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Reported LTx for (chronic) lung diseases
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Reported LTx for (chronic) lung diseases



57%

24%

12%

7%

Leuven lung transplant indications

1991-2024 (n=1500)  

@Vos R, Leuven



@Vos R, Leuven

LTx: long-term outcome



Survival by Diagnosis, Conditional on Survival to Year 1
Adult Lung Transplants

(Transplants: January 1992 – June 2017)

2019
JHLT. 2019 Oct; 38(10): 1015-1066

Older age, 

more comorbidities

Younger age, 

less comorbidities
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Long-term morbidities/complications (< 5 years post-LTx)

Based on ISHLT Registry data. Courtesy of Vos R. 



Spectrum of (chronic) lung disease post-LTx
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Adult Lung Transplants

Conditional on Survival to 14 days

p<0.0001

(Transplants: January 1995 – June 2017)

CLAD: a very prevalent complication



Chronic rejection/CLAD prevalence in Leuven

(2010-2021, n=727)

≈30% or 6%/yr

(vs. 50% ISHLT)
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“Chronic Lung Allograft Dysfunction” (CLAD)

Functional Radiological

Airtrapping, 

Bronchiectasis

Parenchymal opacities, 

Pleural thickening

From Bos S, et al. Lancet Respir Med. 2022. 

FEV1, TLC, 

CT 



“Chronic Lung Allograft Dysfunction” (CLAD)

Functional

FEV1, TLC, 

CT 

Glanville, J Heart 

Lung Transplant, 

2019

Bos S, et al. CRC. 20225 



”CLAD”: 

Clinical Syndrome and Phenotypes

Adapted from Bos S, et al. Lancet Respir Med. 2022. 

Mixed



PFT:

Clinical phenotype:

Umbrella term:

Verleden GM, et al. J Heart Lung Transplant. 2019

Undefined

2019 ISHLT consensus definition

OBSTRUCTIVE* RESTRICTIVE**MIXED

Chronic Lung Allograft Dysfunction (without clear other cause) 
CLAD 

Bronchiolitis Obliterans Syndrome
BOS

Restrictive Allograft Syndrome
RASMixed

CT Imaging: NO OPACITIES OPACITIES

*Obstruction: FEV1/FVC <0.7 **Restriction: TLC decline ≥10% from baseline

OPACITIES***

***Opacities: parenchymal opacities and/or increasing pleural thickening consistent with 
a diagnosis of pulmonary and/or pleural fibrosis

Conditions:

MIXED
+ 
NO OPACITIES

OBSTR
+
OPACITIES

Histopathology/
? ? ? ?

Molecular Biomarkers:



BOS 
(70%)

RAS 
(20-30%)

Non-CLAD causes of 
pulmonary function 
decline
Allograft-related
- Persistent acute rejection
- ARAD
- Infection
- Anastomotic stricture
- Disease recurrence
Extra-allograft-related
- Pleural disease
- Diaphragm dysfunction
- Native lung hyperinflation
- BMI related
- other causes

CLAD

Past Since 2019

OB 
= 

BOS
=

CR

2025: 
Diagnostics: biomarkers missing
Therapeutics: targeted therapies missing

Mixed
(<10%) Undefined

CLAD Anno 2025
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Clinical Approach of (suspected) CLAD?

Adapted from Verleden GM, et al. JHLT. 2019

“Exclude other causes”

“Document chronicity”

(persistent decline)

“Establish phenotype”

“Establish stage” (disease severity)

1.

2.

3.

4.

“Evolution: reassess type/stage”5.

(Acute) (ALAD)



BOS RASMixed

PFT

CT**

FEV1/FVC <0.7
+
TLC >90% of baseline*
+
No opacities:

FEV1/FVC ≥0.7
+
TLC ≤90% of baseline*
+
Persistent opacities:

FEV1/FVC <0.7
+
TLC ≤90% of baseline*
+
Persistent opacities:

* Baseline TLC = TLC at 3 and 6 months post-transplant
** Baseline CT  = (HR)CT at 6 months post-transplant (in/expir. sections)

Definite CLAD: establishing the phenotype

Adapted from Verleden GM, et al. JHLT. 2019



CLAD Severity Staging and Progression

FEV1 >80% FEV1 baseline

>65-80% FEV1 baseline

>50-65%

>35-50%

≤35%

“CLAD Progression” (definition not yet established!) = 

✓ FEV1 decline to more severe CLAD stage (CLAD1>2>3>4) (may be >15% decline)

or

✓ FEV1 (± FVC) decline of >10% ?

