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1. INTRODUCTION

Lung transplantation (LTx) is an accepted therapy for select patients with end-stage lung disease. Since the first
successful human lung transplant over 60 years ago, the field has evolved significantly, with advancements in
donor selection and preservation technologies, surgical techniques, and antimicrobial prophylaxis. Despite these
improvements, acute lung allograft failure and chronic lung allograft dysfunction (CLAD) continue to pose
challenges to long-term patient survival.' Survival rates post-LTx remain low compared to other solid organ
transplants, with a median survival of 6.7 years with only modest improvements observed over the past 30 years.”

Several distinct events during the post-LTx course contribute to lung allograft injury or impede improvement of
lung allograft function after implantation. The earliest insult post-LTx is primary graft dysfunction (PGD), a form of
lung injury thought to be related to ischemia and reperfusion of the lung allograft. CLAD, a later manifestation of
graft dysfunction, is also defined by a specific time frame of onset, with quantifiable criteria to indicate severity
and a set of established risk factors. However, LTx recipients may additionally experience acute and potentially
reversible episodes of lung function decline before or after the criteria for CLAD are met. These events require
investigation as they might respond to treatment, thereby potentially reducing the risk of CLAD. The term acute
lung allograft dysfunction (ALAD) has been proposed to refer to these events.

Although the term ALAD has appeared with increasing frequency in the lung transplant literature over the past
decade, there has been significant variation in how it has been defined, ranging from mild dysfunction to severe
graft failure.”* During development of CLAD definitions, the construct bronchiolitis obliterans syndrome (BOS) 0-p
(the ‘p’ standing for ‘potential’ BOS) was suggested to encourage evaluation of smaller changes in spirometry.” In
the 2019 ISHLT CLAD consensus document, the BOS 0-p term was discontinued; instead, it was recommended to
start investigations of allograft dysfunction whenever the FEV1 declined by at least 10% from baseline.”® Other
published studies have defined the term ALAD with differing spirometric changes or clinical features. For
example, ALAD has been defined as a decline in FEV; by 10% or more from prior values.'"” In contrast, in a series
of critically ill patients with ALAD, clinical features rather than spirometry were used to define severe non-
infectious ALAD, noting the lack of a consensus definition as a challenge.? ALAD has also been defined as
infection or acute rejection, without reference to lung function.” Since many etiologies can contribute to an ALAD
diagnosis, including infectious, immunological, and non-alloimmune causes of graft dysfunction, further confusion
about how to classify ALAD has arisen.'” As a result, the combined inconsistencies in the literature regarding the
definition, evaluation tools and therapeutic strategies for ALAD pose barriers to mechanistic and clinical research
alike.

At the ALAD Symposium held during the ISHLT Annual Meeting in April 2024, several needs were identified
including establishing: 1) a consensus definition of ALAD, 2) an understanding of etiological factors for ALAD, 3) a
universal adaptable framework for the evaluation of ALAD containing clarification of the sequence of diagnostic
evaluation, 4) treatment approaches based on severity of ALAD and finally, 5) a foundation for future research and
clinical trials addressing this entity. In response, the ISHLT assembled a multinational, multidisciplinary diverse
group of ISHLT members to generate a consensus statement on ALAD.'" The primary aims of this ISHLT
Consensus Statement on ALAD are to standardize the nomenclature of ALAD, define its contributing etiologies,
provide a suggested framework for diagnostic testing and therapeutic decision making, and identify research
opportunities to facilitate collaboration and benchmarking among transplant centers in investigating the
pathogenesis, possible prevention, and further treatment of ALAD.
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1.1. Methodology

The composition of the Consensus Workgroup, including aims and specific group member involvement and roles,
were approved in advance by the ISHLT Standards and Guidelines Committee. The group included transplant
pulmonologists, transplant surgeons, infectious disease specialists, pathologists, pediatricians, pharmacists, and
scientists from 16 different countries on 4 continents. The panel of members was organized into 6 distinct writing
groups representing areas for further elucidation.

After the initial ISHLT ALAD Consensus Workgroup meeting in August 2024, a preliminary working definition of
ALAD was determined by consensus voting based on elements of ALAD discussed in the workgroup meeting.
Specific literature reviews were undertaken by the individual writing groups. While literature was used as a basis
for recommendations, it is important to note that many of the points discussed here are based primarily on expert
opinion, due to the paucity of literature on ALAD.

A panel of statements was written for assessment via the Delphi voting method'” by workgroup members with 3
rounds of voting. These statements focused on ALAD Definition, Etiology, Diagnostics, and Therapeutics. Voting on each
statement ranged from -5 (strongly disagree) to +5 (strongly agree), with 0 indicating no agreement and 4 to 5 indicating
high agreement. Voting members were also allowed to abstain from voting if they felt that their level of expertise was
insufficient to provide input or if unable to provide independent assessment free of conflict of interest. The mean and
standard deviations for each statement in each round of voting were calculated. Abstentions were excluded from
assessment of consensus. Written comments were solicited and results shared with the group between each round of
voting. A consensus agreement was considered present when the mean value for a statement was > 2.5 or <—2.5."% At
least 90% of the workgroup voted in each Delphi round. All Workgroup members were able to contribute and critique on
all aspects of the final ALAD documentation, including declarations of potential conflicts of interest. Prior to final
publication, this document has been further reviewed by external expert reviewers, the ISHLT Standards and Guidelines
Committee and the general ISHLT membership.

2. SECTION I. DEFINITION OF ALAD

CLAD is the major barrier to long-term survival post-LTx and is defined primarily by spirometric assessment.
However, because substantial and potentially irreversible pathology may develop before the diagnostic criteria for
CLAD are met,° it is critical to identify lung transplant recipients at high risk for lung function decline that might
benefit from early therapeutic interventions to reverse ongoing injury. Equally, CLAD progression may result from
similar acute insults after the diagnosis of CLAD is established. To this end, the syndrome of ALAD was proposed
to be a sensitive and inclusive assessment of a change in lung allograft health.

In formulating the definition of ALAD, the ISHLT ALAD Consensus Workgroup has produced the final Delphi
Consensus Statements (referred to subsequently in this section by bolded numbering), with their individual
consensus scores (mean + standard deviation) (Box 1).

Based on consensus voting from the Workgroup, we propose the following definition of Acute Lung Allograft
Dysfunction (ALAD): ALAD may be defined spirometrically, with a 10% or greater decline in FEV, (in liters) from the
maximum FEV, value over the preceding 3-6 months. Alternatively, if spirometry is not available or feasible,
ALAD can be defined clinically as a new or increased supplemental oxygen requirement, acute respiratory
symptoms or physical exam findings, or new radiographic abnormalities (1-4.). The Workgroup recognized that
these definitions of ALAD are inclusive of a wide range of potential etiologies, which may confer differing risks for CLAD.

The group agreed that a 10% decrease in FEV1 was sufficient to indicate a significant change in allograft function
(5-6.). This recommendation is consistent with known variability of spirometric assessments'* and with the prior definition
of BOS-0p.” We recommend spirometry be performed per ATS/ERS guidelines'® because of increased reproducibility,
but did not achieve consensus as to whether ALAD could be diagnosed using home spirometry results (16.).

