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Background: After heart transplantation, Endomyocardial biopsy (EMBX) is used to monitor for
acute rejection (AR). Unfortunately, EMBX is invasive and its conventional histologic
interpretation has limitations. This is a validation study to assesses the performance of a sensitive
blood biomarker— percent donor-derived cell-free DNA (%ddcfDNA) — for detection of AR in
cardiac transplant recipients.

Methods: This multicenter, prospective cohort study recruited heart transplant subjects and
collected plasma samples contemporaneously with EMBXx for %ddcfDNA measurement by
shotgun sequencing. Histopathology data was collected to define AR, its two phenotypes (acute
cellular rejection, ACR, and antibody-mediated rejection, AMR) and controls without rejection.
The primary analysis was to compare %ddcfDNA levels (median and interquartile range — IQR)
for AR, AMR and ACR to controls and to determine %ddcfDNA test characteristics using
receiver-operator characteristics analysis.

Results: The study included 171 subjects with median post-transplant follow-up of 17.7 months
(IQR: 12.1-23.6), with 1,392 EMBX, and 1,834 ddcfDNA measures available for analysis. Median
%ddcfDNA levels decayed after surgery to 0.13% (0.03-0.21) by 28 days. %ddcfDNA increased
again with AR compared to controls values (0.38, IQR=0.31-0.83, vs. 0.03, IQR=0.01-0.14
p<0.001). The rise was detected 0.5 and 3.2 months before histopathological diagnosis of ACR
and AMR. The area-under-the- receiver-operator characteristics curve (AUROC) for AR was 0.92.
A 0.25 %ddcfDNA threshold had a negative predictive value (NPV) for AR of 99% and would
have safely eliminated 81% of EMBx. %ddcfDNA showed distinctive characteristics comparing
AMR to ACR, included 5-fold higher levels (pAMR =2 1.68, IQR=0.49-2.79 vs. ACR grade =22R
0.34, IQR=0.28-0.72), higher AUROC (0.95 vs. 0.85), higher guanosine-cytosine content, and
higher percentage of short ddcfDNA fragments.

Conclusion: %ddcfDNA detected AR with a high AUROC and NPV. Monitoring with
ddcfDNA, demonstrated excellent performance characteristics for both ACR and AMR and led to
earlier detection than the EMBXx-based monitoring. This study supports the use of %ddcfDNA to
monitor for AR in heart transplant patients and paves the way for a clinical utility study.

Clinical Trial Registration: http://clinicaltrials.gov/ct2/show/NCT02423070 (NCT#02423070)
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Introduction

Early diagnosis and treatment of acute rejection (AR) is a major pillar in the management of
heart transplant recipients. The goal is to preserve graft function, extend patient survival, and
avoid cardiac allograft vasculopathy (CAV), a leading cause of long-term allograft failure
and mortality.l: 2 Histological grading of AR on endomyocardial biopsy plus histopathology
(EMBX) is the standard method for diagnosing AR, assessing its severity, and the response
to therapy. However, AR has two phenotypes, acute cellular rejection (ACR) and antibody-
mediated rejection (AMR), which challenges the histopathologic diagnosis. Both have
internationally accepted guidelines for grading,® # but their initial presentation is often
clinically silent. Further the histopathologic interpretation of the EMBX has low sensitivity
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to detect early rejection, high interobserver variability,> and the invasive nature of an EMBXx
pose further limitations to early diagnosis and treatment. Therefore, a reliable non-invasive
marker to detect AR prior to the development of graft dysfunction would possibly result in
better outcomes for those patients who develop allograft rejection.

We previously developed a novel non-invasive genomic blood test — donor-derived cell-free
DNA (ddcfDNA) — as a potential biomarker for heart transplant rejection.®: 7 When
allograft cells die, they release short DNA fragments (ddcfDNA) into the recipient
circulation. Through sequencing and single nucleotide polymorphism assessment, ddcfDNA
fragments are easily identified and quantitated. The percentage of ddcfDNA (%ddcfDNA)
describes the amount of ddcfDNA compared with the total cFDNA found in the blood. Our
single-center studies showed that the percentage of %ddcfDNA increased with allograft
rejection and decreased after treatment. Few studies have reported on the utility of
%ddcfDNA for diagnosis of AMR. In one multicenter study of renal transplant recipients,
the median %ddcfDNA was significantly higher in AMR than in patients with ACR or no
rejection.8 Among lung transplant recipients, we showed that allograft injury detected by
ddcfDNA preceded clinical or histopathological signs of AMR by a median of 2.8 months.?
Taken together, these data suggest that ddcfDNA reflects the severity of allograft injury and,
thus, might serve as a clinically useful biomarker of early AMR.

Validation of these initial findings is critical prior to a clinical utility study. In 2015, the
National Heart, Lung, and Blood Institute (NHBLI) established a multicenter prospective
cohort study to validate the characteristics %ddcfDNA to detect AR.10 The initial studies
from the Genomic Research Alliance for Transplantation (GRAfT), confirmed
reproducibility of the ddcfDNA assay across multiple platforms, different cohorts, and in
heart and lung transplant recipients.1! In this study, our objective was to determine the
suitability of ddcfDNA as a biomarker of cardiac allograft injury. We hypothesized that
higher levels of ddcfDNA would be detected with AMR than ACR as seen in other solid
organ transplant populations. In addition, we hypothesized that %ddcfDNA would be
elevated prior to the clinical diagnosis of AR. To test these hypotheses, we designed a
prospective cohort study to determine: 1) the performance characteristics of ddcfDNA for
diagnosis of AR that meets standard criteria for treatment (i.e., ACR grade = 2 or AMR
grade = 1; 2) the relationship between %ddcfDNA and rejection grade (i.e., severity of
histological findings on biopsy); 3) the ability of ddcfDNA to distinguish AMR from ACR,;
and 4) assess the prevalence of biopsy-negative allograft injury.

