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1.Introduction
1.Small Cell Lung Cancer

Lung cancer is the leading cause of cancer-related mortality worldwide. The
broadest classification of lung cancer is based on microscopic morphology,
distinguishing non-small cell lung cancer (NSCLC) from small cell lung cancer (SCLC)
(Figure 1). NSCLC accounts for approximately 85% of cases and includes tumors with
diverse morphological features, such as adenocarcinoma, squamous cell carcinoma and
large cell carcinoma, whereas SCLC represents about 10-15% of cases and is
characterized by small, relatively uniform blue cells [125, 140, 143, 151]. In addition to
the “pure” form, the World Health Organization (WHO) defines a “combined” SCLC
subtype, accounting for 20-30% of cases and features an NSCLC component, although
this distinction has no impact on current treatment strategies [127, 143]. The NSCLC-
SCLC grouping also highlights SCLC from other types of lung cancer with its
outsandingly bad prognosis, with its five-year survival rate below 7% [125, 139, 143,
151]. At least 70% of patients are first diagnosed with SCLC when distant metastasis is
present [140, 151]. Clinical symptomps, such as dyspnea, cough, hemoptysis and
paraneoplastic syndromes become apparent due to the location and bulk of the tumor
[80, 140, 151]. SCLC is one of the most strongly linked malignancies with smoking,
also reflected in its epidemiological incidence [125, 127, 140, 151]. SCLC is officially
recognized as a recalcitrant cancer under the Recalcitrant Cancer Research Act of 2012
[143, 151]. This federal initiative classified recalcitriant cancers (specifically SCLC and
pancreatic cancer) as those associated with a 5-year survival rate under 20% and a
mortality rate of 30 000 deaths in th United States yearly, and aimed to promote focused
research efforts to accelerate research and improve outcomes [150].

Besides imaging modalities (X-ray, CT, brain MRI, PET-CT) and laboratory
studies, a biopsy or cytology should be obtained with bronchoscopy, mediastinoscopy or
guided transthoracic needle biopsy to confirm diagnosis. Diagnostic procedures cannot
delay treatment for more than a week due to aggressivity of the disease [47, 140].

SCLC is further subclassified as a neuroendocrine tumor of the lung, belonging to
the poorly differentiated, high-grade neuroendocrine carcinoma group [140]. As first
called ,,lymphosarcoma” and later ,,0at cell carcinoma”, SCLC consists of small, blue

cells with scant cytoplasm, finely granular ,,salt and pepper” chromatin and inconspicuous



nucleoli [127]. Crush artifacts and nuclear molding are common; therefore, cytology is

an important modality to reduce the impact of these. Hallmarks of the histological

presentation also include very high mitotic rate and extensive necrosis [127, 143].

»LUNG CANCER”

Poorly differentiated

Epithelial tumors

Pure SCLC
Combined SCLC

Adenocarcinoma
Squamous cell carcinoma
Large cell carcinoma

Large cell NE carcinoma

Figure 1. Place of SCLC in the classification of lung tumors. The broadest categorization
distinguishes NSCLC and SCLC [71, 80, 143], while 20% of primary lung neoplasms are
neuroendocrine tumors, [156] the majority of which are SCLC, representing ~15% of all
lung cancers. For detailed classification, see the 2021 World Health Organization (WHO)
Classification of Thoracic Tumors (5™ Edition) [109].

The cellular origin of SCLC is mainly the pulmonary neuroendocrine cells
(PNECs), but it can also arise from basal cells, club cells, cuboidal alveolar type 2 cells
and Tuft cells, also known as brush cells [28, 127]. Moreover, “transformed” SCLC may
derive from NSCLC or other epithelial cancers, such as prostate cancer, further
complicating etiological origin [151]. Expression of neuroendocrine differentiation
markers, such as neural cell adhesion molecule (NCAM), chromogranin, synaptophysin,
insulinoma-associated protein 1 (INSM-1) are variable in SCLC, or they can be even
negative, which is also a basis of further subclassification, as discussed later [127]. More
frequently expressed markers are low molecular weight cytokeratins, thyroid
transcription factor 1 and p16, while high-molecular weight cytokeratins, napsin and
retinoblastoma 1 (RB1) are almost always negative [28, 127, 140].

Clinical significance of SCLC is pronounced with the difficulties in therapeutic

advancement. Basis of therapy in first-line setting is a chemotherapy regimen of a



platinum-based combination (preferably cisplatin) with etoposide applied to all patients
[143, 151]. For over three decades, no improvement was made in therapy. Clinically, the
most important distinction depends on the extent of the disease, which classifies patients
into limited-stage (LS) or extensive-stage (ES) (Figure 2). This classification determines
whether a patient is eligible for radiotherapy at definitive, tolerable doses combined with
chemotherapy—specifically, whether the disease can be contained within a radiation
treatment field [49, 125, 151]. Only a minority of LS patients, about 5% of all patients,
who do not have nodal involvement are offered surgery with adjuvant chemoradiotherapy
[27, 92] explaining the low availability of tumor samples for research purposes. In
summary, for most patients the only treatment option has been chemotherapy for decades.
As a high-grade cancer, SCLC is characterized by great initial response to chemotherapy
but has a high risk of recurrence as therapy-resistant disease, with sudden increase in
molecular hetergeneity [31, 143]. Therefore, finding novel therapeutic modalities is
critical.

On the other hand, treatment of NSCLC has been revolutionized in the last two
decades with targeted therapies and immunotherapies resulting in significantly improved
survival rates [71]. From the first approval of epidermal growth factor receptor (EGFR)
inhibitors in the 2000s to the development of novel mutation-specific agents—such as
adagrasib and sotorasib targeting KRAS G12C—multiple targeted treatment options are
now available for patients with actionable genomic alterations [71, 134]. Therefore,
biomarker testing is routinely done in NSCLC for EGFR and anaplastic lymphoma kinase
(ALK) alterations and programmed cell death protein 1 (PD-L1) expression. In advanced
stages, expanded molecular profiling may include KRAS, ROS1, BRAF, NTRK1/2/3,
MET, RET, ERBB2, and NRG1 alterations to identify actionable driver mutations and
guide the selection of personalized treatment strategies [71, 131]. Molecularly defined
subgroups can receive first-line targeted therapies, such as the EGFR inhibitor osimertinib
and the ALK inhibitor alectinib, which have largely replaced chemotherapy in these
settings [71].

In SCLC, the most common genetic alterations are loss of function mutations of
P53 (75-90%) and RB1 (50%), which are currently not actionable, but predispose cells
for genomic instability and accumulation of oncogenic mutations [27], making SCLC an

extremely heterogeneous disease genetically, that rapidly develops therapy resistance but



rarely contains targetable oncogenic drivers [151]. The first advancement in SCLC
therapy has been the addition of immune checkpoint inhibitors (ICIs) to the first-line
treatment of ES disease, resulting in a modest increase in overall survival (OS) with
around two months [63, 95, 119, 133]. Accelerated approval, granted for pembrolizumab
and nivolumab, has been later withdrawn because long-term follow-up studies failed to
prove a superior OS of treated patients [34, 145]. Briefly, current guidelines include
programmed cell death ligand-1 (PD-L1) inhibitors, durvalumab or atezolizumab in
combination with chemotherapy for ES-SCLC patients and consolidation therapy with
durvalumab in LS-SCLC [25, 49, 140, 151].

4 cycles cisplatin-

Limited disease Operable !
(stage I-1Il, MO; T3 (sgge L1lA) | Lobectomy |I::> etoposide + _.
excluded if cannot radiotherapy :> Consolidation

Extended disease
(stage IV, M1; T3
included if cannot be
covered with
tolerable radiation
plan)

4 cycles Maintenance
cisplatin/carboplatin- I::> atezolizumab/
etoposide durvalumab

be covered with Nok bl 4 cycles cisplati durvalumab
tolerable radiation ot operable : cycles cisplatin-
olan) (stage IIB-1IIC) | Radiotherapy ||::> etoposide

Figure 2. Simplified therapeutic guideline for first-line treatment of SCLC. Current
guidelines now incorporate PD-L1 inhibitors (durvalumab or atezolizumab) in
combination with platinum-based chemotherapy for first-line treatment of both limited-
stage and extensive-stage diseases. For details, see the National Comprehensive Cancer
Network (NCCN) Guidelines [27, 49].

A further great challenge to SCLC therapy is the lack of reliable predictive
biomarkers. While smoking status, tumor mutation burden (TMB) and TPS (tumor
proportion score measuring PD-L1 expression) can be used to predict ICI response in
NSCLC [85], they have not proven effective for patient stratification in SCLC [80, 125].
Therefore, several clinical trials are currently in progress to identify novel
immunotherapeutic strategies and refine predictive biomarkers. Recent research
emphasizes the complex tumor microenvironment (TME) and pronounced heterogeneity
of SCLC as key determinants of therapeutic resistance, and any new insight into these

mechanisms may have relevance in this aggressive malignancy. [84, 125, 141].



1.2. Emerging molecular subclassificaction of SCLC

One of the major limitations in SCLC treatment over the past decades has been
the recognition of the disease as a single entity, with a uniform therapeutic approach based
solely on the tumor’s extent. This contributed to the differences in contrast with NSCLC
tumors, where characteristic histological subtypes, and later, mutually exclusive
targetable mutations were identified [134]. Demand for subclassification to enable a
personalized approach in SCLC, appeared in the 1970s, when SCLC cell lines were
established and characterization identified two groups with potential clinical relevance
[16, 28, 53]. The ,,classic” subtype showed floating growth in culture, forming spherical
clusters, while the ,,variant” subtype grew either in loosely adherent clumps or as a tightly
adherent single-cell layer in culture [134]. The morphologically distinct groups also
corresponded with different neuroendocrine marker expression levels: the ,.classic”
subtype expressed NE markers at high levels, while the ,,variant” subtype did not [53,
134]. Moreover, radioresistance and amplification of the proto-oncogene MYC were also
associated with the “variant” subtype [53].

Since then, comprehensive, multimodal research on SCLC has focused on finding
novel molecular subclasses with possibly different therapeutic vulnerabilities. Although
no consensus has been reached, at least four molecular subtypes are widely recognized,
based on the expressions of different dominant transcriptional drivers, broadly
corresponding to neuroendocrine marker expression and immune phenotype (Figure 3).
Tumors with high neuroendocrine marker expression (,,NE-high”) have achaete-scute
homolog 1 (ASCL1, “SCLC-A”) or neuronal differentiation 1 (NEURODI1,“SCLC-N”)
as dominant transcirptional drivers, while ,,NE-low” tumors have POU class 2 homeobox
3 (POU2F3,“SCLC-P”) or yes-associated protein 1 (YAP1,“SCLC-Y”) [6, 27, 52, 127,
134]. SCLC-P is a distinct subtype, originating from the Tuft cells [5, 127], while other
types primarily originate from pulmonary neuroendocrine cells and other lung epithelial
cells [127]. Recently, rather than representing a distinct subtype, YAPI is increasingly
recognized as a key regulator of SCLC plasticity, neuroendocrine dedifferentiation, and
chemoresistance, and its expression may be dominant in tumor subpopulations across all
molecular subtypes [6, 27, 143].

Regarding immunophenotype, as categorized in studies on the TME, NE-high

tumors are considered “immune desert”, while NE-low and non-NE tumors are



considered “immune-oasis”, suggesting a potentially better outcome with
immunotherapies in NE-low tumors [33, 34, 103, 141]. Among NE-low tumors, an
“inflamed” subtype (SCLC-I) has been proposed as a fourth subtype, replacing the YAP1-
defined subtype in the classification. It is characterized by the highes cytotoxic immune
infiltration and immune checkpoint expression, while ASCL1, NEUROD1, and POU2F3
are absent [27], and YAP1 is usually increased [28, 141, 143]. This subtype has also been
associated with improved responses to immunotherapy [151].

To view the molecular subtypes as even less rigid categories, it is important to
note that, due to the high mutagenicity of SCLC, subtype transitions may occur
throughout tumor development [28] and treatment [27, 151]. For instance, a widely
recognized sequence involves a gradual shift from a NE-high state to a non-NE state,
specifically transitioning from SCLC-A to SCLC-N and ultimately to SCLC-I, driven by
the upregulation of MYC and activation of Notch signaling pathways [28, 122, 144].
Moreover, local expressions of immunomodulatory genes modulate immune infiltration
[34, 143]. Such intratumoral diversity enables different molecular subtypes and
“inflamed” subsets to coexist within a single tumor, making therapeutic development
particularly challenging, as targeting vulnerabilities of one subtype alone fails to capture

the biological complexity of SCLC [143].

SCLC

Driver event ~-90% TP53/RB1 inactivation
Morphology Classsical Variant
NE marker expression NE-high NE-low Non-NE
Transcriptional driver ASCL-1 NEUROD-1 POU2F3 YAP1*
P (SCLC-A) (SCLC-N) (SCLC-P) (SCLC-I)

Immune infiltrate Immune desert (cold) Immune oas-
Progression —

Figure 3. Simplified emerging subclassification of SCLC. SCLC comprises at least four
molecular subtypes corresponding to NE marker expression and immune infiltration
states, from NE-high “immune-desert” to NE-low or non-NE “immune-oasis” phenotypes.
Marked plasticity and subtype switching, both during tumor evolution and under

therapeutic pressure, create intratumoral heterogeneity that limits the efficacy of
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targeted treatments. *: Recent classifications suggest an “Inflamed” subtype, which is
associated with advanced stage, the highest immune infiltration and usually elevated
YAP1. However, the YAP1 subtype was part of the original four—transcription factor—
based classification and was included in our analysis. Reviewed in detail elsewhere [28,
47,52, 103, 151].

1.3 Tumor microenvironment of SCLC

The tumor microenvironment (TME) is the complex network within a tumor,
which includes cancer cells, immune cells, stromal cells, blood vessels, and the
extracellular matrix, all interacting via signaling molecules to influence tumor growth,
progression, and eventually response to therapy [13]. Through numerous mutually
exacerbating mechanisms, SCLC is characterized by an adverse TME with poor
vasculature, hypoxia and acidity that all have been linked to therapy resistance [4, 40].
Characterization of molecular subtypes indicates that the continuum of immune
infiltration states is broadly inversely proportional to neuroendocrine marker expression.
Accordingly, SCLC-N represents the most immunologically “cold” state, characterized
by very low T-cell infiltration and reduced major histocompatibility complex I (MHC-I)
and PD-L1 expression [88, 143]. At the other end of the spectrum, SCLC-I shows an
immune-inflamed, “hot” phenotype, whereas other subtypes may display an “immune-
excluded” pattern, with T-cells confined to the stroma and remaining at the periphery of
the tumor nests [88]. Immunotherapeutic strategies aim to boost the anti- tumor response
of immunogenic tumors by activating effector immune cells within the TME [151].
Therefore, components of the TME can be predictive of immunotherapy response, but
none of them have proven clinically reliable in SCLC yet [125].