The group had extensive discussions on how to best define the spirometric reference point for classifying ALAD. The
group agreed that a single maximum FEV1 value was the most straightforward to allow for rapid bedside assessment.
We considered FEV1 reference windows of either 3 months or 6 months (5-6.). If no FEV1 value is available in the last 6
months, then the most recent value should be used (7.) although it is recognized that many such patients will have a
more chronic decline in pulmonary function. Some participants thought that a 3-month reference window was most
consistent with the acute nature of ALAD and for this reason, there was stronger consensus for using a 3-month
reference window. Other participants thought that a longer window would be more appropriate for a screening test,
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Box 1 Delphi Statements for Section I: Definition of ALAD.

Note: Statements shaded in green reached consensus, whereas statements in gray did not.

1. Clinically, ALAD can be defined by a 10% or greater decline in FEV1, but if spirometry data cannot be
obtained, alternative ALAD criteria (consensus, 4.68 + 0.55)

2. Clinical ALAD can be defined by a new or increased supplemental oxygen requirement in the absence of
spirometric assessment. (consensus, 4.57 + 0.65)

3. Clinical ALAD can be defined with concerning respiratory symptoms and exam findings in the absence of
spirometric assessment. (consensus, 2.63 + 2.05)

4. Clinical ALAD can be defined by radiological findings of ground glass opacities in the appropriate clinical
context findings in the absence of spirometric assessment. (consensus, 2.54 + 1.66)

5. Spirometric ALAD is defined as a 10% or greater decline in FEV1 in the preceding 6 months. (consensus,
3.00 + 1.84)

6. Spirometric ALAD is defined as a 10% or greater decline in FEV1 from the maximum FEV1 in the
preceding 3 months. (consensus, 3.67 + 1.63)

7. If spirometry data within the recommended range are not available, the most recent prior FEV1 value
should be used. (consensus, 3.92 + 1.34)

8. Mild ALAD is spirometric ALAD without other clinical signs or symptoms of graft dysfunction. (consensus,
3.86 + 1.21)

9. Moderate ALAD is spirometric ALAD with additional clinical signs or symptoms of graft dysfunction, not
meeting criteria for severe ALAD. (consensus, 3.72 + 1.67)

10. Severe ALAD is defined as a new or increased supplemental oxygen requirement or need for respiratory
hospitalization irrespective of spirometry. (consensus, 4.58 + 0.61)

11. Recovered ALAD indicates a return within 3 months of onset to within 10% of the reference FEV1 prior to
ALAD onset. (consensus, 3.92 + 1.37)

12. Progressive spirometric ALAD indicates a subsequent further 10% decline in FEV1 within 3 months from
the time of ALAD onset. (consensus, 3.78 + 1.07)

13. Rapidly progressive ALAD indicates that a subsequent further 10% decline in FEV1 or need for
hospitalization occurs within 30-days of ALAD onset. (consensus, 3.65 + 1.20)

14. Patients with rapidly progressive ALAD have high risk of death. (consensus, 4.33 + 0.99)
15. Persistent ALAD indicates neither recovery nor progression at 3 months. (consensus, 3.52 + 1.46)

16. For diagnosis of ALAD, either in-lab or home spirometry can be used. (did not reach consensus, 1.23 +
2.43)

17. ALAD may indicate the onset of CLAD. (consensus, 4.08 + 1.57)

18. ALAD may develop in an individual with CLAD who previously had stable FEV1 values. (consensus, 4.45
+0.94)

19. The cause of ALAD does not need to be determined for ALAD diagnosis. (consensus, 4.46 + 0.89)

20. Idiopathic ALAD is characterized by an absence of any identifiable etiology after investigative evaluation
or assessment of response to empiric therapy. (consensus, 4.73 + 0.49)

21. ALAD should not be assessed less than 72 hours post-LTx. (consensus, 4.82 + 0.52)
22. ALAD should not be assessed less than 1 month post-LTx. (did not reach consensus, 1.44 + 3.19)

23. ALAD should not be assessed less than 6 months post-LTx. (did not reach consensus, -1.53 + 3.13)

because graft dysfunction can present insidiously and a longer reference window may help ensure ALAD physiology is
not missed (Figure 1). Because the maximum FEV1 value over 6 months is always greater than or equal to the maximum
value over 3 months, the 6-month window is consistent with both consensus statements (5-6.).

Because ALAD is to be distinguished from CLAD, the recommendation of working group is to use a 3-month
reference when available. We recommend caution with the diagnosis of ALAD in recipients with a 10% decline relative to
a time point greater than 3 months. There is general agreement that ALAD typically develops over days to weeks and the
reference maximum FEV, value over the preceding 3-months had greater consensus agreement than did the 6-month
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lllustrations of ALAD diagnosis. (A) Trajectories of ALAD progression. The solid lines depict FEV; as measured by spirometry.
'The dotted horizontal lines indicate the 3-month reference baseline (3.0L), a 10% decline (2.7 L), and a further 10% decline
from ALAD onset. ALAD is diagnosed when the FEV, in liters has declined by 10% or more from baseline. If the FEV4 recovers

back to within 10% of the prior baseline, it is Recovered ALAD. If the FEV, neither recovers nor declines, it is Persistent ALAD.
If the FEV/ continues to decline by another 10% from the time of ALAD onset within 3 months, it is Progressive ALAD. If the
additional decline occurs within 1 month, it is Rapidly Progressive ALAD. (B) ALAD Baselines. The solid line depicts FEV, as
measured by spirometry, with the circles showing timepoints of spirometric assessment. This example illustrates a patient
who would meet ALAD criteria using a 6-month reference baseline (maximum FEV; in 6 months), but not using a 3-month
baseline. (C) ALAD can occur in the context of CLAD. The solid line depicts FEV; as measured by spirometry, with the circles
showing timepoints of spirometric assessment. The shaded gray box depicts time with CLAD. This example illustrates a
patient who developed ALAD which progressed to a >20% decline consistent with CLAD onset. Several months later, the
patient developed an additional ALAD episode with a > 10% decline in FEV;. ALAD, acute lung allograft dysfunction; CLAD,
chronic lung allograft dysfunction; FEV, forced expiratory volume in one second.
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Table 1 I Summary of ALAD Grading/Subtypes

ALAD ALAD is primarily a spirometric diagnosis of a 10% or greater decline in FEV; (in liters) from the single
maximum FEV, value over the preceding period of 3-6 months.
ALAD can also be defined clinically based on either new or increased supplemental oxygen requirement
or development of concerning respiratory symptoms and examination findings.