Data Sharing

The data, analytical methods, and study materials will be made available to other researchers
for the purposes of reproducing results or replicating procedures. Please contact Dr. Sean
Agbor-Enoh with specific requests sean-agbor.enoh@nih.gov.
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Study Design

This prospective cohort study was conducted by GRAFT (NCT#02423070). GRATFT includes
five transplant centers (The Johns Hopkins Hospital, University of Maryland Medical
Center, Inova Heart and Vascular Institute, Medstar Washington Hospital Center, Virginia
Commonwealth University) within geographic proximity to the NHLBI. GRAfT was
established to validate the test characteristics of %ddcfDNA for acute rejection and to
determine the ability of the test to predict long term outcomes after heart transplantation,
including CAV, graft failure, and mortality.10 Subjects who were 18 years of age or older
were recruited from the heart transplant waitlist and monitored after transplantation.
Surveillance monitoring at pre-specified post-transplant time points included EMBx for
histopathology, donor specific antibodies (DSA) and cytomegalovirus (CMV) testing, as
well as monitoring immunosuppression trough levels. Clinically indicated monitoring often
includes EMBXx, DSA, echocardiography, and the other tests performed when patients
present with unexplained signs or symptoms of allograft dysfunction. The GRAFT study
longitudinally tracked clinical data and collected plasma samples coincident to both
surveillance and clinically indicated monitoring (post-transplant surveillance protocol,
induction and maintenance immunosuppression regimen Tables | and Il in the Supplement).
Clinical data was used to define the primary endpoint, pre-specified by GRAFT Steering
Committee. Plasma samples were used to quantitate %ddcfDNA by unbiased shotgun
sequencing.!! The performance characteristics of %ddcfDNA to detect AR was determined
by the area-under-the-receiver-operator-characteristics curve (AUROC). The institutional
review boards of all five centers and the NHLBI approved the study.

Primary and secondary endpoints: The GRAfT Heart Steering Committee pre-
specified the study endpoint. The Committee include heart transplant cardiologists (n=6),
immunogeneticists (n=2), pathologists (n=2), a statistician (n=1), and genomics experts
(n=2). The primary endpoint was AR defined by international standards,3 4 as a composite
endpoint of ACR or AMR, defined based on individual center histologic readings to be
consistent with usual care and included the histopathology grades treated at GRAfT centers
— ACR grade =2 and AMR grade =1. AMR grade 1 was defined based on either histologic
(e.g. AMR1h) or immunohistochemical findings (e.g. AMRL1i). Hemodynamics, DSA test
results and echocardiographic findings were not required to make the diagnosis of AMR.
The secondary endpoints were the two AR phenotypes (ACR grade =2 and AMR grade =1).
Endpoints were defined based on histopathology reads by individual center’s pathologists to
be consistent with usual care. Allograft dysfunction was defined as a reduction of left
ventricular ejection fraction (LVEF) by =5%, and further stratified by severity based on the
magnitude of LVEF decline as no (<5%), mild (5 — <10%), moderate (=10 — <15%) or
severe (=15%) allograft dysfunction.

Sample size calculation—The sample size was computed to estimate the area under the
receiver operating characteristic curve (AUROC), where the predictor is %ddcfDNA value,
and the outcome variable is AR episode (yes/no) concurrent with the %ddcfDNA
measurement. The sample-size calculation is based on achieving an pre-specified AUROC
with a narrow confidence interval.12 Prior observations showed high immediately post-
transplant %ddcfDNA levels that decay logarithmically to a low stable baseline level until

Circulation. Author manuscript; available in PMC 2022 March 23.


https://clinicaltrials.gov/ct2/show/NCT#02423070

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Agbor-Enoh et al.

Page 5

the onset of AR, when %ddcfDNA levels increase again.? So, the sample size was computed
based on equations (6.2) and (6.5) from Zhou, Obuchowski and McClish.13 To obtain a two-
sided 95% confidence interval of width 2L, we need N subjects with an AR episode, N being
determined by: N = (3.84 * V)/L: where V is the variance of the AUROC estimate.
Considering reported %ddcfDNA test AUROC of 0.83 (95% CI = 0.78-0.91) to diagnose
AR, then, 13 AR episodes will correspond to a 95% confidence interval of length 2L = 0.25
when the AUROC = 0.78 (assuming the lower limit of the AUROC). Since we estimate that
approximately 20% of the post-heart transplant subjects will have an AR episode, we
conclude that 65 post-heart transplant subjects will be a reasonable sample size.