✓ or? (i.e. new infiltrates? BOS -> RAS? Oxygen need? Symptoms/ PROMS? …)

“CLAD BOS Stage 4”

“CLAD progression”
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Why does phenotyping matter? 
Post-CLAD graft survival in Leuven

(2010-2022, n=252/918, 27.5%)

Beeckmans H, Zajacova A, et al. CLAD phenotype determines post-CLAD outcome: a contemporary single center analysis. 

Eur Respir J. 2024;64(Suppl 68):PA591. doi:10.1183/13993003.congress-2024.PA591. 

Post-CLAD onset survival ≈ 2.3y !



Importance of CLAD phenotypes? 

Leuven

Duke

Sato, et al. JHLT, 2011.  Verleden, et al. Transplantation, 2011. Todd, et al.  AJRCCM, 2014.   Dettmer, et al. Eur J Radiol, 2017.

Toronto

Hannover

restrictive CLAD (CT)

restrictive CLAD (PFT)

(PFT)

RAS (PFT)

BOS (PFT)

(PFT)
BOS (PFT)

BOS (CT)

CLAD/RAS is more deadly than most lung cancers



Adapted from Angaswamy, et al. Hum Immunol. 2013. 

CLAD Etiology ? 
‘Multiple hits’–Theory

‘Multiple Hits’

IRI

Peri-Tx

Injury

Management

Hazard

No Graft Loss

T

x



29

BOS RAS

Non-CLAD

Inflammation (allarmins, cyto/chemokines) 

Innate cellular immune response

Adaptive cellular/humoral response

Remodeling & Fibrosis

CLAD/CR

Mixed

TCMR

ABMR
P. aeruginosa,
Aspergillus,
CARV, CMV, CoV,
PM10, Bile Acids, … 

Pre-CLAD

Severity of lung allograft disease

Injuries/Treatable Traits

Beeckmans H, et al. Clin Chest Med. 2023 

Lung Allograft ‘Health’

CLAD: dynamic multi-modal process



Complex immune activation

Bos S, et al. Eur Respir Rev. 2022. 

Bos S, et al. Eur Respir Rev. 2022. 

"CLAD”



CLAD: pathologic changes 
in the secondary pulmonary lobulus 

Distribution of 

pulmonary lobules

Adapted from Zhao D, et al. Authorea. June 08, 2020.

Patchy - heterogeneous -

temporal variance -

all compartements affected

interlobular
septum

interlobular
bloodvessel

intralobular
interstitium



Inflammatory-induced changes 
in the secondary pulmonary lobulus 

Compartment

Adapted from Beeckmans H, et al. Clin Chest Med. 2023.

Patchy - heterogeneous -

temporal variance -

all compartements affected



Bos S, et al. JHLT 2025. 

Explant lung tissue 
end-stage CLAD vs. Ctr = non-CLAD LTx

Imaging Mass Cytometry: heavy metal tagged Abs -> laser-abation -> multidimensional images  

Lymphoid inflammation in end-stage CLAD lungs



Bos S, et al. JHLT 2025. 

Lymphoid inflammation ∼ fibrosis in CLAD lungs

PARENCHYMA BLOOD VESSELS

Explant lung tissue 
end-stage CLAD vs. Ctr = non-CLAD LTx



Beeckmans H, et al. Presented at ERS 2022. In preparation.

Linking phenotypes, fibrosis and molecular endotypes



Immune cell dynamics in CLAD: 

pathway and cell-cell interaction discovery  

Khatri Y, et al. JCInsight 2023

Activation of JAK-STAT signaling leads to upregulation of MHC-I in airway basal cells 

and contributes to cytotoxic CD8+ T cell–mediated basal cell death in CLAD

SSRNAseq in 4 CLAD and 3 donor control lung samples 



The molecular complexity of CLAD
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Adapted from Sato M. Ann Transl Med 2020.

