Cancer Letters 571 (2023) 216337

Contents lists available at ScienceDirect

Cancer Letters

ELSEVIER journal homepage: www.elsevier.com/locate/canlet

Check for

Longitudinal detection of subcategorized CD44v6" CTCs and circulating | e
tumor endothelial cells (CTECs) enables novel clinical stratification and

improves prognostic prediction of small cell lung cancer: A prospective,
multi-center study

Ying Wang ™', Lina Zhang ™', Jinjing Tan™", Zhiyun Zhang", Yanxia Liu ", Xingsheng Hu®,
Baohua Lu®, Yuan Gao“, Li Tong", Zan Liu“, Hongxia Zhang‘, Peter Ping Lin , Baolan Li®,
Olivier Gires" ~, Tongmei Zhang*

@ Department of Medical Oncology, Beijing Chest Hospital, Capital Medical University, Beijing Tuberculosis and Thoracic, Tumor Research Institute, Beijing, China

Y Department of Cancer Research Center, Beijing Chest Hospital, Capital Medical University, Beijing Tuberculosis and Thoracic Tumor Research Institute, Beijing, China
¢ Department of Medical Oncology, National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical Sciences &
Peking Union Medical College, Beijing, China

d Department of Respiratory and Critical Care Medicine, Beijing Luhe Hospital, Capital Medical University, Beijing, China

¢ Cytelligen, San Diego, CA, USA

f Department of Otorhinolaryngology, Head and Neck Surgery, University Hospital, LMU, Munich, Germany

ARTICLE INFO ABSTRACT

Keywords: Current management of small cell lung cancer (SCLC) remains challenging. Effective biomarkers are needed to
Aneuploid CTCs and CTECs subdivide patients presenting distinct treatment response and clinical outcomes. An understanding of hetero-
SE-iFISH

geneous phenotypes of aneuploid CD31" circulating tumor cells (CTCs) and CD317 circulating tumor endothelial

3:: ST;?: response cells (CTECs) may provide novel insights in the clinical management of SCLC. In the present translational and
Prognosis prospective study, increased cancer metastasis-related cell proliferation and motility, accompanied with up-

regulated mesenchymal marker vimentin but down-regulated epithelial marker E-cadherin, were observed in
both lentivirus infected SCLC and NSCLC cells overexpressing the stemness marker CD44v6. Aneuploid CTCs and
CTECs expressing CD44v6 were longitudinally detected by SE-iFISH in 120 SCLC patients. Positive detection of
baseline CD44v6" CTCs and CD44v6" CTECs was significantly associated with enhanced hepatic metastasis.
Karyotype analysis revealed that chromosome 8 (Chr8) in CD44v6™ CTCs shifted from trisomy 8 towards mul-
tiploidy in post-therapeutic patients compared to pre-treatment subjects. Furthermore, the burden of baseline
CD44v6™" CTCs (to) or amid the therapy (t;.2), the ratio of baseline CD31" CTEC/CD31" CTC (tg), and CTC-WBC
clusters (tp) were correlated with treatment response and distant metastases, particularly brain metastasis, in
subjects with limited disease (LD-SCLC) but not in those with extensive disease (ED-SCLC). Multivariate survival
analysis validated that longitudinally detected CD44v6"/CD31" CTCs was an independent prognostic factor for
inferior survival in SCLC patients. Our study provides evidence for the first time that comprehensive analyses of
CTGCs, CTEGs, and their respective CD44v6" subtypes enable clinical stratification and improve prognostic
prediction of SCLC, particularly for potentially curable LD-SCLC.
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1. Introduction

Small cell lung cancer (SCLC) is the most lethal lung cancer subtype
worldwide, characterized by progressive growth, early distant metas-
tases, and rapidly acquired therapeutic resistance [1,2]. Despite decades
of studies [3,4], prognosis of SCLC patients remains exceedingly poor,
with a five-year survival rate below 7% [5]. In clinical practice, surgical
resection is only recommended for patients with clinical stages
T1-2NOMO, which account for less than 5% of total SCLC cases [6,7].
Initial treatment strategy for most patients is primarily derived based on
the Veterans Administration Lung Cancer Study Group (VALSG) staging
system, which simply categorizes SCLC into limited disease (LD)- and
extensive disease (ED)-SCLC [8]. However, this image-based division
inevitably ignores tumor heterogeneity and micrometastatic burden in
tumors with the same disease stage [9]. Hence, treatment-resistant pa-
tients are poorly characterized and clinical outcomes in patients with
identical stages can substantially vary [10-12]. Until recently, identifi-
cation of practical, non-invasive biomarkers for guiding the manage-
ment of SCLC patients in clinical practice has been unsuccessful [13].

Liquid biopsy [14-17], involving detection and analysis of circu-
lating tumor cells (CTCs) [18,19]and circulating tumor endothelial cells
(CTECs) [20,21] which derive from CD31" tumor endothelial cells
(TECs), is a useful non-invasive diagnostic tool to represent tumor het-
erogeneity and to dynamically monitor tumor progression. One of the
most distinctive characteristics of TECs is the chromosomal aneuploidy
[22], the hallmark of neoplastic cells. Comparing to normal ECs, TECs
revealed transcriptomic differences [23]. Aneuploid TECs and CTECs
likely develop from “cancerization of stromal endothelial cells” and/or
“endothelialization of tumor cells” in the hypoxic tumor microenvi-
ronment [21]. Both aneuploid CD31" CTCs and CD31" CTECs mirror
tumor heterogeneity and progression. Molecular characteristics of CTCs
and CTECs may either evolve or become selected to facilitate metastasis
and create therapeutic resistance during disease progression [24-26].
Though increasing evidence has established the prognostic value of
quantified CTCs in lung cancer [14,27,28], few reports have described
the heterogeneity, evolutionary and/or selection-related changes of
CTCs and CTECs against stressful treatment regimens during disease
progression in SCLC. Furthermore, the landscape and clinical signifi-
cance of SCLC CTCs and CTECs’ subpopulations possessing distinct
phenotypes remain to be elucidated.

CD44v6, a specific CD44 variant isoform (CD44v), is a critical stem
cell marker with reported repercussions for therapeutic resistance,
tumor metastasis, and disease progression [29,30]. Expression of CD44
on tumor cells has been documented elsewhere and has received
considerable attention [31,32], CTCs and CTECs expressing CD44 are
more likely to escape from immunological surveillance, enhancing
tumor recurrence and metastasis [33-36]. However, the functional and
clinical significance of CD44v6" CTCs and CTECs in SCLC is still unclear.

Herein, extending beyond our previous study on EpCAM" and/or
Vimentin™ CTCs and CTECs in non-small cell lung cancer (NSCLC) pa-
tients subjected to anti-angiogenic bevacizumab treatment [37,38], we
report the existence of a full spectrum of CTCs and CTECs longitudinally
detected in SCLC patients undergoing disease stage-based standard
treatment. A comprehensive analysis was performed to explore the
clinical significance of aneuploid CD31" CTCs, CD31" CTECs, and their
CD44v6-expressing subpopulations.

