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Abstract

Background Long-term outcomes of lung transplantation (LTx) remain hampered by chronic lung allograft dysfunc-
tion (CLAD). Matrix metalloproteinase 9 (MMP-9) is a secretory endopeptidase identified as a key mediator in fibrosis
processes associated with CLAD. The objective of this study was to investigate whether plasma MMP9 levels may be
prognostic of CLAD development.

Methods Participants were selected from the Cohort in Lung Transplantation (COLT) for which a biocollection
was associated. We considered two time points, year 1 (Y1) and year 2 (Y2) post-transplantation, for plasma MMP-9
measurements. We analysed stable recipients at those time points, comparing those who would develop a CLAD
within the 2 years following the measurement to those who would remain stable 2 years after.

Results MMP-9 levels at Y1 were not significantly different between the CLAD and stable groups (230 ng/ml vs.

160 ng/ml, p=0.4). For the Y2 analysis, 129 recipients were included, of whom 50 developed CLAD within 2 years
and 79 remained stable within 2 years. MMP-9 plasma median concentrations were higher in recipients who then
developed CLAD than in the stable group (230 ng/ml vs. 118 ng/ml, p=0.003). In the multivariate analysis, the Y2
MMP-9 level was independently associated with CLAD, with an average increase of 150 ng/ml (95% Cl [0-253],
p=0.05) compared to that in the stable group. The Y2 ROC curve revealed a discriminating capacity of blood MMP-9
with an area under the curve of 66%.

Conclusion Plasmatic MMP-9 levels measured 2 years after lung transplantation have prognostic value for CLAD.
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Introduction

Lung transplantation (LTx) has the potential to bring
survival benefits and improve quality of life in selected
candidates [1, 2]. However, long-term outcomes remain
low, with an overall survival of 63% at 5 years post-trans-
plantation [3]. The main long-term limitation is chronic
lung allograft dysfunction (CLAD), which is responsible
for most deaths after the first posttransplant years [4].
A large part of CLAD physiopathology remains unclear,
but significant advances have been made to better under-
stand the two clinically and functionally well-defined
phenotypes of CLAD: bronchiolitis obliterans syndrome
(BOS) and restrictive allograft syndrome (RAS). Briefly,
repeated injuries of the airway epithelium, alveoli or lung
endothelial cells result in chronic inflammation, wound
healing, recruitment and proliferation of fibroblasts
and aberrant deposition of extracellular matrix, leading
to small airway fibrotic obliteration in BOS and alveo-
lar fibroelastosis in RAS [5]. CLAD risk stratification of
LTx recipients is presently an unmet need. A multisys-
temic approach is certainly the way forward in a highly
complex situation in which immunology, medications,
environment and patient’s behaviours have an important
impact on outcomes. Matrix metalloproteinases (MMPs)
are a family of zinc-dependent endopeptidases involved
in the degradation of various proteins of the extracellu-
lar matrix. MMPs play a role in tissue remodelling dur-
ing various physiological processes, such as angiogenesis,
embryogenesis, morphogenesis and wound repair, as well
as in pathological conditions, such as fibrotic disorders
and cancer. Matrix metalloproteinase 9 (MMP-9) is part
of the gelatinase subfamily, which has a distinct collagen-
binding domain. It can be secreted by a variety of cells,
including epithelial cells, fibroblasts, macrophages and
T cells [6]. MMP-9 has been identified as a key media-
tor in processes associated with CLAD, such as extra-
cellular matrix reorganization, cell migration, epithelial
to mesenchymal transition and immune response [7].
Interestingly, MMP-9 is an old suspect in BOS, and sev-
eral works have found increased gelatinolytic activity
and/or MMP-9 concentrations in bronchoalveolar lav-
age (BAL) from recipients with BOS [8-11]. Two stud-
ies reported that almost 6 months before the diagnosis
of BOS, increased BAL MMP-9 activity was observed
[12, 13]. However, the relevance of MMP-9 in periph-
eral blood remains debated, whereas the clinical need
for minimally invasive biomarkers of CLAD is high [14].
Previous data from our group showed that blood MMP-9
levels may be higher in CLAD recipients [15]. To evaluate
CLAD risk factors that could enable preventive interven-
tion, we considered the following time points of analysis:
1 and 2 years post-transplantation. Our objective in this
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study was to validate whether plasma MMP-9 levels at
1 year and 2 years post-transplantation can predict future
CLAD onset.

