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Noninfectious lung diseases contribute to nonrelapse mortality. They constitute a spectrum of diseases that can affect
the parenchyma, airways, or vascular pulmonary components and specifically exclude cardiac and renal causes. The dif-
ferential diagnoses of these entities differ as a function of time after hematopoietic cell transplantation. Specific diagno-
sis, prognosis, and optimal treatment remain challenging, although progress has been made in recent decades.

LEARNING OBJECTIVES

« Describe the different pulmonary toxicities that occur after HCT and their timing post HCT as well as risk factors

and recommended treatments

» Describe the workup of lung toxicity and the current challenges to diagnosis and treatment of noninfectious lung

injury after HCT

Introduction

Noninfectious lung complications after hematopoietic cell
transplantation (HCT) are uncommon but associated with
significant morbidity and mortality.! Lung compromise
may be due to intrapulmonary injury to the parenchyma,
airways, or vascular structures and excludes that due to
extrapulmonary, renal, or cardiac causes. Identifying the
correct diagnosis is critical but can be challenging with
available tools, though timing after HCT narrows the differ-
ential. This review thus presents the differential diagnoses
and key findings as a function of time post transplant.

CLINICAL CASE 1

A 9-month-old, who was transplanted for a nonmalignant
condition with a mismatched cord-blood donor after a
reduced-intensity busulfan-based preparative regimen and
had recently engrafted, developed acute hypoxic respira-
tory distress 28 days after HCT, in the setting of sinusoidal
obstructive syndrome treated with defibrotide. Fresh blood
was noted on bronchoalveolar lavage (BAL) that did not
clear, as well as a new infiltrate on chest x-ray and rapid
progression to respiratory failure. An infectious and cardiac
workup was not revealing. Sadly, despite attempting high-
frequency oscillatory ventilation, this patient succumbed.
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Pulmonary differential of Case 1

The differential diagnosis of noninfectious lung injury early
after HCT largely reflects alveolar injury, many mediated by
endothelial dysfunction. These early lung injuries include
peri-engraftment respiratory distress syndrome (PERDS),
capillary leak syndrome (CLS), diffuse alveolar hemorrhage
(DAH), acute interstitial pneumonitis (AIP), or toxic pneu-
monitis/injuries, collectively termed idiopathic pneumonia
syndrome (IPS). Additionally, vascular injury, such as pulmo-
nary veno-occlusive disease (PVOD), can lead to respira-
tory decline early after HCT (Table 1 and Figure 1). These
diagnoses are associated with respiratory distress, include
radiographic abnormalities, and although pulmonary func-
tion tests (PFTs) are rarely performed, would demonstrate
a restrictive defect. The diagnosis of Case 1is DAH.

Diffuse alveolar hemorrhage

Hallmarks of this diagnosis include hypoxia, respiratory
distress, and new radiographic infiltrates in the perihilar
and lower lobes, with the diagnosis being confirmed by
bloody BAL that does not clear, along with hemosiderin-
laden macrophages. The incidence is 2% to 5% in alloge-
neic recipients and 1% in autologous. This patient had risk
factors for DAH, including status as a cord-blood recipi-
ent, defibrotide treatment, delayed engraftment, though
not sirolimus prophylaxis, total body irradiation (TBI), and
myeloablation.?® Patients often present <30 days after HCT
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Table 1. Diagnoses, key points, and treatments of noninfectious lung injury after HCT

Peak time post HCT/

Diagnosis structure Key findings Additional diagnosis Proposed treatments
DAH <day 30 post HCT Hypoxia, new infiltrate, Hemosiderin-laden Inhaled transexamic acid,
endothelial bloody BAL macrophages intrapulmonary
recombinant factor Vlla
PERDS (IPS) Pre-engraftment Respiratory distress/ Multilobar infiltrates Steroids/etanercept
Alveolar (from endothelial hypoxia
damage)
CLS (IPS) Engraftment to day 15 Dyspnea/hypoxia, >3% Multilobar infiltrates Steroids/etanercept

AIP and toxin-related lung
injuries, DPTC

IPS (PERDS, CLS, DAH,
AIP, DPTC)

