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A B S T R A C T   

Background: Although immunotherapy has led to a paradigm shift in the treatment of lung cancer, the therapeutic 
approaches for lung neuroendocrine neoplasms (LNENs) are still limited. Our aim was to explore the immuno-
logical landscape and the expression of immune checkpoint markers in LNENs. 
Methods: Surgically removed tumor samples of 26 atypical carcinoid (AC), 30 large cell neuroendocrine carci-
noma (LCNEC) and 29 small cell lung cancer (SCLC) patients were included. The immune phenotype of each 
tumor type was assessed by using a panel of 15 immune-related markers. As these markers are potentially 
expressed by immune cells and/or tumor cells, they might serve as putative targets for immunotherapy. 
Expression patterns were measured by immunohistochemistry and correlated with clinicopathological parame-
ters and prognosis. 
Results: Unsupervised hierarchical clustering revealed distinct immunologic profiles across tumor types. Spe-
cifically, AC tumors were characterized by high tumor cell CD40 expression and low levels of immune infiltrates 
whereas SCLC samples had a high CD47 and Inducible T Cell Costimulator (ICOS) expression in tumor cells and 
immune cells, respectively. High CD70 and CD137 expression by tumor cells as well as elevated expression of 
CD27, Lymphocyte Activation Gene 3 (LAG3), and CD40 by immune cells were characteristic for LCNEC samples. 
Overall, SCLC and LCNEC tumors had a more immunogenic phenotype than AC samples. High tumor cell CD47 
and CD40 expressions were associated with impaired and improved survival outcomes, respectively. 
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Ligand 3; FFPE, Formalin-fixed paraffin-embedded; GEPIA2, Gene Expression Profiling Interactive Analysis 2; ICI, Immune checkpoint inhibitor; IHC, Immuno-
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Network; NSCLC, Non-small cell lung cancer; OS, Overall survival; PD-1, Programmed Cell Death Protein 1; PD-L1, Programmed Cell Death Ligand 1; PFS, Pro-
gression-free survival; POU2F3, POU Class 2 Homeobox 3; RB1, Retinoblastoma 1; SCLC, Small cell lung cancer; STAS, Spread through air spaces; STK11, Serine/ 
threonine Kinase 11; TC, Typical carcinoid; TIM, Tumor immune microenvironment; TIMER 2.0, Tumor Immune Estimation Resource 2.0; TP53, Tumor Protein p53; 
TMB, Tumor mutation burden; YAP1, Yes-Associated Protein 1. 
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Conclusions: By providing insights into the widely divergent immunologic profiles of LNENs, our results might 
serve as a basis for the development of novel immunotherapy-related approaches in these devastating 
malignancies.   

1. Introduction 

Lung neuroendocrine neoplasms (LNENs) mostly originate from 
neuroendocrine cells of the lung and represent a heterogeneous group of 
disease [1]. They account for approximately 20% of all lung cancer cases 
and are characterized by various molecular, morphological, and 
immunohistochemical features [2]. 

Histologically, LNENs comprise of four distinct types that are asso-
ciated with different clinical and biological behaviors [2]. Typical 
carcinoid tumors (TCs, 1.8% of all lung cancers) are well-differentiated 
low-grade neoplasms that are usually cured by surgery alone whereas 
atypical carcinoids (ACs, 0.2%) are intermediate-grade tumors with a 
dismal clinical course and a 5-year survival rate of 50%. Given its 
aggressive behavior and high metastatic potential (distant metastases 
appear in 40–50% of cases), patients with AC tumors often require 
adjuvant chemo-radiotherapy after surgery [1,3–5]. Of note, all bron-
chial carcinoids are considered malignant lesions and have the potential 
to metastasize, even TCs [6]. Large cell neuroendocrine carcinomas 
(LCNECs, 3%) are poorly differentiated high-grade tumors characterized 
by high rates of recurrence after surgery. The overall survival (OS) of 
LCNEC patients is generally dismal (with 5-year survival rates of 
approximately 15–25%), even for individuals with early stage disease 
[7,8]. As for its clinical management, therapeutic protocols for LCNEC 
frequently overlap with the treatment approaches in small cell lung 
cancer (SCLCs, 15%), the fourth histological type of LNENs [1,9–11]. As 
SCLC is an exceptionally lethal and metastatic malignancy with a 5-year 
survival rate way below 7%, it remains one of the deadliest types of 
cancer. Due to its high metastatic potential and rapid doubling time, 
surgery is rarely performed in this hard-to-treat cancer. Instead, similar 
to those with LCNEC tumors, SCLC patients are usually treated with 
platinum-based chemotherapy (CHT) and etoposide [12–16]. 

