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Introduction


Colorectal cancer (CRC) is the second leading cause of cancer death in the United States, accounting for an estimated 55,000 deaths in the year 2022 alone [1]. Among men and women combined, CRC is the fourth most diagnosed cancer with over 150,000 new cases annually. It is expected that these numbers will continue to rise, specifically within the United States, with reports showing CRC risk and lethality being strongly associated with obesity [2], and a Western-style diet [3]. Despite its high mortality, CRC remains underfunded compared to other cancers such as prostate, breast, and leukemia [4]. Patient prognosis and 5-year survival varies dramatically depending upon stage at diagnosis. When identified at localized or regional stages, CRC remains treatable with a 5-year survival of 91% and 72%, respectively [1]. However, patients with Stage IV metastatic disease have only a 15% 5-year survival, making it one of the most lethal metastatic cancers. Despite the associated lethality of metastasis in CRC and other cancers, there remain a lack of effective FDA-approved anti-metastatic drugs on the market [5,6]. The stages of CRC progression are shown below in Figure 1.1.
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[bookmark: _Toc128993955][bookmark: _Toc122611048]Figure 1.1. Stages of colorectal cancer.
 Stage I tumors are confined to the submucosal lining of the colon. Stage II tumors have spread through the outer wall of the colon and possibly to nearby tissues, but not to nearby lymph nodes. In Stage III, the cancer has spread into nearby (sentinel) lymph nodes. Stage IV, or metastatic disease, occurs when the cancer has spread to distant lymph nodes or other organs within the body, such as the lungs and liver.  
 
 
 
 





 
Colorectal Carcinogenesis 

A 1988 study by Vogelstein et al. first proposed the genetic alterations within CRC [7]. The majority of CRC cases are sporadic without genetic predisposition, however hereditary CRC takes two forms: familial adenomatous polyposis (FAP) caused by a mutation in the adenomatous polyposis (APC) gene, or hereditary non-polyposis colorectal cancer (HNPPC or Lynch Syndrome) from a defective DNA mismatch repair system [8]. Sporadic CRC can be divided by its molecular characteristics into three phenotypes: chromosome instable (CIN), high frequency microsatellite instable (MSI) and CpG-island methylated phenotype (CIMP). Over 85% of sporadic CRC is categorized as CIN, and its sequence of genetic aberrations have been well categorized in canonical adenoma-carcinoma progression. In this model of progression, an adenoma is first formed via mutations in APC causing upregulation of Wnt signaling, dysregulating the β-catenin destruction complex and initiating β-catenin accumulation in the cytosol. This is followed by mutations in oncogenes, specifically KRAS proto-oncogene GTPase (KRAS), and allelic loss of chromosome 18q containing vital tumor suppressor genes. The transition from adenoma to carcinoma is not complete until there is loss of function of tumor suppressor gene Tp53, widely recognized as the “guardian of the genome”. Mutations in Tp53 are found in nearly 75% of colorectal carcinomas, over three-fold of that found in adenomas, demonstrating its role in malignancy gatekeeping [9].  
  

[bookmark: _Toc122611049]Cancer Metastasis

Metastasis is the process in which cancer cells travel from the organ of origin and successfully colonize a secondary site in the body. Hanahan and Weinberg first reported on “The Hallmarks of Cancer”, which characterize cancer cells as having the ability to create sustained proliferative signaling, resist cell death, evade growth suppression, induce angiogenesis, replicate indefinitely, and finally, metastasize [10]. Metastatic cancer cells also have unique hallmarks, including the ability to become increasingly motile through an epithelial to mesenchymal transition (EMT), intravasate into nearby vasculature through transendothelial migration (TEM), survive in the circulation, extravasate into a secondary site with a pre-metastatic niche, and colonize that site [11]. 
Metastasis accounts for nearly 90% of all cancer related death [12]. Despite the lethality of metastasis, it is an inefficient process that few cells survive. It’s estimated that less than 0.01% of cancer cells that enter the circulation, termed circulating tumor cells (CTCs), go on to colonize secondary tumors [13]. Even so, lymphatic and blood vessels act as highways to allow cancer cells to travel to distant organs within the body. Not all secondary sites are hospitable to cancer cells, and preferential metastasis to specific organs is not a random process. Paget’s “seed and soil” hypothesis demonstrates that, analogous to seeds needing proper soil to grow, cancer cells rely on specific pre-metastatic niches in order to successfully survive and proliferate [14]. 
In colorectal cancer, the most common metastatic locations are the liver, lungs and peritoneum [15]. Over the course of disease, approximately 50% of patients will develop metastases in the liver, 15% in the lungs, and 13% in the peritoneum [16]. While liver and lung metastases rely upon angiogenesis and hematogenous dissemination, peritoneal metastases do not metastasize via blood vessels but instead arise from shedding of the primary tumor into lymphatics [17]. Liver metastases rely upon EMT and have upregulation of cancer stem cell (CSC) hallmarks to make them more migratory and suitable for survival in the vasculature. On the other hand, peritoneal metastases can occur in an EMT-independent manner, where anoikis is avoided through cell clustering. This highlights how different metastatic mechanisms can be employed by cancer cells to meet the pressures associated with reaching a secondary site.


[bookmark: _Toc122611050]Standard of Care

Treatment strategies in CRC vary greatly depending upon the stage and severity of disease. While surgery and radiotherapy remain curative options for patients with localized disease, patients with Stage IV disease have poor prognosis even with systemic therapies.  
  
[bookmark: _Toc122611051]Surgery and Radiotherapy
Patients with Stage 0 or Stage I disease will present with a polyp on the inner lining of the colon, usually detected through routine colonoscopy [18]. Even if malignant, these tumors can usually be removed through a colonoscope, and no further treatment is required if good margins are achieved during resection. In Stage II disease, the tumor has grown through the serosal space of the colon and possibly into nearby tissues, but without sentinel lymph node involvement. In this case, a partial colectomy with the removal of nearby lymph nodes is commonly curative, but adjuvant chemotherapy may be used in tandem to prevent recurrence in high grade tumors [19]. Stage III tumors have spread to nearby lymph nodes but no other parts of the body. In large tumors, neoadjuvant chemoradiation may be used to shrink tumors before surgery. 
Radiation therapy is used less commonly in CRC compared to other cancers but has proven beneficial when used in combination with chemotherapy and surgery. Intraoperative radiation therapy (IORT) has demonstrated success in tumors with positive margins during surgical resection, improving disease free survival and reducing the risk of recurrence [20]. Outside of the operating room, external-beam radiation therapy (EBRT) is the most common radiotherapy used to treat CRC patients [21]. Newer techniques such as  three-dimensional conformal radiation therapy (3D-CRT) allow for precise targeting of unresectable tumors as well as liver metastases [22,23]. Endocavitary or interstitial brachytherapy may be used in rectal patients for a more targeted radiation source that spares abdominal tissues [21]. Overall, radiotherapy is more commonly used to treat rectal cancer than colon cancer.
Surgery is unlikely to be curative for patients with Stage IV metastatic CRC but may improve quality of life and extend overall survival. It has been shown that primary tumor resection and mastectomy can extend overall survival to 36 months compared to just 13 months with palliative care in younger patients under 45 [24]. However, other results have shown no survival benefit to primary tumor removal in patients with an asymptomatic primary tumor and synchronous unresectable metastases [25]. Approximately 80% of Stage IV patients present with unresectable metastatic lesions at the time of diagnosis [26]. The risks and rewards of primary tumor removal in metastatic patients have not yet been fully resolved, and decisions are often made based on whether the metastatic tumors are also resectable [27].   
  
[bookmark: _Toc122611052]Chemotherapy
For the majority of patients with metastatic CRC, the standard of care is combination front-line chemotherapy. These chemotherapy “cocktails” include multiple agents, typically 5-fluorouracil (FU)/leucovorin (LV) with either oxaliplatin (FOLFOX) or irinotecan (FOLFIRI) [28]. 5FU and LV work together to inhibit thymidylate synthase (TS) and block DNA/RNA synthesis, extending median survival in patients from 9 months (with palliative care) to over 12 months [29]. Oxaliplatin binds to adjacent guanine bases to form DNA adducts, causing irreversible replication errors and apoptosis [30]. The addition of oxaliplatin with 5FU/LV increases progression free survival from 6 months to 9 months and the response rate from 22% to 55% [31]. Irinotecan is a topoisomerase I inhibitor that induces lethal double stranded DNA breaks and subsequent mitotic arrest [32]. Irinotecan improves treatment response and increases median survival time from 14.1 to 17.4 months [33]. FOLOFX and FOLFIRI have shown similar therapeutic benefit in multiple studies [34,35]. FOLFOXIRI has also shown improved efficacy, but is only considered in younger patients due to toxicity concerns [19,36]
Chemotherapy can also be administered under surgical procedures for enhanced targeting while avoiding systemic toxicity. Hepatic artery infusion consists of surgically implanting a pump with a catheter into the hepatic artery to continuously administer chemotherapeutics such as floxuridine, FOLFOX or FOLFIRI directly into the liver to target unresectable liver metastases [37]. In patients with peritoneal metastasis, hyperthermic intraperitoneal chemotherapy (HIPEC) is commonly administered following cytoreductive surgery [38]. After removal of macroscopic cancerous tissue from the peritoneum, surgeons will perfuse 42°C chemotherapy, such as mitomycin-c or oxaliplatin, through the abdomen for 30-60 min. The combination of cytoreductive surgery and HIPEC has been shown to increase survival from 24 months to 63 months with a 5-year survival of over 50%.

[bookmark: _Toc122611053]Targeted Therapies and Immunotherapies	
Treatment with FOLFOX or FOLFIRI is often combined with a monoclonal antibody (mAb) against vascular endothelial growth factor (VEGF) or epidermal growth factor receptor (EGFR) [28]. Bevacizumab (VEGF mAb) and cetuximab/panitumumab (EGFR mAb) have all been approved for front-line treatment of metastatic CRC in combination with FOLFOX/FOLFIRI. More nuanced treatment decisions are often determined on a case-by-case basis from molecular characteristics of tumors. For example, the EGFR mAb cetuximab in combination with FOLFOX is the gold standard for patients with KRAS wild type tumors, while KRAS mutant tumors have demonstrated therapeutic resistance to EGFR mAbs. 
The majority of targeted therapies in CRC are anti-angiogenic agents or epidermal growth factor inhibitors. Besides VEGF antibodies such as bevacizumab, regorafenib is an oral small molecule tyrosine kinase inhibitor that also inhibits VEGFR2 [39]. Aflibercept is an FDA-approved fusion protein that acts as a decoy receptor to sequester VEGF and prevent angiogenic signaling [40]. 
In 2017, the first immunotherapy was approved for metastatic CRC. Pembrolizumab is a mAb against programmed death protein-1 (PD-1) that binds to cytotoxic T cells and prevents binding to PD-L1/PD-L2 ligands which are overexpressed on cancer cells. The checkpoint inhibition of the PD-1 complex prevents cancer cells from immunosuppressing T cell function, allowing T cells to recognize and kill otherwise evasive cancer cells. Nivolumab (another PD-1 inhibitor) and ipilimumab (a CTLA-4 inhibitor) are two other checkpoint mAb that are FDA-approved immunotherapies for CRC [41]. Importantly, checkpoint inhibitors have only proven effective for tumors with high microsatellite instability that are mismatch repair (MMR) deficient and are ineffective in MMR-proficient CRC. This is because MSI-H tumors are prone to overexpression of neoantigens that are readily recognized by the immune system as being foreign. As a result, these MSI tumors are reliant on overexpression of programmed death ligands to shield them from immune detection, making checkpoint blockade an effective therapy. In a phase II trial of Keytruda (pembrolizumab), patients with MMR-deficient, MSI-H tumors had a progression free survival rate of 78% compared to 11% in MMR-proficient tumors [42].


[bookmark: _Toc122611054]Chemoresistance 

One of the greatest challenges in the treatment of metastatic CRC is therapeutic resistance. Despite initial success with the aforementioned chemotherapies, the survival rate for metastatic CRC patients is discouraging due to relapse and refractory disease. Cancer cells will develop resistance to chemotherapy via either intrinsic or acquired mechanisms. 
Intrinsic resistance is associated with tumor heterogeneity; subpopulations of cancer cells will have fortuitously developed mutations to make them more suitable to survive initial treatment. In this Darwinian “survival of the fittest” model, these intrinsically resistant cells that started as a small subpopulation of the entire tumor, will go on to colonize the entire tumor as more sensitive cells are killed off [43]. Acquired resistance, also referred to as secondary resistance, results from genetic and phenotypic changes that arise during treatment to make cells more suitable for survival. In CRC, classic resistance mechanisms frequently involve the following: changes in drug metabolism [44], drug efflux [45], mutagenesis of drug targets [46], DNA damage repair [46], p53 mutations [47], and alterations within canonical apoptotic signaling [48]. The Warburg Effect and metabolic signaling also play an important role in chemoresistance, as increased glycolysis predicts resistance to multiple therapies [49]. Genetic and phenotypic hallmarks such as CIN, EMT, and cancer stem cells (CSC) are also strong predictors of both intrinsic and acquired resistance [50,51].
     

[bookmark: _Toc122611055]TRAIL and Death Receptor Signaling

Tumor Necrosis Factor-alpha related apoptosis inducing ligand (TRAIL) is a homotrimeric protein that initiates apoptosis (programmed cell death) in cells via the binding of transmembrane death receptors [52]. TRAIL acts as a transmembrane protein on the surface of many immune cells, notably NK cells and T cells [53], but can be proteolytically cleaved into its soluble form. Humans have two functional death receptors, death receptor 4 (DR4) and 5 (DR5) whereas mice only have one functional death receptor with homology closest to DR5 [52]. Upon binding to TRAIL, death receptors will recruit the intracellular death-inducing signaling complex (DISC), starting with binding of Fas-associated death domain (FADD) and recruitment of caspase-8. This is followed by an intracellular cascade that initiates the intrinsic (mitochondrial) or extrinsic apoptotic pathway. 
The intrinsic apoptotic pathway is mitochondrial-dependent. In intrinsic apoptotic signaling, activated caspase-8 causes the cleavage of BH3 interacting-domain death agonist (BID), followed by  Bcl-2-associated X protein (BAX) and BID binding to the outer membrane of the mitochondria [54]. This causes mitochondrial depolarization and increased permeability, initiating the release of pro-apoptotic factors such as cytochrome c into the cytosol. Upon binding of cytochrome c to apoptotic protease activating factor 1 (Apaf-1), the apoptosome is formed, activating caspase-9 which triggers cleavage of downstream caspases such as caspase-3 and caspase-7 to induce apoptotic arrest. In the extrinsic, mitochondrial-independent pathway, caspase-8 directly activates cleavage of caspase-3/7 [55]. 
TRAIL also binds two transmembrane decoy receptors, DcR1 and DcR2, which possess functional binding domains but are unable to transduce intracellular signaling as they lack a functional death domain [56]. Decoy receptors are highly expressed on healthy cells, where they primarily act as sequestering agents that inhibit the off-target apoptotic effects of TRAIL.
TRAIL’s utility as a cancer therapeutic stems from its ability to selectively induce apoptosis in cancer cells, while leaving healthy resident cells unaffected. Cancer cells tend to not only have upregulated expression of death receptors 4/5, but also decreased expression of decoy receptors compared to healthy cells [57]. Additionally, the canonical TRAIL signaling pathway is able to initiate apoptosis in cancer cells independent of p53 mutation or deletion, making TRAIL an intriguing therapeutic for more robust cancers [58]. In CRC, studies have demonstrated that TRAIL acts synergistically with chemotherapies such as 5-FU, oxaliplatin, or irinotecan [59–61]. Chemotherapy treatment was shown to downregulate the caspase-8 inhibitor cellular FLICE-inhibitory protein (c-FLIP) and increase TRAIL-mediated apoptosis [59,62]. Besides c-FLIP, overexpression of DcR1 has also been implicated in inhibiting the synergistic anti-tumor response of TRAIL and oxaliplatin in CRC [63]. There is also evidence that chemoresistant side populations of CRC cells have increased sensitivity to TRAIL through increased expression of DR4 [64,65]. However, increased mRNA expression of death receptors alone is not an accurate gauge of sensitivity; TRAIL signaling in CRC is highly dependent upon death receptor transport to the cell membrane and subsequent DISC formation [66]. 
Compounds targeting TRAIL receptors have been used in multiple phase I, II, and III clinical trials. Recombinant TRAIL (dulanermin), TRAIL-R1 agonist Abs (mapatumumab), and TRAIL-R2 agonist Abs (lexatumumab) are the most notable compounds that have been explored in human trials either as monotherapies or in combination with chemotherapy [67]. Most clinical trials of TRAIL have shown similar results: despite the treatments being well tolerated with no substantial side effects, anti-cancer efficacy was poor and few patients achieved remission [68]. For CRC specifically, successful treatment with death receptor agonists in clinical trials remains limited. For example, a 2010 phase II study of mapatumumab reported minimal adverse events but no treatment response in patients with refractory colorectal cancer [69]. Overall, TRAIL has performed poorly in the clinic in part due to a lack of adequate systemic delivery mechanisms. To increase efficacy, many preclinical studies are engineering novel delivery methods to improve TRAIL targeting and increase half-life in the circulation.   


[bookmark: _Toc122611056]Lipid Nanoparticles for Cancer

Lipid nanoparticles (LNPs) have emerged as promising delivery vehicles across the pharmaceutical industry. Liposomes are thought to be the earliest generation of LNP, and were discovered by observing that closed lipid bilayer structures self-assemble when suspended in water [70]. To date, film hydration is still a common means of liposome preparation; lipids (typically phospholipids or sphingolipids with stabilizers such as cholesterol) are dehydrated in an organic solvent, then resuspended in aqueous buffer [71]. Agitation followed by extrusion can yield monodispersed, unilamellar vesicles ranging from 20-1000 nm in diameter. Liposomes can be functionally modified for different applications, such as through the conjugation of ligands or antibodies to the liposome surface. Covalent attachment of poly(ethylene glycol) (PEG) to the liposome surface improves stability, increases circulation half-life, and decreases phagocytic clearance from immune cells [72]. Liposomes can also be used to encapsulate therapeutic payloads and formulated to respond to stimuli such as pH, which will cause a phase transition and increase membrane permeability for drug release [73]. Hydrophilic compounds can be encapsulated within the hollow liposome core, while hydrophobic drugs are sandwiched within the lipid bilayer, or alternatively, can be encapsulated in micelles which successfully carry water insoluble compounds. 
Other forms of LNPs include solid lipid nanoparticles and nanostructured lipid carriers, which can be produced more easily on a large scale, have improved loading efficiency of therapeutic material, and have more predictable drug release profiles, overcoming some limitations of first-generation liposomes [70]. Cationic and ionizable LNPs are used to stably complex with negatively charged nucleic acids for delivery of genetic material, such as mRNA. Lipid nanocarriers are crucial vectors that prevent nucleic acid degradation, allowing for efficient endocytosis and delivery of mRNA into the cytosol [74]. The first two FDA approved COVID-19 vaccines from Moderna and Pfizer utilize LNP technology to delivery mRNA encoding for the SARS-Cov-2 spike protein. These LNPs simply consist of a proprietary ionizable lipid to stably complex RNA, a PEGylated lipid to decrease phagocytic clearance, cholesterol, and distearoylphosphatidylcholine (DSPC) to aid in cargo packaging [70].  
LNPs have shown promising tumor targeting abilities through the enhanced permeability and retention (EPR) effect. Tumor angiogenesis gives rise to leaky neovasculature, allowing larger nanoparticles  greater than 100 nm to pass more readily from blood vessels into the tumors harboring them. Tumors also have dysregulated lymphatic drainage, increasing nanoparticle retention and accumulation within tumors. Nanoparticle size is key for cancer delivery with optimal diameters ranging from 10-100nm, large enough to not leak into normal vasculature or be cleared by the kidneys, but small enough to avoid phagocytic clearance from immune cells [75]. There are currently more than 10 FDA-approved lipid nanoparticles therapies for the treatment of various cancers, including breast, pancreatic, ovarian, non-small cell lung (NSCLC), leukemia and prostate [76]. The majority of these clinically available therapies consist of chemotherapeutic agents such as doxorubicin, paclitaxel, or irinotecan encapsulated within a PEGylated “stealth” liposome or micelle [77].         




[bookmark: _Toc122611057]1.7	Mechanosensitive Ion Channels 

Cells translate physical stimuli into biochemical responses via the process of mechanotransduction [78]. One form of mechanotransduction is the opening of stretch-activated mechanosensitive ion channels (MSCs) in response to mechanical cues which cause deformations within the plasma membrane. These mechanical cues may arise from differences in substrate stiffness, changes in osmotic pressure, or response to fluid flow. MSCs allow for the intracellular transport of cations, such as calcium, which act as secondary messengers to facilitate downstream signaling processes. Recently, calcium-gated MSCs such as Transient Receptor Potential Cation Channel Subfamily V Member 4 (TRPV4), P2X purinoceptor 7 (P2X7), and Piezo1 have been implicated in many metastatic processes, such as angiogenic signaling, EMT, cell migration, TEM, and survival/apoptosis of cancer cells in the circulation [79,80]. For example, our lab discovered that circulatory shear stress induces calcium entry via Piezo1 opening, therapeutically sensitizing cancer cells to TRAIL-mediated apoptosis [81]. MSCs can also be activated by molecular agonists, locking the channel in an open state in lieu of physical stimuli. Yoda1 is an agonist of Piezo1 that binds within the transmembrane domain, acting as a molecular wedge to sustain channel activation [82]. Jedi1 is another Piezo1 agonist, but binds to the extracellular side of the Piezo1 blade, acting as a lever to induce pore opening [83]. More MSC agonists are being discovered as calcium-gated ion channels like Piezo1 have gained traction as therapeutic targets.

   
[bookmark: _Toc122611058]1.8	Conclusions 

Colorectal cancer remains one of the deadliest cancers globally despite advancements in combination chemotherapy and FDA-approved immunotherapies. This is largely due to genetic, phenotypic, and epigenetic changes which drive mechanisms of therapeutic resistance, leaving patients with few treatment options. The research discussed herein aims to identify kinks in the armor of these robust CRC cell phenotypes, identifying how lipid rafts and fluid shear stress may be leveraged to exploit cancer cell weaknesses. Through this understanding, apoptosis-inducing nanoparticles are engineered to improve upon conventional treatment options in CRC. 
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Lipid rafts are tightly packed, cholesterol- and sphingolipid-enriched microdomains within the plasma membrane that play important roles in many pathophysiological processes. Rafts have been strongly implicated as master regulators of signal transduction in cancer, where raft compartmentalization can promote transmembrane receptor oligomerization, shield proteins from enzymatic degradation, and act as scaffolds to enhance intracellular signaling cascades. Cancer cells have been found to exploit these mechanisms to initiate oncogenic signaling and promote tumor progression. This chapter highlights the roles of lipid rafts within the metastatic cascade, specifically within tumor angiogenesis, cell adhesion, migration, EMT, and transendothelial migration. Additionally, the interplay between lipid rafts and different modes of cancer cell death, including necrosis, apoptosis, and anoikis will be described. The clinical role of lipid raft-specific proteins caveolin and flotillin in assessing patient prognosis and evaluating metastatic potential of various cancers will be presented. Collectively, elucidation of the complex roles of lipid rafts and raft components within the metastatic cascade may be instrumental for therapeutic discovery to curb pro-metastatic processes.

[bookmark: _Toc122611061]2.2	Introduction

The presence and dynamic clustering of sphingolipid and cholesterol enriched “raft” domains within the plasma membrane was postulated in 1997 by Simons and Ikonen [85]. This discovery added complexity to the  “fluid mosaic” model presented by Singer and Nicolson, which postulated that phospholipids and membrane proteins exhibited random lateral organization within a fluid lipid bilayer [86]. Lipid rafts are small arrangements enriched in specific lipids (such as saturated sphingolipids) and proteins (namely glycosylphosphatidylinositol (GPI)-anchored proteins) and the term is intended to convey the lateral heterogeneity that exists in cellular membranes [87]. Elevated concentrations of cholesterol and sphingolipids containing saturated hydrophobic chains allows for more densely packed, ordered lipid arrangements, in comparison to the surrounding bilayer [88]. Cholesterol in particular acts as both as a glue and a spacer between nonpolar regions of saturated lipids, and its presence has proven vital for raft assembly and integrity. Lipid rafts have more recently been defined as transient and dynamic, both in terms of their lateral fluidity within the membrane and their constant flux of assembly/disassembly [87]. The dynamic nature of rafts is highlighted by spatiotemporal changes of area and continuity between raft and non-raft regions as a result of cellular processes and stimuli. Heterogeneity also exists within lipid rafts between inner and outer leaflets of the lipid bilayer, governing biophysical properties of cellular membranes such as curvature and rigidity while also influencing the formation of vesicles for endo- and exocytosis [89].
The dynamic nature of lipid rafts along with their small size, short lifetime, and non-binary characterization of “raft” and “non-raft” regions confounds their experimental observation [87]. The presence of heterogeneous lipid microdomains within cellular plasma membranes has been demonstrated as early as 1982, through the use of fluorescence lifetime decay of 1,6-diphenyl-1,3,5-hexatriene (DPH) [90]. Evidence of lipid raft microdomains was further supported by discovery of high cholesterol and glycosphingolipid regions that remained insoluble in cold, non-ionic detergents [91]. While detergent insolubility is still commonly used to isolate lipids rafts, validation of fluorescently labeled probes and advances in super resolution microscopy has allowed for direct visualization of raft composition previously unseen using conventional confocal microscopy [87,92,93]. Mass spectrometry is used to detail protein and lipid composition of raft domains while Förster resonance energy transfer (FRET) has been instrumental in probing raft presence and size [87]. What remains a challenge, and what makes rafts somewhat controversial, are a lack of modalities for both live cell and in vivo observation over extended periods. Nonetheless, advances in in vitro observation and characterization reinforce their importance in cellular biology.   
Lipid rafts can exist in either non-planar (invaginated) or planar (flat) configurations [94]. Caveolins are associated proteins of non-planar lipid rafts, and are critical structural components of invaginated microdomains within the plasma membrane, known as caveolae [95]. There are three known isoforms in the caveolin family; caveolin-1 and caveolin-2 are expressed ubiquitously and abundantly in epithelial cells, while caveolin-3 is highly expressed in striated and smooth muscle cells [96]. On the contrary, planar rafts are smaller and remain as flat, ordered structures that are abundant in flotillin proteins (flotillin-1 and flotillin-2) [85,94]. Flotillin proteins are indispensable structural components to non-caveolae planar rafts and also function as signaling platforms in the compartmentalization of membrane receptors [97]. 
Lipid rafts play a vital role in receptor trafficking and signal transduction, largely through their capacity to act as concentrating platforms, prompting unique interactions between clustered proteins [98]. Through coalescing certain proteins, kinases and phosphatases while excluding others, a new lipid membrane environment is created. For example, lipid rafts protect receptors from enzymatic degradation or inactivation from non-raft enzymes. Specific receptors are predisposed to raft translocation, juxtaposing monomers to promote receptor oligomerization and supramolecular clustering which in turn amplifies downstream signaling [99]. This combination of signaling molecule concentration and exclusion of unwanted modulators make rafts master regulators of signal transduction. Within the context of cancer, these mechanisms of raft-mediated signal augmentation have been implicated in oncogenic and pro-metastatic signaling pathways [100]. This chapter summarizes the roles that lipid rafts play within cancer metastasis, cell death, and raft-associated clinical biomarkers.
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The metastatic dissemination of cancer cells from the primary tumor to distant organs is a process which few cells survive [13]. Successful metastatic colonization requires the following: creation of tumor neovasculature to support nutrient and oxygen demand, enhanced cellular motility through an epithelial-to-mesenchymal transition, directed migration and transendothelial migration into the vasculature, survival of aberrant shear conditions in circulation, endothelial rolling and extravasation, and a phenotypic switch back to a proliferative phenotype. Despite its inefficiencies, metastasis is responsible for approximately 90% of all cancer related death [101]. Understanding the complex protein interactions that allow for successful dissemination of specific subpopulations of cells is critical for discovery and development of anti-metastatic therapies. Herein, the roles of lipid rafts within the steps of cancer metastasis will be discussed (Table 2.1) and illustrated (Figure 2.1).
	
	Important Proteins/Pathway 
	LRs Effect on Stage
	Cell Lines
	LR Treatment
	References

	Angiogenesis
	TEK, RhoA
	Promote
	MDA-MB-231, MDA-MB-468, ZR 751, HUVECs, HMEC
	Cerivastatin, mβCD, nystatin and filipin III (inhibitors)
	[102–104]

	
	VEGF/VEGFR2
Caveolin-1, CD82, CD24/Hsp90/STAT3
	Promote
	PC-3, LNCaP, LLC-1, HT-29, SW480, HUVECs
	CAV1 siRNA
	[105–108] 

	
	exosomal miR-205
	Promote
	HO-8910, SKOV-3
	Filipin III, Simvastatin (inhibitors)
	[109]

	Epithelial-to Mesenchymal-Transition
	TGF-β/MAPK 
ERK, p38
	Promote
	HaCaT, NMuMG
	Nystatin
	[110]

	
	Integrin-β3
pFAK/pAkt/pERK/TGF-β
	Promote
	A549, PC-9
	Simvastatin
	[111]

	
	HGF/c-Met
pAkt, mTOR
	Promote
	MCF-7, MDA-MB-453, MDA-MB-231, BT-20
	Osthole (inhibitor)
	[112]

	
	Podoplanin
ROCK/ezrin/radixin/moesin
	Promote
	MDCK type II 
	mβCD 
	[113]

	
	Caveolin-1/c-MET
CXCL12/CXCR4, Slug, PI3K/Akt
	Promote
	T24, UMUC3, HT1376, 5637, MGC-803, SGC-7901, BGC-823
	CAV1 siRNA, Nystatin
	[114,115]

	
	Flotillin-2
TGF-β/vimentin/N-cadherin
	Promote
	GES-1, SGC-7901, NCI-N87, MGC-803
	Flotillin-2 siRNA
	[116]

	
	Snail, Slug
	Inhibit
	MDA-MB-231
	DHA (LR stabilizer)
	[117]

	Migration
	Integrin β1/MMP-9/uPAR 
Src, FAK, Cav, Akt, ERK
	Promote
	P29, MDA-MB-231, ZR-751, HMEC
	mβCD, nystatin
	[104,118] 

	
	EGFR
Akt/PKB
	Promote
	MDA-MB-231, MCF-7, T47D
	mβCD
	[119]

	
	CD133/Caveolin-1
FAK, NF-κB
	Promote
	MIA PaCa-2, Panc-1, SU.86.86
	Lovastatin (inhibitor), CAV1 siRNA
	[120]

	
	Flotillin-2
PI3K/Akt
	Promote
	MDA-MB-231, MCF-7
	Flotillin-2 shRNA
	[121,122]

	
	SK3/Orai1
Calpain/Talin
	Promote
	MDA-MB-435
	alkyl-lipid Ohmline (inhibitor)
	[123]

	
	Squalene synthase/TNFR1
MMP1/NF-κB
	Promote
	A549, CL1-5 
	mβCD 
	[124]

	
	CXCL12/CXCR4 
Caveolin-1/C-met, EGFR, Gαi/HER2/Src, PI4KIIIα
	Promote
	C4-2B, LNCaP, PC3, MGC-803, SGC-7901, BGC-823
	Nystatin, CAV1 siRNA
	[115,125,126] 

	
	Artificial crosslinking of GPI-anchored placental alkaline phosphatase
	Promote
	A375, HeLa
	Ru-complex-based trefoil molecule 
	[127]

	
	TRPM8/AR
FAK
	Promote
	PC3, LNCaP
	
	[128]

	Transendothelial Migration
	C1QBP/CD44vg
IGF-1R/PI3K/MAPK
	Promote
	H MIA-PaCa‐2, PANC‐1, SW1990, Capan‐1, BxPC‐3
	
	[129]

	
	Caveolin-1/MT1-MMP
PI3K/Akt/mTOR
	Promote
	MDA-MB-231, T47D, BT549, Hs578T, MDA-MB-453, SK-BR-3
	mβCD, CAV1 siRNA, nystatin
	[130,131]

	
	Caveolin-1/FAPα
	Promote
	CAFs
	
	[132]

	
	Podoplanin
RhoC-GTPase/ROCK/LIMK/Cofilin
	Promote
	HaCaT, SCC29, A253, Fadu, HN30, SCC13, HN5
	mβCD 
	[133]

	Adhesion
	Fibronectin and vitronectin adhesion
	Promote
	MDA-MB-231, MDA-MB-468 
	mβCD
	[103]

	
	Integrin-β1/Focal adhesion complex proteins

	Promote
	MDA-MB-231, HeLa, HSC5, HepG2, HCT-116
	mβCD, simvastatin, emodin, gambogic acid (inhibitors) 
	[134–136] 

	
	CD24 & CD44/Src/Integrin β1
FAK, paxillin 
	Promote
	U251, H1299, H23, H460, A569, SHP-77, AZ521, HT-29, MTLy, RKO, HCT-116
	mβCD, Filipin, Simvastatin
	[137–140]

	
	CD44
ezrin
	Inhibit
	MCF-10a, MDA-MB-231
	
	[141]

	
	SFK 
	Promote
	MCF-7, MDA-MB231
	LRT-SIFP (inhibits the SFK activity in LRs)
	[142]

	
	integrin α5β1/LFA-1/β3
	Promote
	Jurkat, F111, P-815
	mβCD, 6- O-a-maltosyl-b cyclodextrin (inhibitor)
	[143–145]

	Necrosis
	MLKL 
TNFa/RIPK1/RIPK3 
	Promote
	HEK293T, L929, Jurkat, HeLa, CHO, SKOV3, TOV112D, A2780, A2780CP, PE01, PE04
	
	[146–148]

	Anoikis
	Integrin/FAK
Bcl-xL, Akt, Src
	Inhibit
	A431, PZ-HPV7, MCF-10A, MCF-7, MDA-MB-231, PC-3, LNCaP 
	Simvastatin, MβCD
	[149,150]

	
	HIF-1a
EGFR/Akt/mTOR
	Inhibit
	A431, HeLa
	mβCD
	[151]

	Apoptosis
	DR4/DR5

	Promote
	HT29, HCT116, SW480, SW620, H460, A549, A549, H1792, H596, CEM, HD-MyZ, I-83, JMV-3, NALM-6, BJAB 
	Nystatin
	[152–156]

	
	Fas/CD95, 
FADD, procaspase-8/10, JNK, Bid, Casp-3
	Promote
	HL-60, Jurkat, MM1S, MM144, U266 
	mβCD, filipin
	[157,158]

	
	Akt
	Inhibit
	NIH3T3
	mβCD
	[159]



[bookmark: _Toc122606068]Table 2.1. Lipid rafts in metastatic stages including angiogenesis, EMT, cell migration, transendothelial migration, and cell adhesion along with mechanisms of cell death including necrosis, apoptosis, and anoikis.
 Proteins in LRs are bolded, associated pathways/proteins are italicized.
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[bookmark: _Toc128993956]Figure 2.1. Lipid rafts play an important role in cancer cell metastasis and cell death.
 (Angiogenesis) CD24 raft colocalization promotes VEGF secretion of cancer cells while VEGFR2 raft colocalization enhances angiogenesis upon VEGF activation [106,108]. (Epithelial-to-Mesenchymal Transition) TGF-β receptor is reliant on localization with rafts to promote downstream EMT signaling pathways [110]. (Migration) Raft colocalization promotes MMP-9 activation and CXCR4-mediated cell migration [115,118]. (Transendothelial Migration) Lipid rafts are enriched at invadopodia where caveolin-1 colocalizes with MT1-MMP to promote TEM [130,131]. (Cell Death) Integrin-ECM detachment leads to FAK deactivation and the anoikis response [160]. (Adhesion) Colocalization of CD44 and β1 integrin enhance matrix-dependent cell adhesion to hyaluronic acid and fibronectin, respectively [103,137].



[bookmark: _Toc122611063]2.3.1	Angiogenesis
Lipid rafts play an important role in angiogenic signaling, as demonstrated in studies of raft antagonization. One study found that treatment with cerivastatin, an inhibitor of cholesterol biosynthesis which disrupts lipid rafts, attenuated angiogenesis by inhibiting endothelial cell migration and capillary formation [102]. Another study found that raft disruption in triple negative breast cancer (TNBC) cells via the cholesterol depleting agent methyl-beta-cyclodextrin (mβCD) inhibited angiogenic signaling through the suppression of proangiogenic markers, namely tyrosine protein kinase receptor [103]. Likewise, conditioned media from mβCD treated cancer cells decreased endothelial branching and capillary structures, demonstrating the obligatory roles of lipid rafts in tumor angiogenesis [104]. Lipid rafts have also been found to mediate and activate heparinase-induced protein kinase B (Akt/PKB) phosphorylation, a pro-angiogenic response in hyper-vascularized tumors [161]. 
The vascular endothelial growth factor (VEGF)/VEGFreceptor-2 axis is a pro-angiogenic signaling pathway employed by cancer cells via enhanced VEGF secretion [162]. Lipid rafts have proven to be important in endothelial cell VEGFR2 functionality. For example, one study found that affecting endothelial cholesterol homeostasis via liver X receptor (LXR) activation impaired VEGFR2 compartmentalization in lipid rafts, leading to defective VEGFR2 phosphorylation and downstream signaling upon VEGF-A stimulation [106]. Another study found that lipid raft marker caveolin-1 secreted by metastatic prostate cancer cells potentiated angiogenic signaling though colocalization and autophosphorylation of endothelial cell VEGFR2 [105]. Moreover, a separate study found that by inhibiting CD82 internalization and distribution into lipid rafts, VEGFR2 phosphorylation was reduced, attenuating angiogenic signaling [107]. 
Lipid rafts not only play a role in receptor signaling, but in cancer cell-secreted VEGF as well. Lipid raft-localized Hsp90 was found to stabilize CD24, necessary for STAT3 activation and VEGF angiogenic signaling in colorectal cancer cells [108]. Lipid rafts are also involved in exosome uptake, enabling non-coding microRNA communication between cancer cells, the endothelium, and stroma [163]. One study found that endothelial cell internalization of ovarian cancer-derived exosomal miR-205 occurred in a lipid raft-dependent manner. Inhibition of lipid raft-mediated endocytosis curbed miR-205 uptake, thereby inhibiting angiogenesis [109]. These studies demonstrate specific instances of raft-promoted tumor angiogenesis, making cholesterol-modulation an appealing target to prevent tumor vascularization.  

[bookmark: _Toc122611064]2.3.2	Epithelial-to-Mesenchymal Transition (EMT)
Lipid raft disruption has been shown to attenuate EMT in cancer. One study found that disrupting lipid rafts with simvastatin suppressed integrin-β3/FAK signaling, reversing EMT and EMT-associated paclitaxel resistance in non-small cell lung cancer (NSCLC) cells [111]. Another study found that nystatin, a cholesterol sequestering agent, suppressed EMT markers in gastric cancer cells [115]. They further demonstrated that CXCL12/CXCR4-induced mesenchymal-epithelial transition factor (c-MET) activation and EMT are dependent on lipid raft caveolin-1 signaling. Nystatin treatment also attenuated EMT by disrupting TGF-β–signaling [110], which is strongly implicated in EMT and enhanced cancer cell motility [164]. Cholesterol was found to be essential for the TGF-β receptor activation of mitogen-activated protein kinase (MAPK) and subsequent EMT induction [110]. This TGF-β–EMT synergy was contingent upon TGF-β receptor localization into lipid rafts for efficient downstream signaling. Osthole, another lipogenic modulator, inhibits EMT via lipid raft depletion. A study found that osthole suppressed the hepatocyte growth factor (HGF)/c-Met signaling pathway in breast cancer cells, abrogating a mesenchymal phenotype though downregulation of vimentin and upregulation of E-cadherin [112]. Meanwhile, another study found that localization of the EMT-promoting glycoprotein podoplanin into lipid raft domains was necessary for podoplanin-mediated EMT and cell migration [113]. Treatment with mβCD impaired podoplanin lipid raft compartmentalization and impeded EMT.
The flotillin and caveolin families of proteins are also important drivers of EMT. One study found that upregulation of caveolin-1 is associated with enhanced EMT and aggressive, metastatic bladder cancer [114]. Caveolin-1 enhanced EMT by upregulating Slug, an EMT promoting transcription factor, through PI3K/AKT signaling. Knockdown of caveolin-1 reduced Slug expression, subsequently inhibiting EMT. Likewise, flotillin-2 is upregulated in gastric cancer cells and is required for TGF-β-induced EMT [116]. Inhibition of flotillin-2 reduced EMT markers vimentin and N-cadherin. 
While much work has shown that disrupting lipid rafts prevents EMT signaling, other research shows that lipid raft destabilization is required for EMT. One study found that lipid raft stability decreases during EMT in breast cancer cells [117]. Stabilizing lipid rafts with docosahexaenoic acid (DHA) abrogated EMT hallmarks, prevented mesenchymal signaling, and inhibited metastasis. This demonstrates the complex interplay between rafts and EMT, warranting further validation before clinical implementation of raft destabilizers.    

