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Background: Much importance is attached to the clinical application value of circulating
tumor cells (CTCs), meanwhile tumor-proximal CTCs detection has interested researchers
for its unique advantage. This research mainly discusses the correlation of portal venous
(PoV) CTCs counts in different epithelial-mesenchymal transition status with
clinicopathologic parameters and postoperative prognosis in resectable pancreatic
ductal adenocarcinoma patients (PDAC).

Methods: PDAC patients (n=60) who received radical resection were enrolled in this
research. PoV samples from all patients and peripheral venous (PV) samples from 32
patients among them were collected to verify spatial heterogeneity of CTCs distribution,
and explore their correlation with clinicopathologic parameters and clinical prognosis.

Results: CTCs detectable rate and each phenotype count of PoV were higher than those
of PV. Patients with recurrence had higher PV and PoV epithelial CTCs (E-CTCs) counts
than recurrence-free patients (P<0.05). Some unfavourable clinicopathologic parameters
were closely related to higher PoV CTCs counts. Multivariate regression analysis
demonstrated that PoV mesenchymal CTC (M-CTC)s≥1/5 ml was an independent risk
factor for metastasis free survival (MFS) (P=0.003) and overall survival (OS) (P=0.043).

Conclusions: Our research demonstrated that portal venous was a preferable vessel for
CTC test, and patients with PoV M-CTC≥1/5 ml had shorter MFS and OS time in
resectable PDAC patients. PoV CTC phenotype detection has the potential to be a reliable
and accurate tool to identify resectable PDAC patients with high tendency of
postoperative metastasis for better stratified management.

Keywords: circulating tumor cell, pancreatic ductal adenocarcinoma, portal venous, prognosis, epithelial-
mesenchymal transition
October 2021 | Volume 11 | Article 7573071

https://www.frontiersin.org/articles/10.3389/fonc.2021.757307/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.757307/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.757307/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.757307/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.757307/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:651215540@qq.com
mailto:sunpeichun@126.com
https://doi.org/10.3389/fonc.2021.757307
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.757307
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.757307&domain=pdf&date_stamp=2021-10-28


Pan et al. Tumor-Proximal CTCs Phenotype Detection
INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) remains one of
the most aggressive malignancies with high metastatic
tendency to distant organs (1), and it has been projected to
be the second most lethal tumor by 2030 (2). A retrospective
study pointed that nearly half of 957 PDAC patients had
suffered tumor recurrence or metastasis within 1 year after
surgery, including liver metastasis (33.8%) and lung
metastasis (8.5%), though they had already received radical
surgery (3). Cancer management strategy would benefit a lot
from the accurate prognostic indicator in order to better
stratify patients (4, 5). While the prognosis of PDAC is
highly unpredictable, mainly due to the absence of precise
and timely prognosis indicators (6).

Increasing evidence demonstrated that utilizing the
circulating tumor cells (CTCs) count to early assess the
postoperative prognosis can be considered as an efficient
method in some solid tumors (5, 7–9). To date, research
involving CTCs detection has mainly focused on peripheral
blood samples with low detectable rates and detectable
enumeration (7, 9). It is worth noting that researchers have
utilized tumor-proximal liquid biopsy to overcome the
mentioned limitations with the enhancement of detectable
rates and the enumeration of CTCs (7, 9–11). In this research,
we collected portal venous blood and peripheral venous blood for
CTCs phenotypes detection to verify the value of tumor-
proximal liquid biopsy.

Epithelial-mesenchymal transition (EMT) and its
intermediate states have already been acknowledged as crucial
drivers of tumor progression, though there is still far from a
consensus on the significance of each EMT phenotype for
prognosis (12, 13). Recently, exploring the correlation between
CTCs in different EMT statuses and prognosis has attracted
increasing attention (14–16). In this study, Canpatrol CTC
detection technology was used to enrich and identify CTCs in
different EMT statuses and then routinely classified them into
three typical subgroups according to the expression of
fluorescence signals: entirely epithelial-CTCs(E-CTCs), entirely
mesenchymal-CTCs (M-CTCs), and hybrid phenotype CTCs
(H-CTCs). Furthermore, we classified the H-CTC into E>M,
E≈M, and E<M subtypes. The main aim of this study is to
identify the correlation between the portal venous CTCs
subtypes count with clinicopathological parameters and
prognosis to verify the clinical application value of tumor-
proximal liquid biopsy in resectable PDAC patients.
Abbreviations: AJCC, American Joint Committee on Cancer; AUC, Area under
the curve; CA 19-9, Cancer antigen 19-9; CK8/18/19, cytokeratin8/18/19; CTC,
Circulating tumor cell; DAPI, 4′,6-diamidino-2-phenylindole; E-CTC, Epithelial
CTC; EDTA, Ethylenediaminetetraacetic acid; EMT, Epithelial-mesenchymal
transition; EpCAM, Epithelial cell adhesion molecule; H-CTC, Hybrid CTC;
HR, hazard ratio; IQR, Interquartile Range; ISET, Isolation by Size of Epithelial
Tumor Cells, M-CTC, Mesenchymal CTC; MFS, metastasis free survival; OS,
Overall survival; PDAC, Pancreatic ductal adenocarcinoma; PoV, Portal venous;
PV, peripheral PV; RFS, Recurrence free survival; ROC, Receiver operating
characteristic; SD, Standard deviation; T-CTC,Total CTC.
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PATIENTS AND METHODS

