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Abstract

Purpose of Review Acute allograft rejection is a common cause of morbidity and mortality in heart and lung transplantation.
Unfortunately, the current monitoring gold standard—biopsy plus histopathology—has several limitations. Plasma donor-
derived cell-free DNA (dd-cfDNA) has emerged as a potentially valuable biomarker for rejection that addresses some of
the limitations of biopsy. This review covers the current state of the evidence and future directions for the use of dd-cfDNA
in the monitoring of acute rejection.

Recent Findings The results of several observational cohort studies demonstrate that levels of dd-cfDNA increase in the
setting of acute cellular rejection and antibody-mediated rejection in both heart and lung transplant recipients. dd-cfDNA
demonstrates acceptable performance characteristics, but low specificity for the detection of underlying injury from rejection
or infection. In particular, the high negative predictive value of the test in both heart and lung transplant patients provides
the potential for its use as a screening tool for the monitoring of allograft health rather than tissue biopsy alone.

Summary Existing evidence shows that dd-cfDNA is a safe, convenient, and reliable method of acute rejection monitoring
in heart and lung transplant recipients. Further studies are required to validate threshold values for clinical use and determine
its role in the diagnosis of alternative forms of allograft injury.

Keywords Lung transplant - Acute rejection - Rejection monitoring - Heart transplant

Introduction

Acute allograft rejection, including acute cellular rejection
(ACR) and antibody-mediated rejection (AMR), remains a
substantial cause of morbidity and morbidity in heart and
lung transplantation. It is estimated that up to 50% of lung
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transplant and 12% of heart transplant patients are treated
for ACR during the first year post-transplant [1]. The true
incidence of AMR remains uncertain, owing to variations
in definitions and diagnostic criteria, with estimates ranging
from 4 to>50% in lung transplant recipients and 3 to 85%
in heart transplant recipients [1-3]. Acute allograft rejec-
tion serves as a risk factor for chronic rejection, defined as
chronic lung allograft dysfunction (CLAD) in lung trans-
plant and chronic allograft vasculopathy (CAV) for heart
transplant [4-7].

Given the relatively high incidence and serious conse-
quences of acute allograft rejection, close monitoring of
allograft health is an essential component of post-transplant
care. The standard method of monitoring allograft health
is through biopsy of the allograft, either in response to a
change in clinical status (clinically indicated biopsy) and/or
the performance of routine surveillance biopsy in asympto-
matic individuals. The vast majority of heart and lung trans-
plant centers perform routine surveillance biopsy in the form
of endomyocardial biopsy (EMB) or transbronchial biopsy
(TBBx), respectively, to screen for acute allograft rejection
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[8, 9]. However, as a screening tool, these procedures may
be costly and inconvenient and place the patient at undue
risk for procedural complications [10]. Biopsy samples are
analyzed for histopathology, which has high interobserver
variability and potentially low sensitivity. With these draw-
backs in mind, the search for a safer, non-invasive method
to assess underlying allograft injury has been the subject of
serious investigation.

Plasma donor-derived cell-free DNA (dd-cfDNA) has
recently emerged as a potentially valuable biomarker for
the non-invasive assessment of allograft injury in heart and
lung transplant recipients. Studies demonstrating the ability
of dd-cfDNA to detect episodes of acute allograft rejection
provide great promise for the development of an accurate,
safe, and convenient approach to the diagnosis and monitor-
ing of allograft rejection. This review will cover the current
state of the evidence and future directions for the use of
dd-cfDNA in the monitoring of acute rejection in heart and
lung transplant recipients.

Characteristics of Cell-Free DNA
and Detection

When a cell undergoes apoptosis or necrosis, it releases
fragments of double-stranded DNA into the bloodstream,
and other bodily fluids, known as cell-free DNA (cfDNA).
The majority of these fragments are mononucleosomal with
lengths of 150-180 base pairs. Lower proportions of di-,
tri-, and other multiples of nucleosomal fragments are also
detected. This length distribution suggests an apoptotic ori-
gin, as this size is roughly consistent with nucleosome length
plus variable fragments of linker DNA produced by apop-
totic endonucleases [11, 12]. Larger fragments of cfDNA, up
to 21 kilobase pairs, have also been identified in the blood-
stream presumably due to cellular necrosis or active secre-
tion of cfDNA [13-15]. Upon entering the bloodstream, the
half-life of cfDNA has been estimated to range from 16 min
to 2.5 h [16, 17]. The majority is excreted in the urine or
undergoes degradation by local macrophages in the liver or
spleen [18].

