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Current cancer treatments, including surgery, radiotherapy and chemotherapy, have 

shown great success in treating solid and early metastatic tumors. Recently, 

investigators have examined the effects of these cancer treatment in promoting cancer 

metastasis. Based on recent studies, experimental evidence suggests that surgery, 

radiotherapy and chemotherapy induce an influx of circulating tumor cell (CTCs) into 

the bloodstream due to the disruption and destabilization of the tumor 

microenvironment. In a natural process of cancer metastasis, which is the main cause of 

cancer-related death, CTCs are shredded from the primary tumor into the bloodstream 

then seed and form macrometastases in distant organs. Once CTCs enter the blood, they 

face several stresses that can destroy them during transitional migration. Thereby, CTCs 

may travel in clusters with stromal cells, such as cancer-associated fibroblasts (CAFs), 

to enhance their survival in the bloodstream and improve the overgrowth of these cells 

in distant tissues. The scope of the work presented is divided in four sections, including: 

(1) A determination of the fluctuation of CTCs and CAF numbers, and the efficacy of a 

CTC-targeted therapy in blood samples collected from localized cancer disease 

undergoing prostatectomy, (2) A evaluation of the fluctuation of CTC and CAF 

numbers, and the efficacy of our previous mentioned therapy in blood samples collected 



 

from metastatic cancer disease undergoing chemotherapy treatment chemotherapy, (3) 

An investigation of the function of CAF incorporated into CTC clusters as a collective 

migration unit in prostate cancer progression, and (4) The development of a novel 

platelet-based therapy to kill CTCs with the goal of preventing metastasis.  
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CHAPTER 1 

 

Current Cancer Treatment Induces Metastasis by Releasing Circulating 

Tumor Cells 
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1.1 ABSTRACT 

 

Cancer is considered the second leading cause of death worldwide [1]. Cancer 

metastasis is the major cause of cancer morbidity and mortality, and accounts for about 

90% of cancer related deaths [2]. Once cancer metastasizes, it is more difficult to treat 

and therefore, the chances of survival decreases. In patients with metastatic disease, 

circulating tumor cells (CTCs) can be found in the bloodstream. In the past decades, 

studies have shown that high numbers of CTCs are associated with decreased patient 

survival and that CTCs represent great potential as a biomarker for disease diagnosis 

and treatment management. Here we discuss the function of these circulating cells in 

the bloodstream during cancer metastasis. Moreover, we review the impact of current 

cancer treatments on promoting metastasis by releasing CTCs into the bloodstream, 

promoting their survival and facilitating their overgrowth in distant tissues. Finally, we 

introduce several novel therapeutic approaches that can be used in the clinical setting to 

eradicate CTCs in combination with current cancer treatments to prevent cancer 

recurrence and metastasis. 

 

1.2 CANCER METASTASIS 

 

Metastasis refers to cancer cell dissemination from the primary tumor to distant organs. 

In the case of epithelial tumors, it comprised of several consecutive steps that begins 

when neoplastic epithelial cells at the edge of the tumor detach from the primary tumor 

after acquiring an aggressive phenotype. Next, these cells disrupt the basement 
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membrane and invade surrounding stromal cells and extracellular matrix (ECM). Once 

tumor cells pass through the basement membrane, they can enter blood vessels. During 

the transit through the circulation, tumor cells can migrate to distant locations, attach to 

the endothelium and extravasate into a new microenvironment. Here, tumor cells create 

micrometastases and continue to colonize these new locations by outgrowing the 

original cells until they become macrometastases [3, 4]. When the tumor cells are within 

in the circulation, they are termed circulating tumor cells (CTCs) [5]. Mounting 

evidence has suggested that these tumor cells may circulate along with stromal cells, 

such as cancer-associated fibroblasts, in the form of clusters. These heterotypic cell 

aggregates appear to possess higher metastatic potential compared to single CTCs [6].  

 

Circulating Tumor Cells (CTCs) 

 

Circulating tumor cells are defined as tumor cells shredded from the primary tumor and 

secondary locations into the blood vasculature. Approximately 3 million tumor cells are 

released into the circulation from a typical primary tumor per day [7]. These circulating 

cells were first discovered in 1869 by Thomas Ashworth [8]. Since then, extensive 

experimental studies have isolated and identified CTCs in a spectrum of epithelial 

cancer types including prostate [9, 10], colorectal [11, 12], breast [13, 14], lung [15, 16], 

kidney [17, 18], ovarian [19, 20] and gastric cancer [21, 22] in the clinic setting [23]. 

These studies have determined that the CTC levels in blood samples correlate with 

cancer prognosis, where high CTC counts suggest cancer progression and a poor 

probability of survival [24].  
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Considering that CTCs are shed from the primary tumor and metastatic sites, these cells 

can provide a snapshot of the heterogeneity of the tumor cell population within a cancer 

patient, thus it is crucial for diagnosis and for determining suitable treatments. For 

example, CTCs can be used to identify specific genetic mutations associated with the 

cancer disease, to monitor the efficacy of current cancer treatments, and to determine 

treatment resistance [25, 26].  

 

There are different commercial procedures to isolate CTCs from blood samples by 

exploiting the density, size and cell-surface proteins characteristic of tumor cells. 

However, the Food and Drug Administration (FDA) has approved only one approach 

so far for CTC enumeration, termed CellSearch. This approach has been validated for 

use in the clinic to determine the prognosis in prostate [27], breast [28] and colorectal 

cancer [23]. The CellSearch system consists of the separation of CTCs based on anti-

epithelial cell adhesion molecule (EpCAM) antibody-labeled nanoparticles. Epithelial 

cell adhesion molecule is an epithelial cell marker overexpressed on some epithelial 

tumor cells and, based on this, CTCs can be separated from other cells within the blood 

samples [29]. Then, immunostaining process must be completed to identify and 

enumerate the CTCs in the blood sample [15, 16]. The gold standard criteria to identify 

CTCs are the following: (a) Positive for an epithelial cell marker, such as cytokeratin, 

(b) Negative for leukocyte marker such as cluster of differentiation 45 (CD45) and (c) 

Positive for nuclear staining using 4’,6-diamidino-2-phenylindole (DAPI). One of the 

major limitations of this system is that the selection of CTCs is based on EpCAM 

surface expression. The literature has suggested that CTCs may undergo epithelial-
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mesenchymal transition (EMT), a process in which tumor cells gain an invasive and 

migratory behavior that is crucial during the cancer metastasis process. It has been 

reported that during the EMT process, cancer cells lose the expression of epithelial 

markers, such as EpCAM. Therefore, detection of CTCs with CellSearch is restricted to 

the detection of CTCs that express EpCAM and does not take into account any CTCs 

that have undergone EMT [31]. 

 

Circulating Tumor Cell Clusters 

 

Even though CTCs are responsible for the formation of metastases, most CTCs die in 

the circulation within 1-2 days after being released from the tumor; only an estimated 

0.01% of CTCs survive and form macrometastases [32]. The low survival occurs 

because when the CTCs enter the blood vasculature, they face different obstacles, such 

as: (a) Programed cell death due to the loss of cell adhesion to extracellular matrix, 

known as anoikis [33], (b) Fluid shear stress in the bloodstream [34], and (c) Elimination 

of tumor cells by immune cell attack [35]. To facilitate the survival of tumor cells in the 

circulation, CTCs may travel as CTC clusters, which protect the cells as they experience 

these stresses upon intravasation.  

 

The observation that CTCs may migrate as CTC clusters was discovered in 1954 by 

Watanabe [36]. Since then, several studies have reported the higher metastatic potential 

of CTC clusters relative to single CTCs in different in vivo models. For example, in 

colorectal cancer, Topal et al. demonstrated that the injection of tumor cell clusters via 
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the portal vein increased liver metastases 50% when compared to single tumor cells  in 

a rat model [37].  Similarly, Aceto et al. showed that, in an orthotopic murine model for 

breast cancer, CTC clusters were associated with a 50-fold increase in the formation of 

metastatic tumors compared to single CTCs [38]. This increased metastatic potential 

has been associated with the improved survival of CTCs within cell aggregates [39].  

 

Regarding CTC cluster formation, they can emerge from the collective migration of 

tumor cells shred from the tumor rather than being formed in the bloodstream via 

intercellular adhesions [36]. In contrast, Liu et al. found that single tumor cells can form 

aggregates in the blood vasculature via CD44 interactions and form lung metastases 

[40]. The CTC clusters were not only composed of tumor cells, but heterogeneous cells 

contained within the tumor microenvironment (TME) and blood. Several studies have 

observed CTCs interacting with a variety of stromal cells including leukocytes [41], 

platelets [42], and cancer associated fibroblasts (CAFs) [43] within the cell clusters. 

Based on the composition of the CTC aggregates, heterotypic CTC clusters were found 

to have greater pro-metastatic capabilities compared to homotypic CTC clusters [44]. 

For example, neutrophil-CTC clusters displayed upregulation of genes associated with 

cell-cycle regulation and proliferation compared to homotypic CTC clusters [41]. 

Comparably, recent studies have shown that heterotypic CTC-CAF clusters correlate 

with a higher formation of metastases in ovarian, lung and breast cancer [43, 45, 46]. 

One possible explanation for this could be that the associated CAFs induce or maintain 

the epithelial phenotype in tumor cells within the cluster [44, 47]. This epithelial 
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phenotype in the CTC clusters is required for overgrowth and to metastases in distant 

tissue [31]. 

 

Considering the high efficiency of CTC clusters to drive cancer metastasis, several 

studies have isolated CTC clusters from cancer patients and have found that the CTC 

cluster levels correlate with the worst clinical outcomes. This correlation has been 

observed in different types of epithelial cancer, including breast [48], prostate [49], 

colorectal [50] and lung [51] cancer. Collectively, these studies indicate the use of CTC 

cluster as a biomarker to determine the prognosis and degree of cancer progression in 

cancer patients. 

 

Importance of Cancer-Associated Fibroblasts for Circulating Tumor Cells and 

Metastasis 

 

Cancer-associated fibroblasts are the most abundant stromal cell in the tumor 

microenvironment. Different theories exist in the literature regarding the origin of these 

stromal cells, including local fibroblasts [52], bone marrow-derived precursor cells [53], 

endothelial cells [54], and cancer stem cells [55], which arise through different cellular 

mechanisms. The differing origins contribute to the generation of a heterogeneous 

population of CAFs in the tumor microenvironment [56]. Due to this heterogeneity, 

CAFs lack a unique biomarker that could be used to identify stromal cells in the tumor 

tissue. The most commonly used marker to identify and differentiate CAFs from other 
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stromal cells is the expression of α-Smooth Muscle Actin (α-SMA), Fibroblast 

Activation Protein (FAP) and Fibroblast-Specific Protein-1 (FSP-1) [57]. 

 

The literature has also demonstrated a role for these stromal cells in promoting tumor 

cell proliferation, invasion, survival and formation of macrometastases in distant tissues 

in different types of cancer. For example, the work of Zhou et al. determined that 

esophageal cancer cells showed higher proliferation and invasion capabilities when 

these epithelial tumor cells were cultured with conditioned media collected from a 

culture of patient-derived CAFs but not with media from normal fibroblasts [58]. 

Likewise, the enhanced tumor growth associated with CAFs in esophageal cancer was 

observed in breast [59], prostate [60] and endometrial cancer [61].  

 

Along with primary tumor growth, CAFs promote tumor cell invasion, survival, and 

migration to distant tissues. A recent study by Erdogan et al. showed that CAFs trigger 

the formation of an aligned fibrin matrix in the tumor stroma, which guides the 

migration of tumor cells through the protein fiber promoting cancer cell invasion. This 

result was not observed with normal fibroblasts [62].  This result is supported by the 

work of Duda et al., which demonstrated that tumor cells migrate along with CAFs in a 

collective migration unit, which enhanced the formation of lung metastases [46]. This 

latter study established the significant role of CAFs in the circulation rather that in the 

primary tumor during the cancer metastasis process.  

 



 

 9 

Since then, few studies have focused on fully understanding the role that CAFs play in 

the circulation. A study by Ao et al. showed, for the first time, the presence of CAFs in 

the blood samples of cancer patients. This study found that CAF and CTC enumeration 

in blood samples correlates with the worst prognosis, because the level of these 

circulating cells was higher in metastatic compared to localized cancer patients [63]. 

This recent finding suggests that circulating CAFs may be a promising biomarker to 

determine the prognosis and cancer progression in cancer patients.   
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Figure 1.1: Quantifying circulating CTCs, CAFs and CTC clusters in the blood of 

cancer patients. In cancer patients, CTCs travel along with other stromal cells, 

including leukocytes, platelets and CAFs. These heterotypic CTC clusters facilitate the 

survival and overgrowth of these cells in distant organs. Therefore, the level of these 

circulating cells could be used to determine cancer progression, determine the specific 

phenotype of biomarkers related to the cancer type, and to monitor the efficacy of 

cancer treatment.  
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1.3 FIRST LINE OF TREATMENT FOR CANCER DISEASE 

 

The administration of cancer treatment depends on the clinical stage of the cancer. For 

localized cancer, the first line of treatment is surgical resection of the solid tumor often 

combined with radiotherapy, which results in a cure in many cases of localized disease. 

Whereas in metastatic cancer, the first line of treatment is chemotherapy corresponding 

to the respective cancer type [64]. This treatment option is used to prolong the life 

expectancy of cancer patients, however most of the patients with metastases will die 

from their cancer [65]. Despite the benefit of these treatments in reducing the tumor and 

metastatic burden, mounting evidence suggests that these approaches can induce the 

mobilization of tumor cells into the circulation from the primary tumor and distant 

tissues. Additionally, these treatments disrupt the cytotoxic function of immune cells 

systematically, which affects the survival of tumor cells in the circulation and, may 

eventually, induce cancer progression. Here we discuss the most clinical relevant studies 

that show the adverse effects of cancer treatment in cancer progression and the 

mechanisms by which these adverse effects occur. 

 

Surgical Resection of solid tumors 

 

Surgical resection of the primary tumor or the macrometastases is imperative treatment 

for localized cancer, either to cure the disease or to prevent metastases. Despite the 

benefit of this treatment in increasing the disease-free survival of cancer patients, a body 

of evidence suggests that surgery is an invasive approach which induces cancer 
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progression by triggering tumor cell intravasation, survival and overgrowth in distant 

tissues.  

 

Recently, investigators have examined the effects of surgical tumor resection on tumor 

cell intravasation, in which surgical trauma induces CTC mobilization into the 

circulation from the primary tumor due to the physical disruption of the TME [66]. 

Several studies have isolated and enumerated CTCs in the blood samples from cancer 

patients pre- and post-surgery and show a significant increase in CTC counts post-

surgical resection of the primary tumor in breast [67], colorectal [68], liver [69], prostate 

[70] and lung cancer [71]. Usually CTC counts decrease after a week post-surgery, 

however, the increase of CTCs in the bloodstream could potentially led to secondary 

tumors in distant or primary sites promoting cancer recurrence and metastasis.  

 

Along with CTC release, surgical resection of solid tumors promotes the survival of 

tumor cells in the circulation due to the dysfunction of immune cells, such as natural 

killer cells (NK). Natural killer cells are part of innate immune system and secrete 

cytotoxic cytokines that contribute to CTC elimination in the host [72].  A considerable 

number of experimental studies have demonstrated that the cytotoxic function of NK 

cells is disrupted post-surgery [73]. A previous study by Iannone et al. determined that, 

in pancreatic cancer patients undergoing duodenopancreatectomy, NK cell cytotoxic 

activity is significantly reduced after 7 days post-surgery compared with baseline. They 

found that this impaired function of NK cells is due to a modification of cell behavior 

rather than a reduction in cell counts, because the NK cell numbers in blood samples 
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before and after surgery were not significantly different [74]. However, they found that 

the secretion of cytokines associated with the cytotoxic activity of NK cells was 

disrupted post-surgery. Recently, Angka et al. found that, in colorectal cancer patients 

undergoing surgery, NK cells showed a dramatic reduction in the secretion of cytokines, 

below the detection limit, in approximately 90% of the patients post-surgery. This 

impaired behavior of NK cells was present for 28 days post-surgery in about 65% of the 

patients [73]. As the Iannone et al. work established, the impaired secretion of cytokines 

by NK cells was independent of NK cell enumeration.  

 

The systemic response induced by surgical approaches not only affects the function of 

NK cells, but also monocytes. Recently, Krall et al. determined that surgery triggers a 

wound healing and inflammatory response in the surgical wound, which promotes the 

outgrowth of tumor cells locally and in distant tissues, using an in vivo murine model of 

restricted tumor growth by T cells. They found that the dominant factor in promoting 

tumor cell growth was the intratumoral recruitment of macrophages with an increase in 

programmed cell death ligand 1 (PD-L1) expression on the cell surface [75]. 

Programmed cell death ligand 1 is a ligand whose main function is to regulate 

immunosuppression [76]. These findings led them to conclude that surgery induces a 

systemic response that triggers the recruitment of macrophages into the TME, which 

induces immunosuppression of T cells locally as well as in distant tissues, resulting in 

metastasis [75]. Regarding tumors in  which the cells have already migrated to distant 

tissues but are in a dormant state, this systemic response can trigger the escape of tumor 

cells from dormancy [77, 78]. Collectively, surgical resection of the primary tumor and 
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metastases can promote cancer progression by increasing the CTC inflow into the 

circulation as well as by enhancing the proliferation of these cells in local and distant 

tissues.   

 

Radiotherapy 

 

Radiotherapy is a non-invasive therapy widely used to avoid the primary tumor 

localized and prevent the overgrowth and migration of tumor cells to distant organs [79]. 

In spite of the efficacy of this treatment modality in controlling tumor growth, 

cumulative research studies have established that radiotherapy induces cancer 

metastasis by altering the tumor cell phenotype as well as the TME, which can lead to 

tumor cell intravasation, migration and overgrowth in distant tissues.  

 

Regarding the TME, the experimental data suggests that radiotherapy can disrupt blood 

vessel integrity and allow for the mobilization of tumor cells from the primary tumor 

into the circulation in a similar fashion to surgery [80]. A study by Martin et al. 

determined radiotherapy-induced CTC mobilization in lung cancer by analyzing the 

CTC level in blood samples collected from the cancer patients before and after 

radiotherapy treatment, using an epithelial marker and a radiation deoxyribonucleic acid 

(DNA) damage marker. They found a considerable increase in CTCs post-radiotherapy 

treatment [81]. A similar increase in CTCs was also found in patients with prostate and 

breast cancer that were treated with radiotherapy [82, 83]. 
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In addition, radiotherapy can alter the tumor cell phenotype by inducing EMT in tumor 

cells. Rae-Kwon et al. showed an increase in migration to distant tissues post-radiation 

in an orthotopic murine model of breast cancer. Then, using an in vitro approach, they 

found that radiation triggers the secretion of interleukin-6. This cytokine is an autocrine 

signal that induces EMT in breast cancer cells via the neurogenic locus notch homolog 

protein 2 (Notch2) signaling pathway [84]. Epithelial-mesenchymal transition induced 

by radiation was observed in other cancer types as well, including lung [85], colorectal 

[86], endometrial [87], and esophageal cancer [88]. In summary, a body of evidence has 

demonstrated the adverse effect of radiation by promoting tumor cell invasion and 

migration to distant tissues. 

 

Chemotherapy 

 

Chemotherapeutic agents have been approved by the FDA as the first line of treatment 

for metastatic cancer due to the efficacy of reducing the tumor and macro-metastases 

burden in a spectrum of cancer types, including breast [89], prostate [90], colorectal 

[91], ovarian and lung cancer [92]. Despite the benefits of this therapy in reducing or 

restricting the disease, several studies have demonstrated that the administration of 

chemotherapy promotes cancer progression in some patients. This pro-metastatic effect 

of chemotherapy is associated with modification of tumor cell behavior and the host 

microenvironment [93].   
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Existing research recognizes the critical role of chemotherapy in increasing the invasive 

phenotype in tumor cells by promoting genes associated with EMT, invasion and the 

migration process [94]. A study by Papadaki et al. demonstrated that chemotherapy 

induced an increase of 20% of CTCs expressing mesenchymal features post-

chemotherapy treatment in breast cancer patients with metastasis [95]. This adverse 

effect was also observed in ovarian cancer patients. Chebouti et al. reported an increase 

of 20% of CTCs expressing either epithelial and mesenchymal markers post-platinum-

based chemotherapy [96]. 

 

On the other hand, several studies suggested that chemotherapy modifies the host 

microenvironment to facilitate cancer metastasis, such as: (a) Destabilization of the 

TME to enhance tumor cell intravasation and (b) Formation of a pro-metastatic niche to 

enhance the colonization of distant tissues.  

 

Regarding intravasation, the work of Karagiannis et al. and Chang et al. demonstrated 

that the administration of paclitaxel in combination with doxorubicin promotes the 

mobilization of CTC from the primary tumor into the circulation by increasing vascular 

permeability in the TME [97, 98]. Several studies have demonstrated that taxane- and 

anthracycline-based chemotherapies induce the accumulation of macrophages 

expressing high vascular endothelial growth factor (VEGF) into the TME, which is 

required for the formation of microstructures termed the tumor microenvironment of 

metastasis [99]. These are cell aggregates including tumor cells, macrophage and 

endothelial cells, where the density of the cell aggregates in the tumor correlates with 
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cancer progression and poor clinical outcomes in breast cancer [97]. Besides the 

increase of CTC mobilization in the bloodstream, recent experimental evidence suggests 

that chemotherapy induces CTC release from the primary tumor via the lymphatic 

system as well. Recently, Harris et al. determined that docetaxel treatment increases the 

number and density of intratumoral lymphatic vessels, which eventually enhances the 

intravasation of tumor cells [100].  

 

Regarding the colonization process, Daenen et al. suggested that taxane- and platinum-

based chemotherapy primes lung tissue to arrest tumor cells and trigger secondary tumor 

growth. This host response is due to the increase in VEGF receptor expression in 

pulmonary endothelial cells in mice treated with chemotherapy [101]. Gingis-Velitski 

et al. reported that chemotherapy induces the mobilization of endothelial progenitor 

cells along with other bone marrow-derived cells (BDMCs) into the primary TME and 

metastases [102]. This recruitment of host cells induced by chemotherapy primes the 

pre-metastatic niche to facilitate colonization by tumor cells and formation of macro-

metastases. Although, chemotherapy promotes the release of CTCs in the bloodstream, 

it increases the migratory behavior of tumor cells and facilitates their overgrowth in 

distant tissues. 
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1.4 ADJUDVANT THERAPY TO IMPROVE EFFICACY OF FIRST LINE 

TREATMENT 

 

In light of recent studies in cancer treatment, it is becoming increasingly difficult to 

ignore the negative effect of these treatments in promoting cancer metastasis. Despite 

these adverse effects, the benefit of these treatments, by reducing the primary tumor and 

metastatic tumor burden, outweigh the adverse effects mentioned above. Therefore, 

ceasing cancer treatments such as surgery, radiotherapy and chemotherapy is not an 

option. Several studies have focused on developing novel therapeutic approaches that 

can neutralize these negative effects to improve the efficacy of current cancer 

treatments. These approaches are centered on enhancing the immune system response 

and eliminating CTCs from the bloodstream. 

 

With current cancer treatment, the immune system function is impaired in most patients. 

Therefore, several studies have proposed the use of therapeutic agents that are able to 

reinforce the immune system, pre-surgery or in combination with radiotherapy and 

chemotherapy. Using a murine model of pancreatic cancer, Brooks et al. demonstrated 

that inducing the activation of T cells and NK cells pre-surgical tumor resection reduced 

tumor recurrence and the formation of macrometastases. Comparably, several studies 

have confirmed that using either an immune cell activator or an immunosuppression 

inhibitor pre-surgical resection of the primary tumor can neutralize tumor recurrence 

induced by the surgical approach [103, 104].  
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Beside these therapies, other researchers have been focused on targeting CTCs in the 

bloodstream with adjuvant therapy that can neutralize CTC release by cancer treatments. 

A recent study by Qian et al. demonstrated the use of a small therapeutic molecule that 

disrupts the homing of tumor cells in distant tissue, in combination with anthracycline-

based chemotherapy, significantly reduced the tumor seeding in distant tissue in vivo in 

a murine model. This is due to the fact that this molecule enhanced the exposure of 

CTCs to chemotherapy treatment in the bloodstream. Similarly, other studies have 

focused on developing CTC-targeted drug delivery approaches using blood cells as the 

mediator or drug carrier. Previous research by our group, established the use of 

leukocytes to deliver Tumor necrosis factor-related apoptosis inducing ligand (TRAIL) 

to CTCs in the bloodstream, termed as TRAIL-coated leukocytes [105]. This novel 

approach consists of a nanoscale liposome formulation displaying TRAIL and E-

selectin on the particle surface. Tumor necrosis factor-related apoptosis inducing ligand 

is a ligand that induces apoptosis in cancer cells while sparing normal cells. This ligand 

is a protein naturally expressed on NK cells and corresponds to one of the mechanisms 

that NK cells use to induce the clearance of abnormal cells [106]. Whereas, E-selectin 

is a natural cell adhesion protein of leukocytes and endothelial cells [107]. In addition, 

the literature suggests that CTCs express an E-selectin ligand and that these cells use 

this ligand-receptor interaction to tether and eventually form firm adhesions to the 

endothelium cells during the cancer migration process [108-111]. In this previous study, 

our group demonstrated that TRAIL-coated leukocytes significantly reduced the 

viability of colorectal cancer cells, when mice were treated with this therapy for only 2 

hr [107]. A later study by our group validated the efficacy of this TRAIL-based therapy 
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in eradicating CTCs from the bloodstream and preventing the formation of 

macrometastases. Our group used an orthotopic murine model of prostate cancer and 

found that TRAIL-coated leukocytes dramatically reduced CTC numbers from 1,500 

CTC/mL to 250 CTC/mL, a 6-fold reduction [112]. Additionally, this therapy prevented 

the formation of metastases in distant organs. TRAIL-coated leukocytes not only 

prevent cancer metastasis in colorectal and prostate cancer, but also in breast cancer. 

Recently, our group demonstrated that the use of minimal doses of the TRAIL-based 

therapy was sufficient to reduce by 2-fold the CTC level in the circulation of an 

orthotopic murine model for metastatic breast cancer, following primary tumor 

resection. This therapy was able to reduce the tumor burden and the formation of 

macrometastases and extend survival with only 3 doses before and after surgery [113]. 

