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A B S T R A C T

Sustained angiogenesis and increased PD-L1 expression on endothelial and carcinoma cells contribute toward
fostering an immunosuppressive microenvironment suitable for tumor growth. PD-L1+ CTCs were reported to
associate with poor prognosis in NSCLC patients. However, whether or not aneuploid circulating tumor en-
dothelial cells (CTECs) express PD-L1, then serve as a surrogate biomarker to evaluate immunotherapy efficacy
remains unknown. In this study, a novel SE-iFISH strategy was established to comprehensively quantify and
characterize a full spectrum of aneuploid CTCs and CTECs in advanced NSCLC patients subjected to second-line
anti-PD-1 (nivolumab) immunotherapy. In situ co-detection of diverse subtypes of aneuploid CTCs and CTECs
expressing PD-L1 and Vimentin was performed. The present clinical study demonstrated that significant amounts
of PD-L1+ aneuploid CTCs and CTECs could be detected in histopathologic hPD-L1- patients. In contrast to
decreased PD-L1+ CTCs, the number of multiploid PD-L1+ CTECs (≥tetrasomy 8) undergoing post-therapeutic
karyotype shifting increased in patients along with tumor progression following anti-PD-1 treatment. Progressive
disease (PD) lung cancer patients possessing multiploid PD-L1+ CTECs had a significantly shorter PFS compared
to those without PD-L1+ CTECs. In carcinoma patients, aneuploid CTCs and CTECs may exhibit a functional
interplay with respect to tumor angiogenesis, progression, metastasis, and response to immunotherapy.

1. Introduction

Aberrant immune cells, sustained angiogenesis, dysfunctional an-
giogenic vasculatures in solid tumors, and increased PD-L1 expression
on endothelial as well as neoplastic cells, all contribute toward con-
stituting an immunosuppressive microenvironment suitable for tumor
growth. In the primary lesion, where tumor cells and the host's immune
system interact, a microenvironment favorable for cancer development
and metastasis is fostered [1]. It has been illustrated that the tumor
microenvironment is mainly constituted by proliferating tumor cells,
infiltrating inflammatory cells, blood vessels, stroma cells and sur-
rounding tissue cells. Among the tumor infiltrating inflammatory

lymphocytes, T cells are the major component [2].
Cytotoxic T-lymphocyte-associate protein 4 (CTLA-4, CD152), CD80

(B7-1), and programmed cell death 1 protein (PD-1, CD279), known as
immune checkpoints, are inhibitory receptors expressed on diverse T
cell subpopulations [3,4]. Those immune checkpoint receptors interact
with their relevant ligands in the tumor microenvironment, and sub-
sequently down-regulate T cell activation and cytolytic activity of
tumor-infiltrating CD4+/CD8+ T cells in response to inflammatory
stimuli, thus rendering malignant cancer cells the ability to resist and
evade immune attack [5]. Ligands for PD-1 receptor and CD80 are
programmed death-ligand 1 (PD-L1, CD274, B7–H1) and PD-L2
(CD273, B7-DC). PD-L1 is the primary ligand for PD-1, and is
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overexpressed on a series of solid tumor cells, endothelial cells [6], and
other cells in the tumor microenvironment [7].

A great endeavor of cancer immunotherapies, which effectively in-
terrupt and inhibit the binding of immune checkpoint receptors to their
ligands, have been shown to enhance T cell response to malignant
carcinoma cells in the tumor microenvironment. USFDA approved im-
mune checkpoint inhibitors, including immunotherapeutic monoclonal
antibodies against checkpoint receptors such as PD-1 (Keytruda pem-
brolizumab by Merck; Opdivo nivolumab by Bristol-Meyers Squibb),
CTAL-4 (Yervoy ipilimumab by BMS), or against the ligand PD-L1
(Tecentriq atezolizumab by Roche; Imfinzi durvalumab by AstraZeneca;
Bavencio avelumab by Merck and Pfizer), have demonstrated unique
advantages in restoring and facilitating appropriate immune response,
ultimately eliminating carcinoma cells [8].

It has been reported that among non-small cell lung cancer (NSCLC)
patients subjected to anti-PD-1 checkpoint blockade immunotherapy,
longer progression-free survival (PFS) and overall survival (OS) were
observed in patients whose tumor cells highly expressed PD-L1 (tumor
proportion score > 50%) [9]. Examination of PD-L1 expression on
cancer cells is pivotal for guiding administration of anti-PD-1 to cancer
patients. However, distribution of PD-L1+ neoplastic cells in tumors is
not homogeneous, as those cells are clustered in the specific region
where IFNγ−activated T cells infiltrate rather than diffuse in tumor
tissue [10]. Conventional histopathologic needle biopsy thus may bring
a non-negligible false negative hPD-L1 detection [4]. Moreover, similar
to the conventional detection of histopathologic hHER2 expression,
invasive needle biopsy, routinely performed only once, is evidently not
suitable for dynamically monitoring the expression of HER2 or PD-L1on
cancer cells. Recent progress in non-invasive liquid biopsy has made it
feasible to periodically or constantly monitor dynamic expression of
PD-L1 or HER2 on circulating tumor cells (CTCs) [11], which could
serve as a surrogate marker available for frequent detections in cancer
patients.

CTCs, cancer cells that are shed from primary or metastatic solid
tumors into peripheral blood, are relevant to tumor metastasis and
progression [12–14]. Aneuploid CD31+ circulating tumor endothelial
cells (CTECs) [15,16], are derived from CD31+ aneuploid tumor en-
dothelial cells (TECs) in tumor tissue [17,18]. The clinical significance
of TECs in cancer metastasis and progression [19,20], and CTECs' role
in tumor angiogenesis have been substantially investigated [21,22]. Of
particular interest is the substantial expression of a variety of tumor
biomarkers and the stemness marker on CTECs that has been recently
reported [23].

Expression of PD-L1 on both CTCs [24] and TECs [25,26] has been
published elsewhere. Recent study indicated that high PD-L1 expression
on carcinoma cells is associated with the Vimentin+ mesenchymal
phenotype in cancer cells [27]. Investigation of clinical utilities of PD-
L1+ CTCs and TECs [25] in various carcinoma patients has rapidly
gained close attention in the field [28–32]. Whether or not PD-L1 is
expressed on aneuploid CTECs and then serves as a surrogate biomarker
to evaluate immunotherapy efficacy, however, remains unclear.

In the present study, following our previous demonstration of PD-L1
expression on aneuploid cancer cells and CTCs [16,33], a novel in-
tegrated strategy of subtraction enrichment and immunostaining-
fluorescence in situ hybridization (SE-iFISH) [34], was further opti-
mized to perform comprehensive in situ phenotypic, karyotypic and

morphological characterized of a full spectrum of aneuploid circulating
rare cells, including CTCs and particularly CTECs in advanced NSCLC
patients treated with second-line anti-PD-1 (nivolumab). Expression of
PD-L1 and the mesenchymal marker Vimentin (Vim) on aneuploid
CTECs and CTCs was co-detected in lung cancer patients. PD-L1+

CTECs, identified and characterize for the first time in the current
study, were found to undergo both post-therapeutic karyotype and
morphology shifting following immunotherapy. Although second-line
anti-PD-1 could effectively deplete the specific subtype of haploid small
cell size CTCs and CTECs (≤5 μm WBCs), the quantity of multiploid
large PD-L1+ CTECs (≥tetrasomy 8) significantly increased in im-
munotherapeutic patients. Post-therapeutic NSCLC progressive disease
(PD) patients possessing the specific subtype of multiploid PD-L1+

CTECs showed a significantly shorter PFS compared to those who had
no PD-L1+ CTEC detected, indicating that PD-L1+ CTECs were asso-
ciated with anti-PD-1 resistance and tumor progression.

