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Metastasis of primary tumor accounts for 90% of all deaths in cancer patients. 

Interaction between cells in the primary tumor is known to play an important role in 

determining the metastatic potential of cancer cells that leave the primary site. Cancer 

cells that metastasize through the bloodstream invade through the basement membrane 

surrounding the primary tumor to enter the adjacent blood capillaries. Then, they can 

evade the host immune response in the circulation and interact with E-selectin on 

endothelial cells lining the blood vessel wall to exit the circulation and establish at a 

secondary site. The first focus of my project was to study the effect of homotypic and 

heterotypic cell-cell interactions on the metastatic potential of cancer cells using a 3D 

tumor spheroid model. 3D spheroids generated by culturing breast cancer cell lines on 

polydimethylsiloxane had stronger interaction with E-selectin, increased invasiveness 

and resistance to apoptosis inducing signals in the circulation when compared to their 

respective 2D monolayer grown counterparts on tissue culture plate.  

 

Cancer cells entering the lymphatic system get lodged within the tumor draining 

lymph nodes (TDLN), thus contributing to the lymphatic spread of cancer. Natural 

killer (NK) cells in the TDLN elicit an anti-tumor response by expressing Tumor 

necrosis factor–α Related Apoptosis Inducing Ligand (TRAIL) on their surface. 

TRAIL can bind to death receptors on cancer cells and induce apoptosis. Despite the 



 

presence of immunoregulatory NK cells, lymph node metastases are prevalent in 

several types of cancers. This is because of the abnormalities of NK cells in the 

TDLN, including reduced count and decreased cytotoxicity. Given the coexistence of 

cancer cells and NK cells within the TDLN, the second part of this dissertation was 

focused on demonstrating a nanomedicine-based approach to enhance the therapeutic 

efficacy of endogenous NK cells by coating them with liposomes functionalized with 

TRAIL. Human NK cells coated with TRAIL liposomes were able to induce apoptosis 

in cancer cells cultured in engineered lymph node microenvironments. Liposomes 

functionalized with TRAIL and an antibody against mouse NK cells were carried to 

the TDLN and prevented the lymphatic spread of a subcutaneous tumor in mice. 
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PART I:  

 

 

Chapter 1 
Importance of tumor spheroids in cancer research 
 

Introduction for Chapters 2 and 3 

Portions of this Chapter were adapted from the editorial 

Chandrasekaran S and King MR. Gather round: In vitro tumor spheroids as improved 
models for in vivo tumors. Journal of Bioengineering and Biomedical Science. 2012; 
2e:109. 
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1.1 3D tumor spheroids: a step closer to in vivo tumor 

Continued efforts to understand cancer have progressed in parallel with tendencies of 

tumors to evade conventional treatments used to control tumor progression. Cancer cells 

fit the ‘survival of the fittest’ paradigm given the fact that they exist in an aberrant in vivo 

environment consisting of compromised blood supply, low oxygen concentration, large 

amounts of reducing equivalents, low pH and hypoxia to name a few [1]. This differs 

from the normal tissue environment, where a perfect homeostasis is maintained. These in 

vivo pathophysiological gradients play an important role in tumor progression and their 

response to treatment [2]. To illustrate this idea, I describe two of many examples where 

these gradients play an important role in determining the molecular basis of biological 

incongruities found in tumors. For instance, hypoxic conditions can make cells resistant 

to radio-ablative therapy because radiotherapy relies on DNA damage orchestrated by 

oxygen centered free radicals [3]. The gradient in glucose results in a gradient in cellular 

proliferation, resulting in a slower dividing cell population in the center of the tumor, 

giving rise to cancer stem cells [4]. Thus, asking important questions about tumor 

progression and efficacy to drugs on cancer cells cultured as a conventional monolayer 

has little physiological relevance. Cancer cells cultured as 3D spheroids have brought 

cancer research a step closer to in vivo tumors by recreating the physiologically relevant 

gradients of factors such as nutrients, oxygen, pH and cellular proliferation (Figure 1.1). 

The past decade has seen several approaches for culturing cells as multicellular spheroids 

in which microfabrication and biomaterials have played important roles in facilitating 

new insights. 
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Figure 1.1: Pathophysiological gradients in a 3D tumor spheroid: Bright field image 
of a tumor spheroid generated from breast cancer cells cultured on PDMS coated multi-
well plate. Shown are the relevant pathophysiological gradients that exist in vitro.  

 

The most popular method for spheroid cell culture is the hanging drop technique where 

cells are grown in small droplets on an inverted surface [5]. However, the small media 

volume for so many cells in a 10-20 µL droplet is a significant disadvantage of this 

method. Microfabrication has played an important role in developing 3D cell culture 

platforms for cancer research [6]. The advantages of microfabrication include high 

fidelity molding of micron-size surface topographies, chemical modification of the 

surface, and potential integration into microfluidic devices. Our group has developed a 

gas expansion molding (GEM) technique for generating microbubbles which are 80-150 

µm diameter spherical compartments formed on polydimethylsiloxane (PDMS), a 

silicone based elastomeric polymer. We showed that arrays of spherical cavities formed 

on PDMS [7] using this technique could be used for culturing cancer cells as spheroids 

[8]. The unique geometry of microbubbles allows the cells to rapidly condition their 
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microenvironment by secreting soluble factors to influence their function [9]. Also, 

perfusion culture system using microbubble arrays has shown that COLO205 cells 

cultured as spheroids under flow are more resistant to doxorubicin treatment resembling 

the actual disease condition [10]. 

  

Despite the obvious advantages of microfabricated cell culture platforms such as high-

throughput design and easy integration with microfluidic systems, the size of spheroids 

that can be generated by these techniques is often limited by the geometry of the cell 

culture platform. The maximum number of cells that can be seeded onto microfabricated 

wells is often less than 103. To mimic the primary tumor before vascularization the 

number of cells in a tumor spheroid should be more than a few thousand and size should 

be 400-600 µm in diameter [11], something that cannot be easily achieved by 

microfabricated cell culture platforms. An alternative approach to generate tumor 

spheroids to mimic a primary tumor is to culture them in rotating wall vessel bioreactors 

for an extended period of time up to 16 days [12]. While this method has been quite 

successful in generating spheroids of increased size, the time frame and equipment cost 

remain limiting factors. The use of biocompatible polymers for spheroid cell culture has 

been popular since 1970s. In fact, the very first method for propagating cancer cells as 

multicellular aggregates involved culturing them on agar [13]. Hydrophobic polymers 

hinder cells from adhering to the substrate, resulting in increased cell-cell interaction and 

enabling their propagation as spheroids. We showed that WM115, a metastatic melanoma 

cell line cultured on a PDMS showed altered spheroid morphology with increased 

presence of cells expressing stem-cell markers when compared to cells propagating as a 



 5 

monolayer [14]. Breast cancer cells propagating as 3D spheroids on PDMS showed 

increased expression of E-selectin ligands and had a significantly stronger interaction 

with human recombinant E-selectin when compared to monolayer cells [15]. This 

supports the idea that studying important aspects of tumor progression makes a 

significant difference when cancer cell lines are cultured as tumor spheroids. 

  

While monoculture of tumor spheroids have been of importance, spheroid co-culture is a 

tool that is gaining increased attention in cancer research. Tumors in vivo are vastly 

heterogeneous, consisting of cancer cells with different levels of aggressiveness with 

infiltrating endothelial cells, cancer associated fibroblasts and macrophages [16]. 

Heterogeneity results from heterotypic interactions that are believed to play a role in 

deciding the ability of a cell to metastasize from the primary site. This heterogeneity 

could be partly captured in vitro by co-culturing cell lines with different metastatic 

potential. In Chapter 2 of this dissertation I have developed a heterotypic co-culture 

model using non-tumorigenic mammary epithelial cell line MCF10A, a weakly 

metastatic MCF7 cell line and a highly metastatic BT20 cell line cultured as 3D spheroids 

on PDMS. I show that heterotypic interactions results in favoring the E-selectin mediated 

adhesion of the highly metastatic BT20 cell line [15]. The co-culture conditions also 

increased the invasiveness of the most aggressive cell subpopulation. Thus, co-culture 

tumor spheroids can closely mimic the in vivo homotypic and heterotypic interactions 

offering a platform for addressing important questions about cancer metastasis in 

physiologically relevant scenarios. 
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The hematogenous metastatic cascade involves the invasion of primary tumor cells 

through the basement membrane and intravasation of tumor cells into the blood 

capillaries near the primary tumor [17]. The cancer cells that exist in circulation as 

circulating tumor cells (CTCs) are often subjected to anti-tumor immune response by 

circulating immune cells [18]. It has been estimated that 1x106 tumor cells are shed into 

the peripheral circulation per gram of primary tumor everyday [19]. Most of the 

circulating tumor cells are cleared from the circulation by TRAIL-mediated anti-tumor 

immune response by natural killer cells [20]. Despite the presence of anti-tumor immune 

response in circulation, few circulating tumor cells evade the host immune response 

eventually extravasate through the blood vessel wall and metastasize to a secondary 

location. Given the increase in advent of TRAIL mediated immunotherapeutic 

approaches [21], I wanted to investigate if cell-cell interactions in 3D can somehow play 

a role in generating TRAIL-resistant phenotype of cancer cells that leave the primary 

tumor site. In Chapter 3 of this dissertation, I investigate the effect of homotypic cell-

cell interactions in 3D on TRAIL-mediated apoptosis in breast cancer cell lines BT20 and 

MCF7. I show that cell-cell interaction in 3D can result in a sub-population of cells with 

breast cancer stem cell phenotype exhibiting increased resistance to TRAIL [22]. I also 

suggest a method to overcome the TRAIL-resistance that could augment current therapies 

that use TRAIL to fight cancer.  

  

In summary, spheroid monoculture and co-culture could potentially replace conventional 

monolayer culture in cancer research. Though cancer cell lines offer several advantages 

such as ease in handling, unlimited passages in vitro and considerable heterogeneity; all 
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of these advantages risk being lost when cultured as a 2D monolayer. The advent of 

microfabrication and biomaterials have paved the way for 3D culture of cancer cells 

which offers all these advantages in an in vivo-like environment recreating a cellular 

microenvironment with cell-cell homotypic and heterotypic interactions. 
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2.1 Abstract 

Hematogenous metastasis involves a glycoprotein mediated adhesion cascade of tumor 

cells with E-selectin on the endothelial layer of the blood vessels. Cell-cell interactions 

play a major role in cancer metastasis and invasiveness. Intercellular communication 

between two cancer cells or between a cancer cell with a stromal cell in the 

microenvironment such as fibroblasts or inflammatory cells play an important role in 

metastatic invasion. Culturing tumor cells as 3D spheroids can recapitulate these 

physiologically relevant cell-cell interactions. The heterogeneity in primary tumor is 

attributed to cell subpopulations with varying degree of invasiveness. Co-culturing cancer 

cells with different phenotypes as 3D spheroids can mimic this heterogeneity. Here we 

report, the effect of homotypic and heterotypic interactions in breast cancer cells cultured 

as 3D spheroids on polydimethylsiloxane (PDMS) on the adhesion phenotype to E-

selectin. We show that breast cancer cell lines (BT20 and MCF7) propagating as 3D 

spheroids on PDMS exhibit a stronger interaction with human recombinant E-selectin 

when compared to their respective monolayer grown counterparts on tissue culture plate 

(TCP). Matrigel invasion assay also indicated that BT20 and MCF7 spheroids were more 

invasive than BT20 and MCF7 cells grown as monolayers. To mimic tumor 

heterogeneity in vitro, a coculture model included tumorigenic cell lines BT20, MCF7 

and a non-tumorigenic mammary epithelial cell line MCF10A. These cell lines were 

cultured together in equal seeding ratio on PDMS to generate coculture spheroids. The 

heterotypic interactions in the coculture model resulted in enhancement of the adhesion 

of the most invasive BT20 cell line to E-selectin. BT20 cells in coculture bound to the 

greatest degree to soluble E-selectin compared to MCF7 and MCF10A cells in coculture. 
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Co-invasion assay with coculture spheroids indicated that BT20 cells in coculture were 

more invasive than MCF7 and MCF10A cells. The results presented here indicate that 

homotypic and heterotypic interaction in cancer cells favor adhesion to E-selectin thus 

representing a complexity beyond planar cell culture. Also, when cells of different 

phenotypes are mixed, the heterogeneity enhances the adhesive phenotype and 

invasiveness of the most invasive cell population. The results challenge the classic use of 

planar cell culture for evaluating the adhesion of cancer cells with E-selectin and 

establish the described coculture technique as a model that can help investigative studies 

in metastasis and invasiveness of breast and other types of cancers. 

 

2.2 Introduction 

The hematogenous metastatic cascade is a series of events that mediate cells from the 

primary site to enter the circulation and eventually result in successful implantation of the 

circulating tumor cells (CTCs) at a secondary site [1]. The extravasation of cancer cells in 

circulation can involve an adhesion cascade mediated by glycoproteins ligands on cancer 

cells with E-selectin on endothelial cells that line the blood vessels [2]. The most 

common glycoprotein ligands expressed in cancer cells are CD44v4 [3], sialyl Lewis X 

and sialyl Lewis A [4]. The selectin mediated adhesion of cancer cells to the endothelium 

has been exploited for isolating CTCs from patient blood [5] and has been used as a tool 

to capture metastatic cells from the peripheral circulation and induce apoptosis to 

neutralize the captured cancer cell [6]. This interaction can be quantified in vitro by a 

rolling assay involving the use of E-selectin functionalized microrenathane microtubes by 



! 12 

perfusing cancer cells at physiologically relevant shear stresses to determine the rolling 

velocity of cancer cells under flow [7]. 

 

Cancer cells propagating as multicellular tumor spheroids mimic most of the in 

vivo properties of tumors in terms of gradients of several important factors [8]. The 

compromised blood supply surrounding the tumor results in a depletion of nutrients and 

oxygen towards the interior of the tumor [9]. This results in higher levels of ATP and 

cellular proliferation in the periphery of a tumor [10]. The gradient in oxygen also results 

in the accumulation of lactase in cells at the interior of the tumor owing to anaerobic 

respiration [11]. These pathophysiological gradients are closely captured in cells 

propagating as tumor spheroids in vitro [8]. Recently, we reported the advantages of 

using PDMS for propagating cells as non-adherent spheroids over other conventional 

methods for generating tumor spheroids [12]. Thus, culturing cells as 3D spheroids can 

be used as a tool to evaluate important events in the metastatic cascade since they 

represent cell-cell interactions in more physiologically relevant culture conditions when 

compared to conventional planar cell culture often used in cancer research. In this study, 

we report that breast cancer cells propagating as 3D spheroids on PDMS show increased 

expression of E-selectin ligands when compared to monolayer cells. They also show a 

stronger interaction with E-selectin in an in vitro cell rolling assay when compared to 

cells propagating as a 2D monolayer. 

 

Breast cancer represents a highly heterogeneous group of lesions with different molecular 

and biochemical signatures [13]. The heterogeneity associated with breast cancer has 
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been explained by the theory clonal evolution which postulates that constantly more 

aggressive sub-clones emerge from the existing sub-clones resulting in a primary tumor 

that has subpopulations of cells with different levels of aggressiveness [14,15]. Towards 

the later stages of the disease, it is hypothesized that the most aggressive sub-clone 

disseminates from the primary site resulting in a metastatic disease [16]. We hypothesize 

that the most aggressive sub-clones may have an increased ability to bind to E-selectin to 

enable metastasis. 

 

The heterogeneity can be recapitulated in vitro by co-culturing cells of different levels of 

invasiveness as 3D spheroids. Cell-cell interactions are known to play a key role in the 

metastasis and invasion of breast cancer [17]. Interaction between two cancer cells or a 

cancer cell and stromal cell in the tumor microenvironment can influence the fate of a 

cell within the primary tumor [17, 18]. Previous studies report a change in gene 

expression profile of breast cancer cells cocultured with fibroblasts [19, 20]. These 

interactions are known to modulate the proteolytic degradation of extracellular matrix 

that can increase the invasiveness of tumor cells [21]. Matrigel invasion assay has been 

used extensively to study the invasiveness of cancer cells [22]. The ability of cancer cells 

to invade the basement membrane and metastasize is roughly estimated in vitro by the 

ability of cells to invade Matrigel, a gelatinous extracellular protein matrix from a mouse 

sarcoma [22]. In this study, we developed an in vitro model for tumor heterogeneity by 

co-culturing BT20, a highly invasive breast cancer cell line [23], MCF7, a moderately 

invasive breast cancer cell line [23] and MCF10A, a non-tumorigenic mammary 

epithelial cell line. We distinguished the ability of these cells labeled with CellTracker 
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probes in coculture to bind to fluorescently tagged human recombinant E-selectin to 

determine if there is a difference in adhesion characteristics of these cocultured cells 

when compared to spheroids derived from just one cell line (homotypic spheroids). 

 

2.3 Material and Methods 

2.3.1 Cell lines and culture conditions 

Breast cancer cell lines BT20 (ATCC, HTB-19) and MCF7 (ATCC, HTB-24) were 

cultured in ATCC-formulated Eagle’s Minimum Essential Medium (EMEM) (ATCC, 30-

2003) supplemented with 10% fetal bovine serum (Atlanta Biologicals, S11050H), and 

1% penicillin/streptomycin (PS) (Invitrogen, 15140-122). The media for MCF7 was 

additionally supplemented with 0.01 mg/mL of bovine insulin (Sigma Aldrich, I1882-

100MG). The non-tumorigenic mammary epithelial cell line MCF10A (ATCC, CRL-

10317) was cultured in DMEM/F12 (Invitrogen, 11320-033) supplemented with 5% 

horse serum (Atlanta Biologicals, S12150), 1% PS, 0.5 µg/mL hydrocortisone (Sigma 

Aldrich, H-0888), 20 ng/mL of human epidermal growth factor (hEGF) (Invitrogen, 

PHG0313), 10 ng/mL of bovine insulin and 100 ng/mL of cholera toxin (Enzo life 

sciences, BML G117). The coculture spheroids were cultured in Dulbecco’s Modified 

Eagle Medium (DMEM) (Invitrogen, 11996-06) supplemented with 5% FBS and 1% PS. 

The cell lines were maintained at 37°C with 5% CO2. 

 

2.3.2 Homotypic and coculture spheroid culture on PDMS 

Dow Corning’s Sylgard® 184 silicone elastomer kit was used in a 10:1 base to curing 

agent ratio (w/w) to cast PDMS in multiwell plates. The pre-polymer components were 
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manually mixed with a pipette tip in a 50 mL tube for 30 seconds and 300 µL of the 

PDMS pre-polymer was pipetted into each well of a 24-well plate (BD Falcon, 353047) 

and allowed to settle at room temperature (RT) (20°C–25°C) for 30 min. The plates were 

then cured at 40°C for 4h. The PDMS cured plates were used for spheroid cell culture. 

For homotypic spheroid culture, cells propagating as a monolayer on regular cell culture 

grade T75-flasks (Celltreat, 229341) were dislodged from the plate using trypsin-EDTA 

(Invitrogen, 25200-056) and centrifuged at 1100 rpm for 5 min and resuspended at a 

concentration of 1×105 cells/mL in cell culture media and 500 µL of the cell suspension 

was used for a single well of a 24-well plate cured with PDMS (50,000 cells/well). For 

generating coculture spheroids BT20, MCF7 and MCF10A cells were labeled with 

CellTracker probes blue (Invitrogen, C2110), green (Invitrogen, C7025) and red 

(Invitrogen, C34552), respectively, following the protocol supplied by the manufacturer. 

The cells were mixed in equal numbers to a final cell concentration of 1×105 cells/mL 

and 500 µL of the cell suspension was used for a single well of a 24-well plate cured with 

PDMS. The cells plated on PDMS were incubated at 37°C with 5% CO2. The cells were 

allowed to grow on PDMS for 2 days before experiments. 

 

2.3.3 MTT assay 

Cell viability assays were conducted to evaluate the growth rate of cells plated on PDMS 

compared to standard tissue culture plate (TCP). Cells were plated onto PDMS cast in 24-

well plates and onto standard 24-well TCP at similar seeding density. A standard 

colorimetric MTT assay was performed after 2 days in culture with 3-(4, 5-

Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) (Chemicon (Millipore) CT0-A) 
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to detect mitochondrial activity. The absorbance was measured at 690 nm using a 

microplate reader (Bio-Tek Instruments). 

 

2.3.4 Flow cytometry 

The expression levels of CD44v4, sialyl Lewis X (CD15s) and sialyl Lewis A (CA19-9) 

were investigated on cells propagating as a monolayer on TCP and 3D spheroids on 

PDMS. To prepare cells propagating as spheroids on PDMS for flow cytometry, the 

media was pooled together from 6 wells of a 24-well TCP cast with PDMS with cells. 

The spheroids were loosely adhered to the underlying PDMS surface and collecting the 

media ensured the removal of all the cells. The collected media was centrifuged and the 

resulting cell pellets were re-suspended in trypsin-EDTA to ensure complete dissociation 

of spheroid before incubating them with antibodies. The dissociation was verified using 

scatter plot between forward scatter and side scatter. An equivalent amount of culture 

media was added after 10 min of incubation in trypsin. The cell samples were then 

centrifuged and resuspended in 100 µL of staining buffer composed of 1% bovine serum 

albumin (BSA) (Sigma Aldrich, A7906-50G) in 1x phosphate buffer saline (PBS) 

(Invitrogen, 14190-144). Cells propagating as a monolayer on a 24-well TCP were 

trypsinized, centrifuged and resuspended in 100 µL of staining buffer. Cells were 

incubated at 4°C in dark with FITC-conjugated mouse anti-human CD44v4 (AbD 

Serotec, MCA1728F), FITC mouse IgG isotype control (BD Biosciences, 555742), 

mouse anti-human CD15s (BD Biosciences, 551344), and mouse anti-human CA19-9 

(Abcam, ab15146). APC rat anti-mouse IgM (BD Biosciences, 550676) and FITC goat 

anti-mouse IgG/IgM (BD Biosciences 555988) were used as secondary antibodies and 
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isotype control for CD15s and CA19-9 respectively. The cells were washed in PBS 

before incubating them with secondary antibodies and after incubation to remove excess 

antibody and were analyzed using a BD Accuri C6 flow cytometer (Becton Dickinson). 

The fold change in mean fluorescent intensity with respect to isotype control reported in 

this paper is the average of three different flow cytometry measurements. 

 

2.3.5 Soluble E-selectin binding assay 

To determine the ability of cells to bind to E-selectin in homotypic spheroids, coculture 

spheroids and monolayer cells, soluble E-selectin binding assay was performed and the 

binding was quantified using flow cytometric analysis. Fluorescent E-selectin was 

prepared by overnight conjugation of 200 µg/mL of recombinant human E-selectin/Fc-

chimera (R&D Biosystems, 724-ES) with 400 µg/mL of AlexaFluor 647 goat anti-human 

IgG (Invitrogen, A21145). An isotype control was generated by overnight conjugation of 

recombinant human E-selectin with AlexaFluor 647 mouse IgG isotype control (BD 

Biosciences, 557783). The homotypic spheroids and monolayer cells were prepared for 

the binding assay as mentioned in the previous section and 20 µL of the fluorescent E-

selectin and the isotype control was used for 1×106cells/mL in staining buffer (1% BSA). 

The cells were incubated in dark at RT for 45 min. The coculture spheroids were pre-

labeled using CellTracker probes to differentiate between the cell types and were 

dissociated in trypsin and incubated with fluorescent E-selectin and isotype control at the 

same concentration. The cells were washed twice in PBS to remove excess fluorescent E-

selectin and were resuspended in 1% BSA and analyzed using BD FACS Aria using 

filters for Alexafluor 647 (640 nm excitation/668 nm emission), CellTracker blue (353 
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nm excitation/466 nm emission), CellTracker green (492 nm excitation, 512 nm 

emission) and CellTracker red (577nm excitation/602 nm emission). The results from 

flow cytometric analysis were analyzed using Flow-Jo v7.6 (Tree Star) software. 

 

2.3.6 Cell rolling assay 

To determine the adhesion characteristics of cancer cells with E-selectin, rolling assay 

was performed using microrenathane microtube. Briefly, 50 cm long microrenathane 

microtubes with 300 µm inner diameter (Braintree Scientific, MRE040) were first 

washed with 1x PBS and then coated with 10 µg/mL of recombinant protein G 

(Calbiochem, 539303) for 60 min at RT. They were then incubated with 20 µg/mL of 

recombinant human E-selectin/Fc-chimera for 120 min. The surface was then blocked 

with 5% milk (EMD Millipore, 6250) for 60 min to avoid any non-specific interaction of 

cells with the surface of the tube. The tubes were then washed with PBS++ (PBS 

saturated with calcium chloride) (Invitrogen, 14040-133) after which dissociated spheroid 

and monolayer cells at a concentration of 1×106 cells/mL in PBS++ were perfused 

through the tube at 1 dyn/cm2 using a syringe pump (KDS 230, IITC life sciences). The 

rolling videos were recorded and later analyzed using in-house ImageJ (NIH, USA) stack 

tools to determine the rolling velocity. The number of cells per frame of the rolling video 

was manually counted. 

 

2.3.7 Scratch assay 

The scratch recovery assay is a basic assay to determine the migratory behavior of cells. 

Studies have shown that the rate of recovery of the scratched region is indicative of the 
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migratory potential of cells in vivo [24]. Cells were grown to confluency in a 6-well plate 

(Celltreat, 229106). The confluent cells were serum starved overnight by incubating them 

with their respective culture medium with 1% PS. A scratch was made with a sterile 200 

µL pipette tip in a marked region of the well. There were two replicate wells for each cell 

line and images of the marked scratch were taken immediately after inducing the scratch. 

The wells with scratches were incubated in serum free culture medium at 37°C with 5% 

CO2. The recovery of the scratch was determined by imaging the same field 24h later and 

built-in ImageJ drawing options were used to determine the scratch area and percent 

reduction is wound size. The data reported in this paper are the average of 6 different 

fields for each cell type. 

 

2.3.8 Western blotting 

The expression of hypoxia inducible factors in monolayer, homotypic and coculture 

spheroids was detected by standard western blot procedures. As a positive control, 

monolayer cells were treated with 100 µM cobalt chloride (Sigma Aldrich, 232696-5G) 

for 24h, which is known to induce hypoxia in monolayer cells [25]. Briefly, the lysates 

were separated by SDS-PAGE and transferred to a nitrocellulose blotting membrane 

(Bio-Rad, 162-0115). Membranes were blocked with 5% milk 60 min at RT. The 

membranes were then incubated overnight at 4°C with 1:1000 mouse anti-human HIF-1α 

specific Ab (BD Biosciences, 610958) and mouse anti-human HIF-1β specific Ab (BD 

Biosciences, 611078) in 5% milk. Membranes were also probed with mouse anti-human 

β-actin (Santacruz biotechnology, sc-81178) at 1:2000 dilution as a loading control. 

Following the overnight incubation with primary Ab, the membranes were washed with 
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1x TBS/0.1% Tween-20 and then incubated for 60 min at RT with 1:1000 anti-mouse 

IgG-HRP (BD Biosciences, 554002) in 5% milk. The bands were visualized using a 

chemiluminiscent HRP substrate (Millipore, WBKL 50500) in a luminescent image 

analyzer (Fujifilm, LAS-4000). The band intensity was determined using built-in options 

available in ImageJ software. 

 

2.3.9 Matrigel invasion assay 

Matrigel invasion assay was performed to determine the invasive potential of cells grown 

as monolayer, homotypic and coculture spheroids. Matrigel (BD Biosciences, 356234) 

was diluted to a final concentration of 300 µg/mL and 100 µL of the diluted Matrigel was 

pipetted into the transwell insert with transparent PET membrane containing 8 µm sized 

pores (BD Biosciences, 353097) and allowed to gel overnight. The coated transwells are 

termed invasion chambers. Monolayer and spheroid cells of all the cell lines were 

dissociated in serum free culture media and plated at 2.5×104 cells/mL in the invasion 

chamber. The invasion chambers were then transferred to 24-well plate filled with 750 

µL of cell culture media with 5% FBS as a chemoattractant. Equal numbers of uncoated 

transwell inserts were prepared as a control. The cell invasion chambers were incubated 

overnight at 37°C with 5% CO2. After overnight incubation, the chambers were removed 

and washed twice with PBS and the non-invading cells were discarded using a cotton 

swab moistened with cell culture media. The cells were fixed in 4% paraformaldehyde, 

permeabilized in 100% methanol and stained using geimsa stain (Sigma Aldrich, GS500) 

and the number of invading cells were manually counted using a light microscope. The 

percentage invasiveness was calculated by normalizing the number of invading cells in 
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Matrigel coated inserts with the number of invading cells in uncoated (control) inserts. 

Invasion chambers with dissociated coculture spheroids labeled with CellTracker probes 

were fluorescently imaged to determine the invasiveness of individual cell types in 

coculture spheroids. The invasion reported in this paper is the average of 3 different 

experiments on 3 different fields of view each for an invasion chamber. 

