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Abstract

Small-cell lung cancer (SCLC) remains one of the deadliest cancers worldwide. Patients’ survival remains poor due to
its rapid growth, high metastatic rate and limited possibilities of treatment. For many years, SCLC management has been
based mostly on chemo and radiotherapy. However, new therapeutic approaches have been proposed in the past few years,
including immunotherapy, which is currently implemented in clinical practice. Unfortunately, in many cases, response
to therapy, especially chemotherapy, remains poor, or the patient becomes resistant to initially effective treatment. One
of the crucial problems during SCLC patient care is a lack of appropriate predictive biomarkers for various therapeutic
approaches. Another critical issue is the scarcity of collected tissue during biopsy, which may be insufficient or of too poor
quality for analysis. A liquid biopsy might be the key to solving both of those problems as it is collected in a non-invasive
way and enables the measurement of various biomarkers, including circulating tumor DNA (ctDNA) and circulating
tumor cells (CTCs). In this review, we discuss various approaches to potentially incorporating liquid biopsy into clinical
application - as a companion to imaging during SCLC diagnostics, a new approach to molecular subtyping, and a material
enabling predictive or prognostic biomarkers assessment. We also summarize ongoing clinical trials encompassing SCLC
patients in which liquid biopsy is collected and examined.
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Introduction

Small-cell lung cancer (SCLC) represents approximately
15% of lung cancer incidents worldwide [1]. Due to its rapid
growth, high vascularity and wide ability to form metasta-
ses, it is often diagnosed at an extensive stage (ES-SCLC)
[2, 3]. Therefore, SCLC is one of the deadliest cancers in the
world, and the five-year survival rate is observed in only 7%
of patients [1, 4]. SCLC is known as highly associated with
tobacco exposure [5, 6], and still occurs more often in males
than in females. However, this distinction is blurring [3].
As proposed therapies remain ineffective in a large subset
of patients, a better understanding of sensitivity to treatment
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in the SCLC cohort is still needed [7-9]. The majority of
SCLC cases are associated with TP53 (Tumor Protein 53)
and RBI (Retinoblastoma) mutations [2, 3, 10]. However, it
is known that its molecular landscape is more complex. In
recent years, further classification of SCLC has been pro-
posed, including its division into four molecular subtypes:
SCLC-A, SCLC-N, SCLC-P and SCLC-Y. Those subtypes
are associated with overexpression of transcriptional fac-
tors: Achaete-Scute Family BHLH Transcription Factor 1
(ASCL1), Neuronal Differentiation 1 (NEUROD1), POU
Class 2 Homeobox 3 (POU2F3) and Yes! Associated Tran-
scriptional Regulator (YAP1) [7, 11, 12]. To improve the
effectiveness of implemented therapies, clinical trials ana-
lysing different therapeutical approaches, including diver-
gent strategies in specific molecular subtypes, are currently
underway [9, 11].

However, immunotherapy with anti-PD-L1 antibodies
(atezolizumab, durvalumab) in combination with chemo-
therapy is the most effective in patients with tumor character-
ized by high inflammatory reaction. In particular proposed
categorization, this type of tumor is characterised by high
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expression of YAPI gene or without expression of any of
the genes mentioned above [7, 12, 13]. Recent genomic and
transcriptomic analyses shed light on SCLC as a tumor that
should be treated with a personalized approach. However,
some difficulties can be found in this strategy.

One of the problems with the analysis of the SCLC
genomic landscape is the small size and poor quality of tissue
samples, which are collected during fine-needle aspiration
biopsy and, subsequently, used for molecular examination
[7, 12, 13]. Moreover, tissue collection is not being repeated
in most cases, and it is impossible to observe changes in
tumor molecular features associated with acquired resis-
tance to therapy [14]. Implementing liquid biopsy into the
clinical routine could solve the abovementioned problems,
as its collection is non-invasive and may be performed mul-
tiple times with minimal risk [14]. Moreover, a one-site
biopsy may be associated with bias due to the heterogene-
ity of the tumor. Whereas, liquid biopsy is representative of
whole cancerous tissue, and this limitation does not occur in
case of its analysis [15].

Considering the increasing interest in non-invasive tests
in the oncological patients, in this review, we will summa-
rize current knowledge about the possible usage of liquid
biopsy in SCLC patients. Particularly we indicate its role as
an alternative for challenging tumor tissue assessment, for
instance, in cases where tissue is unavailable for analysis.
In addition, we summarize ongoing clinical trials in which
liquid biopsy has been implemented.

Liquid biopsy

The term liquid biopsy encompasses a collection of liquid
materials, most commonly peripheral blood, which enables
assessment of tumor-derived products [16, 17], including
circulating free nucleic acids - DNA (cfDNA) [18] and
RNA (cfRNA) [19], circulating tumor cells (CTCs) [18],
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Fig.1 Materials used in liquid biopsy and their further analysis options
cfDNA- circulating free DNA; cfRNA-— circulating free RNA; CTCs—
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tumor-educated platelets (TEPs) [20] and extracellular ves-
icles (EVs) [21]. Except for blood, other materials such as
urine, cerebrospinal fluid (CSF), pleural effusion or ascites
can be examined as a liquid biopsy (Fig. 1) [16, 17].

