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Abstract

Background—~Primary Graft Dysfunction (PGD) is a risk factor for Chronic Lung Allograft
Dysfunction (CLAD). However, the association between PGD and degree of allograft injury
remains poorly defined. In this study, we leverage a novel biomarker for allograft injury,
percentage donor-derived cell-free DNA (%ddcfDNA), to study the association between PGD,
degree of allograft injury, and the development of CLAD.

Methods—This prospective cohort study recruited 99 lung transplant recipients and collected
plasma samples on days 1, 3 and 7 for %ddcfDNA measurements. Clinical data on day 3 was used
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to adjudicate for PGD. %ddcfDNA levels were compared between PGD grades. In PGD patients,
%ddcfDNA was compared between those who developed CLAD and those who did not.

Results—On post-transplant day 3, %ddcfDNA was higher in PGD than in non PGD patients
(median (IQR): 12.2% (8.2, 22.0) vs 8.5% (5.6, 13.2) p = 0.01). %ddcfDNA correlated with the
severity grade of PGD (r = 0.24, p = 0.02). Within the PGD group, higher levels of %ddcfDNA
correlated with increased risk of developing CLAD (log OR(SE) 1.38 (0.53), p=0.009). PGD
patients who developed CLAD showed ~2 times higher %ddcfDNA levels than patients who did
not develop CLAD (median (IQR): 22.4% (11.8, 27.6) vs. 9.9% (6.7, 14.9), p = 0.007).

Conclusion—PGD patients demonstrated increased early post-transplant allograft injury, as
measured by %ddcfDNA, in comparison to non PGD patients, and these high %ddcfDNA levels
were associated with subsequent development of CLAD. This study suggests that %ddcfDNA
identifies PGD patients at greater risk of CLAD than PGD alone.

Introduction

Primary Graft Dysfunction (PGD) is characterized by acute hypoxemic respiratory failure
and allograft specific pulmonary infiltrates without an alternative identifiable cause that
develops within 72 hours after lung transplantation [1]. PGD remains a leading cause of
early mortality after lung transplantation and has been identified as an independent risk
factor for the development of Chronic Lung Allograft Dysfunction (CLAD)[2, 3].
Furthermore, the severity of PGD correlates with the risk of developing CLAD [2]. Given
the associated morbidity and mortality in patients with PGD, these patients may benefit from
further risk stratification to identify patients at highest risk of long-term complications.
Patients deemed at higher risk of long-term complications may benefit from more intensive
monitoring in the post-transplant setting.

Given that the diagnosis and severity of PGD are currently based on clinical criteria alone, it
may be difficult to discern the degree of allograft injury. A more direct, quantitative marker
of allograft injury may therefore be helpful. Plasma Donor Derived Cell Free DNA
(%ddcfDNA) has emerged as a noninvasive biomarker for allograft injury following solid
organ transplant [4-6]. Following lung transplantation, levels of plasma %ddcfDNA increase
in the setting of acute cellular rejection (ACR) and antibody mediated rejection (AMR) [6,
7]. Mean levels of plasma %ddcfDNA in the months following lung transplantation also
serve as a predictor of long term outcomes, including CLAD[7]. Similarly, levels of plasma
%ddcfDNA may provide further insight into the degree of early allograft injury in patients
with PGD, and may provide an adjunctive tool for quantitatively assessing the severity of
PGD and for identifying patients at risk for development of long-term complications. In this
study, we investigated the relationship between the development and severity of PGD with
levels of plasma %ddcfDNA, as well as the association between levels of plasma
%ddcfDNA and subsequent development of CLAD.

J Heart Lung Transplant. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Keller et al.

