| This copy is for personal use only. To order printed copies, contact reprints@rsna.org |

1371

B Thoracic Complications of Preci-
sion Cancer Therapies: A Practical
Guide for Radiologists in the New
Era of Cancer Care'

Mizuki Nishino, MD, MPH
Hiroto Hatabu, M D, PhD
Lynette M. Sholl, MD
Nikhil H. Ramaiya, MD

Abbreviations: AIP = acute interstitial pneumo-
nia, ALK = anaplastic lymphoma kinase, ARDS =
acute respiratory distress syndrome, COP =
cryptogenic organizing pneumonia, CTLA-4 =
cytotoxic T-lymphocyte antigen—-4, EGFR =
epidermal growth factor receptor, FDA =
U.S. Food and Drug Administration, GGO =
ground-glass opacity, HER2 = human epidermal
growth factor receptor 2, irAE = immune-related
adverse event, mMTOR = mammalian target of
rapamycin, NSCLC = non-small cell lung can-
cer, NSIP = nonspecific interstitial pneumonia,
PD-1 = programmed cell death protein 1, PD-
L1 = programmed cell death ligand 1, VEGF =
vascular endothelial growth factor

RadioGraphics 2017; 37:1371-1387

https://doi.org/10.1148/rg.2017170015

Content Codes: @]

'From the Departments of Radiology (M.N.,
H.H., N.H.R.) and Pathology (L.M.S.), Brigham
and Women’s Hospital and Dana-Farber Cancer
Institute, 450 Brookline Ave, Boston, MA 02215.
Recipient of a Cum Laude award for an educa-
tion exhibit at the 2016 RSNA Annual Meeting.
Received February 18, 2017; revision requested
May 18 and received June 17; accepted June
26. For this journal-based SA-CME activity, the
authors M.N., H.H., and L.M.S. have provided
disclosures; the other author, the editor, and the
reviewers have disclosed no relevant relationships.
Address correspondence to M.N. (e-mail:
Mizuki_Nishino@dfci. harvard. edu).

M.N. supported by the National Cancer Insti-
tute (1IR0O1CA203636, 5K23CA157631).

“RSNA, 2017

SA-CME LEARNING OBJECTIVES

After completing this journal-based SA-CME
actioity, participants will be able to:

m Recognize the characteristic radiologic
manifestations of thoracic complications
of precision cancer therapies.

m Describe the molecular mechanisms of
representative anticancer agents used in
precision therapies that relate to thoracic
complications.

m Discuss the role of radiologists in de-
tecting and monitoring thoracic compli-
cations in the era of precision medicine
for cancer.

See www.rsna.orgleducation/search/RG.

Recent advances in understanding the molecular mechanisms of
cancer have opened a new era of precision medicine for cancer
treatment. Precision cancer therapies target specific molecules that
are responsible for cancer development and progression, and they
achieve marked treatment benefits in specific cohorts of patients.
However, these therapies are also associated with a variety of com-
plications that are often unique to specific groups of anticancer
agents. The rapidly increasing use of immune checkpoint inhibitors
in the treatment of various advanced malignancies has brought new
challenges in diagnosing and monitoring a unique set of toxic ef-
fects termed wmmune-related adverse events. Familiarity with cutting-
edge cancer treatment approaches and awareness of the emerging
complications from novel therapies are essential for radiologists,
who play a key role in the care of patients with cancer. This article
provides a comprehensive review of the thoracic complications of
precision cancer therapies, describes their imaging features and
clinical characteristics, and discusses the role of radiologists in the
diagnosis and monitoring of these entities. The authors also ad-
dress the molecular mechanisms of anticancer agents that relate to
thoracic complications and emphasize emerging challenges in novel
cancer therapies. This article is designed to serve as a practical ref-
erence guide for day-to-day practice for radiologists in the era of
precision cancer medicine.

©RSNA, 2017 » radiographics.rsna.org

Introduction
Precision medicine approaches in oncology have brought a paradigm
shift to the treatment of advanced cancers, leading to significant treat-
ment benefits in specific cohorts of patients. However, novel agents used
in precision cancer therapies are associated with a variety of thoracic
complications and adverse events, which provide new challenges in
clinical practice because of the rapidly increasing use of precision ap-
proaches to cancer. Imaging is a key component of assessing tumor re-
sponse and evaluating adverse events during precision cancer therapies,
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TEACHING POINTS

B Drug-related pneumonitis during cancer therapy can be due
to cytotoxic injuries, oxidative stress, or immune-mediated ef-
fects and represents a manifestation of the lung’s responses
to these injuries. The lung'’s response patterns to these injuries
are often limited and show several types of histologic manifes-
tations, with corresponding imaging patterns noted on com-
puted tomographic (CT) images. Prior studies have described
characterization of the radiologic patterns of drug-related
pneumonitis according to the classification of interstitial pneu-
monias and related lung diseases, which is also applicable to
pneumonitis related to novel precision therapies and provides
important clues to accurate diagnosis in patients treated with
these therapies.

B A unique set of complications related to immune checkpoint
inhibitors, termed irAEs, has been recognized that can involve
organs from head to toe with a variety of clinical and radio-
logic manifestations.

B Sarcoid-like granulomatosis and lymphadenopathy is another
important irAE that involves the thorax, and it is noted in
5%-7% of patients with melanoma treated with the CTLA-4
inhibitor ipilimumab. Patients often present with enlarged
mediastinal and hilar lymphadenopathy, simulating findings
of sarcoidosis, during treatment with immune checkpoint in-
hibitors. Lung parenchymal changes at CT can also be noted,
with peribronchial opacities most characteristically seen in a
bilateral upper lobe distribution, also simulating findings of
sarcoidosis.

B |n patients with cancer treated with VEGF inhibitors, major
complications include (a) bleeding or hemorrhage due to the
decreased renewal capacity of endothelial cells, and (b) throm-
bosis due to tissue factor activation secondary to exposure to
subendothelial collagen.

