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Background. Lung transplant patients are vulnerable to various forms of allograft injury, whether from acute rejection
(AR) (encompassing acute cellular rejection [ACR] and antibody-mediated rejection [AMR]), chronic lung allograft dysfunction
(CLAD), or infection (INFXN). Previous research indicates that donor-derived cell-free DNA (dd-cfDNA) is a promising nonin-
vasive biomarker for the detection of AR and allograft injury. Our aim was to validate a clinical plasma dd-cfDNA assay for
detection of AR and other allograft injury and to confirm and expand on dd-cfDNA and allograft injury associations observed
in previous studies. Methods. We measured dd-cfDNA fraction using a novel single-nucleotide polymorphism-based
assay in prospectively collected plasma samples paired with clinical-pathologic diagnoses. dd-cfDNA fraction was com-
pared across clinical-pathologic cohorts: stable, ACR, AMR, isolated lymphocytic bronchiolitis, CLAD/neutrophilic-respon-
sive allograft dysfunction (NRAD), and INFXN. Performance characteristics were calculated for AR and combined allograft
injury (AR + CLAD/NRAD + INFXN) versus the stable cohort. Results. The study included 195 samples from 103 patients.
Median dd-cfDNA fraction was significantly higher for ACR (1.43%, interquartile range [IQR]: 0.67%—-2.32%, P = 5x107),
AMR (2.50%, 1QR: 2.06%-3.79%, P = 2x107%), INFXN (0.74%, IQR: 0.46%-1.38%, P = 0.02), and CLAD/NRAD (1.60%,
IQR: 0.57%—-2.60%, P = 1.4x10% versus the stable cohort. Area under the receiver operator characteristic curve for AR
versus stable was 0.91 (95% confidence interval [Cl]: 0.83-0.98). Using a >1% dd-cfDNA fraction threshold, sensitivity for
AR was 89.1% (95% Cl: 76.2%-100.0%), specificity 82.9% (95% Cl: 73.3%-92.4%), positive predictive value, 51.9% (95%
Cl: 37.5%-66.3%), and negative predictive value, 97.3% (95% ClI: 94.3%-100%). For combined allograft injury area under
the receiver operator characteristic curve was 0.76 (95% ClI: 0.66-0.85), sensitivity 59.9% (95% Cl: 46.0%-73.9%), specific-
ity 83.9% (95% Cl: 74.1%-93.7%), positive predictive value, 43.6% (95% Cl: 27.6%-59.6%), and negative predictive value,
91.0% (95% Cl: 87.9%-94.0%). Conclusions. These results indicate that our dd-cfDNA assay detects AR and other
allograft injury. dd-cfDNA monitoring, accompanied by standard clinical assessments, represents a valuable precision tool
to support lung transplant health and is appropriate for further assessment in a prospective randomized-controlled study.

(Transplantation Direct 2022;8: e1317; doi: 10.1097/TXD.0000000000001317).
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Lung transplantation (LT) is the treatment of choice for
patients with a broad spectrum of end-stage chronic
pulmonary diseases.> However, long-term lung transplant
success rates are poor, largely due to the prevalent and per-
nicious complication of chronic lung allograft dysfunction
(CLAD). The 5-y CLAD-free survival after lung transplan-
tation remains a sobering 50% and about 75% of all lung
transplant recipients develop CLAD within 10 y.> Patients
who experience acute cellular rejection (ACR), antibody-
mediated rejection (AMR), or allograft dysfunction through
other means (eg, infection) are at increased risk of allograft
failure. Overall, complications from lung transplantation
results in median survival of only 6.7 y. Disappointingly, 5-y
lung allograft survival has improved only minimally over the
past several decades as reported by the International Society
for Heart and Lung Transplantation (ISHLT).*

Surveillance through bronchoscopic assessment with bron-
choalveolar lavage (BAL) and transbronchial lung biopsies
(TBBxs) is standard of care for lung transplant recipients.
However, this procedure lacks sensitivity to detect rejection
because of inadequate tissue sampling and inconsistency in
histopathologic interpretation.’” Indeed, in the multicenter
Lung Allograft Rejection Gene Expression Observational
study, the interobserver pathologist agreement Kappa score
was only 0.183 for ACR.6

Donor-derived cell-free DNA (dd-cfDNA) has emerged as a
valuable plasma analyte for detection of allograft injury (acute
rejection [AR]) after LT.*'® De Vlaminck et al'® described the
kinetics of dd-cfDNA after lung transplantation and eleva-
tion from baseline values during episodes of ACR, AMR, and
CLAD. Intriguingly, Keller et al'! observed that higher early
posttransplant dd-cfDNA fraction in the setting of primary
graft dysfunction predicts an increased risk for CLAD devel-
opment. Further, elevated dd-cfDNA fraction in association
with HLA donor-specific antibodies (DSAs) was reported to
precede the clinical-pathologic diagnosis of AMR by approxi-
mately 2.8 mo.® Although such investigations provided insight-
ful observations arguing for a role in implementing dd-cfDNA
in care of patients, all required complete exome sequencing of
both donor and recipient. This may pose a major impediment
to real-world clinical utility, because of the inability to pro-
vide rapid turn-around of results to the clinician.

