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Abstract

Monitoring kidney transplants for rejection conventionally includes serum creat-
inine, immunosuppressive drug levels, proteinuria, and donor-specific antibody
(DSA). Serum creatinine is a late marker of allograft injury, and the predictive
ability of DSA regarding risk of rejection is variable. Histological analysis of an
allograft biopsy is the standard method for diagnosing rejection but is invasive,
inconvenient, and carries risk of complications. There has been a long quest to
find a perfect biomarker that noninvasively predicts tissue injury caused by
rejection at an early stage, so that diagnosis and treatment could be pursued
without delay in order to minimize irreversible damage to the allograft. In this
review, we discuss relatively novel research on identifying biomarkers of tissue
injury, specifically elaborating on donor-derived cell-free DNA, and its clinical
utility.

Key Words: Biomarker; Donor-derived cell-free DNA; Kidney allograft outcomes; Kidney
transplant; Allograft biopsy
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Core Tip: Donor-derived cell-free DNA (dd-cfDNA) is now available as a noninvasive
biomarker to evaluate the risk of rejection in kidney allografts and other organ
transplants. The technology utilizes next generation sequencing and does not require
donor genotyping. In this review we discuss the current literature on the utility of dd-
cfDNA in kidney transplantation, the limitations, and future directions.
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INTRODUCTION

Kidney transplants offer the best survival to patients with end-stage kidney disease
[1]. Conventional monitoring of kidney transplant recipients includes serum
creatinine, proteinuria, and donor-specific antibodies (DSA), which are neither
sensitive nor specific. Surveillance biopsies are performed for allograft monitoring in a
few centers, but are invasive and have multiple disadvantages including bleeding risk,
inconvenience, sampling error, and poor reproducibility in interpretation. They
generally have low yield as the majority reveal normal histology and have not been
validated to improve outcomes.

The risk of renal allograft dysfunction from acute rejection (AR) during the first year
after transplant is around 10%-15%. AR can be either acute T cell-mediated rejection
(TCMR) characterized by lymphocytic infiltration of tubules, interstitium, and in
severe cases, vessels causing cytotoxic injury or acute antibody-mediated rejection
(ABMR) caused by DSA resulting in complement activation and lysis of target cells. A
rise of serum creatinine is a delayed marker of the assessment of AR. By the time the
serum creatinine rises, significant histological damage has already occurred, thereby
significantly lowering the chance of complete recovery from injury. There have been
multiple efforts to develop a noninvasive biomarker that promptly, accurately, and
inexpensively predicts immunological allograft injury at an early stage with high
sensitivity, specificity, and predictive value[2]. An ideal biomarker should assess the
risk of injury, diagnose and monitor the injury and the pharmacological response,
have prognostic value, and assess the safety of treatment[3].

NONINVASIVE BIOMARKERS IN ORGAN TRANSPLANTATION

Over the last decade, the emphasis has been on finding the perfect biomarker, which
will help to predict, diagnose, and treat rejection in order to improve short- and long-
term transplant outcomes. Various biomarkers in different categories have been
studied, including blood mRNA (Granzyme B, Perforin, FasL, HLA-DRA, and
multigene signature); blood donor-derived cell-free DNA (dd-cfDNA); blood proteins
(DSA, C1Q binding, Pleximune, Immuknow, kSORT, IFN-y Elispot and, TCR
repertoire); urinary mRNA (Perforin, Granzyme B, PI-9, CD103, FOXP3, CXCL10,
NKG2D, TIM3, Granulysin, and multigene signature); and urinary proteins (CXCL9,
CXCL10, and Fractalkine)[4]. The markers have varying degrees of sensitivity and
specificity and are summarized in Table 1. dd-cfDNA has recently become as one of
the most commonly used biomarkers. The purpose of this review is to outline the
discovery and utility of dd-cfDNA and to evaluate the available data regarding its use
in kidney transplantation.

DD-CFDNA

Plasma cell-free DNA has been used as a biomarker in prenatal testing, cancer
diagnosis, and organ transplantation[5-8]. Multiple studies have shown that allograft-
derived cell-free DNA can be detected and quantified as a fraction of total cell-free
DNA in the plasma or serum of various solid organ transplant recipients[8-10] such as
kidney[11], heart[12], lung[13], pancreas[14], and liver[15]. Similar studies were also
done looking at cell-free DNA excretion in urine[16]. This noninvasive marker was
extensively studied in heart transplant recipients by Snyder et al[9], where significantly
increased levels of dd-cfDNA were noted with biopsy-proven AR. Severity of rejection
worsened with increasing levels of dd-cfDNA. In addition to being a marker of
rejection, dd-cfDNA can also be used as an individualized tool to assess the efficacy of
immunosuppressive treatment. In a study of liver transplant recipients, higher
tacrolimus levels were associated with lower amounts of dd-cfDNA, suggesting that
the relationship could be used as a tool for optimizing immunosuppressant drug
dosing[17]. The presence of dd-cfDNA in the plasma of solid organ transplant patients
was first described in 1990’s, and involved measurement of Y chromosome DNA

WJEM | https://www.wjgnet.com 56 November 20,2021 | Volumel1l | Issue5 |


http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
https://www.wjgnet.com/2220-315x/full/v11/i5/55.htm
https://dx.doi.org/10.5493/wjem.v11.i5.55

Chopra B et al. Donor-derived cell-free DNA

Table 1 Biomarkers studied in the field of transplantation

- Biomarker assay =~ Sample o Sensitivity/

Ref. Biomarker name y . P Rejection type i .ty PPVINPV  Comments
method size specificity

Patel et al[56] CDC crossmatch  Micro-cytotoxicity 225 Hyper acute rejection/ 0.75/0.97 0.80/0.97 FDA approved
assay early graft loss

Mahoney et al Flow crossmatch ~ Flow cytometry 90 Early graft loss 0.71/0.74 0.33/0.93 FDA approved

[57]

Pei et al[58] Luminex HLA beads; flow 10 Anti HLA Ab - - FDA approved
cytometry

Ashokkumar et al Pleximmune T cytotoxicmemory 32 Acute rejection 0.88/0.94 0.93/0.88 FDA approved

[59] cell

He et al[60] Cylex-Immuknow Lymphocyte 42 CD4 T cell function = = FDA approved
ATPgeneration

Loupy et al[61] Clq bindingassay  Flow cytometric C1q 1016 TCMR/ABMR/ graftloss - - FDA approved
binding

Hricik et al[62] IFN-y ELISPOT Donor-reactive 21 De novo DSA/ rejection  1.0/0.67 0.67/1.0 Not FDA
memory T cell approved

Roedder et al[63] KSORT PBLRNA by qPCR 143 AR 0.83/0.91 0.81/0.91 Not FDA

approved

Bloom et al[33] dd-cfDNA PBL single gene 102 (107 ABMR and I b or higher  0.59/0.85 0.61/0.84 FDA approved
sequencing samples) TCMR

Acquino-Dias et  FOXP3 PBL, urine (PCR) 65 (78 AR vs DGF 0.94/0.95 0.94/0.95

al[64] sample)

Li et al[65] Granzyme B, Urine mRNA (PCR) 85 (151 AR 0.79-0.83 /0.77- -

perforin samples) 0.83
Hricik et al[66] Urine CXCL9 Urine ELISA 258 TCMR 0.85/0.81 0.68/0.92 Not FDA
approved
Suthanthiran et al Urine 3 gene; Urine RNA by PCR 485 pts (4300 Diagnosis AR 20 d early  0.79/0.78 - Not FDA
[67] CD3E, CXCL10, samples) approved
18SrRna

Renesto et al[68]  TIM-3 PBL, urine mRNA 115 (160 Diagnose AR, values 0.87/0.95 0.87/0.93
PCR samples) normal post treatment

Valujskikh etal ~ miRNA-210 Urine miR-210 PCR 81 (88 Diagnose AR, values 0.52/0.74 -

[69] samples) normal post treatment

ABMR: Antibody-mediated rejection; AR: Acute rejection; CDC: Complement dependent cell cytotoxicity; dd-cfDNA: Donor-derived cell-free DNA;
ELISA: Enzyme-linked immunosorbent assay; FDA: Food and Drug Administration; HLA: Human leukocyte antigen; IFN: Interferon; PBL: Peripheral

blood lymphocyte; PCR: Polymerase chain reaction; TCMR: T cell-mediated rejection.
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particles in a female recipient from a male donor[18].

