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Background: The spatial heterogeneity of epithelial to mesenchymal transition (EMT)-related circulating 
tumor cells (CTCs) within the circulatory system and its potential clinical relevance remain unclear in 
pancreatic cancer (PC) patients. We aimed to map the distribution of EMT-related CTCs along the 
spreading pathway and investigate the prognostic significance due to the potential spatial heterogeneity in 
the count and phenotypic properties of CTCs.
Methods: Both portal vein (PoV) and peripheral vein (PV) blood samples were collected from 39 PC 
patients. CTCs were isolated by using a CD45 negative enrichment method, and EMT-related phenotypes 
in CTCs were analyzed by 4-channel immunofluorescence. The correlations of CTCs with patient 
characteristics and recurrence-free survival (RFS) were analyzed.
Results: Both the number {median CTC total count, 10 [6–16] in PoV vs. 5 [1–7] in PV per mL, P<0.0001} 
and EMT status of CTCs [median mesenchymal CTC (M-CTC) percentage, 0.33 (0.13–0.52) in PoV vs. 
0.2 (0–0.4) in PV, P=0.0211] showed significant spatial heterogeneity during dissemination from the PoV 
to the PV. Univariate analysis adjusting for patient age and sex revealed that CTC total count and M-CTC 
percentage in PoV samples could be risk factors for RFS in PC patients (P=0.003 and P=0.001, respectively), 
and ROC curve analysis found that both of these factors had good performance in distinguishing patients 
with early distant recurrence (within 6 months), with the optimal cut-off values of 14 cells/mL (AUROC 
=0.893, sensitivity =0.857, specificity =0.813, P=0.001) and 0.545 (AUROC =0.795, sensitivity =0.714, 
specificity =0.906, P=0.016), respectively.
Conclusions: Multivascular assessment of EMT-related CTCs suggested profound dynamic alterations in 
total count and phenotypes during dissemination, and the spatial heterogeneity of CTCs in circulation could 
help establish novel prognosis markers in PC patients.
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Introduction

Pancreatic cancer (PC) is  among the most lethal 
malignances worldwide, highlighted by the almost same 
rates of disease incidence and cancer-related mortality (1,2). 
Currently, curative strategy for PC patients is still radical 
surgery (3), but only 10–20% of patients have tumors 
that are regarded as resectable at initial diagnosis (4). 
Furthermore, even after a potential radical resection, most 
patients will ultimately experience recurrence, especially 
liver metastasis (5,6), with approximately 20% recurrence 
within the first six months (termed early recurrence) (6,7). 
Therefore, there is an urgent need to identify appropriate 
biomarkers to better stratify PC patients for surgery.

Circulating tumor cells (CTCs) are cells shed from 
primary tumors that migrate into the circulation and are 
considered key to the development of distant metastases 
(8,9). Previous studies have shown that epithelial to 
mesenchymal transition (EMT) contributes to this 
dissemination process, and EMT is associated with 
phenotypic conversion that results in the downregulation 
of epithelial characteristics and the upregulation of 
mesenchymal features in CTCs (8,10-12). CTCs can 
be classified into three subgroups: epithelial (E-CTC), 
mesenchymal (M-CTC), and epithelial/mesenchymal 
hybrids (E/M-CTC). It is  hypothesized that each 
subpopulation of CTCs that reaches the circulation might 
have distinct properties (12-14).

The quantification and subtyping of CTCs in the 
peripheral blood could be a potential real-time and 
noninvasive approach to predict tumor recurrence and 
prognosis (14,15). Because CTCs in PC patients have initial 
access to the portal circulation, where they can directly 
reach the liver, comparative analysis of CTCs both in the 
portal and systemic circulation could help better understand 
the role of CTCs in metastases and predict prognosis (16). 
Tien et al. compared CTC counts between portal vein 
(PoV) and peripheral vein (PV) blood samples collected 
during pancreaticoduodenectomy in 41 patients, and found 
that CTCs were detected in 58.5% of portal and 39% of 
PV samples from patients, and a high CTC count in portal 
blood was a significant predictor for early postoperative 
liver metastases (17). However, the majority of such studies 
focused on CTC counts only, without examining the EMT 
status of CTCs.

