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m Pulmonary chronic graft-versus-host disease (PcGVHD) is a devastating complication of

allogeneic hematopoietic stem cell transplant (HCT). The 2014 National Institutes of Health
* The adapted ISHLT

criteria can identify
patients with high-risk
pulmonary cGVHD

cGVHD consensus criteria (NIH criteria) only captures bronchiolitis obliterans syndrome
(BOS). In this study, we adapted the 2019 International Society for Heart and Lung
Transplantation (ISHLT) criteria of chronic lung allograft dysfunction (CLAD) to define novel
that may not be phenotypes of PcGVHD and compared the performance of this criteria with the NIH criteria
captured by the to identify patients with high-risk PcGVHD. We reviewed consecutive patients in a cGVHD
current NIH criteria. natural history protocol (#NCT00092235) and adapted the 2019 CLAD criteria (the adapted
criteria) to define PcGVHD as post-HCT forced expiratory volume at 1 second < 80% pre-
dicted value, with 4 phenotypes: obstructive, restrictive, mixed obstructive/restrictive, and
undefined. An independent adjudication committee evaluated subjects for diagnosis and

» The adapted criteria
have the potential to
become a valuable

tool to adequately
phenotype and study obstruction (n = 12, 3.4%), restriction (n = 67, 19.1%), mixed obstruction/restriction (n = 47,

pulmonary cGVHD. 13.4%), and undefined (n = 40, 11.4%). In these patients, less than half (n = 78) met the NIH
criteria for BOS (NIH+); the rest (n = 88) did not (NIH—). The NIH- subjects showed
increased risk of death compared with those without PcGVHD (hazard ratio = 1.88, 95%
confidence interval = 1.20-2.95; P = .006) that was similar to NIH+ subjects (P = .678). Our
study demonstrated the potential of the adapted criteria in identifying patients with
high-risk PcGVHD that have been missed by the NIH criteria. The adapted criteria could
become a valuable tool to better phenotype and study lung disease in cGVHD.

phenotyping. We identified 166 (47.4%) patients who met the adapted criteria, including

Introduction

Chronic graft-versus-host disease (cGVHD) is a complication of allogeneic hematopoietic stem cell trans-
plant (HCT) that affects 30% to 70% of long-term survivors and indicates poor quality of life and increased
nonrelapse mortality (NRM)."? Pulmonary manifestations are one of the most difficult to treat conditions in
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cGVHD.® Bronchiolitis obliterans syndrome (BOS), characterized by
small airway inflammation and fibrotic obliteration, has been defini-
tively linked to cGVHD. The current diagnostic criteria for BOS, as
established by the 2014 National Institutes of Health (NIH) cGVHD
consensus criteria, require a new-onset irreversible obstructive venti-
latory defect on pulmonary function testing (PFT) after HCT with a
forced expiratory volume at 1 second (FEV1) < 75% of predicted
normal values and FEV1/forced vital capacity (FVC) < 0.7, with or
without evidence of air-trapping on expiratory thoracic computer
tomography (CT), and absence of other causes of pulmonary dys-
function.* BOS occurs in 3.4% to 10% of HCT recipients and impli-
cates a 2-year and 5-year NRM rate of approximately 50% and 80%,
respectively.>” The NIH criteria do not include nonobstructive pheno-
types of pulmonary cGVHD (PcGVHD). However, restrictive pulmo-
nary disease after HCT has been described, and the incidence of
severe restrictive ventilatory defects (vital capacity < 60%) beyond
100 days after transplant is around 3%.%® The clinical characteristics
and associations of the nonobstructive pulmonary complications with
HCT outcomes are not well elucidated.

Chronic lung allograft dysfunction (CLAD), an irreversible and pro-
gressive form of allograft failure in lung transplantation, manifests as a
sustained decline in FEV1 by at least 20% from the subject’s best
PFTs. Based the on 2019 International Society for Heart and Lung
Transplantation (ISHLT) CLAD Consensus Report, the definition of
CLAD and CLAD phenotypes, including BOS, restrictive allograft
syndrome, mixed obstruction/restriction, and undefined, have been
standardized, providing a framework for clinical practice and research
(Table 1).° CLAD and PcGVHD share similar inmune-mediated path-
ophysiologic mechanisms.'® Therefore, we hypothesized that the
ISHLT consensus definition for CLAD could be adapted to identify
and characterize non-obstructive phenotypes of PcGVHD.

Methods
Patients

We retrospectively reviewed patient data from the “Natural History
Study of Clinical and Biological Factors Determining Outcomes in

Chronic Graft-Versus-Host Disease” (#NCT00092235), a study
previously approved by the NIH Institutional Review Board and con-
ducted in accordance with the Declaration of Helsinki. This study
enrolled patients with cGVHD, referred by their primary HCT center
to the NIH, where their pre- and post-HCT clinical data were col-
lected comprehensively, and they underwent thorough clinical/labo-
ratory workup and multidisciplinary evaluation.' The patients were
followed for survival outcomes for as long as 10 years after the initial
NIH visit. Consecutive patients enrolled between 1 October 2004
and 31 January 2020 were analyzed for study inclusion. Patients
without a diagnosis of cGVHD or without complete PFT (spirometry,
lung volume, and diffusion capacity) or CT imaging data were
excluded. Follow-up data were obtained from the electronic medical
records and censored on 1 June 2021.