Materials and methods

Participants

Lung transplant recipients (LTRs) were recruited within
the multicentre cohort in lung transplantation [COLT],
NCT00980967) study (Comité de Protection des Per-
sonnes Ouest 1-Tours, 2009-A00036-51). The study was
approved by the local ethical committee, and all par-
ticipants provided written informed consent. The COLT
study protocol has been previously described (Additional
file 1: S1) [16]. Briefly, participants were included in the
cohort before transplantation. Planned visits were at the
time of transplantation and then every 6 months up to
5 years post-transplantation. Blood samples were taken
at each visit. This study was conducted in accordance
with the Declaration of Helsinki and complies with the
International Society for Heart and Lung Transplantation
statement on Transplant Ethics.

Clinical phenotype

All patients within the COLT study underwent individual
phenotyping by an adjudication committee that gath-
ered at least 5 investigator physicians from the different
participating centres. Pulmonary function tests, relevant
chest computed tomography and medical history, espe-
cially potential confounding factors, were reviewed for
a collegial decision on phenotype initially based on the
2014 proposed classification and then on the 2019 ISHLT
consensus report on CLAD [17, 18]. Recipients were
classified as follows: BOS, RAS, azithromycin responsive
allograft dysfunction (ARAD), stable and other (death
within 3 months post-transplantation, death without
CLAD, insufficient data to conclude or confounding
factors).

Design of the study and recipient selection

The objective of this study was to evaluate the ability of
MMP-9 blood levels to predict CLAD. We designed a
comparative analysis of plasma MMP-9 concentrations
at year 1 post-transplantation (Y1) between stable recipi-
ents at this time point who will develop CLAD within
2 years (i.e., by 3 years post-transplantation) and those
who remained without CLAD for the same 2-year follow-
up (Stable). Similarly, we designed a comparative analysis
of plasma MMP-9 concentrations at year 2 post-trans-
plantation (Y2) from stable recipients at this time point,
comparing those who will develop CLAD within 2 years
of sampling (i.e., by 4 years post-transplantation) and
those who remained stable (Additional file 1: Figure S1).
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For this purpose, we identified every COLT partici-
pant with stable lung function at Y1 for whom we had
a plasma sample available, and we then selected those
who presented a CLAD phenotype by year 3. Then, we
matched up to 2 stable controls for each CLAD recipi-
ent on age at transplantation and gender (variable ratio
matching) (Fig. 1). We excluded COLT participants who
were not transplanted, recipients with the phenotype
“Other” and those with no phenotype. We also excluded
recipients who were included in our previous MMP-9
analysis (n=94) [15]. According to the study design,
recipients who developed CLAD before 1 year post-
transplantation were not included in the Y1 analysis
(n=35), and similarly, recipients who developed CLAD
before 2 years post-transplantation were not included
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in the Y2 analysis (n=124). Flowcharts are represented
in Fig. 1 for the Y1 analysis and Fig. 2 for the Y2 analy-
sis. Overall, the median follow-up time from LTx was
45 months, and 63 patients were included in both the Y1
and Y2 analyses (recipients for whom a sample was avail-
able at Y1 and Y2).

MMP-9 detection

All plasma samples were obtained in heparinized tubes,
stored at —80 °C in Nantes University Hospital Bio-
logical Resource Center and never thawed before use.
MMP-9 concentrations were determined with the quan-
titative MMP-9 Human ELISA Kit (Thermo Fisher Sci-
entificc, BMS2016-2) according to the manufacturer’s
instructions.

COLT participants
1878

Not transplanted
N=145

No phenotype
N=152

Other phenotype
N=598

CLAD < 1 year

Stable at 1 year

Previous MMP9 study

N=35 N=94
N=854
——————————————————————————————— Samples availibility at 1 year (N=215) }
Inconclusive (n = 20)
> ARAD (n = 2)
Others (n = 3)
Matching CLAD and Stable
A 4 A 4
CLAD Phenotype within 2 years Stable
N=86 post sampling N=104

Fig.1 Year 1 sample analysis flowchart. Selection of COLT lung transplant recipients with CLAD or a stable phenotype. Other phenotypes included
death before 3 months, death without CLAD and an inconclusive phenotype (insufficient data or cofounding factors affecting adjudication).“No

phenotype”refers to recipients awaiting adjudication
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COLT participants
1878