Mild ALAD Spirometric ALAD without other clinical signs or symptoms of graft dysfunction

Moderate ALAD Spirometric ALAD with additional clinical signs or symptoms of graft dysfunction, not meeting criteria
for severe ALAD

Severe ALAD New or increased oxygen requirement or need for respiratory hospitalization, irrespective of spirometry

Recovered ALAD A return within 3 months of onset to within 10% of the reference FEV, prior to ALAD onset

Progressive ALAD A subsequent further 10% decline in FEV4 from the time of ALAD onset within 3-months

Rapidly progressive ALAD A subsequent further 10% decline in FEV4 or need for hospitalization occurs within 30-days of ALAD onset

Persistent ALAD Neither recovery to within >90% of the reference FEV1 prior to ALAD onset nor progression by an

additional 10% at 3 months

Idiopathic ALAD An absence of any identifiable etiology after investigative evaluation and/or assessment of response to
empiric therapy.

reference (.5,6). Further, because a therapy found to be effective for a 10% decline over 3-months may be less effective if
given for more insidious decline, future clinical trails should consider subset analyses to validate the reference window
most important for the outcome being studied. The clinical implications of different reference windows for ALAD
identification will require refinement as the ALAD definition is assessed in multicenter patient cohorts with extensive
clinical follow up.

Sometimes spirometry cannot be obtained in lung transplant recipients who are acutely ill. In these cases,
ALAD can be defined clinically based on either new or increased supplemental oxygen requirement or the
development of concerning respiratory symptoms and examination findings, in the absence of spirometric
assessment. Signs and symptoms of ALAD may include cough or dyspnea, hypoxemia or need for oxygen
supplementation, and opacities on CT scan or chest radiograph.” * The group reached weak consensus that
ALAD could be defined based on radiographic findings in an appropriate clinical context without proof of FEV/4
decline. We considered many different radiologic patterns in group discussions, but only specifically voted on
whether ground glass opacities would be sufficient for ALAD diagnosis as it was thought that these may reflect the
most acute processes. Again, future studies will be needed to validate the non-spirometric elements and
radiographic patterns that identify patients at risk for ongoing allograft dysfunction.

Because diagnosing ALAD using these features involves clinical judgment, we recommend the spirometric
definition of ALAD for research studies. The group emphasized in discussions that the cause of ALAD does not
need to be determined for a patient to meet criteria for ALAD (19.), There is no required diagnostic workup or
specific set of assessments needed for diagnosis, but when workup is completed and no specific etiologic cause
of ALAD is found, this is termed idiopathic ALAD (20.).

We propose a nomenclature to categorize the severity and clinical patterns of ALAD (Figure 1, Table 1). This
defined mild ALAD as spirometric change without clinical symptoms or signs (8.), moderate ALAD as spirometric
change with additional clinical evidence of graft dysfunction (9.), and severe ALAD as requiring increased oxygen
supplementation or hospitalization for respiratory failure (10.). The group also focused on clinical trajectories after
ALAD diagnosis (11-15.). We propose definitions of recovered ALAD, persistent ALAD, progressive ALAD, and
rapidly progressive ALAD based on the subsequent trajectory of FEV1 (Figure 1A).

The group reached strong consensus that detection of ALAD may be a precursor to CLAD development,
acknowledging that not all ALAD etiologies may confer the same risk for CLAD. An individual identified with a 10%
decline from a most recent value of >6 months has allograft dysfunction of unknown chronicity and may have
progressed from ALAD to CLAD physiology. ALAD may indicate the onset of CLAD, but may similarly develop in
an individual with pre-existing CLAD who previously had stable FEV values (17-18.) (Figure 1C). Patients with
pre-existing CLAD are eligible for a diagnosis of ALAD; for these patients, the reference FEV1 for spirometric
ALAD determination are unchanged. ALAD in CLAD may be a sign of subsequent CLAD progression or an “acute
on chronic” physiology. After ALAD diagnosis, the FEV; can improve, remain at the new baseline level, or
progress to more severe disease. Patients with rapidly progressive ALAD have a high risk of death (14.).
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Finally, the group discussed how early ALAD could be diagnosed after transplant. There was agreement that
ALAD cannot be assessed in the first 72 h following transplant, given the overlap with PGD (21.). However, the
group did not agree on whether ALAD could be diagnosed within 1 month of transplant (22.). We did not reach
consensus on whether ALAD could be diagnosed within 6 months after transplant (283.); overall, the group thought
that ALAD could likely be diagnosed in this period, but there was uncertainty of how to interpret relative
spirometric changes when post-transplant FEV1 is low, as is often the case early on. The group struggled with how
to best align ALAD with sufficient assessment with spirometry, particularly in those patients who have poor
baseline allograft function or have prolonged index hospitalizations. We hope that future studies will clarify the
potential impact of ALAD at various timepoints after lung transplantation.

3. SECTION Il. ETIOLOGIES OF ALAD

Potential ALAD etiologies include a wide spectrum of causes at different time points post-LTx and classifying ALAD
etiology into distinct subcategories may facilitate more detailed analyses of their associations with clinical outcomes.

Regarding the etiologies of ALAD, the ISHLT ALAD Consensus Workgroup has produced the final Delphi
Consensus Statements (referred to subsequently in this section by bolded numbering), with their individual
consensus scores (mean + standard deviation) (Box 2).

Box 2 Delphi Statements for Section |I: Etiologies of ALAD.

Note: Statements shaded in green reached consensus, whereas statements in gray did not.

1.The etiology of ALAD can be sub-categorized as alloimmune, non-alloimmune, or idiopathic.
(consensus, 4.70 + 0.51)

2. Alloimmune ALAD can result from an episode of acute cellular rejection (ACR). (consensus,
4.88 + 0.33)

3. Alloimmune ALAD can result from an episode of acute antibody-mediated rejection (AMR).
(consensus, 4.84 + 0.37)

4. Alloimmune and non-alloimmune ALAD can occur simultaneously. (consensus, 4.76 + 0.48)
5. Non-alloimmune ALAD can result from an infection. (consensus, 4.84 + 0.37)

6. Non-alloimmune ALAD can result from aspiration. (consensus, 4.50 + 1.49)

7. Non-alloimmune ALAD can result from fluid overload. (consensus, 3.78 + 1.97)

8. Non-alloimmune ALAD can result from pleural effusion. (consensus, 3.62 + 2.09)

9. Non-alloimmune ALAD can result from pneumothorax. (consensus, 3.44 + 2.05)

10. Non-alloimmune ALAD can result from airway complications. (consensus, 4.04 + 1.68)

11. Non-alloimmune ALAD can result from diaphragm dysfunction. (did not reach consensus,
0.71 + 2.97)

12. Non-alloimmune ALAD can result from respiratory muscle weakness. (did not reach
consensus, 0.47 + 2.90)

13. Non-alloimmune ALAD can result from frailty. (did not reach consensus, -0.09 + 2.71)

14. Non-alloimmune ALAD can result from acute pain. (did not reach consensus, 0.77 + 2.83)
15. Non-alloimmune ALAD can result from weight gain. (did not reach consensus, 0.61 + 2.77)
16. ALAD may be unresponsive to therapy. (consensus, 4.74 + 0.49)

17. Treatment response or lack of response can assist in determination of ALAD etiology. [Very
strange statement — unclear too me what is meant] (consensus, 4.32 + 0.79)

18. Rapidly progressive ALAD may be of any etiology. (consensus, 4.42 + 1.39)

© The Journal of Heart and Lung Transplantation 171 141 West Jackson Suite 1340, Chicago, IL 60604 USA | ishit.org


http://www.ishlt.org

The Journal of Heart and Lung Transplantation

ACUTE LUNG ALLOGRAFT DYSFUNCTION

It is important to note that ALAD etiology may remain unknown despite appropriate investigations for
alloimmune and non-alloimmune etiologies, in which case the term idiopathic ALAD should be used (1.). While
stratifying ALAD into subcategories may provide a useful framework for examining associations with clinical
outcomes, the working group noted that alloimmune and non-alloimmune ALAD may present concurrently and
should be considered distinctly (4.).