The implementation of immunotherapy into clinical practice over 
the last few years has fundamentally changed the survival outcomes of 
non-small cell lung cancer (NSCLC) patients [17]. Nevertheless, progress 
in the clinical management of LNENs lags far behind the significant 
developments seen in NSCLC due to immune checkpoint inhibitors 
[15,18]. Recently, there has been a growing interest in the use of 
immunotherapeutic agents in advanced or metastatic lung carcinoids 
[19–22]. Several ongoing clinical trials are investigating the effective-
ness of immune checkpoint blockade in these subtypes [23]. As for other 
LNENs, although the addition of immune checkpoint inhibitors to the 
standard platinum-based systemic therapy improved survival outcomes 
in subsets of SCLC and LCNEC patients, the response rates were lower 
than anticipated [24–26]. The reasons behind these somewhat disap-
pointing results are controversial. However, the tumor immune micro-
environment (TIM) might play a pivotal role in immune checkpoint 
inhibitor efficacy [27]. Past efforts to characterize the TIM revealed its 
role in cancer development and progression [25]. Additionally, high 
tumor infiltrating lymphocyte density associates directly with immu-
notherapy benefit in NSCLC patients and predicts clinical outcomes 
[28,29]. 

Evaluating the TIM and specific immune signatures of LNENs is a 
critical next step in improving the efficacy of currently used immune 
checkpoint inhibitors and developing next-generation immunother-
apies. To date, only a few studies have investigated the expression 
pattern and clinical relevance of certain immune-related markers in 
these malignancies (e.g. Programmed Cell Death Protein 1 [PD-1], 
Programmed Cell Death Ligand 1 [PD-L1], CD8, CD47, Lymphocyte 
Activation Gene 3 [LAG3]) [21,30–35]. Nevertheless, given the low 
number of examined immune markers and the scarcity of surgically 

resected cases, these studies could not comprehensively evaluate the 
TIM. 

In this study, we aimed to investigate the immunological phenotypes 
and TIM of surgically resected LNENs. Importantly, besides assessing the 
expression pattern of several immune-related markers, we also evalu-
ated their relationship to clinicopathological parameters and long-term 
outcomes. 

2. Materials and methods 

2.1. Study population and treatment 

In our two-center retrospective study, we included 85 Caucasian 
patients with histologically confirmed LNENs who underwent surgical 
resection either at the National Korányi Institute of Pulmonology 
(Budapest, Hungary) or at the National Institute of Oncology (Budapest, 
Hungary) between 2000 and 2020. Of these, 26, 30, and 29 patients 
were diagnosed with AC, LCNEC, and SCLC, respectively. Clinicopath-
ological data concerning the age at the time of diagnosis, gender, 
comorbidities, and smoking history were retrospectively collected from 
medical records. Survival outcomes were provided by the National 
Health Insurance Office and Central Statistical Office of Hungary. Only 
individuals with appropriate clinicopathological data and sufficient 
amount of formalin-fixed paraffin-embedded (FFPE) tumor tissue were 
included. To compare with the AC samples, we also included 10 addi-
tional TC samples in the study. 

The present study was conducted in accordance with the guidelines 
of the Helsinki Declaration of the World Medical Association. The study 
was approved by the national-level ethics committee of Hungary 
(Hungarian Scientific and Research Ethics Committee of the Medical 
Research Council, ETT TUKEB 39249–2/2019/EKU and 52614–4/ 
2013/EKU). The need for individual informed consent for this retro-
spective study was waived. After clinical information was collected, 
patient identifiers were removed, thereby disabling direct or indirect 
patient identification. All patients underwent lung resection surgery 
(lobectomy or wedge resection surgery), and platinum-based adjuvant 
CHT was applied when necessary. Systemic therapy was administered in 
accordance with the current National Comprehensive Cancer Network 
(NCCN) guidelines in both institutes. 

2.2. Immunohistochemistry (IHC) 

All tumor tissue samples were obtained by surgical resection. First, 
each sample was examined as part of the routine pathological check-up 
to define the histopathological diagnosis for further therapy. This was 
performed by a board-certified pathologist of the host institute accord-
ing to the contemporary diagnostic guidelines, using specific IHC stains 
such as Chromogranin A, Synaptophysin, CD56, Syntaxin, and Ki-67. In 
addition, in order to ensure correctness of the initial diagnosis and to 
exclude cases with mixed histology (i.e. combined SCLC-LCNEC/ 
NSCLC), all hematoxylin and eosin (H&E)-stained slides were also 
reviewed by an independent pathologist prior to inclusion. All included 
tissue sections were analyzed for the expression of the following 15 
immunological markers: PD-L1, PD-1, CD3, CD4, CD8, CD27, CD47, 
Indolamine 2,3-dioxygenase (IDO), inducible T-cell costimulator 
(ICOS), CD70, CD137, CD40, CD94/NK Group 2 Member A (NKG2A), 
LAG3, and OX40. As these markers are expressed by several immune 
cells and transmit activatory or inhibitory signals, they might represent 
potential targets for immunotherapy [36–44]. The specific antibodies 
against these markers are summarized in Supplementary Table S1. 
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After deparaffinization and rehydration, sections were incubated in a 
3% H2O2 solution for 20 min in order to reduce nonspecific background 
staining. Next, tissue samples were heated to 98.0 ◦C in a 10 mM Citrate 
buffer (pH = 6.0) or 10 mM Tris-EDTA buffer (pH = 9.0) for 40 min 
based on the manufacturers’ recommendation. Slides were incubated at 
room temperature with Ultra V Block (Ultravision LP detection system, 
Lab Vision Corporation, Thermo Fisher Scientific Inc., Pittsburgh, MA, 
USA) for 5 min, followed by primary antibody incubation overnight at 
4 ◦C. Immunoreaction was detected by the UltraVision LP detection 
system (Lab Vision Corporation). Primary antibodies were visualized by 
3-3′-diaminobenzidine (DAB) and counterstained with hematoxylin. All 
slides were digitally scanned using PANNORAMIC 250 Flash III 
(3DHISTECH Ltd., Budapest, Hungary); sections were examined and 
evaluated by using CaseViewer 2.4 (3DHISTECH Ltd., Budapest, 
Hungary). During pathological evaluation, the percentage of positive 
cells was determined and averaged on ten randomly selected areas by 
two independent pathologists at 20x and 40x magnification. When a 
discrepancy of more than 20% between the two pathologists’ scores 
arose, cases were re-evaluated by including a third senior lung pathol-
ogist. The tumor cells and immune cells were separately scored. 
Furthermore, in the case of tumor cells, the ratio of positive cells to all 
tumor cells was quantified. Similarly, the ratio of immune cells showing 
positive staining as well as the ratio of total immune infiltrates in a given 
sample were determined. Of note, we choose to analyse each slide 
“manually” instead of computed-based tools since the evaluated anti-
bodies are not yet part of the routine clinical diagnosis and software- 
based approaches are mostly optimized for widely-used diagnostic an-
tibodies. Additionally, the training of AI-based algorithms requires a 
large number of “teaching” sets which were not available in our study. 

