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Abstract

We have identified 25 lesions involving alveolar lung parenchyma characterized by nodular
proliferation of bland bilayered bronchiolar-type epithelium containing a continuous layer of basal
cells. These lesions shared some histologic features with the recently described entity of ciliated
muconodular papillary tumor (CMPT); however, the majority did not fit all diagnostic criteria in
that they exhibited only focal or absent papillary architecture, and they had variable number of
ciliated and mucinous cells, with some lesions entirely lacking one or both of these components.
The morphologic and immunohistochemical features ranged from those resembling proximal
bronchioles (proximal-type: moderate to abundant mucinous and ciliated cells; negative or weak
TTF1 in luminal cells; n=8) to those resembling respiratory bronchioles (distal-type: scant or
absent mucinous and ciliated cells; positive TTF1 in luminal cells; n=17). The hallmark of all
lesions was a continuous layer of basal cells (p40 and CK5/6-positive). We provisionally
designated these lesions as bronchiolar adenomas and analyzed their clinicopathologic and
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molecular features. All bronchiolar adenomas were discrete, sharply circumscribed lesions with a
median size of 0.5 cm (range: 0.2 — 2.0 cm). Most lesions were either entirely flat (n=14) or
contained focal papillary architecture (n=7); only 4 lesions, all proximal-type, were predominantly
papillary, fitting the classic description of CMPT. Notably, of 9 lesions submitted for frozen
section evaluation, 7 were diagnosed as adenocarcinoma. No post-surgical recurrences were
observed for any lesions (median follow-up 11 months). Twenty-one bronchiolar adenomas
underwent next-generation sequencing and/or immunohistochemistry for BRAF V600E, revealing
mutation profiles similar to those previously described for CMPTs, including BRAFV600E
mutations (n=8, 38%), unusual £GFR exon 19 deletions (n=2, 10%), £EGFR exon 20 insertions
(n=2, 10%), KRAS mutations (n=5, 24%), and HRAS mutations (n=1, 5%). The mutation profiles
were similar in proximal- and distal-type lesions.

In conclusion, we describe a family of putatively benign clonal proliferations with a spectrum of
morphology recapitulating various levels of the bronchiolar tree, of which only a minor subset fits
the classic description of CMPT. Comparable mutation profiles and partially overlapping
morphologic features across the spectrum of these lesions support their nosological relationship.
We propose designating this entire family of lesions as bronchiolar adenomas, and that lesions
currently designated CMPTSs represent a subgroup of this family.

Keywords
Bronchiolar adenoma; ciliated muconodular papillary tumor; CMPT; bilayered; BRAF

INTRODUCTION

Adenomas of the lung recognized by the 2015 World Health Organization (WHO)
classification include sclerosing pneumocytoma, alveolar adenoma, papillary adenoma,
mucinous cystadenoma, and mucous gland adenoma.(1) Although the term
bronchioloalveolar adenoma was sometimes used for what is now recognized as atypical
adenomatous hyperplasia,(2) and the term bronchial adenoma was used in the past for
carcinoid or salivary-type tumors,(3) the concept of an adenoma derived from bronchiolar
epithelium is not well recognized. Considering adenomas that arise along the spectrum of
lung airway epithelium from the proximal bronchus (mucous gland adenoma) to the
peripheral alveolar structures (alveolar adenoma), we have identified a group of putatively
benign lung neoplasms that appear to correspond to the anatomic epithelial cellular
component of bronchioles. This led us to evaluate whether these tumors could be called
bronchiolar adenoma based on morphologic, immunohistochemical, molecular and clinical
findings.

Our study began by evaluating cases that appeared to fit the classical criteria for ciliated
muconodular papillary tumor (CMPT). This is a relatively recently recognized entity that
was first described by Ishikawa et al (4) in the Japanese literature in 2002. A handful of
cases were subsequently reported in East Asian patients.(5-8) The entity remained largely
unknown to pathologists outside of East Asia until a recent case series by Kamata and
Yoshida et al,(9) who delineated the morphologic features of 10 CMPTSs and subsequently
described their molecular profiles.(10) Due to the increasing recognition of these tumors,
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there has been an exploding number of case reports and small case series in recent years.
(10-18) CMPT is currently thought to be a rare entity with a total number of 34 cases
reported to date, with the vast majority of these cases still described in patients from East
Asian countries.(4-18) The classic description of CMPT is a peripherally located nodular
tumor with prominent papillary architecture consisting of tripartite cellular components of
mucinous, ciliated, and basal cells.(4, 9) Despite the morphologic similarities to glandular
papillomas, CMPTSs grow entirely on alveolar walls with no association with the bronchial
lumen. The molecular profile of CMPTSs has been investigated in 20 cases to date.(7, 10, 13,
14, 16-18) The largest molecular series of CMPTs by Kamata et al (10) revealed the
presence of peculiar driver mutations, most commonly BRAFV600E mutations or unusual
EGFR exon 19 deletions, in 4 and 3 of 10 cases, respectively. Subsequent case reports and
case series also described AK71 mutation, KRAS mutation, and ALK rearrangement in
isolated cases.(14, 16-18) With the exception of AKTZ, the other molecular alterations
appeared mutually exclusive.