The main advantage of liquid biopsy over tissue usage is
its minimal invasive collection. Therefore, its analysis may
be performed repeatedly, enabling patients’ regular monitor-
ing without requiring re-biopsies [22]. Liquid biopsy is a
source of cfRNA, such as microRNAs (miRNAs), which,
due to their role as epigenetic regulators of genes expres-
sion, are known to take part in various processes, including
tumorigenesis [23]. Specific miRNAs are under consider-
ation as prospective prognostic and predictive factors in
oncology patients [23-26]. Liquid biopsy may therefore
represent a non-invasive, yet valuable source of numerous
factors of potential clinical significance. Moreover, while
results of single-site biopsy may not correspond to the whole
tumor tissue [27, 28], this problem does not exist in the case
of liquid biopsy, as tumor-derived components are shed to
body fluids by all apoptotic and necrotic cells [15, 28, 29].

One of the main limitations of liquid biopsy usage seems
to be the fragility and low concentration of its biomark-
ers [30]. Accordingly, highly sensitive methods may be
required for extraction and detection of these factors [31,
32]. Moreover, a problem during cfDNA analysis may be
the differentiation of nucleic acid originating from healthy
tissue from this released from the tumor (circulating tumor
DNA, ctDNA) [31].

Despite numerous advantages, currently, liquid biopsy is
frequently used in research studies or during clinical trials
[33-35]. Its routine use is minimal, and only a small set of
tests have been approved in clinical practice such as Epider-
mal Growth Factor Receptor (EGFR) gene mutations test-
ing in non-small cell lung cancer [35]. Wider liquid biopsy
implementation into everyday oncological practice requires
broader validation and standardization of procedures to
make results more comparable [36, 37].
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Liquid biopsy in SCLC patients

Liquid biopsy is considered as a complement [38, 39] or
alternative to tissue examination [40, 41] in various onco-
logical cohorts. Its usage seems especially beneficial in can-
cers such as SCLC, where tissue sample collection may be
problematic [42]. Moreover, plasticity and the occurrence of
dynamic molecular changes in SCLC are suggested [43, 44],
and, therefore, the possibility of tumor molecular landscape
re-testing seems to be especially important [45]. Numerous
possible clinical applications of liquid biopsy analysis are
proposed in the SCLC patients, including early diagnostics,
subtyping, prognosis assessment, and supporting therapeu-
tic decision-making. Currently, subsets of clinical trials,
involving patients with small cell lung cancer, implement
analysis of liquid biopsy-based markers. However, most
of those trials include a small number of patients and are
not specifically concerned to liquid biopsy evaluation but
treat it as an additional possibility of outcome measurement
(Table 1.).

SCLC detection and differentiation with NSCLC

Several new approaches to SCLC detection using liquid
biopsy were suggested. Studies mostly focused on differ-
ent methods of circulating free nucleic acid sequencing. In
the study performed by Nunes et al., methylation assess-
ment was proposed as a tool for either the differentiation of
lung cancer subtypes or the early detection of SCLC [46].
Higher methylation levels of HOXA9 (Homeobox A9) and
RASSFIA (Ras Association Domain Family Member 1)
genes were pointed out as characteristic of SCLC in com-
parison to non-small-cell lung cancer (NSCLC). Analysis
of those two genes enabled the detection of SCLC with
64% sensitivity and approximately 96% specificity. How-
ever, a small subset of liquid biopsies collected from SCLC
patients (only 19 SCLC versus 110 NSCLC) is a limitation
of this study [46].

The potential of methylation analysis in the SCLC
patients was proposed by Chemi et al. [47]. This methylome
study was based on NGS combined with a methylation-
based machine learning classifier. This combination enabled
the appropriate classification of 93% of patients with lim-
ited stage SCLC (LS-SCLC) with area under the receiver
operating characteristic curve (AUROC) amounted to 0.986
and 100% of patients with extensive stage of SCLC with
AUROC equal to 1.0. Moreover, it was pointed out that the
calculated methylation score correlates positively with the
disease stage and that methylation of genes may have prog-
nostic value. Patients with low methylation scores had sig-
nificantly longer overall survival (OS) than those with high
ones. As the authors pointed out, using liquid biopsy solves

the problem of material scarcity, which is common in the
case of tissue testing [47, 48].

Xue et al. constructed and validated two custom tools—
ESim-seq (Early Screening tech with Integrated Model)
and LCSC model (Lung Cancer Subtype multiple Classi-
fication) for non-invasive lung cancer detection and differ-
entiation of SCLC from NSCLC. ESim-seq is a tool that
assesses four fragmentomics (fragmentation patterns and
end motifs in cfDNA) and four methylation features. After
its validation, it reached 89.6% sensitivity and 97.4% speci-
ficity overall for diagnosis of SCLC, lung adenocarcinoma
(LUAD) and lung squamous cell carcinoma (LUSC). The
LCSC model was based on fragmentomics and methyla-
tion analysis. It was indicated that it allows the distinguish
SCLC and NSCLC patients with the area under the curve
(AUC) of 0.961. However, one of the main limitations of
the study by Xue et al. is the inclusion of SCLC patients
only with extensive stage and metastatic disease. Therefore,
it is unclear if the abovementioned tools will be useful in
patients with LS-SCLC [49].