The TME in SCLC has potent immuno-inhibitory mechanisms, such as lower
monocyte, dendritic cell (DC), natural killer (NK) cell and neutrophil granulocyte
infiltration as compared to normal lung tisse [27]. Further mechanisms include
downregulated major histocompatibility complex (MHC) I and II, lower PD-LI
expression, attraction of regulatory T cells (Tregs), myeloid-derived suppressor cells
(MDSCs), M2-polarized macrophages [88], poor tumor infiltration of effector T-cells
[27, 127], and upregulation of immune evasion molecules, such as CD47 [41]. Cancer-
associated fibroblasts (CAFs) have been identified as key elements of the SCLC TME,

by promoting transition to a non-NE fate [31]. In situ analyses confirmed that NE-low
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tumors contain markedly higher CD45* and CD3* immune infiltration than NE-high
tumors, with immune cells accumulating predominantly in the surrounding stroma rather
than within the tumor nests [33]. Favorable TME features, such as increased immune
infiltration, higher CD45* and CD8" T-cell densities, and elevated MHC-I expression
have been shown prognostic in SCLC [27, 81, 127]. Consistently, biomarker analysis of
tumor samples from large clinical trials showed that higher CD8" infiltration and lower
infiltration of tumor associated macrophages (TAMs) contributed to better survival in
IMPOWER133 and CASPIAN trials, while higher expression of MHC molecules
resulted in better response to anti-cytotoxic T-lymphocyte—associated protein 4 (anti-
CTLAA4) therapy [125, 143].

Previous work by Dora et al. aimed to characterize the TME of SCLC using
immunohistochemistry (IHC), gene expression profiling, and pathway enrichment
analyses in a cohort of limited-stage SCLC patients, and identified molecular clusters
corresponding to NE-high and NE-low tumors, as well as immune-oasis and immune-
desert phenotypes [34]. They demonstrated that M2-polarized macrophages are the most
abundant cell population in the SCLC TME, and that local overexpression of
immunomodulatory and  inflammatory  genes shapes localized immune
microenvironments within the tumor, thus, despite increased immune infiltration,
immunosuppressive molecules may be locally overexpressed [20]. Among these, annexin
Al (ANXA1) and the immunoregulatory ligand cluster of differentiation 70 (CD70)
emerged as key molecules, with ANXA1 overexpressed in NE-low tumors irrespective
of immune infiltration and CD70 elevated in NE-low immune-oasis tumors. ANXAI
expression was also higher in M2 macrophage marker CD163-high tumors of the cohort
[34]. Together, these findings indicate that ANXA1 and CD70 might play central roles in
shaping the immunosuppressive TME of SCLC, supporting their relevance for further
mechanistic and translational studies.

1.4. Annexin A1 in physiology and pathology

Annexins are a superfamily of proteins ubiquitous in eukaryotic species, with the
Annexin A subgroup including 12 members found in vertebrates. Annexin A1 (ANXAL1),
like all annexins, has the ability to bind phospholipids in a calcium-dependent manner
and has several cell biological roles both closely related to membranes, such as vesicle

trafficking, membrane repair and in other functions such as proliferation and angiogenesis
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[51]. The diverse roles of annexin family members can be attributed to the differential
regulation of gene expression and post-translational modifications, leading to variable
expression levels across tissues and cell types, a phenomenon particularly evident for
ANXAT1 [55].

The best-characterized role of ANXAI is physiological involvement in anti-
inflammatory processes, it was first discovered to inhibit eicosanoid generation by
phospholipase A2, acting as a glucocorticoid mimic [51]. In the innate immune system,
ANXAI inhibits leukocyte adhesion and extravasation. However, its complex role in the
adaptive immune system is far from understood, greatly depending on specific cell types
and activation states [51]. It is also described to play a role in resolving inflammation in
ischemia-reperfusion injury and infectious diseases [55]. These effects are mediated
through specific bindings of externalized ANXA1 to formyl peptide receptors (FPRs), a
property not found in other annexins [55]. However, pro-inflammatory properties have
also been reported, such as involvement in necroptosis and conflicting roles in

autoimmune diseases, such as in multiple sclerosis (Figure 4) [51, 77].
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Figure 4. Context-dependent roles of ANXA1 in physiology and disease. Receptor-
mediated pathways (e.g., via FPR receptors) are not shown for simplicity; ANXA1
functions are also modulated by genetic alterations, post-translational modifications
and secretion [51, 55, 77].

Changed expression of ANXA 1 in both directions was observed in several cancers

with complex effects that can vary not even with tissue type but also with cancer subtype
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and tumor stage. ANXAT1 has been described as both a tumor promoter and a suppressor
in lung adenocarcinoma [30, 58], bladder cancer [45], different types of breast cancer [29,
104] and gliomas [45, 137]. Still, there is more evidence linking upregulated ANXA1
expression to poorer prognoses in cancers, such as melanoma [12], hepatocellular
carcinoma [91], gastric cancer [24, 45] and in general, in lung cancer. Previous
experiments with knockdown of high ANXA1 expression in cancer cell lines have
demonstrated reduced viability and proliferation in glioma [163] and squamous cell lung
cancer cells [37]. Additionally, recent research has shown that an anti-ANXA 1 antibody
directly inhibited the growth of breast, pancreatic, ovarian, and colorectal cancer cell lines
[2]. It can be concluded, although evidence is heterogeneous, that aberrant regulation of
ANXAL is involved in cancerogenesis [46].

ANXAT1 was highlighted as a potential target in SCLC by Dora et al., showing
increased expression in the NE-low subtype independent of overall immune infiltration.
Moreover, elevated ANXA1 expression also correlated with higher M2 polarized
macrophage marker CD163 expression, implying a link between ANXAI and an
immunosuppressive microenvironment [34]. Additionally, it was previously shown to
facilitate immune evasion by regulating EGFR signaling, promoting mesenchymal
switches and migration of fibroblasts and endothelial cells in pancreatic cancer [111].

Together, these findings justified a detailed characterization of ANXAT1 in SCLC.
For our in vitro functional studies, we selected SCLC cell lines based on published gene
expression data by Dora et al. [34], choosing the NE-low lines with the highest ANXAI
expression, which are also characterized by YAP1 or POU2F3 as their dominant
transcriptional drivers.

1.5. Hallmarks of the malignant phenotype

1.5.1. Warburg effect

The Warburg effect, also known as metabolic shift, is a hallmark of 70-80% of
human cancers. In this process, cancer cells prefer aerobic glycolysis over oxidative
phosphorylation, despite the presence of oxygen and funcitoning mitochondria [154].
This seemingly disadvantageous, “low-yield high-speed” adenosine triphosphate (ATP)
production enables rapid generation of ATP and metabolic intermediates in tumor cells.
This metabolic switch my be attributed to oncogenic mutations in transcription factors

hypoxia-inducible factor 1 (HIF-1), the proto-oncogene identified in progression of

14



SCLC and NE-low subtypes, MYC [14] and the tumor suppressor gene mutated in 90%
of SCLCs, P53 [65]. HIF-1 and MYC upregulate glycolytic enzymes, while loss of P53
relieves repression of glycolysis contributing to a rate of gylcolysis about 10-40 times
higher in tumor cells than in normal cells [154]. These events lead to increased glucose
uptake, which phenomenon is utilized in a key diagnostic method of lung lesions, '*F-
fluorodeoxyglucose positron emission tomography (FDG-PET) scans, where FDG is
trapped in tumor cells by hexokinase-dependent phosphorylation [40].

Upregulated glycolytic enzymes include lactate dehydrogenase A (LDHa), which
catalyzes the final step of glycolysis, converting pyruvate to lactate [65]. Accumulation
of lactic acid contributes to acidification of the TME, which has been shown to promote
angiogenesis, metastasis formation, therapy resistance, and immune evasion by affecting
leukocytes of the TME [120]. Knockdown of LDHa was described to inhibit cancer cell
proliferation [120] and to improve the TME by increasing CD8" T cell infiltration [155].

A key self-promoting factor of the Warburg effect is low citrate concentration
resulting from high metabolic turnover and dependence on glycolysis. Citrate is an
intermediate of the tricarboxylic acid cycle (TCA cycle, Krebs cycle), produced by the
enzyme citrate synthase (CS), from oxaloacetate and acetyl-CoA, finally producing
reduced nicotinamide adenine dinucleotide (NADH) and reduced flavin adenine
dinucleotide (FADH2) through oxidative phosphorylation in the mitochondria [66].
Lower citrate levels not only promote glycolysis by relieving inhibition of glycolytic
enzymes, but also activate oncogenic pathways such as phosphoinositide 3-kinase/protein
kinase B (PI3K/Akt), hypoxia-inducible factor 1o (HIF-1a), and Wnt/B-catenin signaling,
all of which contribute to tumor aggressiveness, epithelial-mesenchymal transition
(EMT), and dedifferentiation [65]. In line with these, there is evidence for multifaceted
effects of citrate in tumor biology [66, 90], for instance, treatment with citrate promoted
apoptosis and synergized with cisplatin in A549 lung adenocarcinoma cells [129].

Simultaneous knockdown of HIF-1 and ANXAT resulted in stopped proliferation
in a gastric cancer cell line [132], suggesting a possible link between ANXAI and
metabolic dysregulation.

1.5.2. Epithelial-mesenchymal transition
Epithelial to mesenchymal transition (EMT) is both a physiological and

pathological process, through which epithelial cells lose their polarity and adhesion
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properties to gain migratory and invasive capabilities characteristic of mesenchymal cells
[75]. This is seen in changed expression of EMT effectors: epithelial markers such as E-
cadherin, cytokeratins and occludins become downregulated, while mesecnyhmal
markers, such as vimentin, N-cadherin, fibronectin, alpha-smooth muscle actin (a-SMA)
are upregulated (Figure 5) [152]. Physiological EMT occurs during development and
wound healing, while the pathological form occurs during cancer invasion and metastasis
formation. The Wnt/B-catenin pathway is one of the many inducers of EMT and broadly
a driver of cancer progression. In the absence of Wnt ligands, B-catenin is constantly
degraded by a multiprotein complex and the ubiquitin proteasome system. When Wnt
ligands bind to their receptors, the multiprotein complex is recruited to the cell membrane
and disrupted, therefore, B-catenin accumulates and translocates into the nucleus, where
it activates transcription of EMT effectors: genes of survival, proliferation, migration and
differentiation [168]. Vimentin is a type III intermediate filament protein, mainly found
in mesenchymal cells, and a key regulator of cellular integrity, attachment and migration,
strongly linked to metastasis [152].

The diverse role of ANXALI is depicted in the literature regarding EMT as well,
promoting it in oral squamous cell carcinoma and pancreating cancer [111, 114, 159] and

suppressing it in nasopharyngeal carcinoma and breast cancer, for instance [101, 165].
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Figure 5. Simplified summary of the epithelial-mesenchymal transition. Inducers such
as signaling pathways activate core transcriptional regulators, which in turn control
downstream effector molecules responsible for cytoskeletal reorganization and cell—cell
adhesion changes. f3-catenin and vimentin were analyzed in this study as representative

mediators of EMT. [75, 152] Created with BioRender.com.

1.5.3. Immune checkpoints: PD-1/PD-L1, CD47, CD70-CD27

Immune checkpoints physiologically act as switches for immune responses to
maintain self-tolerance and prevent autoimmunity by inhibitory and co-stimulatory
molecules, expressed on immune cells (Figure 6). Tumor cells can dysregulate this fine-
tuned process in the TME by expressing these regulatory molecules to suppress anti-
tumor immune responses [116]. Currently, PD-1 and PD-L1 inhibitors stand out as the
most effective immunotherapeutic agents, that revolutionized treatment of many types of
cancer in the 2010s, NSCLC being one of the most responsive tumor types [19, 130].

Programmed cell death 1 (PD-1) is an inhibitory molecule expressed on T cells
after T cell receptor (TCR) stimulation. Its specific programmed death ligands, PD-L1
and PD-L2 are constitutively expressed by antigen-presenting cells (APCs) and can be
induced in other cell types in response to pro-inflammatory cytokines. The PD-1/PD-L1

axis is a key physiological inhibitor of T cell hyperactivation by induction of T cell
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exhaustion or apoptosis to maintain immune homeostasis. Cancer cells often upregulate
PD-L1 to escape anti-tumor immunity and induce a TME that aids tumor growth and
invasion (Figure 6A) [158].

In one of the largest international cohorts of surgically resected SCLC specimens,
PD-L1 expression was generally low, predominantly present in tumor stroma, and was
associated with better prognosis [81]. Literature supports that ANXAT1 affects PD-L1
expression and T cell mediated killing in breast cancer and NSCLC [50, 164, 173].

The cell surface protein CD47 is ubiquitously expressed in four isoforms across
various tissues. Its canonical physiological role is to support homeostasis of aging cells,
erythrocytes, platelets, hematopoietic stem cells, and to facilitate synaptic pruning [1].
Acting as a “marker of self,” CD47 delivers a “don't eat me” signal by interacting with
signal regulatory protein alpha (SIRPa) on myeloid cells, thereby inhibiting phagocytosis
and serving as an immune checkpoint (Figure 6B). The gradual loss of CD47 expression
is a key mechanism enabling efferocytosis, including the senescence of red blood cells.
Correspondingly, CD47 upregulation is a recognized strategy for immune evasion in
numerous cancers, including SCLC, as well as in atherosclerosis and fibrotic diseases [97,
121].