Other investigators have employed single-nucleotide poly-
morphism panel based dd-cfDNA tests to detect allograft
injury, foregoing the need to genotype both donors and recipi-
ents. Khush et al'?> used a case-control design in which dd-
cfDNA tests were paired with histopathologic assessment and
reported associations between plasma dd-cfDNA and ACR
and CLAD. Significant associations with AMR or infection
were not observed, possibly because of limited sample size.!?
In a pivotal study offering the first real-world experiences
implementing plasma dd-cfDNA for surveillance after LT,
Keller et al'’ reported high sensitivity and negative predictive
value for the combined primary end point of acute lung allo-
graft dysfunction (ie, either AR or infection events). However,
the authors emphasized caution in interpretation of these
results because of inherent limitations in study design.'?

In advance of commencing enrollment into both a pro-
spective, multicenter, noninferiority design, parallel cohort,
randomized-controlled trial of dd-cfDNA surveillance ver-
sus standard of practice surveillance TBBx (Lung Allograft
Monitoring using Blood Dd-cfDNA Assessments [LAMBDA]
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001) and a longitudinal observational study for later develop-
ment of CLAD (LAMBDA 002) (ClinicalTrials.gov modifier:
NCT05170425), we endeavored to validate a clinical dd-
cfDNA assay in LT recipients that had previously been vali-
dated in kidney transplant recipients.'* The test determines
the fraction of dd-cfDNA in recipient plasma using a curated
panel of >13 000 single-nucleotide polymorphisms and offers
real-world utility with rapid turnaround time (approximately
72 h from phlebotomy) and no need for genome sequencing.

We confirm and expand on results from previous studies
by assessing the clinical validity of a dd-cfDNA test to assess
lung allograft health, with a sufficiently large sample size
to detect associations across the full spectrum of early and
late rejection and infection. We include diagnostic cohorts
based on histopathologic AR, including both ACR and AMR,
infection events, and a cohort encompassing either CLAD
or neutrophilic-responsive allograft dysfunction (NRAD) as
characterized by BAL neutrophilia (215%) in the absence of
histopathologic diagnoses of AR or infection. We present per-
formance characteristics of the test for detecting AR and other
allograft injury.

MATERIALS AND METHODS

Study Design, Setting, and Participants

We prospectively collected plasma samples at a single-
center, The Ohio State University (OSU). Sequential outpatient
bronchoscopy procedures with contemporaneous clinical data
were required for a sample to be included in the study. Routine
standard of practice procedures included: chest radiography,
office-based spirometry, and routine laboratory and immuno-
genetic testing for HLA Class I and Class II DSA. Correlations
of dd-cfDNA fraction with contemporaneous diagnostic test
results (the latter used to assign samples to diagnostic cohorts)
were determined, and the performance of dd-cfDNA as a sur-
veillance tool for AR and allograft injury after lung transplan-
tation was assessed. This case-control study was approved by
the OSU Institutional Review Board (number 2020H0445).
Informed patient consent was obtained for participation.

Bronchoscopy Procedures and dd-cfDNA Testing

Bronchoscopy procedures were performed as either routine
surveillance or based on clinical indications in accordance
with OSU standards of practice. Fiberoptic bronchoscopy
procedures were performed using topical analgesia and gen-
eral anesthesia in accordance with American College of Chest
Physicians guidelines.'®'* BAL was performed per ISHLT
guidelines'” with 2-aliquot instillations each of 60 mL sterile
normal saline directed to the right middle lobe, lingula, or
chest radiographic area of abnormality.

BAL was submitted for routine posttransplant microbiologic
studies including cultures for bacteria, fungi and mycobacteria,
and a multiplex respiratory viral polymerase chain reaction
panel (QiaStat; Qiagen, Hilden, Germany). BAL fluid cytologic
analysis for cell count differential was performed in accordance
with the American Thoracic Society Clinical Practice Guideline.'®

TBBxs were performed with histopathological grading.
Adequacy of TBBx for determination of rejection was deter-
mined by pathologists with expertise in lung allograft histol-
ogy, consonant with the ISHLT working formulation (2007)."
TBBx specimens were fixed in formalin and embedded into
a paraffin block; 5-pm histologic sections were obtained by
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serial cutting at 2 levels and immunohistochemical staining
performed according to standard criteria (hematoxylin and
eosin as well as Gram staining) and, if indicated, for cytomeg-
alovirus, herpes, Pneumocystis jirovecii, Verhoeff’s Elastica,
Ziehl-Neelson, and Grocott staining.