 

In some specific cancer types, CTCs spread first into the lymph nodes before entering 

in the circulation [114]. Regarding those types of cancer, our group work developed a 

similar TRAIL delivery approach using NK cells as the vehicle. In that study, our group 

demonstrated cancer cell migration via the lymphatic system could be prevented with 

liposomes decorated with an NK-specific antibody and TRAIL. These therapeutic 

liposomes enhanced the display of the TRAIL molecule on NK cell surfaces, which 

increased their efficacy in killing tumor cells and significantly reduced the tumor burden 

in lymph nodes and prevented cancer cell migration [115, 116]. 

 

Collectively, these novel therapeutic approaches have successfully neutralized CTCs in 

the bloodstream and lymphatic system, preventing the formation of macrometastases. 
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Therefore, we believe that using any of these therapeutic agents in combination with 

current cancer treatments will neutralize the adverse effects induced by cancer 

treatments and could potentially reduce the probability of cancer recurrence in clinical 

settings. 
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CHAPTER 2 

 

Platelet-Based Drug Delivery for Cancer Applications 

Portions of this chapter was published in Advances in Experimental Medicine and 

Biology 
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2.1 ABSTRACT 

 

Platelets can be considered as the “guardian of hemostasis” where their main function 

is to maintain vascular integrity. In pathological conditions, the hemostatic role of 

platelets may be hijacked to stimulate disease progression. In 1865, Armand Trousseau 

was a pioneer in establishing the platelet-cancer metastasis relationship, which he 

eventually termed as Trousseau’s Syndrome to describe the deregulation of the 

hemostasis-associated pathways induced by cancer progression [1]. Since these early 

studies, there has been an increase in studies geared at not only elucidating the role of 

platelets in cancer metastasis but also for creating novel cancer therapies by targeting 

platelets. In this chapter, we aim to discuss the contribution of platelets facilitating 

tumor cell transit from the primary tumor to distant metastasis sites as well as novel 

cancer therapy based on platelets.  

 

2.2 CANCER METASTASIS 

 

Primary tumor support 

 

Cancer-associated thrombosis has exhibited multiples effects that not only promote 

cancer migration to distant organs but also support the stability and overgrowth of the 

primary tumor (Figure 2.1). Of note, one report pointed out that the TME contains a 

substantial number of platelets where they function to maintain and support the tumor 

mass expansion via secretion of platelet-derived microparticles (P-MPs) [3, 4]. Platelets 
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are anucleated cells that serve as a storage of angiogenesis regulator factors, such as: 

VEGF, platelet-derived growth factor (PDGF), epidermal growth factor (EGF), basic 

fibroblast growth factor (bFGF), matrix metalloproteinases (MMP), platelet factor-4 

(PF4), plasminogen activator inhibitor-1, angiopoeitin-1, and transforming growth 

factor beta (TGF-ß), among others [7].   

 

Several studies have shown that P-MPs play important roles in promoting tumor cell 

proliferation, tumor vascular integrity and cancer cell invasion. In the tumor cells, P-

MPs induce activation of mitogen-activated protein kinase (MAPK) and 

serine/threonine protein kinase (AKT) signaling pathways to self-sustain tumor cell 

proliferation. The P-MPs transport pro-angiogenic factors, such as VEGF, to induce 

abundant vascularization that is crucial to supply nutrients and oxygen to support tumor 

growth and stability [8, 9]. Studies have demonstrated that platelet depletion induces a 

substantial reduction in blood vessel density and coverage, leading to vascular leakage 

in the primary tumor, and tumor hypoxia and necrosis [3, 5, 6]. Along with tumor 

overgrowth and stability, P-MPs induce a more invasive phenotype in malignant cells 

via secretion of MMPs locally. Moreover, P-MPs can deliver adhesion molecules to 

tumor cells to provide the ability to bind to host cells, critical behavior in the metastatic 

cascade [8, 9]. 

 

Platelet-derived microparticles are considered a vital part of the TME, contributing to 

the primary tumor growth and stability; however, their roles depend on the level of 

platelet activation. Strong evidence indicates that many tumor cells express tissue factor 



 

 40 

(TF) to trigger local thrombin synthesis in the TME, which binds to platelet receptors 

known as protease-activated receptors (PARs) to lead to activation of platelets [10]. 

Tissue factor expression in malignant cells is often correlated with genetic modifications 

that promote carcinogenesis, such as alterations in the k-ras oncogene and loss of the 

tumor suppressor gene, p53 [11]. Collectively, tumor cells express TF to generate 

thrombin as a paracrine signal, which triggers a strong positive feedback loop between 

tumor cells and platelets to self-promote tumor cell proliferation, invasion and, 

eventually, metastasis.  

 

Figure 2.1 Primary tumor mass expansion is influenced by activated platelets. In the 

TME, tumor cells express TF which induce the synthesis of thrombin. Thrombin triggers 

the activation of platelets locally, thereby, these release P-MPs. The P-MPs contains 

factors that promote the tumor cell proliferation, angiogenesis and tumor cell invasion.   
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Epithelial-mesenchymal transition and intravasation: 

 

Initially in metastasis, malignant cells mostly go through a morphological change 

known as EMT that provides an invasive phenotype to tumor cells. Epithelial-

mesenchymal transition is a reversible process that cells undergo through a combination 

of molecular signaling pathways, which leads to the loss of the intercellular adhesion 

complex. This allows tumor cells to become highly mobile and migrate and invade the 

vasculature, eventually. As revealed by several studies, the principal role of platelets in 

early metastasis is associated with the secretion of growth factors, such as PDGF and 

TGF-ß, to trigger EMT activation in tumor cells (Figure 2.2) [12]. Experimental data 

indicates that tumor cells pretreated with platelets show an upregulation of 

mesenchymal markers as well as a downregulation of epithelial markers [13], both 

features of EMT. Besides these platelet-derived factors, platelets can induce EMT 

activation in tumor cells via direct contact.  A strong body of evidence supports the idea 

that platelet-tumor cell contacts are due to a variety of adhesion molecules present on 

the platelet membrane that use plasma proteins to mediate the interaction. For example, 

the ανβ3 integrin expressed in tumor cells can bind to GPIIb/IIIa platelet integrin via 

plasma proteins such as fibrinogen, fibronectin and von Willebrand Factor (vWF). This 

interaction activates the ανβ3 integrin and triggers various signaling pathways to 

eventually stimulate nuclear factor kappa B (NF-kB) to induce the gene transcription 

required for EMT activation [13, 16]. While the TGF-β and NF-kB pathways are key 

mechanisms that induce EMT activation, they also induce MMP upregulation that is 

critical for tumor cell invasion, due to enhanced extracellular matrix (ECM) degradation 
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[13, 14, 16]. In summary, the secreted factors from platelets together with direct platelet-

tumor cell contact can stimulate two different critical signaling pathways in an 

independent manner. The synergy of both pathways induces the EMT transformation in 

tumor cells and MMP expression to promote tumor cell invasion in the circulation, an 

early stage of metastasis.  

 

Figure 2.2 Epithelial mesenchymal transition governed by platelets. Activated platelets 

secrete soluble factors, such as TGF-ß and PDGF. The secretion of these factors along 

with platelet-tumor cell contact can trigger EMT in tumor cells. Additionally, activated 

platelets secrete MMP which induce ECM degradation to allow tumor cell invasion. 

The synergy of these cellular interactions and soluble factors induce the tumor cell 

intravasation. 
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Protection conferred by circulating tumor cells 

 

Once tumor cells enter the bloodstream, they circulate and may form a secondary 

metastatic tumor in a suitable microenvironment. To reach distant organs, malignant 

cells must overcome several obstacles in the bloodstream such as mechanical stress and 

immune surveillance by NK cells. During intravasation, tumor cells are subjected to 

hemodynamic forces and NK cell cytotoxicity, which can neutralize CTCs and hinder 

metastasis. Accumulating experimental data strongly suggests that one role of pro-

metastatic platelets is to protect the CTCs from such stresses, facilitating malignant cell 

migration (Figure 2.3) [25]. Platelets protect CTCs by two mechanisms that include the 

microthrombi-assembled shield and downregulation of NK cell antitumor activity. 

  

The microthrombi-assembled shield refers to platelets that adhere to CTCs in an 

envelope fashion that, coupled with fibrin deposition, create a physical barrier that 

avoids direct contact (up to 80%) with NK cells and the mechanical stresses within the 

bloodstream [19-21, 23, 24]. Besides the formation of a microthrombi cloak, platelets 

are able to impair NK cell-regulated elimination of CTCs through platelet-derived and 

-bound factors that can downregulate the activation of immunoreceptor expression as 

well as function of NK cells.  Through platelet-tumor cell interactions in microthrombi, 

activated platelets secrete factors, including TGF-β, which reduces the immunoreceptor 

expression of natural killer group 2 (NKG2D) that is critical for triggering the NK cell 

antitumor effect [27, 28]. Similarly, platelets can express the glucocorticoid-induced 

TNF-related ligand (GITRL), which interacts with its GITRL receptor to inhibit NK cell 
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antitumor activity by promoting apoptosis of NK cells [29, 30].  Altogether, cumulative 

evidence demonstrates that platelets impact CTC survival in the circulation through the 

interplay of coagulation proteins, and platelet-derived and -bound factors. Indeed, the 

principal prometastatic role of platelets is the protection of CTCs in the bloodstream 

since tumor cell survival is one of the most determinant factors that result in effective 

metastasis.  

 

Figure 2.3 Platelets protect tumor cell in the circulation. Platelets bind to tumor cells  

via plasma proteins, such as fibronectin, fibrinogen, and vWF. This intercellular 

adhesion is strengthened by the incorporation of fibrin which forms a microthrombi 

cloak surrounding the tumor cells. During the transit of tumor cells, platelets induce 

NK cell apoptosis via GITRL/receptor interaction. Additionally, platelets secrete TGF-
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ß that downregulates the NKG2D immunoreceptor which is important to activate the 

cytotoxic effect of NK cells. 

 

Circulating tumor cell arrest and extravasation 

 

To facilitate tumor cell extravasation, CTCs can adhere to activated vascular endothelial 

cells and complete organ-specific transendothelial migration. Cumulative evidence 

suggests that platelets play a central role in mediating extravasation by facilitating 

intercellular interactions between tumor and endothelial cells (Figure 2.4). During initial 

arrest, malignant cells can tether over the vascular endothelium in a P-selectin 

dependent mechanism enhanced by the platelet integrin GPIIb/IIIa. According to some 

previous studies, the integrin GPIIb/IIIa can immediately arrest tumor cells without 

previous tethering interactions. Platelet-tumor cell adhesion via integrin GPIIb/IIIa is 

due to the expression by malignant cells of the integrin ανβ3 which mediates cell-cell 

interactions via plasma proteins as “molecular bridge” connecting both cells (Refer to 

subtitle 1.2) [31-33]. Platelets contain other adhesion proteins that can also contribute 

to tumor cell-platelet-endothelial cell adhesion, such as glycoprotein Ibα and 

glycoprotein VI, which some studies have found to be relevant but not determinant in 

promoting tumor metastasis [38-40].  

 

Once tumor cells arrest on the vascular endothelium, platelets can trigger two different 

mechanisms to maintain firm attachment until transendothelial migration is complete. 

These mechanisms include activation of the vascular endothelium and local platelet 
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aggregation.  Activation of the vascular endothelium is mediated by tumor cell- and 

platelet-derived VEGF-A, which induces the secretion of large fibers of vWF that form 

a mesh structure in the vascular wall to support tumor cell arrest [41].  Regarding platelet 

aggregation, the tumor cell can express Aggrus/T1alpha protein that interacts with its 

counter-receptor, C-type lectin like receptor 2 (CLEC-2), on platelets to trigger a 

signaling pathway that induces platelet activation and aggregation [36, 37].  

 

To complete transendothelial migration, malignant cells can elicit two molecular 

mechanisms using platelet-derived factors, VEGF and adenosine triphosphate (ATP) 

[38, 39]. Several experimental studies have indicated that platelet- or tumor cell-derived 

VEGF activates the vascular endothelium, stimulating vascular permeability by 

relocating the main intercellular adhesion protein, VE-cadherin in endothelial cells, 

from the cell surface to the cytoplasmic compartment, creating gaps in the endothelium 

[42-44]. Otherwise, recent studies have determined that platelet-derived ATP can bind 

to its receptors, P2X4, P2Y1 and P2Y2, in vascular endothelial cells to activate a signaling 

pathway that subsequently induces intracellular calcium release and increases 

endothelial permeability [45]. Overall, a substantial number of studies point out the 

significant role of platelets in mediating tumor cell arrest and the activation of vascular 

endothelium to promote cancer cell extravasation.  
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Figure 2.4 Platelets facilitate tumor cell arrest and extravasation. (1) Platelets mediate 

tumor-endothelial cell interactions via P-selectin or integrin GPIIb/IIIa. (2) Platelets 

secrete VEGF which induces the vWF release from endothelial cells. The vWF stabilizes 

arrested tumor cells. In addition, tumor cells express aggrus/podoplanin which bind to 

CLEC-2, a platelet receptor, that promote the aggregation of platelets locally to further 

stabilize tumor cell arrest.  (3) Platelets secrete VEGF that induce endothelial 

permeability which allows the tumor cells to migrate through the endothelium. Along 

with VEGF, platelets secrete ATP that binds to its counter-receptor in endothelial cells 

to activate a signaling pathway that also triggers permeability.   
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Colonization of the secondary metastatic niche 

 

In the metastatic organ, disseminated tumor cells (DTCs) are not sufficient to stimulate 

self-seeding and proliferation to form a secondary tumor. Prior to development of a 

secondary tumor, a mature metastatic niche must be generated that is a suitable 

microenvironment, that is promoted by host stromal cell recruitment and subsequent 

DTC seeding and proliferation (Figure 2.5). Strong evidence suggests that metastatic 

niche formation is mediated by chemokines secreted by platelets and endothelial cells, 

such as stromal cell-derived factor (SDF-1), CXC motif chemokine ligand 5 and 7 

(CXCL5/7), and CC chemokine ligand 5 (CCL5) [48, 50, 52]. The main host 

components recruited by these chemokines are BMDCs that include hematopoietic 

progenitor cells (VEGFR1+HPCs), granulocytes, and monocytes/microphages. The 

VEGFR1+HPCs are the first host cells recruited to the metastatic site and are crucial for 

triggering MMP and VEGF-A production for re-vascularization of the tissue to create a 

pre-metastatic niche prior to DTC arrival [49].  To cause VEGFR1+HPC recruitment, 

activated platelets close to the extravasation site secrete SDF-1 that interacts with its 

counter-receptor, CXC chemokine receptor type 4 (CXCR4), in HPCs to trigger their 

migration [47, 48].  

 

Once DTCs arrive at the distant organ, granulocyte mobilization is necessary because 

these cells can provide MMPs that enhance DTC extravasation and homing in the 

metastatic niche. In this scenario, studies indicate that the secretion of CXCL5/7 from 

activated platelets generates a chemoattractant gradient that eventually induces 
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granulocyte recruitment to the platelet-tumor cell clusters to form a premature 

metastatic niche [50]. Along with granulocytes, monocyte/microphage migration 

toward DTCs is necessary to guide the maturation of the metastatic niche. 

Monocyte/microphage recruitment is crucial for triggering signaling pathways that 

promote the survival of DTCs escaping from immune surveillance. To achieve 

monocyte/microphage recruitment, the DTCs activate coagulation pathways to activate 

platelet aggregation, creating small thrombi that surround the DTCs and induce 

monocyte/microphage migration [51]. Disseminated tumor cell-leukocyte-platelet 

interactions in the clot mediated by P-selectin-dependent adhesion can trigger CCL5 

secretion from the vascular endothelium to induce monocyte recruitment [52]. 

Altogether, platelets play a significant role in secreting chemokines as well as inducing 

chemokine secretion from other host cells to create a suitable microenvironment 

necessary for the promotion of metastatic tumor seeding and eventually tumor 

overgrowth.  
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Figure 2.5 Platelets recruit host cells to shape the metastatic niche. In the metastatic 

location, platelets secrete chemokines, such as: SDF-1, CXCL5/7 and CCL5. This 

secretome induces the mobilization of granulocytes, monocytes/macrophages and HPC 

which is needed to promote the growth of tumor cells in the metastatic location. 

 

2.3 PLATELET-BASED CANCER THERAPY  

 

Anticoagulants as Cancer Therapy 

 

Cancer patients are more likely to develop venous thromboembolism (VTE) and have 

an increased risk of dying from thrombotic events than VTE patients without cancer.  

Increased expression of procoagulant molecules, such as TF and cancer procoagulant, 

on tumor cells results in an increased incidence of thrombosis and contributes to tumor 
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growth and metastasis. The opposite also holds true in that patients with VTE have a 4-

fold increased risk in developing cancer after 1 year of diagnosis with VTE [53]. Given 

the link between coagulation and cancer, anticoagulants were studied for their anti-

tumor benefits and to control thrombotic events in cancer patients.  

 

Common anticoagulants examined for their effect on cancer are warfarin and low-

molecular weight heparin (LMWH). Warfarin works by interfering with vitamin K-

dependent carboxylation of coagulation proteins, such as prothrombin, factors VII, IX, 

and X [54]. One of the first clinical studies conducted testing the efficacy of warfarin in 

patients with various cancer found that warfarin treatment resulted in improved survival 

of patients with small cell lung cancer but had no effect on survival of patients with 

advanced non-small cell lung, prostate, colorectal, and head and neck cancer [55]. 

Additionally, a clinical trial involving fixed, low dose administration of warfarin for 

stage IV breast cancer patients found no difference in survival between treatment groups 

[56].  However, a study comparing 6-week and 6-month treatment of warfarin in cancer 

patients found the effects of warfarin evident 2 years after treatment in patients with 6-

months of treatment, and the anti-tumor activity was observed for 6 years [57]. Further 

research is required to understand how the stage of cancer in patients, administration of 

dose and timeline of treatment, as well as type of cancer can affect the anti-tumor 

activity of warfarin. 

 

Like warfarin, LMWH works by enhancing the activity of antithrombin which inhibits 

thrombin as well as other factors, such as factor IX, X, and XI. Additionally, heparin 
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can bind to platelets and inhibit platelet activity and can also inactivate factor II through 

binding to heparin cofactor II [58]. Low-molecular weight heparin is considered the first 

line of therapy for cancer patients that are diagnosed with VTE. There are various 

LMWH formulations that have been tested in cancer patients, such as dalteparin, 

enoxaparin and unfractionated heparin. Cancer patients treated with dalteparin were 

found to have a reduced recurrent thromboembolism compared to cancer patients treated 

with warfarin [59]. Another clinical study with patients diagnosed with breast, 

colorectal, ovarian, pancreatic, and other cancers found that treatments with LMWH 

had no differences in survival after 1, 2, and 3 years post treatments [60]. However, 

clinical trials showed that LMWH in combination with chemotherapeutics in patients 

with advanced pancreatic cancer and small cell lung cancer improved overall survival 

in patients compared to chemotherapeutic alone [61, 62]. 

 

Other antithrombotics tested for antitumor activity include aspirin, which is known to 

inhibit platelet activity. Aspirin has been shown to reduce the risk of adenocarcinoma 

and prevent metastasis in one clinical study [63]. Another study also showed a reduced 

reported diagnosis of cancer in diabetic patients treated with aspirin compared to those 

without [64]. However, whether the effects of aspirin on cancer progression are due to 

its platelet inhibition properties via inhibition of the cycloogenase-1 (COX-1) pathway 

or anti-inflammatory effects via COX-2 inhibition have yet to be ascertained.  

Additional drugs include desirudin and argtroban, which are thrombin inhibitors, non-

steroid anti-inflammatory drugs such as ibuprofen, heparan sulfate mimetics such as 

M402, MMP inhibitors which affect platelet activation, pentasaccharide anticoagulants 
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and direct factor X inhibitors have recently been studied or considered for anti-tumor 

activity. Many researchers aim to improve pharmacokinetics, specificity, and delivery 

of anticoagulants through development of oral coagulants that target specific clotting 

factors. Some commercially available examples include the thrombin inhibitor, 

dabigatran, and the factor-Xa inhibitors, apixaban and rivaroxaban [65]. However, 

despite some of the positive results that show improved survival with the use of 

anticoagulants, recent studies show that combination of anticoagulants with cancer 

therapies may contribute to potential drug interactions that result in gastrointestinal 

toxicity [66]. The heterogeneity of cancer and patient treatments prompt additional 

studies into the effects of anticoagulants. 

 

Monoclonal Antibodies against platelet proteins 

 

Monoclonal antibodies (Mab) and inhibitors targeting platelet proteins provide another 

unique mechanism of targeting platelet function during cancer progression. Antibodies 

targeting PDGF are one of the emerging therapies for targeting tumor progression. 

Platelet-derived growth factor is a mitogen released by platelets that promote cell 

growth and proliferation for various cells such as mesenchymal and endothelial cells. 

They have been shown to promote angiogenesis and have been found to be over-

expressed in cancer patients. To date, there are several inhibitors of PDGF, such as 

imatanib and sunitinib, that have been approved by the FDA to target the receptor 

kinases of PDGF for inhibiting leukemia and renal cancer progression [67]. However, 

as the PDGF receptor kinase inhibitors are not specific to PDGF kinases, alternative 
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options with increased specificity have been researched over the past few decades. 

Examples include the Mabs, 6D11, CR002, C3.1, which neutralize PDGF mitogenic 

activity and show specific targeting of PDGF ligands [68-70]. Other antibodies also 

target the receptor for PDGF including CDP860, IMC-2C5, and 3G3 [71-73]. The IMC-

2C5 antibody did not exhibit any significant anti-tumor activity in mice xenograft 

models with OVCAR-5 ovarian carcinoma [71].  The Mab, 3G3, however, showed 

antitumor activity in mice xenograft models with glioblastoma and leiomyosarcoma 

compared to controls in one study [72]. Recently, the Food and Drug Administration 

approved olaratumab, a Mab targeting the PDGF receptor subunit, in combination with 

doxorubicin, for treatment of soft tissue sarcoma, which showed significantly improved 

overall survival compared to doxorubicin alone [72].   

 

Aside from PDGF, antibodies targeting platelet activity to reduce tumor-associated 

thrombosis also exist. Abciximab is one such antibody which targets the GPIIb/IIIa 

complex on the surface of platelets and has been shown to block platelet aggregation 

and secretion of angiogenic factors. Eptifibatide, XV454, and tirofiban also have similar 

functions as abciximab as they target the GPIIb/IIIa glycoproteins and inhibit platelet 

activity, although the mechanism of action varies with each antagonist [73]. The 

GPIIb/IIIa integrin serves as a receptors for fibrinogen, fibrin, fibronectin, vitronectin, 

and vWF [74]. When platelets are activated, fibrinogen (and to some extent, vWF) result 

in platelet aggregation. Use of glycoprotein antagonists reduces platelet aggregation and 

tumor burden in mice and rats and has been shown to interrupt interactions in the tumor 

microenvironment [74-77].  
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Moreover, antibodies targeting other functions of platelets, such as fibronectin 

(antibody A3.3) and MMPs (such as MMP2) which are involved in platelet aggregation 

have been developed and have been shown to inhibit thrombin formation and 

aggregation [78, 79]. Antibodies targeting coagulation factors such as TF, factor IX, and 

factor IXa are being continually developed for both reducing thrombotic events and 

improving cancer outcome. One antibody developed against TF is the recombinant 

mouse antibody D3H44, which effectively targets TF and can be neutralized through 

the use of competing antibodies [80]. 

 

As of late, antibodies targeting platelet proteins and functions are still being 

characterized and discovered, although cost of production is one limitation to antibody 

commercialization. As the role of platelets in tumor progression is further elucidated, 

targeted cancer treatments involving use of antibodies serve as an attractive method for 

future studies in achieving anti-tumor activity. 

 

Drug delivery systems using platelets as carrier 

 

Although there are numerous drug delivery systems that target the platelet-tumor 

microenvironment, exploiting platelets has also proven to be an effective method of 

targeting cancer progression. Platelets have been shown to protect CTCs by attaching 

to surface of the cells via GPIIb/IIIa interactions and protecting the tumor cells from 

detection of surveilling immune cells [81]. Using this known property, many researchers 

have developed chemotherapeutic systems that specifically repurpose platelets as 
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vehicles for delivery of cancer therapies. One such example involves loading isolated, 

inactivated platelets with doxorubicin, a chemotherapeutic drug, and testing the release 

of the drug from platelets, with the use of activating agonists, such as adenosine 

diphosphate (ADP). Results showed apoptotic effects on the two cell lines tested; 

Ehrlich ascites carcinoma cells and human lung carcinoma cells [82].  Another example 

of functionalized platelets as vehicles for tumor imaging and targeting is loading 

kabiramide into platelets to prevent activation and coupling with anti-tumor proteins 

such as transferrin to both target and image myeloma [83].  This system also showed 

successful loading and release of drugs as well as accumulation of the loaded platelets 

at the site of myeloma xenotransplantion in mice. 

 

An alternative method that utilizes platelets as carriers involves targeting drugs to the 

surface of platelets rather than isolating and loading platelets. In one instance, fucoidan 

nanoparticles loaded with multiple drugs, including chemotherapeutic and imaging 

agents, were targeted to P-selectin [84]. P-selectin is an adhesion molecule expressed 

on endothelial cells, leukocytes, tumor cells, and activated platelets.  The fucoidan-

platelet system was able to deliver therapeutic agents into the tumor site compared to 

delivery systems not targeted to P-selectin. Platelets were also used as carriers for 

targeting anti-thrombotic agents to sites of thrombosis. Example systems involve 

targeting liposomes with anti-thrombotic agents to platelets via GPIIb/IIIa and P-

selectin interactions [85, 86]. This direct platelet-targeting method provides the 

opportunity for direct treatment of thrombotic events through local release of drugs and 

can be further tailored to deliver cancer drugs and reduce platelet shielding.  
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Platelet delivery systems provide many advantages compared to delivery systems 

utilizing traditional nanoparticle systems, such as liposomes. Platelet-loaded systems 

are capable of delivering more therapeutic drugs because platelets have more volume 

and larger diameter than many nanoparticle modalities. Additionally, platelets can last 

up to 9 days in circulation before degradation, allowing for a longer therapeutic window 

compared to nanoparticle systems that may stay in circulation for a few hours to a couple 

of days. Lastly, targeting surface proteins of platelets or using platelets for delivery of 

therapeutic agents utilizes the interaction of platelets and cancer cells to interrupt cancer 

progression and metastasis. Properties of platelets, such as deep tumor penetration and 

involvement in metastasis and angiogenesis, allow for increased specificity in targeting 

the tumor environment that may not be achieved with simply relying on the enhanced 

permeability and retention effect within tumors to promote drug delivery. As the 

opportunities to utilize platelets for cancer therapy are explored, better treatment options 

to target tumors and the TME may one day become alternatives to current cancer 

therapies.  