Not transplanted
N=145

No phenotype
N=152

Other phenotype
N=598

A

CLAD < 2 years

Stable at 2 year

Previous MMP9 study

N= 124 N=94
N=765
——————————————————————————————— Samples availibility at 2 year (N=149)  [---mmmmmmmn s
Inconclusive (n = 16)
> Others (n=1)
CLAD no date (n =3)
Matching CLAD and Stable
A 4 A 4
*
CLAD Phenotype within 2 years Stable
N=50 post sampling N=79

Fig. 2 Year 2 sample flowchart. Selection of COLT lung transplant recipients with CLAD or a stable phenotype. Other phenotypes included death
before 3 months, death without CLAD and an inconclusive phenotype (insufficient data or cofounding factors affecting the adjudication). “No
phenotypes” refer to recipients awaiting adjudication.* One recipient was initially classified as having azithromycin-responsive allograft dysfunction
and was not included in the stable group for the year 1 sample analysis but later developed CLAD and was included in the CLAD group for the year

2 sample analysis

Statistical analysis
For descriptive analysis, normally distributed continuous
variables are summarized herein by the mean plus stand-
ard deviation, whereas nonnormally distributed con-
tinuous variables are summarized using the median and
interquartile range (IQR). Categorical variables are pre-
sented as the effectiveness and percentage of modalities.
We used usual statistical tests to compare distributions
between two groups (Student’s t test, Mann—Whitney-
Wilcoxon test and Fisher exact test). Missing values are
systematically presented. No imputation was performed.
To assess whether MMP-9 could be prognostic of
CLAD, we only considered measures that had been made
before the diagnosis. In addition, we drew ROC and pre-
cision-recall (PR) curves to investigate with appropriate

metrics whether MMP-9 concentrations could be relevant
in predicting CLAD in these patients. The confidence
interval of the ROC area under the curve (AUC) and PR-
AUC was computed using 3000 bootstrap iterations of the
corresponding study sample. Finally, a multivariate linear
regression model was fit to explain MMP-9 concentra-
tions at Y1 by the status regarding CLAD 2 years later,
plus susceptible confounders identified by a group of cli-
nicians. Additional descriptions of the variables of inter-
est are provided in Additional file 1: S2. We also fitted a
model for MMP-9 concentrations at Y2 explained by the
status regarding CLAD 2 years after, plus the same con-
founders. Due to a lack of data, we were unable to split
our dataset into a training set and a test set. Analyses were
performed using R package version 4.2.2, especially using
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the tidyverse package for data manipulation and visualiza-
tion and tidymodels for predictive modelling.

Results

Prognostic value of MMP-9 at Y1

A total of 190 stable recipients were included for the
analysis of MMP-9 at Y1 post-transplantation of whom
86 developed CLAD (68 BOS, 9 RAS and 9 mixed) and
104 remained stable within the next 2 years (Fig. 2). Pre-
transplant characteristics and early posttransplantation
outcomes (within the first year post-Tx) are presented in
Table 1. The distribution of underlying disease was sig-
nificantly different between the stable and CLAD groups,
with fewer patients with chronic obstructive pulmonary
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disease (COPD)/emphysema and more with interstitial
lung disease (ILD) and other diagnoses in the CLAD
group (p=0.01). The median height was lower in the
CLAD group (165 c¢cm vs. 168 cm, p=0.05), and more
patients in the stable group had pre-Tx pulmonary col-
onization to Candida albicans (37% vs. 18%, p=0.04).
There were also fewer recipients in the CLAD group who
benefited from induction treatment after transplantation
(70% vs. 84%, p=0.03). Finally, there was a tendency for
an increased number of experienced acute cellular rejec-
tions in the CLAD group (43% vs. 30%, p=0.08). The
2 groups were comparable in terms of sex, age, type of
procedure, donor and graft characteristics and infection
post-transplantation outcomes.

Table 1 Recipients and donor characteristics for the year-1 MMP-9 comparative analysis

Stable (n=104) CLAD (n=86) p value Missing
value
(%)

Gender male 61(58.7) 45(52.3) 05 0
Age 52 [36, 60] 51[28,58] 04 0
Height (cm) 168 (8) 165 (8) 0.05 0.5
Weight (kg) 61(15) 59(13) 03 0.5
Underlying disease 0.01 0

COPD/emphysema 55(529) 33(384)

Cystic fibrosis 30(28.8) 23 (26.7)

ILD 16 (15.4) 17 (19.8)

