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Abstract

Background: The role of donor-derived cell-free DNA (dd-cfDNA) in screening for cardiac
allograft vasculopathy (CAV) is unknown. We hypothesized that dd-cfDNA correlates with CAV,
markers of inflammation, and angiogenesis in stable heart transplant (HT) recipients.

Methods: Sixty-five HT recipients =2 years post-transplant, without recent rejection, were
stratified by high (=0.12%) versus low levels (<0.12%) of dd-cfDNA. A targeted amplification,
next-generation sequencing assay (AlloSure®; CareDx, Inc.) was used to detect dd-cfDNA.
Peripheral blood inflammatory and angiogenesis markers were assessed using a multiplex
immunoassay system (Bioplex®).

Results: Of 65 patients, 58 patients had a known CAV status and were included. Thirty had
high levels of dd-cfDNA (=0.12%), and 28 had low levels (<0.12%). CAV was present in 63% of
patients with high dd-cfDNA vs. 35% with low dd-cfDNA (p = .047).Donor-specific antibodies
were present in 25% of patients with high dd-cfDNA vs. 3.8% in those with low dd-cfDNA (p
=.03). There were no differences in rejection episodes, inflammatory, or angiogenesis markers.
Importantly, dd-cfDNA levels were not different when stratified by time post-transplant.

Conclusions: Higher dd-cfDNA levels were associated with CAV in stable chronic HT
recipients. Further studies are warranted to investigate a possible association between dd-cfDNA
levels and CAV severity and whether dd-cfDNA can predict CAV progression.
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1| INTRODUCTION

Donor-derived cell-free DNA (dd-cfDNA) has recently been introduced as a novel marker
of graft injury manifesting as acute cellular (ACR) and antibody-mediated rejection (AMR)
in solid organ transplants. 1-° Notably, among heart transplant recipients, increased levels of
dd-cfDNA levels detect acute rejection before it can be detected on endomyocardial biopsy
(EMB).48 In the pivotal multicenter, 740 patient D-OAR study, dd-cfDNA levels <0.2% had
a 97% negative predictive value for AMR, and the mean dd-cfDNA level was only 0.12% in
patients without pAMR1 (pathologic AMR 1).1

The AlloMap assay (CareDx, Inc., Brishane, CA) utilizes gene expression of peripheral
blood T-cell activation and is widely accepted as a noninvasive monitoring tool for ACR
with a >99% negative predictive value.” The addition of dd-cfDNA (AlloSure®, CareDx,
Inc.) as a marker of allograft injury may be a valuable clinical asset.®

Cardiac allograft vasculopathy (CAV) is a leading cause of post-transplant graft failure

and mortality, making routine monitoring and adjustment of immunosuppressive regimen
essential. The importance of this is highlighted by the fact that early development of CAV

is a marker of aggressive disease with poor clinical outcome.? Despite advancements in
imaging strategies, the standard for CAV assessment remains coronary angiography with
intravascular imaging. However, the safety of invasive and noninvasive imaging is frequently
limited by concomitant chronic kidney disease in the patient population at risk. 10-13

While peripheral blood biomarkers of inflammation and angiogenesis have previously been
associated with CAV, a reliable biomarker to noninvasively detect CAV remains lacking.14

Inflammation and the immune system are important contributors to the development of CAV.
One pathway is mediated by vascular inflammation, as evidenced by the association between
increased C-reactive protein (CRP) and the development of CAV development.1®> Another
trigger for coronary endothelial injury is through allorecognition, whereby the recipient’s
immune system recognizes non-self-human leukocyte antigens (HLA) of the transplanted
heart. Further, CAV has been linked with T-cell activation, formation of donor-specific
antibodies, endothelial cell activation, and altered cytokine expression. Likewise, HLA
mismatching, rejection episodes, and anti-endothelial antibody formation have all also been
associated with CAV development. The consideration that CAV is deeply intertwined with
antibody-mediated rejection is an area of active interest.16-22

This raises the possibility of dd-cfDNA serving as marker for CAV and a potential means to
noninvasively diagnose this pathology.2324

With knowledge that dd-cfDNA (AlloSure®, CareDx, Inc.) has demonstrated the ability
to identify of de-novo DSA and allograft rejection,2> we hypothesized that dd-cfDNA
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levels would correlate with markers of inflammation, angiogenesis, and CAV in a stable
post-transplant population in the absence of acute graft rejection.