2.3. Statistical analyses 

Statistical analyses were performed using R version 4.0.5 (R Foun-
dation for Statistical Computing, Vienna, Austria). P-values of < 0.05 
were considered statistically significant. To compensate for multiple 
testing, the Bonferroni-correction was applied in certain cases. Adjusted 
p-values are marked with an asterisk (*) throughout the text. Further 
details concerning the statistical analyses are presented in the Supple-
mentary Materials and Methods section. 

3. Results 

3.1. Clinicopathological characteristics and survival outcomes of included 
patients 

Patient characteristics according to their tumor’s histological type 
are presented in Table 1 and Supplementary Fig. S1A. Of note, because 
bronchoscopy reports were available for all of our patients, we strictly 
defined the primary tumor location by bronchoscopical visualization. As 
for the association between clinicopathological parameters and survival 
outcomes, we found that the lung cancer subtype (log-rank p = 0.059), 
vascular involvement (log-rank p = 0.0049), and the presence of dia-
betes as a comorbidity (log-rank p = 0.021) influenced the overall sur-
vival (OS) in our univariate model (Supplementary Fig. S1B). 

3.2. The expression pattern of immune-related markers by tumor cells in 
LNENs 

Representative IHC images of immune-related markers according to 
each LNEN subtype are shown in Fig. 1. In order to investigate the key 
differences in their IHC expression, we evaluated markers with available 
expression levels in at least one of the NEN subtypes for at least one 

Table 1 
Clinicopathological characteristics (COPD, Chronic obstructive pulmonary disease; CHT, chemotherapy; NA, not available).   

Atypical carcinoids (AC) Large cell neuroendocrine lung cancer (LCNEC) Small cell lung cancer (SCLC) 

Total number of patients 26 30 29 
Gender male 11 (42,3%) 18 (60%) 9 (31,03%)  

female 15 (57,7%) 11 (36,67%) 20 (68,9%) 
Median age (range) 62 (33–79) 63 (48–76) 65 (50–76)  
Smoking history current smoker 4 (15,38%) 9 (30%) 9 (31,03%)  

former smoker 6 (23,08%) 11 (36,67%) 13 (44,83%)  
non-smoker 14 (53,85%) 3 (10%) 4 (13,79%)  
NA 2 (7,69%) 7 (23,33%) 3 (10,34%) 

COPD COPD 4 (15,38%) 12 (40%) 13 (44,83%)  
no COPD 22 (84,62%) 17 (56,67%) 14 (48,28%)  
NA 0 (0%) 1 (3,33%) 2 (6,9%) 

Hypertension hypertension 16 (61,54%) 19 (63,33%) 12 (41,38%)  
no hypertension 10 (38,46%) 10 (33,33%) 15 (51,72%)  
NA 0 (0%) 1 (3,33%) 2 (6,9%) 

Diabetes diabetes 4 (15,38%) 5 (16,67%) 7 (24,14%)  
no diabetes 22 (84,62%) 24 (80%) 20 (68,9%)  
NA 0 (0%) 1 (3,33%) 2 (6,9%) 

Other malignancy other malignancy 6 (23,08%) 4 (13,33%) 8 (27,59%)  
no other malignancy 20 (76,92%) 25 (83,33%) 19 (65,52%)  
NA 0 (0%) 1 (3,33%) 2 (6,9%) 

Tumor localization central 13 (50%) 3 (10%) 6 (20,69%)  
peripheral 13 (50%) 24 (80%) 18 (62,07%)  
NA 0 (0%) 3 (10%) 5 (17,24%) 

Necrosis necrosis 10 (38,46%) 24 (80%) 18 (62,07%)  
no necrosis 6 (23,08%) 5 (16,67%) 9 (31,03%)  
NA 10 (38,46%) 1 (3,33%) 2 (6,9%) 

