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SUMMARY 

Glioblastoma (GBM) is a debilitating disease process with poor overall outcomes 

in humans. Given this clinical need, the U.S. National Library of Medicine has over 350 

completed phase II-III clinical trials registered as of this writing. Unfortunately, there have 

been limited changes to the outcomes. In part, this represents the aggressive nature of this 

disease process. On the other hand, this highlights the need for advanced pre-clinical 

models of the disease, especially for evaluation of surgical therapies. The present work 

outlines the development and characterization of a novel porcine models of high-grade 

glioma in both the brain and spinal cord using lentiviral gene transfer.  
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CHAPTER 1. INTRODUCTION 

The objective of this research is to develop large mammalian models of glioblastoma 

(GBM). Although there have been numerous rodent models of GBM, at the time of this 

research there were no reports in the literature regarding reproducible large animal models. 

This is a concern for research programs aiming to investigate therapeutic strategies, 

especially those that require evaluation in a model system that is more anatomically 

relevant to the human. Thus, this research attempted to employ well-vetted vector-driven 

methodologies to drive gliomagenesis in a porcine system for the first time. In this chapter, 

the clinical characteristics of supratentorial and spinal cord GBM are discussed to provide 

a contextual understanding of the disease process in humans, including epidemiology, 

neuropathologic features, major pathways, and the current standard of care. Next, we 

briefly overview issues in the pre-clinical translational pipeline as it relates to animal 

modeling and the case for development of a large animal model of GBM. Lastly, the 

motivation, aims, and structure of this thesis is outlined.  

1.1 Clinical Features of Glioblastoma 

1.1.1 Epidemiology 

From an epidemiologic standpoint, GBM represents the most common and most 

lethal primary brain tumor in adults, with an incidence of 5 per 100,000 in North America, 

and comprising up to 20% of all primary intracranial neoplasms and 54% of all gliomas 

[2-4]. The most common location of occurrence is supratentorial, including the frontal, 

temporal, parietal, and occipital lobes. GBM does also occur in occur in the posterior fossa 
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(cerebellum, brainstem) comprising up to 0.9-3.4% of all cases [5]. GBM occurrence in the 

spinal cord represents an orphan disease process, with reports at well below 1% of all cases 

[4, 6]. A recent single-center retrospective study examined the demographic characteristics 

and distribution of GBM by primary site and reported similar findings with the vast 

majority of primary sites in the supratentorial brain and approximately 2% found in the 

spinal cord [1].  

In order to maximize the impact of generating a large mammalian model of GBM, 

we decided to model both the most common location of GBM occurrence (supratentorial) 

and the rarest location (spinal cord) as it represents an orphan disease for which there is a 

paucity of literature in the field in comparison to its supratentorial counterpart.  

1.1.2 World Health Organization Diagnostic Criteria 

In 2016, the most recent world health organization (WHO) guidelines for the 

neuropathologic diagnosis of gliomas were updated to include both phenotypic and 

genotypic features [7]. Despite considering genotypic information as one of the main points 

Figure 1-1. Incidence of GBM by primary site [1]. 
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of division in diagnosis, histopathologic grading is still utilized to assign a WHO grade of 

I – IV. Histologic grading proceeds according to the presence or absence of four histologic 

features including: nuclear atypia, mitoses, microvascular proliferation, and necrosis.  

To briefly define these features, nuclear atypia takes into account the morphological 

differences in nuclei in a neuropathologic specimen, examining differences in nuclear 

shape and staining as compared to phenotypically “normal” cells. Mitoses account for the 

presence of actively dividing cells, which can be visualized as the presence of a mitotic 

body or quantified and assisted by using proliferative immunohistochemical markers such 

as MIB-1 or Ki-67. Microvascular proliferation can include proliferation of endothelial 

cells, increased vascularity within the specimen, or the presence of glomeruloid bodies. 

Necrosis can include coagulative and pseudopalisading necrosis. The WHO grading for 

diffuse astrocytic and oligodendriglial tumors proceeds as follows, beginning at grade II: 

only nuclear atypia, III: including nuclear atypia, focal or dispersed anaplasia, significant 

proliferative activity and mitoses, and IV: showing nuclear atypia, mitoses, microvascular 

proliferation, or necrosis. For the purposes of this research, we will focus primarily on 

gliomas that are categorized as “Diffuse astrocytic and oligodendroglial tumors” which 

group tumors of astrocytic and oligodendroglial components under a larger overarching 

category, which include GBM assigned, WHO grade of IV, and subdivided based on their 

IDH mutational status. A simplified algorithm for classification of diffuse gliomas is 

presented in Figure 2 summarizing the most recent WHO classification algorithm put forth 

in 2016 [7].  
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Figure 1-2. WHO Classification algorithm for diffuse gliomas based on 

hisopathologic and genetic features [7]. 

 The fundamental point of distinction in the simplified diagnostic algorithm for 

GBM clinical diagnosis is isocitrate dehydrogenase (IDH) mutational status. WHO 

diagnostic criterion divides GBM into either IDH-wildtype, comprising approximately 

90% of cases, and IDH-mutant, comprising approximately 10% of all cases. This was 

driven by a seminal paper by Yan et al [8] where the authors identified IDH1 (R132) and 

IDH2 (R172G/K/M) mutations, predominantly in secondary GBM and the vast majority of 

grade II/III gliomas. They further found a statistically significant difference in median 

survival (IDH-mutant: 31 months, IDH-wildtype: 15 months), suggesting a more 

aggressive course in IDH-wildtype GBM [8]. The authors proposed that this mutational 

status could be useful in distinguishing grade I and grade II gliomas, as well as its apparent 

stratification in the course of the disease in GBM (primary vs secondary). For the purposes 



 5 

of the present research, we elected to focus on driving gliomagenesis to model primary de-

novo lesions, without the introduction of IDH mutations, which may be pursued as a future 

strategy to better model secondary GBM lesions. 

1.1.3 Presentation, Treatment and Outcomes 

Patients with GBM present with progressive neurologic signs and symptoms that 

vary according to the localization of the mass forming lesion. The most common presenting 

symptoms include headache (50-60%), seizures (20-50%), and focal neurologic deficits 

including memory impairment, motor weakness, vision changes, and cognitive or 

personality changes (10-40%) [9, 10]. Large mass forming lesions can incur significant 

associated edema, mass effect, and increased intracranial pressure. Focal neurologic 

deficits are broadly considered more common with GBM compared to lower grade lesions. 

Rarely, GBM can present with meningeal gliomatosis, or meningeal dissemination, and 

when observed is typically later in the natural history of the disease process or on post-

mortem examination [11, 12]. In 1-5% of patients, an existing germline mutations may be 

identified such as Li-Fraumeni syndrome (TP53 mutation) or other genetic polymorphisms 

(e.g. TET, CCDC26, CDKN2A/CDKN2B, TEL1, PHLDB1, EGFR) associated with 

increased rates of GBM [13-16]. In most patients presenting with GBM, there are no 

identifiable risk factors or associated family history. Following neuropathologic analysis 

and IDH mutational status based on WHO criterion, evaluation of O6-methylguanine-DNA 

(MGMT) promoter methylation status is of use in these patients, as this can be crucial for 

prognostication and prediction of response to alkylating agents such as temozolomide 

(TMZ). 
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Since 2005, the STUPP protocol has been widely adapted as the standard of care 

for GBM. Following maximal safe resection, concurrent and adjuvant TMZ in combination 

with radiotherapy is employed in patients with GBM. Systemic chemotherapy and 

radiotherapy is well reviewed elsewhere [3, 17].  Here we will overview neurosurgical 

considerations given the frank benefit that may be achieved in generation of an animal 

model that better recapitulates the anatomic conditions in humans, in reference to the main 

objectives of the present research project of generating a large mammalian model of GBM. 

The first step involves surgical debulking of the tumor in an actionable area. Maximal 

resection of the tumor must be balanced with preservation of neurologic function, which is 

augmented by using neuronavigation, intraoperative mapping, and preoperative imaging 

modalities such as functional magnetic resonance imaging (fMRI) and diffusion tensor 

imaging (DTI) well reviewed elsewhere [18-20]. Similarly, the use of awake craniotomy, 

frameless stereotaxis, intraoperative MRI, and the use of optical imaging agents such as 5-

aminolevulinic acid (5-ALA) are all used to help achieve maximal resection while 

attempting to minimize surgical morbidity. However, despite the variety of advanced 

techniques already employed, local recurrence is almost certainly due to proximity to 

eloquent brain and the fact that GBM is characterized by poorly defined tumor margins 

that proceed along white matter tracts, perivascular spaces, and the potential for 

leptomeningeal dissemination.  

Despite seemingly inevitable recurrence in GBM, initial surgical debulking with 

gross total resection (GTR), where possible, continues to be the mainstay of initial 

treatment as part of the STUPP protocol unless otherwise contraindicated due to the 

location of the tumor or the patient’s other underlying condition [10, 21-23]. In cases where 



 7 

GTR is not possible due to location and extent of tumor involvement, subtotal resection or 

biopsy may be alternatively employed. While randomized trials cannot be conducted due 

to the underlying ethics associated with such a study design, there is a preponderance of 

evidence in observational studies suggesting that the extent of resection is a strong 

prognostic factor impacting disease progression and duration of survival in patients with 

GBM even after adjustment for age, functional status, tumor size, and location [24-28].  

Given these data, further intraoperative and perioperative modalities may certainly 

enhance the surgical aspects of treatment in the future. One example of attempting to 

address residual tumor in the resection cavity is the use of solid chemotherapeutic wafers 

(carmustine polymers) which have been employed and approved by the Food and Drug 

Administration (FDA) and used in several clinical trials, some of which have shown a 

survival benefit with continued dispute in the field whether there is a role for its 

employment in the surgical management of GBM. Certainly, some patients experience 

marked peritumoral edema, the safety of concurrent radiotherapy has not been fully 

established, and some clinical trials have not found a survival benefit [29-31]. A recent 

systematic review and meta-analysis of twenty-two RCTs and cohort studies involving 

5,821 glioma patients made a commendable effort at attempting to address this question 

[32]. The authors  reported that patients with GBM receiving intraoperative carmustine 

wafers with standard of care had a statistically significant overall survival benefit, as 

compared to standard of care alone [32]. However, this study utilized a fixed-effects model 

in several of their subgroup analysis, which may not be entirely appropriate given the 

underlying nature of heterogeneity of the included studies and may be better suited by 

utilization of a random-effects model, which likely would not have yielded statistical 
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significance in their analysis. In addition, the magnitude of survival benefit and a robust 

analysis of associated risks was lacking. Of note, patients with carmustine wafers had 

nearly twice the odds of complications, the most common of which was post-operative 

infection. Other adverse events included post-operative edema leading to elevated 

intracranial pressure, wound dehiscence, seizure, and neurologic decline.  