Many different methods of CTC isolation have been 
developed based on the physical properties, such as size 
exclusion (18) of tumor cells, the positive selection of tumor 

cell surface markers (19), or the negative removal of white 
blood cells (20). However, there has not been any unified 
method so far due to the complexity of CTCs (21). To 
analyze the distinct EMT status of CTCs, density gradient 
centrifugation for blood sample pretreatment and CD45+ 
white blood cell depletion for CTC negative enrichment 
were applied in our study.

Therefore, in this study, we aimed to identify CTCs 
in PoV and PV samples from 39 PC patients and explore 
possible dynamic changes in CTCs in circulation. 
Furthermore, we analyzed the relationship between CTC 
characteristics in PoV samples and the clinicopathologic 
data of PC patients, particularly those parameters indicating 
early recurrence in patients who had undergone resection.

Methods

Patients and characteristics

This study was carried out with the approval of the 
Institutional Review Board at the Peking University First 
Hospital (ID: 2018 keyan-15), and in compliance with the 
guidelines of the Declaration of Helsinki.

A total of 39 consecutive PC patients who were treated 
with curative surgical resection combined with adjuvant 
therapy at the Peking University First Hospital between 
March 2018 and April 2019 were recruited, and informed 
consent was obtained from all the patients. PV blood (at 
least 6 mL) was collected prior to the surgery, and PoV 
blood (also at least 6 mL) was then obtained by direct 
intraoperative venipuncture before manipulating the tumor 
during pancreaticoduodenectomy or distal pancreatectomy.

Patients were followed with standard postoperative visits 
every 3 months to monitor tumor recurrence. Follow-up 
was terminated on October 30, 2019, and recurrence-free 
survival (RFS) was defined as the time interval between the 
date of operation and the date of recurrence or the endpoint 
of follow-up.

Isolation and identification of CTCs

CTCs were isolated by the CD45 negative enrichment 
method. First, peripheral or portal blood mononuclear cells 
were collected by density gradient centrifugation using 
Histopaque-1077 (Sigma-Aldrich, St. Louis, MO, USA). 
Next, mononuclear cells were mixed with microbeads 
(Miltenyi Biotec, Bergisch Gladbach, Germany) conjugated 
to monoclonal anti-human CD45 antibodies and incubated 
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for 15 min at 4 ℃. Subsequently, the cells and microbeads 
were loaded onto a LS column for magnetic separation 
(Miltenyi Biotec). The suspensions of unlabeled CD45− 
cells were collected and spread on a glass slide for 
immunofluorescence staining. In brief, cells were fixed 
and then incubated with anti-CK-FITC (Miltenyi Biotec, 
catalog: 130-080-101) (1:100 diluted in 2% BSA), anti-
Vimentin-Alexa Fluor 647 (Cell Signaling Technology, 
Danvers, MA, USA) (1:200 diluted in 2% BSA) or anti-
CD45-PE (Miltenyi Biotec) (1:300 diluted in 2% BSA) 
antibodies for 1 h at room temperature. The slide was 
washed three times with PBS. Cells were mounted with 
the nuclear dye 4',6-diamidino-2-phenylindole (DAPI) 
(Sigma-Aldrich) and ProLong Gold antifade mountant 
(Invitrogen, Carlsbad, California, USA). CTC slides were 
loaded on a Leica SP8 laser scanning confocal microscope 
(Leica Microsystems, Heidelberg, Baden-Wurttemberg, 
Germany), and cells were observed to acquire the entire 
fluorescence signal of each multicolor channel. The areas 
with cells on the slides were marked and subjected to 
automated full X-Y-Z scanning. Then, we counted CTCs 
manually via scanned multiple fluorescent images. The 
formula to calculate the CTC number of each sample was 
the CTC count of each slide divided by the volume of blood 
sample. The identification criteria for positive CTCs in this 
study were DAPI+/CD45–/CK+ and/or Vimentin+ cells.