 

2.3.10 Fluorescent imaging and statistical analysis 

Fluorescent were captured on a Zeiss 710 laser scanning confocal microscope. The 

coculture spheroids labeled with CellTracker probes were captured using multi-track 

program to avoid spectral bleed-through. The coculture spheroids propagating on PDMS 

were collected by removing the media from the 24-well plate and spun down at 1000 rpm 

for 10 min. The pellets were resuspended in 4% formaldehyde and spun down at 700 rpm 

for 10 min using a cytospin (Harlow Scientific) on confocal grade slides (Leica 

Microsystems, 3800205) and cover-slipped using a mounting media (eBiosciences, 00-

4958-02) before imaging. For images reporting soluble E-selectin binding, fluorescent 

soluble E-selectin prepared as mentioned in Section 2.5 was incubated in dark with 

coculture spheroids at RT for 45 min in 5% BSA. These spheroids were then washed in 

PBS to remove excess fluorescent E-selectin and then spun down and cover-slipped 

before imaging. The bright field images were captured using an Olympus IX81 

microscope. The statistical significance reported in this paper was tested using unpaired 

student t-test and the values of n are reported in the figures wherever applicable. 
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2.4 Results 

2.4.1 Morphology and proliferation of cell lines on PDMS and TCP 

The breast cancer cell lines BT20, MCF7 and the mammary epithelial cell line MCF10A 

were seeded on PDMS cured in 24-well plate as mentioned in Section 2.2. BT20, MCF7 

and MCF10A breast cancer cell lines propagated as a monolayer on hydrophilic TCP 

(Figure 2.1A-2.1C) and on hydrophobic PDMS they propagated as non-adherent 

spheroids (Figure 2.1D-2.1F). Cell proliferation assay using MTT revealed that there 

was no significant difference in cellular activity on PDMS and TCP (p<0.1) (Figure 

2.1G). 
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Figure 2.1: Morphology and proliferation of cell lines on PDMS and TCP: 
Morphology of BT20 (I.), MCF7 (II.) and MCF10A (III.) cell lines propagating as a 
monolayer on TCP (A-C) and spheroids on PDMS (D–F) 48h after seeding [seeding 
density=50,000 cells/well of a 24-well plate, scale bars=200 µm]. MTT assay for 
determining the metabolic activity of cells indicate that there is no statistically significant 
difference in the metabolic activity of cells on PDMS and TCP (G). Bars represent mean 
+ standard deviation for each sample.  
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2.4.2 E-selectin ligand expression on spheroid and monolayer cells 

Flow cytometric analysis for glycoprotein ligands (CD44v4, sialyl Lewis X (sLex), sialyl 

Lewis A (sLea)) for E-selectin on BT20, MCF7 and MCF10A cell lines showed a general 

treand that spheroid cells show an increased expression of the E-selectin ligands CD44v4, 

sLex and sLea. The bar graph for average fold change in mean fluorescence intensity 

(MFI) normalized to the respective isotype control for three different flow experiments is 

indicated in Figure 2.2. Statistical significance is indicated by an asterisk (*) on the bar 

graph. In particular, sialyl Lewis X (sLex) was highly upregulated in the spheroid 

morphology for all the three cell lines. 
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Figure 2.2: E-selectin ligand expression in tumor spheroids and monolayer grown 
cells: Fold change in mean fluorescence intensity (MFI) normalized to respective isotype 
controls indicating the expression levels of E-selectin ligands CD44v4, Sialyl Lewis X 
(sLex) and Sialyl Lewis A (sLea) in monolayer and spheroid cells. Bars represent mean + 
standard deviation.  
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2.4.3 Rolling velocity measurements on E-selectin coated microtubes 

The cell rolling assay on E-selectin coated microtubes as described in Section 2.6 showed 

that monolayer cells exhibited a weaker adhesion (higher rolling velocity) as opposed to 

spheroid cells that exhibited a stronger adhesion (lower rolling velocity) on microtubes 

functionalized with human recombinant E-selectin (Figure 2.3A). The highly invasive 

BT20 cells showed the lowest rolling velocity in monolayer morphology (2.2 ± 1.1 µm/s) 

followed by MCF7 cells (6.2 ± 0.69 µm/s). MCF10A monolayer cells also showed a 

stronger interaction (2.66 ± 0.29 µm/s) with E-selectin although it is not physiologically 

relevant in the context of cancer metastasis because they are non-tumorigenic cells. The 

spheroid cells showed a significantly lower rolling velocity when compared to monolayer 

cells (p<0.01). The rolling velocity for BT20, MCF7 and MCF10A cells grown as 

spheroids were 0.6 ± 0.33 µm/s, 2.26 ± 0.21 µm/s, 1.51 ± 0.17 µm/s respectively. The 

expression of E-selectin ligands is most relevant when the cells leave the primary site and 

enter the systemic circulation and the likelihood of this fate can perhaps be estimated by 

determining the migratory potential of the cell lines in vitro. Thus, although MCF10A 

cells showed a stronger interaction with E-selectin they do not possess the migratory 

potential to enter the circulation as revealed by the in vitro scratch assay (Figure 2.4). 

The stronger interaction of breast cancer cell lines propagating as spheroids are perhaps 

more likely to enter the systemic circulation as exhibited by their increased migratory 

potential (Figure 2.4). 
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Figure 2.3:  Rolling velocity measurements on E-selectin coated microtubes: (A.) 
Rolling velocity of monolayer and spheroid cells (1×106 cells/mL) perfused through E-
selectin coated microtubes at 1dyn/cm2. (B.) The number of cells per frame indicating the 
fraction of cells from monolayer and spheroid morphology interacting with E-selectin 
coated microtubes under flow. Bars represent mean + standard deviation.  
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Figure 2.4: Migratory potential of breast cancer cells: Scratch assay indicating the 
migratory potential of cells. The scratch made in BT20 (A), MCF7 (B) and MCF10A (C) 
cells imaged 24 hours after incubation in serum free media (D-F). The percentage 
reduction in wound size was calculated for 6 different images indicating the cancer cells 
(BT20 and MCF7) were able to recover the wound whereas the non-tumorigenic cell line 
MCF10A did not recover the wound (G). Bars represent mean + standard deviation.  
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2.4.4 Soluble E-selectin binding to spheroid and monolayer cells 

In rolling experiments we noticed that the number of cells that interacted with E-selectin 

functionalized microtubes were significantly higher for spheroid cells when compared to 

monolayer cells for all three cell lines (Figure 2.3B). Representative video frames for 

spheroid and monolayer morphology for all three cell lines are given in Figure 2.5. These 

figures indicate the number of cells interacting with E-selectin coated microtubes. This 

suggests that a greater fraction of cells in the spheroid morphology were capable of 

interacting with E-selectin in comparison to cells from the monolayer morphology. Flow 

cytometry scatter plots for soluble E-selectin binding to spheroid and monolayer cells 

indicated that 51.7% of BT20 monolayer cells (Figure 2.6A), 58.8% of MCF7 monolayer 

cells (Figure 2.6B), 79.6% of MCF10A monolayer cells (Figure 2.6C) bound to 

fluorescent E-selectin as opposed to 97.4% of BT20 spheroid cells (Figure 2.6D), 92.1% 

of MCF7 spheroid cells (Figure 2.6E) and 97.0% of MCF10A spheroid cells (Figure 

2.6F), respectively. Confocal fluorescence microscopy images for soluble E-selectin 

binding revealed that monolayer cells have a weak and diffuse staining pattern for soluble 

E-selectin when compared to spheroid cells that show a relatively strong and cortical 

staining pattern for soluble E-selectin (Figure 2.7). 
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Figure 2.5: Quantification of number of cells bound to E-selectin coated microtubes: 
Fraction of cells from monolayer (A,C and E) and spheroid (B,D and F) morphology 
interacting with E-selectin coated microtubes under flow indicate that a higher fraction of 
cells from the spheroid morphology interact with E-selectin for BT20 (A and B), MCF7 
(C and D) and MCF10A (E and F) when compared to monolayer cells. 
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Figure 2.6: Soluble E-selectin binding to spheroid and monolayer grown cells: 
Scatter plots from flow cytometry experiments indicating the percentage of cells binding 
to soluble E-selectin in BT20 (A and D), MCF7 (B and E) and MCF10A (C and F) in 
monolayer (A–C) and spheroid (D–F) morphology. 
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Figure 2.7: Confocal images of soluble E-selectin binding to spheroid and monolayer 
grown cells: Confocal images taken at same gain, exposure and magnification indicate a 
stronger and cortical staining pattern for spheroid cells as opposed to a weaker and 
diffusive staining pattern for monolayer cells from BT20 (A and B), MCF7 (C and D) 
and MCF10A (E and F) cells. [Scale bar = 50µm]. 
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2.4.5 Heterogeneous coculture spheroids on PDMS 

BT20 cells labeled with CellTracker blue, MCF7 cells labeled with CellTracker green 

and MCF10A cells labeled with CellTracker red were mixed in equal ratio and seeded on 

PDMS cured in 24-well plates. These cells formed tightly packed heterogeneous 

spheroids by the end of 48h (Figure 2.8A). More often we observed the breast cancer 

cells BT20 (Figure 2.8B) and MCF7 (Figure 2.8C) and the non-tumorigenic MCF10A 

cells (Figure 2.8D) associate amongst themselves and other cell types in coculture 

allowing for homotypic and heterotypic interactions in this model. These images show 

that a heterogeneous coculture model for breast cancer can be developed by culturing cell 

lines with different levels of aggressiveness on PDMS. The coculture spheroids were 

composed of all three cell types in comparable ratio by the end of 48h (Figure 2.9). The 

percentage of BT20, MCF7 and MCF10A cells within coculture spheroids 48h after 

culture were 33.7±2.2%, 31.4±0%, 32.7±3.7% respectively (n=2 flow cytometry 

experiments). Coculture spheroids can be generated without the requirement of any 

expensive bio-reactors or extended time period of culture. The spatial heterogeneity 

allows cell-cell interactions between different cell types and thus creates the opportunity 

to study the effect of the heterotypic interactions on the adhesion properties of the cells in 

coculture. 
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Figure 2.8: Heterogeneous coculture spheroid on PDMS: Confocal microscopy 
images of coculture spheroids with BT20 (blue) MCF7 (green) and MCF10A (red) cells 
on PDMS (A) by the end of 48h. Individual fields showing BT20 (B), MCF7 (C) and 
MCF10A (D) cells. [Scale bars=50 µm] 
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Figure 2.9: Composition of coculture spheroids: Two representative scatter plots 
showing the percentage of each cell type within coculture spheroids. BT20, MCF7 and 
MCF10A cells were seeded at equal ratio labeled with CellTracker probes blue, green 
and red respectively. Plotted here is the compensated fluorescent intensity for 
CellTracker blue versus the compensated fluorescent intensity for CellTracker green. The 
cells in the lower left quadrant are MCF10A cells that are neither blue nor green. The 
cells in the lower right quadrant are positive for CellTracker green (MCF7) and the cells 
on the upper left quadrant are positive for CellTracker blue (BT20). Indicated are the 
percentages of the total cells gated. 
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2.4.6 Soluble E-selectin binding to cells in coculture spheroids 

To determine the adhesion properties of cells in coculture, soluble E-selectin binding was 

assayed on coculture spheroids labeled with CellTracker probes. A representative 

confocal image for soluble E-selectin binding to whole coculture spheroid is shown 

in Figure 2.10A. The strong and cortical staining pattern of soluble E-selectin (orange) 

corresponds to BT20 cells (blue) within coculture spheroids (indicated by arrow heads 

in Figure 2.10B). Super imposition of soluble E-selectin labeling with each specific cell 

type shows increased binding of soluble E-selectin to BT20 cells in coculture (Figure 

2.10B). The staining patterns of soluble E-selectin (orange) are relatively weak and 

diffuse in comparison for MCF7 (green) cells (Figure 2.10C) or MCF10A (red) cells 

(Figure 2.10D) in coculture. Coculture spheroids were dissociated to analyze soluble E-

selectin binding to individual cells collected from coculture. Flow cytometry histograms 

indicate that BT20 cells in coculture show increased binding to soluble E-selectin when 

compared to homotypic spheroids composed of BT20 cells alone (Figure 2.11A). BT20 

cells in coculture showed the greatest shift in fluorescent intensity peak when compared 

to monolayer, homotypic spheroids or monolayer coculture. No shift in fluorescent 

intensity peak was observed for MCF7 and MCF10 cells in coculture when compared to 

their homotypic spheroids (Figure 2.11B and 2.11C). 
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Figure 2.10: Soluble E-selectin binding to coculture spheroids: Confocal microscopy 
images of soluble E-selectin (orange) binding to whole coculture spheroids with BT20 
(blue) MCF7 (green) and MCF10A (red) cells on PDMS (A). Superimposed images of 
soluble E-selectin with individual cell types in coculture indicate preferential binding of 
soluble E-selectin to BT20 cells in coculture (B) when compared to MCF7 (C) or 
MCF10A cells (D) in coculture. [Scale bars=50 µm] 
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Figure 2.11: Soluble E-selectin binding cells grown as coculture spheroids, 
homotypic spheroids and monolayer: Flow cytometry histograms indicate a shift in 
fluorescent intensity peak for soluble E-selectin binding in monolayer, spheroid, 
monolayer coculture and spheroid coculture with respect to isotype control for BT20 (A), 
MCF7 (B) and MCF10A (C) cells. 
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2.4.7 Invasiveness of monolayer, homotypic and coculture spheroids 

Matrigel invasion assay was performed on monolayer, homotypic and coculture 

spheroids to determine their invasiveness. The spheroids were dissociated before seeding 

them in invasion chambers as mentioned in Section 2.9. The question of whether the 

increased expression of E-selectin ligands in homotypic and coculture spheroids 

correlated with increased invasiveness of the cell lines was addressed. Matrigel invasion 

assay indicated that BT20 monolayer cells were significantly more invasive than MCF7 

monolayer cells (Figure 2.12) and BT20 and MCF7 spheroids were significantly more 

invasive than their monolayer counterparts (Figure 2.12). From the soluble E-selectin 

binding assay it is clear that BT20 cells in coculture spheroids bound to a greater amount 

of E-selectin when compared to MCF7 and MCF10A cells in coculture spheroids. The 

coculture spheroids were dissociated and seeded on Matrigel coated chambers and the 

number of cells invading the Matrigel were manually counted by visualization using 

CellTracker probes. A representative 10x image of an invasion chamber in Figure 

2.13A shows that there were more BT20 cells (Figure 2.13B) compared to MCF7 

(Figure 2.13C) or MCF10A (Figure 2.13D) cells. The percentage invasion also indicated 

that BT20 cells in coculture spheroids were significantly more invasive than BT20 

homotypic spheroids (Figure 2.12) and there was no significant difference in the 

invasiveness of MCF7 and MCF10A cells in coculture when compared to their 

homotypic spheroids. 
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Figure 2.12: Invasiveness of monolayer, homotypic and coculture spheroids: 
Quantification of the ability of cells in monolayer, homotypic spheroid and coculture 
spheroids to invade Matrigel-coated transwell plates. Bars represent mean + standard 
deviation.  
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Figure 2.13: Confocal micrograph of Matrigel inserts seeded with cells from 
coculture spheroids: Fluorescent images showing BT20 (blue) MCF7 (green) and 
MCF10A (red) cells from coculture spheroids invading the Matrigel (A). Individual fields 
indicate that the number of BT20 cells invading the Matrigel (B) is higher than the 
number of MCF7 (C) or MCF10A (D) cells invading the Matrigel-coated transwell. 
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2.4.8 Expression of hypoxia inducible factors 

To identify the missing link between spheroid morphology and increased adhesion 

phenotype exhibited by breast cancer cells, we determined the expression of hypoxia 

inducible factors (HIF-1α and HIF-1β) in monolayer, homotypic spheroids and coculture 

spheroids using western blot procedure as described in Section 2.8. As a positive control 

for hypoxic conditions, monolayer cells treated were with cobalt chloride. It was 

observed that BT20 and MCF7 spheroids expressed both HIF-1α (Figure 2.14A and 

19C) and HIF-1β (Figure 2.14B and 2.14D), whereas monolayer cells did not express 

these hypoxia inducible factors. To determine if there an increased expression of these 

factors in coculture conditions, we increased the ratio of BT20 cells in coculture while 

maintaining the total cell number the same and an increase in expression of HIF-1α with 

increasing proportions of BT20 cells in coculture was observed (Figure 2.14E). The band 

intensity was computed and normalized with respect to respective loading control. The 

normalized band intensity was found to increase for HIF-1α expression in coculture 

spheroids and coculture spheroids with increasing proportions of BT20 cells (Figure 

2.14G) whereas there was no discernible change in HIF-1β expression (Figure 2.14F 

and 2.14G). 
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Figure 2.14: Expression of hypoxia inducible factors: Western blot membranes 
showing the expression of HIF-1α and HIF-1β in spheroid, monolayer (normoxia) and 
monolayer cells treated with cobalt chloride (hypoxia) in BT20 (A and B), MCF7 (C and 
D) and coculture spheroids (E and F). The ratio indicated in the figure corresponds to 
BT20:MCF7:MCF10A cells in coculture. The band intensity computed using ImageJ 
indicates that expression of HIF-1α increased in coculture conditions (G). 
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2.5 Discussion 

The metastasis of primary tumors accounts for 90% of deaths in cancer patients [26]. The 

metastatic cascade is initiated by the adhesion and extravasation of primary tumor cells 

that enter the circulation. The mechanism of cancer cell adhesion to the blood vessel wall 

is believed to be similar to that of leukocyte recruitment from the bloodstream to an 

inflammation site [27]. Although the mechanism may be similar the molecules that 

mediate tethering, rolling and adhesion of cancer cells to the endothelium differ from that 

of leukocytes as discussed in a recent review [28]. Adhesion is primarily mediated by E-

selectin on activated endothelium and glycoproteins on cancer cells [29]. Breast cancer is 

a highly metastatic form of neoplasia and is known to often lead to metastasis even after 

surgical removal of the primary tumor [30]. The primary focus of this paper was to study 

the adhesion of breast cancer cells to E-selectin in vitro that may lead to better 

understanding of breast cancer invasion and metastasis. 

 

Breast cancer cell lines are used as model systems for studying the molecular basis of 

breast cancer progression. The relative heterogeneity in the established breast cancer cell 

lines have been particularly useful in studying important aspects of breast cancer such as 

the prevalence of cancer stem cells [31] and specific subpopulations that bear close 

resemblance to functionally distinct primary cancer subtypes [32]. The use of 

conventional planar cell culture to study breast cancer cell lines reduces the potential of 

these cell lines as a model for studying breast cancer. In this study, we used spheroid cell 

culture using polydimethylsiloxane, for characterizing the adhesion of breast cancer cell 
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lines to human recombinant E-selectin. We focused on a highly invasive breast cancer 

cell line BT20, moderately invasive breast cancer cell line MCF7 and non-tumorigenic 

mammary epithelial cell line MCF10A. We have previously elucidated the advantages of 

PDMS based spheroid cell culture technique over other conventional methods for 

generating multi-cellular tumor spheroids [12]. The hydrophobic PDMS substrate allows 

for the formation of spheroids (Figure 2.1D–F). The ability of these spheroids to closely 

recapitulate the in vivo biochemical gradients [8] allows for cell-cell interaction in a more 

physiologically relevant scenario. 

 

First, the expression of E-selectin ligands on spheroids derived from breast cancer cell 

lines (BT20, MCF7) and the non-tumorigenic epithelial cell line (MCF10A) were 

characterized and compared to the expression with their respective monolayer 

morphology (Figure 2.2). Significantly increased expression of several E-selectin ligands 

on cell lines propagating in spheroid morphology was found. In particular, sialyl Lewis X 

was upregulated in all of the cell lines propagating as spheroids. Sialyl Lewis X is an 

important glycosylated ligand with oligosaccharides bearing sialic acid, fucose and 

sulfate at the end of O-liked glycans [33]. It was found that sialyl Lewis X is specifically 

upregulated in invasive breast carcinomas [34] and serum glycans profile analysis 

revealed that patients with progressive cancer show a significant increase in sialylation 

and fucosylation of O-linked glycans [35]. 

 

Increased expression of E-selectin ligands in cells propagating as spheroids suggested to 

study the interaction of these cells with human recombinant E-selectin using a flow based 
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rolling assay developed by our group. Previous works demonstrated this method to 

isolate hematopoietic stem cells from human bone marrow cells that express CD34 when 

perfused through P-selectin coated microrenathane microtubes [36]. The rolling assay has 

also been used to induce apoptotic signals to rolling cells on selectin-coated channels [6]. 

More recently, a modification of this assay using natural halloysite nanotubes was 

reported to isolate CTCs from patient blood samples [5]. The cell rolling assay revealed 

that cells grown as spheroids had significantly lower rolling velocity (stronger 

interaction) when compared to monolayer cells at the same shear stress (Figure 2.3A). 

We also found that the number of cells interacting with E-selectin coated microtubes was 

much higher in cells that propagated as spheroids (Figure 2.3B). These results, taken 

together, demonstrate that spheroid cell culture can alter the adhesion phenotype of 

cancer cells. This support the idea that spheroid cell culture can replace conventional 

monolayer culture for cancer research and for the first time demonstrates the change in 

adhesion phenotype with altered morphology of cells. The non-tumorigenic MCF10A 

spheroids show increased expression of E-selectin ligands and interact with E-selectin but 

do not exhibit the necessary migratory potential exhibited by cancer cells (Figure 2.4). 

Previous studies report that transfecting MCF10A cell line with genes that can induce 

migratory or invasive phenotype results in a dramatic change in their ability to proliferate 

and migrate in vitro [37] and colonize organs in nude mice in vivo [38]. 

 

The heterogeneity associated with tumors is the primary reason for resistance seen to 

conventional treatments [39]. Several studies in the past have elucidated the advantages 

of tumor structures formed in vitro validating the use of multicellular aggregates as an 
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enabling model for cancer research as reviewed in [40]. In the current study, we 

recapitulated the heterogeneity by co-culturing cell lines with different levels of 

invasiveness as 3D spheroids (Figure 2.8). Though MCF10A cells are non-tumorigenic, 

they have been shown to increase the invasive phenotype of breast-cancer cells [41]. 

When injected with the metastatic breast cancer cell line MDA-MB-231, MCF10A cells 

were shown to facilitate tumor progression in immunocompromised mice [41]. These 

effects were attributed to the heterotypic cell-cell communication involving paracrine 

signaling between the two cell types [41]. Interaction between subpopulations of cells 

with different levels of invasiveness is known to play a key role in the behavior of cells 

within a tumor [42]. Metastasis is initiated by a specific subpopulation that acquires an 

aggressive phenotype when compared to the other cells in a primary tumor [16]. This is 

termed clonal dominance and is often reported as an accepted model of breast cancer 

metastasis [43]. This coculture model includes all of these aspects of heterotypic 

interactions in 3D. This allows a more in vivo like culture environment to evaluate the 

effect of these interactions on the adhesion phenotype of these cells in coculture. 

 

Soluble E-selectin binding to coculture spheroids indicated preferential binding of E-

selectin to BT20 cells, the most invasive cells in coculture (Figure 2.10). Quantitative 

analysis of soluble E-selectin binding using flow cytometry also revealed that BT20 cells 

in coculture bound to the highest degree to soluble E-selectin compared to MCF7 and 

MCF10A cells in coculture (Figure 2.11). Consistent with the theory of clonal 

dominance, the most invasive subpopulation must leave the site of primary tumor to 

result in a metastatic disease. To evaluate this we performed Matrigel invasion assay on 
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cells grown as monolayer, homotypic and coculture spheroids to determine the 

invasiveness of these cell lines. The invasion assay indicated that breast cancer spheroid 

cells were invasive than monolayer cells and that BT20 cells in coculture showed the 

greatest potential to invade Matrigel compared to other cells in coculture (Figure 2.12). 

The ability of BT20 cells in coculture to maximally bind to soluble E-selectin combined 

with the observation of its ability to invade Matrigel to the greatest degree establishes this 

coculture model as a platform for performing investigative studies in breast cancer 

metastasis and invasiveness. 

 

To identify the link between spheroid morphology and increased adhesion phenotype we 

studied the expression of hypoxia inducible factors in tumor spheroids (Figure 2.14). 

Tumor hypoxia refers to regions of severe oxygen deprivation in rapidly dividing cells 

that constitute the tumor, which is mostly due lack of well-formed blood vessels. The 

cellular response to hypoxia is often mediated by changes in gene expression [44, 45]. A 

regulatory gene that functions under hypoxic conditions is the hypoxia-inducible factor 

(HIF) which is known to promote tumor progression by expressing genes that help in 

increasing angiogenesis and metastasis [46]. HIF-1 is an important member of this family 

of transcription factors and it has multiple implications for cancer biology [47]. It is a 

heterodimer composed of two subunits (HIF-1α and HIF-1β) and their degradation is 

deactivated in response to hypoxia resulting in nuclear translocation where they exercise 

their function as a transcription factor [48]. It has been previously reported that hypoxia 

regulates the expression of adhesion molecules in cancer cells [49]. It was shown that 

colorectal cancer cell lines cultured under hypoxic conditions showed an increase in 
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expression of sialyl Lewis X and sialyl Lewis A ligands [49]. Hypoxia also induces a 

shift in metabolism of cancer cells called Warburg’s effect [50]. Hypoxic 

microenvironment induces the expression of glucose transporters and glycolytic enzymes 

strongly suggesting that several nucleotide sugar biosynthetic pathways are regulated by 

hypoxia in solid tumors including glycosylation of E-selectin ligands [51]. The 

expression of HIF-1α and HIF-1β in tumor spheroids could possibly explain the increased 

adhesive phenotype of spheroid cells (Figure 2.14). Recently, it was also shown that 

epithelial-to-mesenchymal transition (EMT) induces E-selectin ligand expression in 

cancer cells [52]. The most aggressive cell subpopulations undergo EMT to leave the 

primary site [16] during the metastatic cascade. This could possibly explain the increase 

in expression of HIF-1α in coculture spheroids (Figure 2.14G), which would lead to 

increased adhesive properties of BT20 cells in coculture. Given these results, spheroid 

cell culture could replace conventional monolayer culture for performing investigative 

studies in the field of cancer adhesion and this coculture model can be used for studying 

several aspects of tumor heterogeneity such as resistance to drugs, induction of epithelial-

to-mesenchymal transition, angiogenesis and other events that occur during breast cancer 

metastasis. 

 

2.6 Conclusions 

In this work we conducted experiments to identify the relationship between spheroid 

morphology and E-selectin mediated adhesion phenotype of breast cancer cells and we 

extended the spheroid cell culture to develop a coculture model for breast cancer 

heterogeneity. In the first part of this paper, we observed that cells from spheroids 
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showed increased expression of E-selectin ligands and a higher fraction of cells from the 

spheroid morphology bound to soluble E-selectin. In vitro rolling assay revealed a 

stronger interaction of spheroid cells with E-selectin coated microtubes when perfused 

under physiologically relevant shear stress. Based on confocal microscopy and flow 

cytometry experiments on coculture spheroids, it was concluded that heterotypic 

interactions favor the adhesion of the most invasive cell type (BT20) to E-selectin. 

Matrigel invasion assay revealed that apart from showing increased binding to soluble E-

selectin, BT20 cells in coculture were also the most invasive. Thus, coculture increases 

the invasiveness of the most invasive cell type and also favors the adhesion of these cells 

to E-selectin under flow. 
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Chapter 3  
 
Effect of homotypic cell-cell interaction in 3D on 
TRAIL-mediated apoptosis in breast cancer !
 
 
Portions of this Chapter were adapted from the article 
 
Chandrasekaran S, Marshall JR, Messing JA, Hsu J-W and King MR. TRAIL-mediated 
apoptosis in breast cancer cells cultured as 3D spheroids. PLoS ONE. 2014; 9(10): 
e111487. 
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3.1 Abstract 

TNF-alpha-related-apoptosis-inducing-ligand (TRAIL) has been explored as a 

therapeutic drug to kill cancer cells. Cancer cells in the circulation are subjected to 

apoptosis-inducing factors. Despite the presence of these factors, cells are able to 

extravasate and metastasize. The homotypic and heterotypic cell-cell interactions in a 

tumor are known to play a crucial role in bestowing important characteristics to cancer 

cells that leave the primary site. Spheroid cell culture has been extensively used to mimic 

these physiologically relevant interactions. In this work, we show that the breast cancer 

cell lines BT20 and MCF7, cultured as 3D tumor spheroids, are more resistant to TRAIL-

mediated apoptosis by downregulating the expression of death receptors (DR4 and DR5) 

that initiate TRAIL-mediated apoptosis. For comparison, we also investigated the effect 

of TRAIL on cells cultured as a 2D monolayer. The results indicate that tumor spheroids 

are enriched for CD44hiCD24loALDH1hi cells, a phenotype that is predominantly known 

to be a marker for breast cancer stem cells. Furthermore, we attribute the TRAIL-

resistance and cancer stem cell phenotype observed in tumor spheroids to the 

upregulation of cyclooxygenase-2 (COX-2)/ prostaglandin E2 (PGE2) pathway. We show 

that inhibition of the COX-2/PGE2 pathway by treating tumor spheroids with NS-398, a 

selective COX-2 inhibitor, reverses the TRAIL-resistance and decreases the incidence of 

a CD44hiCD24lo population. Additionally, we show that siRNA mediated knockdown of 

COX-2 expression in MCF7 cells render them sensitive to TRAIL by increasing the 

expression of DR4 and DR5. Collectively, these results show the effect of the third-

dimension on the response of breast cancer cells to TRAIL, and suggests a therapeutic 

target to overcome TRAIL-resistance. 
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3.2 Introduction 

In the hematogenous metastatic cascade, cells from the primary tumor enter the 

peripheral circulation after which they can mimic the leukocyte adhesion cascade to 

extravasate through the blood vessel wall and establish in a secondary site [1]. While 

cancer cells are in the circulation, they are subjected to apoptosis-inducing signals from 

immune cells such as natural killer cells that elicit an anti-tumor response [2]. Despite the 

presence of apoptosis-inducing agents, cancer cells can metastasize, causing 90% of 

cancer related deaths [3]. Cancer therapy is entering a paradigm shift from radiation and 

broad-spectrum chemotherapeutic agents to less hazardous directed molecules that can 

specifically target cancer cells. TRAIL is one such molecule that plays a key role in 

body’s natural defense mechanism, which is currently being studied in the field of cancer 

therapy [4–6]. TRAIL-mediated apoptosis is initiated by the binding of TRAIL to death 

receptors (DR4 and DR5), which induces the formation of the death-inducing signaling 

complex (DISC) [7]. The surface expression of death receptors plays a key role in 

transmitting the apoptosis-inducing signal. Several cancer cell lines have been shown to 

be resistant to TRAIL-mediated apoptosis by decreasing the expression of death receptors 

[8], internalizing death receptors by constitutive endocytosis [9], upregulating anti-

apoptotic proteins such as Bcl-2 [10], activating cellular survival pathways such as 

PI3K/Akt signaling pathway [11], upregulating decoy receptors [12,13], or 

downregulating pro-apoptotic proteins such as Caspase 8 [14]. Thus, studying the 

underlying mechanism behind TRAIL-resistance exhibited by certain cancer cells could 

lead to more effective use of TRAIL in anti-cancer therapy.  
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Cell-cell interactions in primary tumors have been shown to play a significant role in 

determining the fate of a cell that leaves the primary site and enters the peripheral 

circulation [15]. Though cancer cell lines serve as a good model for studying different 

aspects of the metastatic cascade, physiologically relevant interactions may be lost in 2D 

monolayer culture [16]. The dimensionality of the system used to study cancer has an 

important role in studying several aspects of cancer biology. For instance, multicellular 

3D tumor spheroids have been shown to be resistant to drugs and radiation [17]. The third 

dimension is also implicated in the presence of cancer stem cells within solid tumors 

[18,19]. We have previously demonstrated an in vitro cell culture method using 

polydimethylsiloxane (PDMS) coated multiwell plates to propagate cell lines as 3D 

spheroids [20]. This method has been used for the enrichment of a cancer stem cell 

subpopulation in the WM115 melanoma cell line [21]. We have also shown that breast 

cancer cell lines cultured as 3D tumor spheroids on PDMS exhibit increased adhesion to 

E-selectin and have more migratory and invasive properties [22,23].  