B Anticancer agents can cause injury to pneumocytes and the
alveolar capillary endothelium, leading to leaky capillaries and
increased permeability, which result in pulmonary edema or
pleural effusions. Common responsible agents include BCR-
ABL kinase inhibitors such as imatinib (used for leukemia and
gastrointestinal stromal tumor), dasatinib (used for leukemia),
and other newer agents in the class.

and radiologists play a major role in detecting and
monitoring adverse events at the front line of care
of patients with cancer. Therefore, it is essential for
radiologists to be aware of novel therapeutic agents
that are increasingly being used in clinical oncology
practice and to recognize radiologic manifestations
of complications related to these agents (Table).

This article provides a comprehensive review
of thoracic complications and adverse events of
precision cancer therapies, including immune
checkpoint inhibitor therapy and molecular
targeting therapy, and emphasizes emerging chal-
lenges in patients treated with these novel thera-
pies. It also describes the molecular mechanisms
of action for representative agents to enhance un-
derstanding and presents the radiologic features
of each category of adverse events. The article is
designed to serve as a practical reference guide
for the day-to-day practice of thoracic radiology
in the era of precision cancer therapy.

radiographics.rsna.org

Drug-related Pneumonitis during
Precision Cancer Therapies

Drug-related pneumonitis in patients treated
with precision cancer therapies presents clinical
challenges to cancer care providers, including
radiologists, especially with the increasing use
of novel molecular targeting agents and immu-
notherapeutic agents. A number of anticancer
agents that are based on molecular targeting
mechanisms or immune checkpoint inhibition
have been approved for clinical use in the United
States (Table), and even newer agents are in the
pipeline for development and clinical testing.
Drug-related pneumonitis during cancer therapy
can be due to cytotoxic injuries, oxidative stress,
or immune-mediated effects and represents a
manifestation of the lung’s responses to these
injuries. The lung’s response patterns to these in-
juries are often limited and show several types of
histologic manifestations, with corresponding im-
aging patterns noted on computed tomographic
(CT) images (1-3). Prior studies have described
characterization of the radiologic patterns of
drug-related pneumonitis according to the clas-
sification of interstitial pneumonias and related
lung diseases, which is also applicable to pneu-
monitis related to novel precision therapies and
provides important clues to accurate diagnosis in
patients treated with these therapies (2,4-7).

We first discuss pneumonitis related to im-
mune checkpoint inhibitors because it is an
emerging adverse event with special clinical
significance. Recent regulatory approval of a
number of these agents for treatment of various
tumors is rapidly accelerating their usage in the
clinical setting. Next, we discuss pneumonitis
associated with representative molecular target-
ing agents used in the clinical setting, including
mTOR inhibitors, EGFR inhibitors, ALK inhibi-
tors, HER2 inhibitors, and anti-CD20 antibodies.

Pneumonitis during Immune

Checkpoint Inhibitor Therapy

The anticancer activity of immune checkpoint
inhibitor therapy occurs through the blockade

of immune inhibition by tumors, which acti-

vates T-cell-mediated immune responses against
tumors. In the tumor microenvironment, T-cell
activation specific to cancer cells is regulated

by the ligand-receptor pairs (known as immune
checkpoints) among T cells, tumor cells, and other
immune cells (8—14). Inhibitors of these immune
checkpoint molecules, which include CTLA-4,
PD-1, and PD-L1, have thus emerged as a prom-
ising treatment option for advanced malignancy
(Fig 1). Some of these novel immune checkpoint
inhibitors have shown marked efficacy in trials and
have been approved for clinical use by the U.S.
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Thoracic Complications and Adverse Events Related to Precision Cancer Therapies

Complication or

Adverse Event Class of Agent Individual Agents
Pneumonitis PD-1/PD-L1 inhibitor®* Nivolumab, pembrolizumab, atezolizumab
mTOR inhibitor Everolimus, temsirolimus
EGFR inhibitor Erlotinib, gefitinib, afatinib, osimertinib
ALK inhibitor Crizotinib, alectinib, ceritinib
HER?2 inhibitor Trastuzumab
CD20 antibody Rituximab
Sarcoid-like granulomatosis CTLA-4 inhibitor* Ipilimumab
and lymphadenopathy PD-1/PD-L1 inhibitor* Nivolumab, pembrolizumab, atezolizumab
Pulmonary hemorrhage VEGTF inhibitor Bevacizumab, sorafenib, sunitinib
Pulmonary embolism VEGTF inhibitor Bevacizumab, sorafenib, sunitinib
Pleural effusion and edema  BCR-ABL kinase inhibitor = Dasatinib, imatinib, nilotinib
Pneumothorax Tyrosine kinase inhibitor Pazopanib
VEGTF inhibitor Bevacizumab, sorafenib, sunitinib

*Programmed cell death protein 1 (PD-1), programmed cell death ligand 1 (PD-L1), and cytotoxic
T-lymphocyte antigen—4 (CTLA-4) inhibitors are immune checkpoint inhibitors that are associated with
immune-related adverse events (irAEs).

Note.—ALK = anaplastic lymphoma kinase, EGFR = epidermal growth factor receptor, HER2 = human
epidermal growth factor receptor 2, mMTOR = mammalian target of rapamycin, VEGF = vascular endothe-
lial growth factor.
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Figure 1. Diagram of immune checkpoint inhibitor therapy shows immune inhibition by tumors and its blockade as the mecha-
nism of action. MHC = major histocompatibility complex, TCR = T-cell receptor. (a) CTLA-4 is an immune checkpoint molecule on
T cells, and its interaction with the ligand B7 on antigen-presenting cells causes inhibition of the T-cell immune response against
the tumor, which allows the tumor cells to evade immune attack. CTLA-4 inhibitors such as ipilimumab prevent this interaction by
binding to CTLA-4 on T cells and blocking T-cell immune inhibition, thereby activating an immune response against tumor cells.
(b) The binding of PD-1 on effector T cells and of its ligand PD-L1 on tumor cells delivers an inhibitory signal that decreases cytokine
production and T-cell proliferation, which allows tumor cells to escape from immune response. PD-1 or PD-L1 inhibitors block the
binding and prevent tumoral immune inhibition, thus inducing an antitumor immune response. PD-1/PD-L1 blockade by agents such
as nivolumab, pembrolizumab, atezolizumab, and durvalumab has become a major treatment option for many types of advanced
cancers. (Adapted and reprinted under a CC BY 4.0 license from reference 8.)

