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The International Society for Heart and Lung Transplantation registry recorded that 3631 adult heart-lung
transplants and 39 835 adult lung transplants have been performed in centres throughout the world up to
2012, establishing lung transplantation (LT) as the standard of care for selected patients with end-stage
respiratory disease [1]. The long-term success of LT is limited by chronic lung allograft dysfunction
(CLAD), of which the two most common phenotypes are an abnormal remodelling of the small airways
resulting in progressive airflow obstruction called bronchiolitis obliterans syndrome (BOS) and, less
frequently, a restrictive ventilatory process referred to as restrictive allograft syndrome (RAS) [2, 3]. Almost
50% of LT recipients will develop CLAD within 5 years post-LT, rising to 75% after 10 years [1]. Despite a
range of therapeutic approaches, median survival figures from the time of diagnosis remain very poor at
~2 years, resulting in 27% overall 10-year survival, the poorest long-term survival after solid-organ
transplantations for the period of 2000-2008 in the USA [4].

In clinical practice, CLAD is a diagnosis of exclusion once the possible confounding diseases related either
to allograft, such as persistent acute rejection, azithromycin-reversible allograft dysfunction, infection,
anastomotic stricture, disease recurrence, and/or to extra-allograft complications, such as pleural disease,
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diaphragm dysfunction or native lung hyperinflation, have been ruled out. CLAD diagnosis relies on
persistent and irreversible decline >20% in post-bronchodilator mean of two best forced expiratory volume
in 1 s (FEV1) and/or forced vital capacity (FVC) measurements for >3 weeks, accordingly to a new
proposed classification for CLAD. [3]. Pulmonary functional tests are used to define CLAD since pathology
samplings display important limitations [3]. Treating CLAD remains a challenge because underlying
molecular events and triggers are not well understood and unfortunately are irreversible. An early
prediction of CLAD, different from an early diagnosis, founded on the principles of systems biology and
personalised medicine would represent a major breakthrough, characterised by early interventions based on
risk stratification and personalised pathway modulation and would undoubtedly improve the clinical
outcomes [5, 6]. Regarding biomarkers in solid-organ transplantation, after more than 15000 studies, only
two diagnostic tests are US Food and Drug Administration approved and none in the context of early CLAD
prediction [5]. By 2013, there are no tools to predict medium outcomes after solid-organ transplantation
apart from retrospective analyses of registries, based mostly on clinical data from donors and recipients with
poor calibration far away from personalised medicine [1, 7]. Numerous and different explanations can be
put forward to explain such a failure in registered biomarkers in solid-organ transplantation [8] and
include: nonconsensus definition of CLAD; actual complexity of CLAD mechanisms; paucity of large
prospective multicentre cohorts with controlled clinical data on donors and recipients; inadequate quality
control of biospecimen acquisition, processing, storage; erratic standardisation of pre-analytical and
analytical conditions; incompatible formats for data capture; lack of repeated samplings; lack of data from
multiple platforms including D/R human leukocyte antigen (HLA) characterisations, epigenetic
(microRNA) and genotype analyses (single-nucleotide polymorphism (SNP) discovery, using exome
sequencing, will permit the discovery of new intrinsic risks that are connected to the development of either
BOS or RAS or both), transcriptomics, protein, peptides and metabolite profiling studies; and ultimately
failure to integrate and model multiple heterogeneous data types.

In an attempt to better predict CLAD before irreversible damage occurs within the graft, a multidisciplinary
consortium Systems prediction of CLAD (SysCLAD) was set up with 14 lung transplantations centres, four
small and medium enterprises, and three academic platforms and was funded by the European Union under
the Seventh Framework Programme. The objective of SysCLAD is to build a computational model in order
to estimate, within the first year post-LT, a personal recipient risk of CLAD at 3 years, a timeframe
associated with the worst vital prognosis [9]. This prediction will be derived from the complete integration
of extensive and diverse experimental datasets (clinicome, environmental data, omics, microbiome, and
immunological assays) collected from both donors and recipients (table 1). The project relies on a
prospective cohort of LT recipients as an expansion of the already existing French Cohort Of Lung
Transplantation (COLT) (http://clinicaltrials.gov/ identifier: NCT00980967), which has recruited 827 LT
recipients between September 2009 and August 2013. Standardised Operating Procedures (SOP) from