Other 3(2.9) 13(15.1)
Bacterial colo. pre Tx 51 (49.0) 43 (50.0) 1
Fungal colo. pre Tx 55(52.9) 39 (45.3) 04
C. Albicans colo. pre Tx 37 (35.6) 18 (20.9) 0.04
DSA pre Tx 19(24.7) 21(32.8) 04 258
High emergency 8(7.7) 6 (7.0) 1 0
Procedure 03 1.1

Double lung 87 (84.5) 70 (82.4)

Heart and lung 0(0.0) 2(24)

Single lung 16 (15.5) 13 (15.3)
Surgical approach 0.2 4.7

Clam shell 18(18.2) 8(9.8)

Sternotomy 2(2.0) 4(4.9)

Thoracotomy 79 (79.8) 70 (85.4)
ECLS 42 (42.0) 30(35.7) 0.5 32
Graft cold ischemia (min) 322 (270, 380] 345 [280, 405] 0.12 3.7
Donor age 44 (30, 54] 46 [25, 57] 0.7 0.5
Donor gender male 62 (59.6) 53(624) 08 05
Donor smoking habit 37 (35.9) 30 (36.6) 1 26
Pa02/Fi02 400 (106) 380 (107) 0.2 0.5
Mismatch CMV 16 (15.4) 16 (18.6) 0.7 0
Mismatch EBV 6 (5.8) 7(8.1) 0.7 0
Dialysis 5(5.1) 2(24) 0.6 37
Induction treatment 87 (83.7) 60 (69.8) 0.03 0
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Table 1 (continued)
Stable (n=104) CLAD (n=86) p value Missing
value
(%)
Type of Induction 0.03 0
Anti-IL2 36 (34.6) 20(23.3)
ATG 51 (49.0) 39 (45.3)
None 17(16.3) 27 (31.4)
Resp bacterial inf post Tx 03 0
0 19(18.3) 21 (24.4)
1 40 (38.5) 24.(27.9)
2 31(29.8) 24 (27.9)
3 14 (13.5) 17 (19.8)
Resp fungal inf post Tx 0.7 0
0 55(52.9) 43 (50.0)
1 34(32.7) 34 (39.5)
2 12(11.5) 8.1)
3 3(29) (23)
Resp viral inf post Tx 03 0
0 66 (63.5) 50 (58.1)
1 28 (26.9) 25 (29.1)
2 6(5.8) 10(11.6)
3 4(3.8) 1(1.2)
ACR(=1) 31(29.8) 37 (43.0) 0.08
AMR 329 7(8.1) 0.2

Results are expressed in median with interquartile range, mean with standard deviation or n and %. CLAD chronic lung allograft dysfunction, COPD: chronic
obstructive pulmonary disease. ILD: interstitial lung disease. Other: other underlying diagnosis (pulmonary hypertension, sarcoidosis, connective tissue disease,
bronchiectasis). Bacterial colo. pre Tx: bacterial colonization pre transplantation. Fungal colo. pre Tx. Fungal colonization pre transplantation. DSA: donor specific
antibody. ECLS: extracorporeal life support per transplantation. CMV: cytomegalovirus. EBV: Epstein-Barr virus. ATG: rabbit antithymoglobulin. Anti-IL2: anti
interleukine-2. Resp bacterial inf post Tx: lower respiratory tract bacterial infection in the first year post transplantation, number of episode. Resp fungal inf post Tx:
lower respiratory tract fungal infection in the first year post transplantation, number of episode. ACR: acute cellular rejection, number of patients with one or more
episode in the first year post transplantation. AMR: antibody mediated rejection, number of patients with one or more episode in the first year post transplantation

Before transplantation, the MMP-9 levels were sta-
tistically similar in both the CLAD and stable groups
(386 ng/ml |p[174~757] vs. 349 ng/m [162-822],
p=0.8). The MMP-9 plasma median concentration at Y1
was 237 ng/ml |[72-551] for recipients who developed
CLAD within the next 2 years and 165 ng/ml |[75~
317] for those who remained stable (Fig. 3). The differ-
ence was not significant (p=0.2). Additionally, there was
no significant difference according to CLAD phenotype
(Additional file 1: Figure S2). In this analysis, we also
distinguished those who developed CLAD within the
year that followed the Y1 measurement (sample close to
CLAD) and those who developed CLAD at least 1 year
later (sample distant from CLAD). In this setting, the
MMP-9 blood concentration was slightly higher when
the sample was close to CLAD than when the sample was
distant from CLAD diagnosis (248 ng/ml vs. 225 ng/ml,
p=0.9) (Fig. 3). The multivariate analysis revealed that
the CLAD phenotype was associated with an increase in
MMP-9 plasma levels, but the difference did not reach

statistical significance (average increase of 126, 95% CI
[-32-284], p=0.1) (Table 2). To test the discriminating
capacity of Y2 MMP-9 blood measurement for CLAD
prediction, we performed a PR curve, which showed an
AUC of 53% (95% CI [43-65]). For the ROC curve, we
found an AUC of 55% (95% CI [47-63]) (Additional file 1:
Figure S3).