Quantitation of %ddcfDNA

%ddcfDNA was measured by shotgun sequencing.!! Briefly, prior to transplant donors and
recipients were genotyped using DNA extracted from whole blood. Genotype data was
compared for each donor-recipient pair to identify donor and recipient single nucleotide
polymorphisms (SNPs) for the pair. After transplantation, plasma cfDNA was extracted to
prepare DNA libraries for paired end shotgun sequencing. Sequence reads were surveyed for
donor and recipient SNPs. %ddcfDNA was computed as percentage of reads with donor
SNPs to total reads for donor plus recipient SNPs

Determining %ddcfDNA fragment length in rejection subtypes

To determine the fragment lengths, we leveraged paired-end shotgun sequencing, which
sequence cfDNA fragments from both ends. Sequence reads were aligned to the human
genome reference sequence (Hg19). Ends of properly aligned paired end reads were
identified. The number of base pairs (bps) between allied paired ends on the reference
genome were computed as the cfDNA fragment length.® 14. 15 The distribution of fragment
lengths were plotted, and based on this, three fragment length thresholds (140 bp, 120 bp
and 100 bp) were used to define short cfDNA fragments. For each sample time-point, the
percentage of short cfDNA fragments was computed as the number of short cfDNA
fragments to total aligned cfDNA. The percentage of short cfDNA fragments for AMR or
ACR was compared to controls; controls being defined as within-subject time-points with no
rejection. All three short cfDNA thresholds produced similar results; thus, the threshold of
100 bp is reported in the results section. We also compared the percentage of guanosine and
cytosine bases at AMR, ACR and no rejection controls.

The composition of genomic elements in rejection subtypes

Next, in a subset of patients, we compared the genomic composition of cfDNA in AMR and
ACR by analyzing the variability in genomic elements identified within the allograft cfDNA.
Genomic elements of interest include genomic regions associated with gene expression
(exons, introns, promoters, transcriptional start sites) and intergenic regions. To determine
the genomic composition, cFDNA was aligned to the reference genome to identify and
annotate properly aligned sequences. The ratio of the number of reads annotated to each
genomic element compared to the total number of aligned reads was computed and
compared between AMR, ACR, and within subject controls.
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Statistical Analysis

Results

The primary analysis was to compute the area under the receiver operator characteristics
curve (AUROC) with %ddcfDNA as predictor and AR as outcome. Only %ddcfDNA with
concurrent EMBx were included. Controls for this analysis was defined as time-points not
meeting AR definition (ACR/AMR grade 0 or ACR grade 1). To compute the AUROC, we
first determined the post-transplant decay kinetics of %ddcfDNA assuming a one-phase
logarithmic decay pattern based on a previous report.5 Median %ddcfDNA values at
different post-transplant intervals were also computed and plotted to define changes in
baseline allograft injury over time. Given post-transplant %ddcfDNA decay, we first
determined change of the AUROC over-time post-transplantation using time points pre-
specified by the steering committee to reflect clinical benchmarks (days 7, 14, 28 and 45).
As an example, for the day 28 analysis, EMBXx and %ddcfDNA data before Day 28 were
excluded. The EMBx and %ddcfDNA data set with the highest AUROC was selected for all
subsequent analyses (day 28). This included analyses to determine the correlation between
%ddcfDNA and grades of acute rejection or severity of allograft dysfunction. In addition to
using non-parametric tests (Mann Whitney U test or Kruskal-Willis test) to compare median
%ddcfDNA between groups, we used the generalized estimating equation approachl6 to
compare %ddcfDNA levels between different groups, while accounting for the correlation
among repeated %ddcfDNA measurements in the same subject. %ddcfDNA was log-
transformed as log,(x+0.01) to reduce the skewness. For AMR and ACR events, we also
plotted %ddcfDNA at diagnosis (time 0) and at pre-specified intervals preceding diagnosis.
Next, we defined allograft injury as a %ddcfDNA > 0.25% based on prior reports,® and our
experience, and then assessed the test characteristics for EMBX to detect allograft injury.

Patient population

The cohort included 165 subjects with an average age of 53 years (range = 20-70 years) and
similar proportion of patients with European or African ancestry (Figure 1). Females
accounted for 28% of the study population. Non-ischemic cardiomyopathy (53%) was the
most common reason of transplantation, and about two-thirds of patients had a ventricular
assist device at the time of transplantation (Table 1). The median post-transplant follow-up
was 17.7 months (IQR = 12.1 — 23.6).

Post-transplant %ddcfDNA decay

Thirty-seven of the 1904 samples were excluded because the sequencing depth below 10
million reads. The remaining 1,867 plasma samples were sequenced to a median sequencing
depth was ~30 million reads. After removing poorly aligned or low-quality reads, 66% of
reads were used for downstream quantitation of ddcfDNA (Table Illa in the Supplement).
cfDNA fragments were predominantly mononucleosomal and had a DNA periodicity of 10.
Median %ddcfDNA was high after heart transplant surgery (median = 2.83%, IQR: 1.68 —
4.03) (Figure 2a). Levels then followed a one-phase logarithmic decay (Table I11b in the
Supplement) to 0.21% (IQR: 0.03 — 0.21) on Day 28 of transplant and to lowest baseline
levels of 0.01 — 0.02% (IQR: 0.01 — 0.13) by Day 60. Thereafter, levels remain stable until
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Month 18 when a small increase to ~0.05% was observed (IQR: 0.01 — 0.14, Figure 2b,
Table Ilic in the Supplement).

