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Abstract

Rationale: Acute rejection, manifesting as lymphocytic inflammation
in a perivascular (acute perivascular rejection [AR]) or peribronchiolar
(lymphocytic bronchiolitis [LB]) distribution, is common in lung
transplant recipients and increases the risk for chronic graft dysfunction.

Objectives: To evaluate clinical factors associated with biopsy-
proven acute rejection during the first post-transplant year in a
present-day, five-center lung transplant cohort.

Methods:We analyzed prospective diagnoses of AR and LB from
over 2,000 lung biopsies in 400 newly transplanted adult lung
recipients. Because LB without simultaneous AR was rare, our
analyses focused on risk factors for AR. Multivariable Cox
proportional hazardsmodels were used to assess donor and recipient
factors associated with the time to the first AR occurrence.

Measurements and Main Results: During the first post-
transplant year, 53.3% of patients experienced at least one AR
episode. Multivariable proportional hazards analyses accounting for

enrolling center effects identified four or more HLA
mismatches (hazard ratio [HR], 2.06; P< 0.01) as associated
with increased AR hazards, whereas bilateral transplantation
(HR, 0.57; P< 0.01) was associated with protection from AR.
In addition, Wilcoxon rank-sum analyses demonstrated
bilateral (vs. single) lung recipients, and those with fewer
than four (vs. more than four) HLA mismatches demonstrated
reduced AR frequency and/or severity during the first post-
transplant year.

Conclusions:We found a high incidence of AR in a
contemporary multicenter lung transplant cohort
undergoing consistent biopsy sampling. Although not
previously recognized, the finding of reduced AR in bilateral
lung recipients is intriguing, warranting replication and mechanistic
exploration.
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Lung transplantation is an established
therapy for many end-stage pulmonary
diseases. Despite contemporary
immunosuppression strategies, lung
recipients have higher rates of acute and
chronic allograft rejection compared with
recipients of other commonly transplanted
solid organs. Importantly, acute lung
rejection has been consistently identified as
a risk factor for chronic lung allograft
dysfunction (CLAD), a manifestation of
chronic rejection that accounts for the
majority of lung recipient deaths after the
first post-transplant year (1–4).

Acute cellular lung rejection is
diagnosed on the histological observation of
lymphocytic infiltrates in a perivascular

(acute perivascular inflammation [AR]) or
peribronchiolar (lymphocytic bronchiolitis
[LB]) distribution. Standardized criteria for
the diagnosis and severity grading of AR and
LB, based on the degree of lymphocytic
infiltration, have been established by the
International Society for Heart and Lung
Transplantation (ISHLT) (5). ISHLT
registry data reveal that approximately one-
third of lung recipients will experience at least
one episode of acute rejection during the first
post-transplant year (1). However, these data
are self-reported by centers and reflect wide
variation in clinical practice over many eras.

Despite the prognostic implications of
AR and LB, the precise incidence of these
histologies in a consistently sampled
modern-day lung transplant cohort has not
been ascertained. In addition, the clinical
risk factors contributing to their occurrence
remain unclear (6). We leveraged a
multicenter, prospective observational
cohort of 400 lung transplant recipients
who underwent over 2,000 allograft biopsies
to study AR and LB during the first post-
transplant year. Because LB occurred
primarily concurrent with AR, we
concentrated on assessing donor or recipient
factors associated with the first occurrence of
AR and investigated the impact of significant
risk factors on AR frequency and severity
during the first post-transplant year.

Methods

Cohort
The cohort was drawn from Clinical Trials
in Organ Transplantation (CTOT)–20
(clinicaltrials.gov NCT02631720), a
prospective observational study of lung
transplant recipients at five North
American centers. This analysis included
the first 400 enrolled transplanted subjects
with at least one biopsy performed within
the first post-transplant year. Subjects were
transplanted between December 2015 and
June 2017. The study was approved by each
center’s institutional review board.

Assessments
Recipients were managed according
to center-specific practices (online
supplement). Bronchoscopies were recorded
as surveillance if performed in absence of a
specific indication or for routine follow-up
after an AR episode. Bronchoscopies were
recorded as for cause if performed for
evaluation of a specific symptom or sign.

Biopsies were reviewed by an experienced
pathologist at the enrolling center. Before
study initiation, pathologists participated
in a working group to share terminology
and diagnostic approaches around lung
allograft histology, including a review of
representative cases. AR and LB were
defined as the presence of perivascular or
peribronchiolar lymphocytic inflammation,
respectively, and scored for severity
according to the ISHLT criteria (5). In
addition, the presence of microorganisms
was assessed on BAL or other lower
respiratory tract specimens (e.g., sputum).