Adapted ISHLT CLAD criteria and definition of study
end points

We used an adapted criteria inspired by the 2019 ISHLT CLAD cri-
teria® for PcGVHD adjudication (Table 1). Population reference val-
ues were used in the Adapted Criteria, instead of the subject’s best
PFTs. The adapted criteria defined PcGVHD as an FEV1 < 80%
predicted in the absence of other etiologies. The criteria captured 4
PcGVHD subtypes based on their pulmonary function and CT scan
characteristics: obstruction, restriction, mixed obstruction/restriction,
and undefined (Table 1). Obstruction required obstructive ventilatory
defect (FEV1/FVC < 0.7) without restriction (TLC > 90%) or
restrictive CT findings. Restriction required restrictive ventilatory
defect (TLC < 90% predicted) and restrictive CT findings. Mixed
phenotype required mixed ventilatory defects and restrictive CT find-
ings. The undefined was characterized by obstructive ventilatory
defect plus either restrictive ventilatory defect or restrictive CT find-
ings. Restrictive CT findings included any degree (patchy, unilobar,
multilobar, or extensive) of ground glass opacities (GGO), parenchy-
mal consolidation, traction bronchiectasis, lobar volume loss, usual
interstitial pneumonia pattern, or pleural abnormalities.'®> Other
abnormalities on CT scans, such as mosaic attenuation/air-trapping,
cystic changes, or emphysema, were not restrictive-defining CT

Table 1. Comparison of the 2014 NIH cGVHD consensus criteria, the 2019 ISHLT CLAD criteria, and the adapted criteria

Criteria NIH criteria ISHLT CLAD criteria Adapted criteria

Diagnosis FEV1/VC < 0.7 or the 5th percentile Persistent decline (> 3 mo, = 20%) of Abnormal pulmonary function after
predicted based on population-based FEV1 from the reference baseline; transplant (FEV1 < 80% predicted
reference; VC is either FVC or SVC, baseline is the mean of the best 2 post- based on population-based reference),
whichever is greater; FEV1 < 75% transplant FEV1 measurements taken able to be classified into 1 of the 4
predicted with = 10% decrease over 3 wk apart CLAD-PcGVHD subtypes, rule out
less than 2y, not corrected with other causes of pulmonary dysfunction
albuterol

Phenotype BOS: FEV1/VC < 0.7 or the 5th BOS: obstruction (FEV1/FVC < 0.7), Obstruction: obstruction

percentile predicted based on
population-based reference; VC is
either FVC or SVC, whichever is
greater; evidence of air-trapping by
expiratory CT or airway thickening or
bronchiectasis by high-resolution CT, or
air-trapping by PFT

without restriction or CT opacity; RAS:
restriction (TLC < 90% baseline) + CT
opacity, FEV1/FVC = 0.7; mixed:
FEV1/FVC < 0.7, TLC < 90%
baseline, with CT opacity; undefined: A.
FEV1/FVC < 0.7, TLC < 90%
baseline, NO CT opacity; B. FEV1/FVC
< 0.7, TLC = 90% baseline, WITH CT
opacity

(FEV1/FVC < 0.7), without restrictive
findings on PFT or CT; restriction:
restriction (TLC < 90% predicted),
with restrictive CT findings,* FEV1/
FVC = 0.7; mixed: FEV1/FVC < 0.7,
TLC < 90% predicted, restrictive CT
findings; undefined: A. FEV1/FVC

< 0.7, TLC < 90% predicted, NO
restrictive CT findings; B. FEV1/FVC
< 0.7, TLC = 90% predicted, WITH
restrictive CT findings

RAS, restrictive allograft syndrome.

*Restrictive CT scan findings include ground glass opacities, parenchymal consolidation, traction bronchiectasis, lobar volume loss, usual interstitial pneumonitis pattern, and pleural

abnormalities.
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findings. For patients with multiple NIH-performed PFTs, the latest
one was used for adjudication. Patients with normal post-HCT
PFT(s) (FEV1 = 80% predicted) were the control group in this
study. Patients with abnormal post-HCT PFT(s) (FEV1 < 80% pre-
dicted) but lacked other findings to qualify for any PcGVHD pheno-
type, or with other pulmonary etiologies such as infection, were
termed “unclassified” and did not meet the criteria for PcGVHD.
The end points were post-HCT overall survival (OS), defined as the
time from HCT to death from any cause, and post-cGVHD OS,
defined as the time from the diagnosis of cGVHD to death from any
cause.

Review and adjudication

An adjudication committee of 2 transplant pulmonologists, 1 trans-
plant hematologist, and 1 cardiothoracic radiologist reviewed PFT,
CT, and electronic medical records to adjudicate patients for
PcGVHD using both the NIH* and the adapted criteria. We
grouped the patients who met the adapted criteria into those who
met the NIH criteria (NIH+) and those who did not (NIH-).

All NIH-performed PFTs were queried. For patients with FEV1
< 80% predicted, concomitant (within 1 month) thoracic CT
images were separately reviewed by an independent cardiothoracic
radiologist (A.S.). Two sets of independent reviewers (Y.P. and
AV.C. or Y.P. and M.B.K)) adjudicated subjects by the adapted cri-
teria. Cases with inconsistent conclusion between the reviewers
were discussed in a committee meeting (Y.P., AV.C., MBK, and
S.A-E.) for consensus.