2| METHODS
2.1| Study design

Clinically stable heart transplant recipients >2 years post-transplant were enrolled between
August 2017 and February 2019 in a cross-sectional study design. Exclusion criteria were
ACR or AMR in the preceding 6 months, infection requiring treatment in the preceding 2
months, active malignancy receiving treatment, and multi-organ transplantation. The study
was a pilot proof of concept study and was not powered for clinical outcomes.

On the day of enrollment, a one-time blood sample was obtained. A targeted amplification,
next-generation sequencing assay (AlloSure®; CareDx, Inc.) was used to detect dd-
cfDNA. Peripheral blood protein expression of interluekin-6 (IL-6), interluekin-18 (IL-18),
tumor necrosis factor-alpha (TNF-a), soluble Fas-ligand (SFASL), angiopoetin-2, vascular
endothelial growth factor (VEGF) A, C and D and transforming growth factor-alpha (TGF-
a) was assessed using a multiplex immunoassay system (Bioplex®).

CAV status as well as post-transplant data including AMR (Defined using 2013 ISHLT
PAMR criteria)2® and ACR episodes (defined > Grade 1R/1B using a combination of the
1990 and 2004 ISHLT Criteria),2”+28 graft function, presence of de-novo DSA (new DSA
after transplant), and graft function were obtained from the electronic medical record.

Significant CAV was defined as =ISHLT CAV 1 on angiography or Stanford class I11-1VV
on intravascular ultrasound (IVUS). The Stanford class is assigned by grading the most
significant coronary lesion based on degree of intimal thickening and circumferential
involvement.2? The University of Chicago Institutional Review Board approved this cross-
sectional study. All patients provided informed consent prior to enroliment.

2.2 | Study groups

Transplant recipients were stratified and divided into groups by high and low levels of
dd-cfDNA. With the baseline of a stable patient reported as 0.07% 1, and previously reported
median for low-grade AMR at 0.12%, we considered the comparison of patients with
dd-cfDNA < and >0.12%.1

. High levels of dd-cfDNA are defined as equal or above 0.12% (=0.12%)

. Low levels of dd-cfDNA are defined as below 0.12% (<0.12%)

2.3| Outcomes

. The primary outcome was presence of cardiac allograft vasculopathy.

. Secondary outcomes were peripheral blood levels of angiogenesis and
inflammatory markers.

To analyze longitudinal fluctuations in dd-cfDNA levels, we stratified patients by time
post-transplant (2-5 years, 5-10 years, > 10 years).
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2.4 | Statistical analysis

Continuous variables were expressed as a median with interquartile range and compared
using the Mann-Whitney U test. Categorical variables were compared using the chi-square
test or Fisher’s exact test as appropriate. We stratified patients into two groups based on a
dd-cfDNA level of 0.12% (=0.12% vs. <0.12%) based on the previously described cutoff
to detect AMR.! To evaluate differences in outcome measures between groups, we used the
Kruskal-Wallis test. All statistical analyses were performed using SPSS Statistics 22 (SPSS
Inc, Chicago, IL, USA). A two-tailed p-value <.05 was considered significant.

3| RESULTS

3.1| Patient characteristics

Sixty-five clinically eligible, stable heart transplant recipients were screened for enroliment.
In 7 patients, the CAV status was not known, and these patients were not included in the
analysis. Fifty-eight patients formed the study cohort with a median age of 61 (Interquartile
Range [IQR] 52-69) years, a median time post-transplant of 90 (IQR 37-158) months, and
76 % were male (Table 1). The median level of dd-cfDNA was 0.14% with an IQR 0.06

to 0.26%. When patients were stratified based on dd-cfDNA level, 32 had high levels of
dd-cfDNA (=0.12%) and 26 had low levels (<0.12%).1 The baseline characteristics of the
two groups are illustrated in Table 1. There were no differences in age, left ventricular
ejection fraction, or time post-transplant between the two groups. In the high dd-cfDNA
group, there was a higher proportion of patients who had an LVAD prior to transplant (31%
vs. 7.7 %, p=.03) (Figure 1). The low dd-cfDNA group had a higher percentage of prior
CMV viremia, 50 vs 25% (p = .049). There were no differences between the groups in the
frequency of ACR (= ISHLT Grade 1R/1B)27:28 and AMR between the groups (p = .90 and
.49 respectively).

