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A B S T R A C T   

An optimum safety excision margin (EM) delineated by precise demarcation of field cancerization along with 
reliable biomarkers that enable predicting and timely evaluating patients’ response to immunotherapy signifi-
cantly impact effective management of melanoma. In this study, optimized biphasic “immunofluorescence 
staining integrated with fluorescence in situ hybridization” (iFISH) was conducted along the diagnosis-metastasis- 
treatment-cellular MRD axis to longitudinally co-detect a full spectrum of intact CD31− aneuploid tumor cells 
(TCs), CD31+ aneuploid tumor endothelial cells (TECs), viable and necrotic circulating TCs (CTCs) and circu-
lating TECs (CTECs) expressing PD-L1, Ki67, p16 and Vimentin in unsliced specimens of the resected primary 
tumor, EM, dissected sentinel lymph nodes (SLNs) and peripheral blood in an early-stage melanoma patient. 
Numerous PD-L1+ aneuploid TCs and TECs were detected at the conventional safety EM (2 cm), quantitatively 
indicating the existence of a field cancerized EM for the first time. Contrary to highly heterogeneous PD-L1 
expression and degrees of Chr8 aneuploidy in TCs and TECs in the primary lesions as well as CTCs and CTECs 
in peripheral blood, almost all TCs and TECs in SLNs and EM were homogeneously PD-L1+ haploid cells. Dy-
namic monitoring and cellular MRD assessment revealed that, in contrast to PD-L1+ CTCs being responsive to the 
immune checkpoint inhibitor (ICI-anti-PD-1), multiploid (≥pentasomy 8) PD-L1+ and Ki67+ CTECs were 
respectively resistant to ICI-sensitized T cells. In therapeutically stressed lymphatic and hematogenous metastatic 
cascades, stratified phenotypic and karyotypic profiling of iFISH tissue and liquid biopsied TCs, TECs, CTCs and 
CTECs in future large-cohort studies will enable appropriate re-specification of the optimal safety EM and dis-
tribution mapping of in-depth characterized, subcategorized target cells to help illustrate their metastatic rele-
vance, ultimately improving risk stratification and clinical intervention of tumor progression, metastases, 
therapy resistance and cancer relapse.   
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1. Introduction 

Melanoma, derived from epithelial cell adhesion molecule (EpCAM)- 
negative melanocytes, is a rare but the most invasive cutaneous cancer 
with the highest risk of mortality. With steadily increasing incidents, 
melanoma accounts for 75 % of skin cancer mortality although ac-
counting for only 4 % of skin cancer morbidity (American Cancer So-
ciety). A great endeavor of treatment efforts, including mono- or 
combined regimens of surgical resection, adjuvant or neoadjuvant 
immunotherapy, targeted therapy, photodynamic therapy, chemo- or 
biochemotherapy and nano-drug delivery targeting the melanoma 
tumor microenvironment have significantly improved clinical manage-
ment of melanoma [1–6]. 

Complete lymph node dissection (CLND) to remove sentinel lymph 
node biopsy (SLNB)-positive lymph nodes (LNs) demonstrates time- 
dependent benefits to melanoma patients [7,8], but all rely on a 
timely and correct pathological biopsy. Surgical resection is the primary 
choice of management for melanoma patients staging I-IIIB [2]. Histo-
pathology biopsy defined excision margin of up to 2 cm from the tumor 
edge is currently recognized as the standard safety excision margin for 
melanoma resection [2,9]. Following recognition of the concept “field 
cancerization” (FC) [10–12], its outstretched region beyond the primary 
foci, which consist of histopathologically unrecognizable field canc-
erized cells exhibiting normal cell morphology [11,12], challenges the 
conventional safety excision margin with respect to postoperative 
cellular minimal residual disease (MRD)-derived recurrence. 

Aside from eligible excision, immune checkpoint inhibition (ICI) 
administered as the primary immunotherapy has revolutionized sys-
temic treatment paradigm for malignant melanoma and shown sus-
tained remission [2,13–15]. Post-surgical adjuvant ICI immunotherapy 
has demonstrated both recurrence-free survival and overall survival 
benefit [16]. The immunotherapeutic efficacy is, however, affected by 
the immunogenic tumor microenvironment (TME). TME, fostered for 
cancer development and metastasis, is mainly constituted of tumor 
blood vessels, infiltrating inflammatory cells, stroma cells and prolifer-
ating neoplastic cells with cytogenetic abnormalities of aneuploidy. 
Melanoma cells in the TME are highly regulated by several signaling 
pathways including the MGRN1-dependent pathway [17]. Aneuploidy, 
the hallmark of carcinoma cells [18,19], dynamically potentiates chro-
mosomal instability that leads to further karyotype diversity in aberrant 
host cells [20,21]. The degree of diverse karyotypic aneuploidy is pro-
portional to the grade of malignancy [22]. Chromosomal aneuploidy 
affects multiple genes’ transcription in cancer cells, resulting in a pro-
found variety of phenotypes that contribute toward tumor heterogeneity 
and therapeutic drug resistance in either patients with different types of 
cancers including melanoma [23–25] or metastatic patient-derived 
xenograft (mPDX) tumor animal models [26]. In the TME, the tumor 
suppressor gene CDKN2A encoded p16INK4a (p16), one of the major 
cell cycle checkpoints that inhibits CDK 4/6 complex binding to cyclin 
D1, functions as a robust cell cycle regulator and tumor suppressor 
protein. Attenuated expression or loss of p16 correlates with highly 
increased cell proliferation indexed by Ki67, resulting in enhanced 
metastasis and poorer clinical outcomes in patients with the most 
aggressive melanoma [27]. Moreover, positive expression of mesen-
chymal marker protein in melanoma cells, such as intracellular 
Vimentin, was reported to associate with patients’ inferior prognosis 
[28]. 

Unlike conventional endothelial cells (ECs) in normal blood vessels, 
ECs in tumor vasculature in the TME are termed as tumor endothelial 
cells (TECs), exhibiting aneuploid chromosomes and positive expression 
of CD31 [29]. Aneuploid CD31+ TECs are predominately derived from 
endothelialization of tumor cells (TCs) and cancerization of endothelial 
cells through processes of TCs-ECs fusion and/or transdifferentiation of 
TCs to TECs in the hypoxic TME [30], thus bearing dual properties of 
both ECs and malignant tumor cells. Contributions of TECs to tumor 
angiogenesis and progression as well as inhibition of immune functions 

have been recently highlighted [31]. Similar to circulating tumor cells 
(CTCs), aneuploid TECs turn into CD31+ aneuploid circulating TECs 
(CTECs) following their shedding from the lining of the neoplastic 
vasculature wall into peripheral blood [30,32]. Of particular interest are 
CTECs that substantially express a variety of tumor and cancer 
immunotherapy-related stemness markers [33–35]. Clinical utilities of 
CTECs [36,37] and its clusters [38] in multiple types of cancer patients 
have been investigated. CTECs were found to correlate with neoadjuvant 
chemotherapeutic efficacy in breast cancer patients [39]. In addition, 
PD-L1+ CTECs were resistant to the ICI agent nivolumab-based immu-
notherapy and correlated with poor outcomes in non-small cell lung 
cancer (NSCLC) patients [36]. 

Apart from ICI’s benefits to patients, a substantial subset of mela-
noma, however, possesses inherent or develops de novo or acquired 
resistance to immunotherapy, which significantly undermines its clin-
ical implementation [40,41]. Thus, there is an imperative yet unmet 
need for a comprehensive strategy integrating tumor tissue biopsy and 
tumor liquid biopsy capable of co-detection and in-depth characteriza-
tion of TCs, TECs, CTCs and CTECs in primary tumor lesions and pe-
ripheral circulation. This will improve risk assessment and stratification, 
identification of subjects eligible for treatment, effective evaluation of 
treatment efficacy in real time and timely monitoring of emerging 
resistance during therapy. Several intriguing questions, including 
whether and how the existing safety excision margin which is closely 
tied with histopathologically unrecognizable field cancerization has an 
impact on patients’ post-surgical relapse and how quantitative in situ 
phenotypic and karyotypic molecular biopsy assists conventional his-
topathology biopsy to provide more precise molecular diagnosis of 
metastasis in LNs and distant organs, are yet to be investigated. 

