNA concentration increased 1.28-fold in post-EMB samples. This 
fi nding implies that the detectable increase in ddcfDNA is caused by the allograft injury 
resulting from the EMB procedure. For this reason, it is essential to collect blood samples for 
ddcfDNA analysis before the biopsy procedure. 

The diagnostic value of ddcfDNA to detect AR was investigated in a prospective, 
observational study in 223 consecutive kidney transplant recipients with the ddPCR-based 
InDel quantifi cation method (Chapter 6). ddcfDNA was quantifi ed before transplantation, 
on days 3, 7 and 180 after transplantation, and on the morning of (or the day preceding) a for-
cause allograft biopsy. ddcfDNA peaked in the fi rst week after transplantation and decreased 
to baseline values at day 180 after transplantation. Moreover, ddcfDNA concentration was 
able to distinguish recipients with BPAR from those without but only after day 10 after 
transplantation. In the fi rst 10 days, ddcfDNA was not able to distinguish rejection because 
the background ddcfDNA signal was high, possibly as a result of IRI. These fi ndings suggest 
that ddcfDNA cannot be used to detect AR within the fi rst 10 days after transplantation, while 
after this period ddcfDNA is able to demonstrate allograft rejection. 

In analogy to ddcfDNA, circulating cell-free nucleosomes (CCFN) are released into the 
circulation as a result of cellular injury. Therefore, CCFN could represent a potential marker 
of acute allograft rejection after transplantation, as well. In 40 kidney transplant recipients, 
total CCFN and CCFN histone modifi cations H3K36me3 or H3 citrulline were measured 
before transplantation, at days 3-6, 30 and 180 after transplantation, and at times of a BPAR 
(Chapter 7). The total CCFN concentration peaked in the fi rst week after transplantation 
and decreased to lower values at day 180 after transplantation. Importantly, the total CCFN 
concentration could distinguish BPAR from patients during a stable situation (the day 30 
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sample of patients without a for-cause biopsy). However, CCFN with histone modifi cations 
H3K36me3 or H3 citrulline could not distinguish these two groups (stable patients vs. 
patients with AR). To conclude, this pilot study shows that total CCFN concentration could 
potentially be used to diagnose AR. 

Another potential biomarker for the detection of allograft rejection are circulating endothelial 
cells (cECs). The allograft endothelium is the fi rst contact site between circulating recipient 
cells and donor allograft tissue. cECs were measured in 51 kidney transplant recipients before 
transplantation, at day 3, day 7 and day 180 after transplantation, and at times of a for-cause 
biopsy (Chapter 8). At day 3 after transplantation, a 2.1-fold increase in the concentration 
of cECs was observed compared to pre-transplantation concentrations. At day 180 after 
transplantation, the cEC concentration had decreased to pre-transplantation concentrations. 
Furthermore, it was not possible to distinguish recipients with BPAR from recipients without 
AR in their biopsy. This fi nding suggests that cECs are not suitable as a biomarker for the 
diagnosis of allograft rejection. 

Overall conclusions 
• PCR-based ddcfDNA quantifi cation methods need short amplicons (<167 bp) and the 

used InDel assay is more appropriate for intra-patient comparisons (different time points 
over time within the same patient) as inter-patient comparisons are hampered by donor 
genotype corrections.

• Both the ddPCR-based InDel method as well as the NGS-based SNP method can be used 
to quantify ddcfDNA. However, the NGS-based SNP method is preferable for ddcfDNA 
detection in the lower range as this method has a better sensitivity than the ddPCR-based 
InDel method. 

• For ddcfDNA analysis, samples need to be collected before the endomyocardial biopsy 
procedure as this procedure causes iatrogenic injury to the cardiac allograft which 
consequently results in increased ddcfDNA values. 

• ddcfDNA concentration is a suitable biomarker for kidney allograft rejection, but only 
for allograft rejection occurring after the fi rst 10 days after kidney transplantation.

• Total CCFN concentration could potentially demonstrate allograft rejection. In contrast, 
CCFN with histone modifi cations H3K3me3 or H3 Citrulline cannot detect allograft 
rejection.

• cECs are not suitable to diagnose kidney allograft rejection.
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GENERAL DISCUSSION

Despite the treatment of heart and kidney transplant recipients with potent immunosuppressive 
drugs, allograft rejection (AR) remains an important obstacle for a successful post-transplant 
course (1-3). Early diagnosis and treatment of AR is necessary because AR reduces both 
allograft and patient survival. Since the gold standard to diagnose AR, an allograft biopsy, has 
important shortcomings, other potential (minimally-invasive) diagnostic measures are under 
investigation. In addition to the potential value of ddcfDNA, CCFN and cECs to demonstrate 
rejection, (pre-) analytical variables affecting ddcfDNA values were addressed.