Unlike small fragments of circulating tumor nucleic acids (ctDNA)
that are diluted in peripheral circulation, both CTCs and tumor angio-
genesis related CTECs constitute a category of viable, real time “cellular
circulating tumor biomarkers”, which contain intact contents of
genomic and protein expression profiles or the signatures along with
tumor progression. Each sub-category of those non-hematologic aneu-
ploid circulating rare cells may distinctively possess diverse clinical
utilities, and manifest a functional interplay with respect to facilitating
tumor progression, circulation, seeding as well as implantation of me-
tastatic cancer cells in carcinoma patients.

2. Materials and methods

2.1. Patients’ enrollment and specimen collection

SE-iFISH was applied to comprehensively detect and characterize
PD-L1+ and Vimentin+ aneuploid CTCs and CTECs. A total of 16 ad-
vanced NSCLC patients were enrolled. Fourteen patients failed first-line
chemotherapy and received second-line anti-PD-1 nivolumab treat-
ment. Remaining 2 patients were subjected to first-line nivolumab
therapy.

Consent forms signed by all subjects were approved by the Ethics
Review Committees (ERC) of Beijing Chest Hospital, Capital Medical
University, Beijing, China. The written consent forms were received
from each patient prior to blood collection. The clinical study was
performed according to the Declaration of Helsinki Principles.

Six ml of peripheral blood were periodically collected from pre- and
post-immunotherapeutic patients at the indicated time intervals, i.e.
once in every 4 nivolumab treatment cycles until PD was developed.
Some patients were unable to provide blood specimens as scheduled
due to unforeseeable clinical complications. Samples of post-PD pa-
tients were not counted in this study due to subsequent change of
therapy regimen.

2.2. Subtraction enrichment (SE)

Subtraction enrichment was performed according to the manufac-
ture's updated instruction with minor modifications (Cytelligen, San
Diego, CA, USA) [16], or using an automated i•Cyto® Biofluid Specimen
Processor (Model: BSP-01A, Cytelligen). Briefly, 6 ml of blood were

Abbreviations

ap aneuploid
TEC tumor endothelial cell
CTEC circulating tumor endothelial cell
CTC circulating tumor cell
sCTC/CTEC small CTC/CTEC

LCTC/CTEC large CTC/CTEC
EMT epithelial-to-mesenchymal transition
EndoMT endothelial-to-mesenchymal transition
hPD-L1 histopathological PD-L1 expression
PD progressive disease
iFISH immunostaining-fluorescence in situ hybridization
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collected into a tube containing ACD anti-coagulant (Becton Dickinson,
Franklin Lakes, NJ, USA). Blood samples were centrifuged at 200×g for
15 min at room temperature to separate plasma. Sedimented blood cells
were mixed with 3.5 ml of hCTC buffer, followed by loading on the top
of non-hematopoietic cell separation matrix in a 50 ml tube. Samples
were subjected to centrifugation at 450×g for 5 min. Solution con-
taining WBCs and tumor cells above RBCs was collected into a 50 ml
tube, and subsequently incubated with 300 μl of immuno-magnetic
beads conjugated to a cocktail of anti-leukocyte mAbs at room tem-
perature for 30 min. WBCs bound to immuno-beads were depleted using

a 50 ml size magnetic separator (Cytelligen). The solution, free of
magnetic beads, was collected into a 15 ml tube, followed by adding
hCTC buffer to 14 ml. Samples were then spun at 500×g for 4 min at
room temperature, followed by aspirating supernatants down to 100 μl.
Sedimented cells were gently resuspended and mixed with the cell
fixative (Cytelligen). The cell mixture was smeared on the formatted
and coated CTC slides, and dried for subsequent iFISH processing.

Fig. 1. In situ co-detection of diverse subtypes of
aneuploid CTCs and CTECs expressing en-
dogenous PD-L1 and Vimentin in NSCLC patients
by SE-iFISH
(A) Heterogeneous localization of intracellular PD-
L1 and Vimentin in different types of cultured
cancer cells. (A–a) PD-L1 has a distinct distribution
on the plasma membrane of a HCC HepG2 cell (IFI:
medium). Vimentin is observed in the cytoplasm of
HCC cells. (A–b) A majority of PD-L1 (green, IFI:
high) localize on the nuclear envelope, and partly in
the nucleus of a NSCLC A549 lung cancer cell. (A–c)
Nuclear localization of PD-L1 is observed in an
A549 cell (IFI: high). Vimentin shows a similar in-
tracellular distribution in A-b/c. (B) In situ pheno-
typic and karyotypic characterization of aneuploid
CTCs and CTECs enriched from NSCLC patients.
(B–a) A large multiploid CTC (≥tetrasomy 8,
CD45-/CD31-/Vimentin−) has a positive staining for
PD-L1 (IFI: high) in the patient P1 at PD. An at-
tached WBC (CD45+) is indicated by a red arrow.
(B–b) A mesenchymal small SCTC (≤WBC), with a
phenotype of CD31-/PD-L1-/Vimentin+, shows
trisomy 8 in the cell of the patient P6 at baseline.
(B–c) A CTM containing two aneuploid CTCs dis-
plays a scattered vesicle-like staining of PD-L1 in the
nuclei and partially in the cytoplasm (IFI: low) in the
patient P11 at baseline. (B–d) A multiploid CTEC
(CD45-/CD31+/Vimentin−) reveals positive ex-
pression of PD-L1 (green arrow, IFI: high) in the
patient P1 at PD. Adjacent WBCs (CD45+) are in-
dicated by a red arrow. (B–e) A CTEC cluster con-
sisting of several aneuploid CTECs is found to have
PD-L1 expressed (IFI: high) in the patient P8 at PD.
An attached mesenchymal WBC (CD45+/
Vimentin+) is indicated by a red arrow. (B–f) A
haploid mesenchymal CTEC (CD31+/PD-L1-) has
Vimentin strongly expressed in the patient P11 at
PD. (B–g) A mesenchymal CTEC cluster consisting of
5 diploid CTECs shows a phenotype of CD31+/PD-
L1-/Vimentin+ in the patient P5 at baseline. (C)
CTC-CTEC fusion cluster (Epi-Endo fusion cluster):
an aneuploid non-mesenchymal (Vim−) cell cluster
expressing both CD31 and EpCAM in a NSCLC pa-
tient is revealed. Bars: 5 μm.
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2.3. Tri-marker-iFISH®

