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ABSTRACT 

 

KARTIK PRASAD ANGARA 

CXCR2 expressing tumor cells drive vascular mimicry in anti-angiogenic 

therapy resistant glioblastoma 

(Under the direction of Dr. Ali Syed Arbab) 

 

Glioblastoma (GBM) is a hypervascular and hypoxic neoplasia of the central 

nervous system with an extremely high rate of mortality. Owing to its hypervascularity, 

anti-angiogenic therapies (AAT) have been used as an adjuvant to the traditional surgical 

resection, chemotherapy, and radiation to normalize blood vessels, control abnormal 

vasculatures and prevent recurrence. The benefits of AAT have been transient and the 

tumors were shown to relapse faster and demonstrated particularly high rates of AAT-

induced therapy resistance due to activation of alternative neovascularization mechanisms. 

Vascular Mimicry (VM) is the uncanny ability of tumor cells to acquire endothelial-like 

properties, lay down vascular patterned networks reminiscent of host endothelial blood 

vessels and served as an irrigation system for the tumors to meet with the increasing 

metabolic and nutrient demands in the event of the ensuing hypoxia resulting from AAT. 

In our studies, we have demonstrated that AAT accelerates VM. We observed that 

Vatalanib (a VEGFR2 tyrosine kinase inhibitor) induced VM vessels are positive for 



 

 

periodic acid-Schiff (PAS) matrix but devoid of any endothelium on the inner side and 

lined by tumor cells on the outer-side. Interestingly, 20-HETE synthesis inhibitor 

HET0016 significantly decreased GBM tumors through decreasing VM structures both at 

the core and at periphery of the tumors. During our extensive studies to understand the 

tumor-inherent mechanisms of AAT-induced resistance, we identified a crucial 

chemokine, CXCL8 or IL-8, to be highly upregulated in the GBM tumors treated with 

AAT. IL-8 has been well established as a highly prevalent cytokine in GBM with potent 

pro-migratory and pro-angiogenic functions. AAT-treated groups had significantly higher 

populations of CXCR2+ glioma stem cells and endothelial-like subpopulations and these 

populations were decreased following treatment with HET0016 and SB225002 (a CXCR2 

antagonist). CXCR2+ GBM tumor cells were shown to form VM-like vascular channels 

carrying functional RBCs. Knocking down CXCR2 led to smaller tumor size in the animals 

and improperly developed vascular structures without CXCR2+ GBM cells lining them. 

This confirms our hypothesis that CXCR2+ GBM cells initiate VM and contribute to AAT 

resistance in GBM. Our present study suggests that HET0016 and SB225002 have potential 

to target therapeutic resistance and can be combined with other antitumor agents in 

preclinical and clinical trials. 

 

KEY WORDS: Vascular Mimicry, Glioblastoma, Anti-angiogenic therapy resistance, 

Recurrence, Mosaic Vessels, IL8, CXCR2  
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I. INTRODUCTION 

1. Glioblastoma-Incidence, Epidemiology and Current standard of care 

treatments 

Glioma refers to the primary brain tumors in which the glial cells are the presumed 

cells of tumor origin. These include astrocytic tumors (astrocytoma, anaplastic astrocytoma 

and glioblastoma), oligodendrogliomas, ependymomas, and mixed gliomas (Agnihotri et 

al., 2013; Holland, 2000; Maher et al., 2001; Schwartzbaum, Fisher, Aldape, & Wrensch, 

2006). Glioblastoma (GBM) is the most hypervascular, hyperproliferative, invasive, 

undifferentiated and highly aggressive diffuse astrocytic glioma. The current international 

standard for the nomenclature and diagnosis of gliomas is WHO (World Health 

Organization) classification which classifies gliomas into grade I to IV based on the level 

of malignancy, proliferative potential and invasiveness. Grade I gliomas have low 

proliferative potential and can be cure by surgical resection. However, grade II to IV 

gliomas are highly malignant and invasive. GBM is categorized as a grade IV astrocytoma 

based on WHO classification (Jovcevska, Kocevar, & Komel, 2013; Louis et al., 2007). 

GBM is the most common brain and central nervous system (CNS) malignancy, accounting 

for 80% of malignant primary brain tumors, 54% of all gliomas, and 16% of all primary 

brain and CNS tumors (Agnihotri et al., 2013; Messali, Villacorta, & Hay, 2014; Ostrom 

et al., 2013; Schwartzbaum et al., 2006). GBM remains an incurable disease, with a median 

survival of 15 months, despite the current standard of care and a variety of modern therapies 

(Koshy et al., 2012; Tran & Rosenthal, 2010). Current treatment consists of maximal safe 
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surgical resection followed by radiotherapy (RT) with concurrent temozolomide (TMZ) 

chemotherapy (Stupp et al., 2005). 

Depending on the chromosomal and genetic aberrations in GBM, two important 

subtypes, primary and secondary, which evolve through different genetic pathways have 

been proposed. The patients affected differ in ages, and have differences in outcomes have 

been identified as well (Furnari et al., 2007; Kleihues & Ohgaki, 2000). Primary GBMs 

account for 80% of GBMs, and occur in older patients (mean age, 62 years) in an acute de 

novo manner. This GBM subtype usually has no evidence of prior symptoms or antecedent 

lower grade pathology. On the other hand, secondary GBMs develop through the 

progressive transformation of lower grade astrocytomas or oligodendrogliomas, with 

∼70% of grade II gliomas transforming into grade III/IV disease within 5–10yrs of 

diagnosis and occur in younger patients (mean age, 45 years) (Kleihues & Ohgaki, 2000; 

Ohgaki & Kleihues, 2007, 2009; Phillips et al., 2006). Yet another rare subtype of GBM 

was added to the classification by the WHO, termed GBM-O (with oligodendroglioma 

component). This particular subtype of GBM has areas within the tumor that resemble 

anaplastic oligodendroglioma with hallmark features of GBM, necrosis with or without 

microvascular proliferation (Louis et al., 2007). 

GBM is rare tumor with global incidence of less than 10 per 100,000 people. However, 

the poor prognosis and a median survival rate of 14-15 months after diagnosis makes it a 

serious public health issue worthy of immediate attention (Iacob & Dinca, 2009; Thakkar 

et al., 2014). The average annual age-adjusted incidence rate as reported by the Central 

Brain Tumor Registry of the United States (CBTRUS) is 3.19 per 100,000 people (Ostrom 
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et al., 2013). The ratio of GBM incidence is higher in men (1.6 times more) as compared 

to women with the western world having higher incidence of gliomas then less developed 

countries (Ohgaki & Kleihues, 2005; Thakkar et al., 2014). Thakkar et al reported that 

whites have the highest incidence rates for GBM, followed by blacks, Asian/Pacific 

Islanders (API), and American Indian/Alaska Native (AI/AN). The incidence rate among 

whites was 2 times more as compared to the blacks and the non-Hispanic population as a 

whole had higher incidence of GBM compared to the Hispanic population from 2006-2010 

(Thakkar et al., 2014). 

If left untreated, patients diagnosed with GBM have a median survival time of 3 months 

(Malmstrom et al., 2012; Percy, Elveback, Okazaki, & Kurland, 1972). The current 

standard of care, which includes the combined modality therapy with surgery, radiation, 

and chemotherapy has significantly improved survival of patients with GBM. Surgical 

intervention has decompressive, cytoreductive and anti-seizure effects that offers a 

significant survival advantage and improved quality of life (Lacroix et al., 2001; Newton 

HB, 2007; Stummer et al., 2008) 
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2. Mechanisms of neovascularization in glioblastoma 

The hypervascularity of GBM can be singularly attributed to the pathological 

neovasculature that irrigates the tumor. Tumor blood vessels are radically different from 

the normal host blood vessels, both morphologically and physiologically. The host 

endothelial vascular structures are comprised of endothelial cells (ECs) and supporting 

cells such as pericytes and astrocytes to form an intact highly regulated membranous Blood 

Brain Barrier (BBB). On the other hand, GBM vessels are tortuous, disorganized, highly 

permeable, destabilized structures with abnormal endothelial and pericyte coverage (de 

Vries, Beijnen, Boogerd, & van Tellingen, 2006; R. K. Jain et al., 2007). The classical 

tumor development was attributed, hitherto, to two main mechanisms of vascularization, 

the classical sprouting angiogenesis, in which the pre-existing ECs proliferate and migrate 

to form neovessels, and vasculogenesis, in which the cells from the bone marrow are 

recruited to the tumor sites to contribute to the formation of neovascular structures (Bergers 

& Benjamin, 2003; Hardee & Zagzag, 2012). Several studies have also reported the role of 

endothelial progenitor cells (EPCs) in contributing to the tumor vascular endothelium. 

These EPCs are recruited to the tumor microenvironment (TME) in a Vascular Endothelial 

growth factor (VEGF) and Stromal derived factor-1 alpha (SDF-1α) dependent manner. 

However, this concept has not always been riddled with controversies (De Palma, Venneri, 

Roca, & Naldini, 2003; Gothert et al., 2004; Peters et al., 2005; Purhonen et al., 2008). As 

tumors grow in size, they need an increased supply of blood vessels to keep them viable. 

Avascular tumors that are unable to acquire new blood vessels to meet their metabolic and 

nutrient demands eventually regress (Folkman, 1971; Hanahan & Folkman, 1996; 
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Yancopoulos et al., 2000). Co-option of the pre-existing vessels in the neighboring tissue 

is one of the most critical step utilized by the tumor to keep itself viable and growing 

(Holash, Maisonpierre, et al., 1999). During the early formative stages of tumor 

development, angiopoietin-2 (Ang-2) is expressed on the co-opted tumor vasculature, and 

as the tumors grow in size, there is a widespread increase in the expression of Ang-2 on 

both the endothelial cells and the tumor cells. The resulting destabilization of blood vessels 

caused by the disengagement of pericytes and loss of endothelial barrier integrity promotes 

tumor hypoxia and necrosis (Bergers & Benjamin, 2003; Holash, Maisonpierre, et al., 

1999; R. K. Jain et al., 2007). The initiation of hypoxic conditions in the tumor prompt the 

translocation of hypoxia inducible factor-1α (HIF-1α) into the nuclei of cells and thereby 

upregulating the expression of HIF-1α dependent expression of pro-angiogenic factors 

such as matrix metalloproteinases (MMP-2 and 9), VEGF, stromal cell derived factor-1α 

(SDF-1α) and Inteleukin-8 (IL-8). The combined action of these factors causes the 

degradation of Extracellular matrix (ECM) scaffold and basement membrane to facilitate 

the creation of new areas in and around tumors, where neovessels can be established. In 

addition, these alterations of the ECM scaffolds in the TME bolster the metastatic 

capability of tumor cells by synergizing the migration and extravasation of tumor cells 

(Brat et al., 2004; Forsyth et al., 1999; Forsythe et al., 1996). VEGF can subsequently 

upregulate the expression of VEGFR2 on the ECs and facilitate sprouting angiogenesis and 

vascular remodeling in conjunction with Ang-2. Many studies have already established the 

role of Ang-2 in initiation of vessel sprouting and pericyte loss to promote neovessel 

formation in the tumors (Ahmad et al., 2001; Bergers & Benjamin, 2003; Hu et al., 2003; 
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Tanaka et al., 1999; Vajkoczy et al., 2002; Yu & Stamenkovic, 2001). Delta like-4 (Dll4)-

Notch-1 signaling and Ephrin B2 regulate the sprouting and branching processes in the tip 

cells in response to VEGF. Moreover, greater expression of Dll4 is associated with a high-

grade glioma, where it facilitates vascular function by thwarting non-functional 

angiogenesis in mouse models of glioma and other tumors (Hellstrom et al., 2007; J. L. Li 

et al., 2011; J. L. Li et al., 2007; Noguera-Troise et al., 2006; Ridgway et al., 2006; 

Sawamiphak et al., 2010). Several pro-angiogenic growth factors and chemokines such as 

VEGF, SDF-1α, platelet derived growth factor (PDGF), IL8, fibroblast growth factor 

(FGF2) and angiopoietin-1 create a conducive environment for EC recruitment, 

proliferation and migration (R. K. Jain et al., 2007). Integrin complexes such as αvβ3, αvβ5 

and α5β1 are crucial to the tumor angiogenesis (R. K. Jain et al., 2007) with αvβ3 integrin 

mediating FGF2-dependent angiogenesis and αvβ5 integrin being responsible for VEGF-

dependent angiogenesis (Friedlander et al., 1995). The corresponding expression of these 

integrins on the tumor cells, usually in high-grade gliomas, positively correlates with poor 

prognosis and an aggressive phenotype (DeLay et al., 2012; Gladson & Cheresh, 1991; 

Schnell et al., 2008). 
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3. Anti-angiogenic therapy (AAT) in Glioblastoma 

Glioblastoma (GBM) is a highly invasive, hypervascular, hyperproliferative neoplasm 

of the Central Nervous System (CNS) which are extremely therapy resistant. The mean 

survival period of patients after initial diagnosis is one to three years with the best of 

treatments (Dhermain et al., 2005; Remer & Murphy, 2004). GBM is characterized as a 

neoplasm with extensive tumor heterogeneity and pathological neovascularization. Owing 

to its hypervascular nature and the associated active neovessel formation, anti-angiogenic 

therapy (AAT) was added as an adjuvant to the standard chemotherapy to control the 

abnormal angiogenesis and to normalize the blood vessels (Dietrich, Norden, & Wen, 

2008; Los, Roodhart, & Voest, 2007; Norden, Drappatz, & Wen, 2008a, 2008b). Since the 

endothelial cells have comparatively lower genetic instability than tumor cells, therapies 

targeting these endothelial cells were thought of as a more viable option to target the 

VEGF-VEGFR pathways to counter angiogenesis without imposing drug resistance. The 

benefits of AAT are transient with refractoriness and resistance to therapy following 

treatments (Bergers & Hanahan, 2008). The AAT-mediated therapeutic insult targeting the 

vascular endothelial growth factor (VEGF) and/or vascular endothelial growth factor 

receptor (VEGFR) axis produced a transitory benefit often leading to a paradoxical pro-

angiogenic and pro-growth response in the tumors. GBM vessels are structurally different 

from the normal blood vessels in that they are more tortuous, disorganized, highly 

permeable, destabilized structures with abnormal endothelial and pericyte coverage, 

making them highly leaky and more irrigational in nature (de Vries et al., 2006; R. K. Jain 

et al., 2007). AAT disturbs tumor neovasculatures, leading to marked hypoxia 
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characterized by hypoxia-inducible factor 1-α (HIF-1α) mediated upregulation of 

chemokine and growth factors (Angara, Borin, & Arbab, 2017). Also, activation of 

alternative pathways of neovascularization contributes to the development of AAT 

resistance in GBM (Ali et al., 2010; Ali et al., 2013; Angara, Rashid, et al., 2017; El Hallani 

et al., 2010; J. M. Mao, Liu, Guo, Mao, & Li, 2015; Qiao et al., 2015). It is therefore 

important to understand how the GBM tumor cells activate these alternative pathways to 

counter the AAT therapeutic insult.  
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4. Development of Anti-angiogenic therapy resistance in glioblastomas 

Ide et al. in 1939 made the first observation of tumor growth being juxtaposed with 

formation of new blood vessels in a process known as angiogenesis (Ferrara, 2016). 

Folkman et al. demonstrated that injecting tumor cells into isolated perfused organs did not 

facilitate tumor growth, but when the same tumor cells were transplanted into syngeneic 

mice, these tumors grew beyond few millimeters owing to rapid revascularization. This 

groundbreaking experiment proved beyond doubt that tumors depended on blood supply 

and neovascularization for growth. Following these experiments came the idea that since 

tumor growth was angiogenesis-dependent, therefore inhibition of this process could lead 

to therapeutic benefits. Thus the idea of “anti-angiogenesis” came into existence, both as a 

concept and in to clinical practice, so much so that tumor angiogenesis has become one of 

the “hallmarks of cancer” (Folkman, 1971; Folkman, Long, & Becker, 1963; Hanahan & 

Weinberg, 2011). Owing to the hypervascular nature of the GBM tumors, anti-angiogenic 

therapies (AAT) including, Vatalanib, Sunitinib, and Cediranib were used to control the 

abnormal angiogenesis and also to normalize the tumor vasculature (Bruno et al., 2014; 

Dietrich et al., 2008; Mittal, Ebos, & Rini, 2014; Rahman, Smith, Rahman, & Grundy, 

2010; Saharinen, Eklund, Pulkki, Bono, & Alitalo, 2011; Samples, Willis, & Klauber-

Demore, 2013). It was believed that since the endothelial cells have comparatively lower 

genetic instability than tumor cells, a more viable option would be to target the VEGF-

VEGFR pathways to counter angiogenesis without imposing drug resistance. Regrettably, 

the benefits offered by AAT is transitory and the tumors showed higher rates of relapse 

and potent refractoriness (K. D. Miller, Sweeney, & Sledge, 2005). Previous studies in our 
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lab have already shown that targeting VEGFR2 using Vatalanib (PTK787) significantly 

increased the tumor size as visualized using DCE-MRI (Dynamic contrast enhanced 

magnetic resonance imaging) (Ali et al., 2013). Vatalanib treatment induced hypoxia and 

was associated with the increased expression of VEGF, SDF-1α, HIF-1alpha, FGF-1, FGF-

2, Ephrin-A1, Ephrin-A2, Angiopoietin-1, VEGFR2, VEGFR3 and EGFR at the peripheral 

part of the tumors compared to that of central part of tumors (Ali et al., 2010). Cediranib 

and Sunitinib, inhibitors of VEGFR, PDGFR and c-kit receptors, have been associated with 

limited therapeutic efficacy and offered transient benefits with high toxicity rates despite 

showing promising results in pre-clinical trials (Batchelor et al., 2010; Kamoun et al., 2009; 

Neyns et al., 2011; Reardon, Egorin, et al., 2009; Reardon et al., 2011). Similarly, 

Vatalanib, did not offer any considerable benefits in clinical trials (Reardon, Dresemann, 

et al., 2009). In addition, another study has reported that there was an increase in the plasma 

concentration of FGF-2 in colon cancer and GBM patients following AAT (Lieu, 

Heymach, Overman, Tran, & Kopetz, 2011). Vatalanib (PTK787, Novartis 

Pharmaceuticals Corporation, East Hanover, NJ) is a pan-VEGFR, PDGFR, and c-Kit 

tyrosine kinase inhibitor (TKI) and its utility in recurrent GBM has been studied both, as 

monotherapy (Conrad C, 2004), or in combination with temozolomide and lomustine 

(Reardon D, 2004). Vatalanib also significantly increased CD68+ myeloid cells, and 

CD133+, CD34+ and Tie2+ endothelial cell signatures demonstrated in a recent study from 

our lab (Achyut et al., 2015). By preventing the mobilization of BMDCs and interaction of 

CXCR4-SDF-1 using whole body irradiation and AMD3100, respectively, paradoxical 

growth of tumor following Vatalanib treatment was controlled (Shaaban et al., 2016). 
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Bevacizumab, a humanized monoclonal antibody against VEGF-165, the predominant 

isoform of VEGF-A was the first angiogenesis inhibitor that got the approval of the Food 

and Drug Administration (FDA) in 2004. It also was the first commercially successful anti-

angiogenic drug marketed (Rosen, 2002). Bevacizumab in combination with cytotoxic 

chemotherapy produced some dramatic tumor size reduction as seen on radiographic 

images with prolonged progression free survival (PFS) and also reduced the need for 

corticosteroids (Norden, Young, et al., 2008). However, prolonged use of bevacizumab 

resulted in deteriorated clinical outcome with patients developing resistance and eventually 

succumbing to the disease owing to ineffective therapies (Kreisl et al., 2011; Norden, 

Drappatz, et al., 2008a; Reardon et al., 2012). The development of resistant to AAT is 

thought to be due to activation of alternative pathways of neovascularization (Hardee & 

Zagzag, 2012). One of the mechanisms is Vascular Mimicry. 
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5. Vascular Mimicry: Initial reports, discovery and promise 

Tumor growth and metastasis have been long associated with the processes of 

angiogenesis and vasculogenesis assuming a pathological form. This dogma was rendered 

obsolete when a novel non-angiogenic dependent pathway was introduced in 1999 by 

Maniotis et al. Vascular Mimicry (VM) was described as a completely neoteric blood 

supply system feeding tumor cells in malignant melanoma, which utilizes the uncanny 

ability of aggressive melanoma cells to transdifferentiate into stem cell-like state to 

subsequently assume an endothelial-like phenotype (Maniotis et al., 1999). After the initial 

discovery of VM as a novel neovascularization mechanism in aggressive melanomas, VM 

was also reported in many other non-melanoma neoplastic malignancies such as breast 

(Shirakawa et al., 2001), ovarian (Sood et al., 2002; Sood et al., 2001), prostate (N. Sharma 

et al., 2002), lung (Passalidou et al., 2002) and also in GBM (Yue & Chen, 2005). However, 

the phenomenon of VM has been a subject of intense controversy and many studies have 

in fact questioned the validity of VM (Fausto, 2000; McDonald, Munn, & Jain, 2000). 

Though the occurrence of VM structures is rare in tumors, the presence of these patterned 

matrices rich in ECM is positively correlated with the increased risk of metastasis, poor 

clinical outcome, and bleak survival time after initial diagnosis in patients (Folberg et al., 

1993). VM is the uncanny ability of genetically dysregulated tumor cells to 

transdifferentiate and acquire endothelial-like phenotypes through an intermediate stem-

cell like state. VM enables the tumor cells to form functional matrix-embedded fluid 

conducting vascular structures devoid of endothelial lining containing blood cells and 

plasma to promote their growth and invasion while concurrently meeting with the 
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increasing metabolic and nutrient demands. Since the channels are formed without the 

contribution of pre-existing host endothelial cells, the process is vasculogenic in nature. A 

neoteric vasculature so formed is capable of irrigating the tumors in the event of therapeutic 

insult through AAT. The formation of neovasculatures through VM is host endothelial-cell 

independent, classifying it as a form of vasculogenesis to mimic the function of the blood 

vessels and thereby aptly defining the phenomenon of VM (Clemente, Perez-Alenza, Illera, 

& Pena, 2010; Folberg & Maniotis, 2004; Maniotis et al., 1999; Vartanian, 2012). VM 

vessels are extracellular component rich patterned matrices that enclose small nests or 

lobules of tumor cells which eventually pave way to the formation of a lumen by the 

movement of tumor cells. VM vessels are matrix rich structures rich in laminin, positive 

for PAS staining and are often found encapsulating nests or lobules of tumor cells as closed 

loops. The formation of extracellular patterned matrices rich in laminin, proteoglycans, 

heparan sulfate and collagens IV and VI as a part of their basement membranes visualized 

by the aforementioned PAS staining has already been established as a crucial 

histopathological evidence of VM in hypervascular tumors. These VM vessels are positive 

for Periodic acid- Schiff (PAS) staining for ECM components as well as another crucial 

basement membrane protein called vascular specific laminin characteristic of 

hypervascular tumors (X. Chen, Maniotis, Majumdar, Pe'er, & Folberg, 2002; Clarijs, Otte-

Holler, Ruiter, & de Waal, 2002; Clemente et al., 2010; Folberg & Maniotis, 2004; Folberg 

et al., 1993; R. E. Seftor et al., 2001; Vartanian, 2012).  
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6. Alternative neovascularization pathways and vascular mimicry (VM) 

Anti-angiogenic therapies act through different pathways in concert to delay tumor 

progression and prolong survival in patients. Tumor starvation was achieved by the 

coordinated mechanisms of action such as the induction of apoptosis of ECs, preventing 

the migration of EPCs, inhibition of formation of new blood vessels, obliteration of existing 

microvessels, decrease tumor vascular irrigation and thus impeding the oxygenation and 

nutrient supply to the tumor (Ferrara, 2016). Evolutionary biology has always promoted 

natural selection of survival by favoring the development or acquisition of novel adaptive 

dynamics that produce a resilient system. Since AAT works as a selective pressure upon 

cancer cells, the surviving tumor cells develop adaptive mechanisms that ensure a survival 

advantage for these cells in the TME. Cancer cells are notorious for being genetically 

instable and heterogeneous. The hypoxia that ensues following AAT paves way for 

initiation of alternative pathways of tumor adaptation, activates pro-angiogenic, invasive 

and metastatic gene signatures in tumors cells and ECs, upregulates a variety of growth 

factors, chemokines and cytokines necessary for recruitment of ECs, EPCs, vasculogenic 

leukocytes, angiogenic myeloid cells to cope with the demands of the compromised 

microenvironment (De Palma et al., 2003; Gothert et al., 2004; X. G. Mao et al., 2013; 

Peters et al., 2005; Purhonen et al., 2008). In the event of a therapeutic attack with AAT, 

the tumors resort to various neovascularization mechanisms in addition to the regularly 

documented angiogenesis and vasculogenesis. VM is one such novel neovascularization 

mechanism that is slowly gaining attention in the scientific field due to its widely accepted 

existence across several tumors and validated evidences. Glioblastoma stem-like cells 
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(GSCs) and transdifferentiated tumor cells with endothelial properties are the cellular 

source of tumor blood vessels.  