DONOR-DERIVED CELL-FREE DNA (ddcfDNA)

(Pre-) analytical variables infl uencing ddcfDNA results
Several (including commercially available) assays are used for ddcfDNA quantifi cation after 
solid organ transplantation. The technique is based on genetic differences between the donor 
and the recipient. However, so far, there is no consensus about a standardized quantifi cation 
method. In this thesis, a novel, high-throughput ddPCR-based InDel quantifi cation method 
was used to analyze ddcfDNA. InDels are genetic differences based on a variation of more 
nucleotides in comparison with SNPs (which are variations of one nucleotide), which makes 
ddcfDNA detection with InDels in theory more specifi c and less subject to false positive 
results. Moreover, using a ddPCR-based readout allowed for absolute quantifi cation of 
ddcfDNA (concentration). This is preferable over ddcfDNA% as ddcfDNA% is affected by 
fl uctuations in recipient cfDNA, whereas ddcfDNA concentration is not. Technical challenges 
with this ddPCR-based InDel method are amplicon length-dependent PCR effi ciency and the 
need for correction for donor genotype (Chapter 3). The PCR effi ciency was sub-optimal 
for long amplicon assays (168-223 bp) in comparison with short amplicon assays (56-
167 bp) (16). Similar fi ndings were also described in a previous study with a qPCR-based 
quantifi cation method where both short (86-128 bp), as well as long (106-156 bp) assays were 
used (17). These fi ndings illustrate that in future studies, short amplicon assays are necessary 
for ddcfDNA quantifi cation with PCR-based methods as the use of long amplicon assays 
would consequently lead to an underestimation of ddcfDNA values. However, it should also 
be taken into account that amplicon assays that are too short could reduce the specifi city and 
thereby increase the false positivity. 

Second, the fi nding that correction of ddcfDNA for donor genotype (heterozygous or 
homozygous) is complex and undesirable with this InDel assay is another technical challenge 
that limits the general applicability of this assay (Chapter 3). However, the InDel assay 
is suitable for its intended purpose, namely, for sequential monitoring of a patient by 
ddcfDNA (intra-patient comparisons) which does not require correction for donor genotype. 
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For comparisons between (inter) patients, which requires correction of ddcfDNA for donor 
genotype, one should either select all heterozygous or all homozygous InDels to circumvent 
correction for donor genotype. 

With the InDel assay used, a substantial number of samples (Chapter 6) was excluded from 
ddcfDNA analysis as the pre-transplantation samples showed false positive ddcfDNA values, 
presumably due to aspecifi c binding of the donor InDel assay to recipient cfDNA. For this 
reason, the specifi city of the donor InDel assays needs to be optimized further, or new donor 
InDel assays with a better specifi city should be developed. Additionally, the accuracy of this 
InDel assay could be improved by using more than just 1 or 2 donor InDel assays (Chapter 
3, 4 and 6) for the quantifi cation of ddcfDNA. 

The measured ddcfDNA values with the ddPCR-based InDel quantifi cation method correlated 
with ddcfDNA values measured with a commercially available validated SNP-based next 
generation sequencing (NGS) method (Chapter 4). By comparing these two methods it 
became clear that the SNP-based NGS quantifi cation approach was more sensitive, which 
suggests that this approach would be preferable, especially for measuring ddcfDNA in the 
lower range. However, both methods can measure elevated ddcfDNA, which is of particular 
concern as elevated ddcfDNA may indicate a clinically underlying problem. For this reason, 
it is not plausible that the reduced sensitivity of the ddPCR-based InDel quantifi cation 
method for ddcfDNA detection in the lower range would lead to missing more clinically 
underlying problems. 

In contrast to this SNP-based NGS approach, the InDel-based ddPCR required donor 
genotyping to specifi cally detect ddcfDNA of the current donor. This is an important 
advantage as it enables ddcfDNA measurements in patients with a repeat transplant. 

Another major advantage of our ddPCR-based InDel method is that, in addition to relative 
ddcfDNA quantifi cation (ddcfDNA%), ddcfDNA can also be quantifi ed absolutely (i.e. 
ddcfDNA concentration). Up until now, studies on ddcfDNA mainly utilized ddcfDNA%, 
ddcfDNA as fraction of total cfDNA, with the assumption that total cfDNA remains stable. 
In stable kidney transplant recipients, in the fi rst 5 years after transplantation, ddcfDNA 
concentration remained stable over time while ddcfDNA% increased, presumably by a time 
dependent decrease of recipient cfDNA (18). Therefore, post-transplantation monitoring of 
the allograft by ddcfDNA concentration appears to be preferable as ddcfDNA% might lead 
to both false positive and false negative ddcfDNA results (18-20). A study on both ddcfDNA 
concentration and ddcfDNA% in kidney transplant recipients with AR demonstrated that 
ddcfDNA concentration could better detect AR than ddcfDNA% (20). In Chapter 6, AR 
could be detected by ddcfDNA concentration but not by ddcfDNA%, which again underlines 
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that the measurement of a donor specifi c signal (ddcfDNA concentrations) with the ddPCR-
based readout provides more valuable information as it more accurately detects AR. 