 

In primary tumors, the relatively poor circulatory network often results in a hypoxic zone 

of oxygen-deprived cancer cells [24]. Hypoxic conditions are known to trigger the 

expression of transcription factors termed hypoxia-inducible factors (HIF-1α and HIF-

1β).  HIFs have several downstream targets that can be activated to further facilitate 

tumor progression [25]. Our recent work indicates that tumor spheroids cultured on 

PDMS are hypoxic and they express HIF-1α and HIF-1β [22].  The most important 

downstream effector of hypoxia inducible factors is cyclooxygenase-2 (COX-2) [26]. 

COX-2 is a protein involved in the biosynthesis pathway of a class of lipid signaling 
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molecules called prostaglandins [27]. COX-2-induced prostaglandin E2 (PGE2) 

expression has several consequences in tumor progression. PGE2 secreted by tumor cells 

and/or stromal cells can induce drug resistance, migration, and invasion of cancer cells, to 

name a few [27]. It has been shown that COX-2 expression can downregulate the 

expression of death receptor in cancer cells rendering them resistant to TRAIL-mediated 

apoptosis [28,29]. However, the effect of hypoxia-induced COX-2 expression on 

inducing TRAIL resistance is unknown. The present study investigates the effect of the 

third dimension in cancer cell responsiveness to TRAIL. To demonstrate this, we cultured 

breast cancer cell lines as tumor spheroids on PDMS and dissociated them to explore 

their response to TRAIL-mediated apoptosis. This is relevant because the cells that enter 

the peripheral circulation have just transitioned from 3D to 2D form and are available for 

therapeutic targeting in the bloodstream. This work was undertaken to investigate the 

molecular basis of TRAIL resistance exhibited by certain cancer cells in the peripheral 

circulation.  

 

3.3 Materials and Methods 

3.3.1 Cell lines and culture conditions 

Breast cancer cell lines BT20 (ATCC, HTB-19) and MCF7 (ATCC, HTB-24) were 

cultured in ATCC-formulated Eagle’s Minimum Essential Medium (EMEM) (ATCC, 30-

2003) supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals, S11050H), 

and 1% penicillin/streptomycin (PS) (Invitrogen, 15140-122). The media for MCF7 was 

additionally supplemented with 0.01 mg/mL of bovine insulin (Sigma Aldrich, I1882-100 

MG). Cell lines were maintained at 37 0C with 5% CO2. For propagating cells as 3D 
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spheroids on PDMS coated 24-well plate, we followed a protocol described previously 

[22]. Briefly, 50,000 cells were seeded in a single well of a 24-well plate coated with 

PDMS. Cells were cultured as tumor spheroids for 48 h before being used for any of the 

assays/treatment conditions in this study.  

 

3.3.2 TRAIL and NS-398 treatment  

Cells propagating as tumor spheroids were collected by pooling the media from 24-well 

plates. Since tumor spheroids were loosely adhered to the underlying PDMS substrate, 

removal of media enabled the collection of tumor spheroids. The pooled media was 

centrifuged at 1000 rpm for 10 min and the resulting cell pellet was dissociated in 1 mL 

of trypsin-EDTA and incubated for 15 min at 37 0C. An equivalent amount of cell culture 

media was added to neutralize the effect of trypsin and the cells were centrifuged and 

resuspended in 1 mL of complete cell culture media and plated in 24-well plates at a 

seeding density of 50,000 cells per well. The cells were cultured for 6 h to account for the 

effect of trypsin on cell surface receptors. After 6 h, the media was exchanged with fresh 

media with recombinant human TRAIL (R&D Biosystems, 357-TL/CF) at a 

concentration of 200 ng/mL. After 24 h of culture, cells were visualized for apoptotic 

cells using bright field phase contrast microscopy on Olympus IX81 microscope. We 

followed a similar protocol for treating monolayer cells with TRAIL by collecting 

monolayer cells from T-25 flasks. NS-398 (Sigma, N194) was reconstituted in DMSO at 

a concentration of 80mM. The cells were simultaneously treated with 100 µM of NS-398 

and 200 ng/mL of TRAIL. The cells were also treated with 100 µM NS-398 to determine 

its effect of on cell viability.  
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3.3.3 Cell viability assays 

Cell viability assays were conducted to evaluate the effect of TRAIL and NS-398 on cells 

cultured as tumor spheroids and monolayers. A standard colorimetric MTT assay was 

performed after 24 h in culture to determine the percentage of viable cells. We added 3-

(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) (Chemicon (Millipore) 

CT0-A) to detect mitochondrial activity. The absorbance was measured at 690 nm using a 

microplate reader (Bio-Tek Instruments). The absorbance was normalized with respect to 

untreated control and the viability reported as percentages. To numerically quantify the 

percentage of cells undergoing apoptosis we used the Annexin V-FITC and Propidium 

Iodide (PI) apoptosis detection kit (Trevigen, 4380-01-K). We followed the protocol 

provided by the manufacturer for flow cytometry-based detection of apoptotic cells using 

a Guava easyCyteTM flow cytometer (Millipore).   

 

3.3.4 Flow cytometry and fluorescence-activated cell sorting  

The expression levels of TRAIL receptors DR4 and DR5 were investigated on cells 

propagating as a 2D monolayer on tissue culture plates and 3D spheroids on PDMS.  To 

prepare cells propagating as spheroids on PDMS for flow cytometry, we dissociated 

tumor spheroids as described and cultured them for 6 h in complete cell culture media 

before performing flow cytometry. The cells were collected using enzyme-free cell 

dissociation buffer and then centrifuged at 1000 rpm for 10 min. Approximately, 1x106 

cells were resuspended in 100 µL of staining solution composed of 1% bovine serum 

albumin (BSA) in 1x phosphate buffer saline (PBS). Cells propagating as a monolayer 

were subjected to the same protocol and resuspended in 100 µL of staining buffer. The 
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cells were then incubated at 4oC in the dark with PE-conjugated mouse anti-human DR4 

and DR5 (eBioscience, 12-6644-42 and 12-9908-42) for 45 min at the manufacturer 

recommended volume. PE mouse IgG isotype control (eBioscience, 12-4714-42) was 

used to account for nonspecific interaction of antibodies with the cells. The cells were 

washed twice in PBS and reconstituted in PBS at a concentration of 500 cells/µL to be 

analyzed using a Guava easyCyteTM flow cytometer. To determine the expression of stem 

cell markers CD44, CD24 and ALDH1 in cells propagating as tumor spheroids and 

monolayers we used FITC-conjugated mouse anti-human CD44 (BD Biosciences, 

555478), PE-conjugated mouse anti-human CD24 (BD Biosciences, 555428), and their 

corresponding isotype controls (BD Biosciences, 555742 and 555574). After staining for 

cell surface CD44 and CD24, the cells were washed twice in PBS and resuspended in 

PBS for analysis/sorting or fixed and permeabilized for staining intracellular protein 

ALDH1. The cells were fixed using 2% paraformaldehyde solution for 30 min at 4 oC. 

The fixed cells were then permeabilized using 0.2% Tween 20 at 37 oC for 10 min. The 

permeabilized cells were washed in PBS containing 2% FBS and then incubated with 

mouse anti-human ALDH1 or corresponding isotype control (Santa Cruz Biotechnology, 

sc-166362 and sc-3879) at 4 oC for 45 min. The cells were then washed in PBS and 

incubated with APC conjugated anti-mouse IgG secondary antibody (BioLegend, 

405308). After incubation, the cells were washed twice in PBS and reconstituted in 1x 

PBS at a concentration of 500 cells/µL to be analyzed using a Guava easyCyteTM flow 

cytometer.  
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For sorting CD44hiCD24lo cells from tumor spheroids, the cells were stained using FITC 

conjugated CD44 and PE conjugated CD24 antibodies. After staining, the cells were 

washed twice in PBS resuspended in cell culture media and sorted using a BD 

Biosciences FACS-Aria flow sorter. The post-sort purity was verified after sorting and 

the cells were cultured in serum-free cell culture media overnight and used for further 

analysis. During sorting experiments CD44hiCD24lo cells were collected in one sample 

tube and the rest of the cells (non-stem like cells) were collected in a separate sample 

tube.  

 

3.3.5 Western blotting and ELISA 

The expression of COX-2, DR4 and DR5 proteins in monolayer and spheroids were 

detected by standard western blotting protocol. Briefly, cell lysates were separated by 

SDS-PAGE and transferred to a nitrocellulose blotting membrane (Bio-Rad, 162-0115). 

Membranes were blocked with 5% milk for 60 min at room temperature (RT, 25 oC). The 

membranes were then incubated overnight at 4oC with 1:2000 mouse anti-human COX-2 

specific antibody (BD Biosciences, 610204), and 1:2000 mouse anti-human DR4 and 

DR5 (BioLegend, 307201 and 307302), in 5% non-fat dry milk. Membranes were also 

probed with mouse anti-human β-actin (Santa Cruz biotechnology, sc-81178) at 1:2000 

dilution as a loading control. Following the overnight incubation with primary antibody, 

the membranes were washed with tris-buffered saline (TBS) with 0.1% Tween-20 and 

then incubated for 60 min at RT with 1:1000 anti-mouse IgG-HRP (BD Biosciences, 

554002) in 5% non-fat dry milk.  The bands were visualized using a chemiluminiscent 

HRP substrate (Millipore, WBKL 50500) in a luminescent image analyzer (Fujifilm, 



! 63 

LAS-4000). The level of PGE2 in the cell culture media conditioned by cells propagating 

as tumor spheroids and monolayers was determined using Prostaglandin E2 human 

ELISA kit (Invitrogen, KHL1701) following a protocol supplied by the manufacturer.  

 

3.3.6 Confocal microscopy  

For death receptor and EpCAM labeling, monolayer cells and spheroid cells were 

removed from the 24-well plate using enzyme-free dissociation buffer to preserve the 

presence of membrane proteins. Cells were then resuspended at a concentration of 1x106 

cells/mL in 1% BSA. 15,000 cells were deposited onto a microscope slide using a 

Shandon Cytospin 3 (Harlow Scientific). The cell coated slides were then fixed and in 

4% paraformaldehyde for 30 min at room temperature of 25oC (RT).  Slides were 

blocked for 1 h at RT with 1% BSA. Slides were incubated in antibody solution 

containing primary antibodies against DR4, DR5 and EpCAM followed by incubation 

with secondary antibody solution conjugated to Alexa Fluor 594 for death receptor and 

FITC for EpCAM. The cells were then incubated with 50 µL of NucBlue® fixed cell 

probe (LifeTechnologies, R37606) to stain the nucleus. Slides were imaged using Zeiss 

710 laser scanning confocal microscope. 

 

3.3.7 Small interfering RNA (SiRNA) transfection and real-time polymerase chain 

reaction (RT-PCR) analysis 

MCF7 cells were seeded in 6-well plates in media without antibiotics until they reached 

40% confluence. Cells were transfected on the following day using Lipofectamine 2000 

(Invitrogen, 11668-019). 300 pmol Cox-2/control siRNA (Santa Cruz Biotechnology, sc-
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29279 and sc-37007) was separately premixed with Lipofectamine 2000 for 20 min, and 

then applied to cells. 6 h following transfection, media was replaced with complete cell 

culture media. Protein levels were assessed by RT-PCR 24 h following transfection. Total 

RNA was isolated using Trizol (Invitrogen, 15596-026) and reverse transcription was 

performed using RNA to cDNA EcoDry™ Premix (Clontech, 639282). 10 ng of cDNA 

produced by the reverse transcription of total RNA was used in each quantitative PCR 

reaction. Also included in the 15 µL qPCR reaction system were 7.5 µL iQTM SYBR 

Supermix (Bio-Rad, 170-8882), 1 µL of 2 µM forward primer and 1 µL of 2 µM reverse 

primer and nuclease free water. The expression level of human COX-2 gene was 

normalized to the expression level of the housekeeping gene GAPDH. The primer 

sequences (Integrated DNA Technologies) of COX-2 are: 

Forward: 5’-CCAGCACTTCACGCATCAG-3’  

Reverse: 5’-CAGACCAGGCACCAGACC-3’  

The primer sequences of GAPDH are: 

Forward: 5′-AGAGCACAAGAGGAAGAGAGAGAC-3′  

Reverse: 5′-AGCACAGGGTACTTTATTGATGGT-3′ 

 

3.3.8 Statistical analysis  

MTT viability assay was performed on cells seeded in five different wells of a 24-well 

plate for each treatment condition (n=5). The qPCR and ELISA experiments were done in 

triplicate (n=3). The statistical significance was tested using unpaired Student t-test and 

the value of p is displayed in the figure where applicable.  
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3.4 Results  

3.4.1 Expression of death receptors in BT20 and MCF7 spheroids 

BT20 and MCF7 spheroids expressed lower levels of death receptors (DR4 and DR5) in 

comparison to monolayer cells (Figure 3.1). Confocal micrographs indicated a strong 

staining for surface death receptor expression in BT20 (DR4 and DR5) and MCF7 cells 

(DR4 only) cultured as a monolayer and a weak or no staining in BT20 (weak for DR4 

and no staining for DR5) and MCF7 (no staining for either DR4 or DR5) cells cultured as 

3D tumor spheroids (Figure 3.1A). We also stained the cells for EpCAM expression and 

the confocal micrographs showed that there was no change in surface expression of 

EpCAM when cells were cultured as 3D spheroids (Figure 3.1A). Flow cytometry 

analysis revealed that BT20 cells cultured as a monolayer expressed ~5.4 fold higher 

DR4 when compared to BT20 cells cultured as spheroids (Figure 3.1B). BT20 cells 

cultured a monolayer expressed DR5 whereas BT20 cells cultured as spheroids did not 

express DR5 (Figure 3.1B). Similarly, MCF7 monolayer cells expressed DR4 whereas 

MCF7 spheroid cells did not express DR4 (Figure 3.1B). MCF7 cells did not express 

DR5 (Figure 3.1B). Western blot analysis of whole cell lysate confirmed the flow 

cytometry results (Figure 3.1C).   
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Figure 3.1: Expression of death receptors in BT20 and MCF7 cells cultured as 3D 
spheroids and 2D monolayer: (A.) Confocal micrographs of BT20 and MCF7 cells 
cultured as 3D spheroids and 2D monolayer stained with antibodies against DR4 (red), 
DR5 (red) and EpCAM (green). (Scale bar = 20 µm) (B.) Flow cytometry histograms 
comparing DR4 and DR5 expression in BT20 and MCF7 spheroids and monolayer. (C.) 
Western blot analysis of total DR4 and DR5 expression in cell lysates from BT20 and 
MCF7 spheroids and monolayer. 
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BT20 and MCF7 cells cultured as tumor spheroids were more resistant to TRAIL-

mediated apoptosis when compared to BT20 and MCF7 cells cultured as a monolayer. 

Flow cytometry scatterplots from apoptosis detection assay showed that 3.42% of BT20 

cells and 5.60% of MCF7 cells cultured as tumor spheroids were in late apoptosis stage 

(upper right quadrant) as opposed to 14.34% of BT20 cells and 15.93% of MCF7 cells 

cultured as a monolayer (Figure 3.2A and 3.2B). Note that BT20 and MCF7 cells are 

resistant to TRAIL and they become more resistant when cultured in 3D. The bright field 

images also indicate that monolayer cells treated with 200ng/mL of TRAIL show 

morphological changes characteristic of apoptosis (more rounded and suspended) 

whereas cells cultured as tumor spheroids were more resistant to TRAIL-mediated 

apoptosis (Figure 3.2C and 3.2D) with most of the cells viable (spread out and adherent) 

after TRAIL treatment. Untreated BT20 and MCF7 cells cultured as a monolayer and 

tumor spheroids are shown for comparison (Figure 3.2C and 3.2D). 
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Figure 3.2: TRAIL-mediated apoptosis in BT20 and MCF7 cells as 3D spheroids 
and 2D monolayer: Flow cytometry Annexin-V/ propidium iodide scatterplots of 
untreated and 200 ng/mL of TRAIL treated (A.) BT20 and (B.) MCF7 cells cultured as 
3D spheroids and 2D monolayer 24h after treatment conditions. Cells can be classified 
into four groups based on dye uptake: viable cells (lower left quadrant), early apoptotic 
cells (lower right quadrant), late apoptotic cells (upper right quadrant) and necrotic cells 
(upper left quadrant). Bright field images of untreated and 200ng/mL TRAIL treated (C.) 
BT20 and (D.) MCF7 cells from spheroid and monolayer culture after 24h after treatment 
conditions. 
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3.4.2 Breast cancer stem cell phenotype in BT20 and MCF7 spheroids  

BT20 and MCF7 cells cultured as tumor spheroids were enriched for 

CD44hiCD24loALDH1hi cells in comparison to cells cultured as a monolayer (Figure 

3.3). BT20 cells cultured as spheroids had 22.3% CD44hiCD24lo cells as opposed to 

0.12% of CD44hiCD24lo cells in BT20 cells cultured as a monolayer (Figure 3.3A). BT20 

spheroids also showed a higher level of ALDH1 activity in comparison to BT20 

monolayer. The ALDH1hi cells were predominantly CD44hiCD24lo in BT20 spheroids 

(43.7% of CD44hiALDH1hi cells and 72.1% of CD24loALDH1hi cells). In comparison, 

ALDH1hi cells were predominantly CD44loCD24hi in BT20 monolayer. Taken together, 

these results indicate that BT20 cells cultured as spheroids show increased expression of 

breast cancer stem cell markers. A similar trend was observed for MCF7 cells cultured as 

spheroids. MCF7 spheroids had 31.7% of CD44hiCD24lo cells as opposed to 5.11% of 

CD44hiCD24lo cells in MCF7 monolayer (Figure 3.3B). Similarly, MCF7 spheroids had a 

higher level of ALDH1 activity and most of the ALDH1hi cells had a D44hiCD24lo 

phenotype (Figure 3.3B).   
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Figure 3.3: Characterization of breast cancer stem cell phenotype in BT20 and 
MCF7 cells cultured as 3D spheroids and 2D monolayer: Flow cytometry histograms 
indicating the expression of CD44, CD24 and ALDH1 in (A.) BT20 spheroid and 
monolayer cells and (B.) MCF7 spheroid and monolayer cells. 
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3.4.3 Expression of death receptors in breast cancer stem cells 

Given the prevalence of CD44hiCD24lo cells in BT20 and MCF7 cells cultured as 

spheroids and since most of the CD44hiCD24lo cells showed high ALDH1 activity, we 

isolated CD44hiCD24lo BT20 cells cultured as 3D tumor spheroids using fluorescence 

activated cell sorting. The CD44hiCD24lo cells were collected in one collection tube and 

the rest of the cells were collected as a separate population and are termed non-stem like 

cells. Flow cytometric analysis of CD44hiCD24lo cells revealed that they had no 

detectable expression of DR4 to initiate TRAIL-mediated apoptosis (Figure 3.4A). The 

expression of DR4 was slightly higher in non-stem like cells in comparison to unsorted 

BT20 spheroid cells. Note that BT20 cells cultured as tumor spheroids do not express 

DR5 (Figure 3.1) and MCF7 spheroids do not express either DR4 or DR5 (Figure 3.1). 

Thus the lower expression of DR4 in BT20 tumor spheroids is a synergistic effect of the 

lack of DR4 expression in CD44hiCD24lo and DR4 expression in non-stem like cells. 

Western blotting of whole cell lysate confirmed the flow cytometry observations (Figure 

3.4B). BT20 cells cultured as a monolayer showed the maximum expression of DR4, 

followed by non-stem like cells sorted from 3D spheroids, unsorted spheroid cells and 

CD44hiCD24lo spheroid cells in decreasing order. 
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Figure 3.4: Expression of death receptors in stem like cells isolated from BT20 
spheroids: (A.) Confocal micrographs of FACS sorted CD44hiCD24lo cells from BT20 
and MCF7 spheroids stained with FITC conjugated CD44 antibody and PE conjugated 
CD24 antibody  (Scale bar= 50 µm) (B.) Bright field images of CD44hiCD24lo and non-
stem like cells from BT20 and MCF7 spheroids (C.) Flow cytometry histograms 
comparing the expression of death receptors in FACS sorted cells and monolayer cells. 
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3.4.4 Activity of COX-2/PGE2 pathway in BT20 and MCF7 spheroids  

Recently, we showed that BT20 and MCF7 spheroids are hypoxic and express the 

hypoxia inducible factors HIF-1α and HIF-1β [22]. One of the direct downstream targets 

of HIF-1α and HIF-1β is COX-2. RT-PCR analysis revealed ~2.2 and ~5.4 fold increased 

gene expression of COX-2 in BT20 and MCF7 cells cultured as spheroids in comparison 

to their monolayer counterparts (Figure 3.5A). Western blotting of whole cell lysate 

revealed that BT20 and MCF7 spheroids had more COX-2 protein when compared to 

BT20 and MCF7 monolayer (Figure 3.5B).  Assaying media conditioned by BT20 and 

MCF7 cells cultured as spheroids and monolayer for PGE2 levels indicated a significant 

increase in tumor spheroid conditioned media (1301.33 pg/mL and 1374.377 pg/mL in 

BT20 and MCF spheroid conditioned media, respectively) in comparison to media 

conditioned by monolayer cells (184.36 pg/mL and 112.465 pg/mL in BT20 and MCF 

monolayer conditioned media, respectively) (Figure 3.5C).  
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Figure 3.5: Activity of COX-2/PGE2 pathway in BT20 and MCF7 spheroids. (A.) 
qPCR data showing fold change in COX-2 gene expression in BT20 and MCF7 spheroids 
in comparison to monolayer cells (n=3). Bars represent mean + standard deviation. (B.) 
Western blot data indicating the expression of COX-2 protein in whole cell lysates from 
BT20 and MCF7 cells cultured as spheroids and monolayer (C.) ELISA results for PGE2 
level in media conditioned by BT20 and MCF7 cells cultured as spheroids and monolayer 
(n=3). Bars represent mean + standard deviation. 
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3.4.5 Effect of COX-2 inhibitor treatment on BT20 and MCF7 spheroids  

Since the COX-2/PGE2 pathway is upregulated in BT20 and MCF7 spheroids, the effect 

of COX-2 inhibitor in reversing the observed TRAIL-resistance and stem cell phenotype 

in tumor spheroids was investigated. BT20 and MCF7 spheroids were treated with NS-

398, a COX-2 specific inhibitor. NS-398 treatment was found to increase the expression 

of DR4 and DR5 in BT20 spheroids and MCF7 spheroids (Figure 3.6A and 3.6B).  Flow 

cytometry histograms indicate an increase in the expression of DR4 and DR5 in spheroid 

grown cells (Figure 3.6A) upon NS-398 treatment. Western blotting was used to confirm 

the results obtained from flow cytometry (Figure 3.6B). NS-398 treatment also decreased 

the incidence of CD44hiCD24lo cells in BT20 and MCF7 spheroids (Figure 3.6C). NS-

398 treated BT20 and MCF7 spheroids had 0.52% and 3.66% of CD44hiCD24lo cells, 

respectively, in comparison to 18.9% and 26% of CD44hiCD24lo cells, respectively, in 

untreated samples (Figure 3.6C). MTT assay revealed that combined NS-398 and 

TRAIL treatment significantly reduced the viability of BT20 and MCF7 spheroids 

(Figure 3.7).  The assay was normalized with respect to DMSO treated control (vehicle 

for NS-398). BT20 spheroids were sensitized to TRAIL-mediated apoptosis when treated 

with NS-398 (Figure 3.7A). Similarly, MCF7 spheroids were also sensitized to TRAIL-

mediated apoptosis when treated with NS-398 (Figure 3.7B). NS-398 treatment alone for 

24 h had a significant effect on the viability BT20 cells cultured in monolayer form and 

spheroid form, and MCF7 cells cultured as a monolayer (Figure 3.7). However, the 

viability was drastically reduced when cells were subjected to combined treatment with 

NS-398 and TRAIL. ELISA analysis of media conditioned by NS-398 treated BT20 and 
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MCF7 spheroids for PGE2 concentration revealed that PGE2 levels were lower than the 

detection limit of the kit (31.3 pg/mL). 

 

 

 

 

Figure 3.6: Effect of COX-2 inhibitor treatment on death receptor expression and 
cancer stem cell phenotype: (A.) Flow cytometry histograms showing the effect of 100 
µM NS-398 treatment on death receptor expression in BT20 and MCF7 cells cultured as 
spheroids. (B.) Western blot analysis of whole cell lysates from untreated and NS-398 
treated BT20 and MCF7 spheroids for DR4 and DR5 expression. (C.) Flow cytometry 
scatter plots showing the effect of NS-398 treatment on the prevalence of CD44hiCD24lo 
population in BT20 and MCF7 cells cultured as spheroids. 
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Figure 3.7: Effect of COX-2 inhibitor treatment on TRAIL-mediated apoptosis. 
MTT assay results quantifying the viability of BT20 and MCF7 cells under different 
treatment conditions (n=5). Bars represent mean + standard deviation. 
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3.4.6 Effect of siRNA mediated COX-2 knockdown in MCF7 cells 

Since MCF7 spheroids had ~5.4 fold increased COX-2 gene expression (Figure 3.5A), 

we knocked down the expression of COX-2 in MCF7 cells using siRNA against COX-2. 

RT-PCR results revealed that there was a complete knockdown of COX-2 gene 

expression in cells transfected with COX-2 siRNA in comparison to cells transfected with 

control siRNA (Figure 3.8A). Western blot analysis revealed reduced expression of 

COX-2 protein in transfected cells (Figure 3.8A). COX-2 siRNA transfected cells 

indicated a significant upregulation of surface DR4 and DR5 expression in both 

monolayer and spheroid culture (Figure 3.8B). However, cells transfected with control 

siRNA showed no changed in the expression of surface DR4 or DR5 when cultured as 

tumor spheroids (Figure 3.8B). Western blot analysis also revealed upregulation of DR4 

and DR5 in MCF7 cells transfected with COX-2 siRNA when cultured as a monolayer 

and tumor spheroids (Figure 3.8C). COX-2 and control siRNA transfected MCF7 cells 

were then treated with 200 ng/mL TRAIL. Bright field images indicated that control 

siRNA treated cells cultured as a monolayer were sensitive to TRAIL-mediated apoptosis 

whereas cells cultured as tumor spheroids were resistant to TRAIL-mediated apoptosis 

(Figure 3.8C).  MCF7 cells transfected with COX-2 siRNA were the most susceptible to 

TRAIL-mediated apoptosis in both monolayer and spheroid culture conditions (Figure 

3.8D). MTT assay further revealed a significant reduction in cellular viability in MCF7 

cells transfected with COX-2 siRNA after 24 h of TRAIL treatment (Figure 3.8E).  The 

effect of COX-2 mediated downregulation of DR4 and DR5 in 3D is lost in siRNA-

transfected cells, which is evident by similar sensitivity to TRAIL-mediated apoptosis in 

transfected cells irrespective of monolayer or spheroid culture (Figure 3.8E).  Assaying 
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the media conditioned by COX-2 siRNA transfected MCF7 spheroids for PGE2 level 

revealed that it was below the detection limit of 31.3 pg/mL. 

 

 

 

 

 

Figure 3.8: Effect of COX-2 knockdown on MCF7 cells: (A.) qPCR and western blot 
data showing the relative expression of COX-2 gene (n=3) and COX-2 protein in control 
siRNA and COX-2 siRNA transfected MCF7 cells. Bars represent mean + standard 
deviation. (B.) Flow cytometry histograms and (C.) Western blot analysis comparing the 
expression of DR4 in MCF7 cells transfected with control siRNA and COX-2 siRNA 
cultured as monolayer and spheroids. (D.) Bright field images and (E.) MTT assay results 
(n=5) quantifying the effect of 200 ng/mL of TRAIL in control siRNA and COX-2 
siRNA transfected cells cultured as monolayer and spheroids. Bars represent mean + 
standard deviation.  
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3.5 Discussion 

It has been estimated that one million cells are shed per gram of tumor per day into the 

peripheral circulation [30]. If the majority of these cells possessed the capacity to 

metastasize, metastatic disease would be unavoidable. However, hematogenous 

metastasis is considered to be a relatively inefficient process because the fluid shear 

stress [31,32] and natural killer cell mediated response [33] can result in the death  of the 

majority of cancer cells present in the circulation. Despite the presence of these factors, 

cancer cells do in fact metastasize and 90% of all cancer related deaths are attributed to 

metastases at distant sites. Natural killer cells in the circulation are known to induce 

cytotoxicity in cancer cells in circulation and this is primarily mediated by TRAIL [34]. 

TRAIL has been investigated as a potential therapeutic agent because of its ability to 

induce apoptosis in cancer cells expressing death receptors that initiate TRAIL-mediated 

apoptosis and has an advantage over other drugs used for targeting cancer cells because it 

is a molecule involved in body’s natural defense mechanism [4,13,35,36]. It has been 

shown that sensitivity to TRAIL is anchorage-dependent [37,38] suggesting that 

anchorage-independent circulating tumor cells may have altered response to TRAIL in 

comparison to anchorage-dependent cells from the primary tumor. Hence, it is important 

to study and understand the underlying mechanism behind TRAIL-resistance exhibited 

by cancer cells in the circulation.  

 

We have developed an in vitro cell culture technique to propagate cancer cells as tumor 

spheroids on PDMS [20–22]. The hydrophobic PDMS hinders cells adhering to the 
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substrate and favors cell-cell adhesion favoring the propagation of cells as 3D spheroids. 

The pathophysiological gradients in a primary tumor are more closely recapitulated in a 

tumor spheroid, making them a useful platform for investigating different aspects of the 

metastatic cascade. The pathophysiological gradients in 3D melanoma spheroid model 

have been shown to induce a TRAIL-resistant phenotype in melanoma spheroids [39]. 

The 3D skin-melanoma model was shown to be resistant to TRAIL in comparison to 2D 

culture and combination treatment with ultra-violet radiation or cisplatin rendered 

spheroids sensitive to TRAIL [39]. We have previously shown that BT20 and MCF7 cells 

form tightly packed spheroids on PDMS [22]. Cells that are shed from the primary tumor 

have left the 3D microenvironment which is known to play an important role determining 

the fate of the cell in circulation such as their ability to survive apoptosis-inducing signals 

from circulating immune cells. To mimic this physiological scenario, BT20 and MCF7 

cells were cultured as tumor spheroids and then dissociated to investigate their response 

to TRAIL. These two cell lines are of particular interest because we recently showed that 

BT20 and MCF7 spheroids had increased invasiveness and interaction with E-selectin 

that mediate the hematogenous metastatic cascade [22]. MCF7 cells have shown to be 

resistant to TRAIL-mediated apoptosis [40] and studies have been focused on sensitizing 

MCF7 cells to TRAIL-mediated apoptosis [41,42].  BT20 cells have also been shown to 

be resistant to TRAIL owing to a lower degree of activation of pro-apoptotic caspases 

upon TRAIL treatment [43]. Thus BT20 and MCF7 cells have a TRAIL-resistant 

phenotype and we investigated if cells cultured as 3D spheroids possess a more TRAIL-

resistant phenotype.    
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BT20 and MCF7 spheroids had a lower expression of the surface death receptors that 

initiate TRAIL-mediated apoptosis (Figure 3.1), they were more resistant to TRAIL, and 

showed increased viability when compared to cells cultured as a monolayer (Figure 3.2). 

