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Abstract

Pulmonary neuroendocrine neoplasms are classified by WHO as either typical or atypical carcinoids, large cell (LCNEC) or
small cell (SCLC) neuroendocrine carcinoma based on mitotic count, morphology, and necrosis assessment. LCNEC with
low mitotic count and sharing morphologic features with carcinoids are in a gray zone for classification and their rare
prevalence and the paucity of studies precludes proper validation of the current grading system. In this study, we aim to
investigate their clinicopathological and transcriptomic profiles. Lung resection specimens obtained from 18 patients
diagnosed with carcinoids or LCNEC were selected. Four of them were characterized as borderline tumors based on a
mitotic rate ranging between 10 and 30 mitoses per 2 mm?. Comprehensive morphological and immunohistochemical (IHC)
evaluation was performed and tumor-based transcriptomic profiles were analyzed through unsupervised clustering.
Clustering analysis revealed two distinct molecular groups characterized by low (C1) and high (C2) proliferation. C1 was
comprised of seven carcinoids and three borderline tumors, while C2 was comprised of seven LCNEC and one borderline
tumor. Furthermore, patients in cluster C1 had a better recurrence-free survival compared with patients in cluster C2 (20% vs
75%). Histological features, IHC profile, and molecular analysis showed that three out of four borderline tumors showed
features consistent with carcinoids. Therefore, our findings convey that the current diagnostic guidelines are suboptimal
for classification of pulmonary neuroendocrine tumors with increased proliferative index and carcinoid-like morphology.
These results support the emerging concept that neuroendocrine tumors with carcinoid-like features and mitotic count of
<20 mitoses per 2 mm? should be regarded as pulmonary carcinoids instead of LCNEC.

Introduction

The current WHO classification stratifies the pulmonary
neuroendocrine tumors into pulmonary carcinoids, large
cell neuroendocrine carcinoma (LCNEC) and small cell
neuroendocrine carcinoma (SCLC) [1]. The diagnosis is
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based on overall neuroendocrine morphology (for instance,
architectural patterns, nucleo-cytoplasmic ratio, “salt and
pepper” chromatin, and nuclear molding) presence of
necrosis, mitotic count, and immunohistochemistry profile
(IHC) [1]. Lung carcinoids are further classified as typical
tumors (<2 mitoses per 2 mm? and absence of necrosis) and
atypical tumors (2—10 mitoses per 2 mm? with or without
necrosis or <2 mitoses per 2 mm?* with necrosis) [2-4].
From a molecular point of view, despite the difference in
the survival outcomes and metastatic potential of typical
and atypical carcinoids, these two groups show striking
similarities in gene expression [5]. A recent study carried
out on DNA mutational profiles showed that similar gene
alterations were shared between carcinoids and carcinomas,
however with different prevalent rates among their subtypes
[6]. Furthermore, alteration in MENI gene is found to be
enriched in carcinoids, while 7P53 and RBI genes are
found to be altered particularly in carcinomas [7-10]. Based
on the current classification, LCNEC are tumors with
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mitotic count exceeding 10 mitoses per 2 mm?, extensive

necrosis, and classical morphologic features such as an
organoid growth pattern, solid nest of tumor cells with
comedo necrosis, peripheral palisading, and rosette forma-
tion [4, 11].

One of the major challenges with the aforementioned
WHO diagnostic criteria is their application to tumors that
have classical carcinoid morphology but a proliferation
index exceeding 10 mitoses per 2 mm?, which is still scar-
cely described in the literature [12, 13]. A few studies
looking at the genomic profiling of such tumors revealed
similarities to carcinoids rather than LCNEC [14-17].
A more recent work carried out by Alcala et al. showed that
the separation between pulmonary carcinoids and LCNEC
might be more subtle for a subset of patients, and identified
a subgroup of atypical carcinoids, named supra-carcinoids,
that has carcinoid-like morphological pattern but with
molecular characteristics similar to LCNEC [18]. Alto-
gether, these studies provide evidences that such borderline
tumors need further classification and refinement including
morphological criteria and biomarkers.