3.2 | Cardiac allograft vasculopathy

Significant CAV was present in 63% of patients with high levels of dd-cfDNA compared
to 35% in the low dd-cfDNA group (o= .047, Table 1, Figure 2a). Graft function was
preserved in both groups. Additionally, the proportion of patients with the presence of
de-novo DSA formation was 25% in the high dd-cfDNA group as compared to 3.8% in
the low dd-cfDNA group (p = .033, Table 1, Figure 2b). Notably, when stratified by time
post-transplant (grouped by 2-5 years, 5-10 years, = 10 years) dd-cfDNA fractions were
similar across the groups (0.11% [IQR 0.05-0.25] vs. 0.14% [IQR 0.08-0.31] vs. 0.15%
[IQR 0.06-0.29], p=.79) (Figure 3).

3.3| Inflammatory and angiogenesis markers

Interleukin-18 levels were statistically lower in the high dd-cfDNA group (p = .049). There
were no significant differences in any of the other inflammatory and angiogenesis factors
between the high and low dd-cfDNA groups (Table 2).
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4| DISCUSSION

In the current study, we reported presence of CAV and levels of inflammatory and
angiogenic biomarkers in patients with high vs. low levels of dd-cfDNA. The main results
are (1) In a stable transplant population, CAV was more prevalent in patients with high
levels of dd-cfDNA; (2) High levels of dd-cfDNA were associated with an increased
prevalence of de-novo DSA; (3) dd-cfDNA levels do not vary with time post-transplant;
and (4) Biomarkers of inflammation and angiogenesis were not associated with increased
fractions of dd-cfDNA in stable heart transplant recipients.

41| dd-cfDNA for CAV monitoring

Cell-free DNA is the most specific marker of graft injury since the donor genome is

unique from the recipient.*30 Several studies of heart transplant recipients showed that

a significant increase in dd-cfDNA was correlated with acute rejection episodes, and
importantly prior to clinical or biochemical manifestation of rejection.-6:8 Recently, Khush
et al. reported results of a multicenter study validating dd-cfDNA for both detection

of AMR and ACR with an AUC of 0.64 and estimated NPV of 97.1% and PPV of

8.9%. The majority of the tests were done during months 3-12 post-transplant (81%).
Notably, the median fraction of dd-cfDNA in the setting of mild AMR was 0.12%.1

Both ACR and AMR are associated with the development of CAV, which is present in

50% of patients at 10 years post-transplant and remains a major limiting factor to long-
term survival post-transplantation.31:32 Currently, the standard of care for CAV screening
is coronary angiography with intravascular imaging, although there has been significant
development of noninvasive screening modalities, including positron emission tomography,
perfusion magnetic resonance imaging, and coronary computed tomography angiography
(CCTA).10-13 |n a meta-analysis of 615 patients, CCTA was shown to have excellent
sensitivity, specificity, and NPV for the detection of angiographic CAV.33 However its
widespread use is limited by the need for ionizing contrast, which is problematic in the
chronic heart transplant population due to prevalent chronic kidney disease.343% High
sensitivity troponin has been shown to have diagnostic value for severe CAV and to predict
adverse outcomes, but its value in the diagnosis of earlier forms of CAV is unknown. 36:37
Furthermore, troponin assays may be difficult to interpret in long-term transplant patients
with CKD, whereas dd-cfDNA can assess myocardial injury and is not impacted by kidney
function.38:39

This pilot study found an association between elevated dd-cfDNA >0.12% and the presence
of CAV, indicating that CAV should be considered as a potential etiology of elevated
dd-cfDNA in the absence of rejection. Further work to validate this pattern and assess dd-
cfDNA as a biomarker to complement noninvasive imaging in the screening for subclinical
CAV is encouraged, as well the potential to quantify and guide immunosuppression using
dd-cfDNA when considering potential treatments as another area of future work. 4041
Neither drift nor an increase in the baseline dd-cfDNA levels have been demonstrated,
differentiating it from AlloMap. Importantly, we found no increase in dd-cfDNA as a
function of time post-transplant when stratified by years post-transplant (grouped by 2-5
years, 5-10 years, = 10 years, Figure 3). However, individual long-term trends of dd-cfDNA
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are not known.! Our data support this stability, considering dd-cfDNA observation in a
cross-sectional analysis across a wider span of post-transplant follow-up.