In the bourgeoning tumor, the neoplastic cells are hyper proliferative and their 

metabolic and nutrient demands grow exponentially. This surpasses the rate of formation 

of new blood vessels and simulates a scenario of a tumor undergoing AAT. To meet with 

the increasing demands, the tumor has to resort to a non-endothelial system of nutrient 

supply and waste disposal. A novel yet interesting phenomenon that encompasses an 

irrigational system of perfusing tumors is speculated to be VM. VM describes the uncanny 

ability of tumor cells to transdifferentiate into endothelial-like cells and thereby acquire the 

capability of forming tube like structures mimicking blood vessels independent of the ECs 

(Folberg, Hendrix, & Maniotis, 2000; Maniotis et al., 1999). These transformed 

endothelial-like cells secrete matrix proteins such as collagens IV and VI, proteoglycans, 

heparan sulfate and laminin that aid the formation of tubular networks within the tumors 

that are anatomically in stark contrast to the regular traditional blood vessels, where the 

basal lamina is present behind the ECs. These VM like tubular networks have basal lamina 

towards the lumen and concomitantly have polysaccharides as markers of VM 

demonstrating strong positive staining for periodic Acid-Schiff (PAS) (Folberg & 

Maniotis, 2004). The plasticity of tumor cells and their corresponding heterogeneity favors 

the acquisition of endothelial markers such as CD31 (Platelet endothelial cell adhesion 

molecule-1, PECAM-1), VEGFR2 and Vascular endothelial cadherin (VE-Cadherin) and 

as such enables the tumor cells to incorporate into host endothelial tubular structures and 

form a connection with them (Maniotis et al., 1999). Similar to the contribution of the 
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trophoblasts to the formation of non-endothelial vascular structures in the maternal uterine 

walls (Y. Zhou et al., 1997), the vascular structures formed by the endothelial-like 

transformed cells function as a percolative system controlling the oxygen and nutrient 

supply to meet with the metabolic needs as well as to discharge the cellular secretion. 

Eventually, the tumor-derived vasculature merges with the endothelial-derived vasculature 

to form a “mosaic vasculature”, an anatomically hybrid structure engineered by the tumor 

as a fusion of both the endothelial and non-endothelial cellular sources (Auguste, Lemiere, 

Larrieu-Lahargue, & Bikfalvi, 2005; Folberg & Maniotis, 2004; Liu et al., 2012; S. Zhang 

et al., 2006).  
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7. Types of vascular mimicry (VM) 

There are two distinct types of VM reported in literature, the tubular type (El Hallani 

et al., 2010) and the classical patterned matrices type (Folberg & Maniotis, 2004; Yue & 

Chen, 2005). The tumor cells associated with the VM structures revert to an 

undifferentiated, embryonic like phenotype and acquire the characteristics of endothelial 

cells. This conversion of the tumor cells into an embryonic like state empowers the cells to 

form blood vessel like structures reminiscent of the embryonic vasculogenic structures 

(Hendrix, Seftor, Hess, & Seftor, 2003; Maniotis et al., 1999; E. A. Seftor et al., 2002).  

In our previous study (Angara, Rashid, et al., 2017), we have established 

histopathological confirmation of the existence of different forms of VM, including mosaic 

vessels, sustenance of vascular mimicry (as patterned matrices), and VM like structures. 

Figure 1a depicts a pictographical representation of a host endothelial-cell derived blood 

vessel. Figure 1b shows the host endothelial vessel outside the tumor area. Upon 

observation, it is clearly evident that the laminin staining is present on the outer side of the 

vessel lumen and the lectin staining is present on the inside of the lumen. This characteristic 

differential localization of laminin (outside) and lectin (inside) is specific to the host 

endothelium. Figure 1c is a pictographical depiction of tumor vessel co-option and 

formation of a mosaic vessel at the tumor periphery. Since mosaic vessels are the hybrid 

structures formed by the tumor and host endothelial cell contribution, the laminin staining 

(in pictographical depiction) comes from the tumor cells and host endothelial cells. 

However, the host endothelial lectin staining differentiates the tumor from the host blood 

vessels. Figure 1d shows tumor encapsulation of the existing host endothelial structures in 
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an attempt to form mosaic vessels. The figure clearly demonstrates the tumor cells 

attempting to incorporate into the host endothelial vascular structures as represented by the 

laminin and lectin co-localization. The cartoon in Figure 1e depicts the VM like structures 

in the tumor center. These structures are laminin positive and are devoid of any host 

endothelial contribution. Figure 1f shows the VM in the tumor center. Laminin positive 

loops characteristic of VM are the most standard hallmarks of this form of 

neovascularization. These laminin loops are devoid of any lectin staining but are believed 

to acquire lectin staining once the tumors transdifferentiate into endothelial phenotypes. 
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Figure 1 Schematic of Vascular Mimicry development driving Anti-Angiogenic Therapy (AAT) 

resistance in Glioblastoma. a) Host endothelial-dependent blood vessel formation. b) Host endothelial 

vessels visualized outside the tumor area. In the host tissue, the Laminin staining is present on the outside 

and the Lectin staining is present on the inside. c) Formation of mosaic vessels in the tumor periphery. d) 

The formation of a mosaic vessels can be evidenced here. The three host endothelial vessels are being 

encapsulated by the tumor cells (in red, Laminin). However, the tumors can be seen trying to form a 

physiological connection with the host endothelial-cell dependent vessels as observed in the vessels #1 and 

#2. The laminin positive loops are seen to be attached or incorporated into host endothelial vessels and thus 

present as a super-imposed yellow colored structures (green from host endothelium and red from the tumor 

derived laminin). e) Cartoon showing vascular Mimicry-Tube like vascular structures in the tumor center. 

Here the laminin based patterned networks are independent of the host endothelial cell contribution. f) 

Vascular mimicry like patterned networks can be seen in the tumor center. In the tumor center, the Laminin 

staining is present independently of the Lectin staining because the tumor has begun the process of VM. The 

Lectin now depicts the tumor cells acquiring endothelial like properties, reminiscent of the host endothelial 

cells. (Magnification 40x). 

The analysis of the PAS positive areas using immunohistochemistry, however, is 

extremely tricky. We were interested in investigating the different phases of vascular 

mimicry, right from its inception, progression, and sustenance. Figures 1 and 2 represent 

the different phases of VM. The host endothelium is remarkably different from VM and its 

different forms, as shown in Figures 1a, 1b and 2(i). The PAS staining is superimposed on 

the small and flattened endothelial nuclei and can be distinguished from the tumor area as 

it is devoid of the Human Leukocyte antigen-A/Major Histocompatibility complex-1 

(HLA-A/MHC-I) staining (human cell marker). Vessel co-option is an adaptive 

mechanism employed by the tumor to amplify its invasive and metastatic attributes. Tumor 
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cells hijack the existing host endothelial vessels and derive nourishment through the 

metabolites, oxygen and other nutrients supplied to that particular host tissue vascularized 

by these vessels. Holash et al (Holash, Maisonpierre, et al., 1999; Holash, Wiegand, & 

Yancopoulos, 1999)  reported the existence of such a phenomenon in the murine models. 

Fig 1c, 1d and 2(ii) show the vessel co-option at the tumor periphery. The existing host 

endothelium has been hijacked by the tumor as evidenced here by the MHC-I positive 

staining of the tumor cells co-opting the host blood vessels. We call these vessels ‘mosaic 

vessels (MV)’. A mosaic vessel perfectly encapsulates the essence of vessel co-option in 

which both the host endothelial cells and the tumor cells contribute to the PAS staining. 

Fig 1e, 1f and 2(iii) represent the classical new neovascularization phenomenon, which 

causes marked anti-angiogenic therapy resistance called VM. The blood vessel like 

structures classified and defined as such have PAS staining contributed exclusively from 

the tumor cells and are devoid of any host endothelial nuclei. Fig 2(iv) demonstrates the 

sustenance phase of VM, which lays the foundation for future VM like neovascular 

structures. This stage of VM is called the ‘sustenance of vascular mimicry (SVM)’ and is 

histologically evident by the PAS positive area of the tumor with increased potential of 

forming neovascular structures. In areas where such SVM structures are present usually in 

the shape of a blood vessel, they are devoid of a proper lumen. The tumor cells that 

contribute to the PAS staining in such structures eventually displace themselves to create 

the lumen necessary for the formation of such blood vessel like structures. 
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Figure 2 Evidence of AAT induced VM and its different stages in GBM tumor growth. IHC images 

showing PAS staining representing (i) host endothelium (HE), (ii) mosaic vessel MV), (iii) vascular mimicry 

VM) and (iv) sustenance of vascular mimicry (SVM). 
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8. Involvement of VM in the development of Anti-angiogenic therapy resistance  

Recently, we have identified VM as a major contributor to therapy-induced 

neovasculature in GBM models (Angara, Borin, et al., 2017; Angara, Rashid, et al., 2017). 

Hypoxia is thought to be a major player in VM (Angara, Borin, et al., 2017; Scully et al., 

2012; Zhao et al., 2012) and AAT may increase the formation of VM-channels in tumors 

causing resistance to AAT in GBM (Angara, Borin, et al., 2017; Soda, Myskiw, Rommel, 

& Verma, 2013). Despite many studies reporting several downstream pathways and 

signaling mechanism involved in the initiation of VM, there is a dearth of studies exploring 

the causes of AAT-induced VM driving therapeutic resistance in GBM.  

One of the most crucial events in the initiation, formation and sustenance of VM is the 

induction of hypoxia in the burgeoning tumors, either due to the increasing metabolic and 

nutrient demands or as a result of the AAT-therapy induced insult. As a result, the 

multipotent GBM cells transdifferentiate into cells with vascular capabilities with and 

endothelial-like phenotype through a stem cell like state (Folberg & Maniotis, 2004). Soda 

et al reported the generation of a novel subpopulation of tumor cells which are CD45-

CD31+CD34+ called tumor derived endothelial cells (TDECs) and proposed this critical 

switch in functional phenotypes are crucial to the formation of VM in GBM (Soda et al., 

2011). The role of tumor secreted angiogenic factors in polarizing the CD133+CD144- 

cells into the endothelial-like CD133+CD144+ cells was neatly demonstrated both in vitro 

and in vivo thereby highlighting the role of these endothelial-like subpopulations in the 

formation of VM in GBM models (R. Wang et al., 2010).  
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VM in gliomas is associated with extremely poor prognosis and positively correlates 

with high grades of tumor malignancy and invasiveness (X. M. Liu et al., 2011; Wang et 

al., 2013). In the light of these evidences, it becomes imperative to understand VM and its 

molecular signaling mechanisms to develop novel therapeutics to target tumor growth and 

metastasis. 
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9. Cancer stem cells (CSCs) and glioblastoma stem like cells (GSCs) in VM 

It is already known beyond doubt that the cancer cells exhibiting high degree of 

plasticity acquire endothelial-like phenotypes owing to their multipotent nature. These 

multipotent cells undergo sequential transformations from being epithelial to mesenchymal 

to endothelial phenotypes, resembling embryonic stem cells (Folberg & Maniotis, 2004). 

Though specific criteria for establishing GSCs capable of VM are lacking, CD133 and 

Nestin have been established as biomarkers common to GSC and VM-initiating stem cells 

(Galli et al., 2004; Scully et al., 2012). Anti CD-133 antibodies can be used to isolate and 

enrich cancer stem cells (CSCs) or CSCs can also be obtained by the generation of 

neurospheres in culture conditions using serum-free media containing epidermal growth 

factor (EGF) and basic fibroblast growth factor (bFGF) (Ricci-Vitiani et al., 2010). The 

transdifferentiation of tumor cells into endothelial like cells (termed tumor derived 

endothelial cells, TDECs), which were CD45-CD31+CD34+ was proposed as a critical 

switch in functional phenotype of tumor cells to promote VM in GBM models (Soda et al., 

2011). Yet another study highlighted the role of GBM stem-like cells of CD133+CD144+ 

phenotype that promote the VM in GBM tumors. The role of CD133+CD144- cells in 

generating the endothelial progenitors (CD133+CD144+) in the TME due to the tumor-

secreted angiogenic factors was conclusively demonstrated with the help of efficient in 

vitro and in vivo studies (R. Wang et al., 2010). Previous studies from our lab and others 

have also reported the endothelial progenitor like characteristics of CD133+ glioma stem 

like cells or glioma initiating cells (Chiao, Yang, Cheng, Shen, & Ko, 2011; He, Niu, & 

Li, 2012; Janic et al., 2010). Hypoxia is a critical factor that governs VM and hypoxia 
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induced upregulation of CD144 (VE-Cadherin) has been cited as the key factor driving 

VM in GBM (X. G. Mao et al., 2013). A recent study demonstrated that a subpopulation 

of melanoma cells expressing the vascular cell adhesion molecule PECAM1 but not 

VEGFR2 is capable of undergoing VM and forming vascular tube like networks. At the 

mechanistic level, AP-2α was found to be the crucial transcription factor governing the 

expression of PECAM-1 (Dunleavey et al., 2014). The formation of Cancer Stem Cells 

(CSCs) in general and Glioma Stem Cells (GSCs) in particular is a process that 

encompasses two closely related yet different mechanisms of (i) multistep mutagenic 

insults to the normal stem cells and (ii) sequential de-differentiation of epithelial cells into 

mesenchymal phenotypes termed epithelial-to-mesenchymal transition (EMT), a process 

that sets the stage for the acquisition of dedifferentiated phenotypes with mesenchymal 

features reminiscent of the embryonic stem cells. The generation of GSCs is therefore a 

bridge that connects VM and EMT, thus explaining why EMT is crucial to the formation 

of VM in tumors. 
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10. Evidence in clinical settings, clinical implications, and future prospects of 

therapy in VM 

In a meta-analysis of 22 clinical studies which had 3062 patients across 15 different 

types of cancers enrolled for a study, the five-year overall survival of the VM+ cancer 

patients was 31% whereas the overall survival for VM- cancer patients was found to be 

around 56%. Also, the relative risk of failure of the VM+ patient surviving for five years 

was calculated to the significantly higher that the VM- cancer patients (Cao et al., 2013). 

Of all the cancer types observed, studied and analyzed to date, VM is reported to be present 

in less than 50% of the cases and therefore may be indicative or characteristic of a common, 

aggressive phenotype. The presence of VM was detected in around 22.7% (15 of 66) 

tumors in osteoblastic-type osteosarcomas (Ren et al., 2014), 43% (52 of 120) carcinomas 

analyzed in ovarian tumors (Liang, Yang, Cao, & Wu, 2016), 22% (40 of 173) patients 

with gastric adenocarcinoma and 35% of triple-negative breast cancers (TNBC) as opposed 

to 17.8% in non-TNBC cases (M. Li et al., 2010). In yet another study of analyzed ovarian 

carcinomas, 43% cases were reported to be VM+. These VM+ patients displayed 

significantly higher pathological grade, histologic type and had overall poor survival (Gao 

et al., 2009). A recent study implicated the role of mTOR in the VM as observed in 26.8% 

(34 of 127) glioma cases (Huang et al., 2014). 20.5% (31 of 151) hepatocellular carcinoma 

cases exhibited evidence of patterned matrix VM and the presence of VM was associated 

with larger tumors, vascular invasion, high-grade HCC, and late-stage HCC. Also, the 

VM+ cases had poorer overall survival and disease-free survival compared to the VM- 

cases (W. B. Liu et al., 2011). 21.67% (44 of 203) cases were shown to have both VM and 
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EDV (endothelium dependent vessel) in laryngeal squamous cell carcinoma (LSCC). The 

presence of VM in these LSCC cases contributed to progression of LSCC by promoting 

lymph node metastasis and served as an independent indicator of poor prognosis (W. Wang 

et al., 2010). 
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11. Interleukin-8-CXCR2 axis in Glioblastoma and the maintenance of glioma 

stem cells 

IL-8 has been well established as a highly prevalent cytokine in GBM with potent pro-

migratory and pro-angiogenic functions (Brat, Bellail, & Van Meir, 2005; Carlsson et al., 

2010; Zhu, Yang, Lebrun, & Li, 2012). However, recent studies have established the role 

IL-8 in maintaining GBM stemness through downstream signaling pathways mediated by 

its cognate receptors, CXCR1 and CXCR2. CXCR1 and CXCR2 belong to class A, 

rhodopsin-like guanine-protein-coupled-receptors (GPCRs) and the genes encoding these 

two IL-8 cognate receptors is located in close proximity on chromosome 2 (2q34-35) 

(Holmes, Lee, Kuang, Rice, & Wood, 1991; Lloyd et al., 1993; Murphy & Tiffany, 1991). 

The CXCR1 gene has a single intronic region flanked by two exons whereas the CXCR2 

gene has three exons separated by two intronic segments (Sprenger, Lloyd, Lautens, 

Bonner, & Kelvin, 1994; Sprenger, Lloyd, Meyer, Johnston, & Kelvin, 1994). While the 

two genes share a 77% amino acid homology and retain common structural motifs, thereby 

raising a strong possibility of evolutionary gene duplication as their derivation (Ahuja, 

Ozcelik, Milatovitch, Francke, & Murphy, 1992). The expression of both CXCR1 and 

CXCR2 varies from cell type-to-cell type and is strongly contingent upon pathological 

conditions influencing their expressional regulation (Brat et al., 2005). Although IL-8 is 

known to promote neutrophil, basophil, macrophage and T-cell chemotaxis, recent reports 

have underlined the role of IL-8 in facilitating invasion in gliomas through NF-κB pathway 

(Raychaudhuri & Vogelbaum, 2011) and worsening of tumor grade in astrocytic neoplasms 

(Van Meir et al., 1992). IL-8 promotes pathological glioma neovascularization by 
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increasing the apoptotic threshold of ECs and reengineering sprouting angiogenesis by 

stimulating the production of matrix metalloproteinases to remodel the ECM (Brat et al., 

2005; A. Li, Dubey, Varney, Dave, & Singh, 2003). GBM derived IL-8 potentiates 

endothelial cell permeability to induce pathological neovascularization through activation 

of CXCR2 receptors on tumoral ECs (Dwyer et al., 2012). The autocrine IL-8 pathway has 

been implicated in maintenance of CSCs in the tumors of the breast (Ginestier et al., 2010) 

and liver (Tang et al., 2012). Recently, Neurotensin-dependent IL-mediated pathway was 

deemed as crucial in preservation of stem-cell like traits in GSCs through the activation of 

STAT3 (J. Zhou et al., 2014). ECs derived IL-8 in the tumoral perivascular niche governed 

the GSCs growth, migration and stemness through CXCR2 receptor. These hyper-

proliferative neoplasia inducing effects of IL-8 were completely abolished by siRNA 

mediated knockdown of CXCR2 in these GSCs in vivo (Infanger et al., 2013). The 

constitutively active mutant epidermal growth factor receptor, ΔEGFR or EGFRvIII 

promotes glioma angiogenesis and growth through the NF-κB-activator protein 1 (AP-1)-

CCAAT/enhancer binding protein (C/EBP)-interleukin-8 pathway. Further, in the same 

study, authors showed that ectopically induced expression of EGFRvIII in different glioma 

cells can upregulate the levels of IL-8 by up to 60-fold (Bonavia et al., 2012). The tumor 

neovascularization and recurrence are an important negative outcome of overactive 

CXCR2 signaling in the GBM microenvironment and blocking CXCR2 using antibodies 

or chemical inhibitors suppressed glioma growth and cell migration (Brandenburg et al., 

2016; L. Yang et al., 2015). However, IL-8 ligand targeted therapies may offer limited 

benefits owing to the presence and co-regulation of other cytokines such as CXCL1/GRO-
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α, CXCL2/GRO-β, CXCL3/GRO-γ, CXCL5 (Bieche et al., 2007) and CXCL7 (Desurmont 

et al., 2015) which also mediate CXCR1/2 signaling. The limitations arising out of ligand 

based therapies can be circumvented using CXCR1/2 receptor based therapies. 
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12. Interleukin-8-CXCR2 axis in other cancers 

IL-8-CXCR2 axis plays a critical role in not just GBM but several other cancers. In 

fact, inhibiting this axis either by using IL-8 neutralizing antibodies, CXCR2 antibodies 

and drugs or small molecule inhibitors of CXCR2 has demonstrated rapid anti-tumorigenic 

response in tumors. Yanagawa et al showed that SNAIL promoted tumor progression in 

non-small cell lung carcinoma through CXCR2-ligand dependent pathway and that using 

antibodies against CXCR2 inhibited this process (Yanagawa et al., 2009). shRNA mediated 

knockdown of CXCR2 in Kras/p53 mutant murine adenocarcinoma cell line reduced 

invasion and metastasis in both in vitro and in vivo orthotopic syngeneic models (Saintigny 

et al., 2013). IL-8 and CXCR2 were upregulated in colorectal tumor samples (Erreni et al., 

2009) and their expression was higher in metastatic colon cancer cell lines (KM12C and 

KM12L4) compared to Caco-2 cells. IL-8 was found to induce cell proliferation which was 

attenuated by neutralizing antibodies to either IL-8 or CXCR2 (A. Li, Varney, & Singh, 

2001). Stable transfection of human colon cancer cells such as HCT116 and Caco-2 with 

IL-8 significantly promoted cell proliferation, migration, invasion and chemoresistance to 

oxaliplatin. These IL-8 overexpressing tumor cells formed bigger tumors with increased 

microvascular density in xenograft models (Ning et al., 2011).  

Single nucleotide polymorphism (SNPs) in IL-8 and CXCR2 were associated with 

increased colorectal cancer risk (Bondurant et al., 2013). IL-8 served as an independent 

prognostic marker for colon cancer with increased IL-8 expression correlating with 

increased disease progression and metastasis (Nastase et al., 2014). Increased migration of 

colorectal carcinoma cells was observed via increased αvβ6 integrin expression through 
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the IL-8-CXCR2 pathway and IL-8 expression significantly correlated with the expression 

of αvβ6 integrin (Sun et al., 2014). shRNA-mediated knockdown of CXCR2 in metastatic 

murine mammary tumor cells (C166 and 4T1) attenuated cell invasion without affecting 

cell proliferation. Orthotopic implantation of these CXCR2 knockdown tumor cells 

showed reduction in spontaneous lung metastasis by 40% compared to control cells and 

displayed enhanced cytotoxicity to doxorubicin and paclitaxel in both in vitro and in vivo 

models (Nannuru, Sharma, Varney, & Singh, 2011; B. Sharma, Nawandar, Nannuru, 

Varney, & Singh, 2013).  

IL-8 induced cross-activation of EGFR/HER2 pathway via SRC, PI3K, and MEK and 

enhanced the colony forming ability of patient-derived breast cancer stem cells from 

metastatic and invasive breast cancers. This colony forming ability was abolished with an 

improvement in the response towards lapatinib (a receptor tyrosine kinase inhibitor) by the 

CXCR1/2 inhibitor SCH563705 (J. K. Singh et al., 2013). IL-8 levels positively correlated 

with the stage of the disease and were significantly higher in breast cancer patients 

compared to healthy volunteers (Benoy et al., 2004). CXCR2 antagonist AZ10397767 

inhibited oxaliplatin-induced NF-κB activity thereby downregulating CXCL1, CXCL8 

(IL-8) and CXCR2 expression and further increased apoptosis in androgen-dependent 

prostate cancer resistant to chemotherapy (Wilson et al., 2008). CXCR2 knockdown in 

ovarian cancer cells such as T29Gro-1, T29H, and SKOV3 inhibited tumor growth and 

dysregulated the cell cycle by inducing cell cycle arrest in G0/G1 phase. CXCR2 also 

critical for the induction of apoptosis and angiogenesis and its expression was further 

correlated with poor overall survival for patients with ovarian cancer (G. Yang et al., 2010). 
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Overexpression of CXCR2 in SKOV3 cells enhanced the proliferation of SKOV3 cells and 

potentiated EGFR trans-activation to upregulate the CXCR2 ligands CXCL1/2 via Akt-

NFκB signaling pathway (Dong, Kabir, Lee, & Son, 2013). Further, Devapatla et al 

demonstrated a synergistic anti-tumoral response in ovarian cancer model using CXCR2 

inhibitor in combination with sorafenib (Devapatla, Sharma, & Woo, 2015). 