When available, pre-HCT and/or serial post-HCT PFT data were
collected and compared with the adjudication PFT. We did not use
the changes in the percentages of predictive values because of the
anticipated change in the reference value over time with age, and
different centers may use different reference values. The following
equations were used to calculate the change in FEV1:

AFEV1 (L) = Pre-HCT or early post-HCT FEV1 (L)
- Adjudication FEV1 (L)
AFEV1,% = AFEV1 (L)/Pre-HCT or early post-HCT
FEV1 (L)

Statistical analysis

Demographic characteristics were described as counts and percen-
tages for categorical variables and as mean and standard deviation
(SD) for continuous variables. We used t test or Mann-Whitney
U test, and analysis of variance or Kruskal-Wallis test to compare
continuous variables with or without a normal distribution between 2
or more groups, respectively; x> test was used for categorical varia-
bles. Pearson correlation analysis was used to analyze the correla-
tion between FVC and TLC. Univariable and multivariable Cox
proportional hazard models were used to evaluate the association of
the clinical variables with post-HCT OS and post-cGVHD OS. The
following variables were selected based on their plausible effect on
HCT outcome: age, recipient sex, Karnofsky performance status
(KPS), transplant location (at the NIH or in the community), trans-
plant indication, donor type, graft source, and relapse/refractory
malignancy.'"'®'* Kaplan-Meier survival curves were shown for
illustration purposes. All analysis were constructed using SAS 9.4
(SAS institute, Cary, NC). Statistical significance was defined as a
2-tailed P = .05.
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Results

Study cohort

Of the 447 patients enrolled in the NIH cGVHD natural history study
between 1 October 2004 and 31 January 2020, 97 were excluded
(21 did not have cGVHD; 76 did not have an available PFT and/or
CT), leaving 350 patients for the study cohort. The study cohort
received HCT between 7 January 1987 and 21 March 2018. The
median time from HCT to the diagnosis of cGVHD was 234 days
(interquartile range [IQR], 144-373), and median time from cGVHD
diagnosis to NIH enrollment was 795 days (IQR, 373-1491). A total
of 117 patients had multiple NIH-performed PFTs (median number of
PFT = 5; range, 2-35). The median time from HCT to the adjudica-
tion PFT was 1460 days (IQR, 948-2594 days).

In the study cohort, 260 (75.5%) had severe cGVHD (cGVHD
severity score = 3). Among them, 132 (37.7%) were controls with
normal post-HCT PFT. PcGVHD was diagnosed in 166 (47.4%)
patients, including 12 (3.4%) obstruction, 67 (19.1%) restriction,
47 (13.4%) mixed, and 40 (11.4%) undefined. Fifty-two patients
(14.9%) were in unclassified, including 34 (65.4%) with restrictive
PFT but lacked CT abnormalities, 17 of which had chest skin scle-
rosis that likely explained the restrictive PFT. Chest wall sclerosis
was also seen in 8 of the undefined, 9 of the mixed, and 31 of the
restrictive subtype. Thirty-one of the restrictive and 9 of the mixed
subtype showed PFT signs of intrapulmonary restriction with TLC
< 90% and showed pulmonary imaging findings to support the
restrictive PFT pattern. The 17 patients in the unclassified group
with chest wall sclerosis all had reduced TLC but their CT chest
showed no airway, parenchymal, or pleural abnormalities. Further-
more, diffusing capacity of carbon monoxide adjusted for hemoglo-
bin (DLCO adj) was significantly lower in the patients with
PcGVHD with chest wall sclerosis than the unclassified patients
with chest wall sclerosis (61.9 * 14.7% vs 615 = 17.2,
P = .031), indicative of a potentially greater degree of parenchymal
involvement in the former. Another 9 (17.3%) of the unclassified
group had decreased FEV1 but normal FEV1/FVC and normal TLC.
Additionally, other etiologies for lung abnormalities, such as infection
or primary disease, were identified in 15 unclassified patients.

Only 78 (47.0%) of the patients with adapted criteria-defined
PcGVHD met the NIH criteria for BOS (NIH+). Reasons for not
meeting the NIH criteria (88 patients, 53.0%, NIH—) were restrictive
lung disease without obstruction (67, 76.1%), bronchodilator revers-
ibility (11, 12.5%), or FEV1 = 75%predicted (10, 11.4%). None of
the patients in the control or unclassified group met the NIH criteria.
Initial inter-rater agreement rate was 81.4% for whether PFT
showed obstruction, restriction, or normal; inter-rater agreement rate
for PcGVHD diagnosis and phenotype classification was 82.3%.
The reason for the initial interrater disagreement was unfamiliarity
with the criteria, and all the disagreements resolved after the adjudi-
cation meeting. The CONSORT flow diagram is shown in Figure 1.

Clinical characteristics of PcGVHD defined by the
adapted criteria

The demographic features, HCT, and GVHD information of the 350
patients are shown in supplemental Table 1. Average age at HCT
was 39.6 years (standard deviation [SD], 16.5). The majority
(88.2%) were white. More than 76% of the patients had an NIH
global score severe cGVHD, and most received more than 4 lines
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Figure 1. Consort flow diagram of the study cohort.

of systemic immunosuppressive therapy for cGVHD. Average KPS
at the time of NIH visit was 78.3 (SD, 11.8).

