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Circulating Tumor-Cell-Associated White Blood Cell Clusters in Peripheral Blood Indicate Poor Prognosis in Patients With Hepatocellular Carcinoma
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Aim: Circulating tumor cells (CTC) are a precursor to metastasis in several types of cancer and are occasionally found in the bloodstream in association with immune cells, such as white blood cells (WBCs). CTC-associated WBC (CTC-WBC) clusters can promote CTC appreciation and metastasis, suggesting that patients with CTC-WBC clusters found in the peripheral blood may have a worse prognosis. However, it is unclear whether CTC-WBC clusters are present in the peripheral blood of patients with hepatocellular carcinoma (HCC) and suggest a poor prognosis for HCC.

Methods: We collected peripheral blood from 214 patients with HCC from January 2014 to December 2016. CanPatrol™ CTC analysis technology was used to isolate and count CTCs and CTC-WBC clusters in the patients' peripheral blood. Chi-squared analysis was used to calculate the correlation between the CTC-WBC clusters and clinicopathological characteristics. Kaplan–Meier survival analysis and Cox regression analysis were used to assess patient prognosis.

Results: We used CanPatrol™ CTC analysis technology to count different types of CTCs and CTC-WBC clusters. The results showed that CTC-WBC clusters and tumor size (P = 0.001), tumor number (P = 0.005), portal vein tumor thrombus (P = 0.026), BCLC stage (P < 0.001), AFP level (P = 0.002), and total number of CTCs (P < 0.001) were statistically related. Cox regression analysis revealed that CTC-WBC clusters are an independent prognostic indicator of DFS (HR = 1.951, 95%CI:1.348–2.824, P < 0.001) and OS (HR = 3.026, 95%CI:1.906–4.802, P < 0.001) in HCC patients. Using Kaplan–Meier analysis, we found that positive CTC-WBC cluster patients had significantly shorter DFS and OS than patients with negative CTC-WBC (P < 0.001 and P < 0.001, respectively).

Conclusions: CTC-WBC clusters in the peripheral blood are an independent predictor of DFS and OS, and their presence indicates poor prognosis in patients with HCC.
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INTRODUCTION

Liver cancer is predicted to be the sixth most commonly diagnosed cancer and fourth leading cause of cancer-related death worldwide in 2018, with ~841,000 new cases and 782,000 deaths annually (1). China alone accounts for about 50% of the total number of cases and deaths (2). In the past two decades, despite various advances in the treatment of hepatocellular carcinoma (HCC), such as molecular-targeted therapy, radiofrequency ablation, and interventional embolization, surgery remains the most important treatment (3, 4). The high metastasis and recurrence rate of HCC indicates that its overall prognosis is still unsatisfactory (5–7). Metastasis and recurrence are the leading causes of death in patients diagnosed with invasive cancer. Tumor cells that leave the site of the primary tumor and are transported by circulation to distant organs are called circulating tumor cells (CTCs). CTCs are considered the source of tumor metastasis and recurrence (8–10).

The “seed and soil” hypothesis states that tumor cells (seeds) and stromal cells (soil) are involved in metastasis and clump together to form tumor microemboli (11, 12). It is a widely held view that the presence of tumor microemboli in the circulation is associated with a poor prognosis (13, 14). CTCs are precursors to metastasis in several types of cancer, occasionally appearing in clusters in the blood or found associated with immune-related cells, such as white blood cells (WBCs) (15). In some cases, the fact that CTCs clusters are “the soil with seeds” may help further transfer them to distant organs and continue to grow. However, it is unclear whether there are circulating tumor cell-associated white blood cell (CTC-WBC) clusters in the peripheral blood of patients with HCC and whether the presence of such CTC-WBC clusters is related to the prognosis of HCC.

In this study, we evaluated CTCs and CTC-WBC clusters in the peripheral blood of 214 preoperative HCC patients, starting in 2014. First, we used CanPatrol™ CTC analysis technology to label CTCs and WBCs with different markers and then counted CTCs and CTC-WBC clusters using fluorescence microscopy. The main purpose of this retrospective study was to determine the influence of CTC-WBC clusters on the risk of recurrence and metastasis, and thus determine whether CTC-WBC clusters are potential biomarkers for tumor recurrence and metastasis.