Methods

Page 3

Study Design

We conducted an observational analysis that included subjects from two ongoing prospective
cohort studies. The first study, Genome Transplant Dynamics (GTD) (NCT01985412), is a
single center study that began in 2010 at Stanford University Hospital to evaluate the utility
of plasma %ddcfDNA to monitor for acute rejection. The second study, Genomic Research
Alliance for Transplantation (GRAFT) (NCT0243070), began recruitment in 2015 at three
centers (the Johns Hopkins Hospital and University of Maryland Medical Center, and Inova
Fairfax Hospital). Both studies recruited subjects who were at least 18 years of age and
awaiting lung transplantation. Subjects were enrolled between June 1, 2015 and November
1, 2017. After transplantation, patients underwent routine post-transplant care including
regular clinic visits, serial spirometry and surveillance bronchoscopy. Arterial blood gas
(ABG) measurements and chest X-rays were obtained on day 3 after transplantation to
adjudicate for PGD grade. Plasma samples were serially collected post-transplant and
analyzed for %ddcfDNA. Since the diagnosis of PGD was made at the 72-hour mark post-
transplant, we only included patients with available day 3 plasma samples for %ddcfDNA
measurements in this study. This study was approved by the Institutional Review Board at
each center.

Clinical Endpoints

PGD was defined as the development of pulmonary infiltrates in the transplanted lung(s)
consistent with non-cardiogenic pulmonary edema 72 hours post-transplant and graded
according to the severity of hypoxemia as reflected by the ratio of partial pressure of arterial
oxygen to fraction of inspired oxygen (P:F). The radiographic criteria for PGD was
established for each patient through the independent review of their chest radiographs at 72
hours by an adjudication committee member at each clinical site. The adjudication
committees were comprised of thoracic surgeons, transplant pulmonologists and thoracic
radiologists. Patients were then assigned a PGD grade according to the International Society
for Heart and Lung Transplantation (ISHLT) criteria [1]. CLAD was defined according to
ISHLT criteria as a > 20% decline in FEV1 +/- FVC from baseline to at least 3 months post-
transplant, that persisted on separate measurements > 3 weeks apart [8]. Infection was
classified as the average number of respiratory pathogens isolated by BAL per 100 days.

Measurement of %ddcfDNA

Plasma %ddcfDNA was measured using an automated shotgun sequencing method. This
approach has been described previously [9]. In summary, donor and recipient pre-transplant
genomic DNA was isolated and genotyped. The data were then compared to identify single-
nucleotide polymorphisms (SNPs). After transplantation, recipient plasma cell free DNA
(cfDNA) was isolated in order to create a DNA library for paired end shotgun sequencing.
The cfDNA sequence reads were then evaluated for the presence of donor and recipient
SNPs and %ddcfDNA was calculated as the percentage of donor SNPs to total (recipient and
donor) SNPs. The value for %ddcfDNA in single lung transplant recipients was adjusted by
multiplying the initial value by 2[6, 7, 10].
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Statistical Analysis

Results

Categorical variables were summarized as counts and percentages, and compared using Chi-
square tests or Fisher exact tests. Continuous variables were summarized as mean (SD) or
median (IQR) and were compared using t-tests or Wilcoxon rank sum tests. Linear mixed
models were used to analyze repeated measures of continuous variables. Standard residual
diagnostics were used to check model assumptions. For each analysis, %ddcfDNA was log-
transformed unless non-parametric methods were used. Categorical outcomes were analyzed
in multivariable logistic regression models to adjust for potential confounders, which were
selected by univariate analysis (p < 0.1), including gender, race, type of transplant, donor-
recipient race mismatch and PGD (Supplementary Table 1). All analyses were performed
using SAS version 9.4, and p-values were 2-sided with a value of < 0.05 indicating
significance.

Cohort Description

Ninety-nine subjects met criteria for inclusion in our analysis; however, 13 of these patients
did not have available day 3 CXR or ABG data necessary to adjudicate for PGD. 86 patients
were therefore included in our final analysis (Supplementary Figure 1). The mean (SD) age
at transplantation was 54.3 (14.4) years and the mean (SD) Lung Allocation Score (LAS)
was 44.9 (12.1). Interstitial lung disease was the most common indication for transplant
(46.4%) and 70.2% of patients underwent bilateral lung transplant. The mean (SD) donor
age was 36.3 (14.1) years old (Table 1). Mean post-transplant follow-up was 24.0 +/- 10.5
months. Following transplantation, 39 (45.4%) patients did not develop PGD, 19 (22.1%)
patients developed Grade 1 PGD, 12 (14.0) patients developed Grade 2 PGD and 16 (18.6)
patients developed Grade 3 PGD. Eight patients lacked data to adjudicate for CLAD. 22/78
(28.2) patients in our cohort developed CLAD. This included 11 patients with CLAD who
had PGD and 11 patients with CLAD who did not have PGD.