Six-channel tri-marker (PD-L1/Vimentin/CD31)-iFISH was per-
formed according to the manufacture's updated protocol (Cytelligen)
[16]. Briefly, dried monolayer cells on the coated slides were rinsed and
incubated with PBS at room temperature for 3 min, followed by hy-
bridization with Vysis chromosome 8 centromere probe (CEP8) Spec-
trumOrange (Abbott Laboratories, Chicago, IL, USA), approved by the
USFDA to identify aneuploid solid tumor cells, for 4 h using a S500
StatSpin ThermoBrite Slide Hybridization/Denaturation System (Ab-
bott Molecular, Abbott Park, IL, USA). Samples were subsequently in-
cubated with the indicated post-fluorescence labeled monoclonal anti-
bodies at 1: 200 dilution, including Alexa Fluor (AF)594-CD45 (ATCC,
Manassas, VA, USA, Clone 9.4,), AF488-PD-L1 (Dana-Farber Cancer
Institute, Harvard Medical School, Boston, MA, USA, Clone 29E.2A3),
Cy5-CD31(Abcam, Burlingame, CA, USA, Clone EP3095), and Cy7-Vi-
mentin (Abcam, Clone EPR3776) at room temperature for 20 min in
dark [35]. After washing, samples were mounted with mounting media
containing DAPI (blue) (Vector Laboratories, Burlingame, CA, USA),
and subsequently subjected to automated 3D CTC image scanning and
analyses. Direct conjugation of all different fluorescent dyes to the
applied diverse antibodies was accomplished at Cytelligen.

2.4. Automated 3D scanning and image analysis of aneuploid CTCs and
CTECs performed by Metafer-i•FISH®

Coated slides containing aneuploid CTCs and CTECs stained by
iFISH were scanned by means of an automated Metafer-i•FISH® CTC 3D
scanning and image analyzing system newly co-developed by Carl Zeiss
(Oberkochen, Germany), MetaSystems (Altlussheim, Germany) and
Cytelligen [16]. CTC slides were automatically loaded on a Zeiss
fluorescence microscope (AXIO Imager Z2), and afterwards subjected to
automated X–Y scanning with cross Z-sectioning of all cells performed
at 1 μm steps of depth. X-Y-Z 3D scanning was performed in each of the
6 fluorescence color channels. Positive target cells are defined as
DAPI+/CD45-/PD-L1+ or -/Vim+ or -/CD31+ or-with diploid or aneu-
ploid chromosome 8.

Following high through-put scanning, acquiring and processing cell
images, subsequent comprehensive characterization and classification
of CD31− CTCs and CD31+ CTECs as well as statistical analyses were

performed upon phenotypic, karyotypic and cell morphological char-
acterization of the tri-element in the intracellular bio-chain [15], with
particular focus on cell size, cell cluster, quantified immunostaining
intensity of PD-L1 and Vimentin, as well as ploidy of chromosome 8,
etc.

2.5. Statistical analyses

All statistical analyses were performed with IBM SPSS Statistics 25.0
(Armonk, NY, USA). Chi-squared tests and Fisher's exact tests were
applied to compare categorical data. Positive correlation of CTCs and
CTECs expressing PD-L1 with immunotherapy efficacy was analyzed
using Fisher's exact test. Unpaired student's t-test and one-way analysis
of variance (ANOVA) were applied to statistically analyze the difference
between 2 groups, as well as the difference among 3 groups of separate
data. Mann-Whitney U test was used to analyze proportion changes of
morphology and karyotype in post-therapeutic CTCs and CTECs.
Kaplan-Meier survival plots for PFS were generated upon the numbers
of diverse subtypes of PD-L1+/− CTCs and CTECs. Survival curves were
compared using log-rank tests. All p values were two-sided. *p < 0.05
and **p < 0.01 are statistically significant and very significant, re-
spectively. PFS is defined as the duration from initial blood collection to
the date disease progression was confirmed or censored at evaluation of
immunotherapy efficacy. Sankey diagram was plotted utilizing the
RStudio software v8.10 (Boston, MA, USA).

3. Results

3.1. In situ co-detection of aneuploid CTCs and CTECs expressing PD-L1
and Vimentin by SE-iFISH

Intracellular heterogeneous distribution of endogenous PD-L1 and
Vimentin in different types of cancer cells, including the indicated he-
patocellular carcinoma cells (HCC) HepG2 and non-small cell lung
cancer cells A549, was co-examined by immunofluorescence (IF)
staining. The amount of expressed PD-L1 is quantified by immuno-
fluorescence intensity (IFI). Distribution of PD-L1 on the plasma
membrane of a majority of HepG2 cells was revealed in Fig. 1A–a (IFI:
medium). Shown in Fig. 1A and b, unlike HCC HepG2 cells, PD-L1
heterogeneously localized on the nuclear envelope or in the nuclei

Table 1
Clinical characteristics of the immunotherapeutic NSCLC patients.

Patient Pathology TNM Staging Nivolumab hPD-L1+ Prior to immunotherapy Completed immunotherapy

1st 2nd PD-L1+ CTC PD-L1+ CTEC

P1 ADC IV + – + – +
P2 ADC IV + – – – +
P3 SCC IIIA + + – – –
P4 ADC IVB + + – – –
P5 ADC IIIB + – – – +
P6 ADC IVB + – + – +
P7 NSCLC IV + – – – +
P8 ADC IVB + – – – +
P9 ADC IVB + – – – +
P10 SCC IV + + + + –
P11 SCC IV + – + + +
P12 SCC IVB + + + – +
P13 SCC IVB + + – – –
P14 ADC IVA + n/a* – – –
P15 SCC IVB + n/a* + + ongoing
P16 SCC IV + – + – ongoing
% of PD-L1+ cells in hPD-L1+ patients prior to nivolumab treatment (*excluded) 40.0% 20.0%
% of PD-L1+ cells in hPD-L1- patients prior to nivolumab treatment (*excluded) 44.4% 11.1%
% of PD-L1+ cells in overall patients prior to nivolumab treatment (*included) 43.8% 18.8%

ADC, adenocarcinoma; SCC, squamous cell carcinoma; hPD-L1, histopathological PD-L1 expression.
1st, first-line nivolumab treatment; 2nd, second-line nivolumab treatment (failed first-line chemotherapy).
P7 NSCLC: pathology classification is not available due to histopathological complexity.
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(Fig. 1A–c) of the most NSCLC A549 cells (IFI: high). Vimentin showed
an intracellular distribution in HepG2 and A549 cells (Fig. 1A, a-c).
Both nuclear localization of PD-L1 and positive expression of Vimentin
in A549 cells revealed in this study keeps in accordance with the report
published by others, showing that nuclear PD-L1 (nPD-L1) was ex-
pressed in Vimentin+ mesenchymal CTCs in colorectal and prostate
cancer patients undergoing therapy [31].

Six-channel tri-marker-iFISH was applied to perform in situ pheno-
typic and karyotypic characterization of aneuploid CTCs (CD31-/CD45-)
and CTECs (CD31+/CD45-) enriched by SE from immunotherapeutic
NSCLC patients.

Shown in Fig. 1B–a, a large multiploid CTC (≥tetrasomy 8) dis-
played a CD31-/PD-L1+/Vim− phenotype (PD-L1 IFI: high). Displayed
in Fig. 1B–b, a small (≤5 μm WBC) mesenchymal triploid CTC was
CD31-/PD-L1-/Vim+. A circulating tumor microemboli (CTM) revealed
in Fig. 1B–c had 2 multiploid CD31− CTCs. Scattered, vesicle-like
staining of PD-L1 (IFI: low) was observed in nuclei and partially in
cytoplasm of CTM. This suggests that besides possible on-going traf-
ficking of nuclear translocation, some intracellular PD-L1 might also be
in the cytoplasmic secretary vesicles and secreted along either a con-
stitute or a regulatory pathway [36], turning into functional soluble PD-
L1 in sera [37].