“Preventable/Treatable Traits?”

P. aerug, CMV, CARV, Asperg, GERD, PM10Non-adherence, Suboptimal IS, HLA-sensitization/mismatch/DSA

Lung allograft injury: ‘multiple-hits theory’

’CLAD’ ≃ all equally responsive to treatment (?) 

BOS RAS



Bronchiolitis Obliterans Syndrome (BOS)

Adapted from Verleden SE, et al. Am J Transplant. 2020;20(10):2644-2651 and BOS S, et al. CRC Press.2025.  



Restrictive Allograft Syndrome (RAS)

Adapted from Verleden SE, et al. Am J Transplant. 2020;20(10):2644-2651 and BOS S, et al. CRC Press.2025.  



Irreversible tissue remodeling in CLAD

BOS µCT scan 

Beeckmans H, et al. Clin Chest Med. 2023.Bos S, et al. Lancet Respir Med. 2022. 

Interstitial lung disease: 

DAD, AFE, NISP, AFOP, (C)OP, 
interstitial fibrosis

AND CB/OB!

Constrictive Bronchiolitis (CB) / 

Obliterative Bronchiolitis (OB) 

M
ix

e
d



Small airways disease

Kerckhof P, et al. eBiomedicine. 2024. 



FEV1/FVC >0.7

5 Y post-LTx 

(2021) Current FEF25-75 2.54 L

(-2.71 L!)

Baseline FEF25-75 5.25 L

‘CLAD’ FEF25-75 stage 1 

‘CLAD’ FEF25-75 stage 3 

(Dlco stable 64%)

Diagnosing ‘CLAD’: why are small airways left out? 

FEV1/FVC >0.7

@5Y: No CLAD 

per ISHLT 2019 

@Vos R, Leuven



Kerckhof P, et al. ISHLT Abstract 2025. 

Diagnosing ‘CLAD’: why are small airways left out? 



Shortcomings of 2019 CLAD Consensus Definition

➢ CLAD is a retrospective diagnosis (‘the damage is done’) - prevention is key
➢ CLAD treshold (‘80%’ of FEV1best) ) - misses early disease (≈’BOS 0p’)
➢ Accurate phenotype assessment difficult
➢ Phenotype changes not accounted for/defined 
➢ Other causes are not always fully excludable (i.e. persistently ongoing ACR/AMR)
➢ ‘Definite’ but still ‘variable’ evolution

➢ Spirometry is not sensitive or specific
➢ ‘Obstruction’ based on FEV1/FVC <0.7 vs. LLN (vs. ‘abnormal physiology’)
➢ Bodyplethysmography (TLC) is not always possible/available
➢ Small airways function (FEF25-75) is not included
➢ ‘Normal decline’ (ageing) not accounted for
➢ ‘Baseline Allograft Dysfunction (BLAD)’ not accounted for (i.e. higher CLAD risk)
➢ ‘Opacities’ = ‘parenchymal opacities and/or increasing pleural thickening’ 

(same importance?)



Diagnostic testing for possible CLAD

EU practices
n=44 centers, n=20 countries,

74% all Tx in EU

Gotttlieb J, et al. Eur Respir Rev. 2025

Practice variation!

despite ISHLT 2019:
”exclude other cause”

No molecular/biomarker diagnostics!



Monitoring of pts with definite CLAD (ex. spirometry)

EU practices

Gotttlieb J, et al. Eur Respir Rev. 2025

No guidelines on 
‘minimal KPI’

in established CLAD  



CLAD Management

General Principles

Courtesy of R. Vos, Leuven

Prevent ‘lung 
allograft 
injury’

Maintain 
‘lung allograft 

health’

Treat 
treatable 

traits

Monitor 
closely once 
diagnosed

Treat and 
reassess CLAD 

progression

(‘urgency’)

Explain, 
educate 
and get 

feedback 
from pt

Attenuate/prevent 

imune 

activation

Decrease 

lung 

inflammation

Attenuate 

fibrosis 

formation

Reduce 

symptoms

and 

avoid

respiratory 

failure



CLAD Prevention?