 

Drug delivery systems inspired by platelets 

 

Efforts to improve drug delivery for cancer treatments extend beyond the use of platelets 

as delivery vehicles. Emerging therapies have also explored the properties of platelets 

in vasculature to develop mimetic carriers for delivery of therapeutics. Many researchers 

have explored the use of platelet membranes for the delivery of therapeutics for either 

cancer treatment or wound healing. One such example includes the use of silica particles 
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that are coated with platelet membranes conjugated with TRAIL in order to target CTCs. 

This approach targeted metastasizing cancer cells within their microenvironment and 

induced apoptosis in prostate and breast cancer cells while also localizing to cancer 

clusters [87]. A similar system involving platelet membrane-coated nanogel-based 

carriers used to deliver TRAIL and doxorubicin simultaneously had similar anti-tumor 

results indicating the flexibility of the delivery system [88]. One final example utilizing 

platelet membranes involved loading coated poly(lactic-co-glycolic acid) (PLGA) 

nanoparticles with docetaxel or vancomycin in order to target platelet-adhering 

pathogens including Staphylococcus aureus (MRSA252) as well as neointima growth 

[89]. This system could also be used as a cancer therapy as docetaxel is a common 

therapeutic agent used to treat various cancers, such as breast and lung cancer. In all 

three cases, use of platelet membranes resulted in increased therapeutic efficacy due to 

improved targeting and, in some cases, evasion of immune degradation of particles for 

increased circulation time.    

 

Researchers have also explored platelet mimetic systems that use platelet ligand-

receptor pathways to target metastasis. In one such instance, liposomal constructs are 

functionalized with either P-selectin or GPIIb/IIIa receptors and are used to target breast 

cancer cells for delivery of anti-tumor therapeutics. This system mimics the platelet 

interaction with cancer cells and binds to breast cells expressing platelet proteins in 

order to target metastasizing cells [90]. A recently developed method also explores 

platelet properties in creating nanoparticles, termed “platelet-like nanoparticles”. These 

particles exhibit platelet functions and physical properties to promote wound healing 
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and reduce bleeding time [91].  Artificial platelets [92] and platelet-like particles can be 

tailored to deliver therapeutic agents for cancer treatment as they become more 

characterized.  

 

2.4 CONCLUSION  

 

During cancer progression, tumor cells mostly hijack host cells to support tumor growth 

and malignant cell migration. Here we explained how tumor cells modify platelets to 

take advantages of their functions to support cancer progression. Platelets are involved 

not only in the primary tumor growth and stability but also in cancer cell migration to 

distant organs. As platelets play a substantive role in cancer progression, researchers 

have been focused on developing novel cancer therapy by targeting platelets as well as 

coagulation. Monoclonal antibodies and anticoagulants have been studied as anticancer 

agents and their administration has resulted in improved survival in cancer patients as 

stand-alone therapies or in combination with chemotherapy drugs, in some studies. On 

other hand, the use of platelets as drug delivery vehicles has been shown to be effective 

in killing tumor cells and disrupting tumor cell-platelet interactions. In summary, 

platelets influence tumor cells in many ways, making platelet a potential carrier for 

novel anticancer drugs.  
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CHAPTER 3 

 

TRAIL-coated Leukocytes to Kill Circulating Tumor Cells in the Flowing 

Blood from Prostate Cancer Patients 

 

This chapter was submitted to Molecular Cancer Research 
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3.1 ABSTRACT 

 

Radical surgery is the first line treatment for localized prostate cancer (PC), however, 

several studies have demonstrated that surgical procedures induce tumor cell 

mobilization from the primary tumor into the bloodstream. The number and temporal 

fluctuations of CTC, CAF and CTC clusters present in each blood sample was 

determined. The results show that both CTC and CTC cluster levels significantly 

increased immediately following primary tumor resection, but returned to baseline 

within two weeks post-surgery. In contrast, the CAF level decreased over time. In 

patients who experienced PC recurrence within months after resection, CTC, CAF, and 

cluster levels all increased over time. Based on this observation, we tested the efficacy 

of an experimental TRAIL-based liposomal therapy ex vivo to induce apoptosis in CTC 

in blood and prevent cancer recurrence. The TRAIL-based therapy killed approximately 

75% of single CTCs and CTC in cluster form. Collectively, these data indicate that CTC 

cluster and CAF levels can be used as a predictive biomarker for cancer recurrence. 

Moreover, for the first time, we demonstrate the efficacy of our TRAIL-based liposomal 

therapy to target and kill CTC in primary patient blood samples, suggesting a potential 

new adjuvant therapy to use in combination with surgery. 

 

3.2 INTRODUCTION 

 

Prostate cancer is the second most frequent cancer diagnosed in men worldwide. 

Although the estimated 5-year survival rate of PC is approximately 98.9%, cancer 
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reoccurrence, metastatic progression, and the inevitable emergence of resistance to 

hormonal therapy makes PC the second leading cause of death in western countries and 

the fifth leading cause of cancer-related death worldwide [1-3]. For localized PC 

disease, the first line treatment is radical prostatectomy (RP) followed, in some cases, 

by radiotherapy (XRT), as well as androgen deprivation therapy (ADT) [4].  

 

Although these cancer treatments prolong patient life expectancy, an estimated 50% of 

patients will experience cancer recurrence [5, 6]. Abundant evidence has shown that 

tumor removal surgery and radiotherapy can induce CTC mobilization from the primary 

tumor site into the circulation, promoting tumor seeding in local and distant tissues due 

to the disruption of the tumor microenvironment [7]. Along with CTC release, surgical 

resection activates a wound healing mechanism in the local tissue, which triggers a 

survival response in tumor cells that promotes proliferation and extravasation [8, 9]. The 

CTC release induced by cancer treatments occurs not only in the form of single tumor 

cells, but also as CTC clusters. Previous studies suggest that tumor cells may migrate 

from the primary tumor as CTC clusters containing up to 40 cells per cluster. These 

CTC clusters can contain a heterogeneous group of cells including immune cells, CAF, 

neoplastic epithelial cells, and platelets. Moreover, CTC clusters are considered to have 

a 50–fold greater metastatic potential than single CTCs [10-12]. The higher metastatic 

potential in CTC clusters could be attributed to the presence of CAFs, which have been 

shown to promote tumor growth in distant organs [13]. In PC, the tumor 

microenvironment is composed mostly of an accumulation of activated CAFs, whose 

main role is to promote tumor cell proliferation, invasion, angiogenesis, and epithelial-
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to-mesenchymal transition [14-17].   Recent, studies have found that the CAF level and 

number of CTC-CAF clusters in the circulation can predict cancer prognosis, with 

elevated levels correlating with worse prognoses in breast, colorectal cancer and PC [18, 

19]. 

 

Due to the adverse consequences of CTC release after surgery and radiotherapy, there 

is a need for treatments targeting CTCs in the bloodstream to reduce tumor recurrence 

in patients with PC. Recently, we developed a TRAIL-based therapy that targets and 

kills CTCs in the bloodstream. This therapeutic consists of nanoscale liposomes 

decorated with E-selectin and TRAIL. E-selectin is a natural adhesion marker 

supporting endothelial cell and leukocyte rolling and adhesion, whereas TRAIL is a 

ligand that induces apoptosis in cancer cells while sparing normal cells. In in vitro 

studies, the therapy killed over 90% of PC cells under flow conditions during a treatment 

period of 2 hr [20]. Similarly, in an orthotopic prostate cancer xenograft model, the 

TRAIL therapy killed over 90% of the CTCs and prevented the formation of macro-

metastasis in distant organs [21, 22]. Based on these results, we hypothesized that the 

use of TRAIL therapy as a peri-operative treatment could kill primary CTCs in the blood 

of PC patients, under circulatory flow conditions.  

 

In this study, we determined the fluctuations of single CTCs, CTC clusters and CAFs 

in primary blood samples from patients, and the correlation between these circulating 

cells and cancer recurrence. In addition, we demonstrated for the first time the use of 
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TRAIL therapy to target and kill CTCs and CTC clusters in blood samples from PC 

patients under flow conditions.  

 

3.3 MATERIALS AND METHODS 

 

Study approval 

 

To participate in this study, all of PC patients and healthy volunteers received and signed 

a consent form indicating the research study objectives. In addition, during the blood 

samples collection process, the PC patient’s identity was completely protected. In the 

clinic, all PC patients underwent to biopsy which lead to diagnosis of the prostate 

adenocarcinoma stage. The blood collection was done at four time points of the cancer 

treatment administered to this cohort of patients, including: time of diagnosis, after 

prostatectomy (surgical resection of the primary tumor), at 2 days post-surgery and 2 

weeks post-surgery. The study follow up the clinical outcome of the PC patients 

subjected in this study for 1 years to evaluate cancer recurrence after surgery. 

  

Blood sample collection 

  

Samples of approximately 7.5 mL of peripheral whole blood were collected from PC 

patients at four different time points during their cancer treatment: At diagnosis, after 

surgery, 1-2 days post-surgery and 1-2 weeks post-surgery. The blood collection 

procedure was initiated after the clinician diagnosed the PC patients via biopsy 
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examination. However, we missed 4 samples in this study due to patient complaints. 

The blood samples were shipped from the University of Rochester Medical Center to 

Vanderbilt University overnight at ambient temperature and were then split into 3 

aliquots to be treated as: Untreated sample, vehicle control, and TRAIL liposomal 

therapy 

 

CTC and CAF isolation from PC patient blood samples 

 

Blood aliquots (untreated samples) were layered over twice the volume of Ficoll (GE 

Healthcare) and centrifuged at 2,000 x g for 15 min with no brake to isolate the applied 

buffy coat layer [33], which contains both the CTCs and mononuclear cells. The buffy 

coat was collected in a new tube and washed with twice the volume of hanks balanced 

salt solution (HBSS, Gibco) buffer. The CTCs within the buffy coat were isolated using 

a negative selection kit with CD45 magnetic beads (Miltenyi Biotech). The buffy coat 

pellet was resuspended in 80 µL of MACS buffer that contain 0.5% bovine serum 

albumin (BSA) and 2 mM ethylenediaminetetraacetic acid (EDTA), and 20 µL of CD45 

magnetic beads, and incubated at 4oC for 15 min. For CAF isolation, a positive selection 

kit with anti-fibroblast magnetic beads (Miltenyi Biotech) was used and the cells were 

incubated with the reagent for 30 min at room temperature. The cells were re-suspended 

in 500 µL of MACS buffer and placed into the column located in a magnetic field that 

was pre-washed with 500 µL of MACS buffer prior to adding the cells.  Following the 

addition of the blood cell solution, the column was washed 3 times with 500 µL of 

MACS buffer [34]. The unlabeled cells that passed through the column were fixed using 
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4% paraformaldehyde (PFA, Electron Microscopy Sciences) for 20 min and then 

centrifuged onto a microscopy slide at 300 xg for 4 min using a cytocentrifuge (model, 

manufacturer). For CAF isolation, cells were collected from the column, fixed and 

cytospun onto microscopy slides as well.  

 

Circulating tumor cells enumeration from PC patient blood samples 

 

Slides were incubated with 100 µL of dulbecco’s phosphate-buffered saline (DPBS, 

Gibco) for 25 min. The cells were then permeabilized using 100 µL of 0.25% Triton-X 

solution (Sigma) for 15 min. Following permeabilization, the cells were immersed in 

100 µL of 1% BSA for 1 hr to block nonspecific binding. To identify CTCs, the cells 

were stained with 100 µL of 10 µg/mL anti-human CD45 conjugated with Biotin (clone 

HI30, Biolegend) for 30 min. After washing, the cells were next stained with 100 µL of 

10 µg/mL secondary streptavidin-Alexa Fluor 546 (Invitrogen), 10 µg/mL of anti-

Cytokeratin conjugated with FITC (clone CAM 5.2, BD) in 0.05% Triton-X for 40 min. 

To identify CAFs, the cells were stained using the same staining procedure, replacing 

anti-Cytokeratin for 10 µg/mL of anti-human α-SMA (1A4, eBioscience) conjugated 

with eFluor 660. After each staining step, the cells were washed using 200 µL of DPBS 

three times. A drop of DAPI mounting media (Vectashield) was placed onto the cells, 

and the coverslip was placed and sealed with nail polish. Fluorescent micrographs were 

taken using CellSense software on an Olympus IX81 motorized inverted microscope. 

Cancer cells were identified using the following criteria: DAPI+, CD45- and CK+. CAF 

enumeration utilized the following criteria: DAPI+, CD45- and α-SMA+. To quantify the 
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number of CTC clusters, each group of interacting cells involving more than 3 cells was 

identified as a CTC cluster [23]. 

 

Preparation of TRAIL liposomes therapeutic 

 

Multilamellar liposomes were prepared using the thin film method by incorporating the 

following lipids: egg L-α-lysophosphatidylcholine (Egg PC, Avanti), egg 

sphingomyelin (Egg SM, Avanti), ovine wool cholesterol (Chol, Avanti), and 1,2-

dioleoyl-sn-glyc- ero-3-[(N-(5-amino-1-carboxypentyl) iminodiacetic acid) succinyl] 

(nickel salt, Avanti) (DOGS NTA-Ni) using a weight ratio of 50%:30%:10%:10% (Egg 

PC: Egg SM: Chol: DOGS NTA-Ni). Respective volumes were taken from the stock 

lipid solutions and gently mixed in a glass test tube and left under vacuum overnight to 

remove the organic solvent. The lipid pellet was hydrated using 700 µL of liposome 

buffer (20 mM HEPES, 150 mM NaCl, pH 7.5). The multilamellar liposomes were 

generated using 10 cycles of freeze (2 min) and thaw (3 min). To prepare unilamellar 

liposomes, the multilamellar liposomes were subjected to 10 extrusion cycles at 55oC 

using two different size (200 nm and 100 nm) of polycarbonate membranes. 

Recombinant human E-selectin (R&D Systems) and recombinant human TRAIL (Enzo) 

were reconstituted using nuclease-free water to a final concentration of 500 µg/mL and 

1 mg/mL and then stored at -80oC. Freshly prepared liposomes were incubated with E-

selectin and TRAIL to a final concentration of 71.43 nM and 250 nM for 15 min at 37oC 

and then overnight at 4oC on a rotator [20]. The liposomes were characterized using 

DLS-Malvern Zetasizer and NanoSight NS300.  
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Treatment of primary blood samples from PC patients under flow conditions 

 

For the treatment group, 1.960 mL of PC patient blood was treated with 40 µL (~290 

µg/mL) of functionalized liposomes (vehicle control or TRAIL therapy) and placed in 

a cone-and-plate viscometer (Brookfield LVDVII) that was pre-blocked with 1% BSA 

(Sigma) for 15 min. The blood was treated for 4 hr at shear rate of 120 s-1. After 4 hours, 

the treated blood aliquots were removed from the viscometer using HBSS buffer 

(Gibco) to wash out the blood and transferred to a new tube. The CTCs were isolated as 

previously described (CTC isolation session in the experimental methods) and placed 

in culture in a 6-multiwell plate using 3 mL of Roswell Park Memorial Institute medium 

(RPMI, ATCC) overnight. After, the CTCs were collected from culture and stained with 

propidium iodide (PI, BD) for 15 min. Then the cells were fixed and cytospun onto 

microscope slides as the untreated samples.  

 

Statistical Analysis 

 

Patient samples at different time points were considered as biological repeats in the 

statistical analysis of single CTC enumeration, CAF enumeration, clustered CTC 

concentration, and the viability percentage of CTCs throughout the cancer treatment. 

Detailed information about the number of samples, the biological repeats and the 

statistical tests are explained in the respective figure legends. A Wilcoxon test was used 

to compare two groups (Control vs TRAIL therapy treated samples) or (level of CTCs 

at different time points through cancer treatment). For multiple comparison using an 
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ANOVA test, Tukey adjustments were applied and the adjusted P value was used. All 

tests were two-sided and at a level of significance	∝=0.05. The statistical analyses were 

carried out in PRISM 6.0 for Mac OS X.  

 

3.4 RESULTS 

 

CTC release by primary tumor surgical resection in PC patients  

 

To investigate CTC mobilization induced by surgical resection of the primary PC tumor, 

approximately 7.5 mL of blood was collected from 15 patients diagnosed with prostate 

adenocarcinoma at four different time points throughout the cancer treatment process 

(Table 3.1 and Figure 3.1 A). CTCs were isolated from PC patients and then, by 

immunofluorescent staining, the CTCs were identified and enumerated using the 

following criteria: (i) Positive for cytokeratin, (ii) Negative for CD45 and (iii) Positive 

for nuclear staining via DAPI (Figure 3.1, C and D). Blood from healthy donors was 

used as a negative control in which no CTCs were detected (Figure 3.2). At the time of 

diagnosis, over 35 CTCs per mL were found in all PC patients participating in the study. 

Following surgical primary tumor resection, the CTC level increased by more than two-

fold compared to the baseline level at the time of diagnosis in 73% (11 of 15) of patients. 

After 2 weeks post-surgery, the CTC levels decreased to their initial level in 84% (11 

of 13) of patients (Figure 3.3, A and B). These patients have not developed any cancer 

recurrence to date. However, in 13% (2 of 15) of patients, the CTC levels increased 

gradually over time. These two patients with increasing CTC levels have experienced 
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disease recurrence within months of the index procedure (Figure 3.3C). Collectively, 

we found that a higher CTC level in the blood samples 2 weeks post-surgery coincides 

with advance cancer stage and cancer recurrence (Figure 3.3D). However, more clinical 

samples are needed to validate this observation. 
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Figure 3.1 Experimental design used in this study to process and analyze the blood 

samples of PC patients. (A) Blood samples were collected at the University of Rochester 

Medical Center and shipped overnight to Vanderbilt University to be processed within 

48 hr. Four blood samples were collected from 15 patients at different time points: 

diagnosis, surgery, 2 days post-surgery and 2 weeks post-surgery. (B) Two aliquots of 

1.96 mL were treated with 40 µL of vehicle control and TRAIL therapy for a total volume 

of 2 mL and loaded into a cone-and-plate viscometer. The samples were sheared for 4 

hr at room temperature. (C) The CTC isolation was carried out using a two-step 

process: Buffy coat isolation, and then CTC purification via negative selection of CD45-

positive cells (leukocytes). For CAF isolation, we performed a positive selection of 

fibroblast cells (CAF). (D) Immunofluorescent staining was used to identify CTCs, 

viable CTCs after treatment, and CAFs in the blood samples from PC patients. 



 

 84 

Table 3.1 Summary of the clinical information of 15 PC patients participating in this 

study. 

 

Patient Characteristics    
Total, N 15 
Age, yr, median (range) 62 (49-73) 
Prostate specific antigen (PSA) value at diagnosis, ng/mL, median (range) 5.9 (1.04-29.48) 
Biopsy stage, N (%) (number indicate how localized is the tumor and 
letter how compromise is the prostate)   
     1c 11 (73%) 
     1a 1 (7%) 
     2b 3 (20%) 
Biopsy Gleason score, N (%) (indicate the differentiation grade of tumor 
cells)  
     Grade 0 = 3+3 3 (20%) 
     Grade 1 = 3+4 6 (40%) 
     Grade 2 = 4+3 4 (27%) 
     Grade 3 = 4+4 2 (13%) 
Surgery stage, N (%)  
     2a 7 (47%) 
     3a 7 (47%) 
     3b 1 (6%) 
Surgery Gleason score, N (%)   
     Grade 1 = 3+4 10 (67%) 
     Grade 2 = 4+3 4 (27%) 
     Grade 4 = 4+5 1 (6%) 
Nodes, N (%)  
     Positive 1 (7%) 
     Negative 12 (80%) 
     Cannot access 15 (13%) 
Surgical margins, N (%)  
     Positive 3 (20%) 
     Negative 12 (80%) 
Adjuvant therapy, N (%)  
     Androgen deprivation therapy (ADT) 2 (13%) 
     Radiation 1 (10%) 
Cancer recurrence, N (%)  
     Salvage treatment 1 (1%) 
     Biochemical recurrence 1 (1%) 
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Figure 3.2 No CTCs were found in blood samples collected from healthy donors. (A) 

Immunofluorescent staining of CTCs from blood samples of healthy donors isolated 

using the same protocol used to isolated CTCs from PC patients). Scale bar is 20 µm. 
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Figure 3.3 Fluctuations in the CTC counts induced by primary tumor resection. (A) 

Immunofluorescent staining of CTCs isolated from one PC patient at different time 

points (red is CD45, green is cytokeratin and blue is DAPI) showing the increase in 

CTC level through cancer treatment. Scale bar represents 20 µm. (B) Box and whisker 

plots represent the CTC count in samples from PC patients at different time points: At 

diagnosis, after surgery, 2 days post-surgery and 2 weeks post-surgery. The dashed 

lines connect individual patients (median ± range, n=48 samples from 13 patients). 

Significance (**P=0.0049) was determined using Wilcoxon test. (C) A stacked column 

chart shows the CTC counts in PC patients who developed cancer recurrence at 

different time points (n=8 samples from 2 patients).  (D) Individual CTC counts in PC 

patients at 2 weeks post-surgery compared with cancer stage (n=14 samples from 14 

patients).  
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CTC mobilization observed in PC patients occurs in the form of CTC clusters  

 

The number of CTCs in cluster form was evaluated, motivated by the documented 

advantage that CTC clusters hold over single cells in forming macro-metastases in 

distant organs [10]. To determine the clustered CTC level, each group of cells that 

included at least 3 cells was identified and enumerated as a cluster [23]. In all of the 

patient blood samples, an average of 10% of all identified CTCs were found to be within 

CTC clusters (Figure 3.4A). At the time of diagnosis, over 3 CTCs in form of clusters 

per mL of blood were found in 91% (10 of 11) of patients. After surgical resection of 

the primary tumor, the number of CTCs in cluster form increased over two-fold 

compared to its initial level at the time of the diagnosis in 67% (6 of 9) of patients. Then, 

the clustered CTC concentration decreased to its initial level after 2 weeks post-surgery 

in 89% (8 of 9) of patients (Figure 3.4, B and C). All of these patients remained free 

from recurrence at the time of publication. On the other hand, 18% (2 of 11) of patients 

showed an increase in clustered CTC concentration coincident with primary tumor 

resection (Figure 3.4D). These patients developed cancer recurrence within months after 

surgery.  In addition to the clustered CTC level, we quantified the size distribution of 

CTC clusters in PC patients due to primary tumor resection. We found that PC patients 

exhibit mostly small CTC clusters composed of less than 15 cells per cluster at the time 

of diagnosis, whereas after the surgical resection of the primary tumor, PC patient blood 

contains an over two-fold greater number of small CTC clusters along with larger CTC 

clusters that included up to 40 cells per cluster. After 2 weeks post-surgery, we found 

that the size distribution attenuated back to baseline levels (Figure 3.4E). However, in 
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PC patients experiencing cancer recurrence, the size distribution increased in 

accordance with the primary tumor resection (Figure 3.4F). This shows that CTC release 

due to surgery is not limited to single CTCs, but rather includes both single CTCs as 

well as CTC clusters. We also found that CTC cluster level may correlates with the 

cancer stage, progression, and cancer recurrence. 

Figure 3.4 Variation in the CTC cluster numbers identified in PC patients undergoing 

primary tumor resection. (A) A stacked column chart represents the classification of 

tumor cells found in PC patients as single and clustered CTCs before and after primary 

tumor resection (mean ± SD, n=33 samples from 9 patients). The samples showed to 

contain a significant percentage of CTCs in cluster form compared with the total CTC 

counts (****P<0.0001), according to a two-way ANOVA test. (B) Box and whisker plots 

of clustered CTC numbers at different time points during cancer treatment of PC 
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patients. Dashed lines connect individual patients (median ± SD, n=33 samples from 9 

patients). Significance (*P=0.0469) was calculated using Wilcoxon test. (C) 

Immunofluorescence images of CTC clusters found in PC patients (red is CD45, green 

is cytokeratin and blue is DAPI). Scale bar of 20 µm. (D) A stacked column chart 

represents the number of CTCs in cluster form before and after primary tumor resection 

in PC patients who developed cancer recurrence (n=8 samples from 2 patients). 

through tumor resection was tested by a two-way ANOVA test. (E) Column chart 

represents the size distribution of the CTC clusters identified in PC patients (mean ± 

SD, n=33 samples from 9 patients). Superimposed curves represent a nonlinear 

Gaussian regression. (F) Column chart represents the size distribution of the CTC 

clusters identified in patients that developed cancer recurrence (n=8 samples from 2 

patients). 

 

CAF enumeration in the bloodstream correlates with cancer recurrence in PC  

 

Primary blood samples from 13 PC patients were used to evaluate CAF levels in blood 

at different time points following primary tumor resection. To determine the CAF 

concentration, the fibroblasts were isolated via positive selection method from PC 

patients. Samples were then subjected to immunofluorescence labeling and imaging to 

identify and enumerate the CAF cells according to the following criteria: (i) Positive for 

α-SMA, (ii) Negative for CD45 and (iii) Positive for nuclear staining via DAPI (Figure 

3.1, C and D). Blood from healthy donors was used as a negative control in which no 

CAFs were detected. In addition, immunofluorescent staining of WPMY-1 (normal 
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fibroblast cell line) and hTERT PF179 CAF (CAF cell line) were used as negative and 

positive controls (Figure 3.5). At the time of diagnosis, blood collected from all of the 

PC patients contained over 2 CAFs per mL of blood. After 2 weeks following primary 

tumor resection, the CAF counts decreased approximately two-fold compared to its 

initial level at the time of diagnosis in 67% (6 of 9) PC patients diagnosed with grade 1 

adenocarcinoma. These patients remain free from recurrence (Figure 3.6, A and C). 

However, in 31% (4 of 13) of patients diagnosed with advanced adenocarcinoma (grade 

2 and 4), the CAF levels increased gradually despite the primary tumor removal, which 

is considered the main source of CAFs in cancer patients (Figure 3.6, B and D). In the 

latter group of patients, two patients have developed cancer recurrence recently, one of 

which is identified as biochemical recurrence. Additionally, these patients also 

exhibited increased levels of clustered CTCs following primary tumor resection. To 

investigate the determining factor in promoting cancer recurrence, we compared two of 

the patients that have a similar clinical background, including the PC stage and tumor 

resection outcomes. We found that the dominant factor associated with cancer 

recurrence was the increase in the CAF and CTC cluster levels in the circulation (Figure 

3.6E). This observation suggests that CTC release occurs in CTC clusters, including 

stromal cells such as CAF, and that this can promote cancer progression and recurrence. 