[bookmark: _Toc122611065]2.3.3	Migration
Since lipid rafts are closely tied to cytoskeletal components and receptor signaling, many studies have looked at their role within focal adhesions and cancer cell migration [165]. For example, disrupting lipid rafts in human melanoma decreased migration velocity and inhibited lamellipodia formation by inducing the formation of actin stress fibers, preventing the disassembly of focal adhesions [134]. One interesting study designed a ruthenium complex-based peptidic molecule that self-assembles into nanofibrils on lipid rafts [127]. The nanofibrils cross-linked lipid rafts, causing them to aggregate into large, chained structures. This raft constriction caused focal adhesion suppression and decreased cell migration. Another study found that the potassium channel SK3 associates with calcium channel Orai1 in lipid rafts to upregulate calcium influx and promote cell migration and bone metastasis [123]. Treating with the alkyl-lipid Ohmline translocated the SK3-Orai1 complex out of lipid rafts, impairing calcium entry and attenuating cell migration.
Matrix metallopeptidase proteins (MMPs) play a critical role in extracellular matrix degradation during cancer cell migration [166]. One study found that enhanced MMP-9 localization into lipid rafts augmented cell migration and metastatic potential in mouse Lewis lung cancer [118]. Disrupting rafts with mβCD significantly decreased MMP-9 secretion and suppressed invasiveness of these highly metastatic cells. Similarly, another study found that mβCD treatment reduced colocalization of the GPI-anchored membrane protein uPAR and MMP-9 in lipid rafts, decreasing migration of breast cancer cells [104]. MMP-1 is also important in promoting cancer cell migration. A study found that squalene synthase was upregulated in metastatic lung cancers and caused lipid raft enrichment of tumor necrosis factor receptor-1 (TNFR1), enhancing NF-κB activation leading to MMP-1 upregulation [124]. Treatment with mβCD inhibited TNFR1-lipid raft colocalization, abrogating promigratory signaling and reducing the metastatic potential of lung cancer cells. 
Lipid rafts also influence chemotactic signaling of directed cell migration. The CXCL12/CXCR4 chemokine axis has been heavily studied for its role in driving cancer cell migration [167,168]. In metastatic prostate cancer, this signaling axis was found to transactivate EGFR, HER2 and Src selectively within lipid raft microdomains [125]. CXCR4 has been shown to colocalize with phosphatidylinositol 4-kinase IIIα (PI4KIIIα) within lipid rafts to promote CXCL12 stimulated cell invasion [126]. Likewise, CXCL12-induced c-MET activation and cell migration were found to be dependent on lipid raft caveolin-1, and inhibition of rafts with nystatin decreased activation of the CXCL12/CXCR4 axis [115]. Lipid rafts are also essential for androgen receptor and EGFR-mediated cell migration [119]. EGFR was found to colocalize into lipid rafts, while mβCD raft disruption inhibited EGF-induced chemotaxis and actin polymerization in breast cancer cells. In prostate cancer cells, low testosterone caused accumulation of transient receptor potential melastatin 8 (TRPM8) with androgen receptors in lipid rafts, thereby inhibiting TRPM8 and promoting cell migration [128].
Flotillin and caveolin are also implicated in driving cell migration. By reducing levels of flotillin-2 in breast cancer cells, tumor volume, metastatic capability, and proliferation decreased by inhibiting PI3K/Akt signaling [121,122]. Additionally, CD133, an oncogenic cancer stem cell marker, has been shown to colocalize with caveolin-1 in lipid rafts to increase invasiveness and chemoresistance in pancreatic tumor initiating cells [120]. 

[bookmark: _Toc122611066]2.3.4	Transendothelial Migration
Metastatic dissemination relies on the cell’s ability to enter into (intravasation) and exit from (extravasation) the vasculature via transendothelial migration (TEM) [169]. The MUC1/intercellular adhesion molecule-1 (ICAM1) interaction activates a cascade through which physical barriers for transendothelial migration are abrogated [170]. MUC1 proteins, found to be concentrated in lipid rafts, bind to ICAM1 on endothelial cells to facilitate TEM [171]. In pancreatic cancer cells, one study found that IGF1 induces CD44/C1QBP complex formation in lipid rafts, activating PI3K/MAPK signaling pathways and promoting transendothelial migration. Knockdown of C1QBP inhibited complex formation in rafts, decreasing TEM [129].
Multiple studies have established that invadopodia formation is required for successful intravasation and extravasation [172,173]. For example, one study found that invadopodia formation through N-WASP-mediated actin cytoskeleton reorganization is required for cancer cell intravasation [174]. Another study found that cells extend invadopodia through the endothelium prior to extravasation; by inhibiting invadopodia formation, extravasation and metastatic tumor formations were decreased [175]. There is strong evidence that invadopodia formation in cancer cells relies on lipid raft enrichment. Proteases FAPα and MT1-MMP were found to colocalize with caveolin-1 in lipid rafts, recruiting invadopodia in cancer associated fibroblasts and breast cancer cells, respectively [130,132]. Disruption of lipid rafts via mβCD and CAV1 gene silencing impeded MT1-MMP activation and suppressed invadopodia formation [130]. Similarly, another study found that caveolin-1 activates MT1-MMP in invadopodia through the PI3K/Akt/mTOR pathway under low shear stress [131]. Treatment with mβCD inhibited MT1-MMP expression and prevented invadopodia formation, while CAV1 silencing curbed metastatic formation in animal models. An additional study revealed that podoplanin is recruited into invadopodia via lipid rafts and is essential for invadopodia stability by controlling the ROCK-LIMK-Cofilin pathway [133]. Taken together, these studies show that lipid rafts are important facilitators of TEM mechanisms and raft perturbation may be a viable therapeutic strategy to curb intravasation and extravasation.

[bookmark: _Toc122611067]2.3.5	Cancer Cell Adhesion 
The likelihood of cancer cells surviving the disadvantageous stresses within the metastatic cascade is contingent upon their interactions with the extracellular matrix (ECM), fibroblasts, bloodborne cells, and the endothelium [176]. Cholesterol and sphingolipids, two integral components of lipid rafts, are necessary for the ECM adhesion of cancer cells [177,178]. Elevated cholesterol induces redistribution of integrins, resulting in increased cell attachment to fibronectin [143]. Conversely, membrane sphingolipid depletion prevents binding to fibronectin [179]. One study found that while lipid raft levels did not contribute to de novo synthesis of integrin, the depletion of lipid rafts with 6-O-α-maltosyl-β-cyclodextrin (mal-βCD) demonstrated that lipid raft levels were directly correlated with integrin activation and fibronectin adhesion [144]. A different study obtained similar results with human T cells. In both primary human T cells and Jurkat lymphoma cells, mβCD-induced raft depletion resulted in decreased integrin α5β1 and αLβ2 (LFA-1) mediated adhesion [145]. These reinforce the role that lipid rafts play in contributing to integrin-mediated ECM adhesion.
CD44 has been implicated in cancer progression and metastasis as a dynamic regulator of cell migration and adhesion, and its roles include initiating circulating tumor cell adhesion and rolling on the endothelium [180–182]. Similarly, integrins, particularly integrins of the β1 subtype, are critical for cancer cell adhesion and vasculature survival in transit [183–185]. The translocation of integrins and adhesion-related cluster of differentiation molecules to lipid rafts is critical for adhesion-related maintenance of cell migration. One study found that raft disruption of TNBC cells via mβCD treatment significantly decreased cell adhesion on fibronectin and vitronectin-coated substrates [103]. Likewise, cholesterol depletion caused CD44 shedding from lipid rafts in cancer cells, suppressing adhesion, migration, and endothelial cell rolling [139,140]. CD44 is known to interact with C1QBP in rafts to activate PI3K/MAPK downstream, a signaling pathway that also promotes cell adhesion and other pro-metastatic phenotypes [129]. Additionally, CD44 clustering in lipid rafts was found to activate Src family kinases (SFK), enriching β1 integrins into lipid rafts to promote cell adherence and matrix-derived survival [137]. By inhibiting SFK activity in lipid rafts, cancer cell adhesion of breast cancer cells was inhibited [142]. Similarly, CD24 was found to interact with, and promote c-Src translocation into lipid rafts, enhancing formation of focal adhesions, integrin-mediated adhesion, and cell spreading [138]. Using mβCD, emodin, and gambogic acid, studies have shown that blocking focal adhesion complex protein localization into lipid rafts inhibits tumor cell adhesion [135,136]. 
While many studies support the pro-migratory role of lipid raft-colocalized CD44, its role remains controversial. For example, one study demonstrated enhanced palmitoylation of CD44 drives colocalization with rafts, limiting associations with its cytoskeletal linker binding partner ezrin to suppress migration in invasive breast cancer subtypes [141]. Indeed, raft affinity of CD44 is largely regulated by one of two mechanisms: palmitoylation which enhances affinity and reduces binding to cytoskeletal linkers, and phosphatidylinositol 4,5-bisphosphate (PIP2) membrane concentration which decreases raft affinity thereby accelerating formation of the CD44-adaptor complex [186]. This confounding role of CD44 may be explained by the dynamic nature of protein-raft colocalization. That is, while palmitoylated CD44 may exist within rafts in an “inactive” state, rapid depalmitoylation may induce raft dissociation and subsequently promote cell adhesion. Meanwhile, CD44 shredding from rafts as a result of cholesterol depletion prevents the possibility of CD44 dissociation to “non-raft” PIP2 localized regions, thereby abrogating CD44 mediated cell adherence.   

[bookmark: _Toc122611068]2.4	Lipid Rafts and Cell Death

Cell death is a vital function that occurs naturally in the body, one that mediates the removal of damaged or infected cells and maintains tissue homeostasis [187]. Mechanisms of cell death are especially important in the body’s response to cancer; most cells that develop DNA abnormalities and cell checkpoint mutations undergo programmed cell death before they can proliferate further [188]. Immunity to this process is one of the hallmarks of cancer, resulting in uncontrollable division and metastasis [189]. The roles of lipid rafts in various types of cell death including necrosis, apoptosis, and anoikis have been studied extensively in recent years (Table 2.1).

[bookmark: _Toc122611069]2.4.1	Necrosis
Necrosis is a form of unprogrammed cell death that occurs in response to trauma and other stress-inducing stimuli, resulting in an inflammatory cell death response [190]. More recently, it has been suggested that necrotic cell death proceeds in a programmed manner similar to apoptosis [191]. This pathway, termed “necroptosis”, acts through a caspase-independent signaling cascade. Several studies have evaluated the role of lipid rafts in this necroptotic pathway.
Mixed lineage kinase domain-like pseudokinase (MLKL) has been identified as a downstream protein in the TNF-α induced necroptosis signaling cascade [192]. One study demonstrated that oligomerization of MLKL proteins and translocation into lipid rafts is necessary for necroptosis in murine fibrosarcoma cells [146]. Translocation of the oligomerized MLKL complex into lipid rafts supported sodium influx, increased osmotic pressure, and cell rupture. Similarly, another study demonstrated MLKL-induced membrane permeabilization of PIP-containing liposomes [147]. Through selective mutation, it was discovered that binding of positive amino acids on the oligomerized MLKL complex to PIPs allows for recruitment to lipid rafts. Inhibiting PI5P and PIP2 led to decreased necroptosis in Jurkat and murine fibrosarcoma cells. A subsequent study evaluated the effect of ceramide nanoliposomes (CNLs) on MLKL expression, demonstrating that CNLs strongly promoted MLKL activation-driven necroptosis, but not apoptosis in ovarian cancer cells [148]. These results suggest that CNLs form lipid raft mimetics which promote MLKL translocation and necroptosis, supporting the role of lipid rafts in necroptosis. Given that many cancer cells display resistance to apoptosis, therapeutic targeting and activation of the necroptotic pathway presents an exploitable alternative to induce cell death.

[bookmark: _Toc122611070]2.4.2	Apoptosis
Apoptosis, is a noninflammatory, programmed cell death pathway [55,187]. External activation of death receptor in the TNF superfamily results in the recruitment of the death-inducing signaling complex (DISC), caspase activation, DNA fragmentation and cell death [193]. The majority of lipid raft-apoptosis synergism studies are in relation to the colocalization of CD95 (Fas) and death receptors 4/5 into rafts, forming cluster of apoptotic signaling molecule-enriched rafts (CASMER) to enhance apoptotic signaling [152–155,157,158]. Chemotherapeutic agents such as perifosine and lipid raft agonists such as resveratrol have been shown to promote death receptor translocation into rafts, warranting further investigation into combination treatments of chemotherapeutic raft synergism with death inducing ligands [61,156,158]. For additional information, studies of raft-mediated death ligand signaling have been extensively covered in recent reviews [100,194,195].
Apart from death receptor signaling, some studies have conversely implicated rafts as being pro-survival, apoptotic regulators. For example, one study demonstrated that mβCD-induced raft disruption resulted in G2-M phase arrest and eventual apoptosis in breast cancer cells [103]. Likewise, protein kinase B (Akt), an important pro-survival protein, was shown to localize into lipid rafts [159].  Lipid raft disruption using mβCD led to a decrease of Akt activity and increased apoptosis in mouse fibroblast cells. 

[bookmark: _Toc122611071]2.4.3	Anoikis
Anoikis is a specialized type of apoptosis which is activated upon cell detachment, and developed resistance to anoikis is an essential step in cancer metastasis [160,196]. The loss of integrin attachment to matrix results in an inactivation of apoptosis inhibitor FAK, leading to caspase activation. Since lipid rafts facilitate integrin interactions and cell adhesion, depletion of lipid rafts has also been shown to directly result in anoikis-like death. When treated with cholesterol-inhibiting agents, human breast, prostate, and epidermoid carcinoma cells showed decreased lipid raft formation, Bcl-2 downregulation, caspase-3 activation, and Akt downregulation, inducing anoikis-like apoptosis [149]. Similarly, another study demonstrated that simvastatin-induced cholesterol depletion resulted in raft internalization and FAK downregulation, resulting in cell detachment, caspase-3 activation, and anoikis [150].
The lipid raft association of hypoxia inducible factor 1 (HIF1) in cell attachment has also been studied. HIF-1α is produced under hypoxic conditions and promotes cell survival. Interestingly, hypoxic conditions have been shown to correlate with decreased lipid rafts, suggesting that HIF-1α influences lipid raft production. Epidermoid carcinoma cells treated with mβCD under normoxic conditions demonstrated upregulated HIF-1α, suggesting that the cells underwent HIF-1α-mediated lipid raft production in response to cholesterol depletion [151]. Silencing of HIF-1α led to accelerated cell detachment and anoikis. These studies demonstrate the complexities of lipid raft involvement in mechanisms of cell death. Exploiting anoikis-like apoptosis mechanisms through lipid raft augmentation may be a viable method to prevent cancer cell survival upon detachment.  

[bookmark: _Toc122611072]2.5	Lipid Raft-Associated Biomarkers of Cancer Progression and Metastasis 

Apart from their roles in cancer metastasis and cell death, components of lipid rafts, namely caveolin and flotillin, have received much attention as clinical biomarkers. There are confounding oncogenic and tumor suppressing roles of these protein families surrounding different aspects of tumor growth and metastasis observed clinically. This section aims to elucidate the seemingly contradictory roles of caveolins and flotillins in metastatic progression and patient prognosis for a range of cancers. The prognostic roles of these proteins are summarized in Table 2.2. 













	Protein Family
	Cancer Type
	Summary
	Protein
	Prognosis
	References

	Flotillin
	Breast Cancer
	↑Flotillin-2 is significantly correlated with clinical stage, metastasis, and shorter overall survival
	Flotillin-2
	Poor
	[197]

	
	Cervical Cancer
	↑Flotillin-1 and Flotillin-2 corelates with pelvic lymph node metastasis, clinical stage, tumor differentiation and poor overall survival
	Flotillin-1 and 2
	Poor
	[198,199]

	
	Colorectal Cancer
	↑Flotillin-1 and flotillin-2 are associated with tumor volume, depth of invasion, lymph node metastasis, distant metastasis, increased proliferation and poor survival
	Flotillin-1 and 2
	Poor
	[200,201] 

	
	Liver
(Hepatocellular and Intrahepatic Cholangio-Carcinoma)
	↑Flotillin-1 and flotillin-2 in cancerous tissue and positively correlated with tumor size, clinical stage, vascular invasion, lymph node metastasis and relapse.
	Flotillin-1 and 2
	Poor
	
[202,203] 


	
	Nasopharyngeal Carcinoma
	↑Flotillin-2 promotes tumor progression and is positively associated with a metastatic phenotype and sorter overall survival
	Flotillin-2
	Poor
	[204,205] 

	
	Neuroblastoma
	↓Flotillin-1 correlated with poor prognosis and mRNA expression inversely correlate with clinical malignancy grade
	Flotillin-1
	Favorable
	[206]

	
	Small Cell Lung Cancer
	↑Flotillin-1 is highly expressed in small cell lung cancer and strongly correlates with clinical stage, distant metastasis, and poor survival
	Flotillin-1
	Poor
	[207]

	
	Various
	↑Flotillin-1 and flotillin-2 are associated with shorter overall survival, decreased disease-free survival and increased lymph node metastasis
	Flotillin-1 and 2
	Poor
	[208,209]

	
	Vulvar Squamous Cell Carcinoma
	[bookmark: _Hlk40190628]↑Flotillin-1 predicts poor overall and progressive free survival and is an oncogenic facilitator of inguinal/femoral lymph node metastasis
	Flotillin-1
	Poor
	[210]

	Caveolin
	Bladder Cancer
	↑Caveolin-1 in cancerous tissues and high-grade tumors
	Caveolin-1
	Poor
	[211,212]

	
	Breast Cancer
	↑Stromal Caveolin-1 in CAFs correlated with increased 5-year survival, low histological grade while absence or ↓stromal caveolin-1 increased risk of recurrence and predicted lymph node metastasis
↑Epithelial Caveolin-1 correlates with high histological grade, lack of hormone receptors and decreased survival
Tumor+ Stromal- cancer subtypes had poor survival
	Caveolin-1 (stromal and epithelial)
	Favorable (stromal)
Poor (tumoral)
	[213–216]


	
	Breast Cancer
(Brain metastases)
	↑Caveolin-1 negatively regulates Stat3, inhibiting brain metastasis from breast cancer
	Caveolin-1
	Favorable
	[217]

	
	Colorectal Cancer
(Liver Metastases)
	↓Stromal Caveolin-1 is associated with decreased disease free and overall survival after hepatectomy
	Caveolin-1 (stromal)
	Favorable
	[218]

	
	Gastric Cancer
	↑Caveolin-1 strong indicator of poor median overall survival, tumor grade, lymph node involvement and decreased relapse-free survival in resected gastric cancer
	Caveolin-1
	Poor
	[219,220]

	
	Non-Small Cell Lung Cancer
	↑Caveolin-1 expression correlated with pathological stage, chemoresistance and decreased overall and disease-free survival
	Caveolin-1
	Poor
	[221,222]

	
	Prostate Cancer
	↑Stromal Caveolin-1 associated with favorable prognosis, longer survival while expression decreased in malignant tissues and higher tumor stages
	Caveolin-1 (stromal)
	Favorable
	[223]

	
	Thyroid Cancer
	↑Stromal Caveolin-1, Caveolin-2 and Caveolin-3 in anaplastic carcinoma (poor prognosis) compared to papillary thyroid carcinoma and diffuse sclerosing variant of papillary carcinoma (more favorable prognosis)
	Caveolin-1, 2 and 3 (stromal)
	Poor
	[224]




[bookmark: _Toc122606069]Table 2.2. The role of flotillin and caveolin families of proteins in metastatic progression and patient prognosis.






[bookmark: _Toc122611073]2.5.1	Flotillins 
Flotillin-1 and flotillin-2 are widely believed to be metastatic drivers in a variety of tumors [225]. Two recent meta-analyses found that flotillin overexpression predicts poor overall survival, lymph node metastasis, and distant metastasis in a multitude of solid tumors [208,209]. In breast cancer, flotillin-2 mRNA and protein overexpression were indicative of poor prognosis in both early and late-stage disease [197]. Meanwhile, increased flotillin-1/flotillin-2 expression correlated with poor survival and enhanced pelvic, inguinal, and femoral lymph node metastasis in both cervical and vulvar squamous cell carcinoma [198,199,210]. High flotillin-1 and flotillin-2 levels were indicators of aggressive characteristics and poor prognosis of hepatocellular carcinoma and intrahepatic cholangiocarcinoma, respectively [202,203]. In both left and right colorectal cancer, flotillin-1 was overexpressed in cancerous tissue and was associated with tumor volume, differentiation and proliferation while flotillin-2 levels were associated with lymph node and distant metastasis [200,201]. Moreover, flotillin-1 and flotillin-2 were found to promote metastasis via TGF-β-mediated EMT induction in small cell lung cancer and nasopharyngeal carcinoma patients, respectively [204,205,207]. 
While mounting evidence implicates flotillin overexpression with tumor progression and metastasis, one study revealed that low expression of flotillin-1 correlates with poor prognosis in neuroblastoma patients [206]. Flotillin-1 regulated neuroblastoma progression by facilitating binding, endocytosis, and degradation of membrane-localizing anaplastic lymphoma kinase (ALK). Thus, it is possible that this conflicting, anti-metastatic role of flotillin-1 may be constrained to subsets of cancers that possess high levels of oncogenic ALK mutants, e.g.  NSCLC and neuroblastoma [226].

[bookmark: _Toc122611074]2.5.2	Caveolins 
While the oncogenic roles of flotillin-1 and 2 in the clinic are generally agreed upon, there remains contradictory evidence for the clinical role of caveolins, particularly caveolin-1. For example, multiple studies in bladder cancer have demonstrated high caveolin-1 expression is associated with cancer progression, high grade tumors, and poor patient prognosis [211,212]. Conversely, high stromal caveolin-1 in early prostate cancer was found to correlate with decreased malignancy, longer survival, and favorable prognosis when managed by watchful waiting [223]. In gastric cancers post-tumor resection, high caveolin-1 expression correlated with tumor relapse and lymph node metastasis [219,220]. However, in colorectal cancer-derived liver metastasis post-hepatectomy, weak stromal caveolin-1 expression was a predictor of poor prognosis [218]. Further, enhanced tumoral caveolin-1 correlated with gemcitabine drug resistance and advanced pathological stage and metastasis in NSCLC patients [221,222]. Taken collectively, these studies indicate tumoral caveolin-1 is an indicator of poor prognosis, while stromal caveolin-1 is favorable. While this is true for many studies, in thyroid cancer, expression of stromal caveolin was found to be upregulated in more aggressive carcinoma subtypes [224].
[bookmark: _Hlk40201273]Breast cancer may be the most confounding cancer type when it comes to the clinical relevance of caveolin-1 [227]. Overexpression of caveolin-1 in cancer associated fibroblasts (CAFs) correlated with increased low histological grade and favorable prognosis, while absent or depleted stromal caveolin-1 increased the risk of recurrence and predicted lymph node metastasis in early ductal carcinoma in situ (DCIS) [213,214]. Additionally, high levels of epithelial caveolin-1 were correlated with more aggressive, triple negative breast cancer subtypes [215]. These findings are supported by a study that examined subgroups of breast cancer patients with high tumoral caveolin-1 (T++) and weak stromal expression (S-). T(++)/S(-) subgroups showed exceptionally poor clinical outcomes compared to T(++) and S(-) groups taken individually [216]. This is consistent with the differential roles of epithelial and stromal caveolin-1 in cancer prognosis discussed above. However, this may not always be the case. One study of metastatic breast cancer found caveolin-1 expression was decreased in brain metastases compared to primary DCIS [217]. Further, another study demonstrated that depletion of caveolin-1 in lipid rafts of breast tumors promoted cellular autophagy-mediated cell survival under starvation conditions [228]. This supports the multifaceted functionality of caveolins within breast cancer metastasis, warranting further investigation before implementation as a clinical biomarker. 

[bookmark: _Toc122611075]2.6	Conclusions and Future Perspectives
	
 Within the past few decades, numerous studies have implicated lipid rafts as drivers of oncogenic and pro-metastatic processes. However, the role of rafts in specific areas of metastasis has remained elusive. For example, little is known about how lipid rafts affect CTC survival in the vasculature. While we have presented studies that demonstrate that rafts are vital for anoikis resistance, endothelial cell rolling, and vasculature-related adhesion mechanisms, evidence of this in spontaneous CTCs in animal models remains nonexistent. This is likely a consequence of the aforementioned inadequacies of in vivo and real time lipid raft detection methods. Moreover, no known study has examined the presence or effect of lipid rafts in primary CTC’s isolated from human patients. Given the heterogeneous landscape of CTCs, elucidating the undiscovered roles of rafts and raft-associated proteins may be instrumental in predicting CTC subpopulations that will survive in transit and proceed to colonize secondary tumors [229]. 
Studies have shown that excessive cholesterol in cancer cells is a biomarker of chemoresistance and stemness, but the role of raft microdomains in cancer stem cells (CSCs) remains largely unknown [230]. CD44 remains a prominent CSC marker in a variety of cancers, and we have discussed a multitude of studies demonstrating the propensity of CD44 to coalesce into raft fragments. However, other prominent CSC surface markers such as CD133 remain understudied despite recent methodologies for isolating CD133+ raft fractions [231]. It was recently demonstrated that CD133 localizes into lipid rafts in pancreatic cells to enhance chemoresistance, further supporting investigation into other CSC-related proteins [120]. Lipid rafts may be a vital missing link needed to fully understand the formation of cancer stem cell phenotypes, while also shedding light into mechanisms of senesce and therapeutic resistance. Further, abrogating the juxtaposition of lipid rafts and stemness-related proteins via raft antagonization may provide a means of reverting CSCs into more druggable cellular phenotypes.
While there has been substantial research done on the contribution of lipid rafts in apoptotic and anoikis pathways, the role of lipid rafts in necroptotic pathways has not been studied sufficiently. This review has discussed the importance of lipid rafts in the MLKL-mediated necroptotic pathway, in response to TNF superfamily ligands. However, it is important to note that necroptosis can also be induced by dsRNA and lipopolysaccharides, through TLR 3 and 4 [232,233]. Necroptosis can also be initiated through interferons [234]. It is currently unknown how and if lipid rafts play a role in this pathway, perhaps in an MLKL-independent fashion. Leveraging known mechanisms of raft associated apoptosis may be key for therapeutic exploitation. For example, it was mentioned that many chemotherapeutic agents have been shown to translocate death receptors into lipid rafts to enhance apoptotic signaling upon ligand activation. Clinical evaluation of combination treatments of chemotherapeutics and death-inducing ligands (TRAIL, Fas) may prove effective to overcome mechanisms of therapeutic resistance. 
Moving forward, a major challenge will be developing targeted therapeutics and drug delivery strategies to selectively disrupt rafts that facilitate oncogenic and pro-metastatic processes. While FDA-approved cholesterol lowering drugs exist, they tend to be nonspecific and are not yet approved for cancer therapy [235]. Additionally, the off-target and downstream signaling implications following statin-mediated cholesterol depletion in cancer have yet to be fully elucidated. Given these translational challenges, we expect not only forthcoming research on raft antagonizing compounds, but raft-targeted delivery modalities as well. For example, one group designed mβCD-hyaluronic acid-ceramide nanoassemblies that selectively target and disrupt CD44 positive lipid rafts [236]. Engineering novel drug delivery modalities for raft targeting and regulation will be critical for the development of anti-metastatic cancer therapies.
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[bookmark: _Toc122611077]3.1	Abstract

Colorectal cancer (CRC) remains a leading cause of cancer death, and its mortality is associated with metastasis and chemoresistance. We demonstrate that oxaliplatin-resistant CRC cells are sensitized to TRAIL-mediated apoptosis. Oxaliplatin-resistant cells exhibited transcriptional downregulation of caspase-10, but this had minimal effects on TRAIL sensitivity following CRISPR-Cas9 deletion of caspase-10 in parental cells. Sensitization effects in oxaliplatin-resistant cells were found to be a result of increased DR4, as well as significantly enhanced DR4 palmitoylation and translocation into lipid rafts. Raft perturbation via nystatin and resveratrol significantly altered DR4/raft colocalization and TRAIL sensitivity. Blood samples from metastatic CRC patients were treated with TRAIL liposomes, and a 57% reduction of viable CTCs was observed. Increased DR4/lipid raft colocalization in CTCs was found to correspond with increased oxaliplatin resistance and increased efficacy of TRAIL liposomes. To our knowledge, this is the first study to investigate the role of lipid rafts in primary CTCs.

[bookmark: _Toc122611078]3.2	Introduction

Colorectal cancer (CRC) is the second leading cause of cancer death and is responsible for over 50,000 deaths annually in the United States [237]. The probability of being diagnosed with CRC in one’s lifetime is 1 in 24, and there are over 100,000 new cases diagnosed annually in the United States alone. While the 5-year survival rate of localized and regional disease is 90% and 71%, respectively, patients with metastatic disease have just a 14% 5-year survival rate [238]. Dissemination to other organs is the cause of high mortality in most cancers, as nearly 90% of all cancer death is attributed to metastasis [239]. The most common sites of CRC metastases include the liver, lungs, and peritoneum (peritoneal carcinomatosis). While surgery and radiation remain curative options for patients with localized disease, the standard of care for CRC patients with advanced metastatic disease is commonly combination front line chemotherapy treatment  [240]. These chemotherapy regimens typically include fluorouracil (5-FU) and leucovorin (LV) in combination, which work together to inhibit DNA and RNA synthesis and modulate tumor growth, extending median survival in patients from 9 months (with palliative care) to over 12 months [29]. Oxaliplatin is a chemotherapeutic agent that upon binding to DNA, forms DNA adducts to cause irreversible transcriptional errors, resulting in cellular apoptosis. When oxaliplatin is administered with 5-FU/LV (FOLFOX), the objective response rate is 50% in previously untreated patients, increasing the median overall survival to 18 - 24 months [29,43].    
While there have been incremental advances in extending survival using FOLFOX and other oxaliplatin-containing chemotherapeutics, patients who eventually succumb to the disease frequently develop chemoresistant subpopulations of cancer cells via intrinsic or acquired mechanisms [43,241]. Mechanisms of oxaliplatin resistance in tumors include alterations in responses to DNA damage, cell death pathways (e.g., apoptosis, necrosis), NF-κB signaling, and cellular transport [241]. Despite the robustness of these oxaliplatin-resistant cancer cells, multiple studies suggest that chemoresistant subpopulations may be increasingly susceptible to adjuvant therapies [64,241–245]. Tumor necrosis factor‐related apoptosis‐inducing ligand (TRAIL) is a member of the TNF family of proteins and induces apoptosis in cancer cells via binding to transmembrane death receptors [246]. The binding of TRAIL to trimerized death receptor 4 (DR4) and 5 (DR5) initiates an intracellular apoptotic cascade beginning with the recruitment of death domains and formation of the death‐inducing signaling complex (DISC).
Lipid rafts (LRs) are microdomains in the plasma membrane lipid bilayer that are enriched in cholesterol and sphingolipids, with a propensity to assemble specific transmembrane and GPI-anchored proteins [98]. Mounting evidence has demonstrated that lipid rafts play major roles in tumor progression, metastasis and cell death [84]. Studies have shown that translocation into lipid rafts can augment signaling for a variety of cancer-implicated receptors, including growth factor receptors (IGFR and EGFR) and death receptors (Fas and Death receptors 4/5) [96,247–249]. Translocation of death receptors into rafts enhances apoptotic signaling through the formation of clusters of apoptotic signaling molecule-enriched rafts (CASMER), which act as scaffolds to facilitate trimerization and supramolecular clustering of receptors [248]. It has become increasingly evident that higher order oligomerization of death receptors is necessary for effective apoptotic signaling in cancer cells [250]. 
Studies have shown that combination treatment of chemotherapeutic agents with TRAIL may sensitize cancer cells to TRAIL-mediated apoptosis through a variety of mechanisms, including death receptor upregulation [251–253], suppression of apoptotic inhibitors within the intrinsic pathway [60], and redistribution of death receptors into lipid rafts [254]. However, no study has examined whether surviving oxaliplatin-resistant subpopulations of cancer cells have an enhanced sensitivity to TRAIL. In this study, we demonstrate that oxaliplatin-resistant cells show enhanced sensitivity to TRAIL-mediated apoptosis through lipid raft translocation of DR4. Moreover, we elucidate mechanisms which drive this sensitization using chemoresistant cell lines and blood samples collected from metastatic cancer patients. The response of oxaliplatin-resistant CRC to TRAIL-based therapeutics may prove critical to establishing promising new adjuvants for patients who have exhausted conventional treatment modalities.  
 
[bookmark: _Toc122611079]3.3	Results

[bookmark: _Toc122611080]3.3.1	Oxaliplatin-resistant cell lines show enhanced TRAIL sensitivity 
Cell viability of four colorectal cancer cell lines after 24 h treatment with 0.1-1000 ng/ml of TRAIL was measured and compared to the viability of oxaliplatin-resistant (OxR) cell lines (Figure 3.1A). Briefly, oxaliplatin-resistant cell lines were previously derived from exposure to increasing concentrations of oxaliplatin until a 10-fold increase in IC50 was achieved [255–257]. Parental and OxR cells were treated with a range of oxaliplatin concentrations to ensure that chemoresistance was conserved after multiple passages in culture (Supplementary Figure 3.1A). Moreover, oxaliplatin-resistant cells were found to have increased invasion and motility compared to parental cells, consistent with literature reporting their derivation (Supplementary Figure 3.1B). Interestingly, oxaliplatin-resistant HT29, SW620 and HCT116 cell lines showed increased maximum TRAIL sensitization levels compared to their parental counterparts, while SW480 cells showed similar or decreased sensitization levels (Supplementary Figure 3.2). IC50 values demonstrate that a chemoresistant phenotype resulted in augmented TRAIL-mediated apoptosis in two cell lines (Figure 3.1B). Importantly, cells were not treated with any oxaliplatin in quantifying the level of TRAIL sensitization, and oxaliplatin was not supplemented in the cell culture media to exclude any possible effects from combination treatment. In SW620 cells, large differences in apoptosis were observed when treated with the highest concentration of TRAIL (1000 ng/ml) (Figure 3.1C). Only 33.3% of parental cells were found to be in late-stage apoptosis after 24 h, compared to 60.6% for OxR cells. 
To determine if the observed differences in apoptosis were due to enhanced mitochondrial outer membrane permeability, a JC-1 dye was used. SW620 OxR cells exhibited over a 3-fold increase in the population of JC-1 red (-) cells, indicating increased mitochondrial depolarization (Figure 3.1D). Mitochondrial depolarization was significantly enhanced in OxR cells for TRAIL concentrations of 50 ng/ml and higher (Figure 3.1E). Similar TRAIL-induced mitochondrial effects were observed in HCT116 cells (Supplementary Figure 3.3). These results demonstrate that enhanced TRAIL mediated apoptosis is occurring, at least in part, via the intrinsic pathway and mitochondrial disruption.
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[bookmark: _Toc128993957]Figure 3.1. Oxaliplatin-resistant CRC cell lines exhibit enhanced sensitization to TRAIL-mediated apoptosis via the intrinsic pathway and mitochondrial permeabilization.
[bookmark: _Hlk62645235][bookmark: _Hlk75456247][bookmark: _Hlk60929849] (A) Oxaliplatin-resistant SW620, SW480, HCT116 and HT29 colon cancer cell lines demonstrate similar or enhanced sensitivity to TRAIL compared to their parental counterparts after 24 h of treatment. N=3 (biological replicates); n=9 (technical replicates). (B) IC50 values were calculated using a variable slope four parameter nonlinear regression. (C) Representative Annexin V/PI flow plots comparing SW620 parental and OxR cell viability after 24 h of treatment with 1000 ng/ml TRAIL. The four quadrants represent viable cells (bottom left), early apoptosis (bottom right), necrosis (top left) and late apoptosis (top right). (D) Representative flow plots of JC-1 assay after treatment with 1000 ng/ml of TRAIL. Mitochondrial depolarization is evidenced by decreased red fluorescence and increased green fluorescence. (E) Mitochondrial depolarization as a function of TRAIL concentration for SW620 parental and OxR cell lines. N=3 (n=9). For all graphs, data are presented as mean±SD.  **p<0.01 ****p<0.0001 (unpaired two-tailed t-test). 
 
[bookmark: _Toc122611081]3.3.2	Oxaliplatin-resistant derivatives have decreased CASP10 that has little consequence on TRAIL sensitization 
[bookmark: _Hlk61006910]Given that enhanced TRAIL-mediated apoptosis was found to occur via the mitochondrial pathway, gene expression of apoptotic transcripts was compared between the parental and OxR cells. RT-PCR human apoptosis profiler arrays were used to analyze transcripts within the SW620 and HCT116 cell lines, since these cells showed the highest degree of OxR TRAIL sensitization and exhibit different innate sensitivities to TRAIL (HCT116 cells are TRAIL-sensitive whereas SW620 cells are TRAIL-resistant). Interestingly, upon analyzing the RNA expression of 84 apoptotic transcripts, both cell lines shared similar profiles between parental and OxR derivatives. HCT116 OxR cells showed upregulated pro-apoptotic transcripts cytochrome-c and caspase-4 (Figure 3.2A). Cytochrome-c is released from the mitochondria into the cytosol after mitochondrial permeabilization, binding to adaptor molecule apoptosis-protease activating factor 1 (Apaf-1) to form the apoptosome and initiate downstream caspase signaling [54]. Caspase-4 is localized to the ER and initiates apoptosis in response to ER stress [258]. Interestingly, SW620 OxR cells had upregulated Fas, a cell surface death receptor that acts similarly in apoptotic signaling to DR4/DR5 via binding of Fas ligand [259], and osteoprotegerin, a soluble decoy receptor that sequesters TRAIL and inhibits apoptosis [260] (Figure 3.2B). Upregulated Fas expression in SW620 OxR cells was confirmed via surface staining and flow cytometry, however, receptor neutralization with the ZB4 anti-Fas antibody had no effect on TRAIL sensitization when treated in combination with TRAIL (Supplementary Figure 3.4A-C). Notably, both HCT116 and SW620 OxR cell lines had caspase-10 as the most significantly downregulated transcript. To determine whether this was of consequence to the observed TRAIL sensitization, an SW620 caspase-10 knockout cell line was created using a multi-guide sgRNA CRISPR-Cas9 approach. Knock-out (KO) efficiency was found to be 93% (Figure 3.2C). The TRAIL sensitivity of this caspase-10 KO cell line was compared to a control cell line treated with Cas9 only. Caspase-10 KO cells showed only a slight decrease in cell viability after 24 h of TRAIL treatment (Figure 3.2D). The number of late-stage apoptotic cells remained similar between cell lines (Figure 3.2E) and the maximum TRAIL sensitization observed was insignificant following caspase-10 KO (Figure 3.2F).   
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[bookmark: _Toc128993958]Figure 3.2. Microarray profiles show that parental and oxaliplatin-resistant CRC cell lines have similar expression of apoptotic transcripts while OxR derivatives have significantly downregulated CASP10. 
[bookmark: _Hlk62648198] (A-B) Volcano plots of RT-PCR Apoptosis Profiler arrays demonstrate downregulation of CASP10 in OxR phenotypes. N=3. (C) CRISPR/Cas9 knockout of caspase-10 in SW620 parental cells was confirmed via western blot. sgRNA/Cas9 ribonucleoprotein complexes reduced caspase-10 expression by 93% compared to cells treated with Cas9 alone. (D) CASP10 KO cells demonstrate slight decreases in viability when treated with TRAIL compared to Cas9 control. Data are presented as mean±SD. N=3 (n=9). (E) Representative Annexin V/PI flow plots comparing SW620 parental (Cas9 only) and CASP10 KO cell viability after 24 h of treatment with 1000 ng/ml TRAIL. (F) Depletion of caspase-10 did not have a significant effect on TRAIL sensitization (unpaired two-tailed t-test). Data are presented as mean+SEM. N=3 (n=9).


[bookmark: _Toc122611082]3.3.3	TRAIL-sensitized OxR cell lines have upregulated DR4
[bookmark: _Hlk63079949][bookmark: _Hlk76558607]While changes in death receptor expression were insignificant at a transcriptional level, studies have demonstrated that chemoresistance can alter receptor abundance via mechanisms of translational regulation [261,262]. Confocal microscopy showed that oxaliplatin-resistant cells have increased DR4 in both HCT116 (Figure 3.3A) and SW620 (Figure 3.3B) cell lines. To quantify receptor expression, total DR4 area per cell was analyzed for at least 70 cells. Analysis showed oxaliplatin-resistant derivative cell lines had significantly increased DR4 area per cell (Figure 3.3C). There were no differences in cell size between parental and OxR derivatives for all four cell lines (Supplementary Figure 3.5). Flow cytometry staining of non-permeabilized cells was used to determine if this death receptor increase was also observed on the cell surface. Both HCT116 OxR and SW620 OxR cells showed significant increases in DR4 surface expression (Figure 3.3D). Total and surface DR4 expression was similar between parental and OxR derivatives in mildly sensitized HT29 cells and unsensitized SW480 cells (Supplementary Figure 3.6A-C). To account for possible thresholding effects in area quantification, raw integrated density counts per cell were also measured and found to be consistent with changes in receptor area (Supplementary Figure 3.7). Increases in DR4 expression of OxR derivatives were also confirmed via western blot but were only significant in SW620 cells (Figure 3.3E-F). Oxaliplatin-resistant HCT116, SW620 and HT29 cells all displayed increases in DR5 area per cell, while SW480 OxR cells had significant decreases in total DR5 expression (Supplementary Figure 3.8A-D). However, total receptor area per cell was considerably lower for DR5 compared to DR4. Additionally, expression of surface DR5, analyzed via flow cytometry, was only significantly upregulated in SW620 OxR cells (Supplementary Figure 3.8E). This is further confounded by western blot data which show no change in DR5 expression in HCT116 OxR cells, and a significant decrease in SW620 OxR cells (Supplementary Figure 3.9A-B). Decoy receptors are surface receptors that, like death receptors, can bind to exogenous TRAIL. However, decoy receptor 1 (DcR1) and decoy receptor 2 (DcR2) are unable to activate the apoptotic pathway, making these receptors sequestering agents that competitively bind to TRAIL. While some studies have shown that chemotherapy-induced changes in TRAIL sensitivity have been linked to modulation or augmentation of decoy receptors [63], all cell lines exhibited no meaningful difference in surface DcR1 and DcR2 expression between parental and OxR derivatives (Supplementary Figure 3.10). Despite statistical significance in SW480 and HT29 cells, decoy receptor expression, especially DcR2, was expressed in negligible quantities in these cell lines.    
Given the consistency in data suggesting DR4 upregulation in TRAIL-sensitized OxR cell lines, cells were treated with the DR4-agonist monoclonal antibody Mapatumumab to determine DR4 specificity. SW620 OxR cells exhibited significant increases in the number of apoptotic cells after 24 hours of treatment, including a 3-fold increase in apoptosis at concentrations of 10 µg/ml (Figure 3.3G). Cell viability closely paralleled TRAIL treatments: parental cells remained resistant at high doses while OxR cells exhibited a dose-responsive decrease in cell viability (Figure 3.3H). HCT116 cell lines exhibited similar results, as OxR cells were significantly more apoptotic at concentrations exceeding 0.1 µg/ml (Supplementary Figure 3.11A-B). The maximum Mapatumumab  sensitization was calculated to be greater than 40% for oxaliplatin-resistant HCT116 and SW620 cells (Figure 3.3I), providing more causal evidence for a DR4-associated mechanism.    
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[bookmark: _Toc128993959]Figure 3.3. Oxaliplatin-resistant colon cancer cell lines have upregulated DR4 expression.
[bookmark: _Hlk60935267][bookmark: _Hlk76459109][bookmark: _Hlk75463169][bookmark: _Hlk75466983] (A-B) Confocal micrographs of HCT116 and SW620 cells, respectively. Red channel represents DR4, green is lipid rafts and blue is DAPI (nuclei). Scale bar = 30 μm. (C) Quantification of DR4 area per cell in HCT116 and SW620 cells. For each cell line, N=75 cells were analyzed. Data are presented as mean+SEM from N=3 independent experiments. ***p<0.001 ****p<0.0001 (unpaired two-tailed t-test). (D) OxR cells had increased surface expression of DR4 in non-permeabilized cells analyzed via flow cytometry. #Significant according to a chi-squared test (see Supplementary Table 3.1).  (E) Western blots for DR4 in whole cell lysates of parental and OxR cells. (F)  Quantification of western blots from three independent experiments (N=3). Data are presented as mean+SEM. *p<0.05 (unpaired two-tailed t-test). (G) Percentage of apoptotic SW620 cells after treatment with 0.01-10 µg/ml Mapatumumab (sum of early and late-stage apoptotic cells from Annexin/PI staining). Data are presented as mean+SD. N=3 (n=9). ****p<0.0001 (multiple unpaired two-tailed t-tests). (H) Cell viability of SW620 cells after Mapatumumab treatment, determined by Annexin-V/PI staining. Data are presented as mean±SD. N=3 (n=6). (I) Maximum Mapatumumab sensitization within OxR cell lines compared to their parental counterparts. Data are presented as mean+SEM.  