A CD31+ aneuploid CTEC and a CD31+ CTEC cluster were illu-
strated in Fig. 1B–d and e, respectively, both were multiploid and po-
sitive for PD-L1 staining (IFI: high). Shown in Fig. 1B–f, a mesenchymal
CTEC (CD31+/Vim+/PD-L1-) displayed a haploid Chr 8. In Fig. 1B–g, a
mesenchymal circulating endothelial cell cluster consisted of 5 diploid
Vim+/PD-L1- endothelial cells.

Extending our previous study, which showed aneuploid Vim+ me-
senchymal CTC-CTEC fusion clusters in diverse types of cancer patients
[16], an aneuploid, non-mesenchymal (Vim−) CTC-CTEC fusion cluster
(Epi-Endo fusion cluster) expressing both the epithelial marker EpCAM
and the endothelial marker CD31 in a lung cancer patient was displayed
in Fig. 1C. Given the vital significance of EpCAM on CTCs [13,33,38], it
would be significant to further probe both mesenchymal and non-me-
senchymal fusion clusters, which will help further understand how
tumor cells (TCs) interact with TECs during the process of EMT/MET
(intravasation/extravasation) [14] or implantation of cancer cells, how
CTCs interplay with CTECs in peripheral circulation, and what the
potential clinical utilities of CTC-CTEC fusion clusters have.

3.2. Individual case analysis of aneuploid CTCs and CTECs detected in
patients

Optimized SE-iFISH, along with nivolumab therapy, was performed
to periodically detect PD-L1+/Vimentin+ aneuploid CTCs and CTECs in
NSCLC patients. Information of the enrolled patients, including histo-
pathological needle biopsy examination of PD-L1 expression (hPD-L1),
was summarized in Table 1. All the patients who were subjected to

second-line nivolumab treatment failed first-line chemotherapy.
Patient P1: Depicted in Fig. 2A–a, the patient had PD at nivolumab

therapy cycle-8, showing post-immunotherapeutic cancer distant me-
tastasis to bone throughout the whole body (black arrows). No obvious
enlargement of the primary lesion was observed (white arrows). Fol-
lowing development of PD at cycle-8, the patient showed an increase in
the number of total aneuploid CTCs (red line) and CTECs (blue line).
Moreover, in contrast to the percentage of PD-L1+ CTCs (PD-L1+ CTCs
vs total CTCs, orange bar), the percentage of PD-L1+ CTECs (PD-L1+

CTECs vs overall CTECs, grey bar) increased at PD. Further analysis
demonstrated that, most of the increased CTCs (Fig. 2B–a, P1, blue) and
CTECs (Fig. 2B–b, P1, yellow) in patient P1 were multiploid (≥tet-
rasomy 8). No Vim+ CTC or CTEC was detected either prior to or during
nivolumab therapy.

Patient P5: Revealed in Fig. 2A-b1, the quantity of total aneuploid
CTCs (baseline 4 cells, red line), and total CTECs (baseline 8 cells, blue
line) reduced to 2 cells at PD (treatment cycle-9). Similarly, shown in
Fig. 2A-b2, Vim+ aneuploid CTCs (baseline 3 cells, red dot line), and
Vim+ CTECs (baseline 8 cells, blue dot line) were eliminated following
nivolumab therapy. The patient showed an increased size of the pri-
mary lesion (white arrows) without distant metastasis at PD (cycle-9).
Increased percentage of PD-L1+ CTECs (PD-L1+ CTECs vs total CTECs)
was found at PD. Karyotype analysis indicated that at PD, a majority of
remaining CTCs were triploid large LCTCs (> 5 μm WBC) (Fig. 2B–a,
P5, yellow), and CTECs were multiploid (Fig. 2B–b, P5, yellow).

Patient P2: Illustrated in Fig. 2A–c, the patient maintained a stable
disease (SD) status throughout first 12 therapy cycles, and had PD at
cycle-14. The number of CTCs (baseline 6 cells, red line) and CTECs
(baseline 3 cells, blue line) decreased until cycle-12. At cycle-14 (PD),
both total CTCs and CTECs increased to 7 and 6 cells, respectively. One
of the seven CTCs at cycle-14 was PD-L1+ (1/7 = 14.3%), and 1 of the
6 CTECs showed PD-L1+ (1/6 = 16.7%). Only 1 CTEC was detected at
cycle-12, which was Vim+ mesenchymal CTEC (1/1 = 100%). To de-
monstrate post-immunotherapeutic karyotype and morphology shifting
of CTCs and CTECs in different PD as well as SD patients, analyses were
performed on above 3 patients normalized to the similar 8~9 treatment
cycles, including P1 with new metastasis, P5 with enlarged primary
lesion, and P2 at SD stage (cycle-8). Depicted in Fig. 2B–a, patient P2 at
cycle-8 (SD) showed a majority of baseline triploid small SCTCs shifting
to multiploid LCTCs following nivolumab treatment. Further analyses of
all CTCs and CTECs in patients receiving complete courses of im-
munotherapy are described below.

3.3. Comprehensive analysis of all the aneuploid CTCs and CTECs detected
in NSCLC patients subjected to second-line nivolumab therapy

Non-hematologic aneuploid circulating rare cells (CRCs) are mainly
composed of aneuploid CTCs (CD31-/CD45-) and CTECs (CD31+/CD45-