Immune responses likely play a significant part in ALAD (2-3.). Acute cellular rejection (ACR) is a frequent
complication of LTx and is associated with worse overall clinical outcomes and increased incidence of CLAD, '°
particularly with higher degrees of allograft injury.'” ACR that is accompanied by a decline in spirometry is associated
with a higher risk of CLAD and death.'® Antibody-mediated rejection (AMR) can also be associated with a decline in
spirometry.'” Indeed, clinical AMR can have a variety of clinical presentations consistent with the proposed ALAD
definition.

Non-alloimmune allograft injuries may contribute to the development of ALAD. Major non-alloimmune causes include
respiratory infections, aspiration, fluid overload, pleural effusion, or pneumothorax (5-9.). Notably, non-alloimmune ALAD
etiologies may be intrinsic or extrinsic to the allograft. Community-acquired respiratory viral infections can be associated
with a decline in FEV, and the development of ACR and CLAD.”” In some LTx recipients, viral infections associated with
ALAD may result in a recovery of lung function, while others may develop accelerated CLAD (5.).”" Superimposed
bacterial and fungal infections have also been associated with a decline in spirometry and CLAD.”” Several studies have
shown that gastroesophageal reflux and markers of aspiration including pepsinogen A4 and bile salts in bronchoalveolar
lavage (BAL) are associated with elevated BAL neutrophilia, lung dysfunction, and early CLAD (6.).”* “° Fluid overload or
pleural effusions can result in reduced peak lung function,”” have been associated with ACR™ and may result in pleural
thickening or even CLAD development, especially with recurrence (7-8.).”" Airway complications including ischemic
airway injury, stenosis and malacia can also result in allograft dysfunction, inflammation, ACR, and predisposition to
infections.”” Although it was not specifically addressed with a Delphi statement, pulmonary thromboembolism is an
important cause of an acute deterioration in lung allograft function, and should be considered in the evaluation of ALAD.
It is important to note that there may be additional non-alloimmune contributors to ALAD, that are not specifically
addressed here.

The group did not agree as to whether extra-thoracic contributors to graft dysfunction should be included as ALAD
etiologies since these are factors that do not reflect the clinical state of the graft itself (11-15.). Future studies will be
needed to determine if changes in FEV1 or onset of clinical symptoms due to these conditions should be considered
ALAD. These conditions are common after LTx and can often be evaluated with simple, non-invasive tests. Diaphragm
dysfunction, which occurs in up to 40% of LTx recipients, may be evident on chest imaging, ultrasound, or phrenic nerve
conduction studies.”” Frailty, with associated respiratory muscle weakness, can be evaluated by phenotypic or
cumulative deficit models.”’ Acute pain can result in respiratory splinting and may compromise spirometric
assessments. Weight gain, particularly in the first year after LTx is common and could impact spirometry and respiratory
symptoms, but is rarely “acute”.”** These non-alloimmune conditions should be considered in the evaluation for ALAD
etiologies, though assessment for each of these contributors is not required for ALAD diagnosis.”

A treatment response to a suspected etiology may assist in confirming the etiology of ALAD (17.). For
example, improvement with antibiotics suggests a bacterial etiology, while improvement with lympholytic therapy
implies an immune etiology like ACR. Treatment response may be particularly helpful when prior diagnostic
testing is negative, inconclusive or unable to be obtained.

It is recognized that while treatments should be targeted to identifiable etiologies, the lack of response may signal a
progressive ALAD phenotype. In cases of rapidly progressive ALAD, patients may be too unstable to undergo
comprehensive diagnostic testing to identify a cause. Further, significant hypoxemia might preclude invasive
assessments of allograft dysfunction. Additionally, multiple etiologies may be driving rapidly progressive ALAD such that
treatment should be directed at multiple potential etiologies, as delays may result in non-recovery of the allograft or death.
The natural clinical history of ALAD in terms of progression, responsiveness to treatments, and recovery is yet to be fully
studied.

4. SECTION IIl. DIAGNOSTIC EVALUATION OF ALAD

The successful diagnostic evaluation of ALAD is an essential element of LTx care, and one of the most critical
specialized roles of the LTx clinician. A skillful approach that carefully considers the collective and individual
likelihoods of each potential ALAD etiology is essential. We propose a framework for diagnostic evaluation in the

© The Journal of Heart and Lung Transplantation 1 81 141 West Jackson Suite 1340, Chicago, IL 60604 USA | ishit.org


http://www.ishlt.org

The Journal of Heart and Lung Transplantation

ACUTE LUNG ALLOGRAFT DYSFUNCTION

Framework for consideration of diagnostic testing in ALAD and the identification of diagnostic ALAD subgroups. Multiple
categories of ALAD may co-exist. ALAD, acute lung allograft dysfunctio; DSA, donor-specific antibody; TBB, transbronchial
biopsy. Note that full diagnostic criteria should be applied for acute cellular and antibody-mediated rejection, but are omitted
from this figure for clarity.
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hopes of establishing a universal framework for ALAD evaluation (Figure 2). This provides common language and
subgroup characteristics that may facilitate future studies of the mechanisms, treatment, and significance of
ALAD. It is critical to note that there is no required evaluation to meet the diagnostic criteria for ALAD.

Regarding the diagnostic evaluation of ALAD, the ISHLT ALAD Consensus Workgroup has produced the final
Delphi Consensus Statements (referred to subsequently in this section by bolded numbering), with their individual
consensus scores (mean + standard deviation) (Box 3).

4.1. History and physical examination

The initial clinical features of an ALAD presentation are often non-specific, but efforts should be made to assess
for features of treatable entities. The physical examination is often similarly non-specific, but may provide
information about severity and etiology. Clinicians should assess for and quantify dyspnea, cough,
gastroesophageal reflux, fever, weight gain, peripheral edema, or other symptoms of respiratory disease.
Potentially helpful historical elements include sick contacts, travel history, known pathogen colonization, current
CLAD or baseline lung allograft dysfunction (BLAD) status,®”* previous detection of donor-specific antibodies,
previous ACR or AMR episodes, recent immunosuppressive therapy, adherence to medical recommendations,
current infection prophylaxis and adherence, and recent transfusion of blood products (1.).%

4.2, Investigations
4.2.1. Blood-based investigations

Laboratory investigation of ALAD should begin with a complete blood cell count to assess for leukocytosis,
neutrophilia or neutropenia, lymphocytosis or lymphopenia, and eosinophilia.”® ** Other basic bloodwork
including renal function, liver enzymes, and electrolytes are worthwhile though rarely diagnostic (2.).