A potential use of dd-cfDNA could be to inform about the future risk of CAV development.
Immune activation events in the early post-transplant course are known risk factors for CAV
development. Recently, ACR =2R and class || DSA during the first post-transplant year
have been identified as independent predictors of CAV trajectories.*2 Consequently, serial
early assessments of ddcf-DNA possibly reflecting these immune activation events could be
useful to further inform about an individual’s risk of CAV later in the post-transplant course
pending future longitudinal studies.

42| CAVand DSA

Development of de-novo class Il DSA post-transplant is associated with CAV and adverse
outcomes.*3 And it has recently been hypothesized that early elevations of dd-cfDNA
could be a risk factor for de-novo DSA. #4 In our study, we found that patients with high
dd-cfDNA levels were more likely to have de-novo DSA, although the small numbers

in this study precluded further stratification by human leukocyte antigen class or mean
fluorescence intensity (MFI). Furthermore, we did not find a difference in the prevalence of
prior AMR among patients with high or low levels of DSA. However, there were only two
cases of AMR recorded in the entire cohort. It is possible that episodes of subclinical AMR
have been missed in this cohort, which underlines the clinical benefit of serial dd-cfDNA
assessments. Interestingly, we also found that patients with dd-cfDNA >0.12% had a higher
percentage of prior LVAD use. This is in line with the well-established sensitizing effect of
LVAD both as a consequence of blood transfusions and device-specific sensitizing effect.
However, the clinical significance of allo-sensitization in LVAD patients is debated and
might not affect mortality.*>46 The subgroup of patients bridged to transplant with LVAD
may benefit from serial dd-cfDNA monitoring.

Whether the relationship of dd-cfDNA and CAV is confounded by DSA is difficult to
interpret due to the sample size, but importantly the data support the hypothesis that the
overall immunological composite of molecular inflammation, allograft injury, and de-novo
DSA support the immunological etiology of CAV, showing it is very much intertwined and
related. The directionality regarding these associations needs further mechanistic studies. 47

4.3 | Angiogenesis/Inflammation and CAV

Cardiac allograft vasculopathy results from complex interaction between chronic immune
activation via alloimmune and non-immune mechanisms leading to concentric and
longitudinal intimal hyperplasia in the coronary arteries.36

In line with pathologies already outlined, complement activation with C3d deposition also
predicts onset of CAV, interestingly C3d deposition in peritubular capillaries indicates

renal allograft rejection, in addition to C4d, and so whether the same is true in heart
transplant adds to the idea the CAV may be part of the allograft rejection spectrum,48:49
Graft endothelial cells express HLA Class | molecules, and host dendritic cells constantly
present donor alloantigen leading to T-cell activation. Activated T cells invade the graft

and contribute to the ongoing smoldering subendothelial immune activation and endothelial
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dysfunction via pro-inflammatory cytokine release.#148:50 |nfiltrating macrophages produce
inflammatory cytokines, growth factors, and lead to matrix deposition as well as smooth
muscle proliferation and neo-intima fibrosis.>1:52

Endothelial injury and repair have previously been implicated in the pathogenesis of CAV. In
a mouse model, vascular endothelial growth factor (VEGF) inhibition was shown to reduce
severity and incidence of CAV, while attenuating myocardial edema and neo-angiogenesis.>3
Daly et al. found vascular endothelial growth factor (VEGF)-C, VEGF-A, and platelet
factor-4 (PF-4) as significant independent biomarkers of angiographically documented CAV
(area under the curve [AUC] = 0.98; p< .001).14 However in our cohort, we did not find a
difference in angiogenesis factors including VEGF-A, C, and D when stratified for high and
low levels of dd-cfDNA. Our cohort was followed for a shorter time than the previous study
(7.5 years vs. 12 years), potentially accounting for this difference. 14

Our results are hypothesis generating and do not allow for a mechanistic link to CAV in
the absence of an acute coronary event. We speculate that the higher dd-cfDNA levels
in patients with CAV as a sign of chronic endothelial injury even in the clinical stable
transplant recipient without graft dysfunction or active myocardial ischemia. Figure 4
provides an overview of our novel findings and previously reported implications of dd-
cfDNA in heart transplant recipients.

