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Busulfan-Induced Lung Injury in Pediatric Oncology
Patients—Review of the Literature with an lllustrative Case
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Background: Impaired lung function has been detected in up to 65% of all childhood cancer survivors. It is
often caused by exposure to radiation therapy and various chemotherapeutics. The first cytotoxic drug ever
identified as a causative agent of lung injury was busulfan, reported in the early 1960s. Signs and symptoms of
busulfan lung are nonspecific and it is therefore difficult to differentiate the condition from pulmonary im-
pairment caused by other pulmotoxic agents, infections, pulmonary metastases, graft-versus-host disease, or
other noninfectious post-transplant complications involving the lungs.

Methods: A case example is provided to illustrate the difficulties in management of busulfan-induced lung
injury in children. A retrospective review of cases of busulfan-induced lung injury indexed in PubMed until
March 2019 was performed. Inclusion criteria for articles was available in full text in English.

Results: Impaired lung function caused by busulfan may become an increasing problem for young survivors.
Conclusion: Newly developed dyspnea or subclinical damage detected on pulmonary function tests, indicating
primarily restrictive disease, should always arouse suspicion of busulfan-induced lung injury in a child conditioned
with busulfan, especially after excluding other leading culprits of pulmonary damage affecting oncology patients.
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Introduction loss, and nonproductive cough and may appear anytime from
minutes to years after treatment initiation.”'°

NEW MULTIMODAL TREATMENT REGIMENS, cooperative Pulmonary function tests (PFTs) are abnormal in virtually

group trials, and pharmacological advances have led to every patient with CILI, when compared with pretreatment

a remarkable decline in mortality for all childhood cancers testing, and generally reveal a restrictive pattern.*'® Diffusing
combined, which is now almost 50% less compared with capacity for carbon monoxide (DLCO) often decreases before
1975." Despite the dramatic improvement in survival rates, spirometry or radiographic changes are detected.* Owing to
treatment-related toxicities cause significant nonrelapse its nonspecific clinical presentation and radiographic abnor-
morbidity, especially those attributed to chemotherapy, a malities, CILI is hardly differentiated from other competing
cornerstone for curing most cancers. Since pulmonary tissue causes of lung damage in pediatric oncology patients.
is particularly sensitive to drug-induced injury, both acutely In addition, children undergoing allogeneic hemato-
and in the long term, pulmonary adverse reactions are be- poietic stem cell transplantation (HSCT) are additionally
coming a matter of great concern.>”'” Impaired lung func- exposed to acute and chronic graft-versus-host disease
tion has been detected in up to 65% of childhood cancer (GvHD), both associated with pulmonary function deteri-
survivors, and although the majority are asymptomatic, the oration. Acute GvHD strongly correlates with a clinically
consequences may be fatal.'! significant decrease in forced expiratory volume at the end
Diverse etiopathogeneses of chemotherapy-induced lung  of the 1st second (FEV1), forced vital capacity (FVC), FEV1/
injury (CILI) result in a heterogeneous group of clinical FVC, and DLCO, marking combined obstructive and re-
syndromes. The major types include interstitial pneumonitis/ ~ strictive ventilatory impairment. Chronic GvHD is also
fibrosis, hypersensitivity syndrome, and capillary leak syn- associated with a decrease in FEV1 and FVC, while re-
drome, while less common toxic drug effects are alveolar duction in FEV1/FVC did not reach statistical significance
hemorrhage, acute interstitial pneumonia, bronchiolitis ob- in a study conducted by Uhlving et al.'* Therefore, the
literans with organizing pneumonia, pleural effusions, bron- diagnosis of CILI is even harder to make in children who
chospasm, hilar adenopathy, and veno-occlusive disease. underwent allogeneic HSCT as drug-induced toxicity and
Symptoms usually comprise dyspnea, fatigue, fever, weight lung GvHD may overlap.
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To summarize, universal criteria for diagnosis of CILI
are not available, and there is no single diagnostic test or
biopsy finding that definitely confirms the diagnosis of drug-
induced disease. Rather, it is a diagnosis of exclusion based
generally on appropriate history of drug exposure, histologi-
cal evidence of lung injury, and, most importantly, exclusion
of other causes of lung damage. In addition, it is difficult to
identify a specific culprit as patients are often treated with
multidrug regimens. Therapeutic maneuvers are limited and
based on anecdotal evidence; the first step is withdrawal of
the offending agent if the patient is still undergoing treatment,
while systemic corticosteroids are introduced depending on
the severity of symgtoms and progressiveness of pulmonary
function decline.*™"