However, during the process of collecting lesions with features of CMPT, it became clear
that the vast majority of cases did not have all of the classical histologic features. In all
cases, these lesions were characterized by nodular proliferations of bland bronchiolar-type
epithelium containing a continuous layer of basal cells, as described for classic CMPTs.
However, unlike classic CMPTs, many lesions had only focal or absent papillary
architecture, and they had variable numbers of ciliated and mucinous cells, with some
lesions entirely lacking one or both of these components. We provisionally designated such
lesions as bronchiolar adenomas (BA). Here we report on the clinicopathologic and
molecular features of this group of lesions and summarize evidence supporting the proposal
that these represent a family of adenomatous proliferations that encompasses but also
substantially expands the concept of CMPT.

MATERIAL AND METHODS

Study design

Cases were identified prospectively between 2016 and 2017 and through retrospective search
of Memorial Sloan Kettering Cancer Center (MSKCC) archive. Four cases were contributed
by collaborators at UCLA Medical Center, Medical College of Wisconsin, Mayo Clinic
Avrizona, and Fudan University, China (one case each). The clinical and radiologic features
were reviewed, and the histologic features were analyzed on the resection specimens. This
study was approved by the institutional review board of MSKCC.

Immunohistochemistry

Immunohistochemical antibodies included p40 (Biocare; clone BC28, 1:200), TTF1
(\Ventana; clone 8G7G3/1, prediluted), CK5/6 (Ventana; clone D5/16B4, prediluted),
Napsin-A (Leica; clone I1P64, 1:200), BRAF V600E (Spring Bio; clone VE1, 1:800), ALK
(Cell Signaling; clone D5F3, prediluted), and CC10 (Santa Cruz; goat polyclonal 1gG, 1:50).
Immunohistochemistry was performed following standard procedures on either Ventana
(Ventana Medical Systems, Tucson, AZ) or DAKO (DAKO USA, Santa Clara, CA)
automated instruments. Immunohistochemical stains submitted from outside institutions
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were reviewed. Due to the known labeling of normal cilia for BRAF V600E,(10) only
cytoplasmic staining was regarded as positive.

Molecular analysis

Overall, 19 of 25 BAs underwent molecular analysis by next generation sequencing (NGS)
or a multigene panel. Sixteen cases were analyzed by NGS at MSKCC, including 13 cases
by a 98-gene Ampliseq Cancer Hotspot Panel (ThermoFisher Scientific, full list in
Supplemental Table S1) and 3 cases by a 410-gene MSK-IMPACT (full list in Supplemental
Table S2) panel. Three cases were analyzed outside of MSKCC using lon Ampliseq Cancer
Hotspot Panels (50 genes and 6 genes) and Amplification Refractory Mutation System
(ARMS). Six of the 25 cases could not be tested due to insufficient or unavailable material.

For the cases processed at MSKCC, DNA extraction was performed using standard methods
on formalin-fixed paraffin-embedded tissue on both tumor and matched normal tissue for 14
cases, while 2 additional cases were tested on tumor only, as normal tissue was unavailable.
For Ampliseq samples, the amplicon library preparation was performed using 10 ng of FFPE
DNA per reaction, as recommended by the manufacturer. In brief, the DNA was mixed with
a primer pool containing all primers for generating the 3425 amplicons and with the lon
AmpliSeq HiFi master mix and was transferred to a PCR thermocycler (Eppendorf
Mastercycler). The quality and quantity of the amplicon was assessed using the Agilent 2100
Bioanalyzer (Agilent technologies). Sequences were analyzed with the Torrent Variant
Caller plugin on the PGM (Life Technologies) and with our MSKCC custom pipeline. For
the MSK-IMPACT assay, the detailed procedure has been previously described.(19)

RESULTS

Sample characteristics

A total of 25 BAs from 21 patients were identified. The clinicopathologic findings are
summarized in Table 1. Of 25 lesions, 11 were identified prospectively from routine clinical
cases at MSKCC in 2016-2017 and 7 prospectively from the consultation practice of one of
the authors (WDT) during the same period. One additional consult case and two archival
cases were identified retrospectively at MSKCC, and another 4 were provided by
contributors from other institutions. The original diagnoses included CMPT (n=15),
peripheral glandular papilloma (n=3), adenocarcinoma in situ (AIS; n=3), nodular
peribronchiolar metaplasia (PBM; n=2), atypical adenomatous hyperplasia (AAH; n=1), and
basal cell hyperplasia (n=1).

The specimens harboring BAs included wedge resections (n=20) and lobectomies (n=5). For
10 patients, the surgical procedure was performed for BAs as the sole lesion (n=10), whereas
11 patients had other lung lesions resected in the same procedure in addition to BA,
including primary lung adenocarcinoma (n=12), metastatic renal cell carcinoma (n=2), and
necrotizing granuloma (n=1). Six BAs were not seen on imaging studies and represented
incidental findings grossly (n=2) or microscopically (n=4) in specimens resected for other
lesions. Of patients with BAs and concurrent lung adenocarcinomas, 3 patients had
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multifocal AAH and AIS. Three patients (14%) had more than 1 BA (2 in two patients; 3 in
one patient).

Patient Characteristics and Radiologic Features

The patients were 11 men and 10 women with a median age of 72 (range: 55 to 83 years).
The majority of patients (75%) had a history of smoking. Twelve patients (83%) were
Caucasian, 2 (17%) were Asian, and no ethnicity information was available in 7 patients.

