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ABSTRACT:
Surveillance after lung transplantation (LT) is critical to the detection of acute cellular

rejection (ACR) and prevention of Chronic Lung Allograft Dysfunction (CLAD).
Therefore, we measured donor-derived cell-free DNA (dd-cfDNA) implementing a
clinical-grade, next generation targeted sequencing assay in 107 plasma samples from
38 unique LT recipients with diagnostic cohorts classified as: (1) Biopsy-confirmed or
treated acute cellular rejection (ACR), (2) antibody-mediated rejection (AMR), (3)
Obstructive chronic lung allograft dysfunction (CLAD), (4) allograft infection (INFXN),
and (5) Stable healthy allografts (STABLE). Our principal findings: (1) dd-cfDNA level
was elevated in ACR (median 0.91%; IQR: 0.39-2.07%), CLAD (2.06%; IQR: 0.57-3.67%),
and an aggregated cohort of rejection encompassing allograft injury (1.06%; IQR :0.38 -
2.51%), compared with the STABLE cohort (0.38%; IQR: 0.23-0.87%) (p=0.02). (2) dd-
cfDNA level with AMR was elevated (1.34%; IQR: 0.34-2.40%) compared to STABLE
although did not reach statistical significance (p=0.07) due to limitations in sample size.
(3) No difference in dd-cfDNA for allograft INFXN (0.39%; IQR: 0.18-0.67%) vs STABLE,
that may relate to differences in “tissue injury” with spectrum of bronchial colonization
vs invasive infection. (4) No difference for dd-cfDNA in unilateral vs bilateral LT. (5)
“Optimal Threshold” for dd-cfDNA for aggregated rejection events representing
allograft injury was determined as 0.85%, with Sensitivity = 55.6%, Specificity = 75.8%,
Positive Predictive Value (PPV) = 43.3%, and Negative Predictive Value (NPV) = 83.6%.
Measurement of plasma dd-cfDNA may be a clinically useful tool for the assessment of

lung allograft health and surveillance for “tissue injury” with a spectrum of rejection.



INTRODUCTION:

To date, the International Society for Heart and Lung Transplantation (ISHLT) Thoracic
Transplant Registry has accrued data on more than 69 200 adult lung transplants (LT)
performed at 260 centers, with 81% bilateral procedures [1]. Approximately 27% of
recipients experienced at least one episode of treated acute cellular rejection (ACR)
during the initial year post-LT while bronchiolitis obliterans syndrome (BOS), the
predominant phenotype of Chronic Lung Allograft Dysfunction (CLAD), occurred with
an incidence of approximately 10% per year post-LT [1, 2]. Reported BOS-free survival
for bilateral and unilateral LT recipients remains a sobering 3.16 (95% CI: 2.99-3.30)
and 3.58 (3.53-3.72) years, respectively [2]. Although CLAD represents the leading
cause of mortality for recipients after 1- year post-LT, allograft non-CMV infection
represents an ongoing threat, representing 20.5% of mortality events during years 1 to
3 post-LT [1]. Therefore, novel noninvasive surveillance of allograft health is critical to
the early detection of infection or rejection events, in order to mitigate LT mortality.
Furthermore, since CLAD represents a progressive and irreversible type of tissue injury
that ultimately culminates in allograft failure, preemptive intervention strategies may

ultimately improve clinical outcomes.

Donor-derived cell free-DNA (dd-cfDNA) has been extensively investigated as a
biomarker of “allograft injury” and has been validated for differentiation of acute
cellular (ACR), antibody-mediated rejection (AMR), and quiescence after renal and
cardiac transplantation [3-5]. After LT, Agbor-Enoh et al, while utilizing shotgun

sequencing methods, described elevated dd-cfDNA levels during ACR and AMR; while



the highest tertile dd-cfDNA during the initial 3-months portended a 6.6-fold increased

risk for subsequent allograft failure [6, 7].