%ddcfDNA correlate with severity of acute rejection grades and allograft dysfunction

Over the median 17.7 months follow-up, ~8 EMBx were performed per patient (total =
1,392 EMBX, IQR: 4 - 13), and each EMBXx containing an average of 4.3 endomyocardial
tissue fragments (range: 1-10). Only EMBx with a concurrent ddcfDNA measurement were
included in the rejection analysis. On histology, 95% of EMBx showed no rejection (ACRO,
pAMRO, 55%, n=749) or mild rejection (ACR1, pAMR = 0, 40%, n = 570), with only 5% (n
= 73) showing the primary endpoint of AR (ACR grade =2, n=38, pAMR =2, n= 15,
pAMR1, n=17, or mixed AMR/ACR = 3). AR incidence showed a trimodal distribution
with peak incidence between 0 and 3 months of transplantation, and two smaller peak
incidences at 9 to 12 months and 15 to 21 months. Beyond 21 months, AR was rare; only 1
of the 37 biopsies beyond 21 months showed acute rejection. 82% of EMBx had concurrent
%ddcfDNA data (n = 1141, ~7 per patient).

Based on our pre-specified time points post-transplant and due to the logarithmic decay of
ddcfDNA after transplant (Figure 2a, Table Ilb in the Supplement), we performed our
analyses from post-transplant day 28 onwards. AR showed 13-fold higher %ddcfDNA than
for mild-to-no rejection (0.38% vs. 0.03%, p <0.001, Table 2). Median %ddcfDNA levels
were ~2X higher for ACR grade 1 than for grade 0 rejection (0.04 vs. 0.02%, p = 0.023), and
~9 times higher for ACR = grade 2 than for ACR grade 1 (0.34% vs. 0.04%, p < 0.006,
Figure 3a, Table 2). %ddcfDNA also correlated with severity of AMR grade on
histopathology; levels were ~30 times higher for pAMRL1 than for grade 0 rejection (0.63%
vs. 0.02%, p<0.001) and ~5 times higher for pAMR = 2 than pAMRL1 (1.68% vs. 0.63%, p
=0.039, Figure 3b, Table 2).

About 9 echocardiograms recordings were captured per patient (IQR: 6 - 18). 81% of these
echocardiograms had concurrent %ddcfDNA data. One-fifth of echocardiograms showed
allograft dysfunction, defined as a = 5% reduction in L\VEF from the prior echocardiogram
(n = 188), which were categorized as mild (n=119, 63.3%), moderate (n=44, 23.4%) or
severe (n=25, 13.3%). %ddcfDNA levels correlated with severity of allograft dysfunction;
median %ddcfDNA levels for no, mild, moderate, and severe allograft dysfunction were
0.02%, 0.06%, 0.19%, and 0.32%, respectively (Figure 3c, Table 2).

Performance Characteristics of %ddcfDNA to detect AR

The AUROC calculations included %ddcfDNA measures concurrent to EMBX. Elimination
of ddcfDNA measures and EMBXx performed before the pre-determined early post-transplant
Days (7, 14, 28, 45) show that the AUROC increased from Day 7 to Day 28 (0.88 to 0.92),
and reduced thereafter (Figure 4a, Table 3, Table I11 in the Supplement). The maximal
AUROC was identified for day 28 and %ddcfDNA > 0.25% detected AR with an AUROC of
0.92 (Figure 4b), a sensitivity of 81%, a specificity of 85%, a positive predictive value (PPV)
of 19.6%, and a negative predictive value (NPV) of 99.2%. Test characteristics for other
%ddcfDNA thresholds are presented in Table 3.
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Since maximal test performance occurred from day 28 on and assuming a %ddcfDNA =
0.25% triggers an EMBX to evaluate the source of allograft injury, monitoring patients with
this strategy avoids 8-out-of-every 10 EMBXx (751/923, 81%). The NPV of 99.2% was
attributed to the 0.25 %ddcfDNA threshold, with only 6 episodes of rejection out of the 751
EMBXx with %ddcfDNA below 0.25 (i.e. false negative test); 1/6 was AMR1 and 5/6 were
ACR grade 2, with only one of the six rejection episodes being associated with a drop in
LVEF. The PPV of 19.6% was attributed to 135 elevations in ddcfDNA above the 0.25%
threshold. These elevations in ddcfDNA showed no histopathologic rejection but were of
clinical relevance as they often preceded overt histopathologic rejection or were associated
with allograft dysfunction in the absence of rejection. These “false positives” are reviewed in
detail below.

Performance of the endomyocardial biopsy to detect allograft injury measured by

%ddcfDNA

To clarify the PPV of ddcfDNA and to understand the performance characteristics of the
EMBX to detect allograft injury as measured by ddcfDNA, we performed analyses with
EMBX as the test and ddcfDNA as the reference injury marker. From day 28 on, 1-in-5
%ddcfDNA measures had allograft injury as defined by a %ddcfDNA =>0.25% (168/923).
The sensitivity of EMBX to detect these episodes was low at 19.6%, specificity was 99.2%
and the NPV was 85% (Table 4). So, over three quarters of allograft injury episodes as
defined by ddcfDNA were associated with a negative EMBx (n=135, or a false negative
test). The majority of these allograft injury+/EMBXx- were of clinical relevance; 20.7% were
associated with concurrent allograft dysfunction (n=28), and about half represent a
%ddcfDNA rise preceding AR (n = 46, 27.4%) or allograft dysfunction (n=28, 16.7%).
Certain patients had a slow post-transplant %ddcfDNA decay that extended beyond 28 days
without evidence of allograft rejection (n=19, 14.1%). Finally, 14 patients beyond 15 months
post-transplant had a rise in %ddcfDNA without allograft dysfunction on echocardiography
(n=8, 5.9%), or had an isolated and transient %ddcfDNA elevation (n=6).