Patients
This research was carried out at the Department of Hepatobiliary
and Pancreatic Surgery, People’s Hospital of Zhengzhou
University (Zhengzhou, China). From August 2018 to
September 2020, 60 PDAC patients receiving radical surgery
were enrolled. The inclusion criteria were as follows: (a) radical
resection confirmed by postoperative pathology; (b) PoV blood
samples collecting was prior to specimen separation
intraoperation; (c) definite pathological diagnosis of PDAC.
The exclusion criteria were as follows: (a) previously treated
with anticancer therapy before surgery, including radiotherapy,
immunotherapy and chemotherapy; (b) patients with incomplete
clinicopathological data; (c) patients with distant metastasis or
others primary tumor. Ultimately, sixty patients met the
inclusion criteria and were enrolled in this study. This study is
consistent with the guidelines of the Declaration of Helsinki and
approved by ethics committee of Henan Province People’s
hospital. Informed consent was obtained from each participant.

Portal Venous and Peripheral Venous
Blood Samples
Portal venous (PoV) blood sample (5ml) collection was performed
prior to specimen separation during surgery (Figure 1A).
Peripheral blood (PV) samples (5ml) were obtained from the
cubital vein before surgery (Figure 1B). Then, these blood samples
were placed in ethylenediaminetetraacetic acid (EDTA)
vacutainers for the CTC phenotype detection.

CTCs Enrichment and Identification
The Canpatrol™ CTCs detection platform (Sur Exam, Guangzhou,
China) had been introduced by previous reports (5, 17, 18). Firstly,
CTCs were isolated by a filtration system containing a membrane
with 8-mm diameter pores (Sur Exam, Guangzhou, China). The
nuclei were stained by4',6-diamidino-2-phenylindole (DAPI).
RNA-in situ hybridization technology was used to identify the
CTC phenotypes targeting different mRNA sequences that encode
epithelial biomarkers (EpCAM, CK8/18/19), mesenchymal
biomarkers (Vimentin and Twist), and the leukocyte biomarker
CD45. CTCs phenotypes were analyzed with a fluorescent
microscope, the epithelial CTCs (E-CTCs) were stained with red
fluorescence, mesenchymal CTCs (M-CTCs) were stained with
green fluorescence and hybrid CTCs (H-CTCs) were stained with
both red and green fluorescence. Besides, leukocytes were stained
with white fluorescence (Figure 1C).

Clinical and Pathologic Characteristic
Clinicopathological data from 60 PDAC patients were collected,
including age, sex, hepatitis, diabetes, preoperative serum CA19-
9 level and postoperative serum CA19-9 level (referring to the
first postoperative review result), tumor location (head and neck
vs body and tail), degree of tumor differentiation (medium and
poorly differentiated vs well differentiated), TNM stage (referring
AJCC cancer staging manual, 8th edition) (19), nerve invasion,
tumor size, surgical method, PoV and PV CTCs subtype counts.
October 2021 | Volume 11 | Article 757307
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Follow Up
The postoperative follow-up mainly focuses on the disease
progression, including recurrence, metastasis, death until to
January 2021. According to the guidelines of PCCA, patients
are recommended to undergo a comprehensive examination for
status assessment every 3 months in the first year, every 3 to 6
months during the second to third years, and then every 6
months (20). The length of the recurrence free survival (RFS)/
metastasis free survival (MFS)/overall survival (OS) was
measured from the date of surgery until the date of recurrence/
metastasis/death occurring.

Postoperative tumor progression was stratified into two
mutually exclusive categories: local recurrence and distant
metastasis and they were judged mainly by imaging
examination. If a patient had diagnosed with both local
recurrence and distant metastasis at a follow-up, then he was
classified into the metastasis group for metastatic lesions can
represent a more lethal progression.

Statistical Analysis
SPSS 21.0 and GraphPad Prism 8.0 software were used for data
analysis. E-CTCs, M-CTCs, H-CTCs and T-CTC counts were
used to investigate the prognosis assessment value and the
correlation with clinicopathological parameters. Receiver
operating characteristic curve (ROC) was used to determine
the cut-off value of each CTCs subtype counts on different
clinical outcomes. Then, we divided these patients with
different CTC subtype count into different groups.