Vascular involvement vascular involvement 10 (38,46%) 10 (33,33%) 13 (44,83%)  
no vascular involvement 15 (57,69%) 19 (63,33%) 11 (37,93%)  
NA 1 (3,85%) 1 (3,33%) 5 (17,24%) 

Recurrence recurrence 2 (7,69%) 3 (10%) 3 (10,34%)  
no recurrence 19 (73,08%) 13 (43,33%) 9 (31,03%)  
NA 5 (19,23%) 14 (46,67%) 17 (58,62%) 

Neoadjuvant chemotherapy neoadjuvant CHT 3 (11,54%) 1 (3,33%) 1 (3,45%)  
no neoadjuvant CHT 23 (88,46%) 28 (93,33%) 26 (89,66%)  
NA 0 (0%) 1 (3,33%) 2 (6,9%)  
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patient. Accordingly, the following eight markers were included in the 
comparative analysis: PD-1, PD-L1, CD47, IDO, CD70, CD137, CD40, 
and NKG2A. Except for PD-L1, where expression levels were 

ubiquitously low and resulted in a similar expression pattern across all 
histological subgroups (only 5 positive cases were found in the LCNEC 
cohort, median: 0.0), the IHC expression of the other markers showed a 

Fig. 1. IHC stainings of formalin-fixed, paraffin-embedded AC, LCNEC and SCLC samples with immune-related markers. The representative images were 
captured with a 40x objective lens. The positive cells were visualized with 3-3′-diaminobenzidine (DAB), and the nuclei were labeled with hematoxylin. Black arrows 
point at examples of positive tumor cells. AC, atypical carcinoid; LCNEC, large cell neuroendocrine carcinoma; SCLC, small cell lung cancer; TCs, tumor cells. 
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different distribution in at least one of the three groups (Fig. 2A). Spe-
cifically, tumor cell NKG2A and CD40 expressions were significantly 
higher (p < 0.05) in AC samples compared to the LCNEC and SCLC 
specimens (the median of NKG2A expressions were 0.015, 0.01, and 
0.01 in AC, LCNEC, and SCLC samples, respectively. The median CD40 
expressions were 0.275, 0.1, and 0.1 in AC, LCNEC, and SCLC samples, 
respectively). CD47 expression was the highest in SCLC samples (vs. 
LCNEC and AC, medians were 0.25 vs. 0.035 vs. 0, respectively). LCNEC 
tumors expressed both PD-1, CD70, and CD137 at a significantly higher 
degree than tumors with other histological types (p < 0.05). As for their 
clinical relevance, we found that tumor cell NKG2A expression nega-
tively correlated with the patient’s age (Pearson R = -0.38; p*=0.004). 
Of note, CD40 expression also showed a negative correlation with age, 
but this outcome did not reach statistical significance after correction for 
multiple testing (Pearson R = -0.27, p*=0.104; Supplementary 
Fig. S2A). Other relevant associations between the expression of 
immune-related markers by tumor cells and categorical clinicopatho-
logical variables are shown in Supplementary Fig. S2B. 

3.3. Unsupervised hierarchical clustering of LNENs according to the 
expression pattern of immune-related markers by tumor cells 

As shown in Fig. 3A, unsupervised hierarchical clustering based on 
the IHC expression of different markers of the TIM separated the samples 
of different histological subgroups fairly well. We found that tumor cell 
CD40 expression was generally higher in AC tumors (vs. LCNEC and 
SCLC specimens) whereas high CD47-expressing tumor cells were 
characteristic for SCLC. CD137 expression by tumor cells was the highest 
in LCNEC specimens. These results are in line with the above-discussed 
findings of pairwise comparisons. 

3.4. The expression pattern of immune-related markers defined by 
immune cells varies across LNEN subtypes 

First, in order to obtain a comprehensive overview of the TIM 

concerning each histological subtype, we compared the levels of im-
mune infiltration (i.e. tumor-infiltrating lymphocytes) across the 
different subgroups (Fig. 2B). The abundance of immune infiltrates was 
similar in SCLC and LCNEC samples, but notably lower in AC specimens. 
Likewise, individual expressions of other immune-related markers such 
as PD-1, ICOS, CD27, CD4, and CD8 were also significantly lower in AC 
tumors (vs. SCLC and LCNEC specimens). Of note, immune cell ex-
pressions of CD27, LAG3, OX40, CD40, and CD8 were highest in LCNEC 
samples and only these tumors expressed PD-L1. None of the measured 
parameters correlated with the patients’ age. However, as shown in 
Supplementary Fig. S3, several significant associations between immune 
cell expression levels of immune-related markers and tumor localiza-
tion, peritumoral inflammation, and other clinicopathological variables 
were found. 