Overexpression of CXCR1 or CXCR2 increased the tumorigenecity of A375P melanoma 

cell line in vivo and the resultant tumor growth was associated with increased 

microvascularity and decreased apoptosis (S. Singh, Nannuru, Sadanandam, Varney, & 

Singh, 2009). The expression of CXCR2 and IL-8 were associated with the vessel density 

and aggressiveness in malignant melanoma (Varney, Johansson, & Singh, 2006). shRNA-

mediated CXCR2 knockdown in A375-SM melanoma cells attenuated cell proliferation, 

migration, and invasion in vitro and further decreased the tumor growth and tumor-

associated vasculature in athymic nude mice (S. Singh, Sadanandam, et al., 2009; S. Singh, 

Sadanandam, Varney, Nannuru, & Singh, 2010). CXC chemokines and VEGF secretion 

was enhanced in K-Ras4BG12V transformed human pancreatic duct epithelial cells via 

MEK1/2 and c-Jun pathway. The tube forming capability of HUVEC cells was enhanced 

by co-culture with these transformed tumor cells and inhibited by CXCR2 antagonist 

SB225002 (Matsuo, Raimondo, et al., 2009). CXCR2-NHERF1-PLCβ3 complex regulates 

CXCR2 signaling activity and is crucial in tumor progression and invasion (Jiang et al., 

2014). Downregulating the expression of CXCR2 in KRAS(G12D) mutation-bearing 

PDAC cells inhibited tumor cell proliferation and altered KRAS protein levels both in vitro 
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and in vivo (Purohit et al., 2016). IL-8-CXCR2 axis also plays a singular role in invasion, 

angiogenesis and metastasis of liver cancer (L. Li et al., 2015).  
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II. MATERIALS AND METHODS 

All the animals, reagents, chemical, antibodies, drugs, cell lines, apparatus and 

miscellaneous paraphernalia and their respective vendors used for the dissertation have 

been described in detail initially, and, in brief in the remaining sections. Wherever 

necessary, the appropriate method of antigen retrieval, concentration of primary 

antibodies, incubation conditions, concentration of secondary antibodies have also been 

mentioned.  

A. List of materials required 

The drugs used for the study were Vatalanib (PTK787), Avastin (Bevacizumab), 

HET0016 and SB225002. VEGFR2 tyrosine kinase inhibitor (Vatalanib) was purchased 

from LC Laboratories, Woburn, MA. Clinical grade Avastin was acquired from the 

clinical pharmacy at Augusta University. Dr. Lebedyeva of the Department of Chemistry 

at Augusta University prepared HET0016 (N-hydroxy-N′-(4-butyl-2 methylphenyl) 

formamidine, a highly selective inhibitor of 20-hydroxy arachidonic acid (20-HETE) 

synthesis). SB225002 (CXCR2 inhibitor) was purchased from Selleckchem, Houston, 

TX.  

 

All antibodies used for flow cytometry were purchased from BioLegend, San Diego, CA. 

Anti-human CD133 was purchased from Miltenyi Biotech, CA and are as follows: 

a. FITC anti-human CD105 antibody clone 43A3 
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b. FITC anti-human CD31 antibody clone WM59 

c. FITC anti-human CD34 antibody clone 561 

d. FITC anti-human HLA-A,B,C antibody clone W6/32 

e. PE anti-human CD133 antibody clone 7 

f. CD133/1 (AC133)-PE, human clone AC133 (Miltenyi Biotech) 

g. PE anti-human CD181 antibody clone 8F1/CXCR1 

h. PE anti-human CD202b antibody clone 33.1 (Ab33) 

i. PE anti-human HLA-A,B,C antibody clone W6/32 

j. PerCP/Cy5.5 anti-human CD309 antibody clone 7D4-6 

k. PerCP/Cy5.5 anti-human CD182 antibody clone 5E8/CXCR2 

l. PerCP/Cy5.5 anti-human CD181 antibody clone 8F1/CXCR1 

m. PerCP/Cy 5.5 anti-human CD15 antibody clone W6D3 

n. PerCP/Cy5.5 anti-human HLA-A,B,C antibody clone W6/32 

o. APC anti-human HLA-A,B,C antibody clone W6/32 

p. APC anti-human CD182 antibody clone 5E8/CXCR2 

q. APC anti-human CD144 antibody clone BV9 

r. APC anti-human CD44 antibody clone BJ18 

 

All reagents including primary and secondary antibodies and other kits for western blotting, 

immunohistochemistry and immunofluorescence and their respective vendors are as 

follows: 

a. Human CXCR2/IL-8 RB Antibody clone 48311 (MAB 331-100, R&D Systems) 
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b. Human Laminin Ab-1 (RB-082-R7, Thermo Scientific) 

c. Anti-HLA A antibody clone EP1395Y (ab52922, Abcam) 

d. FITC-Lectin from Lycopersicon esculentum (tomato) (L0401, Sigma Aldrich) 

e. Human/Mouse/Rat HIF-1 alpha Antibody clone 241809 (MAB 1536, R&D 

Systems) 

f. IL-8RB Antibody (E-2) (CXCR2 antibody) (sc-7304, Santa Cruz) 

g. Hemoglobin α antibody (sc-514378, Santa Cruz) 

 

The media supplies and additional supplements used for cell culture are as follows: 

a. DMEM, 1x (Dulbecco’s Modification of Eagle’s Medium) with 4.5g/L glucose & 

L-Glutamine without sodium pyruvate (REF 10-017-CV, Corning) 

b. DMEM/High Glucose with L-Glutamine without sodium pyruvate (Cat# 

SH30022.01, HyClone) 

c. RPMI 1640, 1x with L-Glutamine (REF 10-040-CV, Corning) 

d. Vascular Cell Basal Medium (PCS-100-030, ATCC) 

e. Endothelial Cell Growth kit (PCS-100-040, ATCC) 

f. L-Glutamine 200mM (100x) solution (Cat# SH30034.01, HyClone) 

g. Penicillin-Streptomycin solution (Cat# SV30010, HyClone) 

h. Trypsin 0.25% (1x) solution (Cat# 30042.01, HyClone) 

i. Sodium Pyruvate 100mM solution (Cat# SH30239.01, HyClone) 

j. MEM Non-Essential Amino Acids solution (100x) (Cat# SH30238.01, HyClone) 

k. Antibiotic, Antimycotic solution (100x) stabilized (A-5955-100ml, Sigma Aldrich) 
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l. Neurobasal A media (Cat# 17503, Invitrogen) 

m. N2 supplement (Cat# 17502-048, Invitrogen) 

n. B27 supplement (Cat# 17504-044, Invitrogen) 

o. bFGF (Cat# 02634, Stemcell Technologies) 

p. EGF (Cat# 02633, Stemcell Technologies) 

q. L-Glutamine (Cat# 17-605E, VWR Scientific) 

r. Heparin (Cat# 07980, Stemcell Technologies) 

 

The plasticware, glassware and additional supplements used for cell culture are as follows: 

a. 75cm2 flask, Canted neck, vent cap (Cat# 430641U, Corning) 

b. 75cm2 flask, Canted neck, plug seal cap (Cat# 430770U, Corning) 

c. 25cm2 flask, Canted neck, vent cap (Cat# 430639, Corning) 

d. 6-well cell culture plate, Tissue culture treated, with lid (Cat# 3506, Corning) 

e. 24-well cell culture plate, Tissue culture treated, with lid (Cat# 3526, Corning) 

f. 96-well cell culture plate, Tissue culture treated, with lid (Cat# 3596, Corning) 

g. 500 ml filter system, Non-pyrogenic, sterile, 0.22µm (Cat# 430758, Corning) 

h. 50 ml conical centrifuge tube, sterile (Cat# 339652, Thermo Scientific) 

i. 15 ml conical centrifuge tube, sterile (Cat# 430790, Corning) 

j. ART 300-Non-filtered tips, 300µl pipette tips (Cat# 3771-HR, Thermo Scientific) 

k. EcoPac Benchtop 200µl pipette tips (Cat# 4235N00) 

l. XL EcoPac Benchtop 1250µl pipette tips (Cat# 4345N00S) 

m. Sharp Precision barrier tips 20µl (Cat# P1121, Denville Scientific INC) 
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n. Sharp Precision barrier tips 100µl (Cat# P1125, Denville Scientific INC) 

o. Sharp Precision barrier tips 200µl (Cat# P1122, Denville Scientific INC) 

p. Sharp Precision barrier tips 1000µl (Cat# P1123, Denville Scientific INC)  

q. Dualfilter T.I.P.S. 0.5-20µl 10×96 eppendorf tips (Cat# 022491521, Eppendorf) 

r. Vertex 1250µl pipette tips (Cat# 4347N00, Vertex) 

s. Vertex 200µl pipette tips (Cat# 4237N00, Vertex) 

t. Cell Scraper, PE Blade, PS Handle, Sterile (Cat# 179693, Thermo Scientific) 

u. Cryogenic vial, 2 ml, Sterile (Cat# 10-500-26, Fisher Brand) 

v. 1 ml disposable plastic pipette (Cat# 159609, NUNC Brand Products) 

w. 2 ml disposable plastic pipette (Cat# 13-678-11C, Fisher Brand) 

x. 5 ml disposable plastic pipette (Cat# 170355, Thermo Scientific) 

y. 10 ml disposable plastic pipette (Cat# 170356, Thermo Scientific) 

z. 10 ml disposable plastic pipette, Serological (Cat# 4488, Corning) 

aa. 25 ml disposable plastic pipette (Cat# 13-678-11, Thermo Scientific) 

bb. Tissue Culture Dish, 100mm×20mm (Cat# 353003, Corning) 

cc. 50 ml Reagent Reservoir (Cat# 4870, Corning) 

dd. Inoculating loop and Needle, PS, Yellow (Cat# 22363605, Fisher Brand) 

ee. Safe-lock tubes, 0.5 ml, natural (Cat# 022363611, Eppendorf) 

ff. PCR tube with attached cap, PP, 0.65 ml, Flat cap (Cat# 08-408-208, Fisher) 

gg. Eppendorf tubes 5 ml (Cat# 0030119401, Thermo Scientific) 

hh. 1.5 ml MCT Graduated natural tubes (Cat# 05-408-129, Fisher Brand) 

ii. 0.45µm syringe filter (Cat# SLVH0033RB, Millipore) 
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jj. 0.28µm syringe filter (Cat# 431229, Corning) 

kk. FB Multiplex tip 0.5-200 µl Round 0.6mm (Cat#05-408-151, Fisher Scientific) 

ll. BD 1ml Insulin Syringe U-100 (Cat# 329652, Becton Dickinson) 

mm. BD 3ml Syringe (Cat# 309575, Becton Dickinson) 

nn. 20ml Syringe (Cat# 302830, Becton Dickinson) 

oo. 9” Pasteur Glass Pipets (Cat# 13-678-6B, Fisher Brand) 

 

The reagents used for cell lysate extraction and western blotting are as follows: 

a. RIPA Lysis and Extraction buffer (Cat# 89901, Thermo Scientific) 

b. HaltTM Protease and Phosphatase inhibitor single use cocktail 100x (Cat#78842, 

Thermo Scientific) 

c. 4x Laemelli sample buffer (Cat# 161-0747, Bio-Rad) 

d. 2-Mercaptoethanol (Cat# M6250-250ml, Aldrich) 

e. Page Ruler Plus Prestained Protein Ladder (Cat# 26619, Thermo Scientific) 

f. Odyssey Blocking Buffer (PBS) (Cat# 927-40000, LI-COR) 

g. RestoreTM Western blot stripping buffer (Cat# , Thermo Scientific) 

h. Super Signal West Pico Chemiluminescent Substrate (Cat# 34080, Thermo 

Scientific) 

i. Super Signal West Femto Maximum Signal Intensity Substrate (Cat# 34095, 

Thermo Scientific) 

j. Pierce BCA Protein Assay kit (Cat# 23227, Thermo Scientific) 

 



 

44 

 

Other reagents and miscellaneous chemicals are as follows: 

a. LB Broth (Cat# BP-9723-500, Fisher Scientific) 

b. LB Agar (Cat# 22700-025, Invitrogen) 

c. Cell Proliferation Reagent WST-1 (Cat# 05 015 944 001, Roche) 

d. OCT Compound (Cat# 4583, Tissue-Tek) 

e. Plasmocin Treatment (Cat# ant-mpt, InvivoGen) 

f. Periodic Acid, for analysis (Cat# 453170250, Acros Organics) 

g. (2-Hydroxypropyl)-β-cyclodextrin (Cat# H31133, Alfa Aesar) 

h. Prolong Gold Antifade solution (Cat# P36930, Invitrogen) 

 

Instruments and apparatus used for stereotactic surgeries are as follows: 

a. Small animal stereotactic device (Kopf, Cayunga, CA) 

b. HP-4 dental drill with a manipulator 

c. Hamilton syringe with a 26G-needle 

d. Bone wax (Sharpoint, Ref #901) 

e. Puralube Vet Ointment Sterile Ocular Lubricant (Dechra) 

f. Ketamine HCl (100mg/ml, Hospira) + Xylazine (20mg/ml) in 1:1 ratio 

g. Sterile Q-tips 

h. Stainless steel Surgical Blade Scalpels (Bard-Parker, Ref #371610) 

i. Betadine Solution (10% Povidone-Iodine, NDC-67618-150-01) 

j. 70% Ethanol (Prepared from 200 Proof Ethyl Alcohol) 

k. Sterile Gauze Sponges (Dukal Corporation, Ref #6408)
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B. Animals used for the study 

All animal procedures were approved by the Institutional Animal Care and Use 

Committee and Institutional Review Board of Augusta University (animal protocol #2014-

0625). Body weight was measured twice weekly as an indicator of overall animal health. 

All efforts were made to ameliorate the suffering of animals. CO2 with secondary method 

was used to euthanize animals for tissue collection at the end of the study. Athymic nude 

rats 6–8 weeks old and weighing 150-170g were randomly separated into different groups 

of treatment, kept under pathogen-free conditions at room temperature (21–25°C) in 12hr-

12hr light dark cycle. Food and water were supplied ad libitum. Green fluorescent protein+ 

(GFP+) donor transgenic (C57BL/6−tg(UBC−GFP)30Scha) mice were purchased from the 

Jackson laboratory. The rats were purchased from Charles River Laboratory (Frederick, 

MD, USA) and housed at Augusta University (Augusta, GA, USA). Athymic nude mice 

6-8 weeks old and weighing 20-25g were purchased from (Envigo, USA) and housed at 

Augusta University (Augusta, GA, USA).  
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C. GBM cell lines used for the study 

The human glioma U251 cell line was obtained from Dr. Steve Brown of Henry Ford 

Health System. The cell line was authenticated in July 2014 using the STR profiling 

method. The human glioma U87-MG cell line was procured from ATCC, Manassas, VA. 

Both the cell lines, U251 and U87-MG were grown in high glucose (4.5 g/L) Dulbecco’s 

modified eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 

2 mM glutamine and 100 U/ml penicillin and streptomycin at 5% CO2 at 37 °C in a 

humidified incubator. Both cell lines that were used in the project were authenticated using 

the short tandem repeat (STR) profiling method between 2016 and 2017. Patient derived 

GBM cells (HF2303) were obtained from Dr. Tom Mikkelsen’s lab at Henry Ford Hospital 

and were grown in neurosphere medium (NM), composed of DMEM/F-12 supplemented 

with N2 (Gibco), 0.5 mg/ml BSA (Sigma), 25 μg/ml gentamicin (Gibco), 0.5% 

antibiotic/antimycotic (Invitrogen), 20 ng/ml basic fibroblast growth factor, and 20 ng/ml 

EGF (Peprotech). Cells were maintained in culture for up to passage 10 (low passage). 

Patient derived PDX GBM cells, GBM811 were obtained from North Western University 

and were propagated in immunocompromised NOD-SCID mouse and tumor was 

disintegrated into cell suspension at the time of tumor implantation in nude rats. All 

antibodies for western blotting, immunohistochemistry, and immunofluorescence were 

purchased from Santa Cruz (total-CXCR2 and anti-GAPDH), R&D systems (anti-

hCXCR2), Thermo Scientific (anti-Laminin), Sigma Aldrich (β-actin and FITC-conjugated 

tomato lectin). All culture media were purchased from Corning and GE Healthcare Life 

Sciences. 
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D. Orthotopic animal model of GBM 

Animals were anesthetized with 100 mg/kg ketamine and 15 mg/kg xylazine i.p. The 

surgical zone was swabbed with betadine solution, the eyes coated with Lacri-lube, and the 

animals were immobilized in a small animal stereotactic device (Kopf, Cayunga, CA). 

After draping, a 1-cm incision was made 2 mm to the right of the midline 1 mm retro-

orbitally; the skull was exposed with cotton-tip applicators, and a HP-4 dental drill bit was 

used with a micromanipulator to drill a hole was used to drill a hole 3mm (athymic nude 

rats) and a 23G needle tip to drill a hole 2.25 mm (athymic nude mice) to the right of the 

bregma, taking care not to penetrate the dura. U251 and U87 GBM cells were grown in 

standard growth media (DMEM plus 20% FBS) and collected in serum-free media on the 

day of implantation. For the PDX models developed using HF2303 and GBM811, cells 

were suspended in PBS and 2 × 105 cells in 5 μl were injected orthotopically into brain of 

each, 5–7-week-old nude rats, as described previously (M. Jain et al., 2017). A 10 µL 

Hamilton syringe with a 26G-needle containing tumor cells (U251 and U87: 4x105 cells 

for athymic nude rats and 2.4x105 cells for athymic nude mice) in a volume of 5 µl (athymic 

nude rats) and 3 µl (athymic nude mice) was lowered to a depth of 3.5 mm and then raised 

to a depth of 3 mm. During and after the injection, careful note was made of any reflux 

from the injection site. After completing the injection, we waited 2-3 minutes before 

withdrawing the needle 1mm at a time in a stepwise manner. The surgical hole was sealed 

with bone wax. Finally, the skull was swabbed with betadine before suturing the skin (Ali 

et al., 2010; Janic & Arbab, 2012; Janic et al., 2012; Kumar et al., 2012).  
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E. Making of chimeric animals for detection of VM structures  

For the generation of chimeric animals, bone marrow was isolated and mononuclear 

cells were collected from C57BL/6−tg(UBC−GFP)30Scha transgenic mice. Following 

sub-lethal irradiation of recipient athymic nude mice, GFP+ mononuclear cells were 

injected through tail vein to reconstitute GFP+ bone marrow in the recipient athymic nude 

mice. The details of the procedure are as follows: 

i) Isolation and Collection of GFP+ bone marrow 

GFP+ donor transgenic (C57BL/6−tg(UBC−GFP)30Scha) mice were euthanized 

with CO2 overdose, and both upper and lower extremities were separated from the body 

using scissor and transferred to a 50 ml tube containing 100% alcohol. Then the extremities 

were transferred to another 50 ml tube containing tissue culture media. All the long bones 

from the extremities were separated from the surrounding tissues ascetically and bone 

marrow was flushed out using cold sterile Phosphate buffered saline-

Ethylenediaminetetraacetic acid (PBS-EDTA). The bone marrow was washed twice with 

sterile PBS solution. After the final wash, the pellet containing the bone marrow cells was 

resuspended in 35ml total volume of sterile PBS. Next, 12-15ml of lymphocyte cell 

separation media (Corning, Cellgro, USA) was slowly and cautiously introduced into the 

tube containing the bone marrow cell suspension at the bottom of the tube. This was done 

until the lymphocyte separation medium forms a separate layer at the bottom of the tube. 

Care was taken to avoid mixing of the bone marrow cells and the lymphocyte separation 

medium. The tube was centrifuged at 1900 rpm for 30min at 20ᵒC. The buffy coat 

containing the mononuclear cells was separated from the other cells and collected into a 
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separate conical tube. The mononuclear cells were then washed twice with sterile PBS at 

1500rpm for 15min each. The supernatant was aspirated and the pellet with mononuclear 

cells was resuspended in required amount of sterile PBS and cells were then counted for 

injecting into each animal. 

ii) Sub-lethal irradiation of recipient athymic nude mice 

Un-anesthetized athymic nude mice received up to 5Gy total body sub-lethal 

radiation exposure using the Cesium-137 5000Ci source in CN5161 (Georgia Cancer 

Center). Mice were placed in a Styrofoam or an appropriate container with a loosely fitting 

lid and exposed to 662keV gamma radiation for approximately 5 minutes during which 

time the container rotated at approximately six revolutions per minute. Cephalexin, 5 days 

a week for 4 weeks, was used by oral gavage as an antibiotic at a dose of 25mg/kg to 

prevent opportunistic infections.  

iii) GFP+ bone marrow engraftment and orthotopic GBM tumors in recipient 

mice  

24 hours after the sub-lethal irradiation, recipient athymic nude mice were injected 

intravenously with GFP+ BM cells (10-15x106 cells) collected from donor mice. 

Tuberculin syringe fitted with either 27 or 28 gauge needle was used to inject tail vein. At 

this point mice were restrained with a mouse plastic holder, tail vein was dilated with hot 

pad or heating light, cleaned with alcohol and cells were injected slowly (no anesthesia at 

this point). Once the transplanted cells were engrafted (usually by 15−30 days), animals 

were used to create brain tumor using U251 human glioma cells (Achyut et al., 2015; 

Achyut et al., 2016). 
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F. In vivo drug treatments:  

Animals were randomly assigned to the drug treatment groups of the vehicle, 

Vatalanib, Avastin (monoclonal antibody against VEGF-A), HET0016, SB225002 and a 

combination of Vatalanib and SB225002 (Vatalanib + SB225002). Each treatment group 

had at least three animals (n=3). The vehicle group was treated with the 5% DMSO + 20% 

sucrose solution by oral gavage. Vatalanib was prepared for oral administration in 5% 

DMSO + 20% sucrose water and given once a day at a dose of 50 mg/kg. Avastin was 

prepared for intravenous injection by dissolving in sterile PBS and was given two times a 

week at a dose of 10 mg/kg/day. HF2303 neurospheres and GBM811 PDX models were 

treated with HET0016. HET0016 was prepared in DMSO first, then formulated with 30% 

β-hydroxycyclodextrin and administered by intravenous injection (IV) at a dose of 10 

mg/kg per day. SB225002 (CXCR2 inhibitor, Selleckchem, Houston, TX) was dissolved 

in the cremophor EL/DMSO/PBS (1:1:8 ratio) and was administered by intraperitoneally 

(IP) route at a dose of 10 mg/kg/day. The Vatalanib + SB225002 combination group 

received Vatalanib, orally, at a dose of 50 mg/kg/day and SB225002, IP, at a dose of 

10mg/kg/day. Drug administration started 8 days after tumor implantation and continued 

for two weeks (5 days/week). Athymic nude rats were also randomly assigned to either the 

early drug treatment Vatalanib 0-21, delayed drug treatment Vatalanib 8-21 or the vehicle 

(control) group for the respective treatment regimen. Each treatment group at each time 

point had at least three animals (n=3). The vehicle and Vatalanib drug preparations and 

administrations were as mentioned above. Drug administration started either on the day of 

tumor implantation (Vatalanib 0-21) or 8 days after tumor implantation (Vatalanib 8-21) 
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and continued for two weeks (5 days/week). For the generation of chimera model to 

visualize VM structures in the tumor following treatment with AAT, we utilized the mice 

model. For our normal AAT-mediated resistance studies, we utilized the rat model. 

However, both the models received the same treatment. Twenty-two days after tumor 

implantation in athymic nude mice, animals underwent in vivo MRI followed by euthanasia 

and collection of brain tissue for flow cytometry analysis and preparation of paraffin-

embedded sections for immunohistochemical analysis for rats. The tumor harboring brains 

were collected and prepared for in vitro studies. 
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G. Characterization of CXCR2+ and endothelial like GBM cell populations:  

For the in vivo studies to ascertain the GBM populations which acquire CXCR2-

positivity and endothelial like characteristics following Vehicle, Vatalanib, Avastin, 

HET0016, SB225002 and Vatalanib + SB225002 treatments, we implanted U251 GBM 

and U87 GBM tumors in athymic nude mice (n=3 each group). The difference between 

these two GBM cell lines is the gain-of-function mutation of the TP53 gene in U251 cells, 

while the U87 cells have a wild-type TP53 (Jacobs, Valdes, Hickey, & De Leo, 2011). 