More importantly, the current diagnostic criteria are
suboptimal for classification of pulmonary neuroendocrine
tumors with carcinoid-like morphology and increased pro-
liferation. These guidelines do not specifically address the
classification of these tumors, which may potentially result
in adverse consequences for patient management and prog-
nosis. Efforts have been made to revise the WHO grading
system to better characterize extra-pulmonary differentiated
neuroendocrine tumors, using a three-tier grading system
(G1-G3) and incorporating ki-67 as a classification criteria
[18-22]. However, there are only a few studies to support
similar recommendations in the grading criteria for
lung neuroendocrine tumors with increased proliferation.
Recognizing this gap in the literature and based on the
aforementioned premise, we carried out this study to echo
similar recommendations to lung neuroendocrine tumors as
well. In order to do this, we aimed to investigate immuno-
histological and transcriptomic features of tumors with
mitotic counts borderline between carcinoids and LCNEC.
Particularly, we examined the morphology and immuno-
histochemical pattern of Ki-67, RB1, and p53 protein
expression of all the samples. In addition, we also analyzed
transcriptomic profiles to stratify neuroendocrine tumors
based on molecular data.

Materials and methods
Cohort collection and selection

In this retrospective study, all the samples were retrieved
from a single pulmonary pathology reference center with

the approval of the institutional ethics board (#21045).
Surgically resected samples of lung neuroendocrine tumors
from 135 patients diagnosed between 2000 and 2016 were
reviewed for this study. These specimens were part of the
IUCPQ site of the Quebec Respiratory Health Network
Tissue Bank (https://rsr-qc.ca/biobanque/). This cohort
included 91 cases of carcinoids and 44 cases of pure
LCNEC. The SCLC were excluded since the differential
diagnosis of carcinoids with increased proliferative index is
mainly with LCNEC, as stated in the manuscript. All these
cases were reviewed to confirm the diagnosis. The avail-
ability of frozen tissue along with the quality and the
amount of extracted RNA were assessed, upon which the
cases of TC, AC, and LCNEC were randomly selected.
However, for carcinoids, we wanted to select cases that
cover the spectrum of 0—10 mitoses per 2 mm? to have a
representative group of carcinoids and to be in line with the
clinically relevant groups of tumors. For LCNEC, repre-
sentative cases were also randomly selected. All the original
H&E slides were reviewed by thoracic pathologists to
confirm the diagnostic characterization, including reeva-
luation of the mitotic count and Ki-67 index. Available data
included primary diagnosis, pathology variables, clinical
variables such as sex, tumor stage, smoking status, status of
recurrence, and number of days of follow-up.

Histopathological evaluation and
immunohistochemistry (IHC)

The histological analysis of tumors was carried out based on
the 2015 WHO criteria [11]. Histological features such as
the distinct morphological patterns, extent of necrosis, and
cytological nuclear features were recorded. Mitotic count
was calculated by two thoracic pathologists on H&E in
most mitotically active areas evaluated on several blocks
and expressed as number of mitoses per 2 mm?”. The mean
value of mitotic index for a single most proliferative area
was calculated by averaging the pathologist values. Pro-
liferation index was assessed using ki-67 THC.

The WHO diagnostic criteria were used to classify the
tumors as carcinoids or carcinomas. The mitotic count of
<10 mitoses per 2mm?* was strictly enforced to char-
acterize the cases as carcinoids. In order to cover the
complete spectrum of mitotic rate, 18 samples were chosen
for this study. Tumors with mitotic counts lying on low
end of the spectrum for LCNEC were defined as border-
line, as some of the tumors in this mitotic range have
shown genetic alterations more characteristic for carci-
noids than LCNEC [18]. Based on a recent study, we used
the mitotic range of 10-30 mitoses per 2 mm’ to select
the tumors for this borderline group [23, 24]. All the cases
with mitotic count >30 mitoses per 2mm?® were char-
acterized as LCNECs.