As described in Chapter 5 in adult heart transplant patients, the timing of sampling is an 
important pre-analytical variable infl uencing ddcfDNA. Increased ddcfDNA values in post-
EMB samples indicated detectable iatrogenic injury caused by the biopsy procedure itself. 
A similar fi nding was made in pediatric heart transplant recipients, and in kidney transplant 
recipients in which ddcfDNA peaked in the fi rst hours after the kidney biopsy and resolved 
within 24-48 after the biopsy (21, 22). Therefore, it is strongly recommended to collect 
samples before the biopsy procedure in ddcfDNA studies as timing of sampling introduces 
additional variation in the results, also because the magnitude of this effect on ddcfDNA 
seems to depend on the age of the transplant recipient (22).

Allograft rejection 
In contrast to previous studies that examined the value of ddcfDNA for AR in a case-control 
setting, to the best of our knowledge, this was the fi rst prospective observational study that 
was performed in a real-life cohort of consecutive kidney transplant recipients (Chapter 6). 
Therefore, the results obtained in this study are less likely to suffer from (selection) bias and 
provide insight in the diagnostic value of ddcfDNA for AR. 

In line with previous studies on ddcfDNA, we also observed elevated ddcfDNA values in the 
early period after transplantation (Chapter 6) (20, 23, 24). Due to this kinetics of ddcfDNA, 
these studies did not analyze the diagnostic value of ddcfDNA as biomarker for AR in this 
period which is an important shortcoming as a substantial amount of biopsies are performed 
during this period. Therefore, the discriminative capacity of ddcfDNA from AR and other 
frequently occurring types of allograft injury during this period, including acute tubular 
necrosis (ATN), could not be investigated. However, we showed that ddcfDNA is a suitable 
biomarker for BPAR after the fi rst 10 days after transplantation. Other studies on ddcfDNA 
also reported increased ddcfDNA values in patients with BPAR (17, 18, 20, 24-30). The 
elevations in ddcfDNA in the fi rst days after transplantation are likely the result of IRI and 
imply that during this time, cfDNA cannot be used as a single marker for early rejection 
diagnosis. 

Considering the limited sample size, we could not analyze the value of ddcfDNA in the 
discrimination of ABMR from TCMR or mixed types of allograft rejection or of other 
causes of allograft injury. Studies have shown a strong association of cfDNA with ABMR, 
but confl icting evidence exist about the diagnostic value of ddcfDNA for TCMR. A strong 
increase in ddcfDNA has consistently described during ABMR (24-26, 29, 30), although 
studies on TCMR described no increase, a small increase of even a similar increase compared 
to ABMR (24-26, 30). This discrepancy in TCMR fi ndings between studies may be explained 



156   |   Chapter 9

by the relative short ddcfDNA fragments in TCMR due to extensive degradation (31). As 
suggested by Oellerich et al., due to these small fragments, only methods targeting short 
amplicons will be able to reliably detect TCMR, whereas studies with long assays failed to 
detect this type of AR (31). 

In addition to discrimination of different rejection types, it is also important that a ddcfDNA 
increase is specifi c for rejection rather than being a general allograft injury marker. Previous 
studies showed that ddcfDNA increases are also associated with other causes of allograft 
injury (e.g. ATN, BK virus-associated nephropathy, and bacterial pyelonephritis), which 
implies that ddcfDNA could serve as an appropriate marker for (severe) allograft injury in 
general instead of being a specifi c marker for (a type of) AR (24). 

Ideally, the diagnostic performance of a biomarker for AR would have a high sensitivity, 
specifi city, positive predictive value (PPV) and negative predictive value (NPV.) In our 
study, the additional value of ddcfDNA arises from the high NPV, which is in line with 
the calculated NPV from pooled data of studies in kidney transplantation (31). The high 
NPV suggests that ddcfDNA testing has the important advantage to minimally-invasively 
rule out AR (31, 32), which implies that in transplant centers that monitor the allograft by 
performing protocol biopsies, the number of these protocol biopsies could be reduced in 
situations when ddcfDNA is low. However, the NPV is not 100%, meaning that an allograft 
biopsy remains necessary in certain situations, e.g. in patients where other clinical parameters 
(such as elevations in serum creatinine) indicating possible allograft injury. Unfortunately, 
the low PPV means that measurement of ddcfDNA would not replace an allograft biopsy as 
an allograft biopsy remains crucial to prove AR if ddcfDNA values are elevated. 