However, this observation should be confirmed in other PC patients. 
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Figure 3.5 Validation of isolated fibroblasts from PC patients as CAFs. (A) 

Immunofluorescent staining of two fibroblast cell lines obtained from ATCC and used 

as positive and negative controls. Scale bar is 20 µm. WPMY-1 is a myo-fribloblast cell 

isolated from the peripheral area of the prostate. hTERT PF179 CAF is a fibroblast cell 

line derived from prostate cancer stroma. Staining with α-SMA (biomarker to identify 

CAFs from normal fibroblast cells) confirmed that the α-SMA positive cells found in the 

PC patients are CAFs instead of normal fibroblast. (B) Immunofluorescent staining of 

CAFs isolated from a healthy donor. Scale bar is 20 µm. No CAFs were found in blood 

samples from healthy donors (n=3 from 5 healthy donors). 
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Figure 3.6 Fluctuations in the CAF counts induced by primary tumor resection in 

patients diagnosed with different stages of PC. (A) Box and whisker plots represent the 

CAF counts from patients diagnosed with grade 1 prostate adenocarcinoma, before and 

after primary tumor resection. Dashed lines connect the individual patients (median ± 

range, n=34 from 9 patients). There were significantly fewer (*P=0.0391) CAFs after 

2 weeks post-surgery compared with the baseline, as calculated using Wilcoxon test. 

(B) CAF counts from patients diagnosed with grade 2 prostate adenocarcinoma through 

primary tumor resection. The dashed lines connect individual patients (n=11 from 3 

patients). (C) Immunofluorescence staining of CAFs isolated from PC patients (red is 

CD45, green is α-SMA and blue is DAPI). Scale bar represents 20 µm. (D) CAF counts 

from a single patient diagnosed with grade 4 prostate adenocarcinoma (n=4 from 1 
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patient). (E) A stacked column chart represents CAF counts from patients with the same 

cancer stage and surgical resection outcomes (n=8 samples from 2 patients). 

 

TRAIL-liposomal therapy killed CTCs within blood from patients undergoing 

primary tumor resection      

 

To evaluate the efficacy of our previously developed TRAIL therapy for killing CTCs 

in blood samples from PC patients, we treated primary patient blood with TRAIL- and 

E-selectin-coated liposomes as described previously [20-22]. Briefly, this therapy 

consists of nanoscale liposomes decorated on the surface with human recombinant E-

selectin and TRAIL (Figure 3.7A). The liposomes were prepared and characterized 

using NanoSight and Zetasizer instruments (Malvern) to verify successful protein 

conjugation. In this study, the vehicle control had a size of 117.67 nm ± 0.13 with a 

polydispersity index (PDI) of 0.09 ± 0.02 while our TRAIL liposomes had a final size 

of 130.60 nm ± 1.40 with a PDI value of 0.17 ± 0.01, which confirms the presence of 

proteins on the liposome surface (Table 3.2). With regard to the liposome concentration, 

the vehicle control contained 6.40 ± 0.39 (x1012) particles/mL while the liposomal 

TRAIL therapy contained 5.90 ± 0.26 (x1012) particles/mL (Figure 3.7B). After 

completing the characterization of our nanomedicine construct, a 290 ng/mL dose of the 

vehicle control and the TRAIL therapy was used to treat CTCs in 2 mL of whole blood 

isolated from PC patients in a cone-and-plate viscometer for 4 hours at room 

temperature (Figure 3.1B). The CTCs were then isolated and placed in culture 

overnight. To determine the viability of the tumor cells, cells were labeled with 
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immunofluorescent antibodies and the viable CTCs were enumerated using the 

following criteria: (i) Positive for cytokeratin, (ii) Negative for CD45 marker, (iii) 

Positive for nuclear staining via DAPI and (iv) Negative for the necrotic stain PI. Patient 

blood treated with TRAIL/E-selectin liposomes showed an over two-fold decrease in 

CTC count compared to the control group treated with empty vehicles, in all PC patients 

at the time of diagnosis (Figure 3.7C). Importantly, after surgical tumor resection 

TRAIL therapy reduced the CTC level in PC patients consistently, regardless of the 

magnitude of CTC increase induced by the surgical procedure. In summary, this 

therapeutic agent significantly killed over 75% of CTCs in PC patient blood samples 

(Figure 3.7D). To determine the efficacy of the TRAIL therapy to target CTCs, three 

patient samples were treated with soluble TRAIL at the same concentration that was 

incorporated in the liposomal formulation (290 ng/mL) under the same experimental 

conditions. Soluble TRAIL did not kill CTCs in blood samples from PC patients, as 

expected due to lack of E-selectin which creates a cell-membrane tethered delivery of 

TRAIL to CTCs (Figure 3.7E). However, since we found a considerable concentration 

of clustered CTCs in PC patients, the remaining question to address was whether this 

therapy holds the same efficacy to kill tumor cells in flowing blood when they are 

assembled into clusters instead of single cells. 
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Table 3.2 Characterization of prepared liposomes using Zetasizer and NanoSight with 

the following parameters: Size (diameter), polydispersity index (PDI) and particle 

concentration (particles/mL) 

 

 

Figure 3.7 TRAIL liposomal therapy efficiently killed CTCs from PC patients. (A) 

Experimental procedure to prepare the liposomal TRAIL therapy. (B) Size (diameter) 

distribution of nanoscale liposomes for non-conjugated (vehicle control) and 

conjugated (TRAIL therapy) formulations with TRAIL and E-selectin protein. The 

Sample Diameter (nm) PDI  Concentration (particles 
x1012/mL) 

Vehicle control 117.66±0.13 0.09±0.02 1.60±0.39 
TRAIL therapy 130.60±1.40 0.17±0.01 1.48±0.26 
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superimposed black curve represents the mean of three different runs (mean, n=3 from 

3 batch of liposomes prepared). (C) A column chart represents the viable CTC counts 

of samples treated with the vehicle control and TRAIL therapy (median ± range, n=45 

samples from 12 patients) through primary tumor resection. Significance with regard 

to time related to surgery (*P<0.0234) and to TRAIL therapy versus vehicle control 

(**P<0.0053 and ***P=0.0003) was calculated in a repeat measures two-way ANOVA 

test (matched values). (D) Column charts represent the viable CTC percentage treated 

with vehicle control and TRAIL therapy (median ± range, n=45 samples from 12 

patients). There was a significant reduction (****P<0.0001) in cell viability 

percentage, as calculated in a Wilcoxon test at each time point in relation to surgery. 

(E) Column charts represent the median +/- range viable CTC percentage in samples 

treated with PBS or soluble TRAIL (n=3 samples from 1 patient). Non-significance (P 

= 0.500) was calculated with a Wilcoxon test. 

 

TRAIL-therapy reduces clustered CTC viability under physiological levels of fluid 

shear stress 

 

TRAIL therapy consists of liposomes decorated with E-selectin and the apoptotic ligand 

TRAIL on their surface. E-selectin is a natural cell adhesion receptor expressed by 

endothelial cells to support rolling adhesion of leukocytes in the post-capillary venules 

[24]. However, experimental evidence demonstrates that cancer cells also express E-

selectin ligands, supporting the idea that these cancer cells may use a similar mechanism 

to leukocytes for extravasating at inflammation sites, allowing CTCs to enter into 
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foreign tissue during the metastatic process [25, 26]. Previous work by our laboratory 

has shown that E-selectin/TRAIL liposomes specifically attach to leukocytes due to E-

selectin/ligand interactions, and engage with cancer cells via frequent blood cell 

collisions. Considering this, we evaluated the ability of TRAIL therapy to induce the 

formation of CTC clusters via E-selectin interactions and found that it did not induce 

cluster formation under physiological shear conditions (Figure 3.8A). We did, however, 

find that TRAIL therapy reduced the viability of clustered CTCs by killing over 75% of 

CTCs assembles in clusters (Figure 3.8B).  

 

Figure 3.8 TRAIL liposomal therapy killed clustered CTCs in PC patients. (A) Scatter 

dot plots that represent the number of CTCs in the form of clusters in samples treated 

with vehicle control and TRAIL therapy (median ± range, n= 41 samples from 11 

patients). Non-significance (P=0.0826) was calculated with a Wilcoxon paired t test. 

(B) Column charts represents the percentage of viable CTCs in clustered form in 
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samples treated with the vehicle control and TRAIL therapy (median ± range, n=25 

samples from 10 patients). There was a significant (****P< 0.0001) decrease in 

viability percentage in clustered CTC with TRAIL therapy compared with the vehicle 

control, as calculated with a Wilcoxon test. 

 

Figure 3.9 Possible mechanism of how CTC-CAF cluster migration promotes cancer 

recurrence and the proposed use of TRAIL therapy as an adjuvant therapy to prevent 

cancer recurrence during surgery. During primary tumor resection, CTCs are released 

into the bloodstream due to the disruption of the tumor microenvironment. The CTCs 

can migrate as clusters along with other CTCs or stromal cells such as CAFs to 

facilitate the survival and growth in distant tissues. Here, we propose the use of TRAIL 

therapy as an adjuvant therapy that could be administered during the peri-operative 

window to neutralize newly released CTCs caused by surgical procedures. Ex vivo, this 

approach killed over 75% single CTCs and clustered CTCs, respectively. We believe 
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that eradication of most of the single and clustered CTCs in the bloodstream could 

prevent cancer recurrence and progression.  

 

3.5 DISCUSSION 

 

Radical prostatectomy is the first line of treatment for localized prostate cancer disease 

followed, in some cases, by radiotherapy and ADT. In this study, we showed that 

surgery triggered mobilization of tumor cells from the primary tumor into the circulation 

and that CTC release occurs in the form of both single CTCs and CTC clusters. 

Moreover, the single CTC and clustered CTC levels were found to normalize after 2 

weeks post-surgery in most patients. Although prostatectomy in most patients resulted 

in a cure due to complete removal of the tumor with negative surgical margins and no 

tumor recurrence after 1 year of follow up, the increase in CTC level after surgery was 

observed in small cohort of patients. In this study, we identified that 2 out of 15 patients 

experienced cancer recurrence within at least 2 months after prostatectomy even when 

these had a complete resection of the primary tumor. These patients had an increase in 

single CTC and clustered CTC levels at or after surgery and the levels did not normalize 

after two weeks. These findings are consistent with previously published results 

suggesting that the presence of CTC clusters correlates with a higher probability of 

cancer recurrence and worse prognosis [23]. Based on the literature, the CTC clusters 

include stromal cells such as CAF, which not only promote their survival but the 

colonization of distant tissues as well [13].  
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In this study, we detected a decrease in CAF level during cancer treatment in patients 

diagnosed with lower grade prostate adenocarcinoma. However, the opposite behavior 

was observed in patients diagnosed with higher grade prostate adenocarcinoma that 

exhibited rapid cancer recurrence. An interesting finding was observed when two 

patients that were diagnosed with the same cancer stage and had similar resection 

outcomes were compared. It was found that the determinant factor in cancer recurrence 

is higher CAF and CTC cluster levels in the circulation. Thus, for the first time we found 

that in PC, CAFs may play an important role in promoting CTC survival under high 

hemodynamic forces by promoting the growth of tumor cells locally, and eventually 

causing cancer recurrence. Collectively, we found that CAF levels may correlate with a 

worse prognosis, disease progression, and cancer recurrence in PC. However, this 

observation was found in a small cohort of patients, therefore additional studies should 

be done to confirm this observation and to elucidate the cellular mechanisms involved.  

 

Circulating tumor cells and stromal cell mobilization due to primary tumor resection 

lends support to the idea that adjuvant therapy to reduce CTC clusters or CTC or CAF 

levels in the bloodstream, may prevent or delay cancer recurrence and metastasis. 

Studies have reported that the administration of chemotherapy after primary tumor 

resection improves overall survival in cancer patients [28, 29]. However, studies have 

suggested some concern related to the use of chemotherapy post-surgery due to adverse 

effects on wound healing and the immune system [30]. On the other hand, reports have 

indicated the use of ADT in combination with prostatectomy to decrease the probability 

of cancer recurrence [31]. Despite the reduction of cancer recurrence, for high risk PC, 
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tumor cells can develop resistance to therapy and recur at local sites or spread to distant 

tissue [32]. In this study, we tested our previously developed TRAIL liposomal therapy 

and determined that this approach killed over 75% of single CTCs and clustered CTCs, 

regardless the increase in CTC levels that occurred after primary tumor resection. In 

accordance with the present results, previous studies have demonstrated that this 

liposomal therapy reduce an estimated of 84% of CTCs using an orthotopic prostate 

murine model, and this reduction was enough to prevent the formation of metastases in 

distant tissues as lung, liver, kidney and spleen in comparison with mice treated with 

the vehicle control. In addition, the TRAIL therapy reduced the primary tumor burden 

[21]. Therefore, we believe that a 75% reduction of CTC due to TRAIL therapy could 

be sufficient to prevent or delay cancer recurrence. Comparing TRAIL-based liposomal 

therapy with chemotherapy and ADT, liposomal therapy efficiently targets and 

eliminates CTCs in the bloodstream within only a few hours of exposure without 

harming host cells, including endothelial cells and leukocytes as was demonstrated in 

previous studies [20]. Indeed, TRAIL liposomal therapy is a promising adjuvant therapy 

that could be used in conjunction with prostatectomy to effectively neutralize CTC 

release and potentially prevent cancer recurrence.  

 

The current study has one limitations that deserve mention. First, the blood samples 

were shipped from the University of Rochester Medical Center to Vanderbilt University 

overnight, where all samples were processed within 48 hours. Reports suggest that CTC 

levels do not fluctuate significantly in blood samples processed within 24, 48 and 72 

hours from collection [33]. If there is a variation in the CTC numbers due that the 
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viability of the CTCs fluctuates over the time from blood draw, this may introduce some 

systematic error in our study. Nevertheless, all of the samples were processed and 

analyzed using the same shipping and experimental conditions, which should reduce 

bias from collection. 

 

In conclusion, we have documented that CTC mobilization occurs during or within 2 

days of surgery in PC patients. We identified that this CTC release occurs partially in 

the form of CTC clusters, which may include stromal cells such as CAFs. This suggests 

the use of CTC cluster and CAF counts as a predictive biomarker. Successful 

elimination of CTCs with TRAIL-liposomal therapy provides proof of concept to its 

application as adjuvant therapy in PC patients undergoing surgery with curative intent. 

 

3.6 ACKNOWLEDGEMENTS 

 

General: We thank all of the cancer patients that participated in this study and the 

healthy donors that donated blood samples, which were used as negative controls in this 

study. We also thank the technicians, Kevin Popham and Ashley Essom, for blood 

samples collection and shipping to Vanderbilt University. Finally, we thank the 

undergraduate students, Alex Sorets and Tejas Subramanian, for their work in earlier 

stages of this study. Funding: National Institute of Health Grant (CA203991), National 

Science Foundation (Graduate Research Fellowship Program). Author contributions: 

N.O.O., J.R.M. designed experiments, N.O.O, A.G., performed research and analyzed 

data, J.M., collected clinical patient information, N.O.O wrote the paper, E.M.M., 



 

 103 

D.M.S. and J.J. oversaw the patient sample collection and designed, M.R.K. conceived 

of the study and edited the manuscript. 

 

3.7 REFERENCES 

 

[1] Wang Y, Qin Z, Wang Y, Chen C, Wang Y, Meng X, et al. The role of radical 

prostatectomy for the treatment of metastatic prostate cancer: a systemic review and 

meta-analysis. Biosci Rep 2018; 38: 1-9. 

[2] Bray F, Farlay J, Soerjomataram I, Siegel RL, Torre LA, Jamal A. Global cancer 

statistics 2018: GLOBOCAN estimates of incicence and mortlity worldwide for 36 

cancers in 185 countries. CA Cancer J Clin 2018; 68: 394-424.  

[3] Nakazawa M, Paller P, Kyprianou K. Mechanisms of therapeutic resistance in 

prostate cancer. Curr Oncol Rep 2017; 19: 1-12. 

[4] Mikkilineni N, Hyams ES. Neoadjuvant therapies for surgical management of high-

risk, localized prostate cancer. Transl Cancer Res 2018; 7: 662-75.  

[5] Marshall JR, King MR. Surgical intervention and circulating tumor cell count: a 

commentary. Transl Cancer Res 2016; 5: 126-28. 

[6] Domanska UM, Boer JC, Timmer-Bosscha T, van Vugt MATM, Hoving HD, 

Kliphuis NM, et al. CXCR inhibition enhances radiosensitivity, while inducing cancer 

cell mobilization in the prostate cancer mouse model. Clin Exp Metastasis 2014; 31: 

829-39. 



 

 104 

[7] Martin OA, Anderson RL, Narayan K. MacManus MP. Does the mobilization of 

circulating tumor cells during cancer therapy cause metastasis? Nat Rev Clin Oncol 

2017; 14: 32-44. 

[8] Alieva M, van Rheenen J, Broekman MLD. Potential impact of invasive surgical 

procedures on primary tumor growth and metastasis. Clin Exp Metastasis 2018; 35: 319-

31. 

[9] Tohme S, Simmons RL, Tsung A. Surgery for cancer: a trigger for metastases. 

Cancer Res 2017; 77: 1548-52. 

[10] May AN, Crawford BD, Nedelcu AM. In vitro model-systems to understand the 

biology and clinical significance of circulating tumor cell clusters. Front Oncol 2018; 

8: 1-5. 

[11] Aua SH, Storey BD, Moore JC, Tang Q, Chen Y, Javaid S, et al. Clusters of 

circulating tumor cells traverse capillary-sized vessels. Proc Natl Acad Sci U S A 2016; 

113: 4947-52. 

[12] Cheung KJ, Padmanaban V, Silvestri V, Schipper K, Cohen JD, Faichild AN, et al. 

Polyclonal breast cancer metastases arise from collective dissemination of keratin 14-

expressing tumor cell clusters. Proc Natl Acad Sci U S A, 2016; 113: 854-63. 

[13] Duda DG, Duyverman AMMJ, Kohno M, Snuderl M, Steller EJA, Fukumura D, et 

al. Malignant cells facilitate lung metastasis by bringing their own soil. Proc Natl Acad 

Sci U S A 2010; 107: 21677-82. 

[14] Yu S, Jiang J, Wan F, Wu J, Gao Z, Liu D. Immortalized cancer-associated 

fibroblast promote prostate cancer carcinogenesis, proliferation and invasion. 

Anticancer Res. 2017; 37: 4311-18. 



 

 105 

[15] Erdogan B, Ao M, White LM, Means AL, Brewer BM, Yang L, et al. Cancer-

associated fibroblast promote directional cancer cell migration by aligning fibronectin. 

J Cell Biol 2017; 11: 3799-816. 

[16] Niu YN, Xia SJ. Stroma-epithelium crosstalk in prostate cancer. Asian J Androl. 

2009; 11: 28-35. 

[17] Giannoni E, Bianchini F, Masieri L, Serni S, Torre E, Clorini L, et al. Reciprocal 

activation of prostate cancer cells and cancer associated fibroblasts stimulates epithelial-

mesenchymal transition and cancer stemness. Cancer Res 2010; 70: 6945-56. 

[18] Ao Z, Shah SH, Machilin LM, Parajuli R, Miller PC, Rawal S, et al. Identification 

of cancer-associated fibroblast in circulatin blood from patients with metastatic breast 

cancer. Cancer Res 2015; 22: 4681-87. 

[19] Jones ML, Siddiqui J, Pienta KJ, Getzenberg R. Circulating fibroblast-like cells in 

men with metastatic prostate cancer. Prostate 2013; 73: 176–81.  

[20] Mitchell MJ, Wayne E, Rana K, Schaffer CB, King MR. TRAIL-coated leukocytes 

that kill cancer cells in the circulation. Proc Natl Acad Sci U S A 2014; 111: 930-5. 

[21] Wayne EC, Chandraekaran S, Mitchell MJ, Chan MF, Lee RE, Schaffer CB, et al. 

TRAIL-coated leukocytes that prevent the bloodborne metastasis of prostate cancer. J 

Control Release 2016; 223: 215-23. 

[22] Mitchell MJ, King MR. Unnatural killer cells to prevent blood borne metastasis: 

inspiration from biology and engineering. Expert Rev Anticancer Ther 2014; 14: 641-4. 

[23] Hong Y, Fang F, Zhang Q. Circulating tumor cell clusters: what we know and what 

we expect. Int J Oncol 2016; 49: 2206-16. 



 

 106 

[24] Harari OA, McHale JF, Marshall D, Ahmed S, Brown D, Askenase PW, et al. 

Endothelial cell E- and P- selectin up-regulation in murine contact sensitivity is 

prolonged by distinct mechanism occurring in sequence. J Immunol 1999; 163: 6860-6. 

[25] Gakhar G, Navarro VN, Jurish M, Lee GW, Tagawa ST, Akhtar NH, et al. 

Circulating tumor cells from prostate cancer patients interact with E-selectin under 

physiologic blood flow. PLoS One. 2013; 8: 1-14.  

[26] Hughes AD, Mattison J, Western LT, Powderly JD, Greene BT, King MR. 

Microtube device for selectin-mediated capture of viable circulating tumor cells from 

blood. Clin Chem 2012; 58: 846-53. 

[27] Aceto N, Bardia A, Miyamoto DT, Donaldson MC, Wittner BS, Spencer JA, et al. 

Circulating tumor cell clusters are oligoclonal precursors of breast cancer metastasis. 

CelL 2014; 158: 1110-12. 

[28] Yang Y, Yin X, Sheng L, Xu S, Dong L, Liu L. Perioperative chemotherapy more 

of a benefit for overall survival than adjuvant chemotherapy for operable gastric cancer: 

an updated Meta-analysis. Sci Rep 2015; 5: 1-12. 

[29] van der Hage JA, van de Velde CJH, Julien JP, Floiras JL, Delozier T, 

Vandervelden C, et al. Improved survival after one course of perioperative 

chemotherapy in early breast cancer patients: long term results from the European 

Organization for Research and Treatment of Cancer (EORTC) trial 10854. Eur J Cancer 

2001; 37: 2184-93. 

[30] Decker MR, Geenblatt DY, Havlena J, Wilke LG, Greenberg CC, Neuman HB. 

Impact of neoadjuvant chemotherapy on wound complications after breast surgery. 

Surgery 2012; 152: 382-8. 



 

 107 

[31] Dong Y, et al. Microfluidics and circulating tumor cells. J Mol Diagn. 2012; 15: 

149-157.  

[32] Riethdorf SS, Fritsche H, Müller V, Rau T, Schindlbeck C, Rack B, et al. Detection 

of circulating tumor cells in peripheral blood of patients with metastatic breast cancer: 

a validation study of the CellSearch system. Clin Cancer Res 2007; 13: 920-8. 

[33] Hughes AD, Marshall JR, Keller E, Powderly JD, Greene BT, King MR. 

Differential drug responses of circulating tumor cells within patient blood. Cancer Lett 

2014; 325: 28-35. 

[34] Meye A, Bilkenroth U, Schmidt U, Fussel S, Robel K, Melchior AM, et al. Isolation 

and enrichment of urologic tumor cells in blood samples by a semi-automated CD45 

depletion autoMACS protocol. Int J Oncol 2002; 21: 521-30.  

 

 

 

 

 

 

 

 

 

 

 

 



 

 108 

CHAPTER 4 

 

Chemotherapy-induced release of cancer-associated fibroblasts and tumor 

cells into the bloodstream of patients with metastatic cancer 

 

This chapter was submitted in Journal of Experimental Medicine 
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4.1 ABSTRACT 

 

Chemotherapy is the first-line of treatment for patients diagnosed with metastatic 

cancer. Recent studies have shown that chemotherapy can destabilize the blood 

vasculature and increase CTC influx into the circulation of patients with cancer 

metastases (Met-pa), including breast, lung, colorectal, pancreatic, gastric, esophageal, 

ovarian, endometrial, cervical and renal carcinoma. CTCs are the main precursor of 

cancer metastasis, in which they can migrate as single CTCs and as CTC clusters with 

stromal cells, such as CAFs, as a collective migration unit. In this study, blood samples 

from Met-pa were collected and the temporal fluctuation of CTC and CAF levels were 

determined throughout each individual chemotherapeutic regimen. CTC and CAF levels 

increased 2-fold from the initial level after 1 cycle of chemotherapy and returned to 

baseline after 2 cycles of chemotherapy. In patients that exhibited continued cancer 

progression, CTC and CAF levels increased gradually. Importantly, we revealed for the 

first time that circulating CAF levels correlate with poorer prognosis and a lower 

probability of survival in Met-pa. Based on the CTC and CAF release induced by 

chemotherapy, we evaluated the efficacy of our previously developed TRAIL-based 

liposomal therapy to eradicate CTCs from Met-pa blood using an ex vivo approach. We 

found that this therapy killed over 75% of CTCs in Met-pa undergoing chemotherapy 

as the first line of treatment. Collectively, we found that CAF levels in Met-pa serve as 

a predictive biomarker for cancer progression and overall survival. Additionally, we 

demonstrate the efficacy of our TRAIL therapy to kill primary CTCs in Met-pa from a 
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range of cancer types, supporting its potential use as an anti-metastatic therapy in the 

clinic setting. 

 

4.2 INTRODUCTION 

 

Metastasis is the main cause of cancer-related mortality and morbidity [1]. When 

patients are diagnosed with metastatic cancer, the 5-year survival probability is less than 

30% across many different cancer types [2]. During cancer metastasis, invasive tumor 

cells (i) Detach from the primary tumor, (ii) Invade into the tumor stroma, (iii) 

Intravasate into the blood vasculature, (iv) Circulate in the bloodstream, becoming 

“circulating tumor cells” (CTCs), (v) Extravasate into a distant tissue, and (vi) Grow to 

develop clinically detectable macrometastases [3]. Previous studies have established 

that CTCs migrate along with stromal cells, called CAFs, as a collective migration unit, 

which can facilitate the survival and colonization in distant organs by tumor cells [4, 5]. 