Analyses
Descriptive statistics were used to summarize
cohort demographics. To determine factors
associated with AR, Cox proportional
hazards models were used to model the time
to first AR occurrence in the first post-
transplant year (through post-transplant Day
410, upper window of the 1 yr study visit). AR
occurrence was defined as the presence of AR
histology on biopsy, whether in isolation or
concurrent with other histology. Center was
incorporated into the Cox models as a
random effect, which allowed us to control
for center-level heterogeneity in the hazards
of AR (Table E1 in the online supplement)
and to estimate the influence of patient-level
covariates that were strongly colinear with
center (7). Time-independent covariates
considered included donor age, sex, race,
and cause of death; recipient age and sex;
donor-recipient sex mismatch; native lung
disease; transplant type; lung allocation
score; induction immunosuppression;
maintenance immunosuppression at
hospital discharge; total number of HLA
mismatches between the donor and recipient
as determined by HLA genotyping; number
of mismatches at the HLA A, B, or DR locus,
respectively; donor-to-recipient predicted
TLC ratio; primary graft dysfunction grade 3
within 72 hours (6); ischemic time; and
pretransplant HLA sensitization. Induction
immunosuppression was defined as the
receipt of augmented immunosuppression
(other than intravenous steroids alone)
within 24 hours of transplantation. Time-
dependent covariates included any positive
fungal, bacterial, mycobacterial, or viral
organism on respiratory specimen;
cytomegalovirus (CMV) detection (defined
as either a quantifiable concentration of
CMV in the serum or histopathological
evidence of CMV pneumonitis on biopsy);
and receipt of augmented

At a Glance Commentary

Scientific Knowledge on the
Subject: Acute rejection, manifesting
as lymphocytic inflammation in a
perivascular (acute perivascular
rejection [AR]) or peribronchiolar
(lymphocytic bronchiolitis)
distribution, is common in lung
transplant recipients and increases the
risk for chronic graft dysfunction.
Despite the prognostic implications of
AR and lymphocytic bronchiolitis, the
precise incidence and clinical risk
factors contributing to their occurrence
remain unclear.

What This Study Adds to the Field:
Using a present-day, multicenter
cohort of 400 lung transplant recipients
undergoing serial bronchoscopies
(totaling 2,026 lung biopsies), we found
over half of lung recipients experience
at least one episode of AR during the
first post-transplant year. Multivariable
analyses accounting for center
differences indicated receipt of a
bilateral, as opposed to single, lung
transplant significantly reduced AR
risk, whereas four or more total human
leukocyte antigen mismatches between
the donor and the recipient increased
AR risk. These data underscore the
importance of frequent surveillance for
AR in lung recipients and identifies
new opportunities to better understand
the complexity of the host response to
the donor organ in the development of
AR.
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Table 1. Clinical Characteristics of the Study Cohort Presented Overall and Stratified by Patients Experiencing at Least One Episode
of AR or LB

Characteristics
Overall Study Cohort

(N= 400)
Patients with AR

(n= 213)
Patients with LB

(n=59)

Baseline characteristics
Age at transplant, median (quartile 1–quartile 3), yr 59.5 (51.0–66.0) 60.0 (50.0–66.0) 62.0 (45.0–69.0)
Sex, n (%)

F 161 (40.3) 76 (35.7) 22 (37.3)
M 239 (59.8) 137 (64.3) 37 (62.7)

Race, n (%)
Black 20 (5.0) 10 (4.7) 2 (3.4)
Other 18 (4.5) 8 (3.8) 2 (3.4)
White 362 (90.5) 195 (91.5) 55 (93.2)

Native lung disease (UNOS category), n (%)
Obstructive (A) 112 (28.0) 59 (27.7) 11 (18.6)
Vascular/other (B) 16 (4.0) 5 (2.3) 1 (1.7)
Cystic fibrosis (C) 55 (13.8) 29 (13.6) 11 (18.6)
Restrictive (D) 217 (54.3) 120 (56.3) 36 (61.0)

LAS at transplant, median (quartile 1–quartile 3) 38.5 (34.4–46.5) 38.3 (34.4–47.1) 38.1 (34.4–44.9)
Transplant characteristics
Donor age, median (quartile 1–quartile 3), yr 41.0 (27.5–54.0) 38.0 (25.0–54.0) 41.0 (23.0–53.0)
Donor sex, n (%)

F 161 (40.3) 87 (40.8) 27 (45.8)
M 239 (59.8) 126 (59.2) 32 (54.2)

Donor cause of death, n (%)
Intracranial hemorrhage/blunt injury 227 (56.9) 120 (56.3) 39 (66.1)
Other/unknown 172 (43.1) 93 (43.7) 20 (33.9)

Recipient/donor sex mismatch, n (%)
F/M 60 (15.0) 24 (11.3) 7 (11.9)
M/F 60 (15.0) 35 (16.4) 12 (20.3)
Matched 280 (70.0) 154 (72.3) 40 (67.8)