4.4| Inflammatory factors

Rosen et al. recently reported an association between serum inflammatory markers and CAV
severity.>4 Since our cohort included only stable heart transplant patients without recent
rejection, it is not surprising that we did not find an association between inflammatory
markers and dd-cfDNA levels other than the lower level of IL-18 in patients with dd-
cfDNA>0.12%, which is of unclear significance. It is conceivable, yet speculative, that
stable transplant recipients have lower baseline inflammatory markers than healthy controls
given immunosuppressive therapy. Along this thought it is notable that our stable transplant
patients irrespective of dd-cfDNA level had lower levels of TNF-a and IL-6 than healthy
adults as previously reported.>® However, it has previously been shown that elevated serum
C-reactive protein levels were associated with CAV and were responsive to statin therapy.
15,56,57 Thus in the future when investigating dd-cfDNA as a serial CAV screening test, it
would be reasonable to further investigate a correlation with inflammatory markers.

45| Limitations

This is a single-center analysis with a limited sample size of 58 patients. However, these
patients form a very well-characterized, stable cohort of long-term transplant survivors. Due
to a small number of patients with CAV, we cannot analyze correlation of dd-cfDNA with
CAV severity. This is also applicable to de-novo DSA formation.

In this study, we have obtained one-time samples of dd-cfDNA. It is important to note
that despite inclusion of only clinically stable HT recipients there are inherent limitations
to a single measurement given variabilities in immunological stability. Thus, future serial
analysis of ddcf-DNA levels would provide additional information.
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Importantly, the level of 0.12% to discriminate between high and low levels of dd-cfDNA
chosen in this study does not immediately imply clinical practicability. More so, we
describe an association between a higher percentage of CAV with higher dd-cfDNA levels
in long-term transplant survivors. Interestingly, the median dd-cfDNA level in our 58
patients’ cohort was 0.14% with an IQR 0.06 to 0.26% without significant fluctuations
amid increasing time post-transplant. Larger studies are needed to inform about trends of
dd-cfDNA in long-term transplant survivors prior to establishing specific values.

5| CONCLUSION

In a cohort of stable transplant recipients >2 years post-HT, dd-cfDNA levels were
associated with CAV and may identify those who will benefit from invasive assessment.
Furthermore, CAV should be considered in the differential diagnosis of elevated dd-cfDNA.
Inflammatory and angiogenesis cytokines were not associated with levels of dd-cfDNA in a
stable post-transplant population. These results call for longitudinal studies to investigate the
prognostic value of serial dd-cfDNA levels for the development and progression of CAV, and
to assess whether dd-cfDNA levels are associated with CAV severity.
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FIGURE 1.
Patients with high levels of dd-cfDNA = 0.12 had higher percentage of bridge to transplant

with LVAD (31 vs. 7.7%, p 0.028). dd-cfDNA—Donor-derived Cell-free DNA; LVAD—Ieft
ventricular assist device
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FIGURE 2.
A, When stratified for levels of dd-cfDNA below or above the median patients with high

levels of dd-cfDNA = 0.12 were significantly more likely to have CAV 63% vs. 35%

when compared to those with low levels of dd-cfDNA (p 0.047). CAV—cCardiac allograft
vasculopathy; dd-cfDNA—Donor-derived Cell-free DNA. B, Patients with high levels of
dd-cfDNA = 0.12 had higher percentage of de-novo DSA formation (25 vs. 3.8%, p 0.033).
DSA—Donor-specific antibodies; dd-cfDNA—Donor-derived Cell-free DNA.
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FIGURE 3.
When analyzed for time post-transplant, there were no significant differences in dd-cfDNA

levels for times 2-5 years, 5-10, and >10 years post-transplant 0.11 (0.05, 0.25), 0.14 (0.08,
0.31), and 0.15 (0.06, 0.29) p 0.788
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FIGURE 4.
Central Figure, Elevated dd-cfDNA>0.12% is a marker of graft injury and can detect both

ACR and AMR early post-transplant. These early elevations in dd-cfDNA have been implied
as a potential risk factor for de-novo DSA, which are associated with development of CAV
and adverse outcomes. We now show that de-novo DSA formation is indeed more common
in long-term transplant recipients with elevated dd-cfDNA> 0.12% and importantly that
these high levels of dd-cfDNA are associated with CAV. In these stable, long-term transplant
recipients, dd-cfDNA might be elevated as a consequence of persistent endothelial injury
even in the absence of graft dysfunction or active myocardial ischemia. Thus, dd-cfDNA
possibly along with de-novo DSA formation could add to noninvasive screening and risk
evaluation for CAV. DSA—Donor-specific Antibodies, ACR—Acute Cellular Rejection
(ISHLT 1990), AMR—Antibody-mediated Rejection, CAV—Cardiac allograft vasculopathy,
dd-cfDNA—Donor-derived Cell-free DNA
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