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Norelle Christine Wildburger

Department of Pharmacology and Toxicology, Neuroscience Graduate Program
University of Texas, Galveston Texas

Abstract

Glioblastoma (GBM) is the most common adult primary brain tumor with a median
survival of approximately one year. The current standard of care for GBM includes the maximal
surgical resection, followed by concurrent chemotherapy, radiotherapy, and in some cases and
adjuvant chemotherapy. Yet, despite this aggressive multimodal approach, GBM is a nearly
universally fatal disease. The poor outcome is in large part due to the lack of effective
therapeutic agents that can penetrate the blood-brain and blood-tumor barriers to deliver anti-
glioma therapeutics to the whole tumor and the microsatellite populations of tumor cells
scattered throughout the brain parenchyma. However, bone marrow-derived human
mesenchymal stem cells (hMSCs) offer a viable alternative to enhance therapeutic delivery — one
that overcomes current limitations. hMSCs are a population of cells with the capability of self-
renewal and multilineage differentiation that can be safely isolated in routine clinical procedures
and pose no ethical quandaries. hMSCs demonstrate an intrinsic tropism towards gliomas and are
capable of migrating across the blood-brain and blood-tumor barriers. These cells have been used
as delivery vehicles to convey immunotherapy, enzymes for chemotherapeutic pro-drugs, and
oncolytic viruses with some success in pre-clinical models.

Despite the promise of hMSCs, previous studies have relied for the most part on
xenografts derived from commercially available immortalized GBM cell lines. These cell lines

poorly mimic patient tumors in vivo and thus do not adequately translate into the clinical setting.

111



Glioma stem cells (GSCs) rectify this shortcoming by faithfully recapitulating the genotype and
phenotype of the human tumor from which they were isolated. However, studies from our
collaborators at MD Anderson Cancer Center show that hMSCs demonstrate variable tropism
towards GSC-derived tumors (GSC xenografts; GSCXs). Those GSC xenografts that attract
hMSCs are referred to as ‘attractors’, whereas those that fail to evoke hMSC homing are
designated ‘non-attractors’. The underlying biological mechanism of hMSCs differential homing
capacity towards GSCXs is virtually unknown.

Given the clinical potential of hMSCs as therapeutic delivery vehicles of anti-glioma
agents, the rationale behind this project was to elucidate the molecular mechanisms that underlie
the variable localization of hMSCs to gliomas by use of GSCXs as a clinically relevant brain
tumor model. The /ong-term goal is to understand the essential factors in hMSC homing to
gliomas, in order to successfully harness hMSCs for clinical use or to identify patients most
appropriate for hMSC-mediated therapeutic delivery. This work is significant because the
outcomes will identify differences between attractor and non-attractor GSCXs, which will be
critical in advancing our knowledge for continued development of hMSCs as a viable therapeutic

strategy.
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BACKGROUND

Glioblastoma

The World Health Organization (WHO) established standardized classification guidelines
for tumors of the central nervous system (CNS) in 1979 (Ziilch, 1979), most recently updated in
2007 (Louis et al., 2007). The classification of gliomas includes the cell type they share
histological features with — not necessarily the cell type they originated from — and a consensus-
derived tumor grade scale. Tumor grade (I-IV) is determined histologically and includes a
malignancy scale. Grade I is largely benign, shows low proliferation, and is reliably cured by
surgical resection, thus having the best prognosis. Grade IV has the worst prognosis, as these
tumors are highly malignant and mitotic, and demonstrate prolific necrosis. Grade IV tumors are
associated with poor survival and are typically lethal (Louis ef al., 2007).

Gliomas account for 28% of all CNS tumors and 80% of all malignant CNS tumors
(Ostrom et al., 2014). Glioblastoma (GBM), a Grade IV astrocytoma, accounts for nearly half
(45.6%) of all malignant primary CNS tumors (Ostrom et al., 2014), making GBM the most
common malignant primary brain tumor in adults (DeAngelis, 2001; Stupp et al., 2005). GBM is
more frequent among men compared to women (male-to-female ratio ~3:2; DeAngelis, 2001;
Ostrom et al., 2014, 2014). Most incidences (~90%) are primary glioblastomas — these tumors
arise de novo with no clinical evidence of a lower grade tumor (DeAngelis, 2001; Ohgaki &
Kleihues 2005; Furnari ef al., 2007). Primary glioblastomas typically present in the fifth decade
of life (DeAngelis, 2001). Secondary glioblastomas, which originate from a pre-existing lower-
grade tumor, affect younger patients, typically less than 45 years of age (Kleihues & Cavenee,
2000; DeAngelis, 2001). Despite the clinical distinction between primary and secondary

glioblastoma, their cellular morphology and histology are indistinguishable and their prognostic



trajectories are equally poor when adjusted for age (Furnari et al., 2007).

Glioblastomas are aggressive heterogeneous tumors, characterized by the hallmark
features of robust vascularization and resistance to apoptosis, while paradoxically having a large
number of necrotic foci (Brat & Van Meir, 2004), uncontrolled proliferation, and extensive
invasion. In addition to the heterogeneous tumor histology, glioblastomas can be subdivided and
characterized by variant genomic and transcriptomic aberrations, chromosomal alterations, and a
largely undefined epigenetic landscape within the context of cell signaling networks. As the
intricate landscape of somatic mutations in glioblastoma are outside the focus of this work, the
reader is kindly referred to Phillips et al., (2006); Furnari et al., (2007); McLendon et al., (2008);
Parsons et al., (2008); Verhaak ef al., (2010); and Brennan et al., (2013) for review. The Cancer
Genome Atlas (TCGA) provides a repository of these data available for public access
(http://cancergenome.nih.gov/).

Extensive vascularization is characteristic of high-grade tumors, particularly GBM,
which is one of the most vascularized solid tumors (Wesseling, Ruiter, and Burger, 1997; Kaur e¢
al., 2004). The microvascular hyperplasia stems from endothelial cell outgrowth from existing
parent blood vessels (Brat & Van Meir, 2001). The most extreme form of microvascular
hyperplasia classically associated with GBM are glomeruloid bodies, which are florid, coiled
capillary-like loops (Feigin et al., 1958; McComb & Bigner, 1984; Wesseling, Ruiter, and
Burger, 1997; Kaur et al., 2004). The proliferating vasculature of GBM typically occurs adjacent
to necrotic regions or at the brain-tumor interface (Feigin et al., 1958; McComb & Bigner, 1984;
Wesseling, Ruiter, and Burger, 1997; Kaur et al., 2004) and marks the beginning of aggressive
tumor growth (Brat & Van Meir, 2001).

Despite the accelerated growth of new vasculature, the vessels are often tortuous



compromising blood flow and oxygen delivery (Kaur ef al., 2004; Furnari et al., 2007). The poor
vascular architecture is further compounded by the lack of proper tight junction formation (Kaur
et al., 2004; Furnari et al., 2007), which results in increased susceptibility to thrombosis,
microhemorrhages, and interstitial edema that further compromises blood flow, promoting
hypoxia and ultimately necrosis (Kaur et al., 2004; Furnari et al., 2007). Hypercellular zones of
pseudopalisading cells often surround the necrotic foci (Baily & Cushing, 1926; Brat & Van
Meir, 2004; Rong ef al., 2006). Pseudopalisading necrosis is a unique feature to GBM that, even
independent of microvascular hyperplasia, is a marker for poor prognosis (Brat & Van Meir,
2001; Brat & Van Meir, 2004). Pathologically, pseudopalisades are linked to adjacent
microvascular hyperplasia (Brat & Van Meir, 2001; Brat & Van Meir, 2004). These cells are
hypoxic, producing in high levels of hypoxia-inducible factor 1 (HIF-1), a mediator of VEGF
and IL-8 gene transcription (Brat & Van Meir, 2004; Rong et al., 2006). Secreted pro-angiogenic
factors VEGF and IL-8 result in hypoxia-mediated angiogenesis (Brat & Van Meir, 2004; Rong
et al., 2006) linking GBM vascular pathology, hypoxia, pseudopalisade formation, and necrosis.
The uncontrolled proliferation characteristic of tumor cells can be attributed to three
major signaling pathways, typically but not invariably mutated, in GBM 1) retinoblastoma (RB)
(78%), 11) pS3 (87%), and iii) receptor tyrosine kinases (RTK) (88%) (Cancer Genome Atlas
Research Network, 2008; Dunn et al., 2012; Fig 1.1). The RB tumor suppresor protein
sequesters transcription factor E2F in a RB-E2F dimer. Upon phosphorylation by cyclin-
dependent kinase complexes (cyclin D1 with CDK4/6), E2F is released from the dimer and
transcribes its gene targets, which advance the cell to the S-phase of mitosis (Frolov & Dyson,
2004). In GBM, control of the RB pathway is circumvented by either one or more of these

lnk4a)

events: loss of tumor suppressor and cyclin inhibitor CDK2 (p16 (Serrano, Hannon, and



Beach, 1993), amplification of CDK4 (Reifenberger et al., 1994), or amplification of CDK6
(Costello et al., 1997) resulting in constitutively active E2F. Inactivation of the RB pathway
occurs in the majority of GBMs (Ueki et al., 1996). Another tumor suppressor responsible for
cell cycle arrest and apoptosis of genetically altered or unstable cells, p53, is frequently mutated
or lost in gliomas (see Furnari et al., 2007 for review). RTKs, particularly EGFR and PDGFR,
are overexpressed in GBM. The binding of their respective ligands in an autocrine and paracrine

manner leads to receptor autophosphorylation and activation of Ras signaling cascades, resulting
Receptor tyrosine kinase (RTK) signaling pathway
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Figure 1.1: Signaling pathways commonly perturbed in GBM. Adapted from Sowers
et al., Adv Exp Med Biol. 816: 75-105, pg. 78. Reprinted with permission.

in constitutive proliferation signals (see Furnari et al., 2007; Dunn et al., 2012; Sowers et al.,
2014 for review). As tumor cells rapidly proliferate due to escape from cell cycle control and
mitogenic signaling, they undergo a shift in metabolism towards glycolysis, a phenomenon
known as the Warburg effect (Warburg, 1925; DeBerardinis et al., 2007; DeBerardinis et al.,

2008). The hypoxic environment of GBM is also hypothesized to contribute to this metabolic



shift (Gatenby & Gillies, 2004; Xie, Mittal, and Berens, 2014).

Independent, but not mutually exclusive of proliferation (Bernstein ef al., 1991; Xie,
Mittal, and Berens, 2014), the mechanism of invasion requires cell-matrix and cell-cell adhesion,
integrins (including CD44), and degradation of the basement membrane and extracellular matrix
with matrix metalloproteases (see Grobben, De Deyn, and Slegers, 2002 for review). The local
acidic conditions produced by excess lactate from tumor glycolysis complement invasion by
inducing cell death of neurons and glia, which are susceptible to low pH (Xie, Mittal, and
Berens, 2014). In contrast to most tumors, GBM does not spread hematogenously (i.e. through
the blood stream or the lymphatic system), thus metastasis outside the CNS is virtually
impossible (Kleihues & Cavenee, 2000). In fact, GBM cells are unable to penetrate the basement
membrane of blood vessels (Bernstein & Woodard, 1995) or the calvarium (Bellail ez al., 2004).
However, GBM cell invasion is diffuse, rather than limited and localized as in other tumors,

which contributes to the therapeutic limitations.

Therapeutic Limitations

The current standard of care for GBM is a multimodal therapeutic approach
encompassing maximally allowable surgical resection, radiotherapy, chemotherapy, and in many
cases adjuvant chemotherapy with the alkylating agent temozolomide (Stevens & Newlands,
1993; Newlands et al., 1997; Stupp et al., 2005; Stupp et al., 2006). Despite this aggressive
therapeutic approach, recurrence is inevitable (Scherer, 1940; Giese et al., 2003; Stupp et al.,
2005; Stupp et al., 2006) usually within < 2 cm of resection margin (Hochberg & Pruitt, 1980;
Gaspar et al., 1992; Fig. 1.2). As a result, the median survival is 14-15 months, making GBM a

nearly universally fatal disease (Berens & Giese, 1998; Stupp et al., 2005; Louis et al., 2007).



The poor clinical prognosis of glioblastoma is largely due to the nature of the tumor itself and the

limited efficacy of current therapeutics.

Glioblastoma Multiforme Brain Tumor

Relapse of brain tumor
after surgical removal.

image by Dr. Charles A. Conrad, MD Anderson Cancer Center

Figure 1.2: T1 gadolinium-enhanced MRI of a patient with GBM.
The original tumor as removed from the temporal lobe (blue) followed by
multimodal therapy. Tumor recurred ~6 months later < 2 cm from the
original tumor margin (red). Image courtesy of Dr. Charles A. Conrad.

The introduction of temozolomide (Stevens & Newlands, 1993; Newlands et al., 1997,
Stupp et al., 2005; Stupp et al., 2006) in the 1990s impacted the field of neuro-oncology by
becoming a component of the current standard of care for GBM. Stupp et al. (2005)
demonstrated that radiotherapy with concomitant and adjuvant temozolomide provided a modest
survival benefit (~3 months) with minimal adverse effects compared to patients who received
only radiotherapy. Temozolomide is an oral alkylating agent that methylates the O° position of
guanine (Pegg, 1990). The O°-methyl guanine mismatches with thymine during DNA replication
ultimately leading to cell death (Stupp et al., 2007). Though the methyl adduct may be removed
by DNA repair enzyme, O°-methyl guanine methyltransferase (MGMT) (Pegg, 1990),

methylation of the MGMT promoter epigenetically silences this DNA repair gene (Harris ef al.,



1991; Costello et al., 1994; Esteller et al., 1999). Patients who received temozolomide and had a
methylated MGMT promoter benefited by longer survival (Hegi et al., 2005). While the benefits
of temozolomide are clearly evident, the variable methylation status of patients presents a
disparity in the patient population for temozolomide treatment benefit. This warrants either
patient screening prior to initiation of GBM treatment and possibly the addition of MGMT
inhibitors with temozolomide to enhance treatment response (Wedge et al., 1997; Chakravarti et
al., 2006; Stupp 2007).

Nonetheless, patients, even after initial tumor control, relapse and disease progression
continues, indicating that the tumors developed temozolomide-acquired resistance. The
mechanisms of temozolomide-acquired resistance are not fully understood, but many patients do
not change in MGMT promoter methylation status (Brandes et al., 2010; Felsberg et al., 2011).
Accumulating evidence indicates that there may be a varied number of molecular mechanisms,
which contribute to temozolomide-acquired resistance in GBM cells. Resistance may involve
MGMT re-expression (Zhang et al., 2010) or instead of de novo re-expression of MGMT, a
down-regulation of DNA mismatch-repair proteins (Curtin et al., 2004; Happold et al., 2012).
Other implicated mechanisms include miRNA (Ujifuku et al., 2010), p21 (Happold et al., 2012),
reduction of pro-apoptotic proteins (Ma et al., 2002), and glutamate transporters and AKR1C
proteins (Le Calvé et al., 2010). Resistance presents obstacles to successful GBM treatment.
Further reasons for the overall failure of conventional therapy include: the limitations of surgery,
residual microsatellite populations of tumor cells, chemotherapy and radiotherapy efficacy, and
the presence of glioma stem cells (GSCs).

Therapeutically, the extent of tumor resection is the primary factor that can be influenced

(Jackson et al., 2001). The goal is to achieve the maximally safe surgical resection of the tumor



volume without compromising brain function any further than what the tumor has accomplished
through relentless growth. However, the foremost limitation of surgical resection is the location
of the tumor. Tumor location is classified into three categories: eloquent (e.g. motor/sensory
cortex, speech center, visual center, brain stem), near-eloquent (e.g. near speech center,
motor/sensory cortex, brain stem; and corpus callosum), and non-eloquent (e.g. cerebellar
hemisphere, right parietal occipital) (Sawaya et al., 1998). Eloquent and near-eloquent locations
make it difficult for complete surgical resection and re-operation only confers a modest survival
benefit (Dirks et al., 1993). Patients with tumors in eloquent or near-eloquent brain regions
acquire more neurological deficits than patients with tumors in non-eloquent areas and such
complications are more prevalent among older patients (Sawaya et al., 1998). Surgically
acquired deficits in language or motor skills are associated with a decrease in post-operative
survival (McGirt et al., 2009).

The shortcoming of even total surgical resection is highlighted by a series of surgeries
performed by Walter Dandy, M.D., on a cohort of GBM patients. After a complete
hemispherectomy, the tumor recurred in the contralateral hemisphere (Dandy, 1928). This is due
to the extensive, diffuse migration or microscopic invasion of tumor cells that are virtually
beyond detection by the surgical operator and by modern diagnostic techniques (Salazar &
Rubin, 1976; Burger et al., 1988). The microsatellite population of tumor cells scattered
throughout the brain parenchyma can occur via contiguity or seeding (Bryan, 1974; Salazar &
Rubin, 1976). GBM cells are highly invasive and actively migrate long distances (Kleihues &
Cavenee, 2000) along [white matter] nerve fibers (e.g. corpus callosum) (Laerum et al., 1984;
Rutka et al., 1988; Pedersen et al., 1995; Furnari et al., 2007) blood vessels (Laerum et al., 1984;

Furnari et al., 2007) and some substrates (Giese ef al., 1994) disseminating through the narrow



extracellular spaces of the brain parenchyma. Whether these routes function as guided paths via
biochemical substrates or simply offer the least resistance or both is unclear, but the migrant
microsatellite population of cells have the potential to proliferate and give rise to tumors in other
brain regions (Scherer, 1940; Bryan, 1974; Salazar & Rubin, 1976).

Chemotherapy and radiotherapy are the next obvious choice to combat GBM due to the
limitations of complete and effective surgical resection. However, using chemotherapy and
radiotherapy to destroy the tumor and the diffusely infiltrating tumor cells and preserve the
surrounding brain parenchyma has proven difficult to achieve. Further limitations to
chemotherapy and radiotherapy include systemic toxicity and neurotoxicity, low drug
penetration through the blood brain and blood-tumor barrier (BBB and BTB, respectively), drug
half-life, and the inability to destroy all infiltrative tumor cells (Groothuis, 2000; Lang et al.,
2003; Pardridge, 2003; Yong et al., 2009; Shinojima et al., 2013). Even newer therapies such as
oncolytic viruses, anti-sense oligonucleotides and immunotherapy (Groothuis, 2000;
Kosztowski, Zaidi, and Quifiones-Hinojosa, 2009) are hindered by these factors. The BBB and
the BTB have long been recognized as obstacles to effective therapeutic delivery and tumor
treatment. As a result, a number of innovated methods have been developed to increase drug
delivery (see Groothuis, 2000 for review). Each has its relative advantages and disadvantages,
but few — if any — have proven superior over another method, and none have been translated into
successful increases in patient survival.

Chemotherapeutic delivery can be divided into two classes: intravenous (IV) and local
delivery by intracerebroventricular (ICV) or intracerebral (IC) injection. Immediately after IV
injection, the drug is diluted several-fold by the total blood volume of the patient in a ‘washout’

effect, after which it is distributed everywhere (Groothuis, 2000). Throughout its distribution to



all body tissues, the drug is eliminated by first order metabolism and inactivation via a series of
half-life cycles (Groothuis, 2000; Pardridge, 2003; Meyer & Quenzer, 2005). Other factors to
consider are the blood-to-tissue transfer constant, which is limited in the brain, and the tissue
efflux constant, and the variable spatial distribution and function of brain tumor capillaries
(Groothuis, 2000; Pardridge, 2003; Meyer & Quenzer, 2005). All of these factors make it nearly
impossible for drugs to cross the BBB and BTB in pharmacologically significant amounts;
typically < 1% of an intravenously delivered drug — regardless of solubility, permeability, and
capillary permeability — will reach the tumor (Groothuis, 2000). Effectively, the administered
dose needed to reach the brain and ensure a clinically meaningful effect would result in systemic
toxicity (Groothuis, 2000).

An alternative to systematic drug delivery is a more localized approach by IC or ICV
injection. Drugs delivered by IC administration typically diffuse only 2-3 mm from the injection
site (Krewson, Klarman, and Saltzman, 1995; Pardridge, 2003). As a consequence, delivery must
be nearly directly at the tumor site for maximal efficacy, which may come at the expense of
compromising healthy brain tissue. Delivery of the drug during surgical resection of the bulk
tumor would offer the ideal opportunity for IC administration, but at the exclusion of repeated
dosing and with the possibility of neurotoxicity. Similarly, ICV administration has limited drug
penetration into the brain parenchyma — typically the ependyma — and neurotoxicity may present
(Pardridge, 2003). ICV administration is usually best suited for treatment of carcinomatous
meningitis, which is situated within the subarachnoid space (Groothuis, 2000).