Statistical analysis

All statistical analyses were performed using SPSS 25.0 
(IBM Corp., Armonk, NY, USA) and Prism 7.0 (GraphPad, 
La Jolla, CA, USA), and a two-tailed P value ≤0.05 was 
considered significant. Data are presented as frequencies 
and percentages for categorical variables and as the mean 
values with ranges for continuous variables. The Mann-
Whitney U test was used to compare the data not normally 
distributed. Differences in RFS between patient groups 
were tested using the log-rank test, and hazard ratios were 
estimated from Cox proportional hazards models that 
adjusted for age and sex. A receiver operating characteristic 
(ROC) curve was established to determine the best cut-off 
value and evaluate the prognostic value of CTCs.

Results

CTCs exhibit profound dynamic changes during 
dissemination

CTCs and a few residual CD45+ white blood cells were 
observed in the multiple fluorescent images (Figure S1). 
CTCs were divided into three subtypes based on staining: 
(I) epithelial CTCs (E-CTCs), CK+/Vimentin−/CD45−/
DAPI+; (II) epithelial/ mesenchymal hybrid CTCs (E/
M-CTCs), CK+/Vimentin+/CD45−/DAPI+; and (III) 
mesenchymal CTCs (M-CTCs), CK−/Vimentin+/CD45−/
DAPI+ (Figure 1A). Among all 39 patients, 36 patients 
(92%) had detectable CTCs in portal blood, while 29 
patients (74%) presented positive CTCs in peripheral 
blood. The CTC total  count in portal  blood was 
significantly higher than that in peripheral blood {median 
CTC total count, 10 [6–16] in PoV vs. 5 [1–7] in PV per 
mL, P<0.0001} (Figure 1B). Furthermore, we analyzed 
CTC subgroups and found that only the percentage of 
M-CTCs but not that of E-CTCs or E/M-CTCs was 
significantly different between portal blood and peripheral 
blood [median M-CTC percentage, 0.33 (0.13–0.52) 
in PoV vs. 0.2 (0–0.4) in PV, P=0.0211] (Figure 1C). 
These results suggest profound dynamic changes in the 
enumeration and EMT status of CTCs from the PoV to 
the peripheral circulation.

Correlation between clinical parameters and CTC count or 
M-CTC percentage in portal blood

The CTC count in portal blood was positively correlated 
with the tumor microvascular invasion state (P=0.022), but 
not with other clinicopathological features. Meanwhile, 
the percentage of M-CTCs in portal blood was only 
significantly correlated with tumor size (P=0.018), but not 
with other clinicopathological features (Table 1).

CTC count and M-CTC percentage in portal blood as 
prognostic biomarkers in PC patients

After a median follow-up of 41 weeks, 17 patients 
experienced recurrence and all of them had distant 
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Figure 1 CTCs exhibit profound spatial heterogeneity during dissemination. (A) Immunofluorescence staining of isolated CTCs, (a) 
epithelial CTCs, E-CTCs are CK+/Vimentin−/CD45−/DAPI+; (b) epithelial/mesenchymal hybrid CTCs, E/M-CTCs are CK+/Vimentin+/
CD45−/DAPI+; and (c) mesenchymal CTCs, M-CTCs are CK−/Vimentin+/CD45−/DAPI+. Scale bar: 10 μm. (B) The CTC total count in 
portal blood was significantly higher than that in peripheral blood {median, 10 [6–16] in PoV vs. 5 [1–7] in PV per mL, P<0.0001}. (C) 
The percentage of M-CTCs (c) but not that of E-CTCs (a) or E/M-CTCs (b) showed a significant difference between portal blood and 
peripheral blood [median, 0.33 (0.13–0.52) in PoV vs. 0.2 (0–0.4) in PV, P=0.0211].
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metastases to the liver or lung. The optimal cut-off values 
of CTCs in both portal and peripheral blood for estimating 
survival were explored by ROC analysis. We found that 
both CTC total count and M-CTC percentage in portal 
blood had good performance, with a cut-off value of 10/mL 
for count (sensitivity =0.941, specificity =0.682, P<0.001) 
and 0.405 for M-CTC percentage (sensitivity =0.765, 
specificity =0.909, P<0.001), respectively.