OTHER BIOMARKERS 

CCFN concentration could distinguish patients with BPAR from patients without BPAR 
(Chapter 7), and can thus potentially be used to diagnose AR. However, a major disadvantage 
of total CCFN is that it is a general injury marker of all tissues within the recipient, whereas 
ddcfDNA serves as a donor-specifi c allograft injury marker. As described in Chapter 7, 
CCFN with histone modifi cations H3K3me3 or H3 Citrulline could not detect allograft 
rejection, but a panel of other posttranslational modifi cations of histone proteins might 
improve the detection of AR by CCFN, such as histone modifi cations derived from cell- or 
tissue type or pathophysiological process (immune activation during AR). An example is 
given by H3K27me3 which has been associated with TCMR in an animal study (33, 34). The 
epigenetic regulator enhancer of zeste homolog 2 (EZH2), participates in the methylation of 
histone H3 on lysine 27 (H3K27me3), and thereby also regulates T cell activation (34). 
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As described for ddcfDNA, also for CCFN the ability to discriminate different rejection 
types, as well as discriminate AR from other causes of allograft injury including ATN, 
pyelonephritis, BKVAN, and tacrolimus nephrotoxicity needs to be evaluated. 

Regardless of the fact that the cECs were not associated with allograft rejection (Chapter 8), 
cECs could still be an interesting biomarker for allograft rejection. An important next step 
would be to measure donor-specifi c cECs during rejection episodes, based on different HLA 
mismatches between the donor and recipient, instead of cECs in general. With this, it would 
be possible to more specifi cally examine damage to the allograft vascular endothelium, which 
is an important part of the pathophysiological mechanism of ABMR. 

FUTURE DIRECTIONS

The ultimate goal of non- or minimally invasive biomarker research in transplantation is to 
improve post-transplantation monitoring, diminish the number of invasive allograft biopsies, 
and improve graft and patient survival. Non- or minimally invasive biomarkers should 
enable early detection of allograft rejection, before irreversible damage occurs, and thereby 
enable timely intervention. Additionally, these biomarkers might help to guide (personalize) 
immunosuppression and thereby reduce the risk of allograft injury related to inadequate 
immunosuppressive management, including allograft rejection (under-immunosuppression) 
and toxicity resulting from over-dosing (over-immunosuppression) (35). Moreover, 
biomarkers might enable risk stratifi cation of patients with allograft rejection and thereby 
guide clinicians in fi nding the most suitable intervention (36). 

Of the studied biomarkers in this thesis, the most convincing evidence was found for 
ddcfDNA as potential biomarker for monitoring allograft integrity. Based on the fi ndings 
in this thesis and described by others, ddcfDNA could help clinicians in detecting allograft 
rejection. Several steps are necessary before ddcfDNA can be implemented clinically. First, 
the diagnostic accuracy of ddcfDNA to detect (all types of) allograft rejection should be 
increased, possibly by a combined approach of ddcfDNA with other potential biomarkers. 
Park et al. showed that a combination of ddcfDNA and gene expression profi ling of 
peripheral blood mononuclear cells, had a better diagnostic performance for subclinical AR, 
then the performance of ddcfDNA or gene expression profi ling alone (37). Adding the gene 
expression profi ling to ddcfDNA increased the NPV from 84 to 88%, and the PPV from 56 to 
81%. Another study illustrated that the diagnostic performance for allograft rejection could 
be improved if ddcfDNA testing was combined with donor-specifi c antibody (DSA) testing 
(28). This study illustrated that a combination of increased ddcfDNA and DSA, increased 
the probability for ABMR compared to the measurement of DSA alone. The diagnostic 
accuracy of ddcfDNA with other promising biomarkers, such as urinary chemokines CXCL9 
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and CXCL10, proteins that are involved in the migration of immune cells, or urinary 
molecules controlling gene transcription, the so-called microRNAs (miRNAs), should also 
be explored further. In the fi rst 10 days after transplantation when the kinetics of ddcfDNA 
complicates detection of allograft rejection by ddcfDNA, a panel of biomarkers might be able 
to distinguish rejection from non-rejection injury. Serial measurement of ddcfDNA could 
provide valuable information; abnormal individual kinetics was associated with urinary tract 
infection, pre-renal acute kidney injury, surgical complications or hydronephrosis (23). In 
addition, higher ddcfDNA values were found in recipients with a graft from a deceased donor 
in comparison with a graft from a living donor in the fi rst 5 days after transplantation (20). 
Abnormal kinetics of ddcfDNA in combination with abnormal values of other biomarkers, 
could thereby point to allograft rejection.