In the present study, optimized iFISH tumor tissue biopsy and 
EpCAM-independent SE-iFISH tumor liquid biopsy (subtraction enrich-
ment integrated with immunofluorescence staining-fluorescence in situ 
hybridization) [32,37,42] were utilized to longitudinally co-detect and 
comprehensively characterize a full spectrum of melanoma aneuploid 
TCs and TECs at multiple locations including primary tumor, excision 
margin, sentinel lymph nodes (SLNs) and peripheral blood throughout 
therapy. Cellular tri-element (aneuploidy, tumor marker expression and 
cell morphology)-based iFISH [32,43] detected and characterized 
several subcategories of melanoma aneuploid TCs, TECs, viable and 
necrotic CTCs and CTECs [44] expressing programmed death-ligand 1 
(PD-L1 or CD274, the ligand for the immune checkpoint programmed 
cell-death 1 protein known as PD-1), Ki67, p16 and/or Vimentin. Ob-
tained results were consistent with previous studies showing that 
comprehensive characterization of co-detected CTC and CTEC sub-
populations rather than enumeration of cell number alone could 
significantly expand clinical utilities of CTC [45]. Moreover, the rele-
vance of those cells located at different sites in lymphatic and hema-
togenous metastatic cascades was further examined. Beyond detecting 
PD-L1+ melanoma TCs and TECs to assist administration of post-surgical 
adjuvant ICI immunotherapy, additional achievements of combined 
tumor tissue and liquid molecular biopsies, including probing the field 
cancerized excision margin, comprehensively diagnosing metastatic 
SLNs, longitudinally evaluating therapeutic efficacy in real time and 
timely detecting cellular MRD of CTCs and CTECs, help pave the way for 
future large-cohort comprehensive clinical studies, ultimately facili-
tating more effective intervention of cancer metastases and improve-
ment in clinical management of patients with melanoma and other types 
of cancers. 

2. Materials and methods 

2.1. Description of the patient 

A 57-year-old healthy female Hong Kong resident, who had no family 
history of genetic disease or cancer, worked in a manufacturing factory 
with no exposure to toxic or radioactive materials. The subject presented 
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with a non-diabrosin dark patch on her right pelma skin for five years. 
The skin patch became darker in color, accompanied by exudate, hem-
orrhage per diabrosin, obscure boundary and inhomogeneous pigments 
in the past four months. The subject was admitted to the Southern 
Medical University Affiliated Dermatology Hospital and diagnosed with 
a non-invasion primary cutaneous malignant melanoma in a size of 2.5 
× 1.5 cm (T3aN0M0, stage IIA, AJCC 8th edition) on June 30, 2023. The 
patient had several enlarged lymph nodes (LNs) with hypermetabolic 
activities located at bilateral groins and bilateral iliac blood vessels 
revealed by PET/CT scan. Those enlarged LNs were diagnosed with 
benign inflammatory hyperplasia. Aneuploid CTECs and CTCs including 
Vimentin (Vim)+ CTCs in patient’s blood were concurrently identified 
by SE-iFISH when the subject was diagnosed with melanoma. 

The patient was subjected to surgical resection on July 11, 2023, 
with a conventional safety excision margin of 2 cm from the tumor edge 
[2,9]. iFISH tumor tissue biopsy performed on both resected primary 
tumor and excision margin site detected the presence of aneuploid TCs 
and TECs with a high expression of PD-L1 and additional tumor markers. 
In conjunction, SE-iFISH liquid biopsy was carried out and detected 
PD-L1+ aneuploid CTCs and CTECs in patient’s peripheral blood a week 
post-surgery. Accordingly, the subject received adjuvant ICI mono-
therapy. Anti-PD-1 Toripalimab (Junshi Biosciences, Shanghai, China) 
was intravenously administered at 186 mg/cycle for total of 12 cycles. 
Longitudinal SE-iFISH liquid biopsy was applied to timely monitor 
therapeutic efficacy. Because viable aneuploid CTCs and CTECs were 
consistently detected following two cycles of immunotherapy, nodal 
clearance by CLND, as a preventative procedure, was carried out to 
dissect entire enlarged sentinel LNs (SLNs). Subsequent iFISH tissue 
biopsy confirmed a positive result to SLNB, showing the existence of 
PD-L1+ TCs and TECs in two of three biopsied SLNs. The patient received 
the last cycle of ICI treatment on December 29, 2023, followed by 
SE-iFISH detection of MRD CTCs and CTECs on January 15, 2024. 
Dramatically increased ICI-resistant MRD CTCs and CTECs were detec-
ted. The patient is currently receiving traditional Chinese herb medicine 
treatment according to her willingness. 

The informed consent form, approved by the Ethics Review Com-
mittees (ERC) of the Dermatology Hospital, Southern Medical Univer-
sity, was signed and obtained from the patient prior to sample collection. 
The clinical study was performed according to the Declaration of Hel-
sinki Principles. 

2.2. Biphasic iFISH tumor tissue and liquid biopsies 

2.2.1. iFISH tumor tissue biopsy 
Excised melanoma and excision margin specimens, as well as 

dissected lymph nodes were respectively stored in the Tissue Preserva-
tion Solution (Cytelligen, San Diego, CA, USA) and subsequently sub-
jected to homogenization to prepare intact individual cells in 
suspension, followed by iFISH processing described below. 

2.2.2. SE-iFISH tumor liquid biopsy 
Subtraction Enrichment (SE)-iFISH (Cytelligen) was performed as 

previously published with minor modifications [32,37,46]. CTCs and 
CTECs in blood were enriched by subtraction enrichment (SE), followed 
by iFISH analysis. Briefly, 3 ml of blood containing ACD anti-coagulant 
were spun down at 200×g for 15 min at room temperature to deplete 
supernatant plasma. Sedimented blood cells resuspended with 3 ml 
hCTC buffer were loaded on the non-hematologic cell separation matrix. 
Samples were centrifuged at 450×g for 5 min, followed by collecting the 
WBC-containing solution above RBC layer. Solution was incubated with 
magnetic beads conjugated to a cocktail of anti-WBC mAbs. 
WBCs-bound immuno-beads were subsequently depleted using a mag-
netic grate. The remaining non-hematologic cells were mixed with the 
cell fixative, then smeared on the formatted CTC slides and dried for 
subsequent iFISH processing. 

Six-color iFISH was performed according to the manufacturer’s 

protocol (Cytelligen). Briefly, dried monolayer cells on coated slides 
were dehydrated and subjected to FISH hybridization with the chro-
mosome 8 centromere probe (CEP8 Spectrum Orange, Vysis, Abbott 
Laboratories, Chicago, IL, USA, approved by USFDA for identification of 
solid tumor cells) for 3 h utilizing a ThermoBrite FISH Slides Processing 
System (Leica Biosystems, Buffalo Grove, IL, USA). Samples were sub-
sequently incubated with indicated fluorescent monoclonal antibodies, 
respectively including Alexa Fluor (AF488) or Cyanine 5 (Cy5) conju-
gated anti-PD-L1 (Clone 29E.2A3, Dana-Farber Cancer Institute, Har-
vard Medical School, Boston, MA, USA), Cy5 or Cy7-anti-CD31 (Clone 
WM59), AF594 or Cy5-anti-CD45 (Clone 9.4), AF488-anti-Ki67 (Clone 
19), AF594-anti-p16 (C-terminal), Cy7-anti-Vimentin (Clone 1D3) and 
the necrotic cell staining (NCS) reagent [44]. Following washing, the 
iFISH Full Spectrum Anti-Fade Mounting Medium with DAPI (Cytelli-
gen) was added to specimens, then slides were subjected to automated 
image scanning and analysis described below. All antibody conjugation 
was performed in house at Cytelligen. 

2.2.3. Automated CTC 3D scanning and image analysis 
The formatted CTC slides were automatically scanned and analyzed 

utilizing the Metafer-i•FISH imaging system co-developed by Carl Zeiss 
(Oberkochen, Germany), MetaSystems (Altlussheim, Germany) and 
Cytelligen. Cells on the slide were subjected to 3D scanning with cross Z- 
sectioning at 1 μm-steps of depth in each fluorescence channel, 
including AF488 (green), AF594 (red), Cy5 (yellow), Cy7 (pink), CEP8 
(orange) and DAPI (blue). Identification criteria for aneuploid CD31−

TCs and CTCs included: DAPI+/CD45-/CD31-/tumor marker + or− / 
CEP8∕=2 (except tumor marker+ near-diploid)/cells; criteria for aneu-
ploid CD31+ TECs and CTECs included: DAPI+/CD45-/CD31+/tumor 
markers + or− /CEP8∕=2 (except tumor marker+ near-diploid)/cells. 
Small cell: ≤5 μm; large cell: >5 μm. Comprehensive characterization 
and subcategorization of aneuploid CTCs and CTECs were performed 
upon cell size, cell cluster, tumor marker expression and the degree of 
aneuploidy. 