Based on the cut-off values, univariate analysis adjusting 
for age and sex showed that the prognostic indicators 
included tumor size (P=0.039), lymph node status (P=0.008), 
AJCC stage (P=0.017), microvascular invasion (P=0.019), 
CTC total count in PoV (P=0.003) and M-CTC percentage 
(P=0.001 in PoV and P=0.003 in PV) (Table 2). Kaplan-
Meier analysis showed that CTC total count (31 weeks 
vs. undefined, HR =18.95, 95% CI: 7.297–49.19, log-rank 
test P<0.0001) and M-CTC ratio (26 weeks vs. undefined, 
HR =8.576, 95% CI: 2.957–24.87, log-rank test P<0.0001) 
in portal blood were significantly associated with tumor 
recurrence (Figure 2).

Moreover, 7 patients (18%) had early recurrence (within 
6 months), and all of them had intrahepatic metastasis 

within six months. As CTCs in the PoV may potentially 
be the direct cause of liver micrometastases, we performed 
ROC analysis and found that both the CTC total count and 
M-CTC percentage in portal blood had good performance 
in distinguishing patients with early distant recurrence, 
with optimal cut-off values of 14/mL (AUROC =0.893, 
sensitivity =0.857, specificity =0.813, P=0.001) and 0.545 
(AUROC =0.795, sensitivity =0.714, specificity =0.906, 
P=0.016), respectively.

Discussion

Given the poor outcome among PC patients who have 
undergone resection, current studies have focused on 
reliable biomarkers that can aid in stratifying a patient’s risk 
for distant recurrence (22). CTCs are deemed precursors 
of metastasis, and previous studies have revealed that the 
transport of tumor cells across the bloodstream is involved 
in metastases (23). Theoretically, tracking and analyzing 
CTCs in the circulation from the PoV to the PV could help 
monitor cancer metastasis and allow better risk stratification 
of cancer patients for appropriate therapies (16,23).
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Table 1 Correlation between clinical parameters and CTC count or M-CTC percentage in portal blood

Characteristics n
CTC M-CTC

Count (per mL) P value % P value

All patients 39

Sex 0.424 0.201

Male 22 10 (6–15.3) 0.38 (0.17–0.58)

Female 17 11 [8–15] 0.25 (0.04–0.42)

Age (years) 0.235 0.072

>65 19 11 [9–16] 0.41 (0.21–0.55)

≤65 20 9.5 (5.8–12.3) 0.21 (0–0.41)

Tumor location 0.878 0.212

Proximal 22 10.5 (6–16.8) 0.29 (0.07–0.48)

Distal 17 10 [9–14] 0.40 (0.17–0.57)

CA19-9 level (U/mL) 0.322 0.825

>37 30 11 (8.3–15.8) 0.35 (0.13–0.50)

≤37 9 7 [5–12] 0.17 (0.14–0.56)

Differentiation 0.309 0.892

Poor 15 12 (7.5–16.5) 0.33 (0.14–0.46)

Good/moderate 24 10 (6–12.3) 0.36 (0.13–0.53)

Tumor size (mm) 0.062 0.018

>40 15 13 (9.5–16) 0.50 (0.25–0.58)

≤40 24 9.5 (5–11.3) 0.23 (0.03–0.40)