SPRINGER NATURE
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Neuroendocrine differentiation was confirmed by
immunohistochemical markers including synaptophysin,
chromogranin, and CD56. For immunohistochemical
evaluation of RB1 (Retinoblastoma Gene Protein), pS3, and
Ki-67, a 4.0-um-thick section was cut from a representative
tumor block for each patient and deparaffinized. Heat-
induced epitope retrieval was performed in a DAKO
PT-Link (Dako-Agilent technologies) using high pH buffer
for both Ki-67 and p53 and low pH buffer for RB1. IHC
protocols were all carried out on the Autostainer Link 48
(Dako- Agilent Technologies, Santa Clara, CA). Ki-67
(clone MIB1) and p53 (clone DO-07) from Dako (Dako-
Agilent Technologies) were used in the manufacturer’s
prediluted format while RB1 (clone 13A10, Novocastra-
Leica Biosystems, Nussloch, Germany) was used at a 1:80
dilution. Incubation time with all primary antibodies was
20 min and the remaining of the IHC procedure was a
standard Autostainer protocol using Dako EnVision FLEX+
kit and ancillary’s reagents. After [HC, slides were counter-
stained using Harris hematoxylin. The evaluation of the Ki-
67 index was performed according to the recommendations
for GI well-differentiated NETs [25]. Ki-67 calculation was
done manually by counting the percentage of cells with
positive nuclear labeling. Briefly, 500 tumor cells were
evaluated in the hot-spot region. The highest Ki-67 value was
considered for the hot-spot, while the average value of Ki-67
was calculated as the mean across the slides.

RNA extraction and library preparation

After surgical removal, lung samples were immediately
placed in 5-mL cryovials and snap frozen in liquid nitrogen.
The cryovials were then transported in dry ice to the IUCPQ
Biobank where they were stored at —80°C until RNA
processing. The time from surgical removal to storage was
<30 min. RNA was extracted from 30 mg of frozen lung
specimens using RNeasy Plus Universal Mini kit (Qiagen
ON, Canada) following manufacturer’s instruction. RNA
concentration and purity were verified by UV 260/280 nm
ratio on the NanoVue spectrophotometer (GE Healthcare).
RNA quality was checked using a TapeStation 2200 (Agi-
lent Technologies, Santa Clara, CA, USA). RNA integrity
number (RIN) for all samples was >7.0. The Illumina
TruSeq stranded Total RNA library prep kit with Ribo-Zero
Gold (llumina Inc., San Diego, CA, USA) was used to
prepare RNA sequencing libraries, according to manu-
facturer’s instruction. Briefly, 10 pug of total RNA was used.
Ribosomal RNA (rRNA) including both cytoplasmic and
mitochondrial rRNA was removed using biotinylated,
target-specific oligos combined with Ribo-Zero rRNA
removal beads. Following purification with Agencourt
RNAClean XP beads (Beckman Coulter, Mississauga,
Ontario, Canada), the RNA was fragmented using divalent
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cations under elevated temperature. The fragmented RNA
was used as a template for cDNA synthesis by reverse
transcriptase with random primers. Strand specificity was
achieved by replacing dTTP with dUTP. This cDNA
was further converted into double stranded DNA that was
end-repaired to incorporate the specific index adapter for
multiplexing. Following a purification with Agencourt
AMPure XP beads (Beckman Coutler, Mississauga,
Ontario, Canada), an amplification for 15 cycles was
performed using a polymerase unable to incorporate
dUTP. Therefore, the second strand is quenched during
amplification. The quality of final amplified libraries was
examined with a DNA screen tape D1000 on a TapeSta-
tion 2200 and the quantification was done on the Qubit 3.0
fluorometer (ThermoFisher Scientific, Canada). Subse-
quently, RNA-seq libraries were sequenced on an HiSeq
2500 V3 system at the Next-Generation Sequencing
Platform, Genomics Center, CHU de Québec-Université
Laval Research Center, Québec City, Canada for paired-
end 100 bp sequencing.