3. Results 

3.1. Pathological diagnosis of melanoma and enlarged sentinel lymph 
nodes 

Representative images of cutaneous melanoma, which was patho-
logically biopsied by routine H&E and immunohistochemistry (IHC) 
staining (Dept. of Pathology, Dermatology Hospital of Southern Medical 
University), are demonstrated in Fig. 1A and B. No lymphatic or blood 
vessel invasion and no tumor infiltrating lymphocytes were observed in 
the biopsied melanoma specimen. 

Pathological diagnosis of melanoma at patient’s right planta was 
further confirmed by whole-body PET/CT scan, showing irregular focal 
hypermetabolic activities at the same lesion area (Fig. 1C). Several 
enlarged SLNs located at bilateral groins and bilateral iliac blood vessels 
were revealed by PET/CT scan (Fig. 1C), with some displaying hyper-
metabolic activities as indicated by red arrows. Enlarged SLNs were 
diagnosed with benign inflammatory hyperplasia by medical imaging 
modalities of subcutaneous color Doppler ultrasonography and PET/CT. 
The primary melanoma foci was surgically excised. In view of consistent 
positive detection of CTCs and CTECs following initiation of post-
operative adjuvant immunotherapy, preventative nodal clearance of 
enlarged SLNs was performed 72 days post-surgery or 55 days since 
therapy initiation. Histopathology biopsy of dissected SLNs suggested 
that possible melanoma metastasis could not be ruled out (Fig. 1C). 
Concurrent iFISH tissue biopsy showed positive SLNB, confirming the 
existence of TCs and TECs in two of three biopsied SLNs. 

Melanoma-related 13-gene mutation analysis indicated the existence 
of an activating mutation in the NRAS oncogene, designated as 
NM_002524:c.181C > A (p. Q61K), with a mutation frequency of 44.1 % 
(Fig. 1D) (KingMed Diagnostics, Guangzhou, China). NRasQ61K 
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Fig. 1. Pathological and medical imaging diagnosis of melanoma. (A) A cutaneous malignant melanoma in a size of 2.5 × 1.5 cm at patient’s right planta and 
histopathological H&E staining of the needle biopsied melanoma specimen. (B) Representative images of positive IHC staining. Three positive signals of PHH3 are 
indicated by arrows. Results of IHC examination are summarized in the table. Bars, 250 μm. (C) Whole-body PET/CT scan illustrates irregular focal hypermetabolic 
activities at the melanoma lesions site (red arrows). Enlarged sentinel lymph nodes (SLNs) with hypermetabolic activities are located at bilateral groins and bilateral 
iliac blood vessels. 
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promotes aberrant melanocyte proliferation and initiates tumorigenesis 
of melanoma [47]. 

3.2. Combined iFISH tumor tissue and liquid biopsies to longitudinally 
monitor immunotherapeutic efficacy and timely detect cellular MRD 

Biphasic iFISH tissue and liquid biopsies were performed throughout 
full therapy courses. Quantitative iFISH tumor tissue biopsy targeting a 
variety of tumor markers was respectively carried out on the resected 
primary tumor, excision margin (Exc Mgn) and dissected SLNs. Reca-
pitulated iFISH biopsies along with diagnosis and treatment are depicted 
in Fig. 2A. Because the total cell number in different tissue samples 
varied greatly, the cell density (CD), defined as normalized numbers of 
detected TCs or TECs per 10,000 cells (1 × 104, e− 4), was utilized to 
appropriately compare target cell quantities among different iFISH 
biopsied tissue specimens. As demonstrated in Fig. 2B, (PD-L1, p16)- 
iFISH tissue biopsy (for Tumor1 and Exc Mgn1) detected 38 TCs (CD, 
69.0e-4) and 3 TECs (5.5e-4) among 5510 cells in the resected primary 
melanoma specimen. Examination of the excision margin sample by the 
same iFISH analysis showed 30 TCs (38.2e-4) and 1 TEC (1.3e-4) 
detected among 7850 cells. All TCs and the TEC were PD-L1+. (Ki67, 
Vim)-iFISH biopsy (for Tumor2 and Exc Mgn2) revealed 35 TCs (58.4e-4) 
and 5 TECs (8.3e-4) in 5994 cells of the melanoma specimen. Only one 
Ki67-/Vim− null TC was detected in 8915 excision margin cells. (PD-L1, 
Ki67)-iFISH (for LN1-33) was conducted to examine three dissected 
SLNs. One PD-L1+ TEC (6.4e-4) out of 1557 cells was detected in SLN-1. 
Three PD-L1+ TCs (8.4e-4) and 11 PD-L1+ TECs (31.0e-4) were detected 
in 3553 cells in SLN-3. Zero Ki67+ TC or TEC was identified in SLN-1 and 
3. Neither TC nor TEC was detected in SLN-2. 

SE-iFISH liquid biopsy was performed seven times (t1-t7) to longi-
tudinally co-detect CTCs and CTECs expressing diverse tumor markers 
throughout therapy. Shown in Fig. 2B, when the patient was diagnosed 
with early-stage melanoma, t1 test showed four non-hematologic 
circulating aneuploid cells (CACs) including three CD31− CTCs and 
one CD31+ CTEC in 3 ml of blood. At t2 detection, a pair of SE-iFISH 
analyses was respectively carried out at t2A and t2B, a week after sur-
gery but before ICI immunotherapy initiation. t2A: (Ki67, Vim)-SE-iFISH 
liquid biopsy, matching the (Ki67, Vim)-iFISH tissue biopsy2 on resected 
melanoma and excision margin specimen, led to comparable investiga-
tion of the mutual relevance of traceable subcategorized CTCs vs TCs and 
CTECs vs TECs. t2B: (PD-L1, NC)-SE-iFISH detected baseline viable and 
necrotic CTCs and CTECs with their PD-L1 expression status for subse-
quent monitoring of ICI treatment efficacy. As indicated at t2A, (Ki67, 
Vim)-SE-iFISH detected seven CACs, including three CTCs and four 
CTECs. (PD-L1, NC)-SE-iFISH at t2B illustrated the presence of four 
viable CTCs and two viable CTECs. From t3 (post-cycle-1 of immuno-
therapy) to t5 (post-cycle-6 treatment), quantities of aneuploid CACs 
(CTCs + CTECs) steadily persisted during therapy, showing four CTCs at 
t3 including two necrotic PD-L1+ and two viable PD-L1- cells immedi-
ately after one cycle of ICI therapy, three CACs at t4 (2 CTCs and 1 CTEC) 
and four CACs at t5 (2 CTCs and 2 CTECs). CTC number reduced to one 
with no detectable CTECs at t6, which was post-cycle-8 or 14 weeks 
since immunotherapy initiation. Two weeks following entire 12 cycles of 
ICI treatment, the same pair of SE-iFISH for t2A and t2B tests were 
conducted to detect cellular MRD at t7. Results exhibited a dramatic 
increase to 21 CACs (18 CTCs, 3 Ki67+ CTECs) in the Ki67/Vim category 
(t7A) and 24 CACs (20 CTCs, 4 CTECs including 1 PD-L1+ and 3 PD-L1- 

cells) in the PD-L1 category (t7B), suggesting that besides inherent 
resistance, these specific subtypes of CTCs and CTECs also developed 
early de novo resistance to the ICI agent following full courses of 
treatment. 

3.3. In situ phenotypic and karyotypic characterization of iFISH biopsied 
TCs and TECs in resected melanoma and excision margin tissue 

As revealed in Fig. 3A, representative images of iFISH tissue biopsied 

non-hematologic (CD45− ) TCs and TECs in the resected melanoma, 
excision margin (Aa-d) and dissected metastatic SLNs (Ae) are respec-
tively demonstrated, including a PD-L1+/p16+/CD31- triploid TC 
(TCtri), a PD-L1-/p16-/CD31- multiploid TC null cell (TCmulti), a PD-L1+/ 
p16+/CD31+ haploid TEC (TECmono), a Ki67+/Vim+/CD31+ triploid 
TEC showing unique cell morphology of Vimentin distribution (TECtri) 
and a PD-L1+ haploid TC (TCmono). Dramatic difference of the nucleus- 
to-cytoplasm ratio (N/C ratio) among various TCs and TECs was 
observed, varying from 0.1 to 0.8. 