Peripheral blood samples were obtained on the same day
prior to each fiberoptic bronchoscopy procedure. Blood was
collected in 10-mL cell-free DNA Streck tubes. Initial cen-
trifugation was performed on Streck tubes at 2000 x g for
20min at 22 °C followed by transfer of plasma to the cor-
responding 15-mL falcon tubes. A second centrifugation was
next performed at 3220 x g for 30 min at 22 °C with transfer
of plasma from the 15-mL falcon tubes to new 15-mL falcon
tubes marked with deidentified sample numbers and storage
at -80 °C. Deidentified plasma samples were batch analyzed
using the Prospera test (Natera, Inc., Austin, TX) at Natera’s
Clinical Laboratory Improvement Amendments-certified,
College of American Pathologists-accredited laboratory in
San Carlos, CA. Cell-free DNA (cfDNA) was amplified using
a massively multiplexed polymerase chain reaction assay
targeting a curated panel of >13000 single-nucleotide poly-
morphisms designed to maximize variant frequency across
ethnicities.'* For each sample, amplicons were sequenced
by next-generation sequencing performed on the Illumina
NextSeq500 on rapid run with an average of 14 to 15 million
reads per sample and sequencing data was processed to esti-
mate the fraction of dd-cfDNA (expressed as a percentage) in
relation to total cfDNA.

Diagnostic Cohort Assignments

Treating clinicians, blinded to dd-cfDNA test results, assigned
each sample to a clinical-diagnostic cohort based on results
from contemporaneous bronchoscopy procedures and clinical
information (pulmonary function tests, imaging, and physi-
cal exam). Samples from the same patient could be assigned
to different diagnostic cohorts. Since the last ISHLT working
formulation of AR (2007) had not yet definitively recognized
AR as inclusive for AMR, here we defined AR as encompassing
both ACR and AMR." ACR was graded based on the intensity
of perivascular lymphocytic infiltrates in accordance with the
revised (2007) ISHLT working formulation.” Subacute Grade
A1 rejection episodes (ie, absence of associated signs or symp-
toms and without physiologic allograft dysfunction) were not
treated by the clinicians and not included in the AR cohort.
AMR was classified as clinical (definite, probable, possible) or
subclinical in accordance with the ISHLT (2016) consensus
statement.'® Chronic rejection included CLAD, further phe-
notyped as either obstructive or restrictive physiology. NRAD
was defined in accordance with ISHLT consensus statement
criteria?® and included: forced expiratory volume-1s <80% of
maximal posttransplant value, absence of allograft infection
and BAL neutrophil fraction >15%.2° The infection (INFXN)
cohort was defined based on ISHLT working formulation for
definitions of infections in cardiothoracic transplant or based
on clinician assessment that antimicrobial treatment was war-
ranted.?! Final groupings for clinical-pathologic cohorts were
as follows: (1) AR: either ACR (ISHLT Grades A1, A2-A4) or
AMR; (2) INFXN; (3) lymphocytic bronchiolitis (LB; Grades
B1R-B2R); (4) CLAD/NRAD; and (5) stable (including sam-
ples with untreated, subacute ISHLT Grade A1 ACR on his-
topathology). dd-cfDNA samples associated with inadequate
TBBx tissue procurement, lack of concurrently performed BAL,
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confounding or comorbid conditions (eg, aspiration pneumo-
nitis, ischemic bronchitis/stricture, cancer), or obtained <28 d
posttransplant were excluded from the study.

Statistical Analysis

The distribution of dd-cfDNA was expressed as a median
with 25% to 75 % interquartile range (IQR) for each diagnostic
cohort, with normality assessed by the Kolmogorov-Smirnov
test. As lack of normality of dd-cfDNA fraction was detected
in the cohorts, comparisons across cohorts were performed
using the nonparametric, Mann-Whitney U test. Area under
the receiver operator characteristic curve (AUROC) was calcu-
lated for both AR and combined allograft injury (defined here
as encompassing AR, INFXN, or CLAD/NRAD and excluding
LB—see discussion) versus the stable cohort for several dd-
cfDNA fraction thresholds using a bootstrapping approach,
with 100000 iterations.?? The bootstrapping approach was
used to account for potential dependence between samples
that came from the same patient. Sensitivity, specificity, posi-
tive predictive value (PPV), and negative predictive value
(NPV) were calculated using a dd-cfDNA threshold based on
our analysis and comparison to the literature.” Calculations
for PPV and NPV used the study cohort prevalence for AR.
In supplementary analyses, we calculated AUROC and accu-
racy measures for AMR, ACR, and combined rejection (ACR
+AMR + CLAD/NRAD) versus the stable cohort. dd-cfDNA
fraction was also compared for single lung transplant (SLT)
versus bilateral lung transplant (BLT) in stable and AR cohorts
(Mann-Whitney U test). We used a multinomial logistic regres-
sion model to assess the influence of time since LT (categorized
at 1 <6 mo, 6 <12 mo, and >12 mo) on the association between
dd-cfDNA fraction (entered into the model as a continuous
variable) and diagnostic cohort—wherein the multinomial
dependent variable included AR, CLAD/NRAD, INFXN, and
stable). Differences in cellular profile distribution across diag-
nostic cohorts was compared using the Kruskal-Wallis test
(again due to the lack of normality of these distributions). If
the result was significant, Dunn test was used to test for statis-
tical differences between specific cohorts. All statistical analy-
ses were performed with Python V3.9 Statistical Software.