Despite proposed ctDNA usage, the implementation of
CTCs in lung cancer diagnosis and differentiation is also
being suggested. Seo et al. proposed SCLC detection with
morphometric analysis of rare CTCs based on High Defini-
tion Single Cell Assay (HDSCA). The authors indicated that
populations of CTCs in blood collected from SCLC patients
are highly heterogenous. However, the number of rare CTCs
is significantly higher in SCLC patients compared to healthy
subjects. Finally, this approach enabled the appropriate clas-
sification of all 24 samples (including 14 samples collected
from SCLC patients and 10 from healthy donors) [44].

Monitoring of lung cancer transformation

Currently, according to ESMO (European Society for
Medical Oncology) guidelines, in NSCLC patients,
p-ThrT790Met mutation in EGFR gene may be initially ana-
lysed with the usage of liquid biopsy instead of tissue test-
ing [50]. Recently, serial liquid biopsies have been proposed
to monitor and predict NSCLC to SCLC transformation.
Histological transformation of NSCLC to SCLC may occur
as a resistance mechanism to treatment with EGFR tyrosine
kinase inhibitors. However, even though the studies of Ven-
drell et al. and Mooradian et al. pointed out the advantages
of liquid biopsy, it was suggested that such analysis is insuf-
ficient for this purpose [45, 51]. Mooradian et al. described
the case of 63-year old man with SCLC transformed from
adenocarcinoma. They suggested that molecular monitor-
ing of ctDNA may provide insight into tumor heterogeneity,
which is unavailable during tissue assessment. However,
simultaneously, the authors pointed out that liquid biopsy
genotyping may be associated with a high level of false

@ Springer



(2025) 52:455

Molecular Biology Reports

Page 4 of 14

455

Adeiayporper pasgjsturupe

U} WOIJ PAALISP SIJUSq oY) Ssasse pue uoissardoid o) own oy (jeuonudaroin])  (Jeadsoy [eLIOWAN Io0ue)) FunT [[99-[[ewS Jo judunedl] (6Z0C°Z1 20T ¥0)
QUIULIR)P 0} IodIew [enuajod e se sisA[eue N30 JO UonezIjnn G691 snoruiedo)) puejod — Sunpniody pourquio)) ur asn) I0j se13ejens Aderoyporpey 18062S90.LON
JUSU)BaI) A I} pue Sulmp ‘910Joq Poajos[[od sodures poojq pue (zowmy, 19p BINO
Asdorq uo (ISIA) AN[IqeIsUT A)[OJeSOIIN Pue (IALL) UopIng e[ 9 o1pmg of 1od (4oHL) (D108
[euonEINIA Jown], ‘suonerde (YAq) fredor ofewep YN ‘UOIS  ([BUOIUSAIIU])  O[OUTLWOY 0dYTUD -GH) Jeoue)) 3un- [[0) [[BWS 2AISUAXT (92027 80—€20T €0)
-sa1dxa (17-dd) pueSry [ yed( [[°9D powerSold JO UOHEN[eATg 09 -og oymnsy) ATe)]  Sunniooy o juowneal] quede[ pue qewUNZIjOIqUIDJ 61€€T9SO0LON
SpOYIouW Paseq dNssI 0} SIAIeWOIq Sune[naID
Jo Kurejuowo[duwos o ssasse 0) sAesse paseq poo[q jo a3es)  ([euoneAlasqQ) (Tv sndway) Apmg [euoneassqQ (JT1DS) 0oue) (9202 €0-2202 L0)
*OT1DS ut Asdoiq prnbiy 10§ [enuajod a3 Jo uonenjeAyq 0S sqje)S payiu)  SunnIody 3un [[oD [ews :Apms 103d[nog sndway, 1SSLSTSOLON
(OT1D0S-87) 109uE)
Sung [oD [[ews 28e)S paywI Joj JudWedl ]
VNJO UO SISATeue UONE[AYIOW pue anss1 (ammsuy Adexay 1, (1)) UOnEBIpLIOWSY)) [ens() Y} 0}
Jowny uo (basyNY) Surouanbas proe o1o[onUOqLI BIA Paule}qo  ([BUOIUIAIIU]) 190UR)) [RUOT)EN]) Sunnioar  {(V08ZETAdIN) qewnzijozeyy ‘Sniq Aderoyy  ($207°80—6102°L0)
sadAjqns Je[NOJ[OW USIMIDQ SOUBPIOIUOD dY) JO UONBZIIAIORIRYD) GS  uedef ‘sojeiS pojUn) 10U QAN -ounwu] MAN € JO UonIppy ay) Sunsay, Z00T18E0LDON
(11osoy (ONNT-0ZANHA)
(Apmysqns [euone[suen oy jo Jed)  (JeuonudAIou]) 1 00130[09UQ) Sunnoar 100UB)) SUNT YA SIUSNRJ UI dUIBA 12D ($202°01-1202°€0)
SAM Aq stsATeue yN(Jo [erowny, 0T oympsuy) ureds 10U “0ANOY  OHLIPUS(T YA EWNZI[OZA}Y JO UONBUIQUIO)) 9SLL8YYOLON
9)e1 9su0dsar AT
-09[qo 0} 931100 pue Adeotyy o3 asuodsar syorpaid ojdwes yoom Adezayowoy)
¥ oy 03 ojdwres duIjaseq Wol JYA d3ueyd U JI JUSWSSISSY paseq-wnune[d SUIAIIY J0YY Jooue))
(Apmis o3 JO 2A1309[q0 A1epuo  (JEUOIIUOAION]) (Ky1s10ATU) 9TRX) Sunnioar Sun (19D [rews a8e1g QAISuaIXg Jual  ($Z0T ZI-8102°CT)
-00s) Ade1oy) 03 osuodsor 1o} IoxIewW € St YN (IO JO uoneneAg ST SOJE)S POIIU[)  JOU DAY -INOYY Ul qBWN[OAIN pue qewnuijid] 9500L9€0LON
(eymumsuy
juounjean)  (JeUORIURAIONI]) pue [eydsoy Jooue)) unnioax DT1DS-SA ur Aderoyorpey 1soyD pue  ($+202°01-0202°01)
SuTA9001 J0YJE PUE 910J0q POO[q UI SIS YN0 JO 93uer) L9 Suopueys) BUIYD  JOU ATV Aderogrowey) MIpy PaUIqUIO) 9 € [-YHS LEETISYOLON
Kde1oy) Jo uonensuIwpe oy} (aymmsuy I90ue)) Sun 2D [[eWS 95.IS AISUNXY
SuImo[[0F S[oAd] YN UI SUOTIEN)ONY YiIm POJEIOOSSE ST QWO0oIN0  (JEUOT)USAISIU]) Io0ue)) [eUOnIEN) Sunnioor YA\ syuened Suneal] ur qewnjoAIN IOWIAN - ($207 ZT-8102°S0)
[eo1uI]o JoIoyM uonero[dxa pue YNJIO JO UOTJEN]BAD [eLI0S 091 SOJE)S PONIU  JOU DAIOY 10 WA opisodol pue unejdoqre) unerdsi) 19SZ8€E0LON
(odAY reriy)
syuedronieq NN (uonein(y)
[eLLL oY) Ul s1axIewolg paseg-Asdorg prnbi jo uonezinn JoloqunN  (Josuodg) uoneoo| Apms apIL dl S[elL [ed1ur)