Drug distribution throughout the brain is diffusional and declines exponentially as a
function of distance from the brain surface (Blasberg, 1977; Blasberg, Patlak, and Shapiro, 1977,

Groothuis, 2000). Approximately < 1% of drug volume, delivered by either IC or ICV, would
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effectively treat the tumor (Pardridge, 2003). A transvascular route of drug delivery, on the other
hand, would be so highly efficient that all parts of the brain could be treated simultaneously due
to the rich surface area of the brain capillary network (Groothuis, 2000). Though the excessive
focus on the BBB and BTB has detracted from the study of drug uptake by tumor cells and
metabolic fate (Groothuis, 2000).

Given the recognized infiltrative and diffuse nature of GBM cells, curative resection was
not possible. Thus post-operative radiation treatment was given to patients to prolong survival
(Salazar & Rubin, 1976; Hochberg & Pruitt, 1980). Initially, whole-brain radiation treatment was
used, but with the introduction of imaging technologies, such as computerized tomography,
localized radiation treatment has been used. Early reports suggested that high doses of radiation
were critical to prolong patient survival (Onoyama et al., 1976). In an evaluation of standard
(60 Gy) or short-course (40 Gy) radiotherapy, Minniti et al. (2014) found no difference in overall
survival and progression-free survival, though the standard course of treatment was associated
with higher neurotoxicity. These results are similar to phase III studies of low-grade glioma
wherein high-dose radiotherapy resulted in higher incidence of radiation toxicity and lower
survival (Shaw et al., 2002). Newer strategies such as brachytherapy (Selker et al., 2002) or
stereotactic radiosurgery (Tsao ef al., 2005) have failed to improve survival.

GBMs have long been recognized as resistant to radiation treatment (Kramer, 1969;
Salazar & Rubin, 1976). Current evidence now suggests that like many other cancers, GBMs
contain a small sub-population (< 1%) of cells, which are resistant to radiotherapy and
chemotherapy. The characteristics of these cells parallel that of endogenous neural stem cells
(NSCs) (Reya et al., 2001; Ignatova et al., 2002; Singh et al., 2003; Singh et al., 2004; Yuan et

al., 2004; Galli et al., 2004; Nduom, Hadjipanayis, and Van Meir, 2012). They possess similar
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morphology and the stem-like properties of unlimited self-renewal (Singh et al., 2003; Singh et
al., 2004) and multi-lineage differentiation (i.e. potency). These cells, termed glioma stem cells
(GSCs), are hypothesized to promote relapse due to their therapeutic resistance (Bao et al., 2006;
Liu et al., 2006; Kang & Kang, 2007; Hadjipanayis & Van Meir, 2009; Facchino et al., 2010).
Alarmingly, studies suggest that radiotherapy and chemotherapy results in de-differentiation and
acquisition of stem cell properties (Charles & Holland, 2009; Dahan et al., 2014; Auffinger et
al., 2014). Other studies have shown that radiation treatment enriches the existing population of

GSCs (Bao et al., 2006; Charles & Holland, 2009).

Bone Marrow-Derived Human Mesenchymal Stem Cells

Despite clinical shortcomings, recent developments in molecular biology and stem cell
therapy have provided us with the opportunity to improve therapeutic outcomes with human
mesenchymal stem cells (hMSCs). These non-hematopoietic cells exist postnatally and have the
capacity for self-renewal and multilineage differentiation to form adipocytes, chondrocytes, and
osteocytes (Friedenstein et al., 1976; Bianco et al., 2001; Dominici, et al., 2006; Motaln,
Schichor, and Lah, 2010). They may be safely isolated in routine clinical procedures (Bianco et
al., 2001; Motaln, Schichor, and Lah, 2010) expanded in vitro, and used for autologous
transplantation (Lazarus et al., 1995; Bianco et al., 2001), which negates any potential
immunological rejection. Evidence suggests their potential use in allogenic transplantation (Kog
et al., 2002; Aggarwal & Pittenger, 2004; Motaln, Schichor, and Lah, 2010) due to their low
immunogenicity (i.e. ability to provoke an immune response) and immunosuppressive properties
(Le Blanc et al., 2003; Le Blanc et al., 2004; Zhang et al., 2004; Motaln, Schichor, and Lah,

2010). This feature of hMSCs generates a viable opportunity for the use of banked donor cells in
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the clinical setting for patient therapy. An additional benefit of hMSCs is that, due to their
sources, they pose no ethical quandaries (Bianco et al., 2001).

Neural stem cells (NSCs) are another source of stem cells used as therapeutic delivery
vehicles (Aboody et al., 2000; Benedeti ef al., 2000; Kosztowski, Zaidi, and Quifiones-Hinojosa,
2009). However, we limit this chapter to discussion of hMSCs as 1) the endogenous population
of NSCs declines with age (Gage, 2000). ii) NSCs are localized in the dentate gyrus of the
hippocampus and subventricular zones of the lateral ventricles — difficult areas to reach and
surgically high risk particularly in regard to the hippocampus (Sawaya et al., 1998; Gage, 2000).
111) Existing human NSC lines are under tight regulation as a result of serious ethical concerns

(Young, 2000; Perry, 2000; Kennedy, 2000; The NIH Guidelines on Stem Cell Research) and iv)

the necessity for allogenic rather than autologous transplantation. Due to these limitations, NSCs
are not actively used by our team and will not be discussed further; for an extensive review the
reader is kindly guided to Kosztowski, Zaidi, and Quifiones-Hinojosa (2009).

The origin of hMSCs varies (Aggarwal & Pittenger, 2004; Kern et al., 2006; Rebelatt et
al., 2008; Lepperdinger et al., 2008), but three important sources are umbilical cord blood
(Erices et al., 2000; Lee et al., 2004; Kern et al., 2006), adipose tissue (Zuk et al., 2002), and
bone marrow (Pittenger ef al., 1999). Umbilical cord blood has been posited as an attractive
source of hMSCs since the method of isolation is less invasive (Erices et al., 2000; Lee et al.,
2004; Kern et al., 2006), though there is some controversy as to whether umbilical cord blood
can serve as a source of fully multipotent cells (Mareschi et al., 2001; Wexler ef al., 2003). In a
comparative analysis of hMSCs from these three sources, Kern et al., (2006) discerned that the
success of isolating hMSCs was highest in bone marrow and adipose tissue (100%) and lowest in

umbilical cord blood (~63%). Rebelatt ef al., (2008) achieved similar results, except with much
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lower isolation from umbilical cord blood (~30%). Colony formation frequency was lowest in
umbilical cord blood cells (Kern et al., 2006). In contrast, bone marrow-derived mesenchymal
stem cells (hMSCs) had the lowest proliferation capacity, followed by those derived from
adipose tissue. Length of culture period followed the same pattern, bone marrow-derived hMSCs
had the shortest culture period and umbilical cord blood hMSCs the longest (Kern ef al., 2006),
though another study by Colter et al., (2000) demonstrated significantly longer culture periods
with bone marrow-derived hMSCs.

Phenotypically, hMSCs from all three sources have similar immune profiles (Kern et al.,
2006; Rebelatto et al., 2008). The low immunogenicity of all these cells offers the potential for
allogenic transplantation, though it is generally best to err on the side of caution; therefore,
autologous transplantation would be the most clinically viable — and likely to achieve FDA
approval — course of treatment. Assuming autologous transplantation only, the most practical
source of stem cells would be bone marrow. Umbilical cord blood-derived hMSCs require long-
term storage, which is cost prohibitive and requires the forethought by the patient that these cells
need to be saved in the event of GBM decades later. Observations by Bieback et al., (2004)
found that isolation of hMSCs from umbilical cord blood declined markedly after cryostorage. It
also limits therapy to females when GBM affects males more frequently than females
(DeAngelis, 2001; Ostrom ef al., 2014). Arguments in favor of umbilical cord blood-derived
hMSCs mainly point to their longer culture period, which would hypothetically translate to
higher overall number of cells (Kern ef al., 2009). An associated risk with extensive culture
periods is mutations that alter the phenotype of the cells (Lepperdinger et al., 2008; Motaln,
Schichor, and Lah, 2010). Adipose tissue volume varies greatly particularly with patients

undergoing chemotherapy and enduring cancer cachexia (Fearon & Moses, 2002) affecting
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adipose hMSC recovery potential. Though one proposed counter-argument is that with the
success of isolation of hMSCs from adipose, small amounts of this tissue would be sufficient
(Kern et al., 2006).

The population of hMSC declines with age (Nishida et al., 1999; Stenderup et al., 2003;
Kern et al., 2006) and GBM typically affects individuals in mid-life. The practical and medical
concerns with acquisition of umbilical cord blood and adipose tissue hMSCs (as described
above), and the routine use of bone marrow extraction as an outpatient procedure makes bone
marrow-derived hMSCs an attractive cell-based therapeutic delivery vehicle (Caplan & Bruder,
2001; Bianco et al., 2001). It is also important to note that many research studies acquire hMSCs
from donations, and the age range of normal donors is quite wide. Thus, within this text and our
previous studies, hMSCs specifically refer to the non-hematopoietic mesenchymal stem cells

derived from the bone marrow.

The growing interest in hMSCs for cell-mediated therapy originates from observations
that endogenous hMSCs actively migrate to sites of injured or stressed tissue (Pittenger &
Martin, 2004; Kidd et al., 2009). For instance, it has been demonstrated by several groups that
hMSCs migrate or home to the heart after myocardial infarction (Bittira et al., 2003; Wu et al.,
2003), and the brain after stroke (Li et al., 2000) or traumatic brain injury (Mahmood et al.,
2001). Tumors display many microenvironmental similarities to injured or severely stressed
tissue. The parallels to injured tissue tumors present have led investigators to consider tumors as
“wounds that do not heal” (Dvorak, 1986). As such, hMSCs have an intrinsic tropism for tumor
cells (Nakamura et al., 2004; Nakamizo et al., 2005; Kosztowski, Zaidi, and Quifiones-Hinojosa,
2009).

The unique ability of hMSCs to actively localize or home to tumors, migrating long
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distances and even transversing the BBB and BTB (Nakamura et al., 2004; Nakamizo et al.,
2005; Yong et al., 2009; Kosztowski, Zaidi, and Quifiones-Hinojosa, 2009), offers a viable
solution to the long sought after transvascular route of drug administration (see Therapeutic
Limitations above) (Groothius, 2000). We and others have utilized hMSCs for the targeted
delivery of anti-glioma agents due to the intrinsic tropism of these cells for gliomas. hMSCs are
capable of homing to xenografts of human gliomas from commercially available cell lines
(Nakamizo et al., 2005; Nakamura et al., 2004; Yong et al., 2009), glioma stem cells (Shinojima
et al., 2013), or syngenic models (Doucette ef al., 2011). Though the mechanisms that underlie
homing remains largely undefined (see Homing below), these cells possess tremendous clinical

potential as a transvascular carrier for anti-glioma therapeutics, due to their innate tropism for

gliomas and high migratory capacity. hMSCs have been found to home to gliomas after injection
into either the ipsilateral or contralateral hemisphere, migrating across the corpus callosum
(Nakamura et al., 2004) or after injection into either the ipsilateral or contralateral internal
carotid artery (Nakamizo et al., 2006; Yong et al., 2009; Kosztowski, Zaidi, and Quiiiones-
Hinojosa, 2009; Doucette et al., 2011) (Fig. 1.3). The fact that these are living cells means that
they are capable of full transcriptional, translational, and post-translational expression and
modification of transduced or transfected genetic material for secretion into the tumor
microenvironment (Kosztowski, Zaidi, and Quifiones-Hinojosa, 2009). In a rational clinical
approach, several groups have used hMSCs for delivery of immunotherapeutics such as IL-2
(Nakamura et al., 2004) and IFN-f (Nakamizo et al., 2005) or enzymes for chemotherapeutic

pro-drugs (Miletic et al., 2007).
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Day 1 Day 3

Figure 1.3: Transvascular delivery of hMSCs. A. GFP-labeled
hMSCs (green) are shown in a linear arrangement suggesting they
are within the blood vasculature; Bar, 200 um. B. hMSCs co-
localize with endothelial cell marker CD31 (red) confirming their
presence within blood vessels. Arrows point to where CD31+ cells
surround hMSCs; Bar, 50 um C. One day after delivery of hMSCs
to the right internal carotid artery the cells are present within the
tumor mass of a U887 xenograft; nuclear stain DAPI (blue). D.
Three days after intravascular delivery, GFP-labeled hMSCs are
widely dispersed in the xenograft. Adapted from Yong et al.,
Cancer Res. 69: 8932-8940, pg. 8934. Reprinted with permission.
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However, the overall goal is to use hMSCs to deliver oncolytic virus Delta-24 RGD
developed by a team at MD Anderson Cancer Center, which is now in phase II clinical trials.
Delta-24 RGD is a tumor-selective, replication-competent adenovirus with enhanced infectivity
due to the insertion of Arg-Gly-Asp (RGD) motif for integrin-mediated infection in the absence
of the cocksackie-adenovirus receptor (Dmitriev et al., 1998; Fueyo 2000; Fueyo 2003). The
virus also contains a 24-bp deletion in the E1A region that is responsible for Rb protein binding
(Fueyo 2000; Fueyo 2003). The mutation renders the virus unable to bind Rb due to
compromised EIA (Fueyo 2000; Fueyo 2003). The result of this mutation is that Delta-24 is
capable of replication in cells were the Rb protein is inactivated a characteristic feature of GBM
(see Glioblastoma above). Studies have demonstrated that this virus is incapable of replication in
cells where Rb is intact and that it inhibits tumor cell growth in vitro and in vivo (Fueyo 2000;
Fueyo 2003) — particularly with repeated dosing, which is feasible in this context (see
Therapeutic Limitations above). Another advantage to viral-mediated therapy is its widespread
distribution throughout the tumor after lysing hMSCs (Yong et al., 2009). In some cases, large
numbers of cells need to be expanded in vitro in order to ensure successful cell-based therapy
with for example immunotherapeutics; this is accompanied by the risk of genetic alteration or
cell senescence (Lepperdinger et al., 2008; Motaln, Schichor, and Lah, 2010). However, in our
hands, delivery of 1 x 10° hMSCs transduced with 50-100 MOI of Delta-24 RGD is sufficient for
homing to the tumor, inhibition of tumor growth, and improving overall survival, thus negating

the need for high levels of in vitro cell expansion (Yong et al., 2009).

Homing

Cellular homing is the migration of cells to their organ of origin. Homing also constitutes
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the migration of cells to sites of injured or damaged tissue from either their organ of origin or
injection site. By understanding the critical events and factors that take place during homing, we
can enhance our knowledge of hMSC-mediated therapeutic delivery and find ways to further
improve this process in the clinical setting (see Current State of the Problem below).

The homing process entails cell-cell signaling followed by an intricate and complex
series of coordinated events between the blood-borne cells and the blood vessel endothelium
(Lapidot, Dar, and Kollet, 2005). This process is perhaps best characterized within the field of
microbiology and immunology with the study of leukocyte migration to infected tissue as a
component of the innate immune response (Moser, 2001). Injured or stressed tissue elicit pro-
inflammatory signals in the form of cytokines, chemokines, and growth factors to which blood-
borne cells respond and migrate to arrive at the appropriate site guided by these chemoattractants
(Moser, 2001; Honczarenko et al., 2006; Ponte et al., 2007; Kosztowski, Zaidi, and Quiiiones-
Hinojosa, 2009). Examples of soluble chemoattractants implicated in hMSC homing to gliomas
include TGF-B (Shinojima et al., 2013), PDGF-BB (Hata et al., 2010), and SDF-1 (Son et al.,
2006; Ponte et al., 2007).

Once cells within the blood vessel are nearest the site of injury, they must cross the blood
vessel epithelium to reach the damaged tissue. The process whereby circulating cells in the blood
vasculature exit the circulatory system to migrate towards sites of damaged of infected tissue is
called extravasation. Similarly, hMSCs must extravasate from the blood vessel endothelium to
localize to the tumor mass though the precise mechanisms are not fully known (Fig. 1.3). Here
we outline the process of extravasation and the concerted sequence of events it entails based
largely on knowledge of mature leukocyte extravasation, though we present hMSCs-specific data

throughout as available (Fig. 1.4).
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In response to soluble factors released when tissue is injured or stress, the blood vessel
endothelium becomes “activated” (Wright & Cooper, 2014). Activated endothelium express cell
surface receptors not normally present in quiescent cells such as P-selectin and E-selectin
(Hattori et al., 1989; Wright & Cooper, 2014) in preparation for the first of extravasation. In the
first step, free-flowing cells in the bloodstream, such as hMSCs, must slow down and begin
rolling along the inner surface of the vessel wall. The carbohydrates on the hMSC cell surface
(glycolipids and glycoproteins) are captured by carbohydrate-binding proteins (predominantly
selectins) on the endothelial cell (EC) surface in a step known as rolling adhesion (Wright &
Cooper, 2014). Riister et al. (2006) demonstrated in vitro with EC-containing parallel flow plates
that hMSCs bind in a P-selectin-dependent manner and confirmed these results in vivo with P-
selectin knockout mice. Furthermore, treatment of hMSCs with TNF-a — a cell signaling
cytokine — enhanced binding to ECs (Riister et al., 2006 Segers et al., 2006).

In the second step, complementary pairs of adhesion molecules (which, may be
glycosylated, e.g. integrins) on opposing cell surfaces strengthen the rolling adhesion interaction.
N-linked glycosylation of the various adhesion proteins is thought to play an important role in
modulating tight binding between the endothelial and leukocyte cell surfaces (Wright & Cooper,
2014) though the nature of N-linked glycosylation remains unexamined at present in relation to
the interaction between hMSCs and ECs. Data support the EC/hMSC interaction between
VCAM-1/VLA-4 (Riister et al., 2006; Segers et al., 2006) and B1 integrin (Steingen et al., 2008;
Ip et al., 2007), but not ICAM-1 (Segers et al., 2006) as is typical for leukocytes (Wright &
Cooper, 2014). Next, cells begin the process of squeezing between the ECs (i.e. diapedesis) to
enter the target tissue (Schmidt et al., 2006; Yong et al., 2009) after which they are free to

disseminate throughout the tissue or in our studies the brain parenchyma and tumor mass.
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Figure 1.4: The process of cellular extravasation. In the first step, carbohydrates
on the blood borne cell surface adhere to carbohydrate-binding proteins on the
endothelium thus slowing the cells movement. In the second step, complementary
pairs of adhesion molecules to stop cell movement strengthening the interaction
established in the first step rolling adhesion. Third, cells squeeze in between
endothelial cells in a step known as diapedesis. Finally once on the opposite side of
the blood vessel endothelium cells are free to migrate through out the tissue
parenchyma. Copyright 2009 from The Immune System, 3rd Edition by Parham.

Reproduced with permission of Garland Science/Taylor & Francis LLC.
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Current State of the Problem

Unfortunately, the majority of studies utilizing hMSCs have been conducted with
commercially available human and rat glioma cells lines (e.g. 9L, U87, and U251), which poorly
mimic patient tumors in vivo (Yong et al., 2009; Doucette ef al., 2011; Shinojima ef al., 2013). In
order to rectify this shortcoming and improve the translational significance of these studies, we
used GSCs (see Therapeutic Limitations above) intracranially implanted (Lal et al., 2000) into
athymic nude mice (nu/nu) as a clinically relevant model. The GSCs isolated from patient tumors
faithfully reflect the genotype and phenotype of the parent tumor in vivo (Singh et al., 2004; Lee
et al., 2006). Reproducing previous experiments, hMSCs were transduced with gfp using
Ad5/F35-CMV-GFP at 50 MOI per 3 mL of serum free medium (Yong et al., 2009; Shinojima et
al., 2013). Cells were trypsinized, harvested, and injected into the right carotid artery of tumor-
bearing nude mice (i.e. GSCXs). However, the data indicate that with this more robust model of
GBM, hMSCs demonstrate significant variability in their capacity to home to GSCXs (Shinojima
et al., 2013; Table 1.1), which indicates that not all gliomas will support the homing of hMSCs.
The fact that some GSCXs attract hMSCs and others do not via the same delivery method
suggests that there are key molecular differences that drive or modulate homing and
extravasation. The GSC xenografts to which hMSCs home are herein referred to as ‘attractors’,

where as those xenografts that fail to evoke hMSCs homing are referred to as ‘non-attractors’.