) [15]. Compositional analysis illustrated in Fig. 3A demonstrated that,

Fig. 2. Individual case analysis of PD-L1+ or Vimentin+ aneuploid CTCs and CTECs in NSCLC patients subjected to nivolumab treatment
(A-a) Patient P1 has PD at cycle-8 with newly developed cancer metastasis to bone (black arrows), but no enlargement of primary lesion is observed (white arrows).
At cycle-8, the subject shows increased quantity of both overall aneuploid CTCs (from baseline 6 to 19 cells at PD, red line, left Y-axis) and CTECs (from 0 to 20 cells,
blue line). Percentage of PD-L1+ CTCs (PD-L1+ CTCs vs overall CTCs, orange bar, right Y-axis) decreases following immunotherapy. Percentage of PD-L1+ CTECs
(PD -L1+ CTECs vs overall CTECs, grey bar) enhances from 0 to 10% at PD. No Vim+ CTC or CTEC is detected either before or during nivolumab therapy. (A-b1)
Patient P5 (PD at cycle-9) shows an enlarged primary lesion without new distant metastasis. At cycle-9, reduced quantity for both aneuploid overall CTCs (from
baseline 4 cells to 2 cells, red line) and CTECs (from 8 to 2 cells, blue line) is revealed, whereas percentage of PD-L1+ CTECs increases from 14 at cycle-8 to 50% at
cycle-9 (grey bar). (A-b2) All baseline Vimentin+ aneuploid CTCs (3 cells, red dot line; 75%, pink bar), and Vim+ CTECs (8 cells, blue dot line; 100%, blue bar) are
eliminated at PD. (A–c) Patient P2 has maintained stable disease (SD) status throughout first 12 therapy cycles, and quantity of all the CTCs (baseline 6 cells, red line)
and CTECs (baseline 3 cells, blue line) decreases during 12 cycles treatment (SD). The patient has 1 aneuploid CTEC detected at cycle-12 (grey dash line), which is
Vimentin+ (1/1 = 100%, blue bar). At cycle-14 (PD), the number of both CTCs and CTECs respectively increases to 7 (red line) and 6 cells (blue line), containing 1
PD-L1+ CTC (red dash line, 1/7 = 14.3%, orange bar) and 1 PD-L1+ CTEC (blue dash line, 1/6 = 16.7%, grey bar). (B) Karyotypic and morphological analyses of
aneuploid CTCs and CTECs. Patient P1 shows that most of increased CTCs (B-a, P1, blue) and CTECs (B-b, P1, yellow) at PD are multiploid (≥tetrasomy 8). With
respect to patient P5 at the time of PD, a majority of CTCs are triploid LCTCs (B-a, P5, yellow), and most of CTECs are multiploid (B-b, P5, yellow). Regarding patient
P2 at SD (8 cycles), karyotype and morphology shifting from baseline triploid SCTCs to multiploid LCTCs following nivolumab treatment is observed (B-a, P2).
Quantity of CTECs is minimized during the therapy (B-b, P5, 1 multiploid cell).
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a total of 386 overall aneuploid CRCs (CTCs + CTECs) were detected in
37 blood samples from 16 enrolled NSCLC patients. Out of 386 cells,
249 were CTCs, with a minimum detection number of 1, and a max-
imum detection number of 22 cells. The median of the detected CTC
number was 6. The remaining 137 CRCs were CTECs with a median of
2 cells (Minimum 0/Maximum 20).

Depicted in Fig. 3B–a, morphological analysis indicated that 65% of
overall aneuploid CRCs were CTCs, comprising of 45% large LCTCs
(> 5 μm) and 20% small SCTCs (≤5 μm WBC). The remaining 35% of
CRCs were aneuploid CTECs, containing 26% large LCTECs and 9%
small SCTECs. Further karyotype analysis (Fig. 3B-b/c) revealed that
multiploid (≥tetrasomy 8) large cells constitute the main population
for both aneuploid CTCs (LCTC, 60%) and aneuploid CTECs (LCTEC,
71%).

Quantitative, morphological and karyotypic analyses were per-
formed to comprehensively investigate CTCs and CTECs detected in 16
patients. Illustrated in Fig. 3C–a, total of 124 baseline CTCs in all the 16
pre-treatment patients and 125 CTCs in 21 post-therapy specimens were
respectively detected in the subjects. Fig. 3C–b showed a mean of
7.75 ± 1.61 CTCs (Mean ± SEM) for pre-treatment patients, and a
mean of 5.95 ± 1.33 CTCs for post-therapeutic subjects. The difference
between the mean values of pre- and post-treatment was not statisti-
cally significant (p= 0.392, T-test). Revealed in Fig. 3C-c/d, 35 of pre-
and 102 of post-therapy CTECs were detected in the same cohort of
patients, with a mean of 2.19 ± 0.61 (pre-treatment) and 4.86 ± 1.23
CTECs (post-treatment), respectively. Though quantity of post-ther-
apeutic CTECs increased 3 times compared to that of pre-treatment, the
difference between the mean values did not reach statistical

significance in this study (p= 0.061, T-test).
Morphology and karyotype shifting in both CTCs and CTECs was

observed in patients following immunotherapy. Demonstrated in
Fig. 3D-a/b, compared to the overall pre-treatment CTCs, all the hap-
loid SCTCs were eliminated in post-treatment patients. Also noted was
an increased percentage in triploid CTCs, including both small (from
17% to 22%, green) and large cells (from 6% to 13%, grey). Depicted in
Fig. 3D-c/d, the percentage of haploid SCTECs decreased from 29% to
3% following immunotherapy (p= 0.498, Mann-Whitney U test), and a
decreased percentage was also observed in most of other post-ther-
apeutic CTEC subtypes, but none of them was statistically significant.
Only multiploid LCTECs, however, increased from 43% (pre-treatment)
to 81% (post-treatment), proving to be very statistically significant
(**p= 0.004 < 0.01, Mann-Whitney U test). Proportional correlation
of aneuploid chromosome copy numbers with malignancy degree of
breast carcinoma cells was published by others [39].

Despite the limited specimen quantity, obtained results suggested
that anti-PD-1 treatment could facilitate the elimination of small hap-
loid CTCs and reduction in the percentage of small haploid CTECs,
whereas multiploid LCTECs seemed to have a resistance to nivolumab,
as shown in the significantly increased percentage in NSCLC patients
following therapy. Interestingly, intrinsic resistance of triploid CTCs to
the chemotherapeutic agent cisplatin in gastric cancer patients was
previously reported [40].

To verify the unique characteristics of CTECs with respect to re-
sistance to anti-PD-1 therapy, statistical analysis was performed on the
target cells detected at the indicated treatment intervals. Shown in
Fig. 3E–a, an analysis of overall CTCs detected at the indicated time

Fig. 3. Comprehensive analysis of aneuploid CTCs and CTECs detected in overall pre- and post-immunotherapeutic NSCLC patients
(A) Compositional analysis: Out of a total of 386 pre- and post-treatment aneuploid CRCs (CTCs + CTECs), there are 249 CTCs with a median of 6 cells (black line)
(Min 1/Max 22), and 137 CTECs with a median of 2 cells (Min 0/Max 20). (B–a) Morphological analysis of overall CRCs: among all the detected aneuploid CRCs, 65%
are CTCs, broken down into 45% large LCTCs (> 5 μm WBC) and 20% small SCTCs (≤5 μm WBC); remaining 35% of overall CRCs are aneuploid CTECs, consisting of
26% LCTECs and 9% SCTECs. (B-b/c) Karyotype analysis of overall CTCs and CTECs: multiploid (≥tetrasomy 8) large cells constitute the majority of the population
for both CTCs (60%) and CTECs (71%). (C) Quantification analysis (Mean ± SEM). (C-a/b, CTCs): a total of 16 patients have 124 pre-treatment baseline CTCs (red,
mean = 7.75 ± 1.61) and 125 post-therapeutic CTCs (blue, mean = 5.95 ± 1.33) detected (p= 0.392, T-test). (C-c/d, CTECs): a total of 35 pre-treatment CTECs
(red, mean = 2.19 ± 0.61), and 102 overall post-therapeutic CTECs (blue, mean = 4.86 ± 1.23) are identified in the same cohort of patients (p= 0.061, T-test).
(D) Post-therapeutic morphology and karyotype shifting in overall pre- and post-immunotherapeutic patients. (D-a/b, CTCs): Following anti-PD-1 treatment, de-
pletion of haploid SCTCs (yellow) and increased proportions of triploid LCTCs (from 6% to 13%, grey) and SCTCs (17% to 22%, green) are observed. (D-c/d, CTECs):
Compared to the amount of pre-treatment CTECs, a decreased percentage of haploid SCTECs from 29% to 3% (p= 0.498, Mann-Whitney U test), and a dramatically
increased percentage of multiploid LCTECs (from 43% to 81%, orange) are revealed. Increase of multiploid LCTECs following immunotherapy is statistically very
significant (**p= 0.004 < 0.01, Mann-Whitney U test). (E) Statistical analysis of CTCs and CTECs quantified at the indicated treatment intervals (Mean ± SEM).
(E-a, CTCs): Quantified overall CTCs have the means of 7.8 ± 1.61, 7.2 ± 3.87 and 5.6 ± 1.35 CTCs detected at 0, 4, and 8~12 treatment cycles, respectively. No
significant difference is revealed (p = 0.614, F = 0.495, ANOVA test). (E-b, CTECs): Quantification of CTECs performed at the same intervals along the nivolumab
treatment cycles shows the means of 2.2 ± 0.61, 0.8 ± 0.37 and 6.1 ± 1.45 CTECs. Differences of CTEC mean numbers between cycle 0 and cycles 8~12
(*p = 0.013 < 0.05, ANOVA test), cycle 4 and cycles 8~12 (*p= 0.020 < 0.05, ANOVA test) are statistically significant.