Processing of RNA-seq and data analysis

RNA-seq data were processed using the Kallisto pipeline
[26], similar to other studies in the literature [27, 28]. Using
this method, the gene expression was computed from RNA-
seq data to quantify expression using a pseudo-alignment
method. The default analysis settings and parameters were
used for the algorithm, and the Ensembl GRCh38 reference
transcriptome was used for the workflow. Gene transcripts
mapped data were normalized to transcript per million
(TPM). The quantification was performed on the full tran-
scriptome and gene-level TPM values were calculated by
summing transcript-level TPM values. The expression
values were calculated using the log2(TPM + 1), which was
used for all the downstream analyses.

We used unsupervised hierarchical clustering with
correlation measure as distance and complete linkage to
cluster the gene expression for all patients. We repeated
the clustering 18 times, each time leaving one sample out
of the clustering analysis. This was carried out in order
to make sure that defining two groups of samples as the
two main branches of the dendrogram was reasonable.
Defining these two groups would be considered unrea-
sonable if the removal of a single sample could have a
drastic impact on the clustering. To identify differentially
expressed genes between the groups, we used Wilcoxon
test, and corrected the p values using false discovery rate
(FDR). A significant threshold of the corrected p <0.05
was used for the analysis. The Wilcoxon signed-rank test
was used to compare the continuous variables across two
groups. All analyses were performed using the R software
(R version 3.5.1).
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Table 1 Patient characteristics

based on WHO classification. All cases Carcinoids LCNEC Borderline tumors
LCNEC: 1“83 cell . Number of patients 18 7 7 4
neuroendocrine carcinoma.
Average age at diagnosis (years) 583 524 63.7 59.2
Average tumor size (mm) 32.7 21.8 42.7 34.0
Sex:
Male 8 (44%) 4 (57%) 3 (43%) 1 (25%)
Female 10 (56%) 3 (43%) 4 (57%) 3 (75%)
Smoking status:
Ex-smoker 9 (50%) 3 (43%) 2 (29%) 4 (100%)
Non-smoker 3 (17%) 3 (43%) 0 (0%) 0 (0%)
Active smoker 6 (33%) 1 (14%) 5 (71%) 0 (0%)
Stage
| 10 (56%) 6 (86%) 2 (29%) 2 (50%)
)i 7 (39%) 1 (14%) 4 (57%) 2 (50%)
I 1 (5%) 0 (0%) 1 (14%) 0 (0%)
Recurrence:
Yes 6 (33%) 0 (0%) 4 (57%) 2 (50%)
No 12 (67%) 7 (100%) 3 (43%) 2 (50%)
Death:
Yes 9 (50%) 1 (14%) 5 (71%) 3 (75%)
No 9 (50%) 6 (86%) 2 (29%) 1 (25%)

Results
Demographic and clinical characteristics

The clinical characteristics of patients in the cohort are
presented in Table 1. Eleven cases were diagnosed as
LCNECs and seven as carcinoids on initial pathology
evaluation based on 2015 WHO classification. Out of these
18 samples, four cases presenting a usually low mitotic
index for a diagnosis of LCNEC and an increased mitotic
count for a diagnosis of carcinoid were reclassified as
borderline tumors [23, 24]. The original diagnosis of the
four borderline samples were LCNEC. It should be noted
that the prevalence of borderline tumors based on our
results is 3.6%. However, it is worth noting that all samples
used in this study were resection cases, although it is likely
that the vast majority of patients diagnosed with pulmonary
carcinoids will undergo lung resection in the course of their
treatment.