The first cytotoxic drug ever identified as a causative
agent of lung injury was busulfan. The entity was described
in the early 1960s in 2 adult gatients treated for chronic
myelogenous leukemia (CML)." Since then, further reports
of busulfan lungs have been published, mostly cases in adult
patients,”*2* while literature on the topic concerning the
pediatric population remained relatively scarce.?>"°

Illustrative Case

A 16-year-old boy was admitted to the Division of Car-
diology of the University Children’s Hospital, Zagreb, due
to progressive exertional dyspnea. A year before the ad-
mission, at the age of 15, he was diagnosed with metastatic
alveolar rhabdomyosarcoma (RMS) of the pelvis and right
inguinal region. At diagnosis, the disease had spread to re-
gional lymph nodes, multiple distant bones, and bone mar-
row, while the lungs were unaffected.

He was treated for months at our clinic according to the
guidelines of the European pediatric Soft tissue sarcoma
Study Group (EpSSG) RMS 2005 protocol. The treatment
included various chemotherapeutics, including vincristine,
ifosfamide, doxorubicin, actinomycin-D, etoposide, epir-
ubicin, and carboplatin, along with zoledronic acid for
bone metastases, which resulted in significant metabolic
and morphological regression of the disease. His cardiac
function was regularly monitored due to the use of anthra-
cyclines and all the obtained echocardiographic parame-
ters, including shortening fraction, were within normal
values.

Due to multiple distant metastases, radiotherapists de-
cided that the patient was not suitable for radiation therapy.
However, as the boy demonstrated an excellent response to
induction chemotherapy, he ultimately underwent high-dose
chemotherapy (HDCT), followed by HSCT, although the
procedure is not regularly used for RMS. Before the proce-
dure, spirometry confirmed normal lung function and the
chest radiograph was without pathological findings. The
pretransplant high-dose conditioning regimen consisted of
busulfan and melphalan; he altogether received 1216 mg
(633 mg/m?) of busulfan (1 mg/kg/dose orally, 4 times a day,
from day —6 to day —3) and 269 mg of melphalan (140 mg/m?
intravenously on day —2).

The engraftment for neutrophils was achieved on day
+16 and for thrombocytes on day +18. He was released from
hospital 26 days post-transplant in good clinical condition
and was eupneic, with a normal auscultatory lung finding
and peripheral capillary oxygen saturation (SpO2).
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TABLE 1. LABORATORY WORKUP UPON ADMISSION

Laboratory finding Results Reference values
Complete blood count
WBC 4.02x10°/L 4.4-11.6x10°/L
Neutrophils 76.7% 34%—-69%
Lymphocytes 7.2% 19%—-52%
Monocytes 13.9% 5%—13%
Eosinophils 1.7% 0%-9%
Basophils 0.5% 0%—-3%
RBC 2.66x 10"/l 4.43-5.88x10"*/L
HB 103 g/L 129-166 g/L
MCV 116.5 fL 76.5-92.1 fL.
Platelet count 112x 10°/L 178-420x 10°/L
Acid-base status
pH 7.467 7.350-7.450
pCO2 4.24kPa 4.90-6.70
pO2 10.8kPa 4.8-10.6
HCO3 24 mM 22-26 mM
Proteins and enzymes
CRP 60 mg/L 0.0-5.0
CK 29U/L 70-285U/L
Troponin I <10ng/L <10ng/L
Fibrinogen 3.8¢g/L 1.8-3.5¢g/L
D-dimers 1.08 mg/L <0.50 mg/L

CK, creatinine kinase; CRP, C-reactive protein; HB, hemoglobin;
HCO3, bicarbonates; MCV, mean corpuscular volume; pCO2,
partial pressure of carbon dioxide; pO2, partial pressure of oxygen;
RBC, red blood cells; WBC, white blood cells.