Computed tomography (CT) imaging studies were available for 14 lesions in 12 patients.
Radiologically, BAs appeared as peripheral solid (n=8), ground-glass (n=4) or mixed solid/
ground glass nodules (n=2). Radiologic tumor size was on average 0.6 cm (range: 0.2to 1.1
cm). Positron emission tomography (PET) scan was available for two lesions; one showed a
standardized uptake value (SUV) of 1.6 while another showed no FDG avidity. In patients
who were followed with serial CTs prior to resection (n=6), four patients had tumors that
remained stable in size during a period of 4-14 months, whereas two patients had lesions
that showed 1 mm growth in 5 months and 3 mm in 2 years, respectively.

Clinical follow-up was available in 12 patients with a median follow-up interval of 11
months (range: 1 month to 9 years). None of the patients had local recurrences or distant
metastases.

Gross findings

Grossly, most BAs appeared as well-circumscribed tan-white to grey firm nodules, some
with a mucoid appearance. The median gross tumor size was 0.5 cm (range: 0.2 to 2.0 cm).
In a minority of cases (n=4), small lesions were not identified on gross examination and
were only noted microscopically (microscopic size 0.15 to 0.3 cm).

Histologic and Immunohistochemical Findings

All BAs were peripheral in location, distinctly nodular, and unassociated with bronchial
lumens. The tumors were invariably adjacent to bronchioloarterial bundles or penetrated by
unpaired medium-sized arteries, supporting their peribronchiolar location. In addition, all
tumors were composed of bilayered cellular proliferation with a continuous basal cell layer,
highlighted by basal cell markers p40 and/or CK5/6 (confirmed in all cases). The lesional
cells showed no cytologic atypia or increased mitotic activity in any cases.

The tumors showed a spectrum of morphologic and immunohistochemical findings which
we categorized into two main groups — proximal (n=8) and distal (n=17) based on the
morphologic and immunohistochemical similarity with the proximal and distal portions of
normal bronchiolar structures, as detailed below.

Eight proximal-type BAs (32%) recapitulated morphologic and immunohistochemical
features of proximal bronchiolar epithelium and were composed of abundant mucinous and
ciliated cells with subjacent basal cells. They showed a spectrum of architectural patterns
that ranged from predominantly papillary in four cases to predominantly flat in the other
four cases. The cases with predominant papillary architecture met all major diagnostic
features of prototypical CMPTs (Figure 1). In such cases, the morphologic features were
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virtually identical to those of glandular papillomas extending into alveolar lung tissue with
the exception that these tumors were not endobronchial in location but rather situated on
alveolar walls. By comparison, the other four cases shared only partial features with CMPTs
in terms of cellular composition; architecturally, they were predominantly flat and
proliferated along the scaffolding of native alveolar walls (Figure 2), although focal papillae
could be found in 3 cases. TTF1 staining in luminal cells was completely negative in five
cases (Figure 2) and weakly/focally positive in two other cases (Figure 1). TTF1 staining in
basal cells showed weak/focal positivity in five cases (Figure 1 and 2) and negative
immunoreactivity in two other cases.

Seventeen distal-type BAs (68%) resembled morphologic and immunohistochemical
characteristics of distal respiratory bronchiolar epithelium. Of these, 13 cases contained only
focal mucin and/or cilia, and the predominant cell type overlying the basal cell layer was a
population of cuboidal cells that resembled type Il pneumocytes (Figure 3). In addition, a
minority of cells showed apical cytoplasmic snouts resembling club (Clara) cells. When
present, focal mucinous cells resided in distinctive glandular crypts (Figure 3B), and focal
ciliated cells were present as peculiar micropapillary tufts (Figure 3C and 3D). Four
remaining distal-type cases completely lacked any ciliated or mucinous cells. They were
characterized by bilayered epithelium comprising basal cells and luminal cuboidal and club
cells (Figure 4). All 17 distal-type lesions were entirely or predominantly flat, and given the
absence or paucity of mucinous cells, these tumors did not exhibit any significant
extracellular mucin production. TTF1 was performed on 12 of 17 distal-type BAs, and
showed diffuse positivity in both luminal and basal cells in all cases tested. A subset of these
cases (n=4) was also stained for Napsin A, showing labeling in luminal cells in all cases
(Figure 4). CC10, a marker of club cells, was performed in selected cases of distal-type BAs
showing patchy positivity in a subset of luminal cells, confirming club cell differentiation
(Figure 4 Inset).

Additional notable microscopic features in both subtypes of BAs included frequent
admixture of stromal lymphoplasmacytic infiltrate (n=18). Seemingly discontinuous skip
growths composed of sharply demarcated strips of tumor cells, analogous to skip lesions of
invasive mucinous adenocarcinoma (IMA), were observed in nine cases (Figure 5A); these
were seen in both proximal and distal-type lesions. Another notable feature in both types of
lesions was apparent detachment of ciliated micropapillary tufts into alveolar spaces. This
was seen at least focally in 7/8 proximal-type and 5/17 distal-type lesions; in two lesions,
this feature was so extensive that it simulated the appearance of micropapillary
adenocarcinoma (Figure 5B). Although no definite stromal invasion or desmoplasia was
identified in any cases, 8 cases exhibited focal stromal expansion leading to acinar-like
appearance of alveolar walls (Figure 5C). Squamous metaplasia of basal cells, reminiscent
of mixed squamous and glandular papillomas, was seen in two cases (Figure 5D).