Histopathological and immunohistochemical
evaluation

In the group of pulmonary carcinoids, the average value
of mitotic rate was 2.71 mitoses per 2 mm> (range 1-5
mitoses per 2mm?) and average value of Ki-67 pro-
liferative index was 8.57% (range: 1-23%). Borderline
cases had an average mitotic rate of 17.5 mitoses per 2
mm? (range: 13-26 mitoses per 2 mm?) and average value

of Ki-67 proliferative index was 28.5% (range: 15-58%).
The average value of Ki-67 for the borderline cases S8,
S9, S10, and S11 were 10.2, 6.25, 5, 37.5 respectively.
The average value of mitotic rate of LCNECs was 73.7
mitoses per 2 mm? (range: 42—128 mitoses per 2 mm?) and
a proliferative index of 89.8% (range: 75-100%). The
RBI1 and p53 protein expression was preserved in both
carcinoid and borderline tumors, while RB1 expression
was altered in three out of seven LCNEC and p53 in five
out of seven LCNEC cases. The spectrum of mitotic count
is summarized in Table 2.

Histopathological analysis of carcinoids with increased
proliferation rate revealed classical features of carcinoid
tumors (Table 3 and Fig. 1). The Ki-67 labeling com-
monly often presented heterogeneity throughout the slide.
All cases retained RB1 by IHC and had a wild-type
P53 staining pattern. In general, cases with higher mitotic
counts resulted in higher Ki-67 proliferative index. Case
S11 exhibited high Ki-67 proliferation index comparable
with that of LCNECs. Morphologically, borderline tumors
displayed trabecular, solid, lobular, and nested archi-
tectural pattern and rosettes formation. Out of four
tumors, three of them had focal necrosis, while we found
no necrosis in Case S10. Cytologically, tumors displayed
nuclei with salt and pepper chromatin with moderate
to abundant cytoplasm. Case S11 had higher nucleo-
cytoplasmic ratio and irregular nuclear borders, while
others had relatively uniform or monotonous round
nuclei, characteristic for pulmonary carcinoids (Fig. 1).

SPRINGER NATURE
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-irrillr)rllinzolfil sits(g(():i:;%ril Ciilalart;(ril dings Cases Diagnosis RB1 expression p53 expression Mitotic count® Ki-67*

in the tumor set of the study. S1 Typical carcinoid Preserved Patchy 1 6
S2 Typical carcinoid Preserved Patchy 1 3
S3 Typical carcinoid Preserved Patchy 1 1
S4 Atypical carcinoid Preserved Patchy 2 23
S5 Atypical carcinoid Preserved Patchy 4
S6 Atypical carcinoid Preserved Patchy 5
S7 Atypical carcinoid Preserved Patchy 5 10
S8 Borderline Preserved Patchy 13 18
S9 Borderline Preserved Patchy 14 23
S10 Borderline Preserved Patchy 17 15
S11 Borderline Preserved Patchy 26 58
S12 LCNEC Preserved Strong and diffuse 42 92
S13 LCNEC Diminished Patchy 54 87
S14 LCNEC Loss Loss 55 91
S15 LCNEC Preserved Patchy 64 75
S16 LCNEC Preserved Strong and diffuse 66 100
S17 LCNEC Diminished Strong and diffuse 107 90
S18 LCNEC Loss Strong and diffuse 128 94

“The mitotic count and the Ki-67 index are the mean of the scores provided by two evaluators and rounded to

whole numbers.

Table 3 Morphological

evaluation of borderline cases. Characteristics 58
Necrosis Present, focal
Architectural Trabecular
pattern
Average 13

mitotic rate
Average Ki-67 (%) 18

RB1 Preserved
expression
P53 Wild-type

S9 S10 S11

Present, focal Absent Present, focal

Solid, trabecular, Solid, nested, Rosettes, lobular with
rosettes trabecular peripheral palisading
14 17 26

23 15 58

Preserved Preserved Preserved expression
expression expression

Wild-type Wild-type Wild-type

The architecture of this case was also characterized by a
lobular pattern with peripheral palisading and increased
nucleo-cytoplasmic ratio compatible with LCNEC, how-
ever mitotic count remained on the low end of spectrum
for a LCNEC (26 mitoses per 2 mmz) and evolution was
compatible with carcinoid tumors with no relapse. The
remaining of the borderline cases did not have the features
of high-grade tumors, which were originally diagnosed as
LCNEC based on the mitotic count only. Therefore, three
tumors with increased proliferation had pulmonary
carcinoid-like morphology, while one case displayed
features of carcinoma. We hypothesize that these three
carcinoid-like tumors should be regarded as pulmonary
atypical carcinoids with increased proliferation rate. RB1
expression was preserved in all borderline tumors and
p53 showed normal (wild-type) expression pattern.