Lymph nodes status 0.113 0.391

Positive 19 12 (9–16.5) 0.41 (0.12–0.55)

Negative 20 9 (5.8–12) 0.29 (0.16–0.43)

AJCC stage 0.149 0.563

IIB-III 20 11.5 (8.8–16.3) 0.39 (0.11–0.54)

I-IIA 19 9 (5.5–12) 0.33 (0.17–0.45)

Perineural invasion 0.403 0.380

Positive 36 10 (6–15.3) 0.29 (0.11–0.51)

Negative 3 12 (10.5–15) 0.42 (0.38–0.49)

Microvascular invasion 0.022 0.370

Positive 15 12 (10–16.5) 0.41 (0.11–0.54)

Negative 24 8.5 (5–12.3) 0.25 (0.16–0.51)

AJCC, American Joint Committee on Cancer; CA19-9, carbohydrate antigen 19-9; CTC, circulating tumor cell; M-CTC, CTC with a 
mesenchymal phenotype.
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Table 2 Univariate analysis of risk factors associated with RFS, adjusted for patient age and sex

Characteristics HR 95% CI P value Median RFS (weeks)

CTCs in PV (per mL) 2.555 0.819–7.970 0.106

≥7

<7

M-CTC percentage in PV 5.989 1.872–19.156 0.003

≥27% 26

<27% Undefined

CTCs in PoV (per mL) 23.345 2.949–184.810 0.003

≥10 31

<10 Undefined

M-CTC percentage in PoV 9.902 3.011–32.571 0.001

≥40.5% 26

<40.5% Undefined

Tumor location 0.755 0.263–2.166 0.601

Proximal

Distal

CA19-9 level (U/mL) 1.094 0.355–3.373 0.875

>37

≤37 

Differentiation 2.470 0.887–6.882 0.084

Poor

Good/moderate

Tumor size (mm) 2.934 1.056–8.154 0.039

>40 31

≤40 Undefined

Lymph nodes status 4.719 1.512–14.726 0.008

Positive 33

Negative Undefined

AJCC stage 3.941 1.275–12.182 0.017

IIB-III 33

I-IIA Undefined

Perineural invasion 0.494 0.103–2.370 0.378

Positive

Negative

Microvascular invasion 3.696 1.244–10.983 0.019

Positive 31

Negative Undefined

RFS, recurrence free survival; CTCs, circulating tumor cells; M-CTC, CTCs with a mesenchymal phenotype; PoV, portal vein; PV, peripheral 
vein; AJCC, American Joint Committee on Cancer; CA19-9, carbohydrate antigen 19-9.
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To our knowledge, this is the first comprehensive study to 
characterize the EMT features of CTCs across the spreading 
route in localized PC patients and evaluate the potential 
clinical significance of CTCs. We found that CTC total 
count and the mesenchymal subphenotype of CTCs in portal 
blood could be high risk factors for postoperative distant 
metastases, especially early recurrence (within 6 months).

Pairwise analysis of CTC counts between portal and 
peripheral blood samples showed that the CTC total 
count in portal blood was significantly higher than that in 
peripheral blood, consistent with the results of previous 
studies (17,24,25). This may be due to the potential 
filtration effect of liver-lung compartments that could 
enhance the retention of CTCs and prevent the release of 
CTCs into peripheral circulation (25). In addition, portal 
venous circulation constitutes an immunosuppressive 
microenvironment that could favor CTC survival and 
spread to the liver (26). However, one patient in our 
cohort had the opposite result, with a higher CTC count 
in peripheral blood (14/mL in PoV vs. 15/mL in PV). The 
underlying reason might be that CTCs in the periphery 
are released not only from the primary tumor but also from 
tumors with distant metastasis in the liver or lung. This 
speculation was confirmed by the follow-up in this patient, 
who had a significantly decreased DFS (liver metastasis 
within 2 months) after surgery. 