[bookmark: _Toc122611083]3.3.4	TRAIL-sensitized OxR cell lines have enhanced colocalization of DR4 into lipid rafts 
[bookmark: _Hlk76559274]Binary projections of colocalization events between DR4 and lipid rafts demonstrate that OxR phenotypes had enhanced DR4 translocation into lipid rafts in HCT116 and SW620 cells (Figure 3.4A). Quantification of total area of colocalization events showed that HCT116 OxR and SW620 OxR cells have significantly enhanced DR4 localized into lipid rafts, each with an over four-fold increase (Figure 3.4B). The areas of DR4/LR colocalized events per cell were not significantly different in HT29 and SW480 cells (Supplementary Figure 3.6D). Other methods of colocalization analysis, including calculation of the Manders’ Correlation Coefficient (MCC), supported these results, specifically in HCT116 and SW620 cell lines where the Manders’ overlap was significantly greater in OxR cells (Supplementary Figure 3.12). The fold change in DR4/LR colocalization area between OxR and parental cells exhibited a strong linear correlation (0.86) with TRAIL sensitization (Figure 3.4C). Colocalization of lipid rafts with DR5 was significantly enhanced only in HCT116 and HT29 cells, and analysis of the correlation between DR5 colocalization and TRAIL sensitization resulted in a weaker correlation of 0.48 (Supplementary Figure 3.13A-C). Quantification of lipid raft area per cell revealed insignificant changes between parental and OxR derivatives in all cell lines except for HT29 cells, where parental cells showed significantly more rafts (Supplementary Figure 3.14). 
To confirm DR4 redistribution into rafts, western blots for DR4 were run on plasma membrane-derived lipid raft fractions, isolated using non-ionic detergent and centrifugation. Isolated lipid raft fractions exhibited significant increases in DR4 for both HCT116 OxR and SW620 OxR cells (Figure 3.4D-E). β-actin was used as a loading control to compare relative DR4 expression between parental and OxR cell lines [263]. There were no detectable levels of DR5 in western blots from lipid raft isolated fractions (Supplementary Figure 3.13D). This is consistent with studies in hematological cancers that demonstrate raft localization of DR4 but not DR5 [247,264]. To further examine the proximity of DR4 and lipid rafts between phenotypes, Förster resonance energy transfer (FRET) efficiency was measured using a previously described flow cytometry protocol and calculated via a donor quenching method [265]. Both HCT116 and SW620 OxR cells had significantly increased FRET efficiencies compared to their parental counterparts, with an over two-fold and five-fold increase, respectively (Figure 3.4F).  
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[bookmark: _Toc128993960][bookmark: _Hlk62656417]Figure 3.4. Oxaliplatin-resistant colon cancer cell lines have enhanced colocalization of DR4 into lipid rafts.
[bookmark: _Hlk75454284][bookmark: _Hlk75467849] (A) Composite images and binary projections of DR4/LR colocalization areas in HCT116 and SW620 cell lines. Lipid raft and DR4 binary images were generated for a specified threshold, then multiplied by one another to generate images with positive pixels in double positive areas. Red is DR4, green is lipid rafts and blue is DAPI. Scale bar = 30 μm. (B) Quantification of DR4 and lipid raft colocalization area per cell in HCT116 and SW620 cells. For each cell line, N=75 cells were analyzed. **p<0.01 ****p<0.0001 (unpaired two-tailed t-test). (C) Correlation between the fold change in DR4/LR colocalization (OxR phenotype/parental) and maximum TRAIL sensitization observed by the OxR phenotype for each of the four cell lines (simple linear regression analysis).  (D) Lipid raft fractions were isolated and analyzed for DR4 via western blot in parental and OxR cells. (E) Quantification of lipid raft DR4 blots in (D). *p<0.05 (unpaired two-tailed t-test).   For all graphs, data are presented as mean+SEM. (F) FRET efficiencies of FITC-labeled DR4 (donor) and Alexa 555-labeled lipid rafts (acceptor) in parental and OxR cells analyzed via flow cytometry. **p<0.01 ***p<0.001 (unpaired two-tailed t-test).


[bookmark: _Toc122611084]3.3.5	Altering lipid raft composition affects DR4/LR colocalization and has consequential effects on TRAIL sensitization 
[bookmark: _Hlk62659932]To probe the effects of LR modulation on DR4 clustering and TRAIL sensitization, SW620 OxR and HCT116 OxR cells were treated with 5 µM of nystatin, a cholesterol-sequestering agent that inhibits LR formation, in combination with TRAIL for 24 h (Figure 3.5A, G). Nystatin inhibited TRAIL-mediated apoptosis in SW620 OxR cells, significantly decreasing the maximum TRAIL sensitization from 45% to 23%. (Figure 3.5B). Nystatin treatment was found to decrease DR4/LR colocalization by over 20-fold (Figure 3.5C, M). Similar results were found in HCT116 OxR cells, as nystatin treatment decreased TRAIL sensitization from 62% to 1% (Figure 3.5H) and decreased DR4/LR colocalization by over nine-fold (Figure 3.5I). To demonstrate that enhancing LR formation would have pro-apoptotic effects, parental cells were treated with 70 μM of resveratrol in combination with TRAIL for 24 h (Figure 3.5D, J). Resveratrol has been shown to stabilize liquid-ordered domains in the plasma membrane and promote cholesterol/sphingolipid enriched lipid rafts [266]. Resveratrol significantly sensitized parental SW620 cells to TRAIL irrespective of TRAIL concentration with a maximum TRAIL sensitization of 68% (Figure 3.5E). Treatment with resveratrol coincided with significant augmentation of DR4/LR colocalization area, an increase of over six-fold (Figure 3.5F, N). Similarly, parental HCT116 cells treated with resveratrol were sensitized 59% (Figure 3.5K), corresponding with a nearly seven-fold increase in DR4/LR colocalization area per cell (Figure 3.5L). Resveratrol and nystatin had no significant effects on DR5 lipid raft colocalization, except in SW620 OxR cells where nystatin treatment surprisingly resulted in a slight increase in colocalization (Supplementary Figure 3.15A-B).  
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[bookmark: _Toc128993961]Figure 3.5. Pharmacological perturbation of DR4 localization in lipid rafts significantly alters cellular apoptosis in response to TRAIL.
 (A, G) SW620 OxR and HCT116 OxR cells, respectively, treated for 24 h with a combination of TRAIL and 5 µM nystatin.  (B, H) SW620 OxR and HCT116 OxR cells, respectively, showed a significant decrease in TRAIL sensitization when treated in combination with nystatin. N=3 (n=9).   (C, I) Treatment with 5 µM nystatin significantly decreased DR4/LR colocalization area in SW620 OxR and HCT116 OxR cells, respectively. For each cell line, N=40 cells were analyzed.    (D, J) SW620 Par and HCT116 Par cells, respectively, treated for 24 h with a combination of TRAIL and 70 µM resveratrol. N=3 (n=9).  (E, K) SW620 Par and HCT116 Par cells, respectively, showed a significant increase in TRAIL sensitization when treated in combination with resveratrol. N=3 (n=9).   (F, L) Treatment with 70 µM nystatin significantly increased DR4/LR colocalization area in SW620 Par and HCT116 Par cells, respectively. For each cell line, N=40 cells were analyzed.  (M) Representative composite images and binary projections of DR4/LR colocalization in SW620 OxR cells before and after nystatin treatment. (N) Representative composite images and binary projections of DR4/LR colocalization in parental SW620 cells before and after resveratrol treatment. Red represents DR4, green is lipid rafts and blue is DAPI. Scale bar = 30 μm.  **p<0.01 ****p<0.0001 (unpaired two-tailed t-test for all graphs). (A, D, G, J) Data are presented as mean±SD. (B, C, E, F, H, I, K, L) Data are presented as mean+SEM.

[bookmark: _Toc122611085]3.3.6	S-Palmitoylation of DR4 is enhanced in oxaliplatin-resistant cells
Palmitoylation is the reversible, post-translational addition of the saturated fatty acid palmitate to the cystine residue of proteins. Palmitoylation of DR4 has proven to be critical for receptor oligomerization and lipid raft translocation, both obligatory for effective TRAIL-mediated apoptotic signaling [267]. S-palmitoylation of DR4 in SW620 parental and OxR cells was analyzed via protein precipitation, free thiol blocking, thioester cleavage of palmitate linkages, and exchange with a mass tag label to quantify the degree of palmitoylated protein. We discovered that DR4 has four distinct palmitoylated sites, the degree of which was enhanced in the oxaliplatin-resistant phenotype (Figure 3.6A). Quantifying the percentage of palmitoylated protein in relation to input fraction (IFC) and non-mass tag preserved controls (APC-) validated that oxaliplatin-resistant cells had a significantly higher percentage of DR4 that was palmitoylated (55% compared to 43%) (Figure 3.6B). To determine whether enhanced palmitoylation was specific to DR4 and not a ubiquitous characteristic of the OxR phenotype, total cellular protein palmitoylation was measured and analyzed via flow cytometry (Supplementary Figure 3.16A). Fluorescent azide labeling of palmitic acid confirmed that total cellular palmitoylation was unchanged between parental and OxR cells (Supplementary Figure 3.16B). 
To further examine the relationship between DR4 palmitoylation and TRAIL sensitization in OxR cells, the irreversible palmitoylation inhibitor 2-bromopalmitate (2BP) was used. 2BP is a commonly used palmitate analog that is thought to bind to palmitoyl acyl transferase, forming an inhibitory enzyme complex [268]. Treating SW620 OxR cells with 3.5 μM 2BP in combination with TRAIL significantly reduced TRAIL sensitization and increased the IC50 to over 1000 ng/ml (Figure 3.6C, E). 2BP significantly reduced the number of apoptotic cells in both parental and OxR cells, demonstrating the importance of DR4 palmitoylation in TRAIL signaling, particularly in chemoresistant cells (Figure 3.6D). These data suggest a novel mechanism for enhanced lipid raft-DR4 colocalization in OxR cells via enhanced DR4 palmitoylation (Figure 3.6F).
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[bookmark: _Toc128993962][bookmark: _Hlk62655705]Figure 3.6. Oxaliplatin resistance enhances palmitoylation of DR4, selectively.
[bookmark: OLE_LINK3][bookmark: _Hlk62657052][bookmark: _Hlk75456209] (A) Death receptor palmitoylation was determined by protein precipitation, thioester cleavage, and conjugation of a mass tag to enumerate and quantify the degree of S-palmitoylation between cellular phenotypes. Samples with a mass tag “B” have distinct bands of equivalent increasing mass, with each mass shift indicating a palmitoylated site. Input fraction control (IFC) samples “A” were collected before thioester cleavage, while the acyl preservation negative control (APC) samples were incubated with an acyl-preservation reagent to block free thiols in place of the mass tag reagent. Arrows show palmitoylation bands. (B) Quantification of the percentage of palmitoylated DR4, calculated by dividing the total palmitoylated mass shift intensity by the average intensity of IFC and APC for each sample. Data are presented as mean±SD (N=3). *p<0.05 (unpaired two-tailed t-test). (C) Treatment with the irreversible palmitoylation inhibitor 2BP in combination with TRAIL significantly reduced TRAIL sensitization in SW620 OxR cells. Data are presented as mean+SEM. N=3 (n=9). *p<0.0001 (unpaired two-tailed t-test). (D)  Percentage of apoptotic SW620 parental and OxR cells after treating with 1000 ng/ml TRAIL and 3.5 μM 2BP in combination (sum of early and late-stage apoptotic cells from Annexin/PI staining). Data are presented as mean+SD. N=3 (n=9). *p<0.05 ****p<0.0001 (ordinary one-way ANOVA–Tukey’s multiple comparison test). (E) Cell viability determined by Annexin-V/PI staining for cells treated with 0.1-1000 ng/ml TRAIL and 3.5 μM 2BP. IC50 values were calculated using a variable slope four parameter nonlinear regression. Data are presented as mean±SD. N=3 (n=9). (F) Proposed mechanism of enhanced TRAIL-mediated apoptosis in oxaliplatin-resistant cells.   

[bookmark: _Toc122611086]3.3.7	Metastatic CRC patients show sensitivity to TRAIL liposomes despite chemoresistance
[bookmark: _Hlk62643519]Despite promising specificity for cancer cells and low off-target toxicity, TRAIL’s translational relevance has been confounded by a short half-life and ineffective delivery modalities [68]. In recent studies, our lab has demonstrated that TRAIL-coated leukocytes via the administration of liposomal TRAIL can be effective in eradicating circulating tumor cells (CTCs) in the blood of metastatic cancer patients [269]. Briefly, liposomes were synthesized as previously described using a thin film hydration method, stepwise extrusion to 100 nm in diameter, and decoration with E-selectin and TRAIL via his-tag conjugation [270] (Figure 3.7A). Undecorated “control” liposomes, soluble TRAIL (290 ng/ml; at equivalent concentrations as TRAIL liposomes) and oxaliplatin (at peak plasma concentrations of 5 μM) were used as controls. Blood was collected from 13 metastatic CRC patients who had previously undergone or were currently undergoing an oxaliplatin chemotherapy regimen (Table 3.1). Of these, five patients were analyzed at two to three timepoints over their respective treatment regimens, representing 21 total samples. Blood samples were treated with TRAIL liposomes or control treatments under hematogenous circulatory shear conditions in a cone-and-plate viscometer. TRAIL liposomes significantly decreased the average percentage of viable CTCs in patient blood to 43%, compared to just 86% when treated with oxaliplatin (Figure 3.7B). Interpatient variation was dominant in response to TRAIL liposome treatment, as the between-patient coefficient of variation was twice as high (CoV=0.55) as the average within-patient variation (CoV=0.28). Viable CTCs were categorized as cells that were cytokeratin(+), DAPI(+), CD45(-) and propidium iodide(-) (Figure 3.7C). TRAIL liposomal therapy reduced total viable CTC counts by 58% compared to control liposomes, and over 32% compared to oxaliplatin after just 4 h in circulation (Supplementary Figure 3.17). Notably, in two patients (P10 and P11), there were no detectable viable CTCs in blood samples treated with TRAIL liposomes. When categorizing patients by location of metastasis, patients that presented with metastases in the liver or bone showed a greater reduction in viable CTCs (69% and 71%, respectively) than patients with both lung and liver metastases (32%) (Figure 3.7D). Patients had similar CTC reductions regardless of their treatment at the time of blood draw, while those undergoing FOLFOX or capecitabine + oxaliplatin had the highest reduction in CTCs (65% and 60%, respectively) (Figure 3.7E). When categorizing patients as either oxaliplatin-sensitive or resistant, based on their response to 5 μM oxaliplatin under hematogenous circulatory-shear conditions (threshold 80% CTC viability), there was no significant difference in CTC response to TRAIL liposomes (Supplementary Figure 3.18A). Likewise, grouping patients by those undergoing oxaliplatin chemotherapy and those who had failed oxaliplatin previously, there was no significant difference in reduction of viable CTCs from the administration of liposomal TRAIL (Supplementary Figure 3.18B). This demonstrates the utility of TRAIL liposomes to eradicate CTCs in both oxaliplatin-sensitive and oxaliplatin-resistant patients.       

[bookmark: _Toc122611087]3.3.8	CTC DR4-lipid raft colocalization corresponds with TRAIL liposome treatment efficacy and oxaliplatin resistance
[bookmark: _Hlk75422307]Patient CTCs were also stained for DR4 and lipid rafts to examine the relationships between raft colocalization, treatment efficacy and oxaliplatin resistance. Decreasing lipid raft colocalization with DR4 coincided with reduced efficacy of TRAIL liposomes (higher percentage of viable CTCs after treatment), with a negative slope that significantly deviated from zero (Figure 3.7F). Additionally, increasing lipid raft DR4 corresponded with increasing resistance to oxaliplatin (higher percentage of viable CTCs after oxaliplatin treatment), with a positive slope that significantly deviated from zero  (Figure 3.7G). These same trends were observed for total DR4 area (Supplementary Figure 3.18C-D).  Despite the small size of the patient cohort, these results are encouraging and support our in vitro data in OxR cell lines. Five patients provided multiple blood samples over the course of their treatment, as shown in Table 3.1. Of these, P07 was the only patient being treated with oxaliplatin (FOLFOX) over the course of all three blood draws. Patient 7 was undergoing the 1st cycle of FOLFOX at the time of draw one and progressed while on FOLFOX for draws two and three. However, DR4 and lipid raft staining of CTCs revealed increased DR4/LR colocalization despite progression (Figure 3.7H). This same trend of enhanced CTC DR4/LR colocalization with treatment was observed in patients undergoing 5FU+Avastin (P01) and FOLFIRI (P09), while P06 (FOLFIRI) exhibited a bimodal response (Supplementary Figure 3.18E). Interestingly, P12 exhibited decreased colocalization in CTCs over the course of treatment. This is hypothesized to be a result of a switch in treatment (FOLFIRI + Avastin to cetuximab + encorafenib) due to progression after the first draw. 








































	Patient
	Age
	Sex
	Cancer
	Metastatic Location
	Treatment History at 
Draw 1
	Draw 2
	Draw 3

	P01
	59
	F
	Colon
	Paraaortic Lymph Nodes
	# FOLFOX (2016), FOLFIRI, 5-FU+Avastin
	+2months
5-FU+Avastin
	* +7months
5-FU+Avastin

	P02
	83
	F
	Colon
	Liver
	 # FOLFOX, FOLFIRI, FOLFOX+Avastin
	 
	 

	P04
	53
	F
	Rectal
	Pelvis, mesenteric lymph nodes
	FOLFOX+Avastin, Capecitabine+Radtiaion,
Regorafenib+ Nivolumab
	 
	 

	P05
	68
	M
	Rectal
	Pulmonary
	Capecitabine+Oxaliplatin
	 
	 

	P06
	68
	F
	Rectal
	Lung, bone
	FOLFOX, FOLFIRI
	+6months
FOLFIRI
	+7months
FOLFIRI

	P07
	64
	M
	Cecum
	Peritoneal Carcinomatosis 
	FOLFOX (1st cycle)
	+7months
FOLFOX (progression)
	+10months
FOLFOX (progression)
Started FOLFIRI

	P08
	69
	M
	Colon
	Lung, abdomen
	FOLFOX+Avastin (progression) Capecitabine+Avastin,
5FU+Cetuximab+
Panitumumab 
	 
	 

	P09
	73
	M
	Sigmoid
	Liver, mesentery 
	FOLFOX, Capecitabine, FOLFIRI, Lonsurf 
	+7months
FOLFIRI 
	N/A 
(patient deceased) 

	P10
	52
	M
	Rectal
	Lung
	Radiation+ Capecitabine
Capecitabine+Oxaliplatin
	
	 

	P11
	70
	M
	Colon
	Liver
	FOLFOX
	 
	 

	P12
	59
	M
	Colon
	Liver, lungs, R adrenal
	FOLFOX+Avastin, FOLFIRI +Avastin
	[bookmark: OLE_LINK1]cetuximab + encorafenib
(progression)
	+3 months cetuximab + encorafenib
(progression)

	P13
	63
	F
	Colon
	Adnexa Pelvis
	FOLFOX, Irinotecan+Panitumumab, Capecitabine+Oxaliplatin  
	 
	 

	P15
	79
	M
	Colon
	Liver
	FOLFOX (1st cycle)
	 
	 




[bookmark: _Toc122606070]Table 3.1. Demographic and clinical information of metastatic CRC patients enrolled in this study. 
 *Denotes missing treatment analysis for this sample. #Denotes missing DR4/LR analysis for this sample. 
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[bookmark: _Toc128993963]Figure 3.7. TRAIL-conjugated liposomes neutralize CTCs from the blood of patients with metastatic, oxaliplatin-resistant colorectal cancer.
[bookmark: _Hlk75470039][bookmark: _Hlk62660401][bookmark: _Hlk62660238] (A) Liposomes were synthesized using a thin film hydration method, followed by extrusion and his-tag conjugation of TRAIL and E-selectin protein. Patient blood samples were treated in a cone-and-plate viscometer under circulatory shear conditions with either control liposomes, TRAIL liposomes, soluble TRAIL, or oxaliplatin. (B) Effects of TRAIL liposomes and control treatments on the number of viable CTCs, normalized to control liposome treatment. Bars represent the average of all patients and time points. (N=21) **p<0.001 ****p<0.0001 (ordinary one-way ANOVA–Tukey’s multiple comparison test). (C) Representative micrographs of 2 patients showing neutralization of CTCs in TRAIL liposomes compared to control liposomes, stained for cytokeratin (green), DAPI (blue), CD45 (red), and propidium iodide (yellow). Scale bar = 100 µm. (D, E) Reduction in viable CTCs categorized by location of metastasis and treatment administered at the time of blood draw, respectively. (F) DR4/LR colocalization area of patient CTCs plotted against the percentage of viable CTCs following TRAIL liposome treatments. Each point corresponds with one patient draw. ####p<0.0001 (simple linear regression to confirm significant deviation from zero). (G) DR4/LR colocalization area of patient CTCs plotted against the normalized percentage of viable CTCs following oxaliplatin treatment. Each point corresponds with one patient draw. ####p<0.0001 (simple linear regression to confirm significant deviation from zero).  (H) CTCs of Patient 7, stained for DR4 (red) and lipid rafts (green), demonstrating increased DR4/LR colocalization over the course of 10 months of FOLFOX treatment (with progressive disease despite treatment). Scale bar = 30 µm. For all graphs, data are presented as mean±SEM.

[bookmark: _Toc122611088]3.4	Discussion 

[bookmark: _Hlk62643630][bookmark: _Hlk62643694]Our lab has demonstrated the utility of TRAIL nanoparticles to treat a variety of cancer types in vitro [270], in vivo [271], and in clinical samples [269]. While frontline chemotherapy remains a viable option for patients with metastatic CRC, long term treatment frequently leads to chemoresistance, consequently yielding a more aggressive, robust phenotype that is unresponsive to many systemic treatments [241]. Our results demonstrate that OxR colorectal cancer cells are particularly susceptible to TRAIL-mediated apoptosis. Additionally, the ability to eradicate over 57% of oxaliplatin-resistant CTCs in patient blood demonstrates the utility of TRAIL liposomes clinically. Moreover, two patient samples exhibited 100% neutralization of all viable CTCs following ex vivo TRAIL liposomal treatment. This demonstrates the natural cancer cell targeting ability and low toxicity of TRAIL-based therapeutics, presenting a promising cancer management strategy for patients who have exhausted traditional treatment modalities. TRAIL’s apoptotic affect has been shown to be sensitized by circulatory shear stress, further supporting its use as an anti-metastatic therapy in the blood of patients [272].  Multiple other studies have demonstrated that platin-based chemotherapeutics, including oxaliplatin, are able to sensitize cancer cells to TRAIL-mediated apoptosis when treated in combination [63,245,251,252]. However, no study has investigated the effects of oxaliplatin resistance on TRAIL-mediated apoptosis, and importantly, no study has demonstrated that oxaliplatin-resistant cancers can be exploited with TRAIL therapies. 
Elucidating the mechanisms that drive OxR TRAIL sensitization will be key in establishing personalized treatment strategies in patients. Interestingly, genetic analysis of TRAIL-sensitized OXR cells demonstrated that OxR cells consistently exhibited downregulated caspase-10. This may seem counterintuitive generally since caspase-10 is a caspase-8 analog that initiates the apoptotic pathway after binding to FADD. However, studies have demonstrated the potential anti-apoptotic effects of high caspase-10 expression [273,274]. One recent study in particular demonstrated that upon activation with Fas ligand, caspase-10 reduced DISC association and activation of caspase-8, rewiring DISC signaling toward the NF-κB pathway and cell survival [275]. However, this non-canonical caspase-10 signaling was found to have an insignificant effect on TRAIL sensitization as evidenced in experiments where caspase-10 was depleted in parental cells. This establishes that the observed augmentation of TRAIL sensitivity is likely a result of a translational or post-translational effect induced by oxaliplatin resistance, rather than a transcriptional change within the apoptotic pathway.       
We have demonstrated that augmentation of death receptors, particularly DR4, in oxaliplatin resistant cells is one of the drivers of enhanced sensitization. One study found that cisplatin and 5-FU resistant side populations of colon cancer cells had upregulated DR4, consistent with our results [64]. While microscopy data suggest that DR5 is upregulated in TRAIL-sensitized oxaliplatin-resistant cell lines, DR5 area per cell was considerably lower than DR4. Additionally, conflicting western blot and flow cytometry data make the case for DR5 augmentation in OxR cells less convincing. Treatment with the DR4 agonist antibody Mapatumumab validated the role of DR4 in the TRAIL-sensitization of OxR cells, as the differential treatment responses were analogous to that observed from TRAIL treatment. Interestingly, DR4 augmentation appears to be independent from transcriptional upregulation, as there was no significant change in mRNA expression between OxR and parental cell lines. Increasing evidence demonstrates that chemoresistance affects small non-coding microRNA (miRNA) expression, which modulates transcriptional and translational processes [261,262]. More specifically, studies have shown that oxaliplatin treatment and subsequent resistance in colorectal cancer cells alter miRNA expression, affecting signaling pathways within p53, epithelial-to-mesenchymal transition, and cell migration [257,276,277]. Moving forward, future studies should examine the role of miRNA attenuation post-oxaliplatin resistance on the expression of death receptors, particularly DR4.
While sufficient DR4 expression is important for sustained apoptotic signaling, DR4 localization and compartmentalization within lipid rafts is unequivocally vital. Lipid rafts enhance the signaling capacity of surface receptors through a multitude of mechanisms [84]. For example, LRs promote death receptor trimerization which is needed for signal transduction, act as concentrating platforms for DISC assembly and the recruitment of death domains, and protect DRs from internalization or enzymatic degradation [98]. Additionally, juxtaposition of multiple DR trimers forms supramolecular entities, recently termed “CASMER” [248], capable of multivalent TRAIL signaling via extracellular pre-ligand assembly domains (PLADs) [250]. Altering raft integrity via cholesterol sequestration using nystatin had profound impacts on reducing TRAIL sensitization within the OxR phenotype. Moreover, raft stabilization with resveratrol was able to enhance TRAIL sensitization within the parental phenotype, mirroring that observed in OxR cells. These changes in sensitivity were confirmed to coincide specifically with enhanced clustering of DR4 within rafts. These results are consistent with other studies which have shown that pharmacological alterations of lipid rafts have profound impacts on Fas and TRAIL toxicity [249,278]. Other studies have demonstrated that DR4 localization into lipid rafts is obligatory for TRAIL-induced apoptosis in hematological malignancies and non-small cell lung cancer, whereas DR5 has no dependence on raft translocation [247,250,279,280], consistent with our correlative data and receptor contents from lipid raft isolated membrane fractions. Additionally, one study found that oxaliplatin combination treatment with TRAIL in gastric cancer cells enhances apoptotic signaling through casitas B-lineage lymphoma (CBL) regulation and death receptor redistribution into lipid rafts [254]. While it is evident that rafts promote CASMER formation, death receptor oligomerization, and TRAIL-mediated apoptosis, the mechanism linking the oxaliplatin-resistant phenotype and enhanced DR4 localization within rafts has yet to be studied.     
We have demonstrated that a mechanism for this phenomenon is via enhanced DR4 palmitoylation. Palmitoylation is the post-translational covalent attachment of a fatty acid tail to cysteine residues in the protein transmembrane domain, influencing protein trafficking and signaling. There is evidence that both Fas receptor and DR4 are palmitoylated, while DR5 is not [267,281]. Furthermore, this post-translational modification has proven to be mandatory for DR4 oligomerization, lipid raft localization, and TRAIL-mediated apoptotic signaling [267]. Interestingly, in a sensory neuron study in rats, palmitoylation of δ-Catenin in dorsal root ganglion was significantly increased after chronic oxaliplatin treatment [282]. This is analogous to our results, as oxaliplatin-resistant colorectal cancer cells that have undergone chronic oxaliplatin treatment exhibited a higher percentage of palmitoylated DR4. Inhibiting palmitoylation with 2BP abrogated the TRAIL sensitizing effects within OxR cells, demonstrating the mandatory role palmitoylation has on DR4-mediated TRAIL signaling. Additionally, the fact that palmitoylation is inherent to DR4 and not DR5 explains why TRAIL sensitization of oxaliplatin-resistant cells strongly correlated with lipid raft translocation of DR4, but not DR5. Further studies probing the differences in palmitoylation between parental and OxR phenotypes are warranted to provide a more detailed understanding of oxaliplatin-induced palmitoylation of specific membrane proteins.
We have also shown that these results translate clinically, as DR4 expression and lipid raft colocalization of patient CTCs coincided with increased oxaliplatin resistance and increased neutralization of CTCs from TRAIL liposome treatment. Additionally, some metastatic CRC patients exhibited increased DR4/LR colocalization with ongoing chemotherapy cycles despite metastatic progression and worsening prognosis. To our knowledge, this is the first study investigating lipid raft/protein interactions in primary CTCs [84]. Overall, our results demonstrate a novel mechanism for TRAIL sensitization in chemoresistant colorectal cancer cells via death receptor upregulation and localization within lipid rafts. However, since this sensitization was only observed in two of the four CRC cell lines tested, future studies should investigate genetic and phenotypic differences between these cell lines that may make some more susceptible than others to DR4 palmitoylation, augmentation, and localization. For the scope of this study, we chose to focus on the use of TRAIL treatment alone given its low toxicity and given our previous work in engineering TRAIL-conjugated delivery vehicles. However, since patients are treated with combination therapies, it would be valuable to investigate other therapeutics, such as curcumin or oxaliplatin, that synergize with TRAIL to treat oxaliplatin-resistant cancer cells [60,244]. Additionally, future studies should examine the TRAIL sensitization of oxaliplatin-resistant cells in vivo in orthotopic models of colorectal cancer metastasis [283]. Examining the efficacy of TRAIL and TRAIL-conjugated nanoparticles to curb metastasis of oxaliplatin-resistant cells in humanized mouse models will provide translational evidence to support the mechanisms elucidated in this study. Moving forward, leveraging the enhanced signaling of death receptors in lipid rafts through mechanisms of drug delivery and lipid raft antagonization will be instrumental in therapeutic development for chemoresistant cancers. 

[bookmark: _Toc122611089]3.5	Materials and Methods

	Key Resources Table

	Reagent type (species) or resource
	Designation
	Source or reference
	Identifiers
	Additional information

	cell line (Homo-sapiens)
	SW620 Adenocarcinoma, Colorectal, Dukes' type C
	ATCC
	#CCL-227
	RRID:CVCL_0547
L15 Media

	cell line (Homo-sapiens)
	SW480 Adenocarcinoma, Colorectal, Dukes' type B
	ATCC
	#CCL-228
	RRID:CVCL_0546
L15 Media

	cell line (Homo-sapiens)
	HT29
Adenocarcinoma, Colorectal
	ATCC
	#HTB-38
	RRID:CVCL_0320
McCoy’s 5a Media

	cell line (Homo-sapiens)
	HCT116
Carcinoma, Colorectal
	ATCC
	#CCL-247
	RRID:CVCL_0291
McCoy’s 5a Media

	cell line (Homo-sapiens)
	SW620 OxR Adenocarcinom,Colorectal, Dukes' type C
	Kobe Pharmaceutical University
	#CCL-227
	RRID:CVCL_4V77
L15 Media

	cell line (Homo-sapiens)
	SW480 OxR Adenocarcinoma, Colorectal, Dukes' type B
	MD Anderson Cancer Center Characterized Cell Line Core
	#CCL-228
	RRID:CVCL_AU18
L15 Media

	cell line (Homo-sapiens)
	HT29 OxR
Adenocarcinoma, Colorectal
	MD Anderson Cancer Center Characterized Cell Line Core
	#HTB-38
	RRID:CVCL_ 5949
McCoy’s 5a Media

	cell line (Homo-sapiens)
	HCT116 OxR
Carcinoma, Colorectal
	MD Anderson Cancer Center Characterized Cell Line Core
	#CCL-247
	RRID:CVCL_4V73
McCoy’s 5a Media

	chemical compound, drug
	Oxaliplatin
	MedChemExpress
	Cat# 
HY-17371
	CAS No: 61825-94-3

	commercial assay or kit
	MTT Assay Kit
	Abcam
	Cat# ab211091
	

	peptide, recombinant protein
	Recombinant Human sTRAIL/Apo2L
	PeproTech
	Cat# 310-04
	

	antibody
	Mouse Anti-TNFRSF10A Recombinant Antibody (clone mAY4)
	Creative Biolabs
	Cat#
HPAB-1616-FY
	Mapatumumab (0.01-10 ug/ml)

	commercial assay or kit
	FITC Annexin V Apoptosis Detection Kit I
	BD Pharmingen
	Cat#
556547
	Includes Propidium Iodide 

	software, algorithm
	FlowJo v10.7.1
	FlowJo
	RRID:SCR_008520
	

	commercial assay or kit
	JC1 – Mitochondrial Membrane Potential Assay Kit
	Abcam
	Cat# ab113850
	

	commercial assay or kit
	RNeasy Plus Mini Kit
	Qiagen
	Cat#
74134
	

	commercial assay or kit
	RT2 First Strand Kit
	Qiagen
	Cat#
330404
	

	commercial assay or kit
	RT2 Profiler PCR Human Apoptosis Array
	Qiagen
	Cat#
PAHS-012Z
	

	software, algorithm
	CFX Maestro Software
	Bio-Rad
	RRID:SCR_018064
	

	software, algorithm
	GeneGlobe Data Analysis Center
	Qiagen
	RRID:SCR_021211
	

	commercial assay or kit
	Gene Knockout Kit v2 – Human CASP10 with Cas9 2NLS Nuclease
	Synthego
	
	sgRNA:Cas9 (90pmol:10pmol)

	commercial assay or kit
	Vybrant Alexa Fluor 488 Lipid Raft Labeling Kit
	Invitrogen
	Cat# V34403
	

	commercial assay or kit
	Vybrant Alexa Fluor 555 Lipid Raft Labeling Kit
	Invitrogen
	Cat# V34404
	

	antibody
	Mouse anti-human CD261 (DR4) Monoclonal Antibody (clone DJR1)
	Invitrogen
	Cat# 
14-6644-82
	RRID:AB_468188 
(1:50 IF)

	antibody
	Mouse anti-human CD262 (DR5) Monoclonal Antibody (Clone DJR2-4)
	Invitrogen
	Cat# 
14-9908-82
	RRID:AB_468592
(1:50 IF)

	antibody
	Alexa Fluor 555 goat anti-mouse IgG (H+L)
	Invitrogen
	Cat# A28180
	RRID:AB_2536164
(1:1000 IF)

	other
	DAPI
	Invitrogen
	Cat# D1306
	RRID:AB_2629482 
(1 µg/mL)

	software, algorithm
	Fiji - ImageJ
	FIJI
	
	RRID:SCR_002285 JaCOP plugin

	antibody
	Human TruStain FcX
	Biolegend
	Cat# 422301
	RRID:AB_2818986

	antibody
	PE mouse anti-human CD261 (DR4) (Clone DJR1)

	Biolegend
	Cat#
307206
	RRID:AB_2287472 
(5 µl per sample, FC)

	antibody
	PE mouse anti-human CD262 (DR5) (Clone DJR2-4)
	Biolegend
	Cat#
307406
	RRID:AB_2204926 
(5 µl per sample, FC)

	antibody
	PE mouse anti-human TRAILR3 (DcR1) (Clone DJR3)
	Biolegend
	Cat#
307006
	RRID:AB_2205089
(5 µl per sample, FC)

	antibody
	PE mouse anti-human TRAILR4 (DcR2) (Clone 104918)
	Biolegend
	Cat#
FAB633P
	RRID:AB_2205217
(5 µl per sample, FC)

	antibody
	PE Mouse IgG1 κ Isotype Control (clone MOPC-21)
	Biolegend
	Cat#
400114
	RRID:AB_326435
(5 µl per sample, FC)

	antibody
	FITC mouse anti-human DR4 (Clone DR-4-02)
	Thermo Fisher Scientific
	Cat# MA1-19757
	RRID:AB_1955203 
(5 µl per sample, FC)

	chemical compound, drug
	Resveratrol
	Sigma-Aldrich
	Cat# R5010-100MG
	RRID:AB_309682
CAS: 501-36-0

	chemical compound, drug
	Nystatin
	Thermo Fisher Scientific
	Cat# BP29495
	CAS: 1400-61-9

	chemical compound, drug
	2- Bromopalmitate
	Sigma-Aldrich
	Cat# 21604-1G 
	CAS: 18263-25-7

	antibody
	Mouse Anti-Fas Antibody (human, neutralizing) (clone ZB4)
	Sigma-Aldrich
	Cat# 05-338
	RRID:AB_309682
500 ng/ml (Neutralization)

	commercial assay or kit
	Minute™ Plasma Membrane-Derived Lipid Raft Isolation Kit
	Invent Biotechnologies
	Cat# 
LR-042
	

	antibody
	DR4 Rabbit monoclonal antibody (clone D9S1R) 
	Cell Signalling Technologies
	Cat# 42533
	RRID:AB_2799223
(1:500 WB)

	antibody
	DR5 Rabbit polyclonal antibody
	Thermo Fisher Scientific
	Cat# 
PA1-957
	RRID:AB_2303474
(1:500 WB)

	antibody
	Caspase-10 Rabbit polyclonal antibody
	Thermo Fisher Scientific
	Cat# 
PA5-29649
	RRID:AB_2547124
(1:1000 WB)

	antibody
	Mouse anti-human GAPDH (clone 6C5)
	Millipore Sigma
	Cat# MAB374
	RRID:AB_2107445 
(1:2000 WB)

	antibody
	Mouse Anti-β-Actin monoclonal antibody (clone C4)
	Santa Cruz
	Cat# 
sc-47778
	RRID:AB_2714189 (1:1000 WB)

	antibody
	IRDye 800CW goat anti-rabbit secondary antibody
	LICOR
	Cat# 926-32211

	RRID:AB_621843 
(2:15000 WB)

	antibody
	IRDye 800CW goat anti-mouse secondary antibody
	LICOR
	Cat# 
926-32210
	RRID:AB_621842 
(2:15000 WB)

	software, algorithm
	LICOR housekeeping protein normalization protocol
	LICOR
Odyssey Fc
	RRID:SCR_013715
	

	commercial assay or kit
	SiteCounter™ S-Palmitoylated Protein Kit
	Badrilla
	Cat# K010312
	

	commercial assay or kit
	EZClick™ Palmitoylated Protein Assay Kit
	BioVision
	Cat# K416-100
	

	commercial assay or kit
	CD45 magnetic beads (human)
	Mylteni Biotech
	Cat#
130-045-801
	

	antibody
	Biotin mouse anti-human CD45 Antibody (Clone HI30)
	Biolegend
	Cat# 304004
	RRID:AB_314392 
(1:50 IF)

	antibody
	Streptavidin-conjugated Alexa Fluor 647
	Thermo Fisher Scientific
	Cat# S21374

	RRID:AB_2336066 (1:200 IF)

	antibody
	FITC Mouse Anti-Human Cytokeratin (Clone CAM5.2)
	BD Pharmingen
	Cat# 347653
	(20 µl per sample, IF)

	antibody
	Goat anti-mouse Alexa Fluor 647
	Thermo Fisher Scientific
	Cat# A21235

	RRID:AB_2535804 (1:200 IF)



[bookmark: _Toc122606071]Table 3.2. List of key resources and materials.



[bookmark: _Toc122611090]3.5.1	Cell Culture
Colorectal cancer cell lines SW620 (ATCC, #CCL-227), SW480 (ATCC, #CCL-228), HCT116 (ATCC, #CCL-247), and HT29 (ATCC, #HTB-38), were purchased from American Type Culture Collection. SW620 and SW480 cells were cultured in Leibovitz's L-15 cell culture medium (Gibco). HCT116 and HT29 cells were cultured in McCoy’s 5A cell culture medium (Gibco). Media was supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) PenStrep, all purchased from Invitrogen. SW480 OxR, HCT116 OxR and HT29 OxR cells were obtained from MD Anderson Cancer Center Characterized Cell Line Core, supplied and generated by the Dr. Lee Ellis laboratory. SW620 OxR cells were obtained from Dr. Mika Hosokawa at Kobe Pharmaceutical University in Japan. Oxaliplatin-resistant derivative cell lines were cultured in the same medium as their parental counterparts. To prevent phenotypic drift of OxR lines, cells were used within 6 passages from the time they were received. To prevent chemotherapy-induced cytotoxicity in downstream experiments, oxaliplatin was not supplemented in OxR cell culture media. All cell lines were maintained in a humidified incubation chamber at 37°C and 5% CO2. All cell lines were screened for mycoplasma contamination and tested negative.