Prognostic value of MMP-9 at Y2

For this analysis, 129 LTx recipients were included, of
whom 50 developed CLAD and 79 remained stable
within the next 2 years (i.e., up to 4 years post-transplan-
tation) (Fig. 2). Notably, one patient was initially diag-
nosed with ARAD (and thus not included in the stable
group) but later developed CLAD and was included in
the CLAD Y2 group. Pretransplantation characteristics,
per transplantation data and early post-transplantation
outcomes are presented in Table 3. Few differences can
be noted compared to the Y1 analysis. Underlying dis-
eases were not differently distributed between the CLAD
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Fig. 3 Blood MMP-9 value at Y1. A Comparison of the MMP-9
plasmatic concentration at Y1 between recipients who then
developed CLAD and those who remained stable in the next 2 years
(p=0.2). B Comparison of samples close to CLAD and distant

from CLAD. Comparison of the MMP-9 plasmatic concentration
at Y1 between recipients who developed CLAD within 1 year

of measurement, those who developed CLAD at least 1 year

after measurement and those who remained stable at least 2 years
after measurement. No significant difference was observed. Boxplot
interpretation: thick horizontal bars correspond to the median,
notches to the upper and lower limits of the confidence interval
and top and bottom of the box to the first and third interquartile

of MMP-9 values

Stable

and stable groups, and there was no difference in recipi-
ent height. Interestingly, there were more CLAD patients
with pre-Tx colonization with Pseudomonas aeruginosa
(46% vs. 27%, p=0.04) and fewer with Candida albicans
(16% vs. 37%, p=0.02). The 2 groups were comparable
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in terms of sex, age, type of procedure, donor and graft
characteristics, infection and acute rejection outcomes
post-transplantation.

Before transplantation, the MMP-9 levels were 419 ng/
ml |z[242-675] in the CLAD group and 345 ng/ml
1qr[162-861] in the stable group (p=0.6). Interestingly,
the MMP-9 plasma median concentration at Y2 was sig-
nificantly higher for recipients who developed CLAD
within the next 2 years than for those who remained sta-
ble (230 ng/ml |z[105-376] vs. 118 ng/ml |z[64-218],
p=0.003) (Fig. 4). BOS, RAS and mixed MMP-9 values
were all above the stable group, but the difference was
significant only for recipients with RAS (265 ng/ml vs.
119 ng/ml, p=0.02) (Additional file 1: Figure S4). In the
CLAD group, patients with a sample close to the CLAD
diagnostic date (within 1 year of measurement) had a
higher blood MMP-9 level than those with a sample dis-
tant from the CLAD (at least 1 year after measurement)
(224 ng/ml vs. 182 ng/ml, Fig. 4). In the multivariate
analysis, higher MMP-9 levels at Y2 were independently
and significantly associated with future CLAD diagno-
sis (estimated increase of 151 ng/ml, 95% CI [20-281],
p=0.02) (Table 2). The only other factor for which a sig-
nificant difference was observed was pretransplantation
colonization with Candida albicans, which resulted in
an average increase in MMP-9 concentration at Y1 of
129 ng/mL (95% CI [2-257, (p=0.04) (Table 3). To test
the discriminating capacity of Y2 MMP-9 blood meas-
urement for CLAD prediction, we performed a PR curve,
which showed an AUC of 53% (95% CI [43—65]). For the
ROC curve, we found an AUC of 66% (95% CI [56-75])
(Fig. 5). The prognostic power of blood MMP-9 was
demonstrated at higher values. For example, an MMP-9
blood level higher than 314 ng/ml in our cohort ena-
bled the identification of 40% of CLAD cases (recall or
sensitivity) with a precision (positive predictive value)
of 65%. Finally, to determine the prognostic effect of
plasma MMP9 kinetics, we calculated the individual dif-
ference between MMP9 at Y1 and MMP9 at Y2 (MMP9
Y1-MMP9 Y2). We had 63 recipients in the CLAD group
and 32 recipients in the stable group for which we had a
sample available at Y1 and Y2. Interestingly, we observed
an average individual decrease of 100 ng/ml in the stable
group, whereas it remained almost similar in the CLAD
group, with a calculated difference of 1 ng/ml. The differ-
ence between the two groups was, however, not signifi-
cant (p=0.9). The longitudinal analysis of MMP9 levels
before transplantation, at Y1 and Y2 for participants with
available samples at those 3 time points is presented in
Additional file 1: Figure S5.
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Table 2 Multivariate analysis of factors influencing MMP-9 blood levels at Y1 and Y2