Patients with PcGVHD had the lowest KPS compared with the con-
trol and unclassified groups (74.6 + 12.0 vs 83.0 = 9.7 and 77.6
+ 120, P < .001), and as expected, the lowest FEV1 (50.3 =
16.3 vs 97.4 *= 12.8 and 64.0 = 14.2, P < .001). More than 90%
of patients in the PcGVHD group had severe cGVHD, whereas
around 75% and less than 60% of patients in the unclassified and
control groups, respectively, had severe cGVHD (P < .001). The
comparison of clinical characteristics among the control, PcGVHD,
and unclassified groups is shown in Table 2.

Adapted criteria vs NIH criteria

Within the patients with adapted criteria—defined PcGVHD, the
NIH— and NIH+ groups were similar with regard to the majority of
clinical features. The NIH— group had a higher percentage of male
patients and pre-HCT tobacco use than the NIH+ group. The
NIH— group, mainly consisted of the restrictive phenotype, had sig-
nificantly lower TLC and RV, and significantly higher FEV1, FEV1/
FVC, and FEF 25% to 75% than the NIH+ group. DLCO was simi-
lar between the 2 groups. Although cGVHD severity were similar
between the groups, skin, joints, and fascia cGVHD were more
commonly seen in the NIH— group than the NIH+ group (Table 3).

Clinical features of different PcCGVHD phenotypes

Within the 4 PcGVHD phenotypes, recipient sex, race, indication
for HCT, conditioning intensity, rates of acute GVHD, and KPS
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were similar (supplemental Table 2). Median time from HCT to diag-
nosis of cGVHD was more than 100 days later in patients who
developed restrictive PcGVHD compared with those who develop
obstructive or mixed PcGVHD (P = .040). The time from HCT to
adjudicative PFT were similar between the groups. Patients with
obstruction were older at the time of transplant (average age, 51.8
years; SD, 13.1), and patients with undefined phenotype the youn-
gest (average age, 30.8 years; SD, 17.4). Patients with the mixed
phenotype more commonly had tobacco exposure before HCT.
Busulfan exposure was more common in obstruction compared with
others. Skin, joints, and fascia cGVHD coexisted with restriction in
more than 80% of cases, significantly more than the other pheno-
types. The rates of liver and gastrointestinal tract cGVHD were simi-
lar among the 4 phenotypes.

Although all patients with PcGVHD had pre-bronchodilator
FEV1 < 80%predicted, the mixed phenotype had the lowest FEV1
(mean, 43.1%; SD, 15.0%); patients with obstruction and restriction
had similar FEV1 (67.7 * 15.9% vs 55.0 = 14.1%, P = .554).
DLCO adj was the poorest in restriction and the best in obstruction
(50.2 = 17.8 vs 67.56 = 21.0%, P = .003) and not significantly dif-
ferent between the restriction and the mixed phenotypes
(P = .424). In the entire study cohort, TLC and FVC had a strong
correlation (R2 = 0.809, P < .001).

A myriad of thoracic CT findings was identified (Table 4; supple-
mental Figure 1); however, honeycombing or usual interstitial pneu-
monia pattern were absent. It was not uncommon for patients with
restriction to have obstructive features on CT, such as mosaic
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Table 2. Clinical features of the study cohort

Characteristics Control (n = 132) PcGVHD(n = 166) Unclassified (n = 52) P
Age at HCT* 39.8 = 16.8 40.7 = 155 35.3 = 18.7 114
Weight, kg* 72.0 £ 205 68.5 = 16.7 67.1 = 20.4 170
KPS* 83.0 = 9.7 74.6 £ 12.0 77.6 £ 12,0 <.001
TLC, %predicted* 95.3 = 134 742 £17.9 76.4 £ 154 <.001
RV, %predicted* 88.1 = 32.5 90.6 = 42.0 89.8 = 37.7 .845
FEV1/FVC, %, pre-bronchodilator* 794 =79 64.9 = 18.1 76.3 * 13.1 <.001
FVC, %predicted, pre-bronchodilator* 96.6 = 12.4 62.7 = 17.2 67.5 = 15.0 <.001
FEV1, %predicted, pre-bronchodilator* 97.4 =128 50.3 = 16.3 64.0 = 14.2 <.001
FEF 25-75%, %predicted* 94.0 = 27.9 39.9 = 31.9 57.8 = 26.5 <.001
DLCO adj, %predicted* 748 = 18.4 53.7 £ 16.7 579 = 16.7 <.001
Different types of cGVHD treatment*,t 3.8 =19 51 * 22 5.2 *+ 22 <.001
Time from HCT to cGVHD diagnosis (days)* 395.1 = 741.0 319.7 = 345.8 282.0 = 208.7 .308
Time from HCT to adjudicative PFT (days)* 1822.8 = 1640.6 2113.6 = 1579.2 1869.6 = 1345.4 .253
Recipient sex+ Female 62 (46.9) 74 (44.6) 20 (38.4) 579
Recipient race# White 112 (86.2) 148 (89.2) 47 (90.4) .635
HCT location# Local 113 (85.6) 154 (92.8) 45 (86.5) 115
NIH 19 (14.4) 12 (7.2) 7 (13.5)
Pre-HCT tobacco use* 34 (25.9) 51 (30.7) 12 (23.1) 471
HCT indication# AML, MDS, ALL 61 (46.2) 96 (57.8) 26 (50.0) .037
CML, MPN 16 (12.1) 19 (11.5) 3 (5.8)
CLL, HL, NHL, MM 48 (36.4) 43 (25.9) 15 (28.9)
Others 7 (5.3) 8 (4.8) 8 (15.4)
Disease status at HCT# CR 47 (39.8) 92 (60.1) 21 (44.7) .003
HLA#% MRD 69 (52.7) 90 (54.2) 18 (36.7) .037
MUD 40 (30.5) 53 (31.9) 28 (57.1)
MMUD 16 (12.2) 16 (9.6) 2 (4.1)
Haploidentical 6 (4.6) 7 (4.2) 1 (2.0
Stem cell source® PB 98 (77.2) 138 (84.2) 38 (73.1) .233
BM 29 (22.8) 26 (15.9) 12 (28.1)
Conditioning* RIC 71 (53.8) 69 (42.1) 25 (50.0) 126
MAC 61 (46.2) 95 (57.9) 25 (50.0)
Busulfan# 44 (34.4) 76 (48.1) 16 (32.0) .026
TBI¥ 54 (41.2) 64 (39.0) 20 (39.2) .924
GVHD prophylaxis CNI + MTX 62 (50.8) 70 (46.1) 29 (59.2) .269
Second malignancy# 20 (15.1) 34 (20.5) 10 (19.2) .488
Acute GVHD#* 92 (69.7) 120 (72.3) 38 (73.1) .851
cGVHD global Mild 6 (4.5) 1(0.6) 0 <.001
severity¥ Moderate 50 (37.9) 15 (9.0) 13 (25.0)
Severe 76 (57.6) 150 (90.4) 39 (75.0)
Relapse/refractory primary malignancy# 22 (16.7) 22 (138.3) 8 (15.4) .708