2. Materials and methods
2.1. Invitro functional assays of CD44v6 in lung cancer cell line cells

2.1.1. Cell lines and cell culture

Two adherent SCLC cell lines (DMS114 and H446) and two NSCLC
cell lines (A549 and H1299) were obtained from the National Infra-
structure of Cell Line Resource (Beijing, China). Cells were cultured in
RPMI 1640 medium (Life Technologies, Grand Island, NY, USA)
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supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic-
antimycotic solution (Sigma-Aldrich, St. Louis, MO, USA). All cells were
maintained at 37 °C in humidified air with 5% CO,.

2.1.2. RNA extraction and quantitative reverse transcription PCR

Total mRNA was extract from cells with TRIzol reagent (Invitrogen,
Carlsbad, CA, USA), and 1 pg RNA was used for reverse transcription
with First-strand cDNA transcription kit (TransGen Biotech, Beijing,
China) according to the manufacture’s instructions. Real-time PCR
analysis of CD44 standard isoform (CD44s) and CD44v6 expression was
conducted with the following primers: CD44s-Forward 5-GGAGCAG-
CACTTCAGGAGGTTAC-3, CD44s-Reverse 5-GGAATGTGTCTTGGTCT
CTGGTAGC-3', CD44v6-Forward 5-CCAGGCAACTCCTAGTAGTACAA
CG-3' and CD44v6-Reverse 5-CGAATGGGAGTCTTCTTTGGGT-3’. The
housekeeping gene f-actin was used as an internal control, with the
primers as B-actin-Forward 5-GTGAAGGTGACAGCAGTCGGTT-3' and
B-actin-Reverse 5-GAAGTGGGGTGGCTT TTAGGAT-3’. A SYBR® Green
Master Mix Kit (Thermofisher, CA, USA) was used for real-time PCR
analysis with standard amplification protocol. The 2-AACT (whereCT is
the threshold cycle) method was used to determine the fold change in
gene transcription. Each sample was performed in triplicate and ex-
periments were repeated three times.

2.1.3. Construction of the recombinant lentiviral vector and infection into
cell lines

Recombinant lentiviral vectors were designed and packaged in 293 T
cells by GeneChem (Shanghai, China). For cellular infection, cells were
subcultured in 96-well culture plate and infected with lentivirus either
packaged with CD44v6 overexpression (CD44v6°F) vector or the vector
alone as a negative control (NC). Stably infected clones were selected by
puromycin.

2.1.4. Cell proliferation assay

Cell proliferation rates were measured using Cell Counting Kit 8
(CCK8, Dojindo Laboratories, Tokyo, Japan). Briefly, 3000 tumor cells
of each group were seeded into 96-well plates in 100 pL of culture me-
dium. For every 12 h or 24 h, the culture medium was changed to CCK-8
solution (110 pL/well), followed by incubation for another 2 h. The
optical density (OD) was measured at 450 nm with a microplate reader
(BioTek Synergy HT, Winooski, VT, USA). The assay was repeated three
times and the data are presented as the mean =+ standard error of the
readouts.

2.1.5. Wound scratch assay

Cells were plated in a 6-well plate and cultured overnight before
serum starvation for 24 h. After scratching with a pipette tip, wounds
were observed and recorded at every 18 h along the scratch. Cell
migration ability was expressed as the migration speed of cells from each
wound edge reached.

2.1.6. Cell migration assay

The migration assay was performed in a 24-well transwell plate
containing a polycarbonate membrane-coated chamber with an 8.0 ym
size pore. For migration assay, after starvation for 24 h, 6 x 10* cells in
100 pL serum-free medium were added to the upper compartment of the
chamber, while the lower compartment was filled with 600 pL of RPMI
1640 supplemented with 10% FBS. After incubation at 37 °C for 24 h,
cells on the lower surface of the membrane were fixed and stained with
2% crystal violet. The number of cells on the lower surface of the
membrane was counted in five microscopic fields at 200 x
magnification.

2.1.7. Western blot analysis

Briefly, total proteins of cell extracts were separated using 10% So-
dium Dodecyl Sulfate-Poly Acrylamide Gel Electrophoresis (SDS-PAGE)
and then transferred onto nitrocellulose membranes. After blocking with
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5% skim milk, membranes were incubated with designated primary
antibodies overnight at 4 °C, followed by incubation with HRP conju-
gated second antibody for 3 h at 4 °C. Proteins were visualized using ECL
reagent (Abclonal, China).

2.2. Participants and study design

A prospective, non-interventional, multi-centric study was conduct-
ed at three medical centers in China (Beijing Chest Hospital, Capital
Medical University; Cancer Hospital, Chinese Academy of Medical Sci-
ences and Peking Union Medical College; Beijing Luhe Hospital, Capital
Medical University). The study design and workflow diagram are shown
in Fig. 2. All patients were histologically or cytologically confirmed, and
the clinical stage was determined by brain magnetic resonance imaging
(MRI), computed tomography (CT) of the chest and abdomen, radio-
nuclide bone scanning, or positron emission tomography (PET) scan-
ning. Briefly, patients aged 18-75 years old with treatment-naive,
pathologically diagnosed unresectable SCLC and those with a perfor-
mance status (PS) of 0-2, with adequate organ function and evaluable
tumor lesions, were eligible for this study. Patients with a history of
other malignant tumors were excluded.

A total of 124 patients were prospectively enrolled from January
2018 to January 2020, and 120 patients who received standard first-line
platinum-based chemotherapy alone or plus concurrent or sequential
radiotherapy were ultimately eligible for final analysis. Six weeks (two
cycles) after treatment initiation, clinical response was evaluated
employing standard radiography according to Response Evaluation
Criteria in Solid Tumors (RECIST) version 1.1 criteria. Responses were
recorded as partial response (PR), progressive disease (PD), or stable
disease (SD). A total of 245 samples were collected from a cohort of 120
patients (see sample collection flow chart in Supplementary Fig. S1).
Peripheral blood (PB) was periodically collected prior to chemotherapy
administration (tp), after two cycles of chemotherapy (t;), and post-four-
to-six treatment cycles (t2). The relationship between baseline CD44v6 ™"
CTCs and CTECs with patients’ characteristics was evaluated. Moreover,
the correlation of correlation of CTC and CTEC-relevant variables with
clinical factors was investigated in LD- and ED-SCLC patients separately.
Univariate and multivariate analyses were applied to evaluate the
prognostic significance of CD44v6" CTCs in SCLC patients. This study
was conducted in accordance with the Declaration of Helsinki Princi-
ples. All patients provided written informed consent. Blood sample
collection was conducted according to the protocols approved by the
Ethics and Scientific Committee of Beijing Chest Hospital (No. BJXKYY
201802-01).

2.3. SE-iFISH

Subtraction enrichment and immunostaining-fluorescence in situ
hybridization (SE-iFISH) was performed according to a previously
published protocol (Cytelligen, San Diego, CA, USA) with minor modi-
fications [39]. Briefly, 6 ml of blood, which were collected into a tube
containing ACD anti-coagulant (Becton Dickinson, Franklin Lakes, NJ,
USA) and stored at room temperature for no more than 48 h, were
centrifuged at 200xg for 15 min at room temperature to deplete su-
pernatant plasma. Sedimented blood cells were resuspended with 3 ml
hCTC buffer and loaded on the top of a non-hematologic cell separation
matrix in a 50 ml tube. Samples were centrifuged at 450xg for 5 min,
followed by collection of liquid fraction above red blood cells (RBCs).
This fraction containing WBCs was then incubated with
immuno-magnetic beads conjugated to a mix of anti-leukocyte mono-
clonal antibodies at room temperature for 20 min with gentle shaking.
WBCs-bound immuno-beads were depleted using a magnetic separator
suitable for 50 ml tubes (Cytelligen). The remaining non-hematologic
cells were thoroughly mixed with cell fixative, smeared on formatted
CTC slides, and dried for subsequent iFISH processing.