To compare the staining profiles of BAs to that of normal airways, staining of normal lung
tissue was reviewed in histological sections from 15 patients. Similar to proximal-type BAs,
luminal cells in proximal bronchioles were largely negative for TTF1, with only focal weak
labeling in some areas (Figure 7). In contrast, similar to distal-type BAs, small respiratory
bronchioles showed frequent TTF1 positivity in luminal cells (Figure 7). CC10 highlighted
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occasional club cells within respiratory bronchioles (not shown). All airways showed a
continuous basal cell layer, highlighted by p40 and CK5/6. TTF1 was occasionally co-
expressed with p40 and CK5/6 in basal cells: labeling was weak in proximal bronchioles but
stronger in distal bronchioles (Figure 7). Napsin A was largely negative in proximal and
distal airways; however, rare distal bronchioles with patches of Napsin A-positive cells
overlying basal cells were identified (Supplementary Figure 1), analogous to the staining
profile of distal-type BAs. In addition, staining of lung tissue with interstitial lung disease
and peribronchiolar metaplasia (PBM) was performed for comparison, revealing frequent
positivity for TTF1 and patchy positivity for Napsin A in luminal cells. Patient
characteristics and tumor size associated with proximal vs distal-type BAs is summarized in
Table 3, and revealed no significant differences.

Frozen Section Interpretation

Intraoperative frozen sections were performed on nine cases, and the rendered diagnoses
included adenocarcinoma (n=7) and mucous gland adenoma (n=1) [Table 1].

Molecular Findings

NGS was successfully performed in 19 BAs. In addition, BRAF V600E IHC was performed
on 4 cases lacking sequencing data. Overall, combining sequencing and IHC data, driver
mutations were identified in 18 of 21 BAs, including BRAF (n=8, 38%), KRAS (n=5, 24%),
EGFR (n=4, 20%), and HRAS (n=1, 5%) (Table 2; Figure 8A).

Driver mutations identified by sequencing (n=16) included BRAF (n=6), EGFR (n=4),
KRAS (n=5), and HRAS (n=1). All BRAF driver mutations were BRAF c.1799T>A
(p.V600E). EGFR alterations included two cases with unusual exon 19 deletions
(p.E746_S752>V and p.L747_S752del) and two cases with exon 20 insertions
(p.D770_N771insNPH [alternative annotation: p.N771_H773dup]). In addition, the case
with p.L747_S752del also harbored a concurrent p.D761Y mutation. All KRAS mutations
were missense mutations involving codon 12 (two p.G12V, two p.G12D, and one p.G12C),
while the single case with HRAS mutation was a p.G13R. All the driver mutations were
mutually exclusive. The total number of mutations per case was low (range: 1 to 2). Eleven
cases had the driver mutation as the sole genomic abnormality. Notably, none of the cases
with BRAF or EGFR driver mutations (n=10) harbored any mutations outside the driver
genes. By comparison, 4 of 6 cases with KRAS or HRAS driver mutations were found to
have an additional mutation per case.

In addition, BRAF V600E IHC was performed concurrently with sequencing on 19 cases,
and molecular results and IHC were concordant in all cases (6 positive, 13 negative).
Importantly, BRAF V600E IHC labeled both basal cells and luminal cells in all positive
cases (Figure 8C). ALK (D5F3) stain was performed on 3 cases lacking a detectable driver
mutation, and all were negative.

For proximal versus distal-type BAs, the frequency and spectrum of mutations were
comparable (Table 2). Driver mutations were present in 5/8 (62.5%) of proximal-type and
13/13 (100%) of distal-type BAs (Table 2). The lower rate of driver mutations in proximal-
type BAs was not statistically significant (p=0.73). BRAF mutations were more common in
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distal-type lesions compared to proximal (54% vs 13%, respectively), but this was not
statistically significant (p=0.37). Furthermore, no apparent morphologic associations were
seen with any of the above driver mutations.

Molecular Studies on Patients with Multiple BAs or BAs and Carcinomas in the Same

Patient

In patients with more than one BA (n=3), molecular testing of all lesions was performed.
The molecular profiles of BAs were different in two patients. The third patient had two
morphologically distinct BAs, both of which harbored BRAFV600E mutations (Table 2).

Eight patients with BAs had concurrent lung adenocarcinomas. Five of these lung
adenocarcinomas underwent NGS studies, and in all cases, the molecular profiles were
entirely distinct from the BAs (Table 2).

DISCUSSION

This study describes a family of lesions that we have designated as bronchiolar adenomas,
which are unified histologically by bilayered bronchiolar-type proliferation with a
continuous layer of basal cells (p40 and CK5/6-positive), recapitulating various levels of the
bronchiolar tree. On morphologic and immunohistochemical grounds, we divided BAs into
proximal and distal types based on similarities to respective portions of bronchiolar tree. As
such, luminal cells in proximal-type BAs contained abundant ciliated and mucinous cells,
and were either negative or weakly/focally positive for TTF1, similar to proximal
bronchiolar epithelium. In contrast, distal-type BAs were composed of predominantly non-
ciliated cuboidal cells (TTF1+) and scattered club/Clara cells (CC10+) with scant to absent
mucinous and ciliated cells, resembling the composition and immunoprofile of constituent
cells in terminal bronchioles (see Figure 9).(20, 21) Even though Napsin A is not widely
known to be expressed in distal airways, we found that focal labeling can occur in
occasional luminal cells in terminal bronchioles. Thus, the peculiar phenotype of TTF1/
Napsin A-positive luminal cells overlying basal cells in distal BAs may mirror
differentiation in a subpopulation of cells in distal airways. We also note that the division of
proximal vs distal BAs was not entirely dichotomous; for a subset of lesions, the designation
reflected the predominant histology, as lesional cells showed focal differentiation toward the
other portions of the bronchiolar tree. Thus, based on morphologic grounds, our findings
suggest that BAs exhibit a morphologic spectrum reflecting differentiation toward either the
proximal or distal bronchiole, and some cases show minor overlap. Our histopathologic
conclusion regarding the nosologic relationship of these lesions is supported by their shared
genomic profiles, as discussed further below.