Distinguishing ddcfDNA features in AMR and ACR.

AMR showed three distinct %ddcfDNA patterns compared to ACR. First, for similar
histopathology grades, AMR showed quantitatively higher %ddcfDNA levels compared to
ACR. For example, pAMR1 showed ~11X higher %ddcfDNA than ACR grade 1, and
pAMR =2 showed 5X higher %ddcfDNA than ACR grade >2 (Figure 3, Table 2).
Consequently, %ddcfDNA had a higher AUROC for AMR compared to ACR (Figure 4b,
Table 3, Table Il in the Supplement). Second, the %ddcfDNA trends before diagnosis were
different (Figures 5 a — g); a %ddcfDNA rise preceding diagnosis was not commonly
observed with ACR (Figures 5 a— c); only 2/17 ACR episodes evaluated showed
%ddcfDNA rise before ACR diagnosis. On the other hand, a %ddcfDNA rise was commonly
detected before AMR diagnosis; 12/15 AMR episodes with sufficient data to assess (Figure
5 d —f) showed a rise in %ddcfDNA that was detected at a median 3.2 months before AMR
diagnosis (Figure 5g). Third, the fragment length of sequenced cfDNA was distinct in AMR
and ACR. In the setting of AMR, the cfDNA fragments were shorter than ACR or controls
with no-rejection. The percentage of short cfDNA fragments (read length below < 120 bp)
was highest in AMR, and similar in ACR and controls (Figure 5h). Similarly, the percentage
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of guanosine-cytosine bases were highest in AMR compared to ACR or no rejection
controls. Finally, ACR, AMR and controls show similar percentage of reads mapping as
exons. However, other genomic elements showed different patterns. For example, both AMR
and ACR showed higher percentage of reads mapping as promoters compared to controls,
and lower percentages of reads mapping as introns and intergenic region compare to control
(Figure 1 in the Supplement).

Discussion

This study documents five key findings that are potentially relevant for the use of ddcfDNA
as a biomarker of graft injury from acute rejection. First, %ddcfDNA levels were
significantly higher in AMR than ACR, overall and at all grades of rejection. Second,
although increases in ddcfDNA preceded both forms of AR, elevations occurred earlier in
AMR than in ACR and both the fragment length and genomic composition of ddcfDNA in
AMR varied from ACR. Third, despite both forms of AR being predicted by ROC of
%ddcfDNA, the AUROC was higher for AMR. This finding is particularly important in
clinical practice since ACR and AMR have different treatment approaches and long-term
implications. Fourth, %ddcfDNA was higher with increasing severity of allograft
dysfunction as measured by echocardiography. Finally, the EMBXx had limited ability to
detect early stages of allograft injury that preceded overt rejection. Taken together, these
findings support our hypothesis that higher levels of ddcfDNA would be detected with AMR
than ACR. Moreover, these results may provide insights into the mechanism underlying
allograft dysfunction in the setting of AMR. Below we discuss each of these findings from
the perspective ddcfDNA as non-invasive tool for monitoring rejection and as a biomarker of
graft injury to study mechanisms underlying cardiac allograft failure.

In healthy individuals, the majority of cfDNA is released from hematopoietic cells, with less
than 1% release from the heart. The increased amount of cfDNA observed with AR suggests
higher levels of allograft injury. The finding that %ddcfDNA levels were significantly higher
at all grades of rejection validates our previous single-center experience and supports
%ddcfDNA as a reliable, quantitative biomarker to monitor cardiac allograft health.6
Increases in ddcfDNA preceded both forms of AR, but elevations occurred earlier in AMR
than in ACR, suggesting that %ddcfDNA is a sensitive marker to detect allograft injury
weeks-to-months before current clinical tools. The median ddcfDNA levels were notably
higher in patients AMR than ACR, reflecting that differences in the pathogenesis of AMR
and ACR likely contribute to the quantitative differences in %ddcfDNA levels observed.
AMR is associated with DSA and results in diffuse macro- and microvascular injury and
progresses to pan-carditis and cellular DNA release, as opposed to ACR, which is associated
with more localized lymphocytic infiltration and injury often contained within the
interstitium and perivascular tissue spaces. Moreover, since the earliest histological features
of AMR is vascular inflammation,1” we anticipate that early indicators of AMR would
include cardiac dysfunction with a concomitant rise in ddcfDNA. This would be consistent
with our observations in a xenograft model of AMR where the injury is predominantly
targeted to the microvasculature.1® Our findings demonstrating higher levels of ddcfDNA
with AMR (1.68%) compared to ACR (0.34%) are consistent with prior studies showing that
ddcfDNA with concomitant graft dysfunction occurs more frequently in AMR (37% of
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patients), compared to only 5% in ACR patients.1® 20 Accurate discrimination of AMR and
ACR is critical as the initial therapeutic strategy varies significantly and the long-term
implications of rejection are quite different, with more significant graft dysfunction, higher
incidence of recurrent rejection, greater risk for CAV and death with AMR.21