Table 2
Analysis of post-therapeutic aneuploid CTCs and CTECs in advanced NSCLC patients subjected to second-line immunotherapy.

Patients hPD-L1+ apCTCs apCTECs Progressive Disease

Overall PD-L1+ Vim+ Overall PD-L1+ Vim+ Treat. cycles prior to PD Enlarg. Prim. tumor New metastases

P1 – ↑ + – ↑ + – 8 – +
P2 – ↑ + – ↑ + + 14 + –
P5 – ↑ – +* ↑ + – 9 + –
P6 – no change +* +* no change – +* 8 – +
P7 – ↑ – – ↑ + – 12 + –
P8 – ↓ – – ↑ + – 8 – +
P9 – ↑ – – ↓ + – 12 + +
P11 – no change +* – ↑ + + 12 – +
P12 + ↓ +* – ↑ – – 12 – +

SUM Post-therapy (PD-L1+) 2 7
Prior to therapy (PD-L1+) 4 (Table 1, excluding P10, 15, 16) 1 (Table 1, excluding P10, 15)

p value (X2) p= 0.617 (X2 = 0.250, PD-L1+ CTCs) *p= 0.018 (X2 = 5.625, PD-L1+ CTECs)

↑ number of cells increases; ↓ number of cells decreases; + positive detection; - negative detection.
+* positive detection prior to nivolumab treatment (baseline, cycle 0), but negative following therapy.
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point showed the means of 7.8 ± 1.61, 7.2 ± 3.87 and 5.6 ± 1.35
(Mean ± SEM) CTCs at 0, 4, and 8~12 therapy cycles, respectively.
Differences in means of CTC quantities were not statistically significant
(p= 0.614, F = 0.495, ANOVA test). Depicted in Fig. 3E–b, quantifi-
cation of CTECs detected at the same nivolumab therapy intervals re-
vealed the means of 2.2 ± 0.61, 0.8 ± 0.37 and 6.1 ± 1.45 CTECs,
respectively. ANOVA test showed statistically significant differences of
the CTEC mean values between cycle 0 and cycles 8~12
(*p = 0.013 < 0.05), cycle 4 and cycles 8~12 (*p= 0.020 < 0.05),
respectively. Obtained results indicated that a statistically significant
increase of CTECs in PD patients was relevant to anti-PD-1 resistance.

3.4. Categorical analysis of PD-L1+ CTCs and CTECs in
immunotherapeutic patients

Revealed in Table 1, among 5 of pre-treatment histopathological

hPD-L1+ patients, 2 had PD-L1+ CTCs (2 out of 5, 40%). Out of 9 hPD-
L1- subjects, 4 showed PD-L1+ CTCs (4 out of 9, 44.4%). Positive de-
tection rate for PD-L1+ CTECs in those patients was 20% (1 out of 5
hPD-L1+) and 11.1% (1 out of 9 hPD-L1-), respectively. Among a total
of 16 enrolled patients, 43.8% (7 out of 16) had PD-L1+ CTCs and
18.8% (3 out of 16) had PD-L1+ CTECs. Obtained results indicated that
PD-L1+ CTCs and CTECs could be effectively detected in both hPD-L1+

and hPD-L1- subjects. This keeps in accordance with the published re-
sults of our previous study, demonstrating that a significant amount of
HER2+ CTCs were detected in hHER2- gastric cancer patients [11].

Out of the 16 enrolled patients in Table 1, 5 subjects were unable to
receive complete nivolumab treatment due to patients’ death or severe
sickness, 2 on-going patients underwent immunotherapy, and the re-
maining 9 subjects, who received entire courses of second-line anti-PD-
1 therapy, eventually had PD following different cycles of nivolumab
treatment (Table 2).

Fig. 4. PD-L1+ CTECs correlate with a
shorter PFS in PD patients.
(A) Following nivolumab treatment, the
number of patients possessing PD-L1+ CTCs
decreases from 4 (pre-treatment) to 2
(cycle-4), then down to 1 at the stage of PD
(cycle-8–12, blue line), whereas number of
the subjects containing PD-L1+ CTECs in-
creases from 1 (pre-treatment) to 7 at PD
(orange). (B) Sankey diagram plotted on 37
samples of the 16 enrolled patients shows
that PD patients who have no PD-L1+ CTCs
detected (III, PD-L1- CTC pink flow, red
arrow) possess a significant amount of PD-
L1+ CTECs (IV, green flow, red arrow). (C)
Quantification analysis of PD-L1+ CTCs and
CTECs. (C-a, PD-L1+ CTCs): A total amount
of 25 PD-L1+ CTCs (red) are detected in the
pre-treatment patients, but decreased to
5 cells (blue) in 7 of PD patients. A heat map
(up-right corner) shows that most of PD-
L1+ CTCs are detected in the pre-treatment
hPD-L1+ subjects (averaging 4 cells, red on
the heat map). (C-b, PD-L1+ CTECs):
Amount of post-immunotherapeutic PD-
L1+ CTECs increases from 5 (pre-treatment,
red) to 29 cells (post-treatment, blue) in the
same cohort of PD patients. Most of the PD-
L1+ CTECs are detected in the post-ther-
apeutic hPD-L1- PD patients (averaging
2 cells, blue on the heat map). (C-c) Post-
therapeutic karyotype shifting: All of pre-
treatment PD-L1+

LCTECs are multiploid
(≥tetrasomy 8), whereas 31% of post-
therapeutic PD-L1+ CTECs are triploid
LCTECs, and the remaining 69% cells are
multiploid. (D) Correlation analysis of PD-
L1+ CTCs and CTECs with PFS. (D-a, PD-
L1+ CTCs): Kaplan-Meier survival plot
analysis indicates that patients with PD-L1+

CTCs have a shorter median PFS of 5
months (95% CI: 1.2–8.7 months) compared
to 6 months (95% CI: 5.2–6.8 months) for
patients who have no PD-L1+ CTCs de-
tected (p= 0.288, log-rank test). (D-b, PD-
L1+ CTECs): Patients who have post-im-
munotherapeutic PD-L1+ CTECs show a
median PFS of 5 months with 95% CI of
3.9–6.1 months, which is shorter than the

median PFS of 8 months (95% CI: 4.9–11 months) for patients who have no PD-L1+ CTECs detected. The difference between the median PFS is statistically significant
(*p= 0.012 < 0.05, log-rank test).
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3.5. Positive detection of PD-L1+ CTECs correlates with a shorter PFS in PD
patients

Described in Table 2, 9 patients who underwent 8~14 nivolumab
treatment cycles had PD, showing either enlarged primary tumor size or
development of new metastatic lesions. Among those 9 PD patients, 5
out of 9 subjects (55.6%) had an increased quantity of overall aneuploid
CTCs. None of PD patients had detectable post-therapeutic Vim+ CTCs.
With respect to aneuploid CTECs, an enhanced amount of overall CTECs
was found in 7 out of 9 PD subjects (77.8%), and 2 of PD patients had
Vim+ CTECs detected. Obtained results suggested that increased CTCs
and CTECs might be relevant to nivolumab resistance and progression
of disease in post-immunotherapeutic patients.