Quantitation of dd-cfDNA

Levels of plasma cfDNA may increase in the setting of tissue
injury. Transplantation creates an unusual clinical scenario
with genomic admixture of donor and recipient genomes.
Therefore, it is possible to genetically differentiate cfDNA
originating from the donor allograft versus that which origi-
nates from the recipient based on genetic differences. Multi-
ple approaches are now available to identify and quantify the
amount of donor-derived cfDNA (dd-cfDNA) as a measure
of allograft injury.
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These assays generally have two components: an
approach to identify donor versus recipient genetic mate-
rial and an approach to quantitate or semi-quantitate donor-
derived cell-free DNA (Fig. 1). Initial methods leveraged
sex-specific chromosomal differences utilizing chromo-
some Y specific to cfDNA and quantitative PCR to quan-
titate donor-derived cfDNA [19]. This method was obvi-
ously limited by the requirement for a gender mismatch
between the donor and recipient. Another early approach
identified donor cfDNA based on human leukocyte antigen
(HLA) mismatch between the donor and recipients [20].
This method was more broadly applicable than the prior
method, but required HLA mismatches between transplant
donors and recipients. Recent approaches leverage spe-
cific single nucleotide polymorphisms (SNPs) between
donor and recipient. The first iteration of the SNP-based
approaches relied on whole-genome genotyping using
pre-transplant donor and recipient DNA. The genotyped
data are compared for each donor-recipient pair to iden-
tify informative SNPs. However, genotyping is expensive
and increases assay turnaround time and it is often not
practical to reliably obtain donor blood for genotyping in
clinical practice. Therefore, a second iteration known as
the one-genome approach requires only recipient but not
donor genotype. This approach uses the recipient geno-
type and a computational algorithm to estimate informa-
tive donor and recipient SNP [21]. A third iteration lev-
erages publicly available population genomic data such
as the 1000 Genomes Project to define a set of common
and informative SNPs in the population, and therefore,
potentially present in a transplant donor-recipient pair. The
latter approach completely obviates the need for genotyp-
ing or any pre-transplant material. These approaches are
generally broadly applicable and now commercially avail-
able [22, 23].

After the identification of donor vs recipient genetic
material, amplification and quantitation are the next impor-
tant steps for the various cfDNA testing approaches. These
methods vary and include whole-genome sequencing, tar-
geted genome sequencing, quantitative PCR (qPCR), and
digital droplet PCR (ddPCR) [22, 24, 25]. These methods
estimate the absolute copies or amount of donor versus
recipient cfDNA in the sample. However, given that allograft
size varies between patients, it is assumed that the absolute
amount of dd-cfDNA also varies between patients signifi-
cantly. Therefore, dd-cfDNA is traditionally reported as a
percentage of donor to total (donor plus recipient) SNPs.
The latter reporting scheme relies on a stable recipient-
derived cfDNA to obtain reliable data, a potential limitation
in interpretation of the test. The clinical utility of these two
reporting approaches of dd-cfDNA as absolute amount per
mL of plasma or as a percentage of total cfDNA is under
investigation.
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dd-cfDNA in Lung Transplant Recipients

Increases in levels of dd-cfDNA have been detected in
response to allograft injury in lung transplant patients [20,
26-30]. De Vlaminck et al. conducted a single-center, pro-
spective cohort study in which 51 patients were enrolled.
Serial plasma samples were collected at specified time
points after transplantation, including at the time of bron-
choscopy [27]. Their approach used genotyped donor
and recipient pre-transplant DNA to identify informa-
tive SNPs and used whole-genome sequencing to amplify
cfDNA. They reported %ddcfDNA and showed that levels
were high after transplant surgery and decayed logarith-
mically with a two-phase decay to reach stable baseline
levels. %ddcfDNA significantly increased at the time of
histopathological grade moderate or severe ACR (ACR
grade > 3) vs stable controls. A threshold dd-cfDNA level
of > 1% demonstrated 100% sensitivity and 73% specificity
for the diagnosis of moderate or severe ACR with an area
under the receiver-operating characteristic curve (AUC)
of 0.9.