CRS

PVOD, PCT, TA-TMA

RLD after HCT

BOS

Non-HCT-specific
complications:
TRALI/TACO,
PE, ARDS, ATAT,
cancer/PTLD,
pneumothorax

Alveolar (from endothelial
damage)

50 days post HCT
Alveolar

45 days post HCT
Alveolar

<7 days postcellular
therapy
Alveolar

15-120 days post HCT
Endothelial

Day 100-1 year
Alveolar

Day 100-1.5 years
Airway

Alveolar (ARDS, PTLD)

Airway (ATAT)

Endothelial (TRALI/
TACO, PE)

weight gain

Fever, dyspnea, cough

Hypoxia, pulmonary
infiltrates

Respiratory compromise,
hypoxia

Hypoxia, dyspnea, vascular
occlusion, may progress
to pulmonary hypertension

Biopsy diagnosis

Decreased FEV1, normal
FEV1/VC ratio, fibrosis on
CT (upper lobes)

FEV1<75%, 210% decline,
FEV1/VC LL of the 90%
Cl, absence of infection
and either preexisting
cGVHD, air trapping by
expiratory CT or by PFT, or
circumferential fibrosis of
bronchioles on biopsy

TRALI/TACO: temporal
association blood
products, fever, acute
dyspnea

PE: dyspnea/hypoxia, V/Q+

ARDS: fever, dyspnea,
hypoxia, bilateral infiltrates

Ground glass on imaging/
bilateral infiltrates,
restrictive PFT

Infiltrates

PPFE, NSIP interstitial
pneumonia; can include
other diagnoses

Newer modalities: PRM and
xenon-129 MRI

A1AT: obstructive disease
emphysema,
bronchiectasis

PTLD: nodules/EBV+

Steroids/etanercept

Tociluzumab

Sildenafil (PVOD, TA-TMA),
nitric oxide (TA-TMA) pros-
tacyclins, calcium channel
blockers (PVOD) Steroids
(PCT)?

Etanercept
Poor response to steroids

FAM: inhaled fluticasone,
azithromycin, montelukast
+1 mg/kg/d prednisone
with rapid taper; ECP,
etanercept, GERD tx, nutri-
tion, infection prophylaxis

TRALI/TACO: supportive care

PE: anticoagulants

ARDS: treat underlying cause
(often antimicrobial) and
supportive care

A1AT: ATAT infusion, inhaled
steroids

PTLD: rituximab, cellular
therapy

Pneumothorax: chest tube

EBV, Epstein-Barr virus; ECP, extracorporeal photopheresis; FAM, inhaled fluticasone, azithromycin, and montelukast + 1 mg/kg/d steroid burst and
rapid taper; GERD tx, gastro-esophageal reflux disease treatment; PRM; parametric response mapping; V/Q_, ventilation/perfusion scan.

and do poorly, with <25% of adults and <16% of children surviv-
ing a year.*®* While the pathogenesis is incompletely understood,
DAH is thought to reflect accumulated damage from condition-
ing regimens, aberrant immune response, and subsequent dam-
age to the endothelium, resulting in hemorrhage into alveolar
spaces. DAH can occur as a result of infections, and thus a full
infectious workup is advised (Table 2).® Treatment historically
included steroids, though multiple studies have demonstrated
a lack of benefit, and some have shown harm.¢® Similarly, amino-
caproic acid and systemic recombinant factor Vlla have not ben-
efited DAH.®? In contrast, small series have supported the use
of intrapulmonary administration of recombinant factor Vlla and

inhaled transexamic acid. A small case series showed improved
survival in patients receiving intrabronchi recombinant factor
Vlla compared with historical patients who received steroids,°"
which is consistent with my experience. For patients too sick
to interrupt the ventilatory circuit, inhaled transexamic acid, an
antifibrinolytic agent, can be used with conventional ventilation.
We have used this in several DAH patients with improvement
(without steroids), based on published retrospective data.” Fi-
nally, extracorporeal membrane oxygenation has been rarely
employed.®™ DAH is consistently diagnosed, while its etiology
and optimal treatment are unknown, though local therapies may
offer the greatest benefit, and high-dose steroid use has waned.
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Figure 1. lllustrated HCT noninfectious lung complications in
terms of structure and peak timing after HCT. The time after
HCT is shown on the x-axis (in months) with the diseases. Light
blue bubbles, parenchymal processes (CRS; PERDS; CLS, cap-
illary leak syndrome from endothelial damage; AIP; rP; DPTS;
RLD). Red vessels, the endothelial processes (DAH; PVOD; PCT;
TA-TMA). Green airway, airway disease (BOS). IPS, which is most
often defined early post HCT, includes these diagnoses (defined
by hypoxia, infiltrates, alveolar injury, and excludes later diagno-
ses that often do not present with these features). White box,
pulmonary noninfectious diagnoses not specific to HCT (TRALI;
TACO; COP; PE; PTLD), which can occur throughout the HCT tra-
jectory. Above the table are key events occurring during HCT
aGVHD and cGVHD.