An important consideration for the concept of bronchiolar adenomas is their relationship
with CMPTSs. In our series, only a subset of proximal-type BAs had prominent papillary
architecture and would fit the classic description of CMPT; other proximal-type cases were
entirely or predominantly flat, thus sharing only partial features with CMPTs. Conversely,
the morphologic features of distal-type lesions were incompatible with the description of
CMPT, in that they had minimal or complete absence of ciliated and mucinous cells, as well
as absence of papillae. Given the partially overlapping morphology and similar genomic
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profiles, we propose that lesions currently designated as CMPT represent a subset of
proximal-type BAs. We believe that the term of CMPT is too restrictive to reflect the full
morphologic spectrum of the family of lesions described here, and introduction of the term
of bronchiolar adenoma may facilitate their wider recognition.

While the majority of CMPTs have been described in patients from East Asian countries,(4—
18) only a handful of cases in non-Asian patients have been previously documented.(14) Our
study, on the other hand, consists of predominantly Caucasian patients. It remains unknown
whether ethnic predisposition truly exists for this family of lesions, or if the lower incidence
in Western countries is due to under-recognition and underdiagnosis. Our data suggest that
this family of lesions may not be as rare as they are currently believed, as over two-thirds of
the cases in this study were prospectively identified over the span of one year after we
recognized the morphologic spectrum of these lesions.

The central arguments for the recognition of BAs as a distinct entity is to promote their
distinction from conventional adenocarcinomas, which they may morphologically mimic.
The distinction from adenocarcinoma is crucial as BAs behave in an indolent fashion with
no recurrences and metastases reported to date (4-18) and none observed in our study. The
differential diagnosis varies with the subtype of BAs. For proximal-type BAs with prominent
mucinous features, the main differential diagnosis is with invasive mucinous
adenocarcinomas (IMA). The growth pattern over alveolar walls, presence of skip lesions,
and abundance of secreted mucin and mucinous cells in these lesions underline the striking
morphologic similarities with IMAs, which are typically also morphologically bland. The
key to distinguishing these lesions is the recognition of a continuous basal cell layer, which
in well-processed sections can be at least suspected morphologically, followed by
confirmation by IHC for basal cell markers (p40/p63, CK5/6), if necessary. In addition, the
presence of ciliated cells would also support the diagnosis of BA over IMA. Another helpful
distinguishing feature is size: virtually all BAs are small lesions (<2 cm), whereas IMAS
vary in size but can form large consolidative masses. The fact that BAs can form apparently
discontinuous skip lesions analogous to IMAs is peculiar for putatively benign lesions.
Unlike IMAs, these skip lesions do not extend away from the main tumor for more than a
few alveoli. We hypothesize that the seemingly discontinuous spread may represent lesional
cells being interconnected with each other in three-dimensional spaces and not well
visualized in two-dimensional histologic preparations.

The second major differential diagnosis is with adenocarcinoma with micropapillary pattern,
since a subset of BAs exhibit prominent intraluminal micropapillary tufts (see Figure 5B). In
fact, 2 lesions in this study were submitted for consultation with the diagnostic consideration
of a peculiar micropapillary adenocarcinoma. However, the presence of apical cilia can be
readily appreciated on high-power examination of the micropapillary tufts in BAs, along
with the presence of a basal cell layer, facilitating this distinction.

While distinguishing BA from adenocarcinoma is relatively straightforward in permanent
sections once this diagnosis is considered, BAs submitted for frozen sections can represent
an extremely difficult diagnostic pitfall even for experienced thoracic pathologists (see
Figure 6A). The high rate of misinterpreting BAs as adenocarcinomas on frozen sections
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(7/9 in this series), also noted previously for CMPTs,(15) can be partially attributed to the
relatively uncommon nature of this entity and lack of familiarity with this family of tumors.
More importantly, many morphologic features of BAs are difficult to recognize on frozen
sections due to poor tissue fixation. Most notably, apical cilia often appear as indistinct,
ruffled borders and can be nearly impossible to visualize on frozen section slides, even when
the slides are retrospectively reviewed at high magnification (see Figure 6B). In addition, it
is not possible to rely exclusively on the presence of cilia to arrive at this diagnosis, as a
significant proportion of distal BAs do not contain cilia. The most reliable diagnostic clue in
the frozen section setting is thus the recognition of a continuous basal cell layer, which is
universally present in all BAs and consistently absent in lung adenocarcinomas (NR, JC —
personal observations). Awareness of this diagnostic possibility and careful search for basal
cells can lead to the correct diagnosis and avoid overtreatment.