Modified six-color iFISH was performed as previously described
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[39]. Coated slides containing dried monolayer cells were rinsed with
PBS, followed by dehydration and subsequent FISH hybridization with
the chromosome 8 centromere probe (CEP8 Spectrum Orange, Vysis,
Abbott Laboratories, Chicago, IL, USA) for 3 h utilizing a ThermoBrite
FISH Slides Processing System (Leica Biosystems, Buffalo Grove, IL,
USA). Samples were subsequently incubated with indicated monoclonal
antibodies, including Alexa Fluor (AF)594-anti-CD45 (Clone 9.4),
AF488-anti-CD44v6 (Clone REA706), Cy5-anti-CD31 (Clone WM59),
and Cy7-anti-Vimentin (Clone 1D3) at room temperature for 20 min in
the dark. After washing, the iFISH Full Spectrum Anti-Fade Mounting
Medium containing DAPI (Cytelligen, San Diego, CA, USA) which
effectively protects the full spectrum fluorescence staining from fading
was added to the samples prior to be subjected to the automated imaging
system. Conjugation of all different fluorescent dyes to the applied an-
tibodies was performed in-house at Cytelligen.

2.4. Automated CTC 3D scanning and image analysis with Metafer-
ieFISH

CTC slides were automatically scanned and analyzed with the
Metafer-ieFISH imaging system co-developed by Carl Zeiss (Oberko-
chen, Germany), MetaSystems (Altlussheim, Germany), and Cytelligen.
Cells on the slide were subjected to 3D scanning with cross Z-sectioning
at 1 pm-steps of depth in each fluorescence channel. Identification
criteria for CTCs included: DAPIT/CD45 /CD31 /CD44v6"°"/
Vim ™"~ aneuploid cells and DAPI"/CD45~/CD31~/CD44v6" or Vim™
diploid/near-diploid cells. Criteria for CD31" CTECs included: DAPI*/
CD45~/CD311/CD44v6"°~/Vim™®~ aneuploid cells and DAPI'/
CD45~/CD311/CD44v6™ or Vim™" diploid/near-diploid cells. Small cell:
<5 pm; large cell: >5 pm. A cell cluster was defined as more than two
individual cells with adjacent nuclei staying together. Comprehensive
characterization and subcategorization of aneuploid CTCs and CTECs
were performed on cell size, tumor marker expression, and the degree of
aneuploidy.

2.5. Statistical analysis

All statistical analyses were conducted using SPSS 25.0 software
(Chicago, IL, USA). The Chi-square and Fisher’s exact tests were used to
compare categorical data. Comparisons of continuous variables between
groups were performed using the Mann-Whitney test. X-tile software
was applied to determine the optimal cut-off value of CTCs. PFS was
defined as the time from initial blood collection until disease progression
or last follow-up. OS was defined as the time from initial blood collection
until death or last follow-up. Kaplan-Meier survival plots for PFS or OS
were generated based on diverse subtypes of CTCs, and the survival
curves were compared using log-rank tests. A neural network-based al-
gorithm was applied to comprehensively evaluate a series of variables’
contributions to prognosis prediction. Uni- and multi-variate Cox pro-
portional hazards regression models with HR and 95% Cls were applied
to determine the independent prognostic factors for PFS and OS. All p
values were two-sided, *p < 0.05, **p < 0.01 and ***p < 0.001 are
considered statistically significant, very significant, and extremely sig-
nificant respectively in the following data.

3. Results

3.1. Overexpressed CD44v6 promotes SCLC and NSCLC cells migration
and metastasis in vitro

To investigate the role of CD44v6 in tumor cell metastasis, two
adherent SCLC cell lines, DMS114 and H446, stably overexpressing
CD44v6 and negative control (NC) cells were developed through lenti-
virus infection (Fig. 1Aa-b). Compared to NC cells, increased CD44v6
protein expression in CD44v6°E cells was observed in Fig. 1Ba. As shown
in Fig. 1Ca-b, increased expression of CD44v6 enhanced -cell
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proliferation in H446 cells though not in DMS114. The function of
CD44v6 in regulating cancer cell motility was determined by wound
scratch and transwell assays, the migration ability of both DMS114 and
H446 cells was promoted by CD44v6 overexpression (Fig. 1Da-b and
Fig. 1E).

We also performed CD44v6 overexpression in two NSCLC cell lines,
A549 and H1299 (Fig. 1Ac-d), similar result demonstrated the increased
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CD44v6 protein expression in CD44v6°E cells compared to NC cells in
Fig. 1Bb. Increased expression of CD44v6 up-regulated the cell growth
activity of A549 cells (Fig. 1Cc) but did not change cell growth in H1299
cells (Fig. 1Cd). As depicted in the wound scratch assay, the migration
ability of A549 and H1299 cells was promoted in CD44v6°F group than
the NC group (Fig. 1Dc-d). In the transwell assay, more A549-CD44v6°F
cells crossed the membrane than A549-NC cells (Fig. 1E).
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Fig. 1. CD44v6 promoted SCLC and NSCLC cells metastasis in vitro.

(Aa-d) Quantification of CD44s and CD44v6 mRNA in lentivirus infected SCLC cell line DMS114, H446 and NSCLC cell line A549 and H1299 cells. Increased CD44v6
mRNA is observed in CD44v6°F (overexpression, OE) cells but not in negative control (NC) cells. (Ba-b) Examination of CD44v6 protein in DMS114, H446, A549,
H1299°F and NC cells. Compared to NC cells, increased CD44v6 protein expression in CD44v6°E cells is observed. (Ca-d) CCK8 proliferation assays. Measurement
was performed on DMS114, H446, A549 and H1299 cells at 12 h intervals. The data are demonstrated as the mean + standard error of the readouts from three
separate experiments. (Da-d) Wound healing assay was performed on CD44v6 overexpressed cells as indicated. Increased cell motility is revealed in CD44v6
overexpressed cells. The distance between each edge of the cells was measured at each timepoint. *p < 0.05, **p < 0.01, t-test. (E) Cell migration assay. Cells
migrated through the chamber are quantified and illustrated in histogram. (F) Examination of EMT related proteins. Compared to NC cells, reduced E-cadherin and
increased vimentin in CD44v6°E cells are illustrated. GAPDH is the loading control.
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A multicenter, prospective, non-interventional cohort study
(inoperable SCLC patients)

Inclusion criteria

Exclusion criteria

Detection of diverse subtypes of baseline aneuploid CD31- CTCs and CD31*
CTECs by SE-iFISH in all recruited subjects (N=124)

Subjects excluded:
« Not receiving assigned treatment (N=1)

« Withdrawing consent (N=1)
« Subject to surgery following
chemotherapy (N=2)

Patients enrolled (N=120)

Receiving stage-based

standard treatment

Correlation analysis of baseline subcategorized aneuploid CD31- CTCs and
CD31* CTECs with patients’ characteristics (N=120)

Longitudinal detection of CTCs and CTECs (N=95)

Prediction of metastases in subcategorized cohorts of SCLC patients with
aneuploid CD31-CTCs and CD31* CTECs subtypes.

