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SURVIVORSHIP AFTER ALLOGENEIC HEMATOPOIETIC CELL TRANSPLANT

     Noninfectious lung com pli ca tions of  hema to poi etic 
cell trans plan ta tion 
     Kirsten M.   Williams  
 Blood and Marrow Transplant Program, Afl ac Cancer and Blood Disorders Center,  Emory University School of Medicine , Children ’ s Healthcare of 
Atlanta, Atlanta, GA 

   Noninfectious lung dis eases con trib ute to nonrelapse mor tal ity. They con sti tute a spec trum of dis eases that can affect 
the paren chyma, air ways, or vas cu lar pul mo nary com po nents and spe cifi   cally exclude car diac and renal causes. The dif-
fer en tial diag noses of these enti ties dif fer as a func tion of time after hema to poi etic cell trans plan ta tion. Specifi c diag no-
sis, prog no sis, and opti mal treat ment remain chal leng ing, although prog ress has been made in recent decades.  

   LEARNING OBJECTIVES 
   •    Describe the dif fer ent pul mo nary toxicities that occur after HCT and their tim ing post HCT as well as risk fac tors 

and recommended treat ments 
  •    Describe the workup of lung tox ic ity and the cur rent chal lenges to diag no sis and treat ment of non in fec tious lung 

injury after HCT  

  Introduction   
 Noninfectious lung com pli ca tions after hema to poi etic cell 
trans plan ta tion (HCT) are uncom mon but asso ci ated with 
sig nifi   cant mor bid ity and mor tal ity. 1  Lung com pro mise 
may be due to intrapulmonary injury to the paren chyma, 
air ways, or vas cu lar struc tures and excludes that due to 
extrapulmonary, renal, or car diac causes. Identifying the 
cor rect diag no sis is crit i cal but can be chal leng ing with 
avail  able tools, though tim ing after HCT nar rows the dif fer
en tial. This review thus pres ents the dif fer en tial diag noses 
and key fi nd ings as a func tion of time post trans plant. 

 CLINICAL CASE 1 
  A 9  month  old, who was transplanted for a non ma lig nant 
con di tion with a mismatched cord  blood donor after a 
reduced  inten sity busul fan  based pre par a tive reg i men and 
had recently engrafted, devel oped acute hyp oxic respi ra
tory dis tress 28 days after HCT, in the set ting of sinu soi dal 
obstruc tive syn drome treated with defi brotide. Fresh blood 
was noted on bronchoalveolar lavage (BAL) that did not 
clear, as well as a new infi l trate on chest x  ray and rapid 
pro gres sion to respi ra tory fail ure. An infec tious and car diac 
workup was not reveal ing. Sadly, despite attempting high 
 fre quency oscil la tory ven ti la tion, this patient succumbed.  

 Pulmonary dif fer en tial of Case 1 
 The dif fer en tial diag no sis of non in fec tious lung injury early 
after HCT largely refl ects alve o lar injury, many medi ated by 
endo the lial dys func tion. These early lung injuries include 
peri  engraft ment respi ra tory dis tress syn drome (PERDS), 
cap il lary leak syn drome (CLS), dif fuse alve o lar hem or rhage 
(DAH), acute inter sti tial pneu mo ni tis (AIP), or toxic pneu
mo ni tis / injuries, col lec tively termed idi o pathic pneu mo nia 
syn drome (IPS). Additionally, vas cu lar injury, such as pul mo
nary veno  occlu sive dis ease (PVOD), can lead to respi ra
tory decline early after HCT ( Table 1  and  Figure 1 ). These 
diag noses are asso ci ated with respi ra tory dis tress, include 
radio graphic abnor mal i ties, and although pul mo nary func
tion tests (PFTs) are rarely performed, would dem on strate 
a restric tive defect. The diag no sis of Case 1 is DAH. 

 Diffuse alve o lar hem or rhage 
 Hallmarks of this diag no sis include hyp oxia, respi ra tory 
dis tress, and new radio graphic infi l trates in the perihilar 
and lower lobes, with the diag no sis being con fi rmed by 
bloody BAL that does not clear, along with hemo sid erin 
 laden mac ro phages. The inci dence is 2 %  to 5 %  in allo ge
neic recip i ents and 1 %  in autol o gous. This patient had risk 
fac tors for DAH, includ ing sta tus as a cord  blood recip i
ent, defi brotide treat ment, delayed engraft ment, though 
not sirolimus pro phy laxis, total body irra di a tion (TBI), and 
myeloablation. 2,3  Patients often pres ent  < 30 days after HCT 
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and do poorly, with <25% of adults and <16% of chil dren sur viv
ing a year.4,5 While the path o gen e sis is incom pletely under stood, 
DAH is thought to reflect accu mu lated dam age from con di tion
ing reg i mens, aber rant immune response, and sub se quent dam
age to the endo the lium, resulting in hem or rhage into alve o lar 
spaces. DAH can occur as a result of infec tions, and thus a full 
infec tious workup is advised (Table 2).6 Treatment his tor i cally 
included ste roids, though mul ti ple stud ies have dem on strated 
a lack of ben e fit, and some have shown harm.6-8 Similarly, amino
caproic acid and sys temic recom bi nant fac tor VIIa have not ben
efited DAH.8,9 In con trast, small series have supported the use 
of intrapulmonary admin is tra tion of recom bi nant fac tor VIIa and 