Food and Drug Administration (FDA). Currently noma, and Hodgkin lymphoma; pembrolizumab
approved agents include ipilimumab (a CTLA-4 (a PD-1 inhibitor) for melanoma, NSCLC, and
inhibitor) for melanoma; nivolumab (a PD-1 in- head and neck squamous cell carcinomas; and
hibitor) for melanoma, non—small cell lung cancer atezolizumab (a PD-L1 inhibitor) for urothelial

(NSCLCQC), renal cell carcinoma, urothelial carci- carcinoma and NSCLC. The use of these agents
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Figure 2. PD-1 inhibitor pneumonitis: AIP/ARDS pattern in a 38-year-old woman with advanced melanoma who was treated with
nivolumab. Axial (a) and coronal (b) chest CT images obtained at 15 weeks of therapy show diffuse GGOs and traction bronchiec-
tasis, with markedly decreased lung volumes seen on the coronal image and an elevated right hemidiaphragm, findings indicative of
a radiologic AIP/ARDS pattern. The patient was admitted to the intensive care unit, was treated with intravenous corticosteroids, and

also required infliximab (an anti—tumor necrosis factor-o immunosuppressive agent) therapy.
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Figure 3. Pneumonitis with AIP/ARDS pattern in a 70-year-old man with melanoma who was treated with sequentially administered
nivolumab and ipilimumab combination therapy. Axial chest CT images obtained at 5.6 months of therapy (a at the level of the carina;
b at a lower level than a) show GGOs, reticular opacities, consolidation, and traction bronchiectasis, as well as pleural effusions (x)

involving both lungs. (Figure reprinted from reference 7.)

is rapidly expanding in clinical oncology practice,
and other new agents are currently being tested in
clinical trials (8).

A unique set of complications related to im-
mune checkpoint inhibitors, termed A4ESs, has
been recognized that can involve organs from
head to toe with a variety of clinical and radio-
logic manifestations (8,15,16). Examples of
irAEs include hypophysitis, thyroiditis, pneumo-
nitis, hepatitis, pancreatitis, and colitis, to name
a few. Among these, pneumonitis is a relatively
rare but clinically serious and potentially lethal
event, with several pneumonitis-related deaths
reported in early trials of these agents. It there-
fore has been recognized as an “event of special
interest” among oncology providers (17-19). In a
recent meta-analysis of 20 published trials of the
PD-1 inhibitors nivolumab and pembrolizumab,
the incidence rate of pneumonitis was 2.7% for
single-agent therapy and 6.6% for combina-

tion therapy (20). Of the tumor types NSCLC,
renal cell carcinoma, and melanoma, NSCLC
had higher incidence rates for both all-grade and
high-grade (grade 3 or above) pneumonitis, and
renal cell carcinoma had a higher incidence rate
for all-grade pneumonitis, when compared with
melanoma (20).

Initial reports of immune checkpoint in-
hibitor-related pneumonitis indicated a wide
spectrum of clinical and imaging manifestations
(21,22). Some patients had a fulminant clinical
course, with rapidly worsening respiratory symp-
toms that required intensive care unit admission
and intubation. These patients presented with
chest CT findings of diffuse ground-glass opaci-
ties (GGOs), consolidation, and lung volume
loss that were indicative of an acute interstitial
pneumonia (AIP)/acute respiratory distress
syndrome (ARDS) pattern (Figs 2, 3) (22). Oth-
ers had a milder clinical course and imaging
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Figure 4. PD-1 inhibitor pneumonitis: NSIP pattern in a
58-year-old manwithadvanced melanomawhowas treated with
nivolumab. Axial chest CT image obtained at 7 weeks of therapy
shows GGOs and reticular opacities in a subpleural distribution,
representing an NSIP pattern of PD-1 inhibitor pneumonitis. = =
metastatic lesion in the lung.

Figure 5. PD-1 inhibitor pneumonitis: COP pattern in a
69-year-old man with advanced NSCLC who was treated with
nivolumab. At 6 months of therapy, the patient presented with
increased shortness of breath and cough, without fever. Axial
chest CT image shows multifocal areas of consolidation and
GGOs in a predominantly peripheral and basilar distribution
(arrows), representing a COP pattern of PD-1 inhibitor-related
pneumonitis. Bronchial dilatation was noted within the areas of
consolidation. Nivolumab was withheld, and the patient was
treated with corticosteroids, with subsequent improvement.

findings indicative of a nonspecific interstitial
pneumonia (NSIP) pattern, with subtle GGOs
in a peripheral and basilar distribution (Fig 4);
these patients were often successfully treated
with corticosteroid therapy on an outpatient ba-
sis, and some were able to restart PD-1 inhibitor
therapy without recurrent pneumonitis (7,22).
Additional radiologic patterns were also noted
in subsequent reports, including cryptogenic
organizing pneumonia (COP) and hypersensi-
tivity pneumonitis patterns. The COP pattern
typically manifests with multifocal consolidation
and GGOs in a predominantly peripheral dis-
tribution (Fig 5). The hypersensitivity pneumo-
nitis pattern manifests with diffuse GGOs and

Nishino et al 1375

centrilobular nodularities and may also include
air trapping (Fig 6) (7,21,23-28).

A recent study investigated a cohort of 20
patients treated in 10 nivolumab trials who
developed PD-1 inhibitor pneumonitis. The
study characterized the spectrum of clinical
and imaging manifestations of the entity (7). Of
the 20 patients, 10 patients had melanoma, six
patients had lymphoma, and four patients had
lung cancer. The toxicity grades for pneumonitis
were grade 1 in five patients, grade 2 in 10 pa-
tients, and grade 3 in five patients. The median
time from initiation of therapy to pneumoni-
tis was 2.6 months (range, 0.5—-11.5 months).