At admission to the Division of Cardiology, which was 3
months post-HSCT, the boy was conscious, afebrile, tachy-
cardic, and with decreased SpO2—88%. On chest ausculta-
tion, bibasilar crackles and a fixed split-second heart sound,
with an accentuated P2, were heard. Laboratory workup re-
vealed pancytopenia, along with elevated C-reactive protein,
fibrinogen, and D-dimer values (Table 1).

Echocardiography verified tricuspid and pulmonary valve
insufficiency velocities, correspondent to pulmonary sys-
tolic hypertension of 40-55mmHg. As pulmonary hyper-
tension was thought to be secondary due to a lung disease,
further diagnostic procedures were performed to identify the
cause.

Empirical antimicrobial therapy was introduced, along
with sildenafil, low-molecular-weight heparin, and pred-
nisone. No possible pathogen, as a causative agent of a
pulmonary infection, was isolated in the obtained cultures
(blood, nasopharyngeal swabs for viruses, and bacteria).

FIG. 1. Chest radiographs upon admission revealed a
completely normal finding.
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FIG. 2. HRCT of the lung
showing ground-glass opaci-
ties of the parenchyma, pre-
dominantly in the lower lobes,
without signs of lymphadenop-
athy or pleural effusion. The
black circles represent parts
of the lung parenchyma where
ground glass opacities can be
seen. HRCT, high-resolution
computed tomography.

Serology for cytomegalovirus and Epstein—Barr virus and
the galactomannan test excluded these types of recent viral
or fungal infections. The chest radiograph, as well as ul-
trasound of the thorax, was without any pathological
findings, while color Doppler ultrasonography of the lower
extremity veins and perfusion scintigraphy of the lungs
showed no signs of thromboembolism (Fig. 1).

Spirometry, however, detected significant ventilatory
impairment. In comparison with results obtained before
introduction of chemotherapy, he had markedly decreased
FVC by almost 50% of the initial value, along with a less
prominent fall in FEV1. FEV1/FVC increased compared
with initial values. The changes were specific to a re-
strictive pattern. The patient had a reduction of DLCO,
which was 60% when corrected to the hemoglobin value.
We did not measure DLCO before the myeloablative reg-
imen and therefore had no initial value for comparison.

High-resolution computed tomography (HRCT) of lungs
was performed, revealing characteristic ground-glass opac-
ities (Fig. 2).

In the end, the patient underwent bronchoscopy. Cytolo-
gical analysis of the bronchoalveolar lavage (BAL) did not

FIG. 3. BAL cytology. (a, b)
Showing numerous alveolar macro-
phages and lymphocytes in BAL.
(¢, d) Showing siderophages on
iron staining. Arrow shows a stained
siderophage on an enlarged micro-
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detect any malignant cells, but numerous alveolar macro-
phages, siderophages, and lymphocytes. Immunophenotyp-
ing of BAL lymphocytes provided a pattern highly indicative
of CILI (a high count of cytotoxic CD8" lymphocytes—78%
and a low CD4/CD8 ratio—0.3) (Fig. 3).

In addition, no acid-resistant bacilli were found in the
BAL microscopic smear, while the polymerized chain re-
action for Pneumocystis jiroveci was negative.

With the exclusion of pulmonary infection, thrombo-
embolism, and metastatic spread of the primary neoplasm,
along with the time of onset of symptoms, typical findings
on HRCT and BAL lymphocyte immunology, busulfan-
induced lung injury was diagnosed. The patient was treated
with corticosteroids for 4 months (prednisone 0.75/mg/kg
per day for the first 6 weeks, after which the dose was
tapered by 5mg each week). This resulted in prompt ces-
sation of dyspnea, normalization of PFTs, and complete
resolution of opacities on the control HRCT, obtained 4
months after initiation of corticosteroid treatment (Table 2).