Continuous variables are presented as the median with inter-
quartile range (IQR). CTCs count differences were compared by the
nonparametric Mann–Whitney U test and/or the Kruskal-Wallis
test. The Kaplan–Meier method with the log-rank test was used to
assess the differences between the different groups. Univariate and
multivariate factor analyses of prognosis-related factors were
conducted using a Cox regression model to identify independent
predictors. P<0.05 means statistically significant.
Frontiers in Oncology | www.frontiersin.org 3
RESULTS

Patients Characteristics
Sixty patients were enrolled in this study, including 34 men and
26 women with a median age of 56.5 (range: 30–83 years old).
The number of patients in I stage, II stage, and III stage of TNM
stage were 16, 35, 9 respectively. In addition, PV blood samples
were collected from 32 patients among them. Although it was an
invasive operation to obtain portal venous blood, we had not
observed immediate or delayed complications from portal vein
draws including hematoma formation or gastrointestinal
bleeding. With a median follow‐up duration of 15 months
(range: 3–29 months), 11 (18.3%) patients experienced local
recurrence, and metastasis occurred in 30.0% (18/60),
including 9 liver only metastases, 4 lung only metastases, 3
cases of multiple sites metastases, beside 3 patients had been
diagnosed with both recurrence and metastatic. By the last
follow-up, 17 patients had died due to tumor progression.
Spatial Heterogeneity of CTCs Distribution
Thirty-two patients were implemented both PoV and PV CTCs
phenotype tests, and we found that the T-CTC detectable rate in
PV was 87.5% (Figure 2A), while the PoV T-CTC detectable
positive ratio was high to 96.9% (Figure 2B). Paired comparison of
CTCs phenotype counts in different vessels of 32 patients, we
found the count of T-CTC and three kinds of subtypes of CTC in
PoV were all significantly higher than in PV (Figure 2C) (P<0.05).

To further investigate the correlation between the PoV and PV
CTC counts, we performed a linear regression analysis and found
that the counts of T-CTCs, H-CTCs, E-CTCs per 5ml of PoV were
significantly correlated with the count of PV (R2 = 0.349, P < 0.001;
R2 = 0.335, P < 0.001; R2 = 0.135, P = 0.039; respectively)
(Supplementary Figures 1A–C), while no significant association
was observed in the count of M-CTCs per 5 mL of PoV and PV
sample (R2 < 0.001, P = 0.973) (Supplementary Figure 1D).
A

B

C

FIGURE 1 | Representative images of PoV, PV blood samples collection and typical multifluorescence signals of CTCs and leukocytes. (A) Collecting the portal
venous blood sample. (B) Peripheral vessel blood sample was obtained by puncturing the cubital vein. (C) Based on mRNA sequence staining technology, the nuclei
were stained with DAPI (blue), the epithelial markers (EpCAM and CK8/18/19) are indicated by red dots, the mesenchymal markers (Vimentin and Twist) are
indicated by green dots, and the hybrid CTCs contain epithelial markers and mesenchymal markers are indicated by red and green dots. Leukocyte marker (CD45) is
indicated by white dots. Scale bar = 5mm.
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PV CTCs Phenotype and Their
Prognostic Significance
During the follow-up (median months=15, range 3 to 29), five
patients (15.6%) suffered recurrence, eleven patients (34.5%)
presented with tumor metastasis, and eleven patients (34.5%)
died from tumor-related causes. The median counts of T-
CTCs, E-CTCs, H-CTCs and M-CTCs were 2, 0.5, 1, and
0, respectively.
Frontiers in Oncology | www.frontiersin.org 4
To evaluate the prognostic value of the PV CTC phenotype
count in PDAC, we compared the count differences of T-CTC
and CTCs subtype among patients with different outcomes
including recurrence, metastasis, death. We had not noticed a
correlation between PV CTCs subtype counts with survival and
metastasis events (Figures 3B, C). However, we found that
recurrent patients had higher E-CTC counts than recurrence-
free patients (P<0.05) (Figure 3A). ROC curve analysis exhibited
A CB

FIGURE 2 | The CTCs count paired comparison in PV and PoV samples (n=32). The detectable rate of T-CTCs in the PV sample (A) was lower than that of the PoV
sample (B) (87.5% vs 96.9%). (C) Each CTCs phenotype (T-CTC, E-CTC, H-CTC, M-CTC) count of the PoV sample were higher than those of the PV sample.
A B