Surouanbas swoxa sjoym —SFM
{Kouanbayy o79[e JUBLIBA —] VA ‘120UBD Junj [0 [[ews aFe)s JAISUIXD —)TDS-SH ‘YN Jown) Sunemnold —yNa0 ‘YNJ 224 Sunenoio —yNaIo ($707 I9qQUILAON €] UO PIssI0Ie) /A0T S[e
-L1edIuI[o//:dny) oseqerep A03 s[eL1] [eul]D oy} WOIJ PIII9[[09 dIoMm e 19dued Jun| [[90 [fews yiim sjusned Suninioar Jo Suto3uo e Jey) s[eLy [eorur[o paseq-Asdoiq pibif jo Arewrung | ajqey

pringer

As


http://clinicaltrials.gov/
http://clinicaltrials.gov/

Molecular Biology Reports (2025) 52:455

Page 50f 14 455

negative results [51]. A graphical comparison of tissue and
liquid biopsy in SCLC is present in Fig. 2.

Vendrell et al. performed genotyping of either tumor
tissue or liquid biopsy collected at different time points,
including collection before histological transformation,
from three patients with transformed SCLC. Even though
the cohort was small, analysis of results suggested that anal-
ysis of liquid biopsy may provide information which might
be omitted in case of one-site biopsy genotyping. Finally,
the authors suggested that patients’ liquid biopsy monitor-
ing seems beneficial compared to testing only one of this
materials [45].

Molecular subtyping

Suggestions of benefits arising from SCLC division into
molecular subtypes and propositions for implementing
divergent therapeutical approaches based on them caused
an urgent need to find tools enabling effective subtyping.
Currently, the most frequently proposed methods for SCLC
subtyping are transcriptomic analysis of tumor tissue [7, 52]
and immunohistochemistry [48, 53]. However, the potential

TISSUE BIOPSY

utility of liquid biopsy in molecular subtyping is also being
suggested.

Chemi et al. [47] and Heeke et al. [54] proposed an
analysis of cfDNA methylation to enable SCLC subtyp-
ing. Chemi et al. identified subtypes of SCLC (according
to A, N, P, Y molecular subtyping) by cfDNA methylation
analysis. They found that 73% and 13% of methylation pro-
files of the cfDNA samples were characteristic for ASCL1
and NEURODI subtypes, respectively. 14% of methylation
profiles were classified as double negative subtype (without
ASCLI1 and NEURODI1 expression). The spread of the sub-
types was close to immunohistochemistry (IHC) analysis
from SCLC tissue samples. However, this study was a less
comprehensive approach to subtyping, i.e. instead of four
subtypes, researchers proposed only three: SCLC-A, SCLC-
N and double-negative [47].