inhaled transexamic acid. A small case series showed improved 
sur vival in patients receiv ing intrabronchi recom bi nant fac tor 
VIIa com pared with his tor i cal patients who received ste roids,10,11 
which is con sis tent with my expe ri ence. For patients too sick 
to inter rupt the ven ti la tory cir cuit, inhaled transexamic acid, an 
antifibrinolytic agent, can be used with con ven tional ven ti la tion. 
We have used this in sev eral DAH patients with improve ment 
(with out ste roids), based on published ret ro spec tive data.12 Fi
nally, extra cor po real mem brane oxy gen a tion has been rarely 
employed.13 DAH is con sis tently diag nosed, while its eti  ol ogy 
and opti mal treat ment are unknown, though local ther a pies may 
offer the greatest ben e fit, and highdose ste roid use has waned.

Table 1. Diagnoses, key points, and treat ments of non in fec tious lung injury after HCT

Diagnosis
Peak time post HCT/ 
struc ture Key find ings Additional diag no sis Proposed treat ments

DAH <day 30 post HCT  
endo the lial

Hypoxia, new infil trate, 
bloody BAL

Hemosiderinladen 
mac ro phages

Inhaled transexamic acid, 
intrapulmonary  
recom bi nant fac tor VIIa

PERDS (IPS) Preengraft ment
Alveolar (from endo the lial 

dam age)

Respiratory dis tress/ 
hyp oxia

Multilobar infil trates Steroids/etanercept

CLS (IPS) Engraftment to day 15
Alveolar (from endo the lial 

dam age)

Dyspnea/hyp oxia, >3% 
weight gain

Multilobar infil trates Steroids/etanercept

AIP and toxinrelated lung 
injuries, DPTC

50 days post HCT
Alveolar

Fever, dyspnea, cough Ground glass on imag ing/ 
bilat eral infil trates,
restric tive PFT

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

45 days post HCT
Alveolar

Hypoxia, pul mo nary 
infil trates

Steroids/etanercept

CRS <7 days postcellular 
ther apy

Alveolar

Respiratory com pro mise, 
hyp oxia

Infiltrates Tociluzumab

PVOD, PCT, TATMA 15-120 days post HCT
Endothelial

Hypoxia, dyspnea, vas cu lar 
occlu sion, may prog ress 
to pul mo nary hyper ten sion

Biopsy diag no sis

Sildenafil (PVOD, TATMA), 
nitric oxide (TATMA) pros
ta cy clins, cal cium chan nel 
block ers (PVOD) Steroids 
(PCT)?

RLD after HCT Day 100-1 year
Alveolar

Decreased FEV1, nor mal 
FEV1/VC ratio, fibro sis on 
CT (upper lobes)

PPFE, NSIP inter sti tial  
pneu mo nia; can include 
other diag noses

Etanercept
Poor response to ste roids

BOS Day 100-1.5 years
Airway

FEV1 < 75%, ≥10% decline, 
FEV1/VC LL of the 90%  
CI, absence of infec tion 
and either preexisting 
cGVHD, air trap ping by 
expi ra tory CT or by PFT, or 
cir cum fer en tial fibro sis of 
bron chi  oles on biopsy

Newer modal i ties: PRM and 
xenon129 MRI

FAM: inhaled fluticasone, 
azithromycin, montelukast 
+1 mg/kg/d pred ni sone 
with rapid taper; ECP, 
etanercept, GERD tx, nutri
tion, infec tion pro phy laxis

NonHCTspe cific 
com pli ca tions:
TRALI/TACO,
PE, ARDS, A1AT,
can cer/PTLD,
pneu mo tho rax

Alveolar (ARDS, PTLD)
Airway (A1AT)
Endothelial (TRALI/ 

TACO, PE)