BIOLOGY AND KINETICS OF CELL-FREE DNA

Levels of cell-free DNA fluctuate randomly during the day[19,20] and vary with
multiple factors including age[21], exercise, obesity[22], malignancy, transplant[20],
acute coronary syndrome[23], stroke[24], and other pathological conditions. The
concentration of cell-free DNA may vary from 3.5-100 ng/mL[20,25]. Cell-free DNA is
rapidly cleared from the plasma. Its The mean clearance half-life of fetal Y chro-
mosome DNA particles from maternal plasma was reported by Lo ef al[26] to be 16
min. Cell-free DNA is primarily cleared by apoptosis, necrosis, and active secretion.
Less than 20% is secreted in urine[27] and partly degraded by the liver[28] and
endonucleases in the plasma and other tissues. Yu et al[29] found clearance of fetal cell-
free DNA to occur in two phases, one with a half-life of about 1 h and a slower phase
with a half-life of about 13 h. Nearly complete disappearance of fetal cell-free DNA
occurs by 2 d postpartum.

In kidney transplant recipients, the kinetics of dd-cfDNA were described in detail
by Shen et al[30], where the authors compared the dynamics of degradation of dd-
cfDNA in the immediate post transplant period in kidney transplant recipients from
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living donors (LD) compared with deceased donors (DD) where donors had cardiac
death, and some experienced delayed graft function. Based on their analysis, the mean
dd-cfDNA concentration was 20.69% at 3 h, 5.22% by about 16 h, and 0.85% by day 7.
The concentrations were significantly higher in recipients of kidneys from DDs than
LDs initially (45% vs 10%) and on day 7 d (1.11% vs 0.59%) probably because of higher
levels of ischemia reperfusion injury in the former group. Other large solid organs,
such as livers may have more cell turnover and larger proportions of dd-cfDNA
released in the recipient. Beck ef al[10] found dd-cfDNA fractions of 90% immediately
after transplant with steady state levels below 15% by day 10.

MEASURING DD-CFDNA

The technology of measuring dd-cfDNA initially had some limitations as the assays
required prior recipient and donor genotyping and were time consuming and
expensive[8,9]. Newer technologies that have been validated as clinical-grade assays
measure dd-cfDNA in transplant recipients by polymerase chain reaction (PCR) such
as real-time quantitative PCR, droplet digital PCR, or next generation sequencing
(NGS) as described by Grskovic et al[19]. Droplet digital PCR and NGS have been
clinically investigated and validated over a wide range for detecting rejection in
transplant recipients[31,32]. The basic principle of measuring dd-cfDNA is by
measuring single nucleotide polymorphisms (SNPs) that are homozygous in the
recipient and differ from those of the donor. That can be accomplished in the absence
of donor genotyping[33]. There are no standardized assays to be used for trans-
plantation, in terms of the number of SNPs. The commercially available assays using
NGS technology so far are Allosure, (CareDx, Brisbane, CA, United States), which
targets 266 SNPs[34]; Prospera, (Natera Inc, San Carlos, CA, United States), which
targets 13392 SNPs[35], Viracor Transplant Rejection Allograft Check (TRAC)
combined with TruGraf, and (Eurofins Viracor, (Lee's Summit, MO, United States),
which targets 70000 SNPs[36]. There is one study that compared the results of two
commonly available commercial assays in United States; Allosure and Natera,
involving 76 kidney transplant recipients. It found no significant differences in the test
results for predicting rejection or other test characteristics, but found some differences
in the test result turnaround time[36,37]. The recipient genotype is determined at each
SNP and the relative fraction of dd-cfDNA is computed using custom bioinformatics
tools. The performance of the assay was validated in 1117 samples from related and
unrelated transplant recipients with reliability and precision. The turnaround time of
the test was 3 d, which was considered as a practical time frame for transplant
recipients.

REPORTING DD-CFDNA AS A FRACTION VS ABSOLUTE VALUE

In clinical application, the dd-cfDNA value is expressed as a fraction of background
circulating cell-free DNA fragments. This assumes that the recipient’s DNA fragments
remain constant. However the host's cell-free DNA fragment levels can vary in
different scenarios such as exercise, inflammatory state, and body size[22,38,39]. In a
recent report involving 121 stable kidney transplant recipients, there was a significant
negative correlation of the average baseline dd-cfDNA fractions between 4-12 wk post-
transplantation and increasing recipient BMI[22]. That indicates that dd-cfDNA
fractions are influenced by recipient body size.

Previous studies have compared absolute dd-cfDNA values to fractional values[40-
42]. The analysis by Whitlam et al[40] included 61 samples and reported similar areas
under the curve (AUC) for diagnosing ABMR, with an absolute dd-cfDNA value of
0.91 [95% confidence interval (CI): (0.82-0.98)] and a dd-cfDNA fraction of 0.89 (95%CI:
0.79-0.98). Neither measure was very useful in diagnosing 1A and borderline TCMR
rejection. In a prospective observational study, Oellerich et al[42] compared dd-cfDNA
quantification of copies/mL plasma to dd-cfDNA fraction at prespecified visits in 189
patients over 1 yr post kidney transplant. Median dd-cfDNA (copies/mL) was 3.3-fold
and the median dd-cfDNA fraction was 2.0 fold higher in patients with biopsy-proven
rejection (n = 15 with 22 samples) compared with the median in stable patients (1 = 83
with 408 samples). Measuring dd-cfDNA (copies/mL) showed superior performance (
P =0.02) with an AUC of 0.83 compared with the dd-cfDNA fraction, which had an
AUC of 0.73. A subset analysis found a significant inverse correlation between
tacrolimus levels and dd-cfDNA (copies/mL), implying that dd-cfDNA may be useful
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in evaluating adequacy of immunosuppression. A subsequent study from the same
group evaluated the longitudinal time-dependent changes in total cfDNA (copies/
mL), dd-cfDNA (copies/mL) and dd-cfDNA fraction in 303 clinically stable kidney
transplant recipients 12-60 mo post-transplantation[41]. Total cfDNA showed a
significant decline over time, resulting in increasing dd-cfDNA fractions, with
doubling of the 85th percentile value by 5 yr. In contrast, dd-cfDNA (copies/mL)
values remained stable during the same period. The authors concluded that
measurement of absolute dd-cfDNA concentrations minimize false positive results
compared with dd-cfDNA fractions and were hence superior for long-term allograft
monitoring. Further large scale studies are still needed to define the ideal method of
dd-cfDNA monitoring,.

DD-CFDNA IN DIAGNOSING AR IN KIDNEY TRANSPLANTATION

The Diagnosing AR in Kidney Transplant Recipients (DART) study by Bloom et al[33]
focused more on dd-cfDNA (Allosure, CareDx, Brisbane, CA) as a novel biomarker in
discriminating subclinical rejection from no rejection at an early stage, which could
allow early intervention and hopefully better outcomes. It was a prospective
multicenter study of renal allograft recipients (n = 102) that used targeted
amplification of dd-cfDNA by sequencing of SNPs to quantify donor and recipient
DNA contributions in the plasma without the need of donor genotyping. A dd-cfDNA
level of < 1% had an AUC of 0.87 (95%CI: 0.75-0.97) for discriminating ABMR from no
rejection. The positive predictive value (PPV) and negative predictive value (NPV)
with a cutoff of < 1% were 44% and 96% respectively, which was quite significant,
suggesting a dd-cfDNA value of > 1% may indicate active rejection (TCMR type=1b
or ABMR) where the sensitivity and specificity were 59% and 85% respectively. The
hope is that this noninvasive biomarker could replace the need of surveillance biopsies
done at some centers to monitor for rejection. A limitation of the study was that the
test failed to pick up borderline TCMR type la rejection. Measurement of dd-cfDNA as
a steady state fraction of recipient cfDNA in kidney transplants was first described by
Bromberg et al[32], using the Allosure test. The study established that in steady state, a
dd-cfDNA fraction above 1.2% could be abnormal and potentially predict AR. The
results of the Prospera test were reported by Sigdel et al[35] in a single center retros-
pective study from a curated biobank. Along the same lines, a study by Jordan et al[34]
combining the use of elevated DSA with dd-cfDNA > 1% increased the pro-bability of
diagnosis of ABMR. That study involved 87 kidney transplant recipients, 16 had
ABMR, and the PPV of a 1% threshold level of dd-cfDNA to detect active ABMR in
DSA positive patients was 81%, whereas the NPV was 83%. The PPV for DSA
positivity alone was 48%.