[bookmark: _Toc122611091]3.5.2	MTT Assay
SW620, SW620 OxR, HCT116, HCT116 OxR, HT29, HT29 OxR, SW480 and SW480 OxR cell lines were plated into tissue culture 96-well black-walled plates, at a concentration of 3,000 cells/well and incubated overnight at 37°C. A 10mM stock oxaliplatin suspension was created by dissolving oxaliplatin (MedChemExpress) in molecular grade water via sonication and heating. Cell culture media was replaced with oxaliplatin treatments ranging from 0-1000µM and incubated for 72 h. Following treatments, an MTT assay (Abcam) was carried out according to the manufacturer’s protocol. The plates were then read using a plate reader (BioTek µQuant) at 590nm absorbance using gen5 software. Control wells containing the MTT solution without cells were used for background subtraction.   
[bookmark: _Toc122611092]3.5.3	Transwell Assay
Transwell inserts (6-well with 8 µm pores) (Greiner Bio-one) were evenly coated with 75 µL of a 1 mg/mL collagen solution composed of 3 mg/mL rat tail collagen (Gibco), serum free media, and 0.2% 1N NaOH for crosslinking. Inserts were incubated for 20 min at 37°C. After crosslinking, 2.5 mL of 10% FBS media was added to the bottom of the well plate while the top was filled with 1 mL of serum free media until cells were ready for seeding. Parental and oxaliplatin-resistant SW480, SW620, HT29, HCT116 cells were seeded in the collagen-coated inserts at a concentration of 200,000 cells/mL in serum-free media. The transwell inserts were replaced with new serum-free media after two days. On day four, the number of cells that had migrated into the bottom plate were counted using a Thermo Fisher Countess II Automated Cell Counter.

[bookmark: _Toc122611093]3.5.4	Annexin-V/PI Apoptosis Assay
Parental and OxR cell lines were plated at 100,000 cells/well onto 24-well plates and incubated overnight at 37°C. Wells were treated in triplicate with soluble human TRAIL (PeproTech) or treated with the anti-DR4 agonist antibody Mapatumumab (Creative Biolabs, clone mAY4) and incubated for 24 h. All cells were collected by recovering the supernatant and lifting the remaining adhered cells using 0.25% Trypsin-EDTA (Gibco). Cells were washed thoroughly with HBSS with calcium and magnesium (Gibco).  Cells were incubated for 15 min with FITC-conjugated Annexin-V and propidium iodide (PI) (BD Pharmingen) at room temperature (RT) in the absence of light and immediately analyzed using a Guava easyCyte 12HT benchtop flow cytometer (MilliporeSigma). Viable cells were identified as being negative for both Annexin-V and PI, early apoptotic cells as positive for Annexin-V only, late apoptotic cells were positive for both Annexin-V and PI, and necrotic cells were positive for PI only. Flow cytometry plots were analyzed using FlowJo v10.7.1 software. Control samples included: unstained negative control with no Annexin-V/PI to adjust for background and autofluorescence, and Annexin V only and PI only samples for gating apoptotic and necrotic populations.     
The change in cell viability in response to TRAIL treatments between parental and OxR cells for each of the four CRC cell lines was calculated using the following TRAIL Sensitization equation:



where the percentage of viable cells was normalized to untreated controls for each trial. TRAIL sensitization was calculated for each concentration of TRAIL, where the “Maximum TRAIL Sensitization” was the highest sensitization observed among all concentrations. Since this sensitization equation is based on a percent reduction formula, small changes in viability can yield large TRAIL sensitizations when cell viability is low. To account for this, both cell viability and TRAIL sensitization are reported to provide a complete perspective on treatment responses between cell lines.    
  
[bookmark: _Toc122611094]3.5.5	JC-1 (Mitochondrial Membrane Potential) Assay 
SW620 and HCT116 cells (parental and OxR) were plated at 100,000 cells/well onto 24-well plates and incubated overnight. Cells were treated in triplicate with TRAIL for 24 h. Following treatment, cells were collected, washed thoroughly with HBSS without calcium and magnesium, and incubated for 15 min with JC-1 dye (Abcam) in accordance with the manufacturer’s protocol. JC-1 fluorescence was assessed via flow cytometry. Cells with healthy mitochondria were identified as having higher red fluorescence while those with depolarized mitochondria had lower red JC-1 fluorescence. 

[bookmark: _Toc122611095]3.5.6	RT-PCR Profiler Array
2x106 SW620 and HCT116 (parental and OxR) cells were seeded into a 100 mm diameter cell culture dish for 24 h. Cells were lifted using a cell scraper and washed with HBSS with calcium and magnesium. RNA was isolated using the RNeasy Plus Mini Kit (Qiagen) according to the manufacturer’s protocol. RNA yield following isolation was determined using a UV5Nano spectrophotometer (Mettler Toledo). cDNA synthesis was completed using the RT2 First Strand Kit (Qiagen, 330404) using 0.5μg RNA per sample. RNA expression of 84 apoptotic genes was analyzed using the RT2 Profiler PCR Human Apoptosis Array (Qiagen, PAHS-012Z). Arrays were prepared according to the manufacturer’s protocols applied to the prepared cDNA samples. Profiler array plates were run on a CFX96 Touch Real Time PCR (Bio-Rad) using the following protocol: 1 cycle for 10 min at 95°C, 40 cycles of 95 °C for 15 s followed by 60°C for 60 s at a rate of 1°C/s. Melt curves were generated immediately following the PCR protocol. Cycle threshold (Ct) values were calculated using CFX Maestro Software (Bio-Rad). Data analysis was completed using the GeneGlobe Data Analysis Center (Qiagen). Volcano plots were generated in GraphPad Prism using calculated fold changes in gene expression between OxR and parental cells and their corresponding p-values.  
[bookmark: _Toc122611096]3.5.7	CRISPR-Cas9 Knockout
Knockout of the CASP10 gene in SW620 cells was completed using the Gene Knockout Kit v2 – Human CASP10 kit with Cas9 2NLS Nuclease (Synthego). Ribonucleoprotein (RNP) complexes were made at a 9:1 ratio of sgRNA:Cas9 (90pmol:10pmol) in Gene Pulser® Electroporation Buffer (Bio-Rad, 1652677) and incubated for 10 min at RT. Cas9 control samples consisted of 10 pmol Cas9 with no sgRNA. RNP complexes were added to 200,000 cells in 200µL electroporation buffer (0.2 cm cuvette) and electroporated via the Gene Pulser Xcell™ Electroporation System (Bio-Rad) using exponential decay pulses (145V, 500µF, 1000ohm). Cells were immediately cultured in 12-well plates and allowed to recover for 7 days before measuring knockout efficiency.     

[bookmark: _Toc122611097][bookmark: _Hlk75783825]3.5.8	Confocal Microscopy and Image Analysis
Parental and OxR cells were seeded onto polystyrene cell culture slides (Thermo Fisher Scientific). Cells were allowed to grow for 48 h at 37°C. In samples treated with nystatin or resveratrol, cells were plated for 24 h then treated for 24 h before staining. Cells were washed and lipid rafts were stained using the Vybrant Alexa Fluor 488 Lipid Raft Labeling Kit (Invitrogen, V34403) according to the manufacturer’s protocol. Briefly, cells were incubated with Alexa488-conjugated cholera toxin subunit B (CT-B) followed by an anti-CT-B antibody to crosslink CT-B labeled rafts. Slides were fixed for 15 min with 4% paraformaldehyde (PFA) (Electron Microscopy Sciences) in PBS (Gibco) and then permeabilized using 1% Triton X-100 (MilliporeSigma) in PBS at RT. Slides were blocked for 2 h with 5% goat serum (Thermo Fisher Scientific) and 5% bovine serum albumin (BSA, Sigma) in HBSS. Primary staining was done overnight at 4°C with either DR4 monoclonal antibody (Invitrogen, Clone DJR1) or DR5 monoclonal antibody (Invitrogen, Clone DJR2-4) in the blocking serum at a ratio of 1:50. Secondary staining was carried out with Alexa Fluor 555 goat anti-mouse IgG (H+L) (Invitrogen, A28180) for 30 min at RT (1:1000). Slides were stained with DAPI (Invitrogen, D1306) for 30 min at RT in the blocking solution at 1:1000. Washes were done twice between each step for 5 min each using 0.02% Tween20 in PBS. Slides were assembled using 10 μl of Vectrashield antifade mounting media (Vector Laboratories). Confocal imaging was performed using an LSM 880 (Carl Zeiss) with a 63x/1.40 Plan-Apochromat Oil, WD = 0.19 mm objective. At least five images were taken per sample.
[bookmark: _Hlk75783853]Image analysis was performed in FIJI using a macro to automate quantification of raft and DR contents per cell. Briefly, all images were adjusted for background using the same thresholding specifications. The “analyze particles” feature was used to quantify the total area of lipid rafts and DR per outlined cell. Colocalization events were quantified by creating binary masks of DR and lipid raft events. For each gated cell, the lipid raft and DR binary masks were multiplied to create a binary projection of colocalized events. Raw integrated density and cell area (ROI area) were also measured. Cells with areas outside of three times the standard deviation from the mean were considered outliers and not included in the analysis. Colocalization analysis was also performed using the JACoP plugin in FIJI [284]. The Manders’ Correlation Coefficient was calculated as the fraction of lipid raft colocalized DR4.       

[bookmark: _Toc122611098]3.5.9	Flow Cytometry 
Surface DR Expression
[bookmark: _Hlk75782570]Parental and OxR cell lines were cultured to 70% confluency upon collection and split into 250,000 cells per sample. Cells were fixed in 4% PFA in HBSS for 15 min at RT, then blocked in a 100 μL 1% BSA solution for 30 min at 4°C, with 2X HBSS washes between each step. Cells suspensions of 100 μL were incubated for 15 min at RT with 2 μL Human TruStain FcX (Biolegend, 422301) to prevent nonspecific Fc receptor binding. Samples were immediately stained with 5μL of either PE anti-human CD261 (DR4) (Biolegend, Clone DJR1), PE anti-human CD262 (DR5) (Biolegend, Clone DJR2-4), PE anti-human TRAILR3 (DcR1) (Biolegend, Clone DJR3), PE anti-human TRAILR4 (DcR2) (R&DSystems, Clone 104918) or PE Mouse IgG1 κ Isotype Control (Biolegend, Clone MOPC-21) for 30 min at 4°C. Samples were washed twice with HBSS and analyzed using a Guava easyCyte flow cytometer. A chi-squared test was performed using FlowJo v10.7.1, where significance in histogram distribution was confirmed if T(x) between parental and OxR stained samples was greater than T(x) between background (unstained) parental and OxR samples (see Supplementary Table 3.1).  
FRET
Cells were prepared as described above, but without fixation or permeabilization. Samples were stained for lipid rafts using the Vybrant Alexa Fluor 555 Lipid Raft Labeling Kit (Invitrogen, V34404). Samples were then stained with 5 µL FITC anti-human DR4 (Thermo Fisher Scientific, Clone DR-4-02) for 30 min at 4°C. Samples were washed twice with HBSS and analyzed using a Guava easyCyte flow cytometer. Donor quenching FRET efficiency was calculated using the following formula:


[bookmark: _Hlk62493058]Where E is the FRET efficiency,  is the mean fluorescence intensity of the double stained lipid raft/DR4 sample (acceptor + donor), is the mean fluorescence intensity of the DR4 only stain (donor only) and  is the fluorescence intensity of an unstained sample (background). Fluorescence intensity was recorded in the donor (FITC) channel.

[bookmark: _Toc122611099]3.5.10	TRAIL Combination Treatments
Resveratrol
[bookmark: OLE_LINK2]Parental SW620 and HCT116 cells were plated at 100,000 cells/well onto 24-well plates and incubated overnight at 37°C. Cells were treated with 70 µM resveratrol (Sigma) in combination with 0.1-1000 ng/ml of TRAIL for 24 h. Following treatment, cells were collected for Annexin-V/PI apoptosis assay. TRAIL sensitization was calculated using the following equation:

where TRAIL + resv treatments were normalized to resveratrol treatment in the absence of TRAIL to account for any resveratrol-associated cytotoxicity. 
Nystatin
[bookmark: _Hlk75261219]SW620 OxR and HCT116 OxR cells were plated at 100,000 cells/well onto 24-well plates and incubated overnight at 37°C. Cells were treated with 5 µM nystatin (Thermo Fisher Scientific) in combination with 0.1-1000 ng/ml of TRAIL. Following treatment, cells were collected for Annexin-V/PI apoptosis assay. TRAIL sensitization was calculated using the following equation:

where TRAIL + nys treatments were normalized to nystatin treatment in the absence of TRAIL to account for any nystatin associated cytotoxicity. 
2-Bromopalmitate 
SW620 parental and OxR cells were plated at 100,000 cells/well onto 24-well plates and incubated overnight at 37°C. Cells were treated with 3.5 µM 2BP (Millipore Sigma) in combination with 0.1-1000 ng/ml of TRAIL. Following treatment, cells were collected for Annexin-V/PI apoptosis assay. TRAIL sensitization was calculated as described above.
Anti-Fas (ZB4)
SW620 OxR cells were plated at 100,000 cells/well onto 24-well plates and incubated overnight at 37°C. Cells were treated with 500 ng/ml human anti-Fas (Millipore Sigma, Clone ZB4) with and without 1000 ng/ml of TRAIL. Following treatment, cells were collected for Annexin-V/PI apoptosis assay. TRAIL sensitization was calculated as described above.

[bookmark: _Toc122611100]3.5.11	Western Blot
Lipid rafts were isolated according to manufacturer’s protocol using the Minute™ Plasma Membrane-Derived Lipid Raft Isolation Kit (Invent Biotech, LR-042). Cell lysates and lipid raft protein isolates were prepared by sonication in 4x Laemmli sample buffer (Bio-Rad, 1610747) and then loaded into 10% SDS-polyacrylamide gels for electrophoresis. Protein transfer onto a PVDF membrane was carried out overnight, and then blocked with Intercept (TBS) Blocking Buffer (LICOR, 927-60001) at RT for an hour. Primary antibody incubation occurred overnight at 4ºC for DR4 (Cell Signaling Technology, 42533) and DR5 (Thermo Fisher Scientific, PA1-957) at 1:500 dilution and caspase-10 (Thermo Fisher Scientific, PA5-29649) at a 1:1000 dilution in LICOR buffer. Cell lysate protein bands were normalized to GAPDH (EMD Millipore, MAB347) at 1:2000 dilution, while lipid raft isolates were normalized to β-actin (Santa Cruz, 47778) at 1:1000 dilution in LICOR blocking buffer. Western blots were quantified using the Licor Odyssey Fc with IRDye 800CW goat anti-rabbit secondary antibody (LICOR, 926-32211) and IRDye 800CW goat anti-mouse secondary antibody (LICOR, 926-32210) at a dilution of 2:15000. Quantification was done following the LICOR housekeeping protein normalization protocol.

[bookmark: _Toc122611101]3.5.12	Palmitoylation Assay 
Cells were grown to 70% confluency in a 100 mm tissue culture dish. Palmitoylation of DR4 was measured using the SiteCounter™ S-Palmitoylated Protein Kit (Badrilla, K010312) according to the manufacturer’s protocol. Input fraction controls (IFC) were obtained prior to thioester cleavage. Acyl preservation negative controls (APC-) were obtained by using an acyl preserving reagent instead of mass-tag conjugation. Western blots were run for DR4 following the “Western Blot” protocol described above. The percentage of DR4 palmitoylation was calculated by dividing the total intensity of all palmitoylated bands (mass tag) divided by the average intensity of the IFC and APC(-) bands for that sample. 
To measure the amount of total palmitoylated protein, cells were cultured in 96-well plates at a concentration of 20,000 cells/well. The EZClick™ Palmitoylated Protein Assay Kit (BioVision, K416-100) was used in accordance with the manufacturer’s protocol. Cells were incubated overnight with either 1x EZClick™ Palmitic Acid label in media or culture media with no label (background control). Cells were recovered and stained using EZClick™ Fluorescent Azide, then analyzed via flow cytometry for shifts in FL2-H intensity. Median fluorescence intensity (MFI) was calculated by subtracting the background intensity from each sample (Palmitic Acid label [-]/ Fluorescent Azide [+]). 

[bookmark: _Toc122611102]3.5.13	Patient Blood Samples
Peripheral whole blood samples of 10 mL were collected from 13 metastatic CRC patients after informed consent. Patient criteria for this study included the following: presenting with metastatic CRC at the time of blood draw and undergone (or undergoing) oxaliplatin-containing chemotherapy (i.e. FOLFOX). Additionally, 5 patients had samples collected through their respective chemotherapy regimens. De-identified blood samples were transported from the Guthrie Clinic to Vanderbilt University and processed within 24 h. Blood samples were split for treatment (8 ml) and death receptor/lipid raft staining (1-2 ml). 
Ex-vivo treatment of colorectal cancer patient blood samples
[bookmark: _Hlk61261366]For the treated samples, 2 mL of blood were treated with either 40 µL of control liposomes, 40µl TRAIL/E-selectin conjugated liposomes (290 ng/mL of TRAIL), 6 µL (290 ng/mL) of soluble TRAIL or 2 µL (5 µM) of oxaliplatin. Liposomes were synthesized using a thin film hydration method followed by extrusion and his-tag conjugation as described previously [270]. The aliquots were sheared for 4 h in a cone-and-plate viscometer (Brookfield) at a shear rate of 120 s-1. Prior to incubation, the cone-and-plate viscometers were blocked using 5% BSA for 30 min. After 4 h, the blood aliquots were washed from the viscometer’s spindle and cup by using twice the volume of HBSS without calcium and magnesium. Blood aliquots were placed over twice the volume of Ficoll (GE Healthcare) to separate out mononuclear cells within the buffy coat. CTCs were enriched using a negative selection kit with CD45 magnetic beads (Mylteni Biotech, 130-045-801) following the manufacturer’s protocol [269]. 
The resulting isolated CTCs were placed in cell culture overnight using RPMI media supplemented with 10% FBS. After 1 day in culture, the cells were recovered from the tissue culture plate and stained with 100 µL of propidium iodide for 15 min. Cells were washed, fixed with 4% PFA and cytospun onto microscope slides using a Cytospin 3 (Shandon). Samples were then permeabilized and blocked with 100 µL of 0.25% Triton-X (Sigma) for 15 min and 100 µL of blocking solution (5% BSA and 5% goat serum) for 1 h, respectively. Cells were stained with anti-CD45 conjugated with biotin (Biolegend, Clone HI30) for 45 min at 1:50 dilution. Finally, cells were stained with 100 µL of streptavidin-conjugated Alexa Fluor 647 (Thermo Fisher Scientific, S21374) at 1:200 dilution and 20 µl per sample of anti-cytokeratin conjugated with FITC (BD Pharmingen, Clone CAM5.2) for 45 min. Cells were washed 3X after each staining incubation using 200 µL of 0.02% Tween20 in PBS. Cells were stained with 10 µL of DAPI mounting media (Vector Laboratories), covered with a coverslip (No. 1.5, VWR), and sealed with nail polish.
Five images per sample were taken at random locations using an LSM 710 (Carl Zeiss) with a 20x/0.8 objective. The cell number in the sample was scaled up by multiplying by the relative area (slide area/frame area). Viable tumor cells were identified using the following criteria: (i) positive for DAPI, (ii) negative for CD45, (iii) positive for cytokeratin and (iv) negative for propidium iodide.
Staining of lipid raft and death receptors in primary CTCs
CTCs from the remainder of the patient blood were isolated and cytospun onto slides as described above. Death receptors and lipid rafts were stained and analyzed as detailed above in “Confocal Microscopy and Image Analysis”. Lipid rafts were stained using the Vybrant Alexa Fluor 555 Lipid Raft Labeling Kit (Invitrogen, V34404) after CTCs were spun onto slides. Secondary staining for DR4 and DR5 was completed using goat anti-mouse Alexa Fluor 647 (Thermo Fisher Scientific, A21235) at a 1:200 dilution. Cells were also stained with FITC-conjugated cytokeratin, as described above, to positively identify CTCs for analysis.    

[bookmark: _Toc122611103]3.5.14	Statistical Analysis
Data sets were plotted and analyzed using GraphPad Prism 9. When comparing two groups, a symmetric unpaired t-test was used with p < 0.05 considered significant. One-way ANOVA with multiple comparisons was used for multiple groups with p < 0.05 considered significant. At least three independent biological replicates were used for each experiment unless otherwise stated.








[bookmark: _Toc122611104]3.6	Supplementary Figures 



[bookmark: _Hlk118285752][bookmark: _Toc128993964]Supplementary Figure 3.1. Oxaliplatin-resistant CRC cells retain their increasingly chemoresistant and invasive phenotypes in culture.
 (A) SW620, SW480, HCT116, and HT29 cells were treated with various concentrations of oxaliplatin for 72 h and cell viability was measured using an MTT assay. IC50 values were calculated using a variable slope four parameter nonlinear regression.  Data are presented as mean±SEM. N=2 (n=12). (B) Counts of successfully invasive cells after a four-day Transwell assay with an initial seeding of 200,000 cells. N=2 (n=6). * p<0.05 **p<0.01 (unpaired two-tailed t-test).   







[bookmark: _Toc128993965]Supplementary Figure 3.2. Sensitization of oxaliplatin-resistant CRC cell lines to TRAIL.
 (A) Sensitization of oxaliplatin-resistant SW620, HCT116, HT29 and SW480 cell lines compared to their parental counterparts as a function of TRAIL concentration. (B) Maximum TRAIL sensitization for each cell line between the tested concentrations of 0.1-1000 ng/ml. Data are presented as mean±SEM.





















[bookmark: _Hlk75790718][bookmark: _Toc128993966]Supplementary Figure 3.3. HCT116 OxR cells have increased mitochondrial depolarization and activation of the intrinsic apoptotic pathway when treated with TRAIL.
 (A) Representative flow plots of JC-1 assay after treatment with 200 ng/ml of TRAIL. Mitochondrial depolarization is evidenced by decreased red fluorescence and increased green fluorescence. (B) Mitochondrial depolarization as a function of TRAIL concentration for HCT116 parental and OxR cell lines. Data are presented as mean±SD. N=3 (n=9). ****p<0.0001 (unpaired two-tailed t-test). 




















[bookmark: _Hlk75791274][bookmark: _Toc128993967]Supplementary Figure 3.4. Upregulated FasR in SW620 OxR cells has no effect on TRAIL sensitivity.
[bookmark: _Hlk75464410] (A) Flow cytometry staining confirms increased surface expression of Fas receptor. #Significant according to a chi-squared test (see Supplementary Table 3.1). (B) Percentage of apoptotic SW620 OxR cells after treating with 1000 ng/ml TRAIL and 500 ng/ml of the anti-FasR neutralizing antibody ZB4 (sum of early and late-stage apoptotic cells from Annexin/PI staining). Data are presented as mean+SD. N=3 n=9. Significance was measured using an ordinary one-way ANOVA–Tukey’s multiple comparison test. (C) Neutralizing FasR has no effect on TRAIL sensitization. Data are presented as mean+SEM. N=3 (n=9). Significance was measured using an unpaired two-tailed t-test.


















[bookmark: _Hlk76559764][bookmark: _Toc128993968]Supplementary Figure 3.5. Parental and OxR cell lines have no significant changes in cell area, analyzed from confocal microscopy images.
 Data are presented as mean+SD. For each cell line, N=75 cells were analyzed. An unpaired two-tailed t-test was used to measure significance between groups. 














[bookmark: _Toc128993969]Supplementary Figure 3.6. Unsensitized SW480 and HT29 OxR cell lines show no significant changes in DR4 expression or lipid raft colocalization relative to their parental counterparts.
 (A-B) Confocal micrographs and DR4 quantification of SW480 and HT29 cells, respectively. Red channel is DR4, green is lipid rafts and blue is DAPI (nuclei). Scale bar = 30 μm. (C) Surface expression of DR4 in non-permeabilized cells analyzed via flow cytometry. #Significant according to a chi-squared test (see Supplementary Table 3.1).   (D) DR4/LR colocalization area per cell for SW480 and HT29 was found to be insignificant between parental and OxR phenotypes. Data are presented as mean+SEM. An unpaired two-tailed t-test was performed for panels A, B and D. For each cell line, N=75 cells were analyzed.


[bookmark: _Toc128993970]Supplementary Figure 3.7. Sensitized oxaliplatin-resistant cell lines have significantly increased DR4 integrated density per cell.
 Data are presented as mean+SEM. For each cell line, N=75 cells were analyzed. ****p<0.0001 (unpaired two-tailed t-test). 














[bookmark: _Toc128993971]Supplementary Figure 3.8. Chemoresistant HCT116, SW620 and HT29 cells have upregulated DR5 while in chemoresistant SW480 cells, DR5 is decreased.
 (A-D) Confocal micrographs and DR5 quantification of HCT116, SW620, SW480 and HT29 cells, respectively. Red channel is death receptor 5, green is lipid rafts and blue is DAPI (nuclei). Scale bar = 30 μm. ** p<0.01 ****p<0.0001 (unpaired two-tailed t-test). Data are presented as mean+SEM. For each cell line, N=75 cells were analyzed. (E) OxR cells only demonstrate increased surface expression of DR5 in non-permeabilized SW620 cells. #Significant according to a chi-squared test (see Supplementary Table 3.1).   























[bookmark: _Toc128993972]Supplementary Figure 3.9. Western blots show TRAIL-sensitized HCT116 (A) and SW620 (B) OxR cells have no increases in DR5.
 Data are presented as mean+SEM. N=3. ** p<0.01 (unpaired two-tailed t-test).






















[bookmark: _Toc128993973]Supplementary Figure 3.10. Flow cytometry analysis of the surface expression of decoy death receptors 1 (DcR1) and 2 (DcR2) on nonpermeabilized parental and OxR cell lines.
 #Significant according to a chi-squared test (see Supplementary Table 3.1). 

















[bookmark: _Hlk76559901][bookmark: _Toc128993974]Supplementary Figure 3.11. HCT116 OxR cells are increasingly sensitive to DR4 agonist antibody treatment.
 (A) Cell viability of HCT116 cells after 0.01-10 µg/ml Mapatumumab treatment, determined by AnnexinV/PI staining. (B) Percentage of apoptotic SW620 cells after Mapatumumab treatment (sum of early and late-stage apoptotic cells from Annexin/PI staining). For all graphs, data are presented as mean+SD. N=3 (n=6). *p<0.05 ****p<0.0001 (multiple unpaired two-tailed t-tests). 





















[bookmark: _Toc128993975]Supplementary Figure 3.12. TRAIL-sensitized OxR cells have significantly increased colocalization of DR4 with lipid rafts according to Manders’ Correlation Coefficient.
 N=15 analyzed micrographs across three independent trials. *p<0.05 *p<0.001  (unpaired two-tailed t-test). 











[bookmark: _Toc128993976]Supplementary Figure 3.13. Sensitization to TRAIL in OxR cell lines poorly correlates with DR5 expression while lipid raft fractions have no detectable DR5.
[bookmark: _Hlk75468121] (A) Quantification of DR5/LR colocalization in HCT116, SW620, SW480  and HT29 cells. *p<0.05 **p<0.01 ****p<0.0001 (unpaired two-tailed t-test). For each cell line, N=75 cells were analyzed. (B) Correlation of total DR5 area per cell and (C) DR5/LR colocalization with maximum TRAIL sensitization observed in OxR cells (linear regression analysis). For all graphs, data are presented as mean+SEM. (D) Western blots show DR5 was undetectable in lipid raft isolated fractions.   






[bookmark: _Toc128993977]Supplementary Figure 3.14. Quantification of lipid raft area per cell. 
[bookmark: _Hlk75468510] For each cell line, N=150 cells were analyzed. Data are presented as mean+SEM. ****p<0.0001 (unpaired two-tailed t-test).












[bookmark: _Toc128993978]Supplementary Figure 3.15. Quantification of the effects of resveratrol and nystatin on DR5 colocalization with lipid rafts in HCT116 (A) and SW620 cells (B).
 For each cell line, N=40 cells were analyzed. Data are presented as mean+SEM. *p<0.05 (unpaired two-tailed t-test).












[bookmark: _Toc128993979]Supplementary Figure 3.16. Total palmitoylation remains unchanged between SW620 parental and OxR cells.
[bookmark: _Hlk62657004][bookmark: _Hlk61265156] (A) Parental and OxR SW620 cells were labeled with EZClickTM Palmitic Acid/ Fluorescent Azide staining kit and analyzed via flow cytometry to determine total protein palmitoylation between cell lines. Blue histograms represent parental SW620 cells and red histograms are SW620 OxR cells. Shaded histograms are background controls for each cell line (Palmitic Acid (-)/ Fluorescent Azide (+). (B) Quantification of median fluorescence intensity (MFI) shows no significant change in total palmitoylation between cellular phenotypes (unpaired two-tailed t-test). Data are presented as mean±SD. N=3. Significance was measured using an unpaired two-tailed t-test.









[bookmark: _Toc128993980]Supplementary Figure 3.17. Absolute numbers of viable CTCs per ml of blood following TRAIL liposomal therapy and control treatments.
 Bars represent mean of all patient samples and error bars represent SEM. Samples 12-1 and 09-2 showed very large CTC concentrations and were plotted using the alternative scale shown on the right. All other samples (and average) were plotted using the scale shown on the left.
















[bookmark: _Toc128993981]Supplementary Figure 3.18. TRAIL liposomes are effective in oxaliplatin sensitive and refractory patients.
 (A) Patients were categorized as either oxaliplatin-sensitive (viability <80%, N=9) or oxaliplatin resistant (viability >80%, N=12) to compare changes in the reduction of viable CTCs (unpaired two-tailed t-test). (B) Patients undergoing oxaliplatin chemotherapy at the time of blood draw (N=8) showed insignificant changes in viable CTC reduction compared to patients that have previously failed oxaliplatin (N=13) (unpaired two-tailed t-test). (C) DR4 area of patient CTCs plotted against the percentage of viable CTCs following TRAIL liposome treatments. Each point corresponds with one patient draw. ####p<0.0001 (simple linear regression to confirm significant deviation from zero). (G) DR4 area of patient CTCs plotted against the normalized percentage of viable CTCs following oxaliplatin treatment. Each point corresponds with one patient draw. ####p<0.0001 (simple linear regression to confirm significant deviation from zero).  (E) Lipid raft/DR4 analysis of repeat patients, analyzing the changes in DR4 colocalization over the course of therapy. *Patient 9 died after draw 2, precluding further blood collection. For all graphs, data are presented as mean± SEM.






	[bookmark: _Hlk76653064]Cell line
	Stain
	Chi-Squared T(x)
Background 
(OxR vs Parental)
	[bookmark: _Hlk75469469]Chi-Squared T(x)
Sample 
(OxR vs Parental)
	Significance

	SW620
	DR4
	43.54
	106.74
	Yes

	SW620
	DR5
	43.54
	307.20
	Yes

	SW620
	DcR1
	43.54
	11.70
	No

	SW620
	DcR2
	43.54
	35.37
	No

	SW620
	FasR
	2.95
	271.82
	Yes

	HCT116
	DR4
	443.32
	1182.10
	Yes

	HCT116
	DR5
	443.32
	95.20
	No

	HCT116
	DcR1
	443.32
	53.28
	No

	HCT116
	DcR2
	443.32
	11.32
	No

	SW480
	DR4
	88.47
	26.34
	No

	SW480
	DR5
	88.47
	17.46
	No

	SW480
	DcR1
	88.47
	46.67
	No

	SW480
	DcR2
	88.47
	99.23
	Yes

	HT29
	DR4
	54.33
	76.58
	Yes

	HT29
	DR5
	54.33
	29.15
	No

	HT29
	DcR1
	54.33
	95.81
	Yes

	HT29
	DcR2
	54.33
	68.73
	Yes



[bookmark: _Toc122606072]Supplementary Table 3.1. Statistical reporting of Chi-Squared T(x) values for comparing distribution differences in flow cytometry staining.
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[bookmark: _Hlk120696853]Piezo1 Mechano-Activation is Augmented by Resveratrol and Differs between Colorectal Cancer Cells of Primary and Metastatic Origin

Joshua D. Greenlee, Kevin Liu, Maria Lopez Cavestany, Michael R. King


This chapter is adapted from Piezo1 Mechano-Activation is Augmented by Resveratrol and Differs between Colorectal Cancer Cells of Primary and Metastatic Origin published in Molecules and has been reproduced with permission of the publisher and co-authors Kevin Liu, Maria Lopez Cavestany, and Michael King [285].
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[bookmark: _Toc122611106]4.1	Abstract

Cancer cells must survive aberrant fluid shear stress (FSS) in the circulation to metastasize. Herein, we investigate the role that FSS has on colorectal cancer cell apoptosis, proliferation, membrane damage, calcium influx, and therapeutic sensitization. We tested this using SW480 (primary tumor) and SW620 cells (lymph node metastasis) derived from the same patient. The cells were exposed to either shear pulses, modeling millisecond intervals of high FSS seen in regions of turbulent flow, or sustained shear to model average magnitudes experienced by circulating tumor cells. SW480 cells were significantly more sensitive to FSS-induced death than their metastatic counterparts. Shear pulses caused significant cell-membrane damage, while constant shear decreased cell proliferation and increased the expression of CD133. To investigate the role of mechanosensitive ion channels, we treated cells with the Piezo1 agonist Yoda1, which increased intracellular calcium. Pretreatment with resveratrol further increased the calcium influx via the lipid-raft colocalization of Piezo1. However, minimal changes in apoptosis were observed due to calcium saturation, predicted via a computational model of apoptosis. Further, SW480 cells had increased levels of Piezo1, calcium influx, and TRAIL-mediated apoptosis compared to SW620 cells, highlighting differences in the mechano-activation of metastatic cells, which may be a necessary element for successful dissemination in patients.

[bookmark: _Toc122611107]4.2	Introduction

Colorectal cancer (CRC) remains the second leading cause of cancer-related death in the United States [286]. As true for most cancers, the primary cause of CRC-related death is attributed to metastasis [239]. Metastasis is the process in which cancer cells undergo an epithelial to mesenchymal transition (EMT) to become increasingly motile, which then allows them to migrate toward the vasculature and then intravasate into vessels through endothelial junctions. For successful tumor dissemination to occur, once cancer cells access blood or lymphatic vessels, they must survive inhospitable environments comprised of surveying immune cells and harsh physical forces from flow. For example, in lymphatic vessels, cancer cells have been shown to experience pulses of shear stress ranging from 4-12 dyne/cm2 compared to less than 0.1 dyne/cm2 within the solid tumor [287,288]. Within the blood, cancer cells experience magnitudes of circulatory shear stress ranging from 0.5-30 dyne/cm2 within veins and arteries, to magnitudes greater than 1000 dyne/cm2 for brief periods of time at arterial bifurcations and within the heart. [289,290]. These harsh fluid environments explain why less than 0.01% of circulating tumor cells (CTCs) that enter the circulation survive to colonize secondary sites in the body [14,291]. However, the presence and survival of CTCs is a strong predictor of secondary tumor colonization, poor prognosis and mortality in most cancer types [269,292,293]. 
Our lab has recently demonstrated that prostate cancer cell lines have different sensitivities to fluid shear stress (FSS) dependent upon their metastatic location [294]. Cells derived from a brain met (having been exposed to high magnitudes of FSS from the heart) were much more resistant to FSS-induced apoptosis than cells derived from the lymph node. However, these cell lines were isolated from different patients, making it more difficult to interpret mechanisms of FSS resistance. Using an isogenic cellular model, consisting of cell lines derived from different tissues within the same patient, could provide mechanistic insight into how cancer cells evolve to evade apoptosis within the circulation. Recent studies have shown that physiological levels of FSS stress can promote a mesenchymal phenotype and enhance CTC survival in the circulation [295–298]. For example, one study demonstrated that lung cancer cells exposed to fluid shear stress show side population enrichment, hallmarks of EMT, and upregulation of cancer stem cell (CSC) marker CD44 [298]. However, no study has compared the response to FSS between cells isolated from the primary tumor with those that have successfully disseminated to a metastatic site. We hypothesize that cancer cells of metastatic origin will be increasingly impervious to FSS through mechanisms of intrinsic (subpopulation selection) or acquired resistance.  
Cancer cells are able to sense and respond to FSS and other mechanical stimuli through the process of mechanotransduction. One type is the stimuli-induced opening of mechanosensitive ion channels that allows for the influx of calcium, acting as a secondary effector to propagate intracellular signaling cascades. Calcium-gated ion channels, such as transient receptor potential cation channel subfamily V member 4 (TRPV4), P2X purinoceptor 7 (P2X7) and Piezo1 have recently been implicated as integral components in mechanisms of cancer metastasis and cell death [79,80]. For instance, we have recently determined that cancer cells can be sensitized to tumor necrosis factor-related apoptosis inducing ligand (TRAIL)-mediated apoptosis through activation of Piezo1, either through FSS or chemical agonists such as Yoda1 [81,272]. There is evidence suggesting that both lipid composition and biophysical properties of the membrane influence mechanosensitive ion channel activation [299,300]. The concentration of membrane cholesterol has effects on cell stiffness, tension and rigidity, consequently affecting membrane deformation and the force “perceived” by channels following mechanical stimuli. For example, depletion or disruption of membrane cholesterol has been shown to inhibit activation of mechanosensitive ion channels, including Piezo1 [301,302]. If the cell membrane can be considered a spring, increasing the membrane rigidity via cholesterol (higher spring constant) will make the applied force greater for equivalent membrane deformations.
Cholesterol is an integral component of lipid rafts (LRs), which are densely packed, organized, detergent-insoluble areas within the lipid bilayer [86,303]. Lipid rafts have been shown to facilitate mechanisms of cancer metastasis by acting as protein scaffolds and receptor oligomerization platforms to augment downstream signal transduction [98]. While the role of LRs in many forms of signal transduction, including apoptotic death receptor signaling, has been well described [65], the role of rafts in mechanosensation via ion channels remains elusive. We hypothesize that similarly to cholesterol, the presence of lipid rafts will have an amplifying effect on Piezo1 activation and calcium influx. In this chapter, we examine the role that lipid rafts, and the raft-stabilizing polyphenol resveratrol (RSV) have on mechanical and chemical activation of Piezo1 in order to sensitize cancer cells to therapeutics. Additionally, using two CRC cell lines (SW480 and SW620) derived from the same patient, we demonstrate that metastatic cells are increasingly resistant to different types of FSS. Understanding how cells respond to different types of physiological FSS and mechanosensitive ion channel agonists may prove useful in leveraging calcium-dependent metastatic processes for therapeutic benefit. 


[bookmark: _Toc122611108]4.3	Results

[bookmark: _Toc122611109]4.3.1	SW480 cells from the primary tumor are increasingly sensitive to FSS
For this study, two CRC cell lines derived from the same patient were used. SW480 cells were isolated from a primary adenocarcinoma of the colon in a 50-year-old male, while SW620 cells were isolated from a lymph node metastasis one year later. Through metastasizing from lymphatic vessels into a lymph node, SW620 cells would have been exposed to higher magnitudes of FSS than SW480 cells in the body. SW620 cells have been well characterized as being increasingly mesenchymal, tumorigenic and metastatic compared to SW480 cells, which appear more epithelial in culture [304]. However, no study to date has compared how these cell lines respond to FSS. To measure the sensitivity of these cell lines to FSS, cells were exposed to three different physiological flow conditions: static (0 dyne/cm2), shear pulses (10 pulses of 3950 dyne/cm2; total strain = 39.5 dyne×s/cm2) and constant shear (2.5 h of 10 dyne/cm2; total strain = 90,000 dyne×s/cm2) (Figure 4.1). Shear pulses were used to model brief intervals of high-intensity FSS in areas such as the heart, whereas constant shear was used to model average magnitudes and durations CTCs experience in the circulation [294,305,306]. After FSS, cells were incubated for 24 h and then analyzed for apoptosis via Annexin-V/propidium iodide (PI) staining. SW480 cells had a significant decrease in cell viability from both forms of FSS compared to SW620 cells (Figure 4.2A, E). Decreases in viability coincided with increases in the percentage of cells undergoing early and late-stage apoptosis (Figure 4.2B, C). Metastatic SW620 cells demonstrated no significant change in cell viability in response to FSS. To determine if the FSS-induced apoptosis was associated with enhanced mitochondrial outer membrane permeability (MOMP), cells were stained with a JC-1 dye after FSS. Both SW480 and SW620 cells showed no changes in depolarized mitochondria following FSS, suggesting that increases in apoptosis were likely due to the extrinsic apoptotic pathway (Figure 4.2D).


[bookmark: _Toc128993982]Figure 4.1. Isogenic colorectal cancer cellular model with different exposures to FSS in situ.
 FSS conditions were chosen to model flow conditions experienced by CTCs at brief intervals of turbulence (shear pulses) and average magnitudes and durations in the vasculature (constant shear). 





[bookmark: _Toc128993983]Figure 4.2. SW480 cells are more sensitive to FSS compared to SW620 cells.
 (A-C) Cell viability and apoptosis measured via Annexin V/PI staining 24 h after FSS treatments. (D) Percentage of cells with depolarized mitochondria measured via a JC-1 assay after FSS. N=3; ns = not significant, *p<0.05 **p<0.01 ***p<0.001 (two-way ANOVA with multiple comparisons). Error bars represent mean ± SD. (E) Representative flow cytometry plots showing necrotic cells (Q1), late apoptotic cells (Q2), early apoptotic cells (Q3), and viable cells (Q4).
[bookmark: _Toc122611110]4.3.2	Moderate levels of constant FSS decrease cell proliferation and increase CD133 expression
To measure changes in proliferation and cell cycle after FSS, cells were analyzed for Ki67 expression and total DNA content, respectively. Interestingly, cell proliferation was significantly decreased after constant shear stress but not shear pulses in SW480 cells (Figure 4.3A). SW620 cells also saw a 20% decrease in proliferation from constant shear, but this was not found to be significant. Despite decreases in proliferation, there was no significant change in cell cycle. (Figure 4.3B). Studies have shown that exposing suspended cancer cells to fluid flow can alter expression of mesenchymal and CSC markers [298]. Twenty-four hours post-FSS, cells were analyzed for CSC markers CD133 and CD44. To exclude dead cells, samples were counterstained with propidium iodide before analyzing, where debris and propidium iodide (+) cells were excluded from analysis (Figure 4.3C). SW480 cells were found to be high expressors of CD44 but low CD133, whereas SW620 cells had low CD44 expression and high CD133. While CD44 expression remained unchanged from FSS (Figure 4.3D), constant FSS increased the expression of CD133+ SW480 cells by over two-fold (Figure 4.3E). CD133 is a transmembrane protein and CSC marker in many cancer types, and is a predictor of cancer cell survival, tumorigenicity and metastasis [307]. This increase in CD133 expression in SW480 cells more closely mimics expression in metastatic SW620 cells, possibly highlighting a mechanism by which cells in transit become more metastatic though a response to sustained fluid forces.            