TRALI/TACO: tem po ral  
asso ci a tion blood  
prod ucts, fever, acute 
dyspnea

PE: dyspnea/hyp oxia, V/Q+
ARDS: fever, dyspnea,  

hyp oxia, bilat eral infil trates

A1AT: obstruc tive dis ease, 
emphy sema,  
bron chi ec ta sis

PTLD: nod ules/EBV+

TRALI/TACO: sup port ive care
PE: anti co ag u lants
ARDS: treat under ly ing cause 

(often anti mi cro bial) and  
sup port ive care

A1AT: A1AT infu sion, inhaled 
ste roids

PTLD: rituximab, cel lu lar 
ther apy

Pneumothorax: chest tube

EBV, EpsteinBarr virus; ECP, extracorporeal photopheresis; FAM, inhaled fluticasone, azithromycin, and montelukast + 1 mg/kg/d steroid burst and 
rapid taper; GERD tx, gastroesophageal reflux disease treatment; PRM; para met ric response map ping; V/Q , ven ti la tion/per fu sion scan.
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AIP and toxin-related lung injury
Pneumonitis, an inflam ma tion of the alveoli, can occur early  
after HCT due to infec tions, the pre par a tive reg i men, or be idi o
pathic. The pre sen ta tion is non spe cific, includ ing fever, dyspnea, 
cough, and groundglass opac i ties on imag ing. These toxin
 induced injuries have had sev eral terms linked to them, includ ing 
AIP, radi a tion pneu mo ni tis, carmustine pneu mo ni tis, or delayed 
pul mo nary tox ic ity syn drome (DPTS from che mo ther apy). Over
all, the inci dence of radi a tion and che mo ther apy pneu mo ni tis has 
decreased with mod i fi ca tions to che mo ther apy reg i mens and 
the advent of lung blocking and frac tion ated TBI.14,15 The recent 
over all inci dence of non in fec tious pneu mo ni tis was 5% one year 
after HCT, with a median onset of 1.6 months in chil dren.5 Risk 
fac tors included can cer indi ca tion and myeloablative con di tion
ing.5 There was also an asso ci a tion with cord blood trans plan ta
tion, which may reflect the increased use in TBI in this cohort, 
though it was not discussed. After myeloablative TBI in adults, 
the inci dence of non in fec tious radi a tioninduced IP is 7.4%, with 
a median onset of 2.5 months, and less after che mo ther apy con
di tion ing.14 The over all sur vival for adults and chil dren is 50% 
and 40%, respec tively.5,14 Reducing lung expo sure dur ing TBI has 
 decreased the rates of radi a tioninduced IP fur ther.16 Other toxin
medi ated early lung com pli ca tions can include cyclo phos pha
mideinduced, eosin o philic pneu mo nia linked to fludarabine; IP 
or DAH with rituximab; DAH after alemtuzumab; or pneu mo ni tis 
after check point inhib i tors.15,17 While ste roids are often cited for 
treat ment of these pneu mo ni tis and toxininduced injuries, data 
sug gest that they have fallen out of favor, given the sparce data 

for ben e fit and the rel a tive risks of infec tion and can cer recur
rence. Collectively, these AIP or toxininduced lung injuries are 
uncom mon com pli ca tions of HCT that would ben e fit from spe
cific diag nos tic cri te ria and inves ti ga tion into ste roidspar ing 
ther a peu tic approaches.

PERDS and CLS
PERDS and CLS lead to alve o lar dam age through endo the lial 
injury, with pul mo nary edema as a down stream event. The man
i fes ta tions include respi ra tory dis tress and hyp ox emia, the pres
ence of multilobar infil trates by imag ing, and the absence of infec
tions, with PERDS typ i cally occur ring within 5 days of engraft ment, 
and some suggesting even a week ear lier, and CLS occur ring in 
the first 15 days and accom pa nied by fluid over load (>3% weight 
gain). Recent data sug gest PERDS occurs in  nearly 5% of autol
o gous HCTs and 7% of allo ge neic HCTs.18,19  Several ele va tions in 
sys temic cyto kines have been asso ci ated with engraft ment syn
drome, includ ing ST2 protein (an IL33 receptor), IL2Rα, tumor 
 necro sis fac tor 1 between base line and day 14, and procalcitonin 
at day 0.19,20 Engraftment syn drome is asso ci ated with increased 
mor tal ity after HCT, though PERDS was not ana lyzed sep a rately.19 
A sim i lar inci dence is reported for CLS, which affected approx i
ma tely 5% of allo ge neic HCT patients in a case series, though all  
but 0.6% of these cases were due to sep sis and asso ci ated with 
mor tal ity.21 A risk fac tor for CLS may be preexisting vas cu lar dys
regulation and cord blood trans plant.22 PERDS and non in fec tious 
CLS are rarer causes of lung dys func tion early after HCT, char ac ter
ized by endo the lial dys func tion and cyto kine abnor mal i ties, with 
increased mor tal ity.