Inhibitors of the CD47-SIRPa axis are being investigated in clinical trials as
potential next generation immunotherapeutics, particularly in NSCLC, where CD47
upregulation is associated with worse prognosis and EGFR mutations, which tend to be
resistant to PD-1 blockade [72, 82]. Regarding SCLC, CD47 expression was detected in
more than 80% of surgically resected SCLC tumors and was correlated with worse OS
and disease-free survival (DFS) [81]. In a study investigating immunologic profiles of
neuroendocrine lung neoplasms, SCLC was characterized by high CD47 expression,
which correlated with poorer survival outcomes despite exhibiting a more immunogenic

profile [41].
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Figure 6. Schematic overview of immune checkpoints assessed in this study.

Upregulation of the PD-1/PD-L1 axis (A) inhibits T cell activation, CD47-SIRPa signaling
(B) inhibits phagocytosis, and the CD70/CD27 axis (C) drives pathological T cell activation
and exhaustion, all contributing to tumor immune evasion by suppressing the anti-tumor
immune response. [1, 44, 158]. Created with BioRender.com.

The CD70-CD27 ligand-receptor interaction is a co-stimulator of the immune
response (Figure 6C). Physiologically, CD70 is only expressed transiently in activated T
and B cells, mature dendritic cells, and constitutively on a subset of gut lamina propria
APCs. Its specific receptor, CD27, is found on naive T cells, memory T and B cells and
a subset of NK cells [44, 70]. The ligand-receptor interaction physiologically induces
signaling of immune cell proliferation, survival, differentiation and functions as a
regulator in hematopoesis [44].

Hematological malignancies were the first to be identified as upregulating CD70
and/or CD27 [44]. In contrast, cancer cells of solid tumors have only been associated with
CD70 upregulation, CD27 expression can be increased within the TME of these cancers.
Immune escape mechanisms of the aberrant CD27-CD70 pathway include induction and
reduced apoptosis of regulatory T cells, apoptosis and exhaustion of effector T cells
(Figure 6C), and depletion of NK cells. Involvement in M2 macrophage polarization [54],
and promotion of migration and invasion by CD70" CAFs have been also suggested [69].
Stromal CD27 has been associated with the cancer stem cell phenotype and EMT in
NSCLC [110] and increased soluble CD27 plasma levels with worse prognosis [70].
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Single-cell data from the Human Protein Atlas showed that both CD70 and CD27
are expressed in healthy lung tissue [32] and Dora et al. identified CD70 upregulation in
both NE-low and immune oasis SCLC tumors in a cohort of 32 early-stage patients,

highlighting its theranostic potential and context-dependent role in this malignancy [34].
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2. Objectives

Therapy resistance and sensitivity SCLC remain poorly understood, making it
essential to identify reliable biomarkers for currently approved treatments and to discover
new characteristics that can aid in patient stratification, enable personalized therapies, and
potentially serve as therapeutic targets. Based on prior findings [34, 35], upregulation of
ANXAI1 and the CD70-CD27 axis might be key factors of an immunosuppressive and
tumor growth promoting microenvironment. Therefore, we aimed to comprehensively
characterize ANXA1 in SCLC using cell line models, predictive algorithms and patient
data [115]. Additionally, we evaluated the in sifu expression of ANXAT1 and the CD70-
CD27 axis in SCLC and analyzed their potential effect on prognosis (Figure 7) [32].

To address Objectives 1 and 2 outlined below, we established an in vitro model
where ANXA1 expression is stably silenced in three NE-low, ANXA1-high SCLC cell
lines as a platform for our experiments.

1) Functional effects of ANXA1 expression in SCLC. To evaluate the impact of
ANXALI silencing on proliferation, chemosensitivity to standard cytotoxic agents;
malignant phenotypic traits, specifically metabolic shift and EMT; and immune
evasion-related mechanisms as indicated by PD-L1 and CD47 immune
checkpoint expression.

2) Potential roles of ANXA1 in SCLC subtype switches and TME composition.
To investigate whether ANXA1 silencing affects dominant transcriptional driver
expression in the three NE-low ANXA 1-high cell lines, and if differences occur
in the cellular composition of the TME of ANXA1-high and ANXA 1-low tumors.

3) ANXAI1 and the CD70/CD27 axis in the clinical context of SCLC. To assess
the in situ expression of ANXA1 and the CD70-CD27 axis in SCLC patient
cohorts, including association of CD70 and CD27 expression with immune cell
infiltration, and descriptive analysis of the spatial co-localization of ANXAI,
CD70 and CD27 with TME-specific markers, and to evaluate the potential
prognostic significance of ANXA1, CD70, and CD27.
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Figure 7. Overview of the endpoints investigated in this thesis. [32, 115] Created with

BioRender.com.
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3. Methods
3.1. Cell Lines, Transduction, and Culture Conditions

In vitro experiments were carried out as previously described [115]. Three NE-
low, ANXA1-high SCLC cell lines, NCI-H841 (RRID: CVCL_1595), SW1271 (RRID:
CVCL _1716), and NCI-H1048 (RRID: CVCL 1453) were obtained from the American
Type Culture Collection (Manassas, VA, USA) and handled according to standard
protocols. Cell line identity was ensured through detailed documentation of origin,
passage number, and experimental use. Morphological characteristics were regularly
monitored by microscopy, and cells were routinely tested for Mycoplasma contamination.
ANXA1 was silenced using a lentiviral ShRNA vector (shANXA1; MISSION® TRC2
pLKO.1-puro-CMV-tGFP, TRCNO0000296381; target sequence: 5'-
CTATGATCAGAAGACTTTAAT-3"). A non-targeting control shRNA construct
(SHC202V) was used as control for potential effects of lentiviral transduction and
puromycin selection. Both constructs were purchased from Sigma-Aldrich®. Although
the use of multiple independent shRNA constructs could further strengthen target
specificity, knockdown efficiency was confirmed at the protein level, and consistent
phenotypic changes across all three cell lines support a target-specific effect.
Transductions were performed according to manufacturer’s instructions with 8 pg/mL
Polybrene (#TR-1003, Sigma-Aldrich®). Cells were cultured in low-glucose ulbecco’s
Modified Eagle Medium (DMEM, #D6046, Sigma-Aldrich®) supplemented with 10%
fetal bovine serum (#TMS-016 Sigma-Aldrich®) and 1% penicillin-streptomycin (#30-
004-CI Corning®) at 37 °C with 5% CO.. Puromycin (10 pg/mL, #ant-pr-1, Invivogen®)
was used for the selection of transduced cells and was maintained throughout the
experiments. Native, shCTRL, and shANXAI cells were maintained in parallel for
experiments for up to two passages. /n vitro experimental setup is outlined in Figure 8.

[115].
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Figure 8. Experimental setup with SCLC cell lines. Created with BioRender.com, adapted
from Padl, Dora et al. [115]
3.2. Trypan Blue Exclusion Growth Rate Assay

Cell counting and viability assessment were performed as we previously described
[115]. Transduced shCTRL and shANXAI1 cells were seeded in 24-well plates (#130186,
Thermo Fisher Scientific™) in technical triplicates at densities of 50,000 cells/well for
SW1271 and H1048 and 25,000 cells/well for H841. Cells were detached with TrypLE™
Express Enzyme (1X, no phenol red; #12604021, Gibco), centrifuged at 200 relative
centrifugal force (rcf) for 5 min, and counted using a hemocytometer and 0.4% trypan
blue (1:1; #SV30084.01, Cytiva HyClone™) at 48, 72, 96, and 120 h.
3.3. Assessment of Chemosensitivity and Growth Rate with Presto Blue Viability
Assay™

Growth rate assay and chemosensitivity tests were carried out as we described
[115]. Cells were seeded in five 96-well plates (#353377, Corning®) at 5,000 cells per
well, with randomized layouts and technical triplicates for each experiment. After
overnight incubation to allow attachment, three plates designated for 72 h, 96 h, and 120
h time points were treated the following day with etoposide (#12092, Cayman Chemical®)
or cisplatin (#S1166, Avidin Ltd.®) at clinically relevant concentrations of 5, 10, and 20
uM [4, 18, 93, 138]. Each plate included untreated controls as negative references for
normalization. As a positive control, 0.1% staurosporine (#S6942, Sigma-Aldrich®) was
applied to sShANXAT cells. Etoposide was dissolved in 0.1% dimethyl sulfoxide (DMSO,

#D2650, Sigma-Aldrich®), which also served as the vehicle control in etoposide assays,
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while cisplatin was dissolved directly in culture medium. Plates for the 96 h and 120 h
time points were re-treated at 72 h. Cell viability was assessed using the Presto Blue
Viability Assay™ (#A13261, Invitrogen™) by measuring resazurin reduction-induced
fluorescence once per plate at treatment (0 h) and at 48, 72, 96, and 120 hours post-
treatment. Measurements were performed at room temperature using a Varioskan™ Lux
multimode microplate reader (Thermo Fisher Scientific™) with excitation at 560 nm and
emission at 590 nm. Results were normalized to corresponding non-treated controls.

3.4. Western Blot Analysis

Western blotting was performed as previously described [115, 157] using the
following antibodies: annexin A1 (D5V2T) XP® rabbit mAb (#32934, Cell Signaling®),
citrate synthase rabbit mAb (#ab129095, AbCam®), LDHa (C45B) rabbit mAb (#3582,
Cell Signaling®), vimentin rabbit pAb (#bs-0756, Bioss®), B-catenin (D10A8) XP® rabbit
mADb (#8480, Cell Signaling®), YAPI rabbit pAb (#PA1-46189, Invitrogen), POU2F3
rabbit pAb (#av32537, Sigma Aldrich®), CD47 rabbit pAb (#ab175388, Abcam), PD-L1
E1L3N XP® rabbit mAb (#13684), B-actin (13E5) rabbit mAb (#4970, Cell Signaling®),
and GAPDH (D16H11) XP® rabbit mAb (#5174, Cell Signaling®). For details and
antibody dilutions, we refer to Paal, Dora et al. [115].

Cells were detached with TrypLE™ Express, centrifuged at 130 rcf for 5 min, and
lysed on ice in radioimmunoprecipitation assay (RIPA) buffer (#9806, Cell Signaling®)
supplemented with Halt™ protease inhibitor cocktail (#78429, Thermo Fisher™).
Lysates were sonicated (3 x 15 s) and centrifuged twice at 10,000 rcf, 4 °C for 15 min.
Protein concentration was determined by bicinchoninic acid (BCA) assay (#23225,
Thermo Fisher™). Equal amounts of protein were mixed with lysis buffer and 1/4 volume
Laemmli buffer containing p-mercaptoethanol (#16010747, Bio-Rad®).

Samples were separated on 4-20% Criterion™ TGX™ Precast Midi Gels
(#5671095, Bio-Rad®) and transferred onto polyvinylidene fluoride (PVDF) membranes
(#1704273, Bio-Rad®) using the Trans-Blot® Turbo RTA Midi 0.2 um PVDF Transfer
Kit. Membranes were blocked with 5% bovine serum albumin (BSA) in Tris-buffered
saline with Tween (TBS-T, 0.05% Tween-80) for 2 h at room temperature, then incubated
overnight at 4 °C with primary antibodies. After washing in TBS-T, membranes were
incubated with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG (#7074, Cell

Signaling®) for 2 h at room temperature, followed by additional washes.
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Chemiluminescence detection was performed using an enhanced
chemiluminescence kit (#1705061, Bio-Rad®) and imaged with Chemidoc™ XRS+ or
MP+ systems. Densitometric analysis was conducted using Image Lab™ 6.0 (Bio-Rad®).
Protein expression was normalized to f-actin or glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and presented relative to the native group for annexin Al and
to the shCTRL group for other targets.

3.5. Tissue samples and tissue microarray slides

For ANXAI1 studies, nine early-stage SCLC samples were provided by the
Department of Pathology and Experimental Cancer Research, Semmelweis University,
Budapest. For CD70 studies, 190 SCLC patients treated between 1975 and 2013 at the
National Koranyi Institute of Pulmonology, Budapest, were included, with follow-up data
until April 2022 [115].

Tissue microarrays (TMAs) were made from the formalin-fixed paraffin-
embedded (FFPE) blocks as described earlier [8, 36]. The conventional microscope slides
prepared as described above were stained with hematoxylin and eosin (H&E) using an
automated Tissue-Tek® Prisma staining platform (Sakura Finetek®) stainer. An
experienced thoracic pathologist examined the H& E-stained slides and manually outlined
the tumor area, from where two 1-mm tissue punches were extracted from the FFPE
blocks using a manual TMA instrument (Beecher Instruments®) with an MP10 1.0-mm
tissue punch. The tissue cores were precisely arranged in an encoded array format within
a recipient paraffin block. For each patient, two TMA cores were analyzed. From each
TMA block, two separate 4-um sections spaced at least 100 pm apart were used for
quantification.

3.6. Immunohistochemistry and Immunofluorescence

Immunohistochemistry (IHC) and immunofluorescence (IF) were performed on
conventional microscope slides prepared from ANXA1 FFPE blocks using a Leica Bond
RX autostainer. Imaging for all IF experiments and ANXA1 IHC was performed using a
Zeiss® LSM 780 confocal microscope with 10x and 20x objectives. TMA IHC images
were acquired using an Olympus® BX53 microscope equipped with a DP74 camera at
10x magnification (20MP resolution) [32, 115].

For IHC, slides were first deparaffinized and rehydrated automatically, followed

by antigen retrieval in low-pH citrate buffer for 20 minutes to unmask epitopes.
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Endogenous peroxidase activity was quenched with 2% hydrogen peroxide, and tissue
sections were permeabilized with 0.5% Triton X-100 to enhance antibody penetration.
Primary antibody annexin A1 rabbit mAb (#32934, Cell Signaling®) was then applied at
4°C overnight. Detection was carried out using the manual InmPRESS® HRP Universal
Polymer Kit (peroxidase, horse anti-mouse/rabbit IgG, vector) for the ANXAI1 samples
[115] according to manufacturer instructions, followed by hematoxylin counterstaining
to visualize nuclei. Previously published tumoral and stromal CD45 and CDS8
immunohistochemistry data from the CD70 cohort, including compartment-specific
assessment of immune cell infiltration [33], were used for comparison with RNAscope
results.

The Imagel] software package was used to perform cell counting, where
microscopical images of sectioned and stained TMA cores were imported and followed
by conversion to an 8-bit grayscale format to enhance contrast. The "Threshold" function
was used to define and isolate the cells from the background, with adjustments averaged
using 100 images manually counted to yield an accuracy of+ 5%. Adjustments were
made to ensure proper identification of individual cells. Subsequently, the "Analyze
Particles" feature was utilized to count the cells, with size and circularity parameters set
to exclude debris or cell clusters, using the above-mentioned averaging. A macro was
then created and applied to all samples. The results were then recorded as the total number
of cells per blank [32].