Ratio predicted TLC, median (quartile 1–quartile 3) 1.0 (0.9–1.1) 1.0 (0.9–1.1) 1.0 (0.9–1.1)
Ischemic time, median (quartile 1–quartile 3), h 6.4 (4.9–8.1) 6.5 (5.3–8.5) 5.0 (3.9–7.5)
Total HLA mismatches, n (%)

0 1 (0.3) 0 (0.0) 1 (1.7)
1 2 (0.5) 1 (0.5) 0 (0.0)
2 9 (2.3) 4 (1.9) 1 (1.7)
3 49 (12.3) 16 (7.5) 3 (5.1)
4 104 (26.1) 65 (30.7) 24 (40.7)
5 144 (36.2) 74 (34.9) 18 (30.5)
6 89 (22.4) 52 (24.5) 12 (20.3)

A locus mismatches, n (%)
0 22 (5.5) 14 (6.6) 4 (6.8)
1 167 (42.0) 82 (38.7) 23 (39.0)
2 209 (52.5) 116 (54.7) 32 (54.2)

B locus mismatches, n (%)
0 10 (2.5) 4 (1.9) 2 (3.4)
1 116 (29.1) 58 (27.4) 19 (32.2)
2 272 (68.3) 150 (70.8) 38 (64.4)

DR locus mismatches, n (%)
0 23 (5.8) 9 (4.2) 4 (6.8)
1 158 (39.7) 79 (37.3) 23 (39.0)
2 217 (54.5) 124 (58.5) 32 (54.2)

Recipient HLA-sensitized pretransplant, n (%) 169 (42.3) 94 (44.1) 24 (40.7)
Transplant type, n (%)

Bilateral 303 (75.8) 148 (69.5) 32 (54.2)
Single 97 (24.3) 65 (30.5) 27 (45.8)

PGD grade 3 within 72 h, n (%) 65 (16.3) 34 (16.0) 5 (8.5)
Induction immunosuppression, n (%)

Basiliximab 178 (44.5) 87 (40.8) 22 (37.3)
Antithymocyte globulin 25 (6.3) 6 (2.8) 7 (11.9)
None 197 (49.3) 120 (56.3) 30 (50.8)

Maintenance immunosuppression, n (%)*
Tacrolimus 300 (75.0) 158 (74.2) 47 (79.7)
Cyclosporine 100 (25.0) 55 (25.8) 12 (20.3)

(Continued )

ORIGINAL ARTICLE

578 American Journal of Respiratory and Critical Care Medicine Volume 202 Number 4 | August 15 2020



immunosuppression after postoperative
Day 1. Time-dependent covariates
were modeled as binary indicators with
values switched from 0 to 1 at the first
occurrence. Univariable and multivariable
models were fit.

To control the number of covariates in
the multivariable model, variables with
substantial multicollinearity or low event
frequencies were removed. We explored
the influence of covariates significantly
associated with AR on the cumulative
burden of AR as indicated by the normalized
AR score, which was calculated as the sum of
AR grades over the first post-transplant year
divided by the number of gradable biopsies.
The normalized AR score was compared
among subgroups of interest using the
Wilcoxon rank-sum test. The Kaplan-Meier
log-rank test was used to compare the time
to the first AR occurrence. Analyses were
performed using SAS version 9.4.

Results

Cohort Characteristics
Table 1 describes the cohort characteristics.
The median (quartile 1–quartile 3) age at
transplant was 59.5 (51.0–66.0) years. Over
half were male (239/400, 59.8%), and the
most common transplant indication was
restrictive lung disease (217/400, 54.3%). A
majority of patients underwent bilateral
lung transplantation (303/400, 75.8%).
Induction immunosuppression was given in
50.8% of cases, with the most common
medication being basiliximab. At the time
of post-transplant discharge, 300 patients
(75.0%) were on tacrolimus-based
maintenance immunosuppression,

whereas the remaining 100 patients
(25.0%) were on cyclosporine. In addition,
nearly all patients were on a cell-cycle
inhibitor, with the majority receiving
mycophenolate. At 1 year post-transplant,
26 (7%) subjects had died or were
retransplanted, 12 (3%) terminated for
other reasons, and 362 (91%) remained in
active follow-up.

Occurrence of AR and LB
In total, 2,026 lung biopsies were performed
over the first post-transplant year (median,
5.0 [quartiles 1–3, 4.0–6.0] biopsies per
patient; median time to first biopsy, 30.0
[quartiles 1–3, 22.0–38.0] d). The median
number of biopsies per patient and median
time to first biopsy were similar when
comparing the cohort overall with those who
developed AR or LB (Table 1) across the
enrolling centers (Table E2) and among
bilateral and single-lung recipients. The
majority of biopsies (83.4%) were performed
for surveillance, whereas the remainder
were for cause. Among the for-cause
bronchoscopies, the most common clinical
indications were radiographic abnormalities,
decline in pulmonary function tests, or
worsening dyspnea or gas exchange.