 

Figure 1-3. Carmustine wafers implanted in GBM resection cavity [33]. 

The use of carmustine wafers is currently not recommended save for employment 

in clinical trials and its role in the surgical management of intracranial GBM continues to 

be elucidated. The ambiguous utility of carmustine wafers, in part, represents the 

recalcitrance of GBM. On the other hand, its development and employment offers a case 

study by which creative methodologies may be developed to add to the armamentarium of 

neurosurgical strategies for GBM. Indeed, the development of numerous approaches 

including intratumoral convection enhanced delivery (CED), oncolytic vectors, laser 

interstitial thermal therapy (LITT), focused ultrasound (FUS), improved intraoperative 
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surgical guidance, local intra-arterial delivery, tumor treating fields (TTFs) and robotic 

resection continue as of this writing in the pre-clinical and clinical setting [17, 34-44]. 

The prognosis of GBM is poor despite aggressive intervention. From population 

based studies, the median overall survival of patients with GBM is estimated at 10 to 12 

months from initial diagnosis. The most critical prognostic factors impacting the duration 

of survival in patients with GBM are baseline Karnofsky Performance Status (KPS), 

MGMT methylation, and IDH mutational status, and other genetic mutations [8, 45, 46]. 

KPS as a readout of a patient’s functional capacity (e.g. activities of daily living, disability) 

has been used in combination with patient age and mutational status to determine a 

nomogram that can be used in an individual patient to predict individual prognosis, albeit 

with limitations due to lack of available mutational information in the validation cohort. In 

general, a lower KPS and increased patient age is correlated with a worse prognosis. 

Methylation of MGMT, involved in DNA repair, is indicative of improved overall survival 

and progression-free survival independent of other clinical factors as a marker of 

susceptibility to TMZ [45]. IDH1/2 mutations are enriched in long-term survivors of GBM, 

and are associated with up to a three-fold increase in survival compared with IDH wildtype 

GBM [47-49]. Despite the identification of prognostic factors that are associated with 

survival benefit, the overall clinical outcomes in patients is abysmal. A recent systematic 

review and meta-analysis of 63 population based studies highlighted that despite 

improvements in 2- and 3- survival of patients with GBM in patients after the adoption of 

the STUPP protocol, the 5-year overall survival remains unchanged at approximately 4 

percent [50] as presented in Figure 1-5.  
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Figure 1-4. Forest plot of 5-year overall survival recruited before or after STUPP 

protocol adoption [50]. 

1.1.4 Clinical Context of Glioma in the Spinal Cord 

The majority of the aforementioned discussion is drawn from literature focused on 

the more common entity of supratentorial GBM. There is, by comparison, a paucity of 

literature on intramedullary diffuse astrocytic and oligodendroglial tumors of the spinal 

cord, including GBM, given its orphan disease status. Nonetheless, prevailing trends can 

be drawn from what evidence is available from mostly retrospective chart reviews and 

small cohort studies. From a clinical presentation standpoint, glioma in the spinal cord 

presents with neuropathic pain or other neurologic deficits depending on the vertebral level 
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of involvement. Spinal cord gliomas (SCG) of all grades comprise 8-10% of all primary 

spinal cord tumors, with up to 10,000 cases occurring annually and  5-year survival rates 

of 11-23% in high grade lesions [51, 52]. While survival appears greater in this group of 

patients compared to the supratentorial counterpart, these patients almost always have 

permanent disability and morbidity either from the lesion itself or attempts at intervention. 

Despite significant morbidity and mortality, there is no consensus treatment 

strategy, especially for high-grade lesions. Currently, there is a weak level of evidence in 

the literature (Class IIb, level of evidence C) which largely relies on expert opinion and 

case series. While surgical debulking is the initial mainstay of treatment in supratentorial 

GBM, this proves incredibly difficult in the spinal cord where the entire bulk of the 

parenchyma is eloquent tissue. The compact architecture of the spinal cord and its 

associated tracts and nerves, and the infiltrative growth pattern of these tumors lead to the 

decision by most neurosurgeons to avoid aggressive resection of these tumors. There are 

approaches such as the "inside out" technique with intraoperative monitoring to debulk the 

tumor as much as possible. However, even with such approaches there are most often 

poorly actionable surgical margins in high grade SCG [52, 53]. A review by Abd-el-barr 

et al outlined treatment outcomes specifically for astrocytomas of varying grade and, of 

note, reported greater than 67% perioperative morbidity and mortality with less than 25% 

incidence of actionable surgical margins at the time of surgery [51]. Consequently, 

maximal surgical debulking while balancing operative morbidity is often not feasible and 

even surgical biopsy can lead to permanent deficits. 
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Figure 1-5. Overview of treatment and outcomes in Spinal Cord Astrocytoma [51]. 

Typically, patients with SCG will undergo a laminectomy to remove the overlying 

bone to gain access to the spinal cord and will then undergo biopsy for neuropathologic 

evaluation. At this time, resection is considered, but most often not pursued due to lack of 

actionable margins. Instead, an expansile duraplasty is performed to alleviate cord 

compression, effectively permitting more space for inevitable cord expansion [52].   

Beyond surgery, other treatment options are also problematic for SCG. The utility 

of chemotherapy is undefined, and practice varies from physician to physician. Partial 

response with intravenous chemotherapy is noted in up to 40% of patients, but its use is 

primarily palliative in the clinical setting and SCGs are notoriously chemoresistant [51]. 

One retrospective chart review evaluated the use of TMZ in spinal cord GBM and appeared 

to identify a survival benefit (16 months vs 10 months) but did not reach statistical 

significance [54]. The authors highlighted the need for multi-institutional, prospective, 

controlled studies in spinal cord GBM. Given the rarity of these tumors, no randomized 

trials have been conducted and only handful of observational studies in pediatric patients 

have evaluated chemotherapy [55, 56]. Radiotherapy is similarly controversial with some 

studies showing no benefit, while others show some benefit in progression-free but not 
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overall survival [52].  Patients with SCG, especially high-grade lesions, are in a vulnerable 

patient population with no well-defined effective treatment options available. 

1.1.5 Major pathways implicated in GBM 

A discussion of the major pathways implicated in GBM pathogenesis is critical to 

understanding the rationale used for driving glioma formation in the pig model. In humans, 

one of most commonly affected pathways in GBM involves receptor tyrosine kinases 

(RTK). Following the binding of a respective growth factor, dimerization of an RTK occurs 

leading to down-stream signal transduction. For example, epidermal growth factor receptor 

(EGFR) is the most commonly implicated RTK in the pathogenesis of GBM. Aberrant 

hyperactive signaling can occur through either overexpression of its ligand, receptor 

amplification, or receptor mutation leading to constitutive activation. One example of 

constitutive activation in primary GBM lesions is the case of EGFRvIII where the loss of 

exons 2-7 leads to the absence of the extracellular domain of EGFR, leading to ligand-

independent signaling [57]. Other RTKs such as c-MET, PDGFRA, and PDGFRB [58-60] 

have also been widely implicated in GBM pathogenesis. Gene expression data from 156 

patients in the cancer genome atlas (TCGA) database demonstrates a range of expression 

values for EGFR, PDGFRB, PDGFRA, and c-MET (Figure 1-6) [61].  
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Figure 1-6. Receptor Tyrosine Kinase Expression Profiles in 156 TCGA-GBM 

samples. 

Up to 30% of human gliomas have shown gene expression patterns that are 

correlated with increased PDGFR signaling. While point mutations in PDGFR may occur, 

they are rare events. Instead, PDGF ligands are upregulated in approximately 30% of 

glioma biopsies and cell lines and may serve as a mechanism by which this PDGFR 

signaling is hyperactivated in GBM pathogenesis [62]. c-MET is reported to be amplified 

in approximately 5% of human glioblastomas. Downstream of these RTKs, the overarching 

signaling cascade proceeds, leading to activation of rat sarcoma oncogene (RAS) and 

phosphatidylinositol 3’-kinase (PI3K) leading to modulation of cellular proliferation, 

invasion, survival, and angiogenesis, summarized in Figure 1-7 [57].  
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Figure 1-7. Major pathways and genetic changes in glioblastoma. Red: inactivating 

alterations (mutations/deletions), Green: activating mutations and amplifications. 

[57] 

The RTK/RAS/PI3K and RAS/RAF/MEK signaling pathways is implicated in up 

to 88% of human gliomas. Two other major signaling axes implicated in human GBM 

include the P14ARF/CDKN2A & TP53 implicated in up to 87% of cases, and the 

RB/INK4A signaling pathway implicated in up to 78% of cases [62, 63]. The major 

implicated genomic changes are well reviewed elsewhere by Dunn et al [62] and Lombardi 

et al [57]. Mutations in RAS are exceptionally rare in GBM with only a few reported cases 

in smaller cohort studies [64, 65] and approximately 2% mutation rate in a larger TCGA 

study[66]. Nonetheless, from a broader perspective increases in the RAS signaling 

pathways are present in nearly all GBMs [57], and the involvement of upstream RTKs (e.g. 
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PDGFR, EGFR) and downstream effectors (BRAF, PI3K, AKT) are well known as 

previously discussed. 