TCGA TCGA TCGA TCGA

Attractor Cells Tumor Non-Attractor Cells Tumor

GSCX17 P M GSCX11 C C
GSCX268 C M GSCX231 C C
GSCX274 M C GSCX229 P P

Table 1.1: Glioma stem cell xenografts (GSCX) categorized by their phenotype
— attractor or non-attractor — and their genomic classification according to TCGA
(http://cancergenome.nih.gov/) as stem cells (cells) and patient biopsies (tumor).
P, proneural; C, classical; M, mesenchymal.
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Overall Significance

It is well documented that hMSCs have an intrinsic tropism towards gliomas that give
these cells tremendous clinical potential as therapeutic delivery vehicles. Given the therapeutic
potential of hMSC:s, it is critically necessary to understand the inherent biological differences
between attractors and non-attractors. This project characterizes the molecular differences in
proteins, transcripts, N-linked glycans, and lipids, between attractors and non-attractors that may
be essential to the homing process. Understanding these differences will be critical in advancing
hMSCs as a viable therapeutic strategy in clinical settings or to identify patients most appropriate

for hMSC-mediated delivery.
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MATERIALS AND METHODS

GENERAL

Chemicals and reagents. LC-MS grade acetonitrile, methanol, and water were from J.T. Baker
(Philipsburg, NJ). 2,5 dihydroxybenzoic acid (DHB) xylene, and ammonium acetate were
obtained from Sigma-Aldrich (St. Louis, MO). Hematoxylin & eosin was purchased from
Amresco (Solon, OH). Conductive indium tin oxide (ITO) coated glass slides were from Delta
Technologies (Loveland, CO). LC-MS grade acetonitrile and water were from J.T. Baker
(Philipsburg, NJ). Formic acid and RIPA buffer were purchased from Pierce (Rockford, IL).
Iodoacetamide (IAA), dithiothreitol (DTT) and ammonium bicarbonate were obtained from
Sigma-Aldrich (St. Louis, MO). Sequencing grade trypsin was from Promega (Madison, WI).
Sodium fluoride (NaF) was supplied by BDH (West Chester, PA) and PMSF from CalBiochem

(Darmstadt, Germany).

Cell culture. GSCs (GSC17, GSC11, GSC274, GSC268, GSC231, and GSC229) were isolated
from patient tumors as previously described (Singh ef al., 2003; Singh et al., 2004) in accordance
with The University of Texas M.D. Anderson Cancer Center IRB. All cell lines were tested for
the presence of Mycoplasma. GSCs were grown as spheroids and split into separate dishes, one
plate received 5 Gy of ionizing radiation and the other remained untreated. Cells were harvested
48 hrs after treatment. Downstream analyses were performed on paired cell cultures from

identical batches to reduce the influence of batch variance in the comparative assays.

Animals. Male athymic nude mice (nu/nu) were purchased from the Department of Experimental

Radiation Oncology, The University of Texas M.D. Anderson Cancer Center (Houston, TX).
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Mice were housed n < 5 per cage, on a 12 hr light-dark cycle with food and water ad libitum.
Mice were allowed to feed until the time of surgery. All animal manipulations were done in
accordance with institutional (MDACC) guidelines under Use Committee-approved protocols
and in compliance with the USDA Animal Welfare Act and the Guide for the Care and Use of

Laboratory Animals.

Glioma Xenograft Model. GSC lines, GSC17, GSC11, GSC229, GSC231, GSC268, and

GSC274 were

established from

patient  tumors  as

previously  described
(Singh et al., 2003;

Singh et al, 2004).

GSCs were harvested,

counted, and 1 x 10°

were resuspended in

PBS for intracranial

implantation in nude

mice via the guide-

screw  method as

previously  described

(Lal et al., 2000; Fig Figure 2.1: Artist’s rendition of guide-screw implantation.
" ’ Adapted from Lal et al., J Neurosurg 92: 326-333, pg. 328.
2.1) A total of Reprinted with permission.
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eighteen mice were intracranially injected; each cell line represented by three different animals
to produce GSC xenografts (GSCXs). GSCX17, GSCX274, and GSCX268 represent the

attractor phenotype and GSCXI11, GSCX229, and GSCX231 represent the non-attractor

phenotype.

Tissue Dissection, Sampling, and Sectioning. Tumor-bearing mice were anesthetized with a
ketamine/xylazine solution (200 mg ketamine and 20 mg xylazine in 17 ml of saline) at a dosage
of 0.15mg/10 g body weight delivered by intraperitoneal injection and sacrificed by CO,
inhalation. Brains were rapidly dissected out of the calvarium and frozen in liquid nitrogen vapor
and stored at -80°C (Shavkunov et al, 2013). Using a brain matrix, tumor-containing brain
samples were sliced along the coronal plane at 1.5 mm thick ensuring the bolt and injection site
were included. From these slices, tissue punches (1.5 mm diameter; Braintree Scientific,
Braintree, MA) for proteomics and transcriptomics were taken at the tumor site and flash frozen
in liquid nitrogen. The remaining bulk tumor-containing brain samples, were mounted on a
cryostat and sectioned at 10 um along the coronal plane and thaw mounted on ITO glass slides in
a block randomized fashion (Oberg & Vitek, 2009). Slides were stored at -80°C until further
analysis by MALDI-IMS. In addition to this 15 pm and 20 um coronal sections were taken at the
same time for lipid extraction as previously described (Matyash et al., 2008; Wood & Shirley,
2013) with subsequent ESI-MS/MS analysis, and on-tissue glycan release and subsequent LC-

MS/MS analysis (Hu et al., 2013), respectively.
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LIPIDOMICS

Lipid Extraction. Tissue samples were extracted with tert-butyl methyl ether and methanol
(Matyash et al., 2008; Wood & Shirley, 2013) to which [*Hg]arachidonic acid, [*Hs]phytanic
acid, [*Hs]hexacosanoic acid, [*Hs]hexadecanedioic acid []3C16]palmitic acid, [*H;]cholesterol
sulfate, [*"Hs]MAG 18:1, [*H;]Carnitine 18:0, [*C3]DAG 36:2, [*Hs]TAG 48:0, [*H3]PtdEtn
34:1, [*Hs4]PtdEtn 28:0, [*HzJPtdCh 34:1, [*Hs4]PtdCh 28:0, [*He]PtdCh 32:0, [*Hz]SM 16:0,
[*Hs ]PtdSer 36:1, [*Hs1JPA 34:1, [*He]PG 32:0 were added as internal standards.
Glyburide was added as a lock mass. Extracts were dried to completeness in vacuo and stored at

-80°C until further analysis by ESI-MS/MS.

ESI-MS/MS. Lipid extracts were resuspended in isopropanol:methanol:chloroform (4:2:1)
containing 7.5 mM ammonium acetate. Lipid analyses were performed by direct infusion in an
Orbitrap mass spectrometer (Thermo Q-Exactive), with successive switching between polarity
modes utilizing high-resolution (140,000 at 200 amu) data acquisition, with < 1 ppm mass
accuracy. Washes between samples with hexane/ethyl acetate (3:2) were used to minimize ghost
effects. In negative and positive ion ESI, the anions and cations, respectively were quantified and
lipid identities validated by MS/MS. Precursor ions were selected at unit mass resolution and
product ions analyzed at high resolution (140,000) utilizing collision cell energies of 10, 25, and
35. Measured lipid abundances were taken as the ratio of lipid peak area to the peak area of an
internal standard corrected for protein concentration. Grubb’s test was used to identify and
remove outliers in the dataset. Data presented as mean + SEM with p < 0.05 considered

significant (Supplemental Table 3.1).
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MALDI-IMS. Slides were dried in a vacuum desiccator for 1 hr, then washed with 50 mM
ammonium acetate three times and allowed to dry for 3 hrs in vacuo. Matrix 2,5
dihydroxybenzoic acid was applied to slides through sublimation (Hankin, Barkley, and Murphy,
2007). Imaging experiments were acquired in a MALDI TOF/TOF mass spectrometer
(Ultraflextreme, Bruker Daltonics, Bremen, Germany) with Flex Control 3.4 and FlexImaging
3.0 (Bruker Daltonics) software. For all analyses, data were collected at 100 pm lateral resolution
with a 1 kHz UV laser (smartbeam II) in positive ion mode (500 shots/spot) and in negative ion
mode (1,000 shots/spot) over m/z 200-1600. Imaging data were subsequently processed and
analyzed by FlexImaging'™ software. Ion mass-to-charge ratio (m/z) and lipid assignments were
made through the LIPID Metabolites and Pathways Strategy Database (LipidMaps

http://www.lipidmaps.org) (Fahy ef al., 2007; Fahy et al., 2009). Images were normalized to the

total ion current (TIC). Collision-induced dissociation (CID) fragmentation was to fragment
selected lipids. The DHA lipid standard was spotted on a MALDI plate with DHB (50/50 v/v)
and fragmented in negative ion mode using the same parameters described above

(Supplemental Figure S3.1 and Supplemental Table 3.2).

H&E STAINING AND OPTICAL IMAGING. After MALDI-IMS experimentation, slides were
processed for H&E staining. Slides were washed twice (15 sec each) with 100% ethanol to
remove matrix, then successively with 95% ethanol, 70% ethanol, and H,O (30 sec each). Tissue
was stained with hematoxylin for 3 min then washed with H,O, 70% ethanol, and 95% ethanol
(30 sec each). Next tissue was stained with eosin for 1 min followed by washes with 95% and

100% ethanol for 30 sec each and xylene for 2 min. Xenograft tissue were imaged with a Zeiss
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Stereomicroscope SteREO Discovery.V20 equipped with an AxioCam MRc5 (Carl Zeiss

Microscopy, LLC, Thornwood, NY).
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PROTEOMICS

Sample Preparation and Digestion of GSCX Whole Cell Lysate. Tissue punches were suspended
in RIPA buffer containing 2 mM NaF, 2X Halt Protease and Phosphatase Inhibitor Cocktail
(Thermo-pierce), 25 Units of nuclease, and 1 mM PMSF (final concentrations). Samples were
subjected to seven freeze-thaw cycles each consisting of 90 sec in liquid nitrogen and 5 min on
ice. Samples were spun for 10 min at 1,000 x g at 4°C. The supernatant was removed and protein
concentration measured by BCA (Pierce, Rockford, IL). Whole cell lysates (100 ug) were
precipitated with the 2D Clean-Up Kit (GE Healthcare, Piscataway, NJ). Samples were
resuspended in 25 mM ammonium bicarbonate (pH 8) with sonication for 5 min. Resuspended
lysate was reduced with 10 mM DTT for 1 h at room temperature and alkylated with 5 mM IAA
for 1 h at room temperature in the dark. Proteins were digested overnight with trypsin 1:50 (w/w)

at 37°C.

nLC-MS/MS of GSCX Whole Cell Lysate Digests. Each individual sample (nine per phenotype)
consisting of three biological replicates per cell line were dissolved in 0.1% FA/5% ACN (v/v)

and run in a block-randomized fashion (www.random.org) (Oberg & Vitek, 2009).

Chromatographic separations were performed with a nano-LC chromatography system (Easy-
nLC 1000, Thermo Scientific) online to a hybrid mass spectrometer consisting of a linear
quadrupole ion trap and an Orbitrap (LTQ-Orbitrap Elite, Thermo Fisher Scientific) in positive
ion mode. Samples were loaded on a C;g trap column 100 pm ID x 2 cm (New Objective) for
online desalting and eluted from a PicoFrit® (75 um ID x 15 pm tip) column packed with 10 cm
ProteoPep II (5 pm, 300A, C;5, New Objective) with the following gradient at 250 nL/min: 5%

solvent B for 5 min; 35% B over 139 min; 95% B over 26 min followed by isocratic at 95% B
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for 10 min. Mobile phases were 0.1% formic acid in water (A) and 0.1% formic acid in
acetonitrile (B). The instrument was operated in positive ion mode for data-dependent analyses
(DDA), automatically switching between survey scans (MS) at m/z 350-2000 acquired in the
Orbitrap (60,000 at m/z 400) in profile mode and MS/MS scans in the Orbitrap in centroid mode
(15,000 at m/z 400). For each sample, the five most abundant precursor ions above a 10,000
count threshold were selected from each survey scan (MS) for HCD fragmentation (isolation
width £2.0 Da, default charge state of 4, normalized collision energy 30%, activation Q 0.250,
and activation time 0.1 s as previously described (Lichti et al., 2014; Lichti et al., 2015). Ton

injection times for the MS and MS/MS scans were 500 ms each. The automatic gain control

targets for the Orbitrap were 1 x 106 for the MS scans and 2 x 105 for MS/MS scans. Dynamic
exclusion (10 ppm relative to precursor ion m/z) was enabled with a repeat count of 1, maximal
exclusion list size of 500, and an exclusion duration of 60 s. Monoisotopic precursor selection
(MIPS) was enabled, and unassigned and singly charged ions were rejected. The following ion
source parameters were used: capillary temperature 275°C, source voltage 2.2 kV, and S-lens RF

level 40%. Spectra were acquired using XCalibur, version 2.0.7 (ThermoFisher).

Data Processing and Analysis of GSCX Whole Cell Lysate. Data files (.raw) were imported into
Progenesis LC-MS (version 4.1; Nonlinear Dynamics, Newcastle upon Tyne, U.K) for spectral
alignment based on m/z and retention time using a proprietary algorithm and manual landmarks
using one sample (‘Mix Control” an equal protein mixture from each sample) as the reference, as
previously described (Hauck et al., 2010). The top 5 spectra for each feature were exported as a
combined .mgf file and searched with PEAKS (version 6, Bioinformatics Solutions Inc.,

Waterloo, ON) against a merged UniprotKB/SwissProt HumanMouse database of canonical
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sequences (March 2014; 24,541 entries) appended with the Common Repository of Adventitious
Proteins (cCRAP) contaminant database (February 2012 version, The Global Proteome Machine,

www.thegpm.org/cRAP/index.html). The HumanMousecRAP database enabled us to identify

peptides belonging to either human or mouse as well as peptides with shared sequences in a
single database search. PEAKS automatically generated a decoy-fusion, which appended a decoy
sequence to each protein for calculation of FDR (Zhang et al., 2012). All modifications in the
Unimod database were considered in the PEAKS search (Han ef al., 2011; Lichti, ef al., 2014).
PEAKS searches were performed with a precursor ion mass tolerance of 10 ppm and fragment
mass tolerance was 0.1 Da. Trypsin was specified as the proteolytic enzyme and a maximum of
two missed cleavages were allowed.

Search results with score (-10logP) of 30 or higher, with an estimated FDR value of <1%
(at the protein level) as calculated by PEAKS, were exported from PEAKS and re-imported into
Progenesis for manual monoisotopic peak correction. Deamidated peptides identified in the
PEAKS database search were used to direct manual monoisotopic peak correction, which is done
to correct for misassigned monoisotopic m/z values not corrected in an automated fashion by
Progenesis. After monoisotopic peak correction, the top 5 spectra for each feature were exported
as a combined .mgf file and searched with PEAKS and imported into Progenesis for manual
conflict resolution. Conflict resolution is the process whereby we ensure that a single peptide
sequence is assigned to a single feature, by removing lower scoring peptide assignments to
generate a final peptide list with raw abundances as previously described (Wildburger et al.,
2015). The peptide list was exported as raw abundances to Excel for data analysis. The mass
spectrometric data have been deposited in ProteomeXchange

(http://proteomecentral.proteomexchange.org) via the PRIDE partner repository (Vizcaino et al.,
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2013) with the dataset identifier PXD001778.

All peptides listed as having shared or group accessions, or listed with multiple
accessions, were removed — a total of 625 peptides. In this process, peptide sequences belonging
to single protein identifications were kept for further statistical analysis while those belonging to
more than one (i.e. "shared or group accessions, or listed with multiple accessions") were
removed. This criterion (Paris guidelines) increases the confidence of protein quantification
(Bradshaw et al., 2006; Neilson et al., 2011). Next, all post-translational modifications except
carbamidomethylation of cysteine and oxidation of methionine were removed. Mouse and human
proteins were sorted and separated before data analysis. Proteins identified as exogenous
contaminants, such as keratin and trypsin, were eliminated. Finally, all protein identifications
required a minimum of two unique peptides. Proteins without at least two peptides were
excluded from further analysis. A total of two tables of peptide intensities (human WCL and
mouse WCL) were imported into custom scripts for analysis (Supplemental Tables 4.1 and
4.2). All calculations were done using SAS PROC MIXED with restricted maximum likelihood
estimations (SAS version 9.4, SAS Institute, Cary NC), and type 3 sums of squares (where
appropriate). In all cases, the intensity of each peptide ion species was normalized by
standardization across all measure of that peptide species. Standardization is a calculation in
which the average intensity for all measures of a given peptide is subtracted from each measure,
and the resulting difference is then divided by the standard deviation of all measures of the
peptide. Missing values, defined as the lack of a reported intensity for a given peptide in a given
LC-MS/MS run (i.e. a peptide observed in one replicate but not in another), were assumed to be
missing at random and were excluded from the analysis. A random effects model was used to

partition variation in the peptide intensities between treatment levels (attractors and non-
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attractors), the three biological replicates, and the three analytical replicates. Supplemental
Tables 4.3 and 4.4 contain the results for each protein from each analysis human and mouse,
respectively. Next, a hierarchical linear model was used to test for differences in mean intensity
between the attractors and non-attractors, while allowing each biological replicate to have its
own overall mean. The p-values from each analysis were corrected for multiple hypothesis
testing with an FDR (g) of < 0.05 considered significant (Benjamini & Hochberg, 1995). The
same model was run on the log, converted raw intensities. The differences in estimated mean
between attractor and non-attractor in these tests were taken as an estimate of the overall fold
change within the treatment. Supplemental Tables 4.3 and 4.4 list the test statistics and effect
estimates for each protein interrogated within each analysis. The g-value reported throughout the
text is the instantaneous ¢ value (q_inst; Supplemental Tables 4.3 and 4.4), which is the FDR if
the given protein were taken as the least significant protein differentially expressed. For
visualization of data, positive fold change values are indicative of an increase in protein
expression in attractors relative to non-attractors and negative fold change values are indicative
of a decrease in protein expression in attractors relative to non-attractors. Perseus software
(version 1.5.16) was used for visualization the data (Cox & Mann, 2012) and the Database for
Annotation, Visualization and Integrated Discovery (DAVID version 6.7) for interrogation of
enriched (Huang, Sherman, and Lempicki, 2009a; Huang, Sherman, and Lempicki, 2009b)
KEGG pathways (Kanehisa & Goto, 2000; Kanehisa et al., 2014) with a false discovery rate
(FDR) of < 10% using Benjamini-Hochberg p-value correction (g-value) (Benjamini &
Hochberg, 1995). The relative log, protein fold changes were matched to hexadecimal color
codes as previously described (Mostovenko, Deelder, and Palmblad, 2011). A fold change of +3

corresponded to #FF0000, 0 to #FFFF00 and -4 to #00FF00 for human proteins. A fold change
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of +3 corresponded to #FF0000, 0 to #FFFF00 and -1.9 to #00FF00 for mouse proteins The
proteins and their corresponding color codes were then mapped onto metabolic pathways

available in KEGG using KEGG Mapper (Kanehisa & Goto, 2000; Kanehisa, et al., 2014).
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TRANSCRIPTOMICS

A custom targeted microarray chip containing functional human gene sets related to
glioma biology was used to examine the relative expression of epigenetics, radiation sensitivity,
ion channels, metabolomics, ER stress and unfolded protein response, ubiquitination, all

Chromosome 19 and all cloned glycogenes (available at www.cazy.org/) compiled from the

NCBI human sequence database as part of the UTMB Cancer Consortium Genechip (Kroes
2007; Kroes 2006; Nilsson 2013; Lichti 2014) — in total 2577 transcripts. Each transcript-specific
oligonucleotide was spotted in triplicate on the genechip. A full description of the targeted
transcriptomics array dynamic range, accuracy, reproducibility as well as and quality control
measures is available in Kroes ef al. (2006 and 2007).