To examine the immunologic landscape within different carcinoid 
tumor types, we performed immunohistochemical stainings on ten 
additional typical carcinoid samples. Supplementary Fig. S4 shows the 
representative images of immune-related markers in the case of typical 
carcinoid tumors compared to atypical carcinoids. Supplementary 
Fig. S5A shows the markers’ expression levels by tumor cells in typical- 
vs. atypical carcinoids. Out of the 15 initial markers, we studied eight 
markers which had available expression levels in at least the typical or 
atypical carcinoid subtype of at least one patient. Based on the p-values 
of the Wilcoxon rank sum test after Bonferroni-correction, median ex-
pressions were significantly different between typical and atypical 
carcinoid cases in case of PD-1 (p = 0.013), PD-L1 (p = 0), IDO (p =
0.00003), CD70 (p = 0.00014), and NKG2A (p = 0.00093). Supple-
mentary Fig. S5B shows the expression levels of the 15 markers by im-
mune cells. We found a significant difference between typical- and 
atypical carcinoid cases in case of CD4 (p = 0.00016) and PD-L1 (p =
0.00012) expression levels. 

Fig. 1. (continued). 
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Fig. 2. (A) Expression levels of preselected immune-related markers by tumor cells in different LNEN subtypes. The color-filled curves show the estimated 
normalized probability density function of the data. Colors indicate the three LNEN subtypes, whereas the short vertical black lines mark the individual samples. We 
studied 8 markers among the 15 markers which had available expression levels in at least one of the LNEN subtypes for at least one patient. Except for PD-L1, the 
other 7 markers showed different expressions across the LNEN histological subgroups. Green: SCLC, small cell lung cancer; red: LCNEC, large cell neuroendocrine 
cancer; yellow: AC, atypical carcinoid. Bonferroni-adjusted significant differences are marked with an asterisk (*). (B) Expression levels of different immune- 
related markers by immune cells cells according to the three LNEN subtypes. The filled curves show the estimated normalized probability density function 
of the data. Colors indicate the three LNEN subtypes; the short vertical black lines mark the individual samples. The first graph represents the level of immune 
infiltration in general. Colors indicate different LNEN subtypes, short vertical black lines mark individual samples. Green: SCLC, small cell lung cancer; red: LCNEC, 
large cell neuroendocrine carcinoma; yellow: AC, atypical carcinoid. Bonferroni-adjusted significant differences are marked with an asterisk (*). 
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3.5. Unsupervised hierarchical clustering of samples according to the 
immune cell-based TIM 

As shown in Fig. 3B, LNEN samples can be separated fairly well based 
on the immune cell expression of the examined immune-related 
markers. AC tumors tended to be less immunogenic than SCLC and 

LCNEC tumors and the expression levels of CD3, CD8, CD27, and CD4 
were also significantly lower in this histological subtype. Differences 
concerning the immune cell-based expression levels compared to the 
immune-related marker expression pattern of the tumor cells were less 
evident between the other two histological subtypes (SCLC and LCNEC). 
Nevertheless, immune cell expressions of CD27 and CD40 were higher in 

Fig. 3. (A) Hierarchical clustering of LNENs based on the tumor cell expression of immune-related markers. The color bar scale indicates the expression levels 
of the selected markers (PD-1, CD47, PD-L1, IDO, CD70, CD137, CD40, NKG2A). LCNEC, large cell neuroendocrine lung cancer; SCLC, small cell lung cancer; AC, 
atypical carcinoid. (B) Hierarchical clustering based on the expression pattern of immune-related markers defined by the immune cells. Unsupervised 
hierarchical clustering of immune cell expression levels separates the samples with different histological subtypes fairly well. The color bar scale indicates the 
expression levels of the selected markers (PD-1, CD27, CD4, CD47, ICOS, LAG3, OX40, IDO, CD70, CD137, CD3, CD40, NKG2A, CD8). LCNEC, large cell neuro-
endocrine lung cancer; SCLC, small cell lung cancer; AC, atypical carcinoid. (C) Heatmap of the expression levels of different markers in tumor and immune 
cells. The heatmap contains the covariates that had a non-zero coefficient value in at least one of the three logistic regression submodels of the fitted multinomial 
penalized linear regression model. Expression levels (x) were transformed with the log (1 + x) transformation to better differentiate between various color hues. 
Rectangles indicate the variables included in the model (red: positive coefficient, black: negative coefficient). TC: tumor cell, IC: immune cell, LCNEC, large cell 
neuroendocrine carcinoma; SCLC, small cell lung cancer; AC, atypical carcinoid. 
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LCNEC samples (vs. SCLC). 

3.6. The impact of TIM on survival outcomes in LNEN patients 

Division of patients into low- and high-expressing categories con-
cerning each immune-related marker was performed by using the me-
dian value of the given marker. Univariate Kaplan-Meier survival 
analysis revealed a tendency towards impaired OS in patients with high 
(vs. low) CD47-expressing tumors (log-rank p = 0.096). In contrast, high 
tumor cell CD40 expression was associated with favorable survival 
outcomes (log-rank p = 0.052; Fig. 4A). As for the prognostic relevance 
of immune-related markers concerning immune cells, we found that 
high (vs. low) CD137 expression cells was associated with significantly 
improved OS (log-rank p = 0.0096, Fig. 4B). Meanwhile, patients with 
high immune cell ICOS expression tended to have worse survival out-
comes compared to those with low ICOS expression (log-rank p = 0.045, 
Fig. 4B). In the case of CD8 and LAG3, a borderline significant tendency 
was observed between their immune cell-based expression levels and OS 
(Fig. 4B). Specifically, we found that high CD8 (p = 0.083) and LAG3 (p 
= 0.15) expression tended to be associated with impaired and improved 
OS, respectively. When analysing the SCLC and LCNEC samples only, 
none of the investigated markers’ tumor cell expression demonstrated a 
significant effect on overall survival in a univariate setting (Supple-
mentary Fig. S6A) As for the immune cells, a significant survival dif-
ference was found in the case of PD-1 (p = 0.048), CD27 (p = 0.0043), 
LAG3 (p = 0.023), CD4 (p = 0.059), CD137 (p = 0.064) and the amount 
of immune infiltration (p = 0.021) (Supplementary Fig. S6B). 