Another next step would be to examine whether relative differences of ddcfDNA concentration 
provide more valuable information than a single ddcfDNA value alone. Previous work suggest 
that in serially measured ddcfDNA%, a delta change in ddcfDNA% of more than 61% might 
point towards allograft injury as this change could not be attributed to biological variation 
(38). Another study demonstrated that patients should be suspected to suffer from allograft 
injury once the ddcfDNA% relatively increases by >149% (39). This study suggested that 
a combination of both absolute ddcfDNA thresholds and relative changes in ddcfDNA 
might increase the sensitivity of ddcfDNA to detect allograft injury. However, these studies 
measured ddcfDNA% whereas this thesis illustrated that ddcfDNA concentration is a more 
reliable measure of ddcfDNA as the concentration is not affected by fl uctuations in recipient 
cfDNA. Therefore, the value of relative differences in ddcfDNA concentration needs to be 
further addressed in future studies. So far, studies on ddcfDNA have used a pre-defi ned 
or data-driven ddcfDNA threshold value to distinguish BPAR from non-AR but there is a 
wide range in suggested thresholds between studies (17, 18, 20, 24-26, 29). Additionally, 
it is not clear what the optimal timing and frequency of routine ddcfDNA measurements 
is and whether ddcfDNA measurement would indeed enable early intervention at times 
of allograft rejection and thereby improve graft and patient survival. A recent multicenter 
longitudinal surveillance study demonstrated that ddcfDNA could serve as a prognostic 
marker and risk stratifi cation tool as elevations in ddcfDNA were associated with de novo 
DSA formation, and eGFR decline (39). With this, ddcfDNA monitoring might therefore 
enable timely intervention (guide immunosuppression) and reduce (the risk of) injury to the 
allograft. Therefore, a randomized, controlled trial where patients are serially monitored 
with ddcfDNA, should compare the outcomes in terms of graft function, graft survival and 
patient survival, in patients with and without high levels of ddcfDNA and in patients where 
the immunosuppressive therapy is guided (personalized) by ddcfDNA compared to patients 
where the immunosuppressive therapy is managed by standard methods. Other possibilities 
to use ddcfDNA measurements is for example a study in which it is examined whether using 
ddcfDNA can be used for anti-rejection therapy optimization. 
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In addition, the frequency and cost-effectiveness of ddcfDNA monitoring should be further 
addressed. A previous study showed that using protocol biopsies in low-immunological risk 
population is more cost-effective than a biomarker-based strategy (40). Therefore, the value 
and frequency of ddcfDNA monitoring should be further explored in different immunological 
risk populations.

Regarding the quantifi cation of ddcfDNA, there is no optimal quantifi cation method yet 
but based on the fi ndings in this thesis, we can make several recommendations to optimize 
ddcfDNA quantifi cation for further investigation. This thesis showed that with the ddPCR-
based InDel quantifi cation method, allograft rejection could be detected by ddcfDNA. 
However, this assay needs to be further optimized by developing new InDel assays or 
improve the specifi city of the InDel assays. When using PCR-based quantifi cation methods, 
the amplicon length of assays should be considered to ensure appropriate PCR amplifi cation 
of ddcfDNA. Lastly, to prevent interpretation error of ddcfDNA, absolute quantifi cation 
(concentration) is preferable over relative quantifi cation (ddcfDNA%) of ddcfDNA. 

Recommendations: 
• To optimize the ddPCR-based InDel quantifi cation method by selecting short InDel 

assays for ddcfDNA quantifi cation, and to use homozygous donor indel assays only or by 
developing an algorithm to correct ddcfDNA for donor genotype (hetero/homozygosity).

• To increase the specifi city of the InDel assays used and/or develop a panel of new InDel 
assays with a better specifi city.

• To validate an optimized ddPCR-based InDel quantifi cation method in a multicenter 
setting. 

• To use the ddcfDNA concentration instead of the ddcfDNA% in future studies and 
investigate whether relative differences in ddcfDNA concentration is superior in the 
detection of allograft rejection compared to a single value alone.

• To investigate the diagnostic accuracy for allograft rejection of a combination of 
ddcfDNA and promising other biomarkers, such as gene expression profi ling in blood, 
urinary chemokines and urinary microRNAs, also in the fi rst days after transplantation 
when non-rejection injury plays an important role. 

• To perform a randomized controlled trial where long term allograft and patient outcomes 
are compared in patients with biomarker-based monitoring (including ddcfDNA) and in 
patients with standard monitoring. 
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 NEDERLANDSE SAMENVATTING