A spectrum of radiologic patterns was noted,
with the COP pattern being the most common
(noted in 13 patients), followed by the NSIP
pattern (three patients), the hypersensitivity pat-
tern (two patients), and the AIP/ARDS pattern
(two patients) (7). Moreover, these radiologic
patterns had a significant (P = .006) associa-
tion with the clinical severity of pneumonitis

as assessed by toxicity grades. The AIP/ARDS
pattern had the highest grade, followed by the
COP pattern, while the NSIP pattern and the
hypersensitivity pneumonitis pattern had lower
grades (median grades of 3, 2, 1, and 1, respec-
tively). These observations are indicative of the
important role of imaging in guiding patient
management in this challenging entity. The radio-
logic patterns may help in the triage of patients
according to disease severity and in the selection
of treatment options for pneumonitis (7).

Treatment of immune checkpoint inhibi-
tor-related pneumonitis includes withholding
the immune checkpoint inhibitors and admin-
istering corticosteroid therapy either orally or
intravenously, depending on disease severity
(7,28,29). Some cases may not readily respond
to corticosteroid therapy and will require ad-
ditional immunosuppressant therapy with
mycophenolate mofetil, cyclophosphamide, or
infliximab (an anti—tumor necrosis factor-o im-
munosuppressant) (7,28,29). Because the radio-
logic patterns reflect disease severity, recognition
of these patterns may assist referring clinicians
in treatment decision making regarding whether
corticosteroid therapy should be administered in
addition to withholding the agents, or whether
immunosuppressive agents are needed in addi-
tion to corticosteroid therapy

The available data to date suggest that ap-
proximately one-third of patients are able to
restart immune checkpoint inhibitor therapy af-
ter pneumonitis is successfully treated; however,
25%—28% of these patients experience recurrent
pneumonitis during retreatment (7,28). Further
investigations are needed to identify patients
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Figure 6. PD-1 inhibitor pneumonitis: Hypersensitivity pneumonitis pattern in a 68-year-old man with metastatic renal cell
carcinoma who was treated with nivolumab and presented with a new cough at 6 months of therapy. (a) Axial chest CT im-
age shows new multifocal GGOs in a centrilobular distribution throughout both lungs and mosaic attenuation, findings that
represent pneumonitis with a hypersensitivity pneumonitis pattern. Nivolumab therapy was withheld, and the patient under-
went corticosteroid therapy. (b) Axial follow-up CT image obtained after T month of corticosteroid therapy shows marked
improvement of pneumonitis and resolution of GGOs. Nivolumab continued to be withheld, and corticosteroid therapy was
tapered. At 1.5 months after completing the corticosteroid taper, without restarting nivolumab or any other systemic therapy,
the patient experienced a worsening cough. (c) Axial chest CT image shows development of diffuse GGOs with areas of air
trapping, findings indicative of pneumonitis with a hypersensitivy pneumonitis pattern. The radiographic pattern of this sec-
ond episode is similar to that noted in the initial episode and represents pneumonitis flare.

who can safely restart immune checkpoint
inhibitor therapy after resolution of the initial
episode of pneumonitis.

Another unique observation has been reported
in a small number of patients who experienced
PD-1 inhibitor-related pneumonitis. Pneumonitis
may recur after completing a taper of corticoste-
roid therapy, in the absence of restarting im-
mune checkpoint inhibitor or any other systemic
therapy, and manifests with a radiologic pattern
and clinical symptoms similar to those of the
initial episode (Figs 6, 7) (21). This phenomenon
is termed pneumonitis flare, seems to be unique to
irAEs, and may involve underlying autoimmune
mechanisms. Reported cases of pneumonitis flare
were also treated successfully with corticoste-
roid therapy. However, more than one episode
of pneumonitis flare in a patient has been noted,
which indicates the clinical management chal-
lenges of this rare condition (7).

Pneumonitis Related to Molecular
Targeting Therapy

mTOR Inhibitors.—mTOR is a serine/threonine
protein kinase and is a critical component of
the phosphatidylinositol 3-kinase (PI3K)/Akt/
mTOR pathway, which has been actively studied
as an oncogenic driver in human cancers (Fig 8)
(2,30). Specific inhibitors of mTOR are used as
anticancer therapeutic agents, including everoli-
mus and temsirolimus. Everolimus has been ap-
proved for treatment of advanced renal cell car-
cinoma, subependymal giant cell astrocytoma,
advanced hormone receptor—positive HER2-
negative breast cancer, and advanced pancreatic
neuroendocrine tumors. Temsirolimus has been
approved for renal cell carcinoma.

Drug-related pneumonitis is one of the major
adverse events of mTOR inhibitor therapy
and is well recognized as a class-effect toxicity
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Figure 7. PD-1 inhibitor pneumonitis flare in a 72-year-old man with stage IV squamous NSCLC who was treated with nivolumab
and presented with progressive dyspnea with cough and wheezing but no fever. (a) Axial chest CT image at 15 weeks of therapy
demonstrates multifocal areas of GGOs, reticular opacities, and consolidation (arrows) involving all lobes, as well as centrilobular
nodularity and traction bronchiectasis in a predominantly peripheral distribution. The overall features demonstrate a COP pattern.
The patient was treated with prednisone for pneumonitis. (b) Axial follow-up CT image after 4 weeks of prednisone therapy shows
a significant decrease in the findings, with residual GGOs. Note the “reversed halo” sign manifesting as a central GGO surrounded
by a crecent-shaped dense airspace consolidation (arrow), a finding that has been reported as a radiologic manifestation of COP.
(c) Axial CT image obtained 4 weeks after the completion of prednisone therapy shows the development of a bilateral dense
consolidation with GGOs and reticular opacities (arrows) in peripheral and multifocal distributions, again demonstrating a COP
pattern as noted during the first episode of PD-1 inhibitor pneumonitis. Given the similarity of the radiologic and clinical manifesta-
tions to those of the first episode, the patient restarted prednisone for treatment of pneumonitis flare. Follow-up chest CT images
obtained 2 weeks after starting the second course of prednisone therapy (not shown) demonstrated a decrease in the findings,
indicative of improving pneumonitis in response to corticosteroid therapy. (Figure 7 reprinted from reference 21.)