AIP and toxin-related lung injury

Pneumonitis, an inflammation of the alveoli, can occur early
after HCT due to infections, the preparative regimen, or be idio-
pathic. The presentation is nonspecific, including fever, dyspnea,
cough, and ground-glass opacities on imaging. These toxin-
induced injuries have had several terms linked to them, including
AIP, radiation pneumonitis, carmustine pneumonitis, or delayed
pulmonary toxicity syndrome (DPTS from chemotherapy). Over-
all, the incidence of radiation and chemotherapy pneumonitis has
decreased with modifications to chemotherapy regimens and
the advent of lung blocking and fractionated TBIL.'*"* The recent
overall incidence of noninfectious pneumonitis was 5% one year
after HCT, with a median onset of 1.6 months in children.® Risk
factors included cancer indication and myeloablative condition-
ing.® There was also an association with cord blood transplanta-
tion, which may reflect the increased use in TBI in this cohort,
though it was not discussed. After myeloablative TBI in adults,
the incidence of noninfectious radiation-induced IP is 7.4%, with
a median onset of 2.5 months, and less after chemotherapy con-
ditioning.™ The overall survival for adults and children is 50%
and 40%, respectively.>* Reducing lung exposure during TBI has
decreased the rates of radiation-induced IP further.” Other toxin-
mediated early lung complications can include cyclophospha-
mide-induced, eosinophilic pneumonia linked to fludarabine; IP
or DAH with rituximab; DAH after alemtuzumab; or pneumonitis
after checkpoint inhibitors.'>” While steroids are often cited for
treatment of these pneumonitis and toxin-induced injuries, data
suggest that they have fallen out of favor, given the sparce data
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for benefit and the relative risks of infection and cancer recur-
rence. Collectively, these AIP- or toxin-induced lung injuries are
uncommon complications of HCT that would benefit from spe-
cific diagnostic criteria and investigation into steroid-sparing
therapeutic approaches.

PERDS and CLS

PERDS and CLS lead to alveolar damage through endothelial
injury, with pulmonary edema as a downstream event. The man-
ifestations include respiratory distress and hypoxemia, the pres-
ence of multilobar infiltrates by imaging, and the absence of infec-
tions, with PERDS typically occurring within 5 days of engraftment,
and some suggesting even a week earlier, and CLS occurring in
the first 15 days and accompanied by fluid overload (>3% weight
gain). Recent data suggest PERDS occurs in nearly 5% of autol-
ogous HCTs and 7% of allogeneic HCTs."®" Several elevations in
systemic cytokines have been associated with engraftment syn-
drome, including ST2 protein (an IL-33 receptor), IL-2Ra, tumor
necrosis factor 1 between baseline and day 14, and procalcitonin
at day 0.%% Engraftment syndrome is associated with increased
mortality after HCT, though PERDS was not analyzed separately.”
A similar incidence is reported for CLS, which affected approxi-
mately 5% of allogeneic HCT patients in a case series, though all
but 0.6% of these cases were due to sepsis and associated with
mortality.? A risk factor for CLS may be preexisting vascular dys-
regulation and cord blood transplant.?> PERDS and noninfectious
CLS are rarer causes of lung dysfunction early after HCT, character-
ized by endothelial dysfunction and cytokine abnormalities, with
increased mortality.