MATERIALS AND METHODS


Study Design

From January 2014 to December 2016, 374 patients with HCC who underwent radical resection at the Zhujiang Hospital of Southern Medical University participated in this retrospective cohort study. The final 214 patients were screened according to inclusion criteria. The inclusion criteria were as follows (Figure 1): (a) HCC was diagnosed according to the World Health Organization's pathological standard (16); (b) patients did not have a relapsed or ruptured HCC, or cholangiocarcinoma; (c) patients underwent radical resection defined as R0 liver resection [patients who were microscopically positive (R1 liver resection), grossly positive (R2 liver resection), or whose margins were uncertain were excluded]; (d) patients did not die during the perioperative period or were not lost to follow-up after resection; and (e) patients did not receive anti-cancer treatment before surgery. The tumor stage was determined according to the Barcelona Clinical Liver Cancer (BCLC) staging system, while tumor differentiation was determined according to the Edmondson classification system.


[image: Figure 1]
FIGURE 1. Flowchart of the diagnosis of patients enrolled in the study. *Death from non-HCC causes included 2 cases of cerebral hemorrhage, 2 cases of myocardial infarction, and 1 case of traffic accident.




Patient Follow-Up

After collecting peripheral blood samples at admission (7 days before surgery), the patient entered a clinical follow-up period to monitor recurrence and death. Patients underwent various follow-up examinations and treatments according to a routine clinical schedule after surgery. Recurrence was determined based on the results of serum alpha-fetoprotein (AFP) levels, color Doppler ultrasound, computed tomography (CT), magnetic resonance imaging (MRI), digital subtraction angiography (DSA), and positron emission tomography (PET). Recurrence was defined as intrahepatic recurrence and extrahepatic metastases. Recurrence or death was considered as the end point. Follow-up period was from January 1, 2014 to December 31, 2019. The median follow-up time was 52 months. All 214 resectable HCC patients have complete follow-up information.



CTCs and CTC-WBC Clusters Test

The CanPatrol™ CTC analysis system (SurExam, China) was used to detect the number of CTCs and CTC-WBC clusters in 7.5 ml of whole samples of peripheral blood, similar to previous studies (17, 18). RNA-ISH was used to detect the following target sequences: white blood cells were labeled with CD45 and visible as white fluorescence, epithelial cells were labeled with EpCAM and CK8/18/19 and visible as red fluorescence, and mesenchymal cells were labeled with vimentin/twist and visible as green fluorescence. Nuclei were labeled with 40,6-diamidino-2-phenylindole (DAPI) and visible as blue fluorescence. CTC-WBC clusters are seen as a white dot of WBCs around a red, green, or red/green mixture of CTCs (Figure 2). After being labeled, the cells were analyzed with a fluorescence microscope.


[image: Figure 2]
FIGURE 2. Examples of CTCs, WBCs, and CTC-WBC clusters under automated fluorescent microscope imaging. Epithelial CTCs stained with EpCAM or CK8/18/19 (red). Mesenchymal CTCs stained with Vimentin or Twist (green). WBCs stained with CD45 (white). Nuclei stained with DAPI (blue). DAPI 40,6-diamidino-2-phenylindole.




Statistical Analysis

PASS version 11 is used to estimate the sample size of survival data 1-year survival rate of patients with CTC-WBC clusters positive and negative hepatocellular carcinoma in our department are estimated to be 72.6 and 84.5%, respectively. The time of all patients enrolled is estimated to be 36 months, and the follow-up time is planned to be 36 months, set α = 0.05 (two-sided), β = 0.2, the ratio between the positive group and negative group is 1:1, and the loss to follow-up rate is 10%. Finally, the estimated total sample size is 142 cases. Categorized data were compared by the Chi-squared or Fisher's exact probability test. The OS and DFS were assessed by Kaplan-Meier analysis using the log-rank test. The Cox proportion hazard regression model was used for the multivariable survival analysis to determine prognostic factors that were significant in univariate analysis for either DFS or OS. All statistical analyses were two-tailed and a P < 0.05 was considered to be statistically significant. The data were analyzed using IBM SPSS Statistics 25.0.