At this time, the working group thought that local clinical practice should guide the specific blood tests
ordered during ALAD assessment. There was consensus that all patients with ALAD should have a complete
blood count, assessment of immunosuppressive drug levels, and quantification of donor-specific antibodies (2,
6.). In the consensus discussions, the group suggested that the following tests should be considered for ALAD

© The Journal of Heart and Lung Transplantation 191 141 West Jackson Suite 1340, Chicago, IL 60604 USA | ishit.org


http://www.ishlt.org

The Journal of Heart and Lung Transplantation

ACUTE LUNG ALLOGRAFT DYSFUNCTION

Box 3 Delphi Statements for Section Ill: Diagnostic Evaluation of ALAD.

Note: Statements shaded in green reached consensus, whereas statements in gray did not.

1. All ALAD cases should be investigated with a history and physical examination. (consensus, 4.74
+1.16)

2. All ALAD cases should be investigated with blood work, including but not limited to complete
blood count with differential and immunosuppressive therapeutic drug level. (consensus, 4.88 +
0.39)

3. All ALAD cases should be investigated with a chest x-ray (CXR). (consensus, 4.74 + 0.60)

4. Moderate or severe ALAD should be investigated with a computed tomography (CT) of the chest.
(consensus, 4.72 + 0.73)

5. Mild ALAD cases may not require CT of the chest. (did not reach consensus, 1.82 + 2.75)

6. All ALAD should be investigated with a blood sample for human leucocyte antigen (HLA) donor-
specific antibody (DSA). (consensus, 4.06 + 1.48)

7. All ALAD should be investigated with a blood sample for non-HLA antibody. (did not reach
consensus, -0.17 + 3.17)

8. Moderate or severe ALAD should be investigated with bronchoscopy. (consensus, 4.52 + 0.71)
9. All ALAD should be investigated with bronchoscopy. (consensus, 3.40 + 2.13)
10. Mild ALAD cases may not require bronchoscopy. (did not reach consensus, 1.90 + 2.61)

11. Bronchoscopy for ALAD should include transbronchial biopsy with adequate sampling.
(consensus, 3.88 + 1.84)

12. Recovered ALAD treated with pulse corticosteroids alone confirms ALAD due to acute rejection.
(did not reach consensus, 1.32 + 2.55)

13. Recovered ALAD treated with antimicrobial therapy alone confirms ALAD due to infection. (did
not reach consensus, 2.30 + 2.37)

workup: blood quantitative cytomegalovirus (CMV) polymerase chain reaction (PCR) to assess for CMV viremia,
which may be associated with pneumonitis®”“”; HLA antibodies to assess for new or increasing levels of DSA that
may suggest AMR (6.)""; and current trough immunosuppressive drug levels, which if subtherapeutic may
suggest acute rejection.*” It may also be helpful to review changes in gastrointestinal function and assess for
occurrence of multiple subtherapeutic drug levels, significant variation outside the intended therapeutic range,
and/or lack of adherence to the center’s protocolized blood testing frequency.

4.2.2. Imaging

All cases of ALAD should undergo chest imaging with at least posterior-anterior and lateral CXR when feasible
(8.). CXR may only rarely suggest specific features in the setting of ACR or AMR,*” but can be helpful to evaluate
for non-rejection elements including lobar opacities or interstitial changes, effusions, edema, pneumothorax,
atelectasis, consolidation, or masses.

The Workgroup recommended consideration of CT of the chest for ALAD. Centers with access to this imaging
modality may use it in all cases (4-5.), but where this is not the case, the group determined that CT scans are most
appropriate in moderate or severe ALAD, or where there are specific features on CXR that require further
evaluation. Chest CT** can assess for: inflammatory changes associated with severe rejection; proximal and distal
airway complications; specific features of fungal infection; and CLAD features like expiratory mosaic attenuation
or pleural-based, apical fibrotic changes.”” The role of contrast in CT scans should be considered on an individual
basis, balancing the diagnostic utility and risk of potential IV contrast exposure.

4.2.3. Bronchoscopy and respiratory tract sampling

Testing for respiratory viruses should be considered in most cases of ALAD, especially if ALAD is associated with
symptoms suggestive of a viral infection, such as cough, coryza, or malaise. However, the cornerstone of the
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ALAD evaluation is diagnostic flexible fiberoptic bronchoscopy. Bronchoscopy is protocolized at regular intervals
in many centers”® but we suggest a for-cause bronchoscopy in all cases of ALAD. For mild ALAD, it may be
possible to defer bronchoscopy and institute empiric treatment if there is a suspected infection, or another
reversible cause apparent on clinical evaluation (8-11.).

Bronchoscopy permits direct visualization of the large airways to assess for malacia, stenosis, or ischemic
exudate as causes of ALAD, particularly early post-transplant.”” We recommend that bronchoscopy with BAL be
performed in alignment with ISHLT guidelines,”” with appropriate microbiological and pathological assessment.

The Workgroup specifically addressed whether transbronchial biopsy should be performed during workup for
ALAD. Transbronchial biopsy, with or without fluoroscopic guidance, uses forceps or cryoprobes to sample fragments of
alveolar parenchyma for features of acute rejection, organizing pneumonia, acute lung injury, cytopathic changes of
CMV, or other pathologic abnormalities, with the acknowledged risks of bleeding and pneumothorax. An adequate
number of samples to achieve at least five evaluable parenchymal fragments for assessment, as recommended in
previous guidelines,” should be obtained. Standardized reporting systems have been developed to limit variability in
pathologic analysis, and histologic changes may be reported according to the Lung Allograft Standardized Histological
Analysis (LASHA) framework.”? In patients with advanced respiratory failure on invasive mechanical ventilation or
extracorporeal membrane oxygenation (ECMO), the risks of bronchoscopy may preclude this investigation and empiric
treatment should be considered Cryobiopsy is a newer technique which obtains larger and more representative samples
of alveolar and airway tissue for histologic evaluation, although a possible increased risk of bleeding or pneumothorax
has been noted.”" Furthermore, the minimum number of cryobiopsies required for adequate histopathologic
assessment has not yet been established. It is important to note that non-diagnostic or negative biopsies do not exclude
ACR or AMR and that empiric treatment may be considered in selected cases.