In this study, the relative quantitation of individual transcript abundance in 18 GSC
xenografts or 12 GSC (irradiated and non-irradiated) were compared. Briefly, total RNA from
each of the defined sample was extracted and purified for amplification and labeling with
fluorescent dye Cy5. RNA from the universal reference (Stratagene, La Jolla, CA) was labeled
with Cy3 (Churchill 2002). Individually combined samples and reference RNA was hybridized
to microarray chips overnight followed by a series of high-stringency washes (Kroes 2007).
Microarray chips were scanned by a high-resolution confocal laser (ScanArray 4000XL; Packard
Biochip Technologies, Billerica, MA) at 633 nm and 543 nm at 5 um resolution. Cy3 and Cy5
fluorescence data was analyzed for quality control parameters including but not limited to spot
diameter, uniformity, replicate uniformity, and signal to noise ratio (Kroes 2007) using BlueFuse
(ITlumina Fulbourn, Cambridge, UK). Spots that did not pass the stringent criteria were flagged.
Significance of analysis of microarrays algorithm (SAM, v4.0, Stanford University, Palo Alto,

CA) (Tusher 2001) was used with minimum 5000 permutations to determine statistically
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significant differentially expressed genes. The significance cutoff in these experiments was set to
a FDR of < 10% in order to maximize the number of significant genes for downstream
ontological analysis. Positive fold change values are indicative of an increase in protein
expression in attractors relative to non-attractors and negative fold change values are indicative
of a decrease in protein expression in attractors relative to non-attractors (Supplemental Table
4.3 and 5.1).

This dataset was previously published (Wildburger et al., 2015) but was re-analyzed by
Gene Set Enrichment Analysis (GSEA) (Chapter V) to determine significantly enriched
glycomic pathways from a custom-made glycomic pathway database (Crosson et al., 2009;
Mootha et al., 2003; Subramanian et al., 2005). Significantly enriched data sets are defined at a p
< 0.05 and a false discovery rate (FDR) g < 0.30. DanteR (version 0.1.1) was used to generate a

3D PCA of all glycogenes from GSCXs.
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GLYCOMICS

On-tissue digestion. Coronal sections (20 um) of all GSCXs were brought to room temperature
and spotted with 1 pL. of PNGase F (50 Units) on the tumor regions of attractor and non-attractor
xenografts. The enzymatic deglycosylation reaction was carried out overnight in a water bath at
37 °C. Released N-glycans were collected, reduced with borane-ammonia followed by solid-

phase permethylation (SPP) as previously described (Hu et al., 2013).

nanoLiquid Chromatography-Mass Spectrometry. Samples were subjected to nanoLC-MS
analysis as previously described, (Hu ef al., 2013; Desantos-Garcia et al., 2011; Hu & Mechref,
2012; Hu, Desantos-Garcia, & Mechref et al., 2013; Tsai et al., 2014) utilizing an LTQ Orbitrap
Velos (Thermo Scientific, San Jose, CA, USA) mass spectrometer and Dionex Ultimate 3000
UHPLC system (Thermo Scientific, Sunnyvale, CA, USA). The flow rate of the nanoLC system
was set to 350 nL/min. The mobile phase A consisted of 98% water, 2% acetonitrile and 0.1%
formic acid while mobile phase B consisted of 100% acetonitrile and 0.1% formic acid.
Permethylated glycans were separated on C;g column (Thermo Scientific, Pittsburgh, PA, USA)
using the following multi-gradient condition; started with 20% mobile phase B for 10 minutes,
then increased to 38% B in one minute, after that the percentage of B increased linearly to 60%
in 35 minutes, finally 90% B was applied and keep for 5 minutes in order to ensure all glycans
are eluted out of the column. The column oven temperature was set to 55°C. The LC system was
coupled to MS using nano electrospray ionization source. The resolution of full MS was set to
15,000, which is adequate to resolve close glycan m/z values. MS® was conducted in data

dependent acquisition (DDA) mode; the 4 most intense peaks were subjected to MS? analysis
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using both collision-induced dissociation (CID) and higher-energy collisional dissociation

(HCD).

Data Processing and Analysis. MultiGlycan (Hu et al., 2015; Yu et al., 2013) was employed to
process the raw data files generated by the mass spectrometer. The peak areas of extracted ion
chromatograms were used to represent the abundance of each glycan structure detected in the
different samples. Data were filtered based on percent missing values (%NA) with > 50% NA
removed. Grubb’s test was used to identify and remove outliers in the dataset. Data presented as

mean + SEM with p < 0.05 considered significant.
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The following chapter has been previously published and is provided here with permission from
The American Chemical Society © 2015

Wildburger, N.C., ef al. (2015). ESI-MS/MS and MALDI-IMS Localization Reveals Alterations
in Phosphatidic Acid, Diacylglycerol, and DHA in Glioma Stem Cell Xenografts.

This article contains Supplemental Tables 1-2 and Supplemental Figure S1-2 which can be
accessed free of charge via http://pubs.acs.org/
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Abstract

Glioblastoma (GBM) is the most common adult primary brain tumor. Despite aggressive
multimodal therapy, the survival of patients with GBM remains dismal. However, recent
evidence has demonstrated the promise of bone marrow-derived mesenchymal stem cells (BM-
hMSCs) as a therapeutic delivery vehicle for anti-glioma agents, due to their ability to migrate or
home to human gliomas. While several studies have demonstrated the feasibility of harnessing
the homing capacity of BM-hMSCs for targeted delivery of cancer therapeutics, it is now also
evident, based on clinically relevant glioma stem cell (GSC) models of GBMs, that BM-hMSCs
demonstrate variable tropism towards these tumors. In this study, we compared the lipid
environment of GSC xenografts that attract BM-hMSCs (N=9) with those that do not attract
(N=9), to identify lipid modalities that are conducive to homing of BM-hMSC to GBMs. We
identified lipids directly from tissue by matrix-assisted laser desorption/ionization (MALDI)
imaging mass spectrometry (IMS) and electrospray ionization-tandem mass spectrometry (ESI-
MS/MS) of lipid extracts. Several species of signaling lipids, including phosphatidic acid (PA
36:2, PA 40:5, PA 42:5, and PA 42:7) and diacylglycerol (DAG 34:0, DAG 34:1, DAG 36:1,
DAG 38:4, DAG 38:6, and DAG 40:6) were lower in attracting xenografts. Molecular lipid
images showed that PA (36:2), DAG (40:6), and docosahexaenoic acid (DHA) were decreased
within tumor regions of attracting xenografts. Our results provide the first evidence for lipid
signaling pathways and lipid-mediated tumor inflammatory responses in the homing of BM-
hMSCs to GSC xenografts. Our studies provide new fundamental knowledge on the molecular

correlates of the differential homing capacity of BM-hMSCs toward GSC xenografts.
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Introduction

Glioblastoma (GBM, World Health Organization (WHO) grade IV astrocytoma) is the
most common (Kleithues & Ohgaki, 1999; Louis et al., 2007) adult primary brain tumor, with a
median survival rate of 14-15 months (Louis et al., 2007; Berens & Giese, 1999; Stupp et al.,
2005). Despite advances in treatment and an aggressive multimodal therapeutic approach
including maximal surgical resection, followed by concurrent chemotherapy, radiotherapy, and
adjuvant chemotherapy, the disease is nearly universally fatal. This poor outcome is largely due
to poor penetration of therapeutic agents across the blood-tumor barrier (Pardridge, 2003;
Kosztowski, Zaidi, and Quifiones-Hinojosa, 2009) and resistance of glioma stem cells (GSCs) to
standard treatments. We and others have shown that bone marrow-derived human mesenchymal
stem cells (BM-hMSCs) show promise in addressing this deficiency because they selectively
migrate or home to gliomas after systemic or intravascular delivery, making them attractive
vehicles for targeted therapeutic delivery of anti-glioma agents (Kosztowski, Zaidi, and
Quinones-Hinojosa, 2009; Nakamizo et al., 2005; Nakamura et al., 2004; Studeny et al., 2004;
Yong et al., 2009; Miletic et al., 2007; Doucette et al., 2011). In fact, due to their intrinsic
tropism towards gliomas, BM-hMSCs have been used to deliver immunotherapy (Kosztowski,
Zaidi, and Quifiones-Hinojosa, 2009; Nakamizo et al., 2005; Nakamura et al., 2004), enzymes
for chemotherapeutic pro-drugs (Miletic et al., 2007), and oncolytic viruses (Yong et al., 2009)
to human gliomas in animal models. However, despite the potential clinical application of BM-
hMSCs in glioma therapy, the mechanism underlying the ability of BM-hMSCs to home to
gliomas remains largely unknown. Deciphering this mechanism is not only of biological interest,
but could be exploited also to identify the most appropriate patient groups for BM-hMSC-

mediated delivery or to enhance the homing of BM-hMSCs to GBMs.
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We have recently shown that in addition to the commonly used “professional” glioma
cell lines, BM-hMSCs are also capable of homing to xenografts derived from human GSCs
(Shinojima et al., 2013). Compared to commercially available rat and human glioma cell lines,
which poorly mimic clinical tumors, GSCs faithfully recapitulate the genotype and phenotype of
human GBMs in vivo (Lee et al., 2006) and therefore, offer a more clinically relevant model with
high translational significance. Like cancer stem cells from many other tumors, GSCs, which are
isolated directly from fresh surgical specimens of patient gliomas, represent a sub-population of
cells in GBMs that have stem-like properties, including self-renewal (Singh et al., 2004; Singh et
al., 2004). GSCs grow as spheroids in vitro and often express CD133 or CD15 on their surface
(Singh et al., 2004; Clarke et al., 2006). Most importantly, GSCs form tumors that mimic human
GBMs when injected in small numbers (100-1000 cells) into the brains of athymic mice and are
therefore thought to be the tumor-initiating cells that are often resistant to therapy and
responsible for treatment failure (Singh et al., 2004; Clarke et al., 2006).

Although xenografts formed from GSCs are capable of attracting BM-hMSCs, recent
work from our group has indicated that not all GSC xenografts are capable of attracting BM-
hMSCs equally (Shinojima ef al., 2013). In our studies of a large group of GSCs we found that
intracranial xenografts of some GSCs were capable of strongly attracting BM-hMSCs after
intracarotid injection (GSC17, GSC274, GSC268), whereas others showed a more limited
capacity to attract BM-hMSCs (GSC11, GSC229, GSC231). The identification of “attractor”
GSCs and “non-attractor” GSCs is not only of therapeutic importance, but provides a unique
model for understanding the mechanisms underlying the tropism of BM-hMSCs toward GSCs.
Evidence suggests that intravascularly-delivered BM-hMSCs extravasate from the blood vessel

endothelium via diapedesis in order to localize to the tumor mass (Yong et al., 2009).
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Extravasation is a complex multi-step process whereby cells within blood vessels migrate in
response to soluble factors released from sites of inflammation and/or tissue damage. Lectins on
the endothelial surface recognize and bind carbohydrates on glycolipids or glycoproteins on the
opposing cell surface, inducing rolling adhesion of circulating cells. Complementary pairs of
adhesion molecules on opposing cell surfaces mediate the strengthening of this interaction. Next,
the cells begin the process of squeezing between the endothelial cells (diapedesis) that comprise
the blood vasculature and migrate throughout the tumor parenchyma (Yong et al., 2009).

Several studies, focused on tumor-derived growth factors and cytokines, such as TGF-f3
(Shinojima et al., 2013), PDGF-BB (Hata et al., 2010), and SDF-1 (Son et al., 2006), have
provided clues about soluble factors that mediate BM-hMSC homing to gliomas. However,
knowledge of lipids as molecular correlates of GSC xenograft differential homing of BM-hMSCs
is lacking. Lipids are not only crucial to the maintenance of cellular structure, but are also
important in signal transduction as second messenger molecules. The main structural
components of the biological membranes, different classes of lipids and saturations can
significantly modulate membrane fluidity, impacting membrane-dependent cellular functions
(Helmreich, 2003; Aureli et al., 2015). Lipids as signaling molecules can act independently (e.g.
as receptor ligands) or in conjunction with proteins through structural-functional modulation
(Fernandis & Wenk, 2007; Berridge, 1987). Alterations in lipids are strongly correlated with
cancer and other human diseases (e.g. Alzheimer’s disease) (Santos & Schulze, 2012; Wood,
2012). Changes in lipid metabolism may influence biological processes, including growth,
proliferation, invasion, and energy homeostasis through lipid signal transduction pathways
(Santos & Schulze, 2012). In glioma, this becomes especially relevant because the location of

these tumors, the brain, contains the highest lipid content of any organ in the body. Lipids are
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critical in cell-to-cell communication in the brain and can act as inflammatory mediators. Given
the diverse role of lipids in biological systems, we hypothesized that alterations of lipids between
attractor and non-attractor GSCs may provide insight into the elements within the tumor
environment that are favorable to or elicit cues for BM-hMSC homing. Consequently, we
applied high throughput ESI-MS/MS and MALDI-IMS approaches to identify inherent
underlying differences in lipid profiles between those tumors that attract BM-hMSCs (attractors)
and those that do not (non-attractors).

We have previously performed lipidomic analysis of GSCs and GBM cells (He et al.,
2010; He et al., 2007). For the first time, we have applied lipidomics and MALDI-IMS to GSC
xenografts. We employed quantitative lipidomics and matrix-assisted laser desorption/ionization
imaging mass spectrometry (MALDI-IMS) from thin tissue sections. Lipidomic analysis by
electrospray ionization-tandem mass spectrometry (ESI-MS/MS) allows for the identification
and quantification of lipid species (Matyash et al., 2008; Wood & Shirley, 2013), while MALDI-
IMS permits localization and identification of lipid biomolecules within the GSC xenograft
tissue. This technology allows direct detection of ionized analytes by rastering a laser across
matrix-coated tissue in an ordered array. Each x-y coordinate contains a spectrum of lipid
biomolecular ions. The combination of x-y coordinates with signal intensity produces an image
representing an in situ molecular-histological map (Norris & Caprioli, 2013). The added
advantage to this technology is the minimal sample processing, which preserves the integrity of
the tissue and its compatibility with other imaging modalities (Chughtai et al., 2013).

Using this approach we now detected both global and tumor-specific differences in
signaling lipids phosphatidic acid (PA 36:2, PA 40:5, PA 42:5, and PA 42:7) and diacylglycerol

(DAG 34:0, DAG 34:1, DAG 36:1, DAG 38:4, DAG 38:6, and DAG 40:6) in attractor versus
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non-attractor GSC xenografts. Finally, our data reveals decreased levels of docosahexaenoic acid
(DHA) in attractors. Taken together, these results implicate phospholipid signaling and lipid-

mediated inflammation in BM-hMSCs homing.

Methods

Methods for glioma xenograft model, tissue dissection, sampling and sectioning, lipid extraction
and ESI-MS/MS, MALDI-IMS, H&E staining and optical imaging were outlined previously in
this work. A complete description of these techniques is detailed in Chapter II. All
supplemental tables referenced within this manuscript may be found in the digital repository

associated with this dissertation.

Results
General strategy for mass spectrometric analysis and imaging of lipids

We employed the workflow outlined in Figure 3.1 to investigate lipid species, which
were differentially expressed in xenograft tumors in the attractor or non-attractor groups, derived
from intracranial implantation of human GSCs (Shinojima et al., 2013; Singh et al., 2004; Singh
et al., 2004; Lal et al., 2000). Tissue slices were obtained from a total of eighteen xenografts.
Slices (15 wm) were extracted and analyzed by ESI-MS/MS (Matyash et al., 2008; Wood &
Shirley, 2013), or MALDI-IMS (10 um) as described in Methods and Materials). We obtained
quantitative measurements of lipid species with high resolution MS/MS confirmation of
assignments (Supplemental Table 3.1). The MALDI-IMS technology allowed for in situ
localization of lipid species from the lipidomics analysis as intact molecular ions with

confirmation of selected m/z assignments by MS/MS.
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Identification of Phosphatidic Acid Alterations

Analysis of lipid extracts from tissue slices detected multiple species of phosphatidic acid
(PA), and quantification of these detected species revealed a subset of PA species PA (36:2), PA
(40:5), PA (42:5), and PA (42:7), that were significantly lower in tumors of the attractor
phenotype compared with the non-attractor phenotype (Fig. 3.2A). This pattern held true even
for the PA species that did not reach statistical significance (Supplemental Table 3.1).
Intriguingly, species of lysophosphatidic acid (LPA), the common precursor of PA via the
Kennedy Pathway (Wang et al., 2006; Bruntz, Lindsely, and Brown, 2014; Kennedy, 1987),
detected and validated by ESI-MS/MS (LPA 16:0, LPA 18:2, and LPA 18:3) were not
statistically different between the two tumor phenotypes (Supplemental Table 3.1).

Next, we sought to localize the distribution of the significant PA species by MALDI-IMS
in negative ion mode through inspection of the intact mass of anions. Of the significant PA
species identified by ESI-MS/MS, PA (40:5), PA (42:5), and PA (42:7) did not specifically
localize to the tumor region (data not shown), suggesting that the elevated levels quantified by
ESI-MS/MS represent a global decrease of these species in the attracting xenografts. We did,
however, find that PA (36:2) at m/z 735.4 [M+Cl] was largely depleted in the tumor area of
attractors (Fig. 3.2B), whereas it was consistently present in the tumor area of non-attractors
(Fig. 3.2D). Corresponding tissue was stained for hematoxylin-eosin (H&E) to correlate lipid
distribution with histological features (Fig. 3.2C, E, respectively). To confirm the PA (36:2)
finding, we performed MS/MS analysis of m/z 735.4 in the MALDI-TOF/TOF directly on the
tissue. The tissue-derived MALDI-MS/MS analysis of m/z 735.4 yielded product ions consistent

with the structure of PA (18:0/18:2) (Fig. 3.2F and Table 3.1).
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Figure 3.2. Negative ion MALDI-IMS of PA in GSC xenografts. (A) Relative
abundance of PA (36:2), PA (40:5), PA (42:5), and PA (42:7) as determined by
ESI-MS/MS. Values are mean = SEM (n = 9 for each phenotype) of the lipid
abundance as the ratio of lipid peak area to the peak area of an internal standard
corrected for protein concentration; * p < 0.05 and ** p < 0.01 (Student’s z-test).
(B) Negative ion image derived from MALDI-IMS experiments of a representative
attractor demonstrating the low signal intensity of PA (36:2) (m/z 735.4). Color
intensity of the ion micrographs corresponds to signal strength. (C) H&E staining
of corresponding tissue section used in MALDI-IMS experiment. Tumor area is
outlined in blue. (D) Negative ion image derived from MALDI-IMS experiments
of a representative non-attractor demonstrating the distribution and signal intensity
of m/z 735.4. (E) H&E staining of corresponding tissue section used in MALDI-
IMS experiment. Tumor area is outlined in blue. (F) Annotated MS/MS spectrum
of PA (36:2) suggesting isoform PA (18:0/18:2). MS/MS product ions are shown
in Table 3.1.
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Identification of Diacylglycerol Alterations

ESI-MS/MS of GSC xenograft lipid extracts showed a number of DAG species (DAG
34:0, DAG 34:1, DAG 36:1, DAG 38:4, DAG 38:6, and DAG 40:6) that were significantly and
differentially expressed between the two tumor phenotypes. All differentially expressed DAG
species were significantly lower in the attractor GSCs compared with non-attractor GSCs (Fig.
3.3A). This trend was consistent even for detected DAG species that did not reach significance
(Supplemental Table 3.1). We analyzed the distribution of the significant DAG species by
positive ion mode MALDI-IMS. Of the significant DAG species (Fig. 3.3A), DAG (34:0), DAG
(34:1), DAG (36:1), DAG (38:4), and DAG (38:6) did not consistently localize to any particular
histological region (data not shown). This suggests that the lipid levels quantified by ESI-
MS/MS represent a global decrease of these species in the attractor brains compared with the
non-attractor brains. MALDI-IMS of DAG (40:6), on the other hand, was absent in the tumor
area of attractor xenografts (Fig. 3.3B) but consistently present at m/z 707.1 [M+K]" in the tumor
area of non-attractors (Fig. 3.3D). Corresponding tissue was stained to correlate the MALDI-
IMS lipid distribution with histopathological features in a representative attractor and non-
attractor xenograft (Fig. 3.3C and E, respectively). Performing MALDI-MS/MS directly from
the tissue on the precursor m/z 707.1, we were able to obtain some fragmentation (Supplemental
Figure S3.2) though diacylglycerols are more amenable to ESI-MS/MS than MALDI-MS/MS.
The MS/MS spectrum of m/z 707.1 [M+K]" did reveal a product ion at m/z 323.6 which is
consistent with the potassiated 18:0 FA at the C-1 (sn-1) position (Al-Saad et al., 2003). This
would leave the remaining fatty acyl to consist of C22:6 at either m/z 385 (22:6 FA cyclized at
the glycerol backbone), an energetically favorable reaction, which forms a six-member ring (Al-