CAFs are the most abundant component of the tumor microenvironment, and are 

differentiated from normal fibroblasts by enhanced extracellular matrix protein 

production and secretion of tumor-stimulating factors [6, 7]. Previous studies have 

established the pro-metastatic role of CAFs in primary and secondary locations through 

promoting tumor cell proliferation, invasion and enhancing colonization of 

disseminated cells in distant organs [4, 8, 9]. Recently, studies have found CAFs in 

blood samples from metastatic and localized cancer patients that correlate with disease 

progression in lung, breast and prostate cancer [10-12]. However, further studies are 
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needed to fully validate and understand the correlation between CAF levels and 

prognosis in cancer patients. 

 

Once CTCs develop into micrometastases, there is no treatment able to specifically 

eradicate cancer metastases. Currently, the first-line treatment used to prolong life 

expectancy and reduce metastatic tumors in Met-pa is chemotherapy [13]. However, 

several studies have demonstrated that these treatments promote cancer metastasis by 

inducing blood and lymphatic vascular permeability, thereby enhancing the escape of 

tumor cells into the circulation [14, 15]. Several studies have demonstrated the increase 

in CTC levels post-treatment with several chemotherapeutic agents, including taxane-

based drugs [14, 15]. Therefore, an adjuvant therapy that targets and kills CTCs in the 

circulation would be expected to enhance the efficacy of chemotherapeutic treatments 

when treating metastatic cancer in the clinic setting. In previous studies, we developed 

a CTC-targeted TRAIL-based liposomal therapy that targets and kills over 90% of CTCs 

in in vitro experiments and ~80% of CTCs in vivo using orthotopic murine models for 

prostate and breast cancer [16-18]. This TRAIL delivery approach consists of liposomes 

decorated with E-selectin and TRAIL on the liposomes surface. E-selectin is a natural 

adhesion protein displayed on activated endothelium, whereas TRAIL is a ligand that 

induces apoptosis in cancer cells via engagement with death receptor (DR) 4 and 5. Both 

of these death receptors are overexpressed on tumor cells but not normal cells [19]. The 

liposomal formulation attaches TRAIL to leukocytes via E-selectin adhesion under 

shear conditions. Due to leukocyte-tumor cell interactions, this therapy can dramatically 

reduce CTC levels by inducing apoptosis in these cells [16]. Here, we propose the use 
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of TRAIL-liposomal therapy as an adjuvant therapy in combination with chemotherapy 

to enhance its efficacy in treating metastatic cancer.  

 

In the present study, we quantified CTCs and CAFs released into the circulation in 

patients diagnosed with a range of metastatic cancer types, including colorectal, renal, 

breast, prostate, lung, endometrial, cervical, pancreatic, gastric and esophageal 

carcinoma. We found the presence of CAF, and its positive correlation with cancer 

progression and worse prognosis in metastatic cancers that have not been reported 

before, such as renal, lung, endometrial, cervical, pancreatic, sarcoma, esophageal and 

gastric cancer. For the first time, we demonstrate the efficacy of our TRAL-based 

liposomal therapy to kill primary CTCs in the flowing blood from Met-pa, which 

supports it’s potential use to eliminate CTCs from the circulation in combination with 

chemotherapy treatment to help reduce the metastatic burden in cancer patients and 

prolong life.  
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Figure 4.1: Diagram that display the blood collection from Met-pa and their clinical 

background information. (A) Blood samples were collected from total 52 patients 

diagnose with a spectrum of cancer type at metastatic stage, such as: renal, prostate, 

pancreatic, gastric, esophageal, colorectal, ovarian, endometrial, cervical, breast and 

lung carcinoma. From these 52 patients, 26 were follow up through chemotherapy 

treatment.  
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Table 4.1 Clinical background information of the Met-pa participating in this study 

Patient Characteristics   
Total, N 45 
Age (years), mean (range)  61 (40-83) 
Gender, N (%)  
     Female 19 (38%) 
     Male 31 (62%) 
Type of cancer, N (%)  
     Colon and rectum 16 (31%) 
     Breast 6 (12%) 
      Lung 7 (13%) 
     Pancreatic 6 (12%) 
     Gastric  3 (6%) 
     Esophageal 2 (4%) 
     Cervical, endometrial, ovarian 4 (8%) 
     Renal 3 (6%) 
     Prostate 4 (8%) 
Metastases location  
     Lung 16 (31%) 
     Bone 12 (23%) 
     Abdomen 3 (6%) 
     Liver 22 (42%) 
     Pancreas 1 (2%) 
     Brain 1 (2%) 
     Lymph nodes 3 (6%) 
     Pericardial effusion 2 (4%) 
					Omentum	 2	(4%)	
Chemotherapy   
     5-Fluorouracil, Irinotecan, Oxaliplatin 10 (19%)  
     Taxanes (Taxol, Paclitaxel, Docetaxel) 5 (10%) 
     Alkylating agents (Carboplatin, Irinotecan, Cisplatin,   
     Etopisode) 

4 (8%) 

     Antimetabolites (Trabectedin, Capecitabine, Trifluridine,  
     Pemetrexed) 

6 (12%) 

     Inhibitor (Copanisilib, Pembrolizumab, Topotecan,    
     Arbiraterone) 

27 (52%) 
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4.3 MATERIALS AND METHODS 

 

Blood sample collection from Met-pa 

 

Peripheral whole blood samples of 7.5 mL were collected from 52 Met-pa and 4 healthy 

volunteers after informed consent. Of these Met-pa, 42 samples were used to investigate 

the correlation between the initial CTC and CAF levels with cancer prognosis. 

Furthermore, 26 of 53 patients’ samples were collected through respective 

chemotherapy regimen at the following time points: (i) Baseline (pre-chemotherapy 

treatment), (ii) Following 1 cycle of chemotherapy and (iii) Following 2 cycle of 

chemotherapy. Finally, the last 10 patients were used as negative controls to fully 

determine the efficacy of our TRAIL-liposomal therapy. De-identified transport of 

blood samples from the Guthrie Clinic to Vanderbilt University was done and these 

samples were processed within 24 hr. Please refer to Figure 1 and Table 1 to get more 

detailed information referred to the patients that participated in this study. During the 

blood collection, the patients were receiving the same chemotherapy regimen stablished 

at baseline time point. In addition, the disease progression was determined by 

computerized tomography (CT scan) in each time point. To determine the effect of 

chemotherapy in CTC and CAF counts, the patients that showed a stable disease through 

chemotherapy treatment were considered for this part of the study to exclude the effect 

of tumor cells migration by the natural process of metastasis.  
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CTC and CAF isolation from Met-pa 

 

Each blood sample was divided into 4 aliquots: (i) Untreated CTC, (ii) Untreated CAF, 

(iii) Treated with vehicle control and (iv) Treated with TRAIL therapy. To begin the 

CTC and CAF isolation process, the blood was placed over twice its volume of Ficoll 

(GE Healthcare) to separate the mononuclear cell layer, termed the buffy coat. Using a 

negative selection kit with CD45 magnetic beads (Mylteni Biotech), the CTCs were 

enriched following the manufacturer’s protocol [20]. In contrast, CAFs were isolated 

using a positive selection kit with anti-fibroblast magnetic beads (Mylteni Biotech) 

using the manufacturer’s protocol [21]. After isolation, the cells were fixed and 

cytospun onto glass microscope slides.  

 

Ex-vivo treatment of blood samples from Met-pa 

 

An estimated 1-2 mL of blood aliquots were treated with 40 µL (~290 µg/mL of TRAIL) 

of vehicle control and TRAIL-liposomal therapy and then placed in a cone-and-plate 

viscometer (Brookfield LVDVII) and incubated for 4 hr. The cone-and-plate 

viscometers were incubated with 2 mL of 5% BSA for 30 min to block non-specific 

interactions with the surface. After 4 hr, the blood was removed from the viscometer 

cup and spindle using 4 mL of HBSS buffer. CTCs were isolated from the sheared 

samples, as described above, and placed in cell culture overnight. After 1 day, the cells 

were recovered and stained with 100 µL of PI (BD) for 15 min. Cells were then fixed 

and cytospun onto a glass microscope slide. 



 

 117 

Immunostaining of CTC and CAF from Met-pa 

 

To identify and enumerate CTCs and CAFs from Met-pa, immunostaining of the 

isolated cells was carried out based on well-established biomarkers [21, 22]. Cells were 

hydrated and permeabilized using 100 µL of DPBS buffer (Gibco) for 25 min and 100 

µL of 0.25% Triton-X (Sigma) for 15 min, respectively. Cells were then incubated with 

100 µL of 5% BSA (Sigma) and 5% goat serum (Thermo Fisher) for 1 hr to block 

nonspecific interactions. After blocking, cells were stained with 100 µL of 10 µg/mL of 

anti-CD45 conjugated with Biotin (Clone HI30, Biolegend) for 45 min. Then, the cells 

were incubated with 100 µL of 10 µg/mL of Streptavidin-Alexa Fluor 594 (Biolegend) 

and 10 µg/mL of anti-Cytokeratin (CK, Clone CAM5.2, BD) in 0.02% Tween-20 

(Research Products) for 45 min. To identify CAFs, anti-Cytokeratin was replaced by 

anti-α-SMA (Clone 1A4, eBioscience) [22].  After staining, the cells were washed with 

200 µL of 0.02% Tween-20 three times. To determine the presence of CTC-CAF 

clusters, we stained for CD45, CK and α-SMA in the same sample. Finally, the cells 

were immersed with 15 µL of DAPI mounting media (Vectashield), covered with a 

coverslip and sealed with nail polish. Fluorescence micrographs were acquired using a 

LSM 710 META Inverted confocal microscope and analyzed using Image J software. 

The samples were imaged using a 20x magnification and 5 pictures were taken per 

sample in random locations. Then the cell number were scale up using (area slide/area 

frame). Tumor cells were enumerated using the following criteria: (i) Negative for 

CD45, (ii) Positive for Cytokeratin and (iii) Intact nuclear staining with DAPI. CAFs 
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were enumerated by using the following criteria: (i) Negative for CD45, (ii) Positive for 

α-SMA and (iii) Intact nuclear staining via DAPI. 

 

EMT phenotype in isolated CTCs 

 

To evaluate the EMT phenotype in CTCs, the samples were stained using the protocol 

explained in the session before but using different biomarkers. At the time to add the 

antibodies, cells were stained with 100 µL of 10 µg/mL of anti-CD45 conjugated with 

Biotin (Clone HI30, Biolegend) for 45 min. Then, the cells were incubated with 100 µL 

of 10 µg/mL of Streptavidin-Alexa Fluor 594 (Biolegend), 10 µg/mL of anti-

Cytokeratin (CK, Clone CAM5.2, BD) and 10 µg/mL of anti-Vimentin (Clone 

W16220A, Biolegend) in 0.02% Tween-20 (Research Products) for 45 min. 

Fluorescence micrographs were acquired using a LSM 710 META Inverted confocal 

microscope and analyzed using Image J software. To set the appropriated exposure time 

for these biomarkers, two cells lines (MDA-MB-231 and MCF-7) were used as positive 

control due to the strong expression of EMT independently. The samples were imaged 

using a 20x magnification and 5 pictures were taken per sample in random locations. 

Then the cell number were scale up using (area slide/area frame). The number of CTCs 

expressing either epithelial and mesenchymal phenotype were enumerated using the 

confocal pictures and the percentage were calculated.  
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Preparation of nanoscale liposomes 

 

Multilamellar liposomes were prepared using a thin film method by combining the 

following lipids: Egg L-α-lysophosphatidylcholine (Egg PC, Avanti), egg 

sphingomyelin (Egg SM, Avanti), ovine wool cholesterol (Chol, Avanti) and 1,2-

dioleoyl-sn-glyc- ero-3-[(N-(5-amino-1-carboxypentyl) iminodiacetic acid) succinyl] 

(nickel salt, Avanti) (DOGS NTA-Ni), using a weight ratio of 50%:30%:10%:10% (Egg 

PC: Egg SM: Chol: DOGS NTA-Ni). The lipids were mixed in a glass tube and placed 

in a vacuum chamber overnight to remove the organic solvent. The lipid pellet was 

hydrated using 700 µL of liposome buffer (20 mM HEPES, 150 mM NaCl, pH 7.5). 

Multilamellar liposomes were generated via 10 cycles of freeze (2 min) and thaw (3 

min). To generate 100 nm unilamellar liposomes, the multilamellar liposomes were 

subjected to 10 extrusion cycles using polycarbonate membranes of two different sizes 

(200 nm and 100 nm) at 55°C. Freshly made liposomes were incubated with E-selectin 

(17.5 µg/mL) and TRAIL (15 µg/mL) at 37°C for 15 min. Functionalized liposomes 

were placed in a rotator at 4°C prior to use. 

 

Statistical Analysis 

 

Patient blood samples at different time points through cancer treatment were considered 

biological dependent repeats in the analysis of CTCs, CAFs and viable CTC percentage 

in this study. A normality test was performed before proceeding with the statistical 

analysis. For normally distributed data, a paired t-test and a one-way ANOVA test 



 

 120 

(repeated measures) were used to compare two groups and more than two groups, 

respectively. For non-normally distributed data, a Wilcoxon signed-rank test were used 

to compared two groups and a Friedman test was used to analyze more than two groups. 

For survival curve, we used the Log-rank (Mantel-Cox) test. All the tests were two-

sided and performed at a significance level of ∝=0.05. A brief description is mentioned 

in each figure legend indicating the following: number of samples, number of biological 

repeats, statistical test used and the P-value. The statistical analyses were performed 

using the PRISM 6.0 software for Mac OS X. 

 

4.4 RESULTS 

 

Elevated CAF numbers correlate with poor cancer prognosis in Met-pa 

 

To investigate the importance of the circulating CAF levels in Met-pa during cancer 

prognosis, blood samples were collected from 44 patients from which CAFs were 

isolated and enumerated using the following criteria: (i) Negative for CD45, (ii) Positive 

for α-SMA and (iii) Intact for nuclear staining via DAPI. Blood from healthy donors 

were used as a negative control where no CAFs were found (Figure 4.2, A and C). Of 

44 patient samples, 98% (43 samples) contained over 17 CAF/mL of blood (Figure 4.2 

B). Here, we observed a fluctuation of CAF levels through cancer type, where renal and 

gastric cancer showed lower CAF levels (< 50 CAF/mL) in contrast to breast, lung, 

prostate, esophageal and colorectal cancer which showed higher CAF levels (>100 

CAF/mL) (Figure 4.3, A and B). However, more clinical samples are needed to validate 
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the observation that we found in this study. To determine the temporal fluctuation of 

CAF levels in Met-pa through chemotherapy treatment, we enumerated the CAF level 

in 26 patients before, after 1 cycle and 2 cycle of chemotherapy. Here we determined 

that CAF levels don’t fluctuate over chemotherapy treatment in this cohort of patients 

(Figure 4.2C). At the end of this study, the clinical outcome information was collected 

and correlated with the initial CAF levels. Importantly, it was determined that increasing 

CAF level correlated with greater or extensive cancer progression and poorer 

probability of overall survival (Figure 4.3, D and E). This is expected due to the theory 

that tumor cells migrate in aggregate form with stromal cells such as CAFs, in a 

collective migration unit as we observed in several Met-pa (Figure 4.3F) [5, 12]. 

Collectively, the positive correlation between circulating CAFs and poorer clinical 

outcome and lower survival in Met-pa was observed in a variety of cancer types 

diagnosed at metastatic stage. Furthermore, it was found that chemotherapy don’t affect 

the level of CAF in the circulation of Met-pa. The next question to address was whether 

CTC levels showed a similar correlation with cancer prognosis, overall survival and 

chemotherapy treatment in this cohort of patients. 
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Figure 4.2 Blood samples were collected from healthy donors where no CAFs were 

found. (A) Immunofluorescent staining of CAFs from blood collected from healthy 

volunteers and processed using the same experimental procedures as the patients’ 

samples were handled (red is CD45, green is α-SMA and blue is DAPI). Scale bar is 20 

µm. (B) Box and whisker plot represents the CAF counts in healthy donors and Met-Pa 

from a spectrum of cancer types (median ± range, N=47 from 44 Met-pa and 3 healthy 

donors). Significant level of CAFs found in Met-pa (**P=0.0027) compared with 

healthy donors was determined using a Mann-Whitney test. (C) Immunofluorescent 



 

 123 

staining of CAFs from peritoneal carcinoma patient’s blood sample (red is CD45, green 

is α-SMA and blue is DAPI). Scale bar is 20 µm. 

 

Figure 4.3: Fluctuation of CAF level in Met-pa receiving chemotherapy treatment. (A) 

Scatter dot plot represents baseline CAF counts found in blood samples from Met-pa 
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across a spectrum of cancer types (median ± SD, N=44 from 44 patients). (B) 

Immunofluorescence photomicrographs of CAFs isolated from blood samples (CD45 is 

yellow, α-SMA is red, cytokeratin is green and DAPI is blue). Scale bar is 40 µm. (C) 

Box and whisker charts show the fold change in CAF counts after the patients received 

1 and 2 cycle of chemotherapy (median ± range, N=58 from 23 patients). No significant 

increase of CAF counts (P<0.4453) after chemotherapy treatment was determined 

using a Wilcoxon test. (D) Immunofluorescence photomicrographs of CAFs isolated 

from a metastatic colon carcinoma (α-SMA is green, CD45 is red and DAPI is blue). 

Scale bar is 40 µm.  (E) Box and whisker plots represents CAF counts respective to the 

clinical outcome of Met-pa (median ± range, N=44 from 44 patients).  Significance 

effect of CAF level (**P=0.0017) in the cancer prognosis was calculated using a 

Kruskal-Wallis test. (F) Survival curve represents the overall survival percentage of 

Met-pa based on the CAF count at baseline using the mean value for CAF counts (N=44 

from 44 patients). Significant effect of CAF counts (*P=0.0223) in predicting the 

survival probability for Met-pa was determined using a Log-rank (Mantel-Cox) test. 

(G) Immunofluorescence photomicrographs of CAFs incorporated in CTC aggregates 

as a collective migration unit (CD45 is yellow, α-SMA is red, cytokeratin is green and 

DAPI is blue). Scale bar is 40 µm. 

 

No significant correlation of CTC level with cancer prognosis in Met-pa 

 

To investigate the correlation of CTC levels with cancer prognosis in Met-pa, blood 

samples were collected from 47 patients. CTCs were isolated and enumerated from 
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patient blood using the following criteria: (i) Negative for CD45, (ii) Positive for 

cytokeratin and (iii) Intact nuclear staining via DAPI. Blood from healthy donors were 

used as negative control because no CTCs were found (Figure 4.4, A and C). It was 

determined that 100% of patients contained over 94 CTCs/mL of blood (Figure 4.4B). 

CTC levels varied between cancer type; lower CTC counts were found in patients 

diagnosed with colorectal, gastric, pancreatic, breast, cervical and endometrial cancer. 

However, higher CTC counts were found in patients diagnosed with metastatic lung, 

prostate and esophageal cancer (Figure 4.5A). The CTCs were found as both single 

CTCs and CTC clusters (Figure 4.5B). The isolated CTCs were composed of 

heterogeneous CTC populations displaying epithelial and mesenchymal plasticity. This 

was determined by the immunostaining of CTCs for common EMT biomarkers that 

included cytokeratin (epithelial marker) and vimentin (mesenchymal marker). In 

cervical, endometrial, colorectal, breast, prostate and esophageal cancer, a least 40% of 

the CTCs displayed both epithelial and mesenchymal phenotype. However, gastric and 

lung cancer displayed over 70% of CTCs with a mixed epithelial/mesenchymal 

phenotype (Figure 4.5C). After Met-pa underwent chemotherapy, it was found that CTC 

level increased over twofold compared to the CTC level at baseline in 87% (26 of 30) 

of patients. After 2 cycles of chemotherapy, the CTC levels normalized in 63% (19 of 

30) of patients (Figure 4.5, D and G). When the cohort of patients was grouped by 

chemotherapy, patients receiving a combination of 5-Fluorouracil, Irinotecan and 

Oxaliplatin showed a slight increase in CTC levels (around 3-fold) after 1 cycle of 

chemotherapy compared to its level at baseline. However, this effect was not observed 

in patients receiving other chemotherapy treatments (taxanes, plant alkaloids, 
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antimetabolites and cellular pathway inhibitor) (Figure 4.6A). Regarding patients that 

exhibited ongoing cancer progression, the CTC level slightly increased throughout 

chemotherapy treatment (Figure 4.6B). At the end of treatment, based on the clinical 

outcome information, CTC levels did not correlate with cancer prognosis and poor 

probability of overall survival in these Met-pa (Figure 4.5, D and E). In summary, we 

determined a strong correlation of chemotherapy treatment and increasing CTC levels 

post-treatment. Surprisingly, we determined that CTC levels did not correlate with the 

cancer prognosis and poor clinical outcome.  Due to the importance of the collective 

migration of CAFs and CTCs in the circulation of Met-pa by promoting cancer 

progression, a CTC or CAF targeted therapy should be implemented along with 

chemotherapy treatment to eradicate the CTC or CAF increase observed. Thus, we 

investigate the efficacy of our previous developed TRAIL-based liposomal therapy as a 

CTC targeted approach to neutralize CTCs in the bloodstream. 
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Figure 4.4 Blood samples were collected from healthy donors where no CTCs were 

found. (A) Immunofluorescent staining of CTCs from blood collected from healthy 

volunteers and processed using the same experimental procedures as the patients’ 

samples were handled (red is CD45, green is Cytokeratin and blue is DAPI). Scale bar 

is 20 µm. (B) Box and whisker plot represents the CTC counts in healthy donors and 

Met-Pa from a spectrum of cancer types (median ± range, N=50 from 47 Met-pa and 3 

healthy donors). Significant level of CTCs in Met-pa (***P=0.0002) compared to 

healthy donors were calculated using a Mann-Whitney test.  (C) Immunofluorescent 
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staining of CTCs from peritoneal carcinoma patient’s blood sample (red is CD45, green 

is Cytokeratin and blue is DAPI). Scale bar is 20 µm. 

Figure 4.5: Fluctuation of CTC levels in Met-pa receiving chemotherapy: (A) Scatter 

dot plot represents the CTC levels in Met-pa with a spectrum of cancer types (median ± 
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range, N=40 from 40 patients). (B) Immunofluorescent photomicrograph of CTCs 

isolated from 2 patients with metastatic rectal cancer (CD45 is red, cytokeratin is green 

and DAPI is blue). Scale bar is 40 µm. (C) Stack column charts represent the percentage 

of CTCs displaying epithelial (E), mesenchymal (M) and both (E/M) phenotypes across 

cancer type (mean, N=24 from 12 patients). (D) Box and whisker charts display the fold 

change in CTC levels after chemotherapy (median ± range, N= 83 from 30 patients). 

Significance increase of CTC counts (**P=0.0047 and *P=0.0103) after chemotherapy 

was calculated using a Wilcoxon test.  (E) Immunofluorescent photomicrograph of 

CTCs isolated from a patient with metastatic colon cancer before and after 1 cycle of 

antimetabolites-based chemotherapy (CD45 is red, cytokeratin is green and DAPI is 

blue). Scale bar is 40 µm.  (F) Box and whisker plots display the CTC levels at baseline 

in patients with different outcomes (death 1-12 months, disease progression but alive at 

12 months, stable disease at 12 months) (median ± range, N=40 from 40 patients). CTC 

levels were significantly different (*P=0.0325) between the death 1-12 months and 

stable disease, as calculated with a Mann-Whitney test. (H) Survival curve displays the 

overall survival percentage of Met-pa based on the initial CTC level. The mean value 

of CTC counts was used for the survival curve (N=38 from 38 patients). Non-significant 

effect of CTC counts (P=0.4492) in predicting the survival probability for Met-pa 

determined using a Log-rank (Mantel-Cox) test.  
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Figure 4.6: CTC mobilization with different chemotherapeutic regimens. (A) Box and 

whisker charts show the fold change in CTC counts after 1 and 2 cycles of treatment 

with: A combination of Fluorouracil, Oxaliplatin and Irinotecan, or alkylating agent-, 

plant alkaloids-, antimetabolits- and inhibitor-based chemotherapy. Lines connect 

individual patient (median ± range, N=72 from 24 Met-pa). The slightly changes in the 

median CTC level over the course of each treatment was determined with a paired 

Wilcoxon test. (B) Box and whisker plots represent the fold change in CTC counts post-
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chemotherapy in patients showing continuous progression of cancer. Lines connect 

individual patient (median ± range, N=9 from 3 Met-pa). The change in median CTC 

level post-treatment was not significant using a paired Wilcoxon test (0.500< P 

>0.999).   

 

TRAIL-based liposomal therapy kills CTCs in metastatic cancer patient blood 

 

To determine the efficacy of the TRAIL delivery approach to kill CTCs in flowing blood 

from Met-pa, approximately 1 to 2 mL of blood samples were treated with 40 µL (290 

µg/mL of TRAIL) of vehicle control and TRAIL-based liposomal therapy in a cone-

and-plate viscometer for 4 hr. The CTCs were then isolated and viable CTCs 

enumerated using the following criteria: (i) Negative for CD45, (ii) Positive for 

cytokeratin, (iii) Intact for nuclear staining via DAPI and (iv) Negative for necrosis via 

staining with PI. Here, we found that TRAIL-liposomal therapy killed over 60% of 

CTCs in Met-pa with a range of cancer types. Importantly, despite the increase of CTC 

and CAF levels induced by chemotherapy, the TRAIL therapy consistently killed CTCs 

after patients with both cycles of chemotherapy (Figure 4.7, A and B). When the 

reduction of cell viability percentage through chemotherapy treatment was examined, 

the CTCs showed slightly similar sensitivity to TRAIL cytotoxicity compared to CTCs 

at baseline (Figure 4.7C).  Interestingly, it was found that the efficacy of the TRAIL-

liposomal therapy to kill CTCs in flowing blood fluctuate across cancer type. It was 

determined that the TRAIL therapy may efficiently killed CTCs from colorectal, breast, 

cervix, endometrial and lung cancer. However, in esophageal cancer this therapy may 
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killed CTCs to a lesser degree (Figure 4.7D). Further studies should be done using more 

clinical samples to validate this observation. Blood samples from 5 Met-pa were treated 

with PBS and soluble TRAIL (290 µg/mL) to confirm that the efficacy of TRAIL-based 

liposomal therapy to target and kill CTC in blood under shear conditions was enabled 

by the presence of E-selectin, which enhanced targeted TRAIL delivery. As expected, 

soluble TRAIL did not significantly decrease CTC viability. Soluble TRAIL killed 

approximately 16% of the CTC from Met-pa (Figure 4.8, B and C). Considering that 

Met-pa undergo chemotherapy as the first-line of treatment, we investigated the efficacy 

of chemotherapy to reduce CTC viability under the same experimental conditions. 