For double IF staining on the ANXA1 samples [115], the following primary
antibodies were used: CD45 rabbit mAb (#ab40763 Abcam®), CD68 rabbit mAb
(#ab303565 Abcam®), CD3 rabbit pAb (#ab5690 Abcam®), CD19 rabbit mAb (#90176
CellSignaling®), vimentin mouse mAb (#MAS5-11883 Invitrogen®) and ANXA1 rabbit
mADb (#32934 CellSignaling®), followed by Alexa Fluor® 488-conjugated anti-rabbit and
Alexa Fluor® 594-conjugated anti-mouse antibodies. For double IF staining of the CD70
cohort TMA slides [32], primary antibodies were CD70 rabbit mAb (#ab300083
Abcam®™), CD27 rabbit mAb (#ab131254 Abcam®), CD68 mouse mAb (#ab201340
Abcam®), CD3 rabbit pAb (#ab5690 Abcam®), CD20 mouse mAb (#14-0202-82
Invitrogen®) and vimentin mouse mAb (#MA5-11883 Invitrogen), followed by Alexa
Fluor® 488 anti-rabbit and Alexa Fluor® 546 anti-mouse secondaries. After blocking and

permeabilization, slides were incubated overnight with primary antibodies at 4 °C,
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followed by incubation with Alexa Fluor conjugated corresponding secondary antibodies
for 1 hour at room temperature. Autofluorescence was quenched using TrueVIEW®
Autofluorescence Quenching Kit and nuclei were visualized with 4',6-diamidino-2-
phenylindole (DAPI) in both studies, followed by detection. Positive controls for protein
expression detection were human tonsil and lung adenocarcinoma tissues.

3.7. RNA In Situ Hybridization (RNAScope®)

The RNAscope® in situ hybridization (ISH) assay was performed on the CD70
cohort TMA slides using the RNAscope® Multiplex Fluorescent Kit v2 (Advanced Cell
Diagnostics) according to the manufacturer’s protocol and previously published methods
[32, 36]. Four-micrometer sections of TMAs were first deparaffinized and subjected to
antigen retrieval buffer in a pressure steamer to reverse cross-linking and expose RNA
targets. This was followed by protease digestion to permeabilize the tissue and facilitate
probe penetration.

Target-specific oligonucleotide probes were then hybridized to the tissue sections
at 40°C for approximately 2 hours. The probes included a positive control targeting
housekeeping genes (3plex-Hs-Positive Control Probe #320861 ACD® Bio) to prove
RNA integrity, a negative control probe to assess background fluorescence (3plex-Hs-
Negative Control Probe, #320871 ACD® Bio), and the probes specific for human CD70
mRNA (Hs-CD70, #419331 ACD® Bio) and CD27 mRNA (Hs-CD27, #415451 ACD®
Bio). Amplification was performed through sequential hybridization steps using three
distinct amplifier oligonucleotide probes.

Fluorogenic signals were developed using HRP-conjugated Cyanine™ 3
tyramide, resulting in distinct red fluorescent puncta representing individual RNA
molecules. Background fluorescence was quenched with TrueBlack® treatment, and
nuclei were visualized with DAPI counterstaining. Quality control was ensured by
confirming RNA integrity with the positive control probe and evaluating nonspecific
background fluorescence with the negative control probe. Fluorescent signals represented
precise localization and quantification of CD70 and CD27 mRNA expression within the
tissue context.

Multichannel fluorescence images were processed and exported in ZEN® Blue
software. Single-cell RNAscope intensity measurements were analyzed in QuPath

software following established protocols [7, 36]. First, DAPI nuclear staining was used

28



to identify individual cells by defining each cell’s radius, creating distinct regions of
interest (ROIs). Within each ROI, the number of fluorescent RNA dots was counted
according to standard methods.

For CD70, each tumor core, an integrated expression score ranging from 0 to 3
was calculated based on the average dot density and raw fluorescence intensity. Cutoff
values to classify expression levels were determined using k-means clustering. For each
patient, the mean CD70 score from two representative TMA cores was used for analysis.
Tumors with a score of 2.0 or higher were classified as “CD70 high,” whereas those with
scores below 2.0 were considered “CD70 low.”

The intensity distribution of CD27 expression showed a right-skewed pattern,
with most cells exhibiting low levels. A Gaussian fit was applied to the histogram, and
the peak of the fitted curve, reflecting the mean expression level within the dataset, served
as cutoff to classify samples as CD27 high or low expression groups.

To complement mRNA expression analysis, image-based cell quantification was
additionally performed on TMA sections to assess overall cellular density. Brightfield
images were acquired using an Olympus BX53 microscope, and cell counting was
conducted in ImageJ using threshold-based particle analysis following grayscale
conversion. Parameters were optimized against manually counted reference images,
achieving an estimated accuracy of £5%. This approach enabled the distinction between
expression level and cell abundance within the tumor microenvironment [32].

Previously published CD45 and CD8 immunohistochemistry data from the CD70
cohort were used as a reference to compare the RNAscope findings on tumoral and
stromal immune cell infiltration [33].

3.8 Survival analysis

Overall survival was analyzed using Kaplan—Meier curves with log-rank tests, and
hazard ratios (HRs) with 95% confidence intervals (ClIs) were estimated using Cox
proportional hazards regression. Kaplan-Meier curves were generated using MedCalc®
14 statistical software [32, 115]. ANXAI analysis was performed using bulk RNA-seq
data from the publicly available UCologne2015 cohort (cBioPortal), with patients
stratified into ANXAT1-high and -low groups based on median expression [17]. In
contrast, CD70 was analyzed using RNAscope, and CD27 by IHC, in the study cohort

with available clinical data.
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3.9. Predictive algorithms

The association between ANXAI expression and tumor microenvironment
composition was investigated in silico using the ESTIMATE (Estimation of STromal and
Immune cells in MAlignant Tumor tissues using Expression data) and EPIC (Estimating
the Proportions of Immune and Cancer cells) algorithms applied to bulk RNA-seq data
from the UCologne2015 cohort (cBioPortal; n = 81), as we previously described [115].
Briefly, ESTIMATE was used to calculate immune, stromal, estimate, and tumor purity
scores, while EPIC was applied to predict the relative proportions of immune and stromal
cell populations in ANXA1-high versus -low tumors.
3.10. Statistical Analysis

Statistical analyses other than survival analysis were performed using GraphPad
Prism® 8.0.0 (GraphPad Software, Inc.). Growth rate assays were analyzed by one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc test. Chemosensitivity
assays were evaluated using two-way ANOVA with Tukey’s post hoc test. Western blot
comparisons between shCTRL and shANXAT1 groups were conducted using unpaired t-
tests or Mann—Whitney tests, depending on normality assessed by the Shapiro—Wilk test.
Experiments including native, non-transduced cells were analyzed by one-way ANOVA
with Tukey’s multiple comparisons test. Data are presented as mean + standard error of
the mean (SEM) with group sizes of n = 6-8. Cell density comparisons based on
RNAscope and IHC were performed using the Shapiro-Wilk and Mann—Whitney U tests
[32, 115]. The Wilcoxon rank-sum test was applied to compare the results of the

predictive algorithms.
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4. Results
4.1. Annexin A1l expression is stably silenced in shANXAI1 transduced cells

To investigate the functional roles of ANXAIl in SCLC, we evaluated key
malignant phenotypic traits in vitro using cancer cell lines. The experimental setup for
these studies is outlined in Figure 8. As published earlier [34], based on relative
expression data of 28 SCLC cell lines from cell line datasets, H841, SW1271, and H1048
exhibited high ANXA1 expression, with H1048 showing the highest levels. Strong
baseline ANXAT1 expression and the effective and stable knockdown after transduction
with shANXA1 constructs were confirmed in these cell lines by Western blot (Figure 9).
In H841 and H1048 cells, transduction with the control shRNA vector (shCTRL) did not
significantly alter ANXAT1 levels. In SW1271 cells, shCTRL transduction resulted in a
moderate but significant reduction in ANXAI expression relative to native cells,
indicating a cell line—specific effect of the transduction procedure. Importantly, ANXAI
levels remained significantly higher in shCTRL than in shANXA1 cells (Figure 9).
Therefore, sShCTRL cells were used as the experimental control, while results obtained in

SW1271 should be interpreted taking this limitation into account.
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Figure 9. ANXA1 relative protein expression in native, shCTRL and shANXA1 SCLC cell
lines. ANXA1 expression was stably silenced in all three shANXA1 cell lines. In SW1271
cells, however, the shCTRL construct was also associated with a significant decrease in

ANXA1 expression compared with the native cells, suggesting a cell-line-specific effect of
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the transduction procedure. Nevertheless, SW1271 shANXA1 cells still displayed
significantly lower ANXA1 expression than shCTRL cells, indicating additional target-
specific silencing beyond this baseline effect. Therefore, shCTRL SW1271 cells were used
as the experimental control, although findings in SW1271 should be interpreted in light
of this limitation. One-way ANOVA, Tukey’s post hoc test, n = 6-8; *** p < 0.001. Data
are expressed as mean * SEM. Obtained from Padl, Dora et al. [115].

4.2. Functional effects of ANXAI1 expression in SCLC
4.2.1. Silencing of ANXAI differentially affects the growth rates of SCLC cell lines

We performed a trypan blue exclusion assay over 120 hours to assess cell growth
rates. These results are presented as growth curves (Figure 10A) alongside bar graphs
displaying individual data points (Figure 10B). Silencing ANXA1 affected proliferation
differently across all three SCLC cell lines. In H841 cells, proliferation rates were
comparable between shANXA1 and shCTRL groups, with no statistically significant
differences observed (Figure 10A,B, first panel). In SWI1271 cells, shANXAI
knockdown significantly inhibited growth compared to controls, with the difference
becoming more pronounced over time (Figure 10A,B, second panel). In contrast, in
H1048 cells, ANXALI silencing led to a marked unexpected increase in proliferation
starting at 72 hours and persisting through 120 hours, where the greatest difference was

detected (Figure 10A,B, third panel).
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Figure 10. 120-hour growth rate assay. Results shown as growth curve (A) and as
individual data at time points (B). ANXA1 silencing had no effect on the proliferation of
H841 cells (first panel), whereas from 72 h and onward, it significantly decreased the
growth rate of SW1271 cells (second panel) and increased the growth rate of H1048 cells
(third panel). Trypan blue exclusion assay, n = 6, one-way ANOVA, Tukey’s post hoc test,
*p<0.05 **p<0.01, *** p <0.001. Data are displayed as mean + SEM. Obtained from
Padl, Dora et al. [115]

4.2.3 ANXATI silencing decreases sensitivity to cisplatin and etoposide

To investigate whether ANXAT1 silencing affects chemosensitivity in SCLC, we
treated the three cell lines with first-line chemotherapy agents cisplatin and etoposide in
vitro. Based on our growth rate data, treatments were applied over a 120-hour incubation
period. Overall, ANXA1 knockdown reduced sensitivity to both drugs across all cell
lines.

In H841 cells, despite similar proliferation rates between shCTRL and shANXA1
groups, ShANXAT1 cells were significantly less sensitive to cisplatin at 5 uM and 10 uM
concentrations at 72, 96, and 120 hours (Figure 11A, first panel). At 20 uM cisplatin, both
groups showed similarly reduced viability at all time points. For etoposide, sShANXA1
cells exhibited significantly decreased sensitivity at 10 uM at 72 and 96 hours, with a
similar trend at 120 hours. No significant differences were observed at 5 uM or 20 uM

etoposide (Figure 11B, first panel).
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Figure 11. Chemosensitivity assay with cisplatin (A) and etoposide (B). ANXA1 silencing

broadly decreased sensitivity to both cisplatin and etoposide in all three cell lines.
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ANXA1-silenced H841 cells showed decreased sensitivity to cisplatin at 5 and 10 uM at
all time points, and to etoposide at 10 uM at 72 and 96 h. At 20 uM cisplatin and 5 and
10 uM etoposide, similar trends were observed (first panel). ANXA1 silencing
significantly increased the viability of SW1271 cells at all tested cisplatin concentrations
at 72 and 96 h, as well as at all concentrations and time points following etoposide
treatment (second panel). Cisplatin treatment in H1048 cells showed high variability,
precluding statistical significance; however, a trend toward decreased sensitivity at 5
and 10 uM was observed across all time points. In contrast, ANXA1-silenced H1048 cells
exhibited significantly reduced sensitivity to etoposide at 10 uM, as well as at 5 uM at
96 and 120 h. At the highest concentrations of both cisplatin and etoposide, H1048
shANXA1 cells showed a slight decrease in viability across all time points, except at 120
h cisplatin treatment (third panel). Presto Blue™ Viability Assay, n = 6-7; two-way
ANOVA, Tukey’s post hoc test, * p < 0.05, ** p < 0.01, *** p < 0.001. Data are displayed
as mean + SEM. RFU: relative fluorescence intensity unit. Obtained from Padl, Dora et al.
[115]

In SW1271 cells, shANXAT cells showed consistently increased resistance
compared to controls at all drug concentrations and time points for both cisplatin and
etoposide, with statistically significant differences in almost each condition. The
exceptions were the 10 uM and 20 pM cisplatin treatments at 120 hours, where the trend
persisted but did not reach significance (Figure 9A, second panel).

For H1048 cells, 5 uM and 10 pM treatments with both drugs resulted in higher
viability in shANXAI1 cells than controls at across all time points. Although statistical
spread of data limited statistical significance in cisplatin treatments, clear tendencies were
observed (Figure 11A, third panel). 5 uM etoposide treatment at 72h and both 5 uM and
10 uM at 96 h and 120 h resulted in significantly increased viability in sShANXAT1 cells
(Figure 11B, third panel). Interestingly, at the highest concentration, 20 pM, both
cisplatin and etoposide showed a tendency to induce greater cell death in shANXAT cells,
notably at 72 and 96 hours for cisplatin and at all time points for etoposide (Figure 11A,B,
third panel).
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4.2.4. ANXALI silencing decreases aerobic metabolism in H841 and H1048, and
induces a Warburg-like shift in SW1271

To assess the effects of ANXATI silencing on metabolic changes, namely the
Warburg effect, we measured protein levels of citrate synthase (CS) as an indicator of
oxidative metabolism and lactate dehydrogenase a (LDHa) as a marker of anaerobic
glycolysis. According to our results, there was a significant reduction in citrate synthase
expression in H841 and H1048 shANXATI cells compared to their respective shCTRL
controls (Figure 12A). SW1271 cells showed only a slight, non-significant decrease in
CS expression upon ANXAT silencing (Figure 12A).