Bij patiënten met hart- of nierfalen is een transplantatie de voorkeursbehandeling. Helaas 
is afstoting van een transplantaat een belangrijke complicatie, welke in 10-20% van de 
niertransplantatie en in ongeveer 25% van de harttransplantatie patiënten optreedt in het 
eerste jaar na transplantatie. Afstoting beschadigt het transplantaat en beperkt daarmee zowel 
de overleving van het transplantaat, als die van de ontvanger. Het is daarom belangrijk dat 
een afstoting tijdig wordt aangetoond zodat een extra behandeling, de anti-afstotingstherapie, 
kan worden gegeven. De huidige middelen die worden gebruikt om afstoting aan te tonen 
hebben belangrijke tekortkomingen: 1) het nemen van een nier- of hartbiopt, waarbij een 
stukje weefsel van het transplantaat wordt verkregen, is een belastende en kostbare procedure 
waarbij de diagnose afstoting kan worden gemist. Dit komt omdat slechts een klein gedeelte 
van het totale orgaan kan worden beoordeeld (sampling error). Daarnaast kan de uitkomst 
(de diagnose) variëren als gevolg van variatie tussen pathologen (inter-observer variabiliteit) 
in de beoordeling van weefsel; 2) de huidige minimaal-invasieve testen in bloed of urine, 
ofwel biomarkers, zijn niet in staat om in een vroeg stadium een afstoting aan te tonen. 
Tevens kunnen deze testen geen onderscheid maken tussen transplantaatschade veroorzaakt 
door een afstoting en transplantaatschade door een andere oorzaak. Daarom is het van 
groot belang dat nieuwe minimaal-invasieve biomarkers worden ontwikkeld. Het doel van 
het onderzoek beschreven in dit proefschrift was om te onderzoeken of nieuwe minimaal-
invasieve biomarkers kunnen bijdragen aan de (vroeg)diagnostiek van afstoting, te weten 
het meten van donorspecifi ek cel-vrij DNA (ddcfDNA) circulerende cel-vrij nucleosomen 
(CCFN) en circulerende endotheelcellen (cECs).

Hoofdstuk 1 beschrijft waarom minimaal-invasieve biomarkers nodig zijn, en vat de 
huidige ervaringen en de eerste bewijzen samen voor ddcfDNA, CCFN en cECs metingen 
als minimaal-invasieve biomarkers voor afstoting. Bij een afstoting raakt het weefsel van het 
donororgaan beschadigd. Het gevolg hiervan is dat de inhoud van deze donorcellen, zoals 
DNA en nucleosomen, vrijkomt in het bloed van de ontvanger (zogenaamd cel-vrij). Het 
is mogelijk om cfDNA afkomstig van de donor (ddcfDNA) en cfDNA afkomstig van de 
ontvanger van elkaar te onderscheiden doordat de bouwstenen van het DNA, de zogenaamde 
nucleotiden, tussen de donor en ontvanger variëren (genetische verschillen). Nucleosomen 
afkomstig van de donornier kunnen worden gemeten omdat ze over eigenschappen 
(modifi caties) beschikken die specifi ek zijn voor een bepaald cel- of weefseltype. Als 
laatste zijn endotheelcellen, die de binnenste laag van de bloedvaten vormen, onderzocht. 
Het endotheel van de donornier kan aangetast raken tijdens een afstotingreactie, waardoor 
endotheelcellen kapot gaan, loslaten en in de bloedbaan komen. 

De waarde van ddcfDNA om afstoting te diagnosticeren wordt beschreven in Hoofdstuk 
2. Hier wordt een niertransplantatie patiënt beschreven die gediagnosticeerd was met een 
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melanoom (huidkanker) en daarvoor werd behandeld met het antilichaam nivolumab, een 
zogenaamde immuun checkpoint remmer nivolumab bindt aan anti-geprogrammeerde 
celdood 1 (PD1) eiwitten (receptoren) aan de buitenkant van specifeke afweercellen, de 
T cellen. Hiermee blokkeert nivolumab de interactie tussen de PD1 receptor op T cellen 
en ligand PDL1, aanwezig op melanoomcellen, waardoor een effectieve anti-tumor 
immuunreactie mogelijk wordt. Een nadeel van de beschreven blokkade is echter dat het 
leidt tot een overactief immuunsysteem, wat bij orgaantransplantatie patiënten vervolgens 
kan leiden tot afstoting. De beschreven patiënt ontwikkelde inderdaad een ernstige vorm 
van afstoting na de start van nivolumab. Op het moment van afstoting was het ddcfDNA 
verhoogd. Ondanks de behandeling met anti-afstotingstherapie is de nier afgestoten, waarna 
deze moest worden verwijderd. Immunologische analyse van deze nier liet geactiveerde witte 
bloedcellen (T cellen) van de patiënt op de donor nier zien. Dit betrof infi ltratie van PD1+ 
CD8+ cytotoxische T cellen, waarbij de PD1 receptor geblokkeerd was door nivolumab. Deze 
casus toont aan dat nivolumab therapie hoogstwaarschijnlijk leidde tot activatie van T cellen, 
hetgeen resulteerde in transplantaat afstoting. Concluderend, deze casus laat de waarde van 
ddcfDNA zien als biomarker voor afstoting en geeft meer inzicht in de ontwikkeling van 
afstoting tijdens behandeling met immuun checkpoint remmer.