RESULTS


Clinical and Pathological Characteristics

In the present study, peripheral blood was collected from 214 patients from Zhujiang Hospital for analysis, which is affiliated to Southern Medical University, including 28 women and 186 men, with a median age of 53 (range: 18–78) years. In total, 111 (51.9%) subjects had a tumor with a diameter >5 cm, while the remaining 103 (48.1%) had a tumor with a diameter ≤ 5 cm. While 185 (86.4%) patients had hepatitis B, 110 (51.4%) patients had liver cirrhosis. Preoperative examination showed portal vein tumor thrombosis in 19 (8.9%) patients. Regarding BCLC staging, there were 13 (6.1%) cases of stage 0, 72 (33.6%) cases of stage A, 110 (51.4%) cases of stage B, and 19 (8.9%) cases of stage C. Edmondson staging was performed postoperatively; there were 48 (22.4%) cases of stage I, 67 (31.3%) of stage II, 55 (25.7%) of stage III, and 44 (20.6%) of stage IV. There were 65 (30.4%) cases of encapsulation invasion and 58 (27.1%) cases of microvascular invasion. The cutoff values for total CTCs and CTC-WBC clusters were determined via ROC curve analysis, and the cutoff was considered positive for total CTCs ≥3, CTC-WBC clusters ≥2 (Extended Data Table 1, Figure 1). CTC-WBC clusters and different phenotypic CTC counts showed 141 (65.9%) positive CTCs and 89 (41.6%) positive CTC-WBC clusters. The follow-up period ended on December 31, 2019. There were 156 (72.9%) recurrences and 98 (45.8%) deaths. Table 1 shows the relationship between CTC-WBC clusters and clinicopathological characteristics of HCC. Statistical analysis showed that CTC-WBC clusters were significantly correlated with tumor size (P = 0.001), tumor number (P = 0.005), portal vein tumor thrombus (P = 0.026), BCLC stage (P < 0.001), AFP level (P = 0.002), and total number of CTCs (P < 0.001). However, it was not related to gender, age, liver cirrhosis, Edmondson stage, Tumor encapsulation, Microvascular invasion, and HBsAg.


Table 1. Relationship between CTC-WBC cluster and the clinicopathological characteristics of HCC patients.
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Survival Analysis

A Cox regression univariate analysis revealed that some factors were associated with the DFS of HCC patients, including CTC-WBC clusters, tumor size, portal vein tumor thrombus, BCLC stage, Edmondson stage, microvascular invasion, AFP level, and total CTCs (Table 2). Some factors were associated with the OS of HCC patients, including CTC-WBC cluster, tumor size, portal vein tumor thrombus, BCLC stage, AFP, and total CTCs (Table 3). A multivariable analysis was performed and the results showed that CTC-WBC clusters (HR = 1.951, 95% CI: 1.348–2.824, P < 0.001), tumor size, portal vein tumor thrombus, BCLC stage, AFP and total CTC number were independent predictors of DFS (Table 2). CTC-WBC clusters (HR = 3.026, 95% CI: 1.906–4.802, P < 0.001), tumor size, portal vein tumor thrombus, and total CTC number were independent predictors of OS (Table 3). In addition, the Kaplan-Meier curve showed that the DFS (P < 0.001) and OS (P < 0.001) of HCC patients in the CTC-WBC cluster positive group were shorter than those in the negative group. The 3-year survival rate of the CTC-WBC cluster-positive group was 34.8% and the 5-year survival rate was 17.9%. The 3-year survival rate of the CTC-WBC cluster-negative group was 81.5% and the 5-year survival rate was 70.0% (Figures 3A,B).


Table 2. Univariate and multivariable analyses of the predictors of disease-free survival in HCC patients.
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Table 3. Univariate and multivariable analyses of the predictors of overall survival in HCC patients.

[image: Table 3]


[image: Figure 3]
FIGURE 3. Survival analysis of hepatocellular carcinoma (HCC) patients. CTC-WBC cluster-positive status is associated with a poorer outcome in patients with HCC. Kaplan-Meier analysis revealed significant differences in disease-free survival (P < 0.001) (A) and overall survival (P < 0.001) (B) between preoperative CTC-WBC cluster-positive and -negative patients in an HCC cohort. Survival analysis of HCC patients using the Kaplan-Meier method. P-values were determined using the log-rank test. DFS, disease-free survival; OS, overall survival. Extended Data Figure 1 ROC curve showing the effectiveness of the use of total CTCs and CTC-WBC clusters in the diagnosis of HCC.





DISCUSSION

We used CanPatrol™ CTC analysis technology to count different types of CTCs and CTC-WBC clusters. CTCs can be divided into different subtypes, including epithelial CTCs, mesenchymal CTCs, and mixed (epithelial/mesenchymal) CTCs. Different subtypes can form CTC-WBC clusters with WBCs. A large number of studies have shown that epithelial-mesenchymal transition (EMT) plays a key role in tumor recurrence and metastasis (19). Our team's previous research also confirmed that mesenchymal CTCs are more ideal early predictors of HCC recurrence (17, 20). However, we found in the study that CTCs in the CTC-WBC clusters were almost all mixed CTCs. This study explored the relationship between CTC-WBC clusters and prognosis in patients with HCC before radical resection. The results showed that CTC-WBC clusters are independent prognostic indicators of DFS and OS in HCC patients. The presence of CTC-WBC clusters in the peripheral blood and CTC-WBC cluster-positive patients have worse prognosis.