D E

C

FIGURE 3 | Comparison of different CTC phenotype counts of peripheral blood samples between the PDAC patients (n=32) with different postoperative prognosis,
including recurrence or recurrence-free (A), metastasis or metastasis-free (B), and death or survival (C), through the Mann–Whitney U test, the results demonstrated
that the recurrence patients (n=5) had significantly higher E-CTC counts than the recurrence-free patients (n=27) (P < 0.05). (D) ROC curves for PV E-CTC (cut-off =
2 CTCs/5 ml, AUC = 0.800 95% CI 0.621–0.920; P = 0.032) regarding on recurrence. (E) Kaplan-Meier RFS stratified with respect to the E-CTC cut-off value of 2/5
ml for PDAC patients, the curve showed patients with PV E-CTC ≥ 2/5ml had a significantly shorter RFS than patients with PV E-CTC < 2/5ml (P = 0.0002).
October 2021 | Volume 11 | Article 757307
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that E-CTC≥2/5 ml means a higher risk of tumor recurrence
(P=0.02) (Figure 3D), and Kaplan–Meier curve analysis shown
that patients with high PV E-CTC (E-CTC ≥ 2/5 ml) counts had
significantly shorter RFS than patients with low E-CTC counts
(P=0.002) (Figure 3E).
PV CTCs Count and Prognosis in Patients
Received Adjuvant Chemotherapy
Peripheral blood CTCs of 18 unresectable advanced PDAC
patients were also collected before and after the first cycle
Frontiers in Oncology | www.frontiersin.org 5
chemotherapy and chemotherapy mainly adopts gemcitabine -
based monotherapy or combination regimens. Comparing the
PV CTCs subtype count difference in resectable and unresectable
PDAC patients before chemotherapy, we noticed that
unresectable patients had significantly higher H-CTCs than
resectable patients (P=0.035) (Supplementary Figure 2A).
Besides, Kaplan-Meier analysis shown that there was no
significantly difference on overall survival in patients with
increased or non-increased T-CTCs/E-CTCs/H-CTCs/M-CTCs
(Supplementary Figures 2B–E) (P=0.915, P=0.149, P=0.505,
P=0.164, respectively).
TABLE 1 | Correlation between PoV CTC phenotype count and baseline characteristics.

Variables n T-CTC P E-CTC P H-CTC P M-CTC P
Median (IQR) Median (IQR) Median (IQR) Median (IQR)

Gender 0.487 0.142 0.742 0.061
Male 34 7.5 (4.75-13.25) 2 (1-4.25) 4 (1.75-8) 0 (0-1.25)
Female 26 7 (3-13.25) 2 (0.75-3) 4.5 (2-9.5) 0 (0-0)

Age (years) 0.470 0.234 0.829 0.452
≤65 38 7 (4-14) 2 (1-3.25) 4 (2-8.5) 0 (0-1)
>65 22 7.5 (2-13) 1.5 (0-4.25) 5 (1.75-8.25) 0 (0-1)

Diabetes 0.336 0.343 0.099 0.942
No 46 7 (3.75-13) 2 (1-5) 4 (1-7.5) 0 (0-1)
Yes 14 9.5 (4.75-15) 2 (1-3) 7 (3-13) 0 (0-1.25)

Hepatitis 0.959 0.925 0.795 0.902
No 51 7 (4-13) 2 (1-4) 5 (2-8) 0 (0-1)
Yes 9 7 (3.5-13.5) 2 (1-3.5) 3 (2.5-9) 0 (0-2)

Pre-op CA19-9 (u/ml) 0.087 0.853 0.038 0.335
≤37 23 6 (3-10) 2 (1-4) 3 (1-6) 0 (0-1)
>37 37 8 (5-14) 2 (1-3.5) 6 (3-9.5) 0 (0-1.5)

Post-op CA19-9 (u/ml) 0.013* 0.030* 0.012* 0.339
≤37 40 6.5 (3-11) 2 (0.25-3) 3 (1-7) 0 (0-1)
>37 20 11.5 (6.25-18.75) 3 (1.25-5.75) 7 (3.25-15.25) 0 (0-0.75)

T stage 0.061 0.006* 0.514 0.367
T1-T2 30 6.5 (3-10.5) 2 (0-2) 4 (2-7) 0 (0-1)
T3 30 10 (4.75-17.25) 3 (1-5) 5.5 (1-11.5) 0 (0-2)

Tumor location 0.242 0.099 0.859 0.349
Head、neck 29 9 (4-16) 3 (1-4.5) 5 (1-10.5) 0 (0-1.5)
Body、tail 31 7 (3-13) 2 (1-3) 4 (2-8) 0 (0-0)

Lymph node invasion 0.141 0.810 0.207 0.014*
N0 30 6.5 (3-11.5) 2 (0.75-3.25) 3.5 (1.75-7.25) 0 (0-0)
N1-N2 30 8.5 (4-14.75) 2 (1-4) 5.5 (2.75-10) 0 (0-2.25)

TNM stage 8th AJCC 0.852 0.858 0.795 0.710
IA-IIB 51 7 (4-13) 2 (1-3) 4 (2-8) 0 (0-1)
III 9 8 (3-21) 2 (0.5-4.5) 3 (1-15) 0 (0-1.5)

Nerve invasion 0.064 0.128 0.240 0.225
No 34 7 (3-10) 2 (0-3) 4 (2-7) 0 (0-1)
Yes 26 11 (4.75-17.25) 2.5 (1-4.25) 6.5 (1.75-13) 0 (0-2)

Differentiation 0.125 0.201 0.375 0.028*
High 36 7 (3-11.5) 2 (1-3) 3.5 (2-7) 0 (0-0)
Middle and low 24 10.5 (4.5-14) 2.5 (1-5) 5 (2.25-10.75) 0.5 (0-2)