Table 2 summarizes the findings with
respect to AR and LB on every biopsy over
the first post-transplant year. The majority
of AR episodes were of minimal severity
(grade A1) with only eight of 2,026 biopsies
demonstrating grade A3 or A4 rejection.
Similarly, LB was nearly always of minimal
grade (B1R). Rates of minimal (grade A1)
and mild (grade A2) AR were similar
between for-cause and surveillance
bronchoscopy. Considering all biopsies,
10.6% were deemed ungradable for AR,

and 30.7% were ungradable for LB. When
comparing biopsy results stratified by
enrolling center (Table E2), we observed
heterogeneity in the rates of specimens
ungradable for AR (range, 2.5–28.0% of
biopsies) or LB (range, 5.1–60.4% of
biopsies). Despite the variable rates of
biopsies ungradable for AR, the rates of grade
A1 and A2 AR were similar among the four
highest volume lung transplant centers, which
contributed the overwhelming majority of the
biopsies. In contrast, the rates of B1R were
highly variable.

Over half of patients in this cohort
(213/400, 53.3%) experienced at least
one episode of AR during the first post-
transplant year, with a median time to first
occurrence of 43 (quartile 1–quartile 3,
27–100) days. These 213 patients accounted
for 409 episodes of AR (maximum episodes
per patient = 8). When compared with AR,
LB occurred much less frequently. Only
14.8% (59/400) of patients in our cohort
developed at least one episode of LB during
the first post-transplant year, with a median
time to first occurrence of 48 (quartile 1–
quartile 3, 24–104) days. These 59 patients
accounted for 70 episodes of LB (maximum
episodes per patient = 3). The majority
(78.0%) of subjects with LB also
experienced at least one AR. Nearly
two-thirds (61.4%) of the biopsies
demonstrating LB demonstrated
concurrent AR. Thus, although LB was
relatively infrequently observed in this
cohort, when it was observed it typically
co-occurred with AR.

Clinical Risk Factors for AR
We next performed univariable and
multivariable Cox proportional hazards

Table 1. (Continued )

Characteristics
Overall Study Cohort

(N= 400)
Patients with AR

(n= 213)
Patients with LB

(n=59)

Cell-cycle inhibitor, n (%)*
Mycophenolate mofetil 337 (84.3) 182 (85.4) 51 (86.4)
Azathioprine 43 (10.8) 20 (9.4) 4 (6.8)
Other 20 (5.0) 11 (5.2) 4 (6.8)

Azithromycin, n (%)* 120 (30.0) 53 (24.9) 26 (44.1)
Biopsy characteristics
Biopsies per patient, median (quartile 1–quartile 3) 5.0 (4.0–6.0) 6.0 (5.0–7.0) 5.0 (3.0–7.0)
Time to first biopsy, median (quartile 1–quartile 3), d 30.0 (22.0–38.0) 28.0 (21.0–35.0) 27.0 (21.0–37.0)
Time to first AR or LB event, median (quartile

1–quartile 3), d
— 43.0 (27.0–100.0) 48.0 (24.0–104.0)

Definition of abbreviations: AR=acute perivascular rejection; LAS= lung allocation score; LB= lymphocytic bronchiolitis; PGD=primary graft dysfunction;
UNOS=United Network for Organ Sharing.
*Medication use assessed at time of discharge from the transplant hospitalization.
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modeling with random center effects
to evaluate the impact of donor and recipient
factors on the risk for first AR occurrence. In
univariable analyses, the number and loci of
HLA mismatches between the donor and
recipient influenced the risk for AR. In
particular, recipients with four or more total
HLA mismatches had a twofold increase in
AR risk (unadjusted hazard ratio [HR], 2.10;
95% confidence interval [CI], 1.34–3.31;
P, 0.01). Although degree of HLA
mismatch at the HLA A or B loci did not
significantly influence AR risk, recipients
with two (vs. zero or one) mismatches at the
HLA DR locus had a significant increase in
the hazards for AR (unadjusted HR, 1.33;
95% CI, 1.01–1.75; P= 0.04). When
considering combinations of mismatch at
the HLA class I (A and B) or class I and II
(A and DR) loci, we noted that patients with
four mismatches at the combined A and
DR loci had an increased risk for AR
(unadjusted HR, 2.33; 95% CI, 1.01–5.37;
P= 0.05). Interestingly, receipt of a bilateral
(vs. single) transplant was associated with a
significant decrease in the hazards of AR
(unadjusted HR, 0.56; 95% CI, 0.41–0.76;
P, 0.01). We also observed a small but
significant reduction in the hazards of AR
with each 5-unit increase in donor age. None
of the other donor or recipient variables
evaluated were significantly associated with
AR risk (Table 3).