Levels of %ddcfDNA in patients with PGD vs no PGD

A total of 269 plasma samples were assessed for %ddcfDNA by shotgun sequencing.
Duplicated reads and low mapping quality (MAPQ < 30) reads were filtered out for
estimation of %ddcfDNA [9], after which an average of 67% of total reads were used for
computing %ddcfDNA. The median day 1 level of %ddcfDNA for all patients was 26.2%
(IQR: 18.4 — 36.4%). Levels then declined following two phase logarithmic decay kinetics to
10.7% on day 3 (IQR: 6.6 — 17.3%), 4.2% on day 7 (IQR: 2.6 — 6.8%), and 1.4% on day 30
(IQR: 1.0 - 2.7%).

Figure 1a demonstrates the trends in median values of %ddcfDNA over the first 7 days post-
transplant for both PGD and non-PGD patients. %ddcfDNA on Day 3 was higher in patients
with PGD than in patients without PGD (median (IQR): 12.2% (8.2, 22.0) vs 8.5% (5.6,
13.2), p = 0.01) (Figure 1b). Even before the diagnosis of PGD was made on Day 3, levels of
%ddcfDNA on Day 1 were higher in PGD patients than non-PGD patients (32.8% (22.2,
40.2) vs 22.0% (16.7, 28.1), p = 0.01). The difference between values on Day 1 and 3 was
similar (p=0.94 for interaction, p=0.006 for the average PGD effect). On Day 3, logyg
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(%ddcfDNA) levels correlated with severity of PGD grade (Pearson correlation: r = 0.24, p
=0.02), levels were = 1.5 times higher for PGD grade 3 compared to PGD 1+2 and =~ 2
times higher for PGD grade 3 compared to non-PGD patients (8.5% (5.6, 13.2) vs 10.9%
(8.20, 19.3) vs 17.6% (8.1, 22.8), p = 0.03, Kruskal-Wallis Test) (Supplementary Figure 2).

Levels of %ddcfDNA in PGD patients who develop CLAD

In an effort to further characterize the risk of developing CLAD in patients with PGD, we
analyzed differences in allograft injury as assessed by %ddcfDNA between PGD patients
who developed CLAD (PGD+/CLAD+) compared to PGD patients who did not develop
CLAD (PGD+/CLAD-). The decay in %ddcfDNA over the first post-transplant week for
PGD+/CLAD+ and PGD+/CLAD-is shown in Figure 2a. At diagnosis of PGD on Day 3,
PGD patients who subsequently developed CLAD (PGD+/CLAD+) demonstrated over 2-
fold higher levels of %ddcfDNA than PGD patients that did not develop CLAD (PGD+/
CLAD-) (Day 3 median (IQR): 22.4% (11.8, 27.6) vs. 9.9% (6.7, 14.9), p = 0.007) (Figure
2h).

Multivariate logistic regression analysis demonstrated that the relationship between levels of
%ddcfDNA and the development of CLAD was different between the PGD patients and the
non-PGD patients (p=0.004), after adjusting for race (White vs non-White) based on our
univariate analysis (Supplementary Table 1). In patients who experienced PGD, higher levels
of %ddcfDNA correlated with increased risk of developing CLAD (logOR(SE) 1.38 (0.53),
p=0.009). A similar relationship was not observed in non-PGD patients (the logOR(SE)
-0.64 (0.45), p=0.16). Given that ACR and infection may serve as risk factors for CLAD, we
next added these covariates to our multivariate model. Accounting for infection and the
number of episodes of ACR, higher levels of %ddcfDNA in patients with PGD still
correlated with an increased risk of developing CLAD (logOR(SE) 1.66 (0.70), p = 0.02).
An ROC curve of a model incorporating PGD and Race alone demonstrated an AUC of 0.58,
however, the AUC increased to 0.77 when adding %ddcfDNA to the model and further
increased to 0.86 with the addition of infection and ACR. (Supplementary Figures 3a, 3b
and 3c).