Based on pivotal validation studies, dd-cfDNA became Medicare reimbursable in
October 2017 for noninvasive monitoring of rejection in transplant recipients. A
subsequent external validation study by Huang et al[43] in 63 kidney transplant
recipients with suspicion of rejection, revealed that the dd-cfDNA test did not
discriminate TCMR from no rejection. The AUC for TCMR was 0.42 (CI: 0.17-0.66),
although performance for diagnosing ABMR was much better, with an AUC of 0.82
(CI: 0.71-0.93). To better understand the long-term outcomes based on dd-cfDNA, a
large prospective multicenter observational cohort study, the Kidney Allograft
Outcomes AlloSure Registry (KOAR, ClinicalTrials.gov Identifier NCT03326076) is
underway and plans to enroll 4000 kidney transplant recipients. KOAR is sponsored
by CareDx, and will complete enrollment in December 2021. The ProActive study
utilizing the Prosepra test and sponsored by Natera, Inc. (NCT04091984) is also
underway and is targeting to enroll 3000 kidney transplant recipients prospectively
from the time of transplant surgery. It will assess changes in the utilization of allograft
biopsy and clinical outcomes based on physician-directed use of the Prospera test to
rule in and rule out active rejection. The planned follow up for the study is 3 yr for
most patients and 5 yr for a subset of patients at high immunologic risk.

The utility of dd-cfDNA in first time single kidney transplant recipients (SKTR) was
clearly shown in the above mentioned studies, but the validity of the test in repeat
kidney transplant recipients (RKTR) was unclear until Mehta et al[38] reported a
median dd-cfDNA of RKTR (n = 12) in the surveillance group that was higher than in
the SKTR group (0.29% vs 0.19%, P < 0.001). However, both were significantly lower
than the established 1% dd-cfDNA rejection threshold[44]. Another study by
Sureshkumar et al[45], showed that there were no significant differences in dd-cfDNA
values for either deceased vs living donor (0.39% * 0.42% vs 0.37% * 0.20%, P = 0.35) or
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repeat vs first time (0.34% % 0.07% vs 0.39% + 0.43%, P = 0.36) kidney transplant
recipients. One possible reason for the latter observation could be that the limited
number of viable cells in a failed allograft is insufficient to generate enough cell-free
DNA fragments.

Using a slightly different platform from Natera to detect dd-cfDNA, Sigdel et al[35]
have shown promising results. They measured plasma dd-cfDNA with a single SNP-
based cell-free assay targeting 13392 SNPs using a massively multiplexed PCR method
to detect allograft injury or rejection without knowing the donor genotype. Altug et al
[31] further validated the performance of this method to detect the dd-cfDNA fraction
with improved precision over other currently available tests, regardless of donor-
recipient relationships. A major limitation was that the study was a retrospective
analysis of archived samples from a single center comparing outcomes of patients who
underwent for-cause biopsies, with an increased risk of rejection. The superiority in
the technique of measuring dd-cfDNA and methodology of those studies was
questioned in an editorial by Grskovic et al[46]. More studies are needed to prove the
superiority of this technique over the other available techniques used to measure dd-
cfDNA.

There have been multiple recent meta-analyses compiling the data from studies of
the potential of dd-cfDNA as a biomarker to distinguish between different types of
allograft rejection in kidney transplant recipients. A meta-analysis by Wijtvliet et al[47]
included seven studies and one by Xiao et al[48] included nine studies. Both revealed
significantly higher levels of dd-cfDNA in patients with ABMR compared with those
with no rejection. The diagnostic accuracy was less for early TCMR, particularly Banff
1A and borderline. The meta-analysis by Xiao ef al[48] revealed that the incidence of
ABMR was 12%-37% in patients with elevated dd-cfDNA, with a pretest probability of
25%, positive likelihood of 58 %, and negative likelihood of 6%, suggesting it may be a
good test to rule out rejection. The presence of DSA can enhance the ability of dd-
cfDNA to diagnose ABMR[34]. Zhang et al[49] showed that patients with positive DSA
but without ABMR on biopsy had a higher baseline dd-cfDNA value compared with
transplant recipients with neither DSA nor ABMR. The study suggests that the dd-
cfDNA level may help in differentiating possibly “benign” DSA from the more
damaging DSA that can cause ABMR. The majority of stable kidney transplant
recipients have a median dd-cfDNA value of 0.21% with an NPV of 95%; suggesting
that dd-cfDNA could be a reasonably accurate marker to rule out active rejection *A
recent meta-analysis reported similar results[48].

DD-CFDNA IN SUBCLINICAL REJECTION

Subclinical rejections are usually diagnosed in protocol biopsies, and there has been
some data to suggest that subclinical rejections portend worse long-term graft
outcomes; yet there is no data to suggest that treatment of this improves outcomes
[50]. A study by Gielis et al[51] using dd-cfDNA measured by NGS in 43 patients who
had 107 protocol biopsy specimens did not differentiate subclinical rejection from
pyelonephritis or acute tubular injury. Bloom et al[33] reported that in the DART
study, dd-cfDNA did not predict early TCMR, the majority of which were subclinical
rejections. Even though the efficacy of diagnosing subclinical rejection is low, use of
dd-cfDNA in combination with other markers of graft dysfunction such a DSA,
chemokines, gene transcripts, and other novel biomarkers, might be able to predict
rejection in immunologically high risk recipients[50]. In a recently published
multicenter study involving 79 patients with steroid-treated borderline/1A TCMR,
those with dd-cfDNA 2= 0.5% had a steeper decline in glomerular filtration rate
(median 8.5% vs 0%), more frequent development of DSA (40.5% vs 2.7%) and
recurrent rejection rates (21.4% vs 0%) at 3-6 mo post-initial diagnosis than patients
with a value < 0.5%[52].

DD-CFDNA FOR SURVEILLANCE AND MONITORING

The ideal frequency of monitoring dd-cfDNA has not been established, but studies
have shown that, depending on the type of donor organ (i.e. living or deceased with or
without DGF), the dd-cfDNA value nadirs at 2 wk post transplant, from the ischemia
reperfusion injury. Hence, the monitoring should begin at 2 wk post transplant[30].
Some studies, like as the DART study[33], measured dd-cfDNA monthly for 3 mo and
quarterly thereafter for a year, which might be a good frequency to follow. Various
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other studies to look at the outcomes of using this biomarker as a tool for surveillance
to monitor rejection in all transplant recipients or a subset of those with high immuno-
logical risk are ongoing and are described in Table 2. Interestingly, dd-cfDNA was
elevated in pathologies other than rejection, such as BK nephritis[53] and infection[54].

LIMITATIONS OF DD-CFDNA AS A BIOMARKER

The use of the dd-cfDNA assay has limitations that need to be kept in mind. The test
may give inaccurate results if performed within first 2 wk of transplant, in pregnant
women, within 24 h of kidney biopsy, in patients who received whole blood or WBC
components within a month of testing, in those with history of allogenic bone marrow
transplantation, kidney transplant from monozygotic twin and in multiorgan
transplant recipients. In dual organ transplants from a single donor, a cutoff value
above which one could anticipate an increased risk of rejection has not been defined,
and an increased value will not distinguish which organ is experiencing the injury. A
positive result in single organ recipients does increase the risk of rejection, but cannot
distinguish the grade and type of rejection. Confirmatory diagnosis of type and
intensity of rejection is still based on biopsy findings. Occasionally increased levels of
dd-cfDNA were be seen in BK nephritis or other causes of allograft injury other than
rejection.