IPS—a uni fy ing diag no sis
IPS is an umbrella diag no sis that has his tor i cally incor po rated 
sev eral of the above diag noses. Most defi  ni tions have included 
PERDS, CLS, DAH, AIP, and DPTC in this ter mi nol ogy, with diag
nos tic cri te ria of non in fec tious, noncardiogenic, nonrenal pul mo
nary injury after HCT with asso ci ated pul mo nary infil trates and 
hyp ox emia due to alve o lar injury.23-26 The term is an impor tant 
uni fy ing diag no sis, per mit ting key clin i cal tri als of rare diag noses 
that col lec tively com prise early non in fec tious lung injury. The 
inci dence of IPS is 3.7% of allo ge neic adult HCT patients, with 
a median onset of 43 days, though later onset is described, and 
risk fac tors of myeloablative con di tion ing, highdose TBI, lower
respi ra tory tract viruses preHCT, and inborn errors of metab o
lism as indi ca tion for HCT.25,27 In chil dren, the most recent data 
(2014) showed a rate of 6.7% in allo ge neic recip i ents.28 Approxi
mately 5% of autol o gous trans plant recip i ents incur IPS.29 Nota
bly, this rate is lower than the rate of the com pos ite diag noses 
com bined and may reflect the het ero ge ne ity of dis or ders and 
patients included under the IPS umbrella. Outcomes remain 
poor after allo ge neic HCT, with <16% to 30% of chil dren and 
adults sur viv ing a year.25,28,30,31 Many stud ies have linked ele vated 
BAL lev els of tumor necro sis growth fac tor, ST2, and IL6 to IPS 
at diag no sis.26,32-34 Some stud ies, though not all , have shown a 
ben e fit from etanercept with cor ti co ste roids, although less of 
an impact on longterm sur vival.26,31,35 The risk of death was high
er in patients with prior pul mo nary impair ment, those who re
quired ven ti la tory sup port, or those who had con cur rent renal 
or hepatic injury.25 IPS is a ben e fi cial umbrella diag no sis of early 
lifethreat en ing non in fec tious pul mo nary injury after HCT with
out con sen sus on its opti mal treat ment.

Figure 1. Illustrated HCT noninfectious lung complications in 
terms of structure and peak timing after HCT. The time after 
HCT is shown on the xaxis (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; 
TATMA). 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.
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Cytokine release syn drome
A new diag no sis has emerged related to the admin is tra tion of 
genet i cally mod i fied T cells (chi me ric anti gen recep tor Tcell 
ther apy; CART). Cytokine release syn drome (CRS) can include 
respi ra tory com pro mise, with infil trates, hyp oxia, and endo the
lial dys func tion that closely mim ics CLS.36-38 A large inter na tional 
study showed that 25% of patients with CART had sig nifi  cant 
pul mo nary com pro mise.39 Risk fac tors for CRS include high dis
ease bur den, con cur rent infec tions, and lymphodepletion prior 
to CART.37,38 The role of IL6 in this pro cess has been established 
and block ade (via tocilizumab) has miti gated tox ic ity, some times 
with ste roid coad min is tra tion.37,38 These data beg the ques tion of 
whether IL6 block ade could be valu able in IPS as well, though as 
yet this treat ment remains untested.

PVOD, pul mo nary cyto lytic thrombi, and trans plant-  
asso ci ated throm botic microangiopathy
PVOD dis ease, PCT, and trans plantasso ci ated throm botic micro
angiopathy (TATMA) are endo the lial lung com pli ca tions rarely 
described after HCT that are iden ti fied by pathol ogy and usu
ally result in poor out comes. PVOD is due to inti mal fibro sis and 
venule hyper tro phy and obstruc tion.40 While the path o logic 
find ings are sim i lar to those found in the liver of hepatic VOD 
(sinu soi dal obstruc tive syn drome; SOS), the lit er a ture is lacking 