[bookmark: _Toc128993984]Figure 4.3. Constant shear stress decreases cell proliferation and increases CD133 expression in SW480 cells.
 (A) Percentage of proliferating cells 24 h post-FSS exposure, determined by the percentage of Ki67+ cells. N=3, *p<0.05 (one-way ANOVA with multiple comparisons).  Error bars represent mean ± SD. (B) Cell cycle distribution based on total DNA content from DAPI staining analyzed via flow cytometry. A Watson (Pragmatic) model was used in FlowJo to determine the percentage of cells in each stage of the cell cycle. N=3. (C) Expression of CSC markers CD44 and CD133 post-FSS. Cells were gated from debris using forward and side scatter. PI+ cell populations were considered dead and excluded from analysis. Intact, PI- cells were appropriately compensated and gated for expression of CD44 and CD133 using single stained controls. (D-E) Quantification of CSC markers CD44 and CD133 for different conditions of FSS. N=5, ns = not significant, **p<0.01 (two-way ANOVA with multiple comparisons). Error bars represent mean ± SD.

[bookmark: _Toc122611111]4.3.3	High magnitude FSS pulses causes cell membrane damage and pores that are rapidly repaired
We have previously demonstrated that pulses of high magnitude FSS cause membrane damage in prostate cancer cells [294]. To investigate the role of the cell membrane in relation to apoptosis during FSS, cells were incubated with fluorescently-conjugated dextran of 3kD and 10kD MW during FSS exposure. These 3kD and 10kD MW dextran molecules have an estimated hydrodynamic radius of 1.4 nm and 2.3 nm, respectively. Cells with uptake of fluorescent dextran were considered damaged from the formation of membrane pores that were greater in size than the dextran hydrodynamic radius. Interestingly, shear pulses caused a dramatic increase in damaged cells (over 6-fold in both SW480 and SW620 cells) as indicated by internalization of 3kD MW dextran (Figure 4.4B). Pulses also caused an increase in pore formation exceeding 2.3 nm in size, which was most pronounced in SW480 cells with a significant increase of 3-fold (Figure 4.4C). This membrane damage was unique to high magnitude shear pulses, as constant shear stress did not cause any appreciable change in dextran internalization. To measure cell membrane recovery and repair, cells were incubated with PI 20 min after FSS. Cells positive for PI were considered “unrecovered” as they were unable to sufficiently repair pores in the membrane and were therefore permeable to PI (Figure 4.4A). Despite the significant increase in cell membrane damage from shear pulses, over 80% of SW480 and SW620 cells were able to repair their membrane within minutes of FSS-induced damage (Figure 4.4B, C). This rapid membrane recovery is thought to explain why both SW480 and SW620 cells were relatively resistant to apoptosis from shear pulses.     











[bookmark: _Toc128993985]Figure 4.4. Shear pulses cause cell membrane damage, indicated by membrane pore formation, which is rapidly repaired.
 (A) Representative flow plots demonstrating enhanced dextran internalization after pulses of FSS. The percentage of damaged cells are shown in red and green (dextran+, Q3 and Q2), while the percentage of damaged cells that were unrecovered are shown in green (dextran+ and PI+, Q2 only). (B-C) Quantification of cell membrane damage and repair for 3k and 10k MW dextran, respectively. Percentage of recovered cells were calculated by dividing the population of damaged and recovered cells (Dextran+/PI+, Q3) by the total number of damaged cells (Dextran+, Q2 + Q3). N=3, ns = not significant, *p<0.05 (two-way ANOVA with multiple comparisons). Error bars represent mean ± SD.
[bookmark: _Toc122611112]4.3.4	FSS and resveratrol sensitize SW480 cells to TRAIL-mediated apoptosis
Despite significant decreases in cell viability in the SW480 cell line after FSS, both cell lines remained relatively resistant, and less than 30% of cells were apoptotic. Circulatory shear stress has been shown to sensitize cancer cells to chemotherapeutic agents and targeted therapies. We have demonstrated this previously in multiple cancer types with the use of TRAIL [272]. Shear pulses significantly sensitized SW480 cells to 50 ng/ml of TRAIL, while constant shear had minimal effects (Figure 4.5A, B). Interestingly, both forms of shear stress had no effect on TRAIL sensitization in SW620 cells (Figure 4.5C).
To investigate whether these cancer cells could be further sensitized to TRAIL via lipid raft alteration, we added a condition where cells were pre-treated with resveratrol before FSS. Resveratrol (RSV) is a polyphenol compound that has shown to have pleotropic effects on cancer cells, specially through its ability to form tightly packed liquid-ordered domains in the cell membrane [266]. Resveratrol has the ability to sensitize cancer cells to TRAIL under static conditions but hasn’t been investigated in the context of physiological FSS [65,254]. Additionally, resveratrol predominantly integrates into the plasma membrane within minutes of treating cells [308]. Taking this into account, cells were pretreated with 50 µM resveratrol for just 1 h, washed to remove trace amounts in solution, and then immediately exposed to FSS treatments to restrict the effects of resveratrol to the cell membrane. SW620 cells were significantly sensitized to TRAIL when pretreated with resveratrol under static conditions. However, cell viability remained similar between static and shear-treated cells regardless of treatment, further demonstrating the mechanoresistant phenotype of these cells (Figure 4.5C). In SW480 cells, shear pulses significantly reduced viability in the TRAIL+RSV treated condition, but this was not significantly different than FSS and TRAIL alone (Figure 4.5B). While FSS and resveratrol sensitize these cells to TRAIL individually, there were no appreciable synergistic effects when combined. 
Our lab has determined that the mechanism for FSS-mediated TRAIL sensitization is through calcium influx [81]. To measure calcium influx in real time, cells were incubated with the acetoxymethyl (AM) ester calcium dyes Fluo-4 and FuraR, exposed to one pulse of shear stress, then immediately analyzed via flow cytometry (Figure 4.5D). Interestingly, there were minimal changes to intracellular calcium concentrations between static and shear conditions for both SW480 and SW620 cells (Figure 4.5E, F). Resveratrol caused slight increases, albeit insignificant, in calcium influx, potentially explaining the minimal changes in cell viability. While mechanical stimulation had minimal effects on intracellular calcium concentration and TRAIL-mediated apoptosis, more substantial calcium influxes were observed through treatment with chemical agonists of mechanosensitive ion channels [81]. 

[bookmark: _Toc128993986]Figure 4.5. Shear pulses and resveratrol sensitize SW480 cells to TRAIL individually but have minimal synergistic effects.
[bookmark: _Hlk102497579] (A) Phase contrast images of SW480 cells 24 h after FSS treatment with 50 ng/ml TRAIL and 50 µM resveratrol. Samples exposed to shear pulses and treated with TRAIL+RSV displayed an increased number of apoptotic cells, as visualized by a rounded and shrunken morphology. Scale bar = 100 µm. (B-C) The viabilities of SW480 and SW620 cells measured via Annexin-V/PI staining following FSS treatments with or without 50 ng/ml TRAIL and 50 µM resveratrol. N=3 *p<0.05 **p<0.01 ***p<0.001 (two-way ANOVA with multiple comparisons). Error bars represent mean ± SD. (D) Ratiometric fluorescence of Fluo-4/FuraR as a metric of intracellular calcium concentration in real time. Cells were sheared with one pulse at t=0 then immediately analyzed via flow cytometry. (E-F) Insignificant changes in median fluorescence intensity of ratiometric calcium fluorescence for SW480 and SW620 cells, respectively. Median fluorescence was calculated over the course of the first 200 sec. N=3 (two-way ANOVA with multiple comparisons). Error bars represent mean ± SD.


[bookmark: _Toc122611113]4.3.5	Resveratrol increases calcium influx induced by Yoda1 chemical activation of Piezo1    
To further examine the effects of mechanosensation in our isogenic CRC cell lines, we selectively activated Piezo1, a mechanosensitive ion channel that has been recently implicated in the mechanism of calcium entry and TRAIL sensitization [81]. Yoda1 is an agonist of the calcium-gated mechanosensitive ion channel Piezo1, acting as a molecular wedge within the transmembrane domain. While pretreatment with resveratrol had minimal effects on calcium influx from FSS, resveratrol did significantly increase calcium concentrations after 24 h of 10 µM Yoda1 treatment (Figure 4.6A, B). Interestingly, resveratrol treatment also caused cells to appear more mesenchymal in shape compared to Yoda1-only treated cells. Cell aspect ratio (a metric of spindle-shaped morphology and hallmark of EMT) was increased in resveratrol-treated cells and trended in a similar manner to calcium influx (Figure 4.6F). To measure instantaneous changes in cytosolic calcium, cells were treated as previously described, however with the pulse of FSS substituted with a bolus addition of Yoda1 immediately preceding analysis. Resveratrol-pretreated cells showed significantly increased activation of Piezo1, as indicated by increased concentrations of intracellular calcium (Figure 4.6C, E). Calcium influx increased by two-fold immediately following Yoda1 treatment and remained so for the 200 sec duration of measurement (Figure 4.6D).      

[bookmark: _Toc122611114]4.3.6	SW480 cells are increasingly mechanosensitive compared to SW620 cells
While SW480 cells showed a significant increase in calcium influx from Yoda1-resveratrol combination treatment, there was no measurable difference for SW620 cells (Supplementary Figure 4.1 A, B). Additionally, total calcium influx remained significantly lower for SW620 cells compared to SW480 cells for all Yoda1-treated conditions (Figure 4.6F). This, in combination with our earlier data showing FSS-induced apoptosis and TRAIL sensitization, further supports the enhanced mechanosensation of SW480 cells compared to their metastatic counterparts. Notably, levels of calcium from Yoda1 treatment were approximately an order-of-magnitude higher than that observed after shear pulses. Considering that the level of cytosolic calcium remained relatively unchanged, and the fact that we previously showed that cell membrane damage is rapidly repaired, this could be explained by calcium-mediated mechanisms of lysosomal exocytosis, membrane patching, and cytosolic calcium buffering [309–312]. Membrane damage causes increased cytosolic calcium concentrations that remain local to the damaged site due to cytosolic buffering mechanisms which are able to decrease calcium changes by orders of magnitude in just milliseconds [309,313,314]. However, Yoda1 has been shown to initiate sustained activation of Piezo1 through stabilization of the open state for longer intervals [315].     

[bookmark: _Toc128993987]Figure 4.6. Resveratrol increases calcium influx from Yoda1 in the more mechanosensitive SW480 cells.
 (A) Calcium imaging of Fluor-4 fluorescence after 24 h treatment of 10 µM Yoda1. Scale bar = 100 µm. (B) Quantification of mean calcium flux per cell after 24 h Yoda1 treatment. N=2 (60 cells per condition) **p<0.01 ****p<0.0001. (C) Representative time course flow cytometry plots showing instantaneous changes in SW480 calcium influx as measured by the ratiometric fluorescence of Fluo-4/FuraR. Yoda1 (10 µM) added at t=0. (D) Median ratiometric fluorescence as a function of time in SW480 cells. N=3. Error bars represent mean + SEM. (E) Average ratiometric calcium fluorescence over 200 sec after Yoda1 treatment. N=3 **p<0.01 ****p<0.0001 (one-way ANOVA with multiple comparisons). Error bars represent mean ± SD. (F) SW480 aspect ratio after 24 h treatment of Yoda1 (10 µM) and resveratrol (50 µM). N=2 (60 cells per condition) *p<0.05 ****p<0.0001. (G) Calcium influx comparing mechanical shear with Yoda1 activation of Piezo1 in SW480 and SW620 cells. N=3, ns = not significant, ***p<0.001 ****p<0.0001 (two-way ANOVA with multiple comparisons). Error bars represent mean ± SD.

[bookmark: _Toc122611115]4.3.7	Resveratrol increases colocalization of Piezo1 with lipid rafts
Numerous studies have shown that lipid rafts can amplify downstream signaling cascades through receptor oligomerization, supramolecular clustering, and scaffolding of membrane proteins [84,195]. However, little is known regarding lipid raft – mechanosensitive ion channel interplay, and how this affects channel activation. Staining for lipid rafts and Piezo1 before and after resveratrol treatment, we found that resveratrol not only increased lipid raft expression, but also increased the incidence of Piezo1 in these raft domains (Figure 4.7A). Resveratrol significantly increased the Pearson’s correlation coefficient between Piezo1/LR in both SW480 and SW620 cells (Figure 4.7B). Further, resveratrol increased the FRET efficiency of Piezo1 (donor) and LR (acceptor) in both cell lines (Supplementary Figure 4.2). SW480 cells were found to have significantly increased expression of Piezo1 compared to SW620 cells (Figure 4.7C, D). This was supported by protein abundance data publicly available from the Broad Cancer Cell Line Encyclopedia [316]. Of all cell lines with proteomic data, there were two sets isolated from the same patient: SW480 and SW620 cells, and WM115 and WM2664 cells (melanoma cells isolated from the primary tumor and metastatic lymph node, respectively). Similar to our colon adenocarcinoma cell lines, the metastatic melanoma cell line exhibited decreased abundance of Piezo1 compared to cells from the primary tumor (Figure 4.7E). While this is only shown for two same-patient cell line models, this may support an obligatory mechanism of Piezo1 downregulation for successful survival in the circulation. FSS treatments had no effect on Piezo1 expression in either cell line (Supplementary Figure 4.3). 


[bookmark: _Toc128993988]Figure 4.7. Resveratrol increases LR/Piezo1 colocalization, and SW480 cells have higher Piezo1 expression.
 (A) Confocal microscopy images of Piezo1 (red), lipid rafts (green), DAPI (blue) and colocalization events between Piezo1 and LR (yellow). Scale bar = 30 µm. (B) Pearson’s correlation coefficient between LR/Piezo1 was calculated using the JACoP plugin in ImageJ. N=3 (n=15 images) *p<0.05 ***p<0.001 (two-tailed unpaired t-test). For all plots, error bars represent mean ± SD. (C) Expression of Piezo1 (solid line) and isotype controls (dashed lines) in SW480 (red) and SW620 (blue) cells. (D) Median fluorescence intensity of Piezo1 normalized to the respective isotype control. N=3 ***p<0.001 (two-tailed unpaired t-test). (E) Protein abundance data (z-scores) from the Broad Cancer Cell Line Encyclopedia, downloaded from cBioPortal. Primary tumor and lymph node metastases from the same patient with colon adenocarcinoma (SW480 and SW620) and melanoma (WM115 and WM2664). Darker blue represents a higher z-score and higher Piezo1 abundance.



[bookmark: _Toc122611116]4.3.8	Resveratrol-induced increase in Piezo1 activation has a minimal effect on apoptosis due to calcium saturation
We hypothesized that the substantial changes in calcium influx from resveratrol+Yoda1 treated SW480 cells would have a significant effect on TRAIL-sensitivity. Surprisingly, the addition of resveratrol had no significant effect on viability following Yoda1 and TRAIL combination treatment (Figure 4.8A). Yoda1 sensitization, the percent decrease in viability from the addition of 10 µM Yoda1, remained unchanged between TRAIL and TRAIL+RSV treated conditions (Figure 4.8B). To better understand this unexpected result, a computational model was adapted from our previous work to study how changes in calcium amplify the effects of TRAIL treatment and cause increased cellular apoptosis [81]. Apoptosis was simulated over a 24 h period by calculating the cleaved PARP (cPARP) concentration within the cells (Supplementary Table 4.1). A value over 5x105 was considered the threshold indicative of apoptosis. Additionally, MOMP was calculated via the concentration of cytosolic Smac. The simulation was run across a range of different TRAIL concentrations, 0.5, 50, and 200 ng/ml, with 50 ng/ml matching the experiments performed in vitro. Calcium concentrations were taken from the flow cytometry median ratiometric fluorescence values (Figure 4.6E) and normalized to make the Yoda1 calcium concentration equal 1 µM. This yielded cytosolic free calcium concentrations just over 100 nM for control conditions (Supplementary Table 4.2), consistent with average concentrations at a resting state [317].  
At the 50 ng/ml TRAIL concentration, the calcium free, control, and resveratrol treatment conditions showed that cPARP concentration did not reach a high enough level to be considered apoptotic (Figure 4.8E). Yoda1 calcium concentrations resulted in the cPARP concentration reaching the apoptotic threshold at t=15 h. Interestingly, at this TRAIL concentration, the increase in calcium caused by treatment with both Yoda1 and resveratrol did not result in a change in cPARP behavior in the computational model compared to just Yoda1 treatment. MOMP occurred at t=11 h in both the Yoda1 and the Yoda1+resveratrol treatment conditions (Figure 4.8F). The peak cytosolic Smac concentration on average was reached 4 h later in the simulations with lower intracellular calcium concentrations. Model results at the 0.5 ng/mL TRAIL condition were similar to those at the higher TRAIL dosage. In the Yoda1 and Yoda1-treatment conditions, no differences were calculated in cell apoptosis or MOMP times. The apoptotic threshold for cPARP was at the 19 h timepoint (Figure 4.8C).  This is 4 h later than simulations corresponding to 50 ng/mL of TRAIL as an initial condition. The maximum concentration of cytosolic Smac for both groups occurred at the 17 h timepoint (Figure 4.8D). In the groups with lower initial calcium concentrations, the MOMP occurred 5 h later than the high calcium concentration conditions. Treatment with 200 ng/mL of TRAIL in the computational model showed minimal differences to the results using 50 ng/mL in both the cPARP and cytosolic Smac concentrations (Figure 4.8G, H). These results parallel the trends seen in vitro, where increasing TRAIL concentrations from 50 to 200 ng/mL had little effect on cell viability (Supplementary Figure 4.4). According to these simulations, and in agreement with our experimental results, the extent of calcium needed to sensitize the cells to TRAIL was saturated at 1 µM by just Yoda1 treatment. Therefore, the additional influx of calcium (1.7 µM) by also treating with resveratrol had little effect on cell viability.
To better understand how variation in cancer cell populations can affect TRAIL sensitization via increased intracellular calcium concentrations, heterogeneous cell populations were simulated by running the model with randomly generated cytosolic Bcl-2 and XIAP concentrations. These proteins are inhibitors of apoptosis and were chosen based on their importance in regulating MOMP [81]. Simulated cancer cell populations were treated with each of the calcium concentrations described throughout the study to assess the changes in cell viability in each random cell population. Overall, model results showed consistency with the experimental results. Figure 4.9A shows the model output for cPARP over the course of 24 h in the calcium free condition treated with 50 ng/mL of TRAIL, where each individual line is the fate of one of the 1000 cells in the random population. Simulated cell viability in the calcium free condition was 71%. The viability was similar with TRAIL treatment in the control (Figure 4.9B) and the resveratrol only (Figure 4.9C) conditions, calculated to be 68% and 70%, respectively. In the groups with increased intracellular calcium concentration, the effect of TRAIL on cancer cell viability was more pronounced. Yoda1 and TRAIL treatment resulted in 47% cell viability after 24 h in the simulated experiments (Figure 4.9D). Adding resveratrol had a minimal effect on the sensitization of the cancer cells to TRAIL with a calculated cell viability of 46%. (Figure 4.9E). The in vitro and in silico models of calcium influx maintained a high degree of fidelity, confirming the saturating effect of calcium concentrations on cellular apoptosis above 1 µM (Figure 4.9F).

[bookmark: _Toc128993989]Figure 4.8. Resveratrol has a minimal effect on the TRAIL sensitizing ability of Yoda1.
 (A) SW480 cells treated for 24 h with 10 µM Yoda1 and 50 ng/ml TRAIL with or without 50 µM pretreatment with resveratrol. N=3 ****p<0.0001 (two-way ANOVA with multiple comparisons). Error bars represent mean ± SD. (B) Yoda1 sensitization from cell viabilities shown in (A). N=3, , ns = not significant, *p<0.05 **p<0.01 ***p<0.001 (one-way ANOVA with multiple comparisons). Error bars represent mean ± SD. (C-H) Computational model of apoptosis for 0.5 ng/ml, 50 ng/ml and 200 ng/ml TRAIL measuring concentrations of cleaved PARP and cytosolic Smac over time. In vitro calcium concentrations were used and normalized to Yoda1 (1 µM). Cells were considered apoptotic at cPARP concentrations exceeding 5x105 molecules/cell.















[bookmark: _Toc128993990]Figure 4.9. Computational modeling and experimental data demonstrate the saturating effects of increased calcium on cell apoptosis.
 (A-E) Simulation of heterogeneous cell populations with randomly generated, but normally distributed, cytosolic Bcl-2 and XIAP concentrations. Each line represents one cell with a randomized concentration of each protein, and each simulation was run for 1000 cells. A cPARP concentration of 5x105 molecules/cell was used as the apoptotic threshold for each cell (cells above this line after 24 h were considered apoptotic). Cell viability was determined as the percentage of cells below this concentration after 24 h. (F) Theoretical (blue) and experimental (red) cell viabilities as a function of measured calcium influx (normalized to Yoda1) (nonlinear regression, one phase decay).   





[bookmark: _Toc122611117]4.4	Discussion

Previous studies have shown that cancer cells are more resistant to fluid shear stress than cells from healthy epithelial origins [297,318,319]. Additionally, there is evidence that the propensity for FSS survival may predict metastatic organotropism in prostate cancer cell lines [294]. Similarly, our results demonstrate that CRC cells derived from a metastatic lymph node are more resistant to FSS than cells from the primary tumor. Given the isogenic nature of our cell lines, we can therefore draw conclusions on the phenotypic changes these cells undergo in order to survive and adapt to different fluid environments. While cells from the primary tumor showed the most significant increases in apoptosis, both cell lines remained relatively resistant to FSS death and displayed modest changes in mitochondrial depolarization. Moving forward, it is imperative that we work to understand the mechanisms of shear-resistance in metastatic cells. Similar to mechanisms of chemoresistance, which can be either intrinsic or acquired, future studies should examine whether FSS selects for subpopulations of cancer cells that are intrinsically insensitive to these physical forces, or if cells are primed by the circulation to make them more “mechanoresistant”. 
Our results show that not all forms of fluid shear stress are alike. While both forms of FSS caused decreases in SW480 cell viability, cells responded in very distinct ways across these conditions. Shear pulses of high magnitudes acted in a manner dependent upon the biophysical properties of the cell membrane. Despite significant increases in cell membrane damage and the formation of pores at least 2.3 nm in size, cells were able to rapidly repair their membrane, likely explaining their ability to resist death. We have demonstrated that cell stiffness strongly correlates with FSS survival and softening agents that disrupt actin polymerization, such as cytochalasin D, can increase sensitivity to FSS [294]. However, SW480 cells have been shown to have a higher Young’s modulus and stiffer cytoskeleton than SW620 cells [320], suggesting that cell stiffness alone may not be an accurate predictor of FSS survival. For instance, endocytosis of plasma membrane wounds and subsequent repair mechanisms have been shown to occur in both a calcium-and lipid raft-dependent manner [309,321].  
Meanwhile, shear stress treatments mimicking the conditions experienced by CTCs in the circulation caused decreased proliferation, most pronounced in SW480 cells. This is consistent with another study in CRC cells where FSS decreased proliferation though increased expression of β-catenin and c-myc [322]. Furthermore, c-myc has been implicated not only as a regulator of proliferation, but also in the expression of CSC markers such as CD133 in gliomas and other cancers [323]. This is consistent with the present results, as constant shear stress of 10 dyne/cm2 caused significant upregulation of CD133 expression in surviving SW480 cells. This increase in CSC populations with EMT hallmarks and increased metastatic potential has also been observed in breast and lung cancer [295,296]. Additionally, decreased proliferation and increased invasiveness is a hallmark of the CSC phenotype [324]. Our results further support the role of FSS in metastatic priming.
These data also suggest that prolonged FSS may desensitize metastatic cancer cells to mechanisms of mechanotransduction. Metastatic SW620 cells were not only more resistant to apoptosis, but also resisted FSS-induced TRAIL sensitization and calcium influx upon Piezo1 activation. Furthermore, examining protein abundance data in primary and metastatic cells derived from the same CRC and melanoma patient, we highlighted that cells derived from lymph node metastases showed consistently downregulated expression of Piezo1. This is consistent with our in vitro results which showed that surface expression of Piezo1 was decreased in SW620 cells. This begs the question of whether downregulation of mechanosensitive ion channels such as Piezo1 is necessary for metastasis to occur. Another possibility is that FSS naturally selects for subpopulations of cancer cells that are impervious to the stress of shear due to lower innate levels of Piezo1. This is an interesting dichotomy, as numerous studies have implicated Piezo1 as a driver of cancer progression and many pro-metastatic processes [80]. Future studies should elucidate this role of Piezo1 in priming CTCs for survival in transit, for instance by using additional isogenic cell models of metastasis.  
There is strong evidence that plasma membrane lipid composition has an effect on mechanosensitive ion channels such as Piezo1 [301,302]. In prior studies, depletion of cholesterol from the cell membrane using methyl-β-cyclodextrin decreased the chances of channel activation from mechanical stimuli and increased the force needed for opening. This highlights the biophysical requirements of the cell membrane for proper mechanosensitive ion channel activation, as cholesterol has been shown to increase membrane stiffness and rigidity [325]. Cholesterol is also an integral component of lipid rafts, however, surprisingly there are no studies investigating the role of lipid rafts in mechanosensitive ion channel function. Treatment with resveratrol, which has been well characterized to rapidly assimilate into the cell membrane to promote the formation of lipid-ordered domains [266,308], significantly increased Piezo1 colocalization with lipid rafts in both cell types. However, this increased raft colocalization corresponded to increased calcium influx and Piezo1 activation selectively in SW480 cells. This is hypothesized to be due to the aforementioned lower Piezo1 content in these cells. We postulate that like cholesterol, lipid rafts and resveratrol increase membrane rigidity locally, thereby stabilizing Piezo1 in an open state once activated via mechanical deformation or molecular wedging. Future studies should examine the molecular and biophysical mechanisms of this phenomenon.  
Despite resveratrol’s ability to facilitate the activation of Piezo1, we observed that ultimately there was little resulting enhancement to cell apoptosis. This was confirmed in our computational model of apoptosis, where cytosolic calcium concentrations exceeding 1 µM had minimal effects on cleaved PARP, release of cytosolic Smac, and eventual apoptosis. Despite a minimal change in apoptosis, it is possible that this increase in calcium could have consequential effects on other cellular processes not directly examined here. Calcium is a well-studied secondary messenger in many oncogenic and metastatic signaling processes, such as migration, invasion, proliferation and EMT [326]. In this study, we observed that increased calcium concentrations from Yoda1 and resveratrol correlated with increased aspect ratio, a hallmark of EMT. While there were insignificant changes in apoptosis within our in vitro and in silico models, future studies should examine these other calcium-related downstream effects related to cancer progression and metastasis.
In conclusion, SW480 cells from the primary tumor are more sensitive to FSS than SW620 cells that had successfully metastasized in situ. SW480 cells saw enhanced apoptosis, senescence, calcium influx, and TRAIL sensitization following FSS. High magnitude FSS pulses caused the formation of pores in the cell membrane which were rapidly repaired. Meanwhile, sustained levels of moderate FSS induced stem-like features, including increased CD133 expression and decreased cell proliferation. Metastatic SW620 cells had decreased Piezo1 expression, potentially demonstrating a necessity of Piezo1 downregulation for the survival of cancer cells in transit. Future studies should examine this clinically to see if non-apoptotic CTCs and cells from metastatic lesions are low Piezo1 expressors, or if this effect is unique to the circulation. This may inform treatment strategies for the small subpopulations of CTCs that are able to survive and colonize secondary sites. Additionally, the Piezo1 molecular agonist Yoda1 significantly increased intracellular calcium levels in SW480 cells, which was further increased through resveratrol-induced lipid raft colocalization of Piezo1. This presents a novel role for lipid rafts in the enhanced activation of Piezo1, which may also be present in other mechanosensitive ion channels. Moving forward, clinical utilization of lipid raft altering agents such as resveratrol or methyl-β-cyclodextrin should be explored to enhance or curb Piezo1 activation, respectively. Calcium is a secondary messenger that is involved in many premetastatic processes. Indirectly tailoring Piezo1 activation via pharmacological alteration of lipid rafts may be an elegant way to curb mechanotransduction events essential to metastasis. However, improved systemic delivery strategies will be crucial for translational adoption into the clinic. 


[bookmark: _Toc122611118]4.5	Materials and Methods

[bookmark: _Toc122611119]4.5.1 	Cell Culture	
Colorectal cancer cell lines SW620 (ATCC, #CCL-227) and SW480 (ATCC, #CCL-228) were purchased from American Type Culture Collection. Cells were cultured in RPMI1640 cell culture medium (Gibco). Media was supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) PenStrep, all purchased from Invitrogen. Cells were passaged at 70% confluency by washing with HBSS without calcium or magnesium (Gibco) and lifting with Trypsin-EDTA (0.25%) (Invitrogen). Both cell lines were maintained in a humidified incubation chamber at 37°C and 5% CO2. SW480 cells are characterized as being epithelial in morphology with apical-basal polarity, while SW620 cells are increasingly mesenchymal with a loss in epithelial characteristics and polarity. Cells were screened for mycoplasma contamination and tested negative.

[bookmark: _Toc122611120]4.5.2 	Fluid Shear Stress Treatments
To model different types of physiological shear stress, cells were exposed to three different shear conditions: static, shear pulses or constant shear. For shear pulses, 2 ml of media containing 200,000 cells/ml were loaded into a 5 ml syringe with a 30-gauge x ½ in needle. Syringes and needles were blocked for 30 min with 5% bovine serum albumin (BSA, Sigma) in HBSS before loading. Cells were sheared using a syringe pump (Harvard Apparatus) at a flow rate of 14 mL/min, as previously described [294]. Average shear stress was calculated to be 3950 dyne/cm2 (395 Pa). Cells were exposed to 10 pulses with 2 min between each pulse, modeling the time it would take a cell to pass once through the entire circulatory system circuit [305]. To model constant fluid shear stress, 0.5 ml of cells in media were loaded into a cone-and-plate viscometer (Brookfield LVDVII) at a concentration of 1 million cells/ml (higher cell concentrations were used to increase viscosity and subsequently increase shear stress). Before loading cells, both the spindle and cup was blocked with 5% BSA for 30 min. Cells were sheared at 100RPM (740 s-1) using the CP-40Z spindle for 2.5 hours with an approximate shear stress of 10 dyne/cm2. Following treatment, cells were collected, and the cup and spindle were rinsed with 0.5 ml of fresh media to collect remaining cells. Static cells were left in a 1.5 mL conical tube at a concentration of 200,000 cells/ml while shear experiments were being performed. After FSS treatments, 1 ml of cell suspension was plated in a 12-well plate (CELLTREAT) and incubated overnight for subsequent analysis. 

[bookmark: _Toc122611121]4.5.3	Annexin V/Propidium Iodide Apoptosis Assay
Cells were incubated for 24 h after shear treatments, then collected by recovering the supernatant and lifting the remaining adhered cells using 0.25% Trypsin-EDTA (Gibco). Cells were washed thoroughly with HBSS with calcium and magnesium and incubated for 15 min with FITC-conjugated Annexin-V and propidium iodide (PI) (BD Pharmingen) at room temperature (RT) in the absence of light. Cells were immediately analyzed using a Guava easyCyte 12HT benchtop flow cytometer (Millipore Sigma). Viable cells were identified as negative for both Annexin-V and PI, early apoptotic cells as positive for Annexin-V only, late apoptotic cells were positive for both Annexin-V and PI, and necrotic cells were positive for PI only. Flow cytometry plots were analyzed using FlowJo v10.8.0 software. Control samples included: unstained negative control with no Annexin-V/PI to adjust for background and autofluorescence, and Annexin V only and PI only samples for gating and compensation purposes.

[bookmark: _Toc122611122]4.5.4	JC-1 Mitochondrial Membrane Potential Assay
Following FSS treatments and overnight incubation, cells were lifted and collected as previously described. Cells were washed with HBSS without calcium or magnesium and incubated for 15 min with JC-1 dye (Abcam) in a humidified incubation chamber at 37°C. Cells were washed and JC-1 fluorescence was assessed via flow cytometry. Cells with healthy mitochondria were identified as having higher red fluorescence and lower green fluorescence, while those with depolarized mitochondria had lower red JC-1 fluorescence and higher green fluorescence.

[bookmark: _Toc122611123]4.5.5	Cell Cycle and Ki67 Proliferation Assay
[bookmark: _Hlk101392537]Cells were incubated for 24 h after shear treatments, then collected by recovering the supernatant and lifting the remaining adhered cells using 0.25% Trypsin-EDTA (Gibco). Cells were washed twice with HBSS with calcium and magnesium, then resuspended in 50 µL of HBSS-/-. Then, 450 µL of chilled 70% ethanol in DI water was added to the cell suspension in a dropwise manner while vortexing to minimize cell aggregation. The cell suspension was incubated for 2 h at -20 ºC. Cells were washed twice with FACS buffer (HBSS with 1% BSA), then incubated with 5 µl PE anti-human Ki-67 (Biolegend, clone Ki-67) in 100 µl HBSS for 30 min at RT. Cells were washed twice, then incubated with 100 µl DAPI solution (3 µM in FACS buffer) for 15 min. Samples were then analyzed via flow cytometry using Blue-V (DAPI) and Yellow-B (PE-Ki67) channels. Cell cycle was determined using Watson Pragmatic modeling in FlowJo. Cell proliferation was determined by assessing Ki67+ cell population and gates were established from an unstained control sample.  

[bookmark: _Toc122611124]4.5.6	Cell Membrane Damage and Repair
Cells were sheared as previously described in the presence of 10 µM FITC-conjugated dextran of 3,000 or 10,000 MW (Invitrogen). Cells were incubated for 5 min before shear and maintained in the dextran solution for the duration of the shear treatment. The cells were then allowed to recover for 20 min post-shear, washed with HBSS with calcium and magnesium, and incubated with PI (hydrodynamic radius ~0.8 nm) for 10 min to measure membrane repair. Samples were analyzed via flow cytometry using Green-B (FITC) and Red-B (PI) channels. Cells positive for FITC-dextran but negative for PI were considered damaged and repaired while FITC-dextran positive/PI positive cells were interpreted to be damaged and unrepaired. 

[bookmark: _Toc122611125]4.5.7	Cancer Stem Cell Markers
After FSS treatments, cells were collected by recovering the supernatant and lifting the remaining adherent cells using 0.25% Trypsin-EDTA. Cells were fixed in 4% PFA in HBSS for 15 min at RT, washed twice with HBSS, then blocked in 100 μl FACS buffer for 30 min at 4°C. Samples were stained with 5 μl of both Brilliant Violet 421 anti-human CD133 (Biolegend, clone 7) and FITC anti-human CD44 (Biolegend, clone BJ18) for 30 min at 4°C. Samples were washed twice with HBSS and then incubated with PI to exclude dead cells from analysis. Samples were analyzed using a Guava easyCyte flow cytometer utilizing Blue-V (Brilliant Violet 421), Green-B (FITC) and Red-B (PI) channels.

[bookmark: _Toc122611126]4.5.8	TRAIL and Resveratrol Treatments
A 20 mM stock solution of resveratrol (Sigma-Aldrich) in DMSO was made fresh before each experiment. After cells were collected but prior to shear/Yoda1 treatments, cells were incubated with 50 µM resveratrol for 1 h at 37°C in serum-free media. To remove trace amounts of resveratrol remaining in solution that were not taken up by the cells, samples were centrifuged at 300xg for 5 min and the media was aspirated. Cells were resuspended in serum-containing media in the presence or absence of 50 ng/ml TRAIL. For FSS experiments, cells were then sheared as described previously and plated in 12-well cell culture plates for 24 h. For Yoda1 experiments, cells were treated with 10 µM Yoda1 (Tocris) and then incubated for 24 h. The next day, apoptosis was analyzed using Annexin V/PI staining and flow cytometry. Yoda1 sensitization was calculated using the following formula:



for each treatment condition (Control, TRAIL, resveratrol, and TRAIL+resveratrol).

[bookmark: _Toc122611127]4.5.9	Calcium Influx
200,000 cells were collected in 1ml of serum free media and incubated for 30 min with 1 µM Fluo-4 and 2 µM Fura Red (Invitrogen) at 37 °C. For resveratrol-treated samples, cells were treated for 1 h with 50 µM resveratrol before incubating with calcium dyes. Cells were washed in calcium/magnesium-free HBSS, then resuspended in HBSS with calcium and magnesium for 30min at RT in the dark. For FSS samples, cells were sheared using the syringe pump system for 1 pulse, then immediately analyzed via flow cytometry. For Yoda1 studies, 10 µM Yoda1 was added to the cells and then immediately analyzed via flow cytometry. This allowed for a real-time analysis of calcium flux. Calcium flux was calculated as a measure of ratiometric fluorescence by dividing Fluo-4 fluorescence by Fura Red fluorescence (a higher ratiometric fluorescence would correspond with higher calcium influx).  
To measure Yoda1-induced calcium influx over longer periods of time, 200,000 cells were plated in 12-well plates for 24 h. Resveratrol-treated samples were incubated with 50 µM resveratrol for 1 h at 37 °C before plating. Cells were then treated with 10 µM Yoda1 for 24 h, then incubated with 1 µM Fluo-4 for 30 min at 37 °C. Cells were washed in calcium/magnesium-free HBSS, resuspended in HBSS with calcium and magnesium, then imaged using the green channel on an Olympus fluorescence microscope. Intracellular calcium was calculated by measuring the mean fluorescence intensity per cell and subtracting background fluorescence.    

[bookmark: _Toc122611128]4.5.10	Confocal Microscopy
SW480 and SW620 cells were seeded onto polystyrene cell culture slides (Thermo Fisher Scientific). Cells were allowed to grow for 24 h at 37°C. Culture media was replaced with serum-free media in the presence or absence of 50 µM resveratrol for 1 h at 37 °C. Cells were then washed and lipid rafts stained using the Vybrant Alexa Fluor 488 Lipid Raft Labeling Kit (Invitrogen, V34403). Briefly, cells were incubated with Alexa488-conjugated cholera toxin subunit B (CT-B) followed by an anti-CT-B antibody to crosslink CT-B labeled rafts. Slides were fixed for 15 min with 4% paraformaldehyde (PFA) (Electron Microscopy Sciences) in PBS (Gibco) and then permeabilized using 0.1% Triton X-100 (Millipore Sigma) in PBS at RT. Slides were blocked for 2 h with 5% goat serum (Thermo Fisher Scientific) and 5% bovine serum albumin (BSA, Sigma) in HBSS. Primary staining was done overnight at 4°C with Piezo1 Monoclonal Antibody (Invitrogen clone 2-10) at a ratio of 1:100. Secondary staining was carried out with Alexa Fluor 555 goat anti-mouse IgG (H+L) (Invitrogen, A28180) for 45 min at RT (1:1000). Washes were done twice between each step for 5 min each using 0.02% Tween20 in PBS. Slides were assembled using 10 μl of Vectrashield antifade mounting media with DAPI (Vector Laboratories). Confocal imaging was performed using an LSM 880 (Carl Zeiss) with a 63×/1.40 Plan-Apochromat Oil, WD = 0.19 mm objective. At least five images were acquired per sample replicate. Pearson’s correlation coefficient was calculated for each image using the JACoP plugin in ImageJ [284].

[bookmark: _Toc122611129]4.5.11	Flow cytometry and FRET
Cells were cultured to 70% confluency upon collection and split into 250,000 cells per sample. Cells were fixed in 4% PFA in HBSS for 15 min at RT, then permeabilized with 0.1% Triton X-100 for 15 min with two HBSS washes between each step. Samples were blocked in 100 μl FACS buffer for 30 min at 4°C, then stained with 1 μl AlexaFluor488-conjugated Piezo1 antibody (Novus Biologicals, NBP1-78446AF488) for 30 min at 4°C. Samples were washed twice with HBSS and analyzed using a Guava easyCyte flow cytometer. 
FRET analysis via flow cytometry was performed as described above, with the added step of staining for lipid rafts. After blocking in FACS buffer, cells were stained for LRs using the Vybrant Alexa Fluor 555 Lipid Raft Labeling Kit (Invitrogen, V34404). Piezo staining was then carried out as previously described. Donor quenching FRET efficiency was calculated using the following formula:



where E is the FRET efficiency, FILR+Piezo is the mean fluorescence intensity of the double-stained LR/Piezo1 sample (acceptor + donor), FIPiezo is the mean fluorescence intensity of the Piezo1-only stain (donor only), and FIB is the fluorescence intensity of an unstained sample (background). Fluorescence intensity was recorded in the donor (Green-B) channel.

4.5.12	Computational Model of Cellular Apoptosis
The computational model was modified from the Hope et al. MATLAB-based model of Piezo1 sensitization of cancer cells to TRAIL-mediated apoptosis [81]. The simulations utilize ODEs to calculate changes in protein concentrations via mass action kinetics in the TRAIL-Piezo1-apoptosis pathway over time after treatment with TRAIL and various calcium flux stimulants. The main modification to the model was the addition of a random, normally distributed Bcl-2 and XIAP concentration generator for the random population analysis. Random-normal concentrations of cytosolic Bcl-2 (mean = 1.98x106; median = 1.98x106; standard deviation = 9.91x105) and XIAP (mean = 1.01x105; median = 1.01x105; standard deviation = 9.91x104) were generated and the model was run using 50 ng/ml as the TRAIL treatment. Simulated cells were considered apoptotic once their calculated cPARP exceeded a concentration of 5x105 molecules per cell. Cell viability was calculated as the percentage of cells which had not exceeded this apoptosis threshold. The biochemical reactions and their associated rate constants are listed in Supplementary Table 4.1. The non-zero initial conditions used in the model are displayed in Supplementary Table 4.2.








[bookmark: _Toc122611130]4.6	Supplementary Figures 



[bookmark: _Toc128993991]Supplementary Figure 4.1. Resveratrol has no effect on calcium influx following Yoda1 treatment in SW620 cells.
 (A) Median ratiometric fluorescence as a function of time in SW620 cells. N=3. Error bars represent mean + SEM. (B) Average ratiometric calcium fluorescence over 200 sec after Yoda1 treatment. N=3, ns = not significant (one-way ANOVA with multiple comparisons). Error bars represent mean ± SD. 


