The genetic underpinnings of SCG are less well defined, but with some notable 

advancements in recent years. Grade III and IV astrocytomas are associated with various 

histone 3 variant H3.3 (H3F3A) mutations, and most commonly the H3F3A-K27M. This 

mutation has been predominantly found in high-grade astrocytomas in midline structures 

including the thalamus, brainstem, and spinal cord and is listed as a separate entity in the 

WHO 2016 classification [53]. Many grade III and grade IV astrocytomas in the spinal 

cord harbor K27M mutations. In addition, TP53 mutations have been identified in patients 

with spinal cord astrocytoma, but not IDH1, in contrast to patients with intracranial GBM 

[52]. The largest study examining whole genome sequencing of spinal cord glioma found 

a greater degree of mutational burden in GBM and anaplastic astrocytoma (N = 4 patients), 

as compared to lower grade lesions (N = 12) but did not identify recurrent mutations, albeit 

limited by its sample size [67].  The authors conducted a pathway analysis observing 

enrichment of cell death and survival, cellular growth and proliferation, cellular 

development, cellular function and maintenance, and cell cycle functions. Two of four 

patient samples were immunopositive for H3K27M mutations (1 GBM, 1 anaplastic 

astrocytoma).  

A more recent study by Zhang et al examined the transcriptomic profile and 

differentially expressed genes in spinal cord gliomas [67]. This was the largest study of its 

kind with 5 spinal cord GBMs included. 5/5 (100%) of patient samples harbored H3K27M 

mutation, and 2/5 (40%) had ATRX mutations. Of note, they conducted a pathway analysis 

based on copy number variation and identified upregulation of prothrombin activation 
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pathway, MAPK signaling, and enrichment of epithelial to mesenchymal transition. The 

authors identified differentially expressed genes (DEGs) by comparing GBM and grade II 

spinal cord astrocytomas, and identified four genes of interest including GRM5, GALR1, 

NPYR, and AGTR1 as potential candidates for future study. Unfortunately, no 

comparisons were made to “normal” spinal cord parenchyma for differential expression 

(DE) analysis. The authors further identified fusion genes in the included samples and 

identified PDGFR and BRAF mutants in GBM samples. Overall, while inclusion of some 

select genetic lesions (e.g. H3K27M) appear to be associated with high grade SCG, the 

disease process appears to be comprised of a large degree of heterogeneity between 

patients. 

1.1.6 Challenges to Treatment Development and the Case for Large Animal Models 

As of this writing, clinical trials have yet to reveal an effective therapy for GBM. An 

editorial was put forth in 2019 by Aldape et al as part of an international panel to address 

the limited progress in therapeutic development. There are a variety of challenges 

including: i) a rising but incomplete understanding of disease pathogenesis, ii) lesion 

heterogeneity and microenvironmental complexity leading to difficulty in target 

optimization, iii) inherent sensitivity of eloquent surrounding parenchyma leading to 

patient morbidity, iv) tumor recurrence even with aggressive surgical intervention, and v) 

a translational research pipeline in need of improvement [68]. Bearing particular relevance 

to the present research is the need for improvement of the translational pipeline in the arena 

of animal modelling. Limited progress has been made, in large part, due to preclinical 

models that have failed to recapitulate both response to treatment and anatomic 

considerations critical for neurosurgical evaluation. This is in part due to historical reliance 
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on poorly characterized commercial in-vitro systems and respective 

subcutaneous/orthotopic xenografts. While these systems are important platforms for 

proof-of-concept studies and understanding aspects of disease pathogenesis, they have 

several disadvantages. Briefly, the absence of recapitulation of tumor microenvironmental 

features, the use of monoclonal cell lines for expansion, and immunocompromised hosts 

lead to several limitations. At minimum, the authors assert that a catalogue of all pre-

clinical models should be generated, maintained, and that all such pre-clinical models 

should be subject to a minimum set of histopathologic, genomic, and imaging evaluations 

[68]. In the pediatric setting, initiatives such as the ITCC paediatric preclinical proof of 

concept platform are already working toward creating such a central resource. The authors 

of this editorial further emphasized that a shift toward patient derived xenografts (PDXs) 

and genetically engineered models (GEMs) will serve as a putative strategy for more 

accurate pre-clinical modeling.  

Patient GBM samples can be resected, dissociated, and cultured to form GBM 

neurospheres for a variety of assays [69]. This has several advantages, including the 

retention of tumor heterogeneity, mimicking tumor genetic, epigenetic, and transcriptional 

make-up. These can further be transplanted as PDXs into immunocompromised animals 

for the in-vivo study. Another more recent development is the exponential rise in the use 

of these biopsies for generation of Organoid-GBM models [69]. This type of GBM model 

was first reported by Hubert et al, with co-culturing of GBM with multiple cell types 

instead of homogenous 3D spheroids [70]. This has since advanced to include a variety of 

types of GBM organoid models as a major advancement for in-vitro study and potential 

high-throughput exams. One major limitation of this approach is however the reduced 
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dimensionality of in-vitro studies leading to the inability to study immunotherapy or 

immune response to therapy due to the need for immunocompromised animals when 

scaling findings into PDX models. 

More central to the present research is the concept of GEMs. These can be developed 

by germline manipulation, exogenous vector driven gene transfer, or a combination of the 

two to incur gain/loss of function and induce tumor growth de-novo, well-reviewed 

elsewhere [71, 72]. The advantages of utilizing a GEM through vector driven gene transfer 

are numerous, including the capacity to target specific genetic lesions and induce glioma 

in-vivo in immunocompetent animals. Platelet-derived growth factor Beta (PDGF-B) 

driven glioma models have been demonstrated in-silico, in-vitro, and in in-vivo – using 

rodent models with retroviral expression of PDGF-B, HRAS-G12V, shRNA-P53, and 

other transgenes implicated in the disease pathogenesis [63, 73-77]. In mouse models, it is 

reported that additional genetic lesions may be required to model high-grade gliomagenesis 

with either constitutive RAS, or more importantly, knockdown of CDK2NA or p53 [78, 

79]. While it remains to be seen if these approaches will offer more appropriate prediction 

of treatment response, as GEMs continue to advance they offer an appealing option to be 

able to use vector driven gene transfer to generate GBM lesions in otherwise 

immunocompetent and wild-type animal models. This is especially promising given the 

issue of anatomic considerations in the pre-clinical neurosurgical pipeline and the 

possibility of generating a large mammalian model.  

Given that surgical therapy continues to be the mainstay of initial treatment for GBM, 

and several drug delivery and neurosurgical strategies in pre-clinical development, the 

development of a large animal model of glioma is warranted. Rodent models of glioma, 
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including GEMs, have proven to be a strong platform for pre-clinical study. However, they 

unfortunately present with anatomic limitations for translation of surgical and drug delivery 

study [80-82]. These include, but are not limited to, decreased connective tissue, decreased 

white matter volume, thin meninges, more intimate dura mater and lower CSF volume [83]. 

In terms of size alone, the murine spinal cord is approximately 3 mm in diameter, as 

compared to the human spinal cord at up to 13 mm [84].  

Porcine model systems provide a promising alternative, given that the genetic profile, 

immune system, and the size and anatomy of the porcine CNS is recognized to better model 

the human [82, 85-87]. Indeed, the more similar degree of musculature, connective tissue, 

and bony structures in the swine provides a situation where surgical approaches, drug 

delivery, and subcutaneous implantation of devices and catheter bearing systems may be 

more appropriately evaluated in a translational study. Swine are already used for a variety 

of endoscopic and laparoscopic surgical studies as well as imaging studies [88, 89], as well 

as neurosurgical techniques in both the brain and spinal cord [36, 90-98]. 

Recognizing these issues, groups have utilized U87 xenografts for glioma modeling 

in pigs, but have continued to face the known limitations of the U87 cell line and the need 

for immunosuppression [80, 81]. However, porcine models have already been generated 

using genetic manipulation (transgenic pigs, vector driven gene transfer) for a variety of 

cancer models outside of the CNS including familial adenomatous polyposis, bladder 

cancer, osteosarcoma, and others through genetic manipulation [82, 99-101]. It therefore 

stands to reason that employing techniques from highly advance mouse GEMs may be 

successful in modeling GBM in a higher order species such as the pig. These considerations 

bring into central focus the goal of the present study, whereby scaling well-vetted GEM 
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strategies from rodents to pigs, we aim to demonstrate the feasibility of inducing de-novo 

GBM in a space that may be more relevant for translational study. 

1.2 Motivation and Objectives 

1.2.1 Motivation 

This work attempts to establish the feasibility of developing a novel porcine model 

of high-grade glioma using vector driven gene transfer. This will provide an initial model 

for surgical testing and to promote more advanced models in the future. The central 

motivation of this work draws from the current absence of topical large mammalian models 

of glioma, leading to reliance on phenotypically normal large animal models and stifling 

pre-clinical translational studies.  

1.2.2 Aims 

In order to successfully develop porcine GBM models and broaden the impact of 

this research, this thesis describes introduction of oncogenic vectors in both the most 

common location of GBM occurrence (supratentorial brain) and the most rare location 

(spinal cord). Induction of glioma growth is separated into specific aims: 

• AIM1. Development and characterization of a porcine model of high-grade glioma 

in the spinal cord 

• AIM2. Development and characterization of a porcine model of intracranial high-

grade glioma 

1.2.3 Structure of the Thesis 
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This dissertation is organized as follows. 

Chapter 1 introduces the clinical context of GBM, describes challenges in the 

preclinical setting, and outlines the motivation and aims of the research. 

Chapter 2 describes all experiments and analyses conducted for the development of 

spinal cord glioma in the Gӧttingen minipig. This chapter is focused on AIM1, and presents 

behavioral, histopathologic, immunohistochemical, and transcriptomic data used to 

characterize the model. This chapter has been adapted from the open-access publication of 

this research [102] with additional data included. 

 Chapter 3 describes all experiments and analyses conducted for the development of 

an intracranial glioma model in the Gӧttingen minipig. This chapter is focused on AIM2, 

and presents behavioral, radiologic, histopathologic and immunohistochemical data used 

to characterize the model. 