regard ing coinci dence, and the peak tim ing dif fers for these 
dis eases (ear lier after HCT for SOS and later for PVOD).41 PVOD 
is dif fi cult to diag nose, with dyspnea and non spe cific find ings 
on imag ing that even tu ally man i fest as right ventricular dys func
tion.42 PVOD has been linked to myeloablative HCT and acute 
graft ver sushost dis ease (aGVHD) and other air way dis eases.40 
Treatment with nitrates may be del e te ri ous, while cal cium chan
nel block ers, pros ta cy clins, and sildenafil have suggested pos
si ble ben e fit.42 Defibrotide, an antithrombotic and fibri no lytic 
agent that sta bi lizes the endo the lium, has yet to be inves ti gated 
for PVOD after HCT, though the mech a nism of action and suc
cess in SOS would sup port its use. Rare reports of pul mo nary 
cyto lytic thrombi (PCT) after HCT appeared in the early 2000s, 
with pre sen ta tion marked by fever, often in patients with ac
tive aGVHD who had nod ules on imag ing and biopsy show ing 
leu ko cytes and baso philic occlu sions.43 TATMA is a syn drome 
dis or der  after HCT of endo the lial dys func tion most com monly 
affect ing the kid ney and is dif fi cult to diag nose with out biopsy. 
It can lead to pul mo nary arte rial hyper ten sion and hyp ox emia, 
has been dem on strated on biopsy with fibrin occlu sion of small 
pul mo nary ves sels, and has been treated with sildenafil and ni
tric oxide.44,45 Given the sim i lar i ties among these diag noses, it is 
unclear if they are sep a rate enti ties or a spec trum of dis ease pro
cesses. Collectively, these rare endo the lial dis eases would ben e

Table 2. Workup con sid er ations of non in fec tious lung injury after HCT

Type Test Considerations

Radiographic CTinspi ra tory Noncontrast suf fi cient for most; bron chi ec ta sis, enlarged  
pul mo nary ves sels may be seen in some diag noses

CTadded expi ra tory Valuable to assess air trap ping (BOS or RLD)
MRI/MRA May iden tify vas cu lar dis ease
V/Q scan Evaluate for PE
Chest xray Less valu able if air trap ping is pres ent

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

PCR tests are increas ingly valu able
Explify can detect mul ti ple path o gens by NGS and may 

detect organ isms at low lev els not evi dent in cul ture, 
which may be most valu able for pretreated patients or 
dis tal lesions

Blood return that does not clear is diag nos tic for DAH
Visual inspec tion can iden tify fun gal lesions or other  

indi ca tors
Because BAL fluid quan tity is per kilo gram and return is 

dimin ished in severe lung injury, it may be impor tant to 
pri or i tize tests in chil dren

Blood Blood cul ture
Karius
Blood gas

Karius uses NGS and can detect lung organ isms with good 
sen si tiv ity, though data sug gest that some pul mo nary 
infec tions may be missed (eg, fun gal nod ules)

Consider met he mo glo bin if hyp oxic and med i ca tions at risk

Urine Histoplasmosis anti gen

PFTs FEV1, FEV1/VC ratio, RV and RV/TLC, DLCO, 
+/−albuterol

Lung clear ance index may be valu able 6 min utes’ walk time  
is a mea sure of endur ance for BOS

FEV1 slope of decline can be valu able for prog no sis in BOS

Lung biopsy Pathology, stains, and cul tures High mor bid ity should prompt care ful con sid er ation of 
risk/ben e fit anal y sis

Echocardiogram/+/−angi og ra phy Pulmonary hyper ten sion May also iden tify peri car dial effu sions

AFB, acid fast bacil lus; CMV, cyto meg a lo vi rus; DLCO, dif fu sion capac ity of lung for car bon mon ox ide; HSV, her pes sim plex virus; MRA, mag netic   
res o nance angi og ra phy; PJP/PCP, Pneumocystis jirovecii pneu mo nia (for merly Pneumocystis carinii pneu mo nia); TLC, total lung capac ity.
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fit from fur ther study, refined diag nos tic cri te ria, and sys tem atic 
eval u a tion of treat ment approaches.

Other pul mo nary diag noses after HCT
HCT recip i ents are at risk for pul mo nary prob lems that com
monly occur in crit i cal ill ness. These include inflam ma tory con
di tions, acute respi ra tory dis tress syn drome (ARDS), trans fu sion
asso ci ated acute lung injury (TRALI), trans fu sionasso ci ated 
cir cu la tory over load (TACO), and cryp to genic orga niz ing pneu
mo nia (COP; pre vi ously termed bronchiolitis obliterans and 
orga niz ing pneu mo nia), which is respon sive to ste roids and 
restric tive on PFTs and often linked to infec tions. Other con di
tions can con trib ute to pul mo nary dys func tion, includ ing 
 alpha1antitrypsin defi ciency (A1AT), pneu mo tho rax, pul mo nary 
embolism, and, finally, can cer relapse or posttransplant lymph
oproliferative dis or ders (PTLDs).