RESULTS

A total of 204 dd-cfDNA samples from 104 LT recipients
with paired clinical-pathologic data were collected at OSU
from September 2020 through June 2021. Nine samples were
excluded from further analysis leaving 195 samples from
103 patients (Figure 1). Reasons for exclusion were lack of
adequate TBBx tissue sample (n = 4), lack of BAL microbi-
ology (n = 1), bronchial anastomosis complications (n = 2),
aspiration pneumonitis (n = 1), or ambiguous dd-cfDNA frac-
tion related to prior bone marrow transplant (n = 1). Samples
were assigned to the following cohorts: ACR (n = 27), AMR
(n = 8), CLAD/NRAD (n = 26), INFXN (n = 24), isolated
LB (n = 11), and stable (n = 99). For all cohorts combined,
the median age was 62.0 (IQR: 55.5-68.0) y and 60% of the
patients were male. Interstitial lung disease (category D in
Table 1) was the most common indication for transplantation
(48.2%). A total of 21.4% of recipients received SLT. Overall,
14.9% of TBBxs were performed for cause and 85.1% per-
formed as routine surveillance. For the AR cohort, these pro-
portions were 22.9% and 77.1%, respectively (Table 1).



4 Transplantation DIRECT m 2022

www.transplantationdirect.com

dd-cfDNA Sample Cohorts

——

ACR = A2 or treated

A1 (regardless of Grade B)

n=27 (21 patients)

(104 patients)

N=204 samples

N=195 samples (103 patients) after

excluding 9 samples (1 patient)

Stable/healthy cohort

n=99 (66 patients)

AMR
Possible/Probable
n=8 (8 patients)

CLAD or NRAD LB INFXN

| Isoloted Grade B
| n=11 (10 patients)

n=26 (22 patients) n=24 (20 patients)

FIGURE 1. Flow chart showing details of diagnostic cohorts. ACR, acute cellular rejection; AMR, antibody-mediated rejection; CLAD, chronic
lung allograft dysfunction; dd-cfDNA, donor-derived cell-free DNA; INFXN, infection; LB, lymphocytic bronchiolitis; NRAD, neutrophilic-responsive

allograft dysfunction.

Diagnostic Cohort Comparisons

The ACR cohort contained both treated Grade Al (n = 17)
and Grade A2 (n = 10), with assignment to this cohort made
regardless of concurrent histopathologic Grade B status. The
AMR cohort samples classified as possible or probable were
associated with HLA Class I (n = 2), Class IT (n = 5), and con-

current HLA Class I and Class IT (n = 1) de novo DSA.

The median time post-LT for the AR and stable cohorts
was 194.0 (IQR: 39.0-293.0) and 184.0 (IQR: 95.5-304.0)

d, respectively (Table 1) (P = 0.39). The median dd-cfDNA
fractions of 1.43% (IQR: 0.67%-2.32%) and 2.50% (IQR:
2.06%-3.79%) for ACR and AMR, respectively, were both
significantly higher than that of the stable cohort of 0.46%
(IQR: 0.21%-0.78%) (ACR versus stable P = §x10-¢, AMR
versus stable P = 2x 1073, Figure 2A; Figure S1, SDC, http:/
links.Iww.com/TXD/A416). The dd-cfDNA fraction for
AMR was approximately 2-fold higher than ACR (P = 0.03)
(Figure 2A; Figure S1, SDC, http://links.lww.com/TXD/A416).

Patient demographics for clinical-pathologic diagnostic cohorts

CLAD/NRAD INFXN LB Stable Total

Samples (patients) 26 (22) 24 (20) 11 (10) 99 (66) 195 (103)
Median age, y (IQR)? 59 (55.0-67.0) 60 (55.5-65.8) 61.5 (56.2—65.2) 60 (52.5-67.2) 62 (55.2—-68.8) 62 (55.5-68.0)
Gender, n (%)*°

Male 16 (73) 14 (70) 3(30) 35 (53) 62 (60)

Female 6 (27) 6 (30) 7(70) 31 (47) 41 (40)
Race/ethnicity (%)?