[bookmark: _Toc128993992]Supplementary Figure 4.2. Resveratrol increases Piezo1-lipid raft colocalization.
 (A) Confocal microscopy images of Piezo1 (red), lipid rafts (green), DAPI (blue) and colocalization events between Piezo1 and LR (yellow) in SW620 cells. Scale bar = 30 µm. (B) FRET efficiency measured via flow cytometry for SW480 and SW620 cells. N=3 (n=6). 
	










[bookmark: _Toc128993993]Supplementary Figure 4.3. Fluid shear stress shows no appreciable effect on Piezo1 expression. 














[bookmark: _Toc128993994]Supplementary Figure 4.4. Cell viability is similar for SW480 cells treated with Yoda1 and 50 ng/ml or 200 ng/ml of TRAIL. 
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[bookmark: _Toc122606073]Supplementary Table 4.1. List of reactions used in the computational model and their associated kinetic constants.
 Adapted from Hope, J.M.; Lopez-Cavestany, M.; Wang, W.; Reinhart-King, C.A.; King, M.R. Activation of Piezo1 Sensitizes Cells to TRAIL-Mediated Apoptosis through Mitochondrial Outer Membrane Permeability. Cell Death Dis. 2019, 10, 837. https://doi.org/10.1038/s41419-019-2063-6.)
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[bookmark: _Toc122606074]Supplementary Table 4.2 Non-zero initial conditions utilized in the computational model.
 All species that are not listed have an initial condition equal to 1.








[bookmark: _Toc122611131]Chapter 5:


A Syngeneic MC38 Orthotopic Mouse Model of Colorectal Cancer Metastasis 

Joshua D. Greenlee and Michael R. King


This chapter is adapted from A syngeneic MC38 orthotopic mouse model of colorectal cancer metastasis published in Biology Methods and Protocols and has been reproduced with permission of the publisher and co-author Michael King [329].

Greenlee, J.D.; King, M.R. A Syngeneic MC38 Orthotopic Mouse Model of Colorectal Cancer Metastasis. Biology Methods and Protocols 2022, 7, bpac024, doi:10.1093/biomethods/bpac024.	


[bookmark: _Toc122611132]5.1	Abstract

While subcutaneous tumor models remain the standard for studying drug efficacy in vivo, these tumors rarely metastasize and lack physiological relevance due to differences in the tumor microenvironment, vascularization, immune landscape and physiological cues associated with the organ of interest. Orthotopic tumors, grown from the organ corresponding with the cancer type, provide a more translational approach to study disease progression and drug efficacy. Utilization of a syngeneic mouse model allows for a complete immune landscape, key for adaptive immunotherapy studies. MC38 and CT26 cells are commonly used murine colorectal cancer cell lines with clinically relevant mutations. While CT26 cells have been orthotopically implanted with high fidelity, successful engraftment of orthotopic MC38 tumors varies greatly between studies. Thus, we have developed a detailed protocol for MC38 orthotopic tumor inoculation via intracecal injection. Nine C57BL/6 mice were injected with 2×106 cells into the cecal wall and sacrificed after 7-weeks. Survival after surgery was 100%, and one mouse died before the 7-week study endpoint from tumor burden and metastatic spread. We observed a successful tumor engraftment rate of 67%. Half of mice presenting with tumors were found to have macroscopic metastatic lesions in clinically relevant foci, including the mesenteric lymph nodes, liver, and peritoneum. These mice also presented with very large tumors and an enlarged spleen. The other half of the mice presented with small, localized tumors that did not metastasize. Herein, we describe tips specific for the intraceal injection of MC38 cells to improve the engraftment rate consistency in this model.
[bookmark: _Toc122611133]5.2	Introduction

Colorectal cancer (CRC) remains the second leading cause of cancer-related death amongst men and women in the United States [286]. Subcutaneous tumor models remain the standard for testing of drug efficacy in vivo [330]. However, these models are unable to recapitulate the physiological cues associated with the organ of interest and rarely metastasize, warranting study in more robust orthotopic platforms. Orthotopic mouse models have been shown to accurately model clinical patterns of metastasis and tumor progression experienced in humans, supporting their translational relevance [331]. Moreover, orthotopic tumors have been found to have varying sensitivities to chemotherapeutics and a distinct immune landscape compared to subcutaneous models [332,333]. Despite the increasing characterization of orthotopic mouse models of colorectal cancer, they remain rarely used in comparison to subcutaneous models due to their surgical difficulty, poor reproducibility and low rates of engraftment and metastasis [334]. Additionally, reports on the rate of engraftment are minimal, and successful tumor formation ranges greatly depending on the cell lines used, method of implantation and species of mouse [335,336]. Further, metastatic spread is rarely seen in all tumors that are successfully engrafted, likely attributed to surgical technique [334], immune rejection [337], or cellular heterogeneity.  
Immunodeficient humanized mice, such as severe combined immunodeficient (scid), Rag1, or nude mice, are often used to allow for orthoptic implantation of human CRC cells, such as HT29, SW620, HCT116, and SW480 cells [283,336,338–340]. However, these models lack a full immune complement, limiting their usefulness for immuno-oncology research, specifically when examining the role of adaptive immunity, cytotoxic T cells, and checkpoint blockade therapies [339]. CT26 and MC38 cells are the most commonly used murine cell lines of colorectal cancer. These cells are hypermutated and have been validated as suitable preclinical models of human tumors [341]. While studies have reported on engrafting CT26 orthotopic tumors with high fidelity, successful inoculation of MC38 tumors remains contradictory [342]. For example, one study found that zero of eight mice that were orthotopically injected with MC38 cells developed tumors, while 23 of 26 mice developed CT26 tumors in under 4 weeks [332,343]. Similarly, another study showed just 25% tumor formation six weeks after microinjection of two million MC38 cells into the cecum subserosa [335]. CT26 cells have shown to metastasize to clinically relevant foci including the mesenteric lymph nodes in over half of mice [343], while metastatic occurrence in MC38 tumors remains inconsistent in published reports.
Common means of orthotopic implantation include: suturing of subcutaneously grown tumor sections to the exterior of the cecum [283,344], intraluminal injection of cells into the rectum via an endoscope [332,345–347], or subserosal microinjection of cells into the cecal wall [338,343,348]. From preliminary pilot studies, we have found microinjection of MC38 cells into the cecal wall to be the most reproducible method of inoculation. Herein, we provide a detailed protocol for orthotopic inoculation of MC38 as well as report on successful tumor engraftment and incidence of metastasis. Previous studies present conflicting evidence for orthotopic inoculation of MC38 tumors and subsequent metastatic dissemination, and often don’t report on tumor rates. By providing a validated protocol of intracecal MC38 tumor inoculation we aim to elucidate these discrepancies.   

[bookmark: _Toc122611134]5.3	Results and Discussion

[bookmark: _Hlk62684810]Surgery was well tolerated by the mice; all mice survived from surgery and regained normal posture, eating, and grooming within 24 hours. In this study, we report a successful tumor inoculation of 67% (6/9), while half of the engrafted tumors metastasized (3/6) (Table 1).   


	Surgery Survival
	9/9
	100%

	7-week Survival 
	8/9
	89%

	Successful Tumor Inoculation 
	6/9
	67%

	Tumors With Lymph Node Metastases
	2/6 
	33%

	Tumors With Organ Metastases
	3/6 
	50%

	
	Peritoneum
	3/6
	50%

	
	Diaphragm 
	3/6
	50%

	
	Liver
	2/6
	33%

	
	Pancreas
	1/6
	17%

	
	Kidney
	1/6
	17%




[bookmark: _Toc122606075]Table 5.1. Breakdown of tumor engraftments following intracecal injection of MC38 cells. 

Tumors most frequently metastasized to clinically relevant foci, including the mesenteric lymph nodes, peritoneum, and liver (Figure 5.1). In one mouse, there was also evidence of macrometastasis in the pancreas and kidney. Metastasis corresponded with decreased survival, but no decrease in body weight (Figure 5.2), likely due to the associated weight gain from the tumors themselves.



[bookmark: _Toc128993995][bookmark: _Hlk128643583]Figure 5.1. Macroscopic evidence of liver, lymph node, and peritoneal metastases (parietal).





[bookmark: _Toc128993996]Figure 5.2. Body weights over seven weeks of orthotopic tumor growth.

Three mice displayed no evidence of a tumor, possibly due to injections that were too deep through the mucosal layer and into the lumen of the colon. Another contributing factor may be peristalsis or secretions of the colon during injection, described in troubleshooting of other orthotopic implantation methods [332]. To prevent colon movement and contraction during surgery, mice can be treated with atropine preoperatively. Of mice that did develop tumors, tumor size varied greatly, ranging from 8-1190 mm3 in volume. When grouped by metastatic spread, mice with macroscopic evidence of metastasis showed an over 50-fold increase in primary tumor size compared to mice with only localized tumors (Figure 5.3).  

   

[bookmark: _Toc128993997]Figure 5.3. Primary tumor size varies greatly between mice.
 Control (n=1), no tumor (n=3), non-metastatic tumor (n=3) and metastatic tumor* (n=2); one-way ANOVA with multiple comparisons. *The metastatic tumor group is missing measurements from one mouse that died before the endpoint of the study.  

Despite metastatic spread to the liver, liver mass remained unchanged between groups. However, mice with metastatic tumors presented with a significantly enlarged spleen despite no visual evidence of metastases, signifying increased inflammation in this subgroup (Figure 5.4). 



[bookmark: _Toc128993998]Figure 5.4. Organ weights of the liver and spleen.
 Control (n=1), no tumor (n=3), non-metastatic tumor (n=3) and metastatic tumor* (n=2); **p<0.01 (one-way ANOVA with multiple comparisons). *The metastatic tumor group is missing measurements from one mouse that died before the endpoint of the study.  

The differences in tumor growth and metastasis between mice are interesting. One possibility is that there were unequal concentrations of cells injected due to inadequate mixing before loading the syringes or a lower viability of cells injected in later surgeries due to prolonged time in suspension. It is also possible that cells leaked from the submucosal space into the lumen during injection, likely the case in mice that did not present with tumors (n=3). However, there is evidence that a subset of mice will naturally form small, non-metastatic tumors in this model. Our results support findings from Trimaglio and colleagues which demonstrate two distinct subtypes of orthotopic tumor growth [337].  These authors report that only a minority of mice formed lethal tumors with a pro-tumor immune response that aided progression. Meanwhile, a large subgroup of tumors showed senescence or spontaneous rejection through an anti-tumor, CD8+ T cell-mediated immune response. Similarly, despite successful tumor engraftment in each group initially, a subset of mice developed small non-lethal tumors in our study.    
While protocols for mucosal and serosal injection of some CRC cell lines exist, MC38 cells present an added challenge, exemplified by low orthotopic engraftment rates [332,335,343]. Implementing this mouse model in experimental cancer immunotherapies studies is key, as MC38 cells elicit a more modest immune response and have been shown to be resistant to adaptive immune cells and checkpoint blockade [349,350]. This makes the MC38 syngeneic model particularly intriguing to investigate treatments that target immune-refractory tumor subtypes.     
In this study, we report an orthotopic engraftment of 67%, higher than multiple other studies of MC38 tumors, and even among CT26 tumors. [332,335,351]. We also demonstrate metastatic dissemination of tumors to clinically relevant foci in 50% of mice that developed tumors, higher than other studies which have characterized these tumors as weakly metastatic [335,352]. A benefit of serosal injection versus other techniques is an increased incidence of metastasis. While endoscopic tumor injections historically yield higher engraftment rates, these tumors rarely metastasize [332,342,345]. Likewise, the suturing of subcutaneous MC38 tumor fragments to the cecum has shown successful tumor growth, but no metastasis [344]. This highlights the value of the intracecal implantation method for future studies examining the efficacy of anti-metastatic immunotherapies. Furthermore, we have validated that orthotopic inoculation of MC38 tumors appears to yield two distinct tumor subtypes, with one being lethal and metastatic while the other senescent and nondisseminated. The following is a list of what we have found to be key in successfully engrafting orthotopic tumors from MC38 cells, specifically. 
Ensure MC38 cells are not overly confluent on the day of lifting for injections. Subpassage the cells no more than 3 days beforehand and prepare injections while cells are in the exponential growth phase.
Inject cells in a Matrigel® suspension of at least 4 mg/ml to promote a tumor plug that limits extracecal leakage. Wait at least 10 seconds before removing the needle following injection. To practice this technique, sacrifice a mouse and inject a dye instead of cells for visual confirmation of a successful injection.
Use a higher cell count of at least 2×106 cells per injection. Lower cell counts have shown to yield few or no tumors [332].
Keep the injection volume small, ≤ 50 µl to prevent leakage. If a larger injection volume is needed, consider multiple injections of smaller volumes into different areas of the cecum. 
Inject cells with the cecum under magnification to ensure proper needle placement and the formation of a tumor plug. 



[bookmark: _Toc122611135]5.4	Methods and Materials

	Item
	Supplier
	Identifiers; RRID

	MC38 Cell Line (CVCL_B288)
	Kerafest
	ENH204-FP; RRID: CVCL_B288


	Dulbecco’s Modified Eagle Medium with glucose, L-glutamine and Sodium Pyruvate
	Gibco
	11995-065

	Fetal Bovine Serum (FBS)
	American Type Culture Collection (ATCC)
	30-2020

	Penicillin-Streptomycin Solution
	ATCC
	30-2300

	MEM Nonessential Amino Acids 100x
	Corning
	25-025-CI

	HEPES Buffer
	Corning
	25-060-CI

	0.05% Trypsin-EDTA
	Gibco
	25300054

	HBSS, no calcium, no magnesium
	Gibco
	14175095

	C57BL/6 mice
	The Jackson Laboratory
	RRID:MGI:2159769


	BD Veo 31G Insulin Syringes
	BD
	324910

	Heating Pad
	Sunbeam
	731-500-000R

	Isoflurane USP
	Piramal Critical Care
	NDC 66794-017-25

	Matrigel® Basement Membrane
	Corning
	354263

	Autoclavable Sterilization Pouch
	Fisherbrand
	01-812-57


	Purple Nitrile Sterile Gloves
	Kimberly-Clark
	55092

	Nair Hair Remover
	
	

	Ketoprofen 
	University DAC 
	

	Ethilon Monofilament Nylon 5-0 Suture
	Ethicon
	G698G

	Vicryl Plus Synthetic Absorbable 5-0 Suture
	Ethicon
	022671

	Purdue Products Betadine Swabsticks
	Fisher Scientific
	19-061617

	Alcohol Prep Pad
	Dukal Corporation
	853

	Sterile Cotton Tipped Applicators
	Puritan
	25-806 10WC

	Sterile Gauze Pads
	American White Cross
	

	Germinator 500 Glass Bead Sterilizer
	Braintree Scientific
	GER5287120V

	Surgical magnification with light

	
	

	Needle holder
	
	

	Forceps
	
	

	Scalpel 
	
	

	Scissors
	
	



[bookmark: _Toc122606076]Table 5.2. List of materials used in Chapter 5.









[bookmark: _Toc122611136]5.4.1	Animal Ethics Statement 	
These animal studies were approved by Vanderbilt's Institutional Animal Care and Use Committee (IACUC) under protocol number M1700009-01. According to this protocol, all mice were given appropriate doses of anesthetics (2.5% isoflurane) and analgesics (5 mg/kg of ketoprofen). Heating pads were used during recovery to mitigate hypothermia risks. Mice were given unrestricted access to food and water during the study period and monitored closely for changes in weight, feeding or drinking habits, ambulation, and healing of the incision site.

[bookmark: _Toc122611137]5.4.2	Cell Culture
MC38 cells were purchased from Kerafest and cultured in Dulbecco's Modified Eagle Medium (DMEM) containing 4.5 g/L D-Glucose, L-glutamine, and 110 mg/L sodium pyruvate. Media was supplemented with 10% fetal bovine serum (FBS), 1% Penicillin-Streptomycin Solution (PenStrep) (100 I.U./mL penicillin, 100 µg/mL streptomycin), 1x MEM Nonessential Amino Acids and 1 mM HEPES. Cells were maintained in a humidified incubation chamber at 37ºC and 5% CO2. Cells were passaged every 2-3 days, or at 50% - 70% confluency by lifting with 0.05% Trypsin-EDTA and subculturing at 1:5-1:10 ratios. 

[bookmark: _Toc122611138]5.4.3	Orthotopic Surgery
Nine 6–8-week-old male C57BL/6 mice were anesthetized with 5% isoflurane, then placed on a sterile heating pad. For purposes of consistency and comparison between studies, male mice were used to prevent sex from being an added variable, since the majority of studies using this model use 6–8-week-old male mice. In humans, males have a higher incidence of colorectal cancer and higher mortality rates than women, further supporting the use of male mice [353]. A nose cone was used to deliver 2.5% isoflurane during surgery. The abdomen, which was removed of all hair the previous day using Nair, was prepared for sterile surgery by wiping with ethanol and then betadine three times. A small midline abdominal incision was made using a scalpel to cut through the skin, and scissors to carefully cut through the underlying musculature without nicking any organs. The cecum was exteriorized and supported on a piece of sterile gauze, then hydrated with sterile saline. A 50 µL suspension of 2×106 MC38 cells in Matrigel® Basement Membrane (1:1 ratio) was carefully injected into the cecal wall from the serosal side under microscopic visualization. Observation of a visible bulla between the submucosal and subserosal tissues without leakage confirmed successful injection. The cecum was then returned to the peritoneum, and muscle and skin closures were completed using 5-0 biodegradable sutures and 5-0 monofilament nylon sutures, respectively. 

[bookmark: _Toc122611139]5.4.4	Postoperative Care and Endpoints
Following surgery, mice were injected subcutaneously with 5 mg/kg of ketoprofen as an analgesic, and then placed in a fresh cage over the top of a heating pad. Mice were observed carefully during recovery, taking note of posture and ambulation. Twenty-four hours after surgery, mice were injected subcutaneously with a second dose of 5 mg/kg ketoprofen. Seven weeks after inoculation, all mice were euthanized, and necropsies were performed to visualize tumor progression and metastasis. Microscopic histological examination was not performed due to high costs and a history of not providing additional clinically useful information not already obtained from macroscopic observation [354,355].    

[bookmark: _Toc122611140]5.4.5	Detailed Protocol

Cell Preparation (30 – 45 minutes)

[bookmark: _Hlk109843122]Before starting: 
Supplement DMEM media with 10% fetal bovine serum (FBS), 1% Penicillin-Streptomycin Solution (PenStrep) (100 I.U./mL penicillin, 100 µg/mL streptomycin), 1 mM HEPES and 1x Non-Essential Amino Acids.
Subculture cells every 2-3 days, or at 50% - 70% confluency, and passage at 1:5-1:10 ratios.
Thaw Matrigel® solution overnight at 4ºC. Store any pipette tips, centrifuge tubes, or syringes that will come in contact with Matrigel® at 4 ºC. For detailed handling instructions, we recommend referring to Corning’s instructional resources. 
Aliquot Matrigel® into separate tubes. Store unused tubes at -20ºC.
MC38 cells can be transfected with luciferase for noninvasive tumor monitoring using bioluminescence imaging techniques.



Plate MC38 cells (0.5-1×106) in a T75 flask with 10 ml of DMEM supplemented media.

*Do not allow cells to become overly confluent as this will drastically reduce viability before injection, limiting tumor engraftment. This is especially true for MC38 cells. On the day of surgery, cells should be between 50-70% confluent and in the exponential growth phase. 

On the day of surgery, rinse flasks with HBSS (without calcium) and aspirate.
Lift cells using 0.05% Trypsin-EDTA for 5-10 min at 37ºC.
Rinse cells off flasks using culture media and place the cell suspension in a centrifuge tube.
Count cells using a hemocytometer or automated cell counter.
Centrifuge cells at 300×g for 5 min.

* Wait to begin collecting cells for as long as possible. Mice and surgical station should be prepped for surgery beforehand.

Resuspend pelleted cells in ice cold serum free media at a concentration of 2×106 cells/25 µl, at an appropriate volume depending on the number of mice for your study (each mouse will be injected with 2×106 cells).
Using pre-chilled pipette tips and tubes, pipette 25 µl of Matrigel® into the cell suspension for a 1:1 ratio. Working volume of Matrigel® should be ≥ 4mg/ml (Matrigel® is typically supplied at ~20 mg/ml, a 1:1 ratio yielding an injected solution of 10 mg/ml) . Keep cell/Matrigel® suspension on ice up until injection. 

* For maximal consistency and reproducibility between injections, make a master mix of the cell suspension for all injections to ensure the same number of cells are being injected into each mouse. Mix the suspension well by pipetting up and down between injections.  

Surgical Procedure (1 hour of prep; 30 – 45 minutes per mouse)

Before starting: 
The day before, remove hair from the abdomen of C57BL/6 mice using Nair. Be sure to thoroughly wipe up any excess Nair after using to prevent the risk of burning.
Autoclave all surgical equipment (scissors, scalpel, forceps, needle holder) using a sterilization pouch. 
 
Place mouse in an anesthesia chamber with 5% isoflurane.
Remove mouse and place on a sterile table over a heating pad. Place nose in a nose cone delivering 2.5% isoflurane. Tape extremities to the table to stabilize the mouse. Before beginning, ensure the mouse is anesthetized using a toe pinch. 

*Wipe a small amount of petroleum jelly on the eyes of mice to prevent them from drying during surgery. 

Drape the mouse and surgical site with sterile plastic wrapping, such as Glad Wrap. Cut a hole in the plastic around the abdomen/surgical site.  
Prepare the incision area using an ethanol wipe. Wipe in a circular motion beginning in the center of the abdomen and radiating outward. Follow by wiping the abdomen with a betadine swab using the same technique. Repeat this process three times.  
Perform a 2 cm midline abdominal incision using a scalpel, cutting through the skin.
Lift underlying muscle tissue with forceps, creating a small nick at the base of the incision and cut with scissors to make an equivalent cut in the muscle layer.

*It is important to lift the muscle tissue and use scissors instead of a scalpel to ensure you do not cut any intra-abdominal organs.   
 
Gently exteriorize the cecum from the abdomen. Isolate by placing on sterile gauze pad and keep moist using sterile, warm saline. Flatten the cecum gently using forceps. 

* The cecum will have blinding ending pouch.  

Load 50 µl of the cell/Matrigel® suspension into a 31G insulin syringe. 

* Keep syringes and cells on ice or at 4ºC at all times before injecting to prevent the Matrigel® from solidifying.
 
Inject the 50 µl cell suspension into the wall of the cecum from the serosal side, using magnification with light or a microscope for visualization. Wait at least 10 seconds after the injection before removing the syringe. Observation of a visible bulla formation between the submucosal and subserosal tissues without leakage confirms a successful injection (Figure 5.5A).

*Tip: To practice injection techniques, inject a 1:1 mixture of Matrigel® with a dye, such as Trypan Blue, using a previously sacrificed mouse (Figure 5.5B). The dye will allow for improved visual confirmation of bulla formation without leakage into the subserosal space. 


[bookmark: _Toc128993999]Figure 5.5. Bulla formation after intracecal injection. 
 (A) Visible confirmation of successful injection of Matrigel® with MC38 cells (red circle). (B) Injection practice using a previously sacrificed mouse, substituting dye for cells to better visualize any sign of leakage. 


Return the cecum back into the peritoneal cavity. Close the muscle layer using 3 interrupted 5-0 biodegradable sutures. Next, close the skin in the same manner using 3 interrupted 5-0 nylon sutures.

*Between mice, sterilize surgical instruments using a glass bead sterilizer such as the Germinator 500. 

*Provide proper dosage of analgesics (subcutaneous injection of 5 mg/kg ketoprofen) and antibiotics (if required by protocol). Analgesics should be administered at a minimum of two times, directly after surgery and 24 hours post-op. Remove sutures approximately 1 week following surgery, or after the incisions have fully healed.  

Place mouse in a fresh cage seated over the top of a heating pad to provide extra warmth during recovery. 

*Monitor mice closely over the next 48 hours, taking special note of the condition of the incision, suture fidelity, and grooming/eating habits.

After 5-7 weeks, or humane endpoint, sacrifice mice and perform necropsies and any histological analysis. Humane endpoint should be defined as weight loss exceeding 20%, impaired ambulation, or visible tumor ulceration.






















[bookmark: _Toc122611141]Chapter 6: 

Conclusions and Future Work


[bookmark: _Toc122611142]6.1	Conclusions
	
TRAIL and TRAIL-conjugated nanoparticles are able to initiate apoptosis in chemoresistant colorectal cancer cell lines and CTCs in the blood of metastatic patients. The efficacy of TRAIL therapy can be improved through raft stabilization via resveratrol, and mechanosensitive ion channel activation via fluid shear stress or the Piezo1 agonist Yoda1. Additionally, the development of an orthotopic mouse model of CRC metastasis will allow for future investigation of TRAIL-conjugated nanoparticles in a preclinical animal model. 

[bookmark: _Toc122611143]6.1.1	Oxaliplatin-resistant colorectal cancer is increasingly sensitive to TRAIL therapy
In Chapter 3, I discovered a novel mechanism explaining why oxaliplatin-resistant CRC cells displayed increased sensitivity to TRAIL-mediated apoptosis. Oxaliplatin-resistant derivatives of four colorectal cancer cell lines were generated by culturing with increasing doses of oxaliplatin until an IC50 increase of approximately 10-fold was achieved.  HCT116 OxR and SW620 OxR cell lines displayed decreased expression of caspase-10, but this was found to be inconsequential in the observed apoptotic increase as determined through a stable CASP10 KO cell line. In OxR cells that were sensitized to TRAIL, there was a significant increase of DR4 on the cell surface. In support of this, the DR4-agonist monoclonal antibody mapatumumab significantly increased apoptosis in SW620 OxR cells compared to their parental counterparts. Additionally, DR4 was found to have enhanced colocalization in lipid rafts within OxR cell lines, confirmed using western blots of detergent-resistant raft fractions, colocalization algorithms from confocal microscopy images, and flow cytometry FRET efficiency. The increase in LR colocalization of DR4 strongly correlated with sensitization to TRAIL. I also demonstrated that altering lipid rafts in the cell membrane and colocalization of DR4 into these rafts had dramatic effects on TRAIL sensitivity. Resveratrol increased DR4 colocalization with LRs in HCT116 and SW620 cell lines and increased their apoptosis to TRAIL, resembling that of the OxR cell lines. Conversely, treating OxR cells with the cholesterol depleting agent nystatin reduced DR4-LR colocalization and inhibited TRAIL-mediated apoptosis.
I next determined that the mechanism of chronic oxaliplatin enhanced DR4 translocation into rafts was through increased palmitoylation of DR4. This post-translational modification of a palmitate to cystine residues allows for increased DR4 oligomerization and raft clustering. This was found to be a unique characteristic to the DR4 protein, as total palmitoylation remained similar between parental and OxR cells. I validated this mechanism by showing that inhibiting palmitoylation using 2-bromopalimate significantly decreased apoptosis in OxR cells, resembling that observed in the parental phenotype. This newly discovered link between oxaliplatin resistance, lipid rafts, and death receptor signaling is illustrated in Figure 6.1.


[bookmark: _Toc128994000]Figure 6.1. Oxaliplatin resistance increases palmitoylation of DR4, allowing for oligomerization, lipid raft colocalization, and supramolecular clustering of death receptors to potentiate apoptotic signaling.







Given the susceptibility of OxR cells to TRAIL, I engineered nanoscale liposomes conjugated with TRAIL and the adhesion protein E-selectin. Blood samples from 13 metastatic CRC patients who were currently undergoing or had failed oxaliplatin chemotherapy were treated with TRAIL liposomes in a cone-and-plate flow device to model circulatory shear stress. TRAIL liposomes reduced CTC viability by 57%, significantly more than oxaliplatin or soluble TRAIL. Incredibly, two patients had no detectable CTCs following TRAIL liposome treatment. In accordance with our in vitro data, patients with higher colocalization of DR4 with LRs saw increased therapeutic benefit of TRAIL liposomes and decreased response to oxaliplatin. This demonstrates the potential clinical benefit of liposomal TRAIL in chemorefractory CRC, and lipid raft DR4 as a predictive biomarker of treatment efficacy (Figure 6.2). 


[bookmark: _Toc128994001]Figure 6.2. E-selectin/TRAIL liposomes hitchhike on the surface of immune cells in the blood and interact with CTCs to induce apoptosis via TRAIL.  



           
[bookmark: _Toc122611144]6.1.2	Response to fluid shear stress and Piezo1 mechano-activation differs for metastatic and primary tumor CRC cells
Chapter 4 investigated the response of isogenic CRC cells lines to fluid hear stress and chemical activation of the mechanosensitive ion channel Piezo1. SW480 cells and SW620 were isolated from a primary colon adenocarcinoma and a metastatic tumor draining lymph node from the same patient one year later, respectively. I exposed cells to three different fluid environments: static, high magnitude shear pulses mimicking forces of passing through the heart, and constant shear stress of average magnitudes experienced in the circulation. Shear pulses were administered using a syringe pump and constant shear using a cone-and-plate viscometer. As hypothesized, SW480 cells from the primary tumor were more sensitive to cell death from both forms of FSS than metastatic SW620 cells. Different modes of FSS affected cells in unique ways. Constant FSS decreased proliferation and increased expression of CD133, a CSC hallmark in CRC. Meanwhile, shear pulses caused cell membrane damage, indicated by internalization of fluorescently labeled dextran. I found that both SW480 and SW620 cells were able to rapidly repair the cell membrane, possibly explaining the minimal decrease in cell viability from shear pulses. Additionally, shear pulses only caused slight increases in the influx of extracellular calcium, further supporting mechanisms of rapid repair and cytosolic calcium buffering. 
To examine if FSS could sensitize these cell lines to therapeutic agents, cells were treated with resveratrol and TRAIL. In SW480 cells, shear pulses were able to sensitize cancer cells to the combination of TRAIL and resveratrol. SW620 cells remained unsensitized by FSS, further solidifying the mechanoresistant nature of these metastatic cells (Figure 6.3). 


[bookmark: _Toc128994002][bookmark: _Hlk128644730]Figure 6.3. Cells from the primary tumor (SW480) and from a metastatic lymph node (SW620) have different sensitivities to fluid shear stress-mediated survival and mechanoactivation.   
















I also examined the activation of Piezo1 between these cell lines using the small molecule agonist Yoda1. Yoda1 caused significant increases in calcium influx compared to FSS. Additionally, resveratrol pretreatment significantly increased Piezo1 activation and calcium influx both instantaneously and over the span of 24 hours. Increased calcium influx from resveratrol pretreatment corresponded with increased lipid raft colocalization of Piezo1, demonstrating for the first time that mechanosensitive ion channel involvement with lipid rafts can enhance activation (Figure 6.4).  Piezo1 activation, and its consequential influx of calcium, was found to be significantly greater in SW480 cells than SW620 cells. This may be in part due to higher Piezo1 expression in SW480 cells than metastatic SW620 cells, a characteristic consistent with other isogenic cell line models of metastasis. 
SW480 cells that were treated with Yoda1 in combination with TRAIL became significantly more apoptotic. Interestingly, the significant increases in calcium influx from the addition of resveratrol resulted in no increase in TRAIL-mediated apoptosis. To explain this, we used a computational model of death receptor-mediated apoptosis. Consistent with the in vitro data, this model predicted that while calcium sensitizes cancer cells to apoptosis, the effects become saturated past a cytosolic calcium concentration of 1 µM. While calcium effects became saturated for apoptotic signaling, preliminary results suggest calcium entry may affect other cellular processes such as EMT.
  
[bookmark: _Toc128994003][bookmark: _Hlk128993802]Figure 6.4. Resveratrol primes Piezo1 activation by changing the organization of the lipid bilayer.


[bookmark: _Toc122611145]6.1.3	An immunocompetent orthotopic mouse model of CRC produces metastases to clinically relevant foci
	In Chapter 5, I established an immunocompetent mouse model of CRC metastasis. While subcutaneous tumor models remain the standard in determining treatment efficacy due to their simplicity, they lack clinical relevance due to their inability to metastasize [331]. However, orthotopic tumor models of colorectal cancer remain seldom used due to surgical difficulty, poor reproducibility, and inefficient metastasis to clinically relevant foci. To address this, I have developed a detailed protocol for orthotopic inoculation of MC38 cells using a microinjection technique into the cecal wall. This protocol generated tumors in two-thirds of mice, improving upon engraftment rates in multiple studies with MC38 and CT26 cells [332,335,351]. I also report a dissemination rate of 50%, contrary to other studies that have characterized MC38 cells as weakly metastatic in vivo. Importantly, macroscopic metastases were seen in clinically relevant organs, including the liver, peritoneum, mesenteric lymph nodes and pancreas. Interestingly, two tumor phenotypes were observed in this study: the first being large tumors that were highly metastatic, and the latter being small, non-disseminated tumors. This is consistent with other studies showing spontaneous immune rejection of MC38 tumors in some mice, while others developed lethal metastatic tumors [337]. Overall, this chapter improves upon existing protocols for orthotopic inoculation of CRC cells, specifically the elusive MC38 cell line. Since this is a syngeneic mouse model with a full immune complement, this lays the groundwork for preclinical studies to examine the efficacy of novel immunotherapies.         
	      

[bookmark: _Toc122611146]6.2	Future Work

[bookmark: _Toc122611147]6.2.1	TRAIL liposomes in an orthotopic mouse model
	Given the success of TRAIL-conjugated liposomes in vitro and in blood samples of metastatic CRC patients, the next step would be to test the efficacy in an orthotopic mouse model. Our lab has shown success in using TRAIL nanoparticles to prevent metastasis in prostate and breast orthotopic models [271,356]. In Chapter 5, I laid the groundwork for a similar study in colorectal cancer by establishing an immunocompetent orthotopic mouse model though microinjection of MC38 cells into the cecal wall. Testing the efficacy of TRAIL liposomes versus soluble TRAIL will establish the necessity of drug delivery modalities for TRAIL. Additionally, intravenous (IV) versus intraperitoneal (IP) administration of liposomes should be explored, using biodistribution studies to examine differences in half-life, clearance, and unwanted accumulation within the liver. In vivo biodistribution studies can be completed noninvasively using a far-red fluorescent lipid tag within the liposomes, such as DiR, and an in vivo imaging system (IVIS). This can also be used to show liposome accumulation within tumors by using cell lines transfected with firefly luciferase. 
	Alternatively, human CRC cell lines, including OxR derivates discussed in Chapter 3, can be orthotopically implanted as previously described in a humanized mouse. Rag1 knockout mice have a full complement of innate immune cells and NK cells, but lack mature T and B cells, making them suitable for implantation of human cell lines. Examining differences in TRAIL liposome efficacy between parental and OxR cell lines will further solidify the apoptotic susceptibility of OxR cells to TRAIL that was proposed in Chapter 3. 
 
[bookmark: _Toc122611148]6.2.2	Deeper mechanistic studies into oxaliplatin resistance induced DR4 changes
While Chapter 3 elucidated a novel mechanism with reasonable detail, there remain questions to be answered regarding how oxaliplatin resistance increases DR4 protein expression and selective palmitoylation. One explanation is epigenetic alterations between parental and OxR phenotypes since transcriptional analysis showed no significant differences in mRNA expression of DR4. Additionally, multiple studies using OxR CRC cell lines have shown dysregulation of specific miRNAs, such as miR-33a-5p, miR-200c, and miR-141, as predictive markers of sensitivity or resistance [257,357]. MicroRNAs have been heavily implicated in attenuating apoptotic signaling, including DR4 [358]. Death receptor palmitoylation can also be influenced by miRNA expression, as evidenced by a study showing miR-128 and miR-424 attenuation of Fas receptor palmitoylation and signaling [359]. Future studies should investigate these miRNAs, or ideally, utilize next generation sequencing or miRNA profilers to identify potential miRNA targets that explain differences in DR4 palmitoylation.

[bookmark: _Toc122611149]6.2.3	TRAIL liposome effects on macrophages 
Studies have shown that macrophages are particularly susceptible to TRAIL compared to neutrophils and lymphocytes due to increased expression of functional death receptors [360]. Additionally, there’s evidence that tumor associated macrophages have increased susceptibility to TRAIL-mediated apoptosis compared to resident macrophages. The apoptotic effects of TRAIL liposomes should be explored in the mouse macrophage cell line RAW264.7, primary bone marrow derived monocytes, and human monocyte THP-1 cells. These cells can be polarized in vitro into M1 or M2 macrophage using lipopolysaccharides plus IFN-γ or IL-4, respectively. In vitro toxicity assays should explore differences in sensitivity between these polarized phenotypes to shed light into whether our liposomes can kill “two birds with one stone” (cancer cells and TAMs) while sparring proinflammatory macrophages. These studies should extend in vivo within the orthotopic models proposed previously. 
While our E-selectin/TRAIL liposomes have shown to bind to multiple leukocyte populations in whole blood including monocytes, neutrophils, and NK cells [270], future studies should examine binding differences between M1 and M2 macrophages. Even if apoptosis in the M2 phenotype is minimal, liposomes may be able to hitchhike on the surface of these macrophages all the way into the tumor to deliver TRAIL. This could be investigated using a Boyden Chamber by treating macrophages with fluorescently conjugated liposomes and examining if successfully invaded cells express liposomes on their surface.    

[bookmark: _Toc122611150]6.2.4	TRAIL liposomes in a CRC model of peritoneal metastasis
	Cytoreductive surgery followed by HIPEC using “stone age” chemotherapies such as mitomycin c or oxaliplatin is the standard of care for patients with peritoneal carcinomatosis. A future direction of this dissertation is to investigate our TRAIL liposomes as a replacement of the standard HIPEC procedure. The peritoneal mesothelium, similar to the endothelium, has high expression of selectin ligands, and E-selectin adhesion is an essential mechanism of metastatic spread in ovarian, pancreatic and colorectal cancer [361,362]. This presents a promising opportunity for our E-selectin/TRAIL liposomes to bind selectin ligands within the peritoneum, arming the peritoneum with TRAIL for an extended period beyond surgery. Alternatively, liposomes could be modified to target peritoneal specific antigens such as carcinoembryonic antigen (CEA) instead of E-selectin [363]. Conjugation of anti-CEA Fab antibody fragments to the liposome surface would sequester free CEA while simultaneously delivering TRAIL to CEA expressing peritoneal metastases [364].      

[bookmark: _Toc122611151]6.2.5	Evaluate FSS resistance in tumor spheroids and CTC clusters
	Our lab has previously shown that clusters of cancer-associated fibroblasts (CAFs) with prostate cancer cells confer resistance to FSS [365]. Although rare in comparison to single CTCs, clusters have up to a 50-fold increase in metastatic potential, largely from to their ability to shield inner cells from inhospitable environments within the circulation [366,367]. Clusters often contain heterogenous cell populations, including cancer cells, fibroblasts, monocytes, neutrophils, and platelets. Future studies should expand on the FSS treatments used on single cancer cells in Chapter 4 to include heterogenous clusters of CRC cell lines with stromal cells. It will be intriguing to see what combinations of cells confer the greatest shear resistance, and if these protection mechanisms are conserved for both high magnitude shear pulses and constant shear stress conditions. Finally, it would be useful to study the presence of CTC clusters in the blood of metastatic colorectal cancer patients to identify which cell types are predominantly found within clusters, and how this correlates with treatment regimens and disease progression.   
  
[bookmark: _Toc122611152]6.2.6	Evaluate Piezo1 expression in patient tumors and CTCs
In Chapter 4, I highlighted that protein abundance data from multiple isogenic cell line models of metastasis show that metastatic cell lines have decreased Piezo1 expression. To further evaluate this, isolated CTCs from metastatic patients could be stained for Piezo1 expression and compared with Piezo1 expression in metastatic tumor samples from the same patient. Counterstaining CTCs with viability markers such as propidium iodide would demonstrate whether Piezo1 downregulation is necessary for survival in the circulation. Comparing this with Piezo1 expression from the primary and metastatic tumors in the same patient could provide evidence for Piezo1 as a clinical biomarker to predict CTC survival and metastatic spread.   

[bookmark: _Toc122611153]6.2.7	Further analysis of CSC phenotypes following FSS
 	In Chapter 4, I demonstrated that FSS decreased proliferation and increased expression of CD133, a CSC hallmark in CRC. CD133+ CRC populations have been characterized as increasingly migratory and refractory to chemotherapeutic agents [324,368]. Further analysis of cells surviving FSS treatments should include invasion assays, such as Transwell assays, to determine if FSS can prime cells for extravasation via CD133 upregulation. Additionally, wound healing assays could be utilized to assess changes in migratory potential following FSS. 
	It remains to be seen whether CD133+ cells are innately more resistant to FSS, or if FSS induces the observed increases in CD133 expression. To parse the cause-and-effect relationship between FSS and CD133, SW480 and SW620 cells could be FACS sorted based on CD133 expression. If CD133high cells are significantly more resistant to FSS, then the circulation may positively select for CD133+ subpopulations through a CD133-mediated protection mechanism. Conversely, if increases in CD133 expression are observed in CD133low cells after FSS, this would hint at a mechanotransduction effect, possibly through calcium signaling, that should be further explored.     

[bookmark: _Toc122611154]6.2.8	Determine the role of lipid rafts in membrane damage following FSS
	It would be interesting to understand the role of lipid rafts on membrane damage and repair following FSS. Chapter 4 showed that cells have adequate machinery to repair damaged parts of the cell membrane and prevent apoptosis. Future experiments should incubate cells with lipid raft destabilizers or cholesterol sequestering agents such as mβCD to understand the importance of LRs in membrane repair. It has been demonstrated that the pore-forming toxin streptolysin O (SLO) causes plasma membrane wounds that are repaired via lipid raft-mediated endocytosis at the injured site [321]. Since FSS pulses also caused membrane damage via the formation of pores, it would be intriguing to determine if lipid rafts are also responsible for FSS repair mechanisms. 
	It has been demonstrated that stiffer cells are more resistant to FSS, and cell softening agents such as cytochalasin D make cells more susceptible to FSS-mediated death [294]. While the cytoskeleton is known to play a dominant role in cell stiffness, cell membrane composition also has an important role. While cholesterol and LRs have been shown to decrease lateral fluidity in the membrane, they have paradoxically been shown to decrease cell stiffness through destabilization of linkages with the cortical cytoskeleton [369]. Since treatment with mβCD has been shown to increase cell stiffness through cholesterol depletion [370], it would be interesting to see these competing mechanisms at play. This would help answer the provocative question of whether lipid raft repair or cell stiffness is more crucial for survival from FSS damage. 