Recurrence 0.025* 0.021* 0.067 0.309
No 49 7 (4-11.5) 2 (1-3) 4 (2-7) 0 (0-1)
Yes 11 17 (6-23) 5 (1-7) 11 (3-18) 0 (0-0)

Metastasis 0.068 0.075 0.616 <0.001*
No 42 7 (3-11) 2 (1-3) 4 (2-8) 0 (0-0)
Yes 18 12 (5.5-15) 3 (2-4.25) 5 (1.5-10) 2 (0.75-3)

Death 0.278 0.070 0.439 <0.001*
No 43 7 (3-13) 2 (1-3) 4 (2-9) 0 (0-0)
Yes 17 12 (5-13.5) 3 (1.5-5) 4 (0.5-7.5) 1 (0-3)
Oc
tober 2021 |
 Volume 11 | Article
Pre-op, preoperative; post-op, postoperative.
Bold values indicate that the results were statistically significant.
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PoV CTCs Count With Clinicopathologic
Parameters and Prognosis
We obtained PoV blood samples for CTC phenotype test from
60 patients. Fifty-eight patients (96.7%) had detectable T-CTC in
the PoV, and the median counts of T-CTCs, E-CTCs, H-CTCs
and M-CTCs were 7, 2, 4, and 0, respectively. During the follow-
up (median months=15, IQR 10.25 to 18), eleven patients
(18.3%) presented with disease recurrence, eighteen patients
(30%) presented with tumor metastasis, and seventeen patients
(28.3%) died due to tumor-related causes.

The correlations between the clinicopathologic variables and
the PoV CTC phenotype count of the 60 PDAC patients are
listed in Table 1. The Mann-Whitney U test was used to compare
the correlation between CTCs subtype counts and the
Frontiers in Oncology | www.frontiersin.org 6
clinicopathologic variables and outcomes. In this research, we
noticed a correlation of the T-CTC count with an abnormal
postoperative CA19-9 level and tumor recurrence; a correlation
of the E-CTC count with a postoperative abnormal CA19-9 level,
T stage and tumor recurrence; a correlation of the H-CTC count
with a postoperative abnormal CA19-9; a correlation of the M-
CTC count with lymph node invasion, tumor differentiation
degree and tumor metastasis (P<0.05) (Table 1).

Based on the correlation between the clinical outcome
and the CTC phenotype counts, ROC curves were used to
determine the cut-off value of the CTC phenotype counts
Figures 4A–D. The sensitivity, specificity and cut-off value are
depicted in Table 2. According to tumor recurrence or
recurrence-free, the cut-off values of the T-CTC and E-CTC
A B

C D

FIGURE 4 | The ROC curve for (A) PoV T-CTCs, (B) PoV E-CTCs on recurrence prediction, (C) PoV M-CTCs for metastasis prediction and (D) PoV M-CTCs for
death prediction. The result of sensitivity, specificity and cut-off value of each ROC curve are depicted in Table 2.
TABLE 2 | ROC curves of PoV CTCs phenotype counts on postoperative progression.

Clinical outcome CTC phenotype Cut-off value Sensitivity Specificity AUC P value

Recurrence T-CTC 14 63.6 87.8 0.717 0.035*
Recurrence E-CTC 5 54.55 87.76 0.721 0.032*
Metastasis M-CTC 1 77.78 85.71 0.842 <0.001*
Death M-CTC 1 70.60 81.40 0.778 <0.001*
October 2021 |
 Volume 11 | Article
Bold values indicate that the results were statistically significant.
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counts were 14/5 ml and 5/5 ml, respectively. The cut-off value of
M-CTC to describe postoperative metastasis was 1/5 ml, and M-
CTC≥1/5 ml was also an unfavourable factor of OS (Figure 5).

Based on the cut-off value, PoV CTC subtype counts were
divided into high or low groups. Then, Kaplan–Meier analysis was
used to compare the prognostic differences among the CTC counts
in different groups. The Kaplan–Meier curves showed that PoV T-
CTC≥14/5 ml predicts a shorter RFS (P<0.05), PoV E-CTC≥5/5
ml also predicts a shorter RFS (P<0.05), while PoV M-CTC≥1/5
ml predicts a shorter MFS (P<0.05), and a shorter OS (P<0.05)

PoV H-CTC Count to Predict the
Postoperative Prognosis
A scholar had also adapted the Canpatrol™ CTC platform, then
divided the CTCs into five phenotype with different plastic and
reversible phenotypes (21), referring this division criteria, the H-
CTCs were further classified into three subtypes as epithelial
predominant (E>M), intermediate (E≈M), or mesenchymal
predominant (E<M) according to the signal numbers of
epithelial or mesenchymal biomarker (Figure 6A). H-CTCs are
the main component of CTCs in both PV and PoV; interestingly,
E ≈ M is also the most abundant subtype of H-CTCs
(Figure 6B). We noticed a correlation between PoV E>M H-
Frontiers in Oncology | www.frontiersin.org 7
CTCs with postoperative recurrence, besides we had not found
correlations between the other CTCs phenotypes with
postoperative metastasis and survival (Figures 6C–E). The
ROC curve results showed that the cut-off value of E> M H-
CTC counts for recurrence assessment was 3/5 ml (Figure 6F).
The Kaplan–Meier curves demonstrated that E>M H-CTC≥3/5
ml means a shorter RFS (Figure 6G).