Multivariable analyses revealed that
four or more total HLA mismatches
continued to be associated with an increased
risk for AR (adjusted HR, 2.06; 95% CI,
1.30–3.27; P, 0.01), whereas receipt of a

bilateral lung transplant (adjusted HR,
0.57; 95% CI, 0.38–0.83; P, 0.01) was
independently associated with reduced AR
risk (Figure 1). The Kaplan-Meier plots
for freedom from AR for each of these
independent AR risk factors are illustrated
in Figure 2. We explored whether these
factors identified as influencing the time to
first AR occurrence also influenced the
overall frequency or severity of AR over the
first post-transplant year, as reflected by
the normalized AR score. The median
normalized AR score over the first year
after transplantation was significantly lower
for patients with fewer than four versus
those with four or more HLA mismatches
(0.0 vs. 0.19; P, 0.01) and for bilateral lung
recipients versus single lung recipients (0.00
vs. 0.29; P, 0.01). Figure 3 illustrates the
observed differences in the distribution of
the normalized AR scores over the first
post-transplant year when stratified by total
HLA mismatch or type of transplantation.

Discussion

Using a present-day, multicenter cohort
of 400 lung transplant recipients who
underwent frequent and consistent
surveillance biopsies, we demonstrated over
half of lung transplant recipients experience
at least one episode of AR during the first
year after transplant, with most episodes
occurring within 3 months after
transplantation. Most LB episodes were
concurrent with AR. Multivariable analyses
accounting for center effects indicated that
the receipt of a bilateral, as opposed to

single, lung transplant significantly reduced
AR risk, whereas four or more total HLA
mismatches between the donor and the
recipient increased the risk for AR.

Although the cumulative incidence of
AR in the first year after transplantation
observed in our cohort (53%) is higher than
that reported by some studies, including the
ISHLT registry (1), all five of the CTOT-20
centers perform scheduled surveillance
biopsies throughout the first post-transplant
year. In contrast, the ISHLT registry includes
data from lung transplant centers around the
world with variable clinical practices in
relation to the use of surveillance biopsies
(1). Moreover, registry data are self-reported,
retrospectively collected, and unmonitored,
with a high degree of missingness. In
contrast, CTOT-20 data are prospective,
provide complete biopsy information on
every patient, and include onsite monitoring
with source data verification to ensure the
accuracy of reported data.

We observed similar rates of minimal
and mild AR on for-cause biopsies compared
with surveillance biopsies. Specifically,
approximately 20% of biopsies in this
cohort were positive for minimal or mild
AR, irrespective of the reason for the
bronchoscopy. In contrast, a 2008 study
compared a cohort of patients managed by a
surveillance versus for-cause bronchoscopy
schedule and concluded that no AR episode
requiring treatment (defined as >A2) was
detected by a true surveillance biopsy (8).
However, other studies support the idea that
surveillance biopsies frequently detect
asymptomatic allograft rejection (9, 10).

Table 2. Results for All Biopsies Taken over the First Post-transplant Year with Respect to the Histological Findings of AR and LB

All Biopsies (N=2,026) For Cause (n= 323) Surveillance (n=1,689) Not Specified (n= 14)

AR (A grade), n (%)
None (A0) 1,403 (69.2) 204 (63.2) 1,193 (70.6) 6 (42.9)
Minimal (A1) 287 (14.2) 50 (15.5) 236 (14.0) 1 (7.1)
Mild (A2) 114 (5.6) 25 (7.7) 87 (5.2) 2 (14.3)
Moderate (A3) 6 (0.3) 1 (0.3) 4 (0.2) 1 (7.1)
Severe (A4) 2 (0.1) 2 (0.6) 0 (0.0) 0 (0.0)
Ungradable (Ax) 214 (10.6) 41 (12.7) 169 (10.0) 4 (28.6)

LB (B-grade rejection)*, n (%)
None (B0) 1,333 (65.8) 204 (63.4) 1,122 (66.4) 7 (50.0)
Low-grade (B1R) 66 (3.3) 14 (4.3) 52 (3.1) 0 (0.0)
High-grade (B2R) 4 (0.2) 1 (0.3) 2 (0.1) 1 (7.1)
Ungradable (Bx) 622 (30.7) 103 (32.0) 513 (30.4) 6 (42.9)

Definition of abbreviations: AR=acute perivascular rejection; LB= lymphocytic bronchiolitis.
Presented overall and as stratified by whether the bronchoscopy was performed for surveillance purposes or for evaluation of a clinical symptom or sign
(for cause).
*N=1; B grade was missing because the biopsy was performed at an outside hospital.
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Consistent with our results, McWilliams
and colleagues reported a similar proportion
of surveillance and for-cause biopsies
performed in the first post-transplant
year demonstrated grade >A2 AR
(18.7% vs. 15.7%) (9). Although our
results demonstrate a high yield of biopsies
performed for AR surveillance purposes,
the study was not designed to determine
whether detection or AR with a surveillance

approach influences longer-term patient
outcomes.