CTCs are relatively safe and readily available “liquid biopsy” specimens (21, 22). In fact, CTCs can serve as both an indicator of diagnosis and prognosis and provide molecular information to guide treatment decisions (17, 22, 23). Several studies have shown that CTCs are independent risk factors for HCC, and patients with higher CTC counts have a poorer prognosis (23, 24). The circulating CTCs usually exist in the form of single cells and multiple CTCs can also be clustered together (25). In addition, previous studies have shown that CTC clusters in the peripheral blood have a survival advantage and have enhanced tumor cell metastasis and colonization capacity in both mouse models and patients (25, 26). Do CTCs form clusters with other cells? We first detected CTC-WBC clusters in the peripheral blood of HCC patients using CanPatrol™ CTC analysis technology in 2014. The finding supports the role of tumor-associated immune cells in the development of cancer. It has potential value because the application of immune checkpoint blocking in the treatment of many different types of cancer is ever increasing. However, what role and significance do WBCs in the peripheral blood have for CTCs? It is clear that in a tumor microenvironment, tumor-associated neutrophils (TANs) promote the growth and metastasis of cancer cells through direct effects on cancer cells and indirect effects on tumor cells by changing the tumor microenvironment (27). Zhou et al. found that TANs play a crucial role in tumor development and progression in the tumor microenvironment (28). However, these studies only confirmed that TANs in the primary tumor microenvironment promoted the growth of HCC. It is not clear whether TANs are present in the peripheral blood, and if so, whether it also promotes CTC proliferation. Neutrophils are part of the natural immune system and form the largest proportion of white blood cells (WBC) in the human circulation. In this study, we found that CTC-WBC clusters in the peripheral blood are associated with portal vein tumor thrombi and microvascular invasion. Nonetheless, we do not know whether CTC-WBC clusters are contained in portal vein tumor thrombi and microvessel invasion nests. However, as we know portal vein tumor thrombus and microvascular invasion are independent prognostic factors of hepatocellular carcinoma, this correlation between CTC-WBC cluster and portal vein tumor thrombus or microvascular invasion also suggest that HCC patients with positive CTC-WBC cluster have a poor prognosis. In a recent publication, Szczerba et al. (29) tested for CTCs in blood samples from 70 breast cancer patients. It was found that most CTCs in the circulation were single CTCs and a small number of CTC clusters (8.6%) were CTC-WBC clusters (3.4%). It was confirmed that compared with a single CTCs or CTC cluster, the presence of CTC-neutrophil clusters is related to the poor prognosis of breast cancer patients. We identified the presence of CTC-WBC clusters in the peripheral blood of patients with HCC in 2014 and counted CTC-WBC clusters when classifying patients' peripheral blood CTCs. The 5-year follow-up confirmed that CTC-WBC clusters were related to DFS and OS in HCC patients and were an independent predictor of DFS and OS. In addition, the Kaplan–Meier analysis also showed that CTC-WBC cluster-positive patients lived for a shorter time than the CTC-WBC cluster-negative patients.



CONCLUSIONS

In summary, we found that there are a certain number of CTC-WBC clusters in the peripheral blood of patients with HCC. CTC-WBC clusters are associated with common risk factors such as AFP, total CTC count, portal vein tumor thrombus, and microvascular invasion, and CTC-WBC clusters in the peripheral blood are an independent predictor of DFS and OS and their presence indicate poor prognosis in patients with HCC. This phenomenon gives us a hint that circulating CTCs may have their own immune microenvironment and both the “seed” and “soil” are involved in metastasis. This may open the door to new therapeutic targets directed against cell-cell junctions and associated survival pathways. In addition, we found in the study that CTCs in the CTC-WBC cluster were almost all mixed CTCs; why this was the case is not clear at this time, and is a direction worthy of future research. The results of this study can provide evidence for CTC-WBC cluster as a potential biomarker for the prognosis of HCC. However, The present study had several limitations. First, retrospective cohort study and limited sample sizes have affected statistical power to draw clear conclusions. If this conclusion can be further verified in a follow-up prospective multicenter study, it will be more reliable. Second, it included only chinese patients recruited from a single institution, the achieved results cannot be generalized to other patient populations, especially to non-Asian patients. Finally, we mainly focused on patients with resectable hepatocellular carcinoma after surgery, and data on advanced patients is worthy of further study and discussion.
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