The apoptosis assay is based on the ability of Annexin-V (early apoptosis detection) to 

bind to exposed phospholipids of the inner leaflet of the plasma membrane. 

Phosphatidylserine (PS) is translocated from the inner to the outer membrane of a cell in 

early stages of apoptosis. Annexin-V is a protein that can bind (conjugate to PS) and a 

cell that is positive for Annexin-V is considered to be in early stages of apoptosis. 

Propidium Iodide (PI) is a membrane-impermeable DNA intercalating agent, generally 

excluded from viable cells. Late apoptotic cells and necrotic cells with compromised 

plasma membrane can be stained with PI. A cell that is positive for both Annexin-V and 

PI is considered to be in late stages of apoptosis and a cell that is positive for only PI is 

considered to be necrotic. The results revealed that the percentage of TRAIL-treated 

monolayer cells in the later stages of apoptosis was significantly more in comparison to 

TRAIL-treated spheroid cells (Figure 3.2A and 3.2C).  

 

Primary tumors are known to be heterogeneous with subpopulations of cells with 

different properties. Cancer stem cells are a subpopulation of cells with the ability to self-

renew and differentiate into different types of cancer cell [44]. There are distinct markers 

to identify cancer stem cells in several types of cancers. CD44hiCD24loALDH1hi cells are 

known to be markers for cancer stem cells in breast cancer [45,46]. CD44 is a 

glycoprotein that mediates the interaction of cancer cells to E-selectin expressed on 

endothelial cells. CD24 is also a cell adhesion protein that mediates cell-extracellular 
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matrix interactions. ALDH1 is an enzyme that is a functional marker for adult stem cells 

and high activity of ALDH1 has been used to identify breast cancer stem cells. We 

showed tumor spheroids were enriched for cells with breast cancer stem cell phenotype 

(CD44hiCD24loALDH1hi) (Figure 3.3). Cancer cells with a stem cell phenotype are 

considered to be more resistant to conventional chemotherapy owing to their expression 

of multi-drug resistant receptors [47–49]. The results showed that CD44hiCD24lo cells 

isolated from BT20 spheroids do not express DR4 to initiate TRAIL-mediated apoptosis 

(Figure 3.4). The lower DR4 expression in BT20 spheroids is a combined result of non-

stem like cells expressing DR4 and CD44hiCD24lo cells lacking DR4 expression. 

 

The hypoxic microenvironment in a primary tumor results in the expression of hypoxia 

inducible factors, a set of transcription factors that have been shown to drive the growth 

of slow dividing subpopulations of hypoxic cells with cancer stem cell phenotype [50]. 

One of the important downstream targets of hypoxia inducible factor is COX-2. COX-2 

overexpression has been previously shown to downregulate the expression of death 

receptors in colon cancer cells [29] and favor chemoresistance exhibited by MCF7 cells 

[51]. COX-2 inhibition has been shown to increase death receptor expression and make 

hepatocellular cancer cells susceptible to TRAIL-mediated apoptosis [28,52]. However, 

to date, the underlying mechanism of COX-2 mediated downregulation of death receptor 

remains unknown [29]. Recently, PGE2 expression by stromal cells has been shown to 

induce stem cell phenotype in breast cancer [53]. However, PGE2 alone cannot induce 

stem cell phenotype and IL-6 secreted by tumor-derived fibroblasts play a key role in the 

expansion of aggressive stem cell subpopulation [54]. It has been show that PGE2 in 
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combination with IL-6 secreted by tumor-derived fibroblast can increase the incidence of 

stem-like cells in breast cancer cells [54]. We identified that the COX-2/PGE2 pathway 

was upregulated in tumor spheroids (Figure 3.5). The basal expression of COX-2 in 

BT20 and MCF7 monolayers (Figure 3.5B) could possibly explain the TRAIL-resistant 

phenotype of BT20 and MCF7 cells. The results show very low response to a high 

concentration of TRAIL (200 ng/mL) in BT20 and MCF7 monolayer cells (~15-19% cell 

death), indicative of a TRAIL-resistant phenotype. Upregulation of COX-2 in tumor 

spheroids could further enhance the TRAIL resistance in BT20 and MCF7 spheroids. NS-

398, a COX-2 inhibitor was able to reverse TRAIL-resistance and stem cell phenotype in 

BT20 and MCF7 spheroids (Figure 3.6). NS-398 has been previously shown to 

selectively inhibit COX-2 expression in cancer cells [51,54–56]. Combined treatment 

with NS-398 and TRAIL was able to induce apoptosis in BT20 and MCF7 spheroid and 

monolayer cells by upregulating the expression of death receptor (Figure 3.7).  siRNA-

mediated knockdown of COX-2 drastically altered the responsiveness of MCF7 cells to 

TRAIL (Figure 3.8). COX-2 siRNA-transfected MCF7 cells were more sensitive to 

TRAIL than control siRNA transfected MCF7 cells, which confirms the role of COX-2 in 

inducing TRAIL-resistant phenotype.  

 

Identifying molecular targets to overcome drug resistance can be of great significance in 

cancer therapy. Recently, the NF-κB pathway was identified as a molecular target 

responsible for stem cell phenotype and drug resistance in pancreatic, lung and breast 

cancer [57]. The paradoxical cell-cell interactions and several factors in the tumor 

microenvironment can result in constant evolution of cell subpopulations resistant to 



! 85 

conventional therapies designed to target the tumor [15]. Engineering host immune cells 

to target cancer cells are becoming more popular because of their inherent ability to 

protect host cells [58,59]. This has led to several studies investigating the potential of 

augmenting the therapeutic efficacy of immune cells such as T-cells [60], NK cells [61], 

dendritic cells [62] etc. TRAIL ligand secreted by NK cells and T-cells, is known to 

preferentially kill cancer cells. Normal non-transformed cells are resistant to TRAIL [63], 

making it an attractive candidate for therapeutic use. We recently showed the potential 

application of TRAIL functionalized liposomes to augment immune cells in the 

circulatory [64] and lymphatic systems [65] to target cancer cells in the circulation. Thus, 

it is important to investigate the TRAIL-resistant phenotype of cancer cells in circulation. 

To mimic the physiological process we cultured cancer cells as 3D spheroids and 

dissociated them to evaluate their response to TRAIL-mediated apoptosis. we showed 

that BT20 and MCF7 spheroids become more resistant to TRAIL when grown in 3D 

spheroid form. Recently we showed that BT20 and MCF7 cells cultured as tumor 

spheroids on PDMS expressed HIF-1α and HIF-1β [22]. Hypoxia-inducible factors 

regulate COX-2/PGE2 pathway in cancer cells [66] and cancer stem cell maintenance 

[54]. The results indicate that knocking down the expression of COX-2 by either using a 

COX-2 selective inhibitor or COX-2 siRNA, reversed TRAIL-resistant phenotype and 

the incidence of cells with stem cell phenotype in breast cancer spheroids. Taken 

together, this suggests that hypoxia induced COX-2/PGE2 upregulation in 3D could 

render cells more resistant to TRAIL-mediated apoptosis by lowering the expression of 

death receptors. The COX-2/PGE2 signaling pathway along with hypoxic conditions in 

3D may also favor a subpopulation of cells with cancer stem cell phenotype that is more 
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resistant to TRAIL than non-stem like cells (Figure 3.9). Thus, combination therapy 

using COX-2 inhibitor and TRAIL may be used as a treatment strategy for targeting 

TRAIL-resistant cells in circulation. 

 

 

Figure 3.9: The proposed mechanism behind TRAIL-resistance in tumor spheroids. 
Hypoxic conditions trigger HIF-1α, upregulating the expression of COX-2, which is 
involved in the biosynthesis pathways of PGE2 from Arachidonic acid. Hypoxic 
conditions and PGE2 signaling together favor cells with breast cancer stem cell phenotype 
and lowers the expression of surface death receptors conferring resistance to TRAIL-
mediated apoptosis in 3D. 
 

3.6 Conclusions 

The majority of currently available data on TRAIL-resistance exhibited by cancer cell 

lines is based on conventional 2D monolayer cell culture. However, primary tumors exist 

in a 3D microenvironment that allows for cell-cell interactions in physiologically relevant 

gradients in factors such as glucose, oxygen and growth factors. As a result, 3D cell 

culture for cancer has gained significant attention in the past decade to investigate several 

facets of tumor progression such as invasiveness, resistance to drugs, the presence of 

cancer stem cells, etc. The dimensionality of a primary tumor can be replicated in vitro 

using a range of cell culture platforms that are currently being used for 3D cell culture. 

The proposed approach is a simple one based on the use of biocompatible PDMS 
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polymer to propagate cancer cells as 3D spheroids. In this work, we showed that 

combination treatment using a COX-2 selective inhibitor and TRAIL could significantly 

reduce the viability of TRAIL-resistant breast cancer cells. 

 

Bibliography 

1. Geng Y, Marshall JR, King MR. Glycomechanics of the Metastatic Cascade: Tumor 
Cell–Endothelial Cell Interactions in the Circulation. Ann Biomed Eng 2012;40:790–
805.  

2. Li J, King MR. Adhesion receptors as therapeutic targets for circulating tumor cells. 
Front Oncol 2012;2:79.  

3. Pantel K, Brakenhoff RH. Dissecting the metastatic cascade. Nat Rev Cancer 
2004;4:448–56.  

4. Shi J, Zheng D, Man K, Fan S, Xu R. TRAIL: a potential agent for cancer therapy. 
Curr Mol Med 2003;3:727–36.  

5. Kruyt FAE. TRAIL and cancer therapy. Cancer Lett 2008;263:14–25.  
6. Hall MA, Cleveland JL. Clearing the TRAIL for Cancer Therapy. Cancer Cell 

2007;12:4–6.  
7. Falschlehner C, Emmerich CH, Gerlach B, Walczak H. TRAIL signalling: Decisions 

between life and death. Int J Biochem Cell Biol 2007;39:1462–75.  
8. Szliszka E, Mazur B, Zydowicz G, Czuba ZP, Król W. TRAIL-induced apoptosis and 

expression of death receptor TRAIL-R1 and TRAIL-R2 in bladder cancer cells. Folia 
Histochem Cytobiol 2009;47:579–85.  

9. Zhang Y, Zhang B. TRAIL resistance of breast cancer cells is associated with 
constitutive endocytosis of death receptors 4 and 5. Mol Cancer Res 2008;6:1861–71.  

10. Zhang L, Fang B. Mechanisms of resistance to TRAIL-induced apoptosis in cancer. 
Cancer Gene Ther 2005;12:228–37.  

11. Xu J, Zhou JY, Wei WZ, Wu GS. Activation of the Akt survival pathway contributes 
to TRAIL resistance in cancer cells. PLoS One 2010;5.  

12. LeBlanc HN, Ashkenazi A. Apo2L/TRAIL and its death and decoy receptors. Cell 
Death Differ 2003;10:66–75.  

13. Abdulghani J, El-Deiry WS. TRAIL receptor signaling and therapeutics. Expert Opin 
Ther Targets 2010;14:1091–108.  

14. Van Geelen CMM, Pennarun B, Boerma-Van W, Le PTK, Spierings DCJ, De Vries 
EGE, et al. Downregulation of active caspase 8 as a mechanism of acquired TRAIL 
resistance in mismatch repair-proficient colon carcinoma cell lines. Int J Oncol 
2010;37:1031–41. d 

15. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell 
2011;144:646–74.  

16. Chandrasekaran S, King MR. Gather Round: In vitro tumor spheroids as improved 
models of in vivo tumors. J Bioeng Biomed Sci 2012;2.  



! 88 

17. Hirschhaeuser F, Menne H, Dittfeld C, West J, Mueller-Klieser W, Kunz-Schughart 
LA. Multicellular tumor spheroids: an underestimated tool is catching up again. J 
Biotechnol 2010;148:3–15.  

18. Robertson FM, Ogasawara MA, Ye Z, Chu K, Pickei R, Debeb BG, et al. Imaging 
and analysis of 3D tumor spheroids enriched for a cancer stem cell phenotype. J 
Biomol Screen 2010;15:820–9.  

19. Zhang S, Mercado-Uribe I, Xing Z, Sun B, Kuang J, Liu J. Generation of cancer 
stem-like cells through the formation of polyploid giant cancer cells. Oncogene 
2013:1–13.  

20. Chandrasekaran S, Giang UBT, King MR, DeLouise LA. Microenvironment induced 
spheroid to sheeting transition of immortalized human keratinocytes (HaCaT) 
cultured in microbubbles formed in polydimethylsiloxane. Biomaterials 
2011;32:7159–68.  

21. Chandrasekaran S, DeLouise LA. Enriching and characterizing cancer stem cell sub-
populations in the WM115 melanoma cell line. Biomaterials 2011;32:9316–27.  

22. Chandrasekaran S, Geng Y, Delouise LA, King MR. Effect of homotypic and 
heterotypic interaction in 3D on the E-selectin mediated adhesive properties of breast 
cancer cell lines. Biomaterials 2012:1–12.  

23. Geng Y, Chandrasekaran S, Hsu JW, Gidwani M, Hughes AD, King MR. Phenotypic 
switch in blood: effects of pro-inflammatory cytokines on breast cancer cell 
aggregation and adhesion. PLoS One 2013;8:e54959.  

24. Subarsky P, Hill RP. The hypoxic tumour microenvironment and metastatic 
progression. Clin Exp Metastasis 2003;20:237–50.  

25. Philip B, Ito K, Moreno-Sánchez R, Ralph SJ. HIF expression and the role of hypoxic 
microenvironments within primary tumours as protective sites driving cancer stem 
cell renewal and metastatic progression. Carcinogenesis 2013;34:1699–707.  

26. Kaidi A, Qualtrough D, Williams AC, Paraskeva C. Direct Transcriptional Up-
regulation of Cyclooxygenase-2 by Hypoxia-Inducible Factor (HIF)-1 Promotes 
Colorectal Tumor Cell Survival and Enhances HIF-1 Transcriptional Activity during 
Hypoxia. Cancer Res 2006;66 :6683–91.  

27. Greenhough A, Smartt HJM, Moore AE, Roberts HR, Williams AC, Paraskeva C, et 
al. The COX-2/PGE2 pathway: key roles in the hallmarks of cancer and adaptation to 
the tumour microenvironment. Carcinogenesis 2009;30:377–86. 

28. Kern MA, Haugg AM, Koch AF, Schilling T, Breuhahn K, Walczak H, et al. 
Cyclooxygenase-2 inhibition induces apoptosis signaling via death receptors and 
mitochondria in hepatocellular carcinoma. Cancer Res 2006;66:7059–66.  

29. Tang X, Sun YJ, Half E, Kuo MT, Sinicrope F. Cyclooxygenase-2 overexpression 
inhibits death receptor 5 expression and confers resistance to tumor necrosis factor-
related apoptosis-inducing ligand-induced apoptosis in human colon cancer cells. 
Cancer Res 2002;62:4903–8. 

30. Bockhorn M, Jain RK, Munn LL. Active versus passive mechanisms in metastasis: do 
cancer cells crawl into vessels, or are they pushed? Lancet Oncol 2007;8:444–8.  

31. Mitchell MJ, King MR. Fluid shear stress sensitizes cancer cells to receptor-mediated 
apoptosis via trimeric death receptors. New J Phys 2013;15:015008.  



! 89 

32. Rana K, Liesveld JL, King MR. Delivery of apoptotic signal to rolling cancer cells: a 
novel biomimetic technique using immobilized TRAIL and E-selectin. Biotechnol 
Bioeng 2009;102:1692–702.  

33. Cavallo F, De Giovanni C, Nanni P, Forni G, Lollini P-L. 2011: the immune 
hallmarks of cancer. Cancer Immunol Immunother 2011;60:319–26.  

34. Zamai L, Ponti C, Mirandola P, Gobbi G, Papa S, Galeotti L, et al. NK cells and 
cancer. J Immunol 2007;178:4011–6. 

35. Yagita H, Takeda K, Hayakawa Y, Smyth MJ, Okumura K. TRAIL and its receptors 
as targets for cancer therapy. Cancer Sci 2004;95:777–83. 

36. Nagane M, Huang HJ, Cavenee WK. The potential of TRAIL for cancer 
chemotherapy. Apoptosis 2001;6:191–7. 

37. Lane D, Cartier A, Rancourt C, Piché A. Cell detachment modulates TRAIL 
resistance in ovarian cancer cells by downregulating the phosphatidylinositol 3-
kinase/Akt pathway. Int J Gynecol Cancer 2008;18:670–6.  

38. Kočí L, Hýžd’alová M, Vaculová A, Hofmanová J, Kozubík A. Detachment-
mediated resistance to TRAIL-induced apoptosis is associated with stimulation of the 
PI3K/Akt pathway in fetal and adenocarcinoma epithelial colon cells. Cytokine 
2011;55:34–9.  

39. Vörsmann H, Groeber F, Walles H, Busch S, Beissert S, Walczak H, et al. 
Development of a human three-dimensional organotypic skin-melanoma spheroid 
model for in vitro drug testing. Cell Death Dis 2013;4:e719.  

40. Sanlioglu AD, Dirice E, Aydin C, Erin N, Koksoy S, Sanlioglu S. Surface TRAIL 
decoy receptor-4 expression is correlated with TRAIL resistance in MCF7 breast 
cancer cells. BMC Cancer 2005;5:54.  

41. Cui DD, Huang Y, Mao SH, Chen SC, Qiu M, Ji LL, et al. Synergistic antitumor 
effect of TRAIL and adriamycin on the human breast cancer cell line MCF-7. Braz J 
Med Biol Res 2009;42:854–62.  

42. Muñoz-Pinedo C, Ruiz-Ruiz C, Ruiz de Almodóvar C, Palacios C, López-Rivas A. 
Inhibition of glucose metabolism sensitizes tumor cells to death receptor-triggered 
apoptosis through enhancement of death-inducing signaling complex formation and 
apical procaspase-8 processing. J Biol Chem 2003;278:12759–68.  

43. Rahman M, Davis SR, Pumphrey JG, Bao J, Nau MM, Meltzer PS, et al. TRAIL 
induces apoptosis in triple-negative breast cancer cells with a mesenchymal 
phenotype. Breast Cancer Res Treat 2009;113:217–30.  

44. Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, cancer, and cancer stem 
cells. Nature 2001;414:105–11.  

45. Paredes J, Cameselle-Teijeiro JF, Ricardo S, Vieira AF, Schmitt F, Gerhard R, et al. 
Breast cancer stem cell markers CD44, CD24 and ALDH1: expression distribution 
within intrinsic molecular subtype. J Clin Pathol 2011;64:937–46.  

46. Gerhard R, Paredes J, Caetano P, Gomes M, Alvarenga CA, Schmitt F, et al. Cancer 
stem cells markers CD44, CD24 and ALDH1 in breast cancer special histological 
types. J Clin Pathol 2012.  

47. Dean M. ABC transporters, drug resistance, and cancer stem cells. J Mammary Gland 
Biol Neoplasia 2009;14:3–9.  

48. Dean M, Fojo T, Bates S. Tumour stem cells and drug resistance. Nat Rev Cancer 
2005;5:275–84.  



! 90 

49. Vinogradov S, Wei X. Cancer stem cells and drug resistance: the potential of 
nanomedicine. Nanomedicine 2012;7:597–615.  

50. Li Z, Rich JN. Hypoxia and hypoxia inducible factors in cancer stem cell 
maintenance. Curr Top Microbiol Immunol 2010;345:21–30. 

51. Zatelli MC, Luchin A, Tagliati F, Leoni S, Piccin D, Bondanelli M, et al. 
Cyclooxygenase-2 inhibitors prevent the development of chemoresistance phenotype 
in a breast cancer cell line by inhibiting glycoprotein p-170 expression. Endocr Relat 
Cancer 2007;14:1029–38.  

52. Yamanaka Y, Shiraki K, Inoue T, Miyashita K, Fuke H, Yamaguchi Y, et al. COX-2 
inhibitors sensitize human hepatocellular carcinoma cells to TRAIL-induced 
apoptosis. Int J Mol Med 2006;18:41–7. 

53. Klebba I, Gupta PB, Naber SP, Arendt LM, Hinds JW, Kuperwasser C, et al. 
Functional Heterogeneity of Breast Fibroblasts Is Defined by a Prostaglandin 
Secretory Phenotype that Promotes Expansion of Cancer-Stem Like Cells. PLoS One 
2011;6:e24605.  

54. Joki T, Heese O, Nikas DC, Bello L, Zhang J, Kraeft SK, et al. Expression of 
cyclooxygenase 2 (COX-2) in human glioma and in vitro inhibition by a specific 
COX-2 inhibitor, NS-398. Cancer Res 2000;60:4926–31. 

55. Totzke G, Schulze-Osthoff K, Jänicke RU. Cyclooxygenase-2 (COX-2) inhibitors 
sensitize tumor cells specifically to death receptor-induced apoptosis independently 
of COX-2 inhibition. Oncogene 2003;22:8021–30.  

56. Nakamoto N, Higuchi H, Kanamori H, Kurita S, Tada S, Takaishi H, et al. 
Cyclooxygenase-2 inhibitor and interferon-beta synergistically induce apoptosis in 
human hepatoma cells in vitro and in vivo. Int J Oncol 2006;29:625–35. 

57. Seguin L, Kato S, Franovic A, Camargo MF, Lesperance J, Elliott KC, et al. An 
integrin β₀-KRAS-RalB complex drives tumour stemness and resistance to EGFR 
inhibition. Nat Cell Biol 2014;16:457–68.  

58. Bhardwaj N. Harnessing the immune system to treat cancer. J Clin Invest 
2007;117:1130–6.  

59. Dougan M, Dranoff G. Immune therapy for cancer. Annu Rev Immunol 2009;27:83–
117.  

60. Restifo NP, Dudley ME, Rosenberg SA. Adoptive immunotherapy for cancer: 
harnessing the T cell response. Nat Rev Immunol 2012;12:269–81. 

61. Levy EM, Roberti MP, Mordoh J. Natural killer cells in human cancer: from 
biological functions to clinical applications. J Biomed Biotechnol 2011;2011:676198.  

62. Melief CJM. Cancer immunotherapy by dendritic cells. Immunity 2008;29:372–83.  
63. Van Dijk M, Halpin-McCormick a, Sessler T, Samali a, Szegezdi E. Resistance to 

TRAIL in non-transformed cells is due to multiple redundant pathways. Cell Death 
Dis 2013;4:e702.  

64. 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;2013:1–6. 

65. Chandrasekaran S, McGuire MJ, King MR. Sweeping lymph node micrometastases 
off their feet: an engineered model to evaluate natural killer cell mediated therapeutic 
intervention of circulating tumor cells that disseminate to the lymph nodes. Lab Chip 
2014.  



! 91 

66. Xue X, Shah YM. Hypoxia-inducible factor-2α is essential in activating the 
COX2/mkjPGES-1/PGE2 signaling axis in colon cancer. Carcinogenesis 
2013;34:163–9.  

 



! 92 

PART II:  
 
 
Chapter 4  
 
Microenvironment of tumor draining lymph nodes: 
Opportunities for liposome-based targeted therapy. 
!
Introduction for Chapters 5 and 6 
 
Portions of this Chapter were adapted from the review article 
 
Chandrasekaran S and King MR. Microenvironment of the tumor draining lymph nodes: 
Opportunities for liposome-based targeted therapy. International Journal of Molecular 
Sciences. 2014; 15(11):20209-20239. 
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4.1 Abstract 

The World Health Organization (WHO) recently reported that the total number of global 

cancer cases in 2013 reached 14 million, a 10% rise since 2008, while the total number of 

cancer deaths reached 8.2 million, a 5.2% increase since 2008. Metastasis is the major 

cause of death from cancer, accounting for 90% of all cancer related deaths. Tumor-

draining lymph nodes (TDLN), the sentinel nodes, are the first organs of metastasis in 

several types of cancers. The extent of metastasis in the TDLN is often used in disease 

staging and prognosis evaluation in cancer patients. Here, we describe the 

microenvironment of the TDLN and review the recent literature on liposome-based 

therapies directed to immune cells within the TDLN with the intent to target cancer cells 

 

4.2 Introduction 

Tumor-draining lymph nodes (TDLN) are the first organs of metastases in malignant 

melanomas [1], most carcinomas [2] and some sarcomas [3]. The presence of cancer cells 

in lymph nodes has been used as an important prognosticator in cancer patients 

[4,5,6,7,8]. Lymph nodes (LN) are lymphoid organs composed of different types of 

immune cells strategically positioned throughout the body and they play an important 

role in the immune response. Despite the presence of cells that can induce an anti-tumor 

immune response, the TDLN often act as a mediator of cancer cells leading to distant 

organ metastases. T-cells, B-cells, natural killer (NK) cells and antigen presenting cells 

(APC) are the majority of the immune cells present in the LN. Dendritic cells (DC) and 

macrophages comprise the major types of APC present in the LN [9]. Lymphatic vessels 

channel the fluid derived from the interstitial spaces of most tissues (lymph) containing 
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important biochemical information (such as proteins and macromolecules) regarding the 

local immune signature. LN are structures at which lymphatic vessels converge, giving an 

opportunity for lymph to interact with the resident immune cells to mediate an immune 

response. The immune system is composed of two separate yet interactive compartments: 

the innate and the adaptive immune systems. The innate immune system is the first line 

of defense that protects the body from pathogens that may cross physical barriers such as 

the skin and the mucosal layer [10]. It is composed of macrophages, eosinophils, 

basophils, neutrophils and granulocytes that can phagocytose pathogens based on their 

ability to recognize specific patterns on the pathogen surface [11]. The cells of the innate 

immune system can also secrete chemokines that can attract other immune cells such as 

natural killer (NK) cells that produce enzymes to kill pathogens. T- and B-cells mediate 

the adaptive immune response. They differ from cells of the innate immune response by 

their specificity and long-term memory capable of providing protection against a second 

encounter with the same pathogen [12]. The adaptive immune response can either be 

cellular (mediated by T-cells) or humoral (mediated by B-cells). To understand the 

homing of immune cells to LN and cellular traffic in LN, see Ref. [13]. 

 

Many human cancers metastasize through the lymphatic system. It has been estimated 

that 80% of melanomas and carcinomas metastasize through the lymphatic system and 

20% through blood vasculature and direct seeding [14]. The percentage of individuals 

with metastases in their LN at the time of diagnosis is significantly higher than 

metastases in other organs. For instance, 29%–37% of individuals with breast, colorectal 

and lung cancer are diagnosed with metastases in their LN [15]. Several aspects of the 
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primary tumor microenvironment are known to play a key role in aiding metastases to the 

LN [16,17,18]. Increased expression of vascular endothelial growth factors C and D 

(VEGFC and VEGFD) in the primary tumor is known to increase the dissemination of 

tumor cells to the lymph nodes, primarily through lymphangiogenesis, a process by 

which existing lymphatic vessels migrate towards the primary tumor [19,20,21,22,23]. 

Antagonists against VEGF have been shown to effectively inhibit LN metastases 

[24,25,26]. The mechanism by which cancer cells enter lymphatic vessels is poorly 

understood (Figure 4.1). However, it has been hypothesized that the lack of pericytes and 

basement membrane in lymphatic blood vessels ease the lymphatic spread of cancer [27]. 

To reach the lymphatic vessels, cancer cells must sense directional cues in the tumor 

microenvironment. Several chemokines expressed by the endothelial cells lining the 

lymphatic vessels and their receptors expressed by cancer cells have been demonstrated 

to play a significant role in the lymphatic spread of cancer [28,29]. Chemokine receptors 

CXCR4 and CCR7 and their respective ligands CXCL12 and CCL21 play an important 

role in the migration of breast cancer cells to the lymphatic vessels [30]. CCR7 and 

CCR10 and their respective ligands CCL21 and CCL27 have been implicated in the 

migration of melanoma cells to the lymphatic vessels [31]. Unlike the circulatory system, 

the lymphatic system does not have a central pump to regulate the flow of lymph [32], 

resulting in relatively low flow velocities. The flow of lymph is guided by a pressure 

gradient in lymphatic capillaries [33]. The high interstitial pressure within the tumor has 

been proposed as a driving mechanism for the movement of tumor cells through the 

lymphatic drainage pathway [34,35]. Thus, cancer cells can be passively translocated to 

the TDLN once they are inside the vessel lumen.  
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Figure 4.1: How do cancer cells reach the tumor-draining lymph node? The primary 
tumor microenvironment is regulated by the interactions between tumor cells, 
extracellular matrix (ECM), tumor-associated neutrophils and fibroblasts. These 
interactions induce the secretion of vascular endothelial growth factors C and D (VEGFC 
and VEGFD) that mediate the formation of new lymphatic capillaries around the primary 
tumor. Cells from the primary tumor travel through the lymphatics either as single cells 
or as clusters in response to the pressure gradient. Chemokine attractions facilitated by 
chemokine ligands (CCL) family chemokines secreted by endothelial cells and 
chemokine receptors (CCR) family receptors expressed on tumor cells can also facilitate 
the translocation of tumor cells through the lymphatic capillaries. The translocated cells 
get lodged in the TDLN to form micrometastases. Alternatively, cells from the primary 
tumor can enter the peripheral circulation and reach the TDLN through the high 
endothelial venules in the TDLN. 
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Bloodborne cancer cells can also reach the TDLN by mimicking leukocyte trafficking 

patterns. LN have specialized postcapillary venules called high endothelial venules 

(HEV) that enable circulating lymphocytes in the blood to directly enter LN [36,37]. The 

trafficking of intravascular lymphocytes to the LN is mediated by rolling, adhesion and 

transmigration of lymphocytes through the endothelial cells lining the HEV [13]. The 

adhesive interactions between cancer cells and endothelial cells are considered to be 

important in the metastatic cascade [38]. For instance, in the metastases of hematologic 

cancers such as leukemia and lymphoma to the TDLN, these adhesive interactions are 

mediated by L-selectin expressed on cancer cells and peripheral node addressin (PNAd) 

expressed on endothelial cells in the HEV [39,40]. In other types of cancers, these 

interactions may be mediated by E-selectin expressed on endothelial cells in the HEV and 

E-selectin ligands expressed on cancer cells [38]. 