[bookmark: _Toc122611155]6.2.9	Engineer E-selectin/TRAIL liposomes with resveratrol
	Resveratrol has been used throughout this dissertation as a sensitizer to TRAIL-mediated apoptosis and Piezo1 activation. Despite its pleotropic effects in aging, inflammation, and cancer, resveratrol is rapidly metabolized following oral administration with Cmax concentrations well below thresholds of therapeutic benefit. Even with high dose supplements of 500 mg, bioavailability is poor with peak plasma concentrations of 72 ng/ml (0.31 µM) [371], over 100-fold less than that used in vitro in my studies. This presents a need to engineer delivery systems for the sustained release of resveratrol at targeted tissues. Recognizing this, multiple studies have formulated nanoparticles to increase bioavailability [372–374]. Interestingly, resveratrol has been easily loaded into liposomes using standard film hydration methods discussed in previous chapters and used for the production of E-selectin/TRAIL liposomes [372]. Future studies should optimize liposome formulations to improve resveratrol delivery, either through leakage from the liposome membrane in the vicinity of targeted cells, or through liposome fusion to the cell membrane. This could increase concentrations of lipid rafts locally within the membrane at areas where TRAIL is bound to death receptors, enhancing apoptotic signaling through mechanisms discussed previously. Simultaneously, delivery of resveratrol to CTCs in the circulation may increase Piezo1 activation from fluid shear stress or chemical activation. 
This leads into the next therapeutic iteration, which is to add Yoda1 delivery mechanisms within the current liposome design. Given Yoda1’s hydrophobicity and natural affinity for the cell membrane, some model systems have explored this Piezo1 opening mechanism in artificial droplet lipid bilayers [315]. This provides encouraging evidence that, like resveratrol, Yoda1 may stably integrate into the lipid bilayer with a sustained release profile. Alternatively, Yoda1 may be encapsulated within micelles, a common approach for delivering hydrophobic drugs. These Yoda1 micelles can be encapsulated within E-selectin/TRAIL liposomes using a “Micelle-in-Liposome” approach for greater stability and sustained release [375]. Combining resveratrol, Yoda1 and TRAIL within one LNP platform could provide extreme TRAIL sensitization to treat even the most resistant metastatic cancers (Figure 6.5). If Yoda1 delivery proves increasingly difficult, hydrophilic Piezo1 agonists such as Jedi1 can be encapsulated within the liposome core as an alternative approach. 


[bookmark: _Toc128994004]Figure 6.5. Next generation liposome approaches to increase TRAIL sensitization.
     
[bookmark: _Toc122611156]6.2.10	Determine the effects of hypercholesterolemia on lipid rafts and TRAIL signaling 
Obesity is on pace to overtake smoking as the leading environmental cause of cancer. Hypercholesterolemia is a common metabolic condition in obese individuals and been has shown to increase the risk of developing CRC and the incidence of metastatic disease [376,377]. Exogenous and membrane cholesterol concentrations have been shown to alter lipid raft function, structure, and prevalence in immune cells, having consequential effects on surveillance and signaling [376,378,379]. Therefore, it is hypothesized pathological levels of cholesterol within colorectal cancer cells would have dramatic effects on lipid raft structure and death receptor signaling. Comparing the TRAIL-sensitizing effects of hypercholesterolemia in parental and chemoresistant CRC cells may provide translational value in CRC patients with obesity-related comorbidities. This can be studied in vitro through media supplementation with water-soluble cholesterol and free fatty acids. Further, in vivo studies could compare differences in lipid raft composition and TRAIL signaling between non-obese mice and obese mice that are fed a high fat diet. 
	Additionally, it would be interesting to analyze differences in treatment response between parental and OxR derivative cell lines to determine if hypercholesteremia is partial to oxaliplatin-resistant cell populations. Studies have shown that serum cholesterol levels and hyperlipidemia can drive stemness in colorectal cancer, promoting EMT and resistance to chemotherapy [380]. This makes examining hypercholesterolemia within OxR cell populations particularly intriguing. 

[bookmark: _Toc122611157]6.2.11	Examine lipid raft protection mechanisms to promote immune evasion 
	Cytotoxic T lymphocytes (CTLs) elicit apoptosis in target cells through perforin secretion at the immunological synapse. Remarkably, this process is unidirectional in that CTLs remain spared from these perforin effects. A recent study showed that CTLs protect themselves through the arrangement of lipid rafts at the immune synapse which repel extracellular perforin [381]. This begs the question of whether cancer cells utilize similar mechanisms at the immune synapse to evade T cell killing. Future studies should closely examine the presence of lipid rafts on cancer cells at the immune synapse to determine if other cells possess this perforin repelling quality. Similar to cancer cell overexpression of checkpoint ligands like PD-L1 on the cell surface, lipid rafts may be another mechanism by which cancer cells have adapted to survive immune cell recognition.
  
[bookmark: _Toc122611158]6.2.12	Further elucidate the role of lipid rafts in mechanosensitive ion channel function
	In Chapter 4, I present the first evidence for the role of lipid rafts in the activation of Piezo1. While this data remains far from causal, this will hopefully spark further enthusiasm into further understanding how lipid rafts affect the opening of mechanosensitive ion channels. This may include utilizing patch-clamp electrophysiology and real-time calcium imaging for a more mechanistic understanding of ion channel opening. Piezo1 and other MSCs can also be integrated into biomimetic synthetic lipid bilayers, such as liposomes [382]. This is advantageous as it provides a tunable platform for precisely adjusting membrane composition while removing unwanted complexities of the cell membrane.   
       
[bookmark: _Toc122611159]6.2.13	Investigate other downstream effects from resveratrol + Yoda1 calcium influx
	Calcium is a secondary messenger that is critical in numerous cellular processes. Chapter 4 demonstrated that resveratrol increases Yoda1 activation and calcium influx, possibly through Piezo1 colocalization with lipid rafts. While this increase in calcium had little effect on apoptotic signaling, there are many other downstream processes to explore. For example, augmented cytosolic calcium in cancer is associated with increased migration and EMT [383,384]. Invasion and migration assays should be explored while investigating EMT hallmarks, such as cell surface vimentin and loss of E-cadherin.
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[bookmark: _Toc122611161]A.1	Abstract

CRC tumors have been characterized as having high infiltration of myeloid cells, specifically macrophages. MC38 cells have been used as a suitable model for hypermutated microsatellite instability high (MSI-H) CRC, while RAW264.7 cells are a macrophage cell line used extensively in vitro. The goal of this study was to examine the efficacy of TRAIL and TRAIL-conjugated liposomes within these commonly used mouse cell lines. Cells were plated overnight and treated with soluble TRAIL, DGS-NTA(Ni) liposomes conjugated with E-selectin/TRAIL (EST) proteins, or unconjugated EST liposomes for 24 hours. MC38 cells showed minimal sensitivity to TRAIL and unconjugated EST liposomes but were significantly sensitive to EST-conjugated liposomes. MC38 cells were characterized as having high expression of DR5, the only functional TRAIL receptor capable of inducing apoptosis in mouse cells. Interestingly, TRAIL and TRAIL-conjugated liposomes displayed minimal apoptotic effects on RAW264.7 macrophages. TRAIL-mediated apoptosis remained similar between unpolarized M0 macrophages and M1/M2 polarized cells, however M0 and M2 phenotypes had higher expression of DR5. To lay the groundwork for future 3D treatment studies, MC38 cells successfully formed 3D spheroids in monocultures and in cocultures with RAW264.7 cells using AggreWell™800 plates. Overall, E-selectin/TRAIL liposomes were found to be more effective than TRAIL to kill MC38 cells in vitro, prompting future studies to test liposome efficacy in 3D cultures and metastatic mouse models.  
[bookmark: _Hlk121912425][bookmark: _Toc122611162]A.2	Introduction

	Carcinogenic-induced mouse models of CRC have existed for nearly 80 years and have been crucial in the understanding of colon cancer biology [336]. More recently, genetically engineered mouse models (GEMMs), such as APC mutant models, have been developed to study both sporadic and hereditary CRC. While these inducible models are useful to study carcinogenesis, chemotoxicity, and immune cell infiltration in mice, they lack invasiveness and metastatic potential. To overcome these limitations, subcutaneous or orthotopic injection of stable CRC mouse cell lines have been utilized [329,334,351]. Orthotopic injection specifically has been shown to replicate metastatic spread seen in humans. Injection of human-derived cell lines requires transgenic “humanized” mice that lack a full immune complement to prevent host-immune rejection of tumors. Mouse-derived CRC cells, however, can be orthotopically or subcutaneously injected into wild-type mice to study tumor-immune cell interactions in vivo. For this reason, many current cancer immunotherapy studies use chemically-induced cell lines generated from a mouse, and transplant them subcutaneously or orthotopically [329,334,336,351].             
The MC38 cell line was derived from a DMH (1,2-dimethylhydrazine dihydrochloride)-induced grade III colon adenocarcinoma in a female C57BL/6 mouse. Another commonly used syngeneic CRC model is the CT26 cell line, which was derived from a N-nitroso-N-methylrethane-induced colon carcinoma in a BALB/c mouse. Both of these carcinogen-induced models are characterized as having a high mutational burden and are suitable for the study of hypermutated human colon tumors [385]. However, MC38 cells are characterized as being more immunogenic with over six-fold greater immunoedited mutations compared to CT26 cells [386]. Additionally, MC38 cells have been characterized as MSI-H with mutations within MMR genes. MSI-H/MMR-deficient CRC accounts for approximately 15% of all cases, and these tumors are characterized as having increased neoantigens, higher infiltration of CD8+ T cells, and a more favorable response to checkpoint blockade therapy. MC38 tumors have shown greater resistant to chemotherapy in vivo, while both MC38 and CT26 tumors have demonstrated some response to anti-PD-1/PD-L1 and anti-CTLA-4 therapy [349,350]. 
 Tumor associated macrophages (TAMs) have been shown to account for a large portion of cells within the tumor microenvironment (TME) and can undergo phenotypic polarization to support tumor progression [387]. M1 differentiated macrophages are characterized as proinflammatory and can kill tumor cells within the TME via phagocytosis. The presence of M1 macrophages in tumors is associated with favorable prognosis in patients [388]. Proinflammatory cytokines such as IFN-γ and TNF-α cause M1 differentiation, leading to the macrophage secretion of IL-6 to recruit other immune populations within the TME [387]. On the contrary, M2 macrophages are an anti-inflammatory subtype of cells that are activated from anti-inflammatory cytokines such as IL-4 and IL-10. CRC cells have been shown to convert TAMs within the TME into M2 phenotypes to promote tumorgenicity. Once differentiated, M2 macrophages can promote tumor survival though regulatory T cell (Treg) recruitment, suppression of CD8+ T cells, and expression of checkpoint ligands PD-1 and CTLA-4 [387]. While these two macrophage subtypes are very distinct, their characterization is not binary, but rather exists on a spectrum between M1-like and M2-like [389]. This has motivated the discovery of therapeutics that can regulate macrophage plasticity within the TME to promote anti-tumor immunity. 
The stromal landscape within MC38 tumors has been characterized by expansion of Tregs and TAMs during tumor development [350]. Accordingly, research suggests combining Treg or macrophage targeted agents in combination with checkpoint inhibitors may enhance treatment efficacy. Apart from the well characterized anti-cancer effects of TRAIL, recent studies have shown that TRAIL also induces apoptosis of TAMs while sparing other immune cell populations [360]. Additionally, there is some evidence that TRAIL may preferentially induce apoptosis in M2-like macrophages compared to M1 populations through upregulation of functional death receptor 5 (DR5). In this study, I investigate the apoptotic effects of TRAIL and TRAIL-conjugated liposomes in MC38 cells. Additionally, I elucidate death receptor expression and TRAIL response within the RAW264.7 macrophage-like cell line for the first time. Finally, I demonstrate successful 3D spheroid cocultures of MC38 and RAW264.7 cells for future studies to investigate treatment responses within a more complex tumor microenvironment.   


[bookmark: _Toc122611163]A.3	Results

[bookmark: _Toc122611164]A.3.1	E-selectin/TRAIL are conjugated to liposomes via DGS-NTA(Ni) lipids
	E-selectin/TRAIL liposomes (EST) were created using a thin film hydration method discussed in Chapter 3. Liposomes were stepwise extruded through 400nm, 200nm and 100nm filters, yielding liposomes approximately 100 nm in size. His-tagged TRAIL and E-selectin were conjugated to the liposome surface via DGS-NTA(Ni) lipids (Figure A.1A). Extrusion yielded monodispersed liposomes with a low polydispersity index (PDI) (Figure A.1B, D). To demonstrate successful conjugation via this click-chemistry mechanism, liposomes were synthesized with (+) or without (-) DGS-NTA(Ni). Size measurements via dynamic light scattering (DLS) demonstrate EST(+) liposomes had an increase in average diameter compared to Naked Liposomes with no proteins and EST(-) liposomes, indicating successful conjugation (Figure A.1B-C). Cryo-transmission electron microscopy (CryoTEM) images allow for direct visualization of proteins on the liposome surface (Figure A.1E).



















[bookmark: _Toc128994005]Figure A.1. His-tagged E-selectin/TRAIL are successfully conjugated to the surface of nanoscale liposomes. 
(A) Liposomes are synthesized using a thin film hydration method, extrusion, and click-conjugation of his-tagged proteins. (B) Size, polydispersity, zeta potential and concentration measurements. (C) Average liposome size measurements. N=2; n=6; ***p<0.001. (D) Size distribution histograms in conjugated and unconjugated liposomes. (E) Cryo-TEM images of naked and EST liposomes. White arrows show proteins on the liposome surface. Scale bar = 100 nm.     
 





[bookmark: _Toc122611165]A.3.2	Liposome-conjugated TRAIL is required to induce apoptosis in MC38 cells
	MC38 cells were confirmed to have expression of the singular functional mouse TRAIL receptor, DR5, prompting investigation of treatment efficacy with our liposomes (Figure A.2D). MC38 cells were treated with soluble TRAIL (100 ng/ml), naked liposomes, or EST liposomes (at equivalent concentrations of TRAIL, 100 ng/ml). EST liposome treatment increased the percentage of apoptotic cells and decreased cell viability compared to soluble TRAIL (Figure A.2A). Images confirm shrunken morphology, membrane blebbing and floating cells, all indicative of apoptosis. Interestingly, liposomes conjugated with E-selectin and TRAIL had a significantly more pronounced effect on cell viability and apoptosis compared to unconjugated E-selectin/TRAIL liposomes or soluble TRAIL (Figure A.2B-C). This demonstrates that even in static in vitro cultures, liposomal TRAIL more effectively induces apoptosis in this mouse CRC cell line. From this point forward, all studies with EST liposomes are referring to EST+ conjugated liposomes containing DGS-NTA(Ni).






















[bookmark: _Toc128994006]Figure A.2. EST-conjugated liposomes induce apoptosis in MC38 cells. 
(A) Annexin-V/PI plots showing necrotic (Q1), late apoptotic (Q2), early apoptotic (Q3), and viable cells (Q4) from liposome and TRAIL treatments. Corresponding brightfield images showing dramatic increases in apoptotic cells (rounded morphology) in EST+ Liposome treated samples. Scale bar = 200 µm (B-C) Cell viability and apoptosis quantified, respectively. N=3; ns=non-significant *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001. (D) Expression of DR5 in MC38 cells. Gray = control, blue = isotype, red = anti-mouse DR5.  
 




[bookmark: _Toc122611166]A.3.3	Naïve and M2 polarized RAW264.7 macrophages have higher expression of DR5 but remain resistant to EST liposomes. 
	RAW264.7 cells have been used as a suitable model of mouse macrophages for in vitro immunomodulation assays and cocultures [390]. Naïve M0 macrophages were polarized into M1 or M2 phenotypes using a previously described protocol [391]. Proinflammatory M1 macrophages were polarized by incubating with lipopolysaccharides (LPS) and INF-γ for 48 hours. Conversely, M2 tumor associated macrophages were polarized by treating with IL-4 for 48 hours. M1 cells have a starkly different appearance than M2 cells in culture, having a larger spindle shaped morphology (Figure A.3A). Immediately following the 48-hour polarization, macrophages were recovered and stained for expression of DR5. M0 macrophages were the highest expressors of DR5 while M1 cells had the lowest expression (Figure A.3B-C). All macrophages had lower expression of DR5 than MC38 cells. Polarized RAW264.7 cells were also treated with liposomes and soluble TRAIL. In accordance with the higher DR5 surface expression, naïve M0 cells were slightly sensitive to EST liposomes, and significantly more sensitive than polarized phenotypes (Figure A.3B-C). However, normalized viability remained greater than 80%, demonstrating the TRAIL-resistant nature of the RAW264.7 cell line.   



[bookmark: _Toc128994007]Figure A.3. Naïve and polarized RAW264.7 macrophages are resistant to TRAIL and EST liposomes.
 (A) Polarization protocol with images highlighting morphological differences between M0, M1 and M2 phenotypes. Scale bar = 200 µm. (B) Flow cytometry histograms of DR5 staining in naïve and polarized macrophages. Gray = control, blue = isotype, red = anti-mouse DR5. (C) Quantification of normalized median fluorescence intensity (MFI). Normalized MFI was calculated by dividing the median PE intensity of DR5 stained samples by the unstained control of each polarization condition. (D) Cell viability following 24 h treatments measured using Annexin-V/PI staining. N=3; **p<0.01 ***p<0.001 ****p<0.0001.    

[bookmark: _Toc122611167]A.3.4	MC38 cells form spheroids of tunable size in monocultures and cocultures with RAW264.7 cells 
	While 2D cultures are commonly used as a starting point to determine treatment efficacy, they lack physiological relevance and often are not predictive of in vivo response [392]. Three-dimensional spheroid cell cultures more closely mimic the architectures of tumors and represent an added challenge for treatment response. For example, our lab has previously shown that prostate cancer cells respond differently to chemotherapy in 3D spheroids compared to 2D cultures [393]. Taking this into account, I wanted to identify the spheroid forming characteristics of MC38 and RAW264.7 cells to lay the groundwork for future treatment studies. 
	Spheroids were formed using AggreWell™800 Microwell Culture Plates. Spheroid size was adjusted by changing initial seeding concentrations from 1,000 - 5,000 cells per spheroid. Naïve RAW264.7 cells alone did not form reproducible spheroids, but occasionally formed clusters of approximately 10-30 cells (Figure A.4A). MC38 cells formed spheroids with diameters that increased with seeding density, ranging from 0.4-0.5 mm (Figure A.4B). While RAW264.7 cells did not form spheroids by themselves, they did form spheroids in cocultures with MC38 cells. Higher ratios of RAW264.7:MC38 seeding corresponded with spheroids that were smaller in diameter (Figure A.4C). While this is likely due to RAW264.7 cells being much smaller, further studies should verify the presence of both cell lines within the formed spheroids to rule out the possibility of macrophage exclusion.  















[bookmark: _Toc128994008]Figure A.4. MC38 cells form reproducible spheroids with tunable diameters depending on seeding density.
 (A) Representation of small RAW264.7 clusters. (B)  MC38 spheroids of varying sizes dependent upon seeding density. (C) Cocultures of RAW264.7 and MC38 cells at varying ratios. 1k = 1,000 cells per spheroid, 2.5k = 2,500 cells per spheroid and 5k = 5,000 cells per spheroid seeding density. Scale bar = 200 µm for all images. n=30 spheroids analyzed per condition; *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001.    







[bookmark: _Toc122611168]A.4	Discussion
	
	Our lab has demonstrated the utility of TRAIL-conjugated liposomes as an effective antimetastatic therapy through sensitization from fluid shear stress in the bloodstream [270,356]. E-selectin/TRAIL liposomes are advantageous compared to soluble TRAIL for in vivo applications as they have prolonged time in the circulation through immune cell hitchhiking. Interestingly, I have determined that TRAIL liposomes induce apoptosis to a significantly higher degree than soluble TRAIL in static 2D cultures with MC38 cells. Liposomes with unconjugated TRAIL had minimal apoptotic effects, likely pointing to an enhanced effect of TRAIL signaling due to conjugation with the liposome membrane. There is a highly regarded study from Wajant and colleagues that demonstrated TRAIL-R1 (DR4) is activated by both soluble and membrane TRAIL while TRAIL-R2 (DR5) is only activated by membrane TRAIL or TRAIL that is artificially cross-linked [394]. Studies in multiple other ligand-receptor interactions suggest that artificial cross-linking of soluble ligands mimics the biological activity of its membrane form [395]. This group also determined that soluble TRAIL can be converted to a TRAIL-R2 signaling ligand via artificial immobilization to the cell surface using a TRAIL-fusion protein [394]. Importantly, mouse cells only express one functional death receptor with homology closest to human TRAIL-R2/DR5. This would suggest that TRAIL signaling in mouse cells also requires membrane or cross-linked TRAIL. TRAIL conjugated to the surface of our liposomes may exhibit enhanced signaling via a similar mechanism to cross-linking, which is analogous to its membrane form. Additionally, E-selectin dependent immobilization on the cell surface may also contribute to increased ligand-receptor interaction. A more mechanistic understanding of the differences between soluble TRAIL and liposomal TRAIL on receptor binding and activation should be explored in future studies. 
	I also demonstrated that despite evidence for the apoptotic effects of TRAIL in primary derived macrophages, RAW264.7 cells were resistant to TRAIL and EST liposomes. Naïve M0 cells displayed slight decreases in viability from EST liposomes which may be explained by higher surface expression of DR5. EST liposomes had no effect on polarized M1 and M2 phenotypes. While RAW264.7 cells have proven to be a suitable macrophage model to study immunomodulators, they also differ substantially from bone marrow derived macrophages in biological processes including cell cycle control, cytoskeletal organization, and apoptosis [396]. Therefore, it is important to also test EST liposomes in primary derived cells before making conclusions on their macrophage targeting abilities. 
In conclusion. E-selectin/TRAIL liposomes initiate apoptosis in MC38 cells which is dependent on successful conjugation of TRAIL to the liposome membrane. Demonstrating successful formation of MC38 spheroids is an initial important step for evaluating treatment efficacy in 3D models. Future studies should examine liposome treatments in these 3D spheroids and compare their efficacy with that in 2D. Determining macrophage polarization as a result of 3D spheroid cocultures with MC38 cells will also be key to understanding how the tumor microenvironment regulates immune function. These studies will be key before testing liposomes in an MC38 orthotopic mouse model, such as that described in Chapter 5. 
	

[bookmark: _Toc122611169]A.5	Materials and Methods

[bookmark: _Toc122611170]A.5.1 	Cell Culture	
	MC38 cells were purchased from Kerafest and cultured in Dulbecco's Modified Eagle Medium (DMEM) containing 4.5 g/L D-Glucose, L-glutamine, and 110 mg/L sodium pyruvate. Media was supplemented with 10% fetal bovine serum (FBS), 1% PenStrep, 1x MEM Nonessential Amino Acids and 1 mM HEPES. Cells were maintained in a humidified incubation chamber at 37ºC and 5% CO2. Cells were passaged every 2-3 days, or at 50% - 70% confluency by lifting with 0.05% Trypsin-EDTA and subculturing at 1:5-1:10 ratios.
	RAW264.7 cells were purchased from ATCC and cultured in (DMEM) containing 4.5 g/L D-Glucose, L-glutamine, and 110 mg/L sodium pyruvate. Media was supplemented with 10% FBS and 1% PenStrep. Cells were passaged ever 3-5 days by scraping and subculturing at 1:5 – 1:10 ratios.  

[bookmark: _Toc122611171]A.5.2 	Liposome Synthesis and Characterization 	
	L-α-phosphatidylcholine (Egg PC), sphingomyelin (Egg SM), cholesterol, and 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] (nickel salt) (18:1 DGS-NTA(Ni)) were purchased from Avanti Polar Lipids and reconstituted in chloroform and added at a 5:3:1:1 ratio by mass, respectively, for a total combined mass of 10 mg. Samples without DGS-NTA(Ni) were combined at a 6:3:1 ratio. The solution was dried overnight under vacuum in a desiccation chamber. The lipid film was hydrated the next day in 700 µl of liposome buffer (DI water with 150 mM NaCl, 10 mM HEPES, and 1 mM MgCl2) and sonicated in a water bath at 50ºC for 1 h with interment vertexing. The resulting multilammelar vesicles were extruded through a 400 nm pore filter 10x, 200 nm filter 10x, and 100 nm 20x. His-tagged TRAIL (Enzo) and E-selectin (R&D Systems) were added to 200 µl of liposomes at 22.5 µg/ml and 15 µg/ml concentrations, respectively, and then incubated for 30 min at 37ºC. Liposomes were stored at 4ºC on a rotator for up to one week.  	

[bookmark: _Toc122611172]A.5.3 	Annexin-V/PI Apoptosis Assays	
	MC38 cells were plated in a 12 well plate at 100,000 cells per well and naïve RAW264.7 cells were plated at 200,000 cells per well. Cells were treated with soluble TRAIL (100 ng/ml), EST liposomes with/without DGS:NTA(Ni) (0.1 mg of lipids or 100 ng/ml TRAIL), or naked liposomes with/without DGS:NTA(Ni) (0.1 mg lipids) for 24 h. After 24 h cells and the supernatant were recovered, washed 1x with HBSS and stained with 5 µl Annexin-V and 5 µl PI for 15 min at room temperature. Cells were immediately analyzed using a Guava easyCyte 12HT benchtop flow cytometer. Viable cells were identified as negative for both Annexin-V and PI, early apoptotic cells as positive for Annexin-V only, late apoptotic cells were positive for both Annexin-V and PI, and necrotic cells were positive for PI only. Flow cytometry plots were analyzed using FlowJo v10.8.0 software.         

[bookmark: _Toc122611173]A.5.4 	RAW264.7 Polarization
	RAW264.7 cells were seeded at 200,000 cells per well in a 12 well plate for 24 hours. For M1 polarization, media was supplemented with 100 ng/ml LPS and 20 ng/ml INF-γ for 48 hours. For M2 polarization, media was supplemented with 20 ng/ml IL-4 for 48 hours. For liposome/TRAIL treatments, polarization factors were left in solution during overnight treatments. 

[bookmark: _Toc122611174]A.5.4 	Flow Cytometry DR5 Staining
	Cells were collected from 12 well plates and washed with HBSS. Samples were fixed with 4% PFA for 15 min at RT, then washed and blocked in 1% BSA for 20 minutes. Cells were incubated with 1 µl mouse TruStain FcX for 10 minutes, then incubated with either 5 µl PE anti-mouse CD262 (DR5) or PE Anti-IgG Isotype Ctrl Armenian Hamster Monoclonal Antibody for 30 min on ice. Finally, cells were washed 2x with HBSS and analyzed via flow cytometry.	

[bookmark: _Toc122611175]A.5.4 	Spheroid Formation and Characterization
	Spheroids were formed using the AggreWell™800 Microwell Culture Plates in accordance with the manufacturer’s protocol. Briefly, wells were coated with 500 µl of anti-adherence solution and centrifuged, then rinsed 2x with media. Cells were plated at 1.5 million cells/well (for 5,000 cells per spheroid), 750,000 cells/well (for 2,500 cells per spheroid), or 300,000 cells/well (for 1,000 cells per spheroid). For cocultures, cells were mixed thoroughly at appropriate ratios to a final concentration of 750,000 cells/well before plating. Plates were centrifuged at 300xg for 5 minutes, and then incubated for 5 days (approximately 6 doubling times). Images were taken using an Olympus microscope and analyzed in ImageJ.    
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[bookmark: _Toc122611177]B.1	Abstract
	
Natural Killer (NK) cell functionality is a strong indicator of favorable prognosis in cancer patients, making NK cells an appealing therapeutic target to prevent lymph node dissemination. I engineered liposomes that were conjugated with anti-CD335 antibodies for NK cell targeting, and the apoptotic ligand TRAIL to kill cancer cells. TRAIL/anti-CD335 liposomes successfully bound to isolated NK cells in vitro. Once piggybacked to the surface of NK cells, these “Super Natural Killer Cells” were able to more effectively kill oxaliplatin-resistant SW620 cells and COLO205 cells via TRAIL-mediated apoptosis compared to NK cells alone. Super NK cells were more effective under physiological levels of fluid shear stress found in the lymphatics. Liposome biodistribution after intravenous administration confirmed the sustained presence of liposomes within the spleen and tumor draining mesenteric lymph nodes for at least four days. These results provide the groundwork for in vivo treatment studies in an orthotopic mouse model of CRC metastasis.     

[bookmark: _Toc122611178][bookmark: _Hlk122424133]B.2	Introduction

It is estimated that approximately 80% of cancers metastasize initially through lymphatics [397]. While the majority of all cancer related death is attributed to metastasis, there exist no effective anti-metastatic therapies to prevent lymphatic dissemination [398]. The tumor draining lymph nodes (TDLN) are often the first site of cancer metastasis and are indicative of tumor dissemination and poor prognosis due to the leaky and tortuous nature of lymphatic vessels [397]. Once in the TDLN, cancer cells have access to lymphatic and blood vessels that act as highways to distant organs. 
An innate component of the lymph nodes are a subset of lymphocytes known as natural killer (NK) cells, which have been shown to exhibit an anti-tumor response but alone are ineffective in preventing metastasis [397]. NK cells have demonstrated anti-tumor effects through granzyme and perforin secretion as well as production of type II IFNs to recruit other immune cells [399]. NK cells have also been shown to mediate cancer cell cytotoxicity in part through the expression of membrane TRAIL on the cell surface [53,400]. Additionally, NK cells have been shown to detect and kill MHC mutant cancer cells that evade T cell detection. Many studies have shown that poor NK cell functionality is strongly correlated with recurrence and poor prognosis in patients, demonstrating their importance in anti-tumor surveillance [401–403].  
Cancer cells residing within the TDLN can compromise immune functionality, thereby promoting distal dissemination. This demonstrates a need for a sentinel lymph node targeted therapy that provides a more robust anti-tumor response. In this study, I engineered and optimized liposomes conjugated with TRAIL and an NK cell targeted antibody. These liposomes bind effectively to NK cells to form a complex we termed “Super Natural Killer Cells”. The efficacy of Super NK cells was tested against clinically relevant chemoresistant and metastatic CRC cell lines under static conditions and physiological levels of fluid shear stress. Finally, liposome biodistribution was investigated in mice for different routes of administration to lay the groundwork for future in vivo studies. 







[bookmark: _Toc122611179]B.3	Results

[bookmark: _Toc122611180]B.3.1	TRAIL/anti-CD335 liposomes bind NK cells in vitro
Our lab has previously shown the efficacy of TRAIL/anti-NK1.1 liposomes to prevent metastasis in a subcutaneous mouse model [404]. However, we have yet to investigate how different NK cell targeting antibodies improve liposome binding. To improve liposome binding, three antibodies were chosen targeting three different NK cell specific mouse antigens: NK1.1 (CD161), CD49b and CD335. While NK1.1 has previously been considered the most specific marker on murine NK cells in C57BL/6 mice, CD335 is also a highly specific marker that is expressed on human and mouse NK cells [405,406]. TRAIL and NK cell antibodies were thiolated using Traut's Reagent (2-iminothiolane) and conjugated to the surface of PEG-Maleimide liposomes via click chemistry (Figure B.1A). Dynamic light scattering (DLS) was used to quantify diameter size and confirm successful protein conjugation. Interestingly, TRAIL/anti-CD335 liposomes were the only group to have a significant increase in diameter, indicating successful conjugation. E-selectin/TRAIL liposomes discussed in Appendix A only saw modest increases in size after conjugation, likely due to the smaller hydrodynamic radii of these proteins. Meanwhile, IgG antibodies are much larger (150 kDa) with hydrodynamic radii of nearly 12 nm, making it easier to detect size differences from conjugation. A size increase from 109.3 ± 2.1 nm to 122.5 ± 2.9 nm with no changes in polydispersity confirmed successful conjugation of anti-CD335 and TRAIL (Figure B.1B).  
To monitor binding to NK cells, liposomes were incorporated with the near-infrared fluorescent lipid dye DiR. NK cells were isolated from the spleen of C57BL/6 mice and incubated with liposomes for 30 min. Anti-CD335 liposomes saw the most specific binding with over a four-fold increase compared to anti-CD49b and a two-fold increase from anti-NK1.1 liposomes (Figure B.1C).








[bookmark: _Toc128994009]Figure B.1. TRAIL/anti-CD335 liposomes bind NK cells in vitro.
 (A) TRAIL and NK cell antibodies were thiolated using 2-imminothiolane and click conjugated to liposomes containing DSPE-PEG-Maleimide lipids. (B) Liposome size measurements from DLS. N=3 **p<0.01. (C) Fluorescent liposomes were incubated with NK cells for 30 min and fluorescence was measured using flow cytometry. Values represent binding specificity compared to naked (unconjugated) liposomes.      
 
 




[bookmark: _Toc122611181]B.3.2	Super NK cells kill clinically relevant CRC cell lines under static and lymphatic flow conditions	
	To investigate the apoptotic effects of TRAIL/anti-CD335 liposomes, Super NK cells were formed by incubating liposomes with NK cells and then centrifuging to remove unbound liposomes. SW620 OxR and COLO205 CRC cells were treated with a 1:1 ratio of Super NK cells or controls, and apoptosis was measured using Annexin-V/PI staining (Figure B.2A). SW620 OxR is an oxaliplatin-resistant derived cell line isolated from the TDLN of a patient, described in detail in Chapter 3. COLO205 is a metastatic cell line derived from the ascites of a Stage IV CRC patient. Super NK cells significantly reduced cell viability in both cell lines compared to NK cells alone (Figure B.2B). COLO205 cells were more sensitive, with only 20% viable cells after 24 hours. Visualization via SEM confirms that Super NK cells were able to recognize CRC cells under static conditions, causing membrane blebbing and eventual apoptotic arrest (Figure B.2C). 
	Mouse lymphatic vessels have been characterized as having fluid forces between 0.4-12 dyne/cm2 [407,408]. To study the effects of Super NK cells under these forces, Super NK cells were cocultured with SW620 OxR cells in a cone and plate viscometer and sheared at 2 dyne/cm2 for 4 hours. This physiological FSS resulted in significant therapeutic sensitization, reinforcing the synergy between FSS and TRAIL that is observed comprehensively throughout this dissertation (Figure B.3A-B).          



















[bookmark: _Toc128994010]Figure B.2. Super NK cells kill CRC cell lines in vitro.
 (A) Representative Annexin-V/PI plots showing increases in apoptotic SW620 OxR cells from a 24 h coculture with Super NK cells.   (B-C) Cell viability quantified after 24 h treatments in SW620 OxR and COLO205 cells, respectively. NK and Super NK cells were added at a 1:1 ratio with CRC cells. N=5, N=6, respectively.   **p<0.01 ***p<0.001 ****p<0.0001. (D) SEM images of Super NK cells inducing apoptosis in SW620 OxR cells. Super NK cells in proximity of a healthy SW220 OXR cell (left image), Super NK cell attaching to a SW620 OxR cell forming the immune synapse and initiating apoptosis (middle), large membrane blebbing and rounded morphology of an apoptotic SW620 OxR cell (right). Scale bar = 5 µm. 






[bookmark: _Toc128994011][bookmark: _Hlk122470629]Figure B.3. Fluid shear stress sensitizes SW620 OxR cells to Super NK cells.
 (A) Representative Annexin-V/PI plots showing increases in Super NK cell-mediated apoptosis when combined with 2 dyne/cm2 FSS for 4 h.  (B) Cell viability quantified 24 h after Super NK cell treatment. N=3, *p<0.05 **p<0.01. 











[bookmark: _Toc122611182]B.3.3	Intravenous administration of liposomes shows prolonged retention within the lymph nodes
	To investigate liposome biodistribution in vivo, B6(Cg)-Tyrc-2J (albino B6) mice were used. The lack of fur pigmentation in these albino mice allowed for noninvasive monitoring of liposome biodistribution using the DiR liposome dye. DiR was chosen since near-infrared fluorescence has greater penetrance though the skin. Mice were injected with either naked (unconjugated) or TRAIL/anti-CD335 liposomes and imaged periodically using an IVIS over the course of 3 days. Intravenous (IV) and intraperitoneal (IP) administration were compared to determine differences in organ and lymph node accumulation. Regardless of the administration route or conjugated moieties, liposomes were found to circulate for over 3 days and were found within the spleen, lymph nodes, liver, and colon after 4 days (Figure B.4A-B). IV injection was associated with increased liposome retention, specifically within the inguinal and mesenteric lymph nodes, compared to IP injection. 
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[bookmark: _Toc128994012]Figure B.4. Liposome biodistribution shows retention within the lymph nodes of B6(Cg)-Tyrc-2J mice for more than 4 days.
 (A) Liposomes were tagged with the near-infrared lipid dye DiR and fluorescence biodistribution was imaged noninvasively using an IVIS.  (B) Concentrations of liposomes within organs and lymph nodes following necropsies at the 96 h timepoint. IV: Intravenous administration, IP: Intraperitoneal administration.   











[bookmark: _Toc122611183]B.4	Discussion

Our lab has previously shown the efficacy of TRAIL/anti-NK1.1 liposomes in a subcutaneous mouse model [404]. In the present study, I examined how different NK cell specific antibodies can improve liposome binding. Anti-CD335 liposomes not only demonstrated optimal conjugation, but also saw the highest specific binding to NK cells. CD335 is also an appealing target as it is an NK cell specific marker on both mouse and human NK cells [405]. Previous liposome iterations were targeted to NK1.1 which is solely expressed on mouse NK cells. This improves the translatability of our liposome design for future clinical use.
TRAIL/anti-CD335 liposomes attached to NK cells were able to successfully induce apoptosis and reduce viability in two different clinically relevant CRC cell lines. Applying physiological levels of FSS present in the lymph nodes significantly increased the apoptotic effects of Super NK cells, likely due to the activation of mechanosensitive ion channels and influx of calcium. 
Biodistribution data encouragingly showed a sustained presence of liposomes within the lymph nodes for at least four days. Interestingly, IV injection showed greater distribution and increased circulation compared to IP injection. Further, IV injection saw greater presence of liposomes within the spleen and mesenteric and inguinal lymph nodes, where NK cells reside. This is important, as the previous TRAIL/anti-NK1.1 liposome study in subcutaneous tumors used an intertumoral injection of liposomes. In more advanced orthotopic models, like that discussed in Chapter 5, systemic administration via an IV or IP injection will be necessary. These results support that tail vein injection adequately circulates liposomes within the lymph nodes, specifically the mesenteric lymph nodes which act as the TDLN in CRC metastasis. 

        
[bookmark: _Toc122611184]B.5	Materials and Methods

[bookmark: _Toc122611185]B.5.1	Cell Culture
SW620 OxR cells were obtained from Dr. Mika Hosokawa at Kobe Pharmaceutical University in Japan and were cultured in Leibovitz's L-15 cell culture medium. COLO205 cells were purchased from ATCC and cultured in RPMI media. Complete growth media was supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) PenStrep. COLO205 cells are semi-adherent, and as such were passaged by recovering cells in suspension and adherent cells using Trypsin. Cells were stored in a humidified incubation chamber at 37ºC and 5% CO2. 

[bookmark: _Toc122611186]B.5.2	NK cell isolation
Male C57BL/6 mice were sacrificed, and the spleen was resected. The spleen was ground into a pulp in a petri dish with 3-5 ml of media. The pulp was pipetted through a 40 µm nylon mesh filter to remove remaining chunks of tissue and the pass through was collected and centrifuged at 300xg for 5 minutes. The pellet was resuspended in 4 ml of 1x RBC lysis buffer for 5 minutes on ice. After RBCs were lysed, 10 ml of media was added and remaining mononuclear immune cells were centrifuged. Nk cells were isolated by immunomagnetic negative selection using the EasySep Mouse NK Cell Isolation Kit from StemCell. On average, one mouse spleen yields 1x106  NK cells.  

[bookmark: _Toc122611187]B.5.3	Liposome Synthesis and Characterization 
	Egg PC, cholesterol, DiR, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000] (DSPE-PEG), and DSPE-PEG-Maleimide were purchased from Avanti Polar Lipids, reconstituted in chloroform and combined at a 64:31:1:3:1 molar ratio, respectively, for a total combined mass of 5.15 mg. The solution was dried overnight under vacuum in a desiccation chamber. The lipid film was hydrated the next day in 700 µl of liposome buffer and sonicated in a water bath at 50ºC for 1 h with interment vertexing. The resulting multilamellar vesicles were extruded through a 200 nm filter 10x, and 100 nm 20x. NK cell antibodies and TRAIL were thiolated by incubating with 2-iminothiolane (Traut’s Reagent) at a 1:12 molar ratio (Ab:Traut) for 2 h at RT in pH 8.0 PBS buffer with 6 mM EDTA. Excess Traut was removed using 10k spin columns, washing 2x with 100 mM potassium acetate. Thiolated antibodies/TRAIL were conjugated with liposomes overnight at 4°C.  

[bookmark: _Toc122611188]B.5.4	Annexin-V/PI Assays
	SW620 OxR and COLO205 cells were plated overnight at 100,000 cells/well in 24 well plates. The next day, the media was replaced with fresh media containing treatments: naked liposomes, TRAIL liposomes (no NK antibodies), 100,000 NK cells, or 100,000 Super NK cells. For Super NK cells, conjugated TRAIL/anti-CD335 liposomes were incubated with NK cells for 30 min and centrifuged to remove unbound liposomes. After 24 h cells were recovered using Trypsin, washed, and incubated with Annexin-V/PI. NK cells were differentiated from cancer cells by observing forward and side scatter; NK cells (and lymphocytes generally) are tightly clustered, smaller, and less granular than cancer cells.
	   For FSS experiments, Super NK cells were loaded into a cone-and-plate viscometer at a 1:1 ratio with SW620 OxR cells. Cells were sheared at 2 dyne/cm2 for 4 hours and then incubated overnight in 24 well plates. Apoptosis was measured after 24 h in the same manner discussed above.  