 Finally, Chapter 4 provides conclusions and discussion of recommended future 

work for improvement of modelling glioma in the minipig and potential applications that 

may provide more immediate translational impact. 
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CHAPTER 2. PORCINE MODEL OF HIGH-GRADE SPINAL 

CORD GLIOMA 

2.1 Introduction 

High-grade glioma has a clinical picture of untenable morbidity and mortality [4, 

51]. Given this clinical need, the U.S. National Library of Medicine has over 350 

completed phase II-III clinical trials registered as of this writing. Unfortunately, there have 

been limited changes to the clinical outcomes in patients with high-grade glioma over the 

past years. In part, this represents the malignant nature of a disease that is refractory to a 

variety of treatment approaches. On the other hand, this raises the question of the 

translational value of existing pre-clinical animal models as a pathway to the clinic [71, 

72]. Given numerous strategies with measured preclinical optimism including 

immunotherapy, oncolytic vectors, and targeted drug delivery, more appropriate large 

animal model systems are necessary to bridge the translational gap [34-39]. 

When examining the issue of glioma modeling from an engineering perspective, an 

ideal animal model should recapitulate the features of human glioma in several parameter 

spaces including but not limited to histopathology, gene expression, heterogeneity, 

immunocompetence, radologic features, and anatomy. In patients, high-grade gliomas 

present with marked invasion along white matter tracts and surrounding parenchyma, an 

immunosuppressive microenvironment, and significant inter and intra-tumoral 

heterogeneity [103]. Existing models of high-grade gliomas are variable in recapitulation 
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of these features. The most common are xenograft and syngeneic models which have 

drawbacks including non-invasive growth (9L, U87, U251), immunogenicity (U251, U87, 

C6, 9L), and restriction to murine (CT-2A, GL261) and rat models (C6, CNS-1)[104]. One 

of the most extensively used models for immunotherapeutic studies is the GL261 line. 

Originally developed in 1939 through administration of methylcholanthrene pellets into 

the murine brain, it has served as a critical resource given its diffuse infiltration, 

histopathologic characteristics, and capacity to be employed in wildtype C57BL/6 mice. 

Unfortunately, since this is a syngeneic mouse model, transplantation of these cannot be 

scaled into large animals for use a more surgically translatable anatomic space [105]. 

Vector-driven glioma models represent an immunocompetent option that could 

feasibly be scaled up to a large animal model, well reviewed elsewhere[71]. In particular, 

platelet-derived growth factor Beta (PDGF-B) driven glioma models have been 

demonstrated in-silico, in-vitro, and in in-vivo – using rodent models with retroviral 

expression of PDGF-B, HRAS-G12V, shRNA-P53, and other transgenes implicated in the 

disease pathogenesis[63, 73-77]. In 2011, Lei et al first reported that PDGF-B-driven 

models recapitulate the proneural glioblastoma subtype [106]. This was further 

investigated by Sonabend et al in 2014 with robust characterization of the master regulator 

transcriptional network that drives glial progenitor transformation [107]. As recently as 

2018, transcriptomic characterization of mouse models using lentiviral PDGF-B and 

shRNA-CDK2NA have also been shown to produce pro-neural subtype glioblastoma [78]. 

In mouse models, it is reported that additional genetic lesions may be required to model 

high-grade gliomagenesis with either constitutive RAS, or more importantly, knockdown 

of CDK2NA or p53 [78, 79].  
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In optimizing a model system for high-grade glioma, the use of a large animal 

system would provide improved utility for translation of neurosurgical strategies, device 

development, drug delivery, and radiologic study [82, 98, 108]. From an anatomic 

standpoint, the rodent brain is lissencephalic creating a minimization of drug leakage and 

improvement of local drug delivery [80, 109]. Furthermore, the murine brain and spinal 

cord have significant developmental differences in comparison to large animal systems 

[80, 86, 109]. In addition to these anatomic considerations, the aforementioned concerns 

with immunocompromised models using xenograft cell lines have generated a translational 

space that may explain some of the limited success with preclinical strategies [72, 82, 110]. 

Moreover, the use of viral vector-driven approaches in targeting distinct genetic lesions 

implicated in the human disease have been widely reported as reliable, highly penetrant, 

and with striking histopathologic and molecular validity [63, 73, 75, 78].  

The genetic profile, immune system, and the size and anatomy of the porcine brain 

and spinal cord is recognized to better model the human [82, 85, 86]. For these reasons, 

device implantation, stereotactic radiosurgery, and intrathecal and intraparenchymal drug 

delivery have all been performed in pigs [36, 80, 111-115]. Furthermore, while the Food 

and Drug Administration (FDA) has recognized proof-of-principle data on therapeutic 

efficacy in highly characterized rodent models, the use of large animals is considered 

critical for clinical relevance. Groups have utilized the U87 xenografts in pigs, but required 

Cyclosporine-based immunosuppression and continued to face the known limitations of 

the U87 cell line [80, 81]. Overall, existing animal models have limited translational utility 

due to a confluence of factors including immunogenicity, immunocompromised systems, 

variable recapitulation of histopathologic features, and limited anatomic translatability, 
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highlighting the significance of generation and validation of an immunocompetent large-

animal model.  

Thus, the goal of the present study is to scale previous strategies from murine 

models into a large animal model. Here we describe the use of lentiviral gene transfer to 

generate an immunocompetent large animal model of high-grade glioma in the porcine 

spinal cord with subsequent histopathologic, radiologic, and behavioral analysis. 

2.2 Materials and Methods 

2.2.1 Vector Design 

It is well known that HGGs involve a mixed mutational profile with marked 

heterogeneity between patients. However, the RTK/RAS/PI3K and p14(ARF)/CDKN2A 

and TP53 pathways are involved in up to 88% and 50% of high-grade gliomas 

respectively[63]. Therefore, we decided to target these pathways, as has been performed in 

rodent models, to establish the feasibility of scaling this strategy into a pig model. Three 

individual lentiviral vectors were designed to target the RTK/RAS/PI3K and TP53 

pathways. These vectors were designed separately to avoid the risk of decreased 

transduction efficiency from larger insert sizes, biosafety requirements, and to provide 



 27 

flexibility to adjust included vectors for future study[116]. Transfer plasmid schematics are 

presented in Figure 2-1.  

 

 

 

Figure 2-1. Schematic of Lentiviral Transfer Plasmid Design 

 

 All lentiviral vectors were VSV-G pseudotyped, third-generation, replication 

deficient systems titered at >10^9 infectious units (IU)/ml. Vector 1: PDGF-B-IRES-eGFP 

and Vector 2: HRASG12V-IRES-mPlum were designed using a pCDH transfer plasmid 

backbone with an Ef1α promoter and reporters following an internal ribosomal entry site 

(IRES) sequence. Vector 3 was designed using a pLKO1 backbone and expressed two 

sequences of shRNA targeting porcine p53 including sequences 787 and 944 under the H1 

and U6 promoters, respectively as reported by Merkl et al [117]. These shRNA sequences 

have 100% homology to two regions of porcine TP53 mRNA and have been used for 

efficient knockdown in porcine cell culture models [117]. Controls for vectors 1-3 only 

included reporters and shRNA scramble, referred to as CTRL. The oncogenic cocktail will 

be referred to as ONC. All vectors (ONC or CTRL) were thawed and combined in equal 

parts immediately prior to inoculation.  

2.2.2 Surgical Approach 
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The development of an intraparenchymal mass forming lesion, as with a glioma in 

the spinal cord, would progress in human patients to yield an anatomically localizable 

neurologic deficit. As such, we selected the thoracolumbar spinal cord of the Gӧttingen 

minipigs to inject the oncogenic lentiviral vectors. This location of injection provides a 

distinct advantage, where tumor progression will incur clinically appreciable and 

quantifiable motor deficits affecting the hind-limb ipsilateral to the site of injection. The 

surgical procedure was performed as in prior studies and as depicted in Figure 2-2 A-B. 

[118]  

Briefly, the animals underwent a two-level laminectomy and dural exposure. The 

spinal derrick stereotactic platform was mounted onto the dorsum of the animal for 

targeting the lateral white matter (2.5 mm lateral to midline, at rostral or caudal positions 

for each injection, spaced by 2 vertebral levels).[118] This spacing is necessary to allow 

for exclusive analysis of the injection sites, space for tumor growth, and delineation of 

laterality of motor deficits. This intraparenchymal injection strategy has been reported to 

be safe in pigs and has been implemented in human clinical trials [118, 119].  

All injections were performed at a rate of 2.5 ul / minute, maximal volume of 25 

ul, and a 3 mm depth with a 30-gauge stainless-steel needle and MINJ-PD 

microINJECTOR pump (Tritech Research, Inc., Los Angeles, CA). CTRL and ONC 

injections were randomized to either rostral or caudal site of injections on contralateral 

sides, as depicted in Figure 2-2A. A 1-minute dwell time was applied before removal of 

the needle to minimize reflux of the injection. The investigators performing post-operative 

evaluations were blinded to CTRL and ONC assignments. 



 29 

 

 

Figure 2-2. Surgery, Motor Deficits, and Gross Pathology.  

 



 30 

2.2.3 Animals, Physical Examination, and Behavior 

 Our laboratory has previously used the Gӧttingen minipig as optimal systems for 

scaling vector-driven studies into large animals, given that the genetic profile, immune 

system, and the size and anatomy of the porcine spinal cord is recognized to better model 

the human [82]. Gӧttingen minipigs >15 kg (n = 6, 3 males and 3 females) were used in 

the present study. All animals underwent daily modified Tarlov-motor scoring to provide 

an ordinal scale of behavioral motor deficits for quantitative analysis (scored 0-9, Table 2-

1) [120].  

