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Glioblastoma Multiforme (GBM) is the most common and lethal primary brain tumor in 

adults, with a median survival time of 12-15 months. Current therapies rely on surgical resection 

and extensive chemotherapy and radiotherapy, however the lack of progress in overall patient 

survival has spurred research into the tumor microenvironment as an alternative target. As a result, 

studies have focused on gaining a better understanding of the cellular and molecular mechanisms 

that may underlie interactions between tumor cells and the surrounding tissues. In GBM, matrix 

remodeling and hypervascularization of the tumor are well-documented, yet the underlying 

interactions between endothelial cells (ECs), the extracellular matrix (ECM) and tumor cells is 

poorly understood. Elucidation of these interactions may yield potential therapeutic avenues.  

During tumor formation, biologically aberrant signaling and changes in support cell 

behavior often result in tumor-induced mechanical and compositional changes in the ECM. In 

GBM, the most aggressive subtypes are correlated with increased ECM remodeling and high 

neovascularization. Biochemical and biomechanical changes in the ECM such as changes in matrix 

fiber structure, composition, and alignment, can alter EC mechanosignaling and promote 

recruitment of ECs towards tumors; this promotes subsequent tumor neovascularization. However, 

isolating the effects of specific mechanical properties of the ECM and the ensuing changes in EC 

behavior and EC-mediated signaling has remained problematic due to relevant cell culture models.  
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Within the population of GBM tumor cells, a subpopulation of cancer stem-like cells 

(CSCs) has been attributed to being partially responsible for GBM tumor growth. CSCs exhibit 

stem cell-like properties such as expression of putative stem cell markers, self-renewal, and 

stimulated multi-lineage differentiation. However, they also exhibit tumorigenic properties such 

as mutated oncogene and tumor suppressor gene profiles, unregulated proliferation, and full tumor 

recapitulation in xenografts. CSCs are typically found in close proximity to microvasculature at 

the tumor front where they appear to be involved in angiogenesis; this perivascular space appears 

to support their survival and stem cell status. Due to the high vascularity and invasive properties 

of GBM, CSCs have come under increased scrutiny as a possible mechanism of GBM progression 

and thus a potential therapeutic target. Despite this, interactions between CSCs and the 

perivascular niche and how they contribute to tumorigenesis remain largely unknown.   

To resolve some of the unanswered questions listed above, the studies presented here 

utilize a tissue-engineering approach towards modeling the perivascular niche in GBM in the 

following contexts: 1) dissecting the role of the ECM in regulating EC behavior and 2) the 

influence that ECs have on CSCs through cell-cell interactions and biomolecule signaling. By 

modifying the collagen fiber size and orientation as well as the compositional properties of 3D 

collagen hydrogels, the role of these cues in regulating EC behavior, signaling, and vascular 

network formation were assessed. Then, the role of ECs in modifying CSC invasion was 

investigated through heterotypic cultures of CSC tumor spheroids and ECs in the context of 

interleukin-8 crosstalk. These findings highlight that while aspects of the microenvironment are 

certainly physiologically linked, each has a contributory effect in overall tumor progression. The 

conclusions of this work provide new insight for the development of physiologically relevant 

model platforms and potential therapeutic approaches for GBM.  
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CHAPTER 1 

 

INTRODUCTION  

 

1.1 Cancer 

Malignant neoplasms, more commonly referred to as cancer, are an umbrella of cellular 

diseases that persist as the second leading cause of death in the United States; an expected 1.7 

million individuals are expected to be newly diagnosed in 2018.1 Although cancer death rates over 

the last 20 years have continued to decrease, an estimated 609,000 deaths will occur in 2018, 

resulting in a significant economic burden to both society and public health.1,2 The inherent cellular 

heterogeneity of tumors and their cell subpopulations gives rise to a disease complexity that is 

staggering; this is in part due to the milieu of cell-cell and cell-matrix interactions.3 Consequently, 

cancer exists as a tissue, organ, and patient-specific disease that has an individualistic pathology 

that can make treatments range from curative to palliative depending on a variety of patient 

variables.3,4 Indeed, current treatment methods are only effective for limited types of cancers and 

frequently target non-specific processes in cell and tissue regulation, resulting in undesirable side 

effects and eventual therapeutic resistance.5  

An increase in the understanding of underlying genetic effectors in cancer such as 

oncogene activation (EGFR, Src, myc) and tumor suppressor gene inactivation (PTEN, p53, Rb) 

have led to strategies that were initially focused on targeting tumor cells and cell signaling that 

results in proliferation.6 However, a lack of targeted delivery of these treatments offered limited 

success clinically due to acquired therapeutic resistance through tumor evolution and potent side-

effects. As a result, studies in recent years have turned their focus to the microenvironment that 
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supports tumors as a potential target for treatment. Advancements in understanding the tumor 

microenvironment have demonstrated that tumors alter their local ecosystem in order support their 

increased nutrient, oxygen, and metabolic demands that ultimately favor tumor cell survival, 

proliferation, and invasion.7,8 Specific biological features within the microenvironment such as the 

extracellular matrix (ECM) and non-tumor cells are frequently modified as a result of tumor 

influence. Indeed, many of the hallmarks of cancer such as inflammation and neovascularization 

appear to be partially regulated by nearby tumors as a result of their biological drive to survive and 

proliferate.9 Therefore, understanding the functional role of these aspects of the microenvironment 

and their intersection may aid in a more developed understanding of tumor progression and offer 

insight into potential therapeutic treatments.    

 

1.2 Glioblastoma Multiforme  

Glioblastoma Multiforme (GBM), a grade IV astrocytoma, is the most common and lethal 

primary brain tumor in adults with a median survival time of 15 months and afflicting 3 out of 

every 100,000 individuals in the US each year.10 The onset of GBM is one of the more dreaded 

cancers for clinicians due in part to the significant challenges in treating it. Such limitations include 

the inability for complete surgical resection and subsequent recurrence, difficulty in 

chemotherapeutic treatment as a result of the molecular selectivity of the blood brain barrier, and 

high cellular heterogeneity that circumvents whole tumor treament.11,12 Glioblastoma tumors are 

thought to arise from oncogenic transformation of either primary astrocytes or neuronal stem cells 

residing within the subventricular zone; 95% of tumors form in the supratentorial region of the 

brain.13,14 Unlike most solid tumors, GBM tumors readily invade into surrounding parenchyma 

and exhibit high tumor vascularization at early stages of tumorigenesis.15,16 The characteristic 
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tumor vascularization and vascular remodeling are a result of GBM tumor cells modifying 

endothelial cell (EC) behavior through disruption of surrounding ECM homeostasis.17  

  Currently, GBM is delineated into four distinct subtypes that are primarily based on genetic 

characterizations: Classical, Mesenchymal, Proneural, and Neural. Classical typically 

overexpresses either EGFR or exhibits mutations in EGFRvIII, Mesenchymal exhibits frequent 

mutations in PTEN and TP53 as well as expression of EMT markers such as MET and CD44, 

Proneural exhibits TP53, IDH1, and PDGFRA mutations, and Neural while not exhibiting any 

unique oncogenic mutations per se exhibits extensive expression of normal neuronal cell markers 

such as NEFL, SYT1, and GABRA1.18,19 Although there is still significant work to be 

accomplished in understanding how GBM subtype relates to disease progression and therapeutic 

efficacy, studies have determined that the classical and mesenchymal subtypes typically respond 

to aggressive chemotherapy (temozolomide) and radiotherapy but treatment of neural and 

proneural subtypes do not appear to confer changes in survival.19 Furthermore, the more aggressive 

GBM subtypes have been associated with higher levels of ECM remodeling, inducing 

microenvironmental changes that support disease progression through altered mechanosignaling.20 

Regardless of subtype, patients receiving aggressive therapy still relapse with the chances of 

disease recurrence being approximately 90%  either at or focally adjacent to the primary site.21  

While the previously held belief that GBM occurs as a result of a gradual accumulation of 

genetic mutations and subsequent clonal expansion, recent studies have identified that a 

subpopulation of tumor cells may instead be responsible for GBM evolution.22 Cancer Stem Cells 

(CSCs) exhibit many of the same features of neural stem cells such as stimulus-induced 

differentiation, quiescence, and self-renewal yet are also highly tumorigenic.23,24 CSCs are 

frequently found in close proximity to perivascular spaces, migrating at the distal edge of tumors 
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along microvascuture.22,25 This may explain the invasive nature and high vascularity of GBM 

tumors as CSCs could be promoting angiogenesis as they migrate during tumor growth. In 

combination with tumor-mediated ECM remodeling that favors angiogenesis, the perivascular 

niche is a key target for study in possible mechanisms behind tumor growth. However, the 

molecular underpinnings that foster this relationship remain poorly understood; treatments that do 

not target the perivascular niche may only treat the bulk tumor rather than CSCs. A better 

understanding of the EC-ECM and EC-CSC interactions would certainly help to develop more 

physiological relevant studies and inform future therapeutics.  

 

1.3 Tumor Microenvironment 

In 1889, Stephen Paget examined hundreds of postmortem women with breast cancer and 

realized that the distribution of metastases in organs was not random. He postulated that instead 

of pure chance, tumor cells appeared to prefer specific environments that they selectively 

colonized.26 This hypothesis is now known as the ‘seed and soil hypothesis’ and is a current 

explanation for the relationship between tumor cells and their microenvironment and states that in 

order for metastasis to occur, specific biological cues are necessary. The tumor microenvironment 

is a concept that describes the collection of all processes that occur around and within a tumor that 

influence tumor cell behavior and cancer pathogenesis; this includes the surrounding vasculature, 

immune cells, support and stromal cells, signaling molecules, and the extracellular matrix.27 

Certainly, each facet of the microenvironment is closely interwoven with the other and their 

collaboration is a necessary part of cancer progression.  

In order to progress to a clinically relevant and potentially lethal state, solid tumors must 

be able to supply their increased oxygen and metabolic needs with the recruitment of vasculature, 
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a process known as neovascularization.9,28 Tumor cells begin overexpressing pro-angiogenic 

molecules in the form of growth factors, cytokines, and colony stimulating factors as well as 

altering the homeostatic behavior of support cells that ultimately favor angiogenesis.17,29 

Furthermore, these tumor-associated stromal cells dynamically remodel the ECM and begin 

restructuring surrounding tissues that ultimately exhibit denser, stiffer, and more fibrotic 

properties. For example, tumor masses often cause inflammatory responses in surrounding tissues 

which can lead to the recruitment of immune cells known as tumor-associated macrophages 

(TAMs). In response to inflammation, TAMs produce a number of potent pro-angiogenic 

cytokines that can induce tumor angiogenesis and tumor-associated fibrotic remodeling.30 In 

addition to an increased supply of oxygen and nutrients, these structural ECM modifications 

enhance cancer progression via altered β1 integrin engagement and the formation of focal 

adhesions complexes that promote tumor invasion and survival.31 

Isolated behind the blood brain barrier, the microenvironment in brain tissues is 

biochemically and mechanically unique to other organs, containing a wide variety of ECM 

components that are either unique or rarely found elsewhere in the body. As GBM tumors rarely 

metastasize outside of the brain, these tumor cells appear to prefer this microenvironment to others, 

though this may be confounded by other physiological issues such as short patient survival time.32 

Tumors that occur in other locations in the body and metastasize to the brain do not integrate into 

brain parenchyma in the same manner as GBM tumors, further highlighting the unique relationship 

between GBM tumors and their microenvironment.33 As a result, many studies have attempted to 

identify which components of the microenvironment are necessary for GBM progression; these 

aspects include the microvasculature, ECM components such as hyaluronan or laminin, soluble 

factor signaling, and the role of astrocytes or glial cells. While certainly a combination of these are 
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playing a role in GBM progression, pathological ECM remodeling and hypervascularization of 

tumors have been pursued as potential therapeutic targets due to their overt presentation clinically.   

Glioblastoma tumor cells excessively secrete ECM proteins that are stiffer and more 

fibrous than surrounding tissues. This increase in localized mechanical cues as a result of tumor 

stiffening results in integrin-mediated positive feedback loops that promote cell survival and 

migration; this can also influence drug responses through the upregulation of survival pathways 

such as Phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) and extracellular signal-regulated 

Kinase/mitogen-activated protein kinase (ERK/MAPK).34,35 Furthermore, GBM tumor cells 

overexpress growth factors such as TGF-β and VEGF that are released both in their soluble form 

as well as sequestered into recently deposited ECM. This has a pro-angiogenic effect on the 

induction of angiogenesis as well as during the ECM remodeling phases necessary for vessel 

growth.36 This may partially explain the limited effects of anti-angiogenic therapies on GBM as it 

is unable to completely block all sources of VEGF that is bioavailable. Collectively, GBM tumors 

alter the homeostasis of brain ECM and microvasculature in their local microenvironment that 

favor the survival and proliferation of tumor cells; these modifications obviate treatment and 

warrant further study in order to understand their contributions to disease progression.  

 

1.4 Extracellular Matrix 

The ECM is as a 3D macromolecular network composed of fibrillary proteins, 

proteoglycans, and glycoproteins that is well understood for its role in providing structural support 

for organs, tissues, and cells.37 Nearly all cell types are in continuous contact with the ECM as it 

presents biochemical and biomechanical cues that regulate cell adhesion, organization, 

proliferation, and differentiation. Indeed, the ECM appears to play a critical role in determining 



7 
 

cell behavior as cells will often exhibit substrate-dependent changes as a result of differences in 

ECM stiffness, composition, and topographical features in vitro.38–40  

The ECM is broadly classified into two distinct portions based on where it is found within 

tissues: the interstitial matrix that forms connective tissues and the basement membrane that 

surrounds the basal side of epithelial cells and the abluminal side of endothelial cells. The 

interstitial matrix is primarily composed of fibrillar proteins such as the collagen I, fibronectin, or 

elastin. These proteins are responsible for the bulk mechanical properties of tissues such as tensile 

strength and elasticity.41 These mechanical characteristics can differ between tissues based on the 

protein composition, the collective orientation of proteins within the matrix, and the overall 

individual size of protein fibers. In contrast, the basement membrane exists as a porous, network-

like sheet that is primarily composed of collagen IV, laminin, nidogens, and other proteoglycans 

and glycoproteins. Unlike the variability of the interstitial matrix, the basement membrane is 

relatively soft and pliable and its structure and composition is ubiquitous across tissues and 

organs.42 The basement membrane acts as a physical and biochemical barrier for epithelial and 

endothelial cells, preventing growth-inducing signals from reaching cells that would otherwise be 

presented during processes such as wound healing or tissue morphogenesis.43   

The aforementioned ECM descriptions generally hold true for most tissues, however brain 

parenchyma and nervous system tissues contain significantly less fibrous proteins and is instead a 

hydrated, mesh-like scaffold.44 The interstitial ECM in the brain is primarily composed of a 

polymerized glycosaminoglycan known as hyaluronan, which is a non-branching polysaccharide 

that serves as a core structural component.45 Various proteoglycans and glycoproteins such as 

chondroitins, laminins, and tenascins bind to hyaluronan to form a highly pliable ECM, a property 

that is critical for the overall function and high plasticity of neural tissue.46 The ECM around 
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vasculature in the brain is similar to other tissues and exists as a thin sheet of basement membrane 

proteins that coat the abluminal layer of ECs.47  

Perhaps unsurprisingly, the ECM in the microenvironment around GBM tumors is similar 

in aspects to other cancers such as breast or prostate in that it is significantly stiffer and denser 

than healthy tissue.48,49 This is due in part to the pathological enrichment of the ECM components 

by tumor cells, astrocytes, and ECs. However, tumor cells also exhibit epigenetic changes in 

multiple fibrillary collagen genes that result in transcriptional activation of collagen expression 

and collagen-binding integrins.50,51 The upregulation of fibrillary ECM proteins near tumors as 

well as changes in ECM components (e.g. from collagen IV to collagen I) have the ability to induce 

angiogenesis through inherent matrix-mediated bioactivity.52 Indeed, because endothelial cells 

utilize collagen fiber-mediated instructive cues during angiogenesis, exposure to more fibrous 

collagens as a result of basement membrane degradation can promote EC migration and outgrowth 

in the absence of growth factors.53  

These changes are not only linked to the type of collagen produced but also associated with 

changes in the structural properties of the ECM. An increase in the overall size of collagen fibers 

alters the presentation of mechanical cues to ECs that are mediated through altered 

mechanosignaling as a result of variations in individual fiber stiffnesses.54 These cues activate 

integrin-mediated survival pathways that suppress apoptosis and promote proliferation, which not 

only supports vessel growth but also supports overall vessel survival in the low oxygen and acidic 

microenvironments around tumors.55 Lastly, during tumor growth, tumor cells exert traction forces 

on this new matrix that result in highly aligned, compacted collagen fibers that are oriented towards 

the tumor itself. These aligned collagen fibers can in turn recruit ECs in the surrounding 

parenchyma and promote neovessel formation in that is aligned with the newly remodeled matrix 
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and promote tumor angiogenesis.39  

 

1.5 Angiogenesis  

Normally, angiogenesis is involved during discrete biological processes such as 

organogenesis, embryonic and fetal growth, and wound healing.56 The process of angiogenesis is 

tightly regulated as blood vessels remain nascent until local pro-angiogenic signaling exceeds that 

of anti-angiogenic signaling. These signaling cues can be chemical or mechanical in nature as ECs 

respond to a range of cues for angiogenic regulation. In addition to molecular signaling, there is 

also compensatory input from support cells around vasculature such as pericytes or stromal cells 

that play a role in guiding angiogenic responses.57 However, localized dysfunction of this 

equilibrium through either changes in support cell behavior, aberrant angiogenic signaling, or 

changes in local ECM biochemistry and biomechanics can alter this behavior and induce vascular 

recession and hypervascularization. 

Microvasculature typically consists of a single layer of ECs that form the inner linings of 

the blood vessel. Endothelial cells are adhered to a thin layer of proteins that form a complex and 

highly porous organized network called the basement membrane. The basement membrane 

provides a substrate for ECs to adhere to the more fibrous interstitial matrix as well as contribute 

a regulatory function in angiogenesis through the suppression of EC stimulation. Surrounding the 

microvasculature is a layer of mural cells known as pericytes that adhere to the outside of the 

vessel and help to maintain vessel structure, function, and guide angiogenesis.58 Exposure to pro-

angiogenic cytokines (e.g. VEGF, angiopoietin-1, and IL-8) or tissue hypoxia induce pericyte 

detachment and begins the process of angiogenesis.59 The induction of angiogenesis begins with 

the degradation of basement membrane and exposes ECs to growth factors and ECM fragments 
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that stimulate sprouting. ECs and pericytes then secrete matrix metalloproteinases (MMPs) to 

degrade the ECM and create pores for EC migration whereby spouting EC tip cells gradually 

migrate towards the angiogenic stimulus.60 During this process, ECs are actively dividing and 

create a vessel stalk whose vascular lumens will eventually fuse in order to form a new, perfusable 

vessel. Upon neovessel formation, pericytes migrate towards the neovessel and stabilize the new 

structure with the reassembly of basement membrane and subsequent reattachment to the ECs.57,61 

Perfusion of the neovessel marks the end of angiogenesis.  

During tumor angiogenesis, localized dysfunction of the pro-angiogenic and 

antiangiogenic equilibrium is shifted towards proangiogenesis and results in tumor 

hypervascularization.57 As tumors grow in size, the subsequent oxygen and metabolic demands 

can surpass the rate at which vasculature can normally compensate. This results in hypoxic and 

acidic microenvironments that lead to pro-angiogenic stimulation through the activation of the 

transcription factor HIF pathways as well as tumor cell expression of VEGF and IL-8.62–64 In the 

context of GBM, continuous angiogenic activation results in tortuous, dilated, and leaky 

vasculature that occurs as a result of disorganized neovessel growth and insufficient neovessel 

stabilization. Paradoxically, the resulting vasculature not only provides the tumor with an increase 

in oxygen and nutrients but the disorganized nature of the microvasculature diminishes the effects 

of therapeutics delivered through the blood stream as a result of poor blood flow.13,65  

In addition to overactive biomolecular signaling that promotes hypervascularization, GBM 

tumors also modify ECM remodeling dynamics in the local parenchyma; these changes results in 

stiffer, denser, and more fibrillar ECM proteins in the microenvironment.66–68 These tumor ECM-

derived cues have pro-angiogenic effects through altered integrin engagement as well as physical 

compaction of ECs that lead to activation of Rho/ROCK signaling.69,70 For example, disruption of 
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collagen’s hierarchical structure in GBM tumors results in inhibited angiogenesis and a reduction 

in tumor formation in mice due to a reduction in mechanosignaling in ECs.71 The effects of GBM-

mediated ECM remodeling are not limited to excessive matrix deposition as GBM tumor cells 

often exhibit overactive MMP profiles.72  Excessive matrix remodeling through the secretion of 

MMPs create pathways for neovessel growth as well as provide matrix fragments from proteolysis 

that induce angiogenesis.73,74 Indeed, overexpression of MMP-2 is associated with increased GBM 

aggression, poorer prognosis, and increased tumor vascularity. Thus, a combination of ECM 

deposition and degradation are partially driving GBM tumor vascularization in combination with 

pro-angiogenic biomolecules.   