4.2.4. Specialized tests

Although not routinely recommended, other tests can be considered in individual scenarios for the investigation of
ALAD. When AMR is being considered, specialized immunohistochemical staining may be added to conventional
histology.”” In cases where aspiration is suspected, video fluoroscopic swallowing assessment for oropharyngeal
dysphagia can be performed, and analysis of transbronchial biopsies for histological signs of aspiration or BAL
fluid analysis for biomarkers of aspiration including pepsinogen A4 and bile salts in BAL may be

considered.”® “°°? The group did not achieve consensus that testing for non-HLA antibodies is appropriate at this
time (7.), given limited availability of these tests and uncertainty in interpretation of results. Emerging biomarkers,
including donor-derived cell-free DNA, may also have utility in some cases of ALAD.” Finally, surgical lung biopsy
may be considered in complex or atypical cases without a definitive diagnosis and with lack of response to
empiric treatment, though this must be weighed against its risks, particularly in critically ill patients.”* °°

4.3. Treatment responses

The diagnostic evaluation of ALAD is sometimes unrevealing, leaving diagnostic uncertainty. In some instances, the
natural history of ALAD and the response to therapy retrospectively inform the understanding of the etiology (12-13.).
Some cases of ALAD may spontaneously recover (particularly in mild cases) and these are of unclear prognostic
significance. A complete functional response to empiric antimicrobial therapy suggests an underlying infection, while a
complete functional response to empiric anti-rejection therapy e.g. pulse intravenous corticosteroids, may suggest acute
rejection.”” In many cases, particularly in critically ill patients who are unable to undergo invasive testing, multiple empiric
therapies may be applied simultaneously so retrospective causal inference can be challenging.

5. SECTION IV: THERAPY FOR ALAD

Prompt recognition and management of ALAD provides a critical opportunity, as targeted treatment may prevent
progression to irreversible graft injury and is essential for optimizing post-transplant outcomes.

The overarching therapeutic goals in ALAD management are threefold: 1. to deliver appropriate physiologic
support to maintain adequate gas exchange and hemodynamic stability; 2. to identify and treat underlying causes
contributing to graft dysfunction; and 3. to minimize or prevent permanent damage to the allograft. Achieving
these objectives requires a nuanced and multidisciplinary approach that balances timely diagnostic evaluation
with the urgency of therapeutic intervention.
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Box 4 Delphi Statements for Section IV: Therapy for ALAD.

Note: Statements shaded in green reached consensus, whereas statements in gray did not.
1. Treatment should be directed at identifiable causes of ALAD. (consensus, 4.82 + 0.39)

2. Empiric broad-spectrum antibiotics should be initiated for mild ALAD. (did not reach consensus,
0.28 + 2.37).

3. Empiric broad-spectrum antibiotics should be initiated for moderate ALAD. (consensus, 2.52 +
2.11)

4. Empiric broad-spectrum antibiotics should be initiated for severe ALAD. (consensus, 3.90 + 1.73)

5. De-escalation of antibiotics could be considered after 72 hours if culture results are negative.
(consensus, 3.71 + 1.64)

6. For ALAD, empiric treatment may be initiated before diagnostic testing. (consensus, 3.40 + 1.84)

7. For ALAD without a known cause, empiric augmentation of immunosuppression should be
initiated. (consensus, 2.69 +1.57)

8. In rapidly progressive ALAD, empiric augmentation of immunosuppression to treat rejection
should be initiated, without delay for diagnostic testing. (consensus, 2.69 + 1.57)

9. For mild ALAD treatment, concomitant augmentation of immunosuppression and antimicrobial
therapies should be considered in parallel. (did not reach consensus, -0.00 + 2.12)

10. For moderate ALAD treatment, concomitant augmentation of immunosuppression and
antimicrobial therapies should be considered in parallel. (did not reach consensus, 1.85 + 1.90)

11. For severe ALAD treatment, concomitant augmentation of immunosuppression and antimicrobial
therapies should be considered in parallel. (consensus, 3.87 + 1.13)

12. For treatment of possible alloimmune ALAD, pulse steroids, intravenous gamma globulin (1VIg),
lymphocyte-depleting agents (e.g., anti-thymocyte globulin or alemtuzumab), or plasma exchange
may be considered. (consensus, 4.21 + 0.72)

13. Patients receiving augmented immunosuppression should be closely monitored for secondary
opportunistic infections. (consensus, 4.69 + 0.51)

14. For patients with severe ALAD, early and aggressive respiratory support, including low- and
high-flow nasal cannula, mechanical ventilation (MV), and/or ECMO, should be considered.
(consensus, 4.56 + 0.62)

15. ECMO should be considered in patients with severe ALAD. (consensus, 3.96 + 1.33)

16. Re-transplantation could be considered for selected patients with severe ALAD. (consensus,
2.98 + 2.23)

The ALAD Workgroup concentrated on critical aspects of clinical decision-making, including the timing of
therapeutic initiation in relation to diagnostic evaluation, the use of empiric and targeted antimicrobial therapy, the
role of immunosuppressive augmentation, and strategies for physiologic and respiratory support. Collectively,
these principles are intended to guide evidence -informed, patient-centered care in the acute management of LTx
recipients presenting with ALAD, but are not meant to be comprehensive. Although many non-infectious and non-
alloimmune conditions can contribute to ALAD, as discussed above, the section on treatment focused on
considerations around infectious and alloimmune ALAD. When other etiologies of ALAD are identified, appropriate
therapies (for example, diuresis for volume overload or thoracentesis for pleural effusion) should be instituted.

Regarding therapeutic strategies for the management of ALAD, the ISHLT ALAD Consensus Workgroup has
produced the final Delphi Consensus Statements (referred to subsequently in this section by bolded numbering),
with their individual consensus scores (mean + standard deviation) (Box 4).

There was a consensus that treatment should be directed and specific to identifiable causes of ALAD in
conjunction with a thorough diagnostic evaluation as detailed in Section Il above (1.).
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5.1 Empiric antimicrobial therapy

Pending diagnostic confirmation empiric antimicrobial therapy is often appropriate, particularly in patients with
moderate to severe presentations (2-4, 6.), as infectious etiologies—most notably pneumonia—represent a
common and potentially treatable cause of ALAD.'?°® The selection of empiric antibiotics should be guided by
local microbiological surveillance data and the patient’s infectious history, with particular consideration for
coverage against resistant organisms such as Staphylococcus aureus and Pseudomonas aeruginosa, guided by
institutional susceptibility patterns.® %%

Following the collection of microbiological specimens, empiric broad-spectrum antimicrobial therapy should be
reassessed and, when appropriate, de-escalated based on culture results. De-escalation should be considered within
24 h of receiving definitive culture results or reassessed by 72 h after initiation of empiric therapy. (5.)."“~* ° This process
may involve substituting broad-spectrum agents with narrow-spectrum antibiotics or discontinuing therapy altogether. It
must be noted that empirical antimicrobial therapy can be challenging or even contraindicated, particularly in light of the
increasing prevalence of fungal colonization/infection and multidrug-resistant organisms.”"

5.2. Empiric augmentation of immunosuppression

The group determined that augmentation of immunosuppression should be considered in all patients with ALAD.
More specifically, the group reached consensus to recommend empiric augmentation of immunosuppression in
patients with severe ALAD (4.), but did not reach agreement on the use of empiric immunosuppression in cases of
mild or moderate ALAD (9-10.). Escalation of immunosuppression is often used in conjunction with empiric
antibiotic therapy (4,11.), particularly in cases of rapid clinical deterioration or when the patient’s condition
precludes diagnostic evaluation (8.). This recommendation is particularly relevant when an alloimmune
component of ALAD is suspected, given the multiple mechanisms by which infection can potentiate alloimmune
responses.”” Careful balancing of the potential risks and benefits of empiric augmentation of immunosuppression
are critical and must be considered in the context of timing of diagnostic testing. The group felt that in cases of
severe ALAD, the urgency of therapeutic intervention often takes precedence over definitive etiologic clarification,
despite the potential risks associated with additional immunosuppression.