Using a threshold value of 0.25% %ddcfDNA we showed that the test has an AUROC of
89-95% and a NPV of 99%; these findings support the use of %ddcfDNA as a non-invasive
biomarker of AR. We propose that after day 28 of surgery, heart transplant recipients could
be monitored for AR using %ddcfDNA levels; specifically, if the levels remain below 0.25%
surveillance biopsies would no longer be required. Employing a ddcfDNA threshold of
0.25% from day 28 onwards would have safely avoided 81% of all routine EMBXx (751/923),
with less than 1% (n=6) of these being “missed” cases of rejection, - the majority of which
were ACR and not associated with graft dysfunction. The majority of ddcfDNA elevations
(80%) were associated with a negative EMBX leading to a high “false positive” rate when
the EMBX is used as the “gold standard”. This suggests that ddcfDNA detected episodes of
allograft injury that were histologically silent on the EMBX. These episodes were felt to be
of clinical significance as they were associated with allograft dysfunction or preceded
histopathologic rejection. Our results suggest that patients with elevated %ddcfDNA in the
absence of rejection may benefit from closer monitoring. In addition, the longer lead-time
before the clinical diagnosis of AMR supports the concept of subclinical AMR, 21 22 where
there is antibody deposition and complement fixation that lead to vascular injury without
overt graft dysfunction. It is important to note that ddcfDNA levels are distinct and
complementary to DSA testing. Despite the development of de novo DSA in ~ 1/3 of heart
transplant patients,23 24 only 54% of patients with DSA develop pAMR; particularly in the
presence of class 11 antibodies.1® We suspect that the immune-mediated allograft injury
associated with deleterious DSA begins at a molecular level in the microvasculature, which
is detected by %ddcfDNA well before AMR becomes apparent on histopathology or
clinically.

Comparing performance characteristics of ddcfDNA across studies is difficult due to
inherent differences in the study populations and protocols; for example, our study included
a higher proportion of African Americans who have heightened immune system activity and
are at higher risk for AMR.23: 25-27 | addition, the prior studies used a case-control format
and enriched for cases of allograft rejection, while our cohort include all adult heart
transplant recipients at the GRAFT centers who provided informed consent and included
serial ddcfDNA measures from time of transplant irrespective of rejection status.
Nevertheless, there are some meaningful comparisons worth discussing across the studies.
The median ddcfDNA levels for controls in our study was 0.03% was lower than prior
publications in adult and pediatric heart transplantation, that reported basal levels of 0.07%
and 0.10%.25: 28 This may again reflect enrichment for patients at higher risk for rejection in
the prior studies. Nevertheless, the ddcfDNA threshold to diagnose AR identified in these
previous analyses is similar to ours ranging from 0.2% to 0.23%, and all studies reported
higher allograft injury levels with AMR than ACR. In addition, the NPV of ddcfDNA
ranged from 93% in the pediatric study to 97% in both adult studies suggesting non-invasive
monitoring with ddcfDNA appears to be a safe surveillance strategy in heart transplant
recipients.
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In our study 20% of patients had graft dysfunction based on standard echocardiographic
analysis. Of these patients only 14% had concurrent ACR or AMR, and the remainder had
biopsy-negative rejection (BNR) with mild to severe graft dysfunction. These patients may
have had early rejection or subclinical AMR, and a better understanding of the cause of graft
dysfunction in these patients is needed. A recent study by Loupy et al. suggests that
subclinical AMR and the associated immune-mediated injury are significant factors leading
to long-term allograft failure.1” We hypothesize that these patients with echocardiographic
graft dysfunction and elevated %ddcfDNA levels may have subclinical AMR or AMR that
was missed by the EMBX. Subclinical AMR may result in ongoing endothelial cell injury
and inflammation that leads to endothelial dysfunction and perturbations in microvasculature
resistance that have been shown to precede the overt development of CAV.2%: 30 The role of
subclinical AMR in CAV and graft dysfunction will need to be explored in future studies.

The concept of BNR has been reported in cardiac transplantation for many decades.3! Early
cases of BNR in the 1980’s and early 1990°s likely represented humoral rejection or AMR,
before it was a clinically accepted entity within the heart transplant community.32 With the
advent of immunostaining for complement fixation, the reported incidence of BNR has
diminished significantly as the histopathologic diagnosis of AMR has improved. Further, the
EMBX only identified 20% of allograft injury episodes as defined by ddcfDNA =0.25. These
allograft injury episodes were clinically significant, and the majority were associated with
either allograft dysfunction or preceded overt ACR or AMR.

In addition to using ddcfDNA as a quantitative biomarker of allograft injury, our data
suggests that there are qualitative differences in ddcfDNA between AMR and ACR. In this
study, AMR also showed shorter cfDNA fragments and different composition of some
genomic elements compared to ACR. These differences were similarly observed comparing
AMR to within-subject no rejection controls. These, and similar observations in
hepatocellular carcinoma,33 other cancers,3* and potentially other conditions suggest that
cfDNA characteristics are not random, but rather dependent on the pathogenesis leading to
their production. The diagnostic value of these distinguishing cfDNA features observed in
AMR and ACR warrants further investigation.

STUDY LIMITATIONS

Several limitations of our study are noteworthy. First, variabilities in the management of
post-operative immunosuppression among the five GRAFT centers could have affected the
incidence of allograft rejection, its detection, and the levels of ddcfDNA. In addition, the
prospective cohort study design used is beneficial because it provides a real-world analysis
of the performance of ddcfDNA, however this might have contributed to variabilities in
patient care. Second, although our results indicate significantly higher levels of ddcfDNA
levels in patients with systolic dysfunction on echocardiography and rejection on biopsy,
concomitant measurements of allograft function and histology were only available for one
third of the study subjects.