Heeke et al. found that methylation status was in con-
cordance between cfDNA and DNA extracted from tissue
samples. Authors stated that DNA methylation-based clas-
sifier, enabling differentiation of four molecular subtypes,
was suggested as convenient for use in tissue samples or
plasma. Moreover, it was highlighted that analysis of cfDNA
extracted from plasma samples collected at the progression
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Fig. 2 Graphical comparison of tissue biopsy and liquid biopsy in
SCLC
cfDNA- circulating free DNA; cfRNA- circulating free RNA; CTCs—

circulating tumor cells; EVs— extracellular vesicles (this figure was
drawn using Inkscape 1.3)
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might be feasible for monitoring molecular changes occur-
ring during therapy, including subtype switching [54].

Another approach to SCLC subtyping with liquid biopsy
was proposed by Hiatt et al. In this study, the authors pre-
sented a custom panel called SCLCpheno-seq. SCLCpheno-
seq enables targeted sequencing of specific cfDNA sites.
Obtained results were subsequently translated to informa-
tion about transcription factors (TFs) activity, which allows
classification of the samples into specific molecular sub-
types. Even though the results of this study seem promis-
ing, the lack of SCLC-P specimens among tested samples
indicates that this method requires broader validation and
assessment which allows distinguishing all SCLC subtypes.
Despite SCLC subtyping, SCLCpheno-seq was considered
feasible for NSCLC and SCLC differentiation. Moreover,
the authors suggested that it might be helpful in monitoring
of lung cancer histological transformation [55].

Monitoring of metastatic spread

Various parameters present in body fluid have been already
proposed as related to metastatic spread in SCLC patients.

-\ metastasis
/YA

i

-
\\" | liquid biopsy 2\

It was pointed that higher levels of annexin Al [56] and
S100B protein [57] in patients’ sera or downregulation of
IncRNA XR 429159.1 in peripheral blood mononuclear
cells [58] are associated with greater risk of formation brain
metastases (Fig. 3). However, even though studies on sig-
nificance of liquid biopsy in patients with metastatic tumors
have already shown potential benefits arising from ctDNA
and CTCs analysis [59-62], information about their role
in metastasis monitoring or detection in SCLC patients is
currently limited. Moreover, most studies including SCLC
patients are not restricted to them but focus on several tumor
types.

Shen et al. analysed potential application of CTCs in var-
ious oncological cohorts, among others in SCLC patients.
Detection of CTCs was performed with single-cell meta-
bolic assay and sequencing (scMet-Seq) i.e. method based
on immunostaining of circulating tumor cells and, subse-
quently, their whole genome sequencing to analyse copy
number alternations (CNAs). Authors assessed weather it
is possible to implement CTCs analysis into diagnosis of
SCLC metastases. Firstly, it was shown that count of CTCs
differ between patients with metastatic SCLC and those
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Fig. 3 Monitoring of metastatic potential of SCLC using liquid biopsy (description in the text; this figure was drawn using Inkscape 1.3)
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with SCLC but without metastases or in high-risk controls
(=3.0/ml in 88% of metastatic SCLC patients vs.<3.0/ml in
all patients without metastases and high-risk controls). Sec-
ondly, it was indicated that it was possible to detect meta-
static SCLC with 90% sensitivity and 100% specificity with
usage of scMet-Seq (Fig. 3) [63].

Ni et al. performed study which encompassed 16 lung
cancer patients, including 4 SCLC cases and 1 patients with
mixed LUAD and SCLC histology. Authors performed
CTCs whole genome sequencing. Results of this study sug-
gested that presence of copy number variations (CNVs)
combination in specific loci (including MYC, TERT and
HLA genes) may be crucial for the formation of metasta-
ses in lung cancer cohort. Moreover, it was tentatively sug-
gested that analysis of CTCs CNV patterns may enable
either tumor detection or classification due to its differences
between LUAD and SCLC types (Fig. 3) [64].

Another opportunity to expand knowledge about CNS
metastases in patients with solid tumors, including SCLC,
is BrainStorm. This clinical trial is planned to include 600
oncological patients and to implement various outcome
measures. Among others, study will be based on liquid
biopsy analysis i.e. on deep targeted sequencing of ctDNA
extracted from cerebrospinal fluid (CSF) and plasma col-
lected from patients. Although, this trial is still ongoing and
is scheduled to be completed in 2028, therefore the first pub-
lished results are based on an analysis of small subset of
data [65, 66].

Patient stratification

Even though various new approaches to SCLC treatment,
including immunotherapy administration, are being pro-
posed, appropriate predictive biomarkers for specific drugs
have not yet been established [67-69]. The ability to com-
prehensively stratify SCLC patients’ outcomes is limited
[70-72], as well. Due to its simple collection and broad
spectrum of present biomarkers [30], liquid biopsy seems
to be a promising tool for either disease prognosis, its moni-
toring alongside radiological assessment or predicting the
effectiveness of therapy. Moreover, liquid biopsy imple-
mentation into clinical trials and scientific studies seems
beneficial because it enables minimally invasive testing.