White/Caucasian 18 (81.8) 19 (95.0) 10 (100) 62 (93.9) 96 (93.2)

Black/AA 4(18.2) 1(5.0) 0(0) 3(4.5) 6(5.8)

Hispanic/Latino 0(0) 0(0) 0(0) 1(1.5) 1(1.0)

Asian 0(0) 0(0) 0(0) 0(0) 0(0)
Median time post-LT, d (QR)? .0-293.00 385.5(198.3-1133.0) 110.5(79.0-316.0) 205 (155.0-369.0) 184 (95.5-304.0) 198 (91.5-357.5)
Reason for TBBx®

For cause 14 (53.8) 3(12.5) 0(0.0) 4(4.0) 29 (14.9)

Surveillance 12 (46.2) 21 (87.5) 11 (100) 95 (96.0) 166 (85.1)
Native disease* (LAS categorical,? %)

A (obstructive) 10 (38.5) 12 (50.0) 9(81.8) 41 (41.4) 84 (43.1)

B (vascular) 2(7.7) 14.2) 0(0) 7(7.1) 12 (6.2

C (suppurative) 2(7.7) 0(0) 0(0) 2(2.0) 5(2.6)

D (restrictive) 12 (46.2) 11 (45.8) 2(18.2) 49 (49.5) 94 (48.2)
Transplant type, n (%)?,,”

Single 4(18.2 7(35.0) 2 (20) 14 (21.2) 22 (21.4)

Bilateral 18(81.8) 13 (65.0) 8(80.0) 52 (78.8) 81(78.6)

#/alues reflect patient counts.

"Counts from individual categories do not add to total as samples from the same patient can be classified to different diagnostic categories.

Values reflect sample counts.

9LAS ISHLT Native Lung Disease Category.

AR, acute rejection; CLAD/NRAD, chronic lung allograft dysfunction or neutrophilic-responsive allograft dysfunction; INFXN, infection; IQR, interquartile range; ISHLT, International Society of Heart and
Lung Transplantation; LAS, lung allocation score; LB, lymphocytic bronchiolitis; LT, lung transplantation; TBBx, transbronchial lung biopsiy.
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0.0 0.0
ACR AMR  CLAD/NRAD INFXN LB STABLE 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

143(27) 250(8) 160(26) 0.74(24) 038(11) 0.46(99)

False Positive Rate

False Positive Rate

FIGURE 2. Performance characteristics of donor-derived cell-free DNA (dd-cfDNA) to discriminate clinical-pathologic cohorts. A, Relationship
between dd-cfDNA fraction (%) (Y-axis) and clinical-pathologic diagnostic cohorts (X-axis): acute cellular rejection (ACR), antibody-mediated
rejection (AMR), chronic lung allograft dysfunction or neutrophilic-responsive allograft dysfunction (CLAD/NRAD), allograft infection (INFXN),
isolated lymphocytic bronchiolitis (LB), and stable cohort (STABLE). The box and whisker plots show median (horizontal line), interquartile range
(IQR, box), minimum and maximum whiskers (first quartile — 1.5 x IQR, third quartile + 1.5 x IQR) and outliers (dots). The X-axis also shows
median and (n). B, Receiver operator characteristic (ROC) curve for acute rejection (AR) cohort (ACR + AMR) vs the stable cohort. C, ROC curve
for combined allograft injury (ACR, AMR, CLAD/NRAD, and INFXN) vs the stable cohort. Positive predictive value (PPV) and negative predictive

value (NPV) calculated using cohort prevalence of 17.2%.

All isolated LBs were Grade B1R. The median time since
transplant was 205 (IQR: 155.0-369.0) d (Table 1). LB, in
the absence of either concurrent AR or INFXN, demonstrated
median dd-cfDNA fraction of 0.38% (IQR: 0.20%-0.55%),
which was not statistically different from the stable cohort
(P = 0.56, Figure S1, SDC, http:/links.lww.com/TXD/A416).

Median time posttransplant for the INFXN cohort was
110.5 (IQR: 79.0-316.0) d (Table 1). This cohort had a mild
but statistically significant elevation in median dd-cfDNA
fraction of 0.74% (IQR: 0.46%-1.38%) compared with the
stable cohort (P = 0.02, Figure 2A; Figure S1, SDC, http:/
links.lww.com/TXD/A416). Isolated BAL pathogens in the
INFXN cohort included: Pseudomonas aeruginosa (N = 9),
Staphylococcus aureus (N = 3), Streptococcus viridans
(N = 2), Enterobacter cloacae complex (N = 1), Enterococcus
(N = 3), Cytomegalovirus (N = 1), Adenovirus (N = 1),
Enterovirus/Rhinovirus (N = 6), and Mycobacterium muco-
genicum (N = 1) (27 infection events in total as >1 infection
could be counted per sample).