SPRINGER NATURE

Molecular evaluation of tumors

To test our hypothesis that borderline cases are more
related to atypical carcinoids, we analyzed their molecular
characteristics using gene expression profiling. Hier-
archical clustering using the Ward algorithm with Pearson
correlation distance identified two distinct clusters
(Fig. 2a): low proliferative cluster (C1), which included
seven carcinoids and three borderline tumors (S8, S9, and
S10), and high proliferative cluster (C2), which included
seven LCNEC and one borderline tumor (S11). C1 cluster
was characterized by a lower mitotic count and Ki-67,
while C2 cluster showed higher mitotic count and Ki-67.
The leave-one-out analysis showed that individual samples
do not switch from one cluster to the other, implying that
the two clusters are reasonable and well-defined. The
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S8

S9

S10

Fig. 1 Morphological features of borderline tumors with increased proliferation. H&E sections and Ki-67 marker expression.

average values of mitotic counts for the C1 and C2 clusters
were 6.1 mitoses per 2 mm? (range: 1 and 17 mitoses per
2mm?) and 67.7 mitoses per 2mm? (range: 26 and 128
mitoses per 2 mm?), respectively. In summary, our tran-
scriptomic analysis revealed that a subset of borderline
neuroendocrine carcinomas have genomic characteristics
similar to pulmonary carcinoids. Moreover, we found that
patients in low proliferation cluster (20%) had a better
recurrence-free survival (see, Table 1) compared with
patients in high proliferation cluster (75%).

To identify the differences between the two groups
obtained from the hierarchical clustering, we performed
Wilcoxon test on the mitotic rates and Ki-67 values between
the two clusters. We observed a statistically significant
difference between the low and high proliferative clusters

with a p value = 4e-04 (Fig. 2b) for mitotic rates. In
addition, we also found a significant difference between the
low and high proliferative groups with a p value = 4.6e-05
for Ki-67 values (Fig. 2c¢).

Next, we analyzed differentially expressed genes between
the two groups, C1 and C2. For an FDR of 5%, we found 747
genes to be differentially expressed between the groups.
Based on the p value, the top five genes that are differentially
expressed are SYT13, CAPG, CAMK2B, OSBPL3, and
IGF2BP2. The gene expression of differentially expressed
genes is presented as a heatmap (Fig. 3), in which the rows
are scaled to have mean zero and variance one. The row
dendrogram was computed and reordered based on row
means. In this way, samples with similar profiles are together
and shared gene expression profiles become more apparent.

SPRINGER NATURE
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Fig. 2 Transcriptomic analysis on the 18 patients distinguished
two molecular clusters of tumors. a Molecular characterization of
tumors using transcriptomic data: Hierarchical clustering of samples
based on gene expression data. Three borderline cases (S8, S9, S10)
highlighted in red color font were clustered with low proliferative

Discussion

Lung neuroendocrine tumors represent a heterogeneous
group of malignancies with distinct morphological patterns
for which accurate diagnosis and classification has been a
long-standing debate in clinic. The WHO classification
criteria of 1999 and 2004 delineated pulmonary neu-
roendocrine tumors based on mitotic counts and absence/
presence of necrosis. The thresholds for mitotic counts for
pulmonary neuroendocrine tumors were largely established
in epidemiologic studies using survival and tumor recur-
rence data [2, 29]. The cohorts included in those earlier
studies, however, contained very limited number of cases
borderline between carcinoid and LCNEC due to the rarity
of these tumors [2, 29].