Discussion

This study reports two important findings supporting the use of %ddcfDNA in patients with
PGD. First, from Day 1 of transplantation, %ddcfDNA correlated with the presence and
severity of PGD. Second, in patients with PGD, %ddcfDNA correlated with the subsequent
risk of developing CLAD. Tanaka et al. previously reported an inverse correlation between
%ddcfDNA and oxygenation in a cohort of 15 patients undergoing living donor-lobar lung
transplantation as well as higher levels of %ddcfDNA in patients with acute rejection [11].
Our study builds on these findings in a larger cohort of cadaveric lung transplant patients,
further extending the relationship of %ddcfDNA and PGD to the subsequent development of
CLAD.

These findings have several implications. %ddcfDNA is emerging as a useful biomarker of
allograft injury in solid organ transplants, and is primarily used to detect acute rejection [12—
14]. The relationship between levels of %ddcfDNA and the severity of PGD lends further
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credence to the hypothesis that %ddcfDNA is a molecular marker for allograft injury, and
our results now extend this concept to the early post-transplant setting. The current
diagnostic criteria of PGD relies on a combination of radiographic findings and arterial
blood gas measurements in the absence of other identifiable etiologies. Incorporation of
%ddcfDNA into the diagnosis may allow for a more specific and quantitative marker of
allograft injury to increase diagnostic certainty and more adequately define PGD severity.

The association of early post-transplant allograft injury to long term outcomes such as
CLAD has been reported in prior investigations. For example, our previous analysis showed
that %ddcfDNA within the first 3 months post-transplant served as a predictor for the
development of CLAD [7]. Fiser and colleagues previously demonstrated that ischemia-
reperfusion injury, characterized by radiographic infiltrates and hypoxemia within the first
24 hours of transplantation, was an independent risk factor for the development and
progression of bronchiolitis obliterans syndrome (BOS) [15]. Daud and colleagues later
corroborated these findings by establishing PGD as an independent risk factor for the
development of BOS, with the risk of BOS increasing with respect to the severity of PGD
[3]. This study further strengthens these observations by demonstrating the association
between the degree of allograft injury at PGD diagnosis with developing CLAD.

The mechanism by which early allograft injury contributes to the development of CLAD
remains undefined. However, accumulating evidence suggests that an increase in allograft
immunogenicity may play a substantial role. Early ischemia-reperfusion injury after kidney
transplantation results in recruitment of recipient MHC Class-I1 leukocytes to the allograft
[16]. In animal models, early ischemia reperfusion injury after lung transplant caused
increased expression of donor MHC Class Il antigen[17]. Furthermore, in adult lung
transplant patients, an increase in pro-inflammatory mediators during PGD has been
associated with the subsequent development of anti-HLA 1l alloantibodies, and patients with
CLAD exhibit higher levels of early post-transplant inflammatory mediators and increased
anti-HLA Class Il alloantibodies[18, 19]. More recently, it has been postulated that early
allograft injury may result in the release of exosomes expressing HLA antigen and lung
associated self-antigens (SAags) to K alpha 1 tubulin and collagen-V. This results in the
development of alloantibodies to these antigens which are upregulated in patients with
CLAD, providing further evidence for the role of early allograft injury-induced
immunogenicity [20-24].

Currently, clinicians are unable to use early clinical parameters to accurately predict long
term complications after lung transplantation. Accurate risk stratification in the early post-
transplant setting would help guide subsequent monitoring and surveillance required for
routine follow up, and could potentially alter future diagnostic and therapeutic decision
making. Our findings suggest that the combination of the presence of PGD on day 3 and
levels of %ddcfDNA may be a better predictor of CLAD than PGD alone. Future studies
focusing on the development of predictive models for CLAD may benefit from incorporating
%ddcfDNA into proposed algorithms.