 

1.6 Cancer Stem Cells 

The traditional view of tumor pathogenesis is predicated on the assumption that 

tumorigenic cells occur as a result of the gradual accumulation of genetic mutations and epigenetic 

modifications. These events then eventually lead to apoptosis suppression, unregulated 

proliferation, and eventual metastasis of tumor cells.75 This approach has guided clinical 

treatments for the better part of the last century and while there have been considerable advances 

in cancer detection and treatment, many patients inevitably experience therapy-resistant disease 

relapse.5 This is likely due to the fact that therapies rely on pathways and mechanisms that 

preferentially target mature, highly proliferative tumor cells under the assumption that they are 

responsible for the disease. An accumulation of recent evidence suggests that a subpopulation of 

relatively quiescent, undifferentiated stem-like tumor cells may instead be responsible for 

tumorigenesis and evade current treatment approaches.76,77  

The Cancer Stem Cell (CSC) theory spans 150 years, arguable beginning with a case report 
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by Julius Cohnheim in 1875 that suggested only a few scattered cells within tumors give rise to 

other cells through asymmetric divisions.78,79 This theory posits that at the apex of tumor hierarchy 

sits a pool of oncogenic stem cells that have the ability to give rise to the observed cellular 

hierarchies in tumors that is analogous to how healthy stem cells give rise to tissues.80,81 Cancer 

stem cells are capable of many stem cell-like properties such as indefinite self-renewal, stimulus-

driven differentiation, and frequently express many of the same cell markers such as CD133, 

CD44, SOX, and ALDH.76,82 CSCs also exhibit profound tumorigenic potency as they are capable 

of forming xenograft tumors at remarkable low cell counts; they also continuously proliferate 

(albeit at lower rates that other tumor cells) and have many genetic mutations that are common in 

cancer.83–85 Currently, CSCs have been isolated in a wide variety of solid cancers such as prostate, 

breast, lung, skin, and brain; each population presents its own unique cellular properties due 

various context-driven, microenvironmental cues.86–88  

In GBM, CSCs were first reported by Ignatova et al in 2002 through the clonal expansion 

of GBM tumor cells and then genomic analysis of both tumor genes and neuronal stem cell markers 

such as nestin and glial fibrillary acidic protein (GFAP); since this initial study, their presence in 

GBM tumors has been widely reported.89,90 Although GBM consists of four subtypes, CSCs 

isolated from tumors invariably fall within either the proneural or mesenchymal categories after 

characterization.91 However, the origin of GBM CSCs is less obvious as they may arise from the 

de-differentiation of normal brain cells, dormant embryonic stem cells, or from adult neuronal 

stem cells; the reality is that a combination of these sources are likely responsible. The primary 

tumor in GBM may contain many clonal populations of CSCs, each with their own unique genetic 

and epigenetic signatures that contribute to tumor evolutoin.92 In spite of this, each subpopulation 

of CSCs possesses a baseline set of neuronal stem cell markers that include CD133, CD44, nestin, 
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SOX2, and Nanog.92–94 This indicates that regardless of origin, specific stem cell pathways are 

required for GBM CSC evolution and tumor initiation.  

While the identification of GBM CSCs has gone through multiple iterations in order to 

determine their paucity and where they localize in tumors, recent studies have indicated that they 

are routinely enriched in the perivascular niche. These observations lend credence to the theory 

that CSCs may arise from neuronal stem cells as neuronal stem cells are not scattered randomly 

within brain tissues but are highly concentrated in the subventricular and subgranular zones near 

brain microvasculature.95,96 Regardless of their origin, resected and analyzed tumor vasculature 

reveals an abnormally high enrichment of CSCs in spaces adjacent to ECs when compared to the 

bulk tumor. Beyond this, the CSCs near vasculature have been reported to adopt a wide variety of 

behaviors known as biomimicry where they appear to insert themselves into vasculature and 

behave as ECs or surround vasculature and behave as pericytes.97,98 These behaviors may partially 

drive angiogenesis and neovessel growth.  

Because CSCs are found in close proximity to blood vessels, it is also hypothesized that 

they engage in a variety of  bidirectional signaling with ECs that are required both for stem cell 

maintenance and tumor angiogenesis.99 Indeed, CSCs secrete pro-angiogenic biomolecules such 

as VEGF and SDF-1 that stimulate EC growth, tissue remodeling, and angiogenesis.100 In turn, 

ECs express Notch and IL-8 that facilitate CSCs proliferation and stem cell maintenance.101,102 

Indeed, IL-8 has been of particular interest due to its ability to promote angiogenesis and the 

retention of stem cell characteristics in GBM CSCs. Cancer stem cells also maintain physical 

contact with ECs and engage in a wide variety of cadherin signaling that suppress differentiation 

cues from the microenvironment.103 Lastly, components of the basement membrane that are 

enriched in GBM such as laminins have been demonstrated to increase tumor survival and CSC 
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stemness via altered α6β1 integrin signaling.104 Together, these indicate that not only are CSCs 

enriched in perivascular spaces due to these microenvironmental cues, but that they also may be 

mediating tumor angiogenesis in spatially defined feedback loop that perpetuates tumor invasion 

and progression. In studies where EC-CSC crosstalk is blunted, tumor vascularization is 

significantly diminished, CSC populations are depleted, and tumor formation is slowed or halted; 

disruption of this niche may be the key for finding effective therapies.  

 

1.7 3D Cell Culture Models 

While many cancer therapies have proven useful in a laboratory setting, scaling up 

therapeutic approaches has largely been ineffective due to profound differences in the context with 

which cells interact with their microenvironment.105  Traditional cell culture approaches lack 

physiological relevance due to altered tissue dimensionality, heterotypic cell interactions, ECM 

compositional and mechanical cues, and oxygen and morphogen gradients. In recent years, tissue 

engineering approaches have sought to overcome these limitations through the use of 

microfabricated devices and sophisticated tissue-mimetic approaches.106,107  In contrast to 2D and 

2.5D culture models, enclosing cells into hydrogels such as collagen, Matrigel®, or alginate allows 

for investigating cell behavior in biomimetic tissue contexts; this has proven to be useful in 

modeling disease microenvironments. For example, encapsulation of tumor cells into collagen 

hydrogels that are interspersed with fibroblasts allows for an exploration into fibroblast-mediated 

tumor cell migration and invasion.108 Similarly, this approach has been used to investigate other 

diseases such as obesity and its associated ECM changes on stromal cell behavior.109  

Tissue engineering approaches are also capable of coupling the biochemical features of the 

ECM to its micromechanical properties such as porosity, fiber size, and structural 
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polarization.110,111 With the manipulation of hydrogel gelation protocols such as temperature or 

protein concentration, chemical modification of protein bioreactivity, and physical modification 

of macromolecular structure, a wide range of biomaterial properties can be accomplished in order 

to investigate cell-ECM interactions.112,113114 These systems can offer insight in phenomena such 

as the role of altered collagen mechanosignaling in guiding microvascular morphogenesis or tumor 

cell behavior.115 Alternatively, 3D cellular spheroids can provide similar dimensionality to tissues 

as they naturally exhibit oxygen and nutrient gradients, self-organize into 3D architectures, and 

are exposed to physiological cell-cell interactions. Indeed, multi-cell type spheroids have been 

used to assess the functional relevance of heterotypic cell interactions in tumor invasions; 

spheroids are also useful models of tumors as they naturally mimic tumor avascularity, cell 

heterogeneity, and diffusion gradients that may be present in vivo.116,117 This approach, when 

coupled with the inclusion of hydrogels, is useful in investigating cell morphogenesis and tumor 

biology as these microtissues more closely match physiological constraints such as therapeutic 

bioactivity and tissue diffusion gradients.118,119 This approach has the added benefit of providing 

greater predictability in efficacy and toxicity as well as eliminating species differences that are 

inherit to animal models.   

 

1.8 Imaging Considerations 

Confocal Fluorescence Microscopy 

Confocal microscopy is a popular biological optical imaging technique that is used to 

acquire images as it offers high optical resolution and contrast of specimens relative to wide-field 

fluorescent microscopes via point illumination and a pinhole. The advantages of this technique 

over wide-field are owed to the pinhole that is in place as it reduces the fluorescence excitation 
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volume, reduces photobleaching due to lowered laser intensity, and resolves features only the 

objective focal plane. While images are captured as 2D optical sections, the depth of field control 

allows for the optical reconstruction of 3D micrographs with the aid of image processing software. 

Confocal microscopes typically contain a variety of excitation lasers ranging from far red (~700 

nm wavelength) to ultraviolet (~400 nm wavelength) that allow for the collection of signals from 

multiple fluorescent sources within a sample. Multiple types of confocal microscope designs exist 

and each have their own unique applications; the most frequently used types are laser scanning 

confocal and spinning disk confocal microscopes.  

 

Confocal Reflectance Microscopy 

Confocal reflectance microscopy is similar to confocal microscopy in that the equipment 

and techniques used are nearly identical; many confocal laser instruments can be fitted to function 

as confocal reflectance microscopes. However, confocal reflectance does not require the use of 

fluorescent dyes or fluorophores in order to image samples as it relies on the collection of 

backscattered light from samples.120 This is particularly useful when trying to assess 

morphological architectures of biological samples such as cell morphology or the structure of ECM 

networks. Because confocal reflectance does not require fluorescence to function, it can be used 

in combination with regular confocal reflectance imaging to provide dual images of fluorescently 

labeled proteins or cells and their interaction with surround ECM. The primary drawback of this 

technique is that objectives used require a high numerical aperture and fiber structures imaged are 

not resolvable at specific angles, thus requiring other techniques for complete structural analysis.  
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Two-Photon Fluorescence Microscopy 

Two-photon microscopy is a fluorescent imaging technique that differs from traditional 

fluorescent imaging in that instead of a single photon excitation-emission event, it requires the 

simultaneous absorption of two longer wavelength photons (each photon carries half the energy of 

the photon required for confocal microscopy) to produce the same effect.121 This greatly reduces 

the background noise as simultaneous absorption of two photons is a probabilistically rare event 

and only occurs at the focal plane. The specificity of this effect eliminates the need for a pinhole 

in the confocal instrument and thus increases the signal collected. The functional outcome of this 

is that longer wavelength photons are less likely to be scattered and thus offer greater depths of 

penetration into thick samples for imaging (~6 fold over confocal).122 Furthermore, there is 

reduced photobleaching and increased focal plane resolution over wide-field and confocal imaging 

that increase the overall optical resolution of samples.  

 

Light Sheet Microscopy 

In contrast to confocal and wide-field microscopy, light sheet microscopy is a fluorescent 

microscopy technique that creates optical planes of illumination in specimens rather than focal 

points. Typically, a pseudo-plane of laser light is used to scan the sample while the objective sits 

in an orthogonal position and collects emitted, fluorescent light.123 While the lateral resolution is 

comparable to that of epifluorescent microscopes, the reduced imaging time of the technique 

allows for the collection of volumetric data from large samples that is otherwise not feasible with 

other imaging modalities. As the main advantage of the technique is the imaging of whole tissues 

or organs, samples are prepared with a chemical treatment that makes them optically transparent 

in order to decrease scattering caused by normal tissue opacity. Fluorescent labeling works 
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similarly to how sample preparation occurs for other fluorescent imaging techniques 

 

Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) utilizes a focused beam of high-energy electrons 

rather than photons to scan and gain an understanding of the topography of a surface. The electrons 

in the beam interact with the atoms in the sample and produce a variety of electron-mediated 

scattering towards detectors within the imaging chamber, ultimately producing an image.124 The 

main advantage of SEM is the higher magnification, depth of field, and resolution as electrons are 

able to resolve features much smaller than that of traditional light microscopes; this allows for the 

analysis of subcellular and nanoscale features within samples.  Furthermore, SEM imaging allows 

for the collection of chemical data and can help determine atomic composition of structures. 

Sample preparation differs from that of light microscopy as samples undergo a serial dehydration 

process that removes all liquid from the specimen. This is followed by a coating of conductive 

metals to ensure that no charge accumulation occurs during imaging. While this process can 

preserve the overall structure of samples, the dehydration process can create topographical 

distortions in materials that are naturally hydrated.  

  

1.9 Research Objectives 

Dynamic processes within the tumor microenvironment such as ECM remodeling and 

tumor angiogenesis are functionally linked to GBM tumorigenesis and disease progression.65,125 It 

is well understood that tumor-induced ECM remodeling results in structural and compositional 

changes that present altered biochemical and mechanical cues that directly promote 

angiogenesis.126 In GBM, this promotion of angiogenesis results in increased tumor growth due to 
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the increased supply of nutrients and oxygen to metabolically active tissues. These changes also 

appear to support the formation of an altered perivascular space that promotes tumor progression 

and the enrichment of GBM CSCs. However, the understanding of the role of specific mechanical 

parameters on EC behavior and vascular network assembly remains poorly understood due in part 

to the lack of relevant cell culture models. Work that can deconvolve these parameters would have 

broad impact as ECM fiber size and alignment changes are emblematic of many other cancers 

besides GBM.127,128  

Previous studies have demonstrated that migrating CSCs prefer to localize and migrate 

near microvasculature, likely due to unique signaling processes that enrich for CSCs and maintain 

their multipotent state as well as CSC preference to EC-associate matrix proteins.98 In turn, CSCs 

appear to affect EC behavior through soluble factor signaling and enrich for a microenvironment 

that is pro-angiogenic and tumorigenic. While this association and its some of its molecular 

underpinnings have been characterized, the influence of ECs on CSC migration at early stages of 

tumorigenesis and possible mediators has yet to be fully explored. Indeed, the relationship between 

CSC migration, stemness, and EC-mediated signaling may play a pivotal role in bridging the gap 

between tumor induction and tumor growth.  

This doctoral research focused on the role of ECM compositional and structural properties 

in regulating vasculogenesis and angiogenesis and the role of ECs in modulating CSC invasion 

through soluble factor signaling. Thus, I hypothesize that that tumor microenvironmental factors 

such as tumor-induced ECM changes modulate pro-angiogenic behaviors of ECs and that ECs 

are a required component in promoting CSC invasion through enhanced biochemical crosstalk. 

Both of these microenvironmental changes would consequently lead to tumor progression. 

This hypothesis was addressed by investigating the following sub-hypotheses: 
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1. ECM composition and collagen fiber size regulate angiogenesis 

2. ECM alignment regulates angiogenesis through altered mechanosignaling 

3. ECs enhance CSC invasion through IL-8 mediated bidirectional crosstalk 

 

Further details of these studies are described in the following subsections and their respective 

chapters.  

In chapter 2, the effect of collagen fiber size and composition on vascular network 

assembly is explored using human cerebral microvascular endothelial cells (hCMECs) and 

validated in a second endothelial cell type using human umbilical vein endothelial cells 

(HUVECs). Specifically, this study demonstrates that larger collagen fiber size and the inclusion 

of small amounts of Matrigel® increase the rate of vascular network formation and the overall size 

of vessel structures within 3D hydrogels. This was tied to increases in IL-8 secretion by ECs and 

these different networks had functional relevance as they altered subsequent metastasis from a 

freshly seeded EC monolayer. The blocking of IL-8 mitigated the effects of ECM differences, 

indicating that the response is in part due to altered pro-angiogenic signaling.  

In chapter 3, the role of collagen fiber orientation in 3D hydrogels on vascular network assembly 

is assessed by gradually altering the casting strain of collagen hydrogels using hCMECs and validated once 

again in HUVECs. Highly aligned collagen fibers increased hCMEC network assembly rates, migration 

speed, and matrix remodeling. Vessel structures formed in highly aligned hydrogels were also significantly 

larger and exhibited lumen formation when compared to randomly organized collagen fiber hydrogels. 

These changes were tied to differences in mechanosignaling as interference with pFAK, rho/ROCK, and 

pMLC ablated the stimulatory effects of collagen alignment.  
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In chapter 4, the effects of hCMECs on CSC invasion behavior is examined utilizing 3D collagen 

hydrogels and tumor spheroids. In this work, the presence of ECs promoted CSC invasion from the spheroid 

and these invasions were tied to an increase in nestin expression as demonstrated via fluorescent imaging. 

The effects of ECs on CSC invasion are then tied to changes in IL-8 signaling between CSCs and ECs and 

it is demonstrated that supplementation and blocking of IL-8 can either enhance or suppress CSC invasion, 

respectively. Lastly, xenograft injections of CSCs and ECs into mice brains resulted in increased tumor size 

when ECs were added and diminished tumor size when IL-8 signaling was blocked.   

These findings highlight the capability of tissue engineering in answering basic science 

questions and in identifying potential therapeutic targets for cancer research. In particular, we 

demonstrate the functional need for considering matrix properties during experimentation and 

analysis as nanoscale differences in matrix structure can lead to significant difference in tissue 

organization as a result of altered cellular signaling. Although the role of tumor angiogenesis has 

been widely appreciated in understanding cancer progression, these studies also validate the need 

for an increased understanding of the effects of ECM structural properties on cell behavior in the 

context of tumor-mimetic microenvironments. Lastly, this work highlights the concept that tumor 

cell interactions with the microenvironment are bidirectional and that the results of molecular 

signaling may be driven by context and cell type. Collectively, these results indicate that tumor 

angiogenesis is mediated through potent pro-angiogenic cues that arise from both the ECM and 

soluble factors and that a combination of EC-ECM and EC-CSC interactions are likely require for 

GBM tumor progression.       
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CHAPTER 2 

 

COLLAGEN I HYDROGEL MICROSTRUCTURE AND COMPOSITION CONJOINTLY 

REGULATE VASCULAR NETWORK FORMATION 

Published in and adapted from McCoy, M. G. et al., Acta Biomaterialia 2016 
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2.2 Abstract 

Neovascularization is a hallmark of physiological and pathological tissue remodeling that 

is regulated in part by the extracellular matrix (ECM). Collagen I hydrogels or Matrigel are 

frequently used to study vascular network formation; however, in isolation these materials do not 

typically mimic the integrated effects of ECM structure and composition that may influence 

endothelial cells in vivo. Here, we have utilized microfabricated 3D culture models to control 

collagen I microstructure in the presence and absence of Matrigel and tested the effect of these 

variations on vascular network formation by human cerebral microvascular endothelial cells 

(hCMECs). Varied collagen microarchitecture was achieved by adjusting the gelation temperature 

and subsequently confirmed by structural analysis. Casting at colder temperature increased 

collagen fiber thickness and length, and inclusion of Matrigel further pronounced these 

differences. Interestingly, presence of Matrigel affected vascular network formation by modulating 

hCMEC growth, whereas altered collagen fiber structure impacted the morphology and maturity 

of the developed vascular network. These differences were related to substrate-dependent changes 

in interleukin-8 (IL-8) secretion and were functionally relevant as vascular networks preformed in 

more fibrillar, Matrigel-containing hydrogels promoted angiogenic sprouting. Our studies indicate 

that collagen hydrogel microstructure and composition conjointly regulate vascular network 

formation with implications for translational and basic science approaches. 

 

2.3 Introduction 

Hydrogel-based 3D cultures are widely used to study the formation of new blood vessels 

from naïve endothelial cells (vasculogenesis) or the preexisting vasculature (angiogenesis) in 

health and disease.129–131 Much focus has been placed on utilizing endothelial cell-embedded 
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hydrogels to delineate the role of soluble factors including growth factors and cytokines as well as 

oxygen and nutrient gradients in microvascular network assembly.132,133 Yet the extracellular 

matrix (ECM) plays a similarly important role in regulating endothelial cell behavior, but our 

understanding of the underlying cellular and molecular mechanisms remains relatively limited. 

Indeed, ECM composition and structure have been independently shown to influence 

vascularization in the native microenvironment.134 However, few hydrogel-based model systems 

currently exist that allow systematic investigations into the combined and individual effects of 

ECM composition and structure on microvascular network assembly.  

Instructive signals from the ECM can both drive and suppress vascular development and 

remodeling.135,136 The basement membrane, a highly porous and organized network of proteins, 

surrounds the endothelium in vivo and typically contributes to vessel stabilization.137 Loss of 

contact with the basement membrane either through tissue insult or proteolytic degradation 

initiates endothelial cell migration and sprouting.138 Induction of endothelial tip cells defines the 

path of neovascularization and the following stalk cells establish a nascent lumen and remodel 

basement membrane.139,140 In addition to directly regulating endothelial cell polarization, 

migration, adhesion, and function, the basement membrane also physically anchors the 

endothelium to the interstitial matrix, typically collagen I.141 

Collagen I is the primary ECM component of most connective tissues, easily remodeled by 

cells, and also represents one of the main structural proteins of blood vessels.142 The importance 

of collagen I in angiogenesis is evident as inhibition of collagen crosslinking decreases 

angiogenesis, while collagen degradation releases sequestered pro-angiogenic morphogens such 

as growth factors and ECM fragments.60,61 Consequently, collagen I is an attractive material for 

mimicking ECM-related aspects of the microenvironment. However, most current studies 
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disregard that the microscale structure of collagen I can vary significantly, and these structural 

differences may significantly affect microvascular network assembly.143 For example, fibrotic 

ECM remodeling during obesity is associated with both differences in collagen fiber length and 

thickness and abnormal vasculature, but whether these two phenomena are functionally linked 

remains unclear.144 

Many current hydrogel-based approaches to investigate microvascular network assembly 

as a function of the above-described ECM-mediated phenomena rely on the use of either Matrigel 

or collagen I.145,146 However, Matrigel, a tumor-derived ECM cocktail, differs from the native 

basement membrane by lacking physiologically relevant matrix microstructure.147,148 Inversely, 

collagen I hydrogels can be fabricated reliably with controlled microstructure depending on the 

utilized isolation and gelation protocols but lacks key compositional elements of the ECM that 

influence endothelial cell behavior in vivo.149,150 Hence, exclusive use of collagen I or Matrigel is 

likely insufficient in mimicking the complex cell-ECM and ECM-ECM interactions that influence 

endothelial cell behavior during vascularization.  

Here, we describe a method for evaluating 3D microvascular network formation as a 

function of ECM composition and microstructure. We have created hydrogels composed of  

collagen I and Matrigel and adjusted their microstructure through varying the hydrogel casting 

temperature. Subsequently, we tested whether the resulting differences in hydrogel 

microarchitecture and composition altered endothelial cell vasculogenic and angiogenic potential. 

Lastly, we examined matrix-dependent changes of endothelial cell-secreted interleukin-8 (IL-8) as 

a potential molecular mechanism underlying the detected changes in endothelial cell response. 
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2.4 Materials and Methods 

Cell culture 

Immortalized human cerebral microvascular endothelial cells (hCMECs) were provided by 

Dr. Babette Weksler (Weill Cornell Medical College, New York, NY).151 Cells were routinely 

cultured in Endothelial Growth Media-2 (EGM-2, Lonza) containing 2 % FBS, growth factors, 

and 1% penicillin/streptomycin on bovine collagen I-coated (26.35 mg/mL, BD Biosciences) cell 

culture flasks, at 37°C, and 5% CO2. For experiments, hCMECs were used between passages p13 

and 19. Fluorescently labeled hCMECs were generated by transfecting the cells with a lentiviral 

vector containing the mCherry gene. Prior to experiments, mCherry labeled hCMECs were FACS-

sorted using a FASCAria III (BD Biosciences) to enrich for highly fluorescent mCherry cells. 

Human umbilical vein endothelial cells (HUVECs, p2-6) (Lonza) were cultured in Bio-Whittaker 

medium 199 (M199) supplemented with 20% FBS, endothelial cell growth supplement (ECGS, 

Millipore), 1% penicillin/streptomycin, 2 mM Glutamax, and 5 units/mL heparin. 