IPS—a unifying diagnosis

IPS is an umbrella diagnosis that has historically incorporated
several of the above diagnoses. Most definitions have included
PERDS, CLS, DAH, AIP, and DPTC in this terminology, with diag-
nostic criteria of noninfectious, noncardiogenic, nonrenal pulmo-
nary injury after HCT with associated pulmonary infiltrates and
hypoxemia due to alveolar injury.?*? The term is an important
unifying diagnosis, permitting key clinical trials of rare diagnoses
that collectively comprise early noninfectious lung injury. The
incidence of IPS is 3.7% of allogeneic adult HCT patients, with
a median onset of 43 days, though later onset is described, and
risk factors of myeloablative conditioning, high-dose TBI, lower-
respiratory tract viruses pre-HCT, and inborn errors of metabo-
lism as indication for HCT.>>? In children, the most recent data
(2014) showed a rate of 6.7% in allogeneic recipients.?® Approxi-
mately 5% of autologous transplant recipients incur IPS.? Nota-
bly, this rate is lower than the rate of the composite diagnoses
combined and may reflect the heterogeneity of disorders and
patients included under the IPS umbrella. Outcomes remain
poor after allogeneic HCT, with <16% to 30% of children and
adults surviving a year.?>283031 Many studies have linked elevated
BAL levels of tumor necrosis growth factor, ST2, and IL-6 to IPS
at diagnosis.?***3 Some studies, though not all, have shown a
benefit from etanercept with corticosteroids, although less of
an impact on long-term survival.?*% The risk of death was high-
er in patients with prior pulmonary impairment, those who re-
quired ventilatory support, or those who had concurrent renal
or hepatic injury.? IPS is a beneficial umbrella diagnosis of early
life-threatening noninfectious pulmonary injury after HCT with-
out consensus on its optimal treatment.
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Table 2. Workup considerations of noninfectious lung injury after HCT

Type Test

Considerations

Radiographic CT-inspiratory
CT-added expiratory
MRI/MRA

V/Qscan

Chest x-ray

BAL PCP (PJP) PCR
Explify PCR
Respiratory virus PCR
Gram stain/culture
Fungal stain/culture
Cytology (silver stain)
Nocardia culture
AFB smear/culture
CMV PCR
HSV PCR
Mycoplasma pneumoniae PCR
Legionella pneumophilia culture
Galactomannan

Noncontrast sufficient for most; bronchiectasis, enlarged
pulmonary vessels may be seen in some diagnoses

Valuable to assess air trapping (BOS or RLD)

May identify vascular disease

Evaluate for PE

Less valuable if air trapping is present

PCR tests are increasingly valuable

Explify can detect multiple pathogens by NGS and may
detect organisms at low levels not evident in culture,
which may be most valuable for pretreated patients or
distal lesions

Blood return that does not clear is diagnostic for DAH

Visual inspection can identify fungal lesions or other
indicators

Because BAL fluid quantity is per kilogram and return is
diminished in severe lung injury, it may be important to
prioritize tests in children

Blood Blood culture Karius uses NGS and can detect lung organisms with good
Karius sensitivity, though data suggest that some pulmonary
Blood gas infections may be missed (eg, fungal nodules)
Consider methemoglobin if hypoxic and medications at risk
Urine Histoplasmosis antigen
PFTs FEV1, FEV1/VC ratio, RV and RV/TLC, DLCO, Lung clearance index may be valuable 6 minutes' walk time
+/-albuterol is a measure of endurance for BOS
FEV1 slope of decline can be valuable for prognosis in BOS
Lung biopsy Pathology, stains, and cultures High morbidity should prompt careful consideration of

Echocardiogram/+/-angiography  Pulmonary hypertension

risk/benefit analysis

May also identify pericardial effusions

AFB, acid fast bacillus; CMV, cytomegalovirus; DLCO, diffusion capacity of lung for carbon monoxide; HSV, herpes simplex virus; MRA, magnetic
resonance angiography; PJP/PCP, Pneumocystis jirovecii pneumonia (formerly Pneumocuystis carinii pneumonia); TLC, total lung capacity.