Freshly isolated U251 and U87 tumors were passed through a 40µm-cell strainer to make 

single cell suspension and incubated for 45min-1hr at 4ᵒC with 1% BSA solution prepared 

in 1xPBS-EDTA to inhibit non-specific binding of antibodies. Cells were labeled with 

antibodies (BioLegend) for analyzing the endothelial-like (such as CD105, CD309, CD31, 

CD144, CD202b, and CD182 (CXCR2) and CD181 (CXCR1) antigens) and stem-cell-like 

(such as CD133, CD15, and CD44 antigens) phenotypes acquisition by tumor cells (human 

markers), used exclusively for the tumor. MHC-I antigen was used to positively identify 

and gate the human U251 and U87 glioma cells from the cells of the host (athymic nude 

mice). For the in vitro studies, U251 cells were cultured in normoxic (21%O2) and hypoxic 

(1%O2) conditions with control (vehicle) and AAT (Vatalanib and Avastin) treatments for 

24hrs. Flow cytometry data were acquired using Accuri C6 machine (BD Biosciences) and 

analyzed by BD Accuri C6 software. 
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H. Tube formation assay for tumor cells:  

We have adopted the classical matrigel tube formation assay, typically used for 

HUVEC cells as an in-vitro test for angiogenesis, to our U251 GBM tumor cells. The 

matrigel tube formation assay is used to determine the anti-angiogenic capacity of several 

receptor tyrosine kinase inhibitors, monoclonal antibodies or small molecule inhibitors that 

target the VEGF-VEGFR axis in HUVECs to prevent the tube formation. The rationale 

behind adopting this assay to the U251 GBM tumor cells is to study the tube forming 

capability of GBM cells, either independently without HUVECs (VM) or in association 

with HUVECs (mosaic/hybrid vessels) and further investigate the effects of AAT on these 

tube-like structures (both VM and mosaic/hybrid vessels). In our in vitro studies, we coated 

the wells of a 96-well plate with 50µl of Matrigel (Corning, Cat #354230) and incubated 

at 37ᵒC for 1 hour. We followed two different approaches while seeding U251 human GBM 

cells. We treated the U251 cells with Control (DMSO), AAT (Vatalanib and Avastin), 

HET0016 and SB225002 for 24hrs in both Normoxic and Hypoxic conditions. After 24hrs 

of treatment, we collected the cells and seeded 2×104 mCherry U251 cells on matrigel. This 

formed the pre-treatment group. 1×104 mCherry U251 GBM cells were co-cultured with 

2×104 Human umbilical vein-derived endothelial cells (HUVEC) cells on matrigel (1:2 

ratio of mCherry U251 cells to HUVEC cells) and incubated for 6hrs. After 6hrs, we found 

that the GBM cells had incorporated into the endothelial (HUVEC)-dependent vascular 

tube like networks. We also seeded 2×104 mCherry U251 cells (alone) independently of 

the HUVEC cells. We analyzed the number of complete tube like networks without any 

breaks or disintegration and also analyzed the incomplete tube like-structures in the control 
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and AAT (Vatalanib and Avastin), HET0016 and SB225002 (CXCR2 inhibitor) treated 

groups. This formed the post-treatment group. Our preliminary optimizations revealed 

that any cell number less than 1.5×104 was not suitable for tube formation by tumor cells.  

The experiments were also performed using only U251 GBM cells seeded independently 

without any HUVEC cells on the matrigel and the pre-seeding and post-seeding treatment 

conditions were also extended to tube formation experiments with GBM cells alone.
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I. In vitro Normoxic and Hypoxic conditions and other optimizations:  

To recapitulate the normoxic (tumor periphery) and hypoxic (tumor center) conditions 

found in the tumor, all the treatments in the in vitro condition were performed in normoxic 

and hypoxic conditions. For the normoxic conditions, cells were incubated with Control, 

AAT, HET0016 and SB225002 for 24hrs in the normoxia chamber with 21%O2 and 

5%CO2 at 37ᵒC. For the hypoxic conditions, cells were incubated with the aforementioned 

treatments groups in a hypoxia chamber. The hypoxia chamber was fixed to a compressed 

Nitrogen gas tank (UN1066, Airgas) with 1%O2 and 5%CO2 at 37ᵒC. The Nitrogen partial 

pressure was maintained at 10psi throughout the experiment. Due to an increased incidence 

of cell death in the hypoxic conditions, the 48hrs time point was not chosen for the 

experiments. Also, we performed several experiments to optimize the amount of fetal 

bovine serum (FBS) to be added to the culture medium for all the in vitro experiments. We 

tried using serum free (0%), reduced serum (2%) and complete serum (10%) conditions for 

maintaining U251 and U87-MG cell lines. Since HET0016 eventually gets bound to the 

albumin in the media which further decreases is efficacy by reducing its availability, 

reduced serum (2%) conditions were chosen for all the in vitro conditions.  
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J. Histopathology, immunofluorescence, immunohistochemistry, and PAS 

staining:  

Following 2 or 3 weeks (3 weeks following tumor induction) of treatment (Day 22), 

the animals were euthanized and perfused with PBS and 4% paraformaldehyde (Acros 

Organics, Morris Plains, NJ, USA). Collected brains including tumors were prepared for 

paraffin blocks and sectioning. For Immunohistochemistry, we prepared 4 blocks (A, B, C 

and D) of each brain or tumor tissue for subcutaneous tumors (from each animal) and then 

utilized 3 sections from each block. We had a total of 9 sections (3 each from A, B and C 

blocks which had tumor) from each animal in the group that were utilized for analysis. 

With these 9 sections per animal, we could attain 80-90% power with a significance of 5%. 

Immunohistochemical staining procedures were performed as recommended by the 

suppliers of primary antibodies. In brief the sections were incubated at 4°C overnight with 

the primary antibody anti-HLA-A (ab52922, Abcam Antibodies, 1:100) diluted in PBS. 

Then, the sections were stabilized at room temperature, washed with PBS, and incubated 

with HRP Polymer Quanto containing the secondary antibody (biotinylated anti-mouse and 

anti-rabbit immunoglobulins, Ultravision Quanto Detection system HRP kit, Thermo 

Scientific, TL-060-QHL). The sections were rinsed with PBS/distilled water and incubated 

with diaminobenzidine tetrachloride (DAB) chromogenic substrate. Following this step, 

the slides were oxidized in 0.5% Periodic acid solution for 5 min, rinsed in distilled water 

and incubated with Schiff reagent for 15 min. After this step, the slides were rinsed in 

lukewarm water and counterstained with hematoxylin, dehydrated, and cover-slipped. To 

determine the relation of hypoxia and VM, consecutive sections were also double stained 
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with anti-HIF-1α antibody (MAB1536, R&D systems, 1:100, Proteinase K was used for 

antigen retrieval) and PAS. To ascertain and assess the contribution of CXCR2+ tumor 

cells in forming VM like structures, we stained the consecutive sections with anti-CXCR2 

antibody (MAB331-100, R&D systems, 1:100, and slides were subjected to boiling antigen 

retrieval) and PAS. To exclude the valid possibility of the contribution of glycogen to PAS 

staining and thereby discrediting VM, we have also stained these consecutive slides for 

both laminin (RB-082-R7, Thermo Fisher, ready-to-use) and PAS. Laminin stains for the 

extracellular matrix glycoprotein in the basement membranes of the epithelial, the adjacent 

and surrounding blood vessel, or vessel like structures and the nerves in the established 

tissue. The superimposition of the laminin and PAS staining serves to confirm VM and 

conclusively validates the employment of PAS staining to confirm the same. Human GBM 

tumors were collected from Augusta University Biorepository as paraffin embedded blocks 

under an IRB approved protocol. 6µm thick sections were cut from the paraffin blocks and 

subsequently stained with anti-MHCI, anti-CXCR2, anti-CD144 (ab33168, Abcam 

antibodies, 1:100), anti-CD44 (ab51037, Abcam antibodies, 1:100), mutant p53 (ab32049, 

Abcam antibodies, 1:100), vWF (A0082, Agilent Technologies, 1:200) and PAS staining 

to confirm the contribution of tumor cells in forming VM like structures. Laminin and PAS 

staining was also performed to negate the possibility of PAS staining being a random 

glycogen or mucin deposit of tumors. For immunofluorescence visualization of CXCR2+ 

tumor cells in forming VM like structures, we subjected the slides to boiling at 95ᵒC for 

40min for antigen retrieval. After blocking the slides with serum for 30min, we incubated 

the slides with anti-CXCR2 and anti-Laminin antibody overnight at 4ᵒC. The following 
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day, slides were washed in running water and incubated with Rhodamine-red or TRITC 

conjugated secondary antibody (1:100) for 1-2 hours at RT. The sections were then 

counterstained with DAPI and mounted using Vectashield. The data was acquired using an 

automated all-in-one microscope (BZ-X710, Keyence).  
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K. Quantification of PAS+ vasculatures:  

From each animal, we have selected one section from each paraffin block-containing 

tumor (2-3 blocks contained tumors). For analysis, a whole section was imaged using a 

scanning microscope at 20x and 40x magnification and the number of different vessel types 

determined by two investigators. Any PAS+ areas present either as a complete continuous 

line or as a complete unconnected dot were considered blood vessel. Based on the inner or 

outer lining and placement of nucleus, PAS+ structures were divided into four groups. The 

first contributed by the host endothelium (HE), the second from the mosaic vessels (MV) 

formed, the third contributed by the tumor cells, which defines the characteristic vascular 

mimicry (VM), and the fourth is the sustenance of vascular mimicry (SVM). The number 

of PAS stained vessels have been counted using the cell counter in the Image J software. 

The quantifications were done and the data was analyzed for each treatment group for ease 

of representation and understanding. 
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L. In vivo magnetic resonance imaging (MRI): 

All MRI experiments were conducted using a 7 Tesla 12 cm (clear bore) magnet 

interfaced to a varian console with actively shielded gradients of 49 gauss/cm and 100µs 

rise times or a horizontal 7 Tesla BioSpec MRI spectrometer (Brucker Instruments, 

Bellerica, MA) equipped with a 12 cm self-shielded gradient set (45 gauss/cm max). 

Detailed MRI procedures were adopted from our several previous publications37-41. An 

appropriate state of anesthesia was obtained with isoflurane (2.5% for induction, 0.7% to 

1.5% for maintenance in a 2:1 mixture of N2:O2). After positioning using a triplanar 

FLASH sequence, MR studies were performed using pre-contrast T1, T2-weighted and 

post-contrast T1-weighted MRI scans with the following parameters: (1) Standard T1-

weighted multislice sequence (TR/TE=500/10 ms, 256x256 matrix, 13-15 slices, 1 mm 

thick slice, 32 mm field of view (FOV), # of averages=4); (2) T2-mapping sequence (2D 

multi-slice, multi-echo (MSME) sequence, TE=10, 20, 30, 40, 50, 60 msec, TR=3000 

msec, 256x256 matrix, 13-15 slices, 1 mm thick slice, 32 mm field of view (FOV), # of 

averages=2). Post contrast T1WI was used to determine the volume of tumors in vehicle, 

Vatalanib, Avastin, HET0016, SB225002, and Vatalanib + SB225002 treatment groups by 

drawing irregular ROI to encircle the whole tumor in each image section-containing tumor 

using ImageJ software, and the area was then multiplied by the thickness of image slice to 

determine the volume (cm3). Two investigators blinded to the animal groups determined 

tumor volume. 
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M. Western blot analysis:  

Cells and tissues were processed for protein isolation using Pierce RIPA buffer 

(Thermo Scientific, USA). Protein concentrations were estimated with Pierce, BCA protein 

assay kit (Thermo Scientific, USA), and separated by standard Tris/Glycine/SDS gel 

electrophoresis. Membranes were blocked with Odyssey Blocking buffer (LI-COR, 

Lincoln, NE) for 60 min at room temperature and incubated with primary antibodies 

against p-CXCR2 and total-CXCR2 (ab14935, Abcam antibodies, 1:500) antibody and β-

actin (1:3000, Sigma) followed by horseradish peroxidase-conjugated secondary antibody 

(1:5000, Bio-Rad) or IRDye® 680CW Goat anti-Rabbit IgG (H + L), IRDye® 800CW 

Goat anti-Rabbit IgG (H + L), IRDye® 800CW Goat anti-Mouse IgG (H + L) secondary 

antibodies (1:15000,LI-COR, Lincoln, NE). The blots were developed using a Pierce Super 

Signal West Pico Chemiluminescent substrate kit (Thermo Scientific, USA). Western blot 

images were acquired by Las-3000 imaging machine (Fuji Film, Japan) or LI-COR 

Odyssey Classic imaging machine. 
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N.  Protein Array analysis:  

We performed membrane-based protein array to determine the levels of IL-8 after 

treatment of U251 GBM tumors with Vatalanib in athymic nude mice compared to the 

Vehicle treated groups. Freshly collected condition media from treated cells or total cell 

lysates were processed for customized human cytokine array (40 factors) (Ray Biotech) as 

per the manufacturer’s protocol. Membranes were imaged using Las-3000 imaging 

machine (Fuji Film, Japan). All signals (expression intensity) emitted from the membrane 

were normalized to the positive control spots of the corresponding membrane using Image 

J software. 
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O. Human brain glioma and normal tissue microarray:  

Human Brain Glioma and Normal Tissue Microarray (GL722a) was purchased from 

US Biomax, Inc. The array provides a total of 63 malignant glioma samples (11 

astrocytoma cases, 8 glioblastoma cases 1 each of Oligodendroglioma and malignant 

ependymoma triplicated cores per case), 10 normal cerebrum samples (3 normal tissue 

triplicated per case) and 1 pheochromocytoma (adrenal gland, tissue marker) as formalin 

fixed paraffin embedded sections. All the tissues include information about the age, sex, 

anatomic site, pathological diagnosis, grade and type of the gliomas. This array of samples 

was stained with hCXCR2 antibody (R&D Systems, Cat# MAB331) and further processed 

for Periodic Acid-Schiff (PAS) staining to identify VM structures in these tumors. 
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P. Human GBM data analysis:  

The mRNA expression data for CXCR2 expression from brain cancer patient’s datasets 

classified according to the brain and CNS cancer type, recurrence status and GBM grade 

were analyzed using Oncomine data (vandenBoom Brain Statistics) (www.oncomine.org). 

Overall survival and progression-free survival Kaplan-Meier estimates were calculated by 

analyzing tumor samples with mRNA data (166 samples) for 2 genes (IL8 and CXCR2) 

using cBioportal platform [Glioblastoma (TCGA, Provisional), 

http://www.cbioportal.org/index.do]. 

http://www.oncomine.org/
http://www.cbioportal.org/index.do


65 

 

Q. Immunostaining of GBM patient samples:  

7µm thick sections were cut and stained with anti-hCXCR2 antibody and further 

processed for PAS staining to confirm the contribution of tumor cells in forming VM-like 

structures. Consecutive sections were also labeled with anti-hCXCR2 and FITC-

conjugated tomato lectin to ascertain the involvement of CXCR2+ GBM cells in the 

formation of VM channels in the tumors.  
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R. Construction of CXCR2 shRNA and U251 cells silencing:  

Four small interfering RNA (shRNA) sequences targeting CXCR2 gene (Vector 

Builder, Santa Clara, CA) were custom designed and inserted into third-generation 

lentivirus vector (eBiosciences, Catalogue number LV500A-1). Recombinant lentivirus 

and control were extracted after transfection of 293 TN cells (ATCC, Manassas, VA, USA) 

with the recombinant vector and helper vectors. U251 cells were infected with lentivirus 

and selected with 250 μg/mL of geneticin (San Diego, CA, USA). The best interfering 

effect was determined by real-time PCR, flow cytometry, and western blotting, and cells 

with the most prominent CXCR2 knockdown were selected to implant into the animals. 

QIAquick Gel Extraction Kit (Qiagen, Valencia, CA, USA) and Plasmid Midi Kit (Qiagen, 

Valencia, CA, USA) were used to extracting the plasmid DNA. The human CXCR2-

targeting shRNA sequences used for knockdown were: 5’–

CAGGGACTTGAACCCATATTT-3’ and 5’-GAAGCGCTACTTGGTCAAATT-3’. The 

scramble sequence was 5’– CCTAAGGTTAAGTCGCCCTCG-3’ which has no human or 

mouse targets. 
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S. Western blot analysis for confirmation of CXCR2 knockdown  

Scramble U251 and CXCR2 DKD U251 cells were processed for protein isolation 

using Pierce RIPA buffer (Thermo Scientific, USA). Protein concentration was estimated 

with Pierce, BCA protein assay kit (Thermo Scientific, USA), and separated by standard 

Tris/Glycine/SDS gel electrophoresis. Membranes were blocked with Odyssey Blocking 

buffer (LI-COR, Lincoln, NE) for 60 min at room temperature and incubated with primary 

antibodies against total-CXCR2 (1:200, Santa Cruz Biotechnology) antibody, β-actin 

(1:3000, Sigma) and GAPDH (1:1000, Santa Cruz Biotechnology) followed by horseradish 

peroxidase-conjugated secondary antibody (1:5000, Bio-Rad) or IRDye® 680CW Goat 

anti-Rabbit IgG (H + L), IRDye® 800CW Goat anti-Rabbit IgG (H + L), IRDye® 800CW 

Goat anti-Mouse IgG (H + L) secondary antibodies (1:15000,LI-COR, Lincoln, NE). The 

blots were developed using a Pierce Super Signal West Pico Chemiluminescent substrate 

kit (Thermo Scientific, USA). Western blot images were acquired by LAS-3000 imaging 

machine (Fuji Film, Japan) or LI-COR Odyssey Classic imaging machine. 
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T. Immunofluorescence confirmation of CXCR2 knockdown 

To assess the extent of knockdown visually, scramble U251 and CXCR2 KD U251 

cells were smeared onto a glass slide, fixed with 3% paraformaldehyde, and later incubated 

with CXCR2 targeting a peptide sequence (proprietary information) tagged with biotin for 

1hr at room temperature. After incubation, the slides with the cells were washed with 1x 

PBS three times for five minutes. Then the cells were labeled with streptavidin conjugated 

with rhodamine red against biotin for 1hr at room temperature. The slides with the cells 

were then counterstained with DAPI and mounted using Vectashield (Vector Laboratories, 

Burlingame, CA, USA). The images were acquired using an automated all-in-one 

microscope (BZ-X710, Keyence). Specificity of the peptide was confirm by blocking the 

CXCR2 binding sites using anti-CXCR2 antibody, where cells were incubated with ant-

CXCR2 antibody prior to adding the peptide to the cells. 
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U. Subcutaneous injection of Scramble and CXCR2 DKD tumors: 

2×106 Scramble U251 cells and CXCR2 DKD cells were injected subcutaneously in 

(n=4) Athymic nude mice. The Scramble cells were injected subcutaneously in the left 

shoulder and the CXCR2 DKD cells were injected into the right flank. The site of injection 

was swabbed with alcohol prep pads and animals were placed back into their cages.  
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V. Cell sorting and Immuno-paired antibody detection analysis:  

Wild-type, scrambled and CXCR2-KD U251 cells were cultured under normoxia for 

24hrs, trypsinized, collected and labeled with PerCP/Cy5.5 anti-human CD182 (CXCR2) 

antibody (Biolegend, Cat# 320718) and subsequently used to sort CXCR2+ and CXCR2- 

cells using Becton Dickinson FACSAria II SORP cell sorter at the Georgia Cancer Center 

Flow Cytometry core facility. Subsequently, for immune-paired antibody detection 

analysis by Activ Signal LLC (MA, USA), the protein lysates from scrambled, CXCR2-

KD, CXCR2+, and CXCR2- U251 cells were analyzed for phosphorylation or expression 

of 70 different human protein targets covering 20 major signaling pathways in the Activ 

Signal Assay. The results were provided as an overview heat map for all of the samples 

across all of the 70 targets in the panel. 
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W. Statistical analysis:  

Data were expressed in mean ± SEM unless otherwise stated. GraphPad Prism version 

7.0 for Windows (GraphPad Software, Inc., San Diego, CA, USA) was used to perform 

Student’s t-test. Any p value of less than 0.05 was considered significant. To determine the 

correlation between the number of VM plus SVM and the volume of the tumor, we 

performed simple regression analysis for the correlation of tumor volume and VM and 

SVM. The standardized effect size (signal/noise ratio) was around 2.5-3, where the 

reduction in the particular populations was anywhere between 2.5-3 folds between the 

groups of interest. We used a significance level of 5% (α=0.05) and for a power of 80% 

(the chance of detecting a significant difference if there’s any), the sample size required 

for the experiments were between 3 or 4 animals per group. The same sample size also was 

valid for a 90% power calculation. For this reason, we fixed our sample size to n=3 or n=4 

as mentioned in the methodology. For Immunohistochemistry, we prepared 4 blocks from 

each brain and one section from at least three blocks was prepared for immunology-

histochemistry. Therefore, we had at least 9 sections (3sections/animals, and there were 

three animals) were utilized. With 3 sections per animal and total of 9 sections from 3 

animals, we attained 90% power with a significance of 5%. 



 

72 

 

III. RESULTS 

 

A. Vascular Mimicry mediated Anti-Angiogenic Therapy Resistance in 

Glioblastoma 

 

1. Increased size of tumors in response to anti-angiogenic therapy: 

Orthotopic U251 GBM model was developed in athymic nude rats and these 

animals were then treated with vehicle, Vatalanib and HET0016 (IP and IV route) as shown 

in the schematic (Figure 3).  

 

 

Figure 3. Schematic of treatment schedule in athymic nude rats with orthotopic U251 GBM 

Of all the treatment regimens, we observed that the tumor size was significantly 

larger in the Vatalanib treated group as shown in Figure 3. The left panels represent the 

tumor areas in mice from the D0-21 treatment group and the right panels show the tumor 

areas from mice in the D8-21 treatment group.  The tumor area was defined by staining 



 

73 

 

with HLA-A/MHC-1 (human marker). The large tumors were also found to be extremely 

hypoxic and had significantly more vascular structures than the tumors found in the other 

treatment groups. The images were taken at 0.5x magnification to show the overall size of 

tumors (highlighted by the dotted red markings) in comparison to the size of the brain 

(Figure 4). We also confirmed the same on in vivo MRI (Figure 5). The tumors found in 

the Vatalanib treated group in the D8-21 group occupied almost half of the hemisphere of 

the brain. One representative section of one of the animals of each group has been presented 

here. 
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Figure 4: Vatalanib increased tumor growth and novel IV formulation of HET0016 decreased tumor 

growth of human GBM in rat model. Immunohistochemistry (MHC-1) images show tumor sizes following 

drug treatments compared to vehicle. Tumor size is distinguished by dotted line. Each treatment group had 9 

animals (n=9). Representative images from one animal from each treatment group has been shown here.  
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Figure 5: Vatalanib increased tumor growth and novel IV formulation of HET0016 decreased tumor 

growth of human GBM in rat model. T1 post contrast MRI images from corresponding animals show 

tumor size following drug treatments compared to vehicle. Each treatment group had 9 animals (n=9). 

Representative images from one animal from each treatment group has been shown here. 
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2. VM and SVM following treatment with Vatalanib and HET0016: 

As indicated in the previous paragraph, Vatalanib treatment caused an increase in 

tumor size in both treatment groups. Significantly increased tumor size was observed in 

Day 8-21 Vatalanib treatment group. When PAS+ stained sections were visually compared, 

there were increased number of PAS+ vascular structures in both groups of Vatalanib 

treated tumors (Figure 6) compared to that of corresponding control (vehicle treated) 

tumors. On the other hand, both groups of HET0016 treated tumors showed smaller tumor 

sizes as well as a lower number of PAS+ structures both in the core and at the periphery of 

the tumors compared to that of control and Vatalanib treated groups (Figure 6).  



 

79 

 

 



 

80 

 

Figure 6: Vatalanib increased number of VM and novel IV formulation of HET0016 decreased VM of 

human GBM in rat model. (A) Immunohistochemistry data showing PAS stain representing increased VM 

(pink vessel-like strictures due to PAS+) in Vatalanib treated tumors compared to vehicle. VM was 

significantly decreased in HET0016 treated groups both IP and IV compared to vehicle or Vatalanib (less 

number of pink vessel-like structures). Brown cells are human marker HLA-A (MHC-1) positive cells 

(human U251 GBM cells). The pink vessel-like structures are lined by brown HLA-A positive cells. Each 

treatment group had 9 animals (n=9). Representative images from one animal from each treatment group has 

been shown here.    
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These PAS+ structures were mostly seen in core of the tumors, where HIF-1α 

staining is highly positive (Figure 7). Compared to the control and Vatalanib treated 

tumors, HET0016 treated tumor core also showed lesser HIF-1α positive areas. 
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Figure 7: Vatalanib increased hypoxia and novel IV formulation of HET0016 decreased hypoxia in 

human GBM rat model. Immunohistochemistry data showing HIF1α stain representing increased hypoxia 

in Vatalanib treated tumors compared to vehicle. HIF-1α positive cells are low in HET0016 treated tumors.  

The images were taken from the consecutive sections of HLA-A plus PAS positive areas shown in Figure 5 

at the corresponding core of the tumors. Each treatment group had 9 animals (n=9). Representative images 

from one animal from each treatment group has been shown here. 

 

To confirm that these PAS+ areas are not due to deposition of glycogen secreted 

from metabolically active tumor cells, we also stained for vascular basal laminae (laminin). 

Figure 8 shows the superimposition of PAS+ areas with that of laminin indicating PAS+ 

vascular structures and not merely glycogen deposition.  