Empiric augmentation of immunosuppression is recommended in cases of both confirmed and suspected
alloimmune-mediated ALAD (7,8,12.). In these contexts, the therapeutic approach may include a range of
immunomodulatory strategies such as pulse corticosteroids, intravenous immunoglobulin (IVIg), lymphocyte-
depleting agents (e.g., anti-thymocyte globulin or alemtuzumab), and plasma exchange (12.). The choice of
therapy should be guided by local availability, the clinical context, severity of presentation and patient-specific
factors. It is also particularly important to be cognizant of potential risks of empiric immunosuppression and to
carefully balance efficacy and safety. Rigorous monitoring for secondary opportunistic infections is essential in all
patients undergoing augmented immunosuppression. (13.).

5.3. Supportive care

In patients with severe ALAD, early initiation of aggressive respiratory support should be considered, including
low- and high-flow nasal cannula, non-invasive or invasive mechanical ventilation (MV), and/or ECMO (14.). Many
episodes of ALAD are potentially reversible with timely diagnostics, appropriate supportive care, and targeted
therapy. For example, 75% of ACR events are thought to be responsive to corticosteroids®”; ALAD due to acute
AMR may stabilize or improve with treatment even though long-term outcomes are often poor.®* Although clinical
trials of mechanical support are limited in the LTx population, strategies to safely incorporate the use of high-flow
nasal cannula, non-invasive positive pressure ventilation, or lung protective MV support should be extrapolated
from evidence in critical care and PGD literature.”>©’

ECMO support may be considered in carefully selected individuals with severe ALAD, given rates of
recoverability that approach 80% (15.).%“ In small case series of ECMO for LTx recipients, ECMO was provided
in a timely manner that avoided or minimized positive pressure ventilation, and configuration strategies allowed for
patients to be awake and ambulatory. If ECMO is implemented, its use should be in alignment with the recent
ISHLT Consensus Statements on extra-corporeal life support®’° R.

The group reached consensus that re-transplantation may be considered for selected patients with severe
ALAD (16.). However, its utility is severely constrained by the challenges of identifying appropriate candidates
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Table 2 I Summary of Research Priorities for ALAD Validation, Characterization and Prognostication

Validation and further refinement of the current ALAD definition

Description of ALAD phenotypes based on underlying pathophysiology and disease trajectory

Investigation of ALAD as a clinical entity in pediatric lung transplant recipients

Further investigation of the pathophysiology of alloimmune, non-alloimmune and idiopathic ALAD

Assessment of ALAD severity in terms of timing post-transplant and the degree of ALAD

Short- and long-term outcomes of ALAD phenotypes, including chance of recovery and risk of progression to CLAD
Development of predictive and prognostic models for the development of ALAD and the clinical and lung function evolution after ALAD
Development of biomarkers for ALAD and ALAD evolution

Development of patient-reported outcomes related to ALAD

ALAD: acute lung allograft dysfunction, CLAD: chronic lung allograft dysfunction.

coupled with generally poor post-re-transplant survival outcomes’" ' As such, the decision to pursue re-
transplantation for patients with severe ALAD should be approached with considerable caution.

6. SECTION V. PRIORITIES FOR FUTURE RESEARCH
6.1. Validation of the ALAD definition

Our proposed definition of ALAD is based largely on expert consensus and lacks a “gold-standard” diagnostic
test or pathognomonic correlate. Assessing the validity of this ALAD definition is thus challenging. Syndromic
definitions of diseases have used the concepts of construct (agreement between similar measures), content
(biological and clinical rationale) and predictive validity (ability to predict subsequent outcomes) to derive useful
classifications that have been incorporated into standard clinical practice.”® > Our proposed definition for ALAD
meets some of these criteria, but future work is necessary to refine this initial definition. Some strengths of this
proposed definition include high construct validity by virtue of leveraging objective physiological measures that
are already standardized across transplant centers and high content validity based on multiple LTx expert panels
agreeing that a FEV, decrease > 10% or new or increasing hypoxemia represent clinically meaningful
changes.®’® "® Future research is needed to determine the predictive validity of our proposed definition of ALAD
in terms of CLAD, graft failure, and death (Table 2).

6.2. Characterization of ALAD phenotypes

It is highly relevant to study whether the type of ALAD (alloimmune, non-alloimmune, or idiopathic) has an impact
on the clinical course and prognosis, and whether different causes of ALAD should be grouped or separated in
future studies. It is possible that ALAD that reflects alloimmune processes (AMR or ACR) may be more likely to
progress to CLAD.”” For AMR, it is important to determine the temporal relationships between DSA and ALAD.
Just as de novo DSA are associated with a greater risk for CLAD,"° studying the associations of both pre-existing
and de novo DSAs with ALAD is crucial. Similar studies could be performed with pathology-confirmed ACR.
Because idiopathic ALAD is poorly understood, its clinical, pathologic, and molecular features will be of great
interest. In the future, we expect that an improved understanding of the mechanistic drivers of lung allograft injury
will reduce the number of ALAD episodes classified as idiopathic.

The severity and timing of ALAD are important areas for future study. Describing outcomes including
hospitalization, time in the intensive care unit, and requirement for MV or ECMO are a priority. The timing of ALAD
development post-LTx may influence the clinical course, treatment responses, and outcomes. Similarly, the
development of ALAD in a patient with CLAD is a distinct clinical setting that needs to be investigated further.

6.3. The pathophysiology of ALAD

While there are likely shared mechanisms across ALAD categories, the pathophysiology of ALAD largely depends on the
underlying etiology. Several early studies, examining a combination of idiopathic and non-idiopathic ALAD, have
identified patterns in the immune drivers of ALAD. Cytotoxic lymphocytes, likely tissue-resident effector memory CD8%'#?
T cell populations, may prognosticate progression from ALAD to CLAD.**** Specific macrophages in the BAL have
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been associated with ALAD and CLAD and also found in other acute lung injury syndromes.” These macrophages may
secrete chemokines that are known to recruit cytotoxic lymphocytes to the bronchioles and alveoli.”” Conversely,
macrophages with anti-inflammatory gene expression profile are absent in the airways and BAL of recipients with ALAD
that progresses to CLAD.®* Globally, the role of T regulatory cells in lung allograft tolerance is uncertain.”®*” However,
this population was conspicuously increased in the BAL during ALAD progression in one cohort.®

Others have observed changes in the small airway epithelial compartment preceding CLAD, a time at which
ALAD may be concurrent. Injury repair pathways and cell cycle activation have been reported.”” In addition,
airway brushes collected before the development of CLAD are enriched for genes specific to alloantigen
presentation.”’ Which airway cells are active in this process remain to be elucidated, though club cells®™ and
basal cells™ are likely implicated. More investigation is needed, with validation of these findings across broader
patient populations. It is also unclear whether idiopathic ALAD is truly a separate category, or whether it manifests
from subclinical or unrecognized infection, rejection or gastroesophageal reflux.