In this current study, our aim was to assess the clinical utility of dd-cfDNA measurement
implementing a clinical-grade, next generation targeted (NGT) sequencing assay for the
detection of rejection events and lung allograft health, in a biorepository of plasma
samples with established clinical-pathologic diagnoses after LT.

METHODS:

HISTOPATHOLOGY:

Acute cellular rejection (ACR) was graded for trans-bronchial biopsies (TBBx) by an
experienced pathologist according to the Revised ISHLT Histopathologic Classification
as: Grade A (perivascular lymphocytic infiltration) subtypes AO: absence of ACR; A1l:
minimal; A2: mild; A3: moderate; A4: severe; Grade B (lymphocytic bronchiolitis)
subtypes B 0-2R, BX; and Grade C (presence or absence of bronchiolitis obliterans) [8].
Antibody-mediated rejection (AMR) was determined by the ISHLT and Banff Lung
Pathology working group criteria which were consistent with “probable” AMR [9, 10].
Bronchiolitis Obliterans Syndrome was determined by ISHLT consensus council
guidelines for classification of CLAD [11, 12].

BIOREPOSITORY:

The biorepository was derived from the Genome Transplant Dynamics (GTD)
[ClinicalTrials.gov identifier: NCT01985412] study at Stanford and included 107
plasma samples with corresponding histopathology by trans-bronchial biopsies (TBBx),
bronchial-alveolar lavage (BAL) microbiologic studies, and clinical data from 38 LT
recipients and classified as: (1) Biopsy-confirmed or treated ACR but without biopsy
confirmation (ACR), (2) AMR, (3) CLAD, (4) allograft infection (INFXN) without

concurrent rejection, and (5) Stable healthy allografts (no evidence of rejection or



infection) (STABLE). Eligible patients were bilateral or unilateral LT recipients = 15
years of age, = 14 days post-LT. Exclusions included: multi-organ transplant,
pregnancy, or PRBC transfusion within 21 days prior to dd-cfDNA determination.
INFECTION (INFXN) CATEGORY:

Lung allograft INFXN was defined for our data set based on BAL culture isolation for
bacterial, fungal or viral pathogens. Neither Procalcitonin nor respiratory viral
Luminex® PCR tests were performed concurrent with the sample collection era. Chest
imaging results were not available for inclusion in this data analysis.

PLASMA SAMPLES and dd-cfDNA MEASUREMENTS:

Venous blood was collected in Streck® Cell-Free DNA BCT tubes prior to performance of
bronchoscopy procedures, processed, and stored at -70°C for subsequent analysis.
Samples were batch analyzed in a Central Clinical Laboratories Improvements Act
(CLIA) and College of American Pathologists (CAP)-certified laboratory [CareDx, Inc.;
Brisbane, CA U.S.]. Details of the standardized specimen processing and analytical
methodology for NGS targeted sequencing dd-cfDNA (AlloSure®) have been previously

published [3, 13-15].

STATISTICAL ANALYSES:

Data was assessed for normality and then analyzed utilizing non- parametric testing
with Wilcoxon signed rank test. Values for dd-cfDNA were expressed as median with
25th-75th percentile interquartile range (IQR), 95% confidence intervals and box plots.
The p-values were reported for unique patient samples that were defined as the earliest
plasma sample within each group for each patient. The analysis cohorts defined for this
study were non-overlapping. The cohort with assigned diagnoses of both acute cellular

rejection and concurrent infection were eliminated from further analysis. Further



comparisons were performed for unilateral versus bilateral LT by Fisher’s exact test.
ROC-AUC analysis was performed for the aggregated rejection cohort encompassing
allograft injury (i.e. REJXN + AMR + BOS) while Positive (PPV) and Negative Predictive
Value (NPV) of rejection were calculated based on ISHLT reported data with prevalence
of 25% for ACR [1]. An “Optimal Threshold” for dd-cfDNA for the aggregated rejection
cohort was determined from this data set as the maximal value for combined Sensitivity
+ Specificity.