The median time posttransplant for the CLAD/NRAD
cohort was 385.5 (IQR: 198.3-1133.0) d (Table 1). Median
dd-cfDNA fraction for this cohort (1.60%; IQR: 0.57%—
2.60%) was significantly higher than the stable cohort
(P =0.0001, Figure 2A; Figure S1, SDC, http:/links.lww.com/
TXD/A416). Cell count fractional median BAL neutrophilia
showed significant variation across cohorts (P = 1x107).
Direct comparison of specific cohorts found significant dif-
ferences for AR (median 4.0%; IQR: 2.0%-18.0%), CLAD/
NRAD (median 9.0%; IQR: 3.0%-19.0%), and INFXN
(median 8.5%; IQR: 1.5%-36.2%) relative to the stable
cohort (median 2.0%; IQR: 1.0%-4.0%; P < 0.05 for all

comparisons) (Table 2). The eosinophil fraction also showed
significant variation across cohorts (P = 0.03), with a small
but significant elevation in the CLAD cohort compared with
the stable cohort (P = 0.04) (Table 2). To our knowledge, these
are the first reported results of analyses comparing BAL cel-
lular profiles with dd-cfDNA fractions after lung transplant.

The AMR cohort had higher dd-cfDNA fraction than
individual allograft injury-related cohorts with significant
differences found for AMR versus ACR (P = 0.03), AMR
versus INFXN (P = 0.001), and AMR versus LB (P = 0.001)
(Figure 2A; Figure S1, SDC, http:/links.lww.com/TXD/A416).
In addition to AMR, LB had significantly lower dd-cfDNA
fraction than other injury-related cohorts (ACR versus LB: P
= 0.01, CLAD versus LB: P = 0.01) (Figure S1, SDC, http:/
links.lww.com/TXD/A416). No other significant differences
were found in comparisons of cohorts with graft injury, but
modest sample sizes for some cohorts limited the power for
detecting small differences in dd-cfDNA fraction.

Multinomial Logistic Model Including dd-cfDNA
Fraction and Time Since Transplant as Covariates
We found that time after LT significantly influenced the
risk of CLAD/NRAD (P = 0.0005) but not any of the other
dependent variables (AR, INFXN, stable) representing diag-
nostic category that were included in the multinomial model
(P = 0.55-0.95). As with our unadjusted analyses presented
above, dd-cfDNA fraction was associated with diagnos-
tic cohort in the time-adjusted model (AR: P = 2.2x 10
CLAD/NRAD: P = 1.7x107%; INFXN: P = 0.01, using sta-
ble as the reference category for the dependent multinomial
variable). Overall accuracy of the model was 0.59 and the

Bronchoalveolar lavage cellular profiles for clinical-pathologic diagnostic cohorts (medians and IQR)

Acute rejection CLAD/NRAD INFXN LB Stable Total
Neutrophils (%) 4.0 9.0 8.5 2.0 2.0 3.0
(IGR) (2.0-18.0) (3.0-19.0) (1.5-36.2) (1.0-3.5) (1.0-4.0) (1.0-8.0)
Lymphocytes (%) 3.0 4.0 2.0 3.0 3.0 3.0
(IGR) (1.0-6.0) (1.0-13.0) (1.0-3.8) (2.0-7.0) (1.0-5.0) (1.0-6.0)
Eosinophils (%) 0.0 0.0 0.0 0.0 0.0 0.0
(IGR) (0.0-0.0) (0.0-1.0) (0.0-0.0) (0.0-0.0) (0.0-0.0) (0.0-0.0)

CLAD/NRAD, chronic lung allograft dysfunction or neutrophilic-responsive allograft dysfunction; INFXN, infection; IQR, interquartile range; LB, lymphocytic bronchiolitis.
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likelihood-ratio test for comparison to the intercept only
model was significant (P = 5.1x10-1°).