Hitherto, most of the studies have focused on ctDNA
analysis, although CTCs implementation is suggested as
potentially beneficial, as well. The prospective role of those
markers and proposed methods of their evaluation during
SCLC management were discussed in details in specific
subsections.

Prognosis

Circulating DNA methylation analysis seems to be feasible
for SCLC and NSCLC distinguishing or differentiation
of SCLC molecular subtypes, but it may also be useful in
patients’ prognosis assessment. Ul Haq et al. used machine
learning to distinguish SCLC patients into two clusters
based on cfDNA methylome patterns. The study included 74
SCLC patients (32 with LS-SCLC and 42 with ES-SCLC).
Patients classified in cluster A had better OS, and those in
cluster B— had worse OS with the median OS of 21 and 13
months, respectively. Methylation loss in long noncoding
RNA was suggested as potentially associated with a more
aggressive course of SCLC. Hypermethylation of repeats in
short and long-interspersed nuclear elements was pointed as
another feature with potential prognostic value. Moreover,
the authors indicated that the methylome pattern assessed
with cfDNA is representative of tumor tissue as well [73].

Zhang et al. pointed out the potential prognostic value
of ctDNA level monitoring and its whole exome sequenc-
ing (WES). The cohort included 69 ES-SCLC patients
with serial blood collections, among others, at the time of
diagnosis and the moment of progression. It was shown
that ctDNA level changed with the course of the disease,
specifically decreased after two cycles of chemotherapy
and increased in the case of progression. Moreover, it was
pointed out that the ctDNA level was consistent with the
radiographic assessment of tumor burden. High baseline
ctDNA was suggested as an independent prognostic factor
of poor progression-free survival. The authors suggested
that PTEN (Phosphatase And Tensin Homolog) expres-
sion may be associated with resistance to chemotherapy as
PTEN deletion was detected only in the samples collected
at the progression. Finally, combined analysis of ctDNA
and tissue was suggested as more beneficial than only tis-
sue testing as it improved the actionable mutation detection
rate [74].

Analysis of ctDNA variant allele frequency (VAF) was
also proposed as a tool for predicting patients’ outcomes.
Nong et al. study performed with liquid biopsy showed
that analysis of subclonal architecture with average VAF
measurement may have prognostic value alongside dif-
ferent factors, such as tumor mutation burden or stage of
the disease. Higher than median average VAF levels were
shown to be associated with either lower PFS (5.3 versus
10.0 months) or OS (9.3 months versus 25.0 months). More-
over, it was described that ctDNA level correlates with out-
comes assessed with imaging. Authors concluded that liquid
biopsy may be treated as an alternative for tissue in case of
its unavailability for testing [75].

Contrarily to the abovementioned study, lams et al. did
not observe a correlation between ctDNA VAF and PFS
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or OS in the SCLC cohort [76]. However, the number of
patients in this study was small (14 SCLC patients com-
pared to 22 patients in Nong et al. study) and encompassed
only patients with limited stage of disease. At the same
time, Nong et al. included patients with limited or extensive
SCLC [75, 76]. Nevertheless, lams et al. proposed different
predictor of patient outcomes, i.e. time necessary for ctDNA
clearance [76].

Feng et al. suggested that in the SCLC patients, it was
possible to assess prognosis based on the analysis of a single
gene. For that purpose, the authors distinguished patients
into three groups depending on changes in RB/ gene in the
baseline sample and after two cycles of chemotherapy. It
was indicated that patients in which RBI/ mutations was
detected in both time points had the worst prognosis with
the lowest median OS and PFS compared to the other two
groups of patients (i.e. patients in whom RB/ mutation was
not detected in either of two samples or was detected only
in the baseline sample). Analogous analysis was performed
for TP53 mutations. However, its prognostic ability was
poorer. The authors proposed molecular tumor burden index
(mTBI) as a second potentially beneficial marker for prog-
nosis in SCLC patients, as its elevation observed after six
cycles of chemotherapy preceded radiographic progression
in 64.7% (11 of 17) of patients. Moreover, it was suggested
that mTBI monitoring may help identify metastatic spread
during therapy [77].

The role of CTCs in the prognosis of SCLC patients has
also been described. Results of the study performed by Hou
et al. demonstrated that the number of CTCs in peripheral
blood may be treated as an independent prognostic fac-
tor either before the start of the chemotherapy or after the
administration of its first cycle. Researchers proposed the
presence of 50 CTCs in 7.5 mL of blood as a cut-off value
for patients’ outcome stratification. In both time points,
the number of CTCs>50 was defined as unfavorable and
<50 CTCs- as favorable for PFS and OS. Moreover, it was
pointed out that presence of apoptotic CTCs in the baseline
sample is also associated with worse PFS and OS [78].