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; BM, bone marrow; CLL, chronic lymphocytic leukemia; CML, chronic myelogenous leukemia; CR, complete remission;
HL, Hodgkin's lymphoma; MAC, myeloablative conditioning; MDS, myelodysplastic syndrome; MM, multiple myeloma; MMUD, mismatched unrelated donor; MPN, myeloproliferative
neoplasm; MRD, matched related donor; MUD, matched unrelated donor; NHL, non-Hodgkin's lymphoma; PB, peripheral blood; RIC, reduced intensity conditioning; RV, residual volume;
TBI, total body irradiation.

*Mean * SD, analysis of variance test.

tExcluding topical treatment such as topical corticosteroids.

+Count (percentage), x? test.
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Table 3. Comparison of the clinical features between the NIH— and the NIH+ groups

Characteristics NIH- (n = 88) NIH+ (n = 78) P
Age at HCT* 39.6 = 15,5 42.0 = 15.45 .325
Weight, kg* 70.9 £ 18.0 65.8 = 14.88 .050
KPS* 75.1 £ 123 740 £ 11.6 .551
TLC, %predicted* 69.8 £ 17.0 791 £ 17.7 <.001
RV, %predicted* 83.8 = 34.2 98.3 + 48.4 .027
FVC, %predicted, pre-bronchodilatort 59.5 = 17.8 66.4 = 15.8 .009
FEV1, %predicted, pre-bronchodilator* 56.6 = 14.9 438.3 = 15.0 <.001
FEF 25-75%, %predictedt 58.4 = 33.2 19.1 £ 10.0 <.001
FEV1/FVC, %, pre-bronchodilatort 76.7 + 12.3 51.6 = 13.8 <.001
DLCO adj, %predicted* 535 = 17.9 54.0 = 15.3 .848
Time from HCT to cGVHD diagnosis (days)* 361.0 = 332.2 273.2 + 357.0 103
Time from HCT to adjudicative PFT (days)* 2178.0 = 17241 2040.9 = 1405.4 .578
Different types of cGVHD treatment* 3.8 £ 1.9 5.1 £ 22 <.001
Recipient sex§ Male 57 (64.7) 35 (44.8) .010
Recipient race§ White 78 (88.6) 70 (89.7) .819
HCT location§ Local 81 (92.0) 73 (93.6) .701
NIH 7 (8.0) 5 (6.4)
Pre-HCT tobacco use§ 68 (77.3) 47 (60.3) .018
HCT indication§ AML, MDS, ALL 47 (53.4) 49 (62.8) 421
CML, MPN 9 (10.2) 10 (12.8)
CLL, HL, NHL, MM 27 (30.7) 16 (10.5)
Others 5 (5.7) 3 (3.8)
Disease status at HCT§ CR 46 (52.3) 46 (59.0) 619
HLAS MRD 48 (54.5) 42 (53.8) .937
MUD 29 (33.0) 24 (30.8)
MMUD 8 (9.1) 8 (10.3)
Haploidentical 3 (3.4) 4 (5.1)
Stem cell source§ PB 69 (78.4) 69 (88.5) 150
BM 17 (19.3) 9 (11.5)
Conditioning§ RIC 39 (44.3) 30 (38.5) 448
MA 48 (54.5) 47 (60.3)
Busulfan§ 40 (45.5) 36 (46.2) .662
TBI§ 36 (40.9) 28 (38.9) 924
GVHD prophylaxis CNI + MTX 44 (50.0) 38 (48.7) .921
Second malignancy$§ 18 (20.5) 16 (20.5) .993
Acute GVHDS§ 23 (26.1) 23 (29.5) .630
cGVHD global severity§ Mild 1(1.1) 0 .336
Moderate 10 (11.4) 5 (6.4)
Severe 77 (87.5) 73 (93.6)
Skin cGVHD§ 74 (84.1) 54 (69.2) .005
Joints/fascia cGVHDS§ 68 (77.3) 45 (57.7) .007
Liver cGVHD§ 49 (55.7) 40 (51.3) .570
Gl tract cGVHDS§ 39 (44.3) 34 (43.6) .925
Relapse/refractory primary malignancy§ 11 (12.5) 11 (14.1) .761