Distinct Chr8 copy numbers in intact CTCs and CTECs were previ-
ously reported to correlate with either intrinsic or de novo resistance to 
chemo- or immunotherapy [36,46]. Accordingly, intact aneuploid 
CD31− TCs and CD31+ TECs in the current study were prepared from 
unsliced specimens of melanoma mass, excision margin and metastatic 
SLNs, followed by systematic analyses of the degree of aneuploidy and 
diverse tumor marker expression. Two sets of iFISH tumor tissue bi-
opsies respectively targeting PD-L1/p16 and Ki67/Vim were conducted 
in this study. As illustrated in Fig. 3B, (PD-L1, p16)-iFISH detected a 
total of 38 TCs and 3 TECs in the resected melanoma tissue sample. 
Regarding CD31− aneuploid TCs, the majority (23 out of 38, 60.5 %) 
were PD-L1+, including 17 PD-L1+/p16- haploid (17 out of 38, 44.7 %), 
1 PD-L1+/p16- triploid (1 out of 38, 2.6 %), 4 PD-L1+/p16+ double 
positive haploid (DP, 4 out of 38, 10.5 %) and 1 PD-L1+/p16+ triploid 
TCs (1 out of 38, 2.6 %). Two TCs were PD-L1-/p16+ triploid cells (2 out 
of 38, 5.3 %). The remaining 13 TCs were PD-L1-/p16- double negative 
null cells (13 out of 38, 34.2 %), including 6 triploid, 4 tetraploid and 3 
multiploid null TCs. Among three CD31+ aneuploid TECs, one was 
triploid null cell, one was PD-L1-/p16+ haploid and the last was 
PD-L1+/p16+ haploid cell. In the excision margin sample examined by 
the same iFISH technique, there were 30 TCs detected with all being 
PD-L1+, including 20 PD-L1+/p16- haploid (20 out of 30, 66.7 %), 1 
PD-L1+/p16- triploid (1 out of 30, 3.3 %) and 9 PD-L1+/p16+ haploid 
cells (9 out of 30, 30 %). Only one PD-L1+/p16- haploid TEC was 
detected in the excision margin specimen. (Ki67, Vim)-iFISH detected 
35 TCs and 5 TECs in the primary tumor mass. Among those TCs, 22 
Ki67-/Vim+ haploid (22 out of 35, 62.9 %), 3 Ki67-/Vim+ triploid (3 out 
of 35, 8.6 %), 1 Ki67-/Vim+ tetraploid (1 out of 35, 2.9 %), 6 Ki67-/Vim−

triploid null (6 out of 35, 17.1 %) and 3 tetraploid null TCs (3 out of 35, 
8.6 %) were detected. One Ki67-/Vim− triploid null TEC was detected in 
the excision margin specimen. 

Altogether, karyotypic analysis demonstrated that haploid cells 
constituted the major population of TCs in both primary tumor (21 out 
of 38, 55.3 % for PD-L1 category; 22 out of 35 62.9 % for Ki67 category) 
and excision margin (29 out of 30, 96.7 % for PD-L1 category), followed 
by trisomy 8 (10 out of 38, 26.3 % for PD-L1 category; 9 out of 35, 25.7 
% for Ki67 category), tetrasomy 8 (4 out of 38, 10.5 % for PD-L1 cate-
gory; 4 out of 35, 11.4 % for Ki67 category) and ≥pentasomy 8 (3 out of 
38, 7.9 % for PD-L1 category). Primary lesions and the excision margin 
site in this early-stage melanoma patient had very few TECs, resulting in 
a high cell density (CD) ratio of TC/TEC = 14 (69e-4/5e-4) in the pri-
mary tumor and TC/TEC = 38 (38e-4/1e-4) in the excision margin 
sample examined by (PD-L1, p16)-iFISH. Similar to TCs, haploid and 
triploid cells were the leading populations of TECs in the primary le-
sions. A significant amount of PD-L1+ aneuploid TCs and TECs were 
identified at the excision margin, indicating that the current safety 
excision margin of 2 cm is still within the area of field cancerization, 
namely the field cancerized excision margin. 

Regarding metastatic SLNs detected by (PD-L1, Ki67)-iFISH 
(Fig. 3B), LN-1 exhibited 1 TEC (6.4e-4) and LN-3 had 11 PD-L1+/ 
Ki67- haploid TECs (31.0e-4) and 3 PD-L1+/Ki67- haploid TCs (8.4e-4). 
All the TCs and TECs detected in metastatic SLNs were PD-L1+ haploid 
cells. Compared to primary tumor and excision margin samples showing 
a high CD ratio of TC/TEC, LN-3 exhibited a reverse high CD ratio of 
TEC/TC = 3.7 (31.0e-4/8.4e-4). No TCs or TECs were detected in LN-2. 
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Fig. 2. Quantitative recapitulation of combined iFISH tumor tissue and SE-iFISH liquid biopsies. (A) Designated time intervals including diagnosis, iFISH tumor 
tissue biopsy and SE-iFISH liquid biopsy throughout therapy are depicted in the timeline. (B) Numerical values of target cells detected by combined iFISH biopsies. 
iFISH tumor tissue biopsy on the primary tumor and the excision margin (Exc Mgn): (PD-L1, p16)-iFISH detects 38 TCs (69.0e-4, normalized target cell numbers per 1 ×
104 total examined cells) and 3 TECs (5.5e-4) in the resected primary melanoma lesions with a safety excision margin of 2 cm. In the excision margin sample, there 
are 30 TCs (38.2e-4) and 1 TEC (1.3e-4) detected. (Ki67, Vimentin)-iFISH reveals 35 TCs (58.4e-4) and 5 TECs (8.3e-4) in the primary tumor and only 1 null TC is 
detected. (PD-L1, Ki67)-iFISH on dissected sentinel lymph nodes shows 1 TEC (6.4e-4) in SLN-1, 3 TCs (8.4e-4) and 11 TECs (31.0e-4) in SLN-3. No TCs or TECs are 
detected in SLN-2. Time points of SE-iFISH liquid biopsy (3 ml blood): (t1) same time when melanoma is clinically diagnosed, (t2) prior to immunotherapy, (t3-t6) at 
different time points during therapy and (t7) post-therapy. Numbers of circulating aneuploid cells (CACs) including CD31− CTCs and CD31+ CTECs are indicated in 
the table. Two necrotic PD-L1+ CTCs are detected at t3, immediately after one cycle of ICI treatment. Cellular MRD assessment at t7 shows a surge in both CTC and 
CTEC quantities. 
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3.4. Comprehensive analysis of SE-iFISH liquid biopsied CTCs and CTECs 
in blood 

Representative images of CTCs and CTECs are revealed in Fig. 4A, 
including a large Ki67+/CD31+ multiploid CTEC (LCTECmulti), a large 
viable PD-L1+/CD31+/necrotic cell staining (NCS)- multiploid CTEC 
(LCTECmulti), a small viable PD-L1+/CD31+ triploid CTEC (SCTECtri) and 
a small necrotic PD-L1+/CD31-/NCS+ triploid CTC (SCTCtri). Unlike TCs 
and TECs possessing a high variety of N/C ratio, almost all spherical 
CTCs and CTECs exhibited a similar N/C ratio of 0.9, a unified 
morphology adapted in stressed circulation. 