Cytokine release syndrome

A new diagnosis has emerged related to the administration of
genetically modified T cells (chimeric antigen receptor T-cell
therapy; CAR-T). Cytokine release syndrome (CRS) can include
respiratory compromise, with infiltrates, hypoxia, and endothe-
lial dysfunction that closely mimics CLS.3¢3¢ A large international
study showed that 25% of patients with CAR-T had significant
pulmonary compromise.* Risk factors for CRS include high dis-
ease burden, concurrent infections, and lymphodepletion prior
to CAR-T.¥* The role of IL-6 in this process has been established
and blockade (via tocilizumab) has mitigated toxicity, sometimes
with steroid coadministration.®*® These data beg the question of
whether IL-6 blockade could be valuable in IPS as well, though as
yet this treatment remains untested.

PVOD, pulmonary cytolytic thrombi, and transplant-
associated thrombotic microangiopathy

PVOD disease, PCT, and transplant-associated thrombotic micro-
angiopathy (TA-TMA) are endothelial lung complications rarely
described after HCT that are identified by pathology and usu-
ally result in poor outcomes. PVOD is due to intimal fibrosis and
venule hypertrophy and obstruction.®® While the pathologic
findings are similar to those found in the liver of hepatic VOD
(sinusoidal obstructive syndrome; SOS), the literature is lacking

regarding co-incidence, and the peak timing differs for these
diseases (earlier after HCT for SOS and later for PYOD).*' PVOD
is difficult to diagnose, with dyspnea and nonspecific findings
on imaging that eventually manifest as right ventricular dysfunc-
tion.*”? PVOD has been linked to myeloablative HCT and acute
graft-versus-host disease (aGVHD) and other airway diseases.*
Treatment with nitrates may be deleterious, while calcium chan-
nel blockers, prostacyclins, and sildenafil have suggested pos-
sible benefit.*? Defibrotide, an antithrombotic and fibrinolytic
agent that stabilizes the endothelium, has yet to be investigated
for PVOD after HCT, though the mechanism of action and suc-
cess in SOS would support its use. Rare reports of pulmonary
cytolytic thrombi (PCT) after HCT appeared in the early 2000s,
with presentation marked by fever, often in patients with ac-
tive aGVHD who had nodules on imaging and biopsy showing
leukocytes and basophilic occlusions.”® TA-TMA is a syndrome
disorder after HCT of endothelial dysfunction most commonly
affecting the kidney and is difficult to diagnose without biopsy.
It can lead to pulmonary arterial hypertension and hypoxemia,
has been demonstrated on biopsy with fibrin occlusion of small
pulmonary vessels, and has been treated with sildenafil and ni-
tric oxide.***> Given the similarities among these diagnoses, it is
unclear if they are separate entities or a spectrum of disease pro-
cesses. Collectively, these rare endothelial diseases would bene-
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fit from further study, refined diagnostic criteria, and systematic
evaluation of treatment approaches.

Other pulmonary diagnoses after HCT

HCT recipients are at risk for pulmonary problems that com-
monly occur in critical illness. These include inflammatory con-
ditions, acute respiratory distress syndrome (ARDS), transfusion-
associated acute lung injury (TRALI), transfusion-associated
circulatory overload (TACO), and cryptogenic organizing pneu-
monia (COP; previously termed bronchiolitis obliterans and
organizing pneumonia), which is responsive to steroids and
restrictive on PFTs and often linked to infections. Other condi-
tions can contribute to pulmonary dysfunction, including
alpha-1-antitrypsin deficiency (A1AT), pneumothorax, pulmonary
embolism, and, finally, cancer relapse or posttransplant lymph-
oproliferative disorders (PTLDs).

CLINICAL CASE 2

One year after matched-sibling HCT for relapsed acute leuke-
mia, with busulfan conditioning, complicated by severe aGVHD
and cytomegalovirus reactivation before day 100, a 12-year-old
girl presented with dyspnea on exertion and ocular chronic
GVHD (cGVHD). She underwent lung biopsy, which confirmed
bronchiolitis obliterans (forced expiratory volume in 1 second
[FEV1]/VC ratio >0.7). Although she had mycobacteria, FEV1
failed to fully recover with protracted antimicrobials consistent
with biopsy findings of bronchiolitis obliterans syndrome (BOS),
improving from 46% to 59% but then plateauing while still on
sirolimus treatment. She was treated in a trial with montelukast
with rising FEV1 (to 73%, with FEV1 of 1.56-1.87L at 2 years).
Now, over a decade later, her FEV1is 2.08L, 85% predicted, and
she remains on montelukast and treatment for mycobacteria
(which recurred after 2 antimicrobial cessations).