FUTURE DIRECTIONS

The availability of dd-cfDNA for clinical use in recent years is a step in the right
direction toward noninvasive monitoring of allograft health, especially following
kidney transplantation. A number of recent publications have described the utility of
dd-cfDNA in kidney transplant recipients. In general, studies have found that dd-
cfDNA was more useful in diagnosing ABMR, with less clear impact toward
diagnosing milder forms of TCMR. One possible reason for the early rise in dd-cfDNA
levels in ABMR is the associated microvascular injury in the allograft, with earlier
release of cell-free DNA fragments into the circulation. Emerging reports suggest that
dd-cfDNA is predictive of short-term adverse graft outcomes in TCMR1A at a lower
threshold dd-cfDNA level. Despite being clinically available as an attractive option for
noninvasive allograft evaluation, there are still many unanswered questions on the
optimal utilization of these biomarkers. More large studies and experience are needed.
Some of these questions are: (1) Should we use absolute dd-cfDNA levels or dd-cfDNA
fractions? (2) What is the role of surveillance using dd-cfDNA in stable kidney
transplant recipients, and would there be a favorable impact on long-term transplant
outcomes? And (3) Is it cost effective to perform serial dd-cfDNA measurements?
Puttarajappa et al[55] used a Markov model to perform an economic analysis
comparing noninvasive biomarker monitoring to protocol biopsy during the first 12
mo following kidney transplantation. Assuming an incidence of 12% subclinical
TCMR and 3% subclinical ABMR, protocol biopsy yielded more quality-adjusted life
years at a lower cost compared with biomarkers. Hopefully many of these questions
will be answered once the results of large database studies such as KOAR and
ProActive become available.

CONCLUSION

Noninvasive monitoring of early diagnosis of kidney allograft injury is a need of the
hour. Among the various biomarkers that have been studied, dd-cfDNA captured the
most attention and data is emerging. The available literature finds dd-cfDNA to be
valuable for the early diagnosis of ABMR, but its role in milder forms of TCMR is less
clear. Similarly, the favorable impact of dd-cfDNA in allograft surveillance on long-
term outcomes is also not clear. Results from ongoing large outcome studies could
shed further light onto this.
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Table 2 Trials of donor-derived cell-free DNA in kidney transplantation

NCT02424227 Noninvasive blood test to diagnose acute rejection after kidney transplantation (DART) Completed
NCT03765203 Utility of a novel dd-cfDNA test to detect injury in renal posttransplant patients (QIDNEY) Completed
NCT03326076 Evaluation of patient outcomes from the kidney allograft outcomes allosure registry (KOAR) Recruiting
NCT04091984 The Prospera kidney transplant active rejection assessment registry (ProActive) Recruiting
NCT04057742 Allosure for the monitoring of antibody-mediated processes after kidney transplantation (All-MAP) Recruiting
NCT03759535 Study in detection cfDNA for the early stage diagnosis of acute rejection post-renal transplantation Not yet
recruiting
NCT03984747 Study for the prediction of active rejection in organs using donor-derived cell-free DNA detection (SPARO) Recruiting
NCT04130685 Donor-derived cell-free DNA for surveillance in simultaneous pancreas and kidney transplant recipients Recruiting
NCT04166149 Eliminating the need for pancreas biopsy using peripheral blood cell-free DNA (PancDX) Recruiting
NCT03859388 Longitudinal changes in donor-derived cell-free DNA with tocilizumab treatment for chronic antibody-mediated Enrolling
rejection
NCT04225988 Comparison of tacrolimus extended-release (envarsus xr) to tacrolimus immediate-release in HLA sensitized kidney Recruiting

transplant recipients
NCT04177095 Immune monitoring to facilitate belatacept monotherapy Recruiting

NCT04239703 Intercomex donor-derived cell-free DNA study Recruiting

dd-cfDNA: Donor-derived cell-free DNA; HLA: Human leukocyte antigen.

REFERENCES

1 Abecassis M, Bartlett ST, Collins AJ, Davis CL, Delmonico FL, Friedewald JJ, Hays R, Howard A,
Jones E, Leichtman AB, Merion RM, Metzger RA, Pradel F, Schweitzer EJ, Velez RL, Gaston RS.
Kidney transplantation as primary therapy for end-stage renal disease: a National Kidney
Foundation/Kidney Disease Outcomes Quality Initiative (NKF/KDOQITM) conference. Clin J Am
Soc Nephrol 2008; 3: 471-480 [PMID: 18256371 DOI: 10.2215/CJIN.05021107]

2 Lo DJ, Kaplan B, Kirk AD. Biomarkers for kidney transplant rejection. Nat Rev Nephrol 2014; 10:
215-225 [PMID: 24445740 DOI: 10.1038/nrneph.2013.281]

3 Naesens M, Anglicheau D. Precision Transplant Medicine: Biomarkers to the Rescue. J Am Soc
Nephrol 2018; 29: 24-34 [PMID: 28993504 DOI: 10.1681/ASN.2017010004]

4 Safa K, Magee CN, Azzi J. A critical review of biomarkers in kidney transplantation. Curr Opin
Nephrol Hypertens 2017; 26: 509-515 [PMID: 28857783 DOI: 10.1097/MNH.0000000000000361]

5 Wong FC, Lo YM. Prenatal Diagnosis Innovation: Genome Sequencing of Maternal Plasma. Annu
Rev Med 2016; 67: 419-432 [PMID: 26473414 DOI: 10.1146/annurev-med-091014-115715]

6  Alix-Panabiéres C, Pantel K. Clinical Applications of Circulating Tumor Cells and Circulating
Tumor DNA as Liquid Biopsy. Cancer Discov 2016; 6: 479-491 [PMID: 26969689 DOI:
10.1158/2159-8290.CD-15-1483]

7  Gold B, Cankovic M, Furtado LV, Meier F, Gocke CD. Do circulating tumor cells, exosomes, and
circulating tumor nucleic acids have clinical utility? J Mol Diagn 2015; 17: 209-224 [PMID:
25908243 DOI: 10.1016/j.jmoldx.2015.02.001]

8 Gielis EM, Ledeganck KJ, De Winter BY, Del Favero J, Bosmans JL, Claas FH, Abramowicz D,
Eikmans M. Cell-Free DNA: An Upcoming Biomarker in Transplantation. Am J Transplant 2015; 15:
2541-2551 [PMID: 26184824 DOI: 10.1111/ajt.13387]

9 Snyder TM, Khush KK, Valantine HA, Quake SR. Universal noninvasive detection of solid organ
transplant rejection. Proc Natl Acad Sci USA 2011; 108: 6229-6234 [PMID: 21444804 DOI:
10.1073/pnas.1013924108]

10  Beck J, Bierau S, Balzer S, Andag R, Kanzow P, Schmitz J, Gaedcke J, Moerer O, Slotta JE, Walson
P, Kollmar O, Oellerich M, Schiitz E. Digital droplet PCR for rapid quantification of donor DNA in
the circulation of transplant recipients as a potential universal biomarker of graft injury. Clin Chem
2013;59: 1732-1741 [PMID: 24061615 DOI: 10.1373/clinchem.2013.210328]

11 Garcia Moreira V, Prieto Garcia B, Baltar Martin JM, Ortega Suarez F, Alvarez FV. Cell-free DNA
as a noninvasive acute rejection marker in renal transplantation. Clin Chem 2009; 55: 1958-1966
[PMID: 19729469 DOI: 10.1373/clinchem.2009.129072]

12 Hidestrand M, Tomita-Mitchell A, Hidestrand PM, Oliphant A, Goetsch M, Stamm K, Liang HL,
Castleberry C, Benson DW, Stendahl G, Simpson PM, Berger S, Tweddell JS, Zangwill S, Mitchell
ME. Highly sensitive noninvasive cardiac transplant rejection monitoring using targeted
quantification of donor-specific cell-free deoxyribonucleic acid. J Am Coll Cardiol 2014; 63: 1224-
1226 [PMID: 24140666 DOI: 10.1016/j.jacc.2013.09.029]