In this study we did not find an association between %ddcfDNA and development of CLAD
in non-PGD patients. Our prior report in a larger population of patients examined
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%ddcfDNA at a different early post-transplant period (Day 14 to 90) and showed correlation
of %ddcfDNA to CLAD in PGD and non-PGD patients[7]. Future studies with a larger
cohort size may be needed to fully examine the association of Day 3 %ddcfDNA and CLAD
in non-PGD patients. These future studies should also examine PGD diagnosed at an earlier
post-transplant period, as it is possible that some Day 3 %ddcfDNA values were sampled
from patients who had resolving lung injury after experiencing PGD earlier than Day 3. In
addition, these future studies should also compare the ddcfDNA tissue of origin within the
allograft between PGD and non-PGD patients. Nonetheless, our results suggest that
%ddcfDNA on Day 3 has a bigger effect size in distinguishing PGD than non-PGD patients
for their risk of CLAD.

Our findings are limited by the observational study design, missing data, and relatively small
sample size. In addition, this study focuses on a phenotype of PGD characterized by
persistent allograft dysfunction at 72 hours post-transplant [25]. While this excludes patients
with PGD that resolves within 72 hours, it focuses on a phenotype of patients at higher risk
for poor outcomes [25]. To the best of our knowledge, this study offers the largest analysis
of %ddcfDNA levels concurrent with PGD diagnosis. We were unable to obtain data
regarding the use of cardiopulmonary bypass or pulmonary artery pressures at the time of
transplant, both of which may increase the risk of PGD and potentially increase %ddcfDNA
levels. While the number of re-transplantation procedures was low in our cohort (6%), future
studies should aim to assess the impact of re-transplantation on early %ddcfDNA levels.
Lastly, our pre-specified analysis used the incidence of CLAD as an outcome, however, time
to CLAD may represent a more robust outcome measure in future studies using a larger
cohort of patients. Validation of these findings in a larger independent cohort is needed. As
such, these findings should be viewed as hypothesis generating.

In conclusion, this study demonstrates an association between plasma %ddcfDNA and the
diagnosis and severity of PGD, as well as a correlation between %ddcfDNA levels in
patients with PGD and the subsequent development of CLAD. This work lays the foundation
for future studies evaluating the role of early %ddcfDNA as a predictive biomarker for long
term outcomes after lung transplantation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(a) Trend in %ddcfDNA over the first post-transplant week in PGD and non-PGD patients.
Each point represents median values with interquartile range. Levels of %ddcfDNA were
higher in patients with PGD than in patients without PGD on days 1, 3 and 7 (Day 7 values,

median (IQR): 4.7% (3.0,8.9) vs 3.3% (2.4, 5.4), p=0.046) (b) Comparison of day 3

%ddcfDNA between PGD and non-PGD patients displayed with violin plots including all
individual data points, median and IQR values PGD patients demonstrated higher levels of

J Heart Lung Transplant. Author manuscript; available in PMC 2022 June 01.
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%ddcfDNA than non-PGD patients (median (IQR): 12.2% (8.2, 22.0) vs 8.5% (5.6, 13.2), p
=0.01).
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PGD+/CLAD+ vs PGD+/CLAD-
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Figure 2.

(a) Trend in %ddcfDNA over the first week post-transplant in PGD+/CLAD+ patients and

PGD+/CLAD- patients

. Each point represents median values with interquartile range. (b)

Comparison of day 3 %ddcfDNA between PGD+/CLAD+ patients vs PGD+/CLAD-
patients displayed with violin plots including all individual data points, median and IQR
values. PGD+/CLAD+ patients demonstrated higher levels of %ddcfDNA than PGD+/
CLAD- patients (Day 3 median (IQR): 22.4% (11.8, 27.6) vs. 9.9% (6.9, 14.9), p = 0.007).
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Patient Demographics

Recipient Age (Years) | 54.3 (14.4)
Donor Age (Years) | 36.3(14.1)
Male Recipient (%) | 42.7%
LAS Score | 44.9 (12.1)
Bilateral Transplant (%) | 70.2%
Diagnosis
COPD 17.9%
Cystic Fibrosis 16.7%
Interstitial Lung Disease 46.4%
Pulmonary Arterial Hypertension 4.8%
Other 8.2%
Re-transplantation 6%
Race
White 81.7%
Black 15.9%
Asian 2.4%
Recipient-Donor Race Mismatch 26.3%

Table 1:

LAS: Lung Allocation Score, COPD: Chronic Obstructive Pulmonary Disease
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