Regarding LDHa, expression levels remained unchanged in H841 and H1048
shANXAT1 cells but were significantly elevated in SW1271 shANXA1 cells as compared

to corresponding controls (Figure 12B).
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Figure 12. Western blot evaluation of metabolic markers. Relative protein levels of
citrate synthetase (A) and lactate dehydrogenase a (LDHa) (B). ANXA1 silencing resulted
in significantly decreased citrate synthase expression in H841 and H1048, which was not
accompanied by an increase in LDHa levels. In SW1271 cells, LDHa expression
significantly increased after ANXA1 silencing, suggesting a Warburg-like shift. Western
blot, n = 6—7; normalized for shCTRL group of each cell line. Unpaired t-test, * p < 0.05,
**p<0.01, *** p <0.001. Data are displayed as mean + SEM. Obtained from Padl, Dora
etal. [115]
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4.2.5. ANXALI silencing differentially affects expression of mesenchymal markers in
SCLC cell lines

We evaluated the protein expression of two mesenchymal markers, vimentin and
B-catenin, to assess the mesenchymal characteristics as a hallmark of malignancy in
cancer cells. Vimentin expression was slightly reduced in H841 and H1048 shANXAI
cells, with the decrease reaching statistical significance only in H1048 shANXAI1 cells
compared to their shCTRL counterparts (Figure 13A). In contrast, vimentin expression
was significantly elevated in SW1271 shANXAI1 cells (Figure 11A). B-catenin levels
remained unchanged in H841 cells following ANXAI1 silencing but showed a trend
towards increased expression in SW1271 shANXA1 cells (Figure 13B). Notably, B-
catenin expression was significantly decreased in H1048 shANXATI cells relative to

controls (Figure 13B).
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Figure 13. Western blot evaluation of mesenchymal markers. Relative protein levels of
vimentin (A), and f3-catenin (B). ANXA1 silencing significantly decreased f3-catenin and
vimentin expression in H1048 cells. In contrast, SW1271 cells showed the opposite
pattern, although the increase in 3-catenin did not reach statistical significance. Western
blot, n = 6—7; normalized for shCTRL group of each cell line. ANXA1 silencing did not affect
the expression of these mesenchymal markers in H841 cells. Unpaired t-test, * p < 0.05,
**p<0.01, *** p <0.001. Data are displayed as mean + SEM. Obtained from Padl, Dora
etal. [115]

In summary, expression of mesenchymal markers was not significantly affected
by ANXAT1 silencing in H841 cells, while it slightly increased in SW1271 shANXA1

cells. In H1048 cells, protein levels of both vimentin and B-catenin significantly
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decreased, which may be in line with our observation that these cells exhibited stronger

adherence in culture dishes compared to their control counterparts (Figure 14).
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Figure 14. Photos of SCLC native and transduced shCTRL and shANXA1 cells in culture.
The most pronounced phenotypic changes were observed in H1048 cells: ANXA1-silenced
cells exhibited increased adhesion to culture dishes and required prolonged incubation
for detachment with TrypLE™ Express compared with native and control counterparts.
4.3.2. ANXAT silencing has no significant effect on CD47 and PD-L1 expression
The expression of CD47, a potential mediator of tumor immune evasion in SCLC,
was significantly increased in H841 shANXAI1 cells compared to H841 shCTRL cells
(Figure 15A), meanwhile, it did not change significantly in ANXA1-silenced SW1271
and H1048 cells (Figure 16A). Protein levels of PD-L1, one of the most successful

immunotherapeutic targets for NSCLC and other cancers, showed no significant changes
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in expression across the ANXAT-silenced groups in any of the cell lines, except for a
slight but statistically non-significant reduction in PD-L1 expression observed in SW1271

shANXAT1 cells (Figure 16B).
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Figure 16. Western blot evaluation of immunomodulatory markers. Relative protein
levels of CD47 (A), and PD-L1 (B). Western blot, n = 6-8; normalized for shCTRL group of
each cell line. Unpaired t-test, * p < 0.05. Data are displayed as mean + SEM. Obtained
from Padl, Dora et al. [115]
4.3. Potential roles of ANXAT1 in SCLC subtype switches and TME composition
4.3.1. ANXAL1 silencing significantly affected dominant transcriptional drivers in
POU2F3-dominant H1048 cell line

Among the three SCLC cell lines, the dominant transcriptional driver is YAP1 in
H841 and SW1271 cell line, whereas it is POU2F3 in H1048, as previously reported [34].
Upon ANXAI silencing, YAP1 expression showed a slight increase in H841 and
SW1271 shANXAL cells, and a pronounced three-fold increase in H1048 shANXA1 cells
compared to their respective shCTRL controls (Figure 15A). POU2F3 expression
remained largely unchanged in H841 and SW1271 shANXAI cells, with a modest
decrease in SW1271 shANXAI cells. In contrast, POU2F3 expression was significantly
elevated in H1048 shANXAT cells relative to controls (Figure 15B).
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Figure 15. Western blot evaluation of dominant transcriptional drivers. Relative
protein levels of YAP1 (A) and POU2F3 (B). YAP-1 expression showed an approximately
threefold increase in ANXA1-silenced H1048 cells, while POU2F3 expression also
significantly increased in H1048 shANXA1 cells. No significant changes were observed in
the other two cell lines. Western blot, n = 6—8; normalized for shCTRL group of each cell
line. Unpaired t-test, * p < 0.05, ** p < 0.01, *** p < 0.001. Data are displayed as mean
+ SEM. . Obtained from Padl, Dora et al. [115].

4.3.2. ANXAI1-high SCLC is associated with increased immune cell infiltration

In a previous study by our collaborators, increased ANXA1 expression was found
in immune-oasis, NE-low SCLC [34]. To further investigate this, open access bulk RNA-
seq data of 81 SCLC patients was analyzed and divided to ANXA1-high and ANXAI-
low groups. According to ESTIMATE, ANXA1-high tumors exhibited significantly
higher immune (Figure 17A), stroma (Figure 17B), and ESTIMATE scores (Figure 17C),
along with a significantly lower purity score (Figure 17D), suggesting increased immune
and stromal cell infiltration compared with ANXA 1-low tumors.
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Figure 17. Predictive characterization of the SCLC TME based on ANXA1 expression
with the ESTIMATE algorithm. ANXA1-high tumors showed significantly higher immune
score (A) stroma score (B) and estimate score (C), with lower purity score (D), indicating
a higher proportion of nontumor cells in ANXA1-high SCLC (p <0.001). Obtained from
Padl, Dora et al. [115]

To evaluate the cellular composition of the SCLC TME based on ANXAI1
expression, we applied the EPIC algorithm [126], which predicted higher proportions of
CAFs, TAMs and NK cells in ANXAI1-high tumors, suggesting a more active TME
compared with ANXAT1-low cases (Figure 18A,B) [115].
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Figure 18. Predictive characterization of the SCLC TME based on ANXA1 expression
with the EPIC algorithm. Immune and stromal cell fractions in SCLC (A). Immune and
stromal cell fractions in ANXA1-high versus ANXA1-low SCLC tumors (B). ANXA1-high
tumors were predicted to contain significantly higher proportions of CAFs, TAMs and NK
cells, along with lower proportion of B-cells. Data are shown as violin plots with medians
(solid lines) and quartiles (dashed lines). Wilcoxon’s rank-sum test (non-normal by
Shapiro—Wilk). ns, non-significant; *, p < 0.05; *, p < 0.001. Obtained from Padl, Dora et
al. [115]
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4.4. ANXAT1 and the CD70/CD27 axis in the clinical context of SCLC

4.4.1. ANXATI protein is expressed on tumor cells and macrophages in SCLC tumor
samples

We evaluated ANXATI expression in tumor samples from nine SCLC patients
using THC. In this limited cohort, two patients showed ANXAT positivity in tumor cells,
with scattered positive non-tumor cells in the stroma (Figure 19A,B). Two additional
patients exhibited ANXA1 expression in non-tumor cells only, both in the stromal
compartment and in the tumor nests (Figure 19C,D). The remaining five patients did not
show detectable ANXAT expression in either tumor or stromal compartments.

To further characterize the ANXAIl-expressing stromal cells, we performed
double IF staining combining ANXA1 with markers for pan-leukocytes (CD45), cancer-
associated fibroblasts (vimentin), macrophages (CD6S8), T cells (CD3), and B cells
(CD19). We observed frequent co-expression of ANXA1 with CD45 on cells with
amoeboid or ramified morphologies restricted to the stroma and absent in tumor nests
(Figure 19E, asterisks indicate ANXA17/CD45" leukocytes). No co-expression was
detected with vimentin, moreover, ANXA 1-positive tumor cells did not co-localize with
vimentin-positive CAFs (Figure 19F). However, ANXA1 showed co-expression with
CD68 in most TAMs in both stromal areas and tumor nests (Figure 19G), but ANXA1-
negative TAMs were also detected (Figure 19G, arrows). No co-expression of ANXA1
was observed with CD3 and CD19 in the samples analyzed (not shown).
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Figure 19. In situ expression of ANXA1 in tumor samples. Representative IHC images
show ANXA1 positvitiy in tumor cells (A, B) with scattered stromal ANXA1 expression in
non-tumor cells (C, D). Double IF confirmed ANXA1 expression in tumor nests (E), and co-
expression with CD45 is restricted to stromal immune cells (E, *). No co-expression was
detected with vimentin (F), and no co-localization was observed between vimentin* CAFs
and ANXA1* tumor cells (F, *). TAMs show ANXA1/CD68 co-expression both in the
stroma and tumor nests (G), while ANXA1~ CD68* TAMs are also present (G, arrows).
Obtained from Padl, Dora et al. [115]

4.4.2. CD70 expression in tumor nests and stroma is not associated with immune cell
infiltration, whereas stromal CD27 expression is

RNA expression scores were constructed for each patient using RNAscope assays
combined with an area-adjusted quantitative scoring system in QuPath. Representative
images show strong (score=3), moderate (score=2), and low (score=1) CD70
expression, predominantly localized in tumor nests but also present in the stroma (Figure
20A-C). Analysis of previously published IHC-based immune cell density data of the
same cohort [35] showed no significant correlation between CD70 RNA expression and
CD45" immune cell or CD8" T cell infiltration in either stroma or tumor nests (Figure

20D-G).
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Figure 20. CD70 RNAscope. Representative RNAscope images showing high (A, B) and
low (C) CD70 expression predominantly in tumor nests (areas outlined by dashed lines).
CD70 expression was not significantly associated with CD45* or CD8* cell densities in
stroma (D, F) or tumor nests (E, G). Mann-Whitney U test (non-normal by Shapiro-Wilk);
n=31 for CD45, n=30 for CD8. Obtained from Dora et al. [32]

CD27 expression was evaluated with an IHC-based scoring system as described
earlier [33]. CD27 showed predominantly stromal expression, supported by RNAscope
results as well (Figure 21A,B). Unlike CD70, high CD27 expression was associated with
decreased CD45" immune cell and CD8" T cell densities in the stroma (Figure 21C,E)

but not in tumor nests (Figure 21D,F). [32].
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Figure 21. CD27 RNAscope. Representative RNAscope images showing high (A) and low
(B) CD27 expression predominantly in stroma (A: tumor nest outlined by dashed line).
High CD27* stromal expression was associated with reduced CD45*(C) and CD8* (E) cell
densities in the stroma, but not in tumor nests (D, F). Mann-Whitney U test (non-normal
by Shapiro-Wilk); n=31 for CD45, n=30 for CD8. Obtained from Dora et al. [32]

4.4.3. CD70 and CD27 show distinct localization across tumor, stromal, and immune
cell populations in SCLC

To characterize the expression patterns and associations of the CD70/CD27 axis
in the SCLC TME, we performed double IF staining with the EMT marker vimentin, pan-
macrophage marker CD68, pan-T-cell marker CD3, and B-cell marker CD20.

CD70 was detected as a diffuse and patchy signal, that was in inverse correlation
with vimentin expression in tumor nests of CD70-high patients (Figure 22A), suggesting
lower CD70 expression in vimentin-positive, mesenchymal-like tumor cells and higher
expression in tumor cells with epithelial phenotypes. In contrast, CD70 was strongly
expressed by vimentin-positive cancer-associated fibroblasts (CAFs) in the stromal
compartment (Figure 22B, arrow). Among immune cells, most CD68" tumor-associated
macrophages (TAMs) expressed CD70 in both stromal and intratumoral regions (Figure

22C,D). In CD70-high tumors, the majority of CD3" T cells were CD70-negative, only a
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small subset of them co-expressed CD70 (Figure 22E,F). CD20" B-cells showed no CD70
coexpression, even in CD70-high tumors (Figure 22G,H).
As expected, CD27 expression was limited to the TME, and not detected on tumor

cells. CD27 colocalized with scattered vimentin® CAFs (Figure 22I), CD3" T-cells

(Figure 22J), and a moderate number of CD68" TAMs in both stroma and tumor nests

(Figure 22K).

Figure 22. Immunofluorescence detection of CD70 and CD27 co-expression in cells of
the TME. Diffuse CD70 positivity observed in tumor nests of CD70-high patients (A,
outlined by dashed line), with a complementary distribution relative to vimentin-positive
tumor cells (A, ellipsoid area). Stromal CAFs showing co-expression of CD70 and
vimentin (B, arrow). TAMs showing co-expression of CD70 and CD68 in both the stroma
(C, arrows) and tumor nests (D, outlined by dashed line). CD70/CD68* TAMs also
present in the stroma (C, *). In CD70-high tumors, a some CD3* T cells expressed CD70
(E, F, arrows, E: tumor nest outlined by dashed line). CD20* B cells showed no co-
expression with CD70 (G, H, *). CD27 is restricted to the stroma (I, J, K), exhibiting
occasional co-expression with vimentin in CAFs (I, arrow), CD3 in T cells (J, arrows), and

CD68 in TAMs (K, arrows). Obtained from Dora et al. [32]
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4.4.4. ANXA1 and CD70 expressions are related to significantly decreased overall
survival

Overall survival (OS) was also evaluated with Kaplan-Meier analysis on the
publicly available “UCologne2015” ANXAT1 cohort and the CD70 cohort’s clinical data.
ANXAI1-high tumors were associated with significantly decreased OS compared to
ANXAI1-low tumors (HR 1.81, p = 0.034, Figure 23A). Multivariate Cox regression
analysis, including the two most relevant confounders—tumor stage and gender—showed
that ANXA1 remained a significant predictor of survival, with prognostic power
comparable to that of gender (HR 2.05, p = 0.016; not shown) [115].