WJEM | https://www.wjgnet.com 62 November 20,2021 | Volumel1l | Issue5 |

Jaishideng®


http://www.ncbi.nlm.nih.gov/pubmed/18256371
https://dx.doi.org/10.2215/CJN.05021107
http://www.ncbi.nlm.nih.gov/pubmed/24445740
https://dx.doi.org/10.1038/nrneph.2013.281
http://www.ncbi.nlm.nih.gov/pubmed/28993504
https://dx.doi.org/10.1681/ASN.2017010004
http://www.ncbi.nlm.nih.gov/pubmed/28857783
https://dx.doi.org/10.1097/MNH.0000000000000361
http://www.ncbi.nlm.nih.gov/pubmed/26473414
https://dx.doi.org/10.1146/annurev-med-091014-115715
http://www.ncbi.nlm.nih.gov/pubmed/26969689
https://dx.doi.org/10.1158/2159-8290.CD-15-1483
http://www.ncbi.nlm.nih.gov/pubmed/25908243
https://dx.doi.org/10.1016/j.jmoldx.2015.02.001
http://www.ncbi.nlm.nih.gov/pubmed/26184824
https://dx.doi.org/10.1111/ajt.13387
http://www.ncbi.nlm.nih.gov/pubmed/21444804
https://dx.doi.org/10.1073/pnas.1013924108
http://www.ncbi.nlm.nih.gov/pubmed/24061615
https://dx.doi.org/10.1373/clinchem.2013.210328
http://www.ncbi.nlm.nih.gov/pubmed/19729469
https://dx.doi.org/10.1373/clinchem.2009.129072
http://www.ncbi.nlm.nih.gov/pubmed/24140666
https://dx.doi.org/10.1016/j.jacc.2013.09.029

Jaishideng®

13

15

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Chopra B et al. Donor-derived cell-free DNA

De Vlaminck I, Martin L, Kertesz M, Patel K, Kowarsky M, Strehl C, Cohen G, Luikart H, Neff NF,
Okamoto J, Nicolls MR, Cornfield D, Weill D, Valantine H, Khush KK, Quake SR. Noninvasive
monitoring of infection and rejection after lung transplantation. Proc Natl Acad Sci USA 2015; 112:
13336-13341 [PMID: 26460048 DOI: 10.1073/pnas.1517494112]

Gadi VK, Nelson JL, Boespflug ND, Guthrie KA, Kuhr CS. Soluble donor DNA concentrations in
recipient serum correlate with pancreas-kidney rejection. Clin Chem 2006; 52: 379-382 [PMID:
16397013 DOI: 10.1373/clinchem.2005.058974]

Macher HC, Suérez-Artacho G, Guerrero JM, Gomez-Bravo MA, Alvarez-Gémez S, Bernal-Bellido
C, Dominguez-Pascual I, Rubio A. Monitoring of transplanted liver health by quantification of organ-
specific genomic marker in circulating DNA from receptor. PLoS One 2014; 9: €113987 [PMID:
25489845 DOI: 10.1371/journal.pone.0113987]

Zhang J, Tong KL, Li PK, Chan AY, Yeung CK, Pang CC, Wong TY, Lee KC, Lo YM. Presence of
donor- and recipient-derived DNA in cell-free urine samples of renal transplantation recipients:
urinary DNA chimerism. Clin Chem 1999; 45: 1741-1746 [PMID: 10508119 DOI:
10.1016/S0009-9120(99)00059-4]

QOellerich M, Schiitz E, Kanzow P, Schmitz J, Beck J, Kollmar O, Streit F, Walson PD. Use of graft-
derived cell-free DNA as an organ integrity biomarker to reexamine effective tacrolimus trough
concentrations after liver transplantation. Ther Drug Monit 2014; 36: 136-140 [PMID: 24452066
DOI: 10.1097/FTD.0000000000000044]

Lo YM, Tein MS, Pang CC, Yeung CK, Tong KL, Hjelm NM. Presence of donor-specific DNA in
plasma of kidney and liver-transplant recipients. Lancet 1998; 351: 1329-1330 [PMID: 9643800 DOI:
10.1016/s0140-6736(05)79055-3]

Grskovic M, Hiller DJ, Eubank LA, Sninsky JJ, Christopherson C, Collins JP, Thompson K, Song M,
Wang YS, Ross D, Nelles MJ, Yee JP, Wilber JC, Crespo-Leiro MG, Scott SL, Woodward RN.
Validation of a Clinical-Grade Assay to Measure Donor-Derived Cell-Free DNA in Solid Organ
Transplant Recipients. J Mol Diagn 2016; 18: 890-902 [PMID: 27727019 DOI:
10.1016/j.jmoldx.2016.07.003]

Sherwood K, Weimer ET. Characteristics, properties, and potential applications of circulating cell-
free dna in clinical diagnostics: a focus on transplantation. J Immunol Methods 2018; 463: 27-38
[PMID: 30267663 DOI: 10.1016/j.jim.2018.09.011]

Fleischhacker M, Schmidt B. Circulating nucleic acids (CNAs) and cancer--a survey. Biochim
Biophys Acta 2007; 1775: 181-232 [PMID: 17137717 DOI: 10.1016/j.bbcan.2006.10.001]
Sureshkumar KK, Aramada HR, Chopra B. Impact of body mass index and recipient age on baseline
donor-derived cell free DNA (dd-cfDNA) in kidney transplant recipients. Clin Transplant 2020; 34:
el4101 [PMID: 33091217 DOI: 10.1111/ctr.14101]

Chang CP, Chia RH, Wu TL, Tsao KC, Sun CF, Wu JT. Elevated cell-free serum DNA detected in
patients with myocardial infarction. Clin Chim Acta 2003; 327: 95-101 [PMID: 12482623 DOI:
10.1016/s0009-8981(02)00337-6]

Rainer TH, Wong LK, Lam W, Yuen E, Lam NY, Metreweli C, Lo YM. Prognostic use of
circulating plasma nucleic acid concentrations in patients with acute stroke. Clin Chem 2003; 49: 562-
569 [PMID: 12651807 DOI: 10.1373/49.4.562]

Suzuki N, Kamataki A, Yamaki J, Homma Y. Characterization of circulating DNA in healthy human
plasma. Clin Chim Acta 2008; 387: 55-58 [PMID: 17916343 DOIL: 10.1016/j.cca.2007.09.001]

Lo YM, Zhang J, Leung TN, Lau TK, Chang AM, Hjelm NM. Rapid clearance of fetal DNA from
maternal plasma. Am J Hum Genet 1999; 64: 218-224 [PMID: 9915961 DOI: 10.1086/302205]
Botezatu I, Serdyuk O, Potapova G, Shelepov V, Alechina R, Molyaka Y, Ananév V, Bazin I, Garin
A, Narimanov M, Knysh V, Melkonyan H, Umansky S, Lichtenstein A. Genetic analysis of DNA
excreted in urine: a new approach for detecting specific genomic DNA sequences from cells dying in
an organism. Clin Chem 2000; 46: 1078-1084 [PMID: 10926886 DOI:
10.1016/S0009-9120(00)00160-0]

Gauthier VJ, Tyler LN, Mannik M. Blood clearance kinetics and liver uptake of mononucleosomes
in mice. J Immunol 1996; 156: 1151-1156 [PMID: 8557992 DOI: 10.1084/jem.183.2.705]

Yu SC, Lee SW, Jiang P, Leung TY, Chan KC, Chiu RW, Lo YM. High-resolution profiling of fetal
DNA clearance from maternal plasma by massively parallel sequencing. Clin Chem 2013; 59: 1228-
1237 [PMID: 23603797 DOI: 10.1373/clinchem.2013.203679]