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; BM, bone marrow; CLL, chronic lymphocytic leukemia; CML, chronic myelogenous leukemia; CR, complete remission;
GC, GVHD control; HL, Hodgkin's lymphoma; MAC, myeloablative conditioning; MDS, myelodysplastic syndrome; MM, multiple myeloma; MMUD, mismatched unrelated donor; MPN,
myeloproliferative neoplasm; MRD, matched related donor; MUD, matched unrelated donor; NHL, non-Hodgkin's lymphoma; PB, peripheral blood; RIC, reduced intensity conditioning; RV,
residual volume; TBI, total body irradiation.

*Mean * SD, independent sample t test.

tMean * SD, Mann-Whitney U test.

#Excluding topical treatment such as topical corticosteroids.

§Count (percentage), x test.
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Table 4. Thoracic CT findings in different PcGVHD phenotypes

Thoracic CT scan findings Obstruction (N = 12) Restriction (N = 67) Mixed (N = 47) Undefined (N = 40) P
Obstructive features* Mosaic attenuation 6 (50.0) 34 (50.7) 39 (82.9) 29 (72.5) .002
Air-trapping 6 (50.0) 36 (53.7) 37 (78.7) 25 (62.5) .040
Airway thickening 4 (33.3) 17 (25.4) 29 (61.7) 16 (40.0) .001
Non-traction bronchiectasis 2 (16.7) 20 (29.9) 24 (51.1) 26 (65.0) <.001
Cystic changes 0 5 (7.5) 2 (4.3) 2 (5.0) 712
emphysema 0 2 (3.0) 3 (6.4) 0 .328
Restrictive GGO 0 27 (40.3) 31 (66.0) 7 (17.5) <.001
features*,t Consolidation 0 8 (11.9) 9 (19.1) 1 (2.5) .055
Traction bronchiectasis 0 23 (34.3) 11 (23.4) 3 (7.5) .007
Lobar volume loss 0 20 (29.9) 9 (19.1) 1 (2.5) .003
Pleural abnormalities 0 29 (43.3) 16 (34.0) 4 (10.0) .002
Reticulation 0 28 (41.8) 19 (40.4) 8 (40.0) .050
PPFE 0 3 (4.5) 1(2.1) 1 (2.5) .748
Normal* 6 (50.0%) 0 0 6 (15.0) <.001

PPFE, pleuroparenchymal fibroelastosis.
*Number (percentage), x> test.
tx? test between the RLS, M, and UD groups, without the BOS group.

attenuation pattern (50.7%) and air-trapping (53.7%). Traction bron-
chiectasis, lobar volume loss, and pleural abnormalities were more
commonly seen in the isolated restrictive phenotype. The mixed phe-
notype had high rates of both obstructive and restrictive CT fea-
tures, the most common being mosaic attenuation pattern (82.9%),
air-trapping (78.7%), and GGO (66.0%).

Association between PcGVHD and OS

The median post-HCT OS of the study cohort was 203 months
(range, 8-392 months). Patients with PcGVHD had an increased
risk of death compared with those without PcGVHD (multivariable
Cox model, see Methods; hazard ratio [HR] = 1.74, 95% confi-
dence interval [CI] = 1.11-2.72, P = .015). OS of the cGVHD con-
trol and unclassified groups was similar (P = .668; Figure 2A). The
median post-HCT OS of the NIH— and NIH+ PcGVHD groups
was similar, 172 months (IQR = 81-230) vs 165 months
(IOR = 84-214; HR = 0.89, 95% Cl = 0.53-152, P = .678),
both significantly poorer than patients without PcGVHD (HR = 1.75,
95% Cl = 1.07-2.84, P = .025 and HR = 1.88, 95% Cl = 1.20-
2.95, P = .006, respectively; Figure 2B). Among different PcGVHD
phenotypes, the restriction and undefined groups had worse survival
than the control group (HR = 1.93, 95% ClI = 1.14-3.27,
P = .015, and HR = 2.25, 95% Cl = 1.24-4.14, P = .009,
respectively), whereas survival between the obstruction or mixed
group vs the control group was not significantly different (HR = 0.38,
95% Cl = 0.05-2.86, P = .346 and HR = 1.49, 95% Cl = 0.83-
2.65, P = .181, respectively; Figure 2C).

After cGVHD diagnosis, the median OS of the study cohort was
184 months (range, 3-388 months). Similar to post-HCT OS,
patients with PcGVHD had a higher risk of death compared with
controls (HR = 1.60, 95% Cl = 1.03-2.48, P = .037), whereas
patients in the control and unclassified groups had similar risk of
death (P = .413; supplemental Figure 2a). NIH— and NIH+
PcGVHD groups showed similar risks of death after cGVHD diag-
nosis (HR = 0.86, 95% Cl = 0.51-1.46, P = .578; supplemental
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Figure 2b). Similarly, the restriction and undefined groups had the
worst post-cGVHD diagnosis survival among different PcGVHD
phenotypes (supplemental Figure 2c).