3.7. Multivariate Cox-regression model for OS 

A multivariate Cox-regression model fitted to the data revealed that 
only age (p = 0.008) and vascular involvement (p = 0.012) influenced 
the OS independently including all of the three histological subtypes). 
Accordingly, elderly patients or those with vascular involvement had 
worse survival outcomes (Supplementary Fig. S7A). Notably, as shown 
in (Supplementary Fig. S7B), when the model was limited to LCNEC and 
SCLC patients, only age remained and independent prognostic factor (p 
= 0.05), whereas the prognostic relevance of vascular involvement 
proved to be borderline significant (p = 0.06). None of the immune- 
related markers which influenced the OS in our univariate models 
remained significant in our multivariate models (Supplementary 
Fig. S7A and B). 

3.8. Correlation between the expression patterns of immune-related 
markers defined by tumor cells and immune cells 

Fig. 5 shows the statistically significant correlations between the 
evaluated markers and the general abundance of immune infiltrates. 
Supplementary Table S2 summarizes the R and p-values in the whole 
and in filtered dataset (Rfilt and pfilt*). Among others, we found that PD-1 
expression of the tumor cells correlates with CD70 expression of both 
immune and tumor cells (R = 0.446, p*=0.0058 and Rfilt = 0.6849, 
pfilt*=<0.0001, respectively). Likewise, we also observed that the gen-
eral abundance of immune infiltrates significantly correlates with CD3 
expression of immune cells (Rfilt = 0.6044, pfilt*=0.0206). As for PD-L1, 
a significant positive linear correlation between tumor cell PD-L1 
expression and LAG3 expression of the immune cells (Rfilt = 0.8294, 
pfilt*=0.0008) was seen. 

3.9. Multinomial penalized linear regression model predicts the LNENs’ 
histological subtype 

In order to evaluate whether the histological subtypes could be 
defined based on the TIM, a multinomial penalized linear regression 
model was used. The fitted model was able to predict the histological 
type of the LNEN with an overall accuracy of 90% in the training set and 

77% overall accuracy in the test set. See Supplementary Fig. S8 for 
confusion matrices and additional performance metrics. 

As an additional insight, we aimed to interpret model coefficients. 
Given that the multinomial model effectively consists of three separate 
penalized logistic regression submodels, their covariates can be used to 
differentiate between samples belonging to the given histological type 
and samples not belonging to that type. To this end, we plotted the 
expression and immune infiltration patterns of all samples in the dataset 
ordered by histological type (Fig. 3C) and added a black or red border to 
covariates that had a negative or positive coefficient in the given sub-
model, respectively. These results imply that greater tumor cell CD70 
and CD137 expression and higher immune cell CD27, LAG3, OX40, PD- 
L1, and CD40 expression were measured in our LCNEC samples 
compared to the AC and SCLC cohort. The SCLC cohort was character-
ized by high expression levels of CD47 and low levels of IDO in tumor 
cell as well as by a generally high expression level of ICOS in immune 
cells compared to the AC and LCNEC groups. The AC group showed 
small amounts of immune infiltrates, high expression levels of CD40 and 
NKG2A by tumor cells and low expression levels of CD4 and ICOS by 
immune cells compared to LCNEC and SCLC samples. 

4. Discussion 

Gaining insights into different aspect of TIM is of clinical importance, 
as immune cells can impact tumor fate in different stages of disease [45]. 
Moreover, understanding the interaction between malignant cells and 
components of the immune system could lead to the development of 
more effective immunotherapeutic agents. Immunotherapy represents 
an intriguing weapon in the treatment of NSCLC patients; however, its 
exact role and mechanisms of action in LNENs have not yet been fully 
elucidated. Accordingly, in order to gain insight into potential bio-
markers and pave the way for future immune checkpoint inhibitor-based 
strategies, there is an urgent need to study the TIM of these tumors. 
Here, we investigated the immunological landscape of NENs by assess-
ing the expression pattern of 15 immune-related markers in surgically 
removed AC, LCNEC, and SCLC tumors. 