In agreement with previous studies (8,27), our results 
showed that CTCs could undergo EMT to disseminate 
from primary tumors and migrate into blood circulation. 
Rhim et al. found that circulating epithelial PC cells could 
exhibit mesenchymal phenotypes with invasive and tumor-
initiating properties during natural evolution in vivo (8). 
The presence of M-CTCs has been linked to aggressive 

tumors, and patients with malignant characteristics such 
as advanced AJCC stage or distant metastases had a much 
higher ratio of M-CTCs than patients with more benign 
characteristics for example early AJCC stage (13-15). 
The dynamic changes in the EMT status of CTCs from 
the portal blood to the peripheral blood suggest that the 
acquisition of mesenchymal characteristics by CTCs may 
facilitate liver-lung tissue retention in liver cancer (28). 
Consistent with this speculation, our present study showed 
that the percentage of M-CTCs in peripheral blood was 
significantly lower than that in portal blood. Moreover, we 
found s correlation between a higher M-CTC percentage in 
portal blood and significantly decreased RFS in PC patients 
who had undergone resection.

In particular, PC patients have diverse patterns and timing 
of recurrence, with some presenting with liver metastases 
alone, and others coupled with liver and lung metastases 
synchronously or heterochronously (5,29). Moreover, the 
spatial phenotypic disparities and characteristics of CTCs 
could determine the preferential site of metastasis. While 
hybrid CTCs (E/M-CTCs) might be a critical factor for 
intrahepatic metastasis, M-CTCs may predict extrahepatic 
metastasis. In addition, smaller CTCs might have the 
capability to pass through the liver compartments to the 
systemic circulation, but the larger CTCs tend to be detained 
in liver tissue in hepatocellular carcinoma patients (28,30). 
These findings pave the way for understanding diverse PC 
metastatic patterns by analyzing CTCs from the different 
locations along their migration route.

Next, we explored the potential factors associated with 
the M-CTC percentage. Cells that have undergone EMT 
have enhanced capacities to survive and maintain aggressive 
properties (10,12). We found that only the tumor size had 

Figure 2 CTC total count and M-CTC percentage in portal blood as risk factors for distant recurrence by Kaplan-Meier analysis. (A) 
Patients with higher CTC total counts in PoV presented with inferior RFS than those with lower CTC total counts in PoV (31 weeks 
vs. undefined, HR =18.95, 95% CI: 7.297–49.19, log-rank test P<0.0001). (B) The M-CTC percentage in portal blood was significantly 
associated with tumor recurrence (26 weeks vs. undefined, HR =8.576, 95% CI: 2.957–24.87, log-rank test P<0.0001). CTCs, circulating 
tumor cells; M-CTC, CTCs with a mesenchymal phenotype; PoV, portal vein.
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a significant impact on the M-CTC percentage. Thus, we 
speculated that tumor size may reflect tumor aggressiveness 
due to the higher M-CTC percentage in portal blood because 
increased tumor size is associated with poor prognosis.

The limitations of this study are the small cohort 
size, short follow-up time, and data from a single center. 
Moreover, although we showed spatial heterogeneity of 
CTCs during their spreading, the potential molecular 
mechanism is still unclear. However, with the aid of single-
cell sequencing of CTCs, we may be able to determine 
the underlying mechanisms and facilitate the prediction of 
distant metastasis patterns (31).

Conclusions

The EMT properties of CTCs showed significant changes 
during circulation from the PoV to the PV in PC patients. 
Multivascular detection and subphenotyping of CTCs could 
help establish novel biomarkers for disseminated metastasis 
and poor prognosis, while further large multicenter studies 
are needed to confirm our conclusions.
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Figure S1 Multiple fluorescent images containing CTCs and residual white blood cells from the same patient. Images were from the portal blood 
sample (A) and the peripheral blood sample (B). DAPI, blue; CK, green; Vimentin, white and CD45, red. Scale bar: 30 μm. CTCs, circulating 
tumor cells.
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