Induction IS

Lymphocyte depletion

ATG, Alemtuzumab, Rituximab?       

IL-2 Receptor antagonist

Basiliximab

Maintenance IS

Calcineurin Inhibitor

Tacrolimus*#Dellgren > Cyclosporine

Cell cycle inhibitor

Mycophenolate*, Azathioprine

mTOR inhibitors

Everolimus*, Sirolimus

Corticosteroids

Immunomodulators

Azithromycin*#Vos

ECP*#Benazo Courtesy of R. Vos, Leuven

No Standard Practice Guidelines!

HLA crossmatch and DSA-directed treatment

Reduction of Ischemia-Reperfusion-Injury

Hypo/Normothermic preservation devices

Microbial prophylaxis

Vaccinations (Influenza, COVID-19, RSV), CMV 

Fungi/Aspergillus, Pneumocystis

Microbial treatment

Viruses / Bacteria (P. aeruginosa) / Fungi (Asp.)

GERD detection and treatment

PPIs / Gastroprokinetics

Avoidance of inhaled toxins/particulate mattter

Detection and treatment of subclinical ACR

Check and adjust medical adherence

*RCT
#proven benefit



CLAD Prophylaxis: Azithromycin

Vos R, et al. Eur Respir J. 2011

No difference in ACR, LB or infections. Less pulmonary and systemic inflammation w AZI. 



CLAD Prophylaxis: Adherence

Bertram A, et al. PLoS One. 2019

Bertram A, et al. PLoS One. 2019



CLAD Prophylaxis: OD tacrolimus

Dellgren, et al. Lancet Resp Med, 2024.



CLAD Prophylaxis: ECP

COPD LTx recipients

Primary outcome = composite of high-grade ACR incidence, CMV infection or CLAD <24 months

19.3% ECP vs. 61.3% CTR (p<0.001)

Benazzo A, Eur Respir J, 2024.

p=0.015 p=0.045 

Infection Rate p=0.002 (CTR>ECP) 



CLAD Prophylaxis: Anti-microbial treatment 

De Muynck B, et al. Eur Respir J. 2020. 

Vos R, et al. Eur Respir J 2021.  



CLAD Prophylaxis: Preemptive treatment of dnDSA?

445 LTx recipients (GTD + GRAft + JH cohorts)

n=145/32.5% dnDSA (76% HLA II, 61% DQ)

n=30 early treatment vs. n=115 no treatment

Treatment Regimens for Early dnDSA
Treatment Regimen Number 

IVIG Alone 10
IVIG + Rituximab 8
IVIG + Rituximab + PLEX 4
PLEX + Bortezomib 3
IVIG + Rituximab + Tocilizumab 1
PLEX + Rituximab 1
Rituximab + Methylprednisone 1
Methylprednisone alone 1
IVIG + PLEX 1

Preemptive treatment of dnDSA in LTx patients may reduce subsequent CLAD or death

Preferred treatment strategy?
Keller M, et al. Am. J Transplant. 2023  



CLAD Prophylaxis: time for HLA (DQ) matching?

Ennis SL, et al. AJT, 2023.

Avoid Risk Epitope Mismatches and/or DQA chain mismatch during organ allocation

REM = D/R mismatch at 
DQA1∗05-DQB1∗02 
(serologic equivalent DQ2) 
and/or 
DQA1∗05-DQB1∗03:01 
(serologic equivalent DQ7) REM -/REM-DSA -

REM +/REM-DSA +

REM +/REM-DSA -



CLAD Prevention

EU practices

Gotttlieb J, et al. Eur Respir Rev. 2025

Practice variation!

No guidelines



CLAD Prevention

Inhaled IS ?

Inhaled (liposomal) Cyclosporine:

NCT01334892 (Ph 2/3 MC RCT): study failed to meet its primary endpoint (low 

recruitment, 130/180 pts) (Neurohr C, Am J Transplant 2022)

NCT00755781 (Ph 3 MC open-label): results not available (284 pts) (USA-based PC)

(Inhaled Tacrolimus: Only preclincial data)

Immunomodulators ?