Univariate and Multivariate Regression
Analysis of Postoperative Prognosis
To identify the influence of baseline characteristics and
particular PoV CTC phenotype count on the resectable PDAC
postoperative prognosis. We noticed that postoperative CA19-
9>37 U/ml, high T stage, PoV E>M H-CTC≥3/5 ml, PoV T-
CTC≥14/5 ml, and PoV E-CTC≥5/5 ml were significantly
associated with RFS (all P<0.05), while lymph node invasion
and PoV M-CTC≥1/5 ml were significantly associated with MFS
(all P<0.05) by univariate Cox regression. However, M-CTC≥1/5
ml and lymph node invasion were both associated with
significantly shorter OS (all P<0.05) (Table 3). Next, the
multivariable analysis revealed that postoperative CA19-9>37
U/ml was a significant independent predictor of RFS (95CI
1.237–40.908; P=0.028); lymph node invasion (95%CI 1.286–
A B

C D

FIGURE 5 | Kaplan-Meier curves for PDAC patients with different prognosis in high/low CTC subtype count group for (A) T-CTC, for patients with high T-CTCs (≥ 14/5
ml) vs low T-CTC (<14/5 ml) and the mean RFS was 26.44 months (95%CI 24.07-28.83) vs 16.51 (95%CI 10.17 - 22.85). (B) E-CTC, for patients with high E-CTCs (≥ 5/
5 ml) vs low E-CTC (<5/5 ml) and the mean RFS was 25.84 month (95%CI 23.268- 28.416) vs 18.51 (95%CI 12.106 - 24.927). (C) M-CTC, for patients with high M-
CTCs (≥ 1/5 ml) vs low M-CTC (<1/5 ml) and the mean MFS was 14.19 month (95%CI 10.77 - 17.61) vs 23.78 (95%CI 19.207 - 28.368). (D) M-CTC, for patients with
high M-CTCs (≥ 1/5 ml) vs low M-CTC (<1/5 ml) and the mean OS was 17.28 months (95% CI 13.91 to 20.65) vs 22.87 months (95% CI 19.51 - 26.22).
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19.546; P=0.020) and PoV M-CTC≥1/5 ml (95%CI 1.893–
24.396; P=0.003) were significantly associated with shorter
MFS; and PoV M-CTC≥ 1/5 ml (95%CI 1.03–9.27; P=0.043)
was significantly associated with shorter OS (Table 4).
DISCUSSION

In this study, 88.2% (15/17) of PDAC patients died due to
postoperative metastasis with a median follow-up duration of 15
months. Tumormetastasis is an extremely aggressive characteristic
Frontiers in Oncology | www.frontiersin.org 8
of tumors and is the mainly cause of tumor related death of more
than 90% of patients with malignant tumors (22). The most
common metastasis organ of PDAC patients is the liver due to its
unique anatomical features and microenvironment (1, 4, 7).
Identifying patients with high tendency of postoperative
metastasis or recurrence is of the utmost importance, and it could
contribute to the development of novel treatment model and
management strategies for PDAC patients (6, 7).

In EMT (epithelial–mesenchymal transition) process, tumor
cells acquire some properties of mesenchymal cells which promote
tumor cell migrate and invade (16, 23). However, whether EMT
A B

C D

F G

E

FIGURE 6 | Typical multi-fluorescence signals of hybrid CTCs subtypes and correlation with prognosis. (A) Epithelial predominant (E > M) hybrid CTC, intermediate (E≈M)
hybrid CTC, or mesenchymal predominant (E<M) hybrid CTC. (B) Each H-CTC subtype count in patients (n=60). Comparison of PoV H-CTC subtype counts with prognosis,
recurrence (C), metastasis (D), and death (E), the result demonstrated that recurrence patients had significantly higher E > M H-CTC counts than recurrence-free patients
(P<0.05). (F) ROC curve was used to determine that the cut-off value of E > M H-CTC count was 3/5 ml (AUC = 0.760, sensitivity = 72.7%, specificity =75.5%, P=0.004).
(G) Kaplan–Meier analysis showed that patients with E>M H-CTC ≥ 3/5ml had significantly shorter RFS than patients with E>M H-CTC<3/5ml (P < 0.001).
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proceeds through intermediate states and, if so, how many
intermediate steps exist in this transition, how plastic and
reversible these intermediate states are, and what the implications
of these different EMT status are for clinical applications (24). EMT
and its different intermediate status have recently been noticed as
crucial drivers of tumor progression and metastasis (16, 24, 25). In
light of recent research demonstrated that the CTC count could be
used as a prognostic biomarker, and a higher CTCs count may
predict anunfavourableprognosis inmalignantpatients (26–30). In
this research, we used the Canpatrol™ CTC filtration platform to
detect CTCs in different EMT statuses intend to explore their
prognostic assessment value. The results of the PV CTC and PoV
CTC subtype counts confirmed a correlation between high PV E-
CTC, PoV E-CTC, and PoV E>M H-CTC counts with
postoperative recurrence, but they were not significant
independent risk factors of recurrence, while high M-CTC counts
were significant independent risk factors for postoperative
metastasis and death.