Further analysis was performed to examine whether the specific
subtype of CTC or CTEC expressing PD-L1 had a significant impact on
immunotherapy resistance. Revealed in Table 2 and Fig. 4A, 2 patients
had PD-L1+ CTCs detected at the treatment cycle-4, compared to 4 pre-
treatment patients who showed PD-L1+ CTCs (p= 0.617, Chi-squared
test). At the stage of PD (cycles 8~12), compared to 1 subject who had
baseline PD-L1+ CTEC detected prior to therapy, 7 out of 9 post-ther-
apeutic PD patients showed a positive detection of PD-L1+ CTECs. The
difference between the number of pre- and PD patients (1 vs 7) was
statistically significant (*p= 0.018 < 0.05, Chi-squared test). Only 1
PD subject had PD-L1+ CTC detected at cycles 8~12 (Fig. 4A). Ob-
tained results suggested that positive detection of post-therapeutic PD-
L1+ CTEC is relevant to anti-PD-1 resistance and development of PD in
cancer patients, which was supported by a Sankey diagram analysis
plotted on 37 samples of the 16 enrolled patients (Fig. 4B), showing
that a significant amount of PD-L1+ CTECs (IV, green flow, red arrow)
were identified in those PD patients who had no PD-L1+ CTCs detected
(III, PD-L1- CTC pink flow, red arrow).

Quantification analysis depicted in Fig. 4C–a indicated that a total
amount of 25 PD-L1+ CTCs were detected in pre-treatment patients, but
decreased to 5 cells in post-therapeutic PD patients. A heat map re-
vealed that pre-treatment hPD-L1+ subjects had most of the PD-L1+

CTCs detected (averaging 4 cells). Demonstrated in Fig. 4C–b, the
quantity of total post-immunotherapeutic PD-L1+ CTECs increased
from 5 (pre-treatment) to 29 cells (post-treatment) in the same cohort of
PD patients. Most of the PD-L1+ CTECs, averaging 2 cells, were de-
tected in the post-therapeutic hPD-L1- PD patients as depicted in the
heat map. Depicted in Fig. 4C–c, morphological and karyotypic ana-
lyses revealed that the entire population of pre-treatment PD-L1+

CTECs were multiploid (≥tetrasomy 8) large cells (LCTECs), and kar-
yotype shifting was observed in post-therapeutic PD-L1+ CTECs,
showing 69% of multiploid LCTECs and 31% of triploid LCTECs in PD
patients following immunotherapy.

Correlation of PD-L1+ CTCs or CTECs with patients' progression-free
survival (PFS) was analyzed utilizing Kaplan-Meier survival plots on 37
samples of 16 patients, including 9 PD subjects. Depicted in Fig. 4D–a,
patients harboring PD-L1+ CTCs (specimen quantity: 11) showed a shorter
median PFS of 5 months (95% confidence interval CI: 1.2–8.7 months)
compared to 6 months (95% CI: 5.2–6.8 months) for patients without PD-
L1+ CTCs (specimen quantity of 26). The difference in PFS was not sta-
tistically significant (p=0.288, log-rank test). On the contrary, as shown
in Fig. 4D–b, patients possessing PD-L1+ CTECs (specimen quantity of 13)
had a median PFS of 5 months (95% CI: 3.9–6.1 months), which was
shorter than 8 months (95% CI: 4.9–11 months) for patients who had no
PD-L1+ CTECs detected (specimen quantity of 24). The difference be-
tween the values of median PFS was statistically significant (*p=0.012,
log-rank test), indicating that PD-L1+ CTECs had a relevance to tumor
progression and patients’ shorter PFS.

4. Discussion

To investigate whether PD-L1 is expressed on aneuploid CTECs and
its potential relative clinical impact, a novel integrated SE-iFISH

strategy was established and optimized in the present study, to co-de-
tect and comprehensively characterize CTCs and CTECs in advanced
NSCLC patients subjected to second-line anti-PD-1 immunotherapy.

Aneuploidy (ap), the aberrant alternation (either gain or loss) of
chromosomes in a cell, is an acceptable hallmark of malignant neo-
plastic cells [41,42]. Abnormal ploidy of chromosome(s) is proportional
to malignancy status, illustrating that the higher copy number of
chromosome, the higher malignancy degree [39]. It has been reported
that chromosome aneuploidy in neoplastic cells impacts on transcrip-
tion of multiple genes [43], resulting in a profound variety of pheno-
types that subsequently contribute to tumor heterogeneity, therapy
failure [44], cancer relapse [33], and therapeutic drug resistance in
either patients [11,40], or metastatic PDX (mPDX) tumor animal
models [45]. In the current study, centromere probe 8 (Vysis), the sole
FISH probe approved by the USFDA to identify aneuploid solid tumor
cells, was applied to detect non-hematologic CTCs and CTECs posses-
sing aneuploid chromosome 8.

Similar to the conventional shedding process of the ordinary diploid
circulating endothelial cells (CECs), some abnormal aneuploid tumor
endothelial cells (TECs) [17,18], shed from tumor blood vessels into
circulation, turning into CD31+ aneuploid circulating tumor en-
dothelial cells (CTECs) [15,16]. Alike the epithelial-to-mesenchymal
transition (EMT) for CTCs, the inducible endothelial-to-mesenchymal
transition (EndoMT) participates the process from TECs to CTECs [46],
during which an acquired mesenchymal marker (such as Vimentin) is
expressed in TECs or CTECs as displayed in Fig. 1B–f. It has been re-
cognized that Vim+ mesenchymal CTCs are associated with cancer
progression, invasion and metastasis in a variety of cancer patients
[47,48]. Clinical utilities of Vim+ CTECs, and those CTECs that express
a series of tumor biomarkers (HER2, EpCAM, PD-L1, etc.) as well as the
stemness marker CD44v6 in carcinoma patients, remain to be in-
vestigated [23].