The International Agency for Research on Cancer
(IARC) and World Health Organization (WHO) expert
consensus recently proposed a common framework for the
classification of neuroendocrine tumors. According to
these recommandations, neuroendocrine tumors were divi-
ded into well-differentiated neuroendocrine neoplasms

SPRINGER NATURE
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(WD-neuroendocrine neoplasms) and neuroendocrine carci-
nomas. WD-neuroendocrine neoplasms at the pulmonary site
(or pulmonary carcinoids) were classified as grade 1 (G1) and
grade 2 (G2) tumors. The upper limit of mitotic counts was
set at 10 mitoses per 2 mm”. However, the agency released a
statement regarding the lack of evidence for the classification
of borderline tumors, which exceeded the established mitotic
cutoff. It was stated that the evidence of higher grade pul-
monary WD-neuroendocrine neoplasms is currently limited to
a few publications [17, 18], which precluded the introduction
of grade 3 (G3) group with higher mitotic counts in the
proposed classification. This contrasts with digestive WD-
neuroendocrine neoplasms where three grades were intro-
duced along with the incorporation of Ki-67 immunomarker
in the grading system. The lack of studies on borderline
neuroendocrine tumors is related to their rarity, which pre-
cludes most meaningful epidemiologic studies based on the
clinical outcome data even though attempts were made along
these lines [30]. IARC consensus concluded that existence
and characterization of G3 WD-pulmonary neuroendocrine
neoplasms, which warrants further research [31].
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Fig. 3 Differentially expressed genes. Heatmap of differentially
expressed genes between the low and high proliferative groups (for an
FDR < 5%).

One of the challenging areas is the classification of aty-
pical carcinoids that have increased proliferation with >10
mitoses per 2mm?. One of the earliest study was done by
Megyesi et al., where the authors described a carcinoid-type
lung tumor with increased proliferation [12]. Kloppel et al.
in their study on pancreatic neuroendocrine tumors have
shown that few cases indeed exceeded the grade 2 pro-
liferative criteria [32]. These samples were later recognized
as grade 3 tumors by the WHO guidelines. In a study car-
ried out by Rekhtman et al., the authors have reported that
there are a few cases in lung neuroendocrine tumors that
have carcinoid-like molecular features with elevated pro-
liferation [14]. A study by Quinn et al. described 12 more
cases and illustrated that their clinicopathological features
were more similar to carcinoids [13]. In a more recent study
by Rekhtman et al., the authors observed mitotic index
exceeding 10 mitoses per 2 mm? among 35% of patients
with matched primary and metastatic samples [16]. In this
regard, there has been a lack of studies that investigated the
lung pulmonary borderline tumors defined by mitotic rates
higher than 10 mitoses per 2 mm?, but lying on the lower
end of spectrum for LCNEC. To obtain more insight into
these rare tumors, we conducted a comprehensive clinical,
pathological and transcriptomic characterization. It has been
recently shown that WHO criteria are unable to robustly
characterize the tumors that lie in the vast gray area between

atypical carcinoids and LCNEC, for instance in thymus
[24]. Hence, in this study, we defined borderline cases as
those tumors that have mitotic count between 10 and 30
mitoses per 2 mm? [23, 24]. We characterized four tumors
in our cohort as borderline cases (i.e., S8, S9, S10, and
S11). Firstly, we evaluated the histological features of these
four borderline samples. Based on our findings, three of
them exhibited morphology with solid, nested, trabecular
architectural pattern, or displayed rosettes, had low-grade
nuclei with salt and pepper chromatin, low nuclei-
cytoplasmic ratio, and only focal necrosis, which are char-
acteristics of atypical carcinoids. While, one tumor dis-
played features consistent with high-grade carcinoma. We
also evaluated the tumors using p53 and RB1 immunohis-
tochemical markers. In our cohort, four LCNEC’s expressed
RB1 protein loss while all carcinoids showed preserved
RBI1 staining and patchy pattern of p53 expression corre-
sponding to normal staining. All borderline tumors had
preserved RB1 and p53 expression. These results concord
with the existing literature showing RBI and TP53 genetic
alteration in a subset of LCNEC only and suggest that two
markers alone are insufficient to rule out LCNEC
[14, 30, 33]. However, a larger molecular panel would be a
useful diagnostic tool in the evaluation of borderline
tumors. Along these lines, efforts are currently underway to
propose a clinically relevant molecular signature [34].