All scoring was performed by investigators blinded to the side of injection and 

study design. Other clinical deficits may manifest due to a mass forming lesion in the 

thoracolumbar spinal cord. As such, physical examinations were performed by laboratory 

staff in consultation with veterinary staff daily, with both baseline and post-operative 

assessments until endpoint. All surgical procedures, animal care, endpoints, and the 

respective experiments on pigs were approved by the Emory University Institutional 

Animal Care and Use Committee (IACUC). All experiments were conducted with 

adherence to approved protocols set forth by the IACUC in coordination with the division 

of animal resources (DAR) and veterinary staff. 
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Table 2-1. Criterion for modified Tarlov Scoring (mTS) used in Gait Assessments 

 

 

 

mTS Description of Criteria 

9 normal HL motor function 

8 ability to walk > 1 minute 

7 ability to walk < 1 minute 

6 ability to get up and stand unassisted more than 1 minute 

5 ability to get up with assistance and stand unassisted more than 1 minute 

4 ability to get up with assistance and stand unassisted less than 1 minute 

3 ability to get up and stand with assistance less than 1 minute 

2 good movements at joints but inability to stand 

1 perceptible movements at joints 

0 no voluntary movements 
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2.2.4 Baseline and Endpoint Magnetic Resonance Imaging 

The gold-standard for non-invasive tracking of tumor progression and recurrence 

of glioma in human patients is magnetic resonance imaging (MRI) [121]. To evaluate 

tumor growth, all animals underwent baseline and endpoint MRI scans. All scans were 

performed on a clinical Siemens 3T Trio MRI scanner with an integrated spine coil 

(Siemens Medical Solutions, Malvern, PA). Pre-contrast sequences included sagittal T1-

weighted, T2-weighted, T1-fluid attenuated inversion recover (FLAIR) and T2-FLAIR 

sequences. Following intravenous gadolinium administration (0.1 mmol/kg, MultiHance-

gadobenate dimeglumine, Bracco Diagnostics Inc.), post-contrast sequences were 

performed (sagittal and axial T1-FLAIR). Spatial saturation pulses were used for 

elimination of respiratory artifacts, and appropriate adjustments of field of view, flip angle, 

echo time, TR, and TI-interval were made. Radiologic features of interest included 

iso/hyper/hypo intensity, necrosis, contrast enhancement, rostro-caudal expansion, 

transverse cord involvement, tumor volume, spinal cord expansion, edema, and CSF 

obstruction. All scans were processed and representative images were acquired using 

ONIS-Dicom Viewer (DigitalCore, Co.Ltd, Tokyo, Japan). 

2.2.5 Tissue processing, H&E, and Immunohistochemistry 

At 3-week endpoint, all animals underwent euthanasia through intravascular 

administration of pentobarbital sodium and intracardiac perfusion with heparinized 0.9% 

saline solution. Tumor core biopsies were taken and frozen for RNA-sequencing analysis.  

The remaining spinal cords were harvested, post-fixed in 4% paraformaldehyde overnight, 

and cut into blocks at 5mm intervals for paraffin embedding. Serial transverse spinal cord 
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sections were cut on a microtome at 8um thickness for hematoxylin and eosin (H&E) and 

immunohistochemistry. H&E staining was performed with deparaffinization by serial 

xylene incubations and ethanol gradients in a standard fashion (Hematoxylin Gill No. 3, 

Sigma Aldrich, Cat: GHS332; Eosin Y, Sigma Aldrich, Cat: HT110132).  

Qualitatively, H&E sections were evaluated by a board-certified clinical 

neuropathologist (S.N. and P.C.) under wide-field microscopy blinded to the study design. 

Immunohistochemical stains were performed with primary antibodies for GFAP (Dako, 

Z0034), Olig2 (abcam, ab109186), Ki67 (abcam, ab15580) with appropriate secondaries 

for subsequent diaminobenzidine (DAB) and hematoxylin counterstaining (Thermo 

Scientific, Autostainer 480S). Immunohistochemical stains for glial markers (Olig2, 

GFAP) were qualitatively evaluated. Ki-67 index was quantified with manual counting of 

at least 1000 cells, scored as positive or negative. Representative images were acquired at 

2x, 10x, 20x, and 40x magnifications (DS-Qi1 high sensitivity Cooled CCD camera, Nikon 

E400 microscope, NIS-Elements imaging software, Nikon Instruments, Inc) with 

calibrated scale bars prepared in ImageJ[122]. Whole slides were scanned in a raster pattern 

at 40x (Leica Aperio AT2 Slide Scanner).  

2.2.6 RNA Sequencing 

We employed bulk RNA-sequencing using serial biopsies from the tumor core 

compared to contralateral white matter biopsies in each animal. Expression data was 

evaluated through differential expression (DE) analysis, gene set enrichment analysis 

(GSEA). RNA-sequencing will be conducted in a standard fashion. Quality control was 

performed with FastQC with subsequent STAR alignments to the Sus Scrofa 11.1 reference 
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genome [123]. Raw counts were be generated with HTseq-Count [124]. Porcine 

orthologues from the Sus Scrofa 11.1 were mapped to human gene symbols using 

ENSEMBL. DE analysis was be conducted using DESeq2, with a fold change >1.5 and 

FDR <0.1 considered statistically significant [125]. GSEA will be performed using the 

Broad Institute platform [126] using the most recent Verhaak, Wang, and Neftel gene sets 

[127-129]. Other relevant gene sets will be explored through curated and hallmark 

published gene sets vis the Broad Institute database.  

2.2.7 Data Analysis and Statistics 

Behavioral and radiographic features are presented with descriptive statistics 

summarized with absolute and relative frequencies. Continuous and ordinal variables were 

summarized as appropriate using mean, standard deviation (SD), median and range. 

Statistical comparisons between tumor core and leading edge were conducted using two-

way ANOVA, where P < 0.05 considered statistically significant (Prism Graphpad 9, San 

Diego, CA). 

2.3 Results 

2.3.1 Animals develop motor deficits ipsilateral to ONC injections by post-operative 

week 3.  

Post-operative behavioral analysis and physical examination was performed daily 

by blinded investigators until a 3-week endpoint. All animals developed clinically 

appreciable progressive motor deficits ipsilateral to the ONC injection, with 100% of 

animals (n = 6/6) developing hindlimb motor deficits by the 13th post-operative day 
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(Figure 2-1 C). 33% of animals (n=2/6) progressed to develop bilateral hindlimb paralysis 

by the 3-week endpoint.  

At endpoint, Tarlov scores among animals ranged from 0-8, including either 

complete paralysis or impaired ambulation with the ability to walk greater than 1 minute 

respectively. Following tissue harvesting, appreciable mass-forming lesions were 

observable through the dura mater on gross pathology (Figure 2-1C). No animals exhibited 

clinical signs of cachexia and the mean difference between baseline and endpoint body 

weight was 0.61 kg (SD: ± 0.94, Range: -0.5 to 2.1, Median: 0.55). A summary of hindlimb 

motor deficits, laterality, and clinical symptoms are outlined in Table 2-2. On gross 

examination, (Figure 2-1D), a mass forming lesion was appreciated in 6/6 animals with 

appreciable expansion of the spinal cord. No tumoral or peritumoral cysts were 

appreciated. 

Table 2-2. Overview of Clinical Findings at Baseline and Endpoint All Animals. 

 
Baseline 

 
 Endpoint 

Animal 
Injection 

Site 

Weight 

(kg) 

 

mTS 

 Hindlimb 

Motor 

Deficits 

Superficial 

Pain 

Response 

Conscious 

Proprioception 
GI/GU 

Weight 

(kg) 

 

mTS 

1 

R: ONC 

L: CTRL 

20.2 9 
 

Right R: Delayed R: Delayed WNL 20.4 8 

2 

R: CTRL 

L: ONC 

19.7 9 
 

Bilat 

R: Absent 

L: Absent 

R: Absent 

L: Absent 

Urine 

Retention 
21.8 0 

3 

R: ONC 

L: CTRL 

15.3 9 
 

Bilat WNL 

R: Absent 

L: Absent 

WNL 16.4 3 
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4 

R: CTRL 

L: ONC 

15.5 9 
 

Left WNL L: Delayed WNL 15.4 8 

5 

R: ONC 

L: CTRL 

21.6 9 
 

Right R: Delayed R: Absent WNL 21.1 8 

6 

R: CTRL 

L: ONC 

17.2 9 
 

Left WNL WNL WNL 18.1 8 

Abbreviations: R – right, L – left, ONC – oncogenic vectors, CTRL – control vectors, Bilat – 

bilateral, GI/GU – Gastrointestinal or Genitourinary, WNL – within normal limits, mTS – 

modified Tarlov Score. 

 

2.3.2 Endpoint MRI demonstrates mass forming lesions consistent with high grade 

glioma.  

All 6 animals received baseline and endpoint MRI scans. Baseline imaging 

demonstrated normal spinal cord anatomy with unobstructed cerebrospinal fluid (CSF) 

pathways in the sub-arachnoid space that were visible on sagittal views. Representative 

images from two animals presented in Figure 2-3 A, T2, Baseline. 3-weeks post-

operatively, T2 and T1-FLAIR scans demonstrated mass forming lesions at the location of 

ONC injections, but not CTRL injections, and appreciable cord expansion and obstruction 

of CSF (Figure 2-3 A, Post-Operative). No cysts, hemorrhage, or syrinx formations were 

observed. The mass forming lesions (6/6) localized to clinical motor deficits and the 

locations of ONC injections. Intravenous Gadolinium contrast was administered (0.1 

mmol/kg) for post-contrast scans. Sagittal T1-FLAIR post-contrast scans  showed contrast 

enhancing, invasive, mass forming lesions with up to two vertebral levels of rostro-caudal 

involvement (Figure 2-3 A, T1-FLAIR + Gadolinium, Post-Operative, Yellow 

Arrows). All animals developed radiologically consistent masses on MRI with T1 
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weighted isointensity, T2 iso/hyperintensity, and T1-post contrast enhancement. 

Transverse T1-FLAIR post-contrast images demonstrated degree of cord involvement in a 

representative animal(Figure 2-3 B, Yellow Arrow). Measurements on post-contrast axial 

and sagittal scans demonstrated a mean of 27.8 mm rostro-caudal invasion (SD ±4.8; 

Range: 22.7 to 36.2; Median: 26.88) and a mean of 7.7 mm axial invasion (SD ±1.2; Range: 

6.1 to 9.0; Median: 8.1).  

Figure 2-3. Endpoint MRI scans demonstrate mass forming lesions consistent with 

high-grade intramedullary spinal cord glioama. 
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2.3.3 Histopathologically confirmed High-Grade Glioma  

On H&E staining at low magnification, the tumors diffusely infiltrate the spinal 

cord, spreading rostral and caudal with respect to the injection site, and invading both grey 

and white matter. There is noticeable mass effect on the central canal and contralateral 

structures (Figure 2-4 A) in all animals.  In addition, there is marked invasion along the 

white matter tracks with cellular regions showing hyperchromasia visible in sections distal 

to the site of injection (Figure 2-4 A).  