 

Microwell and collagen hydrogel fabrication 

Poly(dimethylsiloxane) (PDMS, Dow Corning) microwells (4 mm in diameter, 250 μm in 

depth) were fabricated as described previously 152. Briefly, PDMS was cast onto a silicon master 

coated with a SU-8 negative photoresist pattern and demolded after curing at 65°C for 3 hours. 

PDMS microwells were punched out using an 8 mm biopsy punch and transferred individually 

into 24-well plates. To covalently bond collagen hydrogels, microwell surfaces were activated by 

treatment with 1% polyethylimine (PEI, Sigma-Aldrich) and 0.1% glutaraldehyde (GA, Fisher 

Scientific). Collagen I was prepared from rat tails as described previously 149. Prior to casting, 

collagen stock solution (1.5% [wt/V] in 0.1% acetic acid) was diluted to 0.6% [wt/V], osmotically 



27 
 

balanced with concentrated (10x) EGM-2 media, and titrated with 1N NaOH to a pH of 7.2-7.4. 

Cells were suspended in the final gel solution at a density of 1 x 106 cells/mL. For conditions 

containing Matrigel (BD Biosciences) collagen solutions were mixed with growth factor reduced 

(GFR) Matrigel (2% V/V) prior to neutralization with NaOH. Hydrogels were cast into the PDMS 

microwells and allowed to crosslink for 40 minutes, at either 4°C or 37°C (cold and warm cast, 

respectively) (Fig. 2.1).  

Endothelial vasculogenesis and anastomosis assays 

Cell-seeded microwell cultures were maintained in their respective growth media for 11 

days with media changed every 2 days. For anastomosis studies, microwell cultures were pre-

Figure 2.1: Experimental design. a) Microwells were fabricated by polymerizing poly(dimethylsiloxane) 

(PDMS) on photolithographically etched wafers and were individually punched out and transferred into 

conventional 24-well culture plates. b) Type-1 collagen was cast into the microwells with (M) and without 

(NM) Matrigel and allowed to crosslink either in an ice bath (cold cast [CC], 4°C) or in an incubator (warm 

cast [WC], 37°C). For all cell experiments, human endothelial cells were suspended in the different 

hydrogels prior to gelation, while characterization experiments were performed with cell-free gels 
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vascularized for 11 days. Subsequently, a confluent monolayer of mCherry-labeled hCMECs (0.5 

x 106 cells/mL) was seeded on top of these cultures and maintained for an additional 3 days. To 

quantify differences in IL-8 secretion, fresh media was added and collected after 24 hours of 

incubation. Interleukin-8 levels in the collected media were quantified using an enzyme-linked 

immunosorbent assay according to manufacturer’s instructions (ELISA, R&D Systems) and 

normalized to DNA content measured using Quantifluor dsDNA System (Promega). To assess the 

effects of IL-8 suppression on vasculogenesis, a function-blocking HuMax-IL-8 antibody (20 

μg/mL, Cormorant Pharmaceuticals) was added to the cell culture media. To analyze differences 

in endothelial cell behavior, cultures were fixed with 0.4% paraformaldehyde. Collagen IV was 

labeled with a rabbit anti-human collagen IV antibody (1:200 dilution, ABCAM) followed by 

incubation with a donkey anti-rabbit IgG (1:500 dilution, Alexafluor 488, Life Technologies). To 

exclusively detect extracellular collagen IV, staining was performed without prior 

permeabilization. Subsequently, cells were permeabilized and nuclei and f-actin were stained with 

4’,6-diamidino-2-phenylindole (DAPI, 1:5000 dilution, Invitrogen) and phalloidin (1:100 dilution, 

Alexafluor 546 or 647, Life Technologies), respectively. 

 

Structural analysis of collagen gels 

Quantitative microstructural analysis of the different hydrogels was performed on 

micrographs captured with scanning electron microscopy (SEM). Blank hydrogels prepared as 

described above were dehydrated using an ethanol gradient. Samples were then placed into 

hexamethyldisilazane for 10 minutes to preserve collagen microstructure and air dried in a 

chemical hood. Dry samples were attached to SEM specimen mounts and coated with 

gold/palladium alloy in a sputter coater (SCD 500, Baltec). All SEM images were taken at 40,500 
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fold magnification (Mira3FESEM, Tescan). For SEM image analysis, fiber length and diameter 

were measured utilizing ImageJ (NIH). For each condition, 3 samples were analyzed, images from 

5 randomly selected areas were taken and 7 fibers from each image were analyzed. Fiber diameter 

and length were measured utilizing ImageJ (NIH) following manual tracing of single surface-

associated fibers (Supplementary Figure A1.1).  

 

Confocal reflectance and immunofluorescence analysis 

Samples were imaged using a confocal microscope (Zeiss 710 LSM) in 1.1 μm step sizes 

and up to 150 μm in depth. For all analyses, 3 samples from each condition were imaged. Confocal 

image analysis of endothelial cell and network parameters was performed using ImageJ. To 

quantify cell numbers, 3 randomly selected 212.55 μm x 212.55 μm x 100 μm optical volumes 

(400x magnification) per microwell were flattened into a single z-stack and DAPI-stained nuclei 

were counted using the cell counter tool in ImageJ. Each condition was repeated in triplicate. Cross 

sectional areas of vascular branches were assessed using the same optical volumes and the 

orthographic projection tool in ImageJ; boundaries of branches were circumscribed and the area 

measured with the freehand selection function; 10 different branches were measured for each 

condition. Vascular branching was also determined through image analysis of similarly flattened 

z-stack. The largest vascular ‘cords’ were used as the base branch and endothelial sprouts 

consisting of 3 or more endothelial cells and extending outwards beyond 50 μm were counted. 

Collagen IV deposition was measured by determining the total pixel intensity of collagen IV 

immunofluorescence at a depth of 20 μm in each hydrogel. Images were transformed into a tab-

delimited matrix, imported into MatLab (Mathworks, R2013b), and graphed using the colored 

surface function. For monolayer invasion experiments, the monolayer was established to be z-slice 
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with the highest mCherry signal. To analyze invasion depth, fluorescence intensity of individual 

z-stacks was recorded as the raw integrated density and normalized to the fluorescence intensity 

of the corresponding monolayer. For endothelial cell invasion analysis, mCherry-labeled cells that 

had invaded 10 μm beyond the monolayer were analyzed 

 

Statistical Analysis 

Three independent experiments were performed for each experimental condition with 3 

replicates per experiment (n=3) and results are presented as the mean +/- standard deviation. All 

statistical tests were conducted in Graphpad PRISM. In conditions comparing matrix composition 

and structure, a two-way ANOVA with Tukey’s post-hoc test was used. In conditions comparing 

the effect of pre-vascularization or IL-8 inhibition relative to controls, student’s t-test was used, P-

values less than 0.05, 0.01, 0.001, 0.0001 were considered statistically significant and were labeled 

with *, **, ***, **** and °, °°, °°°, °°°° where * indicates comparisons between cold and warm 

cast hydrogels while ° indicates comparisons between hydrogels with and without Matrigel unless 

otherwise indicated.  

 

2.5 Results and Discussion 

Collagen hydrogel casting temperature and composition alter fiber microstructure 

To investigate the individual and combined effects of crosslinking temperature and 

inclusion of Matrigel on collagen microarchitecture, acellular hydrogels were cast in 

microfabricated PDMS wells (Fig. 2.1) and analyzed using Confocal Reflectance Microscopy 

(CRM) and SEM. Consistent with previous findings, CRM micrographs suggested that cold cast 

collagen hydrogels contained larger fibers relative to warm cast hydrogels (Fig. 2.2a).111,153,154 
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Interestingly, the addition of Matrigel appeared to increase fiber size in cold cast collagen 

hydrogels, while appearing to have no effect under warm cast conditions. To confirm these 

qualitative results, lyophilized hydrogels were subjected to SEM for a more detailed structural 

analysis of individual fibers. Indeed, image analysis of SEM micrographs confirmed that cold cast 

hydrogels were comprised of significantly longer and thicker collagen fibers relative to warm cast 

hydrogels (Fig. 2.2b-d). The inclusion of Matrigel pronounced these differences and increased 

both fiber length and diameter in cold cast hydrogels. In contrast, addition of Matrigel reduced 

fiber length in warm cast hydrogels, but did not impact fiber thickness (Fig. 2.2b-d).  

Figure 2.2: Hydrogel composition and casting conditions impact collagen fibrillar structure. a) 

Confocal Reflectance and b) Scanning Electron Microscopy micrographs of cell-free hydrogels prepared 

by cold (CC) or warm (WC) casting in the presence (M) or absence (NM) of Matrigel. Scale bars are 50 

μm and 1 μm, respectively. Image analysis of SEM micrographs indicated that collagen fiber c) length and 

d) diameter increases with decreased casting temperature; effects were enhanced in Matrigel-containing 

hydrogels. e) Changes in matrix architecture due to varied hydrogel composition and casting conditions 

were maintained in the presence of hCMECs. Blue is DAPI and red is phalloidin. Scale bars are 50 μm. f) 

Quantification of cell number by image analysis revealed that presence of Matrigel enhances hCMEC 

growth in hydrogels more prominently than altered microstructure. P-values less than 0.001 were labeled 

with *** when comparing CC vs. WC or °°° when comparing M vs. NM.  
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The observed temperature-dependent differences in collagen microstructure can be 

explained by the mechanism that underlies collagen I fiber formation in solution, i.e. entropy-

driven self-assembly of collagen I monomers into collagen fibrils that grow laterally.155 Lower 

temperatures limit nucleation of new fibers via decreasing entropy, which promotes thickening 

and elongation of already existing fibers. The modulating effects of Matrigel on collagen 

microstructure on the other hand, are likely related to composition.156 Fibronectin, laminin, 

entactin/nidogen-1, and perlecan found in Matrigel interact in collagen fibrillogenesis by providing 

collagen nucleation sites. In addition, these components regulate the elongation of existing 

collagen fibers by functioning as linkers between individual fibers collagen IV.156,157 Furthermore, 

laminin and perlecan support the self-assembly of collagen IV to produce mesh-like 

networks.147,158 This spontaneous assembly is sensitive to temperature; higher temperatures 

accelerate collagen IV network formation, which may explain the compromised fibrillar structure 

of warm cast Matrigel-containing hydrogels. It is therefore likely that lowering the casting 

temperature of collagen I and Matrigel allows for prolonged interactions between collagens fibrils 

and other Matrigel-associated proteins, promoting formation of thicker and longer collagen fibers 

as found in our experiments. 

 

Collagen hydrogel casting temperature and composition alter endothelial cell growth 

Matrix structure and composition are known to influence endothelial cell behavior and 

morphology.159 We next tested whether the detected structural differences of the varied hydrogels 

affected the behavior of human cerebral microvascular endothelial cells (hCMECs). Initial 

experiments confirmed that incorporating 1 x 106 cells/mL prior to gelation yielded the same 

casting induced changes in hydrogel structure as described above (Fig. 2.2e). Subsequent analysis 
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of cell growth further indicated that hCMECs were able to sense and respond to differences in 

hydrogel formulation. While casting temperature-induced changes of collagen fiber size appeared 

to play a minimal role in influencing cell growth, addition of Matrigel promoted cell growth in 

warm cast and cold cast gels (Fig. 2.2f). These results are consistent with previous findings 

suggesting that endothelial cell adhesion to Matrigel-contained ECM proteins (such as laminin and 

collagen IV) promotes endothelial cell morphogenesis and proliferation via altered integrin 

engagement.160 In addition, the presence of sequestered growth factors in Matrigel (even at low 

concentrations) is likely contributing to increased endothelial cell growth as well. For example, 

epidermal growth factor (EGF) is contained in growth factor-reduced Matrigel and may influence 

hCMEC proliferation.161 

 

Collagen microstructure and composition influence microvascular network formation 

While differences in cell growth can serve as initial indicators for substrate-dependent 

alterations of cell behavior, they do not reliably predict endothelial cell behavior in the context of 

neovascularization. Accordingly, varied casting temperatures did not affect hCMEC growth in the 

different hydrogels (Fig. 2.2f), but markedly impacted the quality of the vascular network that 

formed (Fig. 2.3a). More specifically, confocal image analysis not only revealed that Matrigel 

promoted the formation of thicker endothelial branches, but that this difference was significantly 

more pronounced in cold cast gels with thicker and longer collagen fibrils (Fig. 2.3a, b). 

Importantly, lumen formation was only observed in large vascular branches that formed in cold 

cast Matrigel hydrogels (Fig. 2.3c). Furthermore, vascular networks formed in Matrigel-containing 

cold cast hydrogels were more branched relative to all other conditions (Fig. 2.3d). These data 

indicate that the structure of endothelial networks within the ECM is dependent on the intrinsic 
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microarchitecture of the collagen as well as the presence of basement membrane components. 

Importantly, these findings were not limited to hCMECs, but a similar trend was noted for 

HUVECs suggesting that our findings may be broadly relevant to endothelial cells and not an 

artifact of the hCMEC cell line (Fig. 2.3e, f). Our data complement results from others who have 

previously shown that longer and thicker collagen fibers promote cell elongation, a phenomenon 

that is critical for endothelial cell alignment during vascular assembly.142 Differences in collagen 

Figure 2.3: Collagen hydrogel structure and composition influence 3D endothelial network assembly. 
a) Confocal micrographs of hCMEC cultures suggest that hydrogel composition and casting conditions 

influence vasculogenic network assembly. Blue is DAPI and red is phalloidin. Scale bars are 50 μm. b) 

Image analysis of confocal micrographs indicates that vascular branches are thicker in Matrigel-containing 

hydrogels and that gels prepared by cold-casting further increase this effect. c) Orthographic re-slicing of 

confocal micrographs demonstrates that thick vascular branches contain lumens. Blue is DAPI and red is 

phalloidin. Scale bar is 50μm. d) CC conditions exhibited increased branching from vascular cords over 

their WC counterparts with the highest amount of branching in CC M conditions and lowest in WC NM 

conditions. e) Similar differences in morphology and f) vascular branch cross sectional area were observed 

with HUVECs. Blue is DAPI and red is phalloidin. Scale bars are 50 μm. P-values less than 0.05 and 0.001 

were labeled with * and *** when comparing CC vs. WC and p-values less than 0.05 and 0.001 were 

labeled with ° and °°° when comparing M vs. NM. 
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fiber size likely contribute to enhanced endothelial cell contractility, which is a key characteristic 

for organized matrix remodeling, cell-cell interactions, and vascular assembly. Importantly, we 

show that concomitant control of ECM composition may potentiate endothelial cell responses to 

collagen microarchitecture and ultimately promote vascular assembly and maturation.  

 

Matrix structure and composition influence basement membrane deposition 

In vivo, a hallmark of vessel maturation and stability is the development of a tightly 

associated basement membrane surrounding the endothelium.162 To test whether the detected, 

hydrogel-dependent differences in microvascular network development were associated with 

varied levels of vascular maturation, we analyzed deposition of the basement membrane 

component collagen IV. Confocal-based immunofluorescence analysis of collagen IV and f-actin 

alongside with fluorescence intensity mapping indicated increased deposition of collagen IV at 

cell-cell junctions, particularly when endothelial cells had assembled into vascular networks (Fig. 

2.4a). Collagen IV deposition was significantly increased in Matrigel-containing hydrogels, a trend 

that was more pronounced in cold vs. warm cast hydrogels (Fig. 2.4b). Conversely, collagen IV 

deposition was barely detectable in warm cast hydrogels lacking Matrigel. Our results were likely 

due to new deposition and remodeling of Matrigel-contained collagen IV, but depended on direct 

cell-cell contact as the background signal from Matrigel-containing gels was significantly reduced 

relative to collagen IV associated with cell-cell junctions. The heightened effect of Matrigel on 

collagen IV deposition is likely related to the various growth factors and cytokines contained in 

Matrigel. For example, transforming growth factor β (TGF-β), which is contained in growth factor-

reduced Matrigel plays a role in vascular maturation and promotes vessel stability via changes in 

basement membrane deposition.163 
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ECM-dependent vascular network characteristics influence invasion 

Vascular network formation in vivo can occur through anastomosis, i.e. the induction and 

joining of adjacent vascular structures that originate from either vasculogenesis or angiogenesis 

and ultimately permit perfusion.164 In order to assess whether the detected hydrogel-dependent 

differences in vasculogenesis were functionally relevant to subsequent anastomosis with an 

adjacent preexisting endothelium, hCMECs were cultured in cold and warm cast collagen 

hydrogels with and without Matrigel for 11 days. Subsequently, a monolayer of mCherry-labeled 

hCMECs was seeded on top and angiogenic invasions were analyzed as previously described  (Fig. 

2.5a).165 Blank, non-pre-vascularized hydrogels were used as controls to assess the isolated effects 

of collagen hydrogel structure and composition on endothelial cell invasion.  

Figure 2.4: Collagen hydrogel structure and composition affect collagen IV deposition. a) Confocal 

micrographs and corresponding heat maps as well as b) image analysis suggest that vascular structures 

formed in cold-cast, Matrigel-containing hydrogels deposit more type-IV collagen relative to all other 

conditions. Scale bars are 50 μm. P-values less than 0.05 and 0.0001 were labeled with * and **** when 

comparing CC vs. WC and p-values less than 0.05, 0.001, and 0.0001 were labeled with or °, °°°, and °°°° 

when comparing M vs. NM. 
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Pre-vascularized cultures exhibited extensive angiogenic invasion from the hCMEC 

monolayer that both integrated into the pre-existing vascular networks in the bulk and invaded as 

single cells (Fig. 2.5b). Confocal micrographs confirmed that pre-vascularized hydrogels exhibited 

increased invasion of mCherry-labeled hCMECs into the bulk hydrogel when compared to their 

blank counterparts (Fig. 2.5c). To more directly evaluate differences in endothelial cell invasion 

between pre-vascularized culture systems, we determined endothelial cell invasion depth and 

number via fluorescence intensity measurements. When compared to their blank counterparts, pre-

vascularized hydrogels revealed significantly increased cell invasion independent of structure and 

composition (Fig. 2.5d). In addition, vascular networks preformed in cold cast gels appeared to 

exhibit a more pronounced effect as compared to their counterparts that had formed in warm cast 

gels. Perhaps not surprisingly, Matrigel-containing, pre-vascularized hydrogels exhibited 

increased invasion of endothelial cells from the top monolayer when compared to Matrigel-

deficient, pre-vascularized hydrogels. Interestingly, this effect was further pronounced in pre-

vascularized hydrogels that were generated with Matrigel-containing, cold-cast hydrogels (Fig. 

3.5e, f). Collectively, these data suggest that endothelial cell invasion and anastomosis are 

mediated in part by matrix structure and composition and that endothelial cell remodeling of the 

underlying tissue plays a role in this process. These findings were consistent with previous reports 

suggesting that vascular network morphogenesis promotes blood vessel assembly by driving 

endothelial cell migration and anastomosis through vascular guidance tunnels.73 Moreover, the 

generation of morphogen gradients likely plays a key role in the noted difference between blank 

and pre-vascularized hydrogels.166 These differences in paracrine signaling may be further 

accentuated through the barrier function of the top endothelial monolayer, which can impact 

diffusion of nutrients, oxygen, and signaling molecules. 
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Interleukin-8 regulates endothelial cell response to matrix structure and composition 

Interleukin-8 (IL-8) is a potent pro-inflammatory chemokine that plays a key role during 

angiogenesis and is produced by a variety of cell types including endothelial cells.101,167 Previous 

Figure 2.5: Hydrogel-dependent changes of vasculogenesis impact subsequent endothelial cell 

invasion and anastomosis. a) Schematic depicting the experimental design of invasion experiments in 

blank and pre-vascularized collagen hydrogels. A monolayer of mCherry-labeled hCMECs was seeded on 

top of hydrogels that were either pre-vascularized with unlabeled hCMECs for 11 days or were left blank. 

b) Confocal micrographs show both individually invading endothelial cells (labeled with *) and 

anastomosis between labeled and unlabeled endothelial cells (labeled with arrow). Blue is DAPI, red is 

mCherry, and green is phalloidin. Scale bars are 50 μm. c) Confocal re-slices suggest that invasion of 

mCherry+ endothelial cells into the pre-vascularized vs. blank bulk is significantly enhanced in the presence 

of Matrigel. Blue is DAPI, red is mCherry, and green is type-IV collagen. Scale bar is 50 μm. d) Confocal 

image analysis confirmed that invasion from the endothelial monolayer was increased in pre-vascularized 

cultures, irrespective of condition. P-values less than 0.001 and 0.0001 were labeled with *** and ****. e) 

Quantification of the number of invaded mCherry+ endothelial cells and f) mCherry+ fluorescence intensity 

distribution supports these findings and further suggests that vascular invasion into pre-vascularized 

cultures is enhanced in cold-cast gels. P-values less than 0.05 were labeled with * when comparing CC vs. 

WC and p-values less than 0.01 and 0.001 were labeled with °° and °°° when comparing M vs. NM. 
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studies have associated increased levels of IL-8 with tumor progression and neovascularization, 

which may be due in part to IL-8’s ability to interfere with signaling of other growth factors 

including VEGF.168 In order to assess whether or not IL-8 may be implicated in hydrogel-

dependent differences in endothelial cell behavior, IL-8 secretion from the different cultures was 

measured and normalized to the DNA content in the microwell. The inclusion of Matrigel 

promoted endothelial cell secretion of IL-8 more dramatically than matrix structure, although cell-

secreted IL-8 levels were also significantly enhanced in cold cast vs. warm cast hydrogels in the 

absence of Matrigel (Fig. 2.6a). These differences were due to varied cellular secretion rather than 

Matrigel-contained IL-8 as confirmed by ELISA of blank Matrigel (Fig. 2.6a). Importantly, these 

hydrogel-dependent differences in endothelial cell secretion of IL-8 were functionally relevant 

because inhibition of IL-8 using a function-blocking human antibody affected the quality of 

microvascular branches that formed in response to varied hydrogel composition and structure (Fig. 