Saad et al., 2003), or m/z 367 [FA+H+K]" likely at the C-2 (sn-2) position. However, these ions
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were not observed in our spectrum do to the difficulty of using MALDI to fragment DAG as well
as the inherent difficulties of fragmenting DHA or DHA-containing lipids, which ionize better in

negative ion mode.
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Figure 3.3. Positive ion MALDI-IMS of DAG lipids in GSC xenografts. (A) Relative
abundance of DAG (34:0), DAG (34:1), DAG (36:1), DAG (38:4), DAG (38:6), and DAG
(40:6) as determined by ESI-MS/MS. Values are mean + SEM (n = 9 for each phenotype) of
the lipid abundance as the ratio of lipid peak area to the peak area of an internal standard
corrected for protein concentration; * p < 0.05 and ** p < 0.01 (Student’s z-test). (B) Positive
ion image from MALDI-IMS experiments of a representative attractor specimen,
demonstrating the localization and signal intensity of DAG (40:6) (m/z 707.1). Image color
intensity corresponds to signal strength. (C) H&E staining of corresponding tissue section
analyzed by MALDI-IMS. The tumor area is outlined in blue. (D) Positive ion image of DAG
(40:6), m/z 707.1 from MALDI-IMS experiments of a representative non-attractor specimen.
(E) H&E staining of a corresponding tissue section analyzed by MALDI-IMS. The tumor area
is outlined in blue.
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Docosahexaenoic Acid

Docosahexaenoic Acid (DHA) is one of the most abundant polyunsaturated lipids in the
CNS (O’Brien & Sampson, 1965; Svennerholm, 1968) and serves as a precursor for bioactive
molecules (Hong et al., 2003; Mukherjee et al., 2004; Marcheselli et al., 2003; Ariel & Serhan,
2007; Schwab et al., 2007). Lipid analysis by ESI-MS/MS data identified DHA as significantly
decreased in tumors of the attractor phenotype (p = 0.046). By MALDI-IMS we found the intact
mass of DHA anions, [M-H] m/z 327.0, to be consistently decreased within the tumor area of
attractors compared to non-attractors. Representative negative ion images of an attractor and
non-attractor are shown in Figure 3.4 (A and C, respectively) with corresponding H&E staining
(Fig. 3.4B and D, respectively) outlining the tumor area (blue). Quantified relative abundance of
DHA from xenograft tissue using total lipid extract and ESI-MS/MS is shown in Figure 3.4E.
MALDI-MS/MS fragmentation was performed on the parent anion. The spectrum of m/z 327.0
produced product ions that were consistent with its assignment of DHA (Table 3.1). The
annotated MS/MS spectrum from the MALDI in negative ion mode confirming the identity of
DHA can be seen in Figure 3.4F. The assignment was also confirmed with the MS/MS spectrum

from a standard directly spotted on a MALDI plate with DHB (Supplemental Figure S3.1).
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Table 3.1: Summary of the negative and positive ion MS/MS by CID obtained directly
from tumor sections post-MALDI-IMS

Observed (m/z) Product lons (m/z) Assignment
735.4 [M+Cl]- 79.0, 97.0, 153.1, 283.3, 416.4, 419.2, 437.2 PA (18:0/18:2)
327 [M-H]- 149.4, 178.5, 242.0, 283.2 DHA (22:6)
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Discussion

While several studies have demonstrated the feasibility of harnessing the homing
capacity of BM-hMSCs for targeted delivery of cancer therapeutics (Kosztowski, Zaidi, and
Quinones-Hinojosa, 2009; Nakamizo et al., 2005; Nakamura et al., 2004; Studeny et al., 2004;
Yong et al., 2009; Miletic et al., 2007; Doucette et al., 2011), it is now evident, using a clinically
relevant model of glioma, that BM-hMSCs demonstrate variable tropism towards these tumors
(Shinojima et al., 2013). We demonstrate that specific lipid species including PA, DAG, and
DHA species are differentially expressed in GSCs that support BM-hMSC homing, compared
with those that do not. To the best of our knowledge, our study is the first to examine lipids in
relation to BM-hMSC homing towards glioma. Our approach included ESI-MS/MS based
quantitative lipidomics and MALDI-IMS to examine lipid profiles from GSC xenograft tissue.
ESI-MS/MS provided high-resolution, high-mass accuracy quantitative data of lipid species
(Supplemental Table 3.1). MALDI-IMS allowed visualization of the distribution of significant
lipid species detected by ESI-MS/MS as molecular ions within the tissue; MALDI-MS/MS on
tissue-derived molecular ions was provided.

We were intrigued by the results for phosphatidic acid (PA) and diacylglycerol (DAG)
due to their capacity to act as signaling lipids and their interconnectivity through the Kennedy
Pathway (Kennedy, 1987). Also of interest were docosahexaenoic acid (DHA), an abundant CNS
lipid and precursor to many bioactive molecules (O’Brien & Sampson, 1965; Svennerholm,
1968; Hong et al., 2003; Mukherjee et al., 2004; Marcheselli et al., 2003; Ariel & Serhan, 2007,
Schwab et al., 2007). All were significantly decreased in the attractor phenotype (Fig. 3.2A and
3.3A, respectively), and this trend remained consistent for the species of PA and DAG that did

not achieve significance in our lipid extract analysis (Supplemental Table 3.1). MALDI-IMS
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analysis demonstrated that of these lipids, PA (36:2) and DAG (40:6) had histopathological
relevance, being absent in the tumor regions of attractor xenografts compared with the tumor
region of non-attractors, where they were enriched (Fig. 3.2B-E and Fig. 3.3B-E, respectively).
The DAG (40:6) potassiated molecular ion fragmentation spectrum suggests that the particular
isoform is DHA containing DAG (22:6/18:0), in which the polyunsaturated fatty acid (PUFA) is
located at the sn-1 position. Typically, but not invariably the sn-1 position will contain a
saturated acyl chain and the sn-2 position will be occupied by an unsaturated acyl chain (e.g.
PUFA) (Cooper, 1970). Several lines of evidence indicate that the sn-1 position may be occupied
by PUFAs (Beermann et al., 2005) including DAG (22:6/18:0) (Quehenberger et al., 2010).
DHA (22:6) itself was lower in attractors vs non-attractors (Fig. 3.4E). Further investigation by
MALDI-IMS demonstrated that, as with PA (36:2) and DAG (40:6), DHA expression levels
correlated histopathologically with the tumor regions. DHA was largely depleted in the tumor
region of attractor xenografts, but highly expressed in the tumors of non-attractors (Fig. 3.4A-D).

PA and DAG are multifunctional lipids that not only serve as a precursor to other lipids,
but as biologically active signaling molecules (Bruntz, Lindsley, and Brown, 2014; Shulga,
Topham, and Epand, 2011). Changes in these lipids may affect signaling pathways, nuclear
signaling, and membrane ultrastructure in diverse and complex ways (Wang et al., 2006; Bruntz,
Lindsley, and Brown, 2014; Berridge, 1987; Peddie et al., 2014; Domart et al., 2012). In
addition, DAGs are non-lamellar lipids that serve critical structural functions in the nuclear
envelope, nucleoplasmic reticulum, membrane pore formation, membrane protein fusion, vesicle
fusion, and membrane budding (Peddie et al, 2014; Domart et al., 2012). All
glycerophospholipids are derivatives of PA through DAG (Kennedy, 1987).

Glycerophospholipids are important structural lipids as the main component of membranes
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(Hermansson et al., 2011; van Meer, Voelker, and Feigenson, 2008). However, they may also
affect signal transduction because they serve as reservoirs for signaling lipids via lipid
remodeling at sn-2 (Hermansson et al., 2011; van Meer, Voelker, and Feigenson, 2008). The
overwhelming majority of glycerophospholipids detected in our dataset were decreased in
attractors (Supplemental Table 3.1), which is consistent with our measured decreases in the
precursors PA and DAG.

Intriguingly, while the detected PA species were consistently lower in the attractors, the
lipid precursor to PA — LPA — was not significantly differentially expressed (Supplemental
Table 3.1). The statistically significant difference in PA levels, but not LPA, suggests that there
are underlying biochemical differences governing lipid metabolism between the tumor
phenotypes. The acylation of LPA by LPAAT is the most common pathway of PA biosynthesis
(Bruntz, Lindsley, and Brown, 2014; Kennedy, 1987), though we do not exclude the possibility
of alterations in PA levels due to differences in phospholipase D activity between the two tumor
phenotypes (Bruntz, Lindsley, and Brown, 2014). Likewise, PA may serve as a precursor to
DAG within the Kennedy Pathway through enzymatic dephosphorylation (Bruntz, Lindsley, and
Brown, 2014; Kennedy, 1987; Shulga, Topham, and Epand, 2011), though phospholipase C
mediated cleavage of phosphatidylinositol 4,5-bisphosphate (PIP,) may also contribute to
alterations in DAG biosynthesis (Berridge, 1987).

While PA and DAG are effectors for a number of proteins, a point of convergence for
both DAG and PA is the activation of protein kinase C (PKC) signaling. The decreased
expression of both PA and DAG in attractors may point to a role for PKC signaling as a
downstream effector in the BM-hMSC homing (Bruntz, Lindsley, and Brown, 2014; van Meer,

Voelker, and Feigenson, 2008). DAG governs the activation of both the classical and novel type
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of PKCs (Griner & Kazanietz, 2007), whereas PA has been reported to activate select PKC
isoforms representative of all three groups (classical, novel, and atypical) (Bruntz, Lindsley, and
Brown, 2014). The role of PKC in tumorigenesis is complex and in glioma poorly understood
(Griner & Kazanietz, 2007). This in part stems from past studies using non-selective
pharmacological inhibitors of PKC, the relative contribution of each PKC isoform, and the
variability of actions (Griner & Kazanietz, 2007). Nonetheless, future studies are needed to
dissect the role of PKC in the homing of BM-hMSCs to gliomas.

Lastly, DHA is the major PUFA in the CNS (O’Brien & Sampson, 1965; Svennerholm,
1968; Hong et al., 2003) and is a precursor for potent bioactive molecules (Hong et al., 2003).
As with many other cancers, the balance of fatty acids — arachidonic acid (AA) and DHA — are
dysregulated in glioma. A significant decrease in DHA and DHA-containing
glycerophospholipids has been previously observed in malignant glioma compared to normal
brain tissue (Martin et al., 1996; Albert & Anderson, 1977). This decrease was accompanied by
unchanged levels of AA (Albert & Anderson, 1977; Elsherbiny, Emara, and Godbout, 2013).
The mechanism of this disruption in the homeostatic DHA:AA ratio is unclear. However, one of
most important functions of DHA is the resolution of inflammatory processes (Hong et al., 2003;
Mukherjee et al., 2004; Marcheselli et al., 2003). The anti-inflammatory actions of DHA are the
result of its metabolic products resolvins, neuroprotectins, and maresins (Hong et al., 2003;
Mukherjee et al., 2004; Marcheselli et al., 2003; Ariel & Serhan, 2007; Schwab et al., 2007).
These molecules are transient lipids that are extremely difficult to measure. However, we can
surmise that a decrease in DHA in attractor xenografts compared to non-attractors indicates

relatively increased lipid-mediated inflammation.
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Ultimately, the rationale to use BM-hMSCs for targeted delivery of cancer therapeutics is
their unique ability to home and engraft into tissues that have undergone injury or severe stress
(Mahmood, Lu, and Chopp, 2004; Li et al., 2000; Coussens & Werb, 2002; Orlic et al., 2001).
Solid tumors are considered “wounds that do not heal” (Dvorak, 1986) and gliomas are no
exception. Gliomas not only possess an environment conducive to BM-hMSC engraftment
(Nakamizo et al., 2005, Studeny et al., 2002), but also elicit effective signals for BM-hMSC
homing. In relation to the differential homing of BM-hMSCs in attractors vs non-attractors, the
correlation between decreased DHA and the attractor phenotype may allow a permissive
environment for BM-hMSC homing. The elevated levels of DHA in the non-attractor phenotype,
on the other hand, may indicate relatively less inflammation correlating to less attraction to
intravascularly delivered BM-hMSCs in these tumors. In this context, DHA may serve as a
surrogate marker for relatively less inflammation. From a translational standpoint, our
observation raises the possibility of DHA as a predictive measure of BM-hMSC homing
efficacy. DHA radiotracers (''C) have been used recently to image DHA metabolism in the brain
by positron emission tomography (PET) (Basselin, Ramadan, and Rapoport, 2012). More
recently, longer-lived '*F-fluoro tracers have been developed to measure DHA content within the
brain.

Presently, glioblastoma remains a nearly universally fatal disease despite aggressive
treatment. Bone marrow-derived human mesenchymal stem cells show promise as cancer
therapeutic delivery vehicles due to their intrinsic tropism for gliomas (Kosztowski, Zaidi, and
Quinones-Hinojosa, 2009; Nakamizo et al., 2005; Nakamura et al., 2004; Studeny et al., 2004;
Yong et al., 2009; Miletic et al., 2007; Doucette et al., 2011). In a clinically relevant orthotopic

GSC xenograft model, these cells display variable tropism — the molecular basis of which is
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poorly understood. In the effort to understand BM-hMSC homing, the focus has been extensively
confined to the evaluation of tumor-derived soluble factors (Shinojima et al., 2013, Hata et al.,
2010; Son et al., 2006). However, lipids are not only critical to cell membrane properties, but
also serve as important signaling molecules and have not been examined in previous homing
studies. Our data are the first to suggest that PA and DAG, important lipid signaling hubs, may
be involved in the homing process. Furthermore, the elevated levels of DHA in non-attractors
compared to attractors may be indicator of relatively lower inflammatory response in these
tumors, suggesting that differences in these processes between glioma tumors may regulate BM-
hMSC homing efficacy (Albert & Anderson, Elsherbiny, Emara, and Godbout, 2013; Mahmood,
Lu, and Chopp, 2004; Li et al., 2000; Coussens & Werb, 2002). Taken together, our findings
underscore the importance of lipid signaling in gliomas and provide new insights in advancing
our understanding of underlying molecular differences that may mediate the differential homing

capacity of BM-hMSCs to GSC xenografts and encourage further investigations.
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Supplemental Figure S3.1. Annotated MS/MS spectrum of DHA (22:6) standard for
comparison to tissue-acquired DHA in Figure 4F.
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Tissue DHA Standard DHA

m/z m/z . m/z m/z .

(obse{ved) (theorétical) s/n Assignment  Appm (obse{ved) (theorétical) s/n Assignment  Appm
327.05 327.2 244 CyoH3,0, -485.4 327.2 327.2 10 CyoH3,00 0
149.4 149.1 6 CiHis 2012.1 149.6 149.1 4 CiHir 3353.4
1785 178.1 4 C11H1405 2245.9 177.6 178.1 3 C11H1405 -2807.4
242.0 242.2 4 CusHas -825.7 241.5 242.2 2 CusHae -2890.2
283.2 283.2 8 CyiHay 0 283.3 283.2 111 CyiHay 353.1

Supplemental Table 3.2: Summary of the MS/MS fragmentation of DHA from tissue and standard.
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The following chapter was submitted to the EuPa Open Proteomics (February 2015) under the
title “Quantitative Proteomics and Transcriptomics Reveals Metabolic Differences in Attracting
and Non-Attracting Human-in-Mouse Glioma Stem Cell Xenografts and Stromal Cells”.
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Abstract

Bone marrow-derived human mesenchymal stem cells (BM-hMSCs) show promise as
cell-based delivery vehicles for anti-glioma therapeutics, due to innate tropism for gliomas.
However, in clinically relevant human-in-mouse glioma stem cell xenograft models, BM-hMSCs
tropism is variable. We compared the proteomic profile of cancer and stromal cells in GSCXs
that attract BM-hMSCs (“attractors”) with those to do not (“non-attractors”) to identify pathways
that may modulate BM-hMSC homing, followed by targeted transcriptomics. The results provide
the first link between fatty acid metabolism, glucose metabolism, ROS, and N-glycosylation
patterns in attractors. Reciprocal expression of these pathways in the stromal cells suggests

microenvironmental cross-talk.
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Introduction

Glioblastoma (GBM) is the most common adult primary brain tumor (Kleihues &
Ohgaki, 1999; Louis et al., 2007). Despite an aggressive multimodal therapeutic approach, the
median survival rate is approximately one year (Berens & Giese, 1999; Louis, et al., 2007; Stupp
et al., 2005). One of the major factors contributing to the poor outcome of GBM is the lack of
therapeutics that can penetrate the blood-tumor barrier to effectively deliver anti-glioma agents
(Doucette et al., 2011; Groothuis, 2000; Pardridge, 2003; Yong et al., 2009). To circumvent this
obstacle, we and others have utilized bone-marrow human mesenchymal stem cells (BM-
hMSCs) for targeted delivery of anti-glioma agents, due to their intrinsic tropism for gliomas
following intra-arterial delivery (Doucette et al., 2011; Kosztowski, Zaidi, and Quiiiones-
Hinojosa, 2009; Nakamizo et al., 2005; Yong et al., 2009). Though the mechanisms underlying
BM-hMSC homing to gliomas remain largely unknown, BM-hMSCs are capable of homing to
xenografts derived from commercially available “professional” glioma cell lines (Nakamizo et
al., 2005; Yong et al., 2009), syngenic glioma models (Doucette ef al., 2011), and glioma stem
cells (GSCs) (Shinojima et al., 2013).

GCSs are isolated directly from fresh tumor surgical resections and grown as spheroids in
vitro, often expressing CD133 or CD15 cell surface markers (Clarke et al., 2006; Singh et al.,
2004). These small subpopulations of cells have stem-like properties (Singh et al., 2003; Singh,
et al., 2004). GSCs are hypothesized to be tumor-initiating cells, responsible for treatment failure
due to their stem-like properties, particularly unlimited self-renewal, and their resistance to
treatment (Singh et al., 2003; Singh et al., 2004). GSC-derived xenografts (GSCXs), compared
to xenografts from commercial rat and human cell lines, offer the highest translational

significance as a clinical model of glioma. GSCs faithfully mimic both the genotype and
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phenotype of the parent tumor in vivo (Lee et al., 2006). Though GSCXs are translationally
significant (Lee ef al., 2006) and are capable of eliciting BM-hMSC homing, recent work from
our group has demonstrated that not all GSCXs elicit BM-hMSCs homing equally (Shinojima et
al., 2013). In that study, some GSCXs were able to strongly attract BM-hMSCs after intra-
arterial injection, whereas others were unable to attract BM-hMSCs. Those GSCXs that elicited
BM-hMSC homing are herein termed ‘attractors’ while those that do not are termed ‘non-
attractors’. The attractor and non-attractor phenotypes provide a unique opportunity to
understand the mechanisms underlying BM-hMSC homing. That understanding could eventually
help identify patients most appropriate for BM-hMSC-mediated delivery.

Previous studies have focused on soluble tumor-derived factors such as PDGF-BB (Hata
et al., 2010), SDF-1 (Son et al., 2006), and TGF-B (Shinojima, et al., 2013) as inflammation-
related cues for BM-hMSC homing. These studies have yielded some insight into the mediators
of BM-hMSC homing. However, to the best of our knowledge, a mass spectrometry-based
proteomic approach has not been applied to decipher the molecular correlates of BM-hMSC
homing to GSCXs. Proteins have functions integral to cell-cell signaling, cell structure, and
metabolic pathways. Alterations in the proteomic profiles of cells result in the phenotypic
characteristics of cancers, such as uncontrolled growth and proliferation, invasion, and metabolic
changes to support these features (Lunt & Vander Heiden, 2011; Vander Heiden, Cantley, and
Thompson, 2009). In addition, proteomic alterations in the tumor microenvironment may support
malignancies via cross-talk between cancer and stromal cells (Nieman ef al., 2011; Pavlides et
al., 2009; W. Zhang et al., 2012). In principle, high-resolution nLC-MS/MS should allow the
distinction between human and mouse proteins on a large scale; identified human proteins would

be derived from malignant tumor cells, while identified mouse proteins would represent the
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stromal component. Therefore, we hypothesized that alteration of the proteomic profile of cancer
and stromal cell populations between attractor and non-attractor GSC xenografts may provide
insights into key biochemical pathways involved in the attraction of BM-hMSCs to gliomas. We
have previously performed label-free quantitative proteomic and targeted transcriptomic studies
on GSCs and GBM cells (He et al., 2010; Kroes et al., 2010; Lichti et al., 2014; Puchades et al.,

2007). For the first time, we extend these methodologies to attractor and non-attractor GSCXs.