Secondly, we used transcriptomic data to test our
hypothesis that a subset of borderline tumors belongs to
atypical carcinoid subtype. Our analysis identified two
distinct molecular groups with different clinical phenotypes.
One cluster was characterized by a lower mitotic count and
Ki-67 index, and another cluster was a representative of
higher mitotic count and Ki-67 index. In total, three bor-
derline cases were clustered with low proliferative index
group and had mitotic counts of 10-20 mitoses per 2 mm?,
while one borderline case was clustered with high pro-
liferative group. Our findings are in line with other studies
from the literature [17, 35, 36]. Similar findings were also
recently reported by Vivero and Scholl, where they showed
that genomic analysis carried out on a subset of carcinoid-
like tumors with increased proliferation represent atypical
carcinoids [35]. More recently, Alcala et al. showed that the
separation between pulmonary carcinoids and LCNEC
might be more subtle for a subset of patients, and they
identified a subgroup of atypical carcinoids, named supra-
carcinoids, that has carcinoid-like morphological pattern but
with molecular characteristics similar to LCNEC [22].
Taken together, the above histological and molecular find-
ings support the conclusion that a subset of borderline
tumors with elevated proliferation resemble atypical carci-
noids, and not LCNEC.

Our findings support to the emerging concept that that
neuroendocrine tumors with carcinoid-like features and
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mitotic count of <20 mitoses per 2 mm?” should be regarded
as pulmonary carcinoids instead of LCNEC. These obser-
vations were also made in pancreatic neuroendocrine
tumors that exhibited morphologic and molecular char-
acteristics similar to grade 1-2 neuroendocrine tumors. This
has resulted in the recommendation to classify such tumors
as grade 3 neuroendocrine tumors rather than carcinomas
[15, 37]. Our study suggests that similar recommendations
may be applicable in lung neuroendocrine tumors and
should be incorporated to the WHO diagnostic grading
system.

Although our results are of great interest from the
clinical standpoint, there are some limitations associated
with the current study, which includes, (i) Interobserver
variability: there is a considerable interobserver variation
in the histopathologic characterization of neuroendocrine
lung tumors, in particular, samples with low to medium
mitotic count [38]. Additional immunohistochemical
markers are necessary to improve classification and pre-
diction of prognosis. (ii) Sample size: due to the rarity of
these borderline cases, the sample size of our cohort is
small. However, the study design still allowed conclusive
statements. Analysis on the larger cohort will potentially
pave the way to build robust biomarkers using the mole-
cular data for classification of lung neuroendocrine
tumors. Overall, clustering analysis of the present study
supports the evidence that low-grade neuroendocrine
tumors are biologically distinct from neuroendocrine
carcinomas. Our results illustrate that the spectrum of
mitotic counts can be larger than the one presented in the
WHO classification criteria. Although the upper value for
the borderline tumors cannot be deduced from our study,
however, our work will guide further research, to establish
a robust mitotic range that will allow better classification
of lung neuroendocrine tumors. This study also provides a
basis to integrate molecular profiling into the histological
classification, to achieve a more accurate stratification of
lung neuroendocrine tumors. These findings have poten-
tial implications in the clinical management of lung neu-
roendocrine tumors. In addition, our findings also lay the
foundation to build clinically relevant biomarkers, which
can be augmented with conventional pathological vari-
ables for primary diagnosis.
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