 

Cancer cells in the TDLN often form micrometastatic lesions that can remain dormant for 

several years before becoming overt metastases [41]. Micrometastases are small 

aggregates (<2 mm) of cancer cells that are clinically undetectable using conventional 

histopathology [42]. This has led to the development of new assays based on 

immunohistochemistry using a distinct set of markers [43,44,45] or assays based on 

polymerase chain reaction [46,47] to estimate the prevalence of micrometastases in 

cancer patients. Metastases in the TDLN eventually lead to distant organ metastases but 

the underlying mechanisms are poorly understood. Current understanding of the role of 

the TDLN in orchestrating distant organ metastases is a “black box” [48] because the 

intermediary steps are not distinctly clear. The presence of immune cells that can elicit an 
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anti-tumor response does not prevent cancer cells from metastasizing to the TDLN. The 

prospective of employing the immune system to fight cancer is very appealing and has 

led to the development of a class of therapeutic approaches often termed “tumor 

immunotherapy” [49]. The TDLN have a unique position as the microenvironment can 

induce an anti-tumor response and at the same time can be involved in the malignant 

spread of cancer [50,51,52]. The potential for targeted immunotherapy to the TDLN has 

been researched extensively [53,54]. The proximity of the TDLN to the primary tumor 

and the free passive flow of lymph from the primary tumor to the TDLN prove 

advantageous for targeted therapies to the TDLN. This review will focus on the 

microenvironment of the TDLN and then discuss liposome-based approaches to induce 

an anti-tumor immune response in the TDLN. 

 

4.3 Microenvironment of the tumor-draining lymph node 

The structural and functional unit of the LN is a lymphoid lobule (Figure 4.2), and the 

number of lymphoid lobules can vary from a few to several thousand depending on the 

size of the LN [9]. Lymph fluid containing the local immune signature enters the LN 

through afferent lymphatic vessels and is channeled around the lymph node through 

conduit channels [55]. These channels are lined with macrophages and DC that can 

remove microorganisms and antigens from the lymph and present them to T- and B-cells 

[56]. Lymphocytes home to the LN from blood through the HEV. T- and B-cells are 

compartmentalized within the lymphoid lobule, where they interact with APC and 

undergo expansion. The cortex contains germinal centers (B-cell area) and interfollicular 

cortex (T-cells). The paracortex consists of a deep cortical unit containing T-cells. APC 
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tend to be in the paracortex and interfollicular cortex of the LN. The medulla is largely 

composed of channels and blood vessels that drain the LN. 

 

Figure 4.2: Schematic of a lymphoid lobule: The structural and functional unit of a LN 
is a lymphoid lobule. The number of lymphoid lobules per LN can vary depending on the 
size of the LN. The lymph enters the LN through the afferent lymphatics, is filtered 
through the LN and exits through the efferent lymphatics. The immune cells reach the LN 
through the high endothelial venules and are compartmentalized within the lymphoid 
lobule. The lymphoid lobule can be divided into three regions: cortex, paracortex and 
medulla. The cortex has germinal centers with B cells and an interfollicular cortex 
containing T cells and antigen presenting cells (APC). The paracortex is mostly filled 
with APC and has the deep cortical unit containing T-cells and NK cells. The medulla 
mostly consists of veins and lymphatic capillaries that drain the LN. 
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The immune system has potential for keeping tumor growth under control. The main 

function of the immune system is to maintain tissue homeostasis by protecting against 

infectious pathogens/allergens and eliminating damaged cells. Immunologic tolerance 

prevents an immune response against self-antigens. When tissue homeostasis is 

chronically perturbed, as in cancer, complex and paradoxical interactions between 

immune cells and cancer cells can occur that lead to a breakdown of self-tolerance. 

Leukocytes in and around the developing tumor have been associated with reducing 

tumor burden [57,58,59]. The adaptive immune response to tumors is directed against 

tumor-associated antigens (TAA) expressed specifically by tumor cells [60]. The role of 

TAA-specific T-cell response has been extensively characterized [61]. There is 

experimental evidence from mouse models of cancer demonstrating the roles of both 

adaptive and innate immune responses in controlling tumor progression [62,63]. See Ref. 

[64] for a detailed review on tumor immune surveillance. Tumor progression is a balance 

between anti-tumor response by the host immune system and immune suppression by 

tumor cells. Most of the immune surveillance takes place in the TDLN due to its cellular 

composition and proximity to the primary tumor. TDLN, although very small in size, can 

have a profound influence on anti-tumor immune response since it is the hub of immune 

surveillance. Unfortunately, the microenvironment of the TDLN is immune-suppressed in 

cancer patients, thereby favoring tumor progression and eventually affecting systemic 

immune response against tumor cells. For a detailed understanding of the molecular basis 

of immuno-evasion by tumor cells, readers are referred to excellent reviews by Dunn et 

al. [65,66]. Here we summarize the anti-tumor immune response mediated by different 
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types of cells in the TDLN (Figure 4.3) and how they are affected by the 

immunosuppressive microenvironment of the TDLN. 

 

Figure 4.3: Immune responses in the TDLN: Tumor-associated antigens (TAA) can 
elicit an anti-tumor immune response in the TDLN through three possible routes: (1) DC 
in the TDLN ingest TAA transported via passive flow through the lymphatic capillaries 
to activate naïve T-cells by cross-presentation of antigens; (2) Tumor-infiltrating DC 
internalize TAA at the primary site and are then transported to the TDLN to activate 
naïve T-cells; (3) Tumor cells in the TDLN directly present the antigens to naïve T-cells. 
Once cancer cells reach the TDLN, NK cells are activated that kill tumor cells using 
effector molecules such as TRAIL and perforins. Activated NK cells secrete immune 
stimulatory cytokines such as IFN-γ that further activate DC. TAA are presented to naïve 
T-cells in the TDLN. Antigen presentation on MHC class II molecules activates naïve 
CD4+ T-cells that differentiate into T-helper (Th) cells. Th2 cells induce cancer cell 
death via B-cells and Th1 cells directly mediate cancer cell death. Antigen presentation 
on MHC class I molecules activates naïve CD8+ T-cells that differentiate into cytotoxic 
T-cells (CTLs) to induce cancer cell death. 
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4.3.1 Natural killer cells 

NK cells are the first type of innate immune cell to participate in host immune 

surveillance because of their ability to initiate an anti-tumor response without being able 

to recognize a TAA [67]. They represent 5%–15% of circulating blood lymphocytes [68] 

and play a key role in the host antimicrobial and antiviral response [69]. NK cell activity 

is a delicate balance between activating and inhibitory receptors expressed on the surface 

of NK cells [70]. They can be activated by cells that lack the expression of MHC class I 

molecule and induce a cytolytic response predominantly mediated by interferon-γ (IFN-γ) 

and tumor necrosis factor-α related apoptosis-inducing ligand (TRAIL) [71]. Total or 

partial loss of MHC class I molecule has been reported in several types of human tumors 

[72,73]. Experimental studies in mice show that NK cells are involved in the eradication 

of tumors. Mice depleted of NK cells have shown uncontrollable tumor growth when 

compared to wild type mice [74,75]. NK cells are derived from pluripotent stem cells in 

the bone marrow [76]. Precursor NK cells migrate to the LN through the HEV and the 

local chemokine environment plays an important role in their maturation process [77]. 

However, NK cells in cancer patients have several abnormalities, including reduced 

count, decreased cytotoxicity and poor tumor infiltrating capacity [78] owing to the 

immunosuppressive microenvironment in cancer patients. Several studies show that LN 

contain mature NK cells that can elicit an anti-tumor immune response [79,80,81,82]. 

IFN-γ secreting NK cells have been identified in the paracortex of LN using two-photon 

microscopy [83]. Mature cytotoxic NK cells were identified to infiltrate the TDLN in 

patients with metastatic melanoma [84]. The expression of activating receptors and 

effector molecules on NK cells derived from the TDLN of patients inversely correlated 
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with the percentage of tumor cells, indicating local immune suppression of NK cells by 

melanoma cells [84]. However, several studies indicate the inability of NK cells in the 

TDLN to elicit anti-tumor immune response [85,86,87,88]. For instance, the tumoricidal 

activity of NK cells isolated from the TDLN of patients with head and neck carcinomas 

was significantly suppressed [85]. NK cells isolated from invasive breast cancer patients 

showed altered phenotype and function that allowed cancer cells to escape NK-cell 

mediated anti-tumor response [86]. Also, cancer cells can escape NK-cell mediated 

immune response by upregulating MHC class I analogues [87] or downregulating death 

receptors that mediate NK-cell mediated apoptosis of cancer cells [88]. Thus, despite 

their presence in the TDLN, NK cells may lack the ability to eliminate cancer cells. 

 

4.3.2 T-cells 

T-cells are the most important cells of the adaptive immune response. T-cells express the 

T-cell receptor (TCR) that can recognize TAA on MHC molecules on tumor cells and 

APC [89,90,91]. The TAA can be directly presented on MHC class I molecule on tumor 

cells [92] or presented on either MHC class I or class II molecules on DC [93]. T-cell 

precursors from the bone marrow become naïve T-cells in the thymus and reach the LN 

through HEV. There are two major subtypes of T-cells based on the expression of two 

different coreceptors. T-cells that co-express CD8 recognize peptides presented on MHC 

class I molecules expressed predominantly by all nucleated somatic cells. CD4+ T-cells 

recognize TAA presented on MHC class II molecules expressed specifically by APC 

[94,95]. CD8+ T-cells are cytotoxic T-cells that recognize TAA presented on MHC class 

I molecules and release perforins and other effector molecules to induce tumor cell death 
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[96]. CD4+ T-cells are further categorized into T-helper (Th) cells or T-regulatory (T-

regs) cells. T-helper cells mediate cellular and humoral response whereas T-regulatory 

cells suppress self-reactive T-cells. TAA can be presented on MHC class I molecules in 

the TDLN, in which case CD8+ cytotoxic T-cells are activated that lyse the cancer cells. 

TAA can also be presented on MHC class II molecules, in which case CD4+ T-helper 

cells are activated that mediate the cellular or humoral immune responses. T-cells are 

mostly restricted to the deep cortical unit and the interfollicular cortex within the LN. The 

TDLN have fewer HEV than normal LN, resulting in fewer naïve lymphocytes that can 

mediate anti-tumor response [51]. There is also significant reduction in T-cell recruitment 

through the HEV leading to a decrease in anti-tumor response in the TDLN [51]. 

Functional T-cells are formed when APC present antigens to naïve T-cells. The 

differentiation of naïve T-cells is mediated by immune stimulatory cytokines secreted by 

cells in the LN. Characterization of cytokine profiles of the TDLN in patients with 

gastrointestinal cancer have revealed significantly lower levels of cytokines that mediate 

cellular immunity than LN in healthy individuals [97]. This leads to fewer mature T-cells 

in the TDLN than LN from healthy individuals. The local cytokine environment in the 

TDLN has been shown to be immune-suppressive in melanoma patients [98]. The 

tolerogenic behavior of T-cells in the TDLN is due to increased activity of 

immunosuppressive T-regs in the TDLN [99,100,101,102,103,104,105]. The depletion of 

T-regs in the TDLN has improved anti-tumor immune response in mice [106]. The 

presence of T-regs has also been shown to interfere with the proliferation of adoptively 

transferred CD8+ cytotoxic T-cells [107]. Tumor progression in mice has been associated 

with an increase in the number of T-regs in the TDLN [108]. T-regs secrete 
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immunosuppressive cytokines such as interleukin-10 (IL-10) and transforming growth 

factor-β1 (TGF-β1) that interfere with the activity of CD8+ cytotoxic T-cells [109]. The 

anti-tumor response mediated by T-cells in the TDLN is dampened by an increase in the 

number of T-regs that secrete immunosuppressive cytokines, which hinder the 

differentiation of naïve T-cells when they are presented with antigens by APC. 

 

4.3.3 Antigen presenting cells 

APC may not be the most predominant type of cells in the TDLN, but they play a central 

role in tumor immunosurveillance. A particular type of APC, the DC, initiates anti-tumor 

response in the TDLN. DC are known to infiltrate solid tumors in tumor-bearing mice 

and patients [110]. Efficient priming of T-cells against tumors is dependent on TAA 

presentation by DC. TAA are soluble proteins secreted by tumor cells or encapsulated in 

exosomes derived from tumor cells [111]. TAA initiate anti-tumor responses through 

tumor-infiltrating DC at the primary site or through DC that reside in the TDLN [112]. 

DC at the primary site ingest TAA and migrate to the TDLN to activate T-cells, or free 

TAA in the lymph reach the TDLN to activate DCs in the TDLN. DC capture and 

internalize TAA through a number of receptors, including Fc receptors, CD11c/CD18, 

DEC205 and Toll-like receptors [113]. The uptake of TAA by DC initiates a cascade of 

events that triggers their maturation process. It has been shown that tumor-infiltrating DC 

and those found in the TDLN share an immature phenotype [114,115]. The stimulation of 

T-cells by DC is dependent on antigen recognition by T-cell receptor (TCR) and co-

stimulatory signal from DC that leads to T-cell proliferation. DC are known to express 

different types of T-cell co-stimulatory molecules such as B7 [116], CD40 [117], 4-1BB 
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[118] and ICAM-1 [119]. The microenvironment of the TDLN could prevent the efficient 

uptake and presentation of TAA by DC (tolerance), hinder their ability to co-stimulate T-

cells (anergy) or activate immune-suppressive T-regs cells (suppression). Studies in mice 

have shown that DC in the TDLN are very poor stimulators of T-cells [120]. In mice, the 

TDLN house DC that express the immunosuppressive enzyme indoleamine 2,3-

dioxygenase (IDO) [121,122]. DC expressing IDO are known to suppress the T-cell 

mediated anti-tumor response by activating T-regs [121,122]. There are several factors 

that contribute to dysfunctional DC in the TDLN. For a detailed review on the behavior 

of dendritic cells in the TDLN, readers are referred to Ref. [123]. 

 

4.3.4 B-cells 

T-helper cells activate B-cells that mediate the humoral immune response [124]. B-cells 

can be categorized into two major subtypes: plasma cells and memory cells. Plasma cells 

secrete antibodies against TAA that mark tumor cells for T-cell mediated immune 

response [124,125]. Memory cells elicit an anti-tumor response at a systemic level. It has 

been shown that 30%–35% of cells of the TDLN in mice are comprised of B-cells [126]. 

Unlike T-cells, the role of B-cells in the TDLN has not been widely studied. B-cells can 

also function as APC to T-cells [127]. It was recently shown that B-cells in tumor 

draining lymph nodes from melanoma patients are responsible for activating a CD4+ T-

cell mediated anti-tumor response [128]. The TDLN in cancer patients are also known to 

show an up-regulation of a subset of B-cells called regulatory B-cells that secrete 

immunosuppressive cytokines such as IL-4, IL-10 and TGF-β that curb T-cell mediated 

immune response [129,130]. 
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4.3.5 Local tolerance to systemic tolerance 

The microenvironment of the TDLN may have a profound influence on anti-tumor 

immune response and distant organ metastases. Normally, LN favor immune activation 

against a pathogen or TAA owing to the presence of cells that constitute the central part 

of the adaptive and innate immune responses. However, in cancer patients, the TDLN 

under the influence of a tumor becomes a site of immune suppression. The tolerogenic 

phenotype of cells in the TDLN stems from the ability of cancer cells to secrete 

chemokine factors that can alter the microenvironment of the TDLN. The pressure 

gradient from the primary tumor to the TDLN passively transports TAA, cytokine and 

chemokine factors from the primary tumor microenvironment. The cells in the TDLN can 

further amplify the tolerogenic milieu. For a detailed review of immunosuppressive 

cytokines secreted by tumor cells and their role in immune evasion, see Ref. [131,132]. 

The immunosuppressive phenotype of the TDLN is a combinatory effect of pre-

metastatic cytokines secreted by the primary tumor and post-metastatic cytokines 

secreted by cancer cells in the TDLN. Experimental preclinical study in mice bearing 

human melanoma cells indicate that immunomodulatory cytokines secreted in primary 

tumor-derived exosomes can condition the TDLN and suppress the anti-tumor immune 

response to prepare them for metastasis [133]. Characterizing the immunosuppressive 

phenotype of lymph nodes in melanoma patients indicate that the immunosuppression 

precedes lymph node metastasis, showing that cytokines secreted by a primary tumor can 

modulate the microenvironment of the TDLN [134]. Alternatively, comparing the gene 

expression pattern on breast cancer patient lymph nodes with and without metastatic 
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lesions in their lymph nodes indicate a significant down-regulation of key 

immunosuppressive genes in patients with lymph node metastasis, suggestive of a post-

metastatic effect of cancer cells in the immunosuppressive phenotype of the TDLN [135]. 

The local tolerance can have an effect on the entire immune system because the average 

number of LN in an adult human is about 450 and they are connected by a vast network 

of lymphatic capillaries [9]. Systemic tolerance can be induced by either anergic T-cells 

or activated T-regs that migrate through the lymphatic capillaries. When a tumor cell 

metastasizes to a different tissue, the LN of that tissue is presented with TAA and this 

triggers an anti-tumor immune response. The systemic tolerance can affect the ability of 

immune cells in LN draining the metastatic site to act against TAA, thereby favoring 

distant organ metastasis. Cancer cells may also translocate through the immune tolerant 

lymphatic system, offering a route for distant organ metastases. The communication 

between the lymphatic system and the circulatory system provides an opportunity for T-

regs and tolerogenic immune cells to enter the peripheral circulation, thus posing a 

greater threat of metastatic disease. 

 

4.4 Liposome-based TDLN targeted immunotherapy 

Cancer immunotherapy relies on the stimulation of the host immune system to attack 

tumor cells. Several strategies have been proposed to circumvent the immunosuppressive 

microenvironment of the TDLN. Previous studies have shown that activating DC in the 

TDLN using TAA and cytokines can overcome T-cell anergy 

[136,137,138,139,140,141]. Clinical trials for cancer treatment in human subjects do not 

follow the same trend as preclinical studies in mice [142]. This is because of the dosage 
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of immune stimulating agents used in preclinical studies could be toxic in humans and is 

often scaled down in clinical trials involving human subjects. For instance, IL-2 therapy 

is widely used in the treatment of metastatic melanoma [143,144]. The systemic 

activation of the immune system using IL-2 causes severe side effects in cancer patients 

[145]. To circumvent the side effects of systemic activation, several alternative therapies 

are being developed to activate the host immune system. Cell-based immunotherapeutic 

approaches involve autologous infusion of isolated immune cells or cancer cells 

(manipulated ex vivo) from patients [146]. Cancer cells can be manipulated to express 

more TAA [147] or T-cell co-stimulatory molecules [148]. Most of the immune cell-

based approaches involve ex vivo manipulation of DC [149] and T-cells [150]. The 

disadvantage of DC cell-based immunotherapeutic approach is that mature DC do not 

express L-selectin, which mediates the translocation of infused DC from the systemic 

circulation into the TDLN [13]. 

 

The key players of anti-tumor immunity are present in the TDLN. To generate immunity 

against tumor cells, therapies have to be directed towards the TDLN. Nanoscale targeted 

therapies that prime the adaptive immune system have been successful in generating an 

effective response against tumor cells. Most of the targeted therapies are directed towards 

DC and T-cells in the TDLN because they play a key role in inducing the cellular and 

humoral immune responses. Nanoscale bioengineering techniques apply engineering 

approaches to address problems in drug delivery, synthetic implants and tissue 

engineering. Several nanomaterial-based approaches have been proposed to deliver 

antigens and adjuvants to trigger the host immune system [151]. Liposomes are small 
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nanoscale vesicles that are produced by suspending natural and synthetic lipids in 

aqueous buffer [152]. The discovery of stealth-liposomes by conjugating polyethylene 

glycol (PEG) on the lipid head groups is a major advancement in liposome-based targeted 

drug delivery approaches [153]. They have a longer lifetime in blood owing to their 

increased stability and decreased interaction with blood components. Liposomes used in 

the TDLN-directed immunotherapy (Figure 4.4) are structures largely composed of 

natural and synthetic phospholipids that are encapsulated with TAA or immune 

stimulatory cytokines and functionalized with recombinant cytokines/co-stimulatory 

proteins that activate immune cells. They are also functionalized with proteins that target 

them to a specific cell type in the TDLN. They are also encapsulated and/or 

functionalized with therapeutic drugs that can kill cancer cells. Liposomes are a good 

alternative to systemic and cell-based immunotherapeutic approaches because of their 

ability to specifically target TDLN and activate long-term anti-tumor immune response 

without detrimental side effects. 
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Figure 4.4: Schematic of liposomes used in TDLN-targeted immunotherapy: 
Liposomes are composed of lipids with polyethylene glycol (PEG) to increase their 
circulation time. They can be encapsulated with TAA, immune stimulatory cytokines and 
therapeutic agents to kill cancer cells. They are functionalized with proteins either by 
using chelator lipids (his-tagged proteins) or using PEG with maleimide head groups 
(thiolated proteins). They can be functionalized with immune stimulatory cytokines (e.g., 
IL-2), co-stimulatory molecules (e.g., anti CD-40 and anti CD-137), therapeutic agents 
(e.g., TRAIL), targeting antibodies (e.g., anti-DEC205, anti-CD11c to DC and anti-CD57 
to NK cells) and TAA (e.g., ovalbumin). 
 
 
4.4.1 Factors affecting the delivery of liposomes to lymph nodes 

Liposome size, surface charge, lipid composition, PEG chain length and site of injection 

can affect the delivery of liposomes to the TDLN [154]. Liposomes have an advantage 

for delivering therapeutic substances to the LN because of their size. Typically liposomes 

are ~100 nm in size, which is often too large to be directly absorbed into the peripheral 

circulation but small enough to enter the lymphatic circulation following different modes 
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surface are two major factors that determine the effective delivery of liposomes to LN 

[156]. For a detailed understanding of factors influencing lymphatic absorption and 

lymph node uptake of liposomes, readers are referred to Refs. [154,155]. Subcutaneous 

and intra-tumoral delivery have been widely used in TDLN-directed liposome-based 

preclinical studies. A targeting agent can be functionalized on the surface of liposomes 

using maleimide-thiol chemistry [157] or by including a chelator lipid in the original 

liposome composition that can bind to his-tagged proteins [158]. Facilitated delivery 

without any targeting molecules has also been exploited because of the ability of 

liposomes to passively reach the TDLN when injected directly into the tumor. Liposomes 

have been shown to interact with monocytes and DC without any targeting molecule 

[159]. Cell-derived plasma membrane vesicles (PMV) are widely used in TDLN-directed 

therapies. PMV can be isolated by sonication of cells and high-speed centrifugation in 

sucrose gradient. PMVs can be modified like liposomes to encapsulate antigens and 

functionalized with antibodies to target them to cells in the TDLN [156]. 

 

4.4.2 Delivering liposomes to the TDLN by targeting dendritic cells 

DC are initiators of adaptive immunity and are often exploited for liposome-based 

targeted therapies to the TDLN. Nanoscale liposomes, which are several orders of 

magnitude smaller than DC, can deliver TAA to DC to promote antigen-specific T-cell 

response [53,113]. Encapsulating or functionalizing TAA on the liposome surface has 

been extensively studied for antigen delivery to DC. It has been shown that 

functionalizing TAA encapsulated liposomes or plasma membrane vesicles (PMV) with 

antibodies that recognize DC can elicit a strong anti-tumor response in mice [160]. The 
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most widely studied model is ovalbumin (a model antigen) encapsulated liposomes 

targeted to murine DC. DC process ovalbumin and trigger ovalbumin specific cytotoxic 

T-cells. Mice are often challenged with cancer cells (transfected with plasmids to express 

ovalbumin) to evaluate the efficacy of this approach. The receptors CD11c/CD17 and 

DEC-205 are expressed on DC and they play important roles in antigen presentation. 

Liposomes and PMV functionalized with single chain variable fragments (ScFv) derived 

from anti-CD11c and anti-DEC-205 are able target murine DC upon subcutaneous 

injection [113]. Encapsulating engrafted liposomes and PMVs with ovalbumin and 

immune stimulatory cytokines such as IFN-γ drastically reduced the number of lung 

metastases in mice injected with B16-OVA cells. The absence of immune stimulatory 

cytokines or DC targeting antibodies did not have any effect on the number of lung 

metastases observed. DC also express mannose receptor (CD206) to recognize pathogens 

and this has been exploited for delivering liposomes targeted to DC [161]. 

Oligomannose-coated liposomes (OML) have been used to deliver tumor antigens to 

dendritic cells [162,163,164,165] by interacting with CD206. Upon subcutaneous 

injection in mice, fluorescent BSA containing OML accumulated in the draining LN 

[164]. Mice were immunized with OML containing ovalbumin (OML/OVA) or bare 

liposomes (bare/OVA) with ovalbumin and challenged with E.G7-OVA tumor cells. 

Mice immunized with OML/OVA were able to completely reject E.G7-OVA tumor cells 

and harbored cytotoxic T-cells that were able to secrete significantly higher levels of 

immunosuppressive cytokines such as IL-4 and IFN-γ. OML/OVA treatment also had an 

effect on established E.G7-OVA tumors. Mice were inoculated with E.G7-OVA tumor 

cells and after the tumor growth became palpable, they received subcutaneous injections 
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of OML/OVA, bare/OVA or PBS. Significant suppression of tumor growth was observed 

in mice injected with OML/OVA. 

 

Liposomes functionalized with immunomodulatory agents that stimulate DC have also 

been used in TDLN-directed immunotherapy. CD40 is a receptor expressed on DC that 

recognizes CD40 ligand expressed on T-cells and is involved in co-stimulation of T-cells 

[166]. Anti-CD40 is an extensively used immune-stimulatory agent that can bind to 

CD40 on DC and induce a potent T-cell mediated immune response [167,168]. Systemic 

injection of anti-CD40 can produce detrimental side effects in cancer patients and 

liposome based delivery of anti-CD40 to the TDLN has been shown to reduce harmful 

side effects often observed in systemic treatment [169]. CpG oligonucleotide is a ligand 

for Toll-Like Receptor 9 (TLR9) expressed on DC. Stimulation of TLR9 by CpG 

oligonucleotide results in the stimulation of T-cells that secrete immune-stimulatory 

cytokines to promote tumor regression [170,171]. Similar to anti-CD40 systemic 

treatment, CpG can produce dangerous side effects [172]. Liposomes were functionalized 

with CpG oligonucleotides using CpG–DNA lipid conjugates. Liposomes were also 

functionalized with anti-CD40 using maleimide-thiol conjugation to study the 

combinatory effect of anti-CD40 and CpG [173]. The anti-CD40/CpG liposomes 

exhibited controlled release of anti-CD40 and CpG over a period of seven days, thereby 

reducing the risk of systemic toxicity. Mice were inoculated with B16F10 tumor cells, 

which were allowed to establish for eight days. Tumor-bearing mice were given intra-

tumoral injections of PBS (control), soluble anti-CD40 alone, soluble CpG + anti-CD40 

and anti-CD40/CpG liposomes. The combination liposomes were able to delay but not 
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prevent tumor progression. This study is an example of how intra-tumoral injection of 

therapeutic substance can help in targeting the TDLN. Flow cytometry analysis of surface 

CpG expression in CD11c positive DC in the TDLN after intra-tumoral injection revealed 

that the TDLN took up liposomes, indicating successful delivery of therapeutic 

liposomes. 

 

The use of pH-sensitive polymers has also been extensively used for inducing antigen-

specific immunity [174]. Modifying the surface of liposomes with pH-sensitive polymers 

has been applied to deliver tumor antigens into the cytosol of DC [175,176]. Delivery of 

antigens into the cytosol of DC is critical for antigen presentation and subsequent 

activation of T-cells. pH-sensitive polymers are stable at neutral pH, but become 

destabilized under acidic pH conditions of the endosomes, releasing their contents into 

the cytosol. For more discussion on applications of pH-sensitive liposomes, see Ref. 

[174]. Recently, two types of pH-sensitive poly(glycidol) derivatives with either a linear 

(MGlu-LPG) or hyperbranched (MGlu-HPG) structure were developed to study the 

delivery of antigen into DC [175]. FITC-OVA loaded fluorescent pH-sensitive liposomes 

were added to isolated DC and incubated for 4 h at 37 °C. Confocal laser microscopy 

revealed that pH-sensitive polymer-modified liposomes were able to successfully deliver 

fluorescently tagged antigen (FITC-OVA) to the cytoplasm of DC in vitro. pH-sensitive 

liposomes encapsulated with antigen increased the expression of MHC class I and II 

molecules when incubated with DC in vitro, suggesting their ability to activate DC. Mice 

were immunized with OVA solution, OVA loaded unmodified liposomes or OVA-loaded 

pH-sensitive liposomes (MGlu–LPG or MGlu–HPG) by receiving subcutaneous 
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injections. One week later, E.G7-OVA cells were inoculated subcutaneously into the 

backs of mice. MGlu–HPG-modified OVA-loaded liposomes were able to completely 

reject the tumor cells inoculated into the mice, showing that pH-sensitive liposomes had 

the greatest ability to induce an antigen-specific immune response. To evaluate the 

therapeutic effect of polymer-modified liposomes, mice were first inoculated with E.G7-

OVA cells and one week after inoculation; modified and unmodified liposomes loaded 

with OVA were subcutaneously administered into tumor bearing mice. Tumor volume 

was significantly decreased for mice treated with MGlu–HPG-modified OVA-loaded 

liposomes. More extensive shrinkage of tumor burden was seen in mice immunized with 

MGlu–LPG-modified OVA-loaded liposomes. These results show that pH-sensitive 

polymer-modified liposomes are quite effective in inducing an anti-tumor immune 

response. A more biocompatible alternative to the same approach was recently developed 

by using dextran instead of poly(glycidol) derivatives (MGlu–Dex liposomes) [176]. For 

clinical trials, the pH-sensitive polymers must be biologically safe and biodegradable, 

and dextran as a naturally occurring polysaccharide satisfies this requirement. The 

MGlu–Dex modified liposomes were also able to successfully deliver antigens to DC and 

induce a potent anti-tumor immune response [176]. 