Figure 8. Diagram shows a simplified scheme of the phospha-
) tidylinositol 3-kinase (PI3K)/Akt/mTOR signaling pathway. The
Tyrosine kinase A PI3K/Akt/mTOR pathway is an intracellular signaling pathway that
regulates cell proliferation, survival, and angiogenesis. mTOR in-
hibitors such as everolimus and temsirolimus exert antitumor activ-
ity by inhibiting the downstream signal transduction of the path-
way (30). 4EBP = eukaryotic initiation factor 4E-binding protein 1,
PTEN = phosphatase and tensin homolog deleted from chromo-
some 10, S6K1 = S6 kinase 1.

Growth factor
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PI3K
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Figure 9. Pneumonitis in a 71-year-old man with metastatic
renal cell carcinoma treated with temsirolimus. Axial CT im-
age at 4 weeks of therapy shows multifocal GGOs and reticular
opacities in a predominantly peripheral and basilar distribution
(arrows), findings that represent mTOR inhibitor-related pneu-
monitis. The patient was symptomatic and was switched to an
alternate therapy.

(31).The incidence rates in prior reports were
approximately 30% among patients with renal
cell carcinoma, 25% in patients with NSCLC
treated in trials, and 21% in patients with ad-
vanced neuroendocrine tumors (6,32-34). Prior
studies described CT findings of mTOR inhibi-
tor-related pneumonitis that included GGOs,
consolidation, and reticular opacities (Fig 9)
(32,33). Two recent studies described radio-
logic patterns of pneumonitis related to mTOR
inhibitor therapy in patients with advanced neu-
roendocrine tumors and in trial-treated patients
with Waldenstrém macroglobulinemia (2,6). In
both cohorts, the most frequent CT findings of
pneumonitis were bilateral GGOs and reticular
opacities, with or without consolidation, in pe-
ripheral and lower lung distributions, indicative
of a COP pattern or an NSIP pattern (Fig 10)
(2,6). A minority of patients demonstrated
diffuse bilateral GGOs and reticular opacities
involving all lobes, indicative of a hypersensitiv-
ity pneumonitis pattern (Fig 11) (6). Similar
radiologic patterns of mTOR inhibitor-related
pneumonitis across different tumor types further
support the concept of class-effect toxicity, a term
often used to indicate the same or a very similar
type of toxicity due to a group of agents that
share the same mechanism of action.

Patient management and treatment of mTOR
inhibitor-related pneumonitis depend on the
clinical symptoms; asymptomatic cases with
imaging abnormalities alone may be moni-
tored closely while continuing mTOR inhibitor
therapy. In symptomatic cases, mTOR inhibitors
are withheld and corticosteroids may be needed,
after infectious causes have been ruled out (33).

radiographics.rsna.org
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Figure 10. Pneumonitis in a 66-year-old woman with
Waldenstrom macroglobulinemia treated with mTOR inhibitor
therapy. Axial CT image at 6 months of therapy shows consoli-
dation, GGOs, and reticular opacities (arrows) that represent a
COP pattern.

- |

Figure 11. Pneumonitis in a 62-year-old woman with ad-
vanced pancreatic neuroendocrine tumor treated with evero-
limus and temozolomide. Axial CT image obtained at 10.3
months of therapy shows diffuse bilateral GGOs and reticular
opacities that are indicative of a hypersensitivity pneumonitis
pattern. The patient had mild shortness of breath and was
treated with prednisone.

EGFR Inhibitors.—Somatic activating mutations of
EGFR in NSCLC are associated with a dramatic
response to EGFR inhibitors, including gefitinib,
erlotinib, and afatinib, which have become a
representative component of precision therapy for
patients with advanced lung cancer (35-38). More
recently, another novel agent, osimertinib, has
also been approved for clinical use. Osimertinib is
a third-generation EGFR tyrosine kinase inhibi-
tor and targets T790M second-site EGFR that is
responsible for acquired resistance to conventional
EGFR inhibitors (39). Pneumonitis, although not
frequent among the U.S. population, is a recog-
nized class-effect toxicity of EGFR inhibitors and
has been studied mostly in the context of erlotinib
and gefitinib (Fig 12) (40-42).

The incidence rates seem to be higher in the
Japanese population (about 4%-5%), with high
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Figure 12. Pneumonitis in a 42-year-old man with an EGFR exon 19 deletion mutation who was treated with erlotinib in
the United States. Axial chest CT images (b obtained at a lower level than a) obtained at 8 weeks of therapy show multifocal
areas of GGOs in both lungs, findings that represent pneumonitis. Note the absence of traction bronchietasis or volume loss.

mortality rates of 30%—-35% in both the gefitinib-
and erlotinib-treated cohorts (40—42). The risk
factors for pneumonitis derived from Japanese
cohorts include older age, history of smoking,
preexisting interstitial lung disease, poor World
Health Organization performance status, short
interval since NSCLC diagnosis, and 50% or
lower remaining normal lung areas (41,42). Dif-
ferent radiologic patterns of EGFR-inhibitor-re-
lated pneumonitis have been described, including
the COP pattern, hypersensitivity pneumonitis
pattern, NSIP pattern, and AIP/diffuse alveolar
damage (DAD) pattern (5). The DAD pattern
demonstrates nonsegmental GGO or consolida-
tion with traction bronchiectasis and volume

loss at CT and has been associated with a higher
mortality rate of 65% (41).

In addition, recent findings of a high incidence
of severe and potentially fatal lung toxicity in
patients treated with immune checkpoint inhibi-
tors and EGFR inhibitors are raising new con-
cerns. In an ongoing phase 1 trial, a treatment
arm testing durvalumab (a PD-L1 inhibitor)
plus osimertinib in patients with EGFR-mutant
NSCLC reported a high rate of lung toxicity,
with an incidence rate of 38% for all grades and
15% for grade 3—4 events, leading to a suspen-
sion of enrollment in this arm (43). Moreover, a
report in Japan described eight cases of patients
with advanced NSCLC previously treated with
nivolumab who received EGFR inhibitors and
then experienced severe interstitial lung disease,
which was lethal in three cases (44,45). These
emerging data indicate the importance of in-
creased awareness among radiologists of the lung
toxicity of EGFR inhibitors, given the rapidly
expanding use of immune checkpoint inhibitors
that are now approved as first-line treatments in
U.S. patients with lung cancer (46,47).