Unfortunately, despite the successfully treated lung dis-
ease, the patient had RMS relapse and ultimately succumbed
to his illness.
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TABLE 2. SPIROMETRY FINDINGS
At the 2 Weeks 1 Month 3 Months

Before initiation  time dyspnea  of corticosteroid  of corticosteroid  of corticosteroid End of

of chemotherapy occurred treatment treatment treatment treatment
FVC (L) 4.48 241 2.39 247 3.16 4.45
FEV1 (L) 3.77 2.30 2.29 2.33 2.73 3.89
FEV1/FVC 83 92 90 89 83 84
MEF25-75 (L) 4.09 7.60 4.04 3.83 322 4.07

FEV1, forced expiratory volume at the end of the 1st second; FVC, forced vital capacity; MEF, maximal (mid-) expiratory flow.

Discussion

Busulfan is an alkylating agent that was initially used for
treating CML. Nowadays it is exclusively encountered as a
component of different conditioning regimens preceding
HSCT. It acts by creating cross-links between guanine—ad-
enine and guanine—guanine nucleobases, preventing deoxyr-
ibonucleic acid replication, and promoting cell apoptosis.” ™

Historically, it was known as the first cytotoxic drug asso-
ciated with pulmonary toxicity. In 1961, Oliner et al. described
the development of diffuse interstitial pulmonary fibrosis in 2
adult patients treated with busulfan monotherapy for CML.
Respiratory symptoms were observed within a year of chemo-
therapy initiation and showed a striking resolution on high-dose
prednisone treatment. At the time, hypersensitivity to busulfan
was considered the most likely pathogenic mechanism."”

Subsequent histological examination of busulfan lung re-
vealed not only interstitial involvement but also the presence
of intra-alveolar fibrinous edema, as well as atypical, enlarged,
alveolar epithelial cells, with abundant cytoplasm and promi-
nent hyperchromatic nuclei. The idea was that increased al-
veolar wall permeability results in fibrin leakage, stimulating
alveolar lining cells to enlarge and undergo bizarre changes.
In addition, it was hypothesized that these changes in type 11
alveolar cells cause aberrant surfactant secretion, all leading
to increased surface tension and suction pressure, again pro-
moting pulmonary edema.”'

Yet, the precise mechanism of busulfan-induced lung in-
jury remains unknown since adequate animal models do not
exist. Besides pulmonary edema, interstitial pneumonitis, fi-
brosis, organizing pneumonia, and diffuse alveolar damage
with acute respiratory distress syndrome, cases of pulmonary
alveolar proteinosis and alveolar hemorrhage were also as-
sociated with busulfan administration (Fig. 4).%'*'%=7

Based on initial case reports and small single-center
studies, symptomatic pulmonary injury was estimated to
occur in up to 8% of patients who received busulfan.” At
present, when busulfan utility is limited to HDCT regimens
preceding HSCT, the exact incidence of busulfan-induced
lung injury is more difficult to examine as patients are ex-
posed to other pulmotoxic agents. In a large prospective study
conducted on 1483 patients who underwent allogeneic HSCT,
the cumulative incidence of interstitial pneumonitis at 100
days post-transplant was 4% among those treated with intra-
venous busulfan.”® The results obtained from other similar
studies vary from 2.5 %% 10 8.3%.%° These reports, however,
reflect symptomatic pulmonary toxicity while subclinical lung
damage probably develops in a considerably higher number of
those exposed to the drug.

Symptoms attributed to the condition are nonspecific
and include dyspnea, fatigue, dry cough, and weight loss,
while pulmonary examination usually reveals basilar
crackles.> "% The average time from initiation of therapy
to onset of respiratory symptoms was ~ 3.5 years,® although
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symptoms occurred insidiously after only 6 weeks following
busulfan exposure.>* Among patients receiving busulfan as a
component of the conditioning regimen for HSCT, pulmo-
nary toxicity usually manifests itself between 30 days and
1 year post-transplant.31

Risk factors for pulmonary toxicity include a cumulative
dose of more than 500 mg and concomitant administration
of additional chemotherapeutics associated with lung tox-
icity or lung irradiation.>’* However, some initial research
observed no correlation between the busulfan dosage and
duration of therapy in the development of fibrosing alveo-
litis, hence relating the development of pulmonary injury to
the genetic or immunological constitution of the patient.’