Overall, it will be important to gain a better understanding of ALAD mechanisms and whether there are
common pathways involved in graft injury agnostic to etiology. There are both molecular and clinical subsets of
ALAD recipients with differing rates of progression to CLAD.**?* Future research should focus on discovering and
validating ALAD immune and airway epithelial cell phenotypes and should include multi-omics studies and
molecular phenotyping of pulmonary compartments. Studies should be enriched for resolving ALAD as
comparisons in this group may identify plausible targets for treatment.

6.4. ALAD prognostication

There are two main goals in ALAD prognostication: predicting the development of ALAD and predicting lung function
trajectory after an episode of ALAD or after therapeutic interventions. The lack of a standardized definition for ALAD is
one of the key barriers to understanding ALAD consequences. Additionally, although in some cases increased risk for
subsequent CLAD has been described, @ %% there remains variable predictive validity to identify patients whose
ALAD will progress to CLAD. It is quite possible that some underlying etiologies of ALAD will have differing CLAD risk
and additional studies are needed to clarify this. Furthermore, there is likely additional heterogeneity based on ALAD
timing after transplant, number of ALAD episodes, and whether ALAD occurs in the presence of pre-existing lung
function decline. Better tools are needed to understand which patients with ALAD will have poor clinical outcomes. A
more granular understanding of ALAD pathogenesis will help in this regard. For both prediction of the development of
ALAD and prognostication of post-ALAD trajectories, all available clinical and diagnostic data should be included in the
modeling. Further, models should consider the predictive and prognostic impact of biomarkers of allograft injury. The
incorporation of biomarkers and advanced cellular and molecular profiling techniques may increase the validity and
generalizability of prediction and prognostic models. Finally, harnessing new advances in machine learning, artificial
intelligence™ and bioinformatics will help to address many of the limitations inherent in current methods employed in
studies of ALAD prediction and prognostication.

6.5. ALAD as a clinical endpoint

ALAD can be a risk factor for CLAD, '®°” with more than 50% of ALAD cases progressing to CLAD in some
reports® and only 20% of recipients with BOS 0-p are free from CLAD or death over the following 3 years.” In
contrast, the predictive value of single or repeated ALAD episodes may not be high when multiple etiologies are
included.”” Nevertheless, because the median time to CLAD after lung transplant approaches 5 years, ALAD may
be an important early surrogate endpoint for CLAD prevention trials. As such, time from initiation of a study
intervention to development of ALAD could be considered a possible endpoint. More importantly, targeted
enrollment of LTx recipients with ALAD in CLAD prevention trials may serve as a strategy to enrich the study
population for recipients at higher risk for CLAD. Finally, clinical trials investigating interventions for acute rejection
(ACR, AMR) should endeavor to incorporate ALAD into the trial design as a subset analysis.

6.6. Future research tools for ALAD

An essential component of improving our understanding of ALAD is rigorous clinical, translational, pre-clinical,
and mechanistic research. The development of robust multi-center clinical databases that accurately capture
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longitudinal data on pulmonary function testing, oxygenation, imaging, and other key clinical parameters is
paramount. Once collected, these data should be queried in multicenter analyses and subjected to robust
bioinformatics approaches, including artificial intelligence-enhanced algorithms to reveal new associations and
refine the ALAD definition and phenotyping criteria.

Further development and evaluation of home spirometry and emerging tools like oscillometry may allow more
sensitive and frequent assessments of lung function.”® '°" Moreover, future work needs to investigate the
application of the definitions from this consensus document in recipients under 18 years of age.

Translational research should continue to employ peripheral blood, BAL, and transbronchial biopsies to
assess genomic, transcriptomic, proteomic, cellular, and other drivers and biomarkers of ALAD
pathogenesis.'” '°* Novel samples, such as exhaled breath condensate or airway brushings, may reveal new
biomarkers.”"'% Standardized protocols for sample collection, processing, storage, and tracking are critical to
ensure consistency and comparability within and between centers.'””'°° Importantly, we strongly advocate for
biological sample collection and molecular biomarker incorporation in LTx clinical trials.

One of the most promising translational research areas in LTx is diagnostics, where emerging biomarkers
have the potential to help determine ALAD etiologies and prognosis. Chief among these is donor-derived cell-free
DNA (dd-cfDNA), a marker which is increased during periods of allograft damage and has excellent negative
predictive value but limited specificity.” dd-cfDNA may be most helpful in ruling out graft damage in instances
where extra-pulmonary confounders such as muscle weakness, pain, obesity, or large airway complications are
being considered. The real-world clinical utility of dd-cfDNA for ALAD assessment requires further evaluation. In
addition, we expect that tissue-based molecular assays, including phospho-S6 ribosomal protein to assess for
AMR, " gene signatures from airway brushings or endobronchial biopsies'®” "' for rejection, or other circulating
biomarkers (like mitochondrial DNA), will play a larger role in ALAD evaluation in the future,

It will be important to establish reliable in vitro and in vivo models of injuries relevant to ALAD, to elucidate key
underlying mechanisms and to identify new therapeutic targets to interrupt ALAD pathogenesis and prevent subsequent
graft loss. Ex vivo studies employing human cells extracted from whole lungs (immune, epithelial, endothelial, fibroblasts,
or other) or precision-cut lung slices''""'? derived from lung allografts - at bronchoscopy, surgery, or explant - may be
particularly helpful to dissect the molecular underpinnings of ALAD. Ex vivo lung perfusion using intact human lungs
remains an excellent platform for mechanistic analysis.' ' In addition, animal models remain vital for validating
observational and in vitro findings and evaluating potential therapeutics.''* Small animal models, such as mouse
orthotopic LTx, allow for sophisticated studies leveraging transgenic or knockout strains,” "> " '® while large animal models
more closely mimic human anatomy and physiology.''” Assessment of lung function in animals by plethysmography or
air-flow detection,'*” blood gas measurements''® and (micro CT) imaging'®' may allow longitudinal monitoring of
transplant endpoints and could help extrapolate animal data to human ALAD.

By integrating clinical, translational, in vitro and animal research, more accurate prognostic markers and
targeted interventions can be developed to improve long-term outcomes of patients with ALAD.

7. CONCLUSION

The consensus reached through this Delphi process represents a critical step in addressing the uncertainties
surrounding ALAD. By establishing a standardized definition, recognizing key etiologies, and outlining diagnostic and
therapeutic approaches, this document provides a foundation for both clinical practice and future research. The
standardized framework will facilitate multicenter collaboration, enhance patient management strategies, and improve
outcomes of LTx recipients. However, the validity of the currently proposed definitions needs to be rigorously validated.
Future studies should assess its construct, content, and predictive validity and long-term clinical outcomes. Research is
also needed to characterize the heterogeneity of ALAD phenotypes and their respective trajectories, clarify
pathophysiological mechanisms and validate novel biomarkers. Continued translational and mechanistic studies,
alongside the development of robust clinical databases and experimental models, will be essential to advance our
understanding of ALAD pathophysiology and improve clinical care of patients with ALAD.
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