Longitudinal liquid biopsy of total CD31− CTCs and CD31+ CTECs to 
timely assess ICI efficacy throughout diagnosis and entire therapy 
courses (t1-t7, Fig. 2B) was graphically depicted in Fig. 4B. SE-iFISH 
detection at t1 showed three CTCs (one Vim+ near-diploid, one Vim−

triploid, one Vim− multiploid) and one Vim− multiploid CTEC in 3 ml of 
blood when the patient was diagnosed with early-stage melanoma. (PD- 
L1, NC)-SE-iFISH (t2B, Fig. 4B) revealed the existence of four viable 
CTCs (2 PD-L1+ near-diploid, 1 PD-L1- triploid, 1 PD-L1- tetraploid) and 
two viable CTECs (1 PD-L1+ triploid, 1 PD-L1+ tetraploid). Serial as-
sessments of ICI therapeutic efficacy by SE-iFISH analyses started from 
t3 (immediately after one cycle of ICI treatment, Fig. 4B). There were 
four CTCs detected at t3, consisting of two necrotic PD-L1+ near-diploid 
and two viable PD-L1- triploid CTCs. No CTECs were detected at t3. 
Detection at t4 showed two viable PD-L1- triploid CTCs and one viable 
PD-L1- multiploid CTEC. Testing at t5 detected one viable PD-L1- trip-
loid CTC, one viable PD-L1- tetraploid CTC, one viable PD-L1- multiploid 
CTEC and one viable PD-L1+ multiploid CTEC. A distinct decline to one 
viable PD-L1- multiploid CTC was observed at t6. (PD-L1, NC)-SE-iFISH 
at t7B detected a surge of MRD CACs containing 20 PD-L1- CTCs (6 
triploid, 5 tetraploid, 9 multiploid cells), 1 PD-L1+ multiploid CTEC and 
3 PD-L1- multiploid CTECs (Fig. 4B). The percentage of PD-L1+ CTECs 
among total MRD CTECs was 25 % (1 out of 4 cells). Revealed in Fig. 4B, 
the same (Ki67, Vim)-SE-iFISH utilized at pretreatment t2A detection 
was applied at t7A to assess cellular MRD. At t2A, three CTCs (1 Ki67-/ 
Vim+ near-diploid, 1 triploid null, 1 multiploid null) and four CTECs (2 
Ki67+/Vim− multiploid, 2 multiploid null cells) were detected while t7A 
displayed a surge to 18 Ki67-/Vim− null CTCs (6 triploid, 1 tetra, 11 
multiploid cells) and three Ki67+/Vim− multiploid CTECs at. As 
demonstrated in Fig. 4B, PD-L1+ CTCs had been eliminated from t4. 
However, MRD assessment at t7(A,B) detected one PD-L1+ and three 
Ki67+ CTECs as well as a large number of Ki67-/Vim− CTC null cells. In 
contrast to melanoma PD-L1+ CTCs being responsive to ICI, PD-L1+

CTECs exhibited resistance to ICI treatment. Similarly, multiploid 
(≥pentasomy 8) PD-L1+ CTECs in advanced NSCLC patients were also 
found to be inherently resistant to the ICI-nivolumab, whereas triploid 
PD-L1+ CTECs developed de novo resistance to the same agent [36]. 

It has been reported that small and large cell sized gastric CTCs 
respectively exhibited different mechanisms of therapeutic resistance 
[48], suggesting that cell morphology associates with distinct clinical 
utilities. In the current study, all CACs (t1-t7) including CTCs and CTECs 
were karyotypically and morphologically analyzed and summarized in 

Fig. 4C. Among a total of 74 detected melanoma CACs, 57 were CTCs (57 
out of 74, 77.0 %) and 17 were CTECs (17 out of 74, 23.0 %), contrasting 
to the high amount and ratio of CTECs to CTCs detected in NSCLC pa-
tients subjected to bevacizumab [37]. CTCs were highly heterogeneous 
in both Chr8 ploidy and cell morphology. Among the 57 detected CTCs, 
multiploid large cells (23 out of 57, 40.4 %) and triploid small cells (16 
out of 57, 28.1 %) were the main populations, with the remainder being 
small near-diploid cells (6 out of 57, 10.5 %), large tetraploid cells (4 out 
of 57, 7.0 %), small tetraploid cells (4 out of 57, 7.0 %) and large triploid 
cells (4 out of 57, 7.0 %). Regarding 17 CTECs, most were large multi-
ploid cells (15 out of 17, 88.2 %), with the exception of one small 
triploid and one tetraploid cell (1 out of 17, 5.9 %). 

3.5. Stratified molecular profiling of mutually relevant subcategorized 
TCs, TECs, CTCs and CTECs in the therapeutically stressed metastatic 
cascade 

As revealed in Fig. 5, stratified molecular profiling of diverse sub-
types of target cells expressing melanoma prognostic markers in both 
resected specimens and cellular components in blood, along the axis of 
ICI pretreatment-during treatment-posttreatment, was graphically 
mapped and analyzed to show how target cells distribute during tumor 
progression and metastatically relate to each other alongside therapy. As 
shown in Fig. 5A, (Ki67, Vimentin)-iFISH tumor tissue and liquid bi-
opsies were applied at t2A to respectively examine TCs/TECs in the 
resected tumor lesions and CTCs/CTECs in blood prior to ICI therapy. As 
depicted in Figs. 3 and 5A, among the 40 aneuploid cells detected in the 
melanoma tissue specimen, 35 were TCs (87.5 %) and 5 were TECs 
(12.5 %) in the Ki67-Vimentin category. Among the 35 TCs and 5 TECs, 
26 TCs were Ki67-/Vim+ (26 out of 35, 74.3 %), 1 TEC was Ki67+/Vim+

(1 out of 5, 20 %) and 2 TECs were Ki67-/Vim+. A total of three TECs 
were Ki67+/Vim+ double positive cells (3 out of 5, 60 %). Chr8 copy 
number analysis indicated that there were 22 TCs with monosomy 8 (22 
out of 35, 62.9 %), 9 with trisomy 8 (9 out of 35, 25.7 %) and 4 with 
tetrasomy 8 (4 out of 35, 11.4 %). As illustrated in Fig. 5A, (Ki67, 
Vimentin)-SE-iFISH liquid biopsy at t2A detected seven CACs containing 
three CD31− CTCs (3 out of 7, 42.9 %) and four CD31+ CTECs (4 out of 
7, 57.1 %). The three CTCs were respectively Ki67-/Vim+ near-diploid 
(1 out of 3, 33.3 %), triploid Ki67-/Vim− null (33.3 %) and multiploid 
null cell (33.3 %), whereas all four CTECs were multiploid with two 
being Ki67+/Vim− . Among detected CTCs, 33 % were large cells and 67 
% were small size (≤5 μm), whereas all CTECs were multiploid large 
cells. Co-existence of Ki67+ TECs and Vim+ TCs in the primary tumor 
with their counterpart Ki67+ CTECs and Vim+ CTCs in blood inferred 
metastatic interplay among those cells. 

In addition to single point (t2A) comparison with the Ki67-Vimentin 
category of cells, longitudinal multi-point detection of TCs, TECs, CTCs 
and CTECs in the PD-L1 category (t2B-t6) was performed and depicted in 
Fig. 5B. Several metastasis and immunotherapy-related indexes 
including the percentage of TCs vs TECs, PD-L1expression, degrees of 
aneuploidy and cell morphology were comprehensively analyzed to 
investigate distribution, relevance and subtype transition among those 

Fig. 3. Phenotypic and karyotypic profiling of aneuploid TCs and TECs in resected melanoma tissue specimens and dissected sentinel lymph nodes. (A) Repre-
sentative images of iFISH tissue biopsy on the resected primary tumor and excision margin specimens and the metastatic SLN: a PD-L1+/p16+/CD31- triploid TC (PD- 
L1+/p16+ TCtri) with a N/C ratio = 0.1; a PD-L1-/p16- multiploid TC null cell (null TCmulti); a PD-L1+/p16+/CD31+ haploid TEC (PD-L1+/p16+ TECmono) with a N/C 
ratio = 0.1; a Ki67+/Vim+/CD31+ triploid TEC (Ki67+/Vim + TECtri) with a unique morphology of Vimentin expression and a N/C ratio = 0.8 and a PD-L1+ haploid 
TC (PD-L1+ TCmono) with a N/C ratio = 0.5. Bars, 5 μm. (B) Quantitative iFISH tumor tissue biopsy to phenotypically and karyotypically profile aneuploid TCs and 
TECs in the primary tumor and at the excision margin (exc. mgn.) site. (PD-L1, p16)-iFISH: 38 CD31− aneuploid melanoma TCs detected in the resected primary 
tumor, with a majority (60.5 %) being PD-L1+ with highly heterogeneous aneuploidy. Two TCs were PD-L1-/p16+ triploid cells. The remaining 13 TCs are PD-L1-/ 
p16- multiploid null cells. Three CD31+ aneuploid TECs are PD-L1-/p16-, PD-L1-/p16+ and PD-L1+/p16+, respectively. In the excision margin specimen, all 30 
detected TCs are PD-L1+ with 29 out of 30 the haploid cells. (Ki67, Vim)-iFISH detected 35 TCs and 5 TECs in the primary tumor mass. Among those detected TCs 
with monosomy 8 as the leading ploidy, there are 22 Ki67-/Vim+, 3 Ki67-/Vim+, 1 Ki67-/Vim+, 9 Ki67-/Vim− null cells. Only one Ki67-/Vim− null TEC is detected in 
excision margin sample. Detected by (PD-L1, Ki67)-iFISH, SLN-1 has one TEC (6.4e-4) but no TCs detected; SLN-3 shows 11 TECs (31.0e-4) and 3 TCs (8.4e-4). All 
detected TCs and TEC in SLN-1 and 3 are PD-L1+ haploid cells. SLN-2 has no TCs or TECs detected. Compared to the high CD ratio of TC/TEC = 14 in the primary 
tumor and TC/TEC = 38 in the excision margin specimen, SLN-3 exhibits a reverse high CD ratio of TEC/TC = 3.7. 