Similarly, high CD70 expression correlated with decreased OS in the whole cohort
(HR 1.80, p=0.008; Figure 23B) and in early-stage patients (HR 2.00, p = 0.008), as well
as in immune-oasis tumors (HR 2.21, p = 0.035), but not in immune-desert tumors (p =
0.115, not shown). Other clinical parameters, including age, tumor stage, and gender,
showed no significant association with ANXA1 or CD70 expression (for details, we refer
to Dora et al. [32])

On the other hand, CD27 expression showed no significant association with OS
in the SCLC cohort, neither in the entire patient group nor when stratified by immune

status, also confirmed by univariate and multivariate analyses (Figure 23C) [32].
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Figure 23. Prognostic impact of ANXA1 expression based on the UCologne dataset (A),
CD70 (B) and CD27 (C) expression in the IHC cohort. ANXA1-high patients showed
significantly decreased overall survival (0OS) (p = 0.0339; HR = 1.809) (A). CD70-high
patients also showed significantly decreased OS compared to CD70-low patients (p =
0.0078; HR = 1.795) (B). CD27 expression had no significant effect on OS in the whole
cohort (p = 0.582) (C). Kaplan—Meier analysis, log-rank test, hazard ratio from Cox

proportional hazards model. Obtained from Padl, Dora et al. and Dora et al. [32, 115]
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5. Discussion

A pivotal factor that may have hindered advancement in SCLC therapy for over
three decades was the view of this aggressive malignancy as a single entity, resulting in
approach with a “one-size-fits-all” therapeutic strategy. Indeed, over 70% of patients are
still first diagnosed with extensive-stage disease, where surgery is not optional [140].
Rapid progression and relapses with therapy-resistance are general characteristics of most
cases. However, research in the past decade has challenged the oversimplified view of
SCLC as a homogeneous disease, and it is becoming clear that SCLC is an extremely
heterogeneous cancer with high plasticity. Delineation of molecular subtypes is a
promising approach to identify therapeutic vulnerabilities [27, 52, 125], but reaching
consensus remains subject of ongoing research.

Previous work demonstrated that a complex and immunosuppressive TME
particularly contributes to difficulties in patient stratification and effectiveness of current
therapies [88, 143]. Promising characteristics also seem to overlap across subgroups,
supporting heterogeneity and plasticity. Gene expression analysis revealed ANXAI
upregulation in NE-low tumors irrespective of immune-infiltration, consistent with a
potential immunosuppressive role, while upregulation of CD70 and CD27 is a feature
shared by both NE-low and immune oasis tumors [34]. Based on these observations, we
aimed to characterize ANXAT1 in SCLC using in vitro models, in silico analyses and
patient datasets, and the CD70-CD27 axis in a large SCLC patient cohort to assess the
theranostic potential of these molecules and help understand mechanisms driving this
poor-prognosis malignancy.

5.1. Biological roles of ANXAI1 expression in SCLC cell lines

ANXA1l is known to have conflicting roles both physiologically and
pathologically. Particularly in cancer, it has been described as a tumor promoter and a
tumor suppressor, showing upregulation and downregulation, depending on cancer type
[45, 77]. Until our publication, only two studies investigated ANXAT1 in SCLC. Liu et al.
connected ANXA1 to SCLC brain metastases, reporting its elevated levels in plasma of
affected patients. ANXA1 inhibition by antibody or shRNA knockdown decreased
transendothelial migration in vitro and brain metastasis in vivo, while an ANXA1 mimic
promoted these endpoints. They demonstrated these results in co-culture of NCI-H446

cells with brain microvascular endothelial cells and in mice, highlighting the importance
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of the TME in the ANXA 1-linked mechanisms [96]. Chen et al. supported bad prognostic
effects of ANXA1 when investigating its roles in SCLC bone metastases. They found
elevated ANXAI in serum of affected patients. Supporting complexity of ANXAI1
functions, they found divergent expression changes of ANXAI in variants of the SBC
SCLC cell line, decreased in the highly bone-metastatic SBC-5 cells, but increased in the
less aggressive SBC-3 cells. ANXAT also promoted prolifertation, invasion, migration
and bone metastasis in their experiments [20].

In line with the literature, it was anticipated that experiments with different SCLC
cell lines would yield heterogeneous results. For instance, ER" breast cancer is associated
with loss of ANXAT1 expression, while triple-negative breast cancers (TNBCs) usually
show upregulation [29]. In NSCLC, Elakad et al. reported that squamous cell carcinoma
was associated with longer OS if ANXA1 expression was elevated, and in functional
studies, ANXA1 inhibited migration, while promoted proliferation in seven lung
squamous cell carcinoma (SqCLC) cell lines. They proposed that metastasis potential
associated with migration has a stronger impact on tumor aggressiveness than
proliferation, confirming complex pathogenic roles [107]. In lung adenocarcinoma
however, ANXA1 upregulation was reported to have an oncogenic effect on both
proliferation and invasive capacity [58, 59], while there is evidence for the opposite as
well [30, 98].

We investigated some direct effects of ANXAT expression by shRNA-mediated
silencing in three non-NE, ANXA1-high SCLC cell lines, H841 (YAP1"), SW1271
(YAP1") and H1048 (POU2F3™). Although short tandem repeat (STR) profiling was not
performed, all cell lines were obtained from ATCC and handled under strictly controlled
conditions with detailed documentation and regular morphological monitoring. The
consistency of phenotypic effects across cell lines further supports the reliability of the
experimental system. Recent studies have suggested that certain cell lines traditionally
classified as SCLC, including SW1271 and H841, may cluster with SMARCA4-deficient
thoracic tumors based on molecular profiling. This highlights the biological overlap
between SCLC subtypes and SMARCA4-deficient malignancies. Importantly, these
models are characterized by non-neuroendocrine features (e.g., YAP1/POU2F3
expression), and therefore may represent a broader spectrum of high-grade thoracic

tumors with shared transcriptional programs. Nevertheless, they remain widely used as
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models of NE-low SCLC, and are appropriate for studying subtype-specific biology and
tumor plasticity [108]. Additionally, in SW1271 cells, the non-targeting control vector
significantly reduced ANXA1 expression compared to native cells, suggesting a cell line—
specific effect of the transduction procedure. This limits the specificity of the model, as
some results may be attributed to transduction-related changes rather than ANXAI1
silencing alone. Therefore, we focused on differences between shANXAT1 and shCTRL
cells, while considering this limitation in SW1271.

Uncontrolled cell proliferation is one of the most obvious hallmarks of cancer, and
is particularly important in neuroendocrine tumors, where mitotic count and Ki67 index
are used for grading [127, 140]. Our growth rate analysis with trypan blue exclusion assay
and Presto Blue viability assay revealed different effects of ANXA1 silencing in the three
cell lines, with no significant change in H841, a decrease in SW1271, and a marked
increase in H1048. This is in line with the literature, evidence shows that ANXA1 can
both inhibit or promote proliferation in tumor cells or have no significant effect [45, 77].
In a 2024 study, a panel of ANXAI1-expressing breast, ovarian, pancreatic, colorectal
cancer and lung adenocarcinoma cell lines responded to an anti-ANXA1 antibody with
suppressed cell proliferation, and the proposed mechanism was through G1 phase cell
cycle arrest [10]. ANXAI1 inhibition in vitro resulted in decreased proliferation in glioma
[163, 177], papillary thyroid cancer [175], pancreatic cancer and oral squamous cell
carcinoma cells as well [159]. On the other hand, ANXA1 overexpression was associated
with suppressed proliferation in oral squamous cell carcinoma cells [159].

In lung cancer, association of ANXA1 with increased proliferation has been
demonstrated in multiple studies. Three lung adenocarcinoma cell lines (A549, H1650,
H1975) showed decreased proliferation in response to siRNA-mediated ANXA1
silencing, measured with CellTiter® Glo assay, potentially through involvement of the
EGFR pathway [26]. Similar results were observed after lentiviral silencing of ANXAI
in A549 and H1299 lung adenocarcinoma cells with CCK-8 assay [39]. Guan et. al
proposed that ANXAT1 promoted proliferation, invasion and migration of A549 cells via
the NF-kxB-miR-26a pathway [58]. ANXA1 enhanced proliferation in SqCLC cell lines
but inhibited their migration, whereas ANXA1 knockout increased cell migration while

reducing proliferation [37].
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We can hypothesize that the different effects of ANXAI1 silencing on growth rate
reflects context-dependent signaling of ANXA1 in SCLC, due to intrinsic genetic and
epigenetic differences as well as non-neuroendocrine subtype heterogeneity among these
cell lines. For example, the increased proliferation of H1048 cells following ANXAI
silencing may be due to their initially higher dependence on ANXA 1-regulated growth-
suppressive pathways, which are relieved when ANXA1 is silenced. In contrast, SW1271
cells might utilize alternative signaling mechanisms or compensatory pathways that, upon
ANXALI loss, result in decreased proliferative capacity, reflecting functional redundancy
or distinct oncogenic dependencies. These findings underscore the complexity of ANXAI
in SCLC biology and highlight the importance of cellular context and molecular
background in determining its impact on tumor cell behavior [115]. Therefore, our
findings are first to demonstrate context-dependent effects of ANXA1 on SCLC cell
proliferation.

In our chemosensitivity assay with Presto Blue viability assay, ANXA1 silencing
broadly reduced the sensitivity to both cisplatin and etoposide in all three cell lines, when
tested at three concentrations comparable to patient plasma levels in vitro [4, 18, 93, 138].
This experimental design did not allow for dose-response curve fitting and ICso
determination, however, we could evaluate relative treatment responses across cell lines.
Upregulated ANXAT has been linked to chemoresistance of multiple cancers, including
the BT-549 breast cancer cell line to paclitaxel and doxorubicin [149], and the SW480
colon cell line to S-fluorouracil [112]. However, ANXA1 was downregulated in
adriamycin-resistant pumc-91 bladder cancer cell line [172]. A noteworthy concept
proposed by a research group in 2016 is that FPR1 functions as a pattern recognition
receptor, with ANXAT1 serving as its DAMP ligand to guide DCs toward dying tumor
cells and trigger an antitumor immune response during anthracycline therapy, therefore
in the absence of ANXA1, cancer cells become resistant to treatment with dependence on
the TME [153].

Regarding platinum agents, ANXA1 upregulation was shown to induce resistance
to oxaliplatin in gastric cancer cells via the PI3K/AKT/mTOR pathway [128] and was
identified in three cisplatin-resistant germ cell tumor cell lines as well [42]. In contrast,
ANXAT1 was downregulated in the cisplatin-resistant ovarian cancer cell line A2780 [74].

Furthermore, an ANXA1-derived peptide showed a synergistic effect with cisplatin in the
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SiHa cervical cancer cell line in combination treatment [123]. Clinically, ANXA1 was a
predictive biomarker of sensitivity to docetaxel, cisplatin and 5-fluorouracil (TPF)
induction chemotherapy in oral squamous cell carcinoma patients [147]. In
chemosensitive breast cancer cells, ANXAT1 overexpression has been shown to increase
resistance to multiple chemotherapeutic agents, including etoposide, melphalan, and
adriamycin, suggesting a functional contribution to multidrug resistance [48, 162].

Reduced chemosensitivity in the SCLC cell lines we investigated, may be
associated with alterations in cell cycle regulation, apoptotic pathways and expression of
drug efflux transporters and EMT mediators influenced by ANXA1 [48]. Since the
relative selectivity of chemotherapy relies on higher proliferative activity, the markedly
lower growth rate of SW1271 shANXAI1 cells compared with shCTRL suggests that the
reduced chemosensitivity observed in this context is not a direct effect of ANXAI1
silencing, but rather a consequence of escaping cytostatic effects due to slower
proliferation [115]. In contrast, the findings in H1048 cells cannot be fully explained by
their increased growth rate: while the markedly higher baseline cell counts resulting from
rapid proliferation may account for the elevated fluorescence intensity observed at 5 uM
and 10 uM treatments, at 20 uM a chemosensitizing effect of ANXA1 silencing could be
proposed. Importantly, high chemosensitivity can be an intrinsic feature of certain
aggressive tumors driven by rapid division and specific genetic alterations; however,
sensitivity is highly context-dependent and modulated by tumor type and a permissive
TME. Therefore, from the divergent growth assay results, firm conclusions cannot be
drawn, and our observations likely reflect the inherent biological heterogeneity of SCLC
[115].

The Warburg effect is often linked to rapid tumor growth, survival under stress,
therapy ressistance, immune evasion, and invasiveness [89]. Research on metabolic
profile of lung cancer mostly focused on NSCLC. However, in a retrospective clinical
study of over 300 patients with limited- and extensive-stage SCLC, elevated LDH levels
were significantly associated with reduced survival [62], and the MY C-driven subset of
SCLC has been described as a metabolically distinct entity, particularly dependent on
glycolysis [15]. Our results suggest high metabolic flexibility in the three investigated
SCLC cell lines [115]. Silencing ANXA1 significantly decreased CS expression in H841
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and H1048 cells, indicating a shift away from oxidative phosphorylation without raising
LDH expression, a phenomenon only seen in the SW1271 shANXAT1 cells.