ALK Inhibitors.—The ALK-rearranged oncogene
is one of the molecular targets in NSCLC and

is present in 2%—7% of patients with NSCLC
(38,48-50). The ALK inhibitor crizotinib has
shown marked efficacy in a phase 1 trial in
patients with ALK-rearranged NSCLC and was
approved by the FDA in 2011. Recently, two
additional ALK inhibitors, alectinib and ceri-
tinib, have also been approved for treatment of
patients with disease progression or who could
not tolerate crizotinib. Several reports describe
drug-related pneumonitis in patients treated with
ALK inhibitors (Fig 13) (51,52). Among them, a
case of severe acute interstitial lung disease with
rapidly deteriorating dyspnea has been described,
leading to death at 3 weeks of crizotinib therapy
(52).The patient demonstrated extensive bilat-
eral GGOs at CT and diffuse alveolar damage

at postmortem histologic analysis (52). Another
report described a patient who presented with
imaging and histologic findings of organizing
pneumonia and who was able to be retreated with
crizotinib. The incidence of and risk factors for
ALK-inhibitor-related pneumonitis and predic-
tors of higher- grade events require further study.

HER2 Inhibitors.—HER?2 is a transmembrane
tyrosine kinase receptor belonging to the EGFR
family that regulates cell growth, survival, adhe-
sion, migration, and differentiation (53). Ap-
proximately 20% of patients with breast cancer
have HER2 overexpression, which benefits from
HER2-directed molecular targeting therapy with
HER?2 inhibitors (53). Currently, HER2 inhibi-
tors including trastuzumab, lapatinib, pertu-
zumab, and trastuzumab emtansine (T-DM1, an
immunoconjugate that combines trastuzumab
with the microtubule-targeting agent emtansine)
have been approved by the FDA for treatment
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Figure 13. ALK inhibitor-related pneumonitis in a 55-year-old woman with ALK-positive stage IV adenocarcinoma of the lung. The
patient experienced disease progression while taking a first-generation ALK inhibitor (crizotinib) and was then treated with a sec-
ond-generation ALK inhibitor (ceritinib). She presented with an increasing dry cough and dyspnea at 7 months of ceritinib therapy.
(a, b) Axial (a) and coronal (b) CT images show biapical consolidation and GGOs in both upper lobes (arrows) in a striking
peripheral distribution, indicative of a COP pattern. (¢, d) Photomicrographs from transbronchial lung biopsy specimen show
organizing interstitial pneumonia characterized by alveolar interstitial widening by lymphocytic infiltrates, increased extracellular
matrix material, reactive pneumocyte hyperplasia, scattered eosinophils (arrow in d), and numerous airspace foamy macrophages.
There was no evidence of tumor in the biopsy specimen. (Hematoxylin-eosin stain; original magnification, X200 in ¢, X400 in d.)

of breast cancer (53). Pneumonitis, although
infrequent, has been reported as a lung toxic
effect related to HER?2 inhibitor therapy, mostly
in patients treated with trastuzumab (54-56). A
radiologic pattern of COP has been described
that manifested with bilateral consolidation and
GGOs in the lower lobes at CT, which resolved
after discontinuation of trastuzumab (56). A
histologic pattern of organizing pneumonia was
noted in an open lung biopsy specimen obtained

1 week after discontinuation of trastuzumab (56).

Some cases also require corticosteroid therapy as
part of the treatment of pneumonitis (54). The
exact incidence of trastuzumab-related pneumo-
nitis remains to be further studied.

CD20 Antibody.—CD20 is an activated-glyco-
sylated phosphoprotein expressed as a surface

antigen of B cells during their differentiation (57).
Molecular targeting therapy using the anti-CD20
antibody rituximab represents one of the most im-
portant advances in the treatment of lymphomas
in recent decades (57,58). Rituximab is mostly
used in combination with chemotherapy or radia-
tion therapy and has substantially improved the
survival of patients with lymphoma. It is also used
or being investigated for the treatment of other
hematologic disorders, including chronic lympho-
cytic leukemia and autoimmune disorders (57,58).
Pneumonitis is a well-known lung toxic ef-
fect related to rituximab therapy. In a systematic
review of 121 cases of rituximab-related pneumo-
nitis, pneumonitis occurred more frequently in
male patients and during the 5th and 6th decades
of life (59). Most patients were treated with ritux-
imab in combination with other chemotherapies,
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Figure 14. Pneumonitis in a 65-year-old man with
diffuse large B-cell lymphoma after three cycles of
rituximab  with cyclophosphamide, doxorubicin
hydrochloride, vincristine sulfate, and prednisone
(R-CHOP) therapy who presented with new short-
ness of breath. Axial CT image shows bilateral diffuse
GGOs and areas of consolidation in both lungs, with
traction bronchiectasis and loss of lung volumes. The
findings reflect an AIP/ARDS pattern of pneumonitis
related to rituximab. Bilateral pleural effusions were
also present. The patient’s condition significantly de-
teriorated, and he died 1 month after presentation.
Autopsy results showed diffuse alveolar damage in
the lungs.

Figure 15. Sarcoid-like lymphadenopathy in an asymptomatic 81-year-old man with metastatic melanoma treated
with ipilimumab. (a) Coronal contrast-enhanced reformatted chest CT image obtained 4.9 months after the initiation
of ipilimumab therapy shows new bilateral symmetric mediastinal and hilar lymphadenopathy (arrows) resembling
findings of sarcoidosis. (b) Axial CT image shows bilateral irregular and nodular parenchymal opacities (arrows) with
upper- and middle-lung predominance and peribronchovascular involvement. The findings fall in the spectrum of lung
parenchymal manifestations of pulmonary sarcoidosis. (Figure reprinted from reference 16.)

while one-fourth of patients were treated with
monotherapy (59). In the 21 clinical studies or
trials evaluated in the review, the rate of rituximab-
related pneumonitis ranged from 3.7% (one of 27
patients) to 10.0% (nine of 90 patients) (59).