Khush et al. also performed a single-center, prospective
cohort study analyzing 107 plasma dd-cfDNA samples in
38 patients with corresponding histopathology by TBBx
and clinical data to adjudicate for ISHLT grade “prob-
able” AMR [31]. The commercially available dd-cfDNA
approach used targeted sequencing around a set of pre-
established informative SNPs that were established from
population genomic data. They reported %ddcfDNA and
showed that median dd-cfDNA levels were significantly
elevated in 29 ACR events vs. 28 stable controls (0.91%
vs. 0.38%; p=0.021). While median levels of dd-cfDNA
were higher in samples with “probable” AMR (n=9), this
did not meet statistical significance, potentially owing to
a small sample size (1.34% vs 0.38%; p=0.07). Nota-
bly, dd-cfDNA levels were also elevated in the setting of

obstructive CLAD vs stable controls (2.06% vs 0.38%;
p=0.02). In this study, dd-cfDNA was not elevated in
patients with positive BAL microbiology (reflecting
both infection and colonization) in comparison to stable
controls.

Jang et al. recently estimated the performance charac-
teristics of dd-cfDNA for the diagnosis of acute rejection
(both ACR and AMR) [29]. This multicenter prospective
cohort study enrolled 148 lung transplants and serially col-
lected plasma samples simultaneously with all bronchoscopy
(both clinical and surveillance) and pulmonary function test-
ing (PFT). Their approach used whole-genome genotyping
and sequencing to quantitate and report %ddcfDNA. The
presented post-transplant decay kinetics of %ddcfDNA
that followed a logarithmic decay. Their data indicate that
%ddcfDNA levels are elevated before 45 days of transplanta-
tion as they undergo natural decay, making them potentially
less reliable for interpretation during this timeframe. The
median dd-cfDNA for episodes of acute rejection (n=287)
was 1.95%. A dd-cfDNA threshold of > 1% yielded a sensi-
tivity of 77%, specificity of 84%, positive predictive value
(PPV) of 60%, and negative predictive value (NPV) of 90%
with an AUC of 0.89. Furthermore, levels of dd-cfDNA
were often observed to be elevated months before the ini-
tial diagnosis, particularly in the case of AMR at the onset
of identification of donor-specific antibodies (DSA). This
finding suggests that dd-cfDNA may indicate the onset of
allograft injury prior to the clinical or histopathologic mani-
festations of the disease. This study also demonstrated no
significant elevation in dd-cfDNA in patients with positive
BAL microbiology alone; however, dd-cfDNA was signifi-
cantly elevated in patients with positive microbiology and
concurrent decline in PFT and abnormal histopathology.
This may indicate that dd-cfDNA is elevated in the setting of
clinically relevant infection rather than solely colonization.

Taking the available evidence into account, dd-cfDNA,
reported as %ddcfDNA appears to demonstrate good

Table 1 Selected studies evaluating performance characteristics of dd-cfDNA for the diagnosis of acute rejection in adult lung transplant recipi-

ents
Study Study design Patients Identification technique =~ %ddcfDNA Performance characteristics
enrolled threshold
De Vlaminck et al. 2015 [27]  Single-center prospective 51 Two-genome genotyping > 1% ACR>?2R: Sensitivity: 100%
cohort study Specificity: 73% AUC: 0.9
Sayah et al. 2020 [26] Multicenter prospective 26 Targeted SNPs >0.85% ACR > IR: Sensitivity: 73%
cohort study Specificity: 53% AUC: 0.72
Khush et al. 2021 [31] Single-center prospective 38 Targeted SNPs >0.85% ACR>1 R or AMR or BOS:
cohort study Sensitivity: 56% Specific-
ity:76% NPV: 84% AUC:
0.67
Jang et al. 2021 [29] Multicenter prospective 148 Two-genome genotyping >1% ACR> 1R or AMR: Sensitiv-