While LDH is a recognized tumor-promoting enzyme [ 120], citrate synthase, like
ANXAI1, plays cancer-type-specific roles regarding promotion or inhibition of
progression [64], it was even shown to increase sensitivity of A549 NSCLC cells to
cisplatin [129]. The limited anaerobic shift to maintain redox balance and limit excess
lactate production seen in our experiments suggests that instead of a complete shift to
anaerobic metabolism, SCLC cells may compensate reduced TCA cycle activity by using
alternative pathways to maintain metabolic flux [115]. These include redox-supporting
pathways, such as the pentose phosphate pathway [117] or folate-mediated one-carbon
metabolism [38] to provide NADPH to counteract oxidative stress. In parallel, anaplerotic
processes, most prominently glutaminolysis [3, 73] replenish TCA cycle intermediates to
maintain mitochondrial function. Together, these inputs allow the TCA cycle to continue
operating through enzymes downstream of citrate synthase, ensuring ongoing energy and
biosynthetic capacity. Rohwer et al. reported a critical role of ANXAT in maintaining
metabolism and proliferation in gastric cancer cells upon loss of HIF1a, a key mediator
of hypoxia-driven tumor progression [132]. ANXAIl knockdown impaired citrate
utilization by reducing glutamine-driven anaplerosis into the TCA cycle and decreased
lactate output, indicating altered glycolysis. Moreover, MYC, an identified regulator of
the Warburg effect and glutamine metabolism in SCLC [15, 105] and a proposed mediator
of the SCLC NE to non-NE transition [67], was completely lost upon simultaneous
ANXAT1 and HIF-1a knockdown in gastric cancer cells, underscoring its role in ANXA1-
mediated metabolic adaptation [132]. Collectively, these findings highlight that the
effects of ANXAI are highly context-dependent, as reflected in the heterogeneous
responses of EMT and metabolic markers to ANXA1 silencing.

A consistent decrease in EMT after ANXATL silencing was detected in H1048
cells, as seen in decreased vimentin and B-catenin expressions. Furthermore,
morphological observations in culture also suggested reversal of EMT in H1048:
ANXAT-silenced cells adhered more tightly to culture dishes and required prolonged
TrypLE Express treatment for detachment, in line with a more epithelial-like phenotype
with reduced invasive potential (Figure 15). Similar morphological changes were

observed in basal-like MDA-MB-231 breast cancer cells after ANXA1 knockdown [29].
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ANXAT1 has been reported to promote EMT, supported by experimental findings where
its overexpression or knockdown led to inverse changes in epithelial markers such as E-
cadherin and corresponding proportional changes in mesenchymal markers such as
vimentin, as shown in bladder cancer [87], papillary thyroid cancer [175], pancreatic
cancer [9], prostate cancer [11, 169], and melanoma [142]. Conversely, other studies have
reported the opposite effect in nasopharyngeal carcinoma cells [165] and oral squamous
cell carcinoma cells [159], where ANXA 1 overexpression reduced mesenchymal markers
and/or increased epithelial markers, suggesting a context-dependent role of ANXA1 in
EMT regulation. This pattern was recapitulated in the SW1271 cell line, where vimentin
expression increased in ShANXA1 cells. Deng et al. also showed in NSCLC cell lines
H1299 and A549, that ANXAT inhibits EMT through the inhibition of glycogen synthase
kinase 3 beta (GSK3RB) phosphorylation and downregulation of B-catenin [52].

Proposed molecular mechanisms through which ANXA1 modulates EMT include
several canonical pathways. ANXAT1 has been linked to the induction of EMT-promoting
transcriptional regulators, such as Smad via the TGF-3 pathway and SNAIL through the
PI3K/Akt axis [176]. The Janus kinase / signal transducer and activator of transcription
(JAK2/STAT3) pathway has also been implicated: ANXA1 overexpression was shown
to reverse EMT in breast cancer cells [101], while it promoted EMT in papillary thyroid
cancer [175]. GSK3p could be a multifaceted downstream effector of ANXAI, as it may
either enhance stabilization of SNAIL to promote EMT [146] or downregulate B-catenin
to suppress it [30]. In nasopharyngeal carcinoma, ANXA1 was reported to form a
heterotrimer with vimentin and S100A9, thereby suppressing EMT [165]. Furthermore,
in androgen-independent prostate cancer, ANXA1 was identified as a key mediator of
hypoxia-induced EMT [169]. The mechanisms by which ANXAT1 contributes to EMT
have been reviewed elsewhere [176], including its involvement in MAPK/ERK and NF-
kB signaling and its capacity to enhance invasion and metastasis through extracellular-
matrix remodeling via matrix metalloproteinase activation, microRNA-mediated
regulation, and extracellular-vesicle—driven cell-matrix communication.

Groves et al. hypothesized that the transition from NE to non-NE states in SCLC
may parallel EMT [57]. Transcriptomic analyses revealed a distinct, highly epithelial
“A2” subtype within the NE group, while the other NE subtypes (A and N) displayed

partial mesenchymal features. In contrast, non-NE subtypes (P and Y) were more
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mesenchymal, yet expressed divergent mesenchymal gene programs, underscoring
heterogeneity within the mesenchymal state itself. Notably, cisplatin treatment further
shifted cell populations toward mesenchymal-like profiles, in line with the recognized
role of EMT in therapy resistance. Collectively, these findings highlight the existence of
EMT-associated intermediate states and emphasize contribution of EMT to SCLC
heterogeneity, progression, and treatment failure [57]. This is in line with the finding in
breast cancer, where initially ANXA1 can be downregulated, but upregulated in
metastatic disease [147].

Although PD-L1 is a validated target and predictive marker in NSCLC, anti—PD-
1/PD-L1 therapies show limited efficacy in SCLC, and PD-L1 status does not predict ICI
response, consistent with a distinct immune microenvironment [118]. Given the evidence
implicating ANXA1 in tumor immune tolerance and the central therapeutic role of the
PD-1/PD-L1 checkpoint, we investigated whether ANXA1 silencing affects PD-L1
expression. We did not observe significant changes in PD-L1 expression upon ANXAT1
silencing, suggesting that ANXAI may not play a major role in regulating PD-L1
expression in SCLC. This implies that the ANXA1-PD-L1 axis may not be a key
immunomodulatory pathway in SCLC, in contrast to NSCLC, further underscoring the
need to identify alternative immune checkpoints in SCLC, as highlighted by several
ongoing studies [34, 115, 125].

In other cancers, however, recent studies have described well-characterized
mechanisms through which ANXAI regulates PD-L1 expression in tumors. Ubiquitin
Specific Peptidase 7 (USP-7) has been identified as a target of ANXA1, competing with
PD-L1 for deubiquitination, thereby promoting degradation of PD-L1 in esophageal
squamous cell carcinoma [160], and similar mehcanisms were described with ANXAI-
derived peptide A11 in NSCLC, melanoma and breast cancer cell lines [173]. Opposite
correlations to this have been also described with different underlying pathways. ANXA1
was shown to stabilize PD-L1 in renal cell carcinoma cell lines and in NCI-H441 lung
adenocarcinoma cell line [83, 167] by activation of the PI3K/Akt pathway through FPRs.
In a study with melanoma, NSCLC, and breast cancer cell lines, knockdown of ANXAI
decreased PD-L1 levels, in line with the proposed mechanism described by the authors,
whereby ANXAT stabilizes STAT3 through blocking its interaction with PARP1, which
in turn drives PD-L1 upregulation [164].
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CD47, which delivers a macrophage “don’t-eat-me” signal via SIRPa, is an active
immunotherapy target [170], blocking CD47—SIRPa can enhance phagocytic clearance,
a concept especially relevant in SCLC where tumor-associated macrophages constitute a
major immune compartment in the TME [34], moreover, CD47 is highly expressed in
SCLC and its upregulation has been associated with impaired prognosis [41].
Nevertheless, ANXA1 silencing did not alter CD47 expression significantly in the tested
cell lines, not supporting a direct signaling dependency between these two proteins at the
cellular level [115]. In cervical cancer, transcriptomic and network analyses identified
ANXA1 and CD47 as key hub genes with potential immunotherapy relevance [61],
however, no studies to date have examined these two genes in detail.

5.2. ANXAT1 as a modulator of SCLC subtypes and TME composition

Because of the significance of SCLC subtypes, we investigated whether ANXA1
expression affects YAP1 or POU2F3 expression in non-NE cell lines. In our experiments,
YAPI1 predominated as the transcriptional driver in the SW1271 and H841 cell lines,
whereas POU2F3 was dominant in the H1048 line. Due to possible subtype overlaps and
known shifts [67], both markers were assessed across all cell lines. Notably, silencing
ANXALI1 led to strong upregulation of YAP1 and POU2F3 in H1048 cells, however, no
significant changes were observed in the other SCLC lines. These findings suggest an
inverse relationship between ANXA 1 and non-neuroendocrine subtype markers in H1048
cells, though the excessive heterogeneity of SCLC suggests that this effect is unlikely to
be generalized across all tumor subtypes [115]. Previously, YAP1 knockout reduced
proliferation in H69AR and SBC5 SCLC cells [135] and inhibited growth in H841 and
SW1271 cells [102], suggesting that ANXAI1 silencing may indirectly increase
proliferation in H1048 via YAP1 induction. The absence of proliferation increase in other
shANXAT cell lines likely reflects their distinct molecular signaling landscapes [115].
Interestingly, ANXA1 was reported to positively correlate with YAP1 expression
previously. In breast cancer, YAP1 overexpression resulted in protection against DNA
damage in ANXA1 knockdown [148], and in hypopharynx carcinoma, ANXAI
suppressed lymph node metastasis through Y AP-dependent regulation [86], supporting a
highly context-dependent axis. POU2F3 and ANXAT1 have been identified in a multi-
omics study among the key genes distinguishing the SCLC-I subtype from other subtypes
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[21]. However, their concurrent investigation, including potenital gene-expression
changes and potential relationship had not been explored prior to our publication.

The in silico part of our work using ESTIMATE and EPIC supported previous
observations that ANXAI1-high SCLC exhibits increased immune-cell infiltration,
particularly by TAMs [24, 92]. These findings are presented as supportive evidence and
were not a primary focus of the thesis.

Taken together, our findings support the well-established notion, that the effects
of ANXAT are highly context-dependent, now presented in SCLC, varying across cellular
backgrounds and pathways. While ANXAT1 does not appear to be an ideal therapeutic
target in this tumor type, its pleiotropic roles in proliferation, chemosensitivity, EMT and
immune signaling highlight its importance in shaping the malignant phenotype.
Therefore, studying ANXA1 provides valuable insights into the biological heterogeneity
of SCLC and may help to identify alternative vulnerabilities and novel immune
checkpoints and regulators relevant to this disease. Future studies could investigate the
proposed signaling pathways and gene expressional changes, for example PI3K/AKT,
JAK/STAT, GSK3p and MYC expression, to characterize the underlying mechanisms of
heterogeneous effects of ANXAT1 across SCLC subtypes.

5.3. Clinical relevance of ANXA1 and the CD70/CD27 axis in SCLC

Due to the limited size of the ANXAI cohort, analyses were restricted to
descriptive evaluation based on IHC and double IF. ANXA1 expression was detected in
both tumor nests and stromal compartments, with ANXA1-CD45 co-expression confined
to the stroma. ANXA1-positive tumor cells did not colocalize with vimentin-positive
CAFs, suggesting distinct cellular localization patterns within the TME. In contrast,
CD68+ tumor-associated macrophages expressed ANXA1 in both stromal and tumor
compartments, supporting a potential role in macrophage-enriched microenvironments
characteristic of SCLC. These findings are in line with previous reports showing that
ANXALTI can influence stromal cell behavior and macrophage polarization, including CAF
transformation [22] and M2 macrophage polarization in esophageal squamous carcinoma
[99].

The CD70-CD27 axis is an emerging focus in the development of novel
immunotherapeutic strategies. Although the CD70-CD27 axis functions as a co-

stimulatory pathway, its abnormal overexpression in tumors facilitates immune evasion
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by inducing T cell exhaustion, promoting T cell apoptosis, and enhancing regulatory T
cell activity [79]. Since CD70 expression is physiologically restricted to activated T cells,
B cells, and dendritic cells, targeting CD70 may be a valid therapeutic strategy with high
tumor-selectivity, potentially fewer off-target effects and good tolerability [79]. Beside
hematological malignancies, several solid tumors were reported to have CD70-high
subsets, including pleural mesothelioma, glioblastoma, ovarian cancer, pancreatic cancer,
melanoma and colorectal cancer, in most cases, associated with poor prognosis [44].
Recent pan-cancer analysis of gene expression data revealed upregulation of CD70 in
renal cell carcinoma, head and neck squamous cell carcinoma, thyroid carcinoma, and
lung adenocarcinoma [174]. In nasopharyngeal carcinoma (NPC), CD70 is expressed on
tumor cells, while CD27" lymphocytes infiltrate the tumors and are associated with better
prognosis, however, high CD70 expression in CD27-high tumors tends to impair
prognosis, suggesting a complex interplay between CD70 and CD27 in the TME [106].
In a different study with NPC cells, CD70 blockage restored cytotoxic T cell mediated
immunity and acted synergistically with anti-PD-1 therapy [56]. CD70 was also
associated with metastasis in NSCLC, pancreatic cancer and osteosarocoma [44], and
notably, lung-specific metastasis in breast cancer [94]. In NSCLC, anti-CD70 antibodies
were cytotoxic as monotherapy [70], synergistic with cisplatin [68] and cisplatin-
docetaxel chemotherapy [43]. CD70 upregulation appears to be linked to EMT, as
demonstrated by increased CD70 expression in NSCLC exhibiting a mesenchymal
phenotype, with particular overexpression in the sarcomatoid carcinoma subtype,
associated with poor prognosis [113]. The EMT-inducing transcription factor ZEB1 was
shown to promote CD70 expression, reduce CD3" and CD8" T cell densities, and induce
T cell exhaustion [113]. In the context of EMT-driven resistance to EGFR tyrosine kinase
inhibitors (TKIs), CD70 upregulation seems to be an early event in metastatic
progression. Moreover, drug-tolerant persistent cells in this setting are sensitive to
therapies targeting CD70, including antibody-drug conjugates, chimeric antigen receptor
T cell (CAR-T) cells, and NK cells [110]. This suggests a key role for CD70 in EMT-
associated immune evasion and drug resistance in NSCLC [110]. The expression,
distribution, and effects of CD70 and CD27 vary widely across tumors. We aimed to

characterize their expression patterns and associations with overall survival in SCLC.
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In our cohort, CD70 was primarily expressed in SCLC tumor nests with weaker
stromal staining, while CD27 expression was largely stromal. Expression patterns also
correlated differently with immune context. CD70 did not associate with immune cell
densities in either tumor or stroma, whereas high CD27 expression coincided with
reduced stromal CD45* and CD8" T-cell infiltration. Analysis of single-cell RNA datasets
in lung adenocarcinoma showed upregulation of both CD70 and CD27, associated with
T and B cell functions that contribute to a TME unfavorable to prognosis [23]. In line
with a macrophage-rich TME in SCLC [34, 35], we found substantial CD70 expression
in CD68* TAMs, with little coexpression on T or B cells. Regarding CD27, staining
patterns resembled those reported in NSCLC within T cells, but we also detected
expression in TAMs, a feature not previously shown in NSCLC [32].