RESULTS:

DEMOGRAPHICS:

Demographics for the LT patient cohort are depicted in TABLE 1. The utilized
biorepository is depicted in [FIGURE 1] that included 107 plasma samples from 38
unique LT recipients. TBBx with ACR were graded as follows: Grade A1l: 13 samples
from 8 patients; and Grades A2-A4: 9 samples from 6 patients (A2 =5,A3 =2,A4 =2
samples). For 7 samples from 6 patients, no histopathologic diagnosis was obtained
although patients were treated for ACR with associated clinical improvement. For 59
plasma samples (29 patients) the TBBx were reviewed for concurrent lymphocytic
bronchiolitis (ISHLT Grade B) and only one isolated histopathologic diagnosis of Grade
B1R was identified. Treatment regiments for rejection included: pulsed-dose
corticosteroids (N=27), azithromycin (N=4), polyclonal rabbit anti-thymocyte globulin
(N=2), and “other” (N=3).

For 7 patients there were 9 plasma samples associated with HLA DSA and classified as
“Probable” AMR and received treatment with plasmapheresis (N=6) and rituximab
(N=3). Donor-specific HLA antibodies (DSA) with AMR included: Class I (57%), Class II
(28%), and combined (14%). For 7 patients, there was a clinical-physiologic diagnosis

of Obstructive-phenotype Chronic Lung Allograft Dysfunction (0O-CLAD) or BOS.



Respiratory allograft associated infections, determined by either BAL analysis or
ancillary laboratory serologic studies are depicted in TABLE 2 that included: bacterial
(N=22 patients), fungal (N=11 patients), and viral (N=10 patients) pathogens. The
INFXN cohort included only plasma samples associated with BAL positive culture
results in the absence of concurrent allograft rejection.

The dd-cfDNA Level was elevated in the Spectrum of Lung Allograft Rejection
Events.

As depicted [FIGURE 2], the median dd-cfDNA was significantly elevated in the 29 ACR
samples (0.91%; IQR: 0.39-2.07%) compared to the 28 samples in the STABLE cohort
(0.38%; IQR: 0.23-0.87%; p=0.021). No difference was observed for stratifying bilateral
versus unilateral LT recipient groups, (0.46%; IQR: 0.22-1.06%) versus (0.41%; IQR:
0.20-0.87%), respectively (Fisher’s test; p=0.40). The dd-cfDNA level was also elevated
in CLAD (2.06%; IQR: 0.97-3.34%) versus the STABLE cohort (p=0.02). The cohort of
samples with “Probable” AMR had an elevated median dd-cfDNA level of 1.34% (IQR:
0.34-2.40%] which was not statistically different compared with the STABLE cohort
(p=0.07). Individual unique LT patient dd-cfDNA levels in allograft associated events are
depicted in FIGURE 3 for STABLE, ACR, AMR, INFXN, and CLAD.

The median dd-cfDNA level for the aggregated cohort that encompassed the spectrum of
allograft rejection events with tissue injury (i.e. ACR + AMR + BOS) had a median dd-
cfDNA level of 1.06% (IQR:0.38 - 2.51%), which was significantly elevated compared
with the STABLE cohort (p=0.01). Receiver operating characteristic (ROC) analysis
demonstrated an AUC = 66.7% (95% CI: 58.6-73.8%). An “Optimal Threshold” for dd-
cfDNA for aggregated spectrum of rejection was determined as 0.85% based on the
maximal combined sensitivity + specificity = 131.3%. Based on a threshold dd-cfDNA of

0.85%, Sensitivity for rejection = 55.6% (95% CI: 44.2-66.2%), Specificity = 75.8%



(69.3-82.3%), PPV = 43.3% (35.6-51.8%), and NPV = 83.6% (80.1-87.2%). Although not
a primary focus in this preliminary investigation, FIGURE 4 depicts the different dd-
cfDNA levels across distinct clinical events for 19 unique patients with multiple
associated samples. Clinical events included: STABLE healthy, ACR, AMR, CLAD, INFXN,
and follow-up testing approximately 1-2 months after treatment. Individual patient dd-
cfDNA levels demonstrated a trend for higher levels in association with AMR and CLAD

clinical events.