Despite the importance of AR among
lung recipients, there are no contemporary
prospective multicenter analyses of AR
risk factors. A prior single-center study
examined select donor and recipient risks
for AR using repeated-measures modeling
over extended post-transplant follow-up.
Similar to our study, the authors found the

highest incidence of AR in the first 2 months
after lung transplantation. However, the
prevalence of AR at any time after transplant
in this former study was dominated by
donor factors, including donor age, race,
and mechanism of death, with the only
associated recipient factor being the
pretransplant class II HLA panel reactive
antibody exceeding 10% (11). In addition to
the different analytic methodology, it is

Table 3. Univariable Associations between Covariates of Interest and Time to First AR Event in the First Year after Lung
Transplantation

Covariate of Interest Effect Estimate [HR (95% CI)] P Value

Time-independent covariates
Age at transplant, >65 yr vs. ,65 yr 1.13 (0.84–1.53) 0.41
Sex, F vs. M 0.77 (0.58–1.02) 0.06
UNOS native lung disease category

B vs. A 0.61 (0.25–1.53) 0.29
C vs. A 1.20 (0.76–1.89) 0.44
D vs. A 1.23 (0.90–1.69) 0.19

Transplant type, bilateral vs. single 0.56 (0.41–0.76) ,0.01
LAS at transplant, continuous, per 10 points 0.99 (0.90–1.08) 0.82
Induction immunosuppression, yes vs. no 0.59 (0.30–1.18) 0.13
Maintenance immunosuppression, cyclosporine

vs. tacrolimus
1.07 (0.63–1.85) 0.80

Donor age, continuous, per 5 yr 0.95 (0.91–0.99) 0.03
Donor race

Other vs. African American 1.35 (0.83–2.20) 0.22
White vs. African American 1.27 (0.86–1.87) 0.23

Donor sex, F vs. M 0.97 (0.73–1.27) 0.81
Donor cause of death, ICH/blunt injury vs. other 1.01 (0.76–1.33) 0.96
Ischemic time, continuous, h 1.01 (0.96–1.05) 0.81
Total HLA mismatch, 4–6 vs. 0–3 2.10 (1.34–3.31) ,0.01
HLA A mismatch, 2 vs. 0–1 1.13 (0.86–1.48) 0.37
HLA B mismatch, 2 vs. 0–1 1.15 (0.85–1.55) 0.36
HLA DR mismatch, 2 vs. 0–1 1.33 (1.01–1.75) 0.04
HLA A/B mismatch

2 vs. 0–1 0.86 (0.39–1.89) 0.71
3 vs. 0–1 1.27 (0.62–2.62) 0.52
4 vs. 0–1 1.14 0.55–2.36) 0.73

HLA A/DR mismatch
2 vs. 0–1 1.95 (0.84–4.56) 0.12
3 vs. 0–1 1.82 (0.79–4.18) 0.16
4 vs. 0–1 2.33 (1.01–5.37) 0.05

Recipient HLA-sensitized pretransplant, yes vs. no 1.01 (0.76–1.35) 0.94
pTLC ratio, continuous 0.58 (0.24–1.38) 0.22
Recipient/donor sex mismatch

F/M vs. matched 0.74 (0.48–1.15) 0.18
M/F vs. matched 1.12 (0.78–1.63) 0.54

PGD grade 3 within 72 h, yes vs. no 0.74 (0.50–1.08) 0.11
Time-dependent covariates
Any bacterial infection, yes vs. no 1.16 (0.86–1.56) 0.35
Any fungal infection, yes vs. no 1.11 (0.75–1.63) 0.61
Any viral infection, yes vs. no 1.10 (0.76–1.59) 0.62
Any mycobacterial infection, yes vs. no 1.14 (0.69–1.86) 0.61
Any CMV, yes vs. no 1.09 (0.54–2.21) 0.81
Any augmented immunosuppression, yes vs. no 0.87 (0.61–1.24) 0.43

Definition of abbreviations: AR=acute perivascular rejection; CI = confidence interval; CMV= cytomegalovirus; HR=hazard ratio; ICH= intracranial
hemorrhage; LAS= lung allocation score; PGD=primary graft dysfunction; pTLC ratio = donor to recipient predicted TLC ratio; UNOS=United Network for
Organ Sharing; UNOS native lung disease category A=obstructive lung disease; UNOS native lung disease category B=pulmonary vascular disease;
UNOS native lung disease category C= cystic fibrosis; UNOS native lung disease category D= restrictive lung disease.
Enrolling center is included in the model as a random effect.
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notable the previous work included an
older era cohort comprised predominantly
of patients transplanted for chronic
obstructive pulmonary disease, with very
little use of induction immunosuppression.
Moreover, it is not evident that the impact
of transplant type or important time-
dependent risks, such as infection, on AR
risk were considered, thus providing several
explanations for the divergent results.