Univariate and multivariate analysis of the prognostic value of
CD44v6*/ CD31- CTCs in SCLC patients

Fig. 2. Study design and workflow diagram.

Epithelial-mesenchymal cell transformation (EMT) is an essential
process in cancer cell metastasis, featured by decreased intracellular
adhesion and increased mobility. The protein expression levels of
several EMT markers were evaluated by Western blot analysis in the
current study. As depicted in Fig. 1F, the amount of the epithelial marker
E-cadherin was reduced while the mesenchymal marker vimentin was
increased in CD44v6°E group compared with NC group in both DMS114
and H446 cells. Similar experiment was conducted in A549 cells and
result was consistent with SCLC cell lines (Fig. 1F). Collectively, these
findings indicated that CD44v6 may promote cell invasion and migra-
tion through the activation EMT process, resulting in enhanced cancer
metastases.

3.2. Co-detection of diverse subtypes of CTCs and CTECs in SCLC patients

Phenotypic and karyotypic characterization of different subtypes of
aneuploid CTCs and CTECs was performed in 120 SCLC patients using
SE-iFISH (Fig. 2). The cohort was composed of almost evenly distributed

LD-SCLC (n = 55) and ED-SCLC cases (n = 65). Samples from these
patients covered baseline (ty) and post-treatment blood draws (t; and
to). Ninety-five patients received longitudinal CTC detection. (Supple-
mentary Fig. S1).

Diverse subtypes of CTCs and CTECs, classified upon heterogeneous
cell size, degree of aneuploidy, and expression of CD44v6 or Vimentin,
were observed in patients throughout therapy (Fig. 3). As shown in
Fig. 3Aa-f, CTCs exhibited different degrees of aneuploidy, heteroge-
neous morphologies, and phenotypes, including small (<5 mm WBC)
CD44v6 /Vim™/CD31" haploid CTCs (sCTC™™, Fig. 3Aa), CD44v6™/
Vim'/CD31" triploid and tetraploid CTCs (sCTC™, SCTCtetra, Fig. 3Ab-
c), as well as large (>5 mm) CD44v6"/Vim/CD31 multiploid (> pen-
tasomy 8) CTCs (CTC™! Fig 3Ad) cells. A homotypic CTC cluster
consisting of three CD44v6™/Vim /CD31™ multiploid null cells (Fig. 3Ae)
and a heterotypic CTC-WBC cluster comprising a large CD44v6"/Vim'/
CD31 multiploid CTC and two CD45" WBCs (Fig. 3Af) are also shown.
Large CTECs included CD44v6 /Vim'/CD31" diploid (;CTEC
Fig. 3Ba), CD44v6'/vim'/CD31" triploid (LCTEC"i, Fig. 3Bb),
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Fig. 3. Co-detection of diverse subtypes of
aneuploid CD31~ CTCs and CD31" CTECs
expressing CD44v6 and/or Vimentin by SE-
iFISH.

(A-a) A small (<5 pm WBC) CD44v6/Vim'/
CD31" haploid CTC (sCTC™"). (A-b) A small
CD44v6™/Vim /CD31" triploid CTC (sCTC™). (A-
¢) A small CD44v6"/Vim /CD31 tetraploid CTC
(sCTC™™). (A-d) A large (>5 pm) CD44v6"/
Vim'/CD31™ multiploid (> pentasomy 8) CTC
(LCTC™!%) (A-e) A CTC cluster consisting of
three CD44v6/Vim'/CD31™ multiploid null cells.
(A-f) A CTC-WBC cluster comprising a large
CD44v6"/Vim/CD31™ multiploid CTC and two
CD45" WBGs. (B-a) A large CD44v6/Vim'/
CD31* diploid CTEC (;CTEC%). (B-b) A large
CD44v6™*/Vim™*/CD317 triploid CTEC (,CTEC™).
(B-c) A large CD44v6"/Vim'/CD31" tetraploid
CTEC (;CTEC*"™). (B-d) A large CD44v6"/Vim/
CD31" multiploid CTEC (;CTEC™!). (B-e) A
homotypic CTEC cluster of two small CD44v6™/
Vim'/CD31 "multiploid null cells. (B-f) A hetero-
typic CTC-WBC cluster consisting of a large
CD44v6™/Vim'/CD31 "multiploid CTEC and two
CD45"WBCs. Bars, 5 pm.
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CD44v6"/Vim/CD31" tetraploid (;CTEC®"™, Fig. 3Bc), and CD44v6 ™"/
Vim'/CD31* multiploid (;CTEC™ Fig. 3Bd) cells. Additionally, a
homotypic CTEC cluster of two small CD44v6™/Vim/CD31" multiploid
null cells (Fig. 3Be) and a heterotypic CTC-WBC cluster consisting of a
large CD44v6/Vim'/CD31" multiploid CTEC and two CD45" WBCs
(Fig. 3Bf) are displayed. Given the high morphologic, phenotypic, and
karyotypic tumor cell heterogeneity, we set out to analyze how carci-
noma cell subtypes evolve in the peripheral circulation under thera-
peutic pressure.

3.3. Patients’ characteristics and categorical analysis of CTCs and CTECs

A total of 120 eligible SCLC patients were prospectively enrolled,
including 55 LD- and 65 ED-SCLC (Supplementary Table S1). Correla-
tions of CTCs, CTECs, and their CD44v6-expressing subpopulations with
patients’ clinical characteristics were investigated. Quantification at
baseline (tg) revealed the presence of CTCs in 113 out of 120 (94.16%)
patients and CTECs in 100 out of 120 patients (83.33%). Both CTCs >18
and CTECs >8 each per 6 ml blood were found to significantly correlate
with liver metastases (***p < 0.001, *p = 0.024, respectively) (Sup-
plementary Table S2). Twenty out of 120 (16.67%) patients had
CD44v6" CTCs detected, and 35 out of 120 (29.16%) patients harbored
CD44v6™ CTECs at baseline (Supplementary Table S3). Patients with
positive detection of CD44v6" CTCs or CD44v6" CTECs showed signif-
icantly increased hepatic metastasis than those harboring none of
CD44v6™ CTCs or CD44v6" CTECs (**p = 0.002, *p = 0.024, respec-
tively; Supplementary Table S3). Obtained results suggested that the
acquisition of a CD44v6" phenotype may be associated with more
aggressive cell behavior. Consequently, numbers of aneuploid CTCs and
CTECs were assessed in a longitudinal manner in SCLC patients under
therapy. Median numbers of CTCs were 6 (to, blue, IQR 3-17.75), 7 (t;,
purple, IQR 4-16), and 7.5 (tp, purple, IQR 5-17.25), while median
numbers of CTECs over time were 3 (to, blue, IQR 1-7.75), 2 (t;, purple,
IQR 0-7), and 1.5 (tg, purple, IQR 0-4), respectively (Fig. 4Aa-b-). As
most SCLC patients were exceptionally responsive to initial treatment,
the bulky tumor mass commonly shrank distinctly after chemotherapy
administration, potentially along with a release of tumor cells in blood
circulation. Accordingly, we observed that CTC numbers were signifi-
cantly higher at t; and t than ty (to vs. ty, *p = 0.048; t; vs. tg, *p =
0.040), whereas CTEC numbers decreased under therapy, but differ-
ences did not reach statistical significance (Fig. 4Aa-b). The increase in
CTCs and a concurrent reduction of CTECs were further corroborated by
CTEC/CTC ratios at the indicated time intervals. The median value of
the CTEC/CTC ratio was 0.5 (tg, IQR 0.07-1.00), 0.27 (t1, IQR 0-0.86),
and 0.16 (t, IQR 0-0.40), respectively, and the CTEC/CTC ratio was
significantly higher at t( than at t; or ty (to vs. t3, **p = 0.003; to vs. ta,
**p =0.003; t1 vs. tg, *p = 0.030, Fig. 4Ac-d). Obtained results suggested
that CTCs and CTECs constitute a pair of viable, real-time cellular
circulating tumor biomarkers.