 

 

Figure 8: PAS+ areas also correspond to basal laminae of vascular structures (VM). Consecutive 

sections were double stained for PAS and laminin to validate that PAS+ areas are not due to deposition of 

glycogen. Presence of both PAS and laminin indicate the vascular structures with functional basal laminae 

indicating VM (insets). Each treatment group had 9 animals (n=9). Representative images from one animal 

from each treatment group has been shown here. 
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3. Increased tumor size correlates with increased incidence of Vascular 

Mimicry: 

We considered both VM and SVM as tumor cell derived vessels and compared the 

total number of the structures among the groups of tumors. Quantitative analysis indicated 

a significantly higher number of VM plus SVM in both groups of Vatalanib treatments 

compared to that of corresponding control and HET0016 groups (Figure 9). IV HET 8-21 

group showed a significantly lower number of VM plus SVM compared to that of 

corresponding control and Vatalanib treated groups. Although significant difference in 

reduction of VM and SVM was not achieved in both day 0-21 and day 8-21 IP HET0016 

groups as well as days 0-21 IV HET0016, the latter group showed a lower number of VM 

plus SVM in the tumors. These findings were also confirmed by the representative PAS 

and MHC-1 stained sections (Figure 6). 

We hypothesized that larger tumor (whether treated or non-treated) will be more 

hypoxic and there will be more VM or SVM. We performed simple regression analysis and 

correlated tumor volume with total VM (VM plus SVM). We observed that an increase in 

tumor volume positively correlated with increased incidence of VM (p=0.001) (Figure 7). 

We noted that in tumors with larger volume, especially in the center, where the tumor is 

primarily hypoxic, VM plays a crucial role in initiating neovascularization. Its sustenance 

can also be seen in the center but not in the periphery. 
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Figure 9: Evidence of AAT induced VM and its different stages in GBM tumor growth. Quantitative 

evaluation of VM following treatments and its correlation with tumor growth. Each treatment group had 3 

animals (n=3). To determine the correlation between the number of VM plus SVM and the volume of the 

tumor, we performed simple regression analysis for the correlation of tumor volume and VM and SVM. We 

had a total of 9 sections (3 sections from each animal, one from each block per animal) per treatment group 

that were utilized for analysis. 
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4. AAT-induced Vascular Mimicry in glioblastomas: 

We further noticed accelerated VM both in the center and in the peripheral part of 

the AAT treated tumors. Figure 10 shows the example of VM following AAT. Figure 11 

represents the tumor areas co-stained with laminin and lectin. The figures show that the 

Vatalanib treated tumors have comparatively higher laminin positive areas than the vehicle 

treated group. We have quantified the laminin positive loop like structures indicative of the 

VM or mosaic vessels (laminin co-localized with lectin) both at the tumor periphery as in 

Figures 11a, b, c and d and in the tumor center as in Figures 11e, f, g and h.  
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Figure 10: Accelerated VM in AAT treated tumors in orthotopic human GBM mouse model. b) and c) 

Vatalanib treated tumors show significantly higher number of laminin positive areas that are spread over the 

entire tumor when compared to the a) Vehicle treated tumors. The images have been taken at a magnification 

of 2.5x to ease the depiction of tumor size in each treated animal of the respective group. Each treatment 

group had 3 animals (n=3). We had a total of 9 sections (3 sections from each animal, one from each block 

per animal) per treatment group that were utilized for analysis. Representative images from one animal from 

each treatment group has been shown here. 
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Figure 11: Mosaic vessels and Vascular Mimicry like-structures in the AAT treated tumors. Tumor 

periphery showing laminin loops present in conjunction with the host-endothelial structures as visible with 

the green lectin staining  in a) Vehicle and b) and c) Vatalanib treated tumors. The mosaic vessels are also 

present at the tumor periphery which are evident as the red-laminin and green-lectin superimposed yellow 

loop like structures. d) Quantification of laminin positive loop like-structures in the tumor periphery. In the 

central areas, f) and g) Vatalanib treated tumors show significantly higher number of laminin positive loop 

like structures indicative of VM, compared to the e) Vehicle treated tumors. These laminin loops are present 

independently of the host-endothelial structures. These laminin positive patterned matrices are formed by the 

tumor cells alone, without any contribution from the host endothelial cells. h) The quantification of the 

laminin positive loops in the tumor center. Images have been taken from 4 different areas of the tumor. One 

representative image from one animal in the respective group has been shown here. The laminin positive 

loops have been counted using Image J software and the statistical analyses were performed using Student’s 

t-test and p value < 0.05 was considered significant. Each treatment group had 3 animals (n=3). We had a 

total of 9 sections (3 sections from each animal, one from each block per animal) per treatment group that 

were utilized for analysis. Representative images from one animal from each treatment group has been shown 

here. 
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In our in vitro studies, mCherry U251 GBM cells were co-cultured with HUVEC 

cells on matrigel. After incubation for 6hrs, we found that the GBM cells had incorporated 

into the endothelial (HUVEC)-dependent vascular tube like networks as shown in Figures 

12a, b, c, e, f and g. We analyzed the number of complete tube like networks without any 

breaks or disintegration and also analyzed the incomplete tube like-structures in the control 

(PBS) and AAT (Vatalanib and Avastin (bevacizumab)) treated groups as shown in Figures 

12d and h. We found that the number of complete tube-like networks were significantly 

higher in AAT treated wells compared to the control group (Figure 12d).  
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Figure 12: Post-treated Glioblastoma cells incorporate into host endothelial blood vessels. Panels a), b) 

and c) represent the super-imposition of red fluorescent (mCherry U251 cells) and the DAPI images. d) 

Quantification of complete tubes in AAT treated groups. Panels e), f) and g) represent the superimposition 

of red fluorescent (mCherry U251 cells) image over the bright field (BF) image (HUVEC cells). h) 

Quantification of incomplete tubes in AAT treated groups. mCherry U251 GBM cells and HUVEC cells 

were seeded in 1:2 ratio, treated with AAT post seeding and incubated for 6hrs. One representative image 

from each treatment group has been shown here. The experiment was performed in duplicates with 3 wells 

for each condition. Statistical analyses were performed using two-tailed Student’s t-test and p value < 0.05 

was considered significant. 
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We also performed tube formation experiments with mCherry U251 GBM cells co-

cultured with HUVEC cells on matrigel. For this experiment, however, we used mCherry 

U251 GBM cells subjected to two different conditions, namely, pre-seeding treated and 

post-seeding treated. In the pre-seeding treatment group, the mCherry U251 GBM cells 

were treated with control (DMSO), Vatalanib and Avastin under normoxic conditions for 

24 hours prior to starting the tube formation assay. Following 24 hours of treatment, the 

mCherry U251 GBM cells were harvested, counted and seeded with HUVEC cells in 1:2 

ratio on a matrigel for 6 hours. In the post-seeding treatment group, the mCherry U251 

GBM cells were seeded in 1:2 ratio with HUVEC cells on a matrigel and then treated with 

control (DMSO), Vatalanib and Avastin for 6 hours. The process of tube formation was 

monitored over a period of 6 hours in both the conditions. These experiments were 

performed in normoxia. At the end of the time point, the wells with tubes formed were 

fixed with 3% paraformaldehyde to maintain the integrity of the tube like structures. The 

number of complete tubes were quantified in both the pre-seeding and post-seeding 

treatment conditions as shown in Figure 13. 
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Figure 13:  Pre- and Post-seeding treated Glioblastoma cells incorporate into host endothelial blood 

vessels. Panels represent the superimposition of red fluorescent (mCherry U251 cells) image over the bright 

field (BF) image (HUVEC cells). Quantification of complete tubes in AAT treated groups in both the 

conditions is performed below. mCherry U251 GBM cells and HUVEC cells were seeded in 1:2 ratio, treated 

with AAT pre- and post-seeding and incubated for 6hrs. One representative image from each treatment group 

has been shown here. The experiment was performed in duplicates with 3 wells for each condition. Statistical 

analyses were performed using two-tailed Student’s t-test and p value < 0.05 was considered significant. 
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We wanted to further investigate whether GBM cells that incorporate into host 

endothelial blood vessels (HUVECs) form laminin-positive structures on matrigel or not. 

mCherry U251 GBM cells and HUVECs were seeded in 1:2 ratio on matrigel and 

incubated for 6 hours. At the end of the time point, the tubes formed on the matrigel were 

initially fixed with 3% paraformaldehyde and then stained with laminin antibody. A FITC-

conjugated secondary antibody was used to visualize the laminin positive structures. As 

shown in Figure 14, mCherry U251 GBM cells incorporating into the HUVEC cells to 

form mosaic like vascular structures on the matrigel also stained positive for laminin, 

indicating that these mosaic or hybrid structures were indeed vascular in nature.  
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Figure 14: Glioblastoma cells incorporate into host endothelial blood vessels and form laminin-positive 

structures on matrigel. Panels represent the super-imposition of red fluorescent (mCherry U251 cells) and 

the DAPI images. mCherry U251 GBM cells and HUVEC cells were seeded in 1:2 ratio, treated with AAT 

and incubated for 6hrs. At the end of the time point, the cells were fixed with 3% paraformaldehyde and 

further stained with laminin and visualized by FITC-conjugated secondary antibody against laminin. One 

representative image from each treatment group has been shown here. The experiment was performed in 

duplicates with 3 wells for each condition. 
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This clearly demonstrates the fact that following AAT, tumors resort to aggressive 

neovascularization mechanisms to cope with the therapeutic insult and thereby adopt VM 

as a novel neovascularization mechanism to counter the ensuing hypoxic environment 

within the tumor. 

Our previous study showed the profound role of IL-8 in an animal model of GBM 

(M. Jain et al., 2017) and blocking IL8 using HET0016, we reported a significantly 

decreased VM in tumors as detailed in the previous sections and in the original research 

article (Angara, Rashid, et al., 2017). Recent studies have established the role of IL-8 

cognate receptor, CXCR2, in maintaining GBM stemness through downstream signaling 

pathways. These observations led us to hypothesize that IL-8-CXCR2 pathway may 

contribute to transdifferentiation of tumor cells into stem cell-like and endothelial cell-like 

phenotypes inducing VM in the orthotopic GBM models. The purposes of the further 

studies are to investigate whether CXCR2-positive tumor cells are involved in the 

formation of VM structures following AAT and whether targeting IL-8-CXCR2 

axis/pathway would decrease the VM and GBM growth.   
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B. Role of IL-8-CXCR2 pathway in mediating VM-mediated AAT resistance in 

GBM 

5. Clinical relevance of IL-8, CXCR2 and VM structures in human GBM 

samples: 

To ascertain the relevance of CXCR2+ GBM cells in human samples, we performed 

immunohistochemical staining of the hCXCR2 and PAS-positive vascular structures on 

human glioma and normal brain tissue microarray and GBM patient samples. We found 

that the CXCR2+ GBM cells lined the PAS-positive vascular structures and that with 

increase in the grade of the tumor, there was an increased number of PAS-positive VM 

structures and CXCR2+ GBM cells lining these structures; (i) normal cerebrum, (ii) 

astrocytoma grade 1, (iii) astrocytoma grade 2, (iv) astrocytoma grade 3 and (v and vi) 

astrocytoma grade 4 or GBM (Figure 15). 
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Figure 15: CXCR2+ GBM cells lining the PAS-positive VM structures in normal cerebrum (i) and 

different grades of GBM (grade 1-ii, grade 2-iii, grade 3-iv and grade 4-v and vi). The array provides a total 

of 63 malignant glioma samples (11 astrocytoma cases, 8 glioblastoma cases 1 each of Oligodendroglioma 

and malignant ependymoma triplicated cores per case), 10 normal cerebrum samples (3 normal tissue 

triplicated per case) and 1 pheochromocytoma (adrenal gland, tissue marker) as formalin fixed paraffin 

embedded sections. All the tissues include information about the age, sex, anatomic site, pathological 

diagnosis, grade and type of the gliomas. Samples v and vi were obtained from the Biorepository at Georgia 

Cancer Center. 
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To negate the possibility of the PAS staining as a random glycogen deposit, we 

stained three GBM patient samples for vascular laminin and PAS. Interestingly, the PAS-

positive structures were also positive for vascular laminin, confirming the participation of 

CXCR2-positive cells in VM in human GBM samples (Figure 16).  
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Figure 16: Laminin-positive VM structures in human GBM patient samples. Laminin and PAS staining 

superimpose on each other confirming the vascularization of the PAS-positive VM structures in human GBM 

samples. 
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Next, we utilized the hCXCR2 and PAS staining to identify different areas within 

the GBM tissue such as the main body of GBM (Figure 17i), the part of the GBM tissue 

next to necrotic area (Figure 17ii) and the invasive part of GBM (Figure 17Biii).  
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Figure 17: CXCR2+ cells lining PAS positive VM structures in different areas of GBM tissue the main 

body of GBM (i), the part of the GBM tissue next to necrotic area (ii) and the invasive part of GBM (iii). 
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The Cancer Genome Atlas (TCGA) brain data with 166 GBM brain samples was 

analyzed for IL-8 and CXCR2 genes, to assess the overall survival and disease-free 

survival as a Kaplan-Meier estimate. We observed that there is a significantly poorer 

overall survival (Log-rank test p-value=0.00948) and disease-free survival (Log-rank test 

p-value=0.0108) in GBM samples with IL-8 and CXCR2 overexpression compared to 

GBM samples without IL-8 and CXCR2 underexpression (Figure 18).  

 

 

Figure 18: The Cancer Genome Atlas (TCGA) brain data analyzed for IL-8 and CXCR2 genes, to 

assess the overall survival and disease-free survival as a Kaplan-Meier estimate. 
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The relevance of our data in this context of actual GBM human disease was also 

determined by the analysis of the CXCR2 expression from publicly available human brain 

cancer datasets. The vandenBoom brain data set suggested that there is significantly 

increased CXCR2 expression in GBM compared to astrocytoma and mixed glioma samples 

(Figure 19 – Brain and CNS cancer type). Significantly increased expression of CXCR2 in 

recurrent cases (n=8) was observed compared to the primary tumor occurrence (n=8) 

(Figure 19 – Recurrence status). Analysis of grade 2 (n=8), grade 3 (n=4) and grade 4 (n=4) 

tumors revealed that the CXCR2 expression was significantly upregulated in grade 4 

glioma cases when compared to the lower grade glioma cases (Figure 19– GBM Grade). 

 

 

Figure 19: Oncomine data analysis of the different gliomas according to Brain and CNS Cancer type, 

Recurrence status and GBM grade. 
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Human GBM samples were also stained with hCXCR2 and lectin antibodies to 

identify the endothelial phenotype acquisition of CXCR2+ cells lining the VM structures 

in the tumors. We observed that some of the CXCR2+ cells also have a lectin staining 

(white arrows) indicating that these GBM cells have acquired an endothelial-like 

phenotype (Figure 20). 
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Figure 20: CXCR2+ GBM cells represented by red color (white arrows) lining the VM structures 

carrying functional red blood cells (circular RBCs auto fluorescence in red color) thereby 

demonstrating the functional nature of these VM structures. Lectin (green) shows the lining of the 

functional vessels. 
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6. Effect of AAT on GBM growth, IL-8, CXCR2+ cells, and VM structures 

in GBM models: 

After confirming the presence of CXCR2+ tumor cells in the formation of VM in 

human GBM samples and the correlation between IL-8 and CXCR2 levels and overall and 

progression-free survival, we decided to further study how VM contributes to therapy 

resistance in animal models of GBM. Animals bearing orthotopic U251 cells were treated 

with vehicle, Vatalanib, and Avastin from day 8 to day 21, and then imaged with magnetic 

resonance imaging (MRI). MRI identified significantly increased tumor growth in 

Vatalanib treated animals (Figure 21). We performed the same experiment using a different 

GBM cell line (U87) as well. The difference between these two GBM cell lines is the gain-

of-function mutation of the TP53 gene in U251 cells, while the U87 cells have a wild-type 

TP53 (Jacobs et al., 2011).  

 

Figure 21: AAT increases the tumor burden in U251 GBM animal model. Representative MRI images 

from vehicle, Vatalanib and Avastin-treated animal groups. The tumor volumes for the treatment groups are 

indicated below the respective representative images. Each treatment group had 3 animals (n=3). 

Representative images from one animal from each treatment group has been shown here. 
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No significant changes in the size of tumors treated with Vatalanib and Avastin 

were found in U87 GBM model (Figure 22). 
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Figure 22: U87 GBM models were developed in athymic nude mice. MRI data shows slightly increased 

tumor burden in Vatalanib and Avastin treated groups compared to the vehicle treated groups. Each treatment 

group had 3 animals (n=3). Representative images from one animal from each treatment group has been 

shown here. 
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U251 GBM tumors treated with vehicle and Vatalanib were subjected to cytokine 

array analysis. We found significant upregulation of IL-8 in the tumors from Vatalanib 

treated animals (p<0.05) compared to the control group (Figure 23).  

 

Figure 23: Human cytokine array data showing upregulation of IL-8 levels in vivo. Each treatment group 

had 3 animals (n=3). Representative images from one animal from each treatment group has been shown 

here. 

To confirm our findings of the in vivo study, in vitro studies using cytokine arrays 

were performed. We observed significantly (p<0.05) higher levels of IL-8 in the culture 

media when U251 cells were treated with Vatalanib in hypoxic condition and with Avastin 

in normoxic condition for 24hrs (Figure 24).  

 



 

114 

 

 

Figure 24: Human cytokine array data showing upregulation of IL-8 levels in vitro. The experiment was 

performed in duplicates with media collected from two T-25 flasks for each condition. Statistical analyses 

were performed using two-tailed Student’s t-test and p value < 0.05 was considered significant. 
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To determine whether the AAT treated tumors have an increased expression of 

CXCR2 in the tumor, we performed immunofluorescence staining with the hCXCR2 

antibody on the vehicle and Vatalanib treated tumors. The Vatalanib treated animals 

showed a higher number of CXCR2+ tumor cells (p<0.001) compared to the vehicle-

treated animals (Figure 25).  
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Figure 25: Representative immunofluorescence images showing increase expression of CXCR2 (red) 

in Vatalanib treated tumors and quantification of the CXCR2+ GBM cells. Each treatment group had 3 

animals (n=3). We had a total of 9 sections (3 sections from each animal, one from each block per animal) 

per treatment group that were utilized for analysis. Representative images from one animal from each 
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treatment group has been shown here. Statistical analyses were performed using two-tailed Student’s t-test 

and p value < 0.05 was considered significant. 
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We found that CXCR2+ GBM cells lined the vascular structures in Vatalanib 

treated chimeric animal model that carried the GFP-positive BMDCs and these tube-like 

structures were also lined with the vascular laminin indicating that these structures were 

indeed functional in nature. The CXCR2 negative areas that lined the lumen might indicate 

the involvement from the host-endothelial cells or other GBM cells that are not positive for 

CXCR2 (Figure 26). We further stained the consecutive sections with hemoglobin to 

confirm whether the GFP+ BM cells are RBCs or not. In fact, the GFP+ BM cells also 

stained for hemoglobin indicating that these cells were RBCs and that the laminin-positive 

VM structures carrying these RBCs were functional in nature. 
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Figure 26: CXCR2+ GBM cells in the formation of VM structures in Vatalanib treated tumors. 

Orthotopic U251 GBM tumors were developed in GFP+ bone marrow transgenic mice. The tumors were 

implanted on day 0 and treatment with Vatalanib was initiated on day 8 and continued until day 21. At the 

end of the time point, animals were sacrificed and their brains were collected and processed for the 

preparation of frozen sections. The consecutive sections were then stained with laminin and hCXCR2 to 

determine the contribution of CXCR2+ GBM cells in VM; Scale=50µm. The Vatalanib treatment group had 

3 animals (n=3). Representative images from one animal from the treatment group has been shown here. 
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We further stained the consequent slides with Hemoglobin-α to confirm if the GFP+ 

BM cells are in fact RBCs or not. We observed that the GFP+ BM cells encapsulated with 

the laminin-positive VM structures were also positive for hemoglobin-α indicating that the 

engrafted GFP+ BM cells were in fact RBCs thus corroborating the functional nature of 

the laminin-positive VM structures (Figure 27). 
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Figure 27: GFP+ BM cells enclosed in the laminin-positive VM structures are also positive for 

hemoglobin indicating that these BM derived cells are RBCs and are that these VM structures are 

functional in nature. Orthotopic U251 GBM tumors were developed in GFP+ bone marrow transgenic mice. 

The tumors were implanted on day 0 and treatment with vatalanib was initiated on day 8 and continued until 

day 21. At the end of the time point, animals were sacrificed and their brains were collected and processed 

for the preparation of frozen sections. The consecutive sections were then stained with laminin and 

hemoglobin α to determine whether the VM structures are functional in nature or not; Scale=100µm. The 

Vatalanib treatment group had 3 animals (n=3). Representative images from one animal from the treatment 

group has been shown here. 
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To determine the extent of laminin-positive structures in the Avastin treated tumors, 

we stained the vehicle and Avastin treated tumor sections with laminin and hCXCR2. We 

found that there was no significant change in the overall laminin positive areas in vehicle 

and Avastin treated tumors, indicating inefficacy of Avastin in disrupting VM structures 

(Figure 28).  

 

Figure 28: Laminin and CXCR2 staining in vehicle and Avastin treated groups. Vehicle and Avastin 

treated tumor sections from animals were stained with laminin and hCXCR2 antibodies to determine the 

extent of laminin-positive VM structures in the Avastin treated tumors; Scale=50µm. Each treatment group 

had 3 animals (n=3). Representative images from one animal from each treatment group has been shown 

here.  
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Similar findings were also observed in U251 GBM rat model indicating the 

contribution of CXCR2+ GBM cells-mediated VM in the development of resistance to 

AAT. We found that the CXCR2+ GBM cells lining PAS-positive VM structures were 

significantly higher in both early (0-21 days) and delayed (8-21 days) Vatalanib treated 

groups (p<0.001) compared to the control group (Figure 29).  

 

 

Figure 29: CXCR2 and PAS staining in a rat model of U251 GBM showing increased numbers of 

CXCR2+ GBM cells lining PAS-positive VM structures in the early treatment Vatalanib 0-21 and 

delayed treatment Vatalanib 8-21 groups compared to vehicle treated group. Scale= 50µm. Each 

treatment group had 3 animals (n=3). We had a total of 9 sections (3 each from A, B and C blocks which had 

tumor) from each animal in the group that were utilized for analysis. Representative images from one animal 
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from each treatment group has been shown here. Statistical analyses were performed using two-tailed 

Student’s t-test and p value < 0.05 was considered significant. 
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We also observed that both HF2303 and GBM811 PDX models also showed 

CXCR2+ GBM cells lining PAS-positive VM structures indicating that CXCR2 GBM cell 

mediated VM is a phenomenon that is present in human GBM samples, U251 in vivo and 

in vitro and PDX orthotopic glioma models (Figure 30). 

 

Figure 30: HF2303 and GBM811 PDX models were developed in athymic nude mice. CXCR2 and PAS 

staining are represented with quantification of the CXCR2+ GBM cells lining the PAS positive structures 

after treatment with vehicle (control) and HET0016 in the HF2303 neurospheres (upper panel) and GBM811 

PDX models; Scale: 100µm. Statistical analyses were performed using two-tailed Student’s t-test and p value 

< 0.05 was considered significant. Quantitative data is expressed in mean ± SEM. ***P < 0.001 and 

****P<0.0001. Each treatment group had 3 animals (n=3). We had a total of 9 sections (3 sections from each 

animal, one from each block per animal) per treatment group that were utilized for analysis. Representative 

images from one animal from each treatment group has been shown here. 
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7. CXCR2+ tumor cells acquire stem cell-like and endothelial phenotypes 

following AAT: 

To identify whether AAT induces the upregulation of CXCR2+ GBM 

subpopulations with endothelial and stem cell-like properties, tumor cells from animals 

treated with AAT (Vatalanib and Avastin) were analyzed by flow cytometry. A graphical 

representation of the transdifferentiation of the GBM cells into stem cell-like state and 

subsequent acquisition of endothelial phenotypes are represented (Figure 31). The GBM 

cells are themselves in Stage 1 and then after exposure to increased IL-8 levels in the TME, 

the acquire CXCR2 phenotype (Stage 2). Sustained exposure to IL-8 in the TME due to 

therapeutic insult by AAT facilitates the transdifferentiation of Stage 2 GBM cells to 

acquire stem cell-like phenotypes (CD133+ and CD15+) which now become Stage 3. 

Finally, the GBM cells transdifferentiate from this stem cell-like state to become 

endothelial-like cells, now Stage 4, to participate in VM. 
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Figure 31: Representative pictorial depiction of the acquisition of endothelial phenotypes by GBM cells 
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We observed that Avastin treated group showed a significant increase in CXCR2+ 

(CD182), CD15+, CXCR1+ (CD181) and CD31+ CXCR2+ endothelial-like cells (p<0.05) 

compared to the control group. Vatalanib treated tumors showed a significant increase in 

CXCR2+ CD15+ and CXCR1+ CXCR2+ (p<0.05) and there was a trend of increase in 

other populations such as a CD15+, CXCR2+, CXCR1+ and CD31+ CD182+ cells 

compared to the control groups (Figure 32).  
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Figure 32: Flow cytometry data in vivo showing different CXCR1+ and CXCR1+ CXCR2+ GBM 

subpopulations in vatalanib and avastin treated groups compared to vehicle treated groups in an in 

vivo model of U251 GBM. Orthotopic U251 GBM tumors were developed in athymic nude mice on day 0 

and treatments with Vatalanib and Avastin were initiated on day 8 and continued until day 21. At the end of 

the experiment, on day 21, animals were sacrificed and their brains with tumors were processed into single 

cell suspensions for analyzing various tumor cell subpopulations. Each treatment group had 3 animals (n=3). 