2.6b-d). More specifically, inhibition of IL-8 signaling reduced the cross sectional area of vascular 

sprouts in Matrigel-containing cold-cast collagen gels to levels that were comparable to vascular 

sprout thickness in Matrigel-containing warm-cast collagen gels (Fig. 2.6c). Interestingly, 

inhibition of IL-8 had no significant effect on vascular network structure under Matrigel-free 

conditions. However, IL-8 blockade in the presence of Matrigel reduced the branching of vascular 

networks in cold cast, but not warm cast hydrogels (Fig. 2.6d) suggesting that IL-8 regulates 

vascular responses to collagen structure in Matrigel-containing hydrogels. Collectively, these data 

support that Matrigel-induced IL-8 is not the sole regulator of vascular network formation in 

Matrigel-containing hydrogels, but that the physical effects mediated by altered collagen structure 

also play a role in this process.  
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Following investigation of matrix-mediated changes in IL-8 secretion and its role in 

vasculogenesis, we next tested whether vascular networks that had formed in the absence of 

functional IL-8 signaling differentially affected anastomosis. To exclude the independent effect of 

hydrogel structure on anastomosis, these experiments were performed in cold cast hydrogels that 

were formed in the presence and absence of Matrigel. Using the above-described experimental 

setup (Fig. 2.5a), a mCherry-labeled hCMEC monolayer was seeded on pre-vascularized and blank 

hydrogels with the exception that the hydrogels were treated with an IL-8 antibody during the first 

Figure 2.6: Hydrogel structure and 

composition influence vasculogenesis 

and subsequent anastomosis through 

varying IL-8 secretion. a) ELISA 

indicates that hCMECs secrete enhanced 

levels of IL-8 in the presence of Matrigel, 

and that cold-casting enhances IL-8 

secretion in collagen gels without 

Matrigel. Measurement of Matrigel 

revealed no significant levels of IL-8 

present. P-values less than 0.05 were 

labeled with * when comparing CC vs. 

WC and p-values less than 0.01 and 0.001 

were labeled with °° and °°° when 

comparing M vs. NM. b) Inhibition of IL-

8 with a function-blocking antibody 

decreased vascular cross sectional area in 

Matrigel conditions. P-values less than 

0.05 and 0.0001 were labeled with * and 

**** when comparing Control vs. Anti-IL-

8. c) Confocal micrographs indicate that 

IL-8 inhibition completely disrupts 

vascular network assembly in Matrigel-

containing, cold-cast hydrogels, while 

having a diminished effect in all other 

conditions. Blue is DAPI and red is 

phalloidin. Scale bars are 50 μm. d) 

Inhibition of IL-8 abates vascular 

branching in CC hydrogels, reducing them 

to levels seen in WC hydrogels. This 

reduction is not observed when blockading 

IL-8 in WC hydrogels. P-values less than 

0.001 were labeled with *** when 

comparing Control vs. Anti-IL-8. 
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11 days of culture. Inhibition of IL-8 during the pre-culture period significantly inhibited 

subsequent invasion and integration of adjacent endothelial cells into the preformed vascular 

structures regardless of the presence of Matrigel (Fig. 2.7a, b). These data highlight that IL-8 not 

only plays a role in de novo-formation of vascular networks via vasculogenesis, but that the 

morphological differences of the newly formed vascular networks impact subsequent angiogenic 

invasion and anastomosis with preexisting endothelial structures. Given that there exists a 

bidirectional cross-talk between IL-8 and other pro-angiogenic signaling pathways such as VEGF, 

NF-κB, and STAT3, our results suggest that changes in ECM remodeling modulate vascularization 

via altered biochemical signaling.169  

 

2.6 Conclusion 

Current in vitro approaches to study new blood vessel formation frequently lack the 

inherent structural and compositional complexity of the ECM in vivo. By varying the casting 

temperature and including Matrigel, we fabricated collagen I-based hydrogels of differing 

Figure 2.7: Inhibition of IL-8 decreases endothelial cell invasion and anastomosis. a) Analysis of 

endothelial cell invasion according to Fig. 2.5a reveals that blockade of IL-8 during vasculogenic network 

assembly significantly reduces subsequent endothelial cell invasion from an adjacent endothelial 

monolayer; this effect was more pronounced in Matrigel containing vs. Matrigel-free cold-cast hydrogels. 

P-values less than 0.001 and 0.0001 were labeled with *** and **** when comparing Pre-vascularized, 

Control vs. Pre-vascularized, Anti-IL-8. b) IL-8 inhibition also diminishes integration of mCherry+ into the 

preformed vascular networks regardless of condition. Blue is DAPI, red is mCherry, and green is phalloidin. 

Scale bars are 100 μm.  
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structure and composition. We demonstrate the individual and combined effects of these properties 

on both vasculogenesis and angiogenesis and suggest IL-8 as a molecular mechanism underlying 

ECM-induced changes of vascular assembly. A number of possible mechanisms could contribute 

to varying IL-8 secretion and responses in our studies. For example, IL-8 secretion has been linked 

to altered integrin engagement which, in turn, may differ as a function of varied hydrogel 

composition and structure.170,171 Cellular responses to IL-8 likely also depend on altered ECM 

structure. More specifically, IL-8 activates phosphatidylinositol-3-kinase (PI3K), a signaling 

molecule that is central to ECM-induced changes of mechanotransduction.172 As thicker collagen 

fibers are stiffer than their thinner counterparts and because both IL-8 secretion and PI3K activity 

are linked to integrin-mediated changes in mechanosignaling, it is likely that synergistic 

interactions between both pathways contribute to our results.173 Future studies will need to confirm 

these possible links. Our results are of broad relevance to tissue engineering for reconstructive 

purposes, but also provide new insights into how blood vessels form during pathological tissue 

remodeling. For example, wound healing and fibrotic/desmoplastic remodeling during 

tumorigenesis are characterized by increased deposition of fibrillar collagen I into otherwise 

basement membrane-rich microenvironments.174 Furthermore, endothelial cell-secreted IL-8 has 

been implicated in regulating cancer stem cell behavior and glioblastoma induction/progression, 

highlighting a possible connection between these parameters and the ECM.101,175,176 Our results 

motivate future studies on how changes in the ECM affect vascularization in the presence of 

morphogen gradients, additional cell types (e.g. pericytes, fibroblasts, etc.), flow-induced 

phenomena (e.g. shear stress and cyclic perfusion), and pathological conditions. Integration of 

these design parameters into physiologically relevant tissue culture platforms will advance our 

understanding of physiological and pathological blood vessel formation.  
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CHAPTER 3 

 

COLLAGEN FIBER ORIENTATION REGULATES 3D VASCULAR NETWORK 

FORMATION AND ALIGNMENT 

Published in and adapted from McCoy, M. G. et al., ACS Biomaterials 2018 
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3.2 Abstract 

Alignment of collagen I fibers is a hallmark of both physiological and pathological tissue 

remodeling. However, the effects of collagen fiber orientation on endothelial cell behavior and 

vascular network formation are poorly understood because of a lack of model systems that allow 

studying these potential functional connections. By casting collagen I into prestrained (0, 10, 25, 

50% strain), poly(dimethylsiloxane) (PDMS)-based microwells and releasing the mold strain 

following polymerization, we have created collagen gels with varying fiber alignment as 

confirmed by structural analysis. Endothelial cells embedded within the different gels responded 

to increased collagen fiber orientation by assembling into 3D vascular networks that consisted of 

thicker, more aligned branches and featured elevated collagen IV deposition and lumen formation 

relative to control conditions. These substrate-dependent changes in microvascular network 

formation were associated with altered cell division and migration patterns and related to enhanced 

mechanosignaling. Our studies indicate that collagen fiber alignment can directly regulate vascular 

network formation and that culture models with aligned collagen may be used to investigate the 

underlying mechanisms ultimately advancing our understanding of tissue development, 

homeostasis, and disease. 

 

3.3 Introduction 

Vascular networks develop through vasculogenesis and angiogenesis and regulate tissue 

homeostasis and pathological remodeling by facilitating the exchange of nutrients, metabolic 

byproducts, and gases such as oxygen or carbon dioxide.57,177 While understanding the 

biochemical signals contributing to new blood vessel formation has been a major focus of the field, 

the biophysical properties of the extracellular matrix (ECM) may be similarly important. For 
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example, alterations in ECM orientation have been associated with changes in vascularization and 

are a prognostic indicator for the progression of breast cancer.178 Previous studies interrogating the 

role of ECM microstructure in vasculogenesis further suggest that alignment of ECM fibers 

promotes endothelial cell (EC) proliferation, orientation, and migration in vitro.179,180 These 

reports have enabled important new insights, but were primarily performed using 2D patterned 

substrates due in part to a lack of model systems that allow studying 3D microvascular network 

assembly as a function of ECM alignment. 

Collagen I is the primary ECM component of most connective tissues and one of the main 

structural components of vasculature that can either drive or suppress vessel function depending 

on its biophysical presentation.53,142 During tissue latency, aligned collagen I fibers anchor and 

stabilize the endothelium and promote vessel maturation; during tissue insult, collagen I fibers 

serve as guidance cues and stimulate EC migration and proliferation.162,181 Moreover, cell-

mediated collagen remodeling near microvasculature provides guidance cues for vascular 

sprouting and can modulate EC responses to pro-angiogenic morphogens.73,162 While some of 

these effects are mediated by altering paracrine signaling between ECs and their environment, 

collagen I forms fibrillar matrix networks that can directly affect EC behavior through their 

anisotropic microstructural properties.173,182,183 For example, collagen fiber bundling near the cell 

surface influences EC polarization with functional consequences on vascular sprouting and lumen 

formation.184,185 These changes can occur independent of soluble factor signaling as collagen fiber 

orientation and substrate geometry alone can influence EC behavior by directing cell 

polarization.186,187 

Endothelial Cells can sense and respond to ECM through integrin-dependent focal 

adhesion (FA) formation and subsequent activation of mechanosignaling.188,189  Focal adhesions 
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serve as recruiting platforms for cytoskeletal proteins that induce changes in cell behavior (cell 

migration and proliferation) by effectively coupling ECM microstructural cues to intracellular 

biochemical changes. More specifically, integrin-dependent alterations of EC cytoskeletal 

dynamics and contractility are regulated by ECM topography and alter cell behavior via sequential 

activation of focal adhesion kinase (FAK), Rho-associated protein kinase (ROCK), and myosin 

II.190–192 These differences, in turn, can direct vessel structure and stability by various mechanisms 

including activation of mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase 

(PI3K) signaling.188,193,194 Additional studies suggest that collagen fiber realignment is key to 

mechanoregulated invasion of other cell types in 3D culture, but whether or not ECs respond to 

collagen alignment via altered vascular network formation and if mechanosignaling plays a role in 

this process remains unclear.195   

Here, we describe a method for evaluating the effect of collagen fiber alignment on 

vasculogenesis in 3D.  By casting collagen I into pre-strained, poly(dimethylsiloxane) (PDMS)-

based microwells and relaxing the mold stress following polymerization, we have created collagen 

gels with varying fiber alignment. We then tested whether or not changes in collagen orientation 

produced differences in 3D microvascular network assembly. Lastly, we interfered with key nodes 

of mechanosignaling in order to determine a potential molecular mechanism by which fiber 

alignment may alter microvascular assembly in 3D collagen cultures. 

 

3.4 Materials and Methods 

Endothelial cell culture  

Immortalized human cerebral microvascular endothelial cells (hCMECs) were generously 

provided by Dr. Babette Weksler (Weill Cornell Medical Collage, New York, NY) and used 
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between passages 15 and 24. Human Umbilical Vein Endothelial Cells (HUVECs) (Lonza) were 

used between passages 2 and 5. Both types of ECs were cultured routinely with Endothelial Growth 

Media-2 (EGM-2, Lonza) containing 2% FBS, growth factors, heparin, and 1% 

penicillin/streptomycin and gentamycin at 37°C, and 5% CO2.  

 

Microwell cultures 

Poly(dimethylsiloxane) (PDMS, Dow Corning) microwells (4 mm in diameter, 250 μm in 

depth) were fabricated as described previously.196,197 Briefly, PDMS was crosslinked on a silicon 

master with rows of raised circular platforms matching microwell dimensions (Fig. 3.1a). 

Following curing and demolding, strips of PDMS containing 4-5 microwells were cut using a razor 

blade and mounted into a custom-made stretching device (Fig. 3.1b and Supplemental Fig. A2.1). 

The strips were then clamped and axially stretched to 10% (4.4 mm), 25% (5 mm), and 50% (6 

mm) strains (Fig. 3.1c). Subsequently, microwell surfaces were activated for binding of collagen 

I by sequential treatment with 1% polyethylimine (PEI, Sigma-Aldrich) and 0.1% glutaraldehyde 

(GA, Fisher Scientific) followed by washing to remove unreacted reagents. Collagen type 1 stock 

solution (Dow Corning) was diluted to 6 mg/mL, osmotically balanced with concentrated EGM-2 

(10x), and titrated with 1N NaOH to physiological pH (7.2-7.4). Cells were suspended within the 

solution at a density of 1 x 106 cells/mL. Subsequently, the cell-collagen suspension was added to 

both control and strained microwell molds (Fig. 3.1d). Hydrogels were allowed to form for 40 

minutes at 4°C and then for 10 minutes at 37°C. Finally, strained microwells were relaxed, 

punched out using an 8 mm biopsy punch, and placed individually into 24-well plates. Both non-

stretched control and experimental samples were cultured for 7 days with EGM-2 cell culture 
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media being replaced every 2 days.  To quantify differences in matrix metalloproteinase-1 (MMP-

1) secretion, fresh media was added and collected after 24 hours of incubation. Matrix 

melloproteinase-1 concentrations in the collected media were quantified using an enzyme-linked 

immunosorbent assay according to manufacturer’s instructions (ELISA, R&D Systems) and 

normalized to DNA content in microwells that were quantified using Quantifluor dsDNA System 

(Promega).  

 

Collagen alignment analysis 

Blank hydrogels were prepared and left to incubate in EGM-2 for 7 days prior to fixation, 

while cell-seeded gels were fixed after 7 days of culture. Samples were then imaged using a 

confocal microscope (Zeiss 710 LSM) in Confocal Reflectance Mode (CRM) in order to visualize 

collagen microstructure. Collagen alignment was quantified utilizing the directionality plugin in 

Figure 3.1: Experimental Design. a) Microwells (4 mm diameter, 250 m depth) were fabricated by 

polymerizing poly(dimethylsiloxane) (PDMS) on photolithographically etched wafers. b) Mounting PDMS 

strips containing rows of microwells into a custom-made stretching device allowed applying 10% (4.4 mm), 

25% (5 mm), and 50% (6 mm) strain to each well. c) Digital calipers were used to measure each microwell 

until the desired strain was reached. After appropriate strain levels were reached type-1 collagen was cast 

into the differently stretched microwells and collagen fibrillogenesis initiated. Subsequently, PDMS strips 

were relaxed, microwells punched out, and individually transferred into a conventional 24-well culture 

plate. d) Schematic depicting the process by which collagen alignment occurs.  
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FIJI. Directional alignment was normalized to 0° per condition in order to control for differences 

in sample orientation during imaging; angle distribution was binned into 20° increments. For each 

condition, 3 randomly selected sections were analyzed per sample for a total of 3 samples per 

condition. Quantitative microstructural analysis of hydrogels was performed by scanning electron 

microscopy (SEM). For SEM, blank hydrogels prepared as described above were dehydrated using 

an ethanol gradient. Samples were then placed into hexamethyldisilazane for 10 minutes to 

preserve collagen microstructure and air dried in a chemical hood overnight. Dry samples were 

attached to SEM specimen mounts and coated with gold/palladium alloy in a sputter coater (SCD 

500, Baltec). All SEM images were taken at 5,000, 25,000, and 50,000 magnification 

(Mira3FESEM, Tescan). For SEM image analysis, fiber orientation was measured utilizing ImageJ 

(NIH). Images from 5 randomly selected areas per sample were captured and 10 fibers from each 

image were analyzed. A total of 3 samples per condition was analyzed. Directional alignment was 

analyzed as described above. 

 

Immunofluorescence and confocal image analysis 

Collagen IV was labeled with a rabbit anti-human collagen IV antibody (1:200 dilution, 

Abcam) followed by incubation with a donkey anti-rabbit IgG (1:500 dilution, Alexafluor 488, 

Life Technologies). To exclusively detect extracellular collagen IV, staining was performed prior 

to permeabilization. Cells were then permeabilized and nuclei and f-actin were stained with 4,6-

diamidino-2-phenylindole (DAPI, 1:5000 dilution, Invitrogen) and phalloidin (1:100 dilution, 

Alexafluor 546 or 647, Life Technologies), respectively. Samples were imaged using a confocal 

microscope (Zeiss 710 LSM) and z-stack images were collected in 1.5 μm step sizes up to 150 μm 

in depth. For all analyses, 3 samples from each condition were imaged and 3 representative z-
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stacks were taken per sample. Confocal image analysis of ECs and vascular network parameters 

was performed using ImageJ. Directional alignment was normalized to 0° per condition by fixing 

the mean angle at 0° in order to control for differences in sample orientation during imaging. Cross 

sectional area of vessels was assessed using the orthographic projection tool in ImageJ; boundaries 

of branches were circumscribed and the area measured with the freehand selection function. This 

approach was also used to assess lumen frequency using 215 μm x 215 μm x 80 μm z-stacks and 

3 samples with 3 fields of view per sample for each condition. Collagen IV deposition was 

measured by determining the total pixel intensity of collagen IV immunofluorescence of flattened 

z-stacks and normalized to control conditions. Flattened z-stacks were used to measure vessel 

length in each condition utilizing the freehand trace tool in ImageJ. 3D-rendered images were 

created using the 3D Viewer plugin in FIJI utilizing 412.5μm x412.5μm x 50μm z-stack images. 

Heat maps of collagen fiber density were generated from representative confocal reflectance 

images using the plot function in MatLab 2017b.  

 

Live imaging 

Time-lapse imaging was carried out using a miniaturized, lab-built microscope placed 

inside a conventional CO2 incubator.  While the studies described here only used bright field 

imaging, the instrument also has darkfield and fluorescence capability and consists of an ASI MS-

4 XY stage, LED light sources, various magnification Olympus Objective lens (4X Plan Achromat 

0.10 NA, and 10X UPlanFLN 0.30 NA) and two CCD cameras from FLIR Systems Inc. 

(Chameleon CMLN-13S2M 1.3 MP Monochrome camera with a SONY ICX445 1296x964px 

CCD). System software (Incuscope.exe) is written in VisualBasic under Microsoft Visual Studio 

2013 and available at https://github.com/julian202/. Image acquisition from the two CCD cameras 
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is through the USB 2.0 bus using the FLIR/PointGrey FlyCap.dll driver. Individual cells in each 

time lapse image were tracked and monitored for cell division events that were binned into 24 hour 

increments. Directional alignment of ECs was measured as described above. Migration path 

measurements were analyzed using the point tool in ImageJ to record the x and y coordinates; each 

cell’s coordinate was updated every 4 hours. To control for possible sample drift during live 

imaging, reference points in each sample were selected, tracked over time, and used to correct 

experimental coordinate values.   

 

Statistical analysis 

Three independent experiments were conducted per condition with a sample number of 

n=3 and results are presented as the mean +/− standard deviation. All statistical tests were 

conducted in Graphpad PRISM utilizing a one-way or two-way ANOVA with Tukey’s post-hoc 

test. P-values less than 0.05, 0.01, 0.001, 0.0001 were considered statistically significant and were 

labeled with *, **, ***, ****. 

 

3.5 Results 

Effect of mold pre-stretching on collagen alignment 

To investigate the utility of mold pre-stretching and subsequent relaxation on collagen fiber 

alignment, a previously published approach was adapted to stretch PDMS microwells (Fig. 3.1) 

198. This setup allowed us to apply varying levels of strains (10, 25, 50%) to the PDMS molds 

(Supplemental Fig. A2.1), which was confirmed by measuring their dimensions using calipers (Fig 

3.1c). Subsequently, pH-adjusted and osmotically balanced collagen was cast into the differently 

strained PDMS molds and allowed to form fibrillar hydrogel networks. Finally, collagen-
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containing PDMS microwells were relaxed and subjected to conventional culture conditions at 37° 

C (Fig. 3.1d).  

In order to investigate the effects of variable strains on collagen microstructure, the 

differently prepared hydrogels were analyzed using CRM and SEM. Confocal reflectance mode 

was used as it allows visualizing global changes of collagen network topography by taking 

advantage of the unique reflective optical properties of collagen. Furthermore, CRM can be 

performed in aqueous solution; i.e., without additional manipulations such as sample drying or 

staining that may introduce artifacts (Fig. 3.2a). Analysis of CRM micrographs indicated that 

collagen fiber alignment increased as a function of mold strain (Fig 3.2b). Similar changes in 

network architecture were observed when collagen gels were prepared in the presence of cells and 

Figure 3.2: Stretching PDMS microwells prior to collagen casting increases fiber alignment as a 

function of strain. a) Confocal Reflectance (CR) micrographs of collagen hydrogels with and without the 

inclusion of cells suggested that collagen alignment increases as a function of the applied mold pre-strain. 

Dark areas indicate locations of cell-mediated collagen degradation. Scale bars are 100 μm.  b) Image 

analysis of CR micrographs confirmed that collagen fiber orientation increases with increasing mold pre-

strain. c) Scanning Electron Microscopy (SEM) micrographs of cell-free hydrogels prepared using different 

mold strains. Scale bars are 1 μm. d) Image analysis of SEM micrographs indicated that collagen alignment 

increased with mold pre-strain.  
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cultured over 7 days. Interestingly, voids indicative of cell location and collagen degradation were 

larger with increased collagen pre-strain levels suggesting greater cell-mediated collagen 

remodeling under these conditions. Indeed, ELISA of MMP-1 secretion implied that collagen fiber 

alignment promoted the proteolytic capability of encapsulated cells (Supplemental Fig. A2.3). 

Because CRM does not allow resolving the microstructure of individual collagen fibers, sample 

hydrogels were dehydrated and subjected to SEM for a detailed structural analysis of individual 

collagen fibers (Fig. 3.2c). Scanning electron microscopy micrographs demonstrated no preference 

in collagen orientation in control conditions, consistent with the stochastic process by which 

collagen assembly occurs.153,173 Yet, similar to our CRM observations, fabricating gels in 

microwells that were pre-stretched 10% and 25% increased alignment of individual fibers relative 

to control conditions, while no further alignment of individual fibers was noted at 50% mold strain 

(Fig. 3.2d).  SEM visualization of collagen surface topography indicated that 50% pre-strain led 

to surface buckling, a finding not detected in any of the other conditions (Supplemental Fig. A2.2). 