We further investigated karyotype variations in CTCs, CTECs, and
their CD44v6 subtypes along with treatment administration. CTCs,
CTECs, and CD44v6" CTECs showed similar proportions of Chr8
haploid, diploid, triploid, tetraploid, and multiploidy cells during ther-
apy (Fig. 4Ba, c-e). However, Chr8 copy numbers in post-treatment
CD44v6™ CTCs shifted towards multiploidy compared to trisomy 8 in
pre-treatment CD44v6" CTCs (Fig. 4Bb, e). It has been reported that the
degree of aneuploidy is proportionally correlated with tumor’s malig-
nancy grade, moreover, the chromosomal instability contributes to the
evolution of therapeutic resistance. Thus, the acquired increase in
multiploidy in CD44v6" CTC upon treatment might reflect the burden of
circulating neoplastic cells resistant to therapeutic regimens in SCLC
patients.

3.4. Correlation of CTC variation trends with patients” survival

Using the X-tile software, the optimal CTC cut-off value to stratify
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pre-treatment patients with respect to overall survival was 17 (Supple-
mentary Figs. S2A-E). Subgroup analysis demonstrated that baseline
CTCs had statistical prognostic significance in ED-SCLC (*p = 0.001 for
PFS and **p = 0.004 for OS, Supplementary Fig. S2Fc, f), but not for LD-
SCLC patients (p = 0.700 for PFS and p = 0.087 for OS, Supplementary
Fig. S2Fb, e).

Patients were further classified into low-baseline (0—17) and high-
baseline cohorts (>18), respectively. Comparison of CTCs between
prior to therapy and post-treatment groups was performed on 95 pa-
tients who were available for the longitudinal assessment. All 95 pa-
tients were further stratified into four sub-cohorts according to both
baseline quantity of CTCs (to) and variation trends throughout therapy
(t1.2) (Fig. 5A). Patients were classified into low-baseline counts and
descending numbers of CTCs upon treatment (LB-DESC, n = 23,
including LD-SCLC n = 13, and ED-SCLC n = 10), low-baseline
ascending (LB-ASC, n = 50, including LD-SCLC n = 24, ED-SCLC n =
26), high-baseline descending (HB-DESC, n = 21, including LD-SCLC n
=10, ED-SCLC n = 11), and high-baseline ascending cohorts (HB-ASC, n
=1, which was LD-SCLC n = 1) (Fig. 5B). The longitudinal variation of
CTC numbers in each patient was analyzed and results were graphically
depicted as the log value of At=(t;qr2-to) (i-e., subtraction value between
last time point to ty) (Fig. 5A).

Dynamic changes of CTC numbers in each sub-cohort across three
time points were respectively investigated. Median values of CTCs in the
LB-DESC cohort were 8 (to, blue, Min 1/Max 17), 3 (t;, purple, Min 0/
Max 126), and 2.5 CTCs (tp, purple, Min 1/Max 7), respectively
(Fig. 5Ca). Differences in CTC numbers were statistically significant
among three time points (*p = 0.014). Analysis of subgroups classified
upon disease stages was performed. A significant downward variation
trend was observed on LD-SCLC patients but not on ED-SCLC patients in
the LB-DESC cohort (Fig. 5Cb-c *p = 0.019, p = 0.219, respectively). In
the LB-ASC cohort, median values of CTCs were 3 (to, blue, Min 0/Max
12), 7 (t1, purple, Min 0/Max 89), and 17 cells (t3, purple, Min 5/Max
60), and differences were statistically significant (***p < 0.001;
Fig. 5Cd). Both, LD- and ED-SCLC patients displayed significant upward
quantitative variations in CTC numbers following treatment (***p <
0.001, ***p < 0.001, respectively; Fig. 5Ce-f). Within the HB-DESC
cohort, differences in median numbers of CTCs were statistically sig-
nificant and reduced from baseline 29 (ty, blue, Min 18/Max 554), to 15
(ty, purple, Min 0/Max 92), then down to 9 cells (ty, purple, Min 1/Max
14) (***p < 0.001; Fig. 5Cg). Similar analysis revealed that downward
quantitative variations at the indicated time intervals reached statistical
significance in both LD- and ED-SCLC patients (**p = 0.004, **p =
0.007, respectively; Fig. 5Ch-i).

Correlation of CTC variation trends with survival was analyzed uti-
lizing Kaplan-Meier curves. Patients in the LB-DESC cohort showed a
significantly longer median OS (mOS) than patients in LB-ASC or HB-
DESC cohorts (N/A vs 14.53 m vs 14.20 m, **p = 0.001, Log rank for
trend test; Fig. 5Da). Additional subgroup analysis revealed that CTC
variation trends were of statistical prognostic significance in both LD-
SCLC (N/A vs N/A vs 15.33 months, *p = 0.0498, log rank for trend
test; Fig. 5Db) and ED-SCLC patients (N/A vs 11.07 vs 9.47 months, *p =
0.013, Log rank for trend test; Fig. 5Dc). Low baseline quantity and
decreased CTC numbers following therapy were significantly associated
with prolonged OS.

3.5. CTC and CTEC-relevant variables correlate with metastasis,
treatment response and prognosis in SCLC patients

Previous studies revealed difficulties in terms of adequately pre-
dicting treatment response or prognosis by CTCs alone. Multivariable
analysis of relevant CTC and CTEC-relevant variables may help provide
more useful information. CTC and CTEC-relevant variables, including
CTC variation trends, CD44v6" CTCs (tg), post-therapeutic CD44v6™
CTCs (t1.2), CTEC/CTC ratio (tg), CTM (tg) and CTC-WBC clusters (tg)
along with disease stage were implemented in a neural network-based
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Fig. 4. Quantitative and karyotypic analysis of CD31" CTCs and CD31" CTECs longitudinally detected in SCLC patients.