While there are reports of “ciliated adenocarcinoma” in the literature,(22) to our knowledge,
basal cell markers were not tested in those cases. It is possible that those entities represented
proximal-type BAs. In fact, one case in our series was identified by retrospective re-review
of a case initially classified as ciliated adenocarcinoma.

On the other end of the spectrum, the differential diagnostic considerations for distal-type
BAs with predominantly flat architecture and sparse mucin can include reactive
proliferations known as peribronchiolar metaplasia (PBM) or Lambertosis. Peribronchiolar
metaplasia is a relatively common histologic finding often occurring in the setting of
interstitial lung disease, comprising a proliferation of distal bronchiolar-type epithelium
without cytologic atypia over alveolar parenchyma.(23) Distal-type BA and PBM share
many histologic features, including peribronchiolar localization, bilayered nature with
underlying basal cells and luminal ciliated cells, and occasional foci of mucinous cells.(24,
25) In line with this morphologic similarity, several distal-type BAs were previously
diagnosed as “nodular PBMSs” in our practice. Histologic features that support the diagnosis
of BA include a solitary, well-circumscribed lesion with a distinctly nodular contour,
relatively unremarkable background lung, and presence of ciliated cells on micropapillary
tufts or in peculiar outpouchings (see Figure 5B). By contrast, PBMs tend to show ill-
defined borders and are often accompanied by interstitial fibrosis and organizing pneumonia.
(25) In addition, PBM is usually a multifocal process with many airways involved, often to a
similar degree, especially in the setting of small airways disease or interstitial lung disease.
Nevertheless, in a small wedge resection, this distinction can be difficult or impossible. The
demonstration of driver mutations, such as BRAFor EGFR, supports that BAs are distinct
entities from PBMs. We performed BRAF IHC on 9 PBMs, and none showed positive
labeling (data not shown). However, unlike the clear importance of distinguishing BAs from
adenocarcinomas, the distinction of distal-type BA and PBM does not appear to be critical
from an oncologic perspective since both are putatively benign lesions. Thus, we do not
advocate routine use of BRAF IHC or molecular testing to make this distinction. In
equivocal cases, the diagnosis of “nodular bronchiolar-type proliferation” may be sufficient
for practical purposes.

While this study solely consisted of BAs from resection specimens, given the peripheral
location of these lesions, they may be amenable to percutaneous CT-guided core biopsy or
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fine needle aspiration. As in resections, the differential diagnosis on small specimens would
depend on the specific subtype of BA and the type of sampling involved. For cytology
specimens, recognition of ciliated cells in proximal-type cases would likely lead to a benign
diagnosis. However, distal-type cases entirely devoid of ciliated cells could represent
potential diagnostic pitfall raising consideration for a well-differentiated adenocarcinoma.
For core biopsy specimens, distinction from adenocarcinoma can be accomplished by
recognizing the ciliated cells and/or bilayered nature of the lesion and performing basal cell
markers for confirmation. Distinguishing distal-type BAs from PBM on a limited sample
may not be possible, but clinicoradiologic correlation may be helpful to confirm the discrete
nature of the sampled lesion.

Proximal-type BAs with papillary architecture (encompassing prototypical CMPTSs) and
endobronchial glandular papillomas share many morphologic similarities, and the
relationship between the two entities has been subject to ongoing debate. Glandular (or
mixed squamous cell and glandular) papillomas are by definition endobronchial in nature
according to the current World Health Organization (1) classification. While papillomas are
by definition endobronchial in location, extension of papillomas into peripheral lung is a
well-known phenomenon.(26) Thus, the diagnosis of proximal-type BAs requires the
exclusion of an adjacent endobronchial component. Prior to the recognition of CMPT as a
discrete diagnostic entity, peripheral glandular papilloma-like lesions without an
endobronchial component have been reported over the years under the terms of “peripheral
papilloma,” “solitary peripheral ciliated glandular papilloma,” and “peripheral pulmonary
papillary/glandular neoplasm with ciliated cells.”(27-31) We believe that except for the
location, glandular papillomas and proximal-type BAs are virtually identical histologically,
with one growing as an endobronchial lesion and the other growing peripherally on alveolar
walls. Because of the rarity of papillomas, their molecular landscape has not been
extensively characterized. Future studies investigating the presence of driver mutations in
papillomas may further help elucidate the nosologic relationship between papillomas and
BAs.