cohort study

ity:77% Specificity: 84%
NPV: 90% AUC: 0.89
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diagnostic accuracy for the diagnosis of acute rejection in
lung transplant patients (Table 1). In particular, its high
negative predictive value for acute rejection suggests the
potential to non-invasively rule outpatients with underlying
allograft injury. This may obviate the need for routine sur-
veillance bronchoscopy, and instead, provide a non-invasive
method of screening patients who would most benefit from
bronchoscopy with transbronchial biopsy.

A previous prospective cohort study by our group also
demonstrated that early elevations of %ddcfDNA may be
predictive of long-term outcomes [28]. The sample of 108
patients included subjects from two prospective cohorts
with a median post-transplant follow-up of 36 months. A
plot of %ddcfDNA against time revealed that all subjects
showed high %ddcfDNA immediately after surgery. How-
ever, the decay kinetics to reach baseline levels varied
between patients. Group 1 patients showed fast %ddcfDNA
decay and reached low baseline levels within 1 month of
transplantations; group 2 reach low baseline levels within
1-3 months, while group 3 patients reached baseline lev-
els after 3 months. Group 3 patients showed ~7 times the
risk of developing allograft failure, a composite endpoint
of CLAD, re-transplantation, or early death. This work pro-
vided evidence that high and unresolving %ddcfDNA early
after transplantation, indicative of early allograft injury, is
a risk factor for chronic allograft failure. Further studies by
our lab have also revealed that higher levels of dd-cfDNA at
72 h in patients with primary graft dysfunction are associ-
ated with an increased risk of developing CLAD [30].

dd-cfDNA in Heart Transplant Recipients

Elevations in dd-cfDNA are also present in the setting of
allograft injury in heart transplant recipients [32-34]. An
early retrospective analysis of 7 heart transplant recipients
performed by Snyder et al. in 2011 demonstrated increases
in dd-cfDNA in the setting of acute rejection with an AUC
of 0.84 at a threshold of 1.7% for the detection of > Grade
2R/3A ACR or AMR [35]. This study genotyped both donor
and recipient and used unbiased whole-genome sequencing
to identify informative SNPs and quantitate %ddcfDNA. A
subsequent single-center study from the same group per-
formed a prospective cohort study involving 21 pediatric
and 44 adult heart transplant recipients (565 samples) that
demonstrated an AUC of 0.83 and 0.95 for the diagnosis of
moderate and severe rejection respectively [36]. Notably,
this study further evaluated cases of “discordant” results,
in which levels of dd-cfDNA were elevated in the absence
of histopathological evidence of rejection or elevated out of
proportion to cases of mild rejection. Among 5 samples with
an elevated dd-cfDNA but biopsy grade 0, 4 of these patients
were diagnosed with mild rejection within the subsequent

6 weeks. Likewise, among the 5 most discordant readings
in patients diagnosed with mild rejection, 4 of these patients
went on to develop moderate-severe ACR or AMR in the
subsequent 2 months.

Two recent large, multicenter, prospective cohort studies
have further evaluated the performance characteristics for
the diagnosis of acute rejection in heart transplant recipients.
Using targeted next-generation sequencing, Khush et al. lon-
gitudinally sampled plasma dd-cfDNA in 740 heart trans-
plant patients (2447 samples) from 26 centers undergoing
both surveillance and for-cause EMB [34]. Levels of plasma
dd-cfDNA were paired with histopathological results at the
time of biopsy in order to determine the correlation of levels
of dd-cfDNA with acute rejection and estimate the perfor-
mance characteristics for the diagnosis of acute rejection. At
a threshold of 0.2%, dd-cfDNA had a sensitivity of 44% and
specificity of 80% for the diagnosis of acute rejection (AUC
of 0.64) with a NPV of 97.1%.