Furthermore, these surface topography changes occurred perpendicular to the direction at which 

the PDMS molds were stretched and were consistent with the direction of fiber alignment. These 

data suggest that casting collagen in pre-strained PDMS molds can be utilized to introduce 3D 

collagen fiber alignment perpendicular to the direction of pre-strain and that increased pre-strain 

leads to a more pronounced effect that may in part depend on collagen network compression.  

 

Increased collagen alignment promotes endothelial network formation 

To evaluate whether ECs respond to strain-induced changes in 3D collagen structure, two 

different EC types, human cerebral microvascular endothelial cells (hCMECs) and human 

umbilical vein endothelial cells (HUVECs), were suspended in collagen prior to hydrogel 
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formation. We initially utilized hCMECs as these cells are sensitive to ECM changes.68 Indeed, 

confocal micrographs of immunostained cultures revealed that hCMECs networks assembled 

differentially depending on the initial fabrication conditions (Fig. 3.3a); the higher the initial strain 

for casting, the more aligned and thicker the newly formed vascular branches of the networks 

appeared to be. Fluorescence image analysis of DAPI-stained cells indicated that both cellular and 

vascular branch alignment positively correlated with the level of strain during collagen fabrication, 

suggesting that increased collagen alignment contributed to these findings (Fig. 3.3b). Importantly, 

microvascular networks that formed in aligned collagen were composed of significantly thicker 

network structures, a trend that was most pronounced with 50% mold pre-strain. To verify these 

observations with a second endothelial cell type, experiments were repeated using HUVECs (Fig. 

3.3c). Similar to hCMECs, HUVECs assembled vascular networks whose direction coincided with 

collagen alignment and a more noticeable effect was detected with increased collagen alignment 

(Fig. 3.3d). Moreover, both EC types exhibited increased collagen IV deposition and formed 

vascular structures with increased cross-sectional area in response to collagen alignment as 

indicated by immunofluorescence image analysis (Fig. 3.3e, f).  Though the effects of collagen 

structure on morphological differences in microvascular networks were not as pronounced in 

HUVECs, the trends between 0% and 50% pre-mold strain were consistent across both cell types. 

Further comparison of hCMEC vascular networks formed in non-aligned (0% pre-strain) and 

aligned (50% pre-strain) collagen indicated marked differences in lumen formation and organized 

collagen IV deposition consistent with differences in 3D vascular network assembly (Fig. 3.3g, h). 

Analysis of vessel structure length and lumen frequency further indicated that collagen alignment 

by 50% pre-strain promoted the formation of longer vascular structures that also contained 

significantly more lumens relative to all other conditions (Fig. 3.3i, j). As lumen formation and 
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deposition of collagen IV both represent features of vessel maturity, these results suggest that 

Figure 3.3: Collagen alignment influences 3D endothelial network assembly and collagen IV 

deposition. a) Confocal micrographs of hCMECs indicated that collagen alignment influences vascular 

network assembly as a function of mold pre-strain. Scale bars are 50 μm. b) Confocal image analysis 

suggested that fiber orientation influenced hCMEC alignment within 3D collagen cultures. c, d) Confocal 

image analysis verified that collagen alignment had qualitatively similar effects on HUVECs as on 

hCMECs. Scale bars are 50 μm. e) Image analysis of collagen IV immunofluorescence and f) vascular 

branch thickness indicated that 50% mold pre-strain enabled hCMECs to form thicker vascular branches 

with increased collagen IV levels relative to control conditions. g) Magnified confocal micrographs of 

hCMECs highlighting differences in vascular branch size and collagen IV deposition. Orthographic re-

slicing of micrographs demonstrated that vascular structures formed in 50% conditions contained lumens 

(white arrow), which were absent in control conditions. Scale bars are 50 μm in top images and 100 μm in 

orthographic projections. h) 3D reconstruction of confocal micrograph z-stacks visualizes differences in 3D 

microvascular network size, collagen IV deposition, and orientation as a result of collagen alignment. Scale 

bars are 100 μm. i, j) Confocal image analysis indicated that collagen alignment increased the length and 

lumen formation of the formed vascular structures, respectively. P-values less than 0.001 and 0.0001 were 

labeled with *** and ****.  
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orienting collagen networks during the fabrication process promotes the formation of aligned 

vascular structures of increased maturity.73,199,200  Because the most robust responses to collagen 

alignment were detected with hCMECs and 50% mold pre-stretching, all subsequent studies were 

performed under these conditions.  

 

Increased collagen alignment promotes endothelial cell division and directed migration 

To assess whether collagen alignment (0% and 50%) impacted vascular network formation 

by altering EC division, alignment, and migratory behavior, cultures were monitored by bright-

field live imaging for 72 hours (Fig 3.4a). Tracking individual cells, revealed that aligned collagen 

significantly increased the frequency of mitotic events over time (Fig. 3.4b). When quantified per 

field of view, cell division between 48 and 72 hours of 3D culture occurred approximately once 

every 8 hours in aligned collagen, but only every 12-16 hours in unaligned collagen. Monitoring 

of cell alignment, a prerequisite of vascular network formation that frequently coincides with EC 

proliferation, further suggested that ECs rapidly respond to collagen orientation by assuming a 

highly aligned morphology throughout the culture period (Fig. 3.4c).201 In contrast, cell alignment 

proceeded more slowly in unaligned collagen; cells were randomly oriented initially and only 

gradually assembled into oriented vascular structures over time. Importantly, differences in EC 

division and alignment due to collagen orientation coincided with increased directional and 

collective migration, another hallmark of vascular sprouting.202 More specifically, ECs under 

aligned conditions migrated in the direction of oriented collagen fibers, whereas ECs in control 

conditions exhibited relatively stochastic migration tracks with no defining pattern (Fig. 3.4d). 
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These results suggest that collagen alignment in 3D cultures promoted vasculogenesis by 

stimulating cell division, alignment, and directional migration.  

 

Collagen alignment regulates vascular network formation through mechanosignaling  

Endothelial cell interactions with collagen cause localized changes in fiber orientation that, 

in turn, generate and transmit varied mechanical forces due to non-linear stiffening effects 

associated with collagen fiber alignment.203–205 Endothelial cells can induce and respond to 

differences in fiber alignment and local ECM stiffness via mechanosensitive pathways that guide 

their behavior and microvascular network formation.206,207 Accordingly, heat maps of collagen 

Figure 3.4: Collagen alignment alters endothelial cell division and migration patterns. a) Time-lapse 

micrographs indicate differences in hCMEC growth and migration as a function of collagen alignment. 

Scale bars are 100 μm. b) Tracking cell division events from 0-24, 24-48, and 48-72 hours revealed that 

endothelial cells in aligned collagen divide significantly more when compared to their counterparts cultured 

in unaligned collagen. c) Tracking cell orientation over time demonstrated that hCMECs are aligned at all 

time points during culture in aligned collagen whereas hCMECs in unaligned collagen are randomly 

oriented initially, but gradually align over time. d) Analysis of migration paths of 6 representative hCMECs 

revealed that cells cultured in unaligned collagen migrate randomly, but exhibit directed migration in 

aligned collagen. P-values less than 0.05 were labeled with *.  
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fiber density generated from CRM images indicated that ECs cultured in non-aligned collagen 

locally cluster collagen fibers as they undergo vasculogenesis, but that a similar phenomenon is 

absent around individual cells (Fig. 3.5a). Pre-alignment of collagen fibers can mimic cell-

mediated local collagen fiber clustering, thus potentially accelerating vasculogenesis. As a 

consequence, we hypothesized that altered mechanosignaling may be involved in the observed 

differences in vascular network formation in aligned 3D collagen gels. To test this hypothesis, 

three key nodes of mechanosignaling were chosen for inhibition: FAK, ROCK, and myosin II. 

Each was targeted by supplementing the culture media with a small molecule inhibitor (FI14 for 

FAK, Y27632 for ROCK, and blebbistatin for myosin II). Indeed, confocal imaging of hCMECs 

cultured in unaligned collagen confirmed that pharmacological inhibition of FAK, ROCK, or 

myosin II disrupted coordinated cell-cell interactions and cell alignment when compared to 

untreated conditions (Fig. 3.5b). Effects were particularly pronounced when the inhibitors were 

added to aligned collagen cultures and effectively abrogated EC alignment and vasculogenesis. 

While ROCK inhibition appeared to have a less pronounced effect, blocking FAK and myosin II 

disrupted the ability of ECs to align in the direction of collagen yielding comparable cell 

distributions as in unaligned collagen cultures (Fig. 3.5c). Image analysis of vascular networks 

further identified that interference with FAK, ROCK, or myosin II reduced the cross-sectional area 

of individual branches in aligned collagen to values comparable with unaligned conditions (Fig. 

3.5d). In contrast, no significant effect was detected when these molecules were inhibited in 

unaligned collagen cultures. These differences in network formation were also reflected by the 

level of collagen IV deposition (Fig. 3.5e). Confocal image analysis of collagen IV 

immunofluorescence suggested that signaling via all three FAK, ROCK, and myosin II is essential 

to the deposition of collagen IV in aligned collagen conditions, while they appeared to have no 
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significant effect in unaligned conditions. Together, these data indicate that alignment of collagen 

fibers regulates 3D vasculogenesis and thus, microvascular network formation by influencing 

mechanosignaling. 
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Figure 3.5: Interference with hCMEC mechanosignaling abrogates the stimulatory effects of collagen 

alignment. a) Confocal reflectance micrographs (CRM) and corresponding heat maps of collagen fiber 

clustering suggested that vascular structures, but not individual cells (0% cell) increase collagen fiber 

density under non-aligned conditions (0% vessel). Increased collagen fiber density was also detected in the 

bulk of aligned collagen gels (50% vessel) and in the absence of cells (50% blank). b) Confocal micrographs 

of hCMECs indicated that inhibiting ROCK (Y27632), FAK (FI14), and myosin II (blebbistatin) disrupts 

microvascular network assembly in both unaligned and aligned collagen, but stronger effects were noted in 

aligned collagen. c) Confocal image analysis revealed that both FI14 and blebbistatin disrupt cell alignment 

due to collagen orientation (50%) to levels nearing values in unaligned collagen (0%), while Y27632 had 

limited effect. d) Confocal image analysis further suggested that all inhibitors reduced the thickness of 

individual vascular branches and e) Collagen IV deposition in aligned collagen while having no significant 

effects in unaligned collagen conditions. Scale bars are 100 μm. P-values less than 0.01 and 0.0001 relative 

to the respective control conditions were labeled with ** and ****.  
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3.6 Discussion 

In this study, we fabricated 3D collagen hydrogels with aligned fibrillar structure by 

applying different levels of mold pre-strain prior to collagen casting. Subsequently, we utilized 

these systems to study EC behavior and microvascular network formation as a function of collagen 

network orientation. Our data suggest that ECs respond to increased collagen alignment by 

producing thicker and more highly oriented microvascular networks that exhibit lumen formation 

and elevated deposition of collagen IV. These results were dependent on altered mechanosignaling 

likely due to alignment-mediated local differences in collagen network mechanics.  

While EC responses to ECM alignment have been tested previously, these earlier studies 

were performed on 2D substrates and thus, did not recapitulate the 3D ECM microarchitectural 

cues that cells experience during vasculogenesis.183,208,209 Using a culture model that allowed 

embedding cells within 3D collagen networks with tunable microstructural orientation, we provide 

experimental evidence that collagen alignment directly stimulates endothelial polarization and 

microvascular assembly. In addition, networks formed at 50% mold pre-strain showed increased 

collagen IV deposition, lumen formation, and collagen degradation relative to all other conditions 

supporting the notion that collagen fiber orientation controls vessel formation by regulating key 

parameters of endothelial tubulogenesis.42,162,210 Nevertheless, it is important to consider that the 

formation of fully functional vessels with an intact basement membrane is dependent on the 

presence of pericytes, and future studies will need to determine the dependence of our observations 

in the context of enhanced biological complexity.58,211 Furthermore, both hCMECs and HUVECs 

responded qualitatively similar, but we also noted that the HUVEC response was decreased 

relative to hCMECs. These differences may be due to cell-type specific variations in cell 

proliferation and changes associated with immortalization of hCMECs. For example, HUVECs 
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proliferate less than hCMECs and thus, are less likely to form large vessels within the same time 

frame. Furthermore, the durotactic response of hCMECs and HUVECs to collagen alignment may 

differ given the varied origin of both cell types and that stiffness gradients in the brain are quite 

distinct from those found in umbilical veins. Testing additional tissue-specific endothelial cells in 

the presence and absence of secondary cell types using the described platform will help define the 

broad applicability of our findings to blood vessel formation in vivo. 

Although we observed that 25 and 50% mold pre-strain had comparable effects on collagen 

fiber alignment, microvascular network properties such as matrix remodeling and vascular 

structure size were more significantly affected in cultures exposed to 50% mold pre-strain. It is 

possible that higher mold pre-strain levels could lead to volume changes of the PDMS microwells 

and consequential hydrogel densification upon relaxation of the PDMS. Indeed, we observed 

changes in collagen topography when applying 50% but not 25% strain. Hence, the discrepancy 

in cell behavior between both conditions could be related to compression-mediated differences in 

collagen fiber density around ECs during initial seeding stages. Collagen fiber clustering, in turn, 

could decrease hydrogel pore size while increasing ECM stiffness, which can alter EC migration 

and signaling as a function of varied integrin engagement and/or altered morphogen transport.131 

Interestingly, in many physiological and/or pathological scenarios such as tumorigenesis collagen 

fiber alignment is accompanied by increased density of collagen fibers.127 In future studies, 

analysis of integrin binding and downstream mechanosignaling could provide insight into the 

differential cellular responses to altered stresses, to what extent these are linked to the different 

collagen alignment conditions, and which role collagen fiber density may play in addition to 

alignment.  
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Our studies indicate that fabrication-induced differences in collagen microstructure 

regulated the morphology of the newly formed vascular networks by promoting collective, 

directional migration of hCMECs. The migration paths of ECs cultured in aligned collagen gels 

were constrained along the axis of fiber alignment whereas cells in unaligned conditions exhibited 

stochastic migration, presumably due to the initial, random orientation of collagen fibers. Indeed, 

new blood vessel formation has been shown to depend on directional migration of ECs, which, in 

turn, correlated with differences in collagen alignment.202,206 While differences in collagen 

alignment during vascular branching are generally considered to be mediated by the contractile 

forces of the ECs themselves, our results now suggest that ECs are equally capable of interpreting 

pre-existing changes in 3D collagen alignment by enhancing the formation of oriented vascular 

structures.212,213 Nevertheless, various other mechanisms likely contributed to our observations as 

well. For example, ECs dynamically interact with collagen as they migrate, which not only leads 

to remodeling of the matrix network through both new ECM deposition and proteolytic 

degradation, but also results in the release and sequestration of growth factors and cytokines that 

may influence vasculogenesis via paracrine signaling. Constraining ECs to defined migration paths 

by controlling ECM fiber orientation possibly alters the bioavailability and potency of these cues. 

Indeed, it has been shown previously that biochemical factors and ECM fiber alignment may have 

additive effects on endothelial cells.214 Furthermore, applying stresses to collagen results in non-

linear changes of collagen network mechanics that influence cellular signaling and biomechanical 

responses that leads to changes in cellular migration and organization.215–217 Pre-aligning fibers in 

collagen will interfere with these relationships and thus, may influence EC mechanotransduction 

in aligned vs. unaligned collagen gels.   
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Through pharmacological inhibition we demonstrated that the stimulatory effects of 

aligned collagen on vasculogenesis were at least partly mediated by altered mechanosignaling. For 

these experiments, samples were treated with 3 small molecule inhibitors that targeted different 

components of mechanotransduction: FI14 for FAK, Y27632 for ROCK, and blebbistatin for 

myosin II. Previous studies have found that these inhibitors exhibit antiangiogenic properties and 

result in endothelium destabilization and increased vascular permeability.191,218,219  Accordingly, 

treatment with these molecules reduced vascular network formation in aligned collagen hydrogels, 

but had no significant effect on ECs in unaligned hydrogels, indicating that differential 

mechanosignaling in response to increased collagen fiber clustering and density is at least partially 

contributing to our observations. These findings are consistent with previous studies suggesting 

that integrin-mediated changes in cell contractility regulate vascular assembly by impacting 

processes such as endothelial cell migration and proliferation.188,206 Furthermore, targeting FAK, 

ROCK, and myosin II has been shown to affect key processes of blood vessel formation.  For 

example, FAK signaling suppresses apoptosis via PI3K/Akt signaling and is required for 

competent vascular endothelial growth factor (VEGF) signaling; accordingly, inhibition of FAK 

and focal adhesion formation can increase apoptosis and blunt critical cell signaling processes.220 

Similarly, inhibition of Rho/ROCK signaling interferes with PI3K signaling, but further 

downstream of mechanotransduction where it promotes EC adhesion through suppressing cell 

migration and cytoskeletal stress fiber formation.221–223 Finally, blocking myosin II with 

blebbistatin, which prevents the ADP release of non-muscle myosin II and subsequent actin 

attachment, has been shown to decrease cellular tension and migration.192 Hence, blebbistatin may 

have influenced vasculogenesis in our studies by inhibiting EC alignment and directed migration 

along the same axis as collagen fiber orientation. While these studies suggest that ECs are 
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responding mechanically to differences in collagen alignment, additional studies will be necessary 

to more directly confirm differential cellular force generation and downstream signaling.  

 

3.7 Conclusion 

Current approaches that seek to study the effect of matrix microstructure on endothelial 

cells frequently lack the dimensional complexity of tissues in vivo and instead rely on patterned 

surfaces. In this study, we fabricated 3D collagen hydrogels with tunable fiber orientation by 

adjusting mold strain prior to casting. Our data provide evidence that collagen fiber alignment 

within 3D ECM networks promotes vascular network formation by interfering with 

mechanosignaling when compared to randomly oriented collagen. Our results are likely applicable 

to other fibrillar ECM components known to regulate vasculogenesis and angiogenesis including 

fibrin, fibronectin, or elastin and it will be of future interest to dissect the biophysical vs. 

biochemical contributions of these ECM components to vessel formation. Alternatively, it would 

be of interest to test the effect ECM alignment in more complex ECM scenarios.68,224 Our 

observations that collagen alignment regulates the formation of vascular networks could also 

provide insight into diseases such as breast cancer that feature both changes in collagen orientation 

and aberrant vascularization. Utilizing culture models with aligned ECM to investigate the 

mechanisms through which ECM microstructural properties regulate EC behavior will advance 

our understanding of tissue development, homeostasis, and disease with implications for future 

therapeutic interventions.  
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CHAPTER 4 

 

ENDOTHELIAL CELLS MEDIATE GLIOBLASTOMA MULTIFORME CANCER STEM 

CELL INVASION VIA INTERLEUKIN-8 CROSSTALK 

4.1 Contributors  

The co-authors and their contributions to this chapter are as follows:  Dennis Nanyo and 

Carol Huang worked together to conduct mouse experiments, collect mouse brains, and optically 

clear them for imaging purposes under the guidance of Dr. Nozomi Nishimura. Dr. Julian Palacios 

Goerger and Profesor Warren Zipfel designed the live-imaging microscope system used for cell 

tracking as well as the software used for image capturing. Professor Claudia Fischbach aided in 

the experimental design and conditions used for analysis as well as the writing of the manuscript.  

The authors thank Joseph Druso for critical reading of this manuscript. Financial support 

was provided by the National Cancer Institute through the Center on the Physics of Cancer 

Metabolism (1U54CA210184). The content is solely the responsibility of the authors and does not 

necessarily represent the official views of the National Cancer Institute or the National Institutes 

of Health. This work utilized the Cornell University Biotechnology Resource Center (BRC) 

confocal microscopy (NIH- 593 S10RR025502) facilities. 

 

4.2 Abstract 

Glioblastoma Multiforme (GBM), the most common and lethal primary brain tumor in 

adults, is hallmarked by vascular dysfunction, tumor cell invasion, and the presence of cancer 

stem-like cells (CSCs). Cancer stem cells localize near the perivascular space in the brain and are 
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purported to underlie tumorigenesis and pathological progression. However, the molecular 

underpinnings of disease progression and crosstalk between cell types are poorly understood due 

in part to a lack of model systems. Here, we provide a 3D in vitro model where patient-derived 

CSC spheroids are embedded into microfabricated collagen hydrogels with human cerebral 

microvascular endothelial cells (hCMECs) that allows for the observation of CSC migration as 

well as CSC-hCMEC interactions. Using this system, we demonstrated that CSCs exposed to 

hCMECs exhibited increased migration frequency, distance, and speed and these differences were 

correlated with an increase in stemness in CSCs. We then demonstrated that paracrine interleukin-

8 (IL-8) signaling may be partially responsible for regulating the crosstalk between CSCs and 

hCMECs. In heterotypic cultures, overall IL-8 secretion was increased and subsequent inhibition 

of IL-8 signaling blunted the migratory capabilities of CSCs. Monocultures of CSCs supplemented 

with soluble IL-8 stimulated CSC migration and mirrored observations from heterotypic cultures. 

The functional capacity of IL-8 in tumor progression was then assessed in vivo where we observed 

diminished tumor formation with IL-8 inhibition. Based on these results, we demonstrate that IL-

8-mediated signaling between CSCs and hCMECs is a plausible mechanism that promotes the 

malignant properties typically associated with CSCs in GBM. 

4.3 Introduction 

Glioblastoma Multiforme (GBM) is defined as a high grade astrocytoma and continues to 

be the most frequent and lethal primary brain tumor with a median survival time of 15 months.10 

Unlike many solid tumors, GBM exhibits extensive invasion into local tissues and achieves high 

tumor vascularization at all stages of tumorigenesis, resulting in rapid disease progression and 

unavailing surgical or therapeutic treatment.15,225,226 The poor prognosis of GBM and its pathology 

has been attributed to a potent subpopulation of tumor cells labeled as cancer stem cells (CSCs) 
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that are capable of tumor formation, tumor propagation, self-renewal, and multi-lineage 

differentiation.81,90 The significance of CSCs is accentuated by their functional capacity in tumors 

as they are therapeutically resistant, promote tumor angiogenesis, and are highly migratory due to 

aberrant changes in key signaling pathways.93,227 Previous studies have identified the perivascular 

space as being a key microenvironmental regulator of the putative CSC characteristics, and close 

associations between endothelial cells (ECs) and CSCs have been observed.25,101  

Cancer stem cells are frequently found migrating along microvasculature in GBM in vivo 

where they are permitted to engage in a variety of bidirectional signaling that supports normal stem 

cell maintenance and angiogenesis.22,25 In Cancer stem cells, engagements in microenvironment-

mediated signaling cascades through Notch, CD44, and Wnt/β-catenin are capable of suppressing 

differentiation and promoting survival, migration, and proliferation.228–230 CSCs are also capable 

of supporting vascular function through differentiation into pericytes or endothelial cells.98 While 

there is an accumulation of evidence that demonstrates the relevance of the relationship between 

CSCs and ECs, precise molecular targets that may be therapeutically relevant remain elusive. 