DdcfDNA is een veelbelovende biomarker voor het opsporen van de afstotingsreactie bij 
hart- of niertransplantatie patiënten. Tot dusver zijn er verschillende (gestandaardiseerde) 
methodes ontwikkeld die gebruikt kunnen worden voor het meten van ddcfDNA. Echter is 
het nog niet duidelijk welke methode de voorkeur heeft. Onderscheid tussen de donor en 
ontvanger kan gemaakt worden op basis van een verschil in één nucleotide (een zogenaamd 
single nucleotide polymorphism (SNP)), of op basis van een verschil in meerdere nucleotiden, 
zogenaamde inserties of deleties (InDels). Normaal gesproken wordt ddcfDNA gemeten 
met polymerasekettingreactie (PCR)-gebaseerde technieken, waarbij een specifi ek stukje 
ddcfDNA wordt vermeerderd zodat er uiteindelijk genoeg stukjes ddcfDNA zijn om te kunnen 
meten. Dit specifi eke stukje ddcfDNA wordt vermeerderd met behulp van zogenaamde 
amplicon assays die in lengte, uitgedrukt in aantal baseparen (bp), verschillen. Donorcellen 
kunnen dit specifi eke stukje ddcfDNA in enkelvoud bij zich dragen (heterozygoot, ofwel 
50%), maar ook in tweevoud (homozygoot, ofwel 100%). Om heterozygoot ddcfDNA met 
homozygoot ddcfDNA te kunnen vergelijken in transplantatie patiënten, dient er gecorrigeerd 
te worden voor het donor genotype. 

In Hoofdstuk 3 zijn twee technische valkuilen geïdentifi ceerd die de interpretatie van het 
gemeten ddcfDNA kunnen beïnvloeden. ddcfDNA werd in deze studie vermenigvuldigd 
gebruikmakend van InDel amplicon assays en gemeten middels een droplet-digital PCR 
(ddPCR). Ten eerste werd het effect van verschillende lengtes van de gebruikte InDel 
amplicon assays op de hoeveelheid gemeten ddcfDNA onderzocht in dezelfde bloedmonsters 
van niertransplantatie patiënten. Hieruit bleek dat bij het gebruik van korte InDel amplicon 
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assays (≤167 bp) het gemeten ddcfDNA hoger was dan wanneer lange InDel amplicon assays 
(≤167 bp) werden gebruikt. Ten tweede werden donorcellen gebruikt om het donor genotype 
te bepalen (Hoofdstuk 3) en hieruit bleek dat de specifi eke DNA stukjes in heterozygote 
donoren 9.1-68.2% van het totale DNA was, terwijl specifi eke DNA stukjes in homozygote 
donoren werden gemeten in 79.8-146.2% van het totale DNA. Deze bevindingen laten zien 
dat het gebruik van korte amplicon assays de voorkeur verdiend aangezien lange amplicon 
assays minder effi ciënt zijn wat leidt tot een onderschatting van ddcfDNA waardes. Daarnaast 
is het met de gebruikte methode onwenselijk om ddcfDNA te corrigeren voor donor genotype 
met een factor 2 aangezien heterozygote en homozygote donor niet precies 50% en 100% 
zijn. 

Zoals beschreven zijn er verschillende (gestandaardiseerde) methodes die gebruikt kunnen 
worden om ddcfDNA te meten. Echter is het momenteel nog niet duidelijk welke methode 
de voorkeur geniet. De ddPCR-gebaseerde InDel methode werd in Hoofdstuk 4 vergeleken 
met een commercieel verkrijgbare, op next generation sequencing (NGS) gebaseerde SNP 
methode. In deze studie werd gevonden dat de hoeveelheid gemeten ddcfDNA tussen beide 
methodes sterk met elkaar overeenkomen. Dit impliceert dat beide methodes kunnen worden 
gebruikt om ddcfDNA te meten. Desalniettemin heeft de NGS methode de voorkeur voor het 
meten van ddcfDNA in het lagere bereik. 

Bij harttransplantatie patiënten is een hartbiopsie noodzakelijk om een afstoting vast te 
stellen. Echter, dit is een ingrijpende procedure waarbij schade aan het transplantaat wordt 
veroorzaakt wat vervolgens kan leiden tot een verhoging van ddcfDNA in de bloedbaan. Het 
effect van een hartbiopsie op de hoeveelheid ddcfDNA werd onderzocht in bloedmonsters 
van harttransplantatie patiënten (Hoofdstuk 5). Het ddcfDNA was verhoogd na de biopsie 
in vergelijking met het gemeten ddcfDNA voor de biopsie. Concluderend leidt de schade 
die ontstaat door de biopsie zelf tot een verhoging van het ddcfDNA. Het is daarom van 
het grootste belang dat voor ddcfDNA bepalingen, bloedmonsters altijd worden afgenomen 
voorafgaand aan de biopsie.