Statistical analyses were performed using two-tailed Student’s t-test and p value < 0.05 was considered 

significant. 
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Surprisingly, we noticed that the Avastin treated tumors showed significant 

increase in the endothelial-like subpopulations like CD144+ (VE-Cadherin), CD34+, 

CD31+ (PECAM-1), CD309+ (VEGFR2) and CD105+ (Endoglin) cells and other  

endothelial-like subpopulations of CD202b+ (Tie2) CD144+, CD202b+ CD309+, CD105+ 

CD309+ and CD309+ CD144+ GBM cells (p<0.05 to p<0.001) compared to the control 

group. In addition, Vatalanib treated group showed a significant increase in CD105+, 

CD309+, CD105+ CD309+, CD309+ CD144+ and CD202b+ CD309+ cells and a trend of 

increase in CD144+, CD34+, CD31+ and CD202b+ CD144+ cells (p<0.05) compared to 

the control groups (Figure 33).  
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Figure 33: Flow cytometry data in vivo showing different endothelial-like GBM subpopulations in the 

AAT treated groups compared to the vehicle. Orthotopic U251 GBM tumors were developed in athymic 

nude mice on day 0 and treatments with Vatalanib and Avastin were initiated on day 8 and continued until 

day 21. At the end of the experiment, on day 21, animals were sacrificed and their brains with tumors were 

processed into single cell suspensions for analyzing various tumor cell subpopulations. Each treatment group 

had 3 animals (n=3). Statistical analyses were performed using two-tailed Student’s t-test and p value < 0.05 

was considered significant. 
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In U87 GBM model, we found a significant increase in CD309+ CD202b+ and 

CD309+ CD144+ cells following Vatalanib treatment, whereas no significant changes 

were observed in the CXCR2+, CXCR1+, CD15+ and CXCR2+ CD31+ populations.  All 

the other endothelial-cell like populations showed a trend of decrease after treatment with 

Avastin (Figure 34 and Figure 35). 
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Figure 34: Flow cytometry data showing different CXCR2+ subpopulations and CD15+ stem cells in 

Vatalanib and Avastin treated groups compared to vehicle treated groups in an in vivo model of U87 

GBM. Orthotopic U87 GBM tumors were developed in athymic nude mice on day 0 and treatments with 

Vatalanib and Avastin were initiated on day 8 and continued until day 21. At the end of the experiment, on 

day 21, animals were sacrificed and their brains with tumors were processed into single cell suspensions for 

analyzing various tumor cell subpopulations. Each treatment group had 3 animals (n=3). Statistical analyses 

were performed using two-tailed Student’s t-test and p value < 0.05 was considered significant. 
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Figure 35: Flow cytometry data showing CD34, CD144, CD31, CD202b and CD309 GBM cells in 

Vatalanib and Avastin treated groups treated compared to vehicle treated groups in an in vivo model 

of U87 GBM. Orthotopic U87 GBM tumors were developed in athymic nude mice on day 0 and treatments 

with Vatalanib and Avastin were initiated on day 8 and continued until day 21. At the end of the experiment, 

on day 21, animals were sacrificed and their brains with tumors were processed into single cell suspensions 

for analyzing various tumor cell subpopulations. Each treatment group had 3 animals (n=3). Statistical 

analyses were performed using two-tailed Student’s t-test and p value < 0.05 was considered significant. 
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8. AAT enhanced in vitro GBM cell-derived angiogenesis and changed 

phenotypes of GBM cells: 

To identify the phenotypical characteristics of VM forming GBM cells, we 

performed flow cytometry using U251 cells treated with AAT in vitro cultured under 

normoxic and hypoxic conditions for 24 hours. Different novel subpopulations of CXCR2+ 

(CD182) GBM cells were upregulated following treatment with AAT compared to the 

control cells. We found 2 to 5 fold increase in CXCR2+ CD15+, CXCR2+ CD31+, 

CXCR2+ CD133+, CXCR2+ CD105+, CXCR2+ CD44+ and CXCR2+ CD144+ cells 

treated with Vatalanib under hypoxic conditions and 2-4 fold increase in the CXCR2+ 

CD31+ and CXCR2+ CD133+ cells in the Avastin treated group under hypoxic conditions 

compared to the control cells (Figure 36).  
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Figure 36: In vitro data showing CXCR2 GBM cells with endothelial-cell like and stem like phenotypes 

following AAT treatment compared to control in hypoxic conditions for 24 hours. The experiment was 

performed in duplicates and each treatment group had two wells in a 6-well plate. Statistical analyses were 

performed using two-tailed Student’s t-test and p value < 0.05 was considered significant.  
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To assess the tube forming capability of GBM cells, we performed in vitro 

Matrigel-based tube formation assay using U251 cells subjected to treatment with AAT. 

We had employed two different conditions for investigating the effects of AAT on tube 

formation capability of U251 GBM cells (independent of HUVECs). U251 GBM cells 

were treated with control (DMSO) and AAT (Vatalanib and Avastin) under normoxia and 

hypoxia for 24 hours. At the end of 24 hours, the cells were collected, counted and seeded 

onto matrigel. This constituted the pre-seeding treatment condition (Figure 37). For the 

post-seeding treatment condition, however, the U251 GBM cells were seeded onto the 

matrigel and subsequently treated with control (DMSO) and AAT (Vatalanib and Avastin) 

(Figure 38). The tube formation was monitored for a total of 6 hours in both normoxia and 

hypoxia. Surprisingly AAT increased the number of complete tube-like VM structures on 

matrigel both in normoxia (p<0.05) and hypoxia (p<0.001) after 6 hours of incubation 

compared to the control groups. 
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Figure 37: U251 GBM cells were pre-treated with vehicle (control), Vatalanib (10µM) and Avastin 

(100µg/ml) and seeded in both normoxic (left panel) and hypoxic (right panel) conditions for 6hrs. 

Representative bright field images from one of the wells is shown here. The experiment was performed in 

duplicates with 3 wells for each condition; Scale=100µm. Quantitative data is expressed in mean ± SEM. 

*P < 0.05, and ***P < 0.001. 
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Figure 38: U251 GBM cells were seeded on matrigel and treated with vehicle (control), Vatalanib 

(10µM) and Avastin (100µg/ml) in both normoxic (left panel) and hypoxic (right panel) conditions for 

6hrs. Representative bright field images from one of the wells is shown here. The experiment was performed 

in duplicates with 3 wells for each condition; Scale=100µm. Quantitative data is expressed in mean ± SEM. 

*P < 0.05, and ***P < 0.001 

 

There was no significant difference in the tube forming capability of U87 cells 

under the post-seeding treatment conditions, especially in normoxia. However, under the 

hypoxic conditions, Vatalanib treatment caused significant reduction in the number of 

complete tube like structures. Avastin, on the other hand, showed a trend of increase in the 

number of tube like structures but the difference was not significant compared to the 

control treated wells (Figure 39). 
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Figure 39: U87 GBM cells were seeded on matrigel and treated with vehicle (control), Vatalanib 

(10µM) and Avastin (100µg/ml) in both normoxic (left panel) and hypoxic (right panel) conditions for 

6hrs. Representative bright field images from one of the wells is shown here. The experiment was performed 

in duplicates with 3 wells for each condition; Scale=100µm. Quantitative data is expressed in mean ± SEM. 

*P < 0.05, and ***P < 0.001. 
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9. CXCR2-KD tumors show decreased tumor volume and VM: 

We utilized the shRNA-lentiviral system to downregulate the expression of CXCR2 

on U251 cells to assess if the knockdown of the receptor has any effect on VM. The 

CXCR2-KD was confirmed using western blotting and immunofluorescence staining 

(Figure 40).  

 

 

Figure 40: Western blot with densitometry quantification and immunofluorescence imaging showing 

the decreased expression CXCR2 in the CXCR2 knockdown cells (CXCR2 Cw#5) compared to 

scramble cells. (n=2) 
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The CXCR2-KD and scrambled U251 cells were implanted subcutaneously in the 

same mouse and the tumor volume was measured on days 10, 15 and 20. The CXCR2-KD 

tumors were significantly (p<0.01) smaller compared to the scrambled tumors throughout 

the study (Figure 41).  
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Figure 41: CXCR2-KD cells show significant overall decrease in tumor volume. Representative images 

of CXCR2-KD tumors showing significant reduction in the volume (5 fold) compared to scrambled tumors. 

Each group had 4 animals (n=4). Representative images from one animal from each treatment group has been 

shown here. Statistical analyses were performed using two-tailed Student’s t-test and p value < 0.05 was 

considered significant. 
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To ascertain the extent of neovascularization in the CXCR2-KD tumors, owing to 

their smaller tumor size and volume, the tumor sections from both scramble and CXCR2-

KD tumors were stained with laminin. CXCR2-KD tumors had significantly fewer and 

smaller laminin-positive structures (p<0.01) compared to the scrambled tumors (Figure 

42). With a knockdown efficiency of 40-50%, the tumors had a significantly smaller size 

with fewer laminin-positive VM structures.  
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Figure 42: CXCR2-KD tumors form lesser laminin positive VM structures. Immunofluorescence 

staining showing reduction in the laminin-positive VM structures in the CXCR2-KD tumors compared to the 

scrambled tumors; Scale=100µm. Each group had 4 animals (n=4). We had a total of 12 sections (3 sections 

from each animal, one from each block per animal) per treatment group that were utilized for analysis. 

Representative images from one animal from each treatment group has been shown here. Statistical analyses 

were performed using two-tailed Student’s t-test and p value < 0.05 was considered significant. Quantitative 

data is expressed in mean ± SEM. **p<0.01. 
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We further probed the scrambled and CXCR2-KD tumor samples with hCXCR2 

antibody to determine whether there were any CXCR2+ GBM cells lining the laminin-

positive structures. We found that CXCR2+ GBM cells were juxtaposing the laminin-

positive vascular structures in the scrambled tumors. The CXCR2-KD tumors did not have 

CXCR2+ GBM cells lining their vascular laminin structures, indicating that CXCR2+ 

GBM cells play a crucial role in the formation of VM structures in GBM tumors (Figure 

43).  
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Figure 43: Absence of CXCR2+ GBM cells lining the laminin positive structures in CXCR2-KD 

tumors. Scale=50µm. Each treatment group had 4 animals (n=4). Representative images from one animal 

from each treatment group has been shown here. 
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To further investigate whether the laminin-positive VM structures in the scrambled 

tumors were lectin positive or not, we stained the scrambled tumor sections with lectin and 

laminin. Since hypoxia is a common feature of tumors, we also wanted to investigate if 

HIF-1α was involved in the formation of VM structures in the tumors. Lectin-laminin and 

HIF-1α-laminin co-localization (Figure 44) was also observed in the scrambled tumors 

indicating that these VM-like structures were indeed serving vascular purposes and that 

HIF-1α has a crucial role in mediating VM in the GBM tumors. 

 

 

Figure 44: Laminin-lectin and HIF-1α-laminin staining in the scramble tumor. Scale=50µm. The 

Scramble group had 4 animals (n=4). Representative images from one animal from each treatment group has 

been shown here.  
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To observe whether the CXCR2-KD U251 cells have decreased tube-forming 

capability, we performed tube formation assay using both the scrambled and CXCR2-KD 

U251 cells. We found that CXCR2-KD cells have defective tube forming capability 

compared to the scrambled cells in both normoxic (Figure 45) and hypoxic (Figure 46) 

conditions with AAT. The total number of tube-like structures were significantly reduced 

with CXCR2-KD compared to scrambled cells. Moreover, AAT did not restore or reverse 

the defective tube forming capability of CXCR2-KD cells (p<0.001), while the AAT 

increased the tube forming capability of scrambled cells similar to that observed in wild-

type U251 cells. 
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Figure 45: Scramble U251 (left panel) and CXCR2 knockdown (CXCR2 DKD, right panel) U251 GBM 

cells were seeded on matrigel for 6hrs in normoxia. Representative bright field images from one of the 

wells is shown here. The experiment was performed in duplicates with 3 wells for each condition; 

Scale=100µm. Quantitative data is expressed in mean ± SEM. *P < 0.05, and ***P < 0.001. 
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Figure 46: Scramble U251 (left panel) and CXCR2 knockdown (CXCR2 DKD, right panel) U251 GBM 

cells were seeded on matrigel for 6hrs in hypoxia. Representative bright field images from one of the wells 

is shown here. The experiment was performed in duplicates with 3 wells for each condition; Scale=100µm. 

Quantitative data is expressed in mean ± SEM. *P < 0.05, and ***P < 0.001. 



 

161 

 

10. Pathway analysis of interacting partners in the IL8-CXCR2 axis: 

To further delineate the molecular players involved in an IL-8-CXCR2 pathway 

mediated VM, scrambled, CXCR2-KD, CXCR+ sorted and CXCR2- sorted U251 cells 

were analyzed for the phosphorylation or expression of 70 different human protein targets 

covering 20 major signaling pathways. Significant reduction of p-EGFR Tyr1068 in the 

CXCR2-KD and CXCR2- cells was observed compared to the CXCR2+ sorted cells. 

CXCR2-KD and CXCR2- sorted cells showed increased phosphorylation of p-YAP1 

compared to the CXCR2+ sorted cells. The hypothetical pathway involving these players 

and their contribution in VM has been proposed alongside (Figure 47).  
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Figure 47: Differential expression patterns of phospho-proteins and proposed pathway schematic of 

IL8-CXCR2 mediated VM in GBM tumor cells.  
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CXCR2 and IL8 interacting partners show over 12.5% alteration in EGFR 

overexpressing GBM tumors (Figure 48). 

 

Figure 48: IL-8 and CXCR2 are downstream target genes of the EGFR signaling pathway implicating 

the role of EGFR in IL-8/CXCR2 axis mediated VM in GBM tumors. 
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11. Intervening IL-8-CXCR2 axis decreases the tumor burden and CXCR2+ 

endothelial cell-like and stem cell-like populations in GBM tumors: 

Previously, we observed that HET0016 (a 20-HETE synthesis inhibitor) could 

dramatically reduce the levels of IL-8 in the U251 GBM animal model (M. Jain et al., 

2017) and also reduce the incidence of VM (Angara, Rashid, et al., 2017). U251 GBM 

bearing animals were treated with vehicle, HET00106, SB225002, and a combination of 

Vatalanib and SB225002 (Vatalanib + SB225002) from day 8 to day 21. We found 

decreased GBM tumor growth in HET0016, SB225002, and Vatalanib + SB225002 

combination treated mice compared to the control group (Figure 49).
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Figure 49: HET0016 and SB225002 therapies decrease the tumor burden in an orthotopic U251 human 

GBM model in athymic nude mice. Representative MRI images from vehicle, HET0016, SB225002 and 

Vatalanib + SB225002 animal groups. Each treatment group had 3 animals (n=3). Representative images 

from one animal from each treatment group has been shown here. Statistical analyses were performed using 

two-tailed Student’s t-test and p value < 0.05 was considered significant. 
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Since we identified an increase in the CXCR2+ GBM tumor cells after AAT with 

endothelial and stem cell-like characteristics, we believed that these novel CXCR2+ 

subpopulations were responsible for mediating the AAT resistance in GBM. Moreover, we 

hypothesized that HET0016 and SB225002 would reduce these novel subpopulations. To 

confirm our hypothesis, we performed flow cytometry on the tumors collected from these 

treatment groups. As expected, CXCR2+, CD15+, CXCR2+ CD15+, CXCR2+ CD31+, 

CXCR1+ and CXCR1+ CXCR2+ cells showed a significant reduction in numbers 

compared to the vehicle and AAT treated group (Figure 50).  
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Figure 50: HET0016 and SB225002 therapy decreases the CXCR2+ endothelial cell-like and stem cell-

like populations in GBM tumors. Flow cytometry data in vivo showing different CXCR2 GBM 

subpopulations in HET0016, SB225002 and Vatalanib + SB225002 treated groups compared to the vehicle 

and AAT treated groups. Orthotopic U251 GBM tumors were developed in athymic nude mice on day 0 and 

treatments with vehicle, AAT, HET0016, SB225002 and a combination of Vatalanib + SB225002 were 

initiated on day 8 and continued until day 21. At the end of the experiment, on day 21, animals were sacrificed 

and their brains with tumors were processed into single cell suspensions for analyzing various tumor cell 

subpopulations. Each treatment group had 3 animals (n=3). Statistical analyses were performed using two-

tailed Student’s t-test and p value < 0.05 was considered significant. 
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In addition, we noticed a significant decrease in the endothelial-like subpopulations 

like CD202b+ CD144+, CD202b+ CD309+, CD105+ CD309+ and CD309+ CD144+ 

GBM cells compared to the vehicle and AAT treated groups (Figure 51). 
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Figure 51: HET0016 and SB225002 therapy decreases other endothelial cell-like and stem cell-like 

populations in GBM tumors. Flow cytometry data in vivo endothelial-like GBM subpopulations in vehicle, 

AAT, HET0016, SB225002 and Vatalanib + SB225002 animal groups. Orthotopic U251 GBM tumors were 

developed in athymic nude mice on day 0 and treatments with vehicle, AAT, HET0016, SB225002 and a 

combination of Vatalanib + SB225002 were initiated on day 8 and continued until day 21. At the end of the 

experiment, on day 21, animals were sacrificed and their brains with tumors were processed into single cell 

suspensions for analyzing various tumor cell subpopulations. Each treatment group had 3 animals (n=3). 

Statistical analyses were performed using two-tailed Student’s t-test and p value < 0.05 was considered 

significant. 
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We performed cell viability assays (MTT assay) using U251 GBM cells with 

increasing doses of SB225002 ranging from 100nM to 4µM for 24 and 48 hours. There 

was no change in the viability of cells with any dose of SB225002 (100nM to 4µM) after 

24 hours. At the end of 48 hours, we found around 20% reduction in cell viability (Figure 

52). Therefore, we decided to use 1µM and 2µM concentrations for all our in vitro 

experiments. 

 

 

Figure 52: Cell viability assay on U251 GBM cells with increasing doses of SB225002. 1×104 cells were 

seeded in each well of 96-well plate in triplicates and cells were treated on next day with increasing doses of 

SB225002 (100nM-4µM) for 24 and 48 hours. Statistical analyses were performed using two-tailed Student’s 

t-test and p value < 0.05 was considered significant.
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We also performed tube formation assay with U251 cells subjected to treatment 

with HET0016 and SB225002. For HET0016, we used a final working concentration of 

100µM per well. For SB225002, we employed two different concentrations of the drug in 

a way to achieve a final working concentration of 1µM and 2µM per well. Both HET0016 

and SB225002 significantly disrupted the tube forming capability of U251 cells in 

normoxic and hypoxic conditions compared to the control groups (Figure 53).  
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Figure 53: U251 GBM cells treated with vehicle (control), HET0016 (100 µM) and two different 

concentrations of SB225002 (1µM and 2µM) and cultured in both normoxic (left panel) and hypoxic 

(right panel) conditions for 6hrs. Representative bright field images from one of the wells is shown here. 

The experiment was performed in duplicates with 3 wells for each condition; Scale=100µm. Statistical 

analyses were performed using two-tailed Student’s t-test and p value < 0.05 was considered significant. 

Quantitative data is expressed in mean ± SEM. *P < 0.05, and ***P < 0.001. 



 

175 

 

Similar results were observed on the disruption of tube forming capability of U87 

cells (Figure 54).  
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Figure 54: HET0016 and SB225002 treatments disrupt tube formation in U87 GBM tumors. U87 GBM 

cells treated with vehicle (control), and two different concentrations of SB225002 (1µM and 2µM) and 

cultured in both normoxic (upper panel) and hypoxic (lower panel) conditions for 6hrs. Representative 

bright field images from one of the wells is shown here. The experiment was performed in duplicates with 3 

wells for each condition; Scale=100µm. Statistical analyses were performed using two-tailed Student’s t-test 

and p value < 0.05 was considered significant. Quantitative data is expressed in mean ± SEM. *P < 0.05, and 

***P < 0.001. 
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We also investigated whether SB225002 and Vatalanib + SB225002 could reduce 

the total CXCR2+ cells lining the laminin-positive VM structures and found that both 

SB225002 and the Vatalanib + SB225002 reduced the laminin-positive VM structures 

compared to vehicle treated group (Figure 55). 
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Figure 55: Representative images of the areas within the tumor showing decreased expression of 

CXCR2+ GBM cells and vascular laminin coverage in SB225002 and Vatalanib + SB225002 treated 

groups compared to the vehicle treated group. Scale=100µm. Each treatment group had 3 animals (n=3). 

Representative images from one animal from each treatment group has been shown here.  
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IV. DISCUSSION 

 

Glioblastomas (GBM) are extremely hypervascular tumors with high incidence of 

relapse and notorious refractoriness. Because of these attributes, it is extremely difficult to 

treat these tumors (Stupp et al., 2005). Anti angiogenic therapy (AAT) has been formulated 

as an adjuvant to the standard treatment modules (Chinot & Reardon, 2014). However, the 

transient benefits offered by this therapy and the subsequent pathological hypervascularity 

observed in these tumors necessitated the study of these neovascularization mechanisms in 

tumors in response to therapy. Vatalanib targets the VEGF-VEGFR2 pathway to inhibit 

classical angiogenesis (Mross et al., 2005). The increasing incidences of relapses of tumor 

and the subsequent progressive tumor growth point towards the development of resistance 

of tumors to AAT (Grabner et al., 2012; K. D. Miller et al., 2005; Norden, Drappatz, et al., 

2008a, 2008b; Norden, Young, et al., 2008; Thompson, Frenkel, & Neuwelt, 2011; Wong 

et al., 2011). The initiation of alternative signaling pathways such as the basic fibroblast 

growth factor (bFGF), IL8-CXCR1-CXCR2, Tie-2, stromal-cell derived factor-1α (SDF-

1α), and increased VEGF production leading to hypervascularity and increased 

invasiveness of the tumor cells are some of the important explanations for the development 

of resistance of tumors to AAT (Batchelor et al., 2007; Kerbel, 2008; Norden, Drappatz, et 

al., 2008b). Hypoxia results in the upregulation of HIF-1α. HIF-1α induces the production 

of a potent chemoattractant called the stromal derived factor 1-alpha (SDF-1α) which 

serves to promote the recruitment, migration and accumulation of bone marrow derived 
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cells (BMDCs) to the TME by signaling through the CXCR4 receptors on the surface of 

BMDCs. These BMDCs include cells such as endothelial progenitor cells (EPCs), 

angiogenic monocytes, tumor associated macrophages, and Myeloid derived suppressor 

cells (MDSCs) (Achyut & Arbab, 2016; Achyut et al., 2015; Arbab et al., 2008; Du et al., 

2008; Z. G. Zhang, Zhang, Jiang, & Chopp, 2002). These are classical players that serve 

to provide an explanation of vasculogenesis. However, in recent years our group and other 

investigators have noticed vessel like structures that are formed by tumor cells in GBM 

following AAT. These tumor cell derived vessel like structures are called VM (Arbab, Jain, 

& Achyut, 2015).  

The primary motive of the inclusion of AATs in the standard therapies is to inhibit 

abnormal neovascularization and promote the normalization of blood vessels (Dietrich et 

al., 2008; Los et al., 2007; Norden, Drappatz, et al., 2008b). Drugs such as Vatalanib 

(PTK787), Sunitinib, Cediranib, etc have been used in the clinic with the VEGF-VEGFR 

signaling pathway being the primary target. However, these drugs offer a transient benefit 

of a therapeutic response lasting weeks or months. This is followed by a more aggressive 

comeback by tumors as reflected in the higher degree of episodes of relapse, restoration of 

tumor growth and progression (Grabner et al., 2012; K. D. Miller et al., 2005; Norden, 

Drappatz, et al., 2008a, 2008b; Norden, Young, et al., 2008; Thompson et al., 2011; Wong 

et al., 2011). However, there has been no study demonstrating AAT induced VM in tumors. 