Z. Fu et al.                                                                                                                                                                                                                                       



Cancer Letters 598 (2024) 217099

9

Fig. 4. Molecular quantification and profiling of SE-iFISH liquid biopsied aneuploid CTCs and CTECs. (A) Representative images of SE-iFISH liquid biopsied CTCs 
and CTECs. A large Ki67+/CD31+ multiploid CTEC (Ki67+

LCTECmulti); a large viable PD-L1+/CD31+/NCS− multiploid CTEC (PD-L1+
LCTECmulti); a small viable PD- 

L1+/CD31+ triploid CTEC (PD-L1+
SCTECtri); a small necrotic PD-L1+/CD31-/necrotic cell staining (NCS)+ triploid CTC (PD-L1+

SCTCtri). Almost all spherical CTCs 
and CTECs exhibit a unified N/C ratio of 0.9. Bars, 5 μm. (B) Longitudinal detection of CTCs and CTECs (3 ml blood/specimen) throughout therapy is graphically 
depicted in Ba. Following ICI administered, PD-L1+ CTCs are eradicated from t4. PD-L1+ CTECs are constantly detected at t5 and t7. Large quantity of CTCs in 
conjunction with one PD-L1+ CTEC at t7B and three Ki67+ CTECs at t7A are revealed by cellular MRD assessment (t7). (C) Karyotypic and morphological analyses of 
overall detected CTCs and CTECs (t1-t7). A total of 74 CACs are detected (t1-t7) containing 57 CTCs (57 out of 74, 77.0 %) and 17 CTECs (17 out of 74, 23 %). Large 
(L) multiploid (23 out of 57, 40 %) and small (S) triploid (16 out of 57, 28 %) cells are the main populations of CTCs. Most CTECs are large multiploid cells (15 out of 
17, 88 %). 
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diverse subtypes of cells during the therapeutically stressed dynamic 
metastasizing process and therapy-resistant cellular MRD development. 
Compared to the high proportion of CD31− TCs in the primary tumor (38 
out of 41, 93 %, Fig. 5B) and field cancerized excision margin (FCEM, 30 

out of 31, 97 %, Fig, 5B) specimens, the proportion of TCs in metastatic 
SLN-1 and 3 was only 20 % (3 out of 15, 20 %, Figs. 1 and 5B), with 
remaining aneuploid cells in dissected SLNs being CD31+ aneuploid 
TECs (12 out of 15, 80 %, Fig. 5B). The opposite TC/TEC ratio between 

Fig. 5. Stratified molecular profiling and mapping of mutually relevant subcategorized TCs-TECs and CTCs-CTECs in therapeutically stressed lymphatic and he-
matogenous metastatic cascades. Quantified indexes are expressed in percentage. (A) Pre-ICI treatment (quantification analysis of Ki67-Vimentin category of cells): 
(Ki67, Vimentin)-iFISH tissue biopsy on the resected primary tumor and (Ki67, Vimentin)-SE-iFISH liquid biopsy on blood specimens at t2A are illustrated. Ki67+

TECs and Vim+ TCs in the primary tumor are co-detected with their counterpart Ki67+ CTECs and Vim+ CTCs in blood, suggesting Ki67+ TECs and Vim+ TCs may 
possess high potential for hematogenous metastases. (B) Pre- and during ICI treatment (analysis of PD-L1 category of cells): (PD-L1, p16)-iFISH tissue biopsy shows a 
high TC/TEC ratio in the primary melanoma and at the field cancerized excision margin (FCEM) prior to ICI therapy. However, there is a reversed high ratio of TEC/ 
TC in metastatic sentinel lymph nodes (SLNs) following initiation of ICI treatment. TCs and TECs at the excision margin and in metastatic SLNs share a similar 
phenotypic PD-L1 expression and karyotypic monosomy 8. TCs-TECs in the primary lesions and CTCs-CTECs in blood (t2B-t6) display highly heterogeneous 
aneuploidy, indicating potential metastatic correlations between the primary tumor and CTCs-CTECs, as well as the interrelationship between the field cancerized 
excision margin and metastatic SLNs. (C) Post-therapeutic cellular MRD CTCs and CTECs analysis: comparing pre-treatment CTCs and CTECs at t2A with MRD cells at 
t7A, MRD cells displayed an increased proportion of CTCs (86 %) and large cell CTCs (61 %). Ki67+ multiploid CTECs are constantly detected from pre-treatment to 
MRD. Dynamic progression of CTCs and CTECs along the treatment-MRD axis are analyzed by comparing CTCs and CTECs (t2B-t6) with MRD cells (t7B), showing an 
increased proportion of large CTCs (70 %). All detected CTECs are multiploid large cells. No PD-L1+ CTCs, near-diploid CTCs, triploid or tetraploid CTECs are 
detected in MRD cells. 
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metastatic SLNs and tumor mass was consistent with CD ratio analysis. 
In peripheral blood, the CTC/CTEC ratio (77 %/23 % = 3.4, Fig. 5B) was 
similar to that observed in the primary tumor and excision margin. 
Concerning PD-L1 expression, 60.5 % TCs (23 out of 38 total TCs, 
Figs. 5B) and 33.3 % TECs (1 out of 3 total TECs, Fig. 5B) in melanoma 
lesions were PD-L1+ and all TCs and TECs in both field cancerized 
excision margin sample and metastatic SLNs were PD-L1+ (Fig. 5B). 
Regarding PD-L1 expression on CTCs and CTECs in the same category of 
cells including pre-ICI (t2B) and during ICI therapy (t3-t6, Figs. 2), 13 
CTCs and 5 CTECs were detected. Among those detected cells, four CTCs 
(4 out of 13, 30.8 %) and three CTECs (3 out of 5, 60.0 %) were PD-L1+

(Fig. 5B). 
Highly heterogeneous aneuploidies in TCs, ranging from haploid to 

multiploid (≥pentasomy 8), were detected in the resected melanoma 
specimen. As demonstrated in Fig. 5B, the majority of aneuploid cells’ 
population in primary lesions were haploid TCs (55 %) and TECs (67 %), 
followed by triploid TCs (26 %) and TECs (33 %). Almost all TCs and 
TECs in the field cancerized excision margin specimen and metastatic 
SLNs were haploid cells except for one TC in the FCEM being triploid 
(Fig. 5B). PD-L1+ haploid TCs were the most abundant subtype of cells in 
both primary melanoma and the excision margin, whereas PD-L1+

haploid TECs were the most representative subtype of cells in metastatic 
SLNs, suggesting that TECs in the primary tumor and excision margin 
area may possess a high lymphatic metastasis potential to SLNs. 

Resistance to ICI immunotherapy following cycle-12 treatment 
completion was observed in this study. Comparing pre-treatment CTCs 
and CTECs at t2A (Fig. 5A) with MRD cells at t7A (Fig. 5C), the latter 
displayed an increased proportion of CTCs from 43 % to 86 % and large 
cell CTCs from 33 % to 61 %. Moreover, large Ki67+ multiploid CTECs 
were persistently detected from pre-treatment to MRD (Figs. 4B and 5C). 
Dynamic variation and/or progression of CTCs and CTECs along the 
treatment-MRD axis were analyzed in Fig. 5B and C, showing that, in 
comparison with the PD-L1 category of CTCs and CTECs detected during 
therapy, post-therapeutic viable MRD cells (t7B) exhibited an increased 
proportion of large CTCs from 31 % to 70 % and large CTECs from 60 % 
to 100 % as well as an increased percentage of multiploidy in CTECs 
from 60 % to 100 %. 