CT manifestations were similar across cases,
with diffuse bilateral lung opacities consisting of
GGOs and consolidation (Fig 14). Treatment
consisted of discontinuation of rituximab therapy
and administration of corticosteroids, and most
patients received concurrent empirical antibacte-
rial and antifungal therapies. Notably, 18 of the
121 cases were fatal, which indicates the severity
of this complication (59).

Sarcoid-like Granulomatosis
and Lymphadenopathy as an
Immune-related Adverse Event
Sarcoid-like granulomatosis and lymphadenopa-
thy is another important irAE that involves the

thorax, and it is noted in 5%—7% of patients with
melanoma treated with the CTLA-4 inhibitor
ipilimumab (15,16). Patients often present with
enlarged mediastinal and hilar lymphadenopathy,
simulating findings of sarcoidosis, during treatment
with immune checkpoint inhibitors. Lung paren-
chymal changes at CT can also be noted, with

peribronchial opacities most characteristically seen
in a bilateral upper lobe distribution, also simulat-
ing findings of sarcoidosis (Fig 15). The entity can
be clinically silent and can resolve spontaneously
without specific treatment. Because most patients
receiving immune checkpoint inhibitors have
advanced cancer, it is often challenging to differ-
entiate sarcoid-like granulomatosis and lymphade-
nopathy from metastasis and tumor progression.
An elevated angiotensin-converting enzyme level
has been noted in a prior report of the entity (60);
however, the level can be normal in some patients
(61). Histologic sampling in these cases demon-
strated granulomatous inflammation resembling
sarcoidosis (Fig 16) (60,61).
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Figure 16. Sarcoid-like granulomatosis of the lung in an asymptomatic 75-year-old man with metastatic melanoma treated
with pembrolizumab. (a) Axial CT image shows a parenchymal conglomerate opacity in the right lower lobe of the lung (arrow),
which had been gradually increasing over time on serial scans obtained during therapy. Note that the patient had a previous left
pneumonectomy. (b) Photomicrograph of specimen from a lung core biopsy of the right lower lobe lesion shows a sarcoid-like
reaction characterized by interstitial nonnecrotizing granulomas (arrows) with associated lymphocytic infiltrates. (Hematoxylin-
eosin stain; original magnification, <200.). Gram, silver, and acid-fast bacilli stains (not shown) were negative for microorganisms.

Figure 17. Schematic view of the VEGF
pathway and the sites of action of its
inhibitors. VEGF is a key factor in angio- PDGF
genesis and regulates vascular prolifera-
tion and permeability. Bevacizumab is a
monoclonal antibody against VEGF and

inhibits the VEGF pathway by binding to
circulating VEGF. Other VEGF inhibitors,

=3 Wil

C-Kit 1 2 3

such as sunitinib, sorafenib, and pazo-
panib, inhibit the intracellular tyrosine
kinase domain of the VEGF receptor
(VEGFR); they also act on other transmem- :
branous receptors, including platelet-de- 1
rived growth factor (PDGF) receptor and
C-Kit. VEGF inhibition by these agents
leads to bleeding due to the decreased
renewal capacity of endothelial cells, or to
thrombosis due to tissue factor activation
secondary to exposure to subendothelial
collagen (62,63.)

v

Bleeding and Thrombosis during
VEGF Inhibitor Therapy

VEGTF is a key factor in angiogenesis, as it
regulates vascular proliferation and permeability
and functions as a major endothelial mitogen
(Fig 17) (62,63). VEGF inhibition may decrease
the renewal capacity of the endothelial cells,
leading to endothelial defects in the vascular
lining and exposure of subendothelial collagen,
and a decrease of matrix deposition in the sup-
porting layers of vessels (64). In patients with
cancer treated with VEGF inhibitors, major
complications include (@) bleeding or hemor-
rhage due to the decreased renewal capacity
of endothelial cells, and (b) thrombosis due to
tissue factor activation secondary to exposure to
subendothelial collagen (Fig 17) (64).

Endothelial cell survival
migration, proliferation
Increase vascular permeability

Angiogenesis

Bleeding due to a decreased renewal capacity of endothelial cells

Thrombosis due to tissue factor activation secondary to exposure to
subendothelial collagen

e
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VEGF inhibitors:
sunitinib, sorafenib, pazopanib
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Pulmonary Hemorrhage Related

to VEGF Inhibitor Therapy

Pulmonary hemorrhage is increasingly noted,
especially with use of antiangiogenic agents. In
a phase 2 trial of bevacizumab in patients with
NSCLC, bleeding was the most prominent ad-
verse event and included minor mucocutaneous
hemorrhage and major hemoptysis (65). Major
hemoptysis was associated with squamous cell
histology, tumor necrosis and cavitation, and
disease location close to major blood vessels (65).
Life-threatening or fatal hemoptysis was noted
in four of 13 patients with squamous NSCLC
treated with bevacizumab in the trial (65).
Among patients with nonsquamous NSCLC,
pulmonary hemorrhage has been reported in
2.3% (66). On CT images, pulmonary hemor-



RadioGraphics

RG ¢ Volume 37 Number 5

a. b.

Nishino et al 1383

Figure 18. Pulmonary embolism in a
40-year-old man with glioblastoma under-
going bevacizumab therapy who presented
with shortness of breath. Axial CT angio-
gram of the chest shows extensive filling
defects involving bilateral lobar arteries and
their branches (arrows), findings indicative
of pulmonary embolism.

Figure 19. Pneumothorax in a 19-year-old man with metastatic osteosarcoma treated with pazo-
panib, a multitargeted tyrosine kinase inhibitor. Coronal CT images of the right shoulder with lung
window (a) and bone window (b) settings show a large soft-tissue mass (arrowhead) arising from the
right humerus. The finding represents primary osteosarcoma metastatic to the lung (not shown). Right
pneumothorax (x) is seen and is a known complication of pazopanib therapy.

rhage is associated with diffuse patchy areas of
GGO, which may be accompanied by interlobu-
lar septal thickening (67).