Predictors Y1 analysis Y2 analysis
MMP-9 estimates cl P MMP-9 estimates cl p

CLAD (vs Stable) 12332 —34-281 0.1 1509 20-281 0.02
Cystic Fibrosis 1.08 —193-195 1 —11251 —254-29 0.1
ILD -39.11 —247-169 0.7 2173 —149-192 0.8
Other —-1832 —-301-264 09 —186.44 —481-108 0.2
CMV mismatch —56.47 —260-147 06 —36.83 -191-117 0.6
Fungal colo. pre Tx —12.69 —163-138 09 129.13 1.7-257 0.05
Graft cold ischemia -051 -13-03 0.2 —-0.46 -1.2-03 0.2
Donor Pa02/Fi02 —-0.53 -1.2-0.2 0.1 0.2 -04-08 0.5
Induction treatment -61.32 —241-118 0.5 —108.01 —260-44 0.1
ACR(>1) -986 —257-60 0.2 40.23 -92-173 0.5
Bacterial infection (> 1) -6.23 —197-184 09 97.94 —59-255 0.2
Fungal infection (> 1) 147.54 —10-305 0.07 —28.73 —156-98 0.6
Viral infection (> 1) 46.46 —106-199 0.5 -60.8 —187-66 03

CLAD: chronic lung allograft dysfunction. ILD: interstitial lung disease. Other: other underlying diagnosis (pulmonary hypertension, sarcoidosis, connective tissue
disease, bronchiectasis). The reference chose for underlying disease was COPD/emphysema. CMV: cytomegalovirus, mismatch referring to a transplantation

with a recipient with negative serology and a donor with positive serology to CMV. ACR: acute cellular rejection, one or more episode within the first year post
transplantation. The infection factors refers to bacterial, fungal or viral infection of the lower respiratory tract, one or more episode within the first year post
transplantation

Table 3 Recipients and donor characteristics for the year-2 MMP-9 comparative analysis

Stable (n=79) CLAD (n=50) P Missing (%)

Gender male 49 (62.0) 32 (64.0) 1 0
Age 49 [31,59] 46.50 [27.25, 58.00] 04 0
Height (cm) 167.23 (7.44) 168.70 (9.09) 03 0
Weight (kg) 5837 (14.27) 58.86 (13.64) 0.8 0
Underlying disease 0.06 0

COPD/emphysema 34 (43.0) 17 (34.0)

Cystic fibrosis 28 (35.4) 19 (38.0)

ILD 16 (20.3) 8(16.0)

Other 1(1.3) 6(12.0)
Bacterial colo. pre Tx 42 (53.2) 28 (56.0) 0.9 0
S. Aureus colo. pre Tx 13(16.5) 7 (14.0) 0.9 0
P, Aeruginosa colo. pre Tx 21(27) 23 (46) 0.04 0
Fungal colo. pre Tx 40 (50.6) 22 (44.0) 0.6 0
A. fumigatus colo. pre Tx 14(17.7) 11(22.0) 0.7 0
C. Albicans colo. pre Tx 29 (37) 8(16) 0.02 0
DSA pre TX 17 (27.9) 15 (36.6) 0.5 209
High emergency 9(11.4) 2 (4.0) 0.2 0
Procedure 12 (15.6) 8(16.3) 1 23

Double lung

Heart and lung

Single lung
Surgical approach 06 1.6

Clam shell 15(19.2) 8(16.3)

Sternotomy 1(1.3) 2 (4.1)
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Table 3 (continued)
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Stable (n=79) CLAD (n=50) P Missing (%)