EMT is rather a binary process, and epithelial CTCs gradually
lose polarity and intercellular adhesion, but gain increased
Frontiers in Oncology | www.frontiersin.org 9
migratory and invasive properties in this process (5, 30). CTCs
have been reviewed as the seeds of tumor metastasis, and
previous reports had noted that mesenchymal CTCs with an
elongated shape were closely related to the tumor metastasis
cascade (24, 31). Although we are far from reaching a consensus
on the detailed mechanisms, some researchers have already
demonstrated that M-CTCs play an essential role in tumor
progression, especially the distant metastasis process (5, 30, 32,
33). In this research, we also noticed a correlation between PoV
E>M H-CTC, PoV E-CTCs counts with RFS. The proliferation
capability of E-CTCs and early hybrid CTCs may lead to tumor
relapse may be due to their unique self-seeding effect (34).

The count of each PoV CTC subtype varied in patients with
different clinicopathological factors. In our study, PoV M-CTCs
counts were linked to lymph node invasion and tumor
differentiation degree. Besides, PoV T-CTCs were closely related
to the postoperative CA19-9 level, the E-CTCs count were closely
related to the postoperative CA19-9 level and high T stage,
meanwhile the H-CTC count was also related to the
postoperative CA19-9 level. The above results demonstrated that
TABLE 3 | Univariate Cox regression analysis for postoperative progression.

Variables Recurrence Univariate Analysis Metastasis Univariate Analysis Death Univariate Analysis

HR (95% CI) p HR (95% CI) p HR (95% CI) p

Gender: Male vs Female 1.347 (0.410-4.425) 0.623 0.779 (0.300-2.020) 0.607 0.533 (0.187-1.525) 0.241
Age (years): ≤65 vs >65 1.380 (0.419-4.549) 0.596 0.520 (0.171-1.586) 0.251 0.937 (0.326-2.689) 0.903
Diabetes: no vs yes 0.726 (0.153-3.442) 0.687 1.488 (0.547-4.048) 0.436 1.482 (0.533-4.115) 0.451
Hepatitis: no vs yes 1.978 (0.419-9.351) 0.389 1.135 (0.257-5.017) 0.867 2.762 (0.737-10.357) 0.132
Pre-op CA19-9 (u/ml): ≤37 vs>37 1.294 (0.377-4.439) 0.682 2.203 (0.722-6.728) 0.165 1.329 (0.461-3.827) 0.540
Post-op CA19-9 (u/ml):≤37 vs>37 9.432 (2.026-43.916) 0.004* 0.423 (0.122-1.464) 0.175 0.540 (0.173-1.688) 0.396
T stage: T1-T2 vs T3 5.675 (1.222-26.355) 0.027* 1.824 (.699-4.755) 0.219 1.464 (0.548-3.906) 0.447
Tumor location Head、neck vs Body、tail 1.081 (0.304-3.842) 0.904 0.439 (0.170-1.138) 0.090 0.615 (0.236-1.603) 0.320
Total laparoscopic: no vs yes 2.128 (0.564-8.037) 0.265 0.555 (0.216-1.423) 0.220 1.039 (0.390-2.771) 0.939
Lymph node invasion: N0 vs N1-N2 1.146 (0.347-3.785) 0.823 6.355 (1.829-22.086) 0.004* 3.455 (1.112-10.733) 0.032*
TNM stage: IA-IIB vs III 1.706 (0.362-8.049) 0.500 1.624 (0.528-4.998) 0.398 1.687 (0.537-5.295) 0.371
Nerve invasion: no vs yes 2.628 (0.731-9.446) 0.139 2.035 (0.769-5.380) 0.152 1.920 (0.706-5.225) 0.202
Differentiation: High vs Middle and low 2.940 (0.849-10.185) 0.089 3.253 (1.216-8.704) 0.019* 2.070 (0.757-5.661) 0.156
PoV E>M H-CTC (per 5mL): <3 vs ≥ 3 6.867 (1.802-26.161) 0.005* 1.318 (0.492-3.528) 0.583 0.935 (0.327-2.671) 0.900
PoV T-CTC (per 5mL): <14 vs ≥14 8.075 (2.308-28.248) 0.001* 1.698 (0.596-4.837) 0.321 1.016 (0.325-3.183) 0.978
PoV E-CTC (per 5mL): <5 vs ≥ 5 4.989 (1.490-16.707) 0.009* 1.253 (.410-3.828) 0.693 1.138 (0.385-3.365) 0.815
PoV M-CTC (per 5mL): <1 vs ≥ 1 0.485 (0.103-2.274) 0.358 7.704 (2.527-23.492) <0.001* 3.963 (1.371-11.455) 0.011*
October 20
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Variables which had a P value < 0.05 in univariable analysis was included in the multivariable analysis.
Bold values indicate that the results were statistically significant.
TABLE 4 | Multivariate Cox regression analysis for postoperative progression.