Shen J, Zhou Y, Chen Y, Li X, Lei W, Ge J, Peng W, Wu J, Liu G, Yang G, Shi H, Chen J, Jiang T,
Wang R. Dynamics of early post-operative plasma ddcfDNA levels in kidney transplantation: a
single-center pilot study. Transpl Int 2019; 32: 184-192 [PMID: 30198148 DOIL: 10.1111/tri.13341]
Altug Y, Liang N, Ram R, Ravi H, Ahmed E, Brevnov M, Swenerton RK, Zimmermann B, Malhotra
M, Demko ZP, Billings PR, Ryan A. Analytical Validation of a Single-nucleotide Polymorphism-
based Donor-derived Cell-free DNA Assay for Detecting Rejection in Kidney Transplant Patients.
Transplantation 2019; 103: 2657-2665 [PMID: 30801536 DOI: 10.1097/TP.0000000000002665]
Bromberg JS, Brennan DC, Poggio E, Bunnapradist S, Langone A, Sood P, Matas AJ, Mannon RB,
Mehta S, Sharfuddin A, Fischbach B, Narayanan M, Jordan SC, Cohen DJ, Zaky ZS, Hiller D,
Woodward RN, Grskovic M, Sninsky JJ, Yee JP, Bloom RD. Biological Variation of Donor-Derived
Cell-Free DNA in Renal Transplant Recipients: Clinical Implications. J App! Lab Med 2017; 2: 309-
321 [PMID: 33636851 DOI: 10.1373/jalm.2016.022731]

Bloom RD, Bromberg JS, Poggio ED, Bunnapradist S, Langone AJ, Sood P, Matas AJ, Mehta S,
Mannon RB, Sharfuddin A, Fischbach B, Narayanan M, Jordan SC, Cohen D, Weir MR, Hiller D,

WJEM | https://www.wjgnet.com 63 November 20,2021 | Volumel1l | Issue5 |


http://www.ncbi.nlm.nih.gov/pubmed/26460048
https://dx.doi.org/10.1073/pnas.1517494112
http://www.ncbi.nlm.nih.gov/pubmed/16397013
https://dx.doi.org/10.1373/clinchem.2005.058974
http://www.ncbi.nlm.nih.gov/pubmed/25489845
https://dx.doi.org/10.1371/journal.pone.0113987
http://www.ncbi.nlm.nih.gov/pubmed/10508119
https://dx.doi.org/10.1016/S0009-9120(99)00059-4
http://www.ncbi.nlm.nih.gov/pubmed/24452066
https://dx.doi.org/10.1097/FTD.0000000000000044
http://www.ncbi.nlm.nih.gov/pubmed/9643800
https://dx.doi.org/10.1016/s0140-6736(05)79055-3
http://www.ncbi.nlm.nih.gov/pubmed/27727019
https://dx.doi.org/10.1016/j.jmoldx.2016.07.003
http://www.ncbi.nlm.nih.gov/pubmed/30267663
https://dx.doi.org/10.1016/j.jim.2018.09.011
http://www.ncbi.nlm.nih.gov/pubmed/17137717
https://dx.doi.org/10.1016/j.bbcan.2006.10.001
http://www.ncbi.nlm.nih.gov/pubmed/33091217
https://dx.doi.org/10.1111/ctr.14101
http://www.ncbi.nlm.nih.gov/pubmed/12482623
https://dx.doi.org/10.1016/s0009-8981(02)00337-6
http://www.ncbi.nlm.nih.gov/pubmed/12651807
https://dx.doi.org/10.1373/49.4.562
http://www.ncbi.nlm.nih.gov/pubmed/17916343
https://dx.doi.org/10.1016/j.cca.2007.09.001
http://www.ncbi.nlm.nih.gov/pubmed/9915961
https://dx.doi.org/10.1086/302205
http://www.ncbi.nlm.nih.gov/pubmed/10926886
https://dx.doi.org/10.1016/S0009-9120(00)00160-0
http://www.ncbi.nlm.nih.gov/pubmed/8557992
https://dx.doi.org/10.1084/jem.183.2.705
http://www.ncbi.nlm.nih.gov/pubmed/23603797
https://dx.doi.org/10.1373/clinchem.2013.203679
http://www.ncbi.nlm.nih.gov/pubmed/30198148
https://dx.doi.org/10.1111/tri.13341
http://www.ncbi.nlm.nih.gov/pubmed/30801536
https://dx.doi.org/10.1097/TP.0000000000002665
http://www.ncbi.nlm.nih.gov/pubmed/33636851
https://dx.doi.org/10.1373/jalm.2016.022731

Chopra B et al. Donor-derived cell-free DNA

Jaishideng®

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

Prasad P, Woodward RN, Grskovic M, Sninsky JJ, Yee JP, Brennan DC; Circulating Donor-Derived
Cell-Free DNA in Blood for Diagnosing Active Rejection in Kidney Transplant Recipients (DART)
Study Investigators. Cell-Free DNA and Active Rejection in Kidney Allografts. J Am Soc Nephrol
2017; 28: 2221-2232 [PMID: 28280140 DOI: 10.1681/ASN.2016091034]

Jordan SC, Bunnapradist S, Bromberg JS, Langone AJ, Hiller D, Yee JP, Sninsky JJ, Woodward RN,
Matas AJ. Donor-derived Cell-free DNA Identifies Antibody-mediated Rejection in Donor Specific
Antibody Positive Kidney Transplant Recipients. Transplant Direct 2018; 4: €379 [PMID: 30234148
DOI: 10.1097/TXD.0000000000000821]

Sigdel TK, Archila FA, Constantin T, Prins SA, Liberto J, Damm I, Towfighi P, Navarro S, Kirkizlar
E, Demko ZP, Ryan A, Sigurjonsson S, Sarwal RD, Hseish SC, Chan-On C, Zimmermann B, Billings
PR, Moshkevich S, Sarwal MM. Optimizing Detection of Kidney Transplant Injury by Assessment of
Donor-Derived Cell-Free DNA via Massively Multiplex PCR. J Clin Med 2018; 8 [PMID: 30583588
DOI: 10.3390/jem8010019]

Melancon JK, Khalil A, Lerman MJ. Donor-Derived Cell Free DNA: Is It All the Same? Kidney360
2020; 1: 1118-11123 [DOI: 10.34067/KID.0003512020]

Paul RS, Almokayad I, Collins A, Raj D, Jagadeesan M. Donor-derived Cell-free DNA: Advancing a
Novel Assay to New Heights in Renal Transplantation. Transplant Direct 2021; 7: e664 [PMID:
33564715 DOI: 10.1097/TXD.0000000000001098]

Haller N, Helmig S, Taenny P, Petry J, Schmidt S, Simon P. Circulating, cell-free DNA as a marker
for exercise load in intermittent sports. PLoS One 2018; 13: €0191915 [PMID: 29370268 DOI:
10.1371/journal.pone.0191915]

Rykova E, Sizikov A, Roggenbuck D, Antonenko O, Bryzgalov L, Morozkin E, Skvortsova K,
Vlassov V, Laktionov P, Kozlov V. Circulating DNA in rheumatoid arthritis: pathological changes
and association with clinically used serological markers. Arthritis Res Ther 2017; 19: 85 [PMID:
28464939 DOLI: 10.1186/s13075-017-1295-7]

Whitlam JB, Ling L, Skene A, Kanellis J, Ierino FL, Slater HR, Bruno DL, Power DA. Diagnostic
application of kidney allograft-derived absolute cell-free DNA levels during transplant dysfunction.
Am J Transplant 2019; 19: 1037-1049 [PMID: 30312536 DOI: 10.1111/ajt.15142]

Schiitz E, Asendorf T, Beck J, Schauerte V, Mettenmeyer N, Shipkova M, Wieland E, Kabakchiev
M, Walson PD, Schwenger V, Oellerich M. Time-Dependent Apparent Increase in dd-cfDNA
Percentage in Clinically Stable Patients Between One and Five Years Following Kidney
Transplantation. Clin Chem 2020; 66: 1290-1299 [PMID: 33001185 DOI:
10.1093/clinchem/hvaal75]

Oellerich M, Shipkova M, Asendorf T, Walson PD, Schauerte V, Mettenmeyer N, Kabakchiev M,
Hasche G, Grone HJ, Friede T, Wieland E, Schwenger V, Schiitz E, Beck J. Absolute quantification
of donor-derived cell-free DNA as a marker of rejection and graft injury in kidney transplantation:
Results from a prospective observational study. Am J Transplant 2019; 19: 3087-3099 [PMID:
31062511 DOL: 10.1111/ajt.15416]

Huang E, Sethi S, Peng A, Najjar R, Mirocha J, Haas M, Vo A, Jordan SC. Early clinical experience
using donor-derived cell-free DNA to detect rejection in kidney transplant recipients. Am J Transplant
2019; 19: 1663-1670 [PMID: 30725531 DOIL: 10.1111/ajt.15289]