TABLE 1 Data collection within the first year post-lung transplantation (LT) to predict chronic lung allograft dysfunction (CLAD)

at year 3
Pre-LT Day 0, lung 6 months post-LT 12 months post-LT
procurement and LT
Donor Sex, age, comorbidities,
gas exchange, HLA
Recipient Sex, underlying Age, cold ischaemic Home geolocalisation, rejection, infection episodes, bronchial
clinicome diagnosis time, ischaemia- complications, immunosuppressive regimen, lung function
conducting to LT reperfusion issue, Outcomes at 3 years: healthy, RAS, BOS, deceased
centre effect
Blood studies Transcriptomics, HLA antibodies, HLA antibodies, transcriptomics, miRNA,
HLA, HLA transcriptomics, miRNA, proteomics, fresh and frozen PBMC
antibodies proteomics, fresh and subpopulations, T-lymphocytes sub-typing
frozen PBMC subpopulations,
T-lymphocytes subtyping
Exome sequence analysis in patients reaching 3 years either healthy or with CLAD
BAL studies Cell counts, proteomics, Cell counts, proteomics, microbiote,

microbiote, macrophages macrophages subpopulations

subpopulations

BAL: bronchoalveolar lavage; HLA: human leukocyte antigen; RAS: restrictive allograft syndrome; BOS: bronchiolitis obliterans syndrome; miRNA:

microRNA; PBMC: peripheral blood monocyte cells.
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FIGURE 1 Interdependency between project components. SOPs: standardised operating procedures; CLAD: chronic lung
allograft dysfunction; SysCLAD: Systems prediction of CLAD.

COLT will guarantee the quality of the data generated in the project and document the collection, storage
and management of clinical, biological, and functional data associated with blood collection (table 1) in
addition to clinical phenotyping, which includes chest imaging, FEV1, FVC, bronchoalveolar lavage (BAL)
analyses (proteomics, microbiote, macrophages subtypes at 6 and 12 months) and bronchial biopsies within
the first year post-LT [10]. Similar data collected by the Swiss Transplant Cohort Study (STCS) since 2008
(www.STCS.ch) with 223 patients will be analysed with the COLT patients, resulting in a total of 1050 LT
recipients of which 512 and 215 reached 2 and 3 years of follow-up by August 2013, respectively.
Prospective analyses of LT recipient lung microbiomes via microRNA sequencing and BAL microbiote
sequencing will be carried out to understand whether changes in bacterial communities are a cause or a
consequence of CLAD. Recent evidence has revealed that under steady-state conditions the human airways
harbour significant microbial communities whose persistence might be crucial to LT success and avoidance
of CLAD [11]. In parallel, gene expression analysis of M1 and M2 lung macrophages will be carried out in
the airways of individuals following LT to provide important new insights into CLAD, as already seen for
kidney recipients [12]. Finally, as a recent study reported that traffic-related air pollution is a major risk
factor for both BOS and mortality [13], the corresponding outdoor air pollution level for all LT recipients
will be assigned according to their home addresses and through the use of already existing exposure models
with high spatial and temporal resolutions. Protocol and SOPs are in open access at http://sysclad.newlab.eu
The SysCLAD model will be developed on the basis of a 200 LT-recipients dataset and subsequently
validated on a second dataset (fig. 1). The development of predictive multiscale mathematical models of
CLAD using expertise in numerical modelling of biological information will allow the prediction of the
individual- and population-level risk of CLAD by year 3. Systems biology for disease modelling and
treatment, or systems medicine, represents an innovative approach to complex diseases understanding and
drug discovery [14, 15]. It consists of representing all the available knowledge on the disease of interest with
a mathematical symbolism allowing generation and testing of hypotheses through computational
simulation and experimental validation [14, 15]. A CLAD knowledgebase focused on the two
subphenotypes BOS and RAS will start with a macroscopic knowledge model, defining the perimeter of
the working area, collecting and assessing all relevant knowledge on CLAD and will contain several
physiology based submodels. In parallel, a virtual population of LT recipients will be created by cross-
checking epidemiological data with model parameters values and distributions across the knowledge base.
The systems biology-driven modelling approach will serve to integrate all the biological components that
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are thought to play a role in the course of the disease process, up to the clinical events, by plugging the
disease model into a virtual population. Each virtual patient of the population will be characterised by a
vector of descriptors that will serve to compute the biological as well as the environmental parameters
involved in the course of the disease. The virtual population will be created from environmental, clinical
and molecular vectors, and will be applied to the CLAD physiology based computational model (fig. 1). The
final computational model, based on the knowledge model, will be subsequently designed and tested. The
CLAD model will be calibrated through the integration of clinical and experimental data according to a
minimising criterion to generate a fully operative model for the in silico prediction of CLAD within 3 years
post-LT (fig. 1). Intrinsic risk factors related to donor/recipient and/or extrinsic hazards as infections, acute
rejections could result in CLAD by different pathways. It requires collections of clinical events and their
biological markers to integrate these covariables. The actual challenge is to define a personalised risk to
develop CLAD after 1 year before any decline in lung function. Limitations are to collect incomplete and/or
improper information and miss these predictions. It is the reason why our database should be continuously
upgraded with new cases and their outcomes to refine models and better predict outcomes as soon as
possible after lung transplantation.

The SysCLAD signature is expected to improve early prediction of CLAD and cost-effectiveness of LT by
enabling effective future personalised interventions. The widespread adoption and implementation of the
SysCLAD model has the potential to lead to a marked decrease in healthcare costs, specifically those
associated with hospitalisation, medication and the use of laboratory services related to CLAD, and to
improve patient outcomes.
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