A. Quantitative analysis of aneuploid CTCs and CTECs detected in overall pre- and post-treatment SCLC patients is demonstrated in (Aa, b). Analysis of CTECs/CTCs
ratio in pre- and post-treatment SCLC patients is revealed in (Ac, d). B. Comprehensive analysis of diverse karyotypes of CTCs and CTECs at the designated baseline
(to), 2 therapy cycles (t;) and 4-6 therapy cycles (t»). Comparing the proportion variation of Chr8 copy numbers from ty to tp in CTCs (Ba), CTECs (Bc), and CD44v6™
CTECs (Bd), only CD44v6™ CTCs show a significantly increased proportion of multiploidy at t;., compared to to (Bb).

algorithm model (Fig. 6A). CD44v6™ CTCs (t1.2) showed the highest
impact (normalized importance) within the model. Correlations be-
tween “variables (normalized importance >20%) and clinical factors” in
LD-SCLC patients were depicted and analyzed in the heatmap in
Fig. 6Ba. The incidence of distant metastasis at the time of disease
progression in CD44v6™ CTCs (t;.,) patients was significantly higher
than those without CD44v6™ CTGs (t1.2) (***p < 0.001, Table 1). It has
been noted that brain metastasis was more frequent in patients with
positive detection of CD44v6" CTCs (t1.2) than in those harboring none

of CD44v6™ CTCs (t1.2) (***p < 0.001, Table 1). CD44v6™* CTCs (t1.2)
were also correlated with decreased disease control rate (DCR, *p =
0.025, Table 1) and the poor survival (*p = 0.045, Table 1), which
demonstrated unique advantages of longitudinal detection of CD44v6™"
CTCs with respect to monitoring treatment response in real-time.
Meanwhile, distant metastases, especially brain metastasis, developed
more frequently in patients with CTEC/CTC ratio (tp) >0.5 than in those
with CTEC/CTC (tp) ratio<0.5 (*p = 0.047, Table 1). CTEC/CTC ratio
(tp) >0.5 was also correlated with decreased DCR and the poor survival
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Fig. 5. Clinical significance of subcategorized CTC variation trends in SCLC patients.

(A) A total of 95 patients are categorized into four cohorts according to the baseline CTC number and CTC variation trends: the low baseline-descending cohort (LB-
DESC): baseline CTCs(tp) = 0-17, post-therapeutic CTC number is lower than that at baseline (At<0, At = t;42-tg); the low baseline-ascending cohort (LB-ASC): CTCs
(top) = 0-17, post-therapeutic CTC number is higher than that at baseline (At>0); the high baseline-descending cohort (HB-DESC): CTCs(ty)>18, At<0; and the high
baseline-ascending cohort (HB-ASC): CTCs(tp)>18, At>0. Detailed longitudinal variation of CTC quantity in each patient is graphically depicted by the log value of
At and summarized in (B). (C) Quantitative variation of CTCs in the indicated cohort of patients throughout therapy. (Ca) In LB-DESC cohort, the median values of
CTCs were 8 (purple, Min0/Max 126, t1), and 3 cells (purple, Minl/Max 7, t2), respectively, the difference is statistically significant (*p = 0.014). Subgroup analysis
reveals a significant downward variation trend in LD (Cb) but not for ED patients (Cc) (*p = 0.019, p = 0.219, respectively). (Cd) In LB-ASC cohort, the median values
of CTCs were 3 (blue, Min0/Max12, to), 7 (purple, Min0/Max 89, t;), and 17 cells (purple, Min5/Max 60, t,) with a significant statistical significance (***p < 0.001),
both LD (Ce) and ED (Cf) SCLC patients display statistically significant upward quantitative variations (***p < 0.001, ***p < 0.001, respectively). (Cg) In HB-DESC
cohort, median values of CTCs were 29 (blue, Min18/Max 554, t0), 15 (purple, Min0/Max 92, t1), and 9 cells (purple, Minl/Max 14, t2) (***p < 0.001). Downward
quantitative variations reached a significant statistical significance in both LD (Ch) and ED (Ci) SCLC patients (**p = 0.004, **p = 0.007, respectively). (D) Clinical
significance of subcategorized CTC variation trends in SCLC patients. (Da) OS curve is depicted based on CTC variation trends at the full data set. Patients in low
baseline-descending cohort (blue) show a significantly longer mOS than those in low baseline-ascending (red) and high baseline-descending cohorts (purple) (N/A vs
14.53 vs 14.20 months, *p = 0.001, Log rank for trend test). Analysis of diverse CTC variation trends in subcategorized cohorts indicates the dynamic monitoring of
CTCs in LD- and ED-SCLC subjects indicates that LB-DESC cohort in both categories have a longer OS, showing LD subjects in (Db), N/A for LB-DESC vs N/A for LB-
ASC vs 15.33 months for HB-DESC, p = 0.050); and ED patients in (Dc), N/A for LB-DESC vs 11.07 months for LB-ASC vs 9.47 months for HB-DESC, *p = 0.013). N/A:
not available.

(*p = 0.017; *p = 0.031, Table 1). Moreover, patients with combined patients but only predicted poor OS in LD-SCLC patients.

CD44v6™ CTCs (t1.2) and CTEC/CTC ratio (tg) >0.5 were more likely to Clinical characteristics, along with CTC and CTEC-relevant variables
develop distant metastasis, especially brain metastasis, and exhibited possessing statistical significance in univariate analysis, were included
decreased DCR and poor survival (*p = 0.012; *p = 0.027; **p = 0.003; in a multivariate Cox proportional hazard model (Table 2). Longitudinal
*p = 0.034 respectively, Table 1). In addition, CD44v6" CTCs (t1.2) and detection of CD44v6™ CTCs and disease stage functioned as independent
CTC-WBC clusters (ty) were associated with brain metastasis, decreased prognostic factors associated with PFS (*p = 0.001; ***p<0.001,
DCR, and poor survival in LD-SCLC patients (*p = 0.022; *p = 0.047; respectively). Meanwhile, longitudinal positive detection of CD44v6™
**p = 0.009, Table 1). The interplay between CTCs and CTECs may be a CTCs, CTC-WBC clusters (tp), and disease stage were confirmed as in-

key determinant in developing brain metastasis and therapeutic resis- dependent risk factors for OS (*p = 0.021; **p = 0.001; ***p<0.001,
tance in LD-SCLC patients. A similar analysis was conducted in ED-SCLC respectively, Table 2). These results indicated that similar to disease
patients (Supplementary Fig. S3), however, neither single nor combined stages, CD44v6" CTCs detected amid therapy are the independent
variables was correlated with clinical factors in ED-SCLC patients. prognostic factor for both PFS and OS.