The dd-cfDNA Level was NOT increased in association with lung allograft
associated Infection (INFXN) or colonization as defined by BAL microbiologic
culture results.

The dd-cfDNA median value in the 33 allograft-associated INFXN events with absence of
concurrent allograft rejection was 0.39% (IQR: 0.18-0.67%] which was not significantly
different from the healthy STABLE cohort (p=0.56). Our categorical diagnosis of INFXN
was determined by BAL microbiologic culture analysis or adjunctive serologic testing;
however additional clinical data incorporating chest imaging results were unavailable
to permit further detailed distinction of bronchial colonization versus invasive infection.
DISCUSSION:

In this preliminary study, dd-cfDNA levels by NGT sequencing were significantly
elevated in a spectrum of rejection immunologic events after unilateral and bilateral LT.
The dd-cfDNA levels were significantly elevated in both ACR and obstructive phenotype
CLAD. The elevated dd-cfDNA level in AMR was also elevated, although did not achieve
statistical significance, likely due to limitations in sample size for this cohort. The dd-
cfDNA level for the cohort with respiratory allograft INFXN in absence of concurrent
rejection, was not different from the STABLE healthy cohort. We speculate that allograft

infection represents a continuum from bronchial colonization to bona fide invasive



infection and this heterogeneity likely explains the lack of allograft “tissue injury” as
determined by the plasma dd-cfDNA level. Further prospective investigation should be
valuable to correlate allograft injury assessment by dd-cfDNA levels with diverse types
and severity of allograft infection.

For the aggregated cohort of rejection events (i.e. ACR + AMR + BOS), the dd-cfDNA
median level was approximately 3-fold elevated (1.06%; IQR:0.38 - 2.51%) in contrast
to the low level observed in stable healthy patients (0.38%; IQR:0.23-0.87%). An
“Optimal Threshold” for dd-cfDNA for the aggregated rejection cohort encompassing
tissue injury was determined from this data as 0.85% whereupon the Sensitivity for the
spectrum of rejection = 55.6%, Specificity = 75.8%, PPV = 43.3%, and NPV = 83.6%. If
further substantiated, we hypothesize the high NPV should support the utility of this
plasma biomarker for allograft surveillance and allow for reduction in invasive
diagnostic biopsy procedures. Clinical LT programs differ widely regarding protocol
biopsies for surveillance of ACR. In a comprehensive report by Trulock et al, ACR was
detected in approximately 25% of surveillance FOB procedures, while two-thirds
occurred during the initial 6-months after LT. However, complications of TBBx, in
particular bronchial hemorrhage, were significantly more frequent as compared to non-
transplant patients [16]. Further, although a Sensitivity > 90% of TBBx for detection of
ACR 2 ISHLT grade A2 has been reported, 10.8% of procedures were associated with
complications that could limit adequate tissue sampling for histopathologic
interpretation [17]. Modified FOB techniques have recently been implemented that
enhance the adequacy of lung tissue specimens in 96.6% of procedures, however were
also associated with moderate-severe hemorrhage and pneumothorax in 7.5% and
7.7%, respectively [18]. Therefore, implementation of dd-cfDNA as a plasma biomarker

of allograft “tissue injury” [18]. Therefore, a clinically validated plasma biomarker of



rejection with “tissue injury” should be valuable as a tool for LT clinical care and
surveillance.