Thoracotomy 62 (79.5) 39 (79.6)
ECLS 36 (46.8) 22 (44.0) 09 16
Cold ischemia (min) 330275, 380] 340 [260, 395] 0.8 2.3
Donor age 44 26, 53] 46 [36, 57] 03 0
Donor gender male 45 (57) 33 (66) 04 0
Donor smoking habit 28 (354) 19(38.8) 0.8 0.8
PaO,/FiO, 393.27 (104.85) 39246 (96.27) 1 16
Mismatch CMV 17 (21.5) 11 (22.0) 1 0
Mismatch EBV 6(7.6) 8(16.0) 0.2 0
Dialysis 4(5.3) 3(6.1) 1 39
Induction treatment 63 (79.7) 37 (74.0) 0.6 0
Type of induction 04 0

Anti-IL2 28 (35.4) 12 (24.0)

ATG 35 (44.3) 25 (50.0)

None 16 (20.3) 13 (26.0)
Resp bacterial inf post Tx 0.1 0

0 13(16.5) 11(22.0)

1 32 (40.5) 14 (28.0)

2 24 (30.4) 12 (24.0)

3 10(12.7) 13 (26.0)
Resp fungal inf post Tx 03 0

0 46 (58.2) 21(42.0)

1 23(29.1) 19 (38.0)

2 8(10.1) 7(14.0)

3 2(2.5) 3(6.0)
Resp viral inf post Tx 0.1 0

0 55 (69.6) 25 (50.0)

1 18(22.8) 19 (38.0)

2 4(5.1) 5(10.0)

3 2(2.5) 1(2.0)
ACR(=1) 24 (304) 22 (44.0) 0.2
AMR 4(5.1) 3(6.0) 1

Results are expressed in median with interquartile range, mean with standard deviation or n and %. CLAD: chronic lung allograft dysfunction. COPD: chronic
obstructive pulmonary disease. ILD: interstitial lung disease. Other: other underlying diagnosis (pulmonary hypertension, sarcoidosis, connective tissue disease,
bronchiectasis). Bacterial colo. pre Tx: bacterial colonization pre transplantation. Fungal colo. pre Tx. Fungal colonization pre transplantation. DSA: donor specific
antibody. ECLS: extracorporeal life support per transplantation. CMV: cytomegalovirus. EBV: Epstein-Barr virus. ATG: rabbit antithymoglobulin. Anti-IL2: anti
interleukine-2. Resp bacterial inf post Tx: lower respiratory tract bacterial infection in the first year post transplantation, number of episode. Resp fungal inf post Tx:
lower respiratory tract fungal infection in the first year post transplantation, number of episode. ACR: acute cellular rejection, number of patients with one or more
episode in the first year post transplantation. AMR: antibody mediated rejection, number of patients with one or more episode in the first year post transplantation

Discussion

In this study, we report a potential prognostic value of
MMP-9 plasma concentrations at 2 years post-transplan-
tation for CLAD diagnosis. In a smaller set of patients,
our team, with a different methodology in which the ref-
erence time point was CLAD diagnosis, found increased
levels of plasma MMP-9 1 year before CLAD diagno-
sis compared to the levels in recipients without CLAD
[15]. It was, however, essential to validate the prognostic
potential of blood MMP-9 in a setting that could enable

risk stratification and thus therapeutic intervention. To
this aim, we chose two posttransplantation time points,
Y1 and Y2, that have clinical relevance because they are
sufficiently distant from the lung transplantation surgery,
early infection and immune complications that could
strongly interfere with inflammatory or wound-healing-
related biomarkers but also early enough regarding the
CLAD onset time to allow early intervention in the lung
transplant population.
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Fig. 4 Blood MMP-9 value at Y2. A Comparison of the MMP-9
plasmatic concentration at Y2 between recipients who then
developed CLAD and those who remained stable in the next

2 years (p=0.003). B Blood MMP-9 value at Y2 with comparison

of samples close to the CLAD and distant from the CLAD. Comparison
of the MMP-9 plasmatic concentration at Y2 between recipients

who developed CLAD within 1 year of measurement, those who
developed CLAD at least 1 year after measurement and those

who remained stable at least 2 years after measurement

with a significant difference between the stable and CLAD groups
within 1 year (p=0.003). Boxplot interpretation: thick horizontal

bars correspond to the median, notches to the upper and lower
limits of the confidence interval and top and bottom of the box

to the first and third interquartile of MMP-9 values. * corresponds to p
value <0.05