Tociluzimab (IL-6 RA): 

NCT06033196 (Ph 2 MC RCT): study ongoing (350 pts, 2028) (Madsen J)
Belumosudil (Rho-kinase inhibitor): 

NCT06476132 (DAIT CTOT-47, “High risk” for CLAD= AR/LB/OB/ALI, Ph 2 MC RCT) 

study ongoing (234 pts, 2028) (Palmer S)

R. Vos, Leuven

Open Questions & Uncertainties



CLAD Treatment

Augmented IS

Addition of inhaled steroids

Pulse corticosteroids (IV, po)

Optimize maintenance IS

Cyclosporine to Tacrolimus

Azathioprine to Mycophenolate

Switch to/add mTOR inhibitor?  

Lymphocyte depletion

ATG, Alemtuzumab, Rituximab?

Total Lymphocyte Irradiation (TLI)       

Immunomodulators

Azithromycin*#Corris

Montelukast*

ECP*ongoing

Supportive measures

Vaccinations (Influenza, COVID-19, RSV,…)

Microbial treatment (Viruses / Bacteria / Fungi)

GERD treatment (PPI / Prokinetics / Nissen)

Inhaled LABA/LAMA

Long-term oxygen treatment

Pulmonary rehabilitation

Best supportive care    

Redo-transplantation

BOS > RAS

R. Vos, Leuven

No Standard Practice Guidelines!

*RCT
#proven benefit

Defintion of ‘first’ line > ‘second’ line > etc?



CLAD Treatment

EU practices

Gotttlieb J, et al. Eur Respir Rev. 2025

Practice variation!

No guidelines



CLAD Treatment

EU practices

Gotttlieb J, et al. Eur Respir Rev. 2025

Practice variation!

No guidelines



CLAD Treatment

R. Vos, Leuven

Antifibrotics? = Not effective?

Pirfenidone 

NCT02262299 (EPOS / BOS, ph 3 MC RCT): 

no benefit of pirfenidone (n=48) vs. placebo (n=42) regarding FEV1-decline at 26 mo.

(Perch M, JHLT 2020; Vol. 39; iss. 4; pp. S12 - S12 - abstract)

NCT03473340 (STOP-CLAD / CLAD, ph 2 SC RCT): 

study failed to meet its primary endpoint (low recruitment, 23/60 pts) 

(Combs MP, JHLT 2024)

NCT03359863 (PIRCLAD / RAS, ph 2, SC open-label)

tolerability-study, no data on FEV1 (8 pts)

(Venado A, Chest 2020; Vol. 158; iss 4, pp. A2389-2390 - abstract)

Nintedanib

NCT03283007 (INFINITx-BOS / BOS, ph 3 SC RCT): recruiting (80 pts, 2026) (Brugière O)

Open Questions & Uncertainties



CLAD Treatment

R. Vos, Leuven

Inhaled IS?

Inhaled liposomal cyclosporine 

NCT03657342 / NCT03656926 / NCT04039347 (BOS stage 1/2, ph 3 MC RCT)

study results not yet available (≃300 pts, 2025) (EU-based PC)

Immunomodulators?

Itacitinib (JAK-inhibitor)

NCT03978637 (BOS stage 1/2, ph 1/2 MC open label): 

FEV1 response was observed in 5/23 pts (21.7%), grade ≥3 AEs occurred in 60.9%

(Diamond J, JHLT 2022; Vol. 41; iss. 4; pp. S113 - abstract)

Belumosudil (Rho-kinase inhibitor) 

NCT06082037 (CLAD stage 1/2, ph 3 MC RCT): study ongoing (180 pts) (EU-based PC)

Open Questions & Uncertainties



CLAD Treatment

R. Vos, Leuven

Immunomodulators

Extracorporeal photopheresis (ECP):

NCT02181257 (BOS stage 1-4, ph 2 MC RCT, refractory (258 pts) + new onset BOS (22 pts)): 

enrollment hold 2022, study results not yet available (Washington U) 

2022-002659-20 (E-CLAD UK, CLAD stage 1/2/3, ph 2 MC RCT): 

study results not yet available (90 pts, 2027) (Fisher AJ) 

Mesenchymal stem cells

NCT02709343 (ASSIST-CLAD/BOS 1/2, ph 2 MC RCT): BM-derived MSC in new onset CLAD

study results not yet available (64 pts, 2024/5) (Chambers D) 

Open Questions & Uncertainties



Future CLAD Therapies?