Growing evidence indicates that Interleukin-8 (IL-8) may be one such target, due to its biochemical 

multiplexity as not only a potent pro-angiogenic and pro-inflammatory morphogen, but also in its 

ability to exert chemo-attractive, proliferative and apoptosis-suppressive effects.101,231,232 

Therefore, investigating the direct effects of IL-8 mediated CSC behavior may yield insight into 

the tumor-microenvironmental signaling that promotes cancer progression.  

Interleukin-8 is typically secreted by monocytes and macrophages in response to 

inflammation, though it also exhibits pro-angiogenic effects by modulating EC growth factor 

sensitivity and mobilizing matrix remodeling enzymes that are necessary for EC sprouting.233,234 

Interestingly, the acquisition of IL-8 signaling and expression of its cognate receptors CXCR1/2 
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are known to be a relatively common occurrence during tumor induction.175,235,236 In the context 

of GBM, IL-8 signaling has been linked to glioma cell invasion and the upregulation of stem cell 

markers, and is pathologically associated with increased tumorigenicity through the activation of 

Signal Transducer and Activator of Transcription 3 (STAT3), phosphoinositide 3-kinase (PI3K), 

and Mitogen Activated Protein Kinase (MAPK).176,231,232 As IL-8-mediated signaling is also 

capable of self-activation, the perivascular niche in GBM and its associated high vascularity may 

be the site of an IL-8 dependent positive feedback loop that drives CSC migration, proliferation, 

and stem-cell renewal. Though these studies indicate that IL-8 may play a role in GBM tumor 

microenvironment signaling, elucidation of the role of IL-8 signaling in GBM CSC behavior has 

been limited by a lack of relevant tissue culture models.101,176  

We have previously shown that CSCs respond to EC-secreted IL-8 through changes in stem 

cell marker expression, cell proliferation and self-renewal and that the interruption of IL-8 

signaling reduces these effects.101 Here, we utilize a 3D biomimetic hydrogel as a platform to 

investigate the role of IL-8 in CSC-EC crosstalk and its associated pathogenesis in vitro and in 

vivo. Using this approach, we show that ECs increase the invasive capabilities of CSCs in 

spheroids and that IL-8 serves as a potential mediator for CSC invasion and migration. We then 

interfered with IL-8 signaling and observed a reduction in the stimulatory effects of ECs on CSC 

invasion, suggesting a plausible mechanism by which CSC-associated perivascular niches are 

established in GBM tumor microenvironments. Lastly, blocking IL-8 in vivo abolished tumor 

formation, mirroring our observations in vitro and suggests that IL-8 may be a potential therapeutic 

target in future studies of this disease.  
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4.4 Materials and Methods 

Cell culture 

Glioblastoma Multiforme cancer stem cells 

Patient-derived Glioblastoma Multiforme stem cells (CSCs, proved by Dr. John Boockvar, 

Weill Cornell Medical College) were isolated as described previously.237 Cells were suspended in 

in media containing 1:1 of Dulbecco’s Modified Eagle’s Medium and F12 supplement (Gibco) 

with added fibroblast growth factor and epidermal growth factor (20 ng/mL, Invitrogen) and 1% 

penicillin/streptomycin at 37°C, and 5% CO2. Cells were expanded in non-adherent culture flasks 

and media changed every 48 hours, with cells being centrifuged and re-suspended with fresh 

media. For experiments that required the use of IL-8 receptor depletion, CSCs that have previously 

had CXCR2 knocked down using a lentivirus encoding shRNA sequence were used. For 

experiments that required fluorescently labeled cells, CSCs were labeled with a positive control 

Turbo Green Fluorescent Protein vector (2 multiplicity of infection, Sigma Aldrich) and were 

fluorescent activated cell sorting (FACS)-sorted used a FACSAria III (BD Biosciences) to select 

for highly fluorescent GFP cells. 

Endothelial cells 

Immortalized human cerebral microvascular endothelial cells (hCMECs) were provided by 

Dr. Babette Weksler (Weill Cornell Medical College, New York, NY). In tissue culture flasks, 

cells were cultured with Endothelial Growth Media-2 (EGM-2, Lonza) containing 2% FBS, 

growth factors, and 1% penicillin/streptomycin at 37°C, and 5% CO2. For experiments, hCMECs 

were used between passages p13 and 25. Prior to experiments, mCherry-labeled hCMECs were 

FACS-sorted using a FASCAria III to select for highly fluorescent mCherry cells.  
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Spheroid formation 

Glioblastoma CSC spheroids were formed via aggregation on agarose-coated 96-well 

plates. Briefly, agarose (IBI Scientific, 0.015 mg/mL) was autoclaved and 50 μL was plated into 

the bottom of each well while warm and subsequently allowed to cool for 30 minutes at room 

temperature. Glioblastoma CSCs were then centrifuged down and suspended at a concentration of 

50,000 cells/mL and 200 μL of this solution was suspended into each well. The plate was then 

placed on orbital shaker at low speeds and cells were allowed to aggregate for 3 days at 37°C, and 

5% CO2. For spheroid size analysis, bright field images were taken and the diameter of spheroids 

measured; for experimental use, CSC spheroids were gently flushed from wells and collected into 

microcentrifuge tubes for use.  

 

Hydrogel fabrication and incubation 

Poly(dimethyl siloxane) (PDMS, Dow Corning) was cast and cut into strips measuring 45 

mm x 20 mm x 15 mm. Following casting, 5 6 mm holes were created down the center of the 

PDMS strip with a 6 mm biopsy punch (Acutech). Poly dimethylsiloxane strips were then briefly 

plasma treated for 30 seconds alongside micro cover glass (VWR) and then pressed flush with the 

glass. This allows for the partially activated surface of the PDMS and glass to bond, creating a 

barrier for chambers made in the PDMS. The bonded PDMS-glass was then plasma treated again 

for 10 minutes to allow for further surface activation. Afterwards, 1% polyethyleneimine (PEI, 

Sigma Aldrich) was added directly to the chambers in the PDMS strip for 20 minutes, followed by 

3 washes with sterile water. Following this, 0.1% glutaraldehyde (GA, Fisher Scientific) was added 

for 25 minutes and then washed 3 times with sterile water. These steps covalently link the collagen 

to the glass and PDMS and prevent both hydrogel contraction and separation from the surface of 
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the glass and PDMS. Collagen I (Corning) was diluted from stock concentrations to 0.6% (6 

mg/mL).  

Prior to casting, stock collagen solution was osmotically balanced with concentrated EGM-

2:DMEM:F12 (2:1:1), titrated with 1N NaOH (0.023 μL/μL of stock collagen) and then diluted 

with the cell-media suspension (EGM-2:DMEM:F12 (2:1:1) to final concentration. All 

experiments used the same media formulation. For spheroid-hCMEC co cultures, spheroids were 

suspended with hCMECs (0.5*106 cells/mL). Each hydrogel was cast so that only one spheroid 

was present. After the suspension was cast into the PDMS chamber, it was then placed at 4°C for 

40 minutes and 37°C for 10 minutes to finalize gelation. All chambers were cultured for 7 days 

with EGM-2:DMEM:F12 (2:1:1) media that was replaced daily.  

Soluble IL-8 interference was accomplished using a function-blocking antibody (HuMax 

IL-8, 20 μg/mL, Cormorant Pharmaceuticals) that was directly added to culture media. Soluble IL-

8 supplementation was accomplished using purified IL-8 protein (50ng/mL, Genscript) that was 

directly added to culture media. For quantification of differences in soluble IL-8 secretion, fresh 

media was added and collected after 24 hours of incubation and concentrations quantified using 

an enzyme-linked immunosorbent assay according to manufacturer’s instructions (ELISA, R&D 

Systems) and normalized to DNA content using a Quantifluor dsDNA system (Promega). 

 

Cryosectioning  

Glioblastoma CSC spheroids were fixed in 4% paraformaldehyde (PFA) for 30 minutes 

and embedded in OCT (Tissue-Tek) and cyrosection in 20 μm increments. Following 

cryosectioning, cells were immunostained by using 0.5% Triton-X (VWR) and 2.5% Bovine 

Serum Albumin (BSA) for permeabilization and blocking for 1 hour and then subsequent use of 
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antibodies against SOX2 (1:200, R&D Systems), Oct4 (1:200, ABCAM), and nestin (1:100, 

Millipore). Secondary antibodies (1:500, anti-mouse conjugated Alexafluor 568, anti-goat 

conjugated Alexafluor 647, anti-rabbit conjugated Alexafluor 488, respectively) were diluted in 

PBS containing 4',6-diamidino-2-phenylindole (DAPI, 1:5000) for nuclear counterstaining. 

Imaging was performed on a Zeiss LSM 710 confocal microscope.  

 

Immunofluorescence and fluorescence analysis 

For hydrogel analysis, each sample was fixed in 4% PFA for 45 minutes, permeabilized 

with 0.5% Triton-X for and blocked with 2.5% BSA for 1 hour, and then stained with nestin 

(1:100) overnight at 4°C. Secondary antibody (1:500, anti-rabbit conjugated Alexafluor 488) was 

mixed with PBS and DAPI (1:5000) for 1 hour. Imaging was performed on a Zeiss LSM 7110 or 

Zeiss i880 confocal microscope and z-stack images were collected in 4 μm step sizes up to 250 

μm for each spheroid. For all analyses, 3 samples from each condition were imaged and 

representative z-stacks taken per sample. Confocal image analysis of CSC and EC behavior was 

performed using ImageJ. Cell invasion frequency and distance were assessed using the spheroid 

periphery as the starting boundary of cell behavior. Cells expressing positive nestin expression 

were recorded and correlated to their migration distance in Microsoft Excel. Directional orientation 

of CSCs and ECs was measured using the angle parameter in ImageJ.  

 

Transwell migration assay 

Transwell inserts (Falcon HTS FlurobBlok Inserts, 8 μm pore size) were coated with 1% 

collagen I (Corning), and placed in 24-well plates. For samples containing hCMEC-coated 

coverslips, coverslips were coated with 1% collagen I and 500,000 cells/mL were seeded overnight 
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prior to being placed into the chamber below the transwell. Transwells were stained for nestin, F-

Actin, and DAPI and subsequently imaged to assess CSC migration beyond the transwell barrier. 

 

Flow cytometry 

To quantify changes in stem cell marker expression, spheroid samples were analyzed using 

a BD Accuri (BD Biosciences) flow cytometer. Initially, recently fabricated spheroids were gently 

broken apart via pipetting and cells were collected and processed using an Aldehyde 

Dehydrogenase (AlDh) assay kit (Aldefluor, Stem Cell Technologies) in accordance with 

manufacturer’s instructions. Hydrogel-embedded spheroids were removed from hydrogels 

following a collagenase treatment and centrifugation. Samples were fixed, permeabilized, and 

stained for sex determining region Y – box 2 (SOX2) and octamer-binding transcription factor 4 

(Oct4), and nestin and stained using the appropriate secondary conjugated with Alexafluor 488. 

All samples were analyzed using 10,000 cells. Analysis was conducted using the BD Accurio 

software and observing changes in cell frequency compared to fluorescence intensity.  

 

Time-lapse imaging  

Time-lapse imaging was carried out using a miniaturized, lab-built microscope placed 

inside a conventional CO2 incubator.  The instrument has brightfield and fluorescence capabilities 

and consists of an ASI MS-4 XY stage, LED light sources, various magnification Olympus 

Objective lens (4X Plan Achromat 0.10 NA, and 10X UPlanFLN 0.30 NA) and two CCD cameras 

from FLIR Systems Inc. (Chameleon CMLN-13S2M 1.3 MP Monochrome camera with a SONY 

ICX445 1296x964px CCD). System software (Incuscope.exe) is written in VisualBasic under 

Microsoft Visual Studio 2013 and available at https://github.com/julian202/. Individual cells were 
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tracked in 4 hour increments and the average migration frequency was binned into 24 hour 

increments while migration speed was averaged and recorded. All images were analyzed using 

ImageJ. To control for possible sample drift during imaging, reference points in each sample were 

selected, tracked over time, and used to correct experimental values.   

 

Animal studies and tumor imaging 

For tumor cell injections, 6 week old  NOD SCID mice was anesthetized with isoflurane 

and maintained at 1-2% in oxygen. Atropine sulfate (0.05 mg/kg mouse weight) to suppress lung 

secretions and glucose (5% in saline, 200 µl/10g/hour) were injected subcutaneously. Individual 

mice were positioned on a stereotactic platform, and body temperature was maintained by a 

feedback controlled heat pad at 37.5 degrees C. Eye ointment was placed on the eyes and the head 

was shaved, and cleaned. Bupivacaine (0.125%, 100 µL) was injected, and the skin above the skull 

was incised to expose the skull. A 0.45 mm diameter drill bit was used to drill a burr hole 1.5 mm 

lateral and 1.5 mm posterior to the bregma. Cells were kept on ice until injection. Cells were 

injected with a glass pipette using a Nanoject. The pipette tip was inserted 1.6 mm at a 45-degree 

angle, and then retracted 0.2 mm for a net distance of 1.4 mm and vertical depth of about 1 mm. 

After a 2 minute pause, 200,000 CSCs in 2 µL were injected in 69 nL increments at 10 second 

intervals. For co-culture conditions, 50,000 ECs were added to the injection. CSCs were labeled 

with GFP and ECs were labeled with mCherry. After injection, the pipette was left in place for 5 

minutes before withdrawal and the skin was closed with surgical adhesive. 

For brain sample extractions, mice were anesethized deeply with isoflurane and overdosed 

with pentabarbitol (120 mg/kg). Under a heating lamp, the mice were intracardiac perfusd with 

PBS until the liver cleared and perfused with 10 ml, 1% low melting point agarose with 0.5 mg/ml 
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lysine fixable Cascade blue dextran. Brains were extracted and immersed in HM solution overnight 

at 4°C.238 Tissue was polymerized in a water bath at 37°C for 4 hours and subsequently cleared in 

SBC solution (1:1:3 SDS: boric acid: distilled water) for 4 weeks at 37°C. Samples were incubated 

successively with 20% 2,2’-thiodiethanol (TDE) and 47% TDE for 1 hour each at 37°C. Samples 

were then sectioned and embedded into agarose made with 45% TDE prior to imaging. For light 

sheet imaging, tumor samples were then submerged into a bath of TDE and imaged on a LaVision 

Biotech light sheet microscope in 20 μm step sizes, spanning the entire sample. Images were then 

processed using Arivis Vision4D in order to render tumor images and measure tumor size.  

 

Statistical analysis 

Each condition is represented by 4 sample replicates and results are presented as the mean 

+/− standard deviation. All statistical tests were conducted in Graphpad PRISM utilizing a one-

way or two-way ANOVA with Tukey’s post-hoc test. P-values less than 0.05, 0.01, 0.001, and 

0.0001 were considered statistically significant and were labeled with *, **, ***, or ****.  

 

4.5 Results 

Cancer Stem Cell spheroid formation and hydrogel embedding results in nestin-associated 

invasiveness 

Tumor spheroids are frequently used to study tumor cell behavior in a 3D, biomimetic 

context as they allow for oxygen and nutrient gradients that are physiologically relevant. To 

explore the ability of patient-derived GBM CSCs to form neurospheres while expressing canonical 

stem cell markers, cells were initially cultured in non-adherent cell culture flasks. Glioblastoma 

CSCs grow as heterogeneous neurospheres that may exhibit differential autocrine and paracrine 



77 
 

signaling based on spheroid size; to control for this, spheroids were broken apart and seeded on 

agarose-coated plates to normalize spheroid size (Fig. 4.1a).  Spheroids were then fixed, 

cyrosectioned, and immunostained for the expression of Oct4, SOX2, and nestin, as well analyzed 

for the activity of AlDh in live cells  in order to (Fig. 4.1b). For future experiments, nestin was 

used as the putative stem cell marker. 

To investigate the response of GBM spheroids to their 3D microenvironment and how this 

may be affected by CSCs, spheroids were embedded into dense, type-1 collagen hydrogels and 

confocal micrographs were taken (Fig. 4.1c).  After 3 days in culture, nestin-stained confocal 

micrographs of the samples showed CSCs migrating outward from the spheroid into the bulk 

hydrogel, as individually migrating cells as well as spheroid-associated sprouts (Fig. 4.1d). 

Extending culture times resulted in enhanced migratory behavior and cells exhibiting increased 

migration exhibited high levels of nestin expression (Fig. 4.1e). Quantification of these images 

indicates that spheroids cultured for 7 days resulted in a significant increase in the number of CSCs 

invading into the hydrogel over time (Fig. 4.1f). Analysis of the spheroid cultures also indicated 

an overall decrease in nestin expression over time, suggesting that either the relative frequency of 

stem cells in spheroids decreased over time, and an increase in the distance the cells migrated from 

the spheroid, with nestin-positive cells migrating the farthest (Fig. 4.1g). 
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Figure 4.1:  Cancer 

Stem Cell (CSC) 

spheroid formation 

and characterization. 

(a) Spheroids were 

formed in agarose 

coated 96-well plates 

and lifted after 72 hours 

of being on an orbital 

shaker. Spheroid 

diameters were 

measured and found to 

be consistent. Scale bars 

is 100 μm. (b) 

Immunofluorescent 

staining of 

cyrosectioned spheroids 

indicate that CSCs 

express stem cell 

markers nestin, Oct4, 

and SOX2. Flow 

cytometry indicates that 

ALDH is expressed in 

live spheroids. Scale 

bars are 100 μm. (c) 

Experimental design 

and characterization of 

embedded CSC 

spheroids. Poly(dimethylsiloxane) (PDMS) wells were fabricated by crosslinking slabs of PDMS and 

sealing onto a glass coverslip. Type-1 collagen was cast into PDMS wells with embedded CSC spheroids 

and allowed to crosslink at 4◦C for 40 minutes. Confocal micrograph is a spheroid embedded into collagen. 

Scale bar is 50 μm. (d) Confocal micrographs of embedded spheroids at 3 days suggest a bimodal invasion 

behavior, through the invasion of individual tumor cells (indicated by dashed circles) and the invasion of 

spheroid sprouts (indicated by solid circles). Scale bars are 100 μm. (e) Confocal micrographs depicting 

different time points indicates that CSC invasion increases over time. Scale bars are 50 μm. (f) Comparison 

of tumor invasion vs tumor sprouts suggests that invading cancer cells invade further, earlier, and more 

frequently. (g) nestin expression decreases over time in hydrogel cultures and increased invasion distance 

is correlated with an overall increase in nestin expression.  P-values less than 0.0001 when comparing time 

points within a condition are indicated by ◦◦◦◦. P=values less than 0.05 and 0.0001 are indicated by * and 

**** across time points, respectively.  
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Endothelial cells stimulate CSC invasion and stem cell marker expression 

The perivascular niche surrounding GBM tumors has been identified as an important 

location in GBM progression as tumorigenic stem cells tend to localize and migrate along 

microvasculature during tumor invasion and progression33. To study the effects of ECs on CSC 

behavior in our 3D model system, human cerebral microvascular endothelial cells (hCMECs) were 

Figure 4.2: Co-cultures of endothelial cells and CSC spheroids indicate that ECs increase CSC 

invasion behavior. (a) Schematic depicting co-culture and hydrogel fabrication method. (b) Confocal 

micrographs of each culture condition at 7 days. Scale bars are 100 μm. (c) Measurement of invading tumor 

cells and spheroid sprouts indicate increased invasion distance and frequency of both when co-cultured with 

endothelial cells. Nestin expression decreases over time, but is more prominently maintained in co-cultures. 

Nestin-positive cells are more likely to migrate further initially and over time, however there is also a 

general increase in the migration distances of CSCs regardless of nestin-expression. P-values less than 

0.0001 are indicated by ◦ and ◦◦◦◦ when comparing time points within a condition. P-values less than 0.05 

and 0.0001 are indicated by * and **** when comparing experimental conditions. (d) Flow cytometry 

analysis of collagenase-digested tissue cultures indicate that nestin, SOX2, and Oct4 expression are all 

increased in a CSC population with the inclusion of ECs.  
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mixed into the bulk of the hydrogel during the casting process with CSC spheroids and 

subsequently cultured for 7 days (Fig. 4.2a). Confocal micrographs of the spheroids indicated that 

there were dramatic increases in nestin expression and tumor sprouting between the CSC 

monoculture and co-culture conditions (Fig. 4.2b). In co-culture conditions, the migratory behavior 

and correlating nestin expression in the cells were significantly increased in both spheroid 

sprouting frequency and distance, with cells that expressed high levels of nestin migrating the 

farthest from the spheroids (Fig. 4.2c). These data demonstrate that changes in CSC behavior can 

be induced by ECs in co-culture conditions. Nestin expression again diminished over time in CSC 

monoculture conditions, but was retained more prominently in co-culture conditions. This was 

confirmed by nestin, SOX2, and Oct4 immunofluorescence staining and flow cytometry of 

collagenase-digested samples, which corroborated in showing higher expression of stem cell 

markers in co-culture, as compared to monoculture, conditions (Fig. 4.2d). To evaluate whether 

the interactions between ECs and CSCs was bidirectional, high-resolution confocal micrographs 

were analyzed and showed that not only were ECs altering CSC behavior, but that the CSCs were 

in turn influencing EC migration and alignment (Supplemental Figure A3.1). Endothelial cells 

preferentially aligned with CSC spheroid sprouts over time, and the difference in alignment 

between ECs and CSCs diminishes. This indicates a possible bidirectional interaction between the 

two cell types that results in cellular co-localization.  