Histopathologic features identified at high magnification include: high cellularity 

with epithelioid, and fibrillary astrocytic morphology, microvascular proliferation, 

necrosis, thrombosed blood vessels, and invasion along the tumor border into surrounding 

normal parenchyma (Figure 2-4 B). Subsequent evaluation by board-certified 

neuropathologists (S.N. and P.C.) resulted in confirmation of the mass forming lesions as 

high-grade gliomas with astrocytic morphology, with consistent features in all animals. Ki-

67 staining was highly positive across animals, (Figure 2-4 C) with a mean proliferative 

index of 37.1% (SD: ±14.2). In addition, immunohistochemical staining was highly 

positive for glial markers GFAP and Olig2 (Figure 2-4 C).  Comparison of tumor core and 

leading edge ROIs demonstrated statistically significant differences in percent 

immunopositivity of Ki-67, SOX2, Olig2, and NG2 immunopositivity (P<0.001) (Figure 

2-5). 
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Figure 2-4. Histopathologic and Immunohistochemical Characterization. 
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Figure 2-5. Comparison of tumor core and leading edge proliferative and glial 

progenitor markers. 
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2.3.4 Differential Expression and Gene set enrichment analysis  

RNA sequencing was conducted on tumor core (N=6) and distal white matter 

biopsies (N=6). STAR alignment generated a mean of 94.5% alignment (Range: 93.8-

95.1).  DEA with DEseq2 identified a total of 10757 differentially expressed genes (FDR 

<0.1, FC >1.5) the pig spinal cord compared to distal white matter biopsies (Figure 2-6 

A), with 6019 downregulated genes and 4688 upregulated genes.  PCA of normalized 

expression values of the top 5000 genes demonstrated 61% variance across PC1 and 

illustrate clustering of tumor and white matter samples (Figure 2-6 B). In order to evaluate 

enrichment of classical (CL), mesenchymal (MES), and proneural (PN) subtypes, GSEA 

was conducted on previously identified respective gene sets. Verhaak-MES, -CL, and 

Wang-MES glioma gene sets were enriched (FDR <0.05) with the top 50 upregulated and 

downregulated genes in the Verhaak-CL and –MES presented in Figure 2-6 C. Verhaak-

PN, and Wang-CL and -PN were not enriched. GSEA of the Neftel gene sets further 

identified enrichment of the mesenchymal signature MES1, and G2/M and G1/S (Table 2-

3 and Table 2-4).  
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Figure 2-6. Gene set enrichment analysis demonstrates enrichment of Verhaak 

Mesenchymal and Classical subtypes in the minipig spinal cord glioma. 
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Table 2-3. GSEA of Verhaak and Wang Glioma Subtype Gene Sets. 

 

 

 

Table 2-4. GSEA of Neftel Gene Sets. 
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2.4 Discussion 

 The data of the present study illustrates the first lentiviral vector induced large 

animal model of high-grade glioma with histopathologic, radiologic, and behavioral 

characterization. We found that high-grade gliomas formed in a highly penetrant fashion 

following the injection of ONC lentiviral vectors and exhibited histopathologically 

confirmed features of high-grade gliomas. Importantly, this has not been performed in large 

animal models prior to this study and we assert that this paradigm using intraparenchymal 

gene transfer may be adapted for use in spinal cord, brainstem, cerebellum, and brain 

modeling of glioma.  

Molecular subtyping of glioma has provided general categories by which lesions can 

be further characterized with known genetic lesions and differences in clinical outcomes 

[127, 129, 130]. The Canoll laboratory and others have shown that PDGF-B driven rodent 

models of high grade glioma elicit a proneural subtype [66, 78, 106, 107]. A transplanted 

EGFRvIII rodent model also surprisingly reported convergence to a proneural subtype 

[131]. We found statistically significant enrichment in both historical and more recent MES 

gene sets [127, 129]. Using the most recent gene sets put forth by Neftel et al [128], we 

also found significant enrichment in G2/M, MES1, and G1/S gene sets. Though it should 

be noted that Neftel et al utilized single-cell RNA sequencing data to identify these new 

potential gene signatures.  

However, one present issue is the lack of data in the realm of the spinal cord, forcing 

the use of transcriptomic signatures identified and validated in supratentorial glioma. 

Illustrative of this issue is that the largest study examining the transcriptomic profile of 
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high-grade SCG was conducted in 2019 by Zhang et al, studying only 5 patient samples. 

Furthermore,  publicly available databases, such as the TCGA, do not provide curated data 

sets for high-grade SCG as in the supratentorial setting. Nonetheless, the results of our 

present study are promising and suggest that the transcriptomic profile of the present model 

may potentially resemble existing categories of glioma, especially the MES subtype. 

Further work should examine the feasibility of conducting a correlation analysis on SCG 

samples in humans to identify whether gene expression in this model is related to the 

human disease. MES subtype glioma is known to contain a larger proportion of tumor 

associated macrophages and immunologic involvement, making this a potential space to 

further study this particular subtype of glioma. Future work should examine the 

inflammatory microenvironmental features of the present model. 

Our immunohistochemical examination was limited due to the nature of these 

preliminary experiments and study design, but was still able to identify statistically 

significant differences between tumor core and leading edge in Ki-67, and glial progenitor 

markers SOX2, OLIG2, NG2. This may suggest that the present model has a degree of 

intratumoral heterogeneity between these regions. Other studies have indeed shown 

differences in expression of these markers in the tumor core and leading edge [132{Bastola, 

2020 #70{Bastola, 2020 #70]}. While this serves as a first step and further study is needed 

to investigate intratumoral heterogeneity in this model, as well as the tumor 

microenvironment of high grade SCG in the pig model. 
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2.4.1 Modeling Strategy 

Current preclinical studies for therapeutic approaches including, but not limited to, 

oncolytic viral therapy, immunotherapy, convection-enhanced delivery, fluorescein dyes 

and laser interstitial thermal therapy in high-grade glioma rely on large animal models with 

no ability to evaluate therapeutic efficacy in disease models[36]. By using orthotopic 

intraparenchymal gene transfer in higher-order species, given the advantages of an 

immunocompetent porcine model, investigators can reasonably adjust transgenes and/or 

promoters to dissect the disease process and develop translationally relevant systems in a 

variety of glioma grades and subtypes.  

Utilizing gene transfer in pigs as a system for modeling tumors in the CNS offers 

several advantages. For one, this approach has been previously employed in porcine CNS 

gene transfer for other neurologic disease modeling and can be widely scaled for 

implementation and adaptation in wildtype pigs for use in preclinical therapeutic 

development programs [133, 134]. . Importantly, this would circumvent the need for 

generation and maintenance of numerous transgenic breeds, providing a pathway for rapid 

induction in widely available pigs. In addition, when using lentiviral gene transfer – third 

or second generation replication deficient lentiviruses permit large insert size, minimal 

immunogenicity, and a broad tissue tropism with a VSV-G pseudotype [116]. Furthermore, 

lentiviral genomic integration into the transduced cell permits the continued expression in 

daughter cells of the proliferative environment of an induced glioma [75]. As such, 

examination of the most common patient-population and respective patterns of mutations 

may allow for targeted modeling with ease of inclusion or exclusion of specific genetic 

lesions (e.g. loss of ATRX, IDH1 mutations, EGFRvIII, PTEN, p53, H3K27M) with 
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multiple combined constructs. Consequently, this paradigm could provide a foundation for 

utilizing specific transgenes, promoters, and titer for a host of potential glioma grades, 

subtypes, and other CNS tumors in porcine models.  

The aforementioned strategies can be reasonably implemented using non-viral systems 

(sleeping beauty transposon system) or other vector driven gene editing approaches 

(CRISPR) to develop an armamentarium of immunocompetent translational animal model 

systems for neoplasia of the central nervous system. By drawing from clinical insights, 

applying foundational research, and validating response to the clinical standard of care, we 

assert that such a modeling approach would provide a highly impactful space for both 

bench science and translational therapeutic initiatives.  

2.4.2 Limitations and Future Directions 

There are several areas that warrant investigation in future studies. One area of 

interest is whether these tumors progress as the result of clonal expansion of virally infected 

cells, or through the recruitment and transformation of resident glial progenitors[74, 75, 

78]. In addition, it is necessary to evaluate tumor biopsies for accumulated mutations that 

occur in the environment of p53 knockdown, PDGF-B expression and HRAS-G12V 

expression, and an overall picture of proliferative stress[135]. As such, the importance of 

sequencing tumor biopsies for evaluation of copy-number variation, single-nucleotide 

polymorphisms and mutational insertions or deletions cannot be overstated. In addition, 

the present model induces glioma formation within weeks, which may prevent the 

evaluation of long-term therapeutic strategies and may limit the ecologic validity of the 

model. Future studies should examine, in part, whether more indolent course of de-novo 
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tumor induction is possible by using alternative transgenes or modifying viral titer, volume, 

or location of injection. 

The rise of molecular subtyping have provided putative categories for glioblastoma 

and high-grade glioma[129, 130], which have marked inter-tumoral and intra-tumoral 

heterogeneity in patients[136, 137]. To validate such models with respect to these subtypes 

and evaluate the degree of inter- and intra-tumoral heterogeneity, the use of bulk and 

single-cell RNA sequencing for transcriptomic investigation is warranted. Furthermore, it 

is critical from a translational standpoint to study the use of surgical resection, associated 

strategies and challenges, and the characterization of tumor recurrence in the present 

model. Lastly, the characterization of host immunologic responses in the swine in response 

to these lentiviral injections will need to be understood for testing and understanding 

immunotherapeutic interventions. Limitations and future directions notwithstanding, the 

present study describes the first histologically, radiologically, and behaviorally 

characterized immunocompetent porcine spinal cord glioma model.  

2.5 Conclusion 

Lentiviral gene transfer of driver mutations represents a feasible pathway to 

modeling glioma in higher order species. Here we report the first lentiviral induced large 

animal model of high-grade spinal cord glioma. This can potentially be used in a variety 

of preclinical neurosurgical therapeutic development programs. 