Blood from 9 Met-pa (collected at baseline, after 1 and 2 cycle of chemotherapy) with 

their respective chemotherapeutic regimens were treated, including Docetaxel, 

Paclitaxel, 5-Fluorouracil and Oxaliplatin using the peak plasma concentration. As 

expected, the chemotherapy drugs killed approximately less than about 30% of CTC 

(Figure 4.8, A and C). This finding demonstrated that the significant reduction of CTC 

viability is due to the efficacy of E-selectin to deliver TRAIL to CTCs under shear 

conditions. Together, these findings indicate that TRAIL-based liposomal therapy is a 

potential therapy that could be used to efficiently target and eradicate CTCs to enhance 

overall survival in patients diagnosed with advanced metastatic cancer.  
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Figure 4.7: TRAIL-based liposomal therapy killed CTCs from metastatic cancer 

patients. (A) Scatter dot charts represent the normalized cell viability percentage of 

CTCs treated with vehicle control and TRAIL-based liposomal therapy in flowing blood 

for 4 hr at different time points of cancer treatment: Baseline, 1 cycle of chemotherapy 
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and 2 cycles of chemotherapy (mean ± SD, N=68 from 26 cancer patients). Significance 

decrease (****P<0.0001) of CTC in treated samples was calculated using a paired t 

test. (B) Immunofluorescent photomicrographs of CTCs remaining after being treated 

in flowing blood with vehicle control and TRAIL-liposomal therapy in patients with 

gastric, rectal, breast and lung cancer (CD45 is red, cytokeratin is green and DAPI is 

blue). Scale bar is 40 µm. (C)  Scatter dot charts represent the reduction in cell viability 

percentage in treated samples with TRAIL-based liposomal therapy before and after 

chemotherapy (mean ± SD, N=70 from 26 patients). Non-significant increase 

(P=0.1424) in killing rate of CTC after receiving 1 or 2 cycles of chemotherapy was 

calculated using one way ANOVA (repeats matched) test. (D) Scatter dot plots represent 

the variation in cell viability reduction percentage in treated samples with TRAIL-

liposomal therapy by cancer type (mean ± SD, N=62 from 26 patients). There were no 

significant differences (P=0.2514) in the mean CTC reduction by cancer type as 

determined with a one-way ANOVA. 
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Figure 4.8: Minimal reduction of CTC viability by chemotherapy and soluble TRAIL. 

(A) Bar graphs display the viable CTC percentage in treated samples with PBS and 

chemotherapeutic agents (Docetaxel-DXT, 5-Fluorouracil-5-FU, Oxaliplatin-OXA, 

Paclitaxel-PTX) in Met-pa (mean ± SD, N=24 from 10 patients at different time points 

of chemotherapy treatment). Significant reduction in (*P=0.0317) in CTC viability due 



 

 136 

to the chemotherapy was determined using a paired t test. (B) Bar graphs represent the 

CTC viability percentage in treated sample with PBS and soluble TRAIL (mean ± SD, 

N=12, from 6 patients). Significant reduction in CTC viability percentage 

(**P=0.0048) by soluble TRAIL was calculated using a paired t-test. (C) 

Immunofluorescence photomicrographs of viable cells obtained from breast, prostate 

and colorectal cancer patients after ex vivo treatment with chemotherapies, including 

docetaxel and paclitaxel, and soluble TRAIL (CD45 is red, cytokeratin is green and 

DAPI is blue). Scale bar is 40 µm.    

 

4.5 DISCUSSION 

 

The first line of treatment for many advanced-stage cancers is chemotherapy. 

Chemotherapy reduces disease symptoms and extends patient life expectancy [23]. In 

this study, we demonstrated that chemotherapy may induce CTC mobilization, as a 

single and collective migration unit, from the primary tumor and metastases into the 

bloodstream in Met-pa. After 2 cycles of chemotherapy, CTC levels normalized to 

baseline in most patients. We believe that the dynamic change in CTC counts in the 

blood samples were mostly a result of the systemic response to the chemotherapy rather 

than disease progression, since the Met-pa had stable disease with no progression at 

each time point. With respect to the CAF levels, these do not fluctuate across 

chemotherapy treatment. In this study, only 13% of the patients showed no benefit from 

the chemotherapy treatment due to an ongoing cancer progression. For these small 

cohort of patients, the CTC and CAF levels gradually increased despite treatment.  
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Increasing CTC levels have been widely used as a clinical biomarker for disease 

progression and prognosis in metastatic cancer [24-26]. However, few studies have 

determined the correlation of CAF levels with disease progression in patients diagnosed 

with breast, prostate and colorectal cancer [10]. For the first time, we determined the 

presence of circulating CAFs in patients diagnosed with metastatic pancreatic, 

esophageal, gastric and renal cancer. Importantly, in this cohort of patients, the CAF 

levels showed a positive correlation with the poorer probability of overall survival. 

Similarly, the CTCs exhibiting epithelial phenotype correlated with the unfavorable 

cancer prognosis. These findings let us hypothesize that CTC-CAF clusters, termed as 

collective migration unit, are a main precursor in the cancer progression. Several studies 

have shown that CAFs enhance the formation of metastases in distant organs by 

maintaining the epithelial phenotype in tumor cells, which is crucial to growth at distant 

sites [27, 28]. Therefore, here we found that CAF has a significant role in the circulation 

but further studies should be done to determine the cellular mechanism. Based on the 

correlation of initial CAF level with the cancer prognosis, we validate the potential use 

of this circulating cell level as a biomarker to predict cancer prognosis in Met-pa in a 

clinical setting. 

 

Despite the increased CTC levels observed post-chemotherapy in Met-pa, we propose 

the use of CTC-based liposomal therapy as a promising adjuvant therapy to reduce the 

viability of CTCs in the circulation to prevent disease progression and enhance disease-

free survival. Here we evaluated the efficacy of our previous TRAIL-liposomal therapy 
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and determined that this therapy killed over 60% of CTCs from Met-pa. After patients 

received 2 cycles of chemotherapy, the TRAIL-therapy killed over 80% of CTC, which 

it may indicate that chemotherapy sensitizes the tumor cells to TRAIL cytotoxic effect 

as previous studies have revealed [29-31]. This observation let us to conclude the 

potential use of this TRAIL therapy in combination with chemotherapy to eradicate the 

majority of CTCs; this reduction could extend the probability of survival in Met-pa [18].  

 

In conclusion, we demonstrate that CTC and CAF mobilization is induced by 

chemotherapy in Met-pa. The CTC and CAF mobilization could occur as a collective 

migration unit, which may have a higher metastatic potential than single CTCs. 

Importantly, we revealed the correlation between CAF levels, worst cancer prognosis 

and poor probability of overall survival, which this indicates the potential use as a 

predictor biomarker in the clinical setting. Eradication of CTCs with TRAIL-based 

liposomal therapy supports its potential to reduce metastatic burden and hopefully 

increase the life expectancy in patients diagnosed with cancer at late stage. 
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CHAPTER 5 

 

Cancer-associated fibroblasts confer shear resistance to circulating tumor 

cells during prostate cancer metastatic progression  

 

This chapter is in revision process for upcoming publication in Oncotarget 
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5.1 ABSTRACT: 

 

Previous studies have demonstrated that CTCs do not travel in the bloodstream alone, 

but rather are accompanied by clusters of stromal cells such as CAFs. Our laboratory 

has confirmed the presence of CAFs in the peripheral blood of PC patients. The 

observation that CAFs disseminate with CTCs prompts the examination of the role of 

CAFs in CTC survival under physiological shear stress during the dissemination process 

using a clinically relevant, three-dimensional (3D) co-culture model. In this study, we 

found that “reactive CAFs” induce shear resistance to prostate tumor cells via 

intercellular contact and soluble derived factors. In addition, these reactive CAFs 

conserve the proliferative capability of tumor cells in the presence of high magnitude 

fluid shear stress (FSS). This reactive CAF phenotype emerges from normal fibroblasts 

(NF), which take on the CAF phenotype when co-cultured with tumor cells. The reactive 

CAFs showed higher α-SMA and lower vimentin expression compared to differentiated 

CAFs, when co-cultured with the same experimental conditions. Together, we found 

that the activation mechanism of NF to CAF comprises different stages that progress 

from a reactive to quiescent cellular state in which these two states are differentiated by 

the fluctuation of intensity in CAF markers. Here we determined that a reactive state of 

CAFs proved to be an important player for supporting tumor cell survival and 

proliferation. These findings suggest the use of CAFs as a marker for cancer progression 

and a potential target for novel cancer therapeutics to treat metastatic disease.   
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5.2 INTRODUCTION 

 

Prostate cancer is the second leading cause of cancer-related death in western countries, 

with most of these deaths attributed to cancer metastasis [1]. Prostate cancer 

carcinogenesis arises from androgen-dependent localized cancer and progresses to 

androgen-independent metastatic disease [2].  For PC patients diagnosed with androgen-

dependent disease, androgen deprivation therapy (ADT) in combination with surgery, 

radiotherapy and chemotherapy have been successful in controlling tumor growth and 

expansion. However, the disease can progress to androgen-independent metastatic 

disease by developing ADT resistance at which point the patients face reduced chances 

of survival [1,3].  

 

Evidence suggests that stromal cells are key players to promoting PC progression. This 

reactive stroma, termed the tumor microenvironment (TME), is composed of 

fibroblasts, myofibroblasts, immune cells, endothelial cells and CAFs, with the latter 

being the main TME component (~ 40 to 50% of total cell population) [1, 4].  NF cells 

are responsible for maintaining homeostasis in the tissue. However, when these 

fibroblasts within the TME, they become activated by tumor cell-secreted factors which 

re-educate the cells to acquire the CAF phenotype. CAFs are described as spindle-

shaped cells that can be identified by the overexpression of the smooth muscle marker 

α-SMA [5, 6]. Several studies have determined that CAFs play a critical role in 

promoting PC progression by inducing tumor cell growth, invasion, EMT, ADT 

resistance and enhanced tumor cell colonization of distant sites [7-11].  
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The literature has mostly elucidated the role of CAFs related to the modification of 

tumor cells behavior in the primary tumor and in metastatic locations. However, Duda 

et al. demonstrated that CAFs can migrate together with tumor cells as circulating cell 

aggregates. This collective migration enhances tumor cell survival and colonization of 

distant organs [12]. Later, Ao et al. identified the presence of circulating CAFs in blood 

samples from cancer patients, with the number of CAFs correlating with disease 

progression in breast, prostate and colon cancer [13]. Importantly, these prior studies 

demonstrated the presence of CAFs in the circulation and the significant role of 

circulating stromal cells in promoting cancer progression, however, the specific 

function of CAFs in the bloodstream has not been elucidated yet.  

 

During cancer metastasis, tumor cells invade surrounding tissues and enter the 

bloodstream to disseminate. This process involves high fluid deformation, resulting in 

FSS that can exceed 1,000 dyn/cm2 [14]. FSS is considered the main cause of tumor cell 

death in the circulation [15, 16]. Successful metastasis therefore depends on circulating 

tumor cells (CTCs) that somehow withstand the harsh shear stress environment to form 

secondary tumors in distant tissues. We hypothesize that CAFs confer resistance to high 

magnitude FSS to tumor cells in the circulation when the cells are incorporated into cell 

aggregates in collective migration.  

 

In the present study, using a 3D model, we determined that recently activated CAFs, 

termed as reactive CAFs rather than differentiated CAFs, induced FSS resistance to PC 

cells by forming a stable cell aggregates with epithelial cellular adhesions which can 
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maintain their viability and proliferative capability. We also found that reactive CAF-

derived factors induce resistance to FSS to tumor cells but to a lesser degree than 

intercellular contact. Here we elucidate a cellular mechanism that explains, for the first 

time, the role of circulating CAFs in bloodstream by promoting CTC survival and 

migration. 

 

5.3 MATERIALS AND METODS 

 

Cell culture 

 

In this study, the following cells were utilized: DU145, LNCaP, WPMI-1 (NF) and 

hTERT PF179T CAF (CAF). DU145 represents an androgen-independent PC cell 

derived from a metastatic location in the brain. LNCaP is an androgen-dependent PC 

cell derived from a metastatic location in the lymph node. Both cell lines were used to 

explore different aspects of metastatic PC such as androgen dependency and metastatic 

pathway (bloodborne vs lymphatic metastasis). WPMY-1 represents a myofibroblast 

stromal cell derived from the peripheral zone of the normal prostate while hTERT 

PF179T CAF represents a prostate fibroblast cell derived from the prostate cancer 

stroma [29, 30]. All the cell lines were obtained from ATCC and cultured according to 

the manufacturer protocols using the following medias: EMEM (Gibco), F-12K (Gibco) 

and DMEM (Gibco). All cell lines were cultured at 37oC with 5% CO2.  
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Spheroid formation 

 

Single cell suspensions were recovered from culture flasks using 0.25% trypsin solution 

(Gibco) for 10 min. For the characterization of spheroid growth, the cancer cells were 

stained using Cell Tracker dye (green CMFDA dye, Invitrogen) and the fibroblasts were 

stained with red Cell Tracker dye (deep red dye, Invitrogen) using a working 

concentration of 25 µg/ml for 30 min in an incubator at 37ºC. For samples that were 

subjected to FSS, cancer cells were stained with 1 µg/ml of Hoechst stain 

(ThermoFisher) for 30 min in an incubator at 37ºC. Approximately, 50,000 cancer cells 

(DU145 or LNCaP) were mono-cultured or co-cultured with 50,000 CAF or NF cells in 

PDMS-coated 24-well plates using 1 ml of media [31, 32]. The culture plates were 

placed in the incubator for 24 hr at 37oC with 5% CO2.  

 

Characterization of spheroid growth 

 

The mono-culture and co-culture spheroids were grown for three days. Bright-field 

images were acquired using an Olympus IX81 motorized inverted microscope. The 

enumeration and diameter of spheroids formed per day were evaluated using Image J 

software. Regarding the composition of spheroids, confocal images were taken from 

mono-culture and co-culture spheroids using a LSM 710 Meta inverted confocal 

microscope. Using Image J software, the tumor cells and fibroblasts were enumerated 

using the following criteria: Cancer cells were identified as cells staining for green Cell 
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Tracker and positive for nuclear staining via DAPI, and fibroblasts were identified as 

cells staining for red Cell Tracker and positive for nuclear staining via DAPI.  

 

Shear of mono and co-culture spheroids at high magnitude FSS 

 

Spheroid suspensions were lifted from 24-well plates and placed in 5 mL syringes of 

gauge 301/2 (BD). Each sample (mono-culture and co-culture) was then exposed to 5,920 

dyn/cm2 for 1.08 ms using a syringe pump (Harvard Apparatus, Holliston MA) and were 

allowed to rest for 2 min between each shear condition to mimic the time it takes a cell 

to circulate through the body [15]. Spheroids were exposed to five or ten shear pulses. 

The cells were then plated with regular media overnight. After 24 hr, cell viability was 

determined by enumerating the viable cancer cell percentage (fraction of cancer cells 

retaining Cell Tracker dye) using flow cytometry.  

 

Cancer cells cultured with fibroblast-derived conditioned media 

 

CAF and NF cells were cultured while the conditioned media was collected every three 

days and stored at 4ºC. Cancer cells were then cultured in mono-culture spheroids as 

described above, using conditioned media in place of regular culture media.  
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Cell proliferation assay using EdU staining 

 

After the cells were sheared, they were cultured in multi-well plates using supplemented 

media overnight. One day later, 10 µM of EdU (Click-iT EdU flow cytometry cell 

proliferation assay, ThermoFisher) was added to each well and incubated for 2 h at 37oC 

with 5% CO2. The cells were then lifted from the culture plates and the cell suspensions 

prepared using 0.25% trypsin for 10 min. The cells were then fixed and permeabilized 

using 100 µl of Click-iT fixative and 1X Click-iT saponin-based solution following the 

instructions of the manufacturer (Click-iT EdU flow cytometry cell proliferation assay, 

ThermoFisher). The cells were then stained using Click-iT EdU reaction cocktail for 30 

min and the percentage of proliferating cells evaluated using a flow cytometer [33].  

 

α-SMA and vimentin expression in CAF and NF 

 

CAF and NF cells were mono-cultured and co-cultured with DU145 and LNCaP for 24 

h under spheroid conditions as described above. The cell suspensions were then 

prepared using 0.25% trypsin for 10 min. The cells were washed and fixed with 1% 

BSA (Sigma) for 5 min and 4% paraformaldehyde (Electron Microscopy Sciences) for 

15 min at room temperature. The cells were then permeabilized using 0.25% triton 

(Sigma-Aldrich) for 15 min and incubated with 10 µg/ml of mouse anti-α-SMA 

conjugated eFlour 660 (Clone 1A4, eBiocience), anti-vimentin conjugated Alexa Fluor 

488 (Clone I91D3, Biolegend) and 1% BSA for 30 min. Cell suspensions were washed 
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three times with 1% BSA after immunostaining. α-SMA and vimentin expression was 

evaluated in fluorescently-labeled fibroblasts using flow cytrometry.  

 

Statistical Analysis  

 

All statistical analyses were carried out using PRISM 6.0 for Mac OS X. The figure 

legends contain the detailed information about the number of samples, the technical 

repeats and the statistical test used for each respective experiment. ANOVA tests were 

used to compare more than two groups. For multiple comparisons using ANOVA test, 

Tukey adjustments were applied and the adjusted P value used. All of the statistical tests 

were treated as two-sided and calculated at a level of significance of	∝=0.05. For flow 

cytrometry, FlowJo software 10 was used to perform all data analysis.  

 

5.4 RESULTS 

 

Optimal experimental conditions to develop tumor cell and fibroblast co-culture in 

spheroid form 

 

To investigate the role of fibroblasts in inducing FSS resistance in metastatic prostate 

tumor cells, 3D mono- and co-culture of tumor and fibroblast cells was characterized to 

determine the optimal growth conditions by measuring the following parameters over 

time: (i) Spheroid concentration, (ii) Size distribution, and (iii) Incorporation of 

heterotypic cells in spheroids. PC cell lines DU145 and LNCaP were mono- and co-
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cultured with CAF and NF on PDMS-coated plates for three days and bright-field 

images acquired to monitor aggregate development over time (Figure 5.1A and 5.2A). 

Within a few hours of culture, less than ~10% of cell aggregates were visible, and most 

cells had not formed spheroids structures yet. After one day of culture, cell aggregates 

developed into spheroids. However, after two days of culture the existing spheroids 

began to aggregate among themselves, forming larger networks that exhibited less 

spherical structure. Importantly, other existing spheroids showed deterioration at later 

stages, as determined by the increased presence of single cells. Overall, we found that 

16-24 hr was the optimal incubation time to allow cancer cells and fibroblasts to form 

stable spheroids for further experiments (Figure 5.1C and 5.2C). However, the 

incorporation of cells during spheroid formation was dependent on cancer cell type. For 

DU145, ~50% cells formed well integrated DU145 mono-culture and DU145-NF co-

culture spheroids, whereas only 30% of cells form stable DU145-CAF spheroids with a 

size range of 50-300 µm (Figure 5.1C). These DU145, DU145-CAF and DU145-NF 

spheroids have an estimated concentration of 5,400, 5,000 and 3,100 spheroids/mL, 

where only 30% and 20% of DU145 where incorporated in the CAF and NF co-culture 

spheroids (Figure 5.1, B, D and E). However, in LNCaP spheroid formation, we 

observed that ~50% of cells formed compact LNCaP-CAF spheroids, whereas less than 

30% of cancer cells formed LNCaP mono-culture and LNCaP-NF co-culture spheroids 

(Figure 5.2C). These LNCaP, LNCaP-CAF and LNCaP-NF spheroids, showed an 

estimated concentration of 3,580, 3,330, 4,210 spheroid/ml, respectively, where 80% 

and 40% of LNCaP where incorporated in the CAF and NF co-culture spheroids, 
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respectively (Figure 5.2, B, D and E). Collectively, we found that the integration pattern 

of cells into the spheroid depends on the tumor cell type. 

 

Figure 5.1 Characterization of DU145 and stromal cell co-culture in spheroid growth 

and composition. (A) Bright-field images of DU145, DU145-CAF and DU145-NF 
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spheroids after 24 hr in culture. Scale bar represents 200 µm. (B) Immunofluorescent 

staining of DU145, DU145-CAF and DU145-NF spheroids after 24 hr in culture 

(DU145 in green, fibroblasts in red and nuclei in blue). Scale bar of 100 µm. (C)  Bar 

chart represents the size distribution of DU145, DU145-CAF and DU145-NF spheroids 

at 0, 24, and 48 hr in culture (mean and SD; n=3 of two co-culture wells). Significance 

effect of DU145 and stromal cell co-culture (*P<0.0498, **P <0.0067, ***P<0.0003 

and ****P<0.0001) in the size distribution of spheroids at 0, 24 and 48 hr in culture 

was calculated using two-way ANOVA. (D) Bar graph represents the spheroid 

concentration of DU145, DU145-CAF and DU145-NF spheroids at 0, 24 and 48 hr of 

growth (mean and SD; n=3 of two co-culture wells). Non-significance (P<0.9997) was 

calculated using two-way ANOVA. (E) Scatter dot chart (summary data) represents the 

composition of cells per spheroid in different co-culture conditions after 1 day of co-

culture (mean and SD; n=3 of two co-culture wells). Significance (****P < 0.0001) 

was calculated via two-way ANOVA. 
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Figure 5.2 Characterization of LNCaP and stromal cells co-cultures in spheroid growth 

and composition. (A) Bright-field images of LNCaP, LNCaP-CAF and LNCaP-NF 

spheroids after 24 hr in culture. Scale bar of 200 µm. (B) Immunofluorescent staining 
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of LNCaP, LNCaP-CAF and LNCaP-NF spheroids after 24 hr in culture (LNCaP in 

green, fibroblasts in red and nuclei in blue). Scale bar of 100 µm. (C)  Bar chart 

represents the size distribution of LNCaP, LNCaP-CAF and LNCaP-NF spheroids at 0, 

24, and 48 hr in culture (mean and SD; n=3 from two co-culture wells). Significance 

effect of LNCaP and stromal cell co-culture (**P<0.0041 and ***P<0.0006) in the size 

distribution of spheroids at 0, 24 and 48 hr in culture was calculated using two-way 

ANOVA. (D) Bar graph represents the spheroid concentration of LNCaP, LNCaP-CAF 

and LNCaP-NF spheroids at 0, 24 and 48 hr of growth (mean and SD; n=3 from two 

co-culture wells). Significance (*P=0.0406 and **P=0.0058) was calculated using two-

way ANOVA. (E) Scatter dot chart (summary data) represents the composition of cells 

per spheroid in different co-culture conditions (mean and SD; n=3 from two co-culture 

wells). Significance (*P=0.0232 and ****P<0.0001) was calculated via two-way 

ANOVA. 

 

Fibroblasts impact cancer cell viability at high FSS via direct intercellular contact  

 

To investigate the role of CAF and NF in inducing resistance to high FSS in PC cells, 

DU145 and LNCaP mono-cultured and co-cultured with CAF and NF in spheroids were 

exposed to high magnitude FSS (5,920 dyn/cm2) and then cell viability assessed with 

flow cytometry to detect Hoechst-positive cells. Cells that lose viability due to the high 

FSS do not retain the Hoechst dye due to permeable membranes, preventing them from 

being counted. High FSS was found to reduce the cell viability of DU145 and LNCaP 

cells by 20% and 50%, respectively. Increasing the duration of high FSS exposure 
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further decreased cell viability to 40% and 60% in the corresponding cell lines (Figure 

5.3A). However, DU145 cells co-cultured with NFs exhibited significantly higher cell 

viability compared to DU145 mono-culture or DU145 co-cultured with CAFs at high 

magnitude of FSS (Figure 5.3, B and C). Similarly, LNCaP cells co-cultured with NF 

showed slightly higher cell viability compared with LNCaP and LNCaP-CAF (Figure 

5.3D). These findings indicate that NFs promote cell survival in high FSS, which CAFs 

do as well, albeit to a lesser degree in DU145 cells. These results indicate that fibroblasts 

may promote cancer cell metastasis by serving a cytoprotective function against high 

FSS. The next question to address was whether this cytoprotective function of 

fibroblasts is via direct intercellular contact or via fibroblast-secreted factors. 

 

Fibroblast-derived factors impact cell viability after high FSS in tumor cells 

experiencing bloodborne metastasis-like conditions 

 

To determine the role of fibroblast-derived factors in inducing a resistance response of 

tumor cells to FSS, DU145 and LNCaP spheroids were cultured using CAF- and NF-

conditioned media and exposed to high magnitude FSS under the same experimental 

conditions. DU145 spheroids cultured with NF-conditioned media showed higher cell 

viability compared with DU145 spheroids and DU145 spheroid culture with CAF-

conditioned media. This increase in cell viability was observed in cells subjected to high 

FSS for an extended time compared to shorter time exposure (Figure 5.3E). This 

cytoprotective effect was not observed in LNCaP spheroids, however.  Collectively, 

these findings suggest that fibroblast-derived factors may confer resistance to FSS to 
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DU145 but not LNCaP (Figure 5.3F). Thus, the cytoprotective role of fibroblasts may 

be a synergy of intercellular contact and fibroblast-derived factors that is cell type 

specific. To this point, we have found that a function of NF is to promote the survival 

of tumor cells in high FSS. However, the proliferative capability of the tumor cells 

should be determined to confirm the impact of the NF role in promoting the formation 

of metastases.  
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Figure 5.3 NF-induces FSS resistance in metastatic PC cells through intercellular 

contacts and soluble derived factors. (A) Scatter dot chart represents the cell viability 

percentage for DU145 and LNCaP cells before and after being exposed to high 

magnitude FSS (mean and SD; n=3). Significant (**P=0.0013, ***0.0005 and 

****P<0.0001 versus no shear) reduction of cell viability (**P=0.0047 and *P=0.0118 
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vs cancer cell type) was calculated using two-way ANOVA. (B) Immunofluorescent 

staining of LNCaP, LNCaP-CAF and LNCaP-NF spheroids after being exposed to high 

FSS for 10 pulses (LNCaP in green, fibroblasts in red, and nucleus in blue). Scale bar 

of 50 µm. (C) Bar graph represents the normalized (to no shear stress) cell viability for 

DU145, DU145-CAF and DU145-NF spheroids at different magnitudes of FSS (mean 

and SD; n=3). Significant effect of co-culture (***P<0.0004 and ****P<0.0001) 

inducing FSS resistance in DU145 was calculated using two-way ANOVA. (D) Bar 

graph shows the normalized cell viability for LNCaP, LNCaP-CAF and LNCaP-NF 

spheroids exposed to FSS (mean and SD; n=3). Significance (*P=0.0170 and 

**P=0.0056) was calculated using two-way ANOVA. (E) Bar graph represents the 

normalized viability percentage of DU145 spheroid culture in conditioned media (mean 

and SD; n=3). Significance effect of conditioned media (P=0.0409) on the survival of 

DU145 cells was calculated using two-way ANOVA. (F) Bar chart represents 

normalized cell viability percentage of LNCaP spheroid culture in conditioned media 

(mean and S.D.; n=3). Non-significance (P=0.06913) was calculated using two-way 

ANOVA. 