Pulmonary differential in Case 2

Late-onset noninfectious lung disease affects nearly 20% of 100-
day HCT survivors.* Overall risk factors include chest radiation
prior to HCT, lung infection within the first 100 days after HCT, and
a reduced mean forced expiratory flow at 25% to 75% (FEF25-75)
at 100 days after HCT.* BOS is the diagnosis of Case 2.

Bronchiolitis obliterans syndrome

BOS is the accepted pulmonary manifestation of cGVHD, diag-
nosed by an FEV1<75% predicted and an irreversible 210% decline
in <2 years, an FEV1/vital capacity (VC) ratio <0.7 or the lower
limit (LL) of the 90% ClI of the ratio, an absence of infection, and ei-
ther preexisting cGVHD, air trapping by expiratory computerized
tomography (CT) or by PFT, or circumferential fibrosis of bronchi-
oles on biopsy.“”“¢ This case highlights several important aspects
of the revised definition of BOS, including the ability to diagnose
obstructive disease in children for whom the LL of normal is far
higher than 0.7. Now this child could be diagnosed without biopsy.
As the FEV1/VC ratio declines with age, this is also a key modifica-
tion for older individuals for whom 0.7 may be a normal value, and
a diagnosis of BOS is not warranted. In addition, this case high-
lights the value of BAL, which could have diagnosed mycobac-
teria and excluded rare diseases, eg, bronchial obliterans.*’ Case
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2 has several risk factors linked to BOS, including busulfan condi-
tioning, viral infections early after HCT, and aGVHD, with periph-
eral blood stem cell donor and ABO incompatibility not pres-
ent.”’s% A recent study suggests that pre-HCT viruses may confer
increased risk as well.” The current incidence is approximately 3%
in pediatric and 3% to 6% in adult HCT."""*3 A challenge of this dis-
ease has been its insidious nature leading to moderate decline at
diagnosis. The frequent use of home devices to detect early de-
clines in lung function and the use of FEF25-75 as an indicator may
aid in the earlier identification of BOS.52%55 Newer imaging and
serum markers show promise for BOS diagnosis, including para-
metric response mapping (with recent data for machine-learning
algorithms), xenon-129 magnetic resonance imaging (MRI), and
serum MMP3, though the data are insufficient to replace PFTs.%¢?
This may be most critical for children who cannot perform PFTs
in the future.®® Therapy for BOS consistently has striven for dis-
ease stabilization because the natural history of BOS is steady
decline, with severe FEV1 declines associated with highest mor-
tality.®” A prospective, multi-institutional study of inhaled flutica-
sone, azithromycin, and montelukast with a brief steroid burst
(to Img/kg/d prednisone equivalent with rapid tapering off in
1 month) showed stabilization or improvement in 64% of patients
with new-onset BOS at 6 months.®? Immunosuppression with cal-
cineurin inhibitor or sirolimus was continued. This approach has
been endorsed by the European Society for Blood and Marrow
Transplantation as first-line therapy for BOS after HCT.%* One of
these agents, azithromycin, came under scrutiny due to increased
relapse rates in a randomized trial of azithromycin prior to HCT,*
which were not confirmed in a larger study of azithromycin in
established BOS, though a higher rate of secondary neoplasms
was observed.®® At this time, the benefits of azithromycin likely
outweigh the risks for most BOS patients, though steroids and
other risks for secondary neoplasms should also be minimized
and personalized risks evaluated. In patients with ongoing pulmo-
nary decline, extracorporeal photopheresis may improve survival,
which builds upon prior retrospective data of a response rate of
approximately 60%.4¢¢ Etanercept has shown some success for
BOS (32%), while ruxolitinib has not had an impact on BOS pro-
gression.” A challenge to evaluating therapeutic success is the
relapsing-remitting nature of BOS, though rapid declines have
consistently been associated with poorer outcomes, and the FEV1
slope can thus guide prognosis.®® Lung transplantation remains a
final option, and recent data suggest improved survival of 80%
at a median of 5 years.®® Overall, the survival of patients with BOS
has improved to 40% to 50% at 5 years, which likely reflects the
incorporation of newer therapies, a reduction of protracted high-
dose steroids, and improvements in supportive care.” As high-
lighted by our case, children may experience an unique trajectory
of recovery, which | have observed after significant growth and
which was recently published in a retrospective cohort.”