Limitations to our study included the use of archived biorepository plasma samples,
however these were associated with appropriate clinical-pathologic data to allow
assignment to the different cohort categories. Admittedly further clarification of the
INFXN cohort with additional radiographic and clinical data would have allowed for a
more detailed analysis. We speculate that limitations in sample size likely accounted for
a lack of statistical significance for the observed elevation in dd-cfDNA with AMR.
Nevertheless, there was an evident trend (1.34%; IQR: 0.34-2.40) for this cohort which
should be further assessed in the context of a prospective multi-center study.
Additionally, a preliminary estimate of a threshold dd-cfDNA level for aggregated
allograft rejection was determined from this data; however, this threshold will require
further prospective validation. During our analysis, we included ISHLT Grade A1l
(“minimal”) ACR episodes, despite less certainty regarding clinical significance of these
episodes. Intriguing was the observation that despite only minimal perivascular
lymphocytic infiltration, the elevated dd-cfDNA levels with Grade A1 ACR were not
statistically different from the values with Grades A2-A4, which suggested a similar
extent of tissue injury occurred during the Grade A1l rejection events. Indeed, Glanville
et al, had previously reported an increased predisposition to BOS (68% vs 43%) in LT
recipients with multiple episodes of Grade A1 ACR compared to those who experienced
< 1 episode [19]. Additionally, approximately 25% of Grade A1 episodes progressed to
high Grade ACR within the subsequent 3- month period [19]. Therefore, histopathologic
diagnosis alone may lack adequate sensitivity for determining the biologic effect of ACR
on allograft injury that may require specific therapeutic interventions. We speculate

that the histopathologic diagnosis of ACR may be further complemented by dd-cfDNA



assessment of allograft injury. Another potential limitation to our study, we did not
stratify episodes of Grade A1l-A4 ACR for the presence or absence of associated
lymphocytic bronchiolitis (Grade B 0-2R) and we specifically excluded specimens with
an isolated lymphocytic bronchiolitis from the healthy NORMAL cohort to avoid the
potential confounding variable. As previously reported by Ross et al, the finding of
isolated lymphocytic bronchiolitis as the likely incipient histopathologic lesion in the
continuum of obstructive CLAD [20]. Therefore, assessment of dd-cfDNA assessment in
isolated lymphocytic bronchiolitis will be a critical area of further investigation, to
determine associated allograft tissue injury and thereby evaluate subtle patterns of ACR
that may require treatment as a preemptive strategy to mitigate development of CLAD
or BOS.

The analytics of the NGS targeted sequencing dd-cfDNA measurement conformed to
strict quality control standards in a Clinical Laboratory Improvement Amendments
(CLIA) and American College of Pathologists (CAP)-certified laboratory and plasma
samples were of adequate requisite volume for analysis. This plasma dd-cfDNA assay
(AlloSure®; CareDx, Inc.) interrogates the disparity for a targeted panel of single
nucleotide polymorphisms (SNPs) across all 22 somatic chromosomes to determine the
donor fraction (%) and does not require genomic sequencing of donor or recipient [14].
Importantly, a rapid turnaround time from phlebotomy to reported result of less than
72 hours in the U.S. for this test, would permit implementation into LT surveillance

protocols for clinical utility.

CONCLUSIONS:
This data suggests clinical utility for measurement by NGT sequencing of dd-cfDNA as a

plasma biomarker of “tissue injury” in the spectrum of allograft rejection events after



unilateral and bilateral LT. An “Optimal Threshold” value for dd-cfDNA from our
investigation was 0.85%, however this would require further clinical prospective
validation. Further, a specific threshold value for dd-cfDNA may be less relevant than
the monitoring of longitudinal trends during surveillance for maintenance of allograft
health [13]. Future studies would appear warranted to evaluate this plasma biomarker
of “allograft injury” in the context of HLA and non-HLA associated AMR, and isolated
lymphocytic bronchiolitis in the continuum of obstructive CLAD. Further, prospective
studies incorporating dd-cfDNA as a noninvasive tool for detection of rejection and

assessment of lung allograft health, may prove valuable.