Methods

Methods for glioma xenograft model, tissue dissection, sampling and sectioning, protein
extraction, nLC-MS/MS, transcriptomics, and data analysis were outlined previously in this
work. A complete description of these techniques is detailed in Chapter II. All supplemental
tables referenced within this manuscript may be found in the digital repository associated with

this dissertation.

Results and Discussion

Mouse tumor xenografts provide a valuable tool as a preclinical model of GBM. GSC-
derived xenografts (GSCXs) have a higher translational significance compared to xenografts
derived from commonly used commercial glioma cell lines (Lee et al., 2006). However, GSCXs
exhibiting differential attraction of for BM-hMSCs have not been systematically studied at either
the proteomic or transcriptomic level. We utilized label-free quantitative proteomics as a reliable
technique previously employed by our lab (Lichti ef al., 2014; Wildburger et al., 2015) that is
cost effective, yields high proteome coverage, and does not suffer from dynamic range
limitations (Neilson et al., 2011; Schulze & Usadel, 2010). We also utilized a targeted

transcriptomic platform (Kroes et al., 2007; Kroes et al., 2006; Nilsson et al., 2013), which
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contains genesets related to GBM biology, in parallel to label-free proteomics (Fig. 4.2). The
targeted microarray was used to overcome the limitations of mass spectrometric detection of low
abundance proteins (e.g. glycosylation-related enzymes) by measuring gene expression. For

statistical rigor of biological significance, nine biological replicates were analyzed per

phenotype.
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Figure 4.2. Workflow for proteomic and transcriptomic analysis of GSC
xenografts. Glioma stem cells (GSCs) derived from patient tumors were
intracranially implanted into athymic mice. Three of these cell lines represent
BM-hMSC homing GSC xenografts (GSCX) (i.e. attractors; GSCX274,
GSCX268, and GSCX17) and three represent non-homing GSCXs (i.e. non-
attractors; GSCX11, GSCX229, and GSCX231). Nine biological replicates
per phenotype were analyzed for statistical inference of biological
significance. Brains were removed from tumor-bearing mice and processed
for tumor tissue sampling as described in Materials and Methods. Individual
tumor tissue punches were processed in parallel for label-free quantitative
proteomics and targeted transcriptomic microarray. Quantitative proteomic
and transcriptomic data were used to decipher underlying biological
differences between the two phenotypes (phenome).
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Employing a hierarchical linear model, 552 and 299 human and mouse proteins,
respectively were significantly differentially expressed between attractors and non-attractors
(Fig. 4.3). A hierarchical linear model allows us to correctly support the known variance
structure within the data with the advantage of being able to detect events of a small magnitude
compared to simpler approaches, thus, increasing the number of statistically differentially
expressed proteins. Fold changes of small magnitude may have a significant impact on a
biological system in reactions with catalytic effect such as metabolism, examined here,
particularly if the change occurs at a rate-limiting step. Small magnitude changes in proteins may
be critically relevant differences between the two phenotypes.

Within the human tumor protein dataset, 46 proteins were increased in the attractor
phenotype and 506 were decreased relative to non-attractors. The mouse protein dataset, which
represents the stromal (brain parenchyma) component, 206 proteins are increased in the attractor
phenotype and 93 were decreased relative to non-attractors (Fig. 4.3). We interrogated the
KEGG biological pathways using DAVID (Huang, Sherman, and Lempicki 2009a; Huang,
Sherman, and Lempicki 2009b; Kanehisa & Goto, 2000; Kanehisa et al., 2014) for the 552
differentially expressed human tumor proteins in the heatmap generated by Perseus (Fig. 4.4A).
The top 12 KEGG pathways associated with differential protein expression using a false
discovery rate (FDR) of < 10% (Benjamini-Hochberg g-value) are displayed with corresponding
protein counts (Fig. 4.4B). Among the top-ranked KEGG pathways were fatty acid metabolism,
glycolysis/gluconeogenesis, and the pentose phosphate pathway (PPP). Next we examined the
differentially expressed mouse proteins (Fig. 4.5A) representing the stromal (brain parenchyma)
component. DAVID analysis of KEGG biological pathways (Huang, Sherman, and Lempicki

2009a; Huang, Sherman, and Lempicki 2009b; Kanehisa & Goto, 2000; Kanehisa et al., 2014)
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revealed glycolysis/gluconeogenesis and the PPP among the top-ranked KEGG pathways (Fig.

4.5B).
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Figure 4.3. Volcano plots (g-value vs log, fold change) for human tumor and mouse
stromal proteins. (4) Logarithmic ratios of attractor (N=9) vs non-attractor (N=9) human
tumor proteins plotted against the g-value (where ¢ < 0.5 is considered significant; horizontal
line) of the hierarchical linear model. Positive fold change values are indicative of an
increase in protein expression and a negative fold change value a decrease in protein
expression in attractors relative to non-attractors. (B) Logarithmic ratios of attractor (N=9) vs
non-attractor (N=9) mouse stroma proteins plotted against the g-value (where ¢ < 0.5 is
considered significant; horizontal line) of the hierarchical linear model. Positive fold change
values are indicative of an increase in protein expression and a negative fold change value a
decrease in protein expression in attractors relative to non-attractors. (C) Number of
quantified human and mouse proteins. (D) Employing a hierarchical linear model (see
Materials and Methods) 552 human and 299 mouse proteins were significantly differentially
expressed between the attractor and non-attractor phenotype. All proteins are listed in
Supplemental Table 3 and 4 with their respective g-values and log, fold change.
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Figure 4.4. Analysis of significant human GSC xenograft proteins (4) Unsupervised
hierarchical clustering of all significant human xenograft proteins using log, fold change
values. (B) Bioinformatic analysis of enriched KEGG pathways using DAVID functional
analysis. The top 12 KEGG pathways associated with significantly differentially expressed
human proteins are shown. KEGG terms are ranked by the -logjo(g-value) after Benjamini-
Hochberg p-value correction (orange line). The black bars show the number of proteins
that is common between KEGG term’s set and the respective human protein set.
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Figure 4.5 Analysis of significant xenograft mouse stromal proteins. (4) Unsupervised
hierarchical clustering of all significant xenograft mouse stromal compartment proteins
using log, fold change values. (B) Bioinformatic analysis of enriched KEGG pathways
using DAVID functional analysis. The top 12 KEGG pathways associated with
significantly differentially expressed mouse proteins are shown. KEGG terms are ranked
by the -logio(g-value) after Benjamini-Hochberg p-value correction (orange line). The
black bars show the number of proteins that is common between KEGG term’s set and the
respective mouse protein set.

80



Fatty Acid Metabolism

In order to determine how fatty acid metabolism differs between attractors and non-
attractors, the log, protein fold change values were converted to hexadecimal color codes and
mapped onto the KEGG pathway (Mostovenko et al., 2011). The mapped protein expression data
showed an overall decrease in the KEGG fatty acid metabolism pathway in the attractors relative
to the non-attractors (Fig. S4.1). Docosahexaenoic acid (DHA), one of the most abundant fatty
acids in the CNS (O'Brien & Sampson, 1965; Svennerholm, 1968), is a member of this pathway.
As seen in Figure S4.1, there is a decrease in relative expression of proteins involved in DHA
synthesis in attractors (e.g trifunctional enzyme subunit alpha and very-long-chain enoyl-CoA
reductase), as well as many upstream enzymes indirectly involved in DHA synthesis including:
acetyl-CoA acetyltransferase, hydroxyacyl-coenzyme A dehydrogenase, enoyl-CoA hydratase,
and fatty acid synthase.

DHA is a precursor to many bioactive molecules with anti-inflammatory effects (Ariel &
Serhan, 2007; Hong et al., 2003; Marcheselli et al., 2003; Mukherjee et al., 2004; Schwab et al.,
2007). Our lab has previously shown, using ESI-MS/MS and MALDI-IMS followed by MALDI-
MS/MS, that DHA, the precursor to inflammatory-resolving molecules, is decreased in the
attractor phenotype . The fact that the proteomic data from our xenografts is congruent with our
previous lipidomic analysis on these samples adds a level of confidence to our dataset, providing
orthogonal validation to the lower expression levels of the DHA observed in attractors. The
decreased levels of DHA and the proteins responsible for its synthesis may be a key component

to the homing permissive environment of attractors .

Glycolysis and the Pentose Phosphate Pathway
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Figure 4.6. Human GSC xenograft protein expression values mapped onto
the Glycolysis/Gluconeogenesis KEGG pathway. The human protein
expression profiles from GSCXs mapped onto the Fatty Acid Metabolism
pathway highlights protein fold changes in attractors relative to non-attractors.
The measured protein fold changes were converted to color and mapped onto
KEGG pathways. Proteins up-regulated in attractors relative to non-attractors
are marked in red, down-regulated proteins in attractors relative to non-
attractors are marked in green.
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Glycolysis is a cancer-related pathway (Lunt & Vander Heiden, 2011; Vander Heiden et
al., 2009), and its enrichment in our bioinformatic analysis via DAVID is a validating measure in
our xenograft tumor samples. A characteristic feature of transformed or malignant cells is a
metabolic shift towards glycolysis, first described by Otto Warburg (Warburg, 1925; Warburg,
1956). The glycolytic shift in tumor cells is independent of defects in mitochondrial respiration
and oxygen availability (Lunt & Vander Heiden, 2011; Vander Heiden et al., 2009); gliomas are
no exception to this phenomenon. GBM cells have been observed to convert 90% of glucose to
lactate and alanine via glycolysis in vitro (DeBerardinis et al., 2007). To understand the
regulated changes in glycolysis between attractors and non-attractors, we mapped the log,
protein fold change values of human tumor proteins to the KEGG glycolysis pathway. We found
that in the attractors, the glycolytic pathway was down-regulated relative to non-attractors (Fig.
4.6). The attractor stromal microenvironment, on the other hand, had reciprocal expression of
glycolysis. Glycolysis was up-regulated in attractors relative to non-attractors (Fig. S4.3A).

The down-regulation of glycolysis in attractors prompted us to consider the status of
other glucose-dependent pathways. Glucose, upon entering the cell through glucose transporters
and phosphorylated by hexokinases, may also be consumed by glucose-6-phosphate
dehydrogenase (G6PDH) and converted to 6-phosphogluconolactone, thus entering the PPP
(Berg, Tymoczko, and Stryer, 2002). The PPP is a biochemical pathway that metabolizes glucose
to produce NADPH for fatty acid metabolism, redox reactions, and ribose 5-phosphate for
nucleotide synthesis. Up-regulation of the PPP has been posited to provide a selective advantage
to cancer cells (Gillies & Gatenby, 2007; Langbein et al., 2006). We examined the protein
expression profile of GSCXs in the PPP, which notably was also a KEGG pathway enriched in

our analysis (Fig. 4.4B). Mapping the log, protein fold change values of human tumor proteins to
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the KEGG pentose phosphate pathway, we observed that the PPP was also down-regulated in
attractors relative to non-attractors (Fig. S4.2). Notably, G6PDH, which catalyzes the first and
rate-limiting step in the PPP, and 6-phosphogluconolactonase, another key enzyme in the
oxidative branch, were decreased in attractors (Supplemental Table 4.3). Transketolase, a
component of the non-oxidative branch in the PPP, was also decreased in attractors (Fig. S4.2) (
Berg, Tymoczko, and Stryer, 2002; Vander Heiden et al., 2009). The down-regulation of the PPP
would suggest compromised defense against reactive oxygen species (ROS) in attractors
compared to non-attractors. Consistent with this, we found a down-regulation of glutathione S-
transferase and superoxide dismutase in attractors relative to non-attractors. In addition, the
down-regulation of the PPP in attractors would reduce the NADPH production necessary for
fatty acid synthesis (Kang, Lee, and Lee, 2015). Congruent with this, the fatty acid metabolism
pathway, as described above, is concomitantly decreased in attractors relative to non-attractors.
Similar to glycolysis, the attractor stromal microenvironment had reciprocal expression
of glucose-dependent metabolic pathway, PPP (Fig. S4.3B). Taken together, our findings suggest
microenvironmental cross-talk between the tumor and the stroma. This is supported by several
reports of the microenvironment supporting tumor growth, survival, and metastasis (Nieman et
al., 2011; Pavlides et al., 2009; Zhang et al., 2012). The possibility of stromal cell support via
reciprocal expression of glucose metabolism may point to a role for the stroma as an important

component in BM-hMSC homing.

Glycosylation Targeted Transcriptomics

Glucose is the primary carbon source for fatty acid metabolism, glycolysis, and the PPP

(Vander Heiden et al., 2009). With the down-regulation of all three of these pathways in
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attractors, it is possible, though not mutually exclusive, that either attractors have decreased
glucose transport across the cell membrane, or attractors are shunting glucose towards the
hexosamine biosynthesis pathway, which is responsible for generating activated sugars for
glycosylation (Aebi & Hennet, 2001; Marshall, Bacote, and Traxinger, 1991; Wellen &
Thompson, 2012). To gain insight into the latter possibility, that glucose metabolism may be
shifted towards the hexosamine pathway, we used a custom microarray platform containing
2,577 transcripts (Kroes et al., 2007; Kroes et al., 2006).

Microarray analysis revealed 254 genes that were significantly differentially expressed at
< 10% FDR. Of the 254 differentially expressed transcripts, 121 had increased expression in
attractors relative to non-attractors and 133 had decreased expression in attractors relative to
non-attractors (Supplemental Table 4.5). Glutamine fructose-6-phosphate amidotransferase 1
(Gfptl), which controls the flux of glucose into the hexosamine biosynthesis pathway along with
(Gfpt2), was down-regulated (-1.28-fold) in attractors. Yet, enzymes involved in the N-linked
glycosylation pathway synthesis, dolichol-phosphate mannosyltransferase subunit 1 (DPM1) and
dol-P-Man:Man(7)GIcNAc(2)-PP-Dol alpha-1,6-mannosyltransferase (4LG12), had increased
expression in attractors relative to non-attractors (Supplemental Table 4.5) (Aebi & Hennet,
2001). Dolichyl-diphosphooligosaccharide-protein glycosyltransferase (S773B), which catalyzes
the transfer of the high mannose lipid-linked oligosaccharide to nascent polypeptides, was up-
regulated 1.33 fold in attractors (Aebi & Hennet, 2001). Enzymes involved in the biosynthesis of
complex-type N-glycans beta-1,4-galactosyltransferase 5 (B4GALTS5) and the commitment step
of complex N-glycans, alpha-mannosidase 2x (MAN2A42) were 1.27 and 1.21 fold up-regulated,

respectively. The transcript NGLY1 encoding the enzyme commonly known as PNGase F, which
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removes N-linked glycans, was down-regulated (-1.35 fold) in attractors relative to non-
attractors.

The expression of these significant human glycogenes found in our targeted
transcriptomic dataset provide evidence that N-linked glycosylation is increased in attractors
relative to non-attractors based key enzymes responsible for N-glycan processing, the
commitment step towards complex-type N-glycans, and the transfer to nascent proteins.
Additionally, the enzyme responsible for N-glycan hydrolysis (NGLYI1) was down-regulated.
The relevance of cell-surface glycosylation in brain tumors (Moskal, Kroes, and Dawson, 2009)

warrants further glycomics-based investigation of the tumor cell surface.
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Conclusion

We showed a decrease in the human proteins responsible for fatty acid metabolism in
attractors compared to non-attractors. The predicted outcome of this would be a decrease in the
biosynthesis of DHA in attractors, which supports our previous lipidomic study (59). We also
show an overall down-regulation in glucose-dependent metabolic pathways — glycolysis and the
PPP — in attractors relative to non-attractors. A consequence of such regulation is decreased
NAPDH for fatty acid metabolism and homeostasis of ROS. Despite the decrease in glucose-
dependent metabolic pathways, we found an increase in glyco-transcripts involved in glucose-
dependent N-linked glycosylation in attractors relative to non-attractors. Finally, our data reveals
an up-regulation of glucose-dependent metabolic pathways in the mouse stromal component in
attractors relative to non-attractors, in contrast to the human tumor proteins. Taken together,
these results implicate lipids and ROS in glioma-induced BM-hMSC homing and suggest a role

for tumor microenvironmental cross-talk.
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Figure S4.1. Protein expression values mapped onto
the Fatty Acid Metabolism KEGG pathway. The
human protein expression profiles from GSCXs mapped
onto the Fatty Acid Metabolism pathway highlights
protein fold changes in attractors relative to non-attractors.
The measured protein fold changes were converted to
color and mapped onto KEGG pathways. Proteins
upregulated in attractors relative to non-attractors are
marked in red, downregulated proteins in attractors
relative to non-attractors are marked in green.

Stearoyl-CoA/ACP jjﬁ MalCok

Ieosanoyl-Cos
MalCoh

DocosanoyhCols
MalCols

® 04—04—04T® 04—04—047@ O4—04—0

Tetracosanoyl-Cos

B

I
S

@4—0«04—04—@4—04—o4—o4—@4—o<—04—o<— &

=
o

DHA Synthesis
in endoplasmic reticulum
2912 49,1215
5] on ? ?As,w,u
! J 4 2
o o ¢ ¢
# # o] (o]
o o ¢ ¢
i i 3 S
o © J 3 £58,11,1417
# 1 £53,11,14 @ @ @
a11,14 G0} @) @ st 148,11,1417 ¢
¢ 2811,14 ¢ ¥
o o ¢
v J g
| i1 ¢ DHA
' Y $
? o £47,10,13,16,19
247101316
@ S5 A7,10,13,16,19 Q? @?
A13,16 ¢ T b4 &
o o ¢ d
v g o
o [ ¢
v ¢ 0
o [ T
@ 9
G @ 89,12,15,13,21 569,125,121
29,12,15,18 269121548

90



"UQ3I3 UI PAYIeW JIe SIOJOBIIIE-UOU 0) JANEB[AI SIOJORIIE
ur surdjoid pajeIn3oIuMOp ‘Pal Ul PIIRW AJB SIOJOBIPE-UOU 0} dANE[AI SI0joemje ul pjen3dardn surdjord ‘sAemyped
DO ojuo paddew pue 10[09 01 PALIIAUOD dIdM SIFURYD P[oJ urejoId painseswr Ay [, "SI0}OBI)E-UOU O} IATIR[AI SI0)oBI)e
ur soueyd proy urdoad syy3usny Aemyed ojeydsoyd osojudq oy ojuo paddewr sxHSDH woiy sdgord uorssardxo
urojoxd uewny oy I, *Aemiyped 9oy Neydsoyd 3sojusg ay) ojuo paddewr sanfes uorssd.adxd u0ad 'S I3

€+ 0 -.v- amnsy < )_ d1-9soqu-(J-£x03(7 JC-asoqu-(J-£X03(]-7

Ui o

.&.III)_ asoquU-(]-£x03(]-
_ G-I az
O

d¢1-asoqnd-d O

d¢-asomyday
O " -opag-q

d1-35000- 0 Ot

£d0°7-as0}ant,{-( -4

asoqng-I O
FITLT||ITTLE sts[oakn
d¢-asomany-q
2%22&033& ity '\

AENQMIN[E puE asojuad e
(Temaoegxa) do-asom-g 61E¢

d9-SBumIESOIN 5] ewTaesoamt - -XaH-OuTcere-(J

WISTIOGE} VT 9S0}IETEL) O O.Mw wmoge ]
Jo-auaial-c*y 61E¢

dg-ayEuomiE-q

TR ~owodnIH-d __
AT L4 0 O G TTT <} 3 |
4 - N dG-3s0ampH-(I-
2)PU0In] S
.hxo%mm.gg&hO.Qm (dd%H “
O d9-sRuoings-(J
3 -omiyEaqg “
RTTLT|SFTLT [ ¥4 LTTLT |
ssfjoad[n | ————————— — — —O amanufg I I _ _ _ _ . _
A Leapped il IFE omwuuw a #
_ ” JoiopnoqseE GETTI[WETTT i
e P

| $LCT Jealoa| [rozTe wITTh CETT| *omDad \_

Sa[BTTIT-ow{E T IO —— PO ———OF e o Of—————————

dz-ae1eaf[o aR1aai]) 66T 1 nv eoongS- b od .o:oqso.ﬂﬁ s%
| &xooﬁ.m.é&wﬂ.ﬂw L SUOISTAAMOETT AN

RIOMIN]E pue as0pus

l 6TEY
WISTOCE}E 3SC)IRTRL)
O ARUMIESOIND-(]

_ AVMHLYd AL¥HASOHd ASOLNAd _

91



A | GLYCOLYSIS / GLUCONEOGENESTS |

wetsholisra
|
v

o-D-Glucose-1P

[5422]
3139} o D-Glusose
) ] (extracellular)
R 20127163 N —_—
PRV P2V D — O Xe
5133 513.15][5319 5319
2701 ]271¢63) _ ¥P-D-Clucose 6P
o 5319 Op-D-Fructose.6P
-D-Glucose
B 2712270141 & Pentose
At 1| [27ii2711% e
) utin
(extrmiit 0—{27.1 69 —wO0—32186
D-Fructose-1,6P2
(extrriony O—{27.1691—»0—{32186 B-D-Fractae-1
Salicin6P
Glyveraldehyre-3P
Oe—{ 5311 fF——®OF—————————
Glyoerone-P
1211212159
Glyoerate-1,3P2
1276] Q#5424
2723 O Glyrerate-2,3P2
s D —— &
i photosynihetic organisis Clymera 3
54211
Glyuerate-2P O »
42011

——

Oxaloacetate P "
1271

2-H x¥~
Ll

o 11127 O LLactte
AL pyrrvate I
v
Propancate metabolism
2

1215121~

Acetate

Acetaldehyrle

> E o
o-—_—» Ethanol

| PENTOSE PHOSPHATE PATHWAY

D-G

Pentose and glucwronate |
interconversions

Figure S4.3. Protein expression values
mapped onto the Glycolysis and PPP KEGG
pathways. The mouse protein expression
profiles from GSCXs mapped onto the (A4)
Glycolysis and (B) PPP pathway highlights
protein fold changes in attractors relative to
non-attractors. The measured protein fold
changes were converted to color and mapped
onto KEGG pathways. Proteins up-regulated in
attractors relative to non-attractors are marked
in red, down-regulated proteins in attractors
relative to non-attractors are marked in green.