Previous studies have demonstrated the presence of VM and mosaic vessels composed of 

endothelial cells, tumor cells and basement membrane crucial to the invasion of tumor and 

immunohistologically representing vessel co-option in tumors (X. M. Liu et al., 2011). 
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Another study demonstrated the presence of PAS-positive networks and closed loops 

within the tumor in which each loop surrounded nests or smaller lobules of glioblastoma 

tumor cells, characteristic of VM (Y. Chen et al., 2012). VM is a pathological 

neovascularization mechanism adopted by tumors to counter the drastic effects exhibited 

by the AAT and other chemotherapeutic strategies. VM structures are rich in extracellular 

patterned matrices abundant in laminin, heparan sulfate, proteoglycan, and collagens IV 

and VI (Folberg & Maniotis, 2004; Maniotis et al., 1999). For the tumor cells to meet with 

their growing metabolic, nutrient and oxygen demands, it is imperative that metastasis is a 

viable option. The process of neovascularization is indispensable for metastases to happen. 

The formation of patterned matrices has already been conclusively established as crucial 

histopathological evidence for VM and corroborated in our current study as well. These 

patterned matrices capable of forming vascular networks are composed of a basement 

membrane made of glycoproteins and heparan sulfate that are visualized by PAS staining 

as well as laminin (X. Chen et al., 2002; Clarijs et al., 2002; Folberg et al., 1993). In the 

study towards my dissertation, we have stained consecutive sections from animals with 

orthotopic GBM treated with vatalanib for laminin and PAS. We have noticed that in most 

of the areas in the tumor, the PAS staining superimposed on the laminin staining, thereby 

ruling out the possibility that the PAS staining was the contribution of the excess glycogen 

deposits generated by hypoxia. We have also observed PAS in areas negative for laminin. 

We believe that the basement membrane required for the lumen formation capable of 

generating vascular structures carrying plasma and functional Red Blood Cells (RBCs) 

would be an eventual step in VM formation and this could be the reason why we do not 
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see laminin staining in areas where PAS staining is present by itself. Our laminin-PAS co-

staining therefore strongly negates the possibility of the hypoxia-mediated glycogen 

deposit and further conclusively proves VM in our model. Our studies have also 

corroborated the same evidence demonstrated by the above mentioned investigations in 

tumors (X. Chen et al., 2002; Clarijs et al., 2002; Folberg et al., 1993). We report for the 

first time the presence of such neovascular structures and establish the existence of such 

structures as an adaptive mechanism of tumor cells to meet with their growing demand of 

nutrient, oxygen and metabolic supply following AAT in GBM. The presence of higher 

expression of HIF-1α at the core of AAT treated GBM also indicates hypoxia following 

AAT and suggests that hypoxia may have contributed to more VM. Moreover, AAT may 

have caused alternative neovascularization and refractory growth of GBM causing further 

hypoxia and development of more VM.  

Our results showed that the increased size of the tumors positively correlated with 

the increased incidence of VM in the hypoxic tumor core. Our data suggest that hypoxia 

drives the VM and its sustenance in the tumor center to generate new blood vessels. We 

found higher expression of HIF-1α at core of AAT treated tumor indicating hypoxia which 

may have contributed to accelerating VM. Moreover, these blood vessels help the tumors 

to grow and meet the metabolic and nutrient supply for invasion and metastasis. One of the 

most crucial steps in the VM is the trandifferentiation of mature GBM cells into 

glioblastoma stem like cells (GSCs) with endothelial properties.  Several studies have 

already established that tumor cells transdifferentiate into endothelial like cells (termed 

tumor derived endothelial cells, TDECs),which were CD45 negative but CD31 and CD34 
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positive, and GSC with CD133+CD144+ phenotype promote the VM in GBM tumors 

(Soda et al., 2011). Previous studies have also reported the presence of endothelial 

progenitor like characteristics of CD133+ glioma stem like cells or glioma initiating cells. 

We suspect that the hypoxic conditions in the tumors promote VM and its sustenance by 

the generation of these GSCs. In addition, CD144 (VE-Cadherin), also regulated by 

hypoxia, has been cited as the key molecule driving VM in GBM (Chiao et al., 2011; Janic 

& Arbab, 2010; X. G. Mao et al., 2013). 

In the current study, we also used a novel therapeutic IV formulation of N-hydroxy-

N′-(4-butyl-2 methylphenyl) formamidine (HET0016), a highly selective inhibitor of 20-

hydroxy arachidonic acid (20-HETE) synthesis by targeting the enzymes of the cytochrome 

P450, family 4, subfamily A (CYP4A) and CYP4F families (Seki, Wang, Miyata, & 

Laniado-Schwartzman, 2005). 20-HETE induces the angiogenic responses in endothelial 

cells by stimulating the production of VEGF and HIF-1α. These factors are crucial for the 

induction of such angiogenic responses (A. M. Guo et al., 2007; Austin M. Guo et al., 

2009). HET0016 effectively controls the angiogenic responses induced by several growth 

factors, cytokines and chemokines such as VEGF, EGF, FGF-2, MMP-9, HIF-1α, IL-8, 

and was also shown to inhibit tumor growth induced by implanted human U251 cells, 

gliosarcoma and other tumors (Borin et al., 2014; P. Chen et al., 2005; M. Guo et al., 2006; 

Shankar et al., 2016). HET0016 administered through IP or IV route showed decreased 

formation of VM compared to that of Vatalanib treated animals in our studies. For IV 

formulation, we have used β-hydroxy-cyclodextrin as delivery vehicle for enhanced 

delivery to the hypervascular GBM by exploiting enhanced permeability and retention 
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(EPR) effects. Our ongoing studies showed increased uptake and retention of IV 

formulated HET0016 in GBM compared to IP formulated HET0016 and caused significant 

inhibition of tumor growth and vascularization (data not shown). However, most strikingly, 

a significantly lower number of VM was observed in animals that were treated with 

HET0016 IV from day 8 of tumor implantation, which could be due to the effect of higher 

concentration of HET0016 on the tumor cells as well as endothelial cells in and around the 

tumor as shown in our previous studies (Ali et al., 2010). Our previous studies also 

indicated lower expression of HIF-1α in tumors following HET0016 (Borin et al., 2014). 

Our ongoing studies focus on discovering novel pathways involved in preventing VM by 

HET0016. 

We further sought to investigate the mechanisms causing VM mediated AAT 

resistance in GBM. In the second part of the study, we report that CXCR2-positive tumor 

cells contribute to the PAS-positive VM structures in human GBM tumor samples. The 

CXCR2+ GBM cells acquire the lectin marker indicating an acquisition of the endothelial 

phenotype by these cells. Also, with the progression of the glioma from lower grades to 

higher, there is an increased number of PAS-positive structures lined by CXCR2+ GBM 

cells. The vandenBoom brain Oncomine data analysis also showed a positive correlation 

between CXCR2 expression and the recurrence status and grade of GBM. IL-8 and CXCR2 

overexpressing GBM tumors also showed a poorer overall survival and disease-free 

survival on a Kaplan Meier estimate. Moreover, Yang et al reported that an increased 

CXCR2 expression was correlated with abysmal prognosis, a higher grade of tumor and 

recurrence in human glioma patient samples (L. Yang et al., 2015). While investigating the 
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mechanisms of acquired therapy resistance in GBM, we observed that AAT caused a 

paradoxical increase in the tumor burden and upregulated the IL8 levels and the CXCR2 

expression on U251 GBM cells in a mouse model. IL8-CXCR2-upregulated tumor cells 

were able to form functional VM structures in the tumor tissue. Although IL-8 is known to 

promote neutrophil, basophil, macrophage and T-cell chemotaxis, reports have underlined 

the role of IL-8 in facilitating invasion in gliomas through NF-κB pathway (Raychaudhuri 

& Vogelbaum, 2011), worsening of tumor grade in astrocytic neoplasms (Van Meir et al., 

1992) and increasing the apoptotic threshold and sprouting potential of tumor-associated 

ECs (Brat et al., 2005; A. Li et al., 2003). The concept of pathological neovascularization 

and its clinical implication has been highlighted in some seminal studies in the recent years, 

which have brought the concept of VM into the spotlight (Ricci-Vitiani et al., 2010; Soda 

et al., 2011; R. Wang et al., 2010). Recent studies have shown that Avastin failed to 

recapitulate the disruptive effect of VEGFR2 inhibitor (SU1498) on tube forming 

capability of U87 cells (Francescone et al., 2012). We demonstrated that the tube forming 

capability of U251 and U87 cells was accelerated on matrigel following the treatment of 

both VEGFR2 blocker (Vatalanib) and VEGF-A ligand-neutralizing antibody (Avastin). 

In addition, it has been reported that SB225002 disrupt the tube formation of human 

umbilical vein endothelial cells (HUVECs) seeded either independently or in co-culture 

with tumor cells (HPDE-Kras) (Devapatla et al., 2015; Matsuo, Campbell, et al., 2009; Xie, 

Ju, Speyer, Gorski, & Kosir, 2016). 

Interestingly, when we analyzed the CXCR2-KD and CXCR2- U251 sorted cells 

we observed a decrease of p-EGFR Tyr1068 levels in the CXCR2-KD and CXCR2- cells 
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compared to the CXCR2+ U251 sorted cells. Given the significance of EGFR gene 

amplification in primary GBM (Fuller & Bigner, 1992) and the role of EGFR and 

EGFRvIII in GBM invasion and angiogenesis (Bonavia et al., 2012; Lal et al., 2002; Penar, 

Khoshyomn, Bhushan, & Tritton, 1997), our findings emphasize the importance of the 

EGFR and further nominate CXCR2 as an interesting therapeutic target to control GBM 

tumor growth. In addition to this, increased phosphorylation of p-YAP1 Ser127 was 

observed in CXCR2-KD and CXCR2- U251 sorted cells compared to the CXCR2+ U251 

cells. Recent studies have demonstrated the role of YAP1 in maintaining stem-cell-like 

state and VM in non-small cell lung cancer. Inhibiting or depleting YAP1 suppressed self-

renewal and VM of stem-like cells (Bora-Singhal et al., 2015). It would be interesting to 

look into the role of YAP1 in IL-8-CXCR2 axis-mediated VM in GBM. A proposed model 

of AAT mediated resistance through VM and the use of CXCR2 inhibitor SB225002 to 

counter the AAT therapy resistance by decreasing the acquisition of stem-cell-like and 

endothelial-cell like phenotypes in CXCR2+ GBM cells is shown in Fig. 6. 

Endothelial phenotype acquisition of the tumor cells has already been established 

as a key feature in the formation of VM structures in the tumors (Ricci-Vitiani et al., 2010; 

Soda et al., 2011; R. Wang et al., 2010). We originally reported in this study that CXCR2+ 

GBM cells acquire stem cell-like and endothelial phenotypes following AAT both in vitro 

and in vivo strengthening our hypothesis that CXCR2+ GBM cells drive the AAT 

resistance via VM. Recently, utilization of IL-8-CXCR2 pathway disrupting agents showed 

an inhibition of cell growth and drug-resistance (B. Sharma, Varney, Saxena, Wu, & Singh, 

2016) and an improvement in the anti-tumorigenic and anti-AAT responses (Devapatla et 
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al., 2015). In our current study, both HET0016 and SB225002 were able to inhibit tube 

formation in both normoxic and hypoxic conditions. Surprisingly, treatment with 

HET0016, SB225002 and the combination of Vatalanib + SB225002 decreased CXCR2+ 

endothelial-like and stem-cell-like subpopulations in U251 GBM mouse model compared 

to the AAT (Vatalanib and Avastin) treated groups.  

Having confirmed the effects of inhibiting the IL-8-CXCR2 axis using a 

pharmacological intervention, we wanted to confirm our observations regarding the 

reduction in tumor volume and vascularity using genetic manipulation. The hyper-

proliferative neoplasia-inducing effects of IL-8 were completely abolished by siRNA-

mediated knockdown of CXCR2 in the glioma stem cells in vivo (Infanger et al., 2013). 

We used shRNA-mediated approach to knockdown CXCR2 receptor on U251 GBM cells 

and further implanted the Scramble U251 and CXCR2 knockdown (KD) cells in athymic 

nude mice. We report that CXCR2-KD tumors showed significantly decreased tumor 

volume and reduction in the laminin-positive VM structures in vivo. This laminin-positive 

VM structures could be clearly seen as poorly developed vascular structures and there is 

an absence of the CXCR2+ GBM cells in the lining of these structures in the CXCR2-KD 

tumors. We also subjected the Scramble U251 and CXCR2-KD cells to matrigel based tube 

formation assay in the presence of Vatalanib and Avastin. The defective tube formation 

observed in CXCR2-KD could not be rescued using either Vatalanib or Avastin, indicating 

that the tube forming capability is inhibited following disruption of IL-8-CXCR2 axis. The 

genetic manipulation of U251 GBM cells to knockdown CXCR2 expression yielded 

similar results as compared to the pharmacological intervention model using HET0016 and 
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SB225002. These results confirm that IL-8-CXCR2 axis is singular in the formation of VM 

and tube like structures on matrigel and that disruption of this axis could lead to a dramatic 

reduction of VM both in vivo and in vitro, thus making this axis a viable target for 

therapeutic interventions.  



 

191 

 

V. SUMMARY 

 

In summary, our study suggests that AAT associated drug resistance and 

neovascularization is mediated through VM. Hypoxia is critical in VM initiation and 

formation of functional vessel-like structures in the tumor following vatalanib treatment. 

In addition, we employed the use of a novel therapeutic formulation of HET0016 and 

SB225002 for targeting VM.  Both of these drugs could be alternative agents to target 

tumor growth as well as formation of neovascularization including VM. We have provided 

solid evidence for the involvement of IL-8-CXCR2 pathway in the formation of VM 

structures and mediating AAT resistance in human GBM tumors and animal models. Both 

HET0016 and SB225002 can successfully impede the IL-8-CXCR2 pathway to prevent 

VM and thus open new avenues for the consideration of these drugs as adjuvants to 

temozolomide (TMZ) and radiation therapies to treat therapy resistant or recurred GBMs. 

Danirixin, a CXCR2 antagonist (GSK1325756) is currently in clinical trials for the 

assessment of its efficacy as an anti-inflammatory agent in chronic obstructive pulmonary 

disease (B. E. Miller et al., 2015). It would be really interesting to see if GSK1325756 

would offer any therapeutic benefit as an adjuvant to TMZ and radiation therapies in 

recurrent GBMs. 
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VII. ABBREVIATIONS  

 

20-HETE: 20-Hydroxyeicosatetraenoic acid 

AAT: Anti-angiogenic therapy 

AI/AN: American Indian/Alaska Native 

ANG-2: angiopoietin-2 

API: Asian/Pacific Islanders 

AP-1: NF-κB activator protein 1 

BBB: Blood Brain Barrier 

BF: bright field 

BM: Bone marrow 

BMDCs: Bone marrow derived cells 

BM-MSCs: bone marrow-derived mesenchymal stem cells 

CBTRUS: Central Brain Tumor Registry of the United States 

C/EBP: CCAAT/enhancer binding protein 

CNS: Central nervous system 

CSCs: Cancer stem cells 

DAPI: 4',6-diamidino-2-phenylindole 

DLL4: Delta like-4 

DMEM: Dulbecco’s modified eagle’s medium 

DMSO: dimethyl sulfoxide 
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EC: Endothelial cell 

ECM: Extracellular matrix 

EDTA: Ethylenediaminetetraacetic acid 

EDV: endothelium dependent vessel 

EGF: epidermal growth factor 

EGFR: Epidermal growth factor receptor 

EMT: epithelial-to-mesenchymal transition 

EPCs: endothelial progenitor cells 

FBS: Fetal bovine serum 

FDA: Food and Drug Administration 

FGF: fibroblast growth factor 

FOV: field of view 

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase 

GBM: Glioblastoma 

GSCs: Glioblastoma stem cells 

GPCRs: guanine-protein-coupled-receptors 

GFP: Green fluorescent protein 

GRO: Growth related oncogene 

HE: host endothelium 

HIF-1α: Hypoxia-inducible factor 1α 

HLA-A: Human Leukocyte antigen-A 

HUVECs: Human umbilical vein-derived endothelial cells 
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IL-8: Interleukin 8 

KD: knock-down 

LSCC: laryngeal squamous cell carcinoma 

MDSCs: Myeloid derived suppressor cells 

MHC-I: Major histocompatibility complex-I 

MMP: matrix metalloproteinases 

MRI: magnetic resonance imaging 

MSME: multi-slice, multi-echo 

MV: mosaic vessel 

NF-κB: Nuclear factor kappa beta 

NM: neurosphere medium 

NOD-SCID: Non-obese diabetic severe combined immunodeficiency 

PAS: Periodic acid-Schiff 

PBS: Phosphate buffered saline 

PDGF: platelet derived growth factor 

PECAM-1: Platelet endothelial cell adhesion molecule-1 

PFS: progression free survival 

RBCs: red blood corpuscles 

RNA: Ribonucleic acid 

RT: Radiotherapy 

SDF-1α: Stromal derived factor-1 alpha 

SEM: standard error mean 
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shRNA: short hairpin ribonucleic acid 

STR: short tandem repeat 

SVM: sustenance of vascular mimicry 

TCGA: The cancer genome atlas 

TDECs: tumor derived endothelial cells 

Tg (tg): transgenic 

TKI: Tyrosine kinase inhibitor 

TME: Tumor microenvironment  

TMZ: Temozolomide 

TNBC: triple-negative breast cancers 

UCB-MSCs: umbilical cord blood-derived mesenchymal stem cells 

VE-Cadherin: Vascular endothelial cadherin 

VEGF: Vascular endothelial growth factor 

VEGFR: Vascular endothelial growth factor receptor 

VM: Vascular Mimicry 

WHO: World Health Organization 

YAP 1: Yes-associated protein 1 
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VIII. APPENDIX A: ADDITIONAL PROTOCOLS  

This section includes the detailed protocols of all the experiments performed towards the 

completion of this dissertation. 

A) Culturing neurospheres: 

Fresh glioblastoma samples obtained from patients are processed as described 

below. It is best to process soon after harvest of tissue. (No longer than 3hrs post-

harvest). 

i. Tissue digestion methods: 

a. Cut samples into < 1 mm3 fragments. 

b. Wash with Hanks’s balanced salt solution (Mediatech). 

c. Digest with 1mg/ml collagenase/dispase (Roche) for ~30 min. @ 37ºC 

in shaking water bath. 

d. Digested fragments are then filtered using a 70µm cell mesh. 

e. Wash with Hank’s balanced salt solution or PBS twice. 

f. Overlay cell supernatant on histopaque ficoll (to remove red blood 

cells). 

g. Centrifuge at 2000 rpm for 35-40 min. 

h. Carefully remove the top layer to the layer containing cells of interest. 

i. Remove cells of interest and place in clean tube. 

j. Wash cell mixture with 10 x the volume in PBS and centrifuge at 1500 

for 5 min twice. 
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k. Decant the supernatant and re-suspend cells in Neurobasal A media. 

l. Seed cells into T25 flasks @ 2500-5000 cells cm-2. 

ii. Passage of cells and culture: 

a. For neurosphere culture of NBE cells, uncoated plastic plates were used. 

(Nunc Flask T-25 VWR, Cat. # 156367; T-75 Corning Costar, Fisher 

Scientific, Cat. # 3276; T-162 cm flask, Fisher Scientific, Cat. # 3151) 

b. At days 2, 4, 6 etc. up to 7-14 days, add 1 ml of fresh media and fresh 

growth factors & heparin.  

c. Spheres can be used for detecting CD 133 positivity as early as day 4 

post forming spheres, however should be cultured for 7-14 days. 

d. Spheres were split by mechanical dissociation when they reached sizes 

of 200-500 µm. Therefore, it is important to observe the spheres daily. 

e. We found that the cells renew best in Neurobasal A media vs the 

Stemcell Technology media in our hands. 

iii. Procedure for Cryopreservation: 

a. Preparation: 

i. Ensure that the freezing jar is at room temperature (15 - 25˚C) 

and filled with isopropanol. 

ii. Prepare the freezing medium by adding DMSO to the culture 

medium to a final concentration of 10% (v/v). We recommend 

using the appropriate species-specific Complete Neurobasal A 
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Medium (i.e. containing rhEGF, rhbFGF and Heparin as 

appropriate). 

iii. Label 2 mL cryogenic vials with name, date, passage number 

and cell type. 

b. Cryopreservation: 

i. Collect neurospheres by gently pipetting. 

ii. Centrifuge at 110 x g for 10 minutes. 

iii. Remove supernatant and wash the cell pellet once with the 

appropriate species-specific Complete Neurobasal A Medium. 

iv. Centrifuge at 110 x g for 10 minutes. 

v. Remove supernatant and resuspend the cell pellet quickly and 

gently in 1.5 mL freezing medium. Swirl gently to disperse the 

neurospheres. 

vi. Transfer the neurospheres into the pre-labelled cryovials. 

vii. Transfer cryovials into the freezing jar containing isopropanol. 

viii. Leave the freezing jar at -80˚C for a minimum of 4 hours, to 

allow a slow and reproducible decrease in temperature (-

1˚C/minute). 

ix. Transfer cryovials into liquid nitrogen for long term storage. 

c. Thawing: 

i. Warm the appropriate species-specific Complete Neurobasal A 

Medium in a water bath to 37˚C. 
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ii. Quickly transfer cryovial(s) from liquid nitrogen to 37˚C water 

bath and leave until thawed. Swirl the vial to promote thawing. 

iii. Wipe the cryovial(s) thoroughly with 70% ethanol. 

iv. Slowly transfer the neurosphere cell suspension from the 

cryovial to a 15 mL polypropylene tube containing 5 mL warm 

Complete Neurobasal A Medium. 

v. Centrifuge cell suspension at 110 x g for 8 minutes. 

vi. Remove most of the supernatant. 

vii. Gently re-suspend cell pellet without dissociating the 

neurospheres in fresh warm Complete Neurobasal A Medium 

and place in a tissue culture flask of the appropriate size 

(depends on the quantity of cells thawed). 

d. Notes for Successful Cryopreservation: 

i. Do not let the neurospheres grow too large before harvesting for 

cryopreservation. 

ii. Do not mechanically dissociate neurospheres before freezing. 

This will increase the number of dead cells, significantly 

lowering the viability of the thawed culture. 

e. Media preparation: 
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Table 1: Details of the Neurobasal medium used for neurosphere culture  

Neurobasal A media 475.5 ml 

N2 supplement 5 ml 

B-27 supplement 10 ml 

bFGF 10ng/ml 

hEGF 20ng/ml 

Penicillin/streptomycin 5 ml 

L-glutamine 2.5 ml 

Heparin 2 ml 
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B) Immunohistochemistry and PAS staining: 

1) Put the slides in the oven for 30min at 60ᵒC. 

2) Deparaffinize: 

a. Xylene - 30min 

b. Xylene - 20min 

c. 100% alcohol - 10min 

d. 95% alcohol - 10min 

e. 70% alcohol - 10min 

f. 30% alcohol - 10min 

g. dH2O - 10min 

3) Antigen Retrieval: 

a. Proteinase K 

i. Dilute Proteinase K 1:10 times with 1xDPBS, make fresh 

Proteinase K every time. 

ii. Put one or two drops of diluted Proteinase K on tissues and put 

it in 37ᵒC incubator for 10 min. 

b. Boiling 

i. Preheat the water to 95ᵒC during the deparaffinization step. 

ii. Put the slides with the slide holder in boiling water for 40-

60min. Please make sure the temperature of water does not exceed 

95ᵒC, as this may damage the antigen of interest. 
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4) Wash in running water for 5min each, 3 times. Put the slides in the slide holder 

in the slide holder cassette and put the cassette under running tap water 

with a fine stream directly into the cassette so as to clean the slides well. 

5) Put 2-3 drops of Hydrogen Peroxide (3%) on the slides to cover the tissue and 

incubate for 5-10 min (8min preferable) in dark at room temperature. 

6) Wash in running water for 5min each, 3 times. 

7) UV Block 2-3 drops to cover the tissue for 5-10min (8min preferable) at room 

temperature. 

8) Do not wash. 

9) Primary Antibody: 

a. Prepare 1ᵒAb of required concentration in 1xDPBS. 

b. Some 1ᵒAb are ready to use. 

c. Add 2-3 drops to cover the tissue. 

d. Incubate overnight at 4ᵒC or at Room Temperature for 2-3 hours. 

e. Keep the slides hydrated at all times, for this soak paper towels in water 

and place the slides with the 1ᵒAb on these wet paper towels. 

10) Wash in running water for 5min each, 3 times. 

11) Primary Antibody Enhancer: 

a. Put 2-3 drops of Primary Antibody Enhancer on the tissue and incubate 

at room temperature for 10min. 

12) Wash in running water for 5min each, 3 times. 

13) HRP Polymer: 
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a. Put 2-3 drops of HRP Polymer on the tissue (this is your 2ᵒAb, which 

can detect 1ᵒAbs made in Rabbit and Mouse). Please make sure 

your 1ᵒAbs are made in mouse or rabbit. 

b. Incubate in DARK at room temperature for 10min. 

c. The HRP polymer bottle has to be stored in dark. 

Steps 11-13 can be OMITTED if the kit is unavailable. 