[bookmark: _Toc122611189]B.5.5	In Vivo Biodistribution 
	Eight-week-old B6(Cg)-Tyrc-2J (albino B6) mice were purchased from Jackson Labs. Mice were injected with 150 µl of naked or TRAIL/anti-CD335 liposomes through the tail vein (IV) or intraperitoneally (IP). Biodistribution was monitored using an IVIS at 740 nm emission (far red) over the span of 96 hours. Mice were sacrificed after 4 days and necropsies were performed to look at biodistribution within individual organs. 
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[bookmark: _Toc122611191]C.1	Abstract

The majority of all cancers metastasize initially through the lymphatic system. Despite this, the mechanisms of lymphogenous metastasis remain poorly understood and understudied compared to hematogenous metastasis. Over the past few decades, microfluidic devices have been used to model pathophysiological processes and drug interactions in numerous contexts. These devices carry many advantages over traditional 2D in vitro systems, allowing for better replication of in vivo microenvironments. This review will highlight prominent fluidic devices used to model the stages of cancer metastasis via the lymphatic system, specifically within lymphangiogenesis, vessel permeability, tumor cell chemotaxis, transendothelial migration, lymphatic circulation, and micrometastases within the lymph nodes. In addition, we present perspectives for the future roles that microfluidics might play within these settings and beyond.
[bookmark: _Toc122611192]C.2	Introduction: The Rise of Microfluidics 

The discrepancies between scientific data gathered in vitro and in vivo versus clinical settings suggests new models are warranted to recapitulate human pathophysiological processes [409].  For years, there has existed a challenge in the field of bioengineering and drug discovery concerning the effectiveness of 2D cell cultures to model human physiology and drug interactions observed clinically [409–412]. Two-dimensional static cultures remain the standard for cellular biology, yet these models lack physiological relevance and have often proven ineffective as clinical predictors due to dilute and ineffective recapitulation of the cellular microenvironment [412,413]. While in vivo models remain necessary to assess drug interactions in the preclinical setting, the average success rate of translation from animal models to clinical cancer trials is less than 8% [414]. Aside from being “lost in translation”, animal models raise ethical concerns and are problematic when using human cells due to host-immune cell interactions [410,414]. 
The combination of these shortcomings has pushed research into the direction of using 3D and microfluidic platforms to recapitulate the physical and chemical microenvironments seen in vivo, while providing the means to precisely control and visualize cellular interactions in a high throughput manner. Microfluidics employ the use of small channels on the scale of tens to hundreds of microns in diameter to process minute fluid volumes [415]. Their small size allows for limited cell numbers or reagents, which are often expensive or low in quantity. Furthermore, these devices can more accurately model in vivo architectures through integration of 3D extracellular matrix (ECM) components [410,411,416]. The spatiotemporal control of these devices has allowed researchers to study specific cellular interactions in a more precise and controlled manner. Microfluidics are also advantageous as they can be fabricated to incorporate small working distances to allow for high-resolution, real-time imaging. 
The usage of biologically compatible material substrates from molds allows for high throughput production of devices and subsequent analysis. A large majority of microfluidic devices for biological application use soft lithography techniques, which includes fabricating a master “stamp” from a photocurable polymer such as SU-8 [417]. This master can be used to imprint features into elastomeric materials, such as Polydimethylsiloxane (PDMS), with high resolution. PDMS is widely used in microfluidics since it is easy to handle, can be purposed in diverse applications, is economically viable, ideal for imaging due to its optical properties, and most importantly, is biologically inert [418]. While the field of microfluidics has advanced tremendously in terms of applications, the versatility of replication molding with PDMS has meant new fabrication techniques have lagged behind. Other means of fabrication often require advanced equipment and are not economically feasible at a small scale for research purposes, use materials which do not translate well with biological applications, or lack the high-resolution capabilities inherent with soft lithography [417]. However, certain applications may require more intricate fabrication techniques, such as micromachining, 3D printing or dry etching. Table C.1 illustrates the ubiquity of PDMS and photolithography in the field of microfluidics for biomedical research. 

























	Application
	Device Summary
	Substrate
	Fabrication Method
	Major Finding
	Cell Lines
	Year
	References 

	Lymph-angiogenesis
and LEC Barrier
Function
	Nine chamber radial flow device to model capillary morphogenesis under interstitial flow with applications in TME modeling
	PDMS with fibrin gels
	PMMA micromachining
	Interstitial flow is vital for lymphatic morphogenesis, migration and proper molecular gradients in vitro
	HMVEC (Human Dermal Microvascular Endothelial Cells) (lymphatic and blood), Human
dermal fibroblasts, B16-F10 (murine melanoma)
	2010
	[419]

	
	Mimicking drainage function seen in lymphatic microvasculature
	PDMS with fibrin gels
	SU-8 photolithography
	Drainage is required to preserve vascular stability and perfusion rates within fibrin scaffolds
	HMVEC
	2013
	[420,421]

	
	Microcirculation model featuring both blood and lymphatic vessels for the purpose of examining vascular permeability
	PDMS/PET membrane with fibronectin
	SU-8 photolithography
	Vascular permeability in a co-culture LEC and BEC system mimicked responses seen in vivo
	HMVEC (lymphatic and blood)
	2015
	[422,423]

	
	Mimicking LEC sprouting seen in vivo using physical and biochemical cues
	PDMS with fibrin gels
	SU-8 photolithography
	Interstitial flow-initiated outgrowth of lymphatic sprouts toward upstream of the flow while suppressing downstream-directed sprouting
	HMVEC (lymphatic), NHLF (normal human lung fibroblasts)
	2016
	[424]

	
	Modeling lymph-angiogenesis and angiogenesis simultaneously within tumor microenvironment
	PDMS with collagen‐fibrin gels
	SU-8 photolithography
	Mimicked simultaneous angiogenesis and lymphangiogenesis of the TME using interactions of tumor cells with cellular and noncellular components
	HUVEC (Human Umbilical Vein Endothelial Cells), HMVEC (lymphatic), Primary fibroblasts, SKOV3 (human ovarian adenocarcinoma), MKN‐74 (human stomach adenocarcinoma), and SW620 (human colorectal adenocarcinoma)
	2017
	[425]

	LEC/Tumor Cell Cross-Talk
	Chemotaxis of tumor cells toward lymphatics via CCR7 signaling within a modified Boyden chamber
	Modified Boyden Chamber with Matrigel
	--
	Physiological levels of IF can enhance tumor cell migration in the direction of flow via CCR7 autocrine signaling
	HMVEC (lymphatic), MCF10A (human breast epithelial), MCF7 (human breast adenocarcinoma), ZR75-1 (human breast carcinoma), and MDA-MB-435 (human melanoma)
	2007
	[426]

	
	Modeling cross talk between LECs and cancer cells via VEGF-C and CCR7 signaling in a modified Boyden chamber
	Modified Boyden Chamber with collagen I
	--
	VEGF-C acts in an autocrine fashion to increase tumor invasiveness by increasing the proteolytic activity and motility of tumor cells
	HUVEC, HMVEC (lymphatic), MDA-MB-435S
	2009
	[427]

	
	Pressure gradient across collagen gels creates interstitial flow that influences tumor cell migration
	PDMS with collagen I
	SU-8 photolithography
	Interstitial flow creates competing mechanisms of tumor migration downstream (CCR7 dependent) and upstream (CCR7 independent)
	MDA-MB-231, MDA-MB-435
	2011
	[428,429]

	
	Modeling extravascular migration of tumor cells along lymphatics via 3D confined cell migration
	PDMS with collagen IV
	SU-8 photolithography
	Subpopulations of cells showed sustained migratory potential despite treatment with Taxol chemotherapeutics
	MDA-MB 231, H1650 (Lung adenocarcinoma), H446 Lung carcinoma, PC3 (Prostate adenocarcinoma), LnCaP (Prostate carcinoma), U-87MG (Glioblastoma), HT-29 (Colorectal adenocarcinoma)
	2013
	[430]

	
	IFN-DC-migration and interactions with cancer cells within 3D tumor environments
	PDMS with collagen I
	SU-8 photolithography
	CXCR4/CCL12 axis guides IFN-DC toward apoptotic tumor cells for antigen uptake
	Primary IFN-DCs (IFN-alpha Dendritic cells), SW620
	2017
	[431]

	
	First ex vivo cross talk system via secreted factors between lymph node and tumor samples
	PDMS
	SU-8 photolithography
	Lymph node slices co-cultured with tumor slices appeared more immunosuppressed than those co-cultured with healthy tissue
	Murine LN and tumor slices
	2019
	[432]

	Transendothelial Migration 
	Micro-gaps force cell deformation to study effects on transmigration potential
	PDMS with Matrigel
	SU-8 photolithography
	Extravasation potential was significantly affected by endothelial lining
	HMVEC, HepG2 (hepatocellular carcinoma), HeLa (cervical adenocarcinoma), MDA-MB-435
	2007
	[433,434]

	
	Tumor cell interactions with endothelial cell barrier function
	PDMS with hydrogel
	SU-8 photolithography
	Macrophage-secreted TNF-α induces endothelium permeability and tumor cell intravasation
	HT1080, MDA-MB-231, RAW264.7 (macrophages)
	2012
	[435]

	
	Tumor cell interactions with artificial microvasculature under physiological shear
	PDMS with collagen I
	Aluminum replication molding
	Cancer cells show biased growth toward vessels but do not contact the endothelium for transendothelial migration
	MDA-MB-231, HT-1080, HUVEC, HMVEC
	2014
	[436]

	
	Perfusable metastasis chip with microposts allowing for endothelial cell monolayer formation for angiogenesis and intravasation
	PDMS with fibrinogen
	SU-8 photolithography
	TNF-α treated EC monolayers demonstrated increased permeability and subsequent intravasation
	MDA-MB-231
	2014
	[437]

	
	Cancer cell transmigration under transmural and interstitial flow across LEC monolayers
	Somoss Watershed XC11122
	High resolution stereolithography
	Luminal and transmural flow upregulate tumor cell transmigration, partially through LEC CCL21 upregulation
	HMVEC (lymphatic), MDA-MB-231
	2015
	[438]

	
	Simple transwell device to study mechanisms of tumor cell TEM in LECs
	Transwell Plates
	--
	Lymphangiogenic peptide adrenomedullin facilitates TEM by promoting cancer cell binding to LECs and gap junction coupling
	HMVEC (lymphatic), SK-MEL-2 (human melanoma), MCF7
	2015
	[439]

	
	Simple transwell device with interstitial flow to study leukocyte and cancer cell transmigration
	Transwell Plates
	--
	Cancer cells prefer basal to apical transmigration in LECs compared to BECs
	MCF7, MDA-MB-231, HMVEC, Mouse Primary Dermal Lymphatic Endothelial Cells, SVEC4-10 (mouse endothelial)
	2017
	[440]

	
	Microfluidic channels separated by porous membrane lined with primary endothelial cell monolayer
	PDMS with collagen I
	Replication molding
	Cancer cells adhere to endothelium under flow, but transmigration was not observed
	HMVEC, H838 (non-small cell lung cancer), SK-Mel-28 (human melanoma)
	2018
	[441]

	Lymphatic Circulating Tumor Cells
	Flow chamber to study tumor cell behaviors under lymphatic shear conditions
	Parallel plate laminar flow chamber coated with collagen
	--
	Colorectal cancer cells remained attached, proliferative, and alive under lymphatic shear conditions
	RKO (human colorectal carcinoma), HCT-8 (colorectal adenocarcinoma)
	2007
	[442]

	
	Cone and plate viscometer to apply hematogenous shear conditions to CTCs
	Cone-and-plate viscometer
	--
	Cancer cells are sensitized to cytotoxic ligand TRAIL under hematogenous shear conditions
	COLO205 (colorectal adenocarcinoma), PC3 (prostate adenocarcinoma)
	2013
	[270,272]

	
	Migration channels with choke points to mimic lymphatic capillary geometry and confinement
	PDMS with collagen I
	Soft lithography
	(MAPK) family member, p38γ knock out cells show decreased motility through tighter choke point geometries
	MDA-MB-231
	2015
	[443]

	
	Microcavities that model architecture of micrometastases in the lymph node
	PDMS (Gas expansion molding)
	Deep reactive ion etching
	Engineered Natural Killer cells can eradicate LN micrometastases in 3D microcavities
	LnCAP, COLO205 MDA-MB-231
	2014
	[444,445]



[bookmark: _Toc122606077]Table C.1. Microfluidic devices to model the stages of lymphogenous metastasis.
 Primary references are listed first, followed by supporting literature describing fabrication methodology where applicable.



Replication of tissue microenvironments within microfluidic devices has allowed the modeling of complex physiological processes systems in “organ on a chip” devices [446–451]. Meanwhile, incorporation of multiple organs on a chip in one integrated device can be used for the scaling of “microHumans” to study complex anatomical interactions and systemic drug toxicity [452,453]. Although initially intended to bridge the gaps between 2D in vitro studies and in vivo work, 3D fluidic models are evolving to study pathologies and drug interactions directly in patient-specific devices [410,454–458]. These technological advances have made it possible to study specific diseases, including cancer within a microfluidic device [409,410,416,447,459–461]. The applications for microfluidic devices are evolving and emerging in the field of cancer research, both from a biological perspective of understanding roles of immune and stromal cells to a translational perspective of investigating the efficacy of therapeutics in preclinical models.


[bookmark: _Toc122611193]C.3	The Role of Lymphatics in Cancer Metastasis

Approximately 90% of all cancer related death is attributed to metastasis [239]. Despite its high morbidity, cancer metastasis is a very inefficient process in which less than 0.01% of circulating tumor cells (CTCs) will actually go on to colonize and form macrometastases [462]. The metastatic cascade is composed of several sequential steps, each of which selects for a specific cellular phenotype that is able to overcome inhospitable environments. First, cancer and stromal cells in the primary tumor secrete pro-angiogenic factors such as VEGF to promote tumor microvasculature networks of both blood and lymphatic vessels. Tumor cells then undergo an epithelial to mesenchymal transition (EMT) which promotes cell motility through loss of cell-cell adhesion proteins such as E-cadherin and β-catenin [463]. Motile cells will then migrate and invade the basement membrane of nearby vasculature through both physical (high intratumoral pressures) and chemical (chemokine gradients) cues [462]. Cells may enter hematogenous or lymphatic circulation via transendothelial migration (TEM) from the tissue parenchyma into nearby blood or lymphatic vessels, respectively [239]. In the case of lymphatic intravasation, tumor cells will drain into collecting lymphatic vessels eventually emptying into the sentinel or “tumor draining lymph nodes” (TDLN) [397]. Successful migration to the sentinel lymph nodes provides cells with a direct route to systemic lymph nodes and the bloodstream via the thoracic duct and subclavian vein [464,465]. Once in circulation, cells can undergo extravasation, followed by a mesenchymal to epithelial transition (MET) and colonization of distant organs [239]. As suggested from Paget’s “seed and soil” hypothesis, tumor cells will have genetic and phenotypic advantages to promote seeding in specific organs over others [14,466]. Just as a seed needs proper nutrients to grow, tumor cell proliferation and survival is highly dependent upon the microenvironment where CTC extravasation occurs. This sequential model of metastasis is well studied, but has proven to be an oversimplification in many cancer models and in clinical observation [464,467].
It is estimated 80% of carcinomas and melanomas metastasize via lymphatics [397]. Despite the fact that the majority of all human cancers metastasize initially via the lymphatic system, the mechanisms of lymphogenous metastasis remain poorly understood and understudied compared to that of hematogenous metastasis [397,468]. There are many factors that help determine which metastatic route a cell will take [469]. Typically, metastatic subpopulations will develop mutational burdens which may be preferential for one mode over another. For instance, CCR7+ tumor cells will preferentially traffic toward CCL21 secreted by lymphatic endothelial cells (LECs), promoting initial metastasis through the lymphatic system. This signaling axis is typically used in CCR7+ dendritic cells (DC) trafficking into lymph nodes, while T-cells expressing CCR7 follow gradients toward increasing CCL19 secreted within the thymus and lymph nodes [470]. Additionally, CCL21 can be upregulated by VEGF-C/VEGFR-3 signaling, which has been shown to be highly expressed in primary tumors and tumor-derived lymphatic neovasculature [464]. By harnessing these signaling mechanisms employed by immune cells to traffic toward LECs for antigen presentation, cancer cells experience directed migration toward the lymphatic circulation [464,468]. Physical and mechanical forces have also been shown to play a role in lymphatic homing. High interstitial pressures within solid tumors promote interstitial flow (IF) toward the periphery of the tumor where lymphatic vessels are concentrated [288]. Interstitial flow has been shown to promote vascular remodeling and even promote tumor cell invasion via autologous chemotaxis toward lymphatic vessels along the tumor periphery. Furthermore, secretion of specific pro-lymphangiogenic factors can favor lymphatics versus blood [465]. For example, upregulated VEGF-C and VEGF-D secretion by cancer cells have been shown to induce preferential lymphatic metastasis via LEC VEGFR-2 and VEGFR-3, whereas blood endothelial cell (BEC) angiogenesis prefers VEGF-A/VEGFR-1 signaling.
Lymphatic capillaries lack pericytes and tight interendothelial junctions typically seen in blood vessels [464,471]. The leaky nature of lymphatic vessels facilitates tumor cell intravasation via transendothelial migration, promoting initial metastasis. Likewise, the lower fluid shear environment within lymphatic vessels (on the range of 0.4 dyne/cm2 with surges between 4-12 dyne/cm2) [407,408] compared to blood vasculature (upwards of 30 dyne/cm2 in arteries) [290,472] increases the likelihood of cell survival in transit [469]. Mounting evidence exists suggesting that lymphatics may also play a role in curbing anti-tumor immune responses [473]. For example, initial lymphatic vessels formed as a result of tumor-induced lymphangiogenesis exhibit upregulated expression of the immune checkpoint ligand programmed cell death ligand 1 (PD-L1), which induces CD8+ T-cell anergy upon tumor associated antigen (TAA) presentation via MHC class 1 [464,468,474]. In addition, tumor-induced LECs have been shown to prevent dendritic cell maturation, increase T-cell tolerization, and inhibit proliferation of T-cells that have been stimulated by proinflammatory cytokines [468,475,476].
Despite the increasing evidence for the roles of lymphatics in promoting cancer progression and dissemination, there are innate characteristics of lymphatics that promote anti-tumor immunity. For instance, the presence of lymphatic networks at the primary tumor are important for TAA trafficking to immune cells to evoke a robust T-cell response [473]. In addition, lymphatic vessel density in solid tumors strongly correlates with the quantity of infiltrating cytotoxic CD8+ T-cells, promoting “hot” vs “cold” tumors in patients [477,478]. 
The involvement of lymphatics in cancer dissemination extends into the clinic. The presence of metastases in the sentinel lymph nodes of cancer patients is used as a basis for establishing tumor staging, predicting patient prognosis and formulating treatment strategies [479]. Axillary and sentinel lymph node biopsies in melanoma and breast cancer patients have proven to be fundamental for assessing the aggressiveness and extent of disease [480,481]. In fact, often times sentinel LN biopsies will reveal metastatic spread before detection by traditional imaging modalities such as positron emission tomography/computed tomography (PET-CT), or before the presence of bloodborne CTCs [479]. The clinical ramifications of this on the degree of lymphatic involvement in metastasis demonstrates the importance of the role of the lymphatic system in cancer. 
The complex roles of lymphatics in metastatic progression are not yet fully understood. What is apparent, however, is that better understanding of the interplay between tumor cells, their microenvironment, and the lymphatic system during metastasis is vital to the discovery of new therapeutics to exploit tumor cell weaknesses. The tight control of physical and chemical stimuli, high-throughput nature, high-resolution capacity, and the physiologically relevant architecture of microfluidics, provide excellent means for better understanding these intricate interactions.
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[bookmark: _Toc122611195]C.4.1	Lymphangiogenesis and LEC Barrier Function 
Lymphatic vasculature is comprised of initial lymphatic vessels and collecting vessels, which function to prevent the accumulation of fluid, termed edema, in tissue [464,482]. Additionally, these vessels function to transport pathogens, antigens and antigen presenting cells from tissues toward immune cells residing within the lymph nodes. Initial lymphatic vessels, also known as lymphatic capillaries, range from 35-70 μm in diameter and absorb interstitial fluids, facilitated by pressure gradients between the interstitium and vessel lumen [483]. Lymph then drains into downstream collecting vessels that contain unidirectional valves and smooth muscle contractions to facilitate transport into the draining lymph nodes. Lymphangiogenesis is the analogue to angiogenesis, the process where lymphatic endothelial cells sprout to create new vasculature off existing vessels. Tumor induced lymphangiogenesis is characterized by VEGF-C or VEGF-D overexpression in tumors, which has been correlated with an increase in lymph node metastasis and high morbidity in patients [484–486]. Lymphatic vessels have a high permeability due to discontinuous interendothelial junctions and a sparse surrounding basement membrane [465]. While this facilitates immune cell intravasation and extravasation, it makes vessels susceptible to metastatic tumor cells as well.  
Interstitial flow has been shown to be an important regulator of lymphangiogenesis in vitro and in vivo [487,488]. To model this, the Swartz Lab created a multichambered, high throughput flow device capable of replicating interstitial flow pressures through a 3D extracellular matrix [419]. This PDMS device allowed live imaging of morphogenesis of lymphatic and blood endothelial cells while incorporating tumor microenvironment (TME) components with co-cultures of tumor cells and fibroblasts. A related study by Kim et al. also investigated the roles of IF on lymphangiogenesis, discovering directionality of lymphatic sprouting was flow dependent [424]. Interstitial flow induced upstream lymphatic sprouting and suppressed downstream sprouting via LEC polarization. This PDMS device consisted of a center 3D fibrin channel containing LECs and microposts, surrounded by two flow channels and a 3D fibroblast culture. The same group later adapted the design to study the complex networks of lymphatic vessels in co-culture with BECs, fibroblasts and cancer cells in a 3D tumor microenvironment model, as shown in Figure C.1A [425]. This is the only known study to mimic angiogenesis and lymphangiogenesis simultaneously in one 3D microfluidic platform.





[bookmark: _Toc128994013]Figure C.1. Current microfluidic models to study the mechanisms of lymphatic cancer metastasis.
Representative devices used to study (A) Lymphangiogenesis (reproduced with permission from Adv. Healthc. Mater. 6, 15 (2017). Copyright 2017, John Wiley and Sons.) [425], (B) Cross-talk between LECs and tumor cells (reproduced with permission from Proc. Natl. Acad. Sci. 108, 27 (2011). Copyright 2011, National Academy of Sciences.) [428], (C) Transendothelial migration, (reproduced with permission from Int. Bio. 5, 7 (2015). Copyright 2015, Oxford University Press.) [438], (D) CTCs in lymphatic circulation (reproduced with permission from Chen, Y.-C. et al, Sci. Rep., 5, 9980 (2015); licensed under a Creative Commons Attribution Springer Nature license.) [443], and (E) Formation of lymph node micrometastases (reproduced with permission from Lab Chip. 14, (2014). Copyright 2014, Royal Society of Chemistry.) [444]. 


Interstitial flow is also key in preserving endothelial barrier function in lymphatic neovasculature [288,488]. A study by Wong et al. used a new device to study endothelial cell perfusion to demonstrate the importance of lymphatic drainage in preserving vascular stability [420,421]. This device has the capability of being repurposed by introducing co-culture with cancer cells to study endothelial cell permeability and transendothelial migration under lymphatic drainage conditions. More recently, a device by Sato et al. investigated vascular permeability within co-cultures of LECs and BECs [422]. The PDMS device consisted of two microfluidic channels where LECs and BECs were cultured back-to-back, separated by a fibronectin coated polyethylene terephthalate (PET) membrane [423]. Their findings demonstrated that physiological flow conditions enhanced cell-cell junctions and recapitulated microvascular architecture seen in vivo [422].
While angiogenesis is a well characterized process that has been incorporated into many microfluidic devices [437,489–493], the process of lymphangiogenesis is less well understood. The described microfluidic devices have demonstrated incremental advances in understanding the roles of lymphatic vessel sprouting, morphogenesis and permeability in the context of the tumor microenvironment. Particularly within the last few years, there has been emphasis on the fabrication of more complex systems that model lymphangiogenesis in parallel with angiogenesis. While multiple devices have been employed to study lymphatic microvasculature function, few have incorporated components to model lymphangiogenesis in the context of the tumor microenvironment. Modifying or reapplying these devices to represent tumor-induced vascular remodeling will be instrumental in the future. The field is mature from a device design standpoint, but there remain many opportunities within existing devices for further studies, specifically within drug modulation of lymphangiogenesis and LEC barrier function. Currently, there are no FDA-approved compounds to prevent tumor-induced lymphangiogenesis, supporting the use of such microfluidic devices to study novel drug candidates before human trials [494].  

[bookmark: _Toc122611196]C.4.2	Lymphatic-Induced Migration and Tumor Cross-Talk
The likelihood of successful metastatic dissemination is contingent upon a tumors cell’s migratory potential [495]. Cancer cells in the primary tumor undergo EMT characterized by a loss of adhesion proteins like E-cadherin and the upregulation of vimentin [463]. These cancer cells resemble a cancer stem cell phenotype and morphology, including a decrease in proliferation and increase in migratory capacity. As previously alluded to, these cancer cells are able to harness the same chemotactic mechanisms typically employed by immune cells to migrate towards and into initial lymphatics [464,468]. Meanwhile, high intratumoral pressures direct interstitial flows toward the tumor periphery into peritumoral lymphatic vessels [288]. High interstitial flows can cause fibroblast contraction and collagen fiber alignment, along with tumor stiffening. This will increase tumor invasiveness, as cells will more easily migrate through aligned collagen fibers. When taken together, all these mechanisms promote tumor cell migration away from the primary tumor and toward peritumoral vasculature.
The Swartz Lab has pioneered microfluidic modeling of tumor cell chemotaxis toward lymphatics. In one study, Shields et al. used a modified 3D Boyden chamber, consisting of a tumor cell culture in 3D ECM with LECs cultured on the underside of the chamber [426]. By introducing interstitial flows of just 0.2 μm/s through the 3D ECM in the absence of LECs, cancer cell migration was enhanced via autologous CCR7 signaling. This novel finding first suggested that IF not only promoted directed migration through physical mechanisms, but also through autocrine signaling where a chemotactic gradient naturally forms at the leading edge of the cell. When cultured with LECs, paracrine CCL21 secretion enhanced CCR7 signaling and offered a complementary role for lymphatic directed chemotaxis. A separate study from the Swartz Lab built upon this observation in a similarly modified Boyden chamber device. Issa et al. demonstrated that tumor cell VEGF-C enhanced LEC CCL21 secretion through VEGFR-3 signaling, thereby enhancing tumor cell proteolysis and migration toward LECs [427].
Polacheck et al. created a two-channel PDMS device separated by a collagen interface in which a pressure difference between channels drove interstitial flow through the device, as shown in Figure C.1B [428,429]. This study further supported the previously demonstrated phenomena of autologous CCR7 chemotaxis downstream of interstitial flow. However, when blocking CCR7 signaling, migration was directed upstream of flow, hypothesized to be linked to flow-induced tension in integrins via phosphorylation of focal adhesion kinase (FAK).
Tumor cells under confinement show preferential migration in paths of least resistance through trajectories created by leader cells [496], collagen fiber alignment [497], or on the periphery of preexisting lymphatic and blood vessels [498]. Irimia et al. created a high throughput model of cancer cell migration under confinement using collagen-filled, cell-sized microchannels in a 96 well plate [430]. When treated with paclitaxel chemotherapy, overall cell migratory potential of MDA-MB-231 cells was significantly decreased. However, subpopulations of cells proved resistant to migratory inhibition and showed sustained migration in the presence of high concentrations of drug.
Tumor cells have been shown to create tolerization of immune cells prior to inhabiting the TDLN, creating a pre-metastatic niche that can be ideal for tumor cell seeding [397,499]. Moreover, technological advancement in the way of ex vivo tissue cultures has enabled more translational studies of drug-tumor interactions and personalized medicine [500,501].  Recently, Shim et al. created the first ex vivo cross talk system via secreted factors between lymph node and tumor slices. They designed a multi-layer PDMS device with integrated pumps to recirculate supernatant between tumor and LN tissue under physiological interstitial flow conditions [432]. Their findings demonstrated LN tissues cultured with tumor tissue contained immunosuppressed T-cell populations, as characterized by decreases in IFN-γ secretion, supporting established in vivo findings.
Since cancer cell and immune cell migration employ the use of the same chemokine signaling axes, it is important to understand how migration is modulated by the presence of drugs or immunotherapies. Parlato et al. created a PDMS device with an immune chamber and tumor chamber separated by confined connecting chambers to demonstrate the mechanisms behind IFN-α-conditioned DC migration toward tumor cells [431]. Their results demonstrated the CXCR4/CCL12 axis guides dendritic cells toward apoptotic cancer cells leading to TAA phagocytosis and cross-presentation to naïve T-cells. This study focused on immune cell migration upon treatment of tumor cells, but the device could straight forwardly be repurposed to examine simultaneous immune cell and cancer cell-directed migration in the presence or absence of a drug. 
Overall, this has been the most studied stage in lymphatic metastasis using microfluidics. Precise control over device characteristics such as collagen density (and consequential stiffness), flow profiles, pressure gradients, chemotactic gradients and channel architectures make microfluidic devices well suited for modeling tumor migration and lymphatic crosstalk. However, to date no device yet exists to study LEC-induced chemotaxis of cancer cells simultaneously in the presence of immune cells. Most current systems are binary, only comprising of cancer cell lines in culture with LECs, or in the case of the previously described device, only address mechanisms of immune cell trafficking. Modeling the roles of LEC directed migration with lymphatics and cancer cells in tandem will be important for understanding drug interactions to prevent off target effects on immune cells. Moreover, the addition of immune cells will provide insights into symbiotic relationships between immune cells and cancer cells during lymphatic-directed migration. Furthermore, inclusion of other cell types such as cancer associated fibroblasts (CAFs) will be key in elucidating the complex roles these cell types have during migration [502]. More recent studies incorporating primary samples and ex vivo tissue samples are gaining traction due to their translational relevance [500,501]. It is expected that this trend will continue, specifically with applications in personalized medicine. One could imagine reapplication of the aforementioned Shim et al. ex vivo device [432], with patient derived slices of an excised tumor and LN samples to study patient immune tolerization and immunotherapy efficacy.
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A cancer cell’s ability to disseminate to other organs is fully dependent upon its ability to enter the lymphatic or hematogenous circulation [462], Intravasation is the process in which cancer cells invade the basement membrane of the vasculature and then enter the circulation through a process known as transendothelial migration (TEM). There are two modes of TEM: paracellular (through endothelial cell-cell junctions) or transcellular (through endothelial cell bodies) [503]. TEM in the context of cancer intravasation or extravasation has been studied in a range of microfluidic devices [410,411,504,505]. However, until recently these studies were carried out predominantly with BECs in the context of blood vessel intravasation and extravasation. 
The Kamm lab created a successful device that set a precedent the study of endothelial barrier function in the context of tumor metastasis [435]. Their PDMS device consisted of two independent channels where endothelial cells and tumor cells were seeded, separated by a 3D ECM hydrogel region. Permeability of BEC monolayers co-cultured with macrophages and subsequent transmigratory potential of HT1080 fibrosarcoma cells were quantified. This study was instrumental in elucidating the role of macrophage secreted TNF-α in endothelial monolayer permeability and tumor intravasation potential.  Building on this, another group created artificial microvasculature from cylindrical channels lined with endothelial cells to study cancer cell migration and intravasation into perfusable vessels [436]. Another system was used to study extravasation, where a two-chamber PDMS device was split with a porous membrane containing an endothelial monolayer [441]. Cancer cells were perfused through the top chamber, while the bottom chamber contained a reservoir to collect any extravasated cancer cells. While the cancer cells adhered to the endothelium, no transendothelial migration was observed within the short time frame of cell rolling. These are just some of the many current microfluidic platforms used to study cancer cell migration through the blood endothelium [411,441,504–507]. Multiple devices have been created to study TEM through vascular endothelium in concert with other metastatic processes. Lee et al. created a “metastasis chip” that modeled both angiogenesis and subsequent intravasation of MDA-MB-231 cells together in one platform [437]. Likewise, Chaw et al. created a multi-step device where cells underwent deformation through 10μm trenches before passing through an endothelial monolayer [433,434]. The latter has applications in studying cell confinement through vessel contraction and subsequent lymphatic extravasation, an understudied phenomenon.
More recently, microfluidic devices have been fabricated for the purpose of investigating the role of lymphatic endothelium in TEM. Increasing emphasis on the role of lymphatics in initial metastasis along with the innate differences between blood and lymphatic endothelium have motivated such studies. For instance, unlike vascular endothelial monolayers, lymphatic monolayers are characterized by having increased permeability, an incomplete or absent basement membrane, and sparse, overlapping intercellular junctions [508]. The Swartz Lab pioneered one of the first devices of cancer cell transmigration in LECs. They fabricated a 5-channel microfluidic chamber which was designed to deliver both luminal and transmural flow to LEC monolayers, as shown in Figure C.1C [438]. Tumor cells in a 3D extracellular matrix were cultured above a membrane containing the monolayer. This device demonstrated that luminal, interstitial, and transmural flow promoted intravasation of MDA-MB-231 cells. The device was validated by demonstrating that luminal flow augmented LEC expressed CCL21 to drive cancer cell migration. Xiang et al. created a simplified version that used transwell inserts coated with an LEC monolayer to study vectorial migration and intravasation of immune cells and breast cancer cell lines [440]. This more recent model was designed to be more readily accessible and easier to use for other research labs to study TEM. A similar system using transwell inserts was used by Karpinich et al. to study tumor cell interaction with lymphatic endothelium [439]. Their study demonstrated that the peptide adrenomedullin promotes coupling of cancer cells to LEC gap junctions and facilitates heterocellular communications to induce transendothelial migration.
Microfluidic platforms are excellent tools for studying transendothelial migration of cancer cells, largely due to the ease of visualization via live cell imaging. In addition, precise control of endothelial monolayers more closely mimics endothelial barrier function observed in vivo. Due to known differences between lymphatic and blood endothelium, there exists a need to understand the different roles they play in relation to cancer cell intravasation. The majority of established hematogenous intravasation and extravasation devices could be readily modified to study LEC barrier function as well. Although straightforward in principle, inherent differences between blood and lymphatic endothelium will require these repurposed devices to be thoroughly screened and calibrated with LECs.  If successfully implemented, future studies may examine differences in transmigratory potential of cancer cells between BECs and LECs within the same device, potentially revealing subpopulations of phenotypes that are prone to lymphatic versus hematogenous TEM. In addition, cancer cell extravasation through lymphatics is poorly understood and few in vitro or in vivo models exist to study this phenomenon. Modifying existing extravasation devices by culturing LECs instead of BECs will allow for modeling cancer cell rolling, arrest within the lymph node, and extravasation from lymphatics into nearby or distal tissues. 

[bookmark: _Toc122611198]C.4.4	Lymphatic Circulating Tumor Cells
Once cancer cells transmigrate through the endothelium and enter the lymphatic circulation, they are subject to a unique physical and chemical environment [462,464,468,469,482].  There are many differences in the rheology and flow dynamics between lymphogenous and hematogenous circulation. With the absence of red blood cells and platelets, viscosity of lymph and interstitial fluid can be 2-4 fold less than that of blood [509,510]. Initial lymphatic vessels have low Reynolds number flow within the stokes flow regime, and in the largest vessels draining into the thoracic duct, flow remains laminar [482]. This deviates from arterial blood flow which is mostly laminar but can become turbulent in larger arteries. Overall, the higher shear rates within blood flow make CTC survival inauspicious compared to within lymphatics. 
Early efforts to model shear effects of lymphatics on metastatic tumor cells included the use of parallel plate flow chambers, as demonstrated in a previous study with colorectal cancer cell lines [442]. In that study, a constant shear stress of 1.2 dyne/cm2 was applied to cancer cells while cell proliferation, spreading, and apoptosis was quantified. In two separate studies, our lab modeled dynamic shear on CTC’s in human blood using a cone-and-plate viscometer [270,272]. These studies demonstrated that physiological shear stress can sensitize cancer cells to TNF-α related apoptosis inducing ligand (TRAIL) via the activation of mechanosensitive ion channels [511]. Similar to parallel plate flow chambers, a cone-and-plate viscometer is widely available, easy to use, and readily adaptable to model a variety of different physiological shear processes, making it suitable for studying cancer cells in lymphatic transit. 
The lymphatic system utilizes both extrinsic and intrinsic phasic pumping mechanisms from surrounding lymphatic muscle to produce the pulsatile flow of lymph from tissue [407,482]. The contractile properties of the lymphatics can create confined architectures for cancer cells, augmenting cell motility, proliferation and survival via the process of mechanotransduction [512]. Chen et al. created a migration device with choke points ranging from 6-30 μm to model metastasis through lymphatic capillaries [443]. This PDMS device, as shown in Figure C.1D, consisted of two separated serpentine channels, one loaded with cells and the other with chemotactic agents, separated by straight migration channels with constricted choke points of various diameters. Using MDA-MB-231 cells, cell migration through tight choke points was revealed to be dependent on Map Kinase family member p38γ.
Despite the high concentrations of immune cells surveilling the lymphatics, cancer cells are often able to seed within the sentinel lymph nodes and form micrometastases [397]. Often small and clinically undetectable without a lymph node biopsy, these cancer cells can reside and remain senescent for years while evading immune detection. To mimic this, our group created a PDMS microcavity device that recapitulated the architecture of the lymph node, as shown in Figure C.1E [444]. The device was fabricated using deep reactive ion etching in silicon, followed by gas expansion molding in PDMS to create spherical microbubbles [445]. Natural killer cells were co-cultured with cancer cells, modeling interactions between micrometastases, immune cells and therapeutics. Although this study was only conducted under static conditions, the same device was used in a separate study under continuously perfused flow to culture 3D spheroids [513].  
Currently, there exist flow devices that can be applied to the study of lymphatic and hemodynamic shear on migratory cancer cells. Both parallel plate flow chambers and cone-and-plate viscometers are easily adaptable and widely available devices to study such phenomena. Despite this, surprisingly few studies exist to study cancer cell transit in lymphatic circulation. This represents an important research opportunity to make these devices more physiologically relevant. This may include culturing LEC monolayers on the inner walls of a device while perfusing intraluminal lymphatic flow to CTCs. Furthermore, creation of a device that allows for vessel dilation and constriction via smooth muscle, or artificially via transmural pressure, would better replicate lymphatic behavior in vivo. These physiological conditions may be modeled after similar devices that use whole artery or vein segments ex vivo [514,515]. Meanwhile, there is a need for more devices to model cancer cell seeding and senescence within the tumor draining lymph nodes, specifically devices that incorporate immune cell interactions with cancer cells. There currently are multiple “lymph node on a chip” devices existing outside of the applications of cancer [516–518]. Although outside of the scope of this review, incorporating cancer cells within lymph node on a chip microenvironments may elucidate mechanisms behind cancer cell seeding and survival.


[bookmark: _Toc122611199]C.5	Conclusions and Future Perspectives

Despite their great potential and versatility, microfluidic devices have not been fully harnessed to study the intricacies of lymphogenous metastasis. While there are an abundance of microfluidic devices studying metastasis in the context of the bloodstream, few devices exist that incorporate lymphatics as part of, or the focus of their model. This is surprising since the majority of all cancers metastasize via lymphatics and the mechanisms of lymphogenous metastasis are in many ways as poorly understood as that of hematogenous metastasis [397]. Given that the infrastructures of the aforementioned devices are widely adaptable, we propose progress within the field will mostly come from new applications of previously developed systems. A germane initial step would be to recreate previous studies, such as those modeling angiogenesis or TEM into blood vessels, but replacing blood microvasculature with lymphatic microvasculature. Even more ideal would be the incorporation of blood vessels and lymphatics within the same device, similar to that described by Sato et al. [422]. This could be instrumental in elucidating how cells decide between lymphogenous versus hematogenous metastasis, while characterizing subpopulations that are predisposed to one mode over another. Moreover, combining multiple stages within one device such as done by Lee et al., who studied both angiogenesis and intravasation [437], will be useful to determine how different metastatic steps affect one another. Fabrication of these all-in-one “lymphatic metastasis on a chip” devices will advance the field towards a device capable of modeling the entire metastatic cascade within one platform. 
As previously mentioned, there may be difficulties with replacing BECs with LECs in existing devices. Although both are endothelial cells and carry out similar functions, they have distinct transcriptional profiles which make them unique in culture [519]. For example, BECs appear to be more reliant on ECM interactions for proper functionality, indicating that ECM components in existing devices with endothelial monolayers may need to be tailored to suit LEC culture. Additionally, lymphatic endothelium is known to have relatively looser interendothelial junctions, which could pose challenges for culturing uniform monolayers within devices [464,465]. Incorporating LECs into existing devices will require careful observation and calibration to ensure physiological relevance, especially when adapting features such as flow profiles, cell densities and ECM concentrations.        
Immune cells play complex roles in relation to cancer development, and as such, numerous microfluidic devices exist to study these interactions [410,516,518,520–522]. Surprisingly, these devices tend to look exclusively at cancer-immune cell interactions strictly within the tumor microenvironment, not in relation to their roles during metastasis. Cancer cells trafficking toward and into the lymph nodes are certain to interact in some capacity with both adaptive and innate immune cells, further warranting their inclusion within these microfluidic systems. Investigating the roles of the immune system will be key to not only understanding how cancer cells can leverage these interactions, but also for exploiting cancer cell weaknesses with immunotherapies. 
For more translational studies to exist, microfluidic devices must become more user-friendly and compatible for use in the clinical setting. This includes integration of automated image processing, routine sample processing, and minimalization of complex system components to allow for analysis to be done in completion within hospital laboratories. Meanwhile, reproducibility of such devices will be necessary for widespread implementation. The first step in the inclusion of clinical microfluidic devices would be validating drug toxicology and biological phenomena observed in vivo and in humans. This includes examining drug interactions of approved FDA compounds that have extensive clinical data and comparing those same interactions within relevant microfluidic devices for validation purposes. With regards to lymphatic devices, testing an FDA approved compound such as sorafenib, which has been shown to interfere with LEC expressed VEGFR-2 and VEGFR-3 and has been approved for the treatment of metastatic renal cell carcinoma [523], within a lymphangiogenesis device would be applicable for validating modeling capabilities.  In addition, testing well characterized checkpoint inhibitors such as PD-L1 targeting antibody Atezolizumab to demonstrate blockage of checkpoint signaling by LECs would provide insight into mechanisms behind an LEC targeted therapy [524].  
From a research perspective, new platforms to promote collaborations between biologists and engineers are warranted. This framework will in turn promote the fabrication of devices to answer pressing questions in the field of biology, rather than attempting to fit biological applications within preexisting, incompatible devices. A 2014 study by Sackmann et al. estimated that only 6% of all microfluidic devices are published in biology and medicine journals [525]. Interdisciplinary work within this field will be crucial for improved biological modeling and drug discovery. 
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