-1.9 +3

Tucosarainate ©

Galactose metabolisra

« | 2-Dehyrro-3-deoxy- |
'(—1.1.1.47 R 1| B-ghuchnats SET
1134 [ — D-Glyorats  [42.1.39 0. [41253] v L1299 Glyrerate-2P
(—m——————— =0 » 31.1.17 > O »O—11.2.1.89 —I‘O—[Z’J.l.lﬁSI—.ﬁ)
| p-D-Ghucose [ L1335 =] 42114) 41251] | DGlyoer- [ 375 Glyversie !
I 11993 aldehirle |
_________ oL Exfner-Dowloroff ¢
§ (L1159 1152 2-Dehyriro- 111215 i’ 4
i D-Glucose D-glhuconate ? (11215} Pynvate O— — — ———— ———— — —=( Glyeolysis
| [27.113] [27.112] [27.145][27117] x
| |
2 Dehyrlro-
: D.Flm%dnfm.sp o—{iLim I
i H6FD 2-Dehyriro-3-deoxy- D-Glyeer- :
i ﬁ-D-Glucose-éP£ — D-gluconate-6F  ~ 4 412.14] ) aldehyrle-3P[ 1219 | Glyverate-3P i
i > 11149 > 31131 o—{42112}—»0= » »O—————- |
! D-Glusono- D-gluconat-6P 41255 A [t2190 !
5310 1,5-lactone-6P N
,_Iﬁ i 43120 |
| _ oD-Gluose-6F ¥ 12 o—{zriEtrd (_Geltose metsbolim. )

B-D-Fructose-6P

Glyeolysis 271112

[B-D-Fructose-1,6P2

[t

D-arabino-Hex-
3-ulose-6F

D-ghlose 5P

ge—{5131 1+

D-Glucosarinate
(extracellular)

Qb ———— 1=
D-Ribulose-5P

D-Glucosarainate-6P
Pentose and glucuronate
inferconversions

O D-Ribose

D-Sedo- O
heptulose-7P

O D-Xylulose-5P

27.1.15]
2-Deoxy-D-rbose |\_ —_—
5 o |
2-Deoxy-D-ribose-5P 2-Deoxy-D-rbose-1P '~ — — — =

92

Pyriraidine

#-O D-Ribose-1P

His



The following chapter was submitted to the Journal of Proteome Research (May 2015) under the
title “Integrated Transcriptomic and Glycomic Profiling of Glioma Stem Cell Xenografts”.
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Abstract

Bone marrow-derived human mesenchymal stem cells (BM-hMSCs) have the innate
ability to home to and engraft in tumors such as glioblastoma (GBM). Due to this unique
property of BM-hMSCs we and others have explored their use for cell-mediated therapeutic
delivery for the advancement of GBM treatment. Extravasation, the process by which blood-
borne cells — such as BM-hMSCs — enter tissue is a highly complex process but is heavily
dependent upon glycosylation for glycan-glycan and glycan-protein adhesion between the cell
and endothelium. However, in a translationally significant pre-clinical glioma stem cell
xenograft (GSCX) model of GBM, BM-hMSCs demonstrate unequal tropism towards these
tumors. We hypothesized that there may be differences in the glycan compositions between the
GSCXs that elicit homing (“attractors”) and those that do not (“non-attractors™) that facilitate or
impede the engraftment of BM-hMSCs to the tumor. In this study, the glycotranscriptomic
analysis revealed significant heterogeneity within the attractor phenotype and the enrichment of
high mannose type N-glycan biosynthesis in the non-attractor phenotype. Orthogonal validation
with topical PNGase F deglycosylation on the tumor regions of xenograft tissue, followed by
nLC-ESI-MS, confirmed the presence of increased high mannose type N-glycans in the non-
attractors. Additional evidence provided by our glycomic study revealed the prevalence of
terminal sialic acid containing N-glycans in non-attractors and terminal galactose and N-acetyl-
glucosamine N-glycans in attractors. Our results provide the first evidence for differential
glycomic profiles in GSCXs based on the capacity to attract or home BM-hMSCs and extend the

scope of molecular determinates in BM-hMSC homing to glioma.
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Introduction

Glycosylation is the most common protein post-translational modification (PTM). It is
estimated that 50% of all proteins within the human proteome are glycosylated though only 10%
of proteins have evidence supporting the presence of this PTM (Apweiler, Hermjakob, and
Sharon, 1999; Lichti ef al., 2014). The glycan moieties on membrane and secreted proteins are
important modulators of protein folding, stability, and trafficking (Dwek, 1996; Lichti et al.,
2014). Glycosylation also mediates biological functions such as cell-cell or cell-matrix adhesion
( Lichti et al., 2014; Ohtsubo & Marth, 2006; Varki, 1993; Varki, 2009), host-pathogen
interactions (Baum et al., 2014; Lichti et al., 2014; Ohtsubo & Marth, 2006), and receptor-ligand
interactions (Ferluga et al., 2013; Ohtsubo & Marth, 2006). One important cell-cell adhesion
process critically reliant on and predominantly mediated by glycan moieties is extravasation.

Extravasation is the process whereby cells within blood vessels home to sites of
inflammation or damaged tissue (Scott & Patel, 2013; Varki, 2009). In the first step, rolling
adhesion, carbohydrate-carbohydrate interactions are critical (Scott & Patel, 2013; Wright &
Cooper, 2014). Carbohydrate binding proteins (e.g. P- and E-selectin) on the endothelial surface
recognize and bind carbohydrates (e.g. Sialyl Lewis™) on glycolipids or glycoproteins on the
opposing cell surface. The next step, tight binding, predominantly relies on complementary pairs
of adhesion molecules on the opposing cell surfaces to strengthen of the initial interaction
established by rolling adhesion. Many adhesion proteins such as integrins and ICAMs are
themselves heavily glycosylated (Scott & Patel, 2013; Wright & Cooper, 2014). The importance
of glycosylation in extravasation is highlighted by the consequences of genetic deletion of
enzymes related to O- and N-linked glycan processing (Wright & Cooper, 2014). For instance,

mice lacking polypeptide N-acetylgalactosamine transferase-1 (GalntI "), which initiates O-
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linked glycosylation, demonstrate significantly reduced extravasation at every critical step
(Block, Ley, and Zarbock, 2012). Genetic ablation of sialyltransferase ST3Gal-IV in mice
reduced CXCR2-mediated firm adhesion (Frommbhold et al., 2008).

Recent observations of intra-arterially delivered bone marrow-derived human
mesenchymal stem cells (BM-hMSCs), for cell-based therapeutic delivery of anti-glioma agents
(Kosztowski, Zaidi, and Quifiones-Hinojosa, 2009; Nakamizo et al., 2005; Nakamura et al.,
2004; Shinojima et al., 2013; Studeny et al., 2002; Studeny et al., 2004; Yong et al., 2009),
suggest that these cells extravasate from the blood vessel endothelium via diapedesis after
intravascular injection to engraft into the tumor mass (Yong et al, 2009). GFP-labeled BM-
hMSCs injected into the internal carotid artery of tumor-bearing mice were found in linear
arrangements co-localized with endothelial marker CD31 up until two days post-treatment (Yong
et al., 2009). By the third day, BM-hMSCs were seen dispersed throughout the tumor
parenchyma supporting the hypothesis of extravasation-mediated localization (Yong et al.,
2009). However, the fact that some GSCXs attract BM-hMSCs (‘attractors’) and others do not
(‘non-attractors’) suggests that there are differences in the tumor expressed glycans (Shinojima et
al., 2013), which may make attractors conducive to BM-hMSC engraftment.

We have previously found alterations in the lipid compositions (Wildburger et al., 2015)
and proteins comprising cell-signaling pathways (Wildburger et al., 2015) of the attractor and
non-attractor GSCXs, which have shed light on the different phenotypes. We have analyzed the
glycomic profiles of U373MG xenografts (Kroes et al., 2010) and glioma stem cells (He et al.,
2010), but the differential glycan profile of attractor and non-attractor GSCXs remains
unexamined. Thus, we set out to uncover the glycan profile of these tumors to expand our

understanding of the variable BM-hMSC tropism. We first used glycogene-targeted
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transcriptomics of to generate an informed data-driven glycomics approach. Data derived from
targeted glyco-microarrays prompted an N-linked glycan specific approach using on-tissue
digestion of N-glycans from the tumor areas of the attractor and non-attractor xenografts

followed by nLC-ESI-MS analysis (Hu et al., 2013).

Methods

Methods for glioma xenograft model, tissue dissection, sampling and sectioning, transcriptomics,
on-tissue PNGase F digestion and nLC-MS/MS for glycomics, and data analysis were outlined
previously in this work. A complete description of these techniques is detailed in Chapter I1. All
supplemental tables referenced within this manuscript may be found in the digital repository

associated with this dissertation.

Results

The glycomics of GSCXs exhibiting differential homing for BM-hMSCs — attractors and
non-attractors — have not been systematically studied. Because glycans are essential to the
extravasation process (Lichti ef al., 2014; Wright & Cooper, 2014), it is critical to gain a better
understanding of the differential glycan profiles of the attractor and non-attractor phenotypes.
We employed the workflow outlined in Figure 5.1 to investigate glycotranscripts and N-glycans,

differentially expressed in GSCXs exhibiting attractor and non-attractor phenotypes.
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Figure 5.1. Workflow outlining tissue sample preparation for combined
transcriptomics and glycomics. Tissue punches (/eff) take from GSC xenografts (1.5 mm
thick x 1.5 mm diameter) were taken for targeted transcriptomics (as described in Materials
and Methods). Serial coronal sections from GSC xenografts at 20 um (right) were made
after the tissue punches were taken and thaw mounted on glass microscope slides. PNGase
F (1 uL) was spotted on the tumors of each GSCX for N-glycan release overnight. Release
N-glveans were collected. reduced. nermethvlated. and analvzed bv n[.C-ESI-MS.
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Targeted Transcriptomics Reveals Enrichment of High Mannose Type N-Glycans in Non-
Attractor Phenotype.

Previously published data from a targeted microarray platform containing 2,577 total
transcripts related to glioma biology was re-analyzed, focusing on all the cloned human
glycogenes contained on the chip (Wildburger et al., 2015) (Supplemental Table 5.1). PCA
analysis of all glycotranscripts from attractors and non-attractors (Fig. 5.2A) demonstrated clear
separation between the two phenotypes (PC1). The clustering of biological replicates (individual
animals with the same cells line) for attractors (PC3, 8.09%) and non-attractors (PC2, 8.96%)
was similar. Yet, from the overall clustering of both individual cells lines (e.g. GSC17) and
biological replicates within a given phenotype, the attractors demonstrated greater
glycotranscript heterogeneity compared to non-attractors. GSEA analysis of the transcripts using
a custom-made glycogene database revealed high mannose type N-glycan biosynthesis (nominal
p-value = 0.0383; FDR g-value = 0.2962) to be significantly enriched in the non-attractor
phenotype (Fig. 2B). However, no glycan synthesis or degradation pathway met our threshold

requirements in GSEA for attractors (data not shown).
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Figure 5.2. Targeted transcriptomic analysis. (A) Principal component analysis of all
human glycogenes from targeted microarray. Attractors are in blue while non-attractors
are shown in red. GSC followed by a number designates the glioma stem cell line used for
the xenograft and the number following the hyphen indicates the biological replicate. (B)
GSEA enrichment plots for statistically significant genes. The high mannose N-glycan
type glycogene set enriched in the non-attractor phenotype is depicted. Black bars
illustrate the position of the probe sets in the context of all of the glycoprobes on the array.
The running enrichment score plotted as a function of the position of the ranked list of
array probes is shown in green. The rank list metric shown in gray illustrates the
correlation between the signal-to-noise values of all individually ranked genes according
to the class labels (attractor vs non-attractor). The genes overrepresented on the leftmost
side of the enrichment plots are those that correlate to differential expression in the non-
attractor phenotype. Significantly enriched data sets are defined at a p < 0.05 and a false
discovery rate (FDR) < 0.30.
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Quantitative Glycomics of Attractor vs Non-Attractor GSCXs.

To corroborate the glycotranscriptomic findings and obtain tumor specific N-glycan
information we performed nLC-ESI-MS glycomic experiments from on-site PNGase F
deglycosylation of 20 um coronal sections from the GSC xenografts. Of the detectible species
passing our filters (Materials and Methods) we identified 18 glycan compositions, 9 of which
were significantly differentially expressed between the two phenotypes (Figure 5.3). Consistent
with our previous work (Wildburger ef al., 2015) there were more significant complex N-glycan
compositions in the attractors compared to non-attractors. The high mannose glycans were
significantly less abundant in the attractor phenotype, in accordance with the GSEA biosynthesis
pathway enrichment from the transcriptomic data (Figure 5.2). Further, the transcript MANICI,
coding for the protein mannosyl-oligosaccharide 1,2-alpha-mannosidase IC was decreased in
attractors relative to non-attractors (Supplemental Table 5.1). The MANICI enzyme produces
MangGlcNAc, then MansGlcNAc, from MangGlcNAc,, the nascent N-linked glycan emerging
from the Golgi. Notably, MansGIcNAc, was one of the significant high mannose N-glycans
found to be decreased in attractors compared to non-attractors.

Terminal mono- or disialylation of N-glycans (GIcNAcsMansGal,Sia;,
GlcNAcsMangGal,Sia;, and GleNAcsManyGalyFucSia;) was significantly decreased in the
attractors compared to the non-attractors; the presence of sialic acid on galactose could be either
02-3 or a2-6 linked (Varki, 2009). This trend was consistent for those N-glycan compositions
(GlcNAcsMan;Gal,Sia;, GlcNAcsMansGal,Sia;, and GlcNAcsMansGal,Fuc;Sia;) that did not
reach significance (Figure 5.3). We note that the exception to this is N-glycan composition
GlcNAcgMansGalsFuc,Sias (tetrantennary), which was increased in attractors and possess three

terminal sialic acids. Interestingly, GIcNAcsMans;GalsFuc,Sia; has a fucose on the antennae in
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addition to the core fucose, which must be al-6 linked, as PNGase F cannot cleave N-glycans
containing core al-3 fucose. The fucose present on the N-glycan antenna is linked to the N-

acetylglucosamine, which typically occurs as a al1-3 or al-4 linkage. The transcript FUTS that
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Figure 5.3. N-glycan Compositions in Attractors and Non-Attractors. Bar graphs of the
permethylated N-glycan peak from attractor (blue) and non-attractor (red) GSCXs through
on-tissue (tumor) digestions. The y-axis represents peak area and the x-axis represents
glycan compositions (GlcNAc, Man, Gal, Fuc, NeuNAc). Symbols; GlcNAc, blue squares;
Man, green circles, Gal, yellow circles, NeuNAc, magenta diamonds, and Fuc red triangles.
Values are mean £ SEM; * p <0.05, ** p <0.01, and *** p <0.001 (Student’s ¢-test).

codes for the enzyme alpha-(1,3)-fucosyltransferase 5 was increased in attractors relative to non-
attractors (Supplemental Table 5.1). This enzyme is responsible for the placement of a al-4

linked fucose to N-acetyl-glucosamine (GIcNAc) and thus offers support for the N-glycan
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composition seen in GlcNAcsMans;GalsFuc,Sia;.

In contrast, the N-glycan compositions increased in attractors compared to non-attractors
are of the complex type possessing either a terminal galactose or GlcNAc. Composition
GlcNAcsMansGal,Fuc; (p = 0.016) terminating in galactose was increased in attractors and
compositions GlcNAcsMansGal Fuc; and GlcNAc;Man;Gals, while not significant follow the
same trend. Complex N-glycans GlcNAcsManszFuc; (p = 0.0005) and GIlcNAcsMansFuc; (p =
0.022) are the two most abundant N-glycans in attractors and terminate with two or more
GlcNAcs (GlcNAcsMansFuc,, fold change = 4.4 & GlcNAcsMansFuc,, fold change = 3.7) in a
N-acetyllactosamine (LacNAc) formation (Varki, 2009). Composition GlcNAcs;MansFuc; is an
exception to this though, ending with one GIcNAc monosaccharide at the reducing end unlike

compositions GlcNAcsMansFuc; and GleNAcsMansFuc;.
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Discussion

BM-hMSCs demonstrate significant promise as cell-based delivery vehicles for anti-
glioma therapeutics (Doucette et al., 2011; Kosztowski et al., 2009; Miletic et al., 2007,
Nakamizo et al., 2005; Nakamura et al., 2004; Studeny et al., 2004; Yong et al., 2009).
However, evidence suggests that in GSCXs, the ‘gold standard’ of glioma models, these cells do
not home or extravasate equally (Shinojima et al., 2013). Given the importance of glycosylation
in the extravasation process, (Scott & Patel, 2013; Varki, 2009; Wright & Cooper, 2014) we
examined the glycomic profile of attractors and non-attractors. The transcriptomic platform
contains all human glycogenes, enabling analysis of all glycosylation pathways including, but
not limited to, N-linked and O-linked glycosylation, gangliosides, and glycosaminoglycans. By
utilizing this targeted transcriptomic approach, we were able to focus further glycomic studies on
protein N-glycosylation in a data-driven approach for tumor-specific glycomic profiles. The
value of this workflow is that the high-throughput targeted transcriptomic platform yields
informative data about genes related to all types of glycosylation, which then serves to inform
orthogonal glycomics experiments (Fig. 5.1).

The transcriptomic data revealed no significantly enriched glyco-synthetic or degradative
pathways in attractors by use of GSEA analysis. This may be attributed to glycan heterogeneity
in the attractor phenotype, which can clearly be seen in the PCA analysis (Fig. 5.2A). However,
high mannose biosynthesis was a significantly enriched N-linked glycosylation pathway in the
non-attractor phenotype (Fig. 5.2B) prompting us to examine the N-glycan profile of the GSCXs
using the previously developed, highly efficient method for N-glycan profiling of tissue sections
(Hu et al., 2013). The utility of this approach is that information relevant to histopathology is

obtained from small samples derived from xenografts (Hu ef al., 2013).
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Orthogonal glycomic experiments confirmed the presence of high mannose N-glycans in
the non-attractors (Fig. 5.3), which could be an indicator of an embryonic, undifferentiated
phenotype (An et al., 2012). Increased expression of high mannose type N-glycans also have
been observed in colorectal cancer cell lines of varying malignancy (Balog et al., 2012; Holst,
Wubhrer, & Rombouts, 2015; Sethi et al., 2014) and in breast cancer cell lines and tissue (de Leoz
et al., 2011; Hua et al., 2014; Liu et al., 2013). The biological significance of this glycomic
alteration in cancer is not clear, yet the presence of high (truncated) mannose indicates some
level of incomplete N-linked glycosylation processing (Hakomori, 1985). To what extent and
whether or not the truncated high mannose is protein specific is unknown, as levels of terminal
sialic acid (complex and hybrid) N-glycans, which represent uncompromised N-glycan
processing were increased in the non-attractors (Fig. 5.3).