Pulmonary Embolism Related to VEGF Inhibi-
tor Therapy.—Pulmonary embolism is one of
the major complications in patients with cancer
and is associated with treatment involving VEGF
inhibitors. Radiologists play an important role
in the detection and monitoring of pulmonary
embolism in these patients. In a phase II trial of
bevacizumab in patients with colorectal cancer,
thrombosis was the most significant adverse
event, occurring in 19% (13 of 67) of patients
(68). Of these, two patients had pulmonary
embolism, which was fatal in one patient (68).
Other VEGF inhibitors, such as sunitinib and
sorafenib, are also associated with thrombosis
and pulmonary embolism. In addition, with the

technical advances in multidetector CT, clinically
unsuspected pulmonary embolism may be noted
incidentally in patients with cancer on routine
follow-up CT scans (69). The pulmonary arteries
should always be carefully screened for pulmo-
nary embolism at CT of patients with cancer,
even in the absence of clinical suspicion (Fig 18).

Pneumothorax Related to Antiangiogenic Ther-
apy.—In addition to hemorrhage and embolism,
pneumothorax is a rare but known complication
in patients treated with antiangiogenic therapy,
especially in the presence of pulmonary metasta-
sis. Various agents have been described to lead to
pneumothorax as a treatment complication, in-
cluding pazopanib, bevacizumab, sorafenib, and
sunitinib (Fig 19) (70-74). In a single-institute
analysis of 58 patients with soft-tissue sarcoma
treated with pazopanib, six patients (10%)



RadioGraphics

1384 September-October 2017

radiographics.rsna.org

a.

b.

Figure 20. Pleural effusion in a 69-year-old man with a metastatic gastrointestinal stromal tumor treated with
nilotinib, a tyrosine kinase inhibitor used for imatinib-resistant chronic myelogenous leukemia. The patient pre-
sented with increased shortness of breath and bilateral lower extremity edema. Posteroanterior (a) and lateral (b)
chest radiographs show bilateral pleural effusion, with bilateral perihilar densities reflective of edema.

experienced pneumothorax, with more than one
episode reported in three patients (73). Although
the mechanism is not entirely clear, the presence
of a lung metastasis with a maximum diameter
larger than 30 mm and a history of pneumotho-
rax before pazopanib therapy were significant
predictors of pneumothorax (73). Awareness of
this unique complication is important for radiolo-
gists when interpreting chest imaging studies.

Pulmonary Edema
and Pleural Effusion due to

Molecular Targeting Therapy
Anticancer agents can cause injury to pneumo-
cytes and the alveolar capillary endothelium,
leading to leaky capillaries and increased per-
meability, which result in pulmonary edema or
pleural effusions. Common responsible agents
include BCR-ABL kinase inhibitors such as
imatinib (used for leukemia and gastrointestinal
stromal tumor), dasatinib (used for leukemia),
and other newer agents in the class (Fig 20).
In patients with chronic myelogenous leukemia
(CML) treated in a phase 1 trial of dasatinib,
18% (15 of 84) developed pleural effusions that
were treatment related. Management included
diuretics, thoracentesis, or pleurodesis (75). In
patients with CML treated in a randomized con-
trolled trial of dasatinib versus imatinib, superfi-
cial edema and fluid retention were more com-
mon with imatinib, while pleural effusion was
more common with dasatinib (76). In addition

to effusions and pulmonary edema, subcutane-
ous edema can be noted as a stranding of sub-
cutaneous fat at CT, a finding indicative of fluid
retention.

Radiologist’s Approach as a Member
of the Multidisciplinary Team
To meet increasing demands for early detection,
accurate diagnosis, and optimal monitoring of
complications of precision cancer therapies in
state-of-the-art cancer care, radiologists should
have practical strategies to approach each category
of major complications (77,78). Although further
efforts are needed to establish such strategies, a
combination of diagnostic imaging clues and clini-
cal dialogue in the context of precision oncology
can contribute to fulfilling our mission on the
multidisciplinary cancer care team (Fig 21).
Drug-related pneumonitis can be a major

diagnostic challenge for radiologists in the era
of precision cancer therapy. Recognition of the
radiologic patterns of pneumonitis as class-
effect toxicities is an important first step in an
effective image-based approach to the entity. In
patients with advanced cancer with lung involve-
ment, distinguishing pneumonitis from tumor
progression in the lungs is often a major con-
cern for clinical providers. Careful evaluation of
the imaging appearance of baseline lung tumor
burden and assessment of tumor burden changes
in extrathoracic sites are often helpful for distinc-
tion of these two conditions, which have different
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Figure 21. Diagram shows the radiologist’s approach to thoracic complications of precision cancer therapy. A combination
of diagnostic clues at imaging and clinical dialogue in the context of precision oncology can contribute to accurate diagnosis

and optimal patient care. ACE = angiotensin-converting enzyme.

clinical management paths. In addition, exclu-
sion of infectious causes is another important
dilemma in almost all cases of pneumonitis and
requires dialogue with referring clinicians regard-
ing the detailed symptoms and immunologic
status of the patient. Sarcoid-like granulomatosis
and lymphadenopathy is also a source of clinical
dilemma, especially regarding its differentiation
from metastatic lymphadenopathy. In challenging
cases, it is important to evaluate tumor burden
changes other than lymphadenopathy and to
obtain overall trends of the disease behavior.
Pleural effusions and edema also require clinical
correlation for non—drug-related causes such as
cardiac failure and hypoalbuminemia. In patients
treated with antiangiogenic therapy, radiologists
should approach the imaging studies with height-
ened alert for pulmonary embolism, hemorrhage,
and pneumothorax because these complications
require immediate communication with referring
clinicians for attention and management.

Conclusion
With the increasing use of novel precision cancer
therapies in clinical oncology practice, knowl-
edge of the imaging manifestations of thoracic
complications related to specific cancer therapies
has become essential for radiologists. Accurate
diagnosis of thoracic complications due to novel
anticancer agents is critical to maximize the ben-
efits of precision cancer therapy. Radiologists play

a major role in diagnosing and monitoring these
complications at the front line of precision cancer
therapy as key members of the multidisciplinary
team.
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