Utilizing whole-genome shotgun sequencing, Agbor-
Enoh et al. prospectively followed 171 heart transplant
patients from 5 US centers for a median of 17.7 months
post-transplant and collected serial plasma dd-cfDNA (1834
samples) in conjunction with both surveillance and for-cause
EMB (1392 biopsies) [33]. Levels of dd-cfDNA were higher
in patients with histopathological evidence of acute rejection
than in controls with mild or no rejection (0.38% vs. 0.03%,
p<0.001). Levels of dd-cfDNA correlated with the sever-
ity of rejection and levels were noted to be higher in AMR
vs ACR. A threshold dd-cfDNA of 0.25% demonstrated a
sensitivity of 81% and specificity of 85% for the diagnosis of
AR (AUC 0f 0.92) with a negative predictive value of 99.2%.
It was estimated that utilizing a dd-cfDNA monitoring strat-
egy with a threshold of 0.25% to trigger EMB would have
avoided 81% of the EMBs performed. Again, rises in dd-
cfDNA were often noted months prior to the histopathologic
diagnosis of acute rejection, especially in the case of AMR.

Similar to lung transplant recipients, initial studies imply
that one of the most promising clinical applications of dd-
cfDNA in heart transplant patients lies with a non-invasive
method of surveillance monitoring (Table 2). The high NPV
of the test may allow it to be utilized as a screening tool
to effectively rule out the presence of underlying allograft
dysfunction and identify patients who would benefit from
proceeding to surveillance EMB. Clinical trials are being
planned to test the utility of dd-cfDNA as a safe surveillance
monitoring tool in place of surveillance biopsies.

Limitations
Despite the potential of dd-cfDNA to serve as a promis-

ing tool for rejection monitoring in heart and lung trans-
plant recipients, it is important to understand its limitations.
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Table 2 Selected studies evaluating performance characteristics of dd-cfDNA for the diagnosis of acute rejection in adult heart transplant recipi-

ents

Study Study design

Patients enrolled Identification technique

%ddcfDNA  Performance characteristics
threshold

De Vlaminck et al. 2014 Single-center prospective ~ 65°
[36] cohort study

Khush et al. 2019 [34] Multicenter prospective 740

cohort study

Richmond et al. 2020 [32] Multicenter prospective 174°

cohort study

Agbor-Enoh et al. 2021 Multicenter prospective 171
[33] cohort study

Grade 2R/3A ACR+ AMR:
Sensitivity: 53% Specific-
ity: 93% AUC 0.83

ACR 2R + AMR: Sensitiv-
ity: 44% Specificity: 80%
NPV: 97% AUC: 0.64

ACR> 1R: Sensitivity: 73%
Specificity: 93% NPV:
91% AUC: 0.86

ACR Grade 2R or AMR:
Sensitivity: 81% Specific-
ity: 85% NPV: 99.2%
AUC: 0.92

Two-genome genotyping 0.25%

Targeted SNPs 0.2%

One-genome genotyping 0.3%

Two-genome sequencing 0.25%

#Included 21 pediatric patients
®Included 101 pediatric patients

Plasma dd-cfDNA, as reported by a percentage, represents
the fraction of donor to donor plus recipient cell-free DNA
and, therefore, is also influenced by the amount of recipient
cell-free DNA in the plasma. In transplantation, immuno-
suppression drug toxicity, sepsis, and other complications
are common. All of these may trigger injury to recipient
end organs, particularly kidney, hematopoietic cells, and
liver, leading to a rise in recipient-derived cfDNA, and an
erroneously low plasma %ddcfDNA even in the presence of
concurrent allograft dysfunction and injury [37-42]. Fur-
thermore, the use of dd-cfDNA in patients with multiorgan
transplants remains undefined. In patients with multiorgan
transplants from a single donor, current assays do not have
the ability to distinguish the tissue of origin, and baseline
levels differ between solid organ transplants according to
tissue mass, cellular composition, and level of perfusion [43,
44]. In multiorgan transplant patients with different donors,
many commercially available assays do not distinguish the
genotype from each allograft and are limited to single organ,
single donor transplants [45].