Genomic analyses from current and prior studies highlight the unique molecular profile of
BAs, which are entirely distinct from lung adenocarcinomas; in addition, they underscore
the similar molecular profiles of distal- and proximal-type BAs, including those with classic
features of CMPT. The most prevalent genetic alterations in BAs involved BRAF (38%),
KRAS (24%), EGFR (19%), and HRAS (5%), and the distribution of these mutations was
similar in distal- and proximal-type BAs (Table 2). Furthermore, the frequency of driver
mutations of BAs in our cohort (86%) is similar to that of CMPTSs previously reported by
Kamata et al,(10) who described BRAFV600E or EGFR deletions in 4 and 3 of 10 CMPTs,
respectively. Overall, the presence of driver mutations supports the neoplastic, clonal nature
of BAs, and the similarity of mutations across the morphologic spectrum of the described
lesions supports their nosologic relationship. The apparent enrichment of BRAFV600E
mutations in distal-type lesions in our series was not statistically significant, and it was
similar to the prevalence of BRAF mutations in CMPTs in prior studies. It is nevertheless
possible that some genomic differences could exist along the spectrum of BAs, and this will
require further studies.
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Similar to prior studies in CMPTs, we found BRAFV600E to be the single most common
driver mutation in BAs. BRAFV600E driver mutations have been described in a variety of
benign and malignant tumors, including Langerhans cell histiocytosis,(32) Erdheim-Chester
disease,(33) metanephric adenomas of the kidney,(34) central nervous system gliomas,(35)
hairy cell leukemia,(36) malignant melanoma,(37) colorectal carcinoma,(38, 39) and
papillary thyroid carcinoma,(40) amongst others. Although BRAF mutations are present in
2.2% of lung adenocarcinomas, (41, 42) these adenocarcinomas often show micropapillary
(43) and solid (44) predominant patterns and lack the bilayered growth pattern seen in BAs.
As BRAF mutations can be seen in both benign and malignant lung tumors, the presence of
BRAF mutations in BAs merely represents evidence for a neoplastic process and is not
synonymous with malignancy.

We found the BRAF V600E immunohistochemical stain to show excellent concordance with
NGS results. We also confirmed previous findings that the immunoreactivity was observed
in both apical and basal cells,(10) supporting that the driver mutation was present in all
cellular constituents within the lesion. One notable caveat is that staining for this marker is
consistently seen in surface cilia;(10) therefore, clear cytoplasmic immunoreactivity away
from the cilia is required for interpreting a true positive result.

KRAS mutations were the second most common driver mutations in BAs. A single case of
KRAS-mutant CMPT was recently reported in the literature.(18) The current study shows
that KRAS mutations are relatively common in BAs (24%). In addition, a single BA was
found to have an HRAS G13R hotspot mutation co-occurring with a BRAF G464V
mutation. Since non-V600E BRAF mutations have been described as concurrent mutations
in the setting of other stronger driver mutations in the MAPK pathway,(44) the HRAS
mutation was regarded as the primary mitogenic driver event in that case. Interestingly, the
missense mutations in KRAS-or HRAS-mutant cases were predominated by transversion
mutations, which are characteristic of tobacco-related carcinogenic signature.(45) Perhaps
not surprisingly, five of six patients with KRAS- or HRAS-mutant tumors had a history of
cigarette smoking.

EGFR deletions/insertions represented the third most prevalent driver alteration, seen in 19%
of BAs in our cohort. Given that the EGFR exon 19 deletions identified in BASs,
p.E746_S752>V and p.L747_S752del, are rare variants distinct from common sensitizing
exon 19 deletions, we wanted to determine the prevalence of such alterations in lung
adenocarcinoma. We therefore queried the data on 2809 lung adenocarcinomas from the
MSK-IMPACT Clinical Sequencing Cohort in the cBioPortal database.(19, 46-48) Of those
cases, 841 (29.9%) tumors harbored £GFR mutations, and exon 19 deletions matching those
seen in BAs occurred in only 19 (2.2%) and 4 (0.5%) of £EGFR-mutant lung
adenocarcinomas, respectively. Importantly, one of £EGFR deletions - p.E746_S752delinsV -
is identical to the variant reported in a prior CMPT study,(10) further underscoring the
similarities in the molecular landscape of BAs and tumors designated as CMPTSs. Similarly,
we found that the EGFR exon 20 insertions involving p.D773_N774insNPH
(p.N771_H773dup) identified in two BAs in our series, represented rare variants reported in
the literature and occurred in only 4 (0.5%) of EGFR-mutant lung adenocarcinoma in the
cBioPortal database.(19, 46, 47, 49, 50) Overall, the predilection for uyncommon EGFR
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deletions/insertions in the absence of common variants in BAs reinforces their highly
distinctive biology from adenocarcinomas. This is further supported by the finding that most
putative drivers in BAs were present as a solo alteration, which is distinctly uncommon for
adenocarcinomas.(46-48) Interestingly, the exact EGFR exon 20 insertion has been recently
described in a high proportion of inverted sinonasal papillomas,(51) further raising the
nosologic relationship between BAs and papillomas.

Molecular studies on patients with multiple BAs or BAs with concurrent lung
adenocarcinomas were helpful in establishing clonal relationships among multiple tumors.
In patients with BAs and concurrent adenocarcinomas, the mutational profiles of the BAs
were entirely distinct from the adenocarcinomas, supporting that the foci of BAs did not
represent peculiar intrapulmonary spread from the adenocarcinoma. By contrast, three
patients had multiple BAs, a phenomenon that has not been described previously in CMPTSs.
The presence of distinct driver mutations in individual lesions in the first two patients
confirms that the lesions were not clonally related, whereas the presence of identical BRAF
V600E mutations in the last patient could be coincidental given that BRAF is the most
common genetic alteration in these lesions. We also identified three patients in whom BAs
were present in the background of adenocarcinomas with multifocal AAH and AIS; these
patients were smokers, further raising the possibility that smoking may predispose to the
formation of BAs.