A positive association of increased PD-L1 expression with EMT in
epithelial cancer cells was highlighted by others [49,50]. Previous
studies demonstrated that down-regulation of plasma membrane asso-
ciated PD-L1 and up-regulation of nuclear nPD-L1 involving PI3K/AKT
pathway in neoplastic cells could be induced by chemotherapy in breast
cancer (BCA) patients [51]. Additional studies indicated that nPD-L1
detected in Vim+ mesenchymal CTCs in colorectal and prostate cancer
patients undergoing first-line chemotherapy significantly associated
with a shorter PFS or OS in patients, suggesting that nuclear translo-
cated nPD-L1 had a great prognostic value for carcinoma patients [31].
The present study showed that regardless of negative expression of
Vimentin, most of the aneuploid CTECs or CTCs detected in either pre-
or post-immunotherapeutic NSCLC patients who were previously sub-
jected to first-line chemotherapy, had a nuclear or perinuclear locali-
zation of PD-L1 as revealed in Fig. 1B, which is in accordance with that
observed in chemotherapeutic BCA patients [51]. Several intriguing
questions rise, including whether nuclear localization of nPD-L1 in
tumor cells is cancer type-dependent as depicted in Fig. 1A (lung cancer
vs HCC), whether and how Vimentin expression may interplay with
chemotherapy to impact on nuclear translocation of nPD-L1 in lung
cancer CTECs/CTCs, and the relevant clinical significance need to be
further explored.

Differentially regulated PD-L1 expression on cancer cells, immune
cells and angiogenesis related TECs attenuates anti-cancer immunity
[27]. IFNγ activates TECs by inducing expression of PD-L1/PD-L2 on
those cells, which subsequently down-regulates CD8+ T cell cytolysis
activity in a tumor microenvironment [6]. Despite a limited number of
the enrolled patients, the current preliminary study demonstrated that,
although nivolumab treatment could effectively deplete small cell size
haploid CTCs and CTECs, a majority of multiploid PD-L1+ CTECs
showed resistance to second-line nivolumab therapy. Compared to the
reduced number of PD patients who had post-therapeutic PD-L1+ CTCs
detected (Table 2), increased number of PD patients who had an aug-
mented quantity of both overall CTECs and the particular subtype of
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PD-L1+ CTECs was observed (Table 2 and Fig. 4), indicating on-going
angiogenesis and increased TECs in tumor lesions. Given that TECs are
among the first contacts of infiltrating immune players in the tumor
bed, an enhanced tumor vasculature barrier contributed by an increase
in the quantity of TECs, may block transendothelial extravasation as
well as infiltration of T-lymphocytes into the tumor microenvironment
[52]. Moreover, PD-L1 on CTECs may bind to PD-1 on T cells and
subsequently exert inhibitory impact on CD8+ T cell cytolytic func-
tions, resulting in reduced immunotherapy efficacy and a shorter PFS
for carcinoma patients.

Besides post-therapeutic PD-L1 phenotype shifting, both CTCs and
CTECs also underwent morphology and karyotype shifting following
nivolumab treatment as revealed in Fig. 3D. In particular, a significant
decrease in haploid SCTECs and a dramatic increase in multiploid
LCTECs were observed in post-immunotherapeutic patients at the time
of PD. Further analysis identified that the specific subtype of multiploid
PD-L1+

LCTECs constituted the main population of the significantly
increased CTECs following nivolumab therapy (Fig. 3D-c/d). Patients
possessing multiploid PD-L1+ CTECs were found to have a statistically
significant shorter PFS compared to the subjects with no PD-L1+ CTECs
detected. In view of the fact that an increased abnormal copy number of
aneuploid chromosome(s) in cancer cells is proportional to the malig-
nancy degree [39], those elevated post-therapeutic multiploid PD-L1+

CTECs may have higher degree of malignancy and associate with PD
patients’ shorter PFS. Obtained results suggest that PD-L1+ multiploid
(≥tetrasomy 8) LCTECs in post-immunotherapeutic PD patients may
have “intrinsic resistance” to anti-PD-1 therapy, whereas PD-L1+ tri-
ploid LCTECs detected only in the post-therapy patients might be re-
levant to “induced resistance” (Fig. 4C–c). This is in line with our
previous studies performed on either metastatic PDX tumor mouse
models [45] or gastric cancer patients [11,40], showing that the spe-
cific subtype of CTCs were resistant to the chemotherapeutic agent
cisplatin.

PD-L1+ CTCs and PD-L1+ CTECs may have different response me-
chanisms to anti-PD-1 therapy. Second-line immune checkpoint in-
hibitor (nivolumab) alone might not be sufficient to interfere or block
PD-1 on T cells from binding to PD-L1 on CTECs, or might not be able to
effectively facilitate restoring, maintaining or managing CD8+ T cells
efficacy to deplete PD-L1+ CTECs, thus accelerating tumor progression
in carcinoma patients. Recent clinical studies combining anti-angio-
genesis (VEGF/VEGFR inhibitors) and immune checkpoint blockade
therapy (anti-PD-L1) showed notable therapeutic responses in breast
and pancreatic cancer models [25]. Co-detection and in situ phenotypic,
karyotypic as well as morphological comprehensive characterization of
PD-L1+ aneuploid CTCs and CTECs, are expected to assist in more
appropriately evaluating the efficacy of the therapy regimen combining
anti-angiogenesis and immunotherapy.

The 5-year overall survival rate of late stage hPD-L1+ lung cancer
patients receiving checkpoint blockade immunotherapy has reached
29.6% (ASCO, 2019). However, conventional pathological needle
biopsy employed to detect hPD-L1 expression may bring a non-negli-
gible false negativity [4]. The present study showed that, in addition to
an effective detection of PD-L1+ aneuploid CTCs in hPD-L1+ subjects,
SE-iFISH was also able to effectively detect PD-L1+ CTCs in 44.4% of
hPD-L1- patients prior to immunotherapy. It would be meaningful to
further investigate in a substantial sample size of carcinoma patients
whether and how co-detection of PD-L1+ CTCs and CTECs could help
more appropriately select patients suitable for receiving either first-line
or second-line immunotherapy.

In summary, the present study first-ever demonstrated clinical im-
pact of PD-L1 expression on aneuploid CTECs. Both CTCs and CTECs
expressing either PD-L1 or Vimentin were identified in the im-
munotherapeutic NSCLC patients. Aneuploid CTCs and CTECs, respec-
tively bearing the symbolic non-synonymous single nucleotide-poly-
morphism (SNP) in TP53 gene for CTCs and CDKN2A gene for CTECs
[15], may have a cross-talk and potentially function as a pair of real

time “cellular circulating tumor biomarkers”, each possessing distinct
clinical significance. Multidisciplinary studies to further elucidate in-
herent biological properties and the clinical significance of aneuploid
CTCs and CTECs in a large cohort of patients with a variety of malig-
nancies are under way, which will lead to a greater comprehension on
whether and how those diverse categories of viable aneuploid cells may
have a functional interplay in either circulation or the tumor micro-
environment, and what their possible effects on tumor progression,
seeding and implantation of metastatic cancer cells, as well as response
to clinical therapies are. Future extensive investigation of PD-L1+

LCTECs in carcinoma patients subjected to anti-PD-1 or anti-PD-L1
immunotherapy, will shed light on a better understanding of how PD-1
and PD-L1 interact on diverse types of the host cells, and how such
interaction impacts on tumor angiogenesis, progression as well as
therapy resistance, ultimately improving the efficacy of either im-
munotherapy alone or the combo regimens in cancer patients.
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