RituximabCD20

Abatacept

CD26
DDP4

Caveol in-1

Sitaglipin

Adapted from BOS S, et al. Pharmacol Rev. 2023.

mABs and small molecules:

✓ Alemtuzumab (anti-CD52)

✓ Rituximab (anti-CD20)

✓ Daratumumab (anti-CD38)

✓ Belatacept (anti-CD80/86)

✓ Abatacept (ant-CD80/86)

✓ CD26/dipeptidyl peptidase 4 

(CD26/DPP-4) inhibitors

✓ Tyrosine kinase inhibitors 

(Ibrutinib, Imatinib)

Cellular therapies: 

✓ CAR-T, MSC, RMC, Treg

Gene editing therapies?

Daratumumab



Upcoming guidelines on CLAD

➢ ISHLT Endpoints in Lung Transplantation Clinical Trials (2025)

(Greenland J, Todd K, Perch M, et al.) 

CLAD Section (Vos R, Halloran K, Combs M, Vibha L, Palmer S, Schultz HH) 

✓ Expert consensus recommendations on (clinical) endpoint assessments 

(single/composite, primary/secondary) in CLAD prevention and treatment trials

✓ 13 statements, General: 7 - Prevention: 2 - Treatment: 4

Clinical trials for CLAD prevention and treatment are an unmet clinical need. 

CLAD prevention trials should use time from initiation of study intervention to CLAD onset as the 

primary endpoint, with death and retransplant reported and analyzed as competing risks for CLAD 
or in a composite endpoint with CLAD onset.

CLAD treatment trials should use time from treatment assignment to CLAD progression (defined by 
FEV1  FVC decline of >10%) as the primary endpoint, with death and retransplant reported and 

analyzed as competing risks or in a composite endpoint with CLAD progression.

@Vos R, Leuven



Developing guidelines on CLAD

➢ ESOT Clinical Practice Guideline on Prevention and Treatment of CLAD (2025)

(Vos R, Gottlieb J, Bos S, Hellemons M, et al.)

✓ Steering Committee (n=12, incl. Allied Health Repr and Pt Representative)

✓ Evidence-based (GRADE) recommendations on therapies for CLAD 
✓ ‘Best practices’

✓ 8 PICO-based recommendations + Additional expert considerations 

✓ Prevention: 1.  AZI Treatment:  1. ATG

2. TAC>CsA 2. Alemtuzumab

3. MMF>AZA 3. Antifibrotics
4. ECP 4. MLK

@Vos R, Leuven

➢ German-Austrian Recommendations Lung Transplantation (2025)

(Gottlieb J, Jaksch P, et al.)



Conclusions

➢ CLAD identification, phenotyping, severity assessment, and monitoring of 

progression are key in follow-up care after LTx

➢ (Better) identification of patients at (higher) CLAD risk is essential 

➢ (Better) identification of underlying (molecular) disease mechanisms and 

drugable targets/pathways in CLAD are key – biomarkers are emerging 

➢ Early intervention is essential to avert disease progression/graft failure&loss

➢ Practice harmonization and evidence-based management are largely lacking 

➢ RCTs are needed to assess promising therapies for CLAD prevention and treatment 

(i.e. 1st line ‘study treatment’-principle)

@Vos R, Leuven



Muchas Gracias!

robin.vos@uzleuven.be



Leuven Lung Transplant Program 2025

Administrative and technical personnel, collaborating UZ Leuven Depts., LSGO Hospitals, Prelevation Surgeons, Referral Hospitals

Emilie  van Heel Fonds
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