Mehta SG, Chang JH, Alhamad T, Bromberg JS, Hiller DJ, Grskovic M, Yee JP, Mannon RB.
Repeat kidney transplant recipients with active rejection have elevated donor-derived cell-free DNA.
Am J Transplant 2019; 19: 1597-1598 [PMID: 30468563 DOI: 10.1111/ajt.15192]

Sureshkumar KK, Lyons S, Chopra B. Impact of kidney transplant type and previous transplant on
baseline donor-derived cell free DNA. Transpl Int 2020; 33: 1324-1325 [PMID: 32526808 DOI:
10.1111/tri.13673]

Grskovic M, Hiller D, Woodward RN. Performance of Donor-derived Cell-free DNA Assays in
Kidney Transplant Patients. Transplantation 2020; 104: e135 [PMID: 32044893 DOI:
10.1097/TP.0000000000003084]

Wijtvliet VPWM, Placke P, Abrams S, Hens N, Gielis EM, Hellemans R, Massart A, Hesselink DA,
De Winter BY, Abramowicz D, Ledeganck KJ. Donor-derived cell-free DNA as a biomarker for
rejection after kidney transplantation: a systematic review and meta-analysis. Transpl Int 2020; 33:
1626-1642 [PMID: 32981117 DOIL: 10.1111/tri.13753]

Xiao H, Gao F, Pang Q, Xia Q, Zeng X, Peng J, Fan L, Liu J, Wang Z, Li H. Diagnostic Accuracy of
Donor-derived Cell-free DNA in Renal-allograft Rejection: A Meta-analysis. Transplantation 2021;
105: 1303-1310 [PMID: 32890130 DOI: 10.1097/TP.0000000000003443]

Zhang H, Zheng C, Li X, Fu Q, LiJ, Su Q, Zeng L, Liu Z, Wang J, Huang H, Xu B, Ye M, Liu L,
Wang C. Diagnostic Performance of Donor-Derived Plasma Cell-Free DNA Fraction for Antibody-
Mediated Rejection in Post Renal Transplant Recipients: A Prospective Observational Study. Front
Immunol 2020; 11: 342 [PMID: 32184785 DOI: 10.3389/fimmu.2020.00342]

Friedewald JJ, Kurian SM, Heilman RL, Whisenant TC, Poggio ED, Marsh C, Baliga P, Odim J,
Brown MM, Ikle DN, Armstrong BD, Charette JI, Brietigam SS, Sustento-Reodica N, Zhao L,
Kandpal M, Salomon DR, Abecassis MM; Clinical Trials in Organ Transplantation 08 (CTOT-08).
Development and clinical validity of a novel blood-based molecular biomarker for subclinical acute
rejection following kidney transplant. Am J Transplant 2019; 19: 98-109 [PMID: 29985559 DOI:
10.1111/ajt.15011]

Gielis EM, Ledeganck KJ, Dendooven A, Meysman P, Beirnaert C, Laukens K, De Schrijver J, Van
Laecke S, Van Biesen W, Emonds MP, De Winter BY, Bosmans JL, Del Favero J, Abramowicz D.

WJEM | https://www.wjgnet.com 64 November 20,2021 | Volumel1l | Issue5 |


http://www.ncbi.nlm.nih.gov/pubmed/28280140
https://dx.doi.org/10.1681/ASN.2016091034
http://www.ncbi.nlm.nih.gov/pubmed/30234148
https://dx.doi.org/10.1097/TXD.0000000000000821
http://www.ncbi.nlm.nih.gov/pubmed/30583588
https://dx.doi.org/10.3390/jcm8010019
https://dx.doi.org/10.34067/KID.0003512020
http://www.ncbi.nlm.nih.gov/pubmed/33564715
https://dx.doi.org/10.1097/TXD.0000000000001098
http://www.ncbi.nlm.nih.gov/pubmed/29370268
https://dx.doi.org/10.1371/journal.pone.0191915
http://www.ncbi.nlm.nih.gov/pubmed/28464939
https://dx.doi.org/10.1186/s13075-017-1295-z
http://www.ncbi.nlm.nih.gov/pubmed/30312536
https://dx.doi.org/10.1111/ajt.15142
http://www.ncbi.nlm.nih.gov/pubmed/33001185
https://dx.doi.org/10.1093/clinchem/hvaa175
http://www.ncbi.nlm.nih.gov/pubmed/31062511
https://dx.doi.org/10.1111/ajt.15416
http://www.ncbi.nlm.nih.gov/pubmed/30725531
https://dx.doi.org/10.1111/ajt.15289
http://www.ncbi.nlm.nih.gov/pubmed/30468563
https://dx.doi.org/10.1111/ajt.15192
http://www.ncbi.nlm.nih.gov/pubmed/32526808
https://dx.doi.org/10.1111/tri.13673
http://www.ncbi.nlm.nih.gov/pubmed/32044893
https://dx.doi.org/10.1097/TP.0000000000003084
http://www.ncbi.nlm.nih.gov/pubmed/32981117
https://dx.doi.org/10.1111/tri.13753
http://www.ncbi.nlm.nih.gov/pubmed/32890130
https://dx.doi.org/10.1097/TP.0000000000003443
http://www.ncbi.nlm.nih.gov/pubmed/32184785
https://dx.doi.org/10.3389/fimmu.2020.00342
http://www.ncbi.nlm.nih.gov/pubmed/29985559
https://dx.doi.org/10.1111/ajt.15011

Jaishideng®

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

Chopra B et al. Donor-derived cell-free DNA

The use of plasma donor-derived, cell-free DNA to monitor acute rejection after kidney
transplantation. Nephrol Dial Transplant 2020; 35: 714-721 [PMID: 31106364 DOI:
10.1093/ndt/gfz091]

Stites E, Kumar D, Olaitan O, John Swanson S, Leca N, Weir M, Bromberg J, Melancon J, Agha I,
Fattah H, Alhamad T, Qazi Y, Wiseman A, Gupta G. High levels of dd-cfDNA identify patients with
TCMR 1A and borderline allograft rejection at elevated risk of graft injury. Am J Transplant 2020;
20: 2491-2498 [PMID: 32056331 DOIL: 10.1111/ajt.15822]

Kant S, Bromberg J, Haas M, Brennan D. Donor-derived Cell-free DNA and the Prediction of BK
Virus-associated Nephropathy. Transplant Direct 2020; 6: €622 [PMID: 33134498 DOI:
10.1097/TXD.0000000000001061]

Goussous N, Xie W, Dawany N, Scalea JR, Bartosic A, Haririan A, Kalil R, Drachenberg C, Costa N,
Weir MR, Bromberg JS. Donor-derived Cell-free DNA in Infections in Kidney Transplant Recipients:
Case Series. Transplant Direct 2020; 6: ¢568 [PMID: 32766423 DOI:
10.1097/TXD.0000000000001019]

Puttarajappa CM, Mehta RB, Roberts MS, Smith KJ, Hariharan S. Economic analysis of screening
for subclinical rejection in kidney transplantation using protocol biopsies and noninvasive biomarkers.
Am J Transplant 2021; 21: 186-197 [PMID: 32558153 DOI: 10.1111/ajt.16150]

Patel R, Terasaki PI. Significance of the positive crossmatch test in kidney transplantation. N Engl J
Med 1969; 280: 735-739 [PMID: 4886455 DOI: 10.1056/NEJM196904032801401]

Mahoney RJ, Ault KA, Given SR, Adams RJ, Breggia AC, Paris PA, Palomaki GE, Hitchcox SA,
White BW, Himmelfarb J. The flow cytometric crossmatch and early renal transplant loss.
Transplantation 1990; 49: 527-535 [PMID: 2138366 DOI: 10.1097/00007890-199003000-00011]
Pei R, Lee JH, Shih NJ, Chen M, Terasaki PI. Single human leukocyte antigen flow cytometry beads
for accurate identification of human leukocyte antigen antibody specificities. Transplantation 2003;
75: 43-49 [PMID: 12544869 DOI: 10.1097/00007890-200301150-00008]