2.6 Figure Legends 
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Figure 2-1. Schematic of vector design.  Lentiviral vectors targeting the 

RTK/RAS/Pi3K and p53 pathways were designed separately to avoid the risk of decreased 

transduction efficiency from larger insert sizes, safety considerations. All lentiviral vectors 

are third-generation, replication deficient systems. Two of the lentiviral vectors used a 

pCDH transfer plasmid backbone with a ubiquitous Ef1α promoter and fluorescent 

reporters following an internal ribosomal entry site (IRES) sequence. These included 

Vector 1: PDGF-B-IRES-eGFP and Vector 2: HRASG12V-IRES-mPlum. Vector 3 was 

designed using a pLKO1 backbone and expressed two sequences of shRNA targeting 

porcine p53 including sequences 787 and 944 under the H1 and U6 promoters, respectively. 

These sequences have 100% homology to two regions of porcine p53 mRNA and have 

been used for efficient knockdown in porcine cell-culture models [12]. For a fluorescent 

reporter in this vector, the PGK promoter was included with expression of mCherry. 

Controls for vectors 1-3 only included fluorescent probes and shRNA scramble, herein 

referred to as CTRL. The oncogenic cocktail will be referred to as ONC. 

Figure 2-2. Surgery, Motor Deficits, and Gross Pathology. (A) Targeted injection 

of lateral white matter of the thoraco-lumbar spinal cord. (B) Surgical approach with 

exposure of the spinal cord (B1), mounting of the spinal derrick stereotactic platform (B2), 

injection (B3), and dural closure (B4). (C) All animals developed clinically appreciable 

hindlimb motor deficits by post-operative day 13 (n = 6/6). (D) Gross pathology of spinal 

cord demonstrates spinal cord expansion and a mass forming lesion at the site of ONC 

injection and not CTRL (Pig 3 necropsy shown). 

Figure 2-3. Endpoint MRI scans demonstrate mass forming lesions consistent 

with high-grade intramedullary spinal cord glioma.  (A) Baseline T2 weighted scans 
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demonstrate normal spinal cord anatomy. At 3-weeks post-operatively, T2 and T1-fluid 

attenuated inversion recovery (FLAIR) scans show mass forming lesions at the site of ONC 

injection in 6/6 animals (representative images of pig 2 and 3 shown). T2 weighted scans 

demonstrate cord expansion and obstruction of CSF, as compared to baseline scans. 

Sagittal T1-FLAIR post-contrast images show contrast enhancing mass with non-

enhancing / heterogeneously enhancing core suggestive of necrotic foci (yellow-arrows). 

(B) Axial T1-FLAIR post-contrast images show complete cord involvement of contrast-

enhancing mass forming lesion (yellow arrow demonstrates beginning of contrast 

enhancing lesion). Axial images spaced by 2.5 mm. 

Figure 2-4. Histopathologic and Immunohistochemical Characterization. (A) 

Schematic of Tumor Growth and Low magnification H&E. Tumor growth occurred in 

6/6 animals at the site of ONC injection (Red Oval) and not CTRL injections (Green Oval). 

Invasive growth was noted with frank rostro-caudal and transverse involvement 

(schematic, red dotted line and shaded region) and can be appreciated in serial sections 

with H&E staining demonstrating invasion along the lateral white matter (1x 

magnification, Scale Bar = 2mm). The CTRL injection site did not demonstrate any 

morphological changes as depicted in the lowest low magnification panel (T14-L1). (B) 

High magnification tumor characteristics on H&E. Histopathologic features were 

investigated at high magnification, noting high cellularity with gemistocytic (Blue Arrow) 

and fibrillary (Yellow Arrow) astrocytic morphology (Panel B1), microvascular 

proliferation (B1, Red Arrows), and regions of necrosis and thrombotic blood vessels (B2, 

Red Arrow). Invasion along the tumor border (TB) into surrounding white matter (WM) 

(B3, Red arrow). In addition, background parenchyma was visible in regions of the tumor, 
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here depicting motor neurons of the ventral horn (B4, Red Arrow).  (40x magnification, 

Scale Bar = 100um).  (C) Immunohistochemical Staining for Glial Markers and 

Proliferative Index. Standard fixed, paraffin embedded staining protocols with citrate 

mediated antigen retrieval were applied to 8um thick serial sections (n = 6-8 

sections/animal/stain). GFAP staining demonstrated highly positive staining in the tumor 

mass (Red Arrow) with intervening negative staining of vasculature (Yellow Arrows). 

Olig2 demonstrated highly positive regions within the tumor mass. Ki-67 showed a high 

proliferative staining with a mean proliferative index of 37.1% (SD: ±14.2). (Left: 4x 

magnification, Scale Bar = 500 um, Right: 20x magnification, Scale Bar = 100 um. CC: 

Central Canal.) 

Figure 2.5. Comparison of tumor core and leading edge proliferative and glial 

progenitor markers. High powered fields were quantified for each immunostain in each 

region, (N=8 per animal). The leading edge demonstrated a statistically significant greater 

percent immunopositivity for Ki67, SOX2, Olig2, and NG2 as compared to the tumor core. 

***P< 0.001. 

Figure 2.6. Minipig spinal cord GBM Preliminary Differential Expression and Gene 

Set Enrichment Analysis. (A) 10757 differentially expressed expressed genes (FDR <0.1, 

FC >1.5). Red: up, Blue: Down, Grey: Not sig. (B) Principle component analysis shows 

clustering of TMR and CTRL biopsies. (C) Heatmap of top 50 genes in rank-list in Verhaak 

MES and CL. 
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CHAPTER 3. MODELING SUPRATENTORIAL 

GLIOBLASTOMA IN GOTTINGEN MINIPIGS: A PILOT STUDY 

3.1 Introduction 

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

adults.  While there have been numerous surgical translational studies demonstrating anti-

tumor activity in rodents, the anatomy of such models present limitations that are difficult 

to scale into humans [1-6]. Unfortunately, there have been limited improvements in 

outcomes.  This represents the recalcitrance of a disease process that is refractory to the 

standard of care and highlights the importance of development of topical animal models 

that can serve as pre-clinical neurosurgical platforms.  

While rodent models of glioma have proven to be an informative platform for pre-

clinical study, they unfortunately present with anatomic limitations for clinical translation 

[80-82]. These include, but are not limited to, decreased connective tissue, decreased white 

matter volume, thin meninges, more intimate dura mater, lower CSF volume, and 

lissencephalic brain structure [83]. In terms of size alone, the murine brain is approximately 

4 mm in diameter, as compared to the human brain at up to 140 mm [84]. As an alternative, 

the Gӧttingen minipig is a large mammalian system that overcomes many of these anatomic 

limitations and has been increasingly employed in neuropathologic disease modeling as a 

putative preclinical platform. Recognizing these considerations, groups have indeed 

utilized U87 xenografts in the pig brain, but have continued to face the known limitations 

of the U87 cell line, and the prohibitive cost of a longitudinal immunosuppressive regimen, 
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inability to evaluate immune response to therapy, and side effects of long-term 

cyclosporine administration [80, 81].  

Vector-driven strategies represent a well-vetted non-xenograft option that could 

feasibly be scaled into large mammalian systems [71]. In human GBM, the 

RTK/RAS/PI3K pathway is widely implicated and affects up to 88% of cases [63, 66]. The 

second most commonly affected pathway is the p14Arf/CDKN2A and TP53 axis which is 

involved in at least 50% of cases. Targeting these pathways to drive gliomagenesis have 

been shown to induce GBM formation in rodent models through PDGF-B, HRAS-G12V, 

shRNA-P53, and others [63, 73-77, 138]. PDGF-B alone has been shown to induce GBM 

with compelling neuropathologic features [73-75, 78, 79, 139]. In mice, it is reported that 

additional genetic lesions may be required to model high-grade gliomagenesis with either 

constitutive RAS or knockdown of CDK2NA or p53 [63, 78, 79, 140, 141]. In addition, 

our prior work in the minipig spinal cord successfully utilized PDGF-B, shRNA-P53, and 

HRAS to induce high-grade spinal cord glioma [102]. These prior vector driven modeling 

studies and translational considerations form the foundation of our present exploratory 

study. Here we describe a series of minipigs treated with lentiviral vectors to induce 

supratentorial GBM with subsequent behavioral, radiologic, and histopathologic findings. 

3.2 Materials and Methods 

3.2.1 Vector Design 

Lentiviral vectors were designed to target the RTK/RAS/PI3K and TP53 pathways 

(Figure 3-1a). Vectors were designed separately maintain transduction efficiency and in 

accordance with biosafety requirements [116]. All vectors were VSV-G pseudotyped, 
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third-generation, replication deficient lentiviral systems and tittered at >10^9 infectious 

units (IU)/ml. PDGF-B-IRES-eGFP and HRASG12V-IRES-mPlum vectors were 

produced on a pCDH transfer plasmid backbone under an Ef1α promoter. shRNA-P53 

vectors utilized a pLKO1 backbone and expressed shRNA targeting porcine p53 including 

sh787 and sh944 under the H1 and U6 promoters, respectively as  previously reported by 

Merkl et al [117]. All vectors were thawed and combined in equal parts immediately prior 

to inoculation.  

 

Figure 3-1. Vector and Experimental Design 

3.2.2 Animals, Physical Examination, and Behavior 

 Four Gӧttingen minipigs (>15 kg, 8 months old) were used in the present study. All 

animals underwent modified Tarlov-motor scoring (mTS) and porcine neurobehavioral 

scoring (PNS) to provide an ordinal scale of neurologic deficits (Supplemental Table 1 and 

2) [98, 120]. Physical examinations were performed in coordination with veterinary staff 

with both baseline and post-operative assessments until a pre-determined 4-week endpoint. 
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All experiments were conducted with adherence to approved protocols set forth by the 

Institutional Animal Care and Use Committee (IACUC) in coordination with the division 

of animal resources (DAR) and veterinary staff.  