CLINICAL CASE 2
One year after matchedsib ling HCT for relapsed acute leu ke
mia, with busul fan con di tion ing, com pli cated by severe aGVHD 
and cyto meg a lo vi rus reactivation before day 100, a 12yearold 
girl presented with dyspnea on exer tion and ocu lar chronic 
GVHD (cGVHD). She under went lung biopsy, which con firmed 
bronchiolitis obliterans (forced expi ra tory vol ume in 1 sec ond 
[FEV1]/VC ratio >0.7). Although she had mycobacteria, FEV1 
failed to fully recover with protracted anti mi cro bi als con sis tent 
with biopsy find ings of bronchiolitis obliterans syn drome (BOS), 
improv ing from 46% to 59% but then plateauing while still on 
sirolimus treat ment. She was treated in a trial with montelukast 
with ris ing FEV1 (to 73%, with FEV1 of 1.56-1.87 L at 2 years). 
Now, over a decade later, her FEV1 is 2.08 L, 85% predicted, and 
she remains on montelukast and treat ment for mycobacteria 
(which recurred after 2 anti mi cro bial ces sa tions).

Pulmonary dif fer en tial in Case 2
Lateonset non in fec tious lung dis ease affects nearly 20% of 100
day HCT sur vi vors.46 Overall risk fac tors include chest  radi a tion 
prior to HCT, lung infec tion within the first 100 days after HCT, and 
a reduced mean forced expi ra tory flow at 25% to 75% (FEF25-75) 
at 100 days after HCT.46 BOS is the diag no sis of Case 2.

Bronchiolitis obliterans syn drome
BOS is the accepted pul mo nary man i fes ta tion of cGVHD, diag
nosed by an FEV1 < 75% predicted and an irre vers ible ≥10% decline 
in <2 years, an FEV1/vital capac ity (VC) ratio <0.7 or the lower 
limit (LL) of the 90% CI of the ratio, an absence of infec tion, and ei
ther preexisting cGVHD, air trap ping by expi ra tory com put er ized 
tomog ra phy (CT) or by PFT, or cir cum fer en tial fibro sis of bron chi 
oles on biopsy.47,48 This case high lights sev eral impor tant aspects 
of the revised defi  ni tion of BOS, includ ing the abil ity to diag nose 
obstruc tive dis ease in chil dren for whom the LL of nor mal is far 
higher than 0.7. Now this child could be diag nosed with out biopsy. 
As the FEV1/VC ratio declines with age, this is also a key mod i fi ca
tion for older indi vid u als for whom 0.7 may be a nor mal value, and 
a diag no sis of BOS is not warranted. In addi tion, this case high
lights the value of BAL, which could have diag nosed mycobac
teria and excluded rare dis eases, eg, bronchial obliterans.49 Case 

2 has sev eral risk fac tors linked to BOS, includ ing busul fan con di
tion ing, viral infec tions early after HCT, and aGVHD, with periph
eral blood stem cell donor and ABO incom pat i bil ity not pres
ent.47,50 A recent study sug gests that preHCT viruses may con fer 
increased risk as well.27 The cur rent inci dence is approx i ma tely 3% 
in pedi at ric and 3% to 6% in adult HCT.1,51-53 A chal lenge of this dis
ease has been its insid i ous nature lead ing to mod er ate decline at 
diag no sis. The fre quent use of home devices to detect early de
clines in lung func tion and the use of FEF25-75 as an indi ca tor may 
aid in the ear lier iden ti fi ca tion of BOS.52,54,55 Newer imag ing and 
serum mark ers show prom ise for BOS diag no sis, includ ing para
met ric response map ping (with recent data for machinelearn ing 
algo rithms), xenon129 mag netic res o nance imag ing (MRI), and 
serum MMP3, though the data are insuf fi cient to replace PFTs.56-59 
This may be most crit i cal for chil dren who can not per form PFTs 
in the future.60 Therapy for BOS con sis tently has striven for dis
ease sta bi li za tion because the nat u ral his tory of BOS is steady 
decline, with severe FEV1 declines asso ci ated with highest mor
tal ity.61 A pro spec tive, multiinsti tu tional study of inhaled flutica
sone, azithromycin, and montelukast with a brief ste roid burst 
(to 1 mg/kg/d pred ni sone equiv a lent with rapid taper ing off in  
1 month) showed sta bi li za tion or improve ment in 64% of patients 
with newonset BOS at 6 months.62 Immunosuppression with cal
cineurin inhib i tor or sirolimus was con tin ued. This approach has 
been endorsed by the Euro pean Society for Blood and Marrow 
Transplantation as firstline ther apy for BOS after HCT.63 One of 
these agents, azithromycin, came under scru tiny due to increased 
relapse rates in a ran dom ized trial of azithromycin prior to HCT,64 
which were not con firmed in a larger study of azithromycin in 
established BOS, though a higher rate of sec ond ary neo plasms 
was observed.65 At this time, the ben e fits of azithromycin likely 
out weigh the risks for most BOS patients, though ste roids and 
other risks for sec ond ary neo plasms should also be min i mized 
and per son al ized risks eval u ated. In patients with ongo ing pul mo
nary decline, extra cor po real photopheresis may improve sur vival, 
which builds upon prior ret ro spec tive data of a response rate of 
approx i ma tely 60%.47,66 Etanercept has shown some suc cess for 
BOS (32%), while ruxolitinib has not had an impact on BOS pro
gres sion.67 A chal lenge to eval u at ing ther a peu tic suc cess is the 
relaps ingremit ting nature of BOS, though rapid declines have 
con sis tently been asso ci ated with poorer out comes, and the FEV1 
slope can thus guide prog no sis.68 Lung trans plan ta tion remains a 
final option, and recent data sug gest improved sur vival of 80% 
at a median of 5 years.69 Overall, the sur vival of patients with BOS 
has improved to 40% to 50% at 5 years, which likely reflects the 
incor po ra tion of newer ther a pies, a reduc tion of protracted high
dose ste roids, and improve ments in sup port ive care.47 As high
lighted by our case, chil dren may expe ri ence an unique tra jec tory 
of recov ery, which I have observed after sig nifi  cant growth and 
which was recently published in a ret ro spec tive cohort.51