Another limitation to the use of dd-cfDNA in heart and
lung transplant is its poor specificity to distinguish between
specific causes of allograft injury. Given that several patho-
logic conditions may induce allograft cellular apoptosis and
necrosis, dd-cfDNA may result from conditions other than
acute rejection such as infection or inflammatory disorders.
In lung transplant recipients, elevations in dd-cfDNA occur
in the presence of clinically relevant lower respiratory tract
infections or colonization with high-risk pathogens associ-
ated with downstream allograft dysfunction [29, 46, 47].
Along these lines, without corresponding histopathology,
dd-cfDNA alone cannot reliably differentiate between ACR
vs. AMR.
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Future Directions

In both heart and lung transplants, cohort studies have estab-
lished specific dd-cfDNA threshold values for the identi-
fication of clinically relevant transplant complications in
surveillance monitoring. Additional studies are needed to
validate these thresholds and test their clinical utility. Addi-
tionally, while levels of dd-cfDNA may be elevated at the
time of acute rejection or infection, changes in levels in
response to treatment, and their implications for recovery
and prognosis, remain an area of active research. The utility
of dd-cfDNA to risk stratify patients with various transplant
complications, such as the development of donor-specific
antibodies (DSA), is also under investigation. Although the
majority of research has focused on the diagnostic potential
of dd-cfDNA in the setting of acute rejection, further inves-
tigation is required to determine the utility of dd-cfDNA
in the development of forms of chronic rejection such as
CLAD and CAV.

Levels of dd-cfDNA may have prognostic significance,
with elevations at the time of allograft injury predicting
future adverse outcomes. In lung transplant recipients, early
levels of dd-cfDNA during the first 3 months post-transplant
and at the time of primary graft dysfunction are associated
with the development of CLAD [28, 30]. Similar trends in
worse long-term outcomes associated with early dd-cfDNA
levels have also been suggested in heart transplant recipients
and merit further investigation [48-50]. The development
of predictive modeling algorithms incorporating dd-cfDNA
would allow for the identification of patients at risk of poor
long-term outcomes. These patients may require closer mon-
itoring or consideration for inclusion in clinical trials aimed
at preventing the onset of chronic rejection.
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Recently, epigenetic advances in techniques utilizing
DNA methylation patterns as well as fragmentomic and top-
ologic analysis of cell-free DNA have generated the potential
to identify tissue-specific cfDNA patterns that may distin-
guish the tissue of origin [51]. By analyzing tissue-specific
DNA methylation signatures with bisulfite sequencing, lev-
els of cfDNA from different tissue sources have been quan-
titated in a cohort of COVID-19 patients, producing a “map”
of tissue injury patterns [52]. These advances may provide
further clarity into the role that recipient-derived cfDNA
plays in the interpretation of dd-cfDNA values and may also
provide further insight into the role that systemic inflamma-
tion may play during episodes of acute allograft rejection.
Given that different tissue types contribute to AMR, ACR,
or infection, different tissue sources of cfDNA likely occur
in these conditions. These novel cfDNA approaches may
therefore be utilized to increase the specificity of cfDNA for
the diagnosis of various types of allograft injury.

Conclusion

As a non-invasive, quantitative marker of allograft injury,
dd-cfDNA provides promise as a safe, accurate, and feasi-
ble method of acute rejection monitoring in heart and lung
transplant recipients. While further studies are required to
validate specific threshold values for routine clinical use,
dd-cfDNA currently demonstrates the greatest potential as a
surveillance monitoring tool, screening patients who would
most benefit from preceding to biopsy. The further ongoing
investigation will determine its role in the diagnosis of other
forms of allograft injury, its potential to serve as a treatment
target following episodes of acute rejection of infection, and
the ability to serve as a prognostic marker for adverse long-
term outcomes. Advances in the use of dd-cfDNA rejection
monitoring further realizes our quest for the development of
precision medicine techniques in heart and lung transplant
recipients.
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