 

4.4.3 Delivering liposomes to the TDLN by targeting T-cells 

The immune-suppressive microenvironment of the TDLN has anergic T-cells because of 

the inability of DC to provide co-stimulatory molecules [138]. In the absence of 

appropriate co-stimulatory signals delivered through T-cell surface molecules such as 

CD28, CD40L and 4-1BB, the recognition of antigens on MHC class I molecules by TCR 
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leads to the accumulation of unresponsive T-cells [177,178]. Though liposomes targeted 

to DC results in successful antigen presentation, induction of T-cell anergy often enables 

the tumor cells to escape the immune response in the TDLN. Thus, liposomes 

functionalized with co-stimulatory signals for T-cells such as 4-1BBL and immune 

stimulatory cytokines such as IL-2 have been used to prime T-cells to induce an anti-

tumor response [179]. CD137 (4-1BB) is a co-stimulatory receptor expressed by T-cells 

that binds to CD137L (4-1BBL) expressed by activated DC [118]. External stimulation of 

CD137 using antibodies has been shown to induce an anti-tumor immune response in 

several studies [180,181]. IL-2 is an immune stimulatory cytokine that activates T-cells 

by binding to its receptor and has been approved for clinical immunotherapy against 

metastatic melanoma [182]. IL-2 treatment using intravenous injection is only partially 

successful and produces severe side effects [183,184]. IL-2 functionalized liposomes 

directed towards adoptively transferred T-cells with antibody recognizing T-cells were 

shown to induce T-cell proliferation in vivo [185]. Liposomes were functionalized with 

antibody against Thy1.1 (CD90) to specifically target T-cells and recombinant IL-2 to 

induce T-cell proliferation [185]. Given the ability of antibody-functionalized liposomes 

to target adoptively transferred T-cells in vivo, studies were directed towards targeting T-

cells in the TDLN. Using a murine model, it was shown that localized TDLN targeted 

therapy using liposomes functionalized with anti-CD137 and IL-2 can control tumor 

progression by activating a systemic anti-tumor response [179]. Liposomes were able to 

bind to murine T-cells in vitro and induce the proliferation of T-cells. Flow cytometric 

analysis of T-cells isolated from the TDLN and spleen of mice that received intra-tumoral 

injection of fluorescent liposomes confirmed the lymphatic drainage of liposomes and 
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their ability to bind to T-cells in the TDLN. Mice were inoculated with B16F10 cells and 

after 10 days received intra-tumoral injections (three doses over the course of one week) 

of anti-CD137 and IL-2 either conjugated to liposomes or in soluble form. Tumor growth 

was monitored for up to 60 days and tumor regression was observed in 60%–70% of 

mice treated with soluble therapy or liposome-based immunotherapy. However, 

combinatory liposome therapy was able to induce an anti-tumor immune response 

without side effects, such as dramatic loss of body weight or elevated levels of potenially 

toxic inflammatory cytokines. The localized immunotherapy also had an effect on 

systemic immunity by inhibiting metastasis of tumors to distant sites. Mice received 

subcutaneous injections of B16F10 tumor cells simultaneously in both flanks but 

received intra-tumoral injections of combinatory liposomes on just one flank. The 

average tumor growth was monitored on both flanks. The treated tumors were either 

completely eliminated or showed significantly delayed progression while tumor growth 

on the other flank was also significantly inhibited. This indicates that localized 

immunotherapy directed towards the TDLN can also have a beneficial effect on systemic 

anti-tumor response. T-cells were isolated from the TDLN and distal LN of tumor 

bearing mice and the number of T-cells were enumerated with or without ex 

vivo stimulation. The density of IFN-γ secreting CD8+ and CD4+ T-cells was increased 

in both the TDLN and distal lymph nodes in treated mice. It was shown that localized 

immunotherapy activated T-cells in the TDLN, which then disseminated to distant sites 

to promote tumor regression. This indicates that immunotherapy directed towards the 

TDLN can affect how the immune system reacts to tumor cells throughout the body and 

not just at the site of injection. While intravenously injected soluble cytokines and 
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agonists can also affect how the immune system responds to tumors, it has the 

considerable disadvantage of elevating the serum levels of immunomodulatory cytokines 

to toxic levels. Attaching these immunomodulatory cytokines to liposomes provides a 

platform for controlled release and targeted delivery to the TDLN that can lead to 

systemic anti-tumor immune response without detrimental side effects. 

 

4.4.4 Delivering liposomes to TDLN by targeting natural killer cells 

Cancer cells in the TDLN escape NK-cell mediated immune response by expressing 

MHC class I like analogues, secreting soluble ligands that can bind to NK cell receptors 

or by reducing the expression of effector ligands such as TRAIL on NK cells [186]. NK 

cells are the most aggressive subset of T-cells but NK cells in the TDLN of cancer 

patients have several abnormalities, ranging from reduced count, poor cytotoxicity and 

weak tumor infiltrating capacity. In chapters 5 and 6 of this thesis, we demonstrate a 

liposome-based targeted drug delivery approach to enhance the efficacy of endogenous 

NK cells. TRAIL is an important effector molecule expressed by NK cells and is known 

to play an important role in NK-cell mediated anti-tumor response [71]. TRAIL is a type 

II transmembrane heterodimer with a molecular weight of 60 kDa with a half-life of 5–8 

min in blood and is rapidly eliminated from the serum primarily through the kidneys 

[188]. By functionalizing TRAIL-liposomes with an antibody against NK cells (anti-

CD57), we hypothesize that NK cells can serve as a carrier for TRAIL functionalized 

liposomes (becoming “super” NK cells). In an attempt to enhance the therapeutic 

potential of NK cells to overcome immune suppression in the TDLN, the surface of NK 

cells was functionalized with TRAIL liposomes. Since NK cells are found in the 
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paracortex of LN, liposomes functionalized with NK cell directed antibody and TRAIL 

could specifically target cancer cells in the TDLN. In Chapter 6, we show that 

conjugating TRAIL-functionalized liposomes to NK cells can induce apoptosis in cancer 

cells cultured in engineered lymph node microenvironments. Microfabrication has led to 

the development of 3D cell culture platforms using biocompatible materials to mimic in 

vivo microenvironment. We have developed a 3D cell culture platform in 

polydimethylsiloxane (PDMS) to mimic the deep cortical unit of the TDLN and 

cocultured LN-seeking cancer cells with “super” NK cells to evaluate the therapeutic 

efficacy of TRAIL-functionalized liposomes. In Chapter 7, we show that TRAIL 

liposomes functionalized with a targeting antibody (Anti-NK1.1) against NK cells in 

mouse LN, can successfully prevent the metastasis of a primary subcutaneous tumor 

using a xenograft model. While activated NK cells and T cells are known to express 

death receptors that initiate TRAIL-mediated apoptosis, they have been shown to be 

resistant to TRAIL-mediated cytotoxicity [187]. 

 

4.5 Conclusions 

In 1909, Paul Ehrlich predicted that activation of the host immune system could target 

cancer cells. This prediction led to a century of speculation about utilizing the immune 

system to fight cancer since it cannot attack “self” cells. Tumor cells are primarily host 

cells with unlimited growth, but owing to the mutations and altered gene expression, they 

are nevertheless different from normal cells. The discovery of TAA by Pierre van der 

Bruggen and his colleagues in 1991 represents a milestone in tumor immunotherapy 

leading to a class of therapies targeted towards TAA. Recent advancements in 
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engineering and biocompatible drug delivery systems have catalyzed the interest in tumor 

immunotherapy. The ability of nanoscale liposomes to target the TDLN and activate 

systemic anti-tumor immune response could potentially be used to diminish the 

metastatic burden in cancer patients. Liposome-based cancer vaccines targeting the 

TDLN have promising potential to deliver therapeutic agents to kill cancer cells in the 

TDLN. The immunosuppressive microenvironment of the TDLN allows cancer cells to 

form micrometastases that can remain dormant for several years before forming overt 

metastatic lesions. Although most existing TDLN targeted therapies activate the host 

immune system to elicit an anti-tumor response, there is growing interest in the 

development of therapies that deliver drugs to the TDLN in order to kill cancer cells. The 

ability to engineer nanoscale liposomes offers myriad possibilities. Liposomes could be 

engineered to deliver molecules that can trigger the host immune response and also 

deliver therapeutic agents to kill cancer cells in the TDLN to reverse the 

immunosuppressive microenvironment that favors metastatic progression. Clinically, we 

envision that TDLN-directed nanoscale liposomes containing therapeutic drugs and 

immunomodulatory cytokines could be used to interfere with the lymphatic spread of 

cancer. It is important to design appropriate therapeutic dosage and develop screening 

methodologies to study the biodistribution of nanoscale liposomes. Although we are still 

far from the clinical use of TDLN-directed liposomes, liposome-based approaches will 

play an important role in therapeutic oncology in the near future. 
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Chandrasekaran S, McGuire MJ and King MR. Sweeping lymph node micrometastases 
off their feet: An engineered model to evaluate natural killer cells mediated therapeutic 
intervention of circulating tumor cells that metastasize to the lymph nodes. Lab on a 
Chip. 2014; 14, 118-127. 
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5.1 Abstract 

Approximately 90% of cancer related deaths are due to metastasis. Cells from the 

primary tumor can metastasize through either the vascular or lymphatic circulation. 

Cancer cells in circulation are called circulating tumor cells (CTCs) and it has been 

shown that bone marrow is a niche for homing of blood borne CTCs from several 

epithelial tumors. Cancer cells found in bone marrow are termed disseminated tumor 

cells (DTCs). Likewise, CTCs in the lymphatic circulation are more often seeded in the 

sentinel lymph nodes (SLN) that drain the tumor. Micrometastases (< 2 mm) occur after 

the arrest and implantation of DTCs in lymph nodes over time. This paper presents a cell 

culture platform termed microbubbles formed in polydimethylsiloxane (PDMS) from a 

microfabricated silicon wafer for mimicking lymph node micrometastases. We cultured 

lymph node seeking cancer cells in microbubbles to evaluate the efficacy of natural killer 

(NK) mediated therapy for targeting lymph node micrometastasis. The microbubble 

platform consists of an array of microcavities that provides a unique microenvironment 

for mimicking the deep cortical unit of the lymph nodes. We show that cancer cells 

cultured in microbubbles with therapeutic NK cells undergo apoptosis after 24 hr in 

culture. Since lymph node metastases are prevalent across several types of cancer, this 

platform may be useful for developing improved cancer therapies for targeting lymph 

node micrometastases. 
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5.2 Introduction 

Metastatic disease is a result of dissemination of highly invasive cells from the primary 

tumor to a secondary site [1] . The two major paths that lead to metastasis are the 

haematogenous and the lymphatic systems [2]. A cancer cell that leaves the primary 

tumor has distinct identities before it becomes a cell in the metastatic lesion. The cells 

that are found in circulation are called CTCs [3] and cells that lodge in lymph nodes and 

bone marrow are called DTCs [2]. The presence of DTCs in bone marrow and lymph 

nodes is a marker for haematogenous spread and lymphatic spread of cancer, respectively 

[4]. Once cancer cells disseminate, the interplay of several factors in the 

microenvironment is required for these cells to establish at the secondary site. There is 

usually a period of dormancy associated with transformation of DTCs into occult 

metastases called micrometastases [5]. Micrometastases are aggregates of tumor cells less 

than 2 mm in diameter, however some studies report isolated tumor cells in bone marrow 

and lymph nodes as micrometastasis [6]. The presence of micrometastases in lymph 

nodes and bone marrow correlates with an unfavourable prognosis in cancer patients after 

surgical removal of the primary tumor [4],[7],[8].  

 

Lymph nodes are structures that are dispersed along the lymphatic circulation that contain 

lymphocytes, macrophages and antigen presenting cells [9]. The clear fluid that circulates 

in the lymphatic circulation called lymph holds important information about the local 

inflammatory response. Despite the presence of many immune cells that respond to tumor 

antigens, the lymph node remains the first organ of metastasis in several types of 

carcinomas [10] and melanomas [11]. This is largely because of the ability of cancer cells 
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to evade the host immune response [12]. Also, as suggested by our recent study, 

inflammatory cytokines such as IL-6 that are key players during host immunosurveillance 

can facilitate the metastatic cascade [13]. The last decade saw several immunotherapeutic 

approaches to engineer the host immune system to target cancer cells [14]. Adoptive 

immunotherapy is a cell-based approach in which naturally occurring or engineered T-

cells are infused into patients after expanding them in vitro to specifically target tumor 

cells [15]. This method has been shown to reduce the metastatic lesions in the liver of a 

patient with pancreatic cancer [16] and several secondary organ metastases in metastatic 

melanoma patients [17]. 

 

NK cells are the most aggressive subset of T-cells representing 5-15% of total circulating 

lymphocytes [18]. NK cells deliver lethal bursts of toxins that activate apoptotic 

pathways in cancer cells [19]. One of the most important toxins is the tumor necrosis 

factor-α related apoptosis inducing ligand (TRAIL), which is increasingly being explored 

as a potential chemotherapeutic agent [19]. TRAIL binds to cognate death receptors 

(DR4 and DR5) expressed by cancer cells and triggers apoptotic signalling pathways 

[20]. NK cells kill most of the tumor cells that enter the peripheral circulation [21], 

drastically reducing their number in whole blood which is why circulation tumor cells by 

definition are “rare  cells” [22]. However, NK cells in cancer patients have several 

abnormalities, ranging from reduced count, decreased cytotoxicity and poor tumor 

infiltrating capacity, to name a few [23]. Most of these abnormalities are exaggerated in 

patients after surgical removal of a primary tumor due to immunosuppression from 

chemotherapy, which is often an adjuvant therapy after tumor resectioning [24,25]. The 
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goal of adjuvant chemotherapy is to eradicate micrometastases, but more often the 

treatment leads to micrometastatic disease. Thus, the development of more targeted 

adjuvant therapies has seen significant advancements in the past decade [26]. In the last 

few years, technological advances in cancer detection have led to the identification of 

these occult metastatic lesions and their characterization [27]. SLN are the first set of 

lymph nodes draining the primary tumor and there is a growing body of data that 

suggests the involvement of SLN in a variety of tumors that has led to the evolution of 

the term called “micrometastatic nodal disease” [28–33]. Additionally, SLN in cancer 

patients show morphological and functional variation suggesting possible immune 

suppression, which may potentially result in failure to eliminate micrometastatic lesions 

[34,35]. This could potentially explain why SLN in a niche for cancer cells in the 

lymphatic circulation despite being a home for immune cells. Thus, augmenting the host 

immune response can reverse the immune suppression in SLN. Recently, several targeted 

therapeutic approaches have shown reductions in the incidence of SLN metastases in 

animal models [36,37]. Of the several nanoscale drug delivery systems developed, 

liposome based drug delivery has been successfully used and commercialized in the 

treatment of Kaposi’s sarcoma (Doxil®) and breast cancer (Myocet®) [38]. Liposome 

based drug carriers are advantageous because of their small size, tunable membrane 

properties and long circulating times. In this study, we conjugate TRAIL-functionalized 

liposomes to NK cells for targeting lymph node micrometastases. NK cells are present in 

the paracortex of lymph nodes and studies suggest that NK cells are confined to the deep 

cortical unit in the paracortex of lymph nodes [39]. Deep cortical units are semi-rounded 

structures containing T-cells [40,41] (Figure 5.1A). Immunohistochemical analyses of 
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lymph node biopsies often map micrometastases to the paracortical region of lymph 

nodes [42]. Also, more advanced studies based on spectral detection of lymph node 

micrometastases map small clusters of cancer cells with T-lymphocytes in the paracortex 

region [43]. Given the co-existence of NK cells and cancer cells within the lymph node, 

manipulating NK cells for treating micrometastases is a rational approach.  

 

Figure 5.1: Schematic diagram of proposed approach: (A.) Deep cortical unit of a 
lymph node (B.) Array of MB on a single chip (C.) Cancer cells cocultured with NK cell-
TRAIL liposome conjugates in MB (D.) Single MB showing the proposed approach. 
 

Microfabrication has led to the development of several 3D cell culture platforms using 

bioinspired materials to study the important molecular signatures of cancer progression 

[44]. An ideal in vitro tumor model should recapitulate the microenvironment of tumor 

by facilitating cell-cell interactions, cell-extracellular matrix (ECM) interactions, soluble 

factor accumulation and signalling, and physiologically relevant mechanical loading [45]. 

We previously introduced deep reactive ion etched (DRIE) silicon wafers for forming 

spherical cavities termed microbubbles (MB) in PDMS by a process called gas expansion 
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molding (GEM) [46]. It has been shown that the microbubble array on a chip (Figure 

5.1B) is well suited for studying the tumor microenvironment because of its unique 

geometry and ability to recapitulate the tumor microenvironment [47]. We have 

previously shown that MB can be used for studying the clonogenic potential of cancer 

stem cells [48] and can be used as a model for tumor spheroids when they are 

continuously perfused under physiologically relevant flow conditions [49]. Here we 

demonstrate a unique application of MB to mimic lymph node micrometastases. Their 

semi-rounded geometry mimic the deep cortical unit of lymph nodes and culturing 

engineered NK cells with cancer cells in MB arrays (Figure 5.1C) provides a platform to 

evaluate the efficacy of the proposed therapeutic approach to target lymph node 

micrometastases (Figure 5.1D).  

 

5.3 Materials and Methods 

5.3.1 Microfabrication of silicon wafers and microbubble formation 

A lithography mask was designed with using AutoCAD LT 2008 (Autodesk, Inc., USA).  

The mask included three different types arrays of rectangular trenches with 60 µm, 100 

µm and 200 µm circular openings. Depth of the trenches was 150 µm. Silicon wafers 

were produced from this mask (MEMS and Nanotechnology Exchange, Virginia USA) 

using the Bosch deep reactive ion etching (DRIE) process. The hydrophobic coating 

produced during the Bosch process was left intact. The DRIE silicon wafers were used to 

produce microbubble in PDMS. Dow Corning’s Sylgard® 184 silicone elastomer kit in a 

10:1 base to curing agent ratio (w/w) was manually mixed in a 50 mL tube for 2 min and 

poured onto silicon wafers.  The mixture was allowed to spread out on the wafer for 30 



 140 

min at room temperature and cured at 100 °C for 2 hr. The PDMS was then peeled off 

from the wafers and the arrays were cut in small chips to be used in cell culture 

experiments. The experiments described in this work were all performed on microbubbles 

formed from the 100 µm circular openings on the wafer.  

 

5.3.2 Cell lines and culture conditions 

Three lymph node seeking metastatic cell lines from different types of cancers were used 

in this study. LNCaP (prostate cancer), COLO205 (colorectal cancer) and MDA-MB-231 

(breast cancer) were purchased from American Type Culture Collection (ATCC) and 

maintained in culture at 37 OC with 5% CO2 in humidified incubator. LNCaP and 

COLO205 cells were cultured in RPMI-1640 (Cellgro, 10-040-CV) supplemented with 

10% fetal bovine serum (FBS) (Atlanta Biologicals, S11050H), and 1% 

penicillin/streptomycin (PS) (Gibco®, 15140-122). MDA-MB-231 cells were cultured in 

high glucose DMEM (Gibco®, 11965-092) supplemented with 10% FBS and 1% PS. 

HNK-1, a hybridoma cell line (ATCC® TIB-200TM) was cultured in RPMI-1640 

(ATCC® 30-2001TM) supplemented with 0.02 mM 2-mercaptoethanol (Gibco®, 21985-

023) and 20% ultra low IgG FBS (Gibco®, 16250-078).  The hybridoma line secretes 

anti-CD57 (IgM isotype), a monoclonal antibody against human natural killer cells [50].  

 

5.3.3 Preparation of TRAIL and anti-CD57 functionalized liposomes 

Hydro Soy PC L-α-phosphatidylcholine (HSPC), cholesterol, 1,2-distearoyl-sn-glycero-

3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000] (DSPE-mPEG2000) 

and 1,2 distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide (polyethylene 
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glycol)-2000] (DSPE-Mal-mPEG2000) were purchased from Avanti Polar Lipids 

(Alabaster, AL, USA). Liposomes were composed of HSPC: cholesterol: DSPE-

mPEG200: DSPE-Mal-mPEG2000 at a molar ratio of 2:1:0.08:0.02. Lipids were mixed 

to produce a total of 10 mM lipid in 1 mL and kept in a glass vial covered with parafilm 

inside a vacuum glass chamber over night to remove residual organic solvent. The lipid 

cake was then hydrated in 1 mL of buffer composed of 20 mM 4-(2- hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) and 150 mM sodium chloride in phosphate 

buffered saline (PBS) at pH 7.5. The hydrated lipids formed multi-lamellar vesicles and 

they were then disrupted by 10-15 freeze (2 min)/ thaw (3 min) cycle before extrusion. 

The lipid suspension was then forced through a polycarbonate filter with successively 

smaller pore size (400 nm, 200 nm and 100 nm) mounted on a holder in a heating block 

(Avanti®mini-extruder). The temperature was maintained at 60 oC above the phase 

transition temperature of the lipids. 

 

Anti-CD57 was isolated from hybridoma supernatant using a protein-L agarose column 

(Thermoscientific, 20510) following a protocol supplied by the manufacturer for gravity-

flow based isolation of proteins. Recombinant human TRAIL (Peprotech 310-04) and 

anti-CD57 were thiolated using 1 mM Traut’s reagent (Thermoscientific, 26101) added in 

6-fold molar excess to the proteins in solution. Excess Traut’s reagent was removed using 

a desalting column (Thermoscientific, 89889) by spinning the reaction mixture three 

times for 2 min at 1000 xg.  Thiolated proteins were then functionalized on the surface of 

liposomes overnight at 4 oC via maleimide-thiol chemistry by adding an appropriate 

amount of protein to set the concentration of maleimide in liposomes at 6-fold molar 
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excess to the concentration of thiol groups in proteins. The protein- functionalized 

liposome was stored at 4 oC for up to a week and was prepared fresh whenever required. 

Successful functionalization of proteins to liposomes was determined by measuring the 

average particle size by dynamic light scattering using a Malvern Zetasizer nano ZS 

(Malvern Instruments Ltd., UK). 

 

To produce fluorescent liposomes used in this study, cholesterol in the lipid composition 

was replaced with TopFluor cholesterol (Avanti polar lipids, 810225). The same protocol 

was used to make fluorescent liposomes by minimizing the exposure to light.  

 

5.3.4 Conjugation of liposomes to natural killer cells  

Natural killer cells were isolated from whole blood of healthy volunteers following 

informed consent using the RosetteSepTM human NK cell enrichment cocktail (Stemcell 

Technologies, 15065) following the protocol supplied by the manufacturer. The 

Institutional Review Board for Human Participants (IRB) at Cornell University approved 

the protocol for drawing blood for inclusion of human participants in research. NK cells 

were maintained in culture using MyelocultTM (Stemcell technologies, H5100) 

supplemented with 1 mM hydrocortisone and 100 U/mL of human recombinant 

interleukin-2 (IL-2) (Millipore, IL002).  

 

For conjugating CD57-expressing NK cells to anti-CD57 and TRAIL functionalized 

liposomes, NK cells were pelleted and resuspended in 200 µL of 2% bovine serum 

albumin (BSA). They were then incubated with a specific volume of protein- 
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functionalized liposomes at 4 oC for 1 hr. The volume of liposomes to be added to 1x106 

NK cells was determined by incubating 1x106 NK cells with 5, 10, 25 and 50 µL of 

fluorescent liposomes. The NK cells were then washed twice with PBS to remove any 

unbound liposomes by centrifuging them at 1000 rpm for 10 min. The fluorescent 

intensity histograms from flow cytometric analysis (BD AccuriTM C6 flow cytometer) 

were used to determine the optimum volume of liposomes to be added to 1x106 NK cells. 

Successful conjugation of liposomes to NK cells was verified using flow cytometry and 

fluorescent microscopy with appropriate filters on an Olympus IX81 microscope. NK 

cells conjugated to TRAIL-functionalized liposomes will be referred to as “super NK 

cells” in the rest of this paper. To ensure that there were no deleterious effects of 

conjugating TRAIL-functionalized liposomes to NK cells, conjugated cells were cultured 

in vitro for 24 hr and stained for live cell marker Calcein-AM (Molecular Probes®, 

C3100MP).  

 

5.3.5 Characterization of cell lines for death receptor expression 

Cancer cells were analysed for the expression of death receptors (DR4 and DR5) using 

flow cytometry (Guava EasycyteTM flow cytometer). LNCaP, COLO205 and MDA-

MB-231 cells grown to confluence in 6-well plates were washed with PBS and cells were 

harvested using enzyme-free cell dissociation buffer (Gibco®, 13151-014). 

Approximately 0.5x106 cells were resuspended in 100 µL 2% BSA. Cells were then 

incubated with 10 µL of PE-conjugated monoclonal antibody against DR4 (R&D 

Systems, FAB347P) and DR5 (R&D Systems, FAB6311PS) and 10 µL of corresponding 

isotype control (R&D Systems, IC0041P) at 4 oC for 45 min. Following incubation, 
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unreacted antibodies were removed by washing with PBS twice by centrifugation at 1000 

rpm for 5 min. Cells were resuspended in 400-600 µL of 1% BSA for flow cytometric 

analysis.  

 

5.3.6 Cell culture experiments in microbubble arrays 

Super NK cells were cocultured with cancer cells in MB arrays at 37 oC for 24 hr. For co-

culturing super NK cells and cancer cells in MB arrays, we followed the protocol 

described in detail previously [48]. Briefly, small chips (1 cm x 0.5 cm) containing arrays 

of MB were rinsed in 70% ethanol and distilled water and dried with nitrogen gas. The 

backside of the chips was rendered hydrophilic by etching them in a plasma chamber 

with atmospheric air for 10 min to keep the chips submerged in cell culture media. The 

chips were then blocked and subjected to negative pressure in a vacuum chamber to 

remove the air trapped inside the microbubbles during the curing process. NK cells were 

conjugated to TRAIL-functionalized liposomes as described in Section 2.4 and about 0.1 

x 106 super NK cells were resuspended in 200 µL cell culture media composed of RPMI-

1640 supplemented with 10% FBS and 1% PS. Approximately 100 µL of the cell stock 

solution was applied to top of the chip and incubated for 30 min at room temperature (25 

oC) under sterile conditions. After incubation, the cell solution was removed and the chip 

was rinsed twice to remove any cells that may have deposited on the surface outside the 

spherical cavities. After seeding super NK cells, about 0.1 x 106 cancer cells (LNCaP, 

COLO205 and MDA-MB-231) in 200 µL of cell culture media was applied to the top of 

the chip and incubated for 10-15 min. The chips were rinsed twice and then placed inside 

a single well of a 24-well plate filled with 1 mL of cell culture media. The 24-well plate 
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containing the MB chips was placed inside a humidified cell culture chamber maintained 

at 37 oC with 5% CO2. The following control conditions were used in the cell culture 

experiments. Before seeding MB arrays with cancer cells, MB arrays were incubated with 

liposome buffer, naked liposomes (liposome without TRAIL), TRAIL-functionalized 

liposomes, unmodified NK cells.  

 

5.3.7 In situ detection of apoptotic cancer cells 

To determine the therapeutic efficacy of the proposed approach, cells cultured in MB 

arrays were stained in situ using an apoptosis detection kit (Trevigen®, 4840-01-K). The 

kit is based on Annexin V-FITC to label early apoptotic cells and propidium iodide (PI) 

to label late apoptotic/necrotic cells. Incubation reagent was prepared using a protocol 

provided by the manufacturer. The reagent was further diluted 1:10 times in 2% BSA. 

The MB chips were removed from 24-well plates and 100 µL of diluted reagent was 

applied on top of the MB chips. The chips were incubated for 30 min at room 

temperature in the dark. After incubation, the chips were washed gently 5-10 times by 

immersing them in a well containing PBS. The chips were then imaged using an 

Olympus IX81 microscope with appropriate filters for FITC and PI. Images were taken at 

12 hr and 24 hr after culture to label apoptotic cancer cells. Digital images from 

fluorescence microscopy were processed using ImageJ after normalizing for background 

intensity (NIH, USA). A region of interest was defined around each microbubble for 

analysis of Annexin V-FITC and PI staining. Areas were analysed for the mean intensity 

and the values are reported as bar graphs for a quantitative measure of apoptotic cancer 
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cells in MB arrays. The mean pixel intensity between different treatment groups was 

compared for statistical significance using unpaired Student t-test. 

 

5.3.8 Confocal microscopy 

NK cells were labelled with CellTracker green (Molecular Probes®, C7025) and LNCaP 

cells were labelled with CellTracker red (Molecular Probes®, C34552) and seeded on MB 

arrays following the protocol mentioned in Section 2.6. The chips were then transferred 

into a glass bottomed 24-well plate and imaged using a Zeiss 710 laser scanning confocal 

microscope. 

 

5.4 Results and Discussion 

5.4.1 Geometry of microbubble cell culture platform  

In this work we were interested in developing a unique application of MB arrays as a 

model for mimicking lymph node micrometastases. Their semi-rounded geometry with a 

single circular opening on the top closely resembles the semi-rounded anatomy of a deep 

cortical unit of a lymph node centered on the top of an afferent lymphatic. PDMS is a 

commonly used polymer for cell culture applications. Apart from mimicking the deep 

cortical unit of a lymph node in terms of anatomy, PDMS provides a realistic mechanical 

loading to cells. The elastic modulus of PDMS is 50 - 200 kPa [51], which is very close 

to the modulus of several soft tissues [52] including lymph nodes [53]. The top view and 

side view of MB formed from 100 µm circular openings are shown in Figure 5.2.  
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Figure 5.2: Top view and side view of cell culture platform: Top view and side view 
of microbubble (MB) arrays formed from 100 μm circular openings at different 
magnifications. Scale bar = 100 μm.!
 

5.4.2 Characterization of TRAIL and anti-CD57 functionalized liposomes 

Successful functionalization of TRAIL and anti-CD57 on the liposome surface is 

mediated by maleimide-thiol conjugation as indicated in Figure 5.3A and 5.3B. NK cells 

isolated from whole blood were maintained in culture (Figure 5.4A) and flow cytometry 

histograms indicated that NK cells were positive for CD57 expression (Figure 5.4B). 

CD57 is a marker for terminal differentiation in T-cells and it was shown recently that it 

is expressed by a distinctly mature subpopulation of human NK cells [54]. The size 

distribution of naked liposomes and protein-functionalized liposomes was analysed using 

a zetasizer. The average size of naked liposomes was 112.17 + 1.62 nm and TRAIL and 

anti-CD57 functionalized liposomes were roughly 45-55 nm larger than naked liposome 

(Figure 5.3D).  The increase in size of liposomes after protein incubation indicated that 

TRAIL and anti-CD57 have been functionalized on the surface of liposomes. 
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Figure 5.3: Composition and characterization of nanoscale liposomes: Schematics of 
a (A.) Naked liposome (B.) TRAIL and anti-CD57 functionalized liposome (C.) NK cell-
liposome conjugate (Super NK cell) (D.) Size distribution of naked liposomes and 
protein-functionalized liposomes from Malvern zetasizer instrument. Table indicates the 
average size of particles in each group. 
 

5.4.3 Characterization of liposome binding to natural killer cells 

Conjugation of TRAIL-functionalized liposomes to NK cells is mediated by CD57 

expressed on the surface of NK cells and anti-CD57 functionalized on the liposome 

surface (Figure 5.3C). Conjugating TRAIL-functionalized liposomes to NK cells did not 

cause any detrimental effects on NK cells (Figure 5.4C and 5.4D). It has been shown 

that long-circulating liposomes can effectively target solid tumors in cancer patients [55]. 