Our data suggest that recipients with
four or more HLA mismatches are at an
elevated risk for AR. Although colinearity
precluded us from simultaneously
evaluating total HLA mismatch and HLA
mismatch at each locus in our multivariable
analyses, our univariable results suggest that
mismatches at the class II HLA DR locus in
particular may drive this effect. Several prior
studies have associated increasing HLA
mismatches with worse post-transplant
survival and CLAD (12–15), although fewer
have investigated the impact of HLA
mismatch on AR (13, 15). Peltz and
colleagues analyzed data from the Organ
Procurement and Transplantation Network
database to report that mismatches at the
class II HLA locus, but not those at the class
I locus, increased the risk for treated AR. In

a separate study, Quantz and colleagues
examined data from the ISHLT registry to
report an association between class I, but
not class II, HLA mismatches and either
treated AR or hospitalization for AR. Both
studies involved patients transplanted
before 2004 and were limited in focus to the
outcome of treated AR events. Thus, our
analyses provide a significant extension of
this work by confirming the degree of HLA
mismatch is independently associated
with any occurrence of AR in a lung
transplant cohort managed according to
contemporary clinical practice.

Although induction
immunosuppression is commonly
employed in lung transplantation, its use
remains controversial given the lack of
prospective data supporting its influence on
post-transplant outcomes. Approximately
50% of patients in our cohort received
induction immunosuppression, most
commonly with basiliximab, a monoclonal
antibody to the IL-2 receptor, and the use of
induction was highly colinear with center.
Receipt of induction immunosuppression
was not associated with a significant
reduction in AR risk when controlling for
center effects in our analysis. This finding is

in contrast to ISHLT registry data suggesting
patients receiving basiliximab are
significantly less likely to experience AR
over the first post-transplant year compared
with those not receiving induction
immunosuppression (1). As noted
previously, however, the incidence of AR
was higher in our cohort than that reported
in the ISHLT registry and suggests
differences in the ascertainment of AR in
these cohorts either because of differences
in bronchoscopy/biopsy practices or data
collection methods. Moreover, the ISHLT
analyses are not adjusted for other
confounders, including potential
heterogeneity, in center-specific hazards
for AR. Finally, as the effect estimate for
induction on the outcome of AR was in the
protective direction both in the univariate
and multivariate analyses, it is possible we
were underpowered to detect a very small
effect difference between patients receiving
induction therapy versus those not receiving
induction therapy. This suggests if there is a
benefit to induction therapy in relation to
AR, the benefit may be small and require a
large sample size to become evident.

A novel outcome of our analysis is the
finding that bilateral, as compared with

Variable
Age at Transplant

Sex
Female vs. Male

B vs. A
C vs. A

Yes vs. No

Cyclosporine vs. Tacrolimus
Donor Age (per 5 years)
Donor Race

Other vs. African American
White vs. African American

Donor Cause of Death

Total HLA Mismatch

Recipient HLA Sensitized Pretransplant

Ratio Pred Total Lung Capacity
PGD Grade 3 within 72 Hours

4-6 vs. 0-3

Yes vs. No

Yes vs. No
Any Fungal Infection
Any Bacterial Infection
Any Viral Infection
Any Mycobacterial Infection
Any CMV
Any Augmented Immunosuppression

Ischemic Time (hours)
Intracranial hemorrhage/blunt injury vs. Other

D vs. A
Transplant Type

Bilateral vs. Single
LAS at Transplant (per 10 points)
Induction Immunosuppression

Maintenance Immunosuppression

UNOS Native Lung Disease Category

=65 vs. 65 0.859 (0.603, 1.223)

0.773 (0.551, 1.084)

0.571 (0.197, 1.653)
1.147 (0.685, 1.923)
1.113 (0.735, 1.685)

0.565 (0.384, 0.831)
0.988 (0.887, 1.100)

0.777 (0.342, 1.763)

0.969 (0.539, 1.740)
0.977 (0.931, 1.025)

1.545 (0.933, 2.558)
1.477 (0.985, 2.216)

1.101 (0.804, 1.508)
1.011 (0.968, 1.056)

2.059 (1.295, 3.274)

1.150 (0.839, 1.576)
0.887 (0.289, 2.723)

0.711 (0.464, 1.092)
1.148 (0.760, 1.732)
1.174 (0.847, 1.626)
1.254 (0.847, 1.858)
1.141 (0.673, 1.933)
1.145 (0.547, 2.400)
0.809 (0.553, 1.182)