TABLE 1: Patient Cohort Demographics for Genome Transplant Dynamics (GTD)
[ClinicalTrials.gov: NCT01985412] Biorepository at Stanford. (COPD - Chronic
Obstructive Pulmonary Disease; IPF - Idiopathic Pulmonary Fibrosis; CF - Cystic Fibrosis;
A1AT - Alpha-1 Anti-trypsin Deficiency; OB - Obliterative Bronchiolitis; D- donor; R -
recipient).

(N = 38 patients)

Age (years) (Mean%SD) 53+17
Male (%) 63
Ethnicity (%):

White 80

Black 8

Asian / Pacific Islander 8
Hispanic 4

Native Lung Disease (%):

COPD 27
IPF 25
CF 24
Bronchiectasis 10
A1AT 2
OB 2
Sarcoid 2
Other 8

CMV Status (%):

D+/R* 46
D-/R- 12
D*/R- 21

D-/R* 21




TABLE 2: Bronchial-alveolar lavage (BAL) culture results for Bacterial, Fungal, and Viral
pathogens in the Infection Cohort

Infection Type N
Bacterial (%): 22
(51)

Achromobacter xylosoxidans
Pseudomonas aeruginosa
Serratia marcescens

e. coli

Staphylococcus spp
Stenotrophomonas maltophilia
Klebsiella pneumoniae 2

N U NN NN

Fungal (%): 11 (26)
Aspergillus spp 7
Scedosporium spp 4

Viral (%): 10 (23)

Respiratory syncytial virus 3
Cytomegalovirus 5




GTD Stanford Biorepository

N=107 Plasma Samples (38 Patients)

ACR Confirmed Histopathology

A

Al: N=13 Samples (8 Patients)

A2-A4: N=9 Samples (6 Patients)

A 4

Clinically Treated Rejection

Unconfirmed Histopathologic diagnosis

A

N=7 Samples (6 Patients)

Clinical diagnosis of Obstructive CLAD

N = 8 Samples (6 Patients)

\ 4

AMR

N=9 Samples (7 Patients)

INFXN without Rejection

A

N=33 Samples (22 Patients)

A 4

STABLE

N=28 Samples (18 Patients)

FIGURE 1: Biorepository plasma samples for dd-cfDNA analysis and associated

diagnostic cohorts in lung transplant recipients.
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FIGURE 2: Box plots representing median and 25t-75t quartiles (IQR) for dd-cfDNA
levels (Logio Y-axis) associated with (X-axis) stable healthy (STABLE), acute cellular
rejection (ACR), antibody-mediated rejection (AMR), chronic lung allograft dysfunction-
obstructive phenotype (CLAD), and infection in absence of concurrent rejection
(INFXN). Wilcoxon rank sum tests for cohorts with ACR (p=0.02), AMR (p=0.07), BOS
(p=0.02), INFXN (p=0.56) compared with the STABLE cohort.
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FIGURE 3: Individual dd-cfDNA levels (Y-axis) for unique lung transplant patients
associated with the cohorts (X-axis) of healthy stable (STABLE), acute cellular rejection
(ACR), antibody-mediated rejection (AMR), allograft infection in the absence of
associated rejection (INFXN), and obstructive chronic lung allograft dysfunction (CLAD).

Horizontal line depicts cohort median value.
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FIGURE 4: The different dd-cfDNA levels (Y-axis) across distinct clinical events (X-axis)
for 19 unique patients with multiple associated plasma samples. Clinical events
included: healthy stable (STABLE), acute cellular rejection (ACR), antibody-mediated
rejection (AMR), chronic lung allograft dysfunction (CLAD), allograft infection in
absence of concurrent rejection (INFXN), and follow-up (F/U) testing 1-2 months after
treatment. Individual patient dd-cfDNA levels demonstrated a trend for higher levels in

association with AMR and CLAD clinical events.
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