In our study, all patients with brain metastasis at the time of disease
progression were analyzed. Correlation between variables and brain 4. Discussion
metastasis was depicted in the heatmap (Fig. 6Bb). The incidence of
brain metastasis at the time of disease progression was significantly Rapidly acquired treatment resistance and emergence of distant
higher in patients possessing CD44v6 ™" CTCs (t;.5) than in those without metastases are major causes of mortality in SCLC patients [40,41]. The
CD44v6™ CTCs (t1.0) (**p = 0.009, Fig. 6Bc). Furthermore, CD44v6™ ability to promptly characterize patients at-risk for developing treat-
CTCs (t1.2) combining with CTEC/CTC ratio (to) or CTC-WBC cluster (tg) ment resistance and/or metastases is in urgent need to enable more
were also correlated with brain metastasis (*p = 0.025; *p = 0.039, appropriate clinical management of SCLC [42].
respectively, Fig. 6Bc). Brain metastasis is common in SCLC at diagnosis It has been reported that a high CTC count is associated with poor
or amid disease progression. Identification of above brain metastasis risk prognosis of SCLC [43,44], and conversion from an unfavorable baseline
factors may help guide more ideal individualized management of SCLC. CTC level to a favorable follow-up CTC level greatly improves survival of

SCLC patients [45,46]. The present study showed that the low
baseline-descending cohort (LB-DESC) of patients exhibited significantly

3.6. Longitudinal detection of CD44v6" CTCs independently predicts prolonged survival compared with those in low baseline-ascending
poor prognosis in SCLC patients (LB-ASC) and high baseline-descending cohorts (HB-DESC), implying
that baseline and post-therapeutic CTC quantities should be collectively

Among 95 patients available for the longitudinal CTC detection, six observed to timely index the prognosis of patients.
patients had constant CD44v6™ CTCs from baseline to post-therapy (to. Aneuploidy, a state of chromosomal imbalance, is a hallmark of

2), and 15 subjects displayed post-therapeutic CD44v6" CTCs. More- cancer cells [47-49]. Alterations of chr8, including amplification at
over, 62 patients showed unchanged CD44v6™ CTCs status during 8924 harboring the c-Myc oncogene and high GSR gene activity, are one

treatment, and 12 patients had CD44v6" CTCs eliminated following of the most common chromosomal abnormalities in lung cancer [50,51].
treatment administration. Though it has been documented that chromosome aneuploidy in
Till the last follow-up, 70 out of 120 SCLC patients died. The mOS neoplastic cells can induce genetic instability and that the degree of
was 13.5 months. Univariate analysis revealed that patients possessing aneuploidy is positively correlated with the malignancy grade of tumor
post-therapeutic CD44v6™ CTCs (t;.,) had a median PFS (mPFS) of 5.4 cells [48,52,53], few studies have investigated the landscape of karyo-
months, which was statistically shorter than 9.6 months for patients type heterogeneity of rare circulating cells in SCLC.
without CD44v6" CTCs (t1.2) (Fig. 6Ca). Similarly, patients harboring Increasing evidence has highlighted that intratumor heterogeneity
CD44v6™ CTCs (t1.2) had an mOS of 13.1 months, which was signifi- and cells exhibiting stem-like properties have a critical role in tumor
cantly shorter than 19.0 months for patients without CD44v6™ CTCs (t;. initiation, treatment resistance, and disease progression in various
2) (*p = 0.011, log-rank test; Fig. 6Da). Subgroup analysis revealed that cancers [54-58]. However, stem cell relevant studies have been limited
dynamic detection of CD44v6" CTCs was significantly correlated with by the rarity of tumor tissues, particularly for SCLC.
both PFS and OS in LD-SCLC patients (*p = 0.004 and *p = 0.018, log- It has been reported that the stemness phenotype is intimately
rank test; Fig. 6Cb, Db). As for ED-SCLC patients, dynamic monitoring of interconnected with EMT and involved in a broad range of oncogenic
CD44v6™ CTCs was able to effectively predict PFS (*p = 0.024, Fig. 6Cc) processes including cell invasion and metastasis [59-62]. To investigate
but not OS (p = 0.264, Fig. 6Dc), showing that longitudinal detection of whether CD44v6 contributes to metastasis, in vitro functional assays of

CD44v6" CTCs was correlated with reduced PFS in both LD and ED
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— without CD44v6* CTCs(t1-2) detected

—— with CD44v6* CTCs(t1-2) detected

CD44v6 in two SCLC cell lines were performed. Obtained data illus-
trated that overexpression of CD44v6 promoted the invasion and
metastasis of SCLC cells, overexpression of CD44v6 down-regulated
epithelial marker E-cadherin and up-regulated mesenchymal marker
vimentin. Therefore, CD44v6 may promote cell invasion and metastasis

11

Cancer Letters 571 (2023) 216337

Fig. 6. Correlation of CD31" CTC and CD31%
CTEC-relative variables with cancer metastasis
and treatment response in SCLC.

(Aa-b) CTCs and CTECs variables including CTCs
variation trends, CD44v6" CTCs (ty), CD44v6"
CTCs (t1-3), CTECs/CTCs (tg) ratio, CTM(ty) and
CTC-WBC(tp) cluster along with disease stage
were evaluated based on the neural network al-
gorithm. (Ba) The association between CTCs and
CTECs variables with normalized
importance>20% and metastasis, treatment effi-
ciency and survival exhibited by heatmap. (Bb)
The association between CTCs and CTECs vari-
ables and brain metastasis exhibited by heatmap.
(Bc) Correlation analysis of CD31" CTCs and
CD317" CTECs variables with brain metastasis. (C)
PFS analysis: (Ca) For overall patients possessing
acquired post-therapeutic CD44v6" CTCs (t1.o,
red) has a mPFS significantly shorter than those
without post-treatment CD44v6™ CTCs (t;.5, blue)
(5.40 vs 9.60 months, ***p < 0.001). (Cb) LD-
SCLC: positive detection of post-therapeutic
CD44v6" CTCs significantly correlates with a
shorter PFS (9.37 vs 13.73 months, **p = 0.004).
(Cc) ED-SCLC: CD44v6™ CTCs may well predict
PFS (4.70 vs 7.57 months, *p = 0.024). (D) OS
analysis: (Da) All patients harboring post-
therapeutic CD44v6" CTCs (t;.p, red) show a
mOS significantly shorter than those with post-
treatment CD44v6™ CTCs (tj.5, blue) (13.13 vs
19.30 months, *p = 0.011). (Db) LD-SCLC: post-
therapeutic CD44v6™" CTCs significantly correlate
with the inferior OS (18.60 vs N/A, *p = 0.018).
(Dc) ED-SCLC: no significant correlation is
observed between longitudinally detected
CD44v6™ CTCs with OS (9.80 vs 12.47 months, p
= 0.264).