Given the bland cytology and absence of disease recurrences in the prior (4-18) and current
studies, BAs appear to be benign adenomatous growths. Rare reports of adenocarcinoma
occurring in association with CMPTSs have been described in two studies.(11, 29) One study
described a CMPT with concomitant colloid adenocarcinoma;(11) however, basal cell
markers were not performed in the study to confirm the presence of basal cells in the CMPT
component. The other study demonstrated attentuated p63 immunoreactivity suggestive of
invasive foci in two cases.(29) However, typical histologic features associated with
malignancy, such as cytologic atypia, necrosis, or increased mitotic activity, were not seen in
any of the cases described in the aforementioned study. Nonetheless, we cannot exclude the
possibility that progression/malignant transformation may occur in rare cases of BA/
CMPTSs; further study of these lesions and continued follow-up are required to address the
full biologic potential of BAs.

In conclusion, our clinical, morphologic, and molecular data suggest that adenomas derived
from bronchiolar epithelium encompass a spectrum of lesions beyond the current concept of
CMPTs, warranting a change in terminology. We believe that lesions currently designated
CMPTs represent a subgroup of these lesions, and we propose the term bronchiolar adenoma
to encompass the broad morphologic spectrum of this family of neoplasms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Proximal-type bronchiolar adenoma with papillary architecture (Patient 4). A, At low power,
the tumor shows prominent papillary architecture with abundant intra-alveolar mucin. B, At
high power, the tumor shows predominance of ciliated and mucinous cells entirely
surrounded by basal cells. C and D, P40 and CK5/6 highlight a continuous basal cell layer.
E, TTF1 shows focal weak positivity in the basal cells and patchy variable positivity in the

luminal cells. F, Napsin A is completely negative.
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Figure2.
Proximal-type bronchiolar adenoma with predominantly flat architecture (Patient 8, case 1).

A, At low power, the tumor shows predominantly flat architecture with abundant intra-
alveolar mucin. B, At high power, this tumor shows abundant ciliated and mucinous cells. C
and D, P40 and CK5/6 highlight a continuous basal cell layer. E, TTF1 shows weak to
moderate positivity in the basal cells, while it is negative in the luminal cells. F, Napsin A is
completely negative; positive staining is seen in entrapped pneumocytes.
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Figure 3.
Distal-type bronchiolar adenoma with entirely flat architecture and focal mucin and cilia

(Patient 9, case 2). A, Low power shows peribronchiolar location penetrated by medium-
sized muscular arteries. B, Mucinous cells are only present in rare glandular crypts (arrow).
C and D, Ciliated cells are inconspicuous and only observed on top of micropapillary-like
tufts. The luminal cells show predominance of cuboidal cells that resemble type Il
pneumocytes. E, P40 highlights a continuous basal cell layer. F, TTF1 is weakly positive in
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the basal cells and moderately to strongly positive in non-ciliated luminal cuboidal cells;
ciliated micropapillary tufts are negative.
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Figure 4.
Distal-type bronchiolar adenoma with entirely flat architecture and complete absence of

mucinous and ciliated cells (Patient 8, case 2). A, Low power shows entirely flat architecture
and sharply circumscribed contour from adjacent lung parenchyma. B, High power shows
complete absence of mucinous and ciliated cells; some cells show apical cytoplasmic snouts
resembling club cells. A dual layer with luminal and basal cells is apparent. C and D, P40
and CK5/6 highlight a continuous basal cell layer. E, F, G, TTF1 shows moderate to strong
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positivity in luminal and weak positivity in basal cells, while Napsin A is positive in luminal
cells only. Patchy CC10 positivity is seen in a subset of luminal cells.
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Figureb.
Miscellaneous morphologic features in bronchiolar adenomas (BASs). A, A proximal-type

BA shows seemingly discontinuous skip growths reminiscent of IMAs (Patient 3). B, A
distal-type BA shows exuberant micropapillary-like tufts budding into alveolar spaces
mimicking a micropapillary adenocarcinoma (Patient 10, case 1). C, A proximal-type BA
shows flat architecture and focal stromal expansion that create an acinar-like appearance
simulating an adenocarcinoma (Patient 5). D, A distal-type BA shows basal cell hyperplasia
and overt squamous metaplasia (Patient 21).

Am J Surg Pathol. Author manuscript; available in PMC 2021 April 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chang et al. Page 24

Figure®6.
Frozen section of bronchiolar adenomas. A, Low power shows abundant intra-alveolar

mucin and seemingly discontinuous growth, raising the differential diagnosis of IMA
(Patient 5, case 2). B, Apical cilia often appear as indistinct, ruffled borders and can be
nearly impossible to visualize, even at high magnification (Patient 8, case 1).
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Figure7.
Immunophenotype of normal proximal and distal bronchiolar epithelium.

In proximal bronchiolar epithelium (A and B), the luminal cells are largely negative for
TTF1. The basal cells show strong positivity for CK5/6 (or p40) and weak focal positivity
for TTF1.

In distal bronchiolar epithelium (C and D), the luminal cells show stronger and more diffuse
positivity for TTF1. The basal cells show strong positivity for CK5/6 (or p40), and patchy
weak to moderate positivity for TTF1.
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Figure8.
Molecular finding in bronchiolar adenomas.

A. Results of molecular studies and BRAF immunohistochemistry on 21 bronchiolar
adenomas.

B. H&E of a BRAFV600E mutant bronchiolar adenoma (Patient 8, case 2).

C. BRAF V600E staining shows cytoplasmic positivity in both luminal and apical cells.
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Figure.
Diagram summarizing the relationship between the spectrum of differentiation in normal

bronchioles and bronchiolar adenomas.
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