Conjugating liposomes to NK cells can further increase the circulating time, which is an 

important criterion for targeted drug delivery. Additionally, since the natural niche of NK 

cells is lymph nodes, conjugating therapeutic liposomes to NK cells can specifically 

target micrometastases in the lymph nodes. To ensure successful conjugation of TRAIL-
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functionalized liposomes to NK cells, liposomes composed of fluorescent TopFluor 

cholesterol were used. Fluorescent images indicated that liposomes were successfully 

conjugated to NK cells (Figure 5.5A). Closer examination indicated that liposomes were 

evenly coated on the surface of NK cells (Figure 5.5A inset). Flow cytometric analysis 

revealed that NK cells conjugated to fluorescent liposomes functionalized with anti-

CD57 showed a shift in fluorescent intensity peak with respect to NK cells conjugated to 

non-fluorescent liposomes (Figure 5.5B). To investigate any non-specific interaction of 

liposomes with NK cells, NK cells were incubated with fluorescent liposomes without 

functionalized anti-CD57. Fluorescent intensity peak showed a small shift with respect to 

the control, indicating that there was minimal non-specific interaction. Functionalizing 

more PEG on the liposome surface could further reduce non-specific interactions[56]. To 

determine the volume of liposomes needed to completely saturate the CD57 receptors on 

NK cells, 1x106 NK cells were incubated with different volumes of fluorescent 

liposomes. Flow cytometry histograms indicated increasing shift in fluorescent intensity 

peak for increasing volume of liposomes. For a treatment volume of 25 µL and 50 µL, 

there was no change in fluorescent intensity peak, indicating that a treatment volume of 

25 µL saturated all the available CD57 receptors on the surface of NK cells (Figure 

5.5C). 
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Figure 5.4: Characterization of NK cells bound to liposomes: (A.) NK cells in culture 
24 hours after isolation (B.) Expression of CD57 by NK cells (C.) Bright field image of 
NK cells conjugated to TRAIL functionalized liposomes (D.) Fluorescent field image of 
NK cells stained with Calcein-AM (Live cell marker) 24 hours after conjugation indicates 
that TRAIL functionalized liposomes did not have any detrimental effects on NK cells. 
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Figure 5.5: Characterization of liposome binding to NK cells: (A.) NK cells 
conjugated to fluorescent liposomes with inset showing even distribution of liposomes on 
NK cell surface. (B.) Flow cytometry histogram indicating that conjugation is anti-CD57 
dependent. (C.) Flow cytometry histograms showing the fluorescent shift intensity for 
different treatment volume of liposomes. Scale bar = 100 µm. 
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5.4.4 Morphology of cancer cells in microbubbles 

Micrometastases are small aggregates of cancer cells less than 2 mm in diameter and they 

can remain dormant for many years before forming overt metastases [57]. 

Microfabrication has led to the development of 3D cell culture systems which have taken 

cancer cell lines a step closer to in vivo tumors [58]. A model for micrometastasis should 

be able to recapitulate the in vivo microenvironment. Microenvironment plays an 

important role in driving cells in micrometastasis progressively towards becoming an 

established metastatic lesion ultimately leading to secondary metastases [5]. We have 

shown that MB arrays can concentrate soluble factors secreted by cells to create a 

microenvironmental niche for cells cultured in them [47]. Cancer cells seeded in MB 

arrays form micrometastasis-like aggregates 24 hr after culture (Figure 5.6). We seeded 

MDA-MB-231 (Figure 5.6A), COLO205 (Figure 5.6B) and LNCaP (Figure 5.6C) cells 

at similar seeding density and observed the formation of micrometastasis-like aggregates 

after 24 hr in culture (Figure 5.6D-5.6F). 
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Figure 5.6: Cell culture in microbubble platform: (A.) MDA-MB-231, (B.) COLO205 
and (C.) LNCaP cells seeded in MB arrays immediately after seeding and 24 h after 
seeding (D–F). Scale bar = 100 µm. 
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5.4.5 Effect of super natural killer cells on cancer cells cultured in microbubbles 

To determine the effectiveness of super NK cells in targeting cancer cells, super NK cells 

were seeded prior to seeding cancer cells first in MB arrays. Confocal micrographs of 

LNCaP cells labelled with CellTracker red and super NK cells labelled with CellTracker 

green cultured in a single MB are shown in Figure 5.7. The images shown are a 

superimposition of all the Z-plane images acquired with individual filters for LNCaP 

cells (Figure 5.7A) and super NK cells (Figure 5.7B), and both the channels to visualize 

the coculture of LNCaP and super NK cells in a MB (Figure 5.7C).  

 

 

Figure 5.7: Confocal micrographs of super NK cells and cancer cells cocultured in a 
single microbubble: Confocal micrographs of (A.) LNCaP cells, (B.) super NK cells and 
(C.) LNCaP (Red) and super NK cells (Green) cells seeded in a single MB. Scale bar = 
100 µm 
 

The cell lines chosen for this study were based on reports suggesting that these cells 

readily metastasize to the lymph nodes in experimental animal models (MDA-MB-231 

[59], COLO205 [60] and LNCaP [61]). The cell lines were characterized for the 

expression of death receptors (DR4 and DR5). Flow cytometric analysis for surface 

expression of DR indicated that the three cell lines showed positive expression of death 

receptors (Figure 5.8).  

 

A B C
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Figure 5.8: Characterization of cell lines for death receptor expression: Flow 
cytometry histograms indicating the expression of death receptors in the cancer cell lines 
used in this study. The shift in fluorescent intensity indicates the amount of expression of 
DR4 (red) and DR5 (blue) on the surface of cancer cells 
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TRAIL has been shown to induce apoptosis in cancer cells by binding to death receptors. 

TRAIL is a toxin that is involved in the body’s natural defense mechanism that holds 

advantages over other chemotherapeutic drugs that can be toxic to non-cancerous cells 

[62]. The first step taken by cells undergoing apoptosis is the loss of membrane integrity, 

which leads to the exposure of phospholipids. Annexin-V based apoptosis detection assay 

exploits this loss of membrane integrity. Annexin-V binds to exposed phospholipids in 

cells undergoing apoptosis and is a marker for early stages of apoptosis [63]. Propidium 

iodide (PI) is a fluorescent membrane impermeable DNA binding stain that is a marker 

for dead cells those have completely lost membrane integrity [63]. Fluorescein 

isothiocyanate (FITC) conjugated Annexin-V and PI were used to label apoptotic and 

dead cells in situ in MB arrays seeded with cancer cells and super NK cells. We noticed 

that cancer cells were progressively driven towards apoptosis. After 12 hr of incubation 

of super NK cells with MDA-MB- 231 (Figure 5.9A), COLO205 (Figure 5.9B) and 

LNCaP cells (Figure 5.9C), most of the cells were positive for Annexin-V staining 

(green) and very few cells stained positive for PI (red) (Figure 5.9D-5.9F), indicating 

that the cells were primarily in early stages of apoptosis. After 24 hr of incubation most 

of the cells formed a heterotypic aggregate and it was hard to distinguish between super 

NK cells and cancer cells (Figure 5.9G-5.9I). By the end of 24 hr, cells were positive for 

PI (red), indicating that most of the cells were dead (Figure 5.9J-5.9L). The mean pixel 

intensity for Annexin-V FITC and PI positive cells was quantified using ImageJ software 

and the bar graphs indicate that by 12 hr, most of the cells were positive for Annexin-V 

and by 24 hr, most of the cells were positive for PI (Figure 5.10A).  
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Figure 5.9: In situ apoptosis assay to detect apoptotic cancer cells: Bright field (A–C, 
G–I) and fluorescent (D–F, J–L) images of MDA-MB-231, COLO205 and LNCaP cells 
labeled with Annexin-V FITC (green) and propidium iodide (red) at 12 h (A–F) and 24 h 
(G–L) respectively. Scale bar = 100 µm. 
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Figure 5.10: Quantifying the therapeutic efficacy of super NK cells: Bar graphs of 
mean pixel intensity of (A.) Annexin-V FITC and PI positive cells by the end of 12 h and 
24 h (B.) PI positive cells for different culture conditions by the end of 24 h. Bars 
represent mean + standard deviation. 
 

MB arrays incubated with liposome buffer prior to cancer cell seeding (Figure 5.11A 

and 5.11B) were found to form healthy aggregates by the end of 24 hr and did not stain 

positive for PI. Naked liposomes were not able to induce apoptosis in cancer cells 

(Figure 5.11C and 5.11D) whereas liposomes functionalized with TRAIL were able to 

induce apoptosis in cancer cells (Figure 5.11E and 5.11F). NK cells were able to 

mediate apoptosis in cancer cells but the response was not significant (Figure 5.11G and 

5.11H) in comparison to super NK cells (Figure 5.11I and 5.11J). The mean intensity 

for PI positive cells after 24 hr in culture indicates that super NK cells more significantly 

induced apoptosis in cancer cells in comparison to NK cells and TRAIL-functionalized 

liposomes (Figure 5.11B).  
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Figure 5.11: Comparing the therapeutic efficacy of super NK cells with endogenous 
NK cells: Bright field and fluorescent images of MB stained with PI after 24 hours in 
culture. MB that were incubated with (A-B) liposome buffer, (C-D) naked liposomes, (E-
F) TRAIL functionalized liposomes, (G-H) NK cells or (I-J) super NK cells prior to 
seeding cancer cells (COLO205, LNCaP). 
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5.5 Conclusions  

Identification of DTCs in lymph nodes has served as a prognosticator of poor survival in 

several types of cancers. The results from several clinical studies suggest that DTCs can 

remain inactive for several years before a patient is diagnosed with overt metastasis. This 

has led to the development of several targeted therapies to target micrometastases within 

a relatively short span of time. However, to date, an adaptive immune therapy based 

approach to amplify the therapeutic potential of endogenous NK cells has not been 

proposed. The advent of efficient, high-throughput 3D cell culture platforms enables one 

to microengineer tumor models in vitro. In this work we showed a novel application for 

microbubble arrays formed on PDMS as an in vitro model for mimicking lymph node 

micrometastases. We showed that lymph node-seeking cancer cells cultured with NK 

cells conjugated to TRAIL-functionalized liposomes in MB arrays begin to undergo 

apoptosis after 24 hr in culture. The ability of the proposed chip containing MB arrays to 

mimic the microenvironment of lymph node micrometastases could be applied to studies 

investigating targeted therapies for cancer cells metastasizing to lymph nodes. The 

proposed chip can also be used to culture tumor cells from surgical explants and study 

their sensitivity to a therapeutic approach to target lymph node micrometastases. 
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6.1 Abstract 
 
A primary tumor metastasizes predominantly through the circulatory system or the 

lymphatic system. Cancer cells that metastasize through the lymphatic system often get 

lodged in the lymph nodes that are close to the primary tumor. The first sets of lymph 

nodes that drain the primary tumor are often referred to as tumor draining lymph nodes. 

Tumor draining lymph nodes are the first site of metastasis in different types of cancers. 

The extent of metastasis in the lymph nodes is often used in staging cancer progression. 

Cancer cells in lymph nodes can remain dormant for several years before becoming overt 

metastatic lesions. The overt micrometastatic lesions can then use the lymphatic system 

to spread to distant organs. In Chapter 5, we showed that nanoscale TRAIL liposomes 

conjugated to human natural killer cells could enhance their endogenous therapeutic 

potential in killing cancer cells cultured in engineered lymph node microenvironments. In 

this Chapter, we show that liposomes decorated with apoptosis inducing TRAIL ligand 

and an antibody against mouse natural killer cells within the tumor draining inguinal 

lymph nodes can completely prevent the lymphatic spread of a subcutaneous tumor in 

mice. By targeting natural killer cells with TRAIL liposomes, we enhance the retention 

time of liposomes within the tumor draining lymph nodes to induce apoptosis in cancer 

cells. we conclude that this approach could be used to kill cancer cells within the tumor 

draining lymph nodes to prevent the lymphatic spread of cancer.  
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6.2 Introduction  

It has been estimated that 29-37% of cancer patients with breast, colorectal and lung 

cancers are diagnosed with metastases in their tumor draining lymph nodes (TDLN) [1]. 

These patients are at a higher risk for distant organ metastases through the vast network 

of lymphatic capillaries. Lymph nodes (LN) are small pockets filled with immune cells 

where the lymphatic capillaries converge, giving an opportunity for the resident immune 

cells to act against virus infected host cells and cancer cells that might be present in the 

lymph fluid. An important subset of immune cells patrolling the LN is natural killer (NK) 

cells, representing about 1-5% of mononuclear cells [2]. Despite the evidence of NK cell 

mediated anti-tumor immune response in the LN of experimental animals [3], they still 

remain the first site of metastasis in melanomas and carcinomas [4]. This is because of 

the primary tumor-induced NK cell abnormalities in the TDLN [5]. Recent findings show 

a different phenotype for human NK cells in secondary lymphoid organs such as LN [6], 

allowing distinction from the bulk of the NK cells present in the blood. This presents an 

opportunity to engineer endogenous NK cells in the TDLN to specifically kill cancer 

cells to prevent the lymphatic spread of cancer. NK cell mediated anti-tumor immune 

response often involves the expression of Tumor necrosis factor-α Related Apoptosis 

Inducing Ligand (TRAIL) on its surface [7], which initiates apoptosis by interacting with 

death receptors on cancer cells. 

 

The advent of use of host immune cells to fight cancer has led to groundbreaking 

immunotherapeutic approaches. The past decade saw several of these efforts move to 

clinic such as the IL-2 therapy [8], ipilimumab [9] (anti-CTLA4 antibody) and chimeric 
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antigen-receptor engineered T-cell therapy [10]. This has motivated several groups to 

design new immunotherapeutic approaches as an alternative to side-effects prone 

chemotherapy and radiation therapy often used in the treatment of advanced stages of 

cancer [11]. Nanotechnology based immunotherapeutic approaches are being explored as 

a potential route of administering immunomodulatory cytokines/antibodies because of 

their ability to reduce systemic toxicity in comparison to their conventional formulations 

[12]. The ability to carry immunotherapeutic agents in nanoscale carriers has the 

advantage of  (i) penetrating through the smallest of capillaries because of their size, (ii) 

specifically target tumor because of their ability to be engineered with targeting moieties 

and (iii) elicit a localized stimuli-sensitive response because of their capacity to release 

the immunotherapeutic drug in response to certain cues within the tumor such as pH, 

hypoxia etc. Nanoscale based carriers such as liposomes have already been FDA 

approved for use in chemotherapy and marketed as DOXIL® (liposomal doxorubicin) 

[13] and Abraxane (albumin bound paclitaxel) [14]. Taking a cue from body’s natural 

defense mechanism, we described a “super” natural killer cells approach by attaching 

TRAIL functionalized liposomes to NK cells through a targeting antibody that can 

effectively induce apoptosis in human cancer cell lines cultured in engineered in vitro LN 

microenvironments [15] (Chapter 6). When cocultured with human cancer cell lines that 

are known to metastasize to LN in experimental animal models, engineered super natural 

killer cells were able to induce apoptosis in cancer cells to a significantly higher degree in 

comparison to unmodified NK cells.  
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The goal of this study was to determine if TRAIL liposomes targeted to NK cells in the 

tumor draining inguinal LN of mice bearing a subcutaneous human xenograft tumor 

could effectively prevent the metastasis of primary tumor to the TDLN. Orthotopic 

models are extensively used for studying cancer metastasis in experimental animal 

models [16]. While orthotopic models have the advantage of providing a more realistic 

microenvironment for primary tumor to metastasize, subcutaneous models are often used 

in studies investigating the lymphatic spread of cancer [17]. Here, we describe a 

therapeutic approach to target and kill cancer cells in the subcutaneous tumor draining 

inguinal LN by functionalizing natural killer cells with liposomes coated apoptosis-

inducing ligand TRAIL, and an antibody against NK1.1 antigen expressed on murine NK 

cells (Figure 6.1). The functionalization of NK in the TDLN, creates “super” natural 

killer cells increasing their retention time in the TDLN, effectively preventing the 

lymphatic spread of the primary tumor.  

 

Figure 6.1: Schematics of TRAIL/Anti-NK1.1 liposomes: TRAIL and anti-NK1.1 are 
coated on the surface of liposomes via maleimide-thiol conjugation. NK1.1 expressing 
NK cells are functionalized with TRAIL liposomes by interacting with anti-NK1.1 on 
liposome surface.  
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6.3 Materials and Methods 
 
6.3.1 Reagents and antibodies 

Bovine serum albumin (BSA), paraformaldehyde (PFA), 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), NaCl, 2-Mercaptoethanol and chloroform (ACS 

grade) were all obtained from Sigma-Aldrich. Leibovitz's L-15, Dulbecco's Modified 

Eagle's Medium (DMEM) and Hybri-care cell culture media were obtained from ATCC. 

RPMI 1640 cell culture media, penicillin-streptomycin (PenStrep), Fetal Bovine Serum 

(FBS), Ultra-low IgG FBS, Hank’s Based Salt Solution (HBSS), Phosphate Buffered 

Saline (PBS), NaHCO3, Non-Essential Amino Acids (NEAA), Traut’s reagent and DAPI 

stain were all purchased from LifeTechnologies. Recombinant human tumor necrosis 

factor-related apoptosis-inducing ligand (TRAIL), recombinant murine interleukin-2 (IL-

2) and IL-15 were obtained from Peprotech.  L-α-phosphatidylcholine from egg (Egg 

PC), ovine wool cholesterol (Chol), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy (polyethylene glycol)-2000] (DSPE-mPEG2000) and 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[maleimide (polyethylene glycol)-2000] (DSPE-Mal-

mPEG2000) were purchased from Avanti Polar Lipids. Mouse anti-human DR4 and DR5 

conjugated to PE, Mouse anti-human TRAIL (primary Ab), FITC anti-mouse IgG 

(secondary Ab), mouse IgG1 isotype control, goat anti-mouse IgG and PE mouse IgG1 

isotype control were all purchased from BioLegend. Anti-mouse CD3, CD11c, CD335 

and B220 conjugated to APC along with isotype controls were purchased from 

eBioscience. Annexin-V FITC apoptosis detection kit was purchased from Trevigen. 

Liver activity detection kits for measuring serum levels of alanine aminotransferase 

(ALT) and aspartate aminotransferase (AST) were purchased from BioVision. Mouse 
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natural killer (NK) cell isolation kit was purchased from Stemcell Technologies. Human 

TRAIL ELISA kit and mouse interferon-γ (IFN- γ) ELISA kit were obtained from R&D 

systems and eBioscience, respectively. Protein G columns and buffers for isolating anti-

NK1.1 antibody secreted by mouse hybridoma cell line were purchased from GE 

Healthcare Lifesciences. 7-Aminoactinomycin/ carboxyfluorescein succinimidyl 

ester  (7-AAD/CFSE) cell-mediated cytotoxicity assay kit were obtained from Cayman 

Chemicals. Luciferase used for in vivo bioluminescent imaging was purchased from Gold 

Biotechnology.  

 

6.3.2 Cell lines and culture conditions 

The SW620 cell line established from cancer cells isolated from the tumor draining 

lymph nodes of a human patient with primary colon cancer (ATCC number CCL-227) 

was obtained from ATCC and cultured in L-15 medium supplemented with 10% (vol/vol) 

FBS and 100 U/mL PenStrep under humidified conditions at 37oC with 5% CO2. Murine 

melanoma cell line B16F0 (ATCC number CRL-6322) was obtained from ATCC and 

cultured in DMEM medium supplemented with 10% (vol/vol) FBS and 100 U/mL 

PenStrep under humidified conditions at 37oC with 5% CO2. Mouse hybridoma cell line 

PK136 (ATCC number HB191) secreting anti-NK1.1 antibody against murine NK cells 

was purchased from ATCC and cultured in Hybricare medium supplemented with 10% 

ultralow IgG FBS and 1.5 g/L of NaHCO3. Hybridoma cell culture was maintained 

at a concentration between 1x105 and 1x106 cells/mL.  For all experiments, cell viability 

was assessed by trypan blue exclusion dye before counting. Isolated mouse NK cells 
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were cultured in RPMI media supplemented with 10% FBS (vol/vol), 1% NEAA, 50 µM 

2-mercaptoethanol, 100 U/mL murine IL-2 and 10 U/mL murine IL-15.  

 

6.3.3 Mice and in vivo tumor model 

Cornell University’s Institutional Animal Care and Use Committee (IACUC) approved 

all the experimental protocols and methods performed in mice. 6- to 8-week-old male 

C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA). Mice 

were housed at the Transgenic Mouse Core Facility at Cornell University in filter-top 

cages under pathogen-free conditions with free access to water and food. These mice 

were used for toxicology and pharmacokinetics experiments. 6- to 8-week-old male 

B6.129S7-Rag1tm1Mom/J mice (B6Rag1) were purchased from Jackson Laboratory. 

B6Rag1 mice have a “non-leaky” immunocompromised phenotype. They lack mature T-

cells and B-cells allowing human cancer cell lines to propagate but have its innate 

immunity intact (high NK cell activity). The high NK cell activity is advantageous for 

evaluating the therapeutic efficacy of engineered liposomes directed towards NK cells in 

the tumor draining LN. The animals were weighed weekly and monitored for signs of 

distress by the Cornell Center for Animal Resources and Education (CARE) facility staff. 

 

For spontaneous metastasis to the inguinal LN, luciferase tagged SW620 cells (2x106 

cells/100 µL) were injected subcutaneously into the lower left abdominal flank. After 

injecting cancer cells, animals were monitored weekly for primary tumor growth and 

metastasis to the inguinal lymph node using an in vivo luciferase-based reporter assay. 

Luciferin was administered at 150 mg/kg per animal intraperitoneally using a 30G insulin 
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syringe needle. Animals were placed under anesthesia using 2% isoflurane and imaged 

10 min post-injection for maximum bioluminescence signal. Images were acquired at 10 

s exposure time using a Xenogen In Vivo Imaging System (IVIS) 200 Imaging System. 

For quantification of total flux wherever reported, in-house developed region of interest 

(ROI) measurement tools were used to compare the signal intensity.  

 

6.3.4 Preparation of liposomes 

Multilamellar liposomes (10 mM in 1 mL) composed of EggPC, Chol, DSPE-mPEG2000 

and DSPE-mPEG2000-maleimide at molar ratios 2:1:0.05:0.05 were prepared using a 

lipid extrusion method [18]. The maleimide functional group on DSPE-mPEG2000 

allows for attachment of thiolated proteins. Briefly, lipids were allowed to form a thin 

film by mixing them in desired proportions and leaving them overnight in a vacuum glass 

chamber to ensure complete removal of chloroform. The resulting lipid cake was 

hydrated in a buffer composed of 20 mM HEPES and 150 mM NaCl in PBS at pH 7.5. 

Hydrated lipids formed multilamellar vesicles which were then disrupted by 15 freeze (2 

min)/thaw (3 min) cycles before extrusion. The lipid suspension was then forced through 

a polycarbonate filter with successively smaller pore size (400 nm, 200 nm and 100 nm) 

mounted on a holder in a heating block (Avanti® mini-extruder). The temperature was 

maintained at 60 °C, which is above the phase transition temperature of the lipids. Anti-

NK1.1, TRAIL and anti-mouse IgG were thiolated using 1 mM Traut’s reagent following 

a protocol supplied by the manufacturer. Excess Traut’s reagent was removed using a 

desalting column. Thiolated proteins were functionalized on liposomal surface by 

incubating them with liposomes overnight at 4oC (500 nM of TRAIL and 500nM of anti-
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NK1.1). To remove unbound proteins, liposomes were diluted in liposome buffer and 

ultracentrifuged at 100,000 x g for 6 hr at 4oC. Freshly prepared nanoscale liposomes 

were characterized using Zetasizer (Malvern Instruments Ltd.) to ensure successful 

conjugation of proteins. Unconjugated liposomes were measured to be 94.87 + 2.8 nm in 

diameter with a zeta potential of -4.8 + 3.2 mV and conjugated liposomes were measured 

to be 138 + 6.2 nm in diameter with a zeta potential of -11.8 + 6.7 mV. Liposome-bound 

TRAIL was quantified using ELISA following solubilization of liposomes in 0.5% 

Tween 20 buffer. The concentration of TRAIL was determined to be 26.5 ng/mL, which 

is equivalent to 3.6 ng/mg of lipid.  

 

6.3.5 TRAIL sensitivity experiment 

SW620 cells were seeded in 6-well plates at a seeding density of 100,000 cells per mL 

and allowed to proliferate for one day before being treated with TRAIL. Media was 

changed before TRAIL treatment to ensure the removal of floating cells. Cells were then 

incubated with media containing 0-100 ng/mL of TRAIL and cultured for 24 hr. A 

standard colorimetric MTT assay was performed after 24 hr in culture to determine the 

percentage of viable cells. The absorbance was measured at 570nm and 690 nm using a 

microplate reader (Bio-Tek Instruments). The absorbance was normalized with respect to 

untreated control and the viability is reported as percentages. 

 

6.3.6 Mouse natural killer cell isolation 

Mice were euthanized by CO2 administration following an IACUC-approved protocol. 

The left and right inguinal LN were isolated from mice by making a small incision above 
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the hind limb region near the abdomen. The isolated LN were digested by placing the LN 

in between frosted slides immersed in cell culture media. The resulting single cell 

suspension from the LN tissue was then used for downstream analysis such as flow 

cytometry wherever appropriate. NK cells from the single cell suspension obtained from 

the inguinal LN were isolated using an EasySep mouse NK cell enrichment kit following 

the protocol supplied by the manufacturer.  

 

6.3.7 Natural killer cell activity assays  

NK cells isolated from the inguinal LN of mice that received different treatments were 

cultured in vitro to measure their activity. Growth rate, IFN- γ secretion, and cytotoxicity 

were measured to examine differences in NK cell activity. Isolated NK cells were seeded 

in 48-well plates at a seeding density of 103 cells/well. The number of cells was counted 

on the 3rd and 7th day of culture using an automated cell counter (BioRad). The media 

conditioned by cultured NK cells was assayed for levels of IFN-γ on the 1st and 7th day of 

culture using ELISA. The cytolytic activity of NK cells was quantified using a 7-

AAD/CFSE staining kit. It has been shown that murine NK cells can induce cytotoxicity 

in cultured mouse melanoma cell line B16F0 [19]. To determine NK cell cytotoxicity, 

B16F0 melanoma cells (Target cells) were pre-labeled with a green fluorescent probe 

CFSE and cultured with murine NK cells (Effector) at predetermined target/effector cell 

ratios (5:1, 10:1 and 15:1). The cell mixture was incubated overnight to allow for NK cell 

cytolytic activity. The cell mixture was incubated with 7-AAD (fluorescent marker for 

dead cells) and analyzed using flow cytometry (Guava easyCyteTM flow cytometer, 

Millipore) to determine the degree of cytotoxicity of NK cells.  
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6.3.8 Pharmacokinetics experiments 

To determine how long TRAIL/Anti-NK1.1 liposomes can remain bound to the surface 

of NK cells in the inguinal LN, C57BL/6 mice received subcutaneous injections of 

buffer, TRAIL/IgG and TRAIL/Anti-NK1.1 liposomes (0.8 mg lipids in 50µL)  (three 

mice per group) on both the left and the right abdominal flanks. The left and right 

inguinal LN were harvested 24 hr post-injection and dissociated single cell suspensions 

from all of the LN were pooled together to isolate NK cells. The isolated NK cells were 

then deposited onto a microscope slide using a Shandon Cytospin 3 (Harlow Scientific). 

The fixed and permeabilized cells were then stained with antibody against anti-human 

TRAIL (to label TRAIL on the liposomes) followed by a FITC conjugated secondary 

antibody and DAPI to label the nuclei. The cells were then imaged using a Zeiss 710 

laser scanning confocal microscope and enumerated to quantify the percentage of NK 

cells bound with liposomes. For the TRAIL/Anti-NK1.1 group, additional time points of 

t=48, 72 and 96 hr were investigated to quantify the percentage of NK cells bound with 

liposomes.  

 

6.3.9 Treatment groups and conditions 

Based on the size of the primary tumor 2 weeks after subcutaneous tumor implantation, 

25 mice were divided into 5 groups. Animals within each group received injections of 

buffer, soluble TRAIL (26.5 ng/mL), TRAIL/IgG liposomes, Anti-NK1.1 liposomes or 

TRAIL/Anti-NK1.1 liposomes. Each group received 50 µL subcutaneous injections (0.8 

mg of lipids) directly adjacent to the primary tumor. The animals were treated on every 

third day based on observations from the pharmacokinetics of TRAIL/Anti-NK1.1 
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liposomes. By the end of week 6, mice in the control groups showed signs of distress and 

pain owing to ulceration and tissue necrosis of the skin overlying the developing tumor. 

This dictated the humane end point of the experiment. At the end of 6 weeks, mice in all 

the treatment groups were euthanized and inguinal LN harvested and used for further 

downstream experiments.  

 

6.3.10 Ex vivo bioluminescence imaging and histology 

For assessing the tumor burden in the inguinal LN, harvested LN were placed in PBS 

containing 300µg/mL of D-luciferin. The organs were immersed for 5 min at 37oC before 

imaging. The LN were then arranged adjacent to each other in a black tape-covered cell 

culture lid and imaged at 1 s exposure time using a Xenogen IVIS 200. An in-house built 

ROI tool was used to quantify the signal intensity from individual LN to compare the 

extent of tumor burden in the inguinal LN between different treatment groups. The LN 

were then transferred to 4% PFA overnight at room temperature. Representative LN from 

each treatment group were imaged using a digital camera and sent to the Histology 

Laboratory at Cornell University for H&E staining and scoring by a veterinary 

pathologist.   

 

6.3.11 Toxicology experiments 

Previous studies from our lab have shown that TRAIL liposomes do not induce cell death 

in human leukocytes [20] and natural killer cells [15]. To further determine the effect of 

TRAIL/Anti-NK1.1 on local lymph node tissue, non-tumor bearing C57BL/6 mice 

received TRAIL/Anti-NK1.1, TRAIL/IgG or buffer injections subcutaneously (three 
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mice per group) once every 3 days. After 6 weeks of treatment, inguinal LN were 

harvested and dissociated into single cell suspensions. The cells were analyzed using an 

Annexin-V FITC and Propidium Iodide (PI) apoptosis detection kit. The assay is based 

on the ability to differentiate cells in different stages of apoptosis. Annexin-V is a marker 

for cells undergoing apoptosis and PI is impermeable to live cells and apoptotic cells, but 

stains dead cells by binding tightly to the nucleic acid. The labeled cells from inguinal 

LN were analyzed using flow cytometry to quantify the proportion of viable cells.  