Stable CLAD within

The reason MMP-9 levels predict Y2 but not Y1 CLAD
risk is unclear. However, it could be related to the fact
that MMP-9 plasma levels seem to be higher when
CLAD appears within 1 year from the date of sampling
because we also observed that the average time between
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the sample and CLAD diagnosis was longer in the Y1
analysis than in the Y2 analysis (643 days vs. 489 days,
respectively). The Louven group indeed described a
median time of CLAD onset of 3.2 years post-transplan-
tation, and in a North American population, Kulkarni
et al. reported a median BOS-free survival of 3.6 years
for double lung transplant recipients [19, 20]. The only
study that prospectively evaluated MMP-9 levels after
transplantation was performed by Kastelijn et al. on 10
LTx recipients who developed BOS and 10 matched con-
trol recipients without BOS. They found that the median
MMP-9 concentrations in all serial samples were signifi-
cantly higher in BOS patients [190 ng/ml (163-238) ver-
sus 128 ng/ml (106-162), p<0.0001], but a longitudinal
analysis of MMP-9 serum levels from the time of trans-
plantation onwards did not reveal a significant differ-
ence in serum levels in the period preceding BOS [21].
More recently, a study using a high-component multiplex
immunoassay identified MMP-9, among other proteins,
as a diagnostic biomarker of BOS in a set of patients
(n=46). This finding was confirmed in another set of
patients from different centres by ELISA [8]. In the dif-
ferent context of BOS related to chronic graftversus-host
disease after allogeneic haematopoietic cell transplanta-
tion, plasma MMP-9 was also found at a higher concen-
tration in 33 patients with BOS at the time of diagnosis
than in 60 recipients without BOS, and elevated MMP-9
was thought to be associated with treatment failure and
worse prognosis [22].

In the literature, more data are available for MMP-9
in BAL. In a cohort of 45 recipients, Vandemeulen et al.
found that MMP9 levels were increased in RAS and
BOS at the time of diagnosis [23]. Similarly, Heijink
et al. found increased levels of MMP-2, MMP-3, MMP-
7, MMP-8, MMP-9 and the MMP endogenous inhibitor
TIMP1 at the time of diagnosis [11]. Older works have
shown the predictive potential of MMP-9 in BAL in a
relatively smaller cohort of less than 25 patients and not
at a prespecified time point that could apply in real-life
surveillance [12, 13].

Thus, regarding all these data, we are the first to
describe blood MMP-9 levels in a large cohort of LTx
recipients as prognostic of CLAD onset with a 66% AUC
in the ROC analysis and 53% in the PR analysis. These
figures may appear as low, likely due to the high variabil-
ity of MMP-9 blood levels within each group of patients.
While remaining a limitation, if considered alone for a
given patient, no parameter currently used can actually
enable a prognostic assessment of CLAD. Additionally,
one important point is that given the time points chosen,
i.e., 1 and 2 years for MMP-9 measurement, early CLAD
(before 1-year post-transplantation) were not in the spec-
trum of this study. To answer these limitations, first, we
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did not consider MMP-9 alone as a predictive biomarker
of CLAD, but this work clearly demonstrates its poten-
tial to increase the efficiency of a CLAD multidimen-
sional score. Our group previously reported a blood gene
expression analysis in which we identified three genes,
POU class 2 associating factor 1, T-cell leukaemia/lym-
phoma protein 1A and B-cell lymphocyte kinase, which
were validated as predictive biomarkers of BOS more
than 6 months before diagnosis [24]. We also found dif-
ferential T and B lymphocyte phenotyping between
CLAD and stable recipients, again upstream of CLAD
diagnosis [25, 26]. Analysis of those potential biomarkers
with blood MMP-9 at this specific Y2 time point in par-
ticular will be of interest in the ongoing new prospective
multicentric study to build a multidimensional risk strati-
fication for CLAD, along with demographic, clinical and
environmental data (PRELUD study, NCT03967340).

Conclusion

We described here in a large cohort the interesting prog-
nostic potential of blood MMP-9 levels measured at 1
and 2 years post-transplantation. The implementation of
these mini-invasive biomarkers into a multidimensional
score, along with transcriptomic and immune phenotyp-
ing, has the potential to provide an efficient risk stratifi-
cation tool to patients and clinicians.
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ARAD Azithromycin-responsive allograft dysfunction
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CLAD Chronic lung allograft dysfunction
coLT Cohort in lung transplantation
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ILD Interstitial lung disease

LTx Lung transplantation

MMP-9  Matrix metalloproteinase 9
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RAS Restrictive allograft syndrome
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