Restrictive lung disease

Restrictive lung disease (RLD) after HCT is less well characterized.
RLD has a much larger differential to exclude, such as infections,
COP, and extrapulmonary constraints, eg, sclerosis or myositis.
Intraparenchymal pathology can include elastic fibrosis of the
pleura or parenchyma, typically in the upper lobes, termed pleu-
ral parenchymal fibroelastosis (PPFE) or nonspecific interstitial
pneumonia (NSIP). A study of lung explants suggested that late
RLD was due to parenchymal fibrosis with 20% to 30% of small
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airways obstructed (a much lower proportion than patients with
BOS, in which 70% were obstructed).”° These RLD findings can oc-
cur with many other HCT-associated lung pathologies, including
BOS, PVOD, and lymphocytic bronchiolitis.” Because chemother-
apy can induce PPFE or NSIP, the contribution of cGVHD has been
difficult to discern. However, a recent meta-analysis compared
the incidence of PPFE in patients with chemotherapy or autol-
ogous HCT to those with allogeneic HCT and showed a higher
rate in allogeneic HCT (71% vs 25%), suggesting that alloimmunity
plays a role in this process.”? A long-term survivor pediatric study
showed an association between RLD and GVHD as well as pre-
HCT pulmonary dysfunction.” There are no diagnostic criteria for
RLD after HCT, though these findings have been reported: fibrosis
on CT (especially the upper lobes) and reduced diffusion capacity
and an increased residual volume (RV)/total lung capacity ratio,
a 20% decline in FEV1 with a normal FEV1/VC ratio, and reduced
VC.”*7> From adult series, the incidence of RLD would seem rarer
than BOS, up to 2.6% to 5%.“”* However, interestingly, pediatric
reports of long-term survivors (>6 years) suggest RLD is common,
in up to 50% of survivors, highlighting the need for consensus
diagnostic criteria.”?” Little is known to guide treatments of RLD;
approximately one-third of patients responded to etanercept,
while ruxolitinib did not affect disease.””” While newer studies
have granted insight into the variable pathology of this disease,
the clinical diagnostic criteria and etiology remain ill-defined.

Early after HCT (usually < day 100)

‘ Acute Respiratory Distress ‘

The changing landscape of lung injury after HCT
Infections and lung injury

The definition of noninfectious lung injury is a moving target.
Polymerase chain reaction (PCR) studies have improved the
detection of viral, bacterial, and fungal pathogens, which has
been further enhanced by next-generation sequencing (NGS)
with high sensitivity and specificity.”?®' Using such PCR methods
from a retrospective cohort, 57% of IPS patients had a detect-
able pathogen in the BAL.?? By improving infection diagnostics,
the role of infections will be better elucidated.

We may need to modify our approach to the consideration of
infections with lung injury. Some noninfectious lung injuries are
likely late sequelae from an acute infectious process, eg, BOS,
linked to viral infections after HCT, and progression has been
linked to infections as well.®

Challenges to diagnosis, treatment, and prevention

There are significant diagnostic challenges to noninfectious
lung injuries. The diagnostic criteria for BOS and IPS have
changed over time, leading to challenges in comparing stud-
ies, though both have published consensus criteria.'s23244884-86
RLD lacks diagnostic criteria altogether. It will be critical to
continue to use these standardized diagnostic criteria for these
challenging diagnoses and refine with consensus to permit
broad application.

Later after HCT (usually > day 100)

Respiratory Distress
or PFT decline

| BAL: (infectious work-up negative) ‘ - -
‘ Pulmonary Function Test ‘
Bloody CI Tl Bl ;:Sground Eclrr‘:: L DLCO | Restrictive Obstructive
SR infiltrates Eu e:)teis)i/on B low Fev1/VC normal || Fevl/VC < LLN
| yp FEV1< 75% FEVi< 75%
v y If echo +cGVHD (or
DAH PERDS pre-engraft _’IA_‘IP./ - negative, l airtrapping or bx)
CLS post engraftment iy biopsy CT: PPFE )
\ | X ’
\ ,s NSIP ' p- |
“Y“ PVOD/ PCT * e e
COoP TA-TMA PILD I
*A1AT BOS
*ARDS *TRALI, TACO “PIE *COP