14) Peroxidase tagged 2ᵒAb 

a. Add 2ᵒAb tagged with peroxidase (Jackson labs) in 1:100 dilution on 

the slides (diluted in 1xPBS) and incubate slides in dark for 45min 

to 1hr at RT. 

15) Wash in running water for 5min each, 3 times. 

16) DAB Chromogen/AEC Chromogen: 

a. 1ml of DAB substrate  + 1-2 drops of DAB Chromogen (Thermo 

Scientific) 

b. Put 2-3 drops of DAB substrate + Chromogen solution and incubate at 

RT. 

c. The incubation time has to be specified according to individual 

experiments. If PAS staining has to be done on the same tissue, it 

is advisable to incubate DAB for more time. Usually 6-10 min of 

DAB incubation time is preferred for PAS staining. This is because 

the periodic acid treatment for PAS staining chews up the DAB’s 

brown color giving weaker staining. 
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17) Wash in running water for 5min each, 3 times. 

18) PAS staining: 

a. Make FRESH periodic acid every time. 

b. Preparation of 0.5% Periodic acid 

i. 0.5gm of Periodic acid in 100ml of dH2O (25mg in 5ml dH2O) 

c. Put 2-3 drops of Periodic acid (to oxidize) the tissue and incubate for 

5min at RT in dark. 

d. Wash in running water for 5min each, 3 times. 

e. Bring Schiff reagent to RT before use (Schiff reagent is in 4ᵒC). Put 2-3 

drops of Schiff reagent on the slides (Exercise caution while 

handling Schiff reagent, use transfer pipets and not pipette tips to 

put Schiff reagent on slides. 

f. Incubate with Schiff reagent for 15min in dark at room temperature. 

g. Wash with lukewarm water (prepared by heating water (100ml beaker) 

in microwave for 45sec). 

h. Wash the slide in regular water, quick dip. 

19) Counterstain: 

a. Take Harris hematoxylin solution in a beaker. 

b. Dip the slides in Harris hematoxylin solution for 5-15sec depending on 

the strength of counterstain preferred. 

c. Wash the slides in running water for 5min each, 3 times. 

20) Dehydration: 
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a. 70% alcohol - 10min 

b. 95% alcohol - 10min 

c. 100% alcohol - 10min 

d. 100% alcohol - 10min  

e. Xylene - 10min 

f. Xylene - 10min 

21) Permount (Wipe the slides to remove excess Xylene and then mount them) 

22) Coverslip the slides. 

Table 2: Details of the antibodies, the antigen retrieval methods, dilutions used and vendors  

Antibody Antigen 

Retrieval 

Dilution Company/Vendor 

HLA-A Boiling 1:100 Abcam (ab52922, Rb mAb 

α h) 

Laminin Proteinase K Ready to use Thermo (RB-082-R7, Rb 

mAb α h) 

CD31 Proteinase K 1:50 Abcam (ab28364, Rb pAb 

α m, h) 

α-SMA Boiling 1:100 Abcam (ab7817, Ms mAb 

α m, h, r) 

Ki67 Boiling 1:200 Millipore (AB9260, Rb 

pAb α m, r, h) 
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vWF Proteinase K 1:100 DAKO (A0082, Rb pAb α 

h) 

VEGFR2 Boiling 1:100 Thermo (RB-1526, Rb pAb 

α m, h) 

VE-Cadherin Boiling 1:200 Millipore (MAB1989, Ms 

mAb α h) 

MMP2 Boiling 1:200 Invitrogen (MA5-13590, 

Ms mAb α m, h, r) 

MMP9 Boiling 1:200 Abcam (Ab76003, Rb 

mAb α r, h) 

CD44 Boiling 1:50 Abcam (Ab51037, Rb 

mAb α h) 

CD24 Boiling 1:50 Santa Cruz (sc-11406, Rb 

pAb α m, r, h) 

ROCK1 Boiling 1:50 Santa Cruz (sc-5560, Rb 

pAb α m, r, h) 

N-Cadherin Boiling 1:200 BD Biosciences (#610920, 

Ms mAb α m, h, r) 

E-Cadherin Boiling 1:200 Bioss (bs-10009R, Rb 

pAbαm, r, hu) 

S100A4 (FSP-1) Boiling 1:100 Abcam (ab27957, Rb pAb 

α m, h, r) 
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CXCR1 Boiling 3 µg/ml 

(1:200) 

R&D systems (MAB-330-

100, Ms mAb α h) (DAB-3 

min) 

CXCR2 Boiling 10 µg/ml 

(1:100) 

R&D systems (MAB-331-

100, Ms mAb α h) (DAB-

7-10 min) 

FITC-Lectin N/A 1:100 Sigma Aldrich (L0401-

1MG) 

Hemoglobin α Boiling 1:100 Santa Cruz (sc-514378, M 

mAb α h; reactivity to 

mouse seen) 

GFAP Boiling 1:100 Biolegend (Cat# 644702, 

Ms mAb α m, h, r) 

CYP4A Boiling 1:100 Abcam (ab3573, Rb pAb α 

m, h, r) 

PDGFR-β Ab-1 Boiling 1:100 Neomarkers (Rb-1692-PO, 

Rb pAb α h) 

CYP4A11 Boiling 1:100 Invitrogen (PA5-30004, Rb 

pAb α h) 

Hemoglobin β Boiling 1:100 Santa Cruz (sc-21757, M 

mAb α h) 

  



  

250 

 

C) Drug-selection killing curve: 

For stable cell line generation, the selection of stably-transfected/transduced cells 

in which the expression system carries the selection marker is an essential step. 

The following steps can be followed to determine the drug-selection killing curve. 

1) Plate cells into the 6-well plate with a density of around 2×105-3×105. 

2) Prepare medium containing the appropriate antibiotic (neomycin, 

puromycin or geniticin/G418) in increasing concentrations (or dilutions) 

ranging from 0.1-1.5mg/ml. Since our expression system (with CXCR2 

shRNA contains neomycin selection marker, we used G418 as our 

selection antibiotic. 

3) Allow the cells to attach and on day 2 replace the growth medium with the 

media containing the antibiotic of different dilutions. 

4) Monitor the cell growth and replace the selection medium every 2-3 days. 

5) The cells need to be monitored for cell death and optimum effectiveness 

for G418 is usually reached within 7-14 days. 

6) The concentration of antibiotic which shows complete cell death is chosen 

as the minimum antibiotic concentration to be used for selection. 
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D) Rules of siRNA design for RNA interference (RNAi): 

  The protocol has been adapted from Protocol Online. 

1) siRNA targeted sequence is usually 21 nucleotide in length. 

2) Avoid regions within 50-100 bp of the start codon and the termination 

codon. 

3) Avoid intron regions. 

4) Avoid stretches of 4 or more bases such as AAAA, CCCC. 

5) Avoid regions with GC content <30% or >60%. 

6) Avoid repeats and low complex sequence. 

7) Avoid single nucleotide polymorphism (SNP) sites. 

8) Perform BLAST homology search to avoid off-target effects on other 

genes or sequences. 

9) Always design negative controls by scrambling targeted siRNA sequence. 

The control RNA should have the same length and nucleotide composition 

as the siRNA but have at least 4-5 bases mismatched to the siRNA. Make 

sure the scrambling will not create new homology to other genes. 

Tom Tuschl’s rules: 

1) Select targeted region from a given cDNA sequence beginning 50-100 

nucleotide downstream of start codon. 

2) First search for 23 nucleotide sequence motif AA (N<sub>19). If no 

suitable sequence is found, then, 
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3) Search for 23 nucleotide sequence motif NA (NA<sub>21) and convert 

the 3’ end of the sense siRNA to TT 

4) Or search for NAR (N<sub>17) YNN. 

5) Target sequence should have GC content of around 50%. 

6) A-Adenine; T-Thymine; R-Adenine or Guanine (Purines); Y-Thymine or 

Cytosine (Pyrimidines); N-Any nucleotide. 
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E) Bacterial transformation (DH5a strain or E. Coli strain): 

  Reagents needed: 

a) LB agar- Ampicillin plates 

b) Plasmids 

c) SOC/LB media 

d) Sterile H2O milliQ 

Protocol: 

1) Thaw plasmid DNA, dilute as you want (you need ~100ng). 

2) Adjust water bath to 42ᵒC and shaker to 37ᵒC. Pick up an ice 

bucket. 

3) Identify Eppendorf tubes. 

4) Thaw one vial of DH5a or E.Coli (you can do it on ice or heating 

with hands, don’t use water bath). Keep it on ice and use it 

immediately after thawing. 

5) Add 80µl of DH5a or E.Coli to Eppendorf tubes (found at step 3). 

6) Add ~100ng of plasmid (add 0.5µl and not care about 

concentration). Work fast and don’t warm the tubes. 

7) Incubate the transformation reaction on ice for 30 minutes. 

8) Warm up SOC/LB media at room temperature. 

9) Incubate transformation reaction at 42ᵒC for exactly 2 minutes. 

10) Incubate transformation reaction on ice for 1 minute (you can leave 

it on ice for longer than 1 min). 
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11) Add 900µl of SOC/LB media per reaction tube, incubate reaction 

at 37ᵒC for 1 hour (water bath or shaker). 

12) Centrifuge at 12,000 rpm for 30 seconds and concentrate the pellet 

in 100µl of SOC/LB media (while aspirating you can leave 100µl 

in the tube or you can aspirate the entire media and then add 

100µl). 

13) If transformed bacteria is available, then take the bacteria with 

constructs out of -80ᵒC and thaw on ice. 

14) Put the pipette tip and get the trial of E.Coli. Take a small amount 

of liquid and put it on the coated LB agar plates. 

15) Plate 100 µl of transformation reaction (which was 1 ml in total) 

on LB agar plates, with desired antibiotic (Ampicillin-100 µg/ml 

or Kanamycin-50 µg/ml). 

16) Heat the steel spreading rod. Dip it in alcohol and put it on the 

Bunsen burner. Do no put extremely hot rod onto the agar plates as 

it might cause the agar to melt. Coat the agar plate with the 

bacteria. 

17) Incubate for 14-16 hours at 37ᵒC (bacterial incubator). Do not 

incubate for longer than 16 hours as this may lead to the formation 

of satellite colonies (contamination). 

18) Label 15ml conical tubes and put 4-5 ml of LB broth into each. 

Make 3-4 tubes so as to include the colonies. 
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19) After incubation at 37ᵒC, take the LB agar plates and invert them. 

Inverting the plates helps get rid of excess water. Each 100mm 

culture plate has about 26 ml of LB agar. 

20) Wrap with saran and keep at 4ᵒC in a cold chamber for up to 4 

weeks. 

21) The LB broth containing conical tubes need to be stored at 4ᵒC too. 

22) Observe for any colonies formed. Take a pipette tip and scrape the 

colonies and put a colony in 4 ml LB broth conical tube prepared 

the previous day. 

23) Put the LB broth containing conical tubes in 37ᵒC for 1 hour to 

equilibrate the temperatures. 

24) Put the pipette tips with the colonies into the LB broth containing 

conical tubes (previously warmed to 37ᵒC) in the shaker in the 

culture room. 

25) Set the shaker speed to 250 and temperature to 37ᵒC. This stage 

constitutes the pre-inoculation stage. Incubate for 8 hours. 

26) Following 8 hours of incubation, proceed to inoculation step.  

27) Pre-warm the conical flasks with LB broth (100-125 ml with 

antibiotic) to 37ᵒC prior to inoculation step (37ᵒC for 1 hour). 

28) Pour the culture of bacteria from pre-inoculation stage in 15 ml 

tubes into the LB broth containing pre-warmed conical flasks. 

29) Put the conical flasks on the shaker overnight at 37ᵒC. 
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30) Do not change to speed of the shaker (set at 250). The shaking is 

necessary for the aeration to happen to let the bacteria grow, both 

in the pre-inoculation and inoculation stages. 

31) The following day, take the flasks out and store them in 4ᵒC for the 

MIDI prep. 

Precautions: 

1) No air bubbles in LB agar. 

2) Both LB agar and LB broth get the ampicillin antibiotic (100 

µg/ml). The stock ampicillin is 100 µg/µl. 

3) The LB agar shouldn’t be allowed to cool down beyond the 

lukewarm temperature as bubbles might form.  

Preparation of LB liquid: 

Table 3: Ingredients necessary to prepare LB liquid and LB agar solid 

Ingredients 1x 1.5x LB agar solid 

Tripeptone/peptone 10g 15g 15g 

NaCl 10g 15g 15g 

Yeast extract 5g 7.5g 5g 

dH2O Make up to 1L Make up to 1L Make up to 1L 

Agar - - 10g 

 

1) Autoclave the LB liquid and LB agar solid. 



  

257 

 

2) Add antibiotic to the LB when it is lukewarm. Do not add the 

antibiotic to the hot/warm LB as this may cause the antibiotic 

disintegration due to higher temperatures.  

3) LB Agar (Ready to use): 16g in 500ml dH2O. 

4) LB Broth (Ready to use): 18.75g in 500ml dH2O. 
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F) MIDI prep and DNA extraction (QIAfilter plasmid MIDI kit protocol 

with modification): 

  Notes before starting the extraction: 

1) Add RNAse A solution to buffer P1, mix, and store at 2-8ᵒC. 

2) Pre-chill buffer P3 to 4ᵒC. 

3) Check buffer P2 for SDS precipitation. 

4) Isopropanol (Molecular Biology grade) and 70% ethanol are 

required. 

5) MIDI kit can handle volumes of 100-125 ml. 

Protocol: 

1) Harvest bacterial cultures after 12-16 hours of growth by 

centrifuging at 6000g for 15 min at 4ᵒC. Take the bottles and 

transfer the cultures into the bottles. Since this is 

ultracentrifugation, weigh each bottle separately and make sure all 

the bottles are of the same weight. Add H2O to bring the bottles to 

the same weight. LB broth can be added too but this is not 

suggested as this may contaminate the LB broth rendering it 

useless for other cultures. 

2) Identify specific rotor and put the bottles in the bacterial culture 

specific ultracentrifuge. The machine name has to be set to SLA-

1500 before beginning.  
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3) After the ultracentrifugation, decant the remaining LB broth into 

flasks used for bacterial growth. Put Clorox and wash.  

4) Completely re-suspend the bacterial pellet in 4 ml of buffer P1. 

5) At this special step, you can vortex the pellet in the bottle since 

bacteria are still present. This is the only step at which vortexing 

can be done. 

6) Add 4 ml of buffer P2 and mix it by inverting the sealed or closed 

bottles 4-6 times and incubate at room temperature (15-25ᵒC) for 

up to 5 minutes. 

7) During the incubation, screw the cap onto the outlet nozzle of the 

QIAfilter cartridge, and place it in a convenient tube or a QIArack. 

8) Add 4 ml of pre-chilled buffer P3 to the lysate and mix 

immediately and thoroughly by inverting 4-6 times. 

9) Pour lysate into the barrel of the QIAfilter cartridge. Incubate at 

room temperature for up to 10 minutes. Do not insert the plunger. 

10) Equilibrate the QIAGEN-tip by applying 4 ml of Buffer QBT and 

allow the column to empty by gravity.  

11) Remove the cap from the QIAfilter cartridge outlet nozzle. Gently 

insert the plunger into the QIAfilter cartridge and filter the cell 

lysate into the equilibrated QIAGEN-tip. Allow the lysate to enter 

the resin by gravity flow. 

12) Wash the QIAGEN-tip with 10 ml of Buffer QC twice.  
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13) Pre-warm the elution buffer QF to 65ᵒC to help increase the yield 

of the DNA. This works well for constructs ≤45Kb. 

14) Elute DNA (collect the eluted solution) with 5 ml of Buffer QF. 

15) Precipitate DNA by adding 3.5 ml of room temperature molecular 

grade Isopropanol and mix thoroughly.  

16) Store the DNA with Isopropanol at -20ᵒC for 30 minutes. 

17) Centrifuge at 4000g for 1 hour at 4ᵒC or 15000g for 30 minutes. 

Carefully decant the supernatant. 

18) Wash the DNA pellet with 2 ml of ice cold (4ᵒC) 70% ethanol. 

19) Air dry the pellet. Put 200-300 µl of TE buffer + 100 µl of Sodium 

acetate (NaOAc). Spin at 15000g for 10 minutes. 

20) Decant supernatant and add 100 µl of 70% ice cold ethanol. Spin at 

15000g for 10 minutes. Decant supernatant.  

21) Air dry the pellet. Add 100 µl of TE buffer.  

22) Quantify DNA using Nanodrop. 

Buffers and other ingredients: 

1) TE Buffer: 10mM Tris HCl + 0.1mM EDTA 

For a 10 ml solution, add 100 µl of 1M Tris HCl pH 8.0 + 20 

µl of 0.5M EDTA pH 8.0 and add dH2O to make it to 10 ml. 

The pH needs to be 7.5 for RNA extraction and 8.5 for DNA 

extraction.  
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2) 3M Sodium acetate (NaOAc) solution (10 ml): 2.46 gm of 

NaOAc in 10 ml of dH2O. Mol. Wt. of NaOAc is 82.03g. 
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G) Lentivirus infection protocol: 

Reagents: 

A) 293TN media: 

500ml DMEM High Glucose 

50ml FBS (Heat inactivated) 

5ml MEM Non-essential amino acids (1x final concentration) 

5ml L-Glutamine 

5ml Penicillin/Streptomycin 

B) U251 media with Geneticin/G418 for MAINTENANCE (Geneticin: 

250µg/ml) 

500ml DMEM High Glucose 

50ml FBS (Heat inactivated) 

5ml L-Glutamine 

5ml Penicillin/Streptomycin 

2.5ml of Geneticin/G418 (Geneticin STOCK: 50mg/ml; Final 

Concentration: 250µg/ml) 

C) U251 media with Geneticin/G418 for SELECTION (Geneticin: 500µg/ml) 

500ml DMEM High Glucose 

50ml FBS (Heat inactivated) 

5ml L-Glutamine 

5ml Penicillin/Streptomycin 
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5ml of Geneticin/G418 (Geneticin STOCK: 50mg/ml; Final 

Concentration: 500µg/ml) 

OR 

Take 100ml of media from B and add 500µl of Geneticin/G418 STOCK 

D) OptiMEM Reduced Serum Medium 

E) pPACKH1 Packaging Plasmid (eBiosciences, Cat# LV500A-1, 0.5µg/µl) 

F) Lipofectamine 2000 (Invitrogen) 

G) G418 (Geneticin, Sigma A1720, 50mg/ml STOCK) 

Protocol: 

1) Day 1: 

a. Pass the final target cells (U251/U87 cells) to make sure that they are 

healthy. 

b. Keep them in G418 media (B) until you are ready to plate.  

2) Day 2: 

a. Plate 2×106 293TN cells on a 100mm (10cm) petri dish with 293TN 

media, no G418 (A). 

b. DO NOT seed more than 2×106 293TN cells on the 100mm petri dish. 

If the cells become over-confluent, the transfection efficacy will be 

reduced. 

3) Day 3: 

a. Put 9ml of fresh 293TN medium (no G418) on 293TN cells. 
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b. Take a (Tube 1) 15ml centrifuge tube (for DNA and packaging system) 

and another (Tube 2) 1.5ml centrifuge tube (for Lipofectamine). Add 

500µl of OptiMEM (D) into both. 

c. For Tube 1:  

i. Add 8µg of DNA/shRNA plasmid to Tube 1. Calculate the 

amount of DNA required from the Nanodrop measurements to 

estimate the appropriate volume (in µl) of DNA required. Mix 

the DNA well before adding. Use filter-tips for adding DNA. 

ii. Add 10µl of pPACKH1 Packaging Plasmid (E) to Tube 1. Mix 

well, vortex gently. Use filter-tips for adding the viral particles. 

iii. NOTE: Add DNA first and then the packaging system. 

d. For Tube 2: 

i. Add 25µl of Lipofectamine 2000 reagent (F) to Tube 2. 

ii. Mix well and vortex a little bit. 

iii. Incubate for 5 minutes. 

e. After 5 minutes, add the contents of Tube 2 (LF2000 mix) to Tube 1 

(DNA and Packaging plasmid). Mix gently. 

f. Incubate for 20 minutes at Room temperature. 

g. After 20 minutes, mix the contents gently 3-4 times. DO NOT vortex as 

this may disrupt the LF2000, DNA and packaging system complexes. 



 

 

265 

 

h. Add the transfection cocktail (1ml), DROPWISE, to the 100mm petri 

dish with 293TN cells. Use filter-tips for adding the transfection 

cocktail. 

4) Day 4: 24hrs after transfection 

a. Remove the transfection cocktail containing medium from 293TN cells 

and feed with 10ml of fresh 293TN medium (A). Aspirate the medium 

as the medium does not contain viral particles which can cause potential 

contamination.  

5) Day 5: 48hrs after transfection 

a. Take images of the cells for GFP visualization to confirm the 

transfection.  

b. Collect the medium/supernatant from transfected 293TN cells (48hrs). 

c. Centrifuge at 1200rpm for 10 minutes at 4ᵒC. 

d. Pass the medium/supernatant through 0.45µm syringe filter.  

e. Aliquot 3ml of this filtered medium into a labeled 5ml tube. 

f. Store at -80ᵒC. 

g. Add 10ml of fresh 293TN medium (A) to the cells gently along the 

walls. 

h. Pass the U251/U87 cells with G418 medium (B).  

6) Day 6: 72hrs after transfection 

a. Collect the medium/supernatant from transfected 293TN cells (72hrs). 

b. Centrifuge at 1200rpm for 10 minutes at 4ᵒC. 
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c. Pass the medium/supernatant through 0.45µm syringe filter.  

d. Aliquot 3ml of this filtered medium into a labeled 5ml tube. 

e. Store at -80ᵒC. 

f. Discard the plates with cells. 

g. Plate 2×106 U251/U87 cells to be transfected in a 100mm petri dish (no 

G418). 

7) Day 7: 

a. Prepare the infection cocktail: 

i. 3ml supernatant from 293TN cells (filtered through 0.45µm 

syringe filter) 

ii. 2ml appropriate medium for cells to be infected (U251 medium, 

no G418) 

iii. 5µl of polybrene stock (8mg/ml) 

b. Remove medium (U251 medium, no G418) from the U251 cells to be 

infected (on 100mm plates) and add the 5ml of infection cocktail. 

c. Incubate the cells with the transfection cocktail for 6 hours and then add 

5ml of growth medium (U251 medium no G418) 

d. Incubate for 48-72 hours. 

e. Replace the media (U251 medium with 500µg/ml G418) (C) and 

Replate if is necessary. 
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f. Select positive cells for the first 72hrs with (U251 medium with 

500µg/ml G418) (C); then expand and keep the cells as needed in U251 

medium with 250µg/ml G418) (B). 

g. Check the cells with flow cytometry staining or Western Blotting for the 

knockdown of the protein under investigation. 

8) Titration: 

a. NIH 3T3 cells (1×105 cells in a 6-well plate). Add 5µl, 10µl, 50µl, 100µl 

and 200µl of infection cocktail to the cells. 

b. FACS analysis = {100,000 × (% of GFP+ cells/100)} / volume in ml 

Important notes: 

1) DO NOT add Gentamicin. Gentamicin works by irreversibly binding the 30S 

subunit of the bacterial ribosome, interrupting protein synthesis in prokaryotes. 

This mechanism of action is similar to other aminoglycosides.  

2) G418 (Geneticin) is an aminoglycoside antibiotic similar in structure to 

gentamicin B1. It is produced by Micromonospora rhodorangea. G418 blocks 

polypeptide synthesis by inhibiting the elongation step in both prokaryotic and 

eukaryotic cells. Resistance to G418 is conferred by the neo gene from Tn5 

encoding an aminoglycoside 3'-phosphotransferase, APT 3' II. G418 is an 

analog of neomycin sulfate, and has similar mechanism as neomycin. G418 is 

commonly used in laboratory research to select genetically engineered cells 

(typically using the KanMX selectable marker). 
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3) DO NOT seed more than 2×106 293 TN cells in 100mm petri dish. If cells 

become over-confluent, it may affect the transfection efficacy. 

4) Lentiviral packaging system usually comes in 3 packages. The packaging 

system given by Varma is  

a. pPACKH1 packaging plasmid 

eBiosciences 200µl (0.5 µg/µl) 

Cat# LV 500A-1 

b. Use 10 µl per 100mm petri dish of 293 TN cells for one shRNA. 

Cells used for generating packaging systems: 

1) HEK 293: Parental cell line which doesn’t produce lentiviral particles 

2) HEK 293A: Contains stably integrated copy of E1 gene that supplies the E1 

protein (E1a and E1b) required to generate the recombinant adenoviruses. 

3) HEK 293FT: Transfected with SV40 antigen which can produce lentiviral 

particles. The “F” means it is a fast growing cell type. 

4) HEK 293TN: Similar to HEK293T but the “N” confers a neomycin resistance gene to the 

transfected cells. 

 

 