dd-cfDNA Test Performance

A dd-cfDNA threshold of 21.0% was chosen to discriminate
both AR and combined allograft injury from the stable cohort
as this cutoff was consonant with prior publications from the
GRAST consortium’ and test performance characteristics in the
range of 1.0% to 1.25% were similar (Table S1, SDC, http:/
links.lww.com/TXD/A416). AUROC and performance charac-
teristics for our primary comparison groups (AR versus sta-
ble and combined allograft injury versus stable) are shown in
Figure 2B and C. For the AR versus stable cohort the AUROC
was 0.91 (95% confidence interval [CI]: 0.83%-0.98%). The
sensitivity and specificity to detect AR was 89.1% (95% CI:
76.2%-100.0%) and 82.9% (95% CI: 73.3%-92.4%), respec-
tively. PPV was calculated as 51.9% (95% CI: 37.5%-66.3%),
and NPV 97.3% (95% CI: 94.3%-100.0%) using the study
cohort prevalence for AR of 17.2%.2 For combined allograft
injury (ACR + AMR + CLAD/NRAD + INFXN) AUROC was
0.76 (95% CI: 0.66-0.85), sensitivity 59.9% (95% CI: 46.0%-
73.9%), and specificity 83.9% (95% CL: 74.1%-93.7%).
Results for additional receiver operating characteristic analy-
ses—ACR versus stable, AMR versus stable, and combined
rejection (ACR + AMR + CLAD/NRAD) versus stable—are
shown in Table S2 (SDC, http:/links.lww.com/TXD/A416).

dd-cfDNA Fraction Lower in SLT

We explored differences in dd-cfDNA fractions in SLT and
BLT patients in stable and AR cohorts. The median dd-cfDNA
fraction in the stable cohort was 2.7-fold higher for BLT
(0.56%,1QR: 0.31%-0.87%, n = 76) than SLT (0.21%, IQR:
0.11%-0.37%, n = 23) (P < 0.0001). The median dd-cfDNA
fraction for the 4 episodes of AR in the SLT group (0.74%,
IQR: 0.19%-1.31%, n = 4) was lower than in BLT (1.98%,
IQR: 1.10%-2.87%, n = 31). Performance of the cohort was
calculated using a 2x factor for dd-cfDNA in SLT patients, as
in prior studies?* and performance numbers (Table S3, SDC,
http:/links.lww.com/TXD/A416) were similar to that from
our main analysis (Table S1, SDC, http://links.lww.com/TXD/
A416; Figure 2B and C).

DISCUSSION

In our study, we analyzed the plasma dd-cfDNA fraction
across a spectrum of acute to chronic lung allograft rejection
and infection events. Our principal finding is that elevated dd-
cfDNA is strongly associated with AR. Further, our dd-cfDNA
test detected both forms of AR, with median dd-cfDNA frac-
tion approximately 3-fold elevated in the ACR cohort and
5-fold elevated for AMR, relative to the stable healthy LT
cohort. This is in line with results from a previous study that
used a donor-recipient based genome sequencing test.”* The
performance of this dd-cfDNA assay to differentiate AR from
stable cases was excellent, with high AUROC (0.91), sensi-
tivity (89%), specificity (83%), PPV (52%), and NPV (97%)
using a 1% dd-cfDNA cutoff, whereas prevalence of AR in
our study was similar to that reported in Scientific Registry of
Transplant Recipients data.?

Second, the dd-cfDNA fraction of the cohort characterized
by airway neutrophilia, representing the likely continuum
of NRAD and CLAD,* was approximately 3-fold elevated
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compared with the stable cohort. We believe that an assessment
of allograft injury by dd-cfDNA longitudinal surveillance may
ultimately represent a valuable biomarker by indicating the
presence of NRAD, CLAD, or risk factors such as INFXN.?’
An extensive review by Kennedy et al?® provides a compelling
argument for an association of BAL neutrophilia and inter-
leukin (IL)-8 with development of CLAD.?® A novel finding in
our study was a highly significant association between cohort
type and BAL cellular profile, with cohorts with elevated
dd-cfDNA levels having higher BAL neutrophilia (ie, AR,
INFXN, CLAD/NRAD). We speculate that increased airway
neutrophilia and associated IL-8 and IL-17 elaboration may
contribute to resultant graft injury, reflected by elevated dd-
cfDNA.*? Alternatively, circulating dd-cfDNA per se, whereas
acting by damage-associated molecular pattern signaling and
pattern recognition receptors, such as Toll-like receptor-9,
may further contribute to innate immune system activation,
cytokine elaboration, and cell-death pathways.?

Third, the diagnostic cohort representing allograft infection
(in the absence of rejection) demonstrated a mild but statisti-
cally significant elevation in dd-cfDNA fraction. A previous
study using a panel-based single-nucleotide polymorphism
test did not observe this association.'> However, in another
study from the GRAfT consortium and National Heart,
Lung, and Blood Institute, Jang et al*® reported that median
dd-cfDNA level during putative infection was elevated when
associated with abnormal histopathologic findings (1.55%)
or physiologic impairment (1.61%) but not when both were
absent (0.53%). Our findings can also be considered conso-
nant with a recent study by Bazemore et al** where in variabil-
ity in plasma dd-cfDNA fraction related more to the identity
of the specific isolated BAL pathogens and their associated
risk for CLAD rather than their mere presence.