A third and important limitation is the use of a suboptimal “gold standard,” the EMBX, to
assess a new paradigm-shifting modality, ddcfDNA. The explosion of next generation
sequencing technologies coupled with computational pipelines for data processing has
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tremendous impact in basic science research. These advancements are being translated to
highly effective diagnostic tools for application to clinical care as evidence by prenatal
diagnosis.3®> However, the advent of a paradigm-shifting scientific advancements poses
challenges to conventional statistical methods that employ sensitivity and specificity
measures to assess the effectiveness of a new diagnostic against an established standard, in
this case the EMBXx. The concept of a paradigm shift in science was first described by
American physicist and philosopher Thomas Kuhn, as a “fundamental change in the basic
concepts and experimental practices of a scientific discipline.”3¢ The ddcfDNA offers a
fundamental change in the basic concept of allograft rejection by shifting away from
histologic evidence of inflammatory infiltrate and myocyte damage, to a direct quantitative
measure of donor-derived DNA in the recipient’s plasma. Our results indicating that
ddcfDNA is elevated several weeks before histologic features of rejection are apparent,
creates an incorrect assignment as “false positive” and an inaccurate assessment of the test
characteristics which leads to a low positive predictive value. Therefore, clinical researchers
should question the validity of the biopsy as the “gold standard” for rejection in the current
era of highly precise genomic-based assays and consider alternative approaches to assessing
the ability of a new biomarker such as ddcfDNA to identify patients at the earliest stages of
acute rejection.

CONCLUSIONS

In summary, our data supports the use of %ddcfDNA as a “liquid biopsy,” to monitor
allograft health in heart transplant patients. %ddcfDNA is reliable and reproducible, varies
both quantitatively and qualitatively in AMR and ACR, has excellent biomarker
performance characteristics, and unmasks pathology earlier than existing tools. This work
paves the way for clinical utility and mechanistic studies in heart transplantation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspective
What Is New?

. In a multicenter, prospective study of cardiac transplant patients, performance
characteristics of the non-invasive biomarker, donor-derived cell-free DNA
(ddcfDNA) were excellent. The area under the curve for ddcfDNA to detect
allograft rejection day 28 onwards (both acute cellular rejection (ACR) and
antibody-mediated rejection (AMR)) was 0.92.

. Allograft injury as measured by ddcfDNA was quantitatively higher with
higher grades of rejection, in AMR vs. ACR and was often elevated months
before clinical detection.

. When ddcfDNA was used as the new gold standard to detect allograft injury,
traditional histopathologic interpretation of endomyocardial biopsy samples
had limited sensitivity to detect allograft injury (19%).

What Are the Clinical Implications?

. ddcfDNA measures vary between AMR and ACR in lead time, quantitative
levels and cfDNA fragment type/length. This provides a framework to use
ddcfDNA to differentiate AMR and ACR.

. Starting at 28 days after heart transplant, the use of a liquid biopsy with a
ddcfDNA threshold of = 0.25% had excellent sensitivity and specificity for
diagnosis of rejection, safely avoiding 81% of all surveillance
endomyocardial biopsies.
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Figure 1: Study design
Patients were recruited from five regional transplant centers. Serial plasma samples were

collected at the time of routine surveillance procedures after transplant (e.g. endomyocardial
biopsy or echocardiogram) and when clinically indicated monitoring was performed (e.g.
graft dysfunction or suspected rejection, Table | in the Supplement). A total of 165 patients
were included in this analysis and 1,867 ddcfDNA measures.
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Figure 2: %ddcfDNA exponential decay early after transplant and longitudinal %6ddcfDNA
measures after transplant

A) Exponential decay of %ddcfDNA after transplant. Black dots represent individual
%ddcfDNA measures. Decay parameters are in Table I11b in the Supplement.

B) Median %ddcfDNA overtime. Box-and-whisker plot is the median value (red dot), the
lower quartile and the upper quartile of a given set of data. Median values are in Table Ilic in
the Supplement.
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Figure 3: Correlation %ddcfDNA measures with biopsy graded rejection and allograft

dysfunction by echocardiography

a) %ddcfDNA in relation to severity of acute cellular rejection (ACR) by histopathologic
interpretation of endomyocardial biopsy. Grade 0 rejection includes both ACR grade 0 and
pAMR 0. P-value obtained by generalized estimating equation approach comparing all

categories.

b) %ddcfDNA in relation to severity of antibody-mediated rejection (AMR) by
histopathologic interpretation of the endomyocardial biopsy. Grade 0 rejection includes both
ACR grades 0 or 1 and pAMR 0. P-value obtained by generalized estimating equation

approach comparing all categories.
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) %ddcfDNA in relation to severity of allograft dysfunction measured by echocardiography.
Allograft dysfunction was defined as a reduction of left ventricular ejection fraction (LVEF)
by >5%, and further stratified by severity based on the magnitude of LVEF decline as no
(<5%), mild (5 — <10%), moderate (=10 — <15%) or severe (=15%) allograft dysfunction. P-
value obtained by generalized estimating equation approach comparing all categories.
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Figure 4: Receiver operator characteristics curve for %ddcfDNA to detect endomyocardial
biopsy-diagnosed acute rejection

a) The area under the receiver operator characteristics curve (AUROC) for %ddcfDNA
overtime for acute rejection (AR), AMR and ACR. Maximal test performance characteristics
were noted from day 28. ROC characteristics for each pre-specified time are presented in
Table 3 and Table IV in the Supplement.