So far, only a few potential predictive and prognostic biomarkers in 
LNENs have been proposed. The expression of CD44, the presence and 
degree of spread through air spaces (STAS) as well as the deletion of 
chromosome 11q (11q22.3-q25) and the mutations of multiple endo-
crine neoplasia type 1 (MEN1) have been reported to be negative 
prognosticators in AC tumors [5,46–49]. SCLC has been formerly 
considered a homogeneous disease with a single morphological type. 
Recent profiling studies, however, provide a framework to differentiate 
biologically distinct SCLC subtypes based on the expression of the 
following transcription factors: Achaete-Scute Homologue 1 (ASCL1), 
Neurogenic Differentiation Factor 1 (NEUROD1), POU Class 2 Homeo-
box 3 (POU2F3), and Yes-Associated Protein 1 (YAP1) [15,50]. Impor-
tantly, these biologically specific subgroups show major differences in 
their morphological features, growth properties, proteomic alterations, 
and prognosis [15,50–54]. LCNEC was also recently dismembered at the 
genomic and transcriptomic level, leading to the identification of two 
distinct subgroups. From a clinicopathological point of view, type I 
LCNEC tumors are similar to the classic variant of SCLC and are char-
acterized by Retinoblastoma 1 (RB1) and Tumor Protein p53 (TP53) 
alterations. Meanwhile, type II LCNEC is a NSCLC-like variant frequently 
associated with Serine/threonine Kinase 11 (STK11), Kelch-like ECH 
Associated Protein 1 (KEAP1), and Kirsten Rat Sarcoma Virus (KRAS) 
alterations [7,55,56]. It is also important to mention that a high Ki-67 
proliferation index is associated with worse progression-free survival 
(PFS) and OS in the vast majority of LNENs [57]. 

In the present study, unsupervised hierarchical clustering separated 
the samples of different LNEN subtypes fairly well based on the 
expression pattern of immune-related markers. Importantly, to the best 
of our knowledge, our study marks the largest immune panel evaluated 
in these malignancies to date. Although NKG2A is a late immune 
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Fig. 4. Kaplan-Meier estimates for OS concerning the expression pattern of immune-related markers by tumor cells (A) and immune cells (B). ICs, immune 
cells; OS, overall survival; TCs, tumor cells. 
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Fig. 5. Correlation between expressions of immune-related markers in tumor cells and immune cells. Only associations significant after Bonferroni-correction 
are shown. All p-values are adjusted for multiple comparisons. Results obtained for a filtered dataset including only samples with an immune infiltration of 0.1 or 
larger are indicated with “(filt)”. If the observed correlation remained significant on the filtered dataset, the results are highlighted in green. ICs, immune cells; TCs, 
tumor cells. 
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checkpoint and marks repeated stimulation and cell division, its 
expression by tumor cells is still controversial. Importantly, several 
tumor cells, especially in case of AC samples, showed positivity for 
NKG2A in this study. This might be of clinical relevance since several 
antibodies blocking NKG2A are currently being tested in clinical trials 
[38]. CD47, on the other hand, has been reported to be overexpressed in 
several malignancies including breast cancer, pancreatic cancer and 
NSCLC [58–61]. Notably, CD47 expressing tumor cells transmit anti- 
phagocytic signals which aid in avoiding the antitumor immune 
response. Accordingly, high CD47 expression is associated with short-
ened PFS and OS in advanced-stage NSCLC patients [62]. In line with 
this, our univariate models demonstrated that high tumor cell CD47 
expression is a negative prognosticator in LNENs. CD40 is also expressed 
in several malignancies (i.e. melanoma, colon, prostate, breast, and lung 
cancer) and its expression is linked with improved survival in lung 
cancer [63]. Moreover, high CD40 expression correlates with longer OS 
and enhances the anti-tumor immune response in melanoma patients. 
Similarly, high CD40 expression by tumor cells conferred a significant 
survival benefit for our LNEN patients. This may be due to the unique 
activatory interaction between CD40 expression and a type I anti-tumor 
response [44,63]. 

CD137 is another potent immune-modulating molecule that can 
promote and regulate anti-tumor immunity by interacting with antigen- 
presenting cells (APC) [64,65]. We found that high expression levels of 
CD137 by immune cells are suggestive for improved prognosis in LNENs. 
Importantly, publicly available datasets such as the GEPIA2 (Gene 
Expression Profiling Interactive Analysis 2) and TIMER 2.0 (Tumor 
Immune Estimation Resource 2.0) also suggest that high CD137 
expression is a favorable prognostic factor in melanoma and HER2 +
breast cancer [66,67]. Although CD8 + T lymphocytes were previously 
reported to have cytotoxic activity against malignant cells, heteroge-
neity among the various study populations deems these findings rather 
controversial. Kawai et al. demonstrated that the presence of CD8 + T- 
cells confers a significant survival benefit for stage IV NSCLC patients 
[68]. Conversely, others showed that the level of CD8 + T lymphocytes 
is associated with unfavorable 5-year survival rates in NSCLC [69,70]. In 
the current study, high CD8 + expression by immune cells tended to be a 
negative prognostic factor in LNEN patients. Our results are in contrast 
to the findings of Wang et al. who found that CD8 + TILs are associated 
with improved PFS and OS in LNEN patients [35]. However, this later 
study only included Asian individuals who might differ considerably 
from Caucasian lung cancer patients [71,72]. High CD8 expression was 
recently reported in inflamed SCLC subtype [52]. In our study, however, 
no meaningful conclusions could be drawn in this respect due to the 
small number of each histological subtype. 