 

Interleukin-8 facilitates CSC migration  

Having observed that ECs and CSCs appear to influence one another in our co-culture 

model, we next sought to determine a mechanism by which this cross-talk occurs. Our previous 

studies have indicated that IL-8, a cytokine known to have potent angiogenic effects on ECs in EC 
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recruitment and vessel sprouting, is an instrumental paracrine signaling cue that occurs between 

ECs and CSCs. Conditioned media from CSCs, when applied to ECs, increased their secretion of 

IL-8 and, in return, IL-8 signaling increased CSC migration, stemness, and proliferation.101 

Therefore, we hypothesized that IL-8 signaling may be a mediator of the effects we observed in 

co-culture conditions of GBM and ECs. Indeed, ELISA measurements indicate that IL-8 

expression was significantly increased in co-culture conditions, as compared to monoculture 

conditions of either cell type (Fig. 4.3a).  To decouple the effects of soluble factor signaling from 

those of cell-cell and cell-matrix interactions, 24-hour transwell assays were conducted using CSC 

spheroids with EC-coated coverslips. CSC spheroids were placed in the chamber of the transwell 

and coverslips placed below into the bottom of the well (Fig. 4.3b).  

To affirm that IL-8 whether or not IL-8 was a mediator by itself, monoculture samples 

were fabricated and soluble IL-8 (50 ng/mL) or an IL-8 function-blocking antibody was added to 

monoculture and co-culture conditions. These data showed that, while CSCs do moderately exhibit 

low levels of self-driven migration, their migratory behavior is significantly enhanced in 

conditions where ECs are capable of signaling to CSCs (Fig. 4.3c). Nestin expression was also 

increased in CSCs as a result of exposure to soluble EC factors. Supplementing IL-8 into 

monoculture conditions significantly increased CSC migration across the transwell, while 

inhibiting soluble IL-8 diminished migration. Interestingly, inhibiting IL-8 signaling also lowered 

CSC migration in monoculture conditions, suggesting that autocrine signaling may be partially 

responsible for results observed in the control condition. To further analyze the behavior of CSC 

migration under the parameters listed in Fig 4.2b, time-lapse imaging of hydrogel-embedded 

spheroids was utilized to allow continuous monitoring of the spheroids for 72 hours (Fig. 4.3d). 

Using this technique, we observed that all CSCs exhibited similar migration speeds initially, but 
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that over time the co-cultures and IL-8 supplementation conditions resulted in a high, sustained 

cell migration speed away from the spheroid (Fig. 4.3e). Cell migration rates decreased rapidly 

over time in conditions where ECs were not present or where IL-8 signaling was inhibited, 

signifying the role of IL-8 in driving CSC migration. It was also observed that, while a constant, 

 

Figure 4.3: Interleukin-8 is a signaling mediator between CSCs and ECs and promotes CSC invasion. 

(a) Measurement of IL-8 across conditions indicates a synergistic increase in IL-8 production either by ECs, 

CSCs, or both under co-culture conditions. (b) Schematic depicting the transwell assay design conditions. 

Under conditions where IL-8 signaling is left intact, transwell migration is increased over IL-8 inhibited 

conditions. (c) Confocal micrographs of transwell bottoms indicate differences in CSC migration when IL-

8 is inhibited and supplemented. Scale bars are 100 μm. When CSCs in transwells are exposed to ECs, 

migration increases. Functional blocking of IL-8 mitigates this effect. Transwells supplemented with IL-8 

migrate significantly more frequently. (d) Live imaging of spheroid sprouting over 72 hours displays 

differences in CSC sprouting behavior as a result of the presence of ECs, IL-8 blocking, or IL-8 

supplementation. Scale bars are 100 μm. (e) Analysis of cell migration speed indicates that while all cells 

initially migrate at the same rate, migration speed drops off significantly over time depending on the 

presence of ECs or IL-8 signaling. The frequency of CSC migration also changes over time, with more 

significantly results as time progresses. P-values less than 0.01, 0.001, and 0.0001 are represented by **, 

***, and **** with respect to the CSCs with no inhibitor, no ECs and no added IL-8. 
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low level of migration existed in our culture conditions, exposure to ECs or IL-8 increases the 

overall frequency of CSC migration and that inhibition of IL-8 reduces this effect, pairing with the 

transwell assay data observed in Fig. 4.3b.  

 

Interleukin-8-mediated EC-CSC crosstalk stimulates CSC spheroid invasion and nestin expression 

Thus far, our results provide corroborating evidence that IL-8 signaling may play a role in 

CSC migration in GBM, but haven’t described the context in which nestin, spheroid sprouting, 

and IL-8 signaling may be related. Therefore, to determine whether stem cell marker expression 

and increased CSC spheroid sprouting are associated with IL-8 signaling, analysis of spheroid 

sprouting frequency, distance, and correlated nestin expression was performed utilizing the 

parameters described previously (Fig. 4.3), with the exception of the culture period time, which 

was extended to 7 days to match previous experiments. In this condition, the inhibition of IL-8 

resulted in significantly diminished nestin expression and spheroid sprouting with and without ECs 

(Fig. 4.4a).  Quantification of spheroid invasions, nestin expression, and correlated invasion 

distances further indicated that the blockade of IL-8 signaling reduced tumor sprouting effects and 

that blocking IL-8 significantly reduced the stimulatory effects of ECs on CSC sprouting and 

migratory behavior (Fig. 4.4b).   

While the inhibition of IL-8 signaling diminished the sprouting and invasive potential of 

spheroid-associated behavior that we observe when ECs and CSCs are cultured together, other 

EC-secreted factors may be also be responsible. To address this, IL-8 was supplemented to 

monoculture conditions of CSCs, and the frequency of spheroid sprouting, nestin expression, and 

correlated invasion were analyzed (Fig. 4.4c, d).  A robust increase in frequency of spheroid 
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invasion and CSC marker expression was found in monocultures of CSCs supplemented with IL-  

8, indicating that IL-8 is a potent driver of CSC migration and correlated nestin expression. 

  

Removal of CSC CXCR2 signaling axis inhibits the stimulatory effect of IL-8 and ECs in vitro 

The chemotactic effect of IL-8 on CSCs is not unique, as it is a known potent pro-

angiogenic and chemotactic morphogen.  Interference with the functional capability of IL-8 may 

affect not only CSC signaling, but also EC signaling, leading to changes in downstream cascades 

that also influence EC-CSC interactions. To address this, we next analyzed the effects of IL-8 on 

the induction of spheroid sprouting and nestin expression in GBM CSCs by stably knocking-down 

Figure 4.4: Interleukin-8 exposure induces CSC invasion and nestin expression and blocking 

interleukin-8 mitigates the stimulatory effects of endothelial cells. (a) Confocal micrographs of 

embedded CSC spheroids with and without a function blocking antibody suggest that blocking IL-8 

significantly alters spheroid sprouting potential and CSC behavior. Scale bars are 100 μm. (b) Analysis of 

spheroid sprouting behavior and nestin expression indicates that interrupting IL-8 signaling significantly 

impairs spheroid tumor invasions as well as alters nestin expression in both mono and co-cultures. (c) 

Confocal micrographs of embedded CSCs with and without IL-8 supplementation. Scale bars are 100 μm. 

(d) Analysis of spheroid sprouting behavior finds that supplementation of IL-8 significantly increases 

spheroid sprouting frequency, invasion distance, and that is correlated with nestin expression. P-values less 

than 0.0001 are represented ****.  
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the receptor for IL-8, CXCR2.  While IL-8 has two known cognate receptors, CXCR1 and CXCR2, 

previous studies have indicated that the knockdown of CXCR2 results in more dramatic reduction 

of the stimulatory effects of IL-8. The knockdown of CXCR2 in CSC spheroids resulted in a 

significant depletion of nestin expression, while control CSC spheroids appeared to behave as 

previously observed (Fig. 4.5a). Measurements of spheroid sprouting showed that all CXCR2-

knockdown spheroids were significantly less invasive than their control counterparts, even upon 

supplementation of IL-8 to culture media (Fig. 4.5b). However, IL-8 supplementation in CXCR2-

knocked-down spheroids did result in increased spheroid sprouting frequencies, as compared to 

non-supplemented CXCR2-knockdowns, though this could be attributed to intact CXCR1 

expression. A comparison of nestin expression with invasion distance in this model system 

Figure 4.5: CXCR2 silencing reduces CSC 

migration and nestin expression. (a) Confocal 

micrographs of embedded CSC spheroids with and 

without CXCR2 silenced, and IL-8 supplementation. 

Scale bars are 100 μm. (b) Analysis of spheroid 

sprouting behavior and nestin expression indicates that 

CXCR2 silencing results in significantly impaired 

spheroid tumor invasions as well as alters nestin 

expression in both mono and co-cultures. Interleukin-8 

supplementation does not significantly salvage this 

reduction. (c) Correlating nestin expression with 

invasion distances indicates that CXCR2 silencing 

reduces invasive distances and overall nestin 

expression, independent of the inclusion of soluble IL-

8 and ECs. P-values less than 0.001 and 0.0001 are 

represented by *** and **** respectively.  

 



86 
 

suggests a requirement of CXCR2-IL-8 signaling in mediating CSC migration, both in 

monoculture and in co-culture conditions (Fig. 4.5c).  

 

Inhibition of IL-8 signaling reduces tumor formation in vivo 

Our in vitro results provide substantiating evidence that ECs and IL-8 signaling mediate 

CSC spheroid invasion and spreading, but the role that IL-8 may play in overall tumor progression 

remains unclear. To assess the contributions of ECs and IL-8 signaling during GBM CSC tumor 

progression in vivo, immunocompromised mice were intracranially injected with either CSCs or a 

mixture of CSCs and ECs, and tumor formation was allowed to progress for 14 days.  Mice were 

injected with CSCs alone or CSCs with ECs, and subsequently treated with or without 

intraperitoneal injections of the previously used IL-8 antibody. Mouse brains were then harvested 

and cleared utilizing a CLARITY tissue clearing protocol to remove lipids from the tissue, making 

them optically transparent (Fig. 4.6a). Samples were then mounted in agarose and imaged utilizing 

a light sheet microscope to obtain 3D renderings of tumors within brain tissue (Fig. 4.6b). Co-

injection of CSCs and ECs resulted in increased tumor sizes while blocking IL-8 suppressed the 

formation of tumors and inhibited overall tumor growth (Fig. 4.6c). Quantification of tumor 

volumes showed that ECs significantly increased overall tumor size and that inhibition of IL-8 

diminished the stimulatory effects of ECs, mirroring our in vitro observations (Fig. 4.6d). 

Importantly, negligible tumor formation occurred during the time frame of the experiment in 

monoculture conditions, suggesting that an EC population is required for tumor growth. Two-

photon imaging of cleared brains showed vascular invasion of GFP-labeled CSCs and distinct 

perivascular localization of CSCs around lectin-stained vessels (Fig. 4.6e). Collectively, these 



87 
 

observations indicate that ECs are critical for tumor growth and that this is in part mediated by IL-

8 signaling between CSCs and ECs.  

 

 

Figure 4.6: Injection of CSCs (GFP) and ECs (mCherry) into mouse brains results in increased tumor 

size, monoculture injections and blocking of interleukin-8 stalls tumor formation.  (a) Photographs 

depicting mouse brain tissue prior to and after CLARITY treatment that results in optically opaque tissue. 

Scale bars are 2.5 mm (b) Schematic of light sheet microscopy that allowed for tissue and tumor imaging. 

(c) 3D reconstructions of light sheet micrographs depicting tumors inside of cleared brain tissue indicate 

significant increases in tumor formation when ECs were co-injected. Interleukin-8 inhibition appeared to 

disrupt tumor formation. Scale bars are 1 mm.  (d) Quantification of tumor sizes using light sheet 

micrographs indicate robust increases in tumor size when ECs are co-injected and a significant decrease in 

tumor size in mice treated with IL-8 inhibition. (e) Two-photon micrographs of tumors demonstrate 

perivascular localization of GFP-labeled CSCs around lectin-stained blood vessels, indicated by the dashed 

circle. Scale bars are 50 µm. P-values less than 0.01 were indicated by ** when comparing mono vs co-

injections and less than 0.05 were indicated by ◦ when comparing the use of the IL-8 inhibitor. CSCs were 

labeled with GFP, ECs were labeled with mCherry, and lectin was labeled with cascade blue.  
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4.6 Discussion 

Glioblastoma Multiforme is a highly vascularized malignant tumor that presents 

pathological vascular heterogeneity and dysfunction.17. A close association between CSCs and the 

perivascular niche is purported to be critical in maintaining the tumor microenvironment and has 

emerged to be a critical component during GBM pathogenesis. This microenvironment has 

emerged as being of critical importance as a homing site of CSC renewal, proliferation, and 

migration.25 In this study, we utilized a hydrogel platform that enabled for 3D CSC spheroid 

cultures to interact with brain EC, thus allowing for the analysis of signaling pathways involved 

in driving characteristic CSC behavior.  

Our observations that highly-migratory CSCs express nestin coincides with previous 

studies showing increased nestin expression associated with an aggressive CSC phenotype across 

a variety of diseases.239 Nestin is a class VI intermediate filament and a known neuronal 

progenitor/stem cell marker whose expression coincides with many stem cell pathways such as the 

Wnt/β-catenin, N-myc, Oct4, and SOX2.239–241 Immunofluorescence staining and flow cytometry 

of our CSC population correlate nestin expression with the expression of canonical stem cell 

markers such as SOX2, Oct4, and AlDh. Studies citing that GBM CSCs with lowered nestin 

expression exhibit reduced stem cell behavior coincide with our data in that we observed CSCs 

which have lowered nestin expression exhibit reduced migration.242,243 It is important to mention 

that there may be hydrogel context-driven CSC migration that plays a role in some of the migratory 

effects seen, as type-1 collagen does not completely recapitulate brain parenchyma. However, 

findings demonstrate an enrichment of peritumoral vessels in GBM that CSCs use to migrate; this 

is associated with poorer prognosis and type I collagen present in the parenchyma of the 

subependymal layer and blood vessels are present during angiogenesis.244–246 Future studies 
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utilizing a suitably more relevant matrix such as type-IV collagen, tenascin-C, or hyaluronan 

would be ideal for evaluating these results.114  

This tumoral perivascular niche has a regulatory role in signaling between ECs and CSCs 

and is a site of enriched CSC populations.98 For example, ECs increase CSC self-renewal, 

suppresses differentiation, and increase expression of stem cell markers such as CD15, CD133, 

nestin, Oct4, and SOX2.101,247,248 In turn, CSCs appear to alter VEGF secretion and receptivity, 

hypoxia inducible factor-1 (HIF-1) and interleukin signaling, and ECM remodeling in ECs.84 

Accordingly, our studies find that ECs exhibit a stimulatory effect on both CSC migration and 

stem cell marker expression while also stimulating EC-CSC localization between these cell types. 

Interleukin-8 is of particular interest in the perivascular niche in GBM due to its ability to exert a 

degree of bifunctionality in having regulatory control over GBM CSC function through activation 

of stem cell and proliferation pathways as well as being a potent mediator of angiogenesis.249,250 

The observed upregulation of IL-8 in co-cultures may be caused by other 

microenvironmental cues that influence IL-8 production. As an example, interleukin-6 (IL-6) is 

regulated by some of the same transcription factors as IL-8 (NF-κB, HIF-1), is secreted by ECs 

and CSCs, and is an upstream activator of IL-8 production via activation of JAK/STAT3.251 It is 

therefore possible that the migratory effects that we observe with increased IL-8 levels are tied to 

co-stimulation by IL-6 as part of the milieu of cytokines shared in EC-CSC interactions. These 

interactions may explain that while IL-8 on its own significantly increases CSC migration in 

frequency as well as speed due to the capabilities of IL-8 to mobilize actin polymerization, its 

supplementation is not enough to confer the same recapitulated stem cell phenotype that co-

cultures appear to create.252 Indeed, in the tumor microenvironment itself, chronic signaling of IL-

8 promotes the secretion of a variety of growth factors in tumor-associated macrophages that both 
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self-activate IL-8 and promote angiogenesis.232,253 It is therefore plausible that IL-8 itself acts as a 

mediator and activator of cancer stem cell behavior, but may also be required to synergistically 

interact with other cytokines to recapitulate tumorigenesis in vitro. 

We demonstrated that, not only do CSCs respond to both ECs and IL-8 supplementation 

by becoming more migratory and more invasive, but that blocking the functional ability of soluble 

IL-8 to interact with cognate receptors abolishes many of these effects. Because interfering with 

IL-8 signaling significantly affected CSC nestin expression and their ability to migrate and invade, 

this provides evidence of the possible importance of autocrine IL-8 signaling in CSC self-

regulation. In several other types of cancer, IL-8 autocrine signaling has been demonstrated to 

contribute to the ability of CSCs to self-renew and proliferate.254,255 Along with this, autocrine IL-

8 signaling has been demonstrated to play a role in glioma cell invasion and F-actin 

polymerization.252 In addition to inducing invasive phenotypes, IL-8 has the capabilities of 

increasing the expression of MMP-2,9, which has been associated with the ability of tumor cells 

to degrade matrix and invade into surrounding tissues.234,256 When combined with the ability of 

IL-8 to increase stemness in CSCs, this may partially explain the initial ‘burst’ of invasive behavior 

from CSC spheroids as autocrine IL-8 signaling from the spheroid may dominate initial phases of 

CSC migration. As such, later stages of cellular invasion may rely on paracrine signaling with ECs 

that further promote tumor progression. While it is not known at what concentrations IL-8 exists 

in the tumor microenvironment, IL-8 supplementation resulting in persistently high levels of 

migration and nestin expression coincide with the concept that CSCs require chronic IL-8 signaling 

in order to maintain their invasive behavior.  

The overt change in nestin expression and invasive capabilities of CSCs after silencing 

CXCR2 corroborates with previous studies about the critical role of IL-8 – CXCR2 signaling axis 
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in maintaining CSC potency and aggressiveness.101 While inhibition of IL-8 receptors CXCR1 and 

CXCR2 has been demonstrated to significantly diminish the ability of CSCs to proliferate and 

inhibit metastasis in a variety of cancers, CXCR2 is of particular interest due to its capabilities to 

reduce tumor formation and metastasis in vivo.257,258 The increased effectiveness of CXCR2 

silencing is likely two-fold: CXCR2 has considerably more ligands than just IL-8 (CXCL1, 2, 3, 

5, and 7) whereas CXCR1 is a functionally dedicated IL-8 receptor and CXCR2 activation is tied 

to upregulation of many stem cell associated genes ( Oct4, Sca-1, and AlDh) and activation of PI-

3K and ERK 1/2 – all of which have been determined to play significant roles in GBM 

pathogenesis.64,259,260 Interestingly, while silencing of CXCR2 diminished stem cell marker 

expression and overall invasion, non-nestin expressing CSCs continued to exhibit some level of 

invasive capabilities. The use of specific therapies to treat glioma cells stimulate the transcription 

of other CXCR2 agonist, suggesting that CXCR2 activation may indeed be the primary driver of 

glioma invasion and subsequent stemness due to upstream effectors.261 Therefore, while CXCR1 

could be playing a role in mediating some of the invasive phenotypes observed, it’s reasonable 

that CXCR2 may be the major player in our observations. Alternatively, it’s plausible that IL-8 

signaling, in parallel with one of the other CXCR2 ligands, could be activating downstream stem 

cell and aggressive invasion-associated pathways.  

 While the in vitro studies mentioned above largely focused on the effects of ECs in 

mediating CSC migration and stemness, our in vivo studies focused on the overall growth of 

tumors as a result of EC and IL-8 signaling. These data provide corroborating evidence of the 

effects of IL-8 on mediating EC-CSC interactions as a function of a tumor progression. However, 

blocking of this signaling axis can obfuscate the results due to altered physiological processes such 

as wound healing and angiogenesis that may occur.262 Indeed, it is possible that the reduction in 
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tumor size that was observed could be a result of interference in inflammatory processes that have 

been demonstrated to favor CSC survival.263,264 Furthermore, the wound created by the injection 

site may further activate the ECs present in co-culture conditions and thus increase overall tumor 

survival through an initial angiogenic activation that is otherwise reduced in the IL-8 treated 

condition.135 Future mouse studies utilizing the CXCR2 knockdown CSCs would certainly help to 

determine whether or not the wound healing response is playing a role in tumor growth. 

Alternatively, inducible transgenic mouse models of GBM would be useful in determining the role 

of IL-8 signaling as treatment could be performed following tumor induction and tumor growth 

and invasion could be monitored.265  

 

4.7 Conclusion 

The perivascular niche in GBM continues to be an active area of cancer research and CSCs 

have gained continuous interest due to their pathological potency and therapeutic evasiveness. In 

this study, we utilized a 3D tissue culture platform to assess GBM CSC spheroid behavior and 

whether or not changes in CSC behavior were linked to the presence of microvascular ECs. Our 

data provide evidence that ECs promote CSC invasion and stemness and that these changes are 

linked to IL-8 signaling between CSCs and ECs. Our results are likely applicable to many other 

diseases where CSCs and IL-8 signaling play a role in disease progression, such as breast or 

prostate cancer, and it will be of future interest to dissect whether or not these signaling pathways 

are mediated by microvasculature.255,266 These findings also demonstrate that using tissue 

engineering strategies to investigate diseases can advance our understanding possible therapeutic 

mechanisms and underscore their usefulness as platforms for possible avenues of treatment.  
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CHAPTER 5 

CONCLUSION 

5.1 Summary 

This doctoral research investigated the pro-tumorigenic role of the perivascular niche in 

Glioblastoma Multiforme (GBM) through modeling the extracellular matrix (ECM) of the tumor 

microenvironment as well as endothelial cell (EC) and cancer stem cell (CSC) interactions. In 

particular, this work demonstrates that increases in collagen fiber size and alignment can have pro-

angiogenic effects on microvascular networks. These tumor-mimetic mechanical properties of the 

ECM can regulate pro-angiogenic autocrine/paracrine signaling, matrix remodeling, and 

multicellular structure organization through altered mechanosignaling in ECs. More specifically, 

these studies  indicate that the ECM in the tumor microenvironment may be in part driving this 

behavior as inhibition of ECM-modified paracrine signaling and mechanosignaling significantly 

blunted the effects of altered matrix structure on ECs. This work also establishes that CSCs 

communicate with ECs through soluble interleukin-8 (IL-8) signaling and that this crosstalk 

promotes the invasion of CSCs from tumor spheroids. Interestingly, the implication of this data is 

two-fold as IL-8 is also a potent pro-angiogenic morphogen and the ability of CSCs to utilize it as 

a signaling pathway creates a positive feedback loop that promotes tumor invasion and tumor 

angiogenesis. Interference in IL-8 signaling between these two cell types reduced the overall 

invasive potential of CSCs both in 2D and 3D as well as reduced overall tumor growth in in vivo. 