 

Fibroblasts preserve the proliferative ability of PC cells during high FSS 

 

Beyond viability, the impact of co-culture with fibroblasts on cancer cell proliferation 

was also assessed. In this study, we found that high FSS did not affect the proliferation 

of viable DU145 spheroids. However, FSS reduced the proliferation of viable LNCaP 

spheroids fourfold compared to LNCaP spheroids under static conditions (Figure 5.4, A 
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and B). Importantly, DU145 co-culture with CAF or NF in spheroids showed an 

increase in proliferating cells compared to DU145 spheroids before and after being 

exposed to high magnitude FSS (Figure 5.4C). The opposite effect was observed in 

LNCaP spheroids, where LNCaP co-culture with NF caused an increase in cell 

proliferation under static conditions but no such effect was observed for CAF co-culture. 

After the LNCaP mono-culture and co-culture spheroids were exposed to high FSS, the 

cell proliferation of LNCaP was dramatically reduced for all different culture conditions 

(Figure 5.4D). Collectively, this indicates that NFs enhance cancer cell proliferation 

under static conditions, indicating a proliferative role in tumor progression for DU145 

and LNCaP. Also for DU145 cells, NFs and CAFs were found to promote cancer cell 

proliferation after high FSS exposure, suggesting that fibroblasts could play a role in 

forming secondary tumors by protecting cancer cell proliferative capacity from FSS in 

cells that experience bloodborne but not lymphatic transit.  

 

Fibroblast-derived factors do not impact the proliferation of PC cells under high FSS  

 

To investigate if the variation in proliferation rate of tumor cells after being exposed to 

FSS is related to intercellular contact or fibroblast-derived factors, DU145 and LNCaP 

spheroids were cultured with CAF- and NF-conditioned media. After the spheroids were 

exposed to FSS, it was found that the CAF- and NF-conditioned media did not increase 

tumor cell proliferation in either DU145 and LNCaP cells (Figure 5.4, E and F). Taken 

together, the dominant factor maintaining the proliferative capacity of DU145 tumor 

cells under FSS is thus the collective migration of tumor cells with CAF and NF. In this 
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study, we found that NF proved to strongly impact tumor cell viability in comparison to 

CAFs, which is an unexpected finding that contradicts our previous hypothesis. 

Therefore, the next question to address was if the 3D co-culture condition induces a 

spontaneous activation of NF into CAF.  
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Figure 5.4 Fibroblasts maintain the proliferative ability of PC cells within high FSS 

through intercellular contact with PC cells. (A) Scatter dot chart represents the 

percentage of DU145 and LNCaP mono-culture spheroids in the proliferating stage (S) 

of the cell cycle before and after undergoing high FSS (mean and S.D.; n=3). Significant 

reduction of cell proliferation (**P<0.0035) calculated using two-way ANOVA. (B) 
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Histogram represents the intensity of proliferating tumor cells (DU145 and LNCaP) 

before and after being subjected to FSS. Black curve represents the proliferating cells 

under static conditions, while blue and violet curve represents the proliferating tumor 

cells after 5 and 10 shear pulses.   (C) Bar graph represents the percentage of 

proliferating DU145 cells (positive EdU stained cells) before and after being exposed 

to high magnitude FSS (mean and S.D.; n=3). Significance effect of co-culture 

(*P=0.0226) in DU145 proliferation. (D) Bar graph shows the percentage of 

proliferating cells before and after being exposed to high magnitude FSS (mean and 

S.D.; n=3). Significant increase in LNCaP proliferation (**P=0.0091, ***P=0.0009 

and ****P<0.0001) when co-cultured with CAF and NF under static conditions. (E) 

Bar graph of the percentage of proliferating DU145 cells after being subjected to high 

FSS (mean and S.D.; n=3). Non-significance (P=0.8268) was calculated via two-way 

ANOVA. (F) Bar chart represents the percentage of proliferating LNCaP cells after 

being exposed to high FSS (mean and S.D.; n=3). Significant effect (P<0.0001) of 

conditioned media in LNCaP proliferation under static conditions. 

 

Cancer cells re-educate fibroblasts to exhibit a CAF-like phenotype 

 

To determine if tumor cells can activate NF into a CAF-like cellular state, CAF and NF 

were cultured in mono-culture and in co-culture with tumor cells (DU145 and LNCaP) 

and the variation of a CAF marker (α-SMA) expression was evaluated. In this study, we 

found that 3D culture of NF or CAF does not change the expression of α-SMA marker 

compared with 2D culture (Figure 5.5A). When CAF and NF are co-cultured in 
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spheroids with DU145 and LNCaP, however, the α-SMA expression was altered. We 

found that CAF and NF showed decreased α-SMA expression when in co-culture with 

DU145 but not with LNCaP. Despite the slight decrease in α-SMA level in DU145, we 

found that NF showed higher α-SMA expression compared to CAF (Figure 5.5B). 

Similarly, NF had higher α-SMA expression compared to CAF in LNCaP cells (Figure 

5.5.B). We believe that the spontaneous activation of NF cells in the co-cultured 

spheroids with DU145 and LNCaP is because of intercellular communication by 

exosomes or macrovesicles. Therefore, we imaged the NF and CAF co-culture with 

DU145 and LNCaP after being exposed to high magnitude FSS. Here we found in the 

confocal images that cytoplasm of NF and CAF contains particles labeled with Cell 

Tracker corresponding to tumor cells (Figure 5.5E). Taken together, we found that when 

the cells are in the spheroid form, the tumor cells may communicate with fibroblasts via 

exosomes or macrovesicles which induce the activation of NF to CAF cellular state. 

Thus, the fibroblast response to cellular signals depends on the cancer cell type.  

 

Spheroid growth conditions induced a mesenchymal phenotype in fibroblasts 

 

According to a recent study, vimentin expression in CAFs is required to facilitate 

collective migration by increasing the motility of tumor cells [17]. Therefore, we 

evaluated the variation in vimentin expression in CAF and NF co-culture with tumor 

cells in spheroid form. We found that CAF and NF spheroid culture showed a 3- and 6-

fold increase in vimentin expression compared with 2D culture of cells, respectively 

(Figure 5.5C). Interestingly, we found that NF showed a significant reduction in 
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vimentin expression when in co-culture with DU145 in spheroid form but not LNCaP 

(Figure 5.5D). These results suggest an increase in epithelial cell adhesion between 

DU145 and NF but not with CAF, which is consistent with the increase in cell viability 

after being exposure to high magnitude FSS. Collectively, this suggests that the stronger 

cellular adhesions in collective migration is the dominant factor to maintain the cells in 

a viable and proliferative state when these are subjected to high FSS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 168 

 

Figure 5.5 NFs are activated into CAF phenotype. (A) Scatter dot plot shows the mean 

fluorescence intensity (MFI) of α-SMA expression in NF and CAF cell lines under two 

different culture conditions: Mono-culture (two-dimensional culture) and spheroid 

(three-dimensional culture) (mean and SD; n=3). Significance of α-SMA expression 

(**P=0.0050 and *P=0.0143) in NF and CAF under mono-culture and spheroid culture 
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conditions was computed using two-way ANOVA.  However, non-significant difference 

in α-SMA expression (P<0.5684) in NF and CAF cell lines was found in the form of 

spheroids versus mono-culture. (B) Bar graph represents the normalized MFI of α-SMA 

expression in NF and CAF co-culture with cancer cells in spheroid form (mean and SD; 

n=3).  Significant change in α-SMA expression (*P<0.0487 and **P=0.0023) was 

calculated using two-way ANOVA. (C) Scatter dot plot of MFI of vimentin expression 

in NF and CAF cell lines under mono-culture and spheroid culture conditions (mean 

and SD; n=3). Significant increase in vimentin expression (*P=0.0333 and 

***P<0.0009) was observed when the cells are cultured in spheroid form compared to 

mono-culture, as calculated using two-way ANOVA. (D) Bar graph represents the 

normalized MFI of vimentin expression in NF and CAF co-cultured with cancer cells in 

spheroid form (mean and SD; n=3). (E) Immunofluorescence staining of LNCaP-NF 

and DU145-NF spheroids after being exposed to high magnitude FSS (LNCaP in green, 

NF marker in red and nucleus in blue). The arrows represent the intercellular 

communication via exosomes or micro-vesicles structures. Scale bar is 20 µm.  

 

5.5 DISCUSSION 

 

CAFs have become recognized as a critical player triggering cancer progression, by 

regulating tumor cell proliferation, invasion and formation of metastases [5]. Recently, 

studies have revealed the presence of CAFs in the circulation of cancer patients, and 

their concentrations in blood correlates with cancer progression and a worse prognosis 

[13]. In this study, for the first time we demonstrated the role of CAFs in promoting the 
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survival of tumor cells under FSS, such as that encountered in the circulation. We found 

that reactive CAFs induce resistance to FSS to tumor cells by forming a protective 

cellular nodule via strong epithelial interactions and by soluble factors released by 

reactive CAFs. Importantly, reactive CAFs maintain the proliferative capacity of tumor 

cells in collective migration within a high magnitude of hemodynamic forces. The 

cytoprotective role of reactive CAFs was strongly observed within PC cells that carry 

out bloodborne (DU145) rather than lymphatic (LNCaP) metastatic progression, 

establishing that the function of CAFs is specific to cancer cell type.  

 

Regarding the literature, CAFs are not a type of cell but rather a cellular state. In other 

words, CAFs represent a heterogeneous population of cells, which trigger different 

cellular responses. In this study, we determined that NF may are spontaneously activated 

to become α-SMA-positive myofibroblasts by gaining a CAF phenotype. The NF 

differentiation into CAF might be attributed to spontaneous activation due to the 

intercellular interactions with tumor cells [18, 19]. However, Mellone M. et al. 

demonstrated that senescence of NF promotes their differentiation into α-SMA positive 

myofibroblasts by gaining the CAF phenotype [20]. Previous studies suggest that the 

CAF cell population induced by senescence of NF may promote EMT, proliferation and 

invasiveness in PC [21].  

 

The reactive CAF population that we determined to be a dominant factor in inducing 

FSS resistance in tumor cells expresses higher α-SMA and lower vimentin compared 

with differentiated CAF. Several studies have reported that fluctuation in α-SMA 
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expression level in CAFs can differentiate these cells in two different cellular states such 

as: reactive state (higher α-SMA) and quiescent state (lower α-SMA) [22, 23]. 

Importantly, studies have reported that higher α-SMA expression in stromal cells 

correlates with tumor aggressiveness, progression, and worst prognosis [24, 25]. With 

regard to vimentin expression, studies reported that CAFs require vimentin expression 

to become highly mobile, and eventually, promote collective migration of tumor cells 

in lung cancer metastasis [17].  However, here we found that reactive CAFs showed 

decreased vimentin levels in comparison to differentiated CAFs. We thus conclude that 

in spheroids, reactive CAFs and cancer cells interact by forming strong epithelial 

cellular adhesions, which correlates with high cell viability and stable proliferative 

capability within a high FSS environment. This implies that the mechanism in which 

CAFs protect tumor cells from FSS involves forming stable cell aggregates that can 

persist even when subjected to FSS over 1,000 dyn/cm2.  

 

During the metastatic progression, other host cells were found to have an important 

function by promoting the survival of tumor cells in the bloodstream.  A body of 

evidences has well established the role of platelets in the tumor cells survival by creating 

a protective shield surround tumor cells via fibrinogen interactions. Studies have 

revealed the prominent role of platelets in promoting tumor cell survival and arrest in 

distant organs [26-28]. In this study, we demonstrated that platelets are not the only 

mechanism that tumor cells may use to improve its survival in the circulation. We found 

that reactive CAF not only impact cell viability, but also maintain the proliferative 

capability of tumor cells within FSS, which is crucial to bypass the colonization period 
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and, eventually, enhance growth in distant organs. This effect was strongly found in 

cancer cells carry out bloodborne metastasis rather lymphatic metastasis, which indicate 

that the role of CAFs in the circulation is cancer cell type dependent. Thus, high level 

of CAF-CTC aggregates in biopsy from cancer patients should be considered an 

important marker to potentially predict the clinical outcome. 

 

In conclusion, we have demonstrated that reactive CAFs confer FSS resistance to 

prostate tumor cells in collective migration via intercellular contacts as well as soluble 

derived factors. Importantly, this collective migration can maintain the proliferative 

capability of prostate tumor cells within FSS, in a cell type dependent manner. Indeed, 

reactive CAF cells could be a key player in promoting the survival of tumor cells in the 

circulation, which suggests the importance of circulating CAF in the bloodstream as a 

biomarker for the worst prognosis in metastatic disease as well as a promising target for 

novel cancer therapeutics.   
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CHAPTER 6 

 

Platelet-mediated TRAIL delivery for efficiently targeting circulating 

tumor cells 

 

This chapter was submitted at Nano-Micro Letter 
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6.1 ABSTRACT 

 

Several studies have demonstrated the role of platelets in promoting cancer metastasis. 

Platelets bind to and protect CTCs from hemodynamic forces and immune cells, and 

also promote tumor cell arrest in the vasculature and extravasation. Thus, platelets 

represent a promising vehicle to deliver anticancer therapeutic agents to CTCs. In this 

study, we developed a novel platelet-mediated TRAIL delivery system to target CTCs 

and hinder metastasis via “in situ” platelet modification. This platelet-mediated TRAIL 

delivery significantly reduced the viability of colorectal and breast cancer cells 

circulating in flowing blood under physiological shear conditions. TRAIL-coated 

platelets significantly killed over 60% of CTCs in flowing blood from a variety of 

primary metastatic cancer samples. Platelets have been considered an important player 

in the regulation of metastasis due to their interaction with cancer cells in the circulation; 

the current study provides the first evidence that a platelet-based TRAIL delivery system 

holds potential as a promising CTC-targeted cancer therapy. 

 

6.2 INTRODUCTION 

 

Metastasis refers to the spread of cancer cells from the primary tumor to distant organs, 

and is responsible for 90% of cancer-related deaths [1]. Cancer patients diagnosed with 

metastatic cancer disease have poor probability of survival due to the fact that there are 

no currently available therapies targeting metastasis [2]. In spite of the high mortality 

attributed to metastasis, it is considered an inefficient process due to the fact that only 
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0.01% of tumor cells can successfully grow in distant organs [3, 4]. Tumor cells migrate 

along with other stromal cells including platelets, to enhance their survival and 

migration [5, 6].  

 

Platelets are anucleated cells and their main function is to maintain hemostasis and 

vascular integrity [7]. For many decades, the pro-metastatic function of platelets has 

been well documented, with platelets playing a role in tumor mass expansion, tumor 

cell migration and growth in distant organs [8]. One of the most important function of 

platelets is that they adhere to CTCs and create a cellular shield which protects CTCs 

from hemodynamic force and cytotoxic effects of immune cells [9-11]. This platelet-

tumor cell interaction further enhances tumor cell arrest in the vasculature and 

eventually results in metastasis [12]. 

 

As a key regulator of the metastatic process, platelets represent a potential target as well 

as an efficient vehicle to deliver novel cancer therapeutic agents. Various antithrombotic 

agents have been examined for their efficacy in reducing thrombotic events and the 

metastatic burden in cancer patients. Clinical studies demonstrate the benefits of 

anticoagulants in treating patients with local disease over patients with systemic disease 

[13, 14]. However, using anticoagulants as a long-term cancer therapy has shown high 

risk increased for excessive bleeding. Since then, efforts have been made to develop 

anti-cancer therapies by targeting platelets or coagulation pathway regulators, without 

affecting hemostasis. 
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Recent studies demonstrate a potential strategy for delivering cancer therapeutic agents 

to CTCs, based on the creation of artificial “platelet-like” particles. Several studies have 

successfully packaged cytotoxic agents such as doxorubicin in human platelet 

membranes or platelet-mimicking nanoparticles. These platelet-like particles reduce the 

metastatic burden in in vivo mouse models [15-17] Moreover, recent studies suggest 

that functionalizing platelet membranes with cytotoxic drugs is more efficient in killing 

CTCs and reducing cancer metastasis than loading the cytotoxic drug into the platelets 

[18-20]. On the contrary, some researchers have developed therapeutic approaches that 

disrupt platelet-tumor cell interactions to reduce the formation of macro-metastases [21, 

22]. All the above-mentioned approaches present effective anti-cancer strategies both 

in vitro and in vivo, however these are not cost-effective for clinical applications due to 

the ex-vivo modification of platelets. Thus, further studies are needed to improve the 

delivery of platelet-based cancer therapy for clinical purposes. 

 

In this study, we developed a novel platelet-based TRAIL delivery system that allow us 

to modify the platelet “in situ” to deliver a therapeutic agent to CTCs. This novel 

approach consists of nanoscale liposomes decorated with TRAIL, a protein that 

selectively induces apoptosis in tumor cells while sparing normal cells and von 

Willebrand Factor A1 domain (vWFA1), a protein that is able to bind to the platelet 

receptor complex GPIb-IX-V [23]. Here, we hypothesize that coating platelets with 

TRAIL via the vWFA1 domain will induce apoptosis of CTCs and eliminate them from 

circulation. Our study demonstrates that TRAIL-coated platelets efficiently target and 

kill CTCs under conditions of shear stress using an ex vivo CTC model. 
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6.3 MATERIALS AND METHODS 

 

Cancer cells exposed to high magnitude of fluid shear stress 

 

Colonic carcinoma (COLO205) and aggressive breast carcinoma (MDA-MB-231) cells 

were lifted from a culture plate and placed in a 5 mL syringes of gauge 301/2 (BD) at 

200,000 cells/mL. Each sample was then exposed to 5,920 dyn/cm2 for 1.08 ms using a 

syringe pump (Harvard Apparatus, Holliston MA) and was allowed to rest for 2 min 

between each shear condition to mimic the time it takes a cell to circulate through the 

body [28]. Isolated human platelets were incubated with the cancer cells for 5 min and 

then spun down to remove the unbound platelets. This co-culture of tumor cells and 

platelets were exposed to high magnitude of shear stress to evaluate the impact of 

platelets in the tumor cells survival to shear stress. Cells were exposed to ten shear 

pulses. The cells were then plated with regular media overnight. After 24 hr, an Annexin 

V assay was done on the cells to determine the cell viability percentage by using flow 

cytometry.  

  

Preparation of functionalized liposomes 

 

Multilamellar liposomes were prepared using the thin film method, with the following 

lipids and components: Egg PC, cholesterol, PEG, and maleimide (Avanti) with a 

weight ratio of 50:20:1:1 (Egg PC: Chol: DSPEG: Maleimide). Corresponding volumes 

were removed from the stock lipid solution, mixed in a glass tube and placed in a 
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vacuum chamber overnight. The lipid pellet was resuspended in 1 mL of liposome 

buffer (HEPES, NaCl pH=7.4) [24, 25]. The multilamellar liposomes were generated 

using 10 cycles of freeze (2 min), thaw (3 min) and vortex (5 s). The unilamellar 

liposomes were prepared by 10 extrusion cycles at 55°C through three different sizes of 

polycarbonate membranes (400 nm, 200 nm and 100 nm)[116].  To prepared fluorescent 

labeled liposomes, the 10% of the Chol concentration was replace for green bodipy-

labeled cholesterol (Avanti). Recombinant human vWF-A1 domain with (von 

Willebrand disease type 2B mutation R1306Q) and recombinant human TRAIL were 

reconstituted with DPBS at 1 mg/mL concentration and stored at -80 °C [26]. The 

recombinant proteins were thiolated using Trauts reagent (Thermo Fisher) following the 

manufacturer protocol [159]. The functionalized liposomes were prepared by incubating 

unilamellar liposomes with 3 µg/mL of thiolate vWF-A1 and TRAIL in the rotator at 

4°C overnight. To determine the efficacy of our novel formulation, four different 

functionalized liposome groups were prepared: Control (no proteins conjugated), vWF 

(only conjugated with vWF-A1), TRAIL (only conjugated with TRAIL) and 

vWF/TRAIL (conjugated with vWF and TRAIL proteins). To confirm the conjugation 

of proteins on the liposome surface, the liposomes were further characterized by 

measuring the following parameters: Size, surface charge, polydispersity index, 

concentration of particles, and percentage of particles conjugated using DLS-Malvern 

Zetasizer and NanoSight NS300. To determine the percentage of particles conjugated 

with TRAIL protein, vWF-TRAL conjugated liposomes were incubated with the 

unconjugated anti-human CD253 (TRAIL) (Clone RIK-2, Biolegend) for overnight in 

the rotator at 4ºC. Then, using a NanoSight NS300, the size distribution was evaluated 
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and compared between the vWF-TRAIL conjugate liposomes and these conjugated 

liposomes incubated with anti-TRAIL. 

 

Cytotoxicity of functionalized liposomes 

 

Colonic carcinoma (COLO205) and aggressive breast carcinoma (MDA-MB-231) cell 

lines were obtained from ATCC and used to determine the cytotoxicity of our 

therapeutic formulation in benchtop experiments. The cells were cultured in 12-

multiwell plates at a density of 200,000 cells/ml/well for 24 h. The culture medium was 

replaced with serum-free media and 20 µL of functionalized liposomes were added. We 

change to serum-free media to maintain the number of cells equal between samples. The 

viability of cells was measured using an Annexin V apoptosis assay (BD) following 24 

hr incubation. In this assay, the cells were removed from the culture plates and stained 

following the manufacturer’s protocol. Following this, the viable cell percentage was 

determined using flow cytometry. 

 

Adhesion of functionalized liposomes to platelets under physiological shear stress 

 

To determine the adhesion of liposomes to human platelets, a cone-and-plate viscometer 

was used to apply a defined shear stress to the samples. The cup and plate of the 

viscometer was blocked with 2 ml of 5% BSA (Sigma) for 30 min. Then, 480 µl of 

whole blood was incubated with 20 µL of fluorescently-labeled functionalized 

liposomes in the viscometer for 30 min. The blood was removed from the viscometer 



 

185  

using HBSS buffer and spun down at 200 x g for 5 min. The platelet-rich plasma was 

collected into a fresh centrifuge tube, washed with twice the volume of Tyrodes buffer 

(Sigma Aldrich), and spun down at 1400 x g for 5 min. The platelet pellet was gently 

resuspended using 480 µL of Tyrodes buffer. Then samples were stained using anti-

human CD41 (a platelet marker) conjugated with Alexa Fluor 405 (Clone HIP8, 

Biolegend) for 20 min. The adhesion of liposomes to the platelets was evaluated using 

flow cytometry, by measuring the percentage of CD41-labeled platelets that were 

positive for fluorescently-labeled liposomes.  

 

Cytotoxicity of functionalized liposomes in an ex vivo CTC model 

 

Colo205 and MDA-MB-231 cells were spiked into the blood from healthy human 

donors (500 µL) and treated with functionalized liposomes in a cone-and-plate 

viscometer for a period of 2 hr. The viscometer was used to mimic CTC dynamics in 

the bloodstream. Blood samples were collected in citrate-coated tubes from healthy 

volunteers that had not received any medication within a week. About 200,000 cells 

were removed from cell culture, stained with 25 µg/mL of Cell Tracker 7-amino-4-

chloromethylcoumarin (CMAC) for 20 min, washed twice with DPBS, incubated with 

450 µL of human blood and placed in a viscometer. The viscometer (cup and spindle) 

was blocked using 2 mL of 5% BSA solution at room temperature for 30 min before 

adding the sample. Once the cells were mixed and placed in the viscometer, 50 µL of 

functionalized liposomes were added to the respective samples and the samples were 

subjected to shear force of 225 s-1 for 2 hr. Afterwards, the blood was removed from the 
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viscometer and washed carefully with 4-times the volume of HBSS (no calcium and 

magnesium). The blood samples were layered over 2-times the volume of ficoll and 

spun down at 2000 x g for 15 min with no brake to isolate the cancer cells. Then, the 

buffy coat was isolated and washed using twice the volume of HBSS buffer and spun 

down at 300 xg for 10 min [22]. The cell pellet was resuspended in media and cultured 

overnight. Then, the cells were removed from culture and stained with annexin V, PI 

and 10 µg/mL of anti-human CD41 conjugated with Alexa Fluor 647 for 15 min 

following the manufacturer’s protocol. Cell viability was determined by measuring the 

number of unlabeled cells (negative for annexin V and PI) using a flow cytometer (Cell 

Tracker labeled events). To evaluate the adhesion of platelets to tumor cells we 

evaluated the positive CD41 events in the Cell Tracker labeled events using the proper 

isotype control. 

 

Intracellular calcium content  

 

Peripheral blood was collected in a citrate coated tubes and the platelets were isolated 

as we mentioned before in the materials and method section. The isolated platelets were 

stained with 100 µL of 3.34 µg/mL of Fluo-4 and 6.67 µg/mL of Fura Red for 20 min. 

Then, 100 µL of isolated platelets were incubated with 10 µL of conjugated liposomes 

for 15 min. At the end of the incubation, 200 µL of DPBS were added to the samples 

and the ratio of cytosolic calcium concentration was evaluated using flow cytometry. 

As a positive control, the platelets were treated with 1 U/mL of Thrombin.  
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Activation of platelets by conjugated liposomes 

 

Peripheral blood was collected in a citrate coated tubes and the platelets were isolated 

as we mentioned before in the materials and method section. Around 100 µL of platelets 

were incubated for 15 min with 10 µL of the conjugated liposomes. Then the samples 

were fixed using 100 µL of 4% Paraformaldehyde for 15 min. The samples were washed 

and stain using 100 µL of 10 µg/mL of Annexin V conjugated with Biotin (Biolegend) 

for 30 min. After, the samples were treated with 100 µL of 10 µg/mL of Streptavidin 

conjugated with Alexa Fluor 594, 10 µg/mL of anti-human CD41 conjugated with Alexa 

Fluor 647 (Clone HI30, Biolegend), 10 µg/mL of anti-human CD41/CD61 (Clone PAC-

1, Biolegend) and 10 µg/mL of anti-human CD61P (Clone AK-4, Biolegend) for 30 

min. The presence of activated form of the integrin, exposure of P-selectin and the 

formation of platelets fragments was identified by the positive staining of these 

antibodies with respect to their respective isotypes using a flow cytometry. As a positive 

control for the experiments a 5 U/mL of Thrombin was used. 