De waarde van ddcfDNA werd onderzocht als minimaal-invasieve biomarker voor afstoting in 
223 opeenvolgende niertransplantatie patiënten (Hoofdstuk 6). Kort na de transplantatie was 
het ddcfDNA verhoogd in deze patiënten, waarna het ddcfDNA daalde naar normaalwaardes. 
Na dag 10 na transplantatie was de concentratie ddcfDNA verhoogd in patiënten die een 
afstotingsreactie ondergingen ten opzichte van patiënten die niet afstoten. Echter, in de eerste 
10 dagen na transplantatie was de concentratie ddcfDNA niet hoger in patiënten met afstoting 
ten opzichte van patiënten zonder een afstoting. Dit komt waarschijnlijk doordat in deze 
vroege periode het ddcfDNA al verhoogd was, mogelijk als gevolg van schade die ontstaat 
aan het orgaantransplantaat rondom de transplantatie, de zogenaamde ischemie-reperfusie 
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schade. Samenvattend kan er worden geconcludeerd dat de concentratie ddcfDNA gebruikt 
kan worden om afstoting aan te tonen na de eerste 10 dagen na niertransplantatie.

Nucleosomen komen, net als ddcfDNA, vrij in de bloedbaan als gevolg van schade en 
kunnen daarom een veelbelovende test zijn voor het meten van schade aan het transplantaat. 
Door het meten van nucleosomen met bepaalde modifi caties, zou specifi ek schade als gevolg 
van afstoting kunnen worden gedetecteerd. Daarom werd de waarde van totaal circulerende 
nucleosomen en circulerende nucleosomen met de modifi caties “H3K36me3” of “H3 
Citrulline” onderzocht om afstoting aan te tonen (Hoofdstuk 7). In deze studie bleek dat de 
totale concentratie nucleosomen was verhoogd in de eerste dagen na transplantatie, waarna 
de concentratie daalde naar lagere waardes op dag 180 na transplantatie. Tevens was de totale 
concentratie nucleosomen verhoogd in patiënten die afstoten, ten opzichte van patiënten die 
niet afstoten. De hoeveelheid nucleosomen met de modifi caties H3K36me3 of H3 citrulline 
was niet verschillend tussen patiënten met en patiënten zonder een afstoting. Concluderend 
zou de totale concentratie nucleosomen mogelijk gebruikt kunnen worden om afstoting te 
detecteren. 

Een andere mogelijke biomarker voor afstoting na transplantatie zijn circulerende 
endotheelcellen aangezien het endotheel de eerste plek is waar cellen van de ontvanger in 
aanraking komen met het transplantaat. Daarom werden van niertransplantatie patiënten de 
circulerende endotheelcellen bestudeerd (Hoofdstuk 8). In deze studie werd gevonden dat de 
concentratie circulerende endotheelcellen, evenals ddcfDNA en circulerende nucleosomen, 
ook verhoogd was kort na transplantatie. De concentratie circulerende endotheelcellen was 
niet verschillend tussen patiënten met en patiënten zonder een afstoting. De bevindingen 
in deze studie suggereren dat de transplantatieprocedure een meetbaar effect heeft op het 
aantal circulerende endotheelcellen, terwijl dit effect niet kan worden gezien ten tijde van 
een afstoting. 

In Hoofdstuk 9 worden de belangrijkste bevindingen samengevat en bediscussieerd. 
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Algemene conclusies
• Bij het meten van ddcfDNA middels PCR-gebaseerde methodes dienen korte amplicon 

assays (≤167 bp) te worden gebruikt. Daarnaast is de gebruikte InDel assay meer geschikt 
voor vergelijkingen binnen dezelfde (intra) patiënt dan voor vergelijkingen tussen (inter) 
patiënten.

• Zowel de ddPCR-gebaseerde InDel methode als de NGS-gebaseerde SNP methode 
kunnen worden gebruikt om ddcfDNA te meten. De NGS-gebaseerde SNP methode 
heeft, vanwege de betere gevoeligheid, de voorkeur voor het bepalen van lagere waardes 
van ddcfDNA. 

• Voor ddcfDNA analyses dienen bloedmonsters te worden verzameld voorafgaand 
aan een hartbiopt aangezien de schade die ontstaat tijdens de bioptprocedure leidt tot 
verhoogde ddcfDNA concentraties.

• De concentratie van ddcfDNA is een geschikte biomarker voor het vaststellen van 
afstoting van het niertransplantaat. Dit geldt echter alleen als ddcfDNA wordt gemeten 
na dag 10 post-transplantatie. 

• De totale concentratie circulerende nucleosomen is een mogelijke biomarker voor 
afstoting van het niertransplantaat. Daarentegen kunnen nucleosomen met de modifi caties 
H3K36me3 en H3 Citrulline niet worden gebruikt om afstoting aan te tonen. 

• Circulerende endotheelcellen zijn niet bruikbaar om afstoting van het niertransplantaat 
aan te tonen. 
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