Variables Recurrence multivariate analysis Metastasis multivariate analysis Death multivariate analysis

HR (95% CI) p HR (95% CI) p HR (95% CI) p

Post-op CA19-9 (u/ml):≤ 37 vs>37 7.11 (1.23-40.90) 0.028* NA. NA.
T stage: T1-T2 vs T3 4.37 (0.75-25.55) 0.10 NA. NA.
Lymph node invasion: N0 vs N1-N2 NA. 5.01 (1.28-19.54) 0.020* 2.531 (0.78-8.18) 0.12
Differentiation: High vs Middle and low NA. 0.67 (0.20-2.27) 0.52 NA.
PoV E>M H-CTC (per 5ml): <3 vs ≥ 3 1.22 (0.11-13.08) 0.870 NA. NA.
PoV T-CTC (per 5ml): <14 vs ≥ 14 3.84 (0.48-30.28) 0.202 NA. NA.
PoV E-CTC (per 5ml): <5 vs ≥ 5 0.58 (0.094-3.64) 0.56 NA. NA.
PoV M-CTC (per 5ml): <1 vs ≥ 1 NA. 6.795 (1.89-24.39) 0.003* 3.100 (1.03-9.27) 0.043*
NA, no application.
Bold values indicate that the results were statistically significant.
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CTCs with different statuses might not be a separate indicator of
tumor progression and they also had a closely association with the
common clinical and pathological characteristics.

A previous study had reported that surgical operation could
cause the increasing of PoVCTC count (35) andwe total agree with
this opinion, so we collected PoV sample prior to specimen
separation during surgery. Paired analysis of the CTCs counts and
detectable rate in the PV and PoVblood sample, we noticed that the
CTCsdetectable rate andCTCs count inPoVwereboth significantly
higher than in PV and it is consistent with several previous reports
that demonstrated the spatial heterogeneity ofCTCs distribution (4,
7, 9). Besides, we also noticed a correlation between the PoV andPV
CTCs counts in the count of T-CTC, H-CTC andM-CTC, and this
phenomenon indirect the peculiar property of M-CTC.

Detecting CTCs in peripheral blood of PDAC was still
challenging due to hepatic filtration and technical limitations
which may limit its clinical application value (7, 36). Notably,
abundant previous research had demonstrated that tumor-
proximal liquid biopsy can enhance the diagnostic and prognosis
assessmentperformanceofCTCs invessels closer to the tumor (4, 7,
9, 37). Portal veins are the main veins that drain blood from the
pancreas to other organs, which may be related to the high
frequency of liver metastasis from pancreatic cancer (38). portal
venous as themaindrain tubeof pancreaswith abundantCTCsand
the promising clinical application value of portal venous CTCs test
had been demonstrated by previous studies (4, 7, 9, 37). Recently,
ultrasound-guided (9) and endoscopic ultrasound-guided (39, 40)
fine-needle aspiration have gradually been used to obtain portal
venous blood in advanced PDAC patients. However, portal vein
puncture is an invasive approach with the possibility of bleeding、
infection、thrombotic、tumor cell spread. besides it is also a
challenge to recognize and obtain portal venous blood during
surgery, especially in the vision of laparoscopic which may extend
the operation duration.

Several reports had demonstrated that peripheral CTCs could
be used to assess prognosis and the effect of chemotherapy in
cancer patients (41–44). In addition, monitoring the dynamically
change of peripheral CTC to assess the adjuvant therapy and
neoadjuvant therapy effect could help to timely identify
ineffective treatment and avoid unnecessary costs (45). In this
research, we monitored the peripheral blood CTCs of 18
unresectable advanced PDAC patients before and after the first
cycle chemotherapy, but we had not noticed the significantly
difference on the overall survival time in patients with increased
or non-increased CTCs regardless of the subtype which may
related to the low counts of PV CTC and small research cohorts.

Some limitations exist in this research, including the small
cohort size, short follow-up time, and single centre research. In
addition, other unpredictable factors may also influence the final
results. In this study, we used Canpatrol™ technology to divide
the EMT procedure into five stages, but the detailed procedure
and property differences had not reached a consensus. Moreover,
we should recognize that different detection methods for CTCs
may lead to inconsistent results.

In conclusion, we have identified the spatial heterogeneity of
the CTC distribution, and portal veins may be a better vessel for
Frontiers in Oncology | www.frontiersin.org 10
CTC phenotype testing to assess the PDAC prognosis than
peripheral vessels. In addition, high PoV M-CTC counts are
significant independent risk factors for postoperative metastasis
and survival. Therefore, the PoV CTC phenotype test with the
potential to be developed into an accurate and reliable biomarker
to guide treatment decisions and patient stratified management.
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