b) AUROC of %ddcfDNA to detect acute rejection (AR), antibody mediated rejection
(AMR, pAMR =1) or acute cellular rejection (ACR, grade =2R). Primary analysis excluded
endomyocardial biopsies before day 28. 923 endomyocardial biopsies and concurrent
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ddcfDNA measures were included in this analysis. ROC characteristics are presented in
Table 3.
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Figure 5: Distinct %ddcfDNA patterns in AMR and ACR
a— ¢ %ddcfDNA against time plots for prototype subjects with acute cellular rejection, “0”

= ACR grade 0 or grade 1 and pAMRO
d — f %ddcfDNA against time plots for prototype subjects with antibody-mediated rejection.
“0” = ACR grade 0 or grade 1 and pAMRO
g. Trends of %ddcfDNA measures in all patients preceding a histopathologic diagnosis of
AMR or ACR; mean and standard deviations are shown. For AMR, there is a longer lead-
time and larger quantitative ddcfDNA release of ddcfDNA prior to diagnosis. In addition,
12/15 cases of AMR had elevations of ddcfDNA preceding the clinical diagnosis. In ACR
the ddcfDNA elevations preceding clinical diagnosis are rarer (2/17), lower quantitatively
and are detected for a shorter time preceding overt diagnosis.
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h. Different %ddcfDNA characteristics based on cfDNA length in ACR and AMR. Short
DNA fragments were defined based on total read length < 100bp. In AMR, the % short
cfDNA fragments is much higher than in ACR or controls without rejection.
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Table 1:

Donor and recipient demographic factors (N = 165)

Recipient Factors

Mean Age (Range) 53 (20-70)
Sex (%)
Male 72
Female 28
Race (%)
Black or African American 44
White 49
American Indian or Alaskan Native 0
Asian 4
Other 3
History of Smoking (%)
Never 46
Past 54
BMI (%)
BMI<30 63
BMI >=30 37
Primary Diagnosis (%)
NICM 53
cM 22
Hypertrophic CM 1
Restrictive CM 1
Myocarditis 1
Other 22
Ventricular assist device use (%) 64
UNOS Status (%)
1A 47
1B 53
Donor Factors
Mean Age (Range) 32 (12-57)
Sex (%)
Male 69
Female 31
Race (%)
Black or African Americans 29
White or European Americans 60
American Indian or Alaskan Native 3
Asian 4
Other 5

History of Smoke (%)
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Recipient Factors

Yes
No
History of Chest Trauma (%)

Yes

Donor Cause of Death (%)
Anoxia
CVA
Head Trauma
Other

BMI (%)

BMI<30
BMI >=30

11
89

12
88

43

43

70
30

Page 26

BMI: body-mass index, CVA: cerebrovascular accident, ICM: ischemic cardiomyopathy, NICM: non-ischemic cardiomyopathy, UNOS: United

Network for Organ Sharing,
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Table 2:

%ddcfDNA for primary and secondary endpoints from Day 28 onwards

o ) Number  Subjects Median %ddcfDNA
Clinical endpoint of with %ddefDNA interquartile  p-value
events events range (%)
Controls (ACRO, ACR1, pAMRO) 1072 165 0.03 0.01-0.14 -
Acute rejection (AR) 49 31 0.38 0.31-0.83 <0.001%
ACR
Grade 0 618 165 0.02 0.01-0.13
Grade 1 454 165 0.04 001-017  qg23”
Grade 22 28 21 0.34 028-072  <goo1
AMR
pAMRO 1072 165 0.03 0.01-0.14
PAMRL 14 9 0.63 034-077  <ggo1?
PAMR?2 11 9 1.68 049-279  <goo1?
Allograft dysfunction
None 866 165 0.02 0.01-0.12
mild 168 83 0.06 0.01-0.27 0.068”
moderate 62 49 0.19 0.01-0.60 0.018//
severe 38 28 0.32 0.05-047 <001’

p-values obtained using generalized estimating equation approach to compare groups accounting for repeated measures at individual subject level.
* :p—value comparing AR to control

fp-value comparing ACR grades 1 and 2 to ACR grade 0

’tp-values comparing pAMR grades 1 and 2 to grade 0

p-values comparing severities of allograft dysfunction to no allograft dysfunction. Subjects may have more than 1 category of endpoints.
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%ddcfDNA test characteristics to detect biopsy-positive acute rejection: Eliminated biopsies before Day 28

after transplantation

Table 3:

Sensitivity (%) Specificity (%) AUROC

0.1

(95% CI)
025 05 01 025 05

%ddcfDNA threshold
AR diagnosis

AR

AMR

ACR

95
100
89

81 41 68 8 92 0.92(0.88-0.95)
88 65 68 8 92 0.95(0.90-0.99)
79 21 68 8 92 0.89(0.83-0.95)
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Table 4:

Performance Characteristics of the Endomyocardial Biopsy to detect allograft injury measured via %ddcfDNA

%ddcfDNA
20.25% <0.25%
Biopsy +
Histopathology % (n) % (n)
Positive 19.6 (33) 0.8 (6)
Negative 80.4 (135)  99.2 (745)
Total 100 (168) 100 (751)
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