Hazard Ratio (95% Cl) p-value

0.40

0.14
0.61

0.82

0.55

0.91
0.34
0.14

0.55
0.63

0.39
0.83

0.12
0.51
0.34
0.26
0.62
0.72
0.27

.01

.01

0 1

Fewer Events More Events

2 3 4

Figure 1. Forest plot of multivariable associations from the Cox regression model evaluating the impact of donor and recipient factors on the time to
development of the first acute perivascular rejection event in the first year after lung transplantation. The enrolling center is included in the model as a
random effect. Acute perivascular rejection–free survival was censored for death, retransplant, study termination, and the end of first post-transplant year.
CI = confidence interval; CMV=cytomegalovirus; LAS= lung allocation score; PGD=primary graft dysfunction; UNOS=United Network for Organ Sharing.
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single, lung recipients are at a lower risk for
AR within the first postoperative year,
independent of the other covariates, such
as age, native lung disease, or receipt of
induction immunosuppression. Although
unexpected, these findings parallel prior
reports suggesting an association between
transplant type and CLAD. Specifically,
Hadjialiadis and colleagues demonstrated
a higher rate of CLAD in single lung
recipients compared with bilateral lung

recipients (49.3% vs. 31.7%) (16).
Furthermore, in multivariable analyses type
of transplant remained a significant risk
factor for CLAD. Similar observations were
made by Gerbase and colleagues (17) and
Neurohr and colleagues in a smaller series
of patients with pulmonary fibrosis (18).
A more recent ISHLT registry analysis
demonstrated that bilateral lung recipients
had significantly greater CLAD-free survival
than single lung recipients did (19). Ours,

however, is the first study to demonstrate
significant differences in the rates of AR
between single and bilateral lung recipients,
suggesting that the difference in CLAD rates
and overall survival among single and
bilateral lung recipients may reflect
immunological differences that could
influence the timing of CLAD onset. The
plausibility of this finding is strengthened by
the additional finding of reduced severity
and frequency of AR in bilateral lung
recipients compared with single lung
recipients as well as the observation that the
influence of transplant type on AR risk was
generally consistent across centers.

Although the mechanism underlying
the association of reduced early AR in
bilateral lung recipients is not immediately
clear, prior studies provide biological
plausibility for these clinical findings. For
example, He and colleagues demonstrated
in experimental models of heart or skin
transplantation that recipients of smaller-
sized donor grafts experienced a higher rate
of acute rejection and inferior survival
compared with those transplanted with larger
donor tissue mass (20). T-cell exhaustion,
characterized by impaired cytokine secretion
and loss of proliferative capacity, represents
a potential mechanism underlying the
relationship between graft tissue mass,
or antigen burden, and graft survival.
Consistent with this idea, exposure to
an increased quantity of antigens contributes
to an exhausted T-cell phenotype in various
infections (21, 22). Further mechanistic
studies in experimental lung transplant
models, including those that test the
hypothesis of T-cell exhaustion, are
necessary to inform the biological
interpretation of these results.

Our study represents a contemporary,
multicenter experience including several
large volume North American lung
transplant centers; however, there are
some limitations. The study relied on
histological diagnoses made at each
enrolling center. Although there was no
central adjudication, pathologists from
each center used commonly agreed on
interpretation approaches supported
by published guidelines (5). Despite
this effort, observed differences in LB
rates, in particular, across centers suggests
the need to further refine the ISHLT
biopsy-grading approach. In addition,
although we considered the approach to
immunosuppression in general, we did
not collect detailed information on
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Figure 2. Descriptive Kaplan-Meier plots illustrating the time to development of the first acute
perivascular rejection event in the first year after lung transplantation as stratified by presence or
absence of identified clinical risk factor. (A) Fewer than four versus four or more HLA mismatches.
(B) Single versus bilateral lung transplant recipient. Acute perivascular rejection–free survival was
censored for death, retransplant, study termination, and the end of first post-transplant year.
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calcineurin inhibitor trough amounts,
which over time could contribute to
differences in rejection rates. However,
each center follows relatively similar
management with respect to target
calcineurin inhibitor amounts in
the first post-transplant year, and
differences in trough amounts are unlikely
to explain the finding we observed.

In summary, in a contemporary
multicenter lung transplant cohort with
consistent biopsy sampling, AR is
demonstrated to be more common over the
first post-transplant year than previously
appreciated. These data underscore the

importance of AR in lung recipients
compared with recipients of other solid
organs and highlight the critical need
to develop innovative approaches to
immunosuppression and clinical
management that are specifically effective
in the lung transplant population. Our
analysis of AR risk factors found that
the degree of HLA mismatch influences
the risk for AR and identified a novel
association between bilateral transplant
and attenuated AR risk. The latter
observation, although supported by
prior studies on CLAD and preclinical
models, clearly warrants further

replication and mechanistic investigation
to provide a deeper understanding
of the immunological effects of
transplant operation. Present-day,
multicenter lung transplant cohort
studies, such as CTOT-20, with precise,
validated, and complete clinical data are
commensurate in guiding evidence-based
approaches to lung recipient management
and improving long-term patient
outcomes. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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