Predictive value

Targeted sequencing of cfDNA collected from SCLC
patients was implemented in various studies and enabled
the detection of numerous alterations with potential clinical
utility in therapy guidance. The study of Devarakonda et al.
encompassed 564 SCLC patients. The blood samples were
collected either at the diagnosis or at the relapse. It was indi-
cated that the molecular landscape was different between
those samples. Among others, alterations of AR (Androgen
Receptor) and APC (APC Regulator Of WNT Signaling
Pathway) were more prevalent in relapse samples. It was
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suggested that mutations in genes such as BRCAI (BRCAI
DNA Repair Associated), FBXW7 (F-Box And WD Repeat
Domain Containing 7), CCNEI (Cyclin EI) and ARIDI1A
(AT-Rich Interaction Domain 1 A) may have predictive
value in patients treated with targeted therapies. Finally,
the authors suggested the potential role of liquid biopsy in
detecting alterations crucial during patients’ progression
and as a tool for expanding knowledge necessary in devel-
oping new therapeutic targets [79].

Sivapalan et al. tested the potential utility of ctDNA
analysis in early prediction of response to treatment. The
research included SCLC patients treated with different
chemotherapeutics, immunotherapeutics, or combinations.
Based on the results of sequence alterations and plasma
aneuploidies obtained during targeted sequencing, cell-
free tumor load (cfTL) was assessed. It was indicated that,
independently from the implemented therapeutic approach,
monitoring of ctDNA kinetics showed predictive value and
was in concordance with radiological response. Moreover,
analysis of molecular response enabled the prediction of
patients’ outcomes (both OS and PFS) with similar or even
better accuracy compared to imaging [80].

Therapy monitoring

Numerous potential utilities of ctDNA examination were
presented by Almodovar et al. In this study, targeted
sequencing was performed using 140 plasma samples col-
lected from 27 SCLC patients at various time points. Among
others, it was pointed out that ctDNA analysis seems to be
feasible as an early predictor of disease progression, as in
36% of patients (9 of 25 patients who had sufficient blood
collections), changes in mutational landscape preceded
radiographic progression. It was also indicated that cfDNA
sequencing might be beneficial during guiding therapy
decision-making. It enabled early detection of therapy inef-
ficacy, which may hasten the decision to change the inten-
sity or the treatment path. Based on five patients’ cases,
Almodovar et al. suggested that cfDNA sequencing may be
beneficial in monitoring SCLC recurrence alongside imag-
ing. Even though the results of this study suggested various
potentially beneficial options for liquid biopsy implemen-
tation, it should be remembered that the studies were con-
ducted in a very small group of patients. Moreover, the time
of blood collection varied between patients, so it was more
challenging to draw clear conclusions [13].

The study of Mohan et al. encompassed 69 patients with
SCLC, including 39 with limited stage and 30 with exten-
sive stage of disease. Despite targeted sequencing, authors
applied whole genome sequencing of cfDNA. CNA analy-
sis was pointed out as being eligible for patient monitoring.
It was indicated that, alongside 7P53 targeted sequencing,
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it may be helpful to distinguish samples that require more
extensive analysis. Simultaneously, the authors suggested
that an approach based on targeted sequencing could benefit
patient stratification in clinical trials [14].

Zhang et al. evaluated SLFN11 (Schlafen Family Mem-
ber 11) expression in tumor samples and in circulating
tumor cells longitudinally to determine its potential role
as a biomarker of response to treatment. In 196 SCLC tis-
sues, 51% expressed SLFN11 evaluated by immunohisto-
chemistry (IHC). In addition, 69% (20/29) extra-thoracic
high-grade neuroendocrine tumors expressed SLFNII.
SLFN11-positive CTCs were detected in 55% of available
blood samples. The authors observed that patients receiv-
ing platinum-based therapy had the lowest number of
CTCs and a lowest percentage of SLFN11-positive CTCs
and it was correlated with clinical response in long-term
follow-up [81]. Therefore, the authors proposed to monitor
the clinical response to treatment of SCLC patients using
CTCs and SLFN11 expression. This is meaningful in view
of the new potential treatment option. In randomized phase
II study, efficacy of maintenance atezolizumab therapy was
compared to effectiveness of atezolizumab in combination
with talazoparib (inhibitor of poly ADP ribose polymerase,
PARP) in patients with SLFN11 (tissue expression detected
by IHC) positive ES-SCLC. Authors showed that the com-
bination of anti-PD-L1 immunotherapy and PARP inhibi-
tor improved PFS in SLFN11-selected patients [82]. In this
perspective, SLFN11 analysis in liquid biopsy appears to be
an excellent biomarker of treatment efficacy and a possible
qualifying predictor for personalized therapies.