The following subsections will briefly revisit and discuss the findings from chapters 2, 3, and 4 

and will end on a discussion of future work that needs to be accomplished in order to provide a 

more comprehensive understanding of the tumor microenvironment and potential future therapies.   
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ECM composition and fiber size regulate vasculogenesis and angiogenesis through IL-8 signaling 

 In chapter 2, the effects of collagen matrix composition and fiber size on microvascular 

network formation and subsequent angiogenesis was investigated. Although it is well established 

that substrate-dependent cues can modify EC behavior and organization, understanding the 

specific effects of composite hydrogels and collagen fiber size in 3D cell cultures remains 

relatively limited. To address this issue, ECs were cultured in 3D collagen I hydrogels for 11 days 

that were fabricated at either 4°C or 37°C in order to alter collagen fiber size. Matrigel was also 

added during the fabrication process for conditions where ECM composition was also assessed.  

 The results from this study indicate that lowering the gelation temperature of collagen 

hydrogels increases the overall size of individual collagen fibers by favoring the lateral growth of 

fibers rather than de novo nucleation of smaller fibrils. The inclusion of Matrigel further increased 

collagen fiber size at lower temperatures and appeared to decrease collagen fiber size at higher 

temperatures, possibly through increasing the nucleation rate of fibrils at higher temperatures. 

These differences in ECM properties had pronounced effects of microvascular network assembly 

as hydrogels with larger collagen fibers organized differently, exhibited increased vessel structure 

size, and deposited more collagen IV. The inclusion of Matrigel into the hydrogels resulted in 

increased EC growth and larger microvascular networks. The combination of larger collagen fibers 

and Matrigel resulted in the largest vessel structures with the most collagen IV deposition.  

Lastly, this study demonstrated that these larger, more mature microvascular networks also 

had functional relevance as they were able to induce angiogenesis and anastomosis from an 

endothelial monolayer over the course of 3 days. As a plausible molecular mechanism for the 

communication between ECs, the study explored the role of IL-8 in mediating some of these effects 

due to its pro-angiogenic effects. It was determined that increased IL-8 signaling, which was 
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correlated with larger, more organized network structures, was in part facilitating the invasion and 

anastomosis of ECs from the monolayer. Indeed, functional blocking of soluble IL-8 signaling 

normalized differences in microvascular networks between conditions as a function of ECM 

properties and significantly blunted EC invasions. While it is recognized that endothelial cells will 

engage in autocrine and paracrine signaling of VEGF during angiogenesis, the production of IL-8 

and its ability to induce angiogenesis and anastomosis indicates that it and possibly other pro-

angiogenic factors may also be important mediators. Understanding the biochemical and 

biomechanical properties of the ECM in mediating EC behavior will be beneficial not only for 

future tissue engineering strategies but may also lead to a better understanding of disease.  

 

Collagen fiber alignment regulates vascular network organization through altered 

mechanosignaling  

 Since we observed that larger collagen fibers alone could alter microvascular behavior, 

chapter 3 sought to explore the effects of collagen alignment on ECs. While there are studies that 

have explored the ability of collagen alignment to regulate cell migration and polarity, the effects 

on 3D microvascular behavior remain relatively limited. Hence, this work sought to fabricate 3D 

aligned collagen hydrogels, assess the effect of aligned collagen fibers on EC behavior, and to 

explore what mechanisms may be determining changes in EC organization.  

 This study observed that by increasing the microwell mold pre-casting strain prior to 

hydrogel gelation, it was possible to increase collagen alignment gradually through a range of 

conditions. Unlike other studies that utilize aligned collagen for investigating cell behavior on 2D 

substrates, this approach does not require an outside mechanism to stretch or align collagen fibers 

and allows for physiologically relevant dimensionality. Instead, our system relies on the relaxation 
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of the mold after gelation to apply a uniaxial compression that results in fiber alignment. Increasing 

the alignment of collagen fibers gave rise to more aligned microvascular networks that gradually 

increased in size, length, and collagen IV remodeling; in the most aligned conditions, lumen 

formation was also observed. It is important to note that at increased pre-fabrication strains, 

relaxation of the hydrogels appeared to result in a buckling effect that may also have affected EC 

behavior through altered topographical features.  

These endpoint differences in overall network organization appeared to be a result of 

changes in the dynamics of microvascular assembly. Live imaging of ECs revealed a highly 

organized migration path that is coupled to sustained EC polarity and increased cell division 

events. In vivo, ECs engage with collagen fibers during angiogenesis and cluster them near the tip 

cell that will then use these aligned fibers to migrate outward during vessel formation. Therefore, 

we sought to analyze peri-cellular collagen fibers in order to correlate these behaviors to canonical 

in vivo observations. Interestingly, ECs did not appear to be engaging in this clustering behavior 

in aligned collagen hydrogels but did in unaligned hydrogels. This suggests that by pre-aligning 

fibers for ECs, we may be able to ‘jumpstart’ the steps necessary for network formation.  

Lastly, the ability of aligned collagen fibers to stimulate vessel formation was ablated upon 

the addition of pharmacological inhibitors of mechanosensing pathways that included Focal 

Adhesion Kinase (FAK), rho/ROCK, and Myosin Light Chain (MLC). Treated conditions resulted 

in microvascular structures that were reminiscent of those in unaligned collagen hydrogels in 

vessel size, polarity, and collagen IV remodeling. While inhibition of mechanosensing can 

interfere with other critical cell signaling processes such as PI3K/Akt signaling, these data suggest 

that ECs are utilizing altered mechanical cues from the ECM to organize into microvascular 

networks. The relevance of this work is important in tissue engineering as well as diseases such as 
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cancer where the ECM of the tumor microenvironment often exhibits structural modifications that 

appear to promote tumor progression. 

 

Endothelial cells stimulate Glioblastoma Multiforme cancer stem cell spheroid invasions 

 In chapter 4, we assessed the functional significance of ECs in mediating CSC invasions 

from tumor spheroids and then determined whether or not these invasions were in part due to 

increased IL-8 signaling. The goal of the first portion of this study was to determine a baseline for 

CSC behavior so that comparisons can be drawn in later studies. First, patient-derived GBM CSCs 

were grown into homogenous tumor spheroids as a means to mimic the physiological conditions 

of tumors such as oxygen, nutrient, and morphogen gradients. Then, stem cell status was confirmed 

by fluorescent analysis of SOX2, Oct4, nestin, and aldehyde dehydrogenase which suggested that 

the spheroid formation process did not significantly affect the cancer stem cell-like status of these 

cells. After embedding these spheroids into collagen hydrogels and monitoring them over 7 days, 

it was observed that CSCs exhibit sustained, low levels of migration from the spheroid into the 

collagen and that the distance that CSCs migrated was highly correlated with nestin expression.  

 CSCs are often found in perivascular spaces within GBM and their relationship with this 

niche appears to support their stem cell and cancer cell status. As a result, we sought to determine 

what the effects of ECs might be on CSCs by introducing ECs into the hydrogel with the spheroid. 

This study indicates that the presence of ECs near the spheroid significantly increased the 

migratory capability of CSCs both in distance and frequency; nestin expression within CSC 

spheroids increased and was again correlated with increased CSC invasiveness. Flow cytometry 

provided further validation that nestin, SOX2, and Oct4 expression were all increased when CSCs 

were co-cultured with ECs. This mirrors previous CSC studies in both GBM and other cancers 
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which found that highly migratory CSC phenotypes often exhibit robust stem cell marker 

expression.  

Looking for a plausible mechanism by which ECs and CSCs might communicate, our 

previous studies have determined the IL-8 might be one such mediator. Indeed, ELISA analysis of 

soluble IL-8 found that it was significantly increased in co-cultures on a per cell basis. Thus, in 

order to determine what effects IL-8 may have, soluble IL-8 was added to the media of CSCs. This 

appeared to recreate the EC-associated migration and sprouting that was previously observed in 

the spheroids. Inhibition of IL-8 signaling significantly suppressed CSC migration in mono- and 

co-cultures. Both of these phenomenon were also correlated with changes in nestin expression that 

matched previous observations.  

 IL-8 is capable of self-activation and as highlighted in chapter 2, interference in IL-8 

signaling can disrupt EC behavior. Simply interfering with IL-8 signaling may disrupt other EC-

associated mediators and obfuscate results. To investigate this, CSCs with an IL-8 cognate receptor 

(CXCR2) knockdown were used and it was found that while ECs behaved as previously observed, 

CSCs lacking CXCR2 exhibited stalled invasions from the spheroid and lost most of their nestin 

expression in mono- and co-cultures. Interestingly, introduction of soluble IL-8 into media did 

increase CSC invasion though nestin expression remained largely absent; this is likely due to 

signaling through another IL-8 receptor, CXCR1.  

Lastly, in order to assess the functional relevance of IL-8 in mediating tumor formation, 

ECs and CSCs were intracranially injected into NOD SCID mice and tumors were allowed to form 

for two weeks. Mice that were injected with an IL-8 inhibitor had significantly smaller tumors 

when compared to their experimental counterparts. Collectively, it seems as though IL-8 crosstalk 

between ECs and CSCs is promoting CSC invasive behaviors which may contributes to overall 
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tumor growth. However, further investigation is needed in order to determine precise intracellular 

mechanisms that IL-8 may be participating through and what the physiological relevance of it is 

in the perivascular niche.  

 

5.2 Future directions 

 The studies discussed in this dissertation demonstrate that structural and compositional 

modifications to the ECM which can in turn facilitate tumor cell invasion via EC-CSC interactions. 

By utilizing tissue engineering strategies to develop relevant in vivo platforms, this work can 

hopefully guide investigations of the perivascular niche into considering the non-cellular 

components that are typically overlooked in GBM. However, in order to develop effective 

strategies for targeting the perivascular niche as a potential therapeutic target, there is still 

significant work that needs to be accomplished in order to provide a more complete picture of how 

the dynamics between GBM tumors and the perivascular niche contribute to overall tumor growth. 

The following subsections describe future directions that may increase our understanding of the 

perivascular niche while also describing possible treatment directions.  

 

Perfusable vasculature for modeling the perivascular niche 

 These studies largely rely on the self-organization of microvasculature in order to model 

the perivascular niche and as a result, the structures that are formed lack physiological function. A 

solution to overcome this hurdle would be the use of microfluidic devices that utilize perfusable 

channels lined with endothelial cells to mimic microvessels.267 These microvessels are typically 

embedded within a collagen matrix that enables ECs to adhere and form junctional protein 

complexes that effectively seal the lumen of the vasculature from the matrix. Following up on this, 
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a significant limitation to the study described in chapters 2 and 3 is the inclusion of ECs in the bulk 

of the hydrogel as these ECs likely exhibit different morphogen secretion profiles than ECs bound 

within a stabilized vessel. When combined with the observation that single cells and microvessels 

likely exhibit differential integrin engagement profiles and interface with ECM proteins 

differently, it is possible that the effects of the ECM are overstated or lack relevance. To address 

this, the experimental approaches used to modify the structure and the composition of the ECM 

could be adapted to a microfluidic system through either changing the gelation temperature of the 

collagen, straining a PDMS microfluidic mold, or the inclusion of Matrigel.268 Combined with 

confocal reflectance imaging or live imaging, the precise effects of ECM structure on angiogenesis 

could be better elucidated and possible molecular changes identified.  

Different limitations are experienced in the study presented in chapter 4. Although we 

observed directional EC migration towards tumor spheroids, a bolus of tumor cells is effectively a 

multiplexed biochemical source and cues such as tumor-cell induced collagen alignment and fiber 

tension may also be directing EC migration in addition to IL-8 signaling. A microfluidics approach 

could help overcome these limitations through the inclusion of a tumor spheroid distal to the 

microvessel. Observations of differences in angiogenic sprouting and pharmacological 

interference would help to better determine possible molecular mediators between ECs and CSCs 

This could also aid in understanding CSC invasive behaviors as it is currently unclear if CSCs are 

undergoing nonspecific invasions from the spheroid in response to biochemical stimulation or if 

they are directionally migrating towards ECs. Having a centrally located microvessel would 

certainly aid in understanding the dynamics of the interactions between ECs and CSCs. Lastly, 

this would allow for an investigation into the functional capacity of inhibitors in traversing the 
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endothelial monolayer and disrupting EC-tumor cell signaling and whether or not these inhibitors 

have therapeutic potential.  

 

Development of a multi-culture model system that includes ECs, astrocytes, and pericytes to 

investigate ECM effects on microvasculature 

 The work presented here has primarily focused on mono- and co-cultures of cell types in 

order to model different aspects of the perivascular niche. However, the physical presence of 

different support cells that are native to perivascular site in the brain are undoubtedly important in 

regulating its function and behavior. For example, astrocytes play a crucial role in the overall 

structure of the blood brain barrier and help regulate microvascular behavior through direct 

attachment to ECs, ECM homeostasis, and secreted factors.269 Similarly, pericytes perform a 

similar albeit more direct role in regulating EC behavior; studies have indicated that in vitro 

microvascular maturity cannot be accomplished without the support of pericytes.211 Therefore, the 

use of both astrocytes and pericytes in combination with the model systems described in these 

studies would provide a more physiologically relevant approach. Similarly, it would be interesting 

to assess whether the effects of altered ECM structure result in similar changes to microvascular 

networks with the addition of these cells. We have also demonstrated that ECs respond to 

differences in the ECM through changes in autocrine and/or paracrine signaling, though whether 

or not this would be sufficient for driving microvascular changes in vivo remains unknown. The 

inclusion of these support cell types would allow for an investigation into possible synergisms that 

may be occurring between growth factors and cues from the ECM and whether or not previously 

identified factors are relevant.   
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The effects of brain-mimetic ECM on ECs and CSCs 

 Although the work accomplished describes the ability of altered collagen structure to 

modify EC behavior, brain tissues are primarily composed of significantly softer components such 

as hyaluronan.44 Indeed, while the ECM in the tumor microenvironment of GBM has been reported 

to be mechanically and compositionally different, its ECM properties still closely matches that of 

brain parenchyma.270 As a result, many of the cellular components in the brain express integrins 

and receptors that are different or at different levels than other tissues that can make determining 

the effects of the ECM difficult in brain tissue-derived cells such as CD44 or integrin α6.271 

Therefore, a necessary step in more closely modeling both the perivascular niche in the brain and 

in GBM would be the inclusion of hyaluronan. While hyaluronan has proven difficult to work with 

on its own when compared to other hydrogel materials such as collagen or alginate due to its short-

lived mechanical and structural integrity, methacrylated hyaluronan has been used to model brain 

tissues due to its modular mechanical and ligand binding properties and would be suitable for 

modeling the GBM tumor microenvironment.125,272 By incorporating collagen into the model 

systems described in this work, it may be possible to integrate a more relevant ligand 

microenvironment for ECs to interact with as well as integrate the structural components of 

collagen that are of interest in angiogenesis. This would provide insight into how potent the effects 

of altered ECM structure are on microvascular behavior as collagen-EC interactions would be 

significantly reduced. Furthermore, it is possible that collagen-CSC interactions are contributing 

in some capacity to our observations concerning CSC migration as it was observed that CSCs 

migrate in the absence of ECs. This approach could be used to effectively combined with our tumor 

spheroid model in order to investigate tumor invasions towards ECs and the role of IL-8 in this 

context.273  
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Identification of other molecular mediators in EC-CSC crosstalk 

 The impetus for assessing the role of IL-8 in many of these experiments has partially relied 

on a legacy of studies that demonstrated its pro-angiogenic capacity as well as its functional role 

in driving many of the properties associated with GBM CSCs.101,168 However, it is certainly 

unlikely that IL-8 is the only chemokine playing a role in EC-CSC crosstalk and even less likely 

that its signaling cues are acting in isolation. Thus, an analysis of other possible mediators and 

their combined effects with IL-8 may prove useful for determine potential therapeutics. One way 

to accomplish this is to collect the cell culture media from mono- and co-culture conditions and 

look at differences in their soluble protein expression profiles in a proteomics analysis.274 By 

analyzing results and cross referencing potential targets and their interactions with IL-8, it may be 

possible to identify a combination of pathways that involved in EC-CSC crosstalk. While this 

approach could prove useful, there is also the possibility that IL-8 could be causing transcriptome 

changes that result in the sensitization of cells to IL-8 and other chemokines such as IL-6. Thus, 

an analysis such as RNA-seq or a microarray could prove useful in that regard.275,276 Collectively, 

data gathered with this techniques may help determine combinatorial therapies that are more 

effective than isolated therapies.  

 

5.3 Therapeutic Strategies 

 In translating this work into a therapeutic strategy for GBM, the overall goal is to target 

the perivascular niche with the aim to prevent tumor angiogenesis and interfere with EC-CSC 

interactions.  
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The first approach is to consider the role of the ECM in the tumor microenvironment in 

regulating EC behavior and angiogenesis. The studies described in chapters 2 and 3 indicate that 

modifications in the microstructural and compositional properties of the ECM alone are capable 

of modifying microvascular network organization and EC secretion profiles. Because the ECM 

near GBM tumors is frequently stiffer, more fibrous, and oriented differently, interfering with this 

remodeling could slow down tumor vascularization and subsequent tumor growth. Consequently, 

a potential target could be the remodeling of the matrix itself. For example, collagen prolyl-4-

hydroxylase (CP4H) could be one such target as it is responsible for the biogenesis of collagen 

fibers. CP4H catalyzes the conversion of proline into hydroxyproline, which is a requisite step for 

the formation procollagen triple helix and subsequent collagen fibril and fiber formation.277 

Interfering with the structural hierarchy of collagen fibers significantly reduces its mechanical 

properties as well as bioactive properties as cell surface ligands no longer exhibit the same affinity 

for these fibrils. Indeed, recent studies in preclinical breast cancer models have demonstrated that 

inhibition of this enzyme significantly reduces the progression of breast cancer. 278  

Although inhibiting CP4H may target the structural and mechanical portions of the ECM, 

the perivascular niche in GBM is also highly enriched in hyaluronan that is correlated with 

increased tumor vascularization.279 Thus, inhibition of hyaluronan synthase may prove to be an 

effective strategy for halting the progression of tumor vascularization; an inhibitor of hyaluronan 

synthase known as 4-methylumbelliferone (4-MU) has been demonstrated to inhibit tumor 

angiogenesis and tumor growth in metastatic lung cancer and breast cancer.280,281 While these 

therapies have yet to be fully studied in the context of brain cancer, their use in combination with 

current anti-angiogenic strategies may prove effecting at halting tumor vascularization.  
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  The second approach relies on interfering with IL-8 signaling between ECs and CSCs. As 

IL-8 is chemokine that is ubiquitously expressed through various tissues in the body, targeting it 

may prove ineffective for conventional therapies in a manner similar to targeting VEGF itself has 

had limited success. Instead, targeting the IL-8 receptors may prove to be more useful as our 

studies in chapter 4 demonstrated that knockdown of CXCR2 significantly reduced the effects of 

ECs in mediating CSC invasion and migration. While IL-8 has two primary cognate receptors, 

previous work conducted with our CSCs found that CXCR1 interference is not as therapeutically 

effective as CXCR2. This may be in part due to the promiscuity of CXCR2 as it has multiple 

ligands and interference with it would also blunt the activity of CXCL1, 2, 3, 5, and 7.282 Indeed, 

clinical trials of CXCR2 inhibitors are currently underway for prostate and pancreatic cancers.257  

Furthermore, others have indicated that treatment of GBM CSCs with temozolomide increases the 

expression of CXCR2 ligands, which may in part explain the resistance of CSCs to current GBM 

therapies. Thus, the use of a CXCR2 inhibitor may have a two-fold effect as it could disrupt EC-

CSC crosstalk, reducing CSC invasion and tumor angiogenesis, as well as sensitizing CSCs to 

current GBM therapies.  

 

5.4 Concluding Remarks 

In conclusion, this dissertation has provided a better understanding of cellular and non-

cellular components of the perivascular niche in GBM in order to gain a deeper understanding of 

GBM pathophysiology. Specifically, the effects of altered collagen fiber size and orientation as 

well as ECM composition on EC behavior were investigated. It was determined that larger, more 

aligned collagen fibers resulted in larger, more organize microvascular structures and that the 

compositional properties of the ECM can affect both the process of fiber formation as well as the 
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EC response. Furthermore, the role of ECs in mediating GBM CSC invasions from tumor 

spheroids was examined and it was revealed that EC-CSC pro-angiogenic crosstalk increases CSC 

spheroid stemness as well as tumor cell invasions.  

These studies suggest that targeting multiple aspects of the tumor microenvironment may 

be critical in preventing tumor vascularization as these individual aspects are intrinsically linked. 

The work presented here also highlights the capabilities of tissue engineering and a 

multidisciplinary approach in exploring foundational scientific questions concerning cell biology 

and disease. More generally, these results are applicable to a wide variety of cancers where tissue 

homeostasis and tumor vascularization lead to disease progression. In the future, I hope these 

findings lead to the evaluation of more effective, targeted therapies in both GBM and other cancers.  
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APPENDIX 

 

 

Supplemental Figure A1.1: Demonstration of fiber tracings for collagen fiber analysis. 

Random fibers in SEM micrographs were traced both for fiber diameter and fiber length. Thick, 

red lines represent fiber length tracings whereas thin red lines represent fiber diameter tracings.  
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Supplemental Figure A2.1: Schematic of stretching device design.  
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Supplemental Figure A2.2: Scanning electron microscopy images at different magnifications 

reveal differences in collagen topography depending on mold pre-strain levels. Scale bars for 

50,000x and 25,000x are 1 μm and for 5,000x is 10 μm. 
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Supplemental Figure A2.3: ELISA of MMP-1 indicated that ECs in aligned collagen secrete more 

MMP-1 than in unaligned collagen. MMP-1 concentration was normalized to DNA as determined 

by fluorimetric DNA analysis. P-value less than 0.05 were labeled with *. 
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Supplemental Figure A3.1: Confocal micrographs of spheroid periphery demonstrating EC-CSC 

alignment. (a) Spheroid presences alter endothelial cell growth direction, promoting growth towards 

spheroids. Circles indicate EC-CSC localization. (b) Measuring the incident angle of both CSC sprouts 

and ECs relative to the spheroid surface demonstrate statistically different growth angles at 3 days but 

at 7 days there is no statistically significant difference in their growth direction. P-values less than 0.01 

are indicated by **. 

 