Sialic acids carry a strong electronegative charge and have dual biological functions
(Varki, 2009). They can either act as ligands for sialic acid binding proteins or they may serve to
“mask” sites like galactose from galactose-binding receptors (Schultz, Swindall, and Bellis,
2012; Varki, 2009). It has been observed that the increase in sialic acid content of tumor cells
results in decreased attachment of the cell to the basement membrane via electrostatic repulsion,
promoting metastasis (Schultz et al., 2012; Varki, 2009). While GBM is confined within the
cranium and does not metastasize, it is possible that via the same phenomenon, the non-attractors
repel BM-hMSCs preventing extravasation and dispersion into the tumor parenchyma.
Concomitantly, the sialic acid residues may be “masking” cell surface ligands that BM-hMSCs
utilize for extravasation and dissemination throughout the tumor paraenchyma. For instance,
sialic acid is known to inhibit galectin binding, which binds to either galactose or GIcNAc

depending on the galectin isoform (Hirabayashi et al., 2002; Zhuo & Bellis, 2011). The
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structures increased in the attractors terminate in either GIcNAc or galactose, in contrast to their
sialylated counterparts, which were increased in the non-attractors (Fig. 5.3). At present, only
galectin-1 has been identified on the cell surface of BM-hMSCs (Siegel et al., 2013). The
functional cell surface expression of other galectin isoforms on BM-hMSCs remains unresolved.

Interestingly, recent evidence suggests that sialic acids may scavenge free radicals,
providing an antioxidant effect (Gavella ef al., 2010; Gavella & Lipovac, 2013; Iijima, Ichikawa,
& Yamazaki, 2009; Iijima et al., 2004; Ogasawara et al., 2007; Varki, 2009). Sialic acids on
glycosphingolipids have been reported to provide protection against ROS (Gavella et al., 2010;
Gavella & Lipovac, 2013). Free N-acetylneuraminic acid (NeuSAc, sialic acid) in solution was
able to reduce the concentration of organic peroxides, lipid hydroperoxides and, the arachidonic
acid derivative HpETE as well as attenuate cytotoxicity in culture with these agents (Iijima et al.,
2009; lijima et al., 2004). Pharmacologically, the hypersialylated analogue of human
erythropoietin (r-HuEPO), was able to attenuated TNF-a-induced ROS and activation of JNK
and MSKI1, kinases upstream NFkB. However, upon desialylation, r-HuEPO lost its ability to
inhibit JNK and MSK1 and reduce TNF-a-induced ROS.

We have previously demonstrated that the pentose phosphate pathway (PPP) was down-
regulated in attractors relative to non-attractors (Wildburger ef al., 2015). Supporting this was the
down-regulation of glutathione S-transferase and superoxide dismutase in attractors relative to
non-attractors and compromised fatty acid metabolism — heavily dependent on NADPH
generated from the PPP (Wildburger ef al., 2015). These data suggest that reactive oxidative
species (ROS), which incite pro-inflammatory reactions, would be more prevalent in attractors
than non-attractors. In fact, ROS species have been documented to decrease the sialic acid

content of mammalian cell surface oligosaccharides (Eguchi et al., 2005; Yasuda et al., 2006),
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which offers a possible explanation for the overall decreased levels of sialic acid containing N-
glycans in the attractors (Fig. 5.3). The role of sialic acid containing N-glycans as free radical
scavengers (Gavella ef al., 2010; Gavella & Lipovac, 2013; lijima ef al., 2009; Ogasawara et al.,
2007; Varki, 2009) and its consistent up-regulation in non-attractors in our glycomic study would
presumably lead to lower levels of ROS and ROS-mediated inflammation in non-attractors. We
note that our previous lipidomic study demonstrated DHA, an inflammatory-resolving lipid, to
be increased in the tumor regions of non-attractors (Wildburger et al., 2015). DHA is a fatty acid
dependent upon NADPH generated by the PPP for its biosynthesis (Kang, Lee, and Lee, 2015).
The PPP and the proteins directly and indirectly involved in DHA metabolism were up-regulated
in the non-attractor phenotype relative to the attractor phenotype, supporting decreased
inflammation including ROS-generated inflammation (Wildburger et al., 2015). The increase in
terminal sialic acid N-glycans in the non-attractor phenotype generates a new layer of
complexity adding new valuable information and supporting our previous work (Wildburger et
al.,2015; Wildburger et al., 2015).

Our study of the N-glycan profile of attractor and non-attractor GSCXs yielded highly
informative N-glycan compositions from the tumor regions of glioma xenograft tissue. Because
we applied the on-tissue PNGase F deglycosylation protocol (Hu et al., 2013), we are confident
that the N-glycan compositions we observed come from the cell surface in contrast to membrane
fractionation, which invariably yields membrane contamination from the endoplasmic reticulum
and Golgi apparatus (An et al., 2012). However, we acknowledge that a limitation to this study is
that the N-glycans and subsequent mass spectrometric measurements are derived from a thin
slice of tissue, limiting the analytical depth of the tumor microenvironment and any N-glycan

micro-heterogeneity associated with differential intratumoral microenvironments. Nonetheless,
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the results of this study motivate future investigations into the identity of proteins modified by
N-glycans and their sites of attachment and linkage, along with mechanistic studies on their

biological significance and functional relevance, including N-glycan expression by BM-hMSCs.
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CONCLUSIONS

The concept of utilizing stem cells for active transport of therapeutics for the treatment of
gliomas only emerged in the last 15 years, when Aboody et al., (2000) and Nakamura et al.,
(2004) demonstrated that NSCs and hMSCs, respectively, migrated from distal sites to the tumor
after intracranial implantation, to deliver therapeutically relevant molecules. Additionally, these
cells were capable of migrating across the blood-brain and blood-tumor barriers after intra-
arterial injection (Aboody et al., 2000; Nakamizo et al., 2005), which provided a solution to the
long sought-after transvascular route of drug delivery. The excitement generated by these
landmark studies has driven researchers to find the optimal therapeutic for these cells to carry
and deliver to tumors in an effort to effectively cure GBM. However, there remains a
fundamental lack of understanding of how hMSCs home to gliomas. Much of our understanding
has come from studies using commercially available human glioma cell lines in xenografts or
syngenic models. While these studies have generated valuable insights into hMSC homing, these
studies are limited in their translational significance. Commercially available human glioma cell
lines and syngenic models imprecisely reflect human gliomas in vivo. GSCs, on the other hand,
form tumors that mimic human gliomas, thus offering a significantly translatable model (Singh et
al., 2003; Singh 2004; Lee et al., 2006), though not all GSCXs home hMSCs equally (Shinojima
et al., 2013). In our studies, the identification of “attractor” and “non-attractor” GSCXs provides
a unique opportunity to resolve the factors required for successful hMSC homing and
engraftment in tumors. Insights derived from comparison of the attractor and non-attractor
phenotypes are not only of biological interest, but could inform our efforts to enhance hMSC
homing to gliomas or to identify patients with maximum likelihood for successful hMSC-

mediated therapeutic delivery. The experiments, results, and discussions reported in Chapters
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ITII-V of this dissertation describe the first extensive studies of attractor and non-attractor
GSCXs. In particular, this dissertation utilized high-throughput transcriptomics and high-
resolution, high-mass accuracy mass spectrometry for the lipidomic, proteomic, and glycomic
characterization of attracting and non-attracting GSCXs in a comprehensive manner.

Investigations into the homing of hMSCs to gliomas have typically used single target
approaches with biochemical and cell biology methodologies. While significant advances have
been made, assessing features or targets individually is an arduous task and lacks the high-
throughput capacity critically needed to expand our understanding of hMSC tropism for
advancing clinical therapeutics. Therefore, we chose an ‘omics’ approach in order to 1) analyze
multiple features simultaneously and ii) broaden our scope to include lipidomics, glycomics, as
well as transcriptomics in addition to standard proteomic experimentation using GSCXs as a
clinically relevant brain tumor model.

The brain has the highest content of lipids compared to any other organ in the body; 50-
60% of the brain’s [dry] weight is attributed to lipids. In a biological system, lipids are crucial to
the maintenance of the cell membrane structure and serve as important signaling molecules
(Helmreich, 2003; Aureli et al., 2015; Fernandis & Wenk, 2007). Given the location of GBM,
the brain, there is a surprising lack of studies investigating the lipid composition of GBM tumors
and how lipid modalities may correlate to hMSC homing. Examination of the lipid compositions
(Chapter III) by ESI-MS/MS revealed 38 lipid species to be significantly differentially
expressed between attractors and non-attractors. We focused further examinations on two classes
of lipids diacyglycerol (DAG) and phosphatidic acid (PA) due to their dual functions as both cell
membrane structural components and signaling molecules, and further their biochemical linkage

to each other via the Kennedy pathway (Kennedy, 1987) (Figures 3.2 and 3.3). DAG and PA
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were consistently decreased in attractors, with PA 36:2 and DAG 40:6 bearing histopathological
relevance. Adding confidence to these findings was that fact that of nearly all
glycerophospholipids, of which DAG and PA are the precursors to (Kennedy, 1987), were down-
regulation in the attractors. DAG and PA are major signaling hubs in cells exerting their effects
on both lipids and proteins. Their effects are numerous and vast, but their common convergence
on proteins, such as PKC, warrants further examination (Chapter III).

Another significant finding in our ESI-MS/MS analysis was docosahexaenoic acid
(DHA) (Figure 3.4), which was depleted in the attractor tumor regions but significantly elevated
in the non-attractor tumor regions, as seen by MALDI-IMS. We argue that since DHA is a major
inflammatory-resolving lipid in the brain, DHA may serve as a surrogate marker for decreased
levels on inflammation in non-attractor GSCXs. We speculate that as a result of this, the elevated
levels of DHA may be hampering pro-inflammatory cues that would otherwise promote hMSC
homing to GSCXs. One noteworthy limitation to this study is our lack of quantitative data on the
levels of arachidonic acid (AA), the pro-inflammatory counterpart to DHA. By being able to
quantify the relative levels of AA in the GSCXs we could make a comparison to levels of DHA.
Unfortunately, no reliable measurements of AA with low signal-to-noise were obtained in our
ESI-MS/MS or MALDI-IMS analysis, which can be attributed to the low molecular weight of
AA, 304.2402 g/mol (exact mass) or as [M-H] at 303.2330 m/z. Analytes within this low mass
range tend to be difficult to reliably measure as they metabolize quickly and are near the lower
limit of detection.

Existing literature demonstrates that in glioma, the levels of AA are unchanged while
levels of DHA are markedly decreased (Martin et al., 1996; Albert & Anderson, 1977,

Elsherbiny, Emara, and Godbout, 2013). This observation of decreased levels of DHA in
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attractors is supported by these observations, yet the elevated DHA in non-attractors runs
contrary to these findings. However, we are confident in our lipid assessment of DHA for the
following reasons i) DAG 40:6 (Figure 3.3) was determined to be a likely DHA-containing
glyceride was also decreased in the non-attractors compared to the attractors consistent with the
observations that DHA and DHA-containing lipid are decreased in glioma (Martin et al., 1996;
Albert & Anderson, 1977). ii) We observed and measured this change using two independent
mass spectrometry techniques, ESI-MS/MS and MALDI-IMS followed by CID fragmentation,
which makes these results orthogonal to each other. iii) It is noteworthy in our proteomics study
(Chapter 1V) that amongst the top 12 KEGG pathways differentially expressed between the two
phenotypes was fatty acid metabolism (Figure 4.4). DHA is a fatty acid and is synthesized via
this pathway. The proteins both directly and indirectly (i.e. upstream to DHA) were decreased in
the attractors relative to the non-attractors (Figure S4.1).

In Chapter IV, we attributed the down-regulation of the fatty acid metabolism pathway
to the down-regulation of the pentose phosphate pathway (PPP) in attractors relative to non-
attractors (Figure S4.2). NADPH, produced by the PPP is utilized by the fatty acid pathway for
the synthesis of fatty acids such as DHA. Another consequence of reduce PPP activity in cells
would be the inability to control the production of ROS, as NADPH is essential to the
maintenance of ROS homeostasis. We reasoned that it might be possible that in addition to
decreased levels of DHA, ROS may be more abundant in attractors; ROS are known to act as
inflammatory mediators (Schreck, Rieber, and Baeuerle, 1991; Hensley et al., 2000). Granted the
evidence only indirectly implicates ROS in the differential homing of hMSCs to gliomas. Yet, if
our hypothesis holds, this would be the first implication, to the best of our knowledge, that ROS

are critical players in hMSC homing.
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Other significant metabolic alterations observed between the two phenotypes were the
down-regulation of glycolysis in attractors relative to non-attractors (Figure 4.5) and the
reciprocal expression of glycolysis and other glucose-dependent pathways in the mouse stroma.
The significance of these metabolic differences is not fully understood (Chapter IV). But, given
the down-regulation of other glucose-dependent pathways in the human tumors, such as the PPP,
there could be a difference in glucose transport between attractors and non-attractors. This may
manifest as decreased expression of glucose transporters, of which there are 13 isoforms (Joost
& Thorens, 2001) or decreased glucose intake via the existing transporters. Unfortunately, we
were unable to examine glucose transporters in these samples due to vast size of the transporter
family and that in a Western blot analysis, antibody may not be able to properly distinguish
between mouse and human protein. Active glucose uptake could also not be examined as these
GSCX samples were ex vivo.

Of note, however, our transcriptomic analysis, appeared to indicate that N-linked
glycosylation — also glucose dependent — was increased in attractors compared to non-attractors.
This might offer a possible explanation for the decrease in other glucose pathways, namely PPP
and glycolysis, though we do not exclude compromise glucose transport as described above. In
pursuit of more evidence and the noted role of glycans in the extravasation process (Wright &
Cooper, 2014), which is likely how the hMSCs exit the blood vasculature and enter the tumor
parenchyma (Yong et al., 2009), we carried out a glycomics study on the attractor and non-
attractor GSCXs (Chapter V). From these studies, the high mannose type N-glycans were
shown to be prevalent in non-attractors compared to attractors, but there were more significant
complex type N-glycans in attractors (Figure 5.3), which recapitulated the transcriptomics

evidence in Chapter IV. Intriguingly, sialic acid containing N-glycans were consistently
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decreased in attractors, while increased in non-attractors. It is notable that recent studies have
defined sialic acid as a ROS scavenger (Gavella ef al., 2010; Gavella et al., 2013; lijima et al.,
2009; Yang et al., 2011; Ogasawara et al., 2007; lijima et al., 2004). Based on the data in
Chapter IV, we reasoned that ROS might be elevated in attractors. Given our findings in
Chapter IV and the newly defined biological function of sialic acid, the decreased levels of
sialic acid N-glycans in attractors (Chapter V) offers additional support for the “attractor ROS
hypothesis”. Additionally, we speculate that sialic acid may be “masking” critical hMSC binding
sites for extravasation and engraftment in non-attractors.

In all, the differential homing of hMSCs to attractor and non-attractor GSCXs provides
an excellent model to examine and discern the factors critical to homing. The studies herein have
provided a wealth of intriguing observations, which will serve as the foundation for many new
and exciting avenues of research for the scientific community as we aim to bring meaningful
hMSC-mediated therapeutics to the clinic. Some potential future studies derived from the data

obtained in these multifaceted studies are described in the following section.
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FUTURE DIRECTIONS

The long-term goal of this project is to understand the key factors that drive hMSCs to
home to gliomas. The rationale is to harness hMSCs for successful cell-based therapeutics in the
clinic or to identify patients amenable to this approach through the discovery and elucidation of
these key factors. The results presented in this body of work provide novel, hypothesis-
generating data for future studies. Potential future studies derived from the results of each major
study on this project are described below.

Pro-inflammatory signals released from injured or stressed tissue elicit the homing of
mature leukocytes (see Homing above). Tumors have the same phenotypic characteristics of
injured or stressed tissue and thus have been described as “wounds that do not heal” as they
(Dvorak, 1986). Several factors known to mediate hMSC homing to gliomas have reported roles
as pro-inflammatory stimulators (Hata et al., 2010; Shinojima et al., 2013; Son et al., 2006;
Ponte et al., 2007). In the lipidomic study (Chapter III), ESI-MS/MS determined that DHA was
increased globally in the non-attractors. MALDI-IMS demonstrated that DHA was increased
exclusively in the tumor regions of non-attractors. DHA mediates the resolution of inflammatory
processes through its metabolic products (Hong ef al., 2003; Marcheselli et al., 2003; Mukherjee
et al., 2004; Ariel & Serhan, 2007; Schwab et al., 2007). If we assume the high levels of DHA to
be surrogate marker for decreased inflammation and as a consequence inefficient homing of
hMSCs to non-attractors, DHA could be employed as a predicative measure of phenotype (i.e.,
attractor vs non-attractor).

Within this context, only six GSC lines to-date are phenotypically defined as attractor or
non-attractor (Table 1.1). A component of the long-term goal is to test the remaining GSC lines

to determine their phenotype. As a potential future experiment, radiotracers (''C) or '“F-
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fluorotracers (Basselin, Ramadan, and Rapoport, 2012) could be used to measure DHA
metabolism in the brains of phenotypically unknown GSCXs. Quantified levels of DHA in
GSCX brain tissue could then be used to predict which GSCs fall into either the attractor or non-
attractor phenotype. In parallel, using the same GSCs, independent double-blind studies can be
conducted using intra-artial injection of GFP-labeled hMSCs followed by fluorescence
microscopy, as previously described (Yong et al., 2009; Shinojima et al., 2013), to determine
phenotype. The two independent datasets can then be compared to determine congruency
between DHA metabolism measured in imaging studies and phenotype as determined in previous
work (Yong et al., 2009; Shinojima et al., 2013). If a positive correlation from these double-
blind experiments results, one potential application to patients with GBM (in keeping with the
long-term goals) would be to employ imaging of DHA metabolism to determine those most
appropriate for hMSC-mediated delivery of anti-glioma therapeutics.

In the quantitative proteomic study (Chapter 1V), the pentose phosphate pathway was
decreased in attractors relative to non-attractors. The reduction of this pathway would lead to
increased ROS as a consequence of decreased NADPH production. Supporting this data, the
fatty acid metabolism pathway, which requires NADPH, was also decreased in attractors relative
to non-attractors. Congruent with this, DHA, a major fatty acid in the CNS, was markedly
decreased in attractors (lipidomics study, Chapter III). Given the known role of ROS in the
activation of pro-inflammatory pathways (see Chapter IV), ROS-mediated inflammation may
be a key component to hMSC homing to glioma. However, the role of ROS in glioma and
specifically in hMSC homing to glioma remains largely unexplored. Given the possible link to
ROS-mediated inflammation in the attractor phenotype, future studies should explore the role of

ROS in eliciting hMSC homing. For instance, would the chronic administration of ROS
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scavangers to attractor GSCXs compromise partially or in full their ability to elicit hMSC
homing? Further studies should ascertain the impact of different ROS, hydroxyl radicals (OH"),
superoxide (O,"), and hydrogen peroxide (H,0O,), on hMSC homing.

In the last study (Chapter V), glycomic analysis of GSCXs further reinforced the notion
of ROS in hMSC homing to glioma. Sialic acid, a known ROS scavenger (Gavella et al., 2010;
Gavella et al., 2013; Iijima et al., 2009; Yang et al., 2011; Ogasawara et al., 2007, lijima et al.,
2004), was decrease in the attractors. Sialic acid may also be “masking” non-attractor cell
surface ligands required for hMSC extravasation and engraftment. While it is yet unclear if the
sialic acids are 02-3 or a2-6 linked, a reasonable strategy to enhance hMSCs homing to GSCXs
would be to transfect and stably express sialic acid binding lectins on the cell surface of hMSCs.

Overall, the results presented in the series of studies contained in this dissertation should
provide a framework for future studies to advance our understanding of hMSC differential
homing to glioma stem cell xenografts, and ways to capitalize on this new knowledge to improve
treatment for GBM. The experiments proposed above provide the next logical steps in
understanding and enhancing hMSC homing to gliomas. However, while feasible, these types of
experiments will require well-designed experimental paradigms with excellent positive and

negative controls in place.
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