4. Discussion 

Considerable efforts have been made in an attempt to effectively 
manage malignant melanoma cells with aberrant cytogenetic aneu-
ploidy more effectively. Since Li and colleagues’ initial discovery in 
2014 demonstrating that trisomy 8 or ≥ pentasomy 8 in SE-iFISH- 
identified CTCs was respectively correlated with either inherent or de 
novo resistance to the chemotherapeutic agent cisplatin in gastric cancer 
patients [46], several additional studies on diverse types of cancers 
further supported that CTCs and CTECs bearing different degrees of 
aneuploidy were correlated with distinct clinical utilities [23,36,37,42], 
indicating the necessity to precisely quantify entire aneuploid chromo-
somes in intact neoplastic cells in both peripheral blood and primary 
tumor tissue. However, traditional pathology biopsy performed on 
ultra-thin sliced, paraffin-embedded tumor tissues may lose intact cell 
nuclei and complete chromosomal contents, resulting in unreliable FISH 
detection of entire chromosomal aneuploidy in cells. In this study, un-
like conventional pathology biopsy, the optimized iFISH tumor tissue 
and liquid biopsies were applied to co-detect intact melanoma TCs and 
TECs containing entire chromosomes in unsliced tumor tissue and pe-
ripheral blood specimens, enabling in situ phenotypic and karyotypic 
profiling of subcategorized target cells, including TCs, TECs, CTCs and 
CTECs in the primary tumor, field cancerized excision margin region, 
SLNs and peripheral blood to effectively probe the optimal safety exci-
sion margin, explicitly diagnose metastatic SLNs and provide the 
rational for administering immunotherapy. Combined biphasic 
co-detection of these target cells located at different sites provides a 
novel full-scale landscape regarding how those target cells are 

metastatically related to each other during therapeutically stressed 
tumor progression and lymphatic/hematogenous metastases. 

Surgical resection is commonly the first choice for eligible subjects 
with stage I-IIIB melanoma [2]. Excision margin has profound impact on 
post-surgical MRD tumor cells and post-operative recurrence. Currently, 
the defined safety excision margin for melanoma resection is 2 cm [9]. In 
the present study, a significant amount of PD-L1+ aneuploid TCs with a 
tumor cell density (CD) of 38e-4 was detected at the conventional safety 
excision margin (Fig. 6B) compared to the primary melanoma with a CD 
value of 69e-4 (Fig. 3B). Our recent examination on patients with 
cutaneous squamous cell carcinoma, basel cell carcinoma and other 
types of cancers, such as glioma and heptocellular carcinoma (HCC), 
etc., showed that numerous aneuploid TCs and TECs could also be 
detected at the excision margin, or at an extented EM even at 4 cm in 
some skin cancer patients, indicating that outstetched field cancer-
ization, namely the distant FC [12], could reach an area as far as double 
the current safety excision margin (Fig. 6A). It has been reported that 
field cancerized cells share similar genomic contents with cancer cells at 
the primary site. However, these field cancerized cells exhibit nomal cell 
morphology that cannot be identified by conventional histopathology 
biopsy, thus making molecular characterization, such as aneuploidy 
examination, a more reliable approach for detecting field cancerized 
cells [12]. Integrated phenotypic and karyotypic biopsy performed by 
iFISH in this study was confirmed to be able to effectively detect 
aneuploid field cancerized cells, thus enabling precise definition of field 
cancerization region. 

The risk of field cancerization in postsurgical recurrence has been 
underestimated [11,12,49]. Given that increased postoperative 
relapse-relevant cellular MRD aneuploid CTCs and CTECs could also be 
detected in many patients with different types of cancers, such as glioma 
[50], lung [51], pancreatic [52] and HCC [53], several pivotal questions 
are worthy of further extnesive investigation: whether field cancerized 
cells beyond the conventional safety excision margin contribute to 
post-surgical MRD CTCs and CTECs, how to more objectively specify the 
optimal safety excision margin based on the precisely and quantitatively 
delineated field cancerization region, how to define the risk threshold 
according to either the CD cut-off values which varies from single to 
quadruple-digit numbers of TCs and/or TECs normalized to per 10,000 
(e− 4) total examined cells, or the ratio of either TCs or TECs expressing 
the cell proliferation marker Ki67 vs TCs or TECs expressing the tumor 
suppressor marker p16 and how the newly defined risk threshold-based 
safety excision margin correlates with post-surgical recurrence. 

An early and explicit diagnosis of metastatic SLNs followed by CLND 
has particular clinical values in terms of time-dependent benefits to 
melanoma patients’ survival [7,8]. Richtig and colleagues reported that 
positive SLNB was lower than 9.1 % when biopsy was performed within 
43 days following the primary melanoma diagnosis, yet all SLNB were 
positive when biopsied more than 80 days after the initial diagnosis [8]. 
The patient in this study had several enlarged SLNs with hypermetabolic 
activities, initially diagnosed with benign inflammatory hyperplasia. 
Considering the constant presence of CTCs and CTECs since ICI therapy 
started, enlarged SLNs were preventively dissected 85 days after mela-
noma was diagnosed. iFISH tissue biopsy detected PD-L1+ aneuploid 
TCs and TECs in two of three examined SLNs with TC density of 8.4e-4 
and TEC density of 31.0e-4, indicating SLNB positive with early me-
tastases in biopsied SLNs. Of particular interest is that, compared to a 
high ratio of TC/TEC = 14 and 38 respectively in the primary tumor and 
the excision margin specimens, LN-3 had a reverse ratio of TEC/TC = 3.7 
in this early-stage subject (Fig. 3B/5B). This contrasted to the late-stage 
melanoma patient recruited in a different study, showing a large amount 
of aneuploid TCs (162.0e-4, 250.9e-4) but no TECs detected in a total of 
two iFISH biopsied SLNs. A significantly high ratio of TECs over TCs in 
this patient’s SLNs suggests that TECs may play a critical role in early 
lymphatic metastasis. As depicted in Fig. 5B, it is important to note that 
although the inverse ratio of TC/TEC was observed between the excision 
margin and metastatic SLNs, almost all TCs and TECs detected at the 
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excision margin and in SLNs were homogeneously PD-L1+ haploid cells. 
Potential implications of those distinctions among different locations 
and stages warrant further investigation. Obtained results, being 
consistent with that previously reported by others [8], demonstrated 
that integrated phenotypic and karyotypic biopsy is able to quantita-
tively diagnose early metastasis in SLNs. 

ICI is regarded as one of the most effective regimens for metastatic 
melanoma and other different types of cancers [1,2,54]. Conventional 
histopathological tumor tissue biopsy snapshots PD-L1 status only once 
in the IFNγ− activated T cells infiltrated spot, rendering non-prognostic 
value and potential nonnegligible false negative detection [55]. 
Conversely, detection of PD-L1 on CTCs enables longitudinal assessment 
of dynamic PD-L1 expression in real-time. Phenotypic expression of 
PD-L1 and other tumor markers (such as HER2) on CTCs does not 
necessarily match that of TCs hosted in tumor lesions [23,36,56]. 
However, concordant positive detection of PD-L1 on both TCs and CTCs 
allows for predicting response to ICI with 100 % accuracy in advanced 
melanoma [57]. The melanoma patient in this study demonstrated that 
PD-L1 was profoundly expressed on the majority of pre-treatment TCs, 
TECs, CTCs and CTECs located at different examined sites, including 
primary tumor, excision margin, metastatic SLNs and peripheral blood, 
leading to the rationale of administering ICI immunotherapy. The 
quantity of CTCs declined to one cell with no detectable CTECs at t6, 
indicating an initial favorable response to ICI. However, this patient also 
exhibited a viable PD-L1+ CTEC during treatment at t5 (Fig. 2B). Asso-
ciation of detectable post-therapeutic PD-L1+ cells with poor outcomes 
in melanoma patients was reported by others [57,58]. Moreover, this 
subject also exhibited a Q61K activation mutation in the NRAS gene, 
conferring constitutive MAPK and PI3K signaling that facilitates cell 
proliferation and invasiveness in aberrant melanocytes [47]. Such mu-
tation, in combination with several unfavorable indexes including re-
sidual PD-L1+ TCs and TECs in the field cancerization area beyond 
excision margin, iFISH biopsied target cells possessing a high N/C ratio 
(Fig. 3A) [59] and high degrees of aneuploidy [22], positive detection of 
a series of inferior prognosis-relevant cells, including post-therapeutic 
PD-L1+ CTECs, aggressive melanoma-associated mesenchymal marker 
Vimentin+ TCs and CTCs [28], cell proliferation marker Ki67+ TECs and 
CTECs [27] and necrotic CTCs as few as only once following one cycle of 
ICI therapy at t3 (Fig. 2B), all suggested that the subject might exhibit 
poor outcomes. 