Messaritakis et al. proposed an evaluation of the DLL3
(Delta Like Canonical Notch Ligand 3), cytokeratins (CK),
CD45 and vimentin (Vim) for the detection and character-
ization of CTCs. Expression of these markers was analyzed
by immunofluorescence staining [83]. Authors obtained
peripheral blood samples from LS-SCLC (rn=37) and ES-
SCLC (n=71). Samples were collected from treatment-
naive patients, after one chemotherapy cycle and in the
moment of disease progression. In 74% of treatment-naive
patients DLL3+/CD45— CTCs were detected. In patients
who received one cycle of chemotherapy, decrease in both
the detection rate and the absolute number of DLL3+/
CD45— CTCs was observed. DLL3 expression could be
detected in immunofluorescence assay on Vim+, Vim-—,
CK+and CK— CTCs. In the moment of disease progression,
both the detection rate and the absolute number of DLL3+/
CD45— CTCs were increased compared to the values of
these parameters after first cycle of chemotherapy [83].
DLL3+/CD45— CTCs at baseline was significantly asso-
ciated with decreased progression-free survival whereas
their detection on disease progression was associated with
decreased overall survival. The authors suggest that DLL3

expression on SCLC CTCs changes dynamically during the
treatment and disease course. Therefore, authors proposed
that analysis of DLL3 presence on CTCs and the number of
DDL+/CD45—- CTCs may be a valuable biomarker related
to treatment efficacy.

This is of outstanding importance, as the drug tarlatamab
has been registered, which is a bispecific antibody target-
ing DLL3 and CD3. The registration study involved patients
with advanced SCLC after two or more prior lines of treat-
ment, including at least one platinum-based regimen [84].
Moreover, ongoing clinical trial [85] may offer the possibil-
ity of using this drug in patients with LS-SCLC, so liquid
biopsy tests targeting DLL3 seem to be a valid approach to
develop prognostic and predictive factors in treatment per-
sonalization for SCLC patients. The Notch1/DLL3 pathway
and tarlatamab mechanism of action are presented in Fig. 4.

Future perspectives

In the era of massive changes towards SCLC management,
including the broad introduction of anti-PD-L1 immu-
notherapy into clinical practice, assessment of optimal
patient stratification tools seems crucial. Currently, many
approaches to liquid biopsy testing are being suggested,
with the most significant emphasis on ctDNA analysis.
However, further validation of proposed approaches is still
necessary, and different biomarkers, such as CTCs, are also
being investigated.

Currently, the most widely studies on SCLC patients
were focused on the proposition of its subtyping based on
molecular features [86]. It seems especially beneficial as
great hopes are placed on therapy selection depending on
the molecular subtype. However, the possibility of predict-
ing response to specific regimens is still insufficient [70]. A
liquid biopsy might be essential for SCLC subtyping and
monitoring tumor plasticity associated with its resistance to
initially effective therapy [44, 87, 88].

Recently, the attention of the scientists and clinicians
has been focused on use of patient-derived cells in clini-
cal and preclinical applications. They include formation of
patient-derived xenografts (PDX) and organoids (PDO).
Such formations may mirror tumor heterogeneity, genetic
and somatic alterations and drug response [89-91]. How-
ever, the use of the models is limited, as the collection of
cells from biopsy or tumor resection is invasive, and, in case
of SCLC, the surgical procedures are rarely performed [89,
92]. Therefore, CTCs are a better choice due to ease of col-
lection (liquid biopsy) [90, 91, 93, 94]. Both CTC-derived
xenografts (CDX) and organoids (CTCDO) are studied
more and more frequently and their preclinical and clini-
cal use has been recently proposed. Their implementations
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include study of the cancer biology (in in vitro, in vivo, and
ex vivo models) to a great extent, and possible contribution
to the better prognosis and treatment monitoring has been
suggested [89-91, 93]. CTC-derived models may possess
features indicating their pro-metastatic potential before the
metastases occur in patient [89, 93], they reflect the patient’s
response to treatment, what could facilitate therapy decision-
making and implementing personalized treatment [89-93],
and are an advanced model to study cancer cells interac-
tions with extracellular matrix (ECM) and immunological
cells, what may have both clinical and preclinical applica-
tions [91, 92, 95, 96]. As both models have their advantages
and limitations, organoids seem to be a better option due
to higher reproducibility, higher similarity to patient’s tis-
sues and being more cost- and time-efficient [92, 96]. On
the other hand, in vitro models are limited in reproducing
the full spectrum of factors related to cancer, e.g. presence
of vasculature or complexity of cancer microenvironment,
therefore organoid models need further development and
optimization [91, 92, 94, 96].

Many studies are focused on the benefits of imple-
menting machine learning (ML) and artificial intelligence
(AD) in the medical field. It is suggested that the use of
new technologies may be further valuable in lung cancer
patient management, e.g. during clinical [97] and radio-
logical evaluation [98] or pathomorphological analysis of
tissue [72, 99]. Studies concerned with combining ML or
Al with non-invasive material testing in SCLC patients are
currently scarce [100]. However, it is possible that a more
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innovative approach would make liquid biopsy results even
more applicable in the future.

With ongoing clinical trials bringing us closer to intro-
ducing new therapeutic options for SCLC patients, the
necessity to define tools for effective and high-throughput
stratification of patients becomes increasingly urgent. Lig-
uid biopsy is one of the materials with promising clinical
applications. However, before its implementation into clini-
cal practice will be possible, limitations associated with its
usage must be overcome. Currently, the most critical issue
seems to be the standardization and validation of proposed
methods for liquid biopsy analysis in a large group of SCLC
patients.
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