Restrictive lung dis ease
Restrictive lung dis ease (RLD) after HCT is less well char ac ter ized. 
RLD has a much larger dif fer en tial to exclude, such as infec tions, 
COP, and extrapulmonary con straints, eg, scle ro sis or myo si tis. 
Intraparenchymal pathol ogy can include elas tic fibro sis of the 
pleura or paren chyma, typ i cally in the upper lobes, termed pleu
ral paren chy mal fibroelastosis (PPFE) or non spe cific inter sti tial 
pneu mo nia (NSIP). A study of lung explants suggested that late 
RLD was due to paren chy mal fibro sis with 20% to 30% of small 
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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; toxinIP, toxin associated interstitial 
pneumonitis, including that from radiation or chemotherapy.

air ways obstructed (a much lower pro por tion than patients with 
BOS, in which 70% were obstructed).70 These RLD find ings can oc
cur with many other HCTasso ci ated lung pathol o gies, includ ing 
BOS, PVOD, and lym pho cytic bronchiolitis.71 Because che mo ther
apy can induce PPFE or NSIP, the con tri bu tion of cGVHD has been 
dif fi cult to dis cern. However, a recent metaanal y sis com pared 
the inci dence of PPFE in patients with che mo ther apy or autol
o gous HCT to those with allo ge neic HCT and showed a higher 
rate in allo ge neic HCT (71% vs 25%), suggesting that alloimmunity 
plays a role in this pro cess.72 A longterm sur vi vor pedi at ric study 
showed an asso ci a tion between RLD and GVHD as well as pre
HCT pul mo nary dys func tion.73 There are no diag nos tic cri te ria for 
RLD after HCT, though these find ings have been reported: fibro sis 
on CT (espe cially the upper lobes) and reduced dif fu sion capac ity 
and an increased resid ual vol ume (RV)/total lung capac ity ratio, 
a 20% decline in FEV1 with a nor mal FEV1/VC ratio, and reduced 
VC.74,75 From adult series, the inci dence of RLD would seem rarer 
than BOS, up to 2.6% to 5%.46,74 However, inter est ingly, pedi at ric 
reports of longterm sur vi vors (>6 years) sug gest RLD is com mon, 
in up to 50% of sur vi vors, high light ing the need for con sen sus 
diag nos tic cri te ria.73,76 Little is known to guide treat ments of RLD; 
approx i ma tely onethird of patients responded to etanercept, 
while ruxolitinib did not affect dis ease.67,77 While newer stud ies 
have granted insight into the var i able pathol ogy of this dis ease, 
the clin i cal diag nos tic cri te ria and eti  ol ogy remain illdefined.

The chang ing land scape of lung injury after HCT
Infections and lung injury
The defi  ni tion of non in fec tious lung injury is a mov ing tar get. 
Polymerase chain reac tion (PCR) stud ies have improved the 
detec tion of viral, bac te rial, and fun gal path o gens, which has 
been fur ther enhanced by nextgen er a tion sequenc ing (NGS) 
with high sen si tiv ity and spec i fic ity.78-81 Using such PCR meth ods 
from a ret ro spec tive cohort, 57% of IPS patients had a detect
able path o gen in the BAL.82 By improv ing infec tion diag nos tics, 
the role of infec tions will be bet ter elu ci dated.