 

Efficacy of functionalized liposomes in killing CTCs from metastatic cancer patients 

 

Peripheral blood was collected from cancer patients diagnosed with metastatic 

carcinoma that had already underwent chemotherapy as the first line of treatment. Blood 

samples from 10 patients with metastatic tumors were collected and used in this study. 

The blood samples were collected at Guthrie Clinical Research Center and shipped to 

Vanderbilt University overnight. About 1-2 mL of blood was incubated with 100 µL of 
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functionalized liposomes and placed in the viscometer for 4 hr at 120 s-1. The blood 

samples were removed from the viscometer and the buffy coat layer was isolated as 

mentioned in the previous section. The buffy coat was incubated with anti-human CD45 

magnetic beads for 15 min, following the manufacturer’s protocol (Mylteni Biotech) 

and placed in a column within a magnetic field. The column was washed three times 

and the eluted fraction of cells contained CTCs. These treated CTCs were cultured 

overnight [27]. The following day, CTCs were removed from culture, stained with PI 

for 15 min and fixed with 4% paraformaldehyde (Electron Microscopy Sciences). The 

CTC suspensions were cytospun on microscopic slides, permeabilized using 100 µL of 

0.25% triton (Fisher Scientific) for 15 min and further blocked with 5% BSA and 5% 

goat serum (Thermo Fisher) for 1 hr. Cells were stained using a two-step 

immunostaining process (30 min each) using: (i) 10 µg/mL of anti-human CD45 

conjugated with biotin (Clone HI30, Biolegend) and (ii) 10 µg/mL of streptavidin 

conjugated with Alexa Flour 594 (Biolegend) and 10 µg/mL of anti-Cytokeratin 

conjugated with FITC (Clone CAM 5.2, BD). The cells were washed three times after 

each staining using 200 µL of DPBS with 0.02% Tween (Research Products). Finally, 

15 µL of mounting media with DAPI was added to the slide, covered with a coverslip 

and sealed using nail polish. The slides were imaged using a Zeiss LSM 710 confocal 

microscope. The CTCs were identified and enumerated as viable cells using the 

following criteria: (i) Positive for cytokeratin, (ii) Negative for CD45, (iii) Positive for 

the nuclear stain as DAPI and (iv) Negative for necrotic stain PI. The cells were counted 

using Image J software.  
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Statistical analysis 

 

To analyze the flow cytometry data, FlowJo software was used.  All the statistical 

analyses were carried out using the Graph Pad (PRISM 6.0) for Mac OS X. All the 

statistical tests were treated as two-side and calculated at level of significance of 

∝=0.05. Paired t and ANOVA tests were used to compare two groups and more than 

two groups respectively. Two-ways ANOVA test was used to compare two groups in 

two different factors. For ANOVA test that includes multiple comparison, Turkey 

adjustments were applied and the adjusted P value was used.  

 

6.4 RESULTS 

 

Platelet adhesion enhances the survival of metastatic tumor cells under high fluid 

shear stress 

 

To determine whether platelets hold the potential to deliver TRAIL to tumor cells in the 

circulation, the adhesion of platelets to tumor cells was evaluated under high fluid shear 

stress (FSS) along with the effect on cancer cell viability (Figure 6.1A). Colorectal and 

breast cancer cells were subjected to high magnitude of FSS (~5,920 dyn/cm2) [28]. We 

observed that high FSS reduced the viability of breast and colorectal cancer cells, by 

25% and 20%, respectively. Importantly, cancer cells pre-incubated with isolated 

human platelets had a higher viability percentage, similar to untreated control samples 
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(Figure 6.1, B-E). In accordance with the literature, platelets adhered to the cancer cells 

and formed a protective shield that likely protects the cancer cells under high FSS.  

 

Figure 6.1 Platelet adhesion to tumor cells enhances their survival in FSS. (A) Diagram 

of the fluid shear stress that the tumor cells experience.  (B) Bright-field images of breast 

and colorectal cancer cells subjected to FSS with and without incubation with isolated 

human platelets. Scale bar is 40 µm. (C) Bar graph represents the viability percentage 

of breast cancer cells exposed to FSS before and after being incubated with isolated 

platelets (mean ± SD, N=3). Significance (****P < 0.0001) in cell viability reduction 
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was calculated using a one-way ANOVA test. (D) Bar graph represents the viability 

percentage of colorectal cancer cells exposed to FSS before and after being incubated 

with isolated human platelets (mean± SD, N=3). An insignificant reduction (*P< 0.258) 

of cell viability was determined using a one-way ANOVA test. (E) Flow cytometry 

density plots display the viability of breast cancer cells after being exposed to FSS with 

and without co-incubation with isolated human platelets. The viability assay divides the 

chart into four quadrants, which represent the sub-populations of cells undergoing 

apoptosis (lower left: viable cells, lower right: early apoptotic cells, upper right: late 

apoptotic cells, upper left: necrotic cells). 

 

TRAIL delivery to tumor cells via platelets 

 

Our next question was whether platelets can be modified in situ for functional TRAIL 

delivery to tumor cells in the bloodstream. To address this question, a formulation of 

liposomes was prepared to integrate TRAIL onto platelet membrane surface via vWFA1 

interactions. The liposomes were conjugated with vWF-A1 and TRAIL onto their 

surface (Figure 6.2A). Four liposomal groups were used throughout the study: Control, 

vWF, TRAIL, and vWF-TRAIL. To confirm the successful conjugation of vWF-A1 and 

TRAIL proteins on the liposome surface, liposomes were characterized for their size, 

surface charge, PDI, particle concentration and percentage of TRAIL-coated particles.  

The vWF-TRAIL liposomes were 136 ± 1.2 nm in size, with a surface charge of 0.10 ± 

0.01, PDI 0.122 ± 0.05, and a concentration 4.45 x 1010 particles/mL. The values for 

different liposomal formulations are given in Table 6.1. As these parameters do not 
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conclusively confirm protein conjugation on the surface, further experiments were 

performed to evaluate the presence of TRAIL in the liposomal formulation. Liposomes 

were incubated with TRAIL antibody overnight and the change in size was evaluated 

using a NanoSight NS300 instrument. It was determined that 90% of the liposome 

particles contained at least one TRAIL molecule attached to the particle surface based 

on the shift in the size distribution curve (Figure 6.2). We further investigated the 

functional efficacy of our formulations in inducing apoptosis in cancer cells and binding 

to human platelets in flowing blood. It was found that 20 µL of vWF-TRAIL liposomes 

reduced cell viability of colorectal and breast cancer cells by 40% under static 

conditions (Figure 6.2, C and D). In addition, under physiological shear conditions (225 

s-1) we observed a ~6-fold increase in the percentage of platelets attached to vWF and 

vWF-TRAIL conjugated liposomes compared to control and TRAIL liposome groups 

(Figure 6.2, E and F). Collectively, these results demonstrate successful preparation of 

functionalized liposomes, with vWF-TRAIL liposomes efficiently delivering TRAIL 

and targeting CTCs in the bloodstream. 

 

Table 6.1: Characterization of the functionalized liposomes via measurement of these 

parameters: Diameter, polydispersity index (PDI), zeta potential and nanoparticle 

concentration 

Sample Diameter (nm) PDI value Zeta potential 
(mV) 

Concentration 
(particles x1010/mL) 

Control 134.70 ± 1.47 0.17 ± 0.03 -5.00 ±0.39 4.85 ± 0.07 
vWF 139.20 ± 1.47 0.26 ± 0.06 -3.70 ± 0.29 4.39 ± 0.12 

TRAIL 136.70 ± 1.07 0.12 ± 0.05 -0.02 ± 0.01 4.64 ± 0.09 
vWF-TRAIL 135.97 ± 1.13 0.12 ± 0.05 0.10 ± 0.01 4.45 ± 0.10 
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Figure 6.2 Planned modification in situ of human platelets to display TRAIL in their 

surface via vWF interactions. (A) Diagram shows the preparation of nanoscale 

liposomes using a thin film method. Four group/controls were used in the study, 

including: Naked control, vWF, TRAIL, and vWF-TRAIL liposomes. (B) The size 
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distribution of the vWF-TRAIL liposome group before and after antibody conjugation 

with anti-CD253 (TRAIL). The shift in size distribution represents the fraction of 

particles containing TRAIL on the particle surface. (C) Bar graph represents the 

viability percentage of Colo205 and MDA-MB-231 treated with the four different 

liposome formulations under static conditions with untreated controls (mean ± SD, 

N=3). A significant reduction (****P<0.0001) of cellular viability was determined 

using a two-way ANOVA test (two conditions: treatment and type of cancer). (D) Flow 

cytometry density plots represent the viability of MDA-MB-231 cancer cells after being 

treated with control and vWF-TRAIL liposomes under static conditions. (E) Scatter dot 

plot shows the percentage of platelets that had bound functionalized liposomes in 

flowing blood after 30 min (mean ± SD, N=3). Significant increase (****P<0.0001, 

***P <0.0004 and **P=0.0016) in adhesion of vWF-functionalized liposomes to 

platelets compared with the control liposomes was determined using a one-way ANOVA 

test. (F) Flow cytometry plots show the percentage of platelets that had bound 

functionalized liposomes (upper right quadrant).  

 

In situ TRAIL delivery under physiological conditions kills colorectal and breast 

cancer cells 

 

We next investigated whether the targeted delivery of TRAIL via platelets could kill 

tumor cells in flowing blood. Colorectal and breast cancer cells were spiked into whole 

blood and treated with the functionalized liposomes for 2 hr under physiological shear 

conditions in a cone-and-plate viscometer. It was found that vWF-TRAIL liposomes 
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dramatically reduced the viability of Colo205 and MDA-MB-231 cancer cells by 60% 

and 70%, respectively, compared to control liposomes (Figure 6.3, A-C). Importantly, 

vWF-TRAIL liposomes eliminated cancer cells up to threefold compared to samples 

treated with the control and vWF liposomes (Figure 6.3D). Moreover, this approach did 

not affect the platelet-tumor cell interaction in the blood (Figure 6.4, A and B). Overall, 

these results indicate that vWF-TRAIL liposomes adhere to human platelets under shear 

conditions to create TRAIL-coated platelets and efficiently kill aggressive colorectal 

and breast cancer cells in blood ex vivo. 
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Figure 6.3 TRAIL-coated platelets kil breast and colorectal cancer cells in flowing 

blood. (A) Bar graph shows the viability percentage of Colo205 and MDA-MB-231 

cancer cells treated with functionalized liposomes in flowing blood for 2 hr (mean ± 

SD, N=3). Significance in the cell viability percentage (****P<0.0001, ***P<0.0007, 

**P<0.0094 and *P=0.04277) was testing using a two-way ANOVA test (two 

conditions: treatment and type of cancer). (B) Bright-field images of breast and 

colorectal cancer cells treated with functionalized liposomes in flowing blood. (C) Flow 

cytometry density plots show viable breast cancer cells undergoing apoptosis after 
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being treated with functionalized vWF-TRAIL liposomes. (D) Flow cytometry 

histograms represent the viable cells counts of breast and colorectal cancer cells after 

being treated with naked control, vWF and vWF-TRAIL liposomes.  

 

Figure 6.4 TRAIL-coated platelets do not affect platelet-tumor cell interaction. (A-B) 

Scatter dot plot represents the mean fluorescent intensity (MIF) of CD41-labeled 

platelets adhered to treated Colo205 and treated MDA-MB-231 cells with the 
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functionalized liposomes under shear conditions normalized regard to control 

liposomes. No significant difference (0.2668< P <0.7687) was found in platelet 

adhesion to tumor cells, as determined using one-way ANOVA. (C) Flow cytometry 

density plots display the percentage of CD41-labeled platelets adhered to Colo205 and 

MDA-MB-231 cells under shear conditions treated with the control and vWF liposomes 

(Upper right quadrant). 

 

TRAIL conjugation and functionalization of platelets does not induce platelet 

activation 

 

 We assessed whether liposome-mediated delivery of TRAIL via platelets affects the 

physiological function of the platelets. To detect any side effects of TRAIL liposome 

interaction with platelets, we incubated isolated platelets with functionalized liposomes 

and measured the degree of platelet activation corresponding different stages in 

hemostatic function: (i) Intracellular levels of calcium, (ii) Activation of integrins, (iii) 

Secretion of platelet microparticles and (iv) Expression of P-selectin on the platelet 

surface (would be expected in the increase in activation state). No increase in 

intracellular calcium was detected when the platelets were incubated with 

functionalized liposomes compared to thrombin-treated platelets (Figure 6.4, A and B). 

Additionally, no effect on integrin activation was observed with functionalized 

liposomes in comparison to thrombin treatment (Figure 6.4C). Likewise, no significant 

increase in surface P-selectin levels was found in samples treated with functionalized 

liposomes compared to thrombin (Figure 6.4, D and E). With regards to the presence of 
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platelet microparticles, no significant increase in the amount of platelet fragments was 

observed when the platelets were treated with the functionalized liposomes (Figure 6.4, 

F and G). These results show that the contact between functionalized liposomes and 

platelets does not appear to affect the physiological function of platelets. Thus, our 

results support the use of functionalized liposomes to modify platelets in situ as a 

potential approach to deliver therapeutic drugs to cancer cells effectively with minimal 

side effects.  



 

200  

 

Figure 6.5 TRAIL delivery via platelets does not induce platelet activation. (A) Scatter 

dot plot displays the intracellular content of calcium in isolated human platelets after 

being treated with the functionalized liposomes (mean ± SD, N=3). Significance of the 

increase of intracellular content versus thrombin control (** P=0.0071 and 

*P<0.0217) was calculated using one-way ANOVA test. (B) Flow cytometry charts 

show the intracellular calcium content over time in isolated platelets treated with vWF-

TRAIL liposomes and thrombin at a concentration of 1 U/mL. (C) Scatter dot plot 

represents the number of platelets displaying the activated form of αIIbβ3 integrin 

following treatment with the functionalized liposomes ((mean ± SD, N=3). Significant 

increase (****P<0.0001 and ***P=0.0001) in the activated form of the integrin versus 

the thrombin control was calculated using one-way ANOVA. (D) Scatter dot plot 

represents the number of platelets expressing P-selectin on the platelet surface after 

treatment with the functionalized liposomes (mean ± SD, N=3). Significant change 

(****P<0.0001) in the P-selectin expression was calculated using one-way ANOVA. 

(E) Histogram shows the surface expression of P-selectin in isolated platelets after 

treatment with the control, vWF-TRAIL liposomes or thrombin. (F) Scatter dot plot 

represents the number of platelet fragments detectable after exposure to the 

functionalized liposomes. Significant change (****P<0.0001 and ***P=0.0001) in the 

number of platelet fragments was computed using one-way ANOVA. (G) Flow cytometry 

forward and side scatter plot shows the increase in the number of platelet microparticles 

in isolated platelets treated with the vWF-TRAIL liposomes or thrombin.  
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TRAIL delivery via platelets efficiently kills primary CTCs in the blood of cancer 

patients with metastatic tumors 

 

In the final part of this study, we examined the efficacy of this approach to kill CTCs in 

flowing blood collected from cancer patients with metastatic disease. To validate the 

liposomal therapy as a potential treatment for metastatic disease, blood samples from 

10 patients with different types of epithelial tumors were treated with the vWF-TRAIL 

or naked control liposomes for 4 hr under physiological shear conditions (Table 6.2). 

First, the platelet adhesion to primary CTCs collected from the cancer patients was 

evaluated using immunofluorescence microscopy (Figure 6.5A). In treated CTCs in 

flowing blood, we observed that vWF-TRAIL liposomes killed ~60% of CTCs 

compared to control liposomes (Figure 6.5, B and C). This TRAIL delivery via platelets 

efficiently killed CTCs from colorectal, prostate, breast and pancreatic cancer patients. 

The effect of the platelet-mediated TRAIL delivery was less pronounced but still 

detectable in samples from lung and esophageal cancer patient (Figure 6.5D). In 

summary, TRAIL-coated platelets killed significant numbers of CTCs in the blood of 

cancer patients with metastatic tumors, supporting the applicability of this approach as 

a CTC-targeting therapeutic agent.   
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Table 6.2 Background information of cancer patients participating in the study 

 

Patient 
ID 

Carcinoma 
type 

Age Gender Metastasis 
location 

Chemotherapy 
Treatment 

173 Colon 57 M Liver, adrenal 5-Fluorouracil, 
oxaliplatin, leucovorin, 

avastin 
174 Larynx 46 M Glottis Cisplatin 
175 Ovary 58 F Liver Soliris 
176 Lung 67 F Liver Keytruda 
177 Esophageal 63 M Liver Xeloda, oxaliplatin 
178 Colon 57 M Lung, liver, 

adrenal 
5-Fluorouracil, 

oxaliplatin, leucovorin, 
avastin 

191 Ureter 86 M Liver Keytruda 
193 Breast 83 F Lung Ibrance 
196 Prostate 69 M Lymph nodes, 

bone 
Abiraterone 

197 Pancreas 56 M Malignant 
ascites 

Gemcitabine, abraxane 

199 Colon 
(sigmoid) 

72 M Liver 5-Fluorouracil 
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Figure 6.6 vWF-TRAIL-liposome bound platelets kill CTCs from the blood of cancer 

patients with metastatic disease under physiological flow. (A) Immunofluorescence 

images of platelets and CTCs isolated from the blood of colorectal and breast cancer 

patients (green is cytokeratin, red is CD41, orange is CD45 and blue is DAPI). Scale 

bar is 40 µm. (B) Box and whisker plots show the viability percentage of CTCs treated 

with naked control and vWF-TRAIL liposomes for 4 hr under physiological shear 

conditions (median ± range, N=20 from 10 patients). Significance decrease 

(**P=0.0020) in cell viability was determined using a paired Wilcoxon signed-rank 
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test. (C) Flow cytometry density plots show the viability of CTCs undergoing apoptosis 

after being treated with the functionalized vWF-TRAIL and naked control liposomes. 

(D) Bar graph shows the percentage reduction in cell viability for the different cancer 

types.  

 

6.5 DISCUSSION 

 

A strong relationship between thrombosis and cancer metastasis has been elucidated in 

the literature [32-34]. During metastasis, platelets play an important role in promoting 

tumor cell growth, invasion, survival in the circulation, extravasation and growth in 

distant organs [8]. In this study, we developed a novel approach to modify platelets in 

situ for targeting and killing CTCs in the bloodstream to prevent cancer metastasis. 

Here, we demonstrated the use of vWF-TRAIL liposomes for functional TRAIL 

delivery to CTCs via platelets. Our approach efficiently neutralized 60% and 70% of 

colorectal and breast cancer cells spiked into human blood, respectively in flowing 

blood over a brief 2 hr treatment period. Importantly, our TRAIL delivery via platelets 

killed approximately 60% (20-70%) of CTCs in blood from cancer patients with 

metastatic disease under ex vivo flow conditions, indicating the potential use of this 

therapy in clinics to neutralize CTCs and prevent metastases. However, further studies 

using in vivo models should be conducted to validate the efficacy of this therapeutic 

agent.  
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Due to the well-reported interaction between platelets and tumor cells during cancer 

metastasis, several researchers have developed CTC-targeted drug therapy using 

platelets as the vehicle. Our previous study demonstrated the use of platelet membrane-

derived vesicles (PMDV) to coat nanoparticles to deliver TRAIL to tumor cells and 

showed a reduction in lung metastases [18]. We also previously genetically engineered 

hematopoietic stem and progenitor cells (HSPCs) to produce platelets expressing 

TRAIL protein in their surface. This approach delivered TRAIL to tumor cells and 

reduced the number and size of liver metastases with an additional advantage of 

avoiding the continuous administration of the therapeutic drug [19].  

 

While these approaches have shown good efficacy in reducing the formation of 

metastases in vivo, some issues persist that should be addressed for translation of HSPC 

platelet-based anti-metastatic therapeutic approaches in the clinic. Several issues that 

arose with the previous studies include: (1) Technical expertise is required for the 

isolation and manipulation of platelets and HSPC, (2) HSPC transplantation is needed 

to administer the anti-cancer drug, (3) Total body irradiation is required during the 

HSPC transplantation to avoid the rejection response in the recipient host, and (4) 

Potential infection and disease relapse post-transplantation [19].    

 

Here, we used a liposomal formulation based on repurposing/modification of over 70% 

of platelets in flowing blood to express TRAIL on their surface. This approach was 

capable of rapidly attaching TRAIL to platelet’s surface under physiological shear 

conditions via vWF interaction. Our liposomal approach can overcome most of the 
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issues associated with previous platelet-based TRAIL therapies. First, this liposomal 

therapy does not require the isolation and modification of platelets ex vivo due to the 

specificity and spontaneous binding of vWF to platelets. Second, the administration of 

this liposomal therapy is by intravenous injection which avoids the adverse effects 

associated with HSPC transplantation [29-31].  

 

In summary, this liposomal therapy provides a simple approach to repurpose platelets 

in situ to effectively target and kill CTCs in the bloodstream while minimizing any 

cytotoxic effects to normal tissues. Despite these promising results, questions remain 

related to the efficacy of this platelet-based therapy to prevent cancer metastasis using 

relevant in vivo models. Further studies with murine models of different cancer types 

are needed to assess efficacy and evaluate for in vitro toxicity or adverse reactions. It is 

hoped that these TRAIL-functionalized platelets could deliver the therapeutic agent 

systemically to target metastasis and prevent cancer recurrence [20]. The platelet-

liposomal therapy is a promising approach that could be used in combination with 

surgery to prevent cancer recurrence and cancer metastasis in patients.  
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CHAPTER 7 

 

Conclusion and Future Directions 
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7.1 CONCLUSION 

 

In the clinical setting, the first line of treatment for solid tumors and metastatic disease 

is primary tumor resection and chemotherapy, respectively. Our work demonstrates that 

CTC mobilization from the primary location into the bloodstream in cancer patients is 

induced by surgery and chemotherapy. This CTC release by cancer treatment raises a 

concern that the treatment itself can promote cancer progression in cancer patients. This 

suggests the need for an adjuvant therapy that targets and kills CTCs in the bloodstream 

to both neutralize the released CTCs and potentially enhance the efficacy of cancer 

treatment. Here, we demonstrated the efficacy of our previously developed TRAIL-

coated leukocytes to significantly target and kill CTCs in the flowing blood from cancer 

patients using an ex-vivo approach. For the first time, we validated the ability of this 

CTC-targeted therapy to reduce more than 60% of primary CTCs in flowing blood. 

Based on the orthotopic murine models of prostate and breast cancer, this approach does 

not induce side effects in host normal cells, suggesting this approach may not have off-

target toxicity.  

 

Moreover, we also found the presence of CAFs in cancer patient blood samples and an 

association of initial CAF counts with worse clinical outcomes in patients with 

metastatic cancer. This data suggests that quantification of CAFs could be a promising 

biomarker for cancer prognosis. Answering the question of how circulating CAFs 

promote cancer progression, our work identified that CAFs may confer flow resistance 

to tumor cells when these stromal cells are incorporated in a CTC cluster during the 
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collective migration process. This heterotypic cell cluster protects the proliferative 

capability and aids in tumor cell survival under fluid shear conditions.   

 

During cancer metastasis, CTCs not only interact with immune cells and CAFs but also 

with platelets. The literature supports a pro-metastatic role of platelets in tumor cell 

proliferation as well as tumor cell invasion, survival, extravasation and growth in distant 

organs. We exploited platelets to deliver targeted TRAIL to kill tumor cells in flowing 

blood, under physiological shear conditions ex-vivo. We demonstrated the efficacy of 

modifying human platelets in situ to deliver targeted TRAIL to primary CTCs and its 

role in eradicating CTCs in blood samples ex-vivo. This work suggests that platelet-

based therapy is a promising approach to kill CTCs and prevent the formation of cancer 

metastasis.  

 

7.2 FUTURE DIRECTIONS 

 

CTC release by chemotherapy: 

 

The work presented in this dissertation demonstrated that CTC release is induced by 

surgery and chemotherapy. With respect to chemotherapy treatment, it is still not well 

elucidated whether chemotherapy induces the CTCs mobilization by increasing of blood 

vessels permeability or by inducing the tumor cells to aggressive phenotype that allow 

them to become mobile. Therefore, further studies should be done by treating tumor 

cells using an in vitro approach that simulate the solid tumor for example, the three-
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dimensional co-culture of tumor cells, also known as spheroids. The response of these 

tumor cells to chemotherapy should be characterized to fully elucidate the effects of 

treatment in tumor growth and dissociation or the migration/escape of tumor cells from 

primary location into the bloodstream.  

 

CAF-targeted therapy: 

 

Based on the significant number of CAFs found in metastatic cancer patients and its 

association with worse clinical outcome, we proposed to develop a drug delivery 

approach to target this stromal cell population to prevent cancer progression. CAFs 

emerge from the activation of normal resident fibroblasts adjacent to tumor cells in the 

primary tumor [1, 2]. The CAF-like phenotype is widely characterized by the 

overexpression of biomarker as α-SMA, FAP and FSP-1 [3]. To maintain the CAF-like 

phenotype, these cells secrete TGF-ß locally that serves as an autocrine signaling to 

maintain the activated CAF phenotype. The reduction of activation of CAFs in the tumor 

stroma decreases the cancer progression [7]. We propose to use nanoscale liposomes 

encapsulating a TGF-ß receptor inhibitor conjugated with FAP antibody into the 

liposome surface. The idea is to use this lipid-based particle to deliver a small molecule 

that will block the activation signaling in CAF, which will then induce these stroma 

cells to enter a quiescent state [7]. Thereby, the use of this approach in combination with 

CTC-targeted therapy can potentially reduce cancer metastasis.  
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In vivo efficacy of platelet-based therapy: 

 

We demonstrated the efficacy of modifying platelets in situ for targeted TRAIL delivery 

to tumor cells in the bloodstream. We provide a proof-of-concept that platelet-based 

TRAIL therapy can kill and eradicate tumor cells from the circulation. Further studies 

should be done using murine models to evaluate the bioavailability of our platelet-

liposomal-TRAIL therapeutic agent, its efficacy in reducing cancer metastasis, and 

safety for use in an in vivo setting. 
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