Comprehensive analyses of ICI-resistant cells showed that small 
quantity of PD-L1- null CTCs were constantly detected throughout 
immunotherapy (t3-t6, Fig. 2), indicating that those cells might be 
inherently resistant to ICI treatment. Cellular MRD assessment at t7 
revealed a dramatic surge of null CTCs and diverse subtypes of CTECs. 
Among those MRD CTCs and CTECs, an increased proportion of tetra-
ploid (from 15 % to 25 %) and multiploid (from 8 % to 45 %) large cell 
sized CTCs as well as large multiploid Ki67+ or PD-L1+ CTECs were 
observed (Fig. 5B), suggesting that newly arisen subtypes of CTCs and 
CTECs at t7 might develop early de novo resistance to ICI-sensitized 
immune T cells’ attack. This keeps in accordance with previously re-
ported existence of immunosuppressive TECs [31]. Regarding 
ICI-sensitive cells, vanishment of PD-L1+ near-diploid CTCs and trip-
loid/tetraploid CTECs following treatment (t2-t6) indicated that those 
specific subtypes of target cells were more sensitive to ICI therapy. 
Opposite ICI effectiveness between melanoma PD-L1+ CTECs and 
PD-L1+ CTCs in this study is consistent with previously reported NSCLC 
PD-L1+ CTECs being resistant to the ICI agent nivolumab but PD-L1+

CTCs being responsive to the same agent [36]. 
In addition to PD-L1, the cell proliferation marker Ki67 and the 

mesenchymal indicator Vimentin also function as effective prognosti-
cators for melanoma [27,28,57,60,61]. To outline detected melanoma 
cells expressing these prognostic markers at different stages and loca-
tions, summarized phenotypic comparison is illustrated in Fig. 7. 
Vimentin was profoundly expressed in TCs, TECs and CTCs whereas 
Ki67 was exclusively detected in TECs and their counterpart CTECs. This 
was disparate from expression of Ki67 being observed only in CTCs in 
the rare cutaneous Merkel cell carcinoma patient [62]. Moreover, all 
detected TCs and TECs at the excision margin and in metastatic SLNs 
were PD-L1+ (100 %) and about 60 % of TCs in the primary tumor or 
CTECs in blood were PD-L1+. When ICI-resistant MRD developed, 
PD-L1+ CTECs and Ki67+ CTECs (100 %) were detected. Taken together, 
TECs and CTECs respectively expressing PD-L1 and Ki67 were the only 
cell types observed in both primary tumor and peripheral blood as well 
as at MRD assessment. Critical roles of diverse subtypes of TECs and 
CTECs in tumor progression and ICI-resistance are particularly worthy of 
further in-depth investigation. 

Pinpointing what subtypes of TCs and TECs in the primary tumor 
possess high metastasizing potential and illustrating how diverse sub-
types of TCs, TECs, CTCs and CTECs are related to each other in 

Fig. 6. Field cancerized excision margin. (A) Schematic diagram of the field cancerized excision margin is depicted. Primary cutaneous tumor and the current safety 
excision margin for melanoma (2 cm, white dotted line) as well as the extended excision margin (4 cm, white dotted line) in the area of field cancerization (brown) 
are depicted. Locations of sample collection in the melanoma tumor mass and at the site of the excision margin (2 cm) for iFISH tissue biopsy in this study are 
indicated by white dot-1 and 2, respectively. Sampling location at the extended excision margin (4 cm) for iFISH biopsied cutaneous squamous cell carcinoma and 
basal cell carcinoma is marked by dot-3. (B) The conventional safety excision margin (2 cm) of the surgical resection performed on the patient in this study. 
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lymphatic and hematogenous metastatic cascades remain highly chal-
lenging. In this early-stage melanoma patient, PD-L1+ haploid TECs 
existed in the primary tumor foci, field cancerized excision margin re-
gion and metastatic SLNs (Fig. 5B), implying that this specific subtype of 
TECs may function as the primary contributor in lymphatic metastases. 
Involvement of TECs in early-stage melanoma metastasis is of particular 
concern. Regarding hematogenous metastases, provided that Ki67+

TECs and Vim+ TCs in the primary tumor were respectively co-detected 
with their counterparts Ki67+ CTECs and Vim+ CTCs in blood (t2A in 
Figs. 5A and 7), it is rational to reason that specific subtypes of Ki67+

TECs and Vim+ TCs in the primary tumor may possess a high potential 
for hematogenous metastases. Additional correlation analysis indicated 
that TCs possessing trisomy 8, tetrasomy 8 and ≥pentasomy 8 in the 
primary lesions may relate to CTCs bearing the same matched hetero-
ploidies of Chr8 (Fig. 5B). Conversely, triploid and tetraploid TECs in the 
primary tumor and multiploid TECs in the excision margin area may be 
respectively related to their counterpart CTECs carrying the same 
matched aneuploidy in peripheral blood (Fig. 5B). Further karyotypic 
analysis in Fig. 5B indicated that compared to TCs and TECs in the 
primary tumor, a newly arisen multiploidy (≥pentasomy 8) was iden-
tified in CTCs and CTECs. One of possibilities that such de novo ploidy 
might potentially originate from adapted evolution of post-therapeutic 
karyotype shifting in stressed circulation cannot be ruled out [20,21]. 

It is of crucial importance to precisely monitor and further investi-
gate phenotype and karyotype shifting in CTCs and CTECs throughout 
therapy, particularly when treatment-resistance emerges either during 
or following completion of treatment. Fig. 5 illustrates the distribution 
and traceable cellular and molecular relationship of target cells’ sub-
populations alongside therapy. Comparing pre-treatment t2A (Fig. 5A) 
and post-therapeutic MRD t7A (Fig. 5C) detected by the same iFISH 
approach, reversed cell quantity ratios of both CTC vs CTEC and small 
cell vs large cell were observed. When MRD developed, pre-treatment 
Vim+ CTCs (Fig. 5A/C) and previously existing PD-L1+ near-diploid 
CTCs were no longer detected (Fig. 5B/C). Meanwhile, all detectable 
MRD CTECs became large multiploid cells and expressed the most 
aggressive melanoma biomarker Ki67 [27]. Aside from objectively 
depicting how distinct subtypes of cells are relevant to each other in the 
metastasis process in Fig. 5, diverse cohorts of patients carrying trace-
able disparate subtypes of CTCs and CTECs correlating with different 
clinical outcomes were graphically depicted by Sanky diagram in our 
previous studies [36,37]. Future combined molecular, cellular and 
cohort graphic interpretations, along with precision single cell analyses 
[48,63] of selected diverse subtype of single target cells possessing 
distinct clinical significance [23,34,36,37,42], will help extensively 
understand and illustrate how metastatically relevant subcategorized 
TCs, TECs, CTCs and CTECs either longitudinally proliferate or 
intra-shift alongside tumor progression. 

There is an imperative clinical demand to explore reliable bio-
markers that enable predicting and timely evaluating patients’ response 
to therapeutic regimens. The integrated karyotypic and phenotypic 
tumor tissue and liquid molecular biopsies reported for the first time in 

this study, as an in-depth auxiliary approach to the current conventional 
histopathology biopsy, is more informative for characterization of pri-
mary and metastatic tumor lesions, quantitatively delineating the field 
cancerization region and precisely diagnosing metastasis. Not limited to 
melanoma, unique benefits of biphasic molecular biopsies of sub-
categorized target cells have also recently been validated and confirmed 
on different types of carcinomas, such as lung cancer, breast cancer, 
pancreatic cancer, HCC, cholangiocarcinoma, ovarian cancer, glioma 
and osteosarcoma, etc. In addition to aneuploidy and tumor marker 
expression, non-coding RNAs (ncRNAs) in melanoma cells, including 
microRNAs, long ncRNAs and circular RNAs were all found to partici-
pate in regulation of melanoma tumor microenvironment, melanoma 
cell proliferation, cell cycle, apoptosis, migration, metastasis and ther-
apeutic drug resistance [64]. 

Further investigation on large cohorts of patients regarding how to 
objectively define a reliable safety excision margin, how the CD-based 
risk thresholds of primary lesions and the excision margin assist in 
risk assessment and stratification for post-operative recurrence, how 
aneuploid TCs, TECs, CTCs and CTECs undergo phenotypic, karyotypic, 
morphological and ncRNAs’ mutual transition will shed light on a 
greater in-depth understanding of how those diverse subcategorized 
cells manifest a functional interplay in therapeutically stressed 
lymphatic and hematogenous metastatic cascades as well as cancer 
relapse, thus advancing precision management and ultimately 
improving cancer patients’ outcomes. 
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