Fourth, we observed that median dd-cfDNA fraction in the
isolated LB (ISHLT Grade: B1R) cohort was not statistically
distinguishable from the stable cohort. LB has been dem-
onstrated to be an independent risk factor for bronchiolitis
obliterans syndrome and would be expected to correlate with
cellular injury.® We were surprised not to see elevated dd-
cfDNA fraction in patients with LB, and suspect that limited
sample size and variability in extent of cellular injury and het-
erogeneity in histopathology may explain our finding.3

Fifth, dd-cfDNA was also found to predict a combined
measure for allograft injury, which included AR, CLAD/
NRAD, and INFXN (we did not include LB since this cohort’s
dd-cfDNA levels were not statistically different from stable
samples and LB is considered a nonspecific pattern as an iso-
lated histologic finding). Performance characteristics for our
combined injury cohort indicated that dd-cfDNA fraction dis-
tinguished allograft dysfunction from the stable cohort with
an AUROC of 0.76. Using a dd-cfDNA threshold of >1.0%,
the sensitivity and specificity were 60% and 84 %, respectively.
Performance of dd-cfDNA using other thresholds is presented
in Table S1 (SDC, http:/links.lww.com/TXD/A416).

We investigated whether time since transplant might
confound the association between dd-cfDNA fraction and
allograft injury, by including time as a covariate in a logis-
tic regression model with a multinomial dependent vari-
able that included AR, INFXN, CLAD/NRAD, and stable
cohort membership. There was a statistically significant asso-
ciation between time since transplant and CLAD/NRAD,
which should be expected since CLAD is generally a late
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complication following transplant. However, associations
between dd-cfDNA and allograft injury were shown to be
robust as significant associations for AR, CLAD/NRAD, and
INFXN observed in our primary analysis remained, despite
inclusion of the time covariate in the model.

Seeking to understand the effect of SLT versus BLT on dd-
cfDNA levels, we explored the merits of implementing a correc-
tion or multiplier for SLT samples. Prior reports recommending
a 2x-multiplier for dd-cfDNA were theoretically based on
anticipated differences in total lung mass for SLT versus BLT
allografts.”!%1233 Intuitively, correction for SLT may be con-
sidered as appropriate, however, in nontransplant studies after
surgical pneumonectomy the potential for lung hypertrophy
and hyperplasia has been well established.’** We found that
the dd-cfDNA fraction was significantly higher (2.7-fold) in
BLT than SLT in stable patients. Although insufficient sample
size for AR in SLT samples limited our analysis, we conclude
that implementing a 2x-multiplier for SLT samples would be
appropriate in order to optimize sensitivity for these types of
patients. Future analyses derived from robust multicenter stud-
ies would be appropriate. Here, the performance of dd-cfDNA
when using the 2x-multiplier for SLT patients was similar to the
performance for our main (uncorrected) analyses.

Limitations to our study included a single-center experience
with limited sample size, particularly for some of the diagnostic
cohorts. Additionally, our study lacked longitudinal dd-cfDNA
data, precluding an analysis of intrasubject coefficient of vari-
ation or dd-cfDNA kinetics during courses of treatment for
clinical events such as AR or infection. Finally, a vexing chal-
lenge to appropriate dd-cfDNA validation relates to the inher-
ent lack of a definitive gold standard for clinical-pathological
adjudication. Reliance on TBBx histopathology in isolation
for assignment to diagnostic cohorts is limited by issues of
sensitivity, specificity, and interobserver pathologist interpreta-
tion.*® It is possible that misclassification between diagnostic
cohorts could have influenced results of our analyses. Future
studies incorporating outcome measures may shed additional
light on the relationship of dd-cfDNA, AR and graft injury,
and histopathology, not to mention more speculative markers
such as intragraft gene expression profile signatures®” and epi-
genetic signatures such as DNA methylation.*® Nevertheless,
our study design and sample size permits insights regarding
dd-cfDNA fractions and performance of a clinical assay across
diverse types of LT allograft injury and health. These data
provide a path forward in advance of an anticipated launch
of a prospective, multicenter, noninferiority design, parallel
cohort, randomized-controlled trial of dd-cfDNA surveillance
versus standard of practice surveillance TBBx (LAMBDA 001)
in LT and a companion longitudinal observational study to
assess development of CLAD (LAMBDA 002) (ClinicalTrials.
gov modifier: NCT05170425). Based on our current data and
that of GRAfT,!*? an algorithm implementing a 2x correction
multiplier of dd-¢cfDNA in SLT samples, should be included in
these future trials and further assessed.

We conclude that plasma dd-cfDNA is a promising pre-
cision biomarker in lung transplantation that can comple-
ment routine clinical assessments for evaluating lung allograft

health.
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