 

Hepatocytes in the liver have shown sensitivity to TRAIL at extremely high doses 

[21,22]. To assess liver toxicity owing to TRAIL administration, the serum levels of two 

transaminases-alanine aminotransferase (ALT) and aspartate aminotransferase (AST)- 

were measured after 6 weeks of liposome injections. Liver transaminases are common 

biomarkers of liver injury. The concentrations of these transaminases in the serum are 

normally low. The presence of these intracellular enzymes in serum indicates damage to 

the membranes of hepatocytes undergoing apoptosis. Toxicity to liver was also assessed 

by sending postmortem liver samples to the Histology Laboratory at Cornell University 

for H&E staining.  

 

6.3.12 Flow cytometry  

The expression of death receptors in SW620 cells, the expression of NK1.1 antigen on 

NK cells isolated from the inguinal LN, and the interaction of subcutaneously injected 

liposomes with different types of cells within the LN were analyzed on a Guava 
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easyCyteTM flow cytometer using appropriate fluorescent antibodies and their 

corresponding isotype controls.  

 

6.3.13 Statistical analysis 

Where appropriate, pairwise differences in the bioluminescent tumor signals were 

analyzed at selected time points using the Wilcoxon rank-sum test. All statistical analyses 

were performed using GraphPad Prism 6.0 for Mac OS X (GraphPad software).  Based 

on pilot in vivo experiments, total sample sizes of 5 mice per group achieved 80% power 

to detect a difference of at least 1.93 standardized units using the Dunnett multiple 

comparison test (3 comparisons against control) at a α=0.05 groupwise significance level. 

Significance analysis for NK cell activity assays, liver enzyme activity assays, Annexin-

V/propidium iodide assay was analyzed using Student’s t-test at an α=0.05 significance 

level.  

 

6.4. Results 

6.4.1 Characterization of SW620 cells for TRAIL sensitivity 

SW620 cell line is established from the primary tumor draining mesenteric LN of a colon 

cancer patient. It has been reported to be a TRAIL-resistant cell line when compared to 

its isoclonal SW480 cell line established from the primary colon tumor [23]. 

Nevertheless, results found SW620 to be sensitive to TRAIL in a range that includes the 

TRAIL concentration on liposomes used in this study (Figure 6.2A and 6.2B). SW620 

cells treated with 100ng/mL of TRAIL showed characteristic features of the morphology 



! 180 

of a cell undergoing apoptosis (rounded and detached) in comparison untreated controls 

with live cells (spindle shaped and attached) (Figure 6.2C). 

 

 

Figure 6.2: Characterization of SW620 cells for TRAIL sensitivity: (A) Flow 
cytometry histogram showing DR4 (blue) and DR5 (red) expression with respect to 
isotype control (filled) in SW620 cells. SW620 cells were incubated with PE conjugated 
antibodies against DR4, DR5 and their corresponding isotype controls. (B) Percent 
viability of SW620 cells at different concentrations of TRAIL treatment as measured 
using MTT assay. Bars represent mean and standard deviation from 3 wells for each 
treatment condition. (C) Representative bright field micrographs of SW620 cells at 0 
ng/mL and 100 ng/mL TRAIL treatment after 24 hr in culture. The brightfield 
micrograph of TRAIL treated cells shows dead cells (red arrows) characterized by a 
rounded morphology when compared to live cells (green arrows) that are spread and 
show a spindle-shaped morphology. Scale bar=100 µm. 
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6.4.2 Pharmacokinetics of TRAIL/Anti-NK1.1 liposomes  

Subcutaneously injected TRAIL/Anti-NK1.1 liposomes remained bound to NK cells 

within the skin draining inguinal LN 24 hr post-injection with very minimal interaction 

with other cell types in the LN (Figure 6.3). To characterize liposome binding to 

different cell subpopulation within the LN, LN were isolated from mice that received 

subcutaneous injection of buffer, TRAIL/IgG liposomes, naked liposomes and 

TRAIL/Anti-NK1.1 liposomes 24 hr post injection. The isolated cells were labeled with 

B220, CD3, CD11c and CD335 antibodies to label B-cells, T-cells, dendritic cells and 

NK cells respectively. The cells were also labeled with anti-TRAIL antibody to label 

TRAIL on the surface of liposomes. Minimal adhesion of TRAIL/Anti-NK1.1 liposomes 

was observed in B-cells (Figure 6.3A), T-cells (Figure 6.3B) and dendritic cells (Figure 

6.3C). But CD335+ NK cells from mice that received TRAIL/Anti-NK1.1 liposome 

injection showed a significant shift in fluorescent peak intensity verifying the specific 

interaction of liposomes with NK cells in the inguinal LN. Additionally, NK cells were 

isolated (Figure 6.4A) and verified for the expression of NK1.1 antigen on its surface 

(Figure 6.4B). Confocal micrographs of isolated NK cells show a gradual reduction in 

number of liposome bound NK cells after subcutaneous drug delivery (Figure 6.5A). 

About ~28% of NK cells were bound with liposomes at t=72 hr and ~2% of NK cells 

were bound with liposomes at t=96 hr (Figure 6.5B). 
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Figure 6.3: Characterization of liposome binding to NK cells in the LN: Flow 
cytometric analysis of the interaction of liposomes with different kinds of cells within the 
LN. Shown are histograms from liposome fluorescence (FITC conjugated anti-human 
TRAIL) from (A) B220+ B-cells, (B) CD3+ T-cells, (C) CD11c+ dendritic cells, and (D) 
CD335+ NK cell from the inguinal LN of mice injected with buffer (filled), naked 
liposomes (−−−−−−−−), TRAIL/IgG liposomes (…………) or TRAIL/Anti-NK1.1 
liposomes (                  ) 24 hr post-injection. 
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Figure 6.4: Isolation and characterization of mouse NK cells: (A) Flow cytometry 
scatter plots showing the surface marker expression of cells isolated from inguinal LN 
before and after NK cell isolation. The NK cell content (CD335+CD3-) of the isolated 
fraction is approximately 87.80%. (B) Flow cytometry histogram showing the expression 
of NK1.1 antigen in isolated NK cells from the inguinal LN. Isolated NK cells were 
labeled with primary anti-NK1.1 antibody and PE conjugated secondary antibody to 
detect the expression of NK1.1 antigen on their surface.  
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Figure 6.5: Pharmacokinetics of TRAIL/Anti-NK1.1 liposomes: (A) Fluorescent 
confocal micrographs of NK cells isolated from the inguinal LN of mice subcutaneously 
injected with naked (t=24 hr), TRAIL/IgG (t=24 hr) or TRAIL/Anti-NK1.1 liposomes 
(t=24, 48, 72 and 96 hr) labeled with nuclear stain DAPI and anti-human TRAIL on the 
liposomal surface. Scale bar=20µm. (B) Numerical quantification of the percentage of 
NK cells bound with liposomes with different functionalization. Bars represent mean + 
standard deviation. 
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6.4.3 Characterization of in vivo tumor model  
When SW620 cells expressing luciferase were injected subcutaneously into the lower 

abdominal flank, tumor development was observed at the site of injection 1 week after 

injection. Luciferase allows monitoring the growth of primary tumor and the 

establishment of inguinal LN metastasis using noninvasive whole body bioluminescence 

imaging (BLI) [24]. The growth of primary tumor and the establishment of lymph node 

metastasis in the skin draining inguinal LN were monitored weekly using a Xenogen 

IVIS (Figure 6.6A). By week 6 mice started to develop ulceration in the skin overlying 

the subcutaneous primary tumor and were characterized with impaired movement 

dictating a humane endpoint for the study. Quantification of the total amount of photons 

(total flux) emitted by luciferase expressing primary tumor indicated an uninterrupted 

growth of the primary tumor up to 6 weeks post-implantation (Figure 6.6B). The 

pigment associated signal loss in C57BL/6 mice [25] allows visualization of primary 

tumor and inguinal lymph node metastasis when the animals were imaged on their ventral 

and dorsal side respectively. Sequential imaging of inguinal LN after subcutaneous 

injection of luciferase-tagged SW620 cells, demonstrated initial metastasis formation 2-3 

weeks post tumor inoculation and they developed into macroscopic metastasis during 3-6 

weeks post tumor inoculation (Figure 6.6).  
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Figure 6.6: Characterization of in vivo tumor model: (a) Sequential noninvasive 
bioluminescence imaging of B6Rag1 mice implanted with 2x106 SW620-luc cells 
subcutaneously on the lower left abdominal flank shows the growth of a primary tumor 
and the development of metastasis in the tumor draining inguinal lymph node with time. 
Tumor development was monitored by luciferase signal, measured by in vivo imaging at 
week 1, 2, 3, 4, 5, and 6 after tumor implantation. The color scale indicates 
bioluminescence signal intensity. The pigment associated signal loss allows the 
visualization of primary tumor and inguinal lymph node metastasis separately when the 
animal is imaged on its back and front respectively. (b) Quantification of total flux from a 
circular region of interest (ROI) around the primary tumor and inguinal lymph node 
metastasis. Each point represents the mean + standard deviation of total flux from 5 
different mice. The photon flux increases with time, showing the growth of primary 
tumor and inguinal lymph node metastasis upon tumor implantation. 
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6.4.4 Tumor burden in inguinal lymph nodes  

Given the above observations from in vivo pharmacokinetics experiments and tumor 

development, it was decided to start treating primary tumor bearing mice beginning of 

week 2 for every 3 days. To test the ability of TRAIL/Anti-NK1.1 liposomes to prevent 

the metastasis of primary tumor to the LN, 25 mice were divided into 5 groups based on 

the size of the primary tumor 1 week after tumor implantation. At the beginning of week 

2, each group received buffer, soluble TRAIL, TRAIL/IgG liposomes (to account for 

non-specific interaction), Anti-NK1.1 liposomes (carrier without TRAIL) and 

TRAIL/Anti-NK1.1 liposomes subcutaneously for 4 weeks on every 3rd day. The animals 

were monitored weekly using BLI for the growth of primary tumor (Appendix A) and 

the tumor burden in the tumor draining inguinal LN (Appendix B). Whole animal BLI 

indicated increased tumor burden in the skin draining inguinal LN in control groups 

(buffer, soluble TRAIL, TRAIL/IgG liposomes and Anti-NK1.1 liposomes) at the end of 

the study (Figure 6.7A). TRAIL/Anti-NK1.1 treatment group showed a remarkable 

reduction in the ability of primary tumor to metastasize to the inguinal LN (Figure 6.7A). 

At the end of week 6, comparing the total flux from animals in different treatment groups 

shows a significant decline in tumor burden for TRAIL/Anti-NK1.1 treatment group 

(Figure 6.7B). The Cornell Center for Animal Resources and Education (CARE) facility 

staff advised to sack one mouse each from buffer and soluble TRAIL treatment group by 

the end of week 5 leaving only 4 mice in buffer and soluble TRAIL group by the end of 

week 6.  
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Figure 6.7: Metastatic burden in the tumor draining inguinal LN: (A) 
Bioluminescence images showing the tumor burden in inguinal lymph nodes node in a 
representative mouse from each treatment group at the end of week 6. The color scale 
indicates bioluminescence signal intensity (B) Box and whisker plot comparing the total 
flux from the inguinal LN in mice from different treatment groups at week 6. *p<0.05, 
**p<0.01 (Wilcoxon rank-sum test) and n=5 mice per group (4 mice for buffer and 
soluble TRAIL treatment groups). 
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6.4.5 Ex vivo analysis of harvested lymph nodes 

At the end of the study, inguinal LN were removed and ex vivo BLI imaging was 

performed on harvested LN to assess the extent of tumor burden in animals from different 

treatment groups. Interestingly, strong BLI signal was detected in inguinal LN harvested 

from control groups but no BLI signal was detected in TRAIL/Anti-NK1.1 treatment 

group (Figure 6.8A). Numerical quantification of total flux from ex vivo BLI imaging 

shows a significant reduction in signal intensity for LN harvested from the treatment 

group (Figure 6.8B). Metastasis to the inguinal LN was characterized by significantly 

enlarged LN tissue (Figure 6.9A). Hematoxylin and Eosin (H&E) staining was 

performed on harvested LN sections and interpreted by an independent animal 

pathologist. The results match our observations from ex vivo BLI analysis (Figure 6.9B). 

The examined H&E sections from the control groups were reported to contain LN either 

partially or fully encapsulated by neoplastic cells. In addition to the presence of cancer 

cells in the periphery of the tissue, the interior of the tissue was found to be infiltrated 

with glands, clusters and sheets of neoplastic cells surrounded by fibrous tissue and few 

lymphoid cells (Figure 6.9B). Inguinal LN were completely replaced by tumor with 

scarcely present lymphoid follicles throughout the tissue section. In comparison, LN from 

TRAIL/Anti-NK1.1 treatment group were not enlarged or infiltrated by cells from the 

primary tumor (Figure 6.9A and 6.9B).   
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Figure 6.8: Ex vivo BLI imaging of harvested lymph nodes: (a) Bright field and 
bioluminescence images of LN harvested from different control groups and treatment 
group at the end of the study. The color scale indicates bioluminescence signal intensity. 
(b) Quantification of total flux from harvested LN in each treatment group. *p<0.05, 
**p<0.01 (Wilcoxon rank-sum test) and n=5 mice per group (4 mice for buffer and 
soluble TRAIL treatment groups). 
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Figure 6.9: Ex vivo comparison of size and histology of lymph nodes: (A) Color 
images and (B) H&E stained sections of inguinal LN harvested from a representative 
mouse in each treatment group. Scale bar=200µm.  
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6.4.6 Effect of TRAIL liposomes on natural killer cell activity 

The conjugation of TRAIL liposomes to NK cells does not alter their activity. Results 

showed that NK cells isolated from the inguinal LN of mice treated with TRAIL/Anti-

NK1.1 liposomes for 6 weeks show no significant difference in growth rate, cytotoxic 

potential and cytokine secretion levels when compared to NK cells isolated from control 

mice (Figure 6.10). Natural killer cells were isolated from mice that received buffer, 

TRAIL/IgG and TRAIL/Anti-NK1.1 liposome injections subcutaneously for 6 weeks. 

The isolated cells were cultured in vitro for up to 7 days. Their growth rate was compared 

by counting the number of cells on day 3 and day 7 of culture. Results showed that 

TRAIL/Anti-NK1.1 liposomes did not alter the growth rate of NK cells (Figure 6.10A). 

It has been shown that mouse NK cells can induce apoptosis in murine melanoma cell 

line B16F0. Coculturing isolated NK cells with B16F0 melanoma cells at increasing 

proportions of isolated NK cells indicated that liposome conjugation does not alter their 

cytotoxic ability (Figure 6.10B). Previous works demonstrate that mouse NK cells 

cultured in IL-2 containing media secrete interferon-γ (IFN- γ) and it has been used as a 

metric for evaluating NK cell activity [26,27]. NK cells isolated from different treatment 

groups showed no significant difference in IFN- γ secretion levels (Figure 6.10C).  

 

 

 

 

 

 



! 193 

 

Figure 6.10: Mouse NK cell activity assays: (A) Growth of NK cells isolated from 
untreated and treated group shows no significant difference in their growth based on their 
counts on day 3 and day 7 of culture. n=3 for all samples. Each point represent mean + 
standard deviation of the number of cells. (B) Triplicate cultures containing different 
proportions of effector (NK cells from control and treatment groups) to target cells 
(B16F0 murine melanoma cells) were initiated one day after isolating NK cells. The 
percent cytotoxicity quantified using CFSE/7-AAD assay showed no significant 
difference in cytotoxic capacity of NK cells isolated from control and treatment 
conditions. n=3 for all samples. Each point represents the mean + standard deviation of 
the percentage cytotoxicity of NK cells isolated from each treatment group.  (C) The 
media conditioned by isolated NK cells was assayed for IFN- γ levels on day 1 and day 7 
of culture using an ELISA kit. The IFN-γ levels show no significant difference between 
NK cells isolated from control and treatment groups. n=3 for all samples. Bars represent 
mean and standard deviation of IFN-γ levels from each treatment condition.  
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6.4.7 Toxicity to lymph nodes and liver  

TRAIL/Anti-NK1.1 liposomes did not induce significant toxicity to the local LN tissue 

(Figure 6.11) consistent with our previous study [15]. Them serum levels of liver 

enzymes and H&E stained sections of liver were assessed for common signs of 

hepatotoxicity induced by TRAIL. Mice that received TRAIL/Anti-NK1.1 liposome 

injections showed no signs of hepatotoxicity indicated by no significant elevation in 

serum levels of liver enzymes and no significant apoptosis in H&E stained liver sections 

(Figure 6.12) when compared to mice that received buffer and TRAIL/IgG liposome 

injections. Further, there was no drastic fluctuation in body weight in animals from 

different treatment groups although the tumor-bearing animals have reduced body weight 

when compared to non-tumor bearing control mice (Figure 6.13).  
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Figure 6.11: Toxicity to local LN tissue: (A) Representative images of cells isolated 
from the inguinal LN of control and TRAIL/IgG and TRAIL/Anti-NK1.1 treated 
C57BL/6 mice 6 weeks after treatment. Scale bar=100 µm. (B) Representative Annexin-
V/propidium iodide (PI) flow cytometry scatter plots of cells isolated from untreated 
mice and those treated with TRAIL/IgG liposomes and TRAIL/Anti-NK1.1 liposomes. 
The cells were classified into four categories based on Annexin-V and PI labeling: viable 
cells (negative for Annexin-V and PI), early apoptotic cells (positive for Annexin-V 
only), late apoptotic cells (positive for Annexin-V and PI), and necrotic cells (positive for 
PI only). (C) Percent viability of lymph node cells after various treatments shows that 
TRAIL/Anti-NK1.1 liposomes do not induce significant cell death to the local LN tissue. 
n=3 for all samples. Bars represent the mean ± standard deviation for each treatment 
group. NS, not significant (Student t-test). 
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Figure 6.12: TRAIL liposome toxicity to liver: (A) Following subcutaneous injection 
of TRAIL/IgG liposomes or TRAIL/Anti-NK1.1 liposomes (every 3 days for 6 weeks), 
C57BL/6 mice were euthanized and blood harvested by cardiac puncture. Serum levels of 
aspartate aminotransferase (AST) and alanine aminotransferase (ALT) liver enzymes in 
control mice and TRAIL/IgG and TRAIL/Anti-NK1.1 treated mice showed no significant 
difference in enzyme levels. Bars represent mean + standard deviation for enzyme levels. 
n=3 mice per group. NS, not significant (Student t-test). (B) Representative H&E stained 
section of liver from control and treatment mice showing no evidence of cytotoxicity in 
in liver owing to TRAIL/Anti-NK1.1 treatment. Scale bar=100 µm. 
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Figure 6.13: Body weight of animals in different treatment groups: Body weight 
from week 1 to week 6 of mice in control group and treatment groups. Each point 
represents the mean + standard deviation weight (grams) from 5 mice in each group. 
Control group represents age-matched and strain-matched mice that received no tumor 
cells or drug. 
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6.5 Discussion 
 
The LN often acts as a bridgehead for the lymphatic spread of cancer. Cancer cells in the 

LN often form micrometastatic lesions and then use the vast network of lymphatic 

capillaries resulting in distant organ metastasis [28], which accounts for 90% of all cancer 

related deaths [29]. NK cells in the LN and circulation elicit their anti-tumor immune 

response by expressing TRAIL on their surface. But NK cell mediated anti-tumor 

immune response is dampened in a tumor bearing immunocompromised host [30]. The 

ability to culture NK cells in vitro has led to several studies that use NK cells to develop 

anti-tumor immunotherapy [31,32]. However, overarching problems with the current NK 

cell mediated therapeutic approaches include – systemic toxicity, immune rejection and 

inability to elicit long lasting immune response to prevent future relapse [33]. In Chapter 

6, we proposed a novel technique to enhance the therapeutic potential of endogenous NK 

cells by attaching TRAIL liposomes on their surface. The primary objective of this study 

was to increase the retention time of TRAIL/Anti-NK1.1 liposomes in the TDLN to 

enable them to induce apoptosis in cancer cells in an in vivo mouse model. 

 

It has been shown that human cancer cells injected subcutaneously in the lower 

abdominal flank of mice spontaneously metastasize to the skin draining inguinal LN [34]. 

We characterized the spontaneous LN metastasis of human colon cancer cell line SW620 

in partially immunocompromised B6.129S7-Rag1tm1Mom/J (B6Rag1) mice (Figure 6.6). 

Since it is difficult to target LN via the intravenous route, other routes for drug delivery, 

such as subcutaneous, intraperitoneal and intramuscular injections are often used to 

deliver liposomes to LN [35,36]. It has been reported that NK1.1 expressing NK cells 
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actively patrol the inguinal LN in B6Rag1 mice [37]. The pharmacokinetics of 

TRAIL/Anti-NK1.1 liposomes is consistent with works that demonstrate a highly motile 

population of NK cells that patrol mouse LN [38,39]. When comparing the extent of 

tumor burden in the tumor draining inguinal LN, TRAIL/Anti-NK1.1 liposomes were 

able to significantly reduce the incidence of LN metastasis in all 5 mice in the treatment 

group (Figure 6.7 and 6.8). The ability of TRAIL/Anti-NK1.1 liposomes to bind to NK 

cells to form “super” NK cells played a significant role in reducing the ability of primary 

tumor to metastasize to the draining LN. The soluble form of TRAIL or liposome bound 

TRAIL without the NK cell targeting antibody had no significant effect in reducing the 

tumor burden in the TDLN (Figure 6.7 and 6.8). Also, given that the uninterrupted but 

slow growth of the primary tumor in the TRAIL/Anti-NK1.1 treatment group (Appendix 

A), it is clear that complete elimination of the primary tumor is not necessary to prevent 

metastasis to the LN. The slower growth of primary tumor in the treatment group could 

be due to tumor infiltrating super NK cells working to slow their growth. It has been 

shown that subcutaneous injection of drug adjacent to the primary tumor is efficient in 

animal models for delivering drugs to the LN [40]. However, other routes of 

administration such intra-LN injections have been shown to be more efficient in 

lymphatic drug delivery in human clinical trials [41].  

 

6.6 Conclusions 

In this study, we demonstrated the ability of TRAIL liposomes conjugated to NK cells 

within the TDLN to prevent the metastasis of a subcutaneous primary tumor using a 

human xenograft model. The majority of cancers metastasize through the lymphatic 
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system and LN metastasis is a negative prognostic factor in many cancers. By targeting 

TRAIL liposomes to NK cells, their therapeutic potential is enhanced by presenting 

TRAIL in its natural form, bound to the surface of NK cells. In this case there is no need 

to force other type of cells such as dendritic cells, T-cells and B-cells to present TRAIL, 

which are often used for lymph node-targeted nanoparticle delivery [12]. Given the 

successful elimination of tumor cells from the TDLN, future work could be directed 

towards exploring other potential routes for liposome administration and test the efficacy 

in patient LN derived NK cells and tumor cells after a surgical procedure. The proposed 

approach holds several advantages: high uptake in the TDLN, ability to present the 

therapeutic substance to cancer cells in its natural form, and low toxicity to local LN 

tissue.  
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7.1 Concluding remarks 

The hematogenous metastatic cascade is a poorly understood, complex multi-step 

process. In vitro models that mimic several aspects of the hematogenous metastatic 

cascade are widely being used for identifying the molecular signature of cancer 

metastasis. Malignant transformation of benign cells begins with a transition from 2D to 

3D organization of epithelial cells. The 3D architecture often results in disruption of 

tissue homeostasis often characterized by aberrant gradients in oxygen, nutrient and 

waste levels. 2D monolayer culture of cancer cells has been widely used for studying the 

molecular signature of tumor progression. Despite being convenient to culture cancer 

cells with good viability, 2D culture lacks the in vivo gradients that exist in a primary 

tumor.  The work presented in Chapters 2 and 3 of this thesis, has addressed the ability of 

a 3D cell culture model using polydimethylsiloxane to evaluate the effect of cell-cell 

homotypic and heterotypic interactions on the metastatic potential of breast cancer cell 

lines. The ability of the proposed 3D cell culture model to differ in phenotypic and 

molecular characteristics in comparison to the regular 2D culture could be used in 

investigative studies focused on characterizing and therapeutically targeting breast cancer 

progression.  

 

The lymphatic spread of cancer is initiated by the translocation of primary tumor cells to 

the draining lymph nodes. Tumor draining lymph nodes often act as a foothold in the 

lymphatic spread of cancer. The current treatment options for lymph node metastasis 

include either removal of lymph nodes close to the primary tumor or localized radiation 

to target cancer cells. Lymph node removal is often associated with lymphedema (local 
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fluid build-up) due to disruption in the flow of lymph [1]. Radiation is often prone to side 

effects such as fatigue, skin redness and harm to healthy tissue surrounding the area of 

radiation [2]. The last decade marked several efforts to identify tumor cells in the lymph 

nodes but the inability to identity small micrometastatic lesions often results in tumor 

relapse in cancer patients [3–5]. This has motivated several groups to develop nanoscale 

therapies to target tumor cells in the lymph nodes [6]. The work presented in Chapters 5 

and 6 of this thesis, has explored the use of a nanobiotechnology-based “super” natural 

killer cells approach to deliver therapeutic liposomes to the tumor draining lymph nodes 

by enhancing the therapeutic potential of natural killer cells. Super natural killer cells 

have the ability to induce apoptosis in cancer cells cultured in in vitro lymph node 

microenvironments and prevent the metastasis of primary tumor in an in vivo mouse 

model. Together, these data implicate that the proposed lymph node-targeting 

nanoparticle technology could potentially be used to target cancer cells that spread 

through the lymphatic system.  

 

7.2 Future directions 

The primary tumor is considered to be heterogeneous, consisting of cancer cells with 

different levels of invasiveness. The primary tumor microenvironment also includes 

stromal cells and immune cells that infiltrate the tumor after the development of blood 

and lymphatic vessels [7,8]. The coculture model developed in this thesis mimics the 

primary tumor before the development of blood and lymphatic vessels (Chapter 2). 

Future work could be directed towards including other common cells that are found in the 

primary tumor microenvironment such as tumor infiltrating leukocytes, tumor associated 



! 206 

fibroblasts and also including common extracellular matrix proteins to the exisiting 

coculture model. Such a model could then be used to probe the effect of cell-cell 

interactions on the immune signature of the primary tumor microenvironment. Apart 

from allowing the identification of molecular markers that contribute to an 

immunocompromised tumor microenvironment, it could also help in the development of 

therapies that could switch the microenvironment from being immunocompromised to 

immunocompetent. Tumor microenvironment is emerging as a popular target for 

developing cancer therapies [9–11] and an in vitro model that mimics several aspects of 

the tumor microenvironment could aid studies that are developing approaches to target 

the tumor microenvironment. 

 

The results from the in vitro coculture model described in Chapter 3 show that the most 

invasive cell type in the coculture system has increased metastatic potential. Future work 

should focus on implanting a heterogeneous coculture spheroid in the mammary fat pad 

of a mouse and investigate the metastatic potential in vivo. Each cell type in the coculture 

model could be labeled to express a specific fluorescent protein to observe the metastatic 

progression using a noninvasive in vivo imaging system. Confirming the metastatic 

potential in vivo could help developing therapies that are targeted towards a specific cell 

subpopulation within a primary tumor rather than using broad-spectrum radiation and 

chemotherapy. Given the ability of tumor spheroids to enrich for cells with cancer stem 

cell phenotype (Chapter 3), one could isolate these cells and evaluate the expression of 

key markers that regulate epithelial-to-mesenchymal transition. It has been postulated 

that growth factors such as transforming growth factor-β (TGF-β) in the tumor 
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microenvironment drive epithelial-to-mesenchymal transition, which results in more 

invasive, motile and drug resistant mesenchymal cells with tumor initiating properties 

[12]. These cells are capable of self-seeding at a secondary site resulting in a metastatic 

disease. Identifying such markers could help bridge the gap in our understanding of the 

hematogenous metastatic cascade.  

 

The spread of cancer to lymph nodes is a common occurrence, and one that negatively 

impacts patient prognosis. In this thesis, I showed a new nanotechnology approach that 

uses the body’s own natural killer cells to carry the anti-cancer therapeutic protein 

TRAIL to the lymph nodes. Future work could focus on identifying alternate routes of 

drug delivery to the tumor draining lymph nodes. While subcutaneous injections work 

well in animal models, it is hard to translate this route of administration in cancer 

patients. Alternate routes of drug delivery such as intra-lymph node injections should be 

explored in experimental animal models before envisioning the use of the proposed 

therapeutic approach in cancer patients. It is also necessary to evaluate the toxicitiy of 

TRAIL liposomes on cultured human hepatocytes. Despite the evidence of TRAIL 

resistance reported in SW620 cells, TRAIL/Anti-NK1.1 liposomes were able to prevent 

the metastasis of primary tumor in vivo. Future work could focus on adding TRAIL-

sensitizing agents on liposomes to target tumor cells that are completely resistant to 

TRAIL. Given the increased presence of natural killer cells in the lymphatic system, 

TRAIL liposomes directed towards natural killer cells could also be used to target 

lymphomas – a group of blood cell tumors that develop from the lymphatic tissue.  
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!
!
!
Figure A1: BLI images of primary tumor in treatment groups: Sequential 
noninvasive bioluminescence imaging shows the growth of primary tumor in mice under 
different treatment conditions. Three mice per group are shown at week 2, 4 and 6 for 
each treatment condition. The color scale indicates bioluminescence signal intensity!
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Figure A2: Time series analysis of primar tumor growth:  Quantification of total flux 
indicating the primary tumor growth with time from a circular ROI around the primary 
tumor. Each point represents the mean + standard deviation for 5 mice at each time point 
(4 mice at week 6 for buffer and soluble TRAIL treatment groups) 
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!
Figure A3: Comparison of primary tumor burden in treatment groups at the end of 
the study: Box and whisker plot comparing the total flux from the primary tumor in mice 
from different treatment groups at week 6. *p<0.05, **p<0.01 (Wilcoxon rank-sum test) 
and n=5 mice per group (4 mice for buffer and soluble TRAIL treatment groups)!
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Weekly BLI of LN metastasis in treatment groups 
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Figure B1: BLI images of inguinal lymph node metastasis in treatment groups: 
Sequential non-invasive bioluminescence imaging shows the growth of inguinal lymph 
node metastases in mice under different treatment conditions. Three representative mice 
per group are shown at week 2, 4 and 6 for each treatment condition. The color scale 
indicates bioluminescence signal intensity.!
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!
Figure B2: Time series analysis of tumor burden in the inguinal lymph nodes:  
Quantification of total flux, indicating the tumor burden in the inguinal lymph nodes with 
time. Each point represents the mean + standard deviation for 5 mice at each time point 
(4 mice at week 6 for buffer and soluble TRAIL treatment groups)!
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