Figure 2. Flow diagram for workup and diagnosis of noninfectious lung diseases after HCT. Blue box, diseases commonly diagnosed
in the first 100 days after HCT. Gray box, those diseases occurring usually beyond day 100 after HCT. Noninfectious lung injury workup
and diagnoses are in boxes. *Additional pulmonary diagnoses are denoted by stars and listed in the column in which these diagnoses
would be included in the differential. Notably, other processes can exhibit low DLCO, which is often reduced in RLD, but isolated
DLCO reduction should prompt evaluation for vascular diseases of the lung. For the workup of obstructive disease, infection is often
diagnosed, which should prompt repeat testing after treatment to ascertain BOS diagnosis (arrows). bx, biopsy; DLCO, diffusion
capacity of lung for carbon monoxide; ID, infectious disease workup; PE, pulmonary embolism; toxin-IP, toxin associated interstitial
pneumonitis, including that from radiation or chemotherapy.
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Similarly, many of these diagnoses lack specific diagnostic
criteria. The endothelial syndromes of PERDS, CLS, and TA-TMA
are particularly plagued by this issue, such that a recent review
made a "plea" for consensus definitions.? While there are sub-
tle differences in the findings and risk factors of PERDS/CLS and
idiopathic or toxin-related pneumonitis, there is no way to dis-
tinguish these diagnoses clinically. It is also unclear whether
these lung injuries result from a final common immunologic path-
way or result from distinct mechanisms. Addressing this critical
question could enhance our ability to identify biomarkers and
targeted therapies for these components of IPS as well as the
pulmonary vascular diagnoses.

Accurate and noninvasive diagnostic tools that identify lung
diagnoses remain an elusive goal. Lung biopsy yields the diag-
nosis in 50% of patients but is associated with morbidity and
mortality.*” BAL yields fewer diagnoses with fewer complications
and likely a higher yield with newer modalities (eg, NGS).*” Fig-
ure 2 and Table 2 summarize a data-driven workup approach. As
is highlighted in Figure 2, many providers attempt a diagnosis
through noninvasive means (imaging, BAL, serum testing) and
reserve lung biopsy for those patients with nonspecific results
from these tests. Notably, these tests typically require over a
week to yield results, prompting most practitioners to preemp-
tively treat broadly for infections and for a noninfectious diag-
nosis of high suspicion. Biopsy is still often required to diagnose
vascular complications, though some centers have tried treat-
ments for the pulmonary VOD or TA-TMA without biopsy and
used response as a method of diagnosis (often while awaiting
results from the BAL tests). Given the high rate of pneumotho-
raxes in patients with BOS, attempting to make this diagnosis
without biopsy is advantageous. Because this remains a clinical
challenge, hopefully, imaging or blood biomarkers will be valu-
able for noninvasive diagnosis in the future.

The prevention of lung injuries after HCT is largely an unat-
tainable end point because of the lack of knowledge of the
mechanisms underpinning these diseases. The reduction of lung
injury through targeted dosing (of radiation or chemotherapy)
has diminished the pneumonitis related to these insults. How-
ever, most of the noninfectious lung injuries lack known mod-
ifiable inciting factors. Further, the lack of objective specific
diagnostic criteria, the rarity of these diseases, and the relative
paucity of animal models that mimic the clinical condition have
hampered progress in understanding these diseases to develop
preventive strategies. Finally, the unintended consequences of
diminishing some known risk factors, eg, aGVHD, can lead to
increased life-threatening risks, eg, relapse and infections, con-
straining some efforts due to the need to balance these risks.®8

Conclusion

Noninfectious lung injury contributes to nonrelapse mortality
and morbidity. It usually develops in the first year after HCT and
can affect the parenchyma, airways, or vascular structures. Tim-
ing, presentation, and imaging can aid in distinguishing the diag-
nosis, and multiple diagnoses can coexist. However, diagnosis
and treatment are areas of critical need. A better understanding
of the etiology and immune dysregulation may inform both new
diagnostic tools and better treatments to improve outcomes.
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