Longitudinal trend of pulmonary function after HCT

Pretransplant PFT results were available in 84 patients (24%) and
early (within 1 year of HCT) post-HCT PFTs were available in 21
(69%) of the study cohort. Only 54 had volume data, making the cal-
culation of AFEV1 possible; the rest only had percentage of the
populational reference value. Various degrees of declination in FEV1
were seen in the patients with PcGVHD, with mean AFEV1 —1.37
to —1.13 L and AFEV1% —51 to —35% (supplemental Table 3).
Conversely, the declination in the unclassified and control groups
were less prominent, with mean AFEV1 —0.42 to —0.07 L and
AFEV1% —14 to +1%.

One patient in the restrictive group had abnormal PFT pre-HCT with
further decline after HCT. Her chest CT scan demonstrated a pat-
tern of pleuroparenchymal elastosis (PPFE), a rare entity character-
ized by upper lobe-predominant pleural and subpleural parenchymal
fibrosis, seen in both lung transplant and HCT (Figure 3).'%'®

Discussion

Informed by the potential similarities in immunopathogenesis for
both PcGVHD after HCT and CLAD after lung transplantation, we
refined and classified PcGVHD phenotypes based on the adapted
criteria inspired by the ISHLT CLAD consensus criteria in a large
cohort of patients with cGVHD. We intended to systematically eval-
uate post-HCT PFTs and thoracic CTs to novel PcGVHD pheno-
types with clinical features that are distinct from patients with
obstruction, some of which were not captured by the NIH cGVHD
consensus criteria. Different from the NIH criteria that used post-
bronchodilator FEV1 and FVC, the adapted criteria used pre-
bronchodilator values, as airway smooth muscle tone could play a
significant role in the pathophysiology in BOS, and bronchodilator
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Figure 2. Kaplan-Meier curves displaying the post-HCT OS in the study cohort. (A) Comparison of post-HCT OS among the control, PcGVHD, and unclassified
groups. (B) Comparison of post-HCT OS between the NIH— and NIH+ groups and those who did not meet the adapted criteria. (C) Comparison of post-HCT OS among
different PcGVHD phenotypes. All hazard ratios (95% Cl, P values) noted in the figures were from multivariable Cox proportional hazard models adjusting for age, recipient
sex, KPS, transplant location (at the NIH or in the community), transplant indication, donor type, graft source, and relapse/refractory malignancy.
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Time

Pre-HCT baseline 64 58
3.5 years post-HCT 39 31
7 years post-HCT 45 37
10 years post-HCT 37 29
11 years post-HCT 35 28

FEV1/FVC DLCO adj
86 65 78 54
90 66 132 35
97 73 133 48
98 41 56 29
100 40 54 26

Figure 3. Serial thoracic CT of a patient with restrictive PcCGVHD. (A) Baseline, with small pleural effusion (arrow). (B) At 3.5 years after HCT, admitted for hypoxia.

CT scan shows normal lung apices and patchy foci of consolidation within the mid- to lower lungs (stars). (C-D) At 7 years after HCT. (C) Routine CT scan and

(D) high-resolution CT scan images show apical pleural thickening (arrowhead) and subpleural consolidation and reticulation (arrow) that are associated with upper lobe

traction bronchiectasis and volume loss. (E) At 10 years after HCT. CT scan shows progressive upper lobe volume loss, pleural thickening, and subpleural fibrotic

consolidation. Upper lobe traction bronchiectasis (arrow) has also progressed.

reversibility could not exclude BOS."” The TLC cutoff of 90% was
used, as a previous study has shown that the combination of TLC
< 90% and interstitial changes on the thoracic CT was sensitive
and specific for diagnosing interstitial disease after HCT, with posi-
tive and negative predictive values 1.00 and 0.75, respectively.'®
Using this adapted criteria, we reported that about half of patients
with severe cGVHD potentially have PcGVHD; less than half of
these patients with PcGVHD met the NIH criteria. Much like
patients with PcGVHD who met NIH criteria (NIH+), the patients
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with PcGVHD uncaptured by the NIH criteria (NIH—) showed
worse survival compared with cGVHD controls without PcGVHD.
The adapted criteria may therefore provide more informative clinical
phenotypes and risk stratification of PcGVHD.

Multiple prior case reports and case series have reported nonob-
structive or coexisting obstructive and restrictive late pulmonary
complications in HCT recipients.'® In a single center study, 31 of
1277 HCT recipients (2.4%) were diagnosed with restriction and
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interstitial lung disease, with median time from HCT to diagnosis of
11.3 months.® In a case series of 70 patients who received lung
transplantation post-HCT between 1990 and 2013, 52 (74.3%) of
the explanted lung had BOS, and 17 (24.3%) had pulmonary inter-
stitial fibrosis.?® In another study involving 60 patients that received
lung transplantation after HCT, 36 met the 2014 NIH criteria for
BOS and 24 (40.0%) did not. On histology, BOS occurred in 55
(92%) and pulmonary fibrosis occurred in 34 (57%) of patients,
and the 2 coexisted in 29 (48%) of patients.18 Another study focus-
ing on late onset post-HCT noninfectious pulmonary complications
showed that, at a median follow up of 72.3 (15.2-88.5) months, 22
(11.19%) and 12 (6.0%) of 198 HCT recipients were diagnosed
with BOS and interstitial lung disease, respectively.?" In our cohort,
isolated restrictive lung disease was the most common phenotype
detected compared with obstruction and mixed obstruction/restric-
tion, a higher prevalence than others have previously reported in lit-
erature, which could be related to the difference between our
cohort, which were patients referred from various HCT centers
around the United States vs other single center series®'®2!
Despite the differences, our results, together with others, highlight
the limitation of the current NIH criteria. Given the high prevalence
of pulmonary dysfunction in patients with severe cGVHD, it is worth-
while to develop a more diligent, lung transplant-like monitoring
strategy of pulmonary function in these patients, and methods such
as home spirometry monitoring are worth exploring.22