Detailed assessment showed diffuse CD70 staining in tumor cells, with lower
intensity in vimentin-positive clusters but clear expression in vimentin-positive CAFs
within the stroma. CD68" TAMs expressed CD70 broadly in both tumor and stromal
compartments, while CD3" T cells displayed only limited expression, and CD20" B cells
were negative [32]. Similar CAF-associated CD70 expression has been reported in
colorectal cancer, where CD70* CAF density predicted poor outcome and promoted
tumor cell migration and Treg induction [69, 78]. In glioblastoma, CD70 expression
correlated with M2-polarized TAMs, although spatial coexpression was not investigated
[54, 124]. Similarly to ANXA1, CD70 likely has context-dependent roles. For instance,
CD70 expressed on dendritic cells can stimulate antitumor CD8* T-cell responses in mice
with immunogeneic melanoma [76], and, in a phase II clinical trial with anti-PD-1 agent
sintilimab combined with platinum-etoposide chemotherapy involving ES-SCLC
patients, CD70 upregulation was identified in the subgroup experiencing durable clinical
benefit, correlating with improved progression-free survival, highlighting the potential
role of CD70 as a biomarker for therapeutic response and clinical outcome in this setting
[166].

CD27 expression was limited to the TME, colocalizing with vimentin® CAFs,
CD3* T cells, and some CD68* TAMs, but not with CD20* B cells. In NSCLC, Human
Protein Atlas data show CD27 expression only in stromal compartments without tumor
cell positivity in NSCLC as well. Besides hematological malignancies and NSCLC,

CD27 expression has been reported in solid tumors, such as renal cell carcinoma,
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melanoma [136], nasopharyngeal carcinoma [56], and expression on lymphocytes in lung
LCNEC [32, 41].

From a prognostic perspective, our results show that high ANXAT expression may
be linked to poorer prognosis in SCLC [92]. While ANXA1 expression has been
predominantly linked to reduced overall survival in multiple solid tumors, such as
gastrointestinal cancers and lung adenocarcinoma [2, 91, 114, 171], prolonged survival
has also been described in squamous cell lung carcinoma [37] and ovarian cancer [100],
supporting the notion that the prognostic relevance of ANXAT is tumor type-dependent
and that universal conclusions cannot be drawn.

High CD70 expression also correlated with worse survival in our SCLC cohort,
particularly in early-stage and immune-oasis tumors, whereas CD27 expression showed
no prognostic significance. Multivariate analysis confirmed CD70 expression and tumor
stage as independent predictors of OS [32]. Using a publicly available Kaplan—-Meier
Plotter tool which compiled overall survival and RNAseq expression data from 504
patients across multiple cohorts, results are similar in NSCLC, where high CD70
expression correlated with shorter OS (p = 0.008, HR 1.49), and high CD27 expression
conferred a survival advantage (p = 0.0085, HR 0.67) [32, 60]. Our results suggest that
CD70 expression may hold relevance for patient stratification in future immunotherapy
trials in SCLC.

5.4. Further considerations

Extensive intratumoral heterogeneity and cellular plasticity in SCLC allow
multiple molecular subtypes to coexist within a single tumor. This underscores that
identifying subtype-specific vulnerabilities—such as those associated with more
immune-infiltrated states—is insufficient on its own and will likely require combination
strategies [27, 125, 143, 151]. Despite recent progress, chemotherapy remains the
backbone of SCLC treatment, and immunotherapy with ICIs provide only modest benefit,
typically extending survival by 2—4 months.

The high TMB, the near-universal inactivation of TP53 and RB1, the scarcity of
clearly targetable oncogenic drivers, lack of reliable biomarkers and the absence of
consistent co-occurring or mutually exclusive mutational patterns all highlight why
effective targeted therapy for SCLC remains a distant prospect. This challenge is

aggravated by the diverse etiological and cellular origins of SCLC—including smoking-
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induced and disease arising in never-smokers and transformation from other cancer
types—each of which may require highly refined therapeutic approaches that are not yet
defined. Moreover, treatment itself can induce additional genetic and epigenetic changes,
driving resistance mechanisms and further enhancing subtype plasticity [125, 143, 151].

Together, these factors explain the substantial complexity of SCLC biology and
reinforce the need for continued, in-depth research, where even small-scale insights into
underlying mechanisms are valuable.

In this context, ANXA1-associated signaling may also play a role in therapy-
induced adaptation, potentially linking stress responses to phenotypic transitions.
Nevertheless, comprehensive molecular profiling has begun to uncover subtype-specific
vulnerabilities, as reviewed elsewhere [27, 125, 141, 143, 151]. For instance, MYC-
driven and RB1-mutant tumors exhibit increased sensitivity to Aurora kinase inhibition,
and the AURKA inhibitor alisertib has demonstrated improved -efficacy over
chemotherapy when incorporated into combination regimens. schlafen family member 11
(SLFNI11) is one of the most validated predictive biomarker to date, associated with
sensitivity to DNA-damaging chemotherapy and poly(ADP-ribose) polymerase (PARP)
inhibition, its clinical utility is now being prospectively evaluated in a phase II trial.
POU2F3-high (tuft-cell-like) SCLC has been identified as preferentially responsive to
SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin subfamily
A (SMARCA) inhibitors, and retrospective analyses from IMpower133 and CASPIAN
suggest that this subtype may also gain more durable benefit from ICI-containing
regimens [151].

Among novel cytotoxic agents, the RNA polymerase Il inhibitor lurbinectedin has
demonstrated meaningful efficacy in relapsed SCLC, leading to approval in second-line
therapy. Current trials are now evaluating its use in combination with ICIs, reflecting an
emerging paradigm that integrates transcriptional stress and DNA damage with enhanced
immune activation [151].

Novel combinatorial strategies aim to simultaneously exploit tumor-intrinsic
vulnerabilities and counteract the pronounced immune escape characteristic of SCLC.
Novel immunotherapeutic approaches include targeting emerging immune checkpoints
such as lymphocyte activation gene 3 (LAG3) and the B7-H3 immunoregulatory axis.

Targeting tumor-selective surface molecules has also become a promising strategy, with
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T-cell engagers (TCEs), antibody—drug conjugates (ADCs), radioligand, and CAR-T or
CAR-NK cell-based therapies. A key example is tarlatamab, recently approved in the
second-line treatment, which is a bispecific TCE, binding delta-like ligand 3 (DLL3,
selectively expressed on neuroendocrine SCLC cells) and CD3 (selectively expressed on
T cells), showing significant response rates and improved survival so far. In addition,
CD47 has emerged as another actionable target now under investigation in early-phase
clinical trials. [125, 151].

Early diagnosis remains essential for effective intervention. Recent advances in
liquid biopsy with circulating tumor DNA profiling, is a promising method for earlier
detection and disease monitoring to track tumor heterogeneity, molecular evolution, and
emerging resistance mechanisms, also holding promise for acceleration of research [47,
143, 151].

Together, these advances pave the way for more personalized treatment strategies
and improved outcomes in this aggressive malignancy. Further research into the
mechanistic roles of ANXA1 is warranted to clarify its contribution to intratumoral
heterogeneity, NE to non-NE plasticity, metastasis formation and immune evasion.
Moreover, targeting the CD70—-CD27 axis in preclinical models could provide additional
insight into the functional significance of these pathways and their potential as therapeutic

targets in SCLC.
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6. Conclusions

Although SCLC has been considered a uniform disease, leading to a “one-size-
fits-all” therapeutic strategy and no progress in treatment over several decades, research
over the past years has revealed that SCLC is an extremely heterogeneous and highly
plastic malignancy. Identifying molecular subtypes has emerged as a promising approach
to find therapeutic vulnerabilities, however, consensus on classification and subtype
stability remains an active area of research. The adverse immunosuppressive TME of
SCLC further complicates patient stratification and contributes to treatment resistance
[88, 125, 151].

In this study, we focused on two immune-related factors with potential relevance
in SCLC biology: ANXA1 and the CD70-CD27 immune checkpoint axis. We addressed
three main aspects: the functional effects of ANXA1 perturbation in SCLC, its
association with subtype swithces and TME features, and the clinical context of
ANXAL1 and the CD70-CD27 axis in patient samples, using in vitro models, in silico
analyses, and patient cohorts.

ANXAL is known to exert complex, sometimes conflicting roles in cancer, acting
as either a tumor suppressor or a tumor promoter depending on tissue and cancer type[45,
77]. Only two studies had previously assessed ANXA1 in SCLC [20, 96]. The CD70-
CD27 axis is an ermerging immunoregulatory immune checkpoint pathway in cancer. Its
aberrant activation promotes immune evasion by inducing T-cell exhaustion, apoptosis,
and regulatory T-cell expansion [44, 136]. Because its physiological expression is
restricted to activated immune cells, CD70 represents an attractive therapeutic target with
potentially limited off-target toxicity.

In our work, ANXA1 silencing in three non-NE SCLC cell lines produced diverse
effects on functional endpoints. ANXA1 silencing variably affected proliferation: no
change in H841 cells, decreased proliferation in SW1271, and increased proliferation in
H1048. Chemosensitivity to cisplatin and etoposide was consistently reduced following
ANXALI silencing. ANXAT1 silencing in H1048 led to reduced vimentin and B-catenin
expression and more epithelial-like morphology, suggesting EMT reversal and decreased
invasive potential. In contrast, EMT marker changes in SW1271 were consistent with a
more mesenchymal shift after ANXA1 knockdown. These findings mirror the literature,

where ANXAI can either promote or inhibit EMT in a context-specific manner.
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CS and LDHa expressions were also altered in a cell line—specific manner,
implying shifts between oxidative phosphorylation and glycolysis. The patterns suggest
that rather than switching to fully anaerobic metabolism, SCLC cells may rely on
compensatory pathways to maintain TCA cycle flux and redox balance when ANXA1-
dependent regulation is disturbed. These observations are consistent with the idea that
ANXAI can influence metabolic adaptation in hypoxic or HIF1a-compromised settings
and intersect with MY C-driven metabolic programs [105, 132].

ANXAL1 silencing did not significantly alter PD-L1 or CD47 levels in the SCLC
cell lines tested. Therefore, ANXAL is unlikely to be a major upstream regulator of these
checkpoint molecules, and that the ANXA1-PD-L1 or ANXA1-CD47 axes described in
other tumors[161, 164, 173] may not be directly transferable to SCLC biology.

SCLC non-NE subtype-specific markers, YAP1 and POU2F3 were markedly
upregulated in response to ANXAI silencing, specifically in H1048, suggesting an
inverse relationship between ANXAT1 and these transcriptional drivers in this context. No
similar changes were observed in the other cell lines, suggesting that ANXA 1—driver
interactions are not uniform across SCLC and likely depend on the underlying molecular
background. Bioinformatic analyses showed that ANXA1-high tumors are associated
with increased immune infiltration, particularly with TAMs.

In the clinical context, ANXAI1 expression was detected in both stroma and
tumor nests, showing co-localization with CD45+ immune cells and C68+ macrophages.
Across our CD70 SCLC cohort, CD70 was mainly expressed in tumor nests, CAFs and
TAMs, while CD27 expression was confined to stromal cell populations. Regarding
prognosis, in a small patient cohort, retrospective analysis showed poorer survival in
ANXAT1-high SCLC. However, limited sample numbers prevent firm conclusions on
prognostic significance.

Across our CD70 cohort, high CD70 expression significantly correlated with
worse overall survival, while CD27 expression had no prognostic effect. These findings
align with reports in other solid tumors and suggest that CD70 may serve as a clinically
relevant biomarker and potential immunotherapy target in SCLC.

Overall, our findings provide the first comprehensive characterization of ANXA 1

in SCLC, exerting context-dependent functional effects, influencing proliferation,
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therapy response, EMT and metabolic regulation, transcriptional driver activation and
immune infiltration.

In conclusion, our results highlight the multifaceted and context-dependent roles
of ANXA1 and CD70 in SCLC. ANXAI1 contributes to cellular heterogeneity, treatment
response, metabolic and EMT plasticity, while CD70 identifies a subgroup of patients
with potentially poorer prognosis and may represent a new therapeutic target. As SCLC
continues to evolve under treatment pressure, understanding such context-dependent
vulnerabilities and immune escape mechanisms will be essential for developing more

effective, personalized therapies.
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7. Summary

The complex pathogenesis of SCLC involves intricate interactions between
multiple molecular pathways, including ANXAT1 and the CD70-CD27 axis, which appear
to be intertwined through processes such as EMT and immune modulation. These
pathways contribute to tumor progression, immune evasion, and metastatic potential,
underscoring the multifaceted biology of SCLC.

Our study demonstrates that ANXA1 plays highly context-dependent roles in
SCLC, affecting multiple functional endpoints, including proliferation, chemosensitivity,
EMT, and immune-related molecule expression. ANXAT1 expression is also associated in
a cell type—dependent manner with non-NE subtype—specific markers and increased
immune cell infiltration. In the clinical context, ANXA1 shows both stromal and
intratumoral expression in situ, co-localizing with CD45* immune cells and CD68*
macrophages, and is associated with poorer survival. We also show that CD70 is a
clinically relevant biomarker in SCLC, with high tumor expression predicting worse
overall survival and aligning with macrophage-rich TME. In contrast, CD27 expression
showed only stromal expression and was associated with no prognostic impact.

Although probably not an ideal therapeutic target itself, uncovering mechanisms
through which ANXA1 influences SCLC phenotype, reflects underlying biological
heterogeneity and may help reveal alternative vulnerabilities in SCLC.Together, these
findings highlight the importance of molecular and microenvironmental context in SCLC
biology and support further investigation of ANXA1-linked pathways and the CD70—
CD27 axis as potential contributors to SCLC progression, immune evasion, and therapy

resistance.
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