The diagnosis of CILI is one of exclusion, established on a
high index of suspicion in the context of a compatible clinical
picture and a positive history of busulfan exposure. The dif-
ferential diagnosis includes pulmonary infection, radiation-
induced lung injury, lung involvement by the underlying
malignancy, pulmonary thromboembolism, congestive heart
failure, GvHD, idiopathic pneumonia syndrome, and perien-
graftment respiratory distress syndrome.*

Findings on chest radiographs may be normal or, if altered,
most frequently demonstrate bibasilar reticular opacities.
HRCT is a more sensitive imaging method. It commonly re-
veals ground-glass opacities, but it is not specific for a caus-
ative agent in patients who underwent multidrug regimens.’
PFTs show a reduction in DLCO and eventually a restrictive
pattern of ventilatory impairment on spirometry.' '3!3

Even BAL findings are not diagnostic, but may help
narrow the differential diagnosis. BAL cytology in patients
with busulfan lung usually shows both lymphocytosis and
neutrophilia, along with the presence of atypical and hy-
perplastic pneumocytes. Furthermore, immunophenotyping
of BAL lymphocytes can additionally divide CILI, typi-
cally having a decreased CD4:CDS ratio, from conditions
of an elevated CD4:CDS8 ratio or a normal CD4:CD8 ratio
(eg, tuberculosis). The predominance of CD8" cells in CILI,
as described in various types of hypersensitivity pneu-
monitides, results from a delayed hypersensitivity (type
IV) reaction in which numerous chemokines and proin-
flammatory cytokines mediate a sustained CDS8 cytotoxic T
cell response, resulting in tissue damage.”>*>

The therapeutic approach is mainly supportive, including
supplemental oxygen and pulmonary rehabilitation. First
case reports demonstrated excellent clinical response to cor-
ticosteroid treatment.*'® In patients who are believed to have
busulfan toxicity following HSCT, glucocorticoids are initi-
ated in cases of rapid deterioration in lung function. Still, the
evidence to support the benefit of glucocorticoids is largely
observational as no controlled clinical trial has ever been
performed.'® Additionally, some spontaneous improvement
may occur. In a prospective study conducted on adult pa-
tients receiving busulfan and cyclophosphamide before al-
logeneic HSCT, baseline pulmonary function values were
restored 5 years post-transplant in almost all survivors.
Therefore, the authors recommended an observation pe-
riod longer than a year before diagnosing permanent re-
duction in lung function.*'

The first case of busulfan lung in children was that of a 16-
month-old male infant treated with busulfan for CML, pub-
lished in 1977. The patient had progressive radiographic
changes in the sense of a diffuse interstitial and intra-alveolar
pattern and died only 4 days upon the onset of respiratory
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symptoms. At autopsy, histological examination showed ex-
tensive proliferation of alveolar and bronchiolar lining cells
with nuclear atypia, along with alveolar exudate, including
fibrin and inflammatory cells.”® Afterward, the literature on
busulfan lung in children remained scarce as the drug was
predominantly used for curing CML, rarely diagnosed in the
pediatric population.®

With HSCT becoming a mainstay of treatment for vari-
ous hematological and solid pediatric malignancies, im-
paired lung function caused by busulfan may become an
increasing problem for young survivors. However, most of
the studies are being conducted on children undergoing al-
logeneic HSCT, which has significantly higher rates of
pulmonary complications overall compared with autologous
HSCT, as the decline in pulmonary function is additionally
associated with GvHD.'>'*

Therefore, we thought it was important to present the
case of our patient as he developed severe pulmonary
function impairment after autologous HSCT, emphasizing
the need for regular pulmonary monitoring in pediatric
patients who underwent autologous HSCT. Although not
endangered by GvHD, they may as well develop severe
pulmonary sequelae due to high-dose busulfan treatment.
We suggest conducting DLCO and spirometry at diagnosis,
before HDCT treatment, and then monthly during the first
post-transplant year as there is a high possibility of detecting
pulmonary impairment at a subclinical level. Further exami-
nations, if needed, include HRCT and ultimately bronchos-
copy with BAL.
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