via activation of EMT. In the current study, SE-iFISH [63-65] was uti-
lized to thoroughly investigate the clinical significance of aneuploid
CD31~ CTCs and CD31" CTECs expressing the stemness marker CD44v6
in SCLC patients. Obtained results demonstrated that positive detection
of both CD44v6™ CTCs and CD44v6" CTECs in pre-treatment patients
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Table 1
Correlation of CD31~ CTCs and CD31" CTECs with distant metastases (including brain metastasis) and disease progression in LD-SCLC patients.
Distant Brain PD SD + Death Survival
metastases metastasis PR
Yes No Yes No
N = = P N= = P N= N= x P N= N=30 p
17 31 10 38 33 15 18
CD44v6" CTCs (n 8 1 13.850 0.000 6 3 14.110 0.000 9 0 5.035 0.025 6 3 4.021 0.045
=9)
°CD44v6™ CTCs (n 9 30 4 35 24 15 12 27
=39)
CTCs <18 (n = 10) 4 6 0.116 0.341 3 7 0.644 0.422 6 4 0.450 0.502 6 4 2.728 0.099
CTCs >18 (n = 38) 13 25 7 31 27 11 12 26
‘CTEC/CTC high 11 14 1.680 0.195 8 17 3.945 0.047 21 4 5.648 0.017 13 12 4.680 0.031
(n = 25)
ICTEC/CTC low (n 6 17 2 21 12 11 S5 18
=23)
aand/or c (n = 28) 14 14 6.248 0.012 10 18 9.023 0.027 24 4 9.002 0.003 14 14 4.480 0.034
band/ord (n = 20) 3 17 0 20 9 11 4 16
“CTC-WBC+(to)s 6 9 0.109 0.741 3 12 0.200 0.654 11 4 0.213 0.644 8 7 2.333 0.127
) (n=15)
'CTC-WBC (t) (n 11 22 7 26 22 11 10 23
=33)
aand/ore (n = 23) 13 10 3.273 0.070 8 15 5.210 0.023 19 4 3.948 0.047 13 10 6.817 0.009
b and/or f (n = 25) 4 11 2 23 14 11 5 20
2 CD44v6" CTCs(t;.2).
> CD44v6™ CTCs(ty.).
¢ CTEC/CTC ratio (tp) >0.5.
4 CTEC/CTC ratio (t) <0.5.
¢ CTC-WBC™ (to).
f CTC-WBC (to).
Table 2
Analysis of univariate and multivariate Cox proportional hazard model.
Variables Univariate analysis Multivariate analysis
PFS 0os PFS 0os
HR (95% CI) p HR (95% CI) P HR (95% CI) p HR (95% CI) p
Age 1.1 (0.7-1.8) 0.676 17 (1.0-3.0) 0.063 - - - -
>70 vs. <70
Gender 1.6 (1.0-2.5) 0.07 2.0 (1.0-3.7) 0.036 - - 1.1 (0.3-4.4) 0.847
male vs. female
PS1-2vs.0 1.3 (0.7-2.2) 0.431 2.1 (1.0-4.6) 0.056 - - - -
Smoking history 1.8 (1.1-3.1) 0.023 1.9 (1.0-3.8) 0.047 1.4 (0.8-2.6) 0.253 1.8 (0.4-1.7) 0.399
Yes vs. No
Disease stage 2.8 (1.8-4.2) 0.000 3.6 (2.1-6.0) 0.000 3.0 (1.9-4.8) 0.000 3.9 (2.1-7.3) 0.000
extensive vs. limited
CTC-WBC 1.3 (0.9-2.0) 0.195 1.8 (1.1-2.8) 0.018 - - 2.9 (1.6-5.5) 0.001
Pos vs. Neg
CTC variation trend - 0.713 - 0.005 - - - 0.123
LB-DESC vs.
LB-ASC vs.
HB-DESC
CD44v6" CTCs
CD44v6’ (t1.2) 2.4 (1.4-4.0) 0.001 2.1 (1.2-3.9) 0.011 2.4 (1.4-4.0) 0.001 2.2(1.1-4.49) 0.021

CD44v6™ (t1.2)

correlated with liver metastasis. Mechanismly, CD44v6 engages in the
processes of metastasis by interacting with hyaluronic acid (HA) or
osteopontin [66]. HA-CD44v6 interaction supports the colonization of
metastatic cells by activating RTK associated signaling pathway [67].
Moreover, the interaction of hematopoietic proteoglycan serglycin with
CD44 promotes lung cancer aggressiveness and liver colonization [68].
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Further karyotype analysis in our study indicated that, comparing to the
most pre-treatment CD44v6" CTCs bearing trisomy 8, a significantly
increased proportion of multiploid (> pentasomy 8) CD44v6 " CTCs was
observed in post-treatment patients. Given that the degree of aneuploidy
is proportional to the grade of malignancy of neoplastic cells [69,70],
the specific subtype of multiploid CD44v6" CTCs may potentially
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represent a more aggressive drug-resistant CTC subtype with greater
metastatic ability, thus contributing to a worse prognosis.

Brain metastasis is a common but fatal event for cancer patients
[71-73]. In SCLC, approximately 10% of patients demonstrating brain
metastasis at the time of initial diagnosis and an additional 40-50%
subsequently developing brain metastasis as a result of tumor progres-
sion [74,75]. A recent study indicated that CD44 and CD74 expression
on CTCs is associated with brain metastasis in breast cancer [76]. Our
results revealed that the constant existence of post-therapeutic CD44v6™"
CTCs (tp-2) may also participate in the process of brain metastasis in
SCLC patients. Additional comprehensive analysis of CTCs and CTECs
demonstrated that the ratio of CTEC/CTC is significantly correlated with
both brain metastasis and treatment efficiency in LD-SCLC patients,
suggesting that aneuploid CD31~ CTCs and their counterpart CD31"
CTECs may function as a pair of cellular circulating tumor biomarkers
throughout disease progression.

Whether and how the prognosticator CD44v6™ CTCs correlated with
patients’ prognosis was further investigated in this study. It has been
published that CD44" CTCs in either blood or bone marrow in gastric
cancer were associated with poor survival [34]. Moreover, pre-operative
pancreatic ductal adenocarcinoma (PDAC) patients harboring CD44+
CTECs exhibited shorter DFS following radical surgery [36]. Results
obtained in this study illustrated similar findings to previously reported
positive association of CD44" CTCs with inferior prognosis. Univariate
analysis demonstrated that longitudinal detection of CD44v6™ CTCs can
predict SCLC patients’ poor prognosis, especially for LD-SCLC patients.
Multivariate analysis further validated the detection of CD44v6™ CTCs
as an independent risk factor of inferior prognosis, and longitudinal
detection of CD44v6 " CTCs may allow for the non-invasive monitoring
of disease progression and patients’ survival. Our results confirmed the
crucial implication of CD44v6"/CD31" CTCs as a promising biomarker
for predicting therapeutic resistance and clinical outcome in SCLC pa-
tients and may facilitate patient stratification in future clinical trials.

In clinical practice, LD-SCLC is a potentially curable disease with
long-term survival of 15-20% [77,78], whereas for ED-SCLC patients,
combination chemotherapy may prolong survival and improve quality
of life; however, long-term survival is rare [79,80]. Since treatment
goals differ for LD- and ED-SCLC patients, i.e., cure versus palliation,
ideal biomarkers are necessary for more appropriate risk stratification of
SCLC, particularly for LD subjects who are likely to achieve a favorable
long-term outcome. The present study demonstrated that
post-therapeutic CTC variation trends, CD44v6™ CTCs (to, t;.3), and
CTEC/CTC ratio (tp) are either uniquely or collectively correlated with
treatment response, distant metastasis, and survival in LD-SCLC pa-
tients, suggesting that comprehensive analysis of CTC and
CTEC-relevant variables may assist identification of specified LD-SCLC
patients who would benefit most from aggressive concurrent chemo-
radiation with curative intent. Moreover, co-detection and molecular
characterization of diverse subtypes of aneuploid CTCs and CTECs may
help in more appropriate personalized treatment decision making, se-
lection of patients who are likely to benefit from curative surgery, and
drug development for the potentially curable LD-SCLC.

In summary, our study for the first time demonstrates that longitu-
dinally detected CD44v6"/CD31" CTCs, an independent prognosticator
for inferior PFS and OS, correlate with SCLC treatment resistance and
distant metastases, particularly brain metastasis. Comprehensive ana-
lyses of subcategorized CTCs and CTECs as well as their CD44v6™" sub-
types in conjunction with the current image-based staging system enable
novel clinical stratification and improve prognostic prediction of SCLC
patients, particularly for LD-SCLC.
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