We may need to mod ify our approach to the con sid er ation of 
infec tions with lung injury. Some non in fec tious lung injuries are 
likely late sequelae from an acute infec tious pro cess, eg, BOS, 
linked to viral infec tions after HCT, and pro gres sion has been 
linked to infec tions as well.83

Challenges to diag no sis, treat ment, and pre ven tion
There are sig nifi  cant diag nos tic chal lenges to non in fec tious 
lung injuries. The diag nos tic cri te ria for BOS and IPS have 
changed over time, lead ing to chal lenges in com par ing stud
ies, though both have published con sen sus cri te ria.15,23,24,48,84-86 
RLD lacks diag nos tic cri te ria alto gether. It will be crit i cal to 
con tinue to use these stan dard ized diag nos tic cri te ria for these 
chal leng ing diag noses and refine with con sen sus to per mit 
broad appli ca tion.
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Similarly, many of these diag noses lack spe cific diag nos tic 
cri te ria. The endo the lial syn dromes of PERDS, CLS, and TATMA 
are par tic u larly plagued by this issue, such that a recent review 
made a “plea” for con sen sus defi  ni tions.86 While there are sub
tle dif fer ences in the find ings and risk fac tors of PERDS/CLS and 
idi o pathic or toxinrelated pneu mo ni tis, there is no way to dis
tin guish these diag noses clin i cally. It is also unclear whether 
these lung injuries result from a final com mon immu no logic path
way or result from dis tinct mech a nisms. Addressing this crit i cal 
ques tion could enhance our abil ity to iden tify bio mark ers and 
targeted ther a pies for these com po nents of IPS as well as the 
pul mo nary vas cu lar diag noses.

Accurate and non in va sive diag nos tic tools that iden tify lung 
diag noses remain an elu sive goal. Lung biopsy yields the diag
no sis in 50% of patients but is asso ci ated with mor bid ity and 
mor tal ity.87 BAL yields fewer diag noses with fewer com pli ca tions 
and likely a higher yield with newer modal i ties (eg, NGS).87 Fig
ure 2 and Table 2 sum ma rize a datadriven workup approach. As 
is high lighted in Figure 2, many pro vid ers attempt a diag no sis 
through non in va sive means (imag ing, BAL, serum test ing) and 
reserve lung biopsy for those patients with non spe cific results 
from these tests. Notably, these tests typ i cally require over a 
week to yield results, prompting most prac ti tion ers to pre emp
tively treat broadly for infec tions and for a non in fec tious diag
no sis of high sus pi cion. Biopsy is still often required to diag nose 
vas cu lar com pli ca tions, though some cen ters have tried treat
ments for the pul mo nary VOD or TATMA with out biopsy and 
used response as a method of diag no sis (often while awaiting 
results from the BAL tests). Given the high rate of pneumotho
raxes in patients with BOS, attempting to make this diag no sis 
with out biopsy is advan ta geous. Because this remains a clin i cal 
chal lenge, hope fully, imag ing or blood bio mark ers will be valu
able for non in va sive diag no sis in the future.

The pre ven tion of lung injuries after HCT is largely an unat
tain able end point because of the lack of knowl edge of the 
mech a nisms under pin ning these dis eases. The reduc tion of lung 
injury through targeted dos ing (of radi a tion or che mo ther apy) 
has dimin ished the pneu mo ni tis related to these insults. How
ever, most of the non in fec tious lung injuries lack known mod
i fi able incit ing fac tors. Further, the lack of objec tive spe cific 
diag nos tic cri te ria, the rar ity of these dis eases, and the rel a tive 
pau city of ani mal mod els that mimic the clin i cal con di tion have 
ham pered prog ress in under stand ing these dis eases to develop 
pre ven tive strat e gies. Finally, the unin tended con se quences of 
diminishing some known risk fac tors, eg, aGVHD, can lead to 
increased lifethreat en ing risks, eg, relapse and infec tions, con
straining some efforts due to the need to bal ance these risks.88,89

Conclusion
Noninfectious lung injury con trib utes to nonrelapse mor tal ity 
and mor bid ity. It usu ally devel ops in the first year after HCT and 
can affect the paren chyma, air ways, or vas cu lar struc tures. Tim
ing, pre sen ta tion, and imag ing can aid in distinguishing the diag
no sis, and mul ti ple diag noses can coex ist. However, diag no sis 
and treat ment are areas of crit i cal need. A bet ter under stand ing 
of the eti  ol ogy and immune dysregulation may inform both new 
diag nos tic tools and bet ter treat ments to improve out comes.
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