Ashokkumar C, Shapiro R, Tan H, Ningappa M, Elinoff B, Fedorek S, Sun Q, Higgs BW, Randhawa
P, Humar A, Sindhi R. Allospecific CD154+ T-cytotoxic memory cells identify recipients
experiencing acute cellular rejection after renal transplantation. Transplantation 2011; 92: 433-438
[PMID: 21747326 DOI: 10.1097/TP.0b013e318225276d]

He J, Li Y, Zhang H, Wei X, Zheng H, Xu C, Bao X, Yuan X, Hou J. Immune function assay
(ImmuKnow) as a predictor of allograft rejection and infection in kidney transplantation. Clin
Transplant 2013; 27: E351-E358 [PMID: 23682828 DOI: 10.1111/ctr.12134]

Loupy A, Lefaucheur C, Vernerey D, Prugger C, Duong van Huyen JP, Mooney N, Suberbielle C,
Frémeaux-Bacchi V, Méjean A, Desgrandchamps F, Anglicheau D, Nochy D, Charron D, Empana JP,
Delahousse M, Legendre C, Glotz D, Hill GS, Zeevi A, Jouven X. Complement-binding anti-HLA
antibodies and kidney-allograft survival. N Engl J Med 2013; 369: 1215-1226 [PMID: 24066742
DOI: 10.1056/NEJMoal302506]

Hricik DE, Augustine J, Nickerson P, Formica RN, Poggio ED, Rush D, Newell KA, Goebel J,
Gibson IW, Fairchild RL, Spain K, Iklé D, Bridges ND, Heeger PS; CTOT-01 consortium. Interferon
Gamma ELISPOT Testing as a Risk-Stratifying Biomarker for Kidney Transplant Injury: Results
From the CTOT-01 Multicenter Study. Am J Transplant 2015; 15: 3166-3173 [PMID: 26226830
DOL: 10.1111/ajt.13401]

Roedder S, Sigdel T, Salomonis N, Hsieh S, Dai H, Bestard O, Metes D, Zeevi A, Gritsch A,
Cheeseman J, Macedo C, Peddy R, Medeiros M, Vincenti F, Asher N, Salvatierra O, Shapiro R, Kirk
A, Reed EF, Sarwal MM. The kSORT assay to detect renal transplant patients at high risk for acute
rejection: results of the multicenter AART study. PLoS Med 2014; 11: ¢1001759 [PMID: 25386950
DOI: 10.1371/journal.pmed.1001759]

Aquino-Dias EC, Joelsons G, da Silva DM, Berdichevski RH, Ribeiro AR, Veronese FJ, Gongalves
LF, Manfro RC. Non-invasive diagnosis of acute rejection in kidney transplants with delayed graft
function. Kidney Int 2008; 73: 877-884 [PMID: 18216781 DOI: 10.1038/sj.ki.5002795]

Li B, Hartono C, Ding R, Sharma VK, Ramaswamy R, Qian B, Serur D, Mouradian J, Schwartz JE,
Suthanthiran M. Noninvasive diagnosis of renal-allograft rejection by measurement of messenger
RNA for perforin and granzyme B in urine. N Engl J Med 2001; 344: 947-954 [PMID: 11274620
DOI: 10.1056/NEJM200103293441301]

Hricik DE, Nickerson P, Formica RN, Poggio ED, Rush D, Newell KA, Goebel J, Gibson IW,
Fairchild RL, Riggs M, Spain K, Ikle D, Bridges ND, Heeger PS; CTOT-01 consortium. Multicenter
validation of urinary CXCL9 as a risk-stratifying biomarker for kidney transplant injury. Am J
Transplant 2013; 13: 2634-2644 [PMID: 23968332 DOI: 10.1111/ajt.12426]

Suthanthiran M, Schwartz JE, Ding R, Abecassis M, Dadhania D, Samstein B, Knechtle SJ,
Friedewald J, Becker YT, Sharma VK, Williams NM, Chang CS, Hoang C, Muthukumar T, August P,
Keslar KS, Fairchild RL, Hricik DE, Heeger PS, Han L, Liu J, Riggs M, Ikle DN, Bridges ND,
Shaked A; Clinical Trials in Organ Transplantation 04 (CTOT-04) Study Investigators. Urinary-cell
mRNA profile and acute cellular rejection in kidney allografts. N Engl J Med 2013; 369: 20-31
[PMID: 23822777 DOI: 10.1056/NEJMoal215555]

Renesto PG, Ponciano VC, Cenedeze MA, Saraiva Camara NO, Pacheco-Silva A. High expression of
Tim-3 mRNA in urinary cells from kidney transplant recipients with acute rejection. Am J Transplant
2007; 7: 1661-1665 [PMID: 17430399 DOIL: 10.1111/1.1600-6143.2007.01795.x]

Valujskikh A, Lakkis FG. In remembrance of things past: memory T cells and transplant rejection.
Immunol Rev 2003; 196: 65-74 [PMID: 14617198 DOI: 10.1046/j.1600-065x.2003.00087.x]

WJEM | https://www.wjgnet.com 65 November 20,2021 | Volumel1l | Issue5 |


http://www.ncbi.nlm.nih.gov/pubmed/31106364
https://dx.doi.org/10.1093/ndt/gfz091
http://www.ncbi.nlm.nih.gov/pubmed/32056331
https://dx.doi.org/10.1111/ajt.15822
http://www.ncbi.nlm.nih.gov/pubmed/33134498
https://dx.doi.org/10.1097/TXD.0000000000001061
http://www.ncbi.nlm.nih.gov/pubmed/32766423
https://dx.doi.org/10.1097/TXD.0000000000001019
http://www.ncbi.nlm.nih.gov/pubmed/32558153
https://dx.doi.org/10.1111/ajt.16150
http://www.ncbi.nlm.nih.gov/pubmed/4886455
https://dx.doi.org/10.1056/NEJM196904032801401
http://www.ncbi.nlm.nih.gov/pubmed/2138366
https://dx.doi.org/10.1097/00007890-199003000-00011
http://www.ncbi.nlm.nih.gov/pubmed/12544869
https://dx.doi.org/10.1097/00007890-200301150-00008
http://www.ncbi.nlm.nih.gov/pubmed/21747326
https://dx.doi.org/10.1097/TP.0b013e318225276d
http://www.ncbi.nlm.nih.gov/pubmed/23682828
https://dx.doi.org/10.1111/ctr.12134
http://www.ncbi.nlm.nih.gov/pubmed/24066742
https://dx.doi.org/10.1056/NEJMoa1302506
http://www.ncbi.nlm.nih.gov/pubmed/26226830
https://dx.doi.org/10.1111/ajt.13401
http://www.ncbi.nlm.nih.gov/pubmed/25386950
https://dx.doi.org/10.1371/journal.pmed.1001759
http://www.ncbi.nlm.nih.gov/pubmed/18216781
https://dx.doi.org/10.1038/sj.ki.5002795
http://www.ncbi.nlm.nih.gov/pubmed/11274620
https://dx.doi.org/10.1056/NEJM200103293441301
http://www.ncbi.nlm.nih.gov/pubmed/23968332
https://dx.doi.org/10.1111/ajt.12426
http://www.ncbi.nlm.nih.gov/pubmed/23822777
https://dx.doi.org/10.1056/NEJMoa1215555
http://www.ncbi.nlm.nih.gov/pubmed/17430399
https://dx.doi.org/10.1111/j.1600-6143.2007.01795.x
http://www.ncbi.nlm.nih.gov/pubmed/14617198
https://dx.doi.org/10.1046/j.1600-065x.2003.00087.x

JRnishideng®

Published by Baishideng Publishing Group Inc
7041 Koll Center Parkway, Suite 160, Pleasanton, CA 94566, USA
Telephone: +1-925-3991568
E-mail: bpgoffice@wijgnet.com
Help Desk: https://www.t6publishing.com/helpdesk

https:/ /www.wjgnet.com

© 2021 Baishideng Publishing Group Inc. All rights reserved.


mailto:bpgoffice@wjgnet.com
https://www.f6publishing.com/helpdesk
https://www.wjgnet.com