LAG3 is a novel immune checkpoint molecule that suppresses T cell 
activation and cytokine secretion and thereby ensures a state of immune 
homeostasis [73]. Accordingly, targeting LAG3 along with other 
checkpoints is considerably promising in cancer immunotherapy. 
Although LAG3 is expressed by a wide range of malignancies such as 
SCLC, and hepatocellular, gastric, ovarian, and renal cell carcinoma, its 
prognostic value is rather controversial [33,74]. According to a recent 
study, SCLC patients with high LAG3-expressing tumors have improved 
OS (vs. those with LAG-3low tumors) [33]. Similarly, LNEN patients with 
high LAG3-expressing tumors had favorable survival outcomes in our 
cohort. 

Since ICOS potentiates the CD4 + T cell-mediated immunosuppres-
sion, targeting the ICOS/ICOSL pathway holds considerable promise in 
cancer immunotherapy [41]. Indeed, early-phase clinical trials revealed 
that ICOS agonist monoclonal antibodies show promising antitumor 
activity, particularly when given in combination with other immune 
checkpoint inhibitors such as anti-PD-1 agents [41,75]. ICOS expression 
has been associated with improved survival outcomes in skin melanoma, 
head and neck squamous cell carcinoma as well as lung adenocarci-
noma. Meanwhile, patients with high ICOS-expressing low-grade glioma 
and uveal melanoma tend to have a worse prognosis [76]. As for its 

expression and prognostic relevance in LNENs, we found that ICOS 
expression is the lowest in AC specimens and, moreover, that high ICOS 
expression is a negative prognosticator. These findings further support 
the hypothesis that AC tumors have a bleak immunological landscape. 
These patients might therefore not be eligible for immunotherapy. 

In recent years, targeting the PD-1/PD-L1 axis has revolutionized the 
therapeutic armamentarium of many solid tumors including melanoma, 
urothelial carcinoma, and NSCLC [77]. Unfortunately, these promising 
results with immune checkpoint inhibitors have not been replicated in 
LNENs. Tumors of neuroendocrine origin, especially those with AC 
histology, generally have a low PD-L1 expression [21,31,34]. In rare 
cases when PD-L1 expression was reported, its expression correlated 
with improved survival in both LCNEC and SCLC patients [31,78]. In 
line with this, our study demonstrated low or absent PD-L1 expression. 
Specifically, PD-L1 was only expressed in a subset of LCNEC tumors and 
was absent in both SCLC and AC samples. Likewise, tumor cell PD-1 
expression was also low in all three LNEN subtypes while the immune 
cells showed slightly higher expression levels. Importantly, neither PD-1 
nor PD-L1 expression had a significant impact on survival in our cohort. 
Given that PD-L1 expression is much lower in these tumors than in 
NSCLC and that its expression level does not necessarily correlate with 
immune checkpoint inhibitor efficacy, other predictive biomarkers are 
needed for LNENs [79]. Among others, the tissue-based tumor mutation 
burden (TMB) or the tumor’s inflammatory phenotype might represent 
promising alternative biomarkers in these cases [52,79]. 

It has been recently reported that a molecular link between low- and 
high-grade neuroendocrine neoplasms can exist [3,56,80]. In support of 
this, Alcala et al. identified a subgroup of atypical carcinoids (i.e. 
supracarcinoids) with carcinoid morphological pattern but with mo-
lecular characteristics similar to LCNEC [3]. Moreover, various studies 
suggest that LNENs are not monolithic entities and that combined NE 
carcinomas containing both SCLC and LCNEC (or even AC) components 
can exist [45,56,81,82]. This supports the concept of lineage plasticity 
concerning these tumors. In this context, besides the specific genes 
influencing NE differentiation and morphological aspects, the immune 
system might also have an impact on the tumor fate [45,81,82]. Notably, 
given that based on the used immune panel unsupervised clustering was 
able to separate tumor samples of different histology relatively well 
(despite the small study population), our results further support the 
presumable role of the immune system in influencing tumor fate. 
Nevertheless, no definitive conclusions could be drawn with regard to 
LNEN tumor transition based on our results. Doing so would require 
further investigation of the biological characteristics, molecular profile, 
and clinical behaviour of the tumors. 

Our study has certain limitations that need to be addressed in future 
settings. Although we managed to collect a relatively large number of 
surgically treated LNEN samples ideal for profiling studies, the overall 
size of the study cohort remained small. In addition, our study is also 
partly limited by its retrospective design concerning the collection of 
clinicopathological variables and appropriate follow-up data. Thus, 
cancer-specific survivals were not available in the vast majority of cases. 
Another limitation may constitute that our study is not appropriate to 
study the direct effects of immunotherapy since we solely included 
surgically treated patients where ICIs are not part of the standard-of- 
care. Nevertheless, our results might be hypothesis-generating and 
provide a framework for future validation studies [83,84]. Lastly, 
although we analyzed surgically removed whole tissue sections and ten 
randomly selected areas in each sample, confounding effects due to tu-
moral heterogeneity must be considered and our results need to be 
interpreted accordingly. 

5. Conclusions 

Our study is among the first to investigate the specific aspects of TIM 
in surgically resected LNENs. By using a large panel of immune-related 
markers, we report that NENs have widely divergent immunologic 
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profiles and the expression pattern of investigated markers varies 
significantly within the different histological subtypes. These LNEN- 
specific immune signatures might be a valuable resource for the devel-
opment of future immune checkpoint inhibitor-based therapeutic 
strategies. 
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