We confirmed in our cohort that similar phenotypes of pulmonary
disease are observed in cGVHD after HCT and CLAD after lung
transplantation. We demonstrated the strong correlation
between FVC and TLC, which was also seen in CLAD, support-
ing the use FVC as an alternative method to monitor post-HCT
lung volume in resource-limiting situations.?® Discrepancies
remained in the distribution of different phenotypes between our
study and the CLAD literature. A single center study of 506 lung
transplant recipients showed that 174 patients developed
CLAD, including 104 (59.8%) with obstruction, whereas restric-
tion, mixed, and undefined phenotypes each comprised around
10% of patients.?® In contrast, our cohort after HCT had a high
percentage of restriction, mixed, and undefined, whereas
obstruction comprised only 7.2% of the PcGVHD population.
The differences between our results and lung transplantation lit-
erature may again reflect the difference between our multicenter-
based referral cohort vs single center cohorts but also may
reflect differences in pathophysiology between PcGVHD and
CLAD. In cGVHD, there may be more wide-spread immune-
mediated tissue injury and remodeling, whereas in lung trans-
plantation, there could be ischemia-reperfusion injury early after
surgery that contributes to CLAD.?* Moreover, in CLAD, the
patient’s best posttransplant PFT is used as the baseline to mon-
itor PFT decline, whereas the current study used the popula-
tional predictive value.

The small size of the obstructive cohort may not accurately reflect
the outcome of this phenotype, which may explain the discrepancy
between our survival results with the existing CLAD and GVHD
BOS literature.>® Other reasons for the relatively better outcome of
the obstructive phenotype observed in our cohort, in comparison
with post-HCT BOS literature, could be that the prior BOS literature
included all patients with obstructive components (ie, the combina-
tion of obstructive, mixed, and undefined), whereas in the current
study these were analyzed separately. Future prospective studies
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with a larger cohort of obstructive PcGVHD is needed to determine
the relative survival of different PcGVHD phenotypes, in comparison
with the CLAD counterparts in lung transplantation.

The major limitation of our study is the lack of baseline and chrono-
logical PFT and CT data in close to 80% of the study cohort.
Around 16% to 17% of patients may have pre-HCT PFT abnormal-
ity, with FEV1 or DLCO < 80% predicted; pre-HCT restrictive lung
disease has been reported in as high as 7.6% of patients.>>?® The
rate of PcGVHD could have been overestimated in our study
because of the lack of comparison with pre-HCT PFT. Because of
this limitation, we could not establish the accurate time of PcGVHD
onset and could not analyze the survival after PcGVHD diagnosis.
Furthermore, we could not implement a “decline from baseline” cri-
terion similar to the NIH criteria or the ISHLT-CLAD criteria, in the
current adapted criteria. Nonetheless, in patients with available PFT
volume data, the patients who met the current adapted criteria all
had chronological decline. In future studies using cohorts with longi-
tudinal PFT monitoring, we would like to test a modified adapted cri-
teria with the addition of a “decline from baseline” requirement,
which will likely improve the performance of the criteria in diagnostic
accuracy.

Other limitations should be noted in our study. First, the number of
haploidentical HCT was very small and may not reflect the current
landscape of graft source and posttransplant cyclophosphamide-
based GVHD prophylaxis. Second, patients were referred and most
had severe GVHD, rendering the cohort liable to referral and selection
bias, and therefore, potentially not representative of general cGVHD
population. Third, the cohort lacked non-GVHD HCT recipients and
could not compare the characteristics of patients with chronic restric-
tive lung disease without cGVHD vs patient with PcGVHD defined by
the adapted criteria, nor could it establish the association of restrictive
lung disease with cGVHD. Restrictive lung disease in the absence of
GVHD has been described in HCT recipients.'® Fourth, lung volume
was measured with a dilutional method (nitrogen washout) in our
study, which may underestimate the TLC and have inadvertently classi-
fied some patients with purely obstructive phenotype as mixed pheno-
type.2” Last, there was insufficient data regarding donor-recipient’s
blood group matching and cytomegalovirus status, and it would be
worthwhile to evaluate the effects of these factors on the development
of PcGVHD in future studies.

In conclusion, with PcGVHD criteria adapted from the 2019
ISHLT CLAD Consensus guidelines, we identified novel pheno-
types of pulmonary dysfunction after HCT with varying implica-
tions on survival, supporting further investigation into their
relationship with cGVHD and a re-classification of the current
NIH criteria. The adapted criteria demonstrated potential to effec-
tively and systematically identify different phenotypes of chronic
lung disease in patients with cGVHD. The current limitations of
the adapted criteria, namely the failure to take into consideration
the trend of pulmonary function decline after HCT, will need to
be overcome in future longitudinal studies. The similarities
between PcGVHD and CLAD can facilitate more cross-talks
between lung transplantation and HCT field.
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