3.2.3 Surgical Approach 

Under general anesthesia minipigs underwent bilateral craniotomy 1-2 cm in 

diameter over the injection site at pre-determined coordinates (Figure 3-1 B-D). The 

stereotactic injection platform was fixed to the cranium and cervical spine above and below 

the primary incision to permit four points of fixation. The dura mater was incised and a 

bolus of Methylprednisolone (125mg, Intravenous) was administered. The injection 

microdrive and ball-joint was then rigidly attached to the stereotactic platform for 

controlled advancement of the microinjection cannula. The injection cannula consists of a 

30-gauge needle with sharp, beveled tip and polyethylene tubing to minimize viral 

adhesion. Intraparenchymal injections of the viral vector targeting the subcortical white 

matter were performed at a depth of 7-8 mm from contact at the pial surface as determined 

from minipig radiologic atlas. The overall target was the parieto-occipital subcortical white 

matter as this region contains high concentrations of glial progenitor cells, allowing for the 

most appropriate space for tumorigenesis, and is one of the most common sites of primary 

GBM growth in humans.  50 or 25 ul of viral vector was used per injection and infused set 

at a rate of 1.5ul/min using a microinfusion pump. A 1 minute dwell time was employed at 

the end of each injection to minimize vector reflux as described in our prior study [102].  

3.2.4 Magnetic Resonance Imaging 
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Animals underwent endpoint scans using a clinical Siemens 3T Trio MRI scanner 

with a 64-channel head coil (Siemens Medical Solutions, Malvern, PA). Sequences 

included sagittal and axial T1, T2, T1-fluid attenuated inversion recovery (FLAIR), T2-

FLAIR, and gradient echo sequences (GRE). After intravenous (IV) gadolinium injection 

(0.1 mmol/kg, MultiHance-gadobenate dimeglumine, Bracco Diagnostics Inc.), post-

contrast T1w saggital and axial scans were obtained. Spatial saturation pulses were 

employed to eliminate respiratory artifact, with adjustment of field of view, flip angle, echo 

time, TR, and TI-interval as necessary. Radiologic features of interest included 

iso/hyper/hypo intensity, necrosis, contrast enhancement, mass effect, tumor volume, 

perilesional edema, and CSF obstruction. All scans were processed and representative 

images were acquired using RadiAnt Dicom Viewer (Medixant, Poznand, Poland). 

3.2.5 Tissue processing, H&E, and Immunohistochemistry 

Animals were euthanized through IV sodium pentobarbital and intracardiac 

perfusion with heparinized saline. Brains were post-fixed in 4% paraformaldehyde 

overnight, sliced at 5mm intervals for paraffin embedding through serial gradients of 

xylene and ethanol, and sectioned at 8um thickness. Hematoxylin and Eosin staining 

(H&E) was performed in a standard fashion (Hematoxylin Gill No. 3, Sigma Aldrich, Cat: 

GHS332; Eosin Y, Sigma Aldrich, Cat: HT110132). Immunohistochemistry (IHC) was 

performed with primary antibodies for GFAP (Dako, Z0034), Vimentin (ab45939), Ki-67 

(abcam, ab15580), EMA (abcam, ab15481), Progesterone Receptor (PR) (abcam, 

ab16661), eGFP (ab6556), mCherry (ab125096), PDGFRA (ab203491), Olig2 (abcam, 

ab109186), NG2 (ab129051), SOX2 (abcam, ab92494), and Neurofilament (NF) (Dako, 

clone2F11) with subsequent diaminobenzidine (DAB) staining (Vector Laboratories, 
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PK8200). Whole slides were scanned in a raster pattern at 40x magnification (Leica Aperio 

AT2 Slide Scanner) with calibrated scale bars prepared in ImageJ [122]. Qualitatively, 

H&E sections were evaluated by a board-certified clinical neuropathologist. 

Immunohistochemical stains were qualitatively evaluated (neurofilament, GFP, mCherry, 

GFAP, Vimentin, EMA, PR) and quantitatively evaluated for immunopositivity. 

Proliferative index and glial progenitor markers (Ki67, SOX2, Olig2, NG2, PDGFRA) 

were quantitatively evaluated in at least eight high powered fields per animal comparing 

the tumor core and leading edge to investigate intratumoral heterogeneity.  

Data Analysis and Statistics 

 Behavioral and radiographic features are presented with descriptive statistics 

summarized with absolute and relative frequencies. Continuous and ordinal variables were 

summarized as appropriate using mean, standard deviation (SD), median and range. 

Statistical comparisons between tumor core and leading edge were conducted using two-

way ANOVA, where P < 0.05 considered statistically significant (Prism Graphpad 9, San 

Diego, CA).  

3.3 Results 

3.3.1 Animals are asymptomatic with decreased volume of oncogenic vector injection by 

a 4-week endpoint.  

In order to elucidate a feasible volume of injection in our pilot study, we conducted 

two groups of animals at 50ul and 25ul injections. Two animals (N = 2/2) that received 

50ul injections developed decreased appetite, neurologic decline, and weight loss 
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corresponding to a decline in PNS score at endpoint. One animal reached endpoint by the 

end of post-operative week 1 and exhibited a generalized tonic-clonic seizure. The second 

animal reached endpoint by the end of post-operative week 2, presenting with localized 

seizures as facial automatisms, inappetance, emesis, and neurologic decline. We then 

conducted two animals at the 25ul dose. These animals (N = 2/2) were asymptomatic until 

the pre-determined 4-week endpoint, with no signs of weight loss, cachexia, or neurologic 

symptoms. Summary behavioral findings are presented in Figure 3-2. 

 

Figure 3-2. Clinical and Behavioral Findings. 
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3.3.2 Magnetic Resonance Imaging at Endpoint demonstrates lesions with radiologic 

features consistent with Glioblastoma 

At endpoint, animals underwent MRI imaging prior to euthanasia and necropsy. In 

our pilot experiments, three animals (N=3/4) underwent MRI imaging due to the onset of 

seizure in the 50ul group and need for emergent euthanasia at veterinary direction. 

Endpoint scans demonstrated the presence of T1w contrast enhancing mass forming lesions 

with marked peri-lesional edema in both groups (Figure 3-3 A, T1w + Contrast, T2-FLAIR 

MIP). Tumor features across animals included T1w contrast enhancement (N=3/3), peri-

tumoral edema on T2-FLAIR (N=3/3), and hemorrhage on GRE (N=2/3) (Figure 3-3 B). 

Mass effect was noted in all animals (N=3/3) with compression of the posterior horn of the 

lateral ventricle at a mean 4.33mm (±1.06) measured on coronal multiplanar 

reconstruction. Endpoint tumor volumes were calculated using T1w gadolinium enhancing 

signal, with tumor volume in the first pig calculated using histopathologic volume, and 

summary findings presented in Figure 3-3 C. Tumor dimensions included a mean maximal 

diameter of 11.7 mm (± 2.93) and mean volume of 713.7 mm3 (± 537.3). 
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Figure 3-3. Endpoint MRI Scans. 
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3.3.3 Histopathologically confirmed high-grade glioma 

On H&E staining at low magnification, the tumor demonstrates a cellular regions 

showing hyperchromasia with diffuse invasion of grey and white matter. Cortical spread 

of the lesion was observed confluent with the parenchymal lesion (Figure 3-4A). At high 

magnification at sites distal to the injection, tumor invasion was observed along white 

matter tracts. Histopathologic features at high magnification included: high cellularity with 

epithelioid and fibrillary astrocytic morphology, microvascular proliferation, necrosis, 

thrombosed blood vessels, and invasion along the tumor border into surrounding normal 

parenchyma, consistent with a high-grade glioma (Figure 3-4 A).  

Evaluation of the IHC staining for vector reporters demonstrated sparse 

immunopositivity in the tumor bulk (Figure 3-4 B) with diffuse GFAP and Vimentin 

immunopositivity (Figure 3-5 A-B). Neurofilament staining identified background 

parenchyma present in the infiltrative lesion (Figure 3-5C).  To rule out the potential of a 

distinct meningioma-like tumor growth, EMA and PR staining were conducted and were 

found to be immunonegative (Figure 5 D-E). Ki-67 proliferative index was highly positive 

across animals, with a mean proliferative index of 44.1% (SD: 13.6). In order to evaluate 

the presence of glial progenitor markers, SOX2, Olig2, NG2, and PDGFRA staining was 

conducted. The tumors were grossly immunopositive for SOX2, Olig2, and NG2, and were 

immunonegative for PDGFRA. We observed an impression of heterogeneity in staining 

between the tumor core and leading edge. Consequently, we conducted quantifications of 

high-powered fields (N=8/animal) at the core and leading edge of the tumors. We observed 

statistically significant differences in Ki-67, SOX2, Olig2, (P<0.001) and NG2 (P<0.05) 
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immunopositivity in comparing the tumor core and leading edge, but not PDGFRA (Figure 

3-6). 

 

Figure 3-4. Histopathologic features and confirmation of vector reporter expression. 
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Figure 3-5. Immunohistochemical characterization of tumors. 
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Figure 3-6. Proliferative index and glial progenitor staining comparison of tumor 

core and leading edge. 

3.4 Discussion 

 The data of the present exploratory study illustrates the first lentiviral vector 

induced large mammalian model of supratentorial GBM. We found that high-grade 

gliomas formed in a highly penetrant fashion following the injection of vectors with 

histopathological and radiologic confirmation. We also observed that the lesions 

demonstrated evidence of intratumoral heterogeneity in the core and leading edge as 

highlighted in prior studies [142]. Importantly, intracranial vector driven GBM modeling 

has not been performed in large animal models prior to this study and we assert that this 

paradigm using intraparenchymal gene transfer may be adapted, optimized, and employed 

for preclinical neurosurgical study.  
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Despite significant advances in our knowledge of GBM, there have been limited 

improvements in outcomes. In part, this represents the recalcitrance of GBM. On the other 

hand, this highlights the limitations of surgical translation based on existing rodent models 

[71, 72, 102, 104], which has stifled the translation of neurosurgical strategies [41, 80, 82, 

98, 108]. Our study challenges the notion of pre-clinical translational reliance on 

phenotypically normal large mammalian models used by investigators and regulatory 

bodies in the pathway for developing neurosurgical strategies. This is a major limitation. 

For example, in prior studies to bring novel drug delivery strategies to clinical trials, groups 

have been unable to rigorously study drug delivery variables or drug tracking in a large 

animal disease model [36, 98]. As such, we assert that the development of a highly 

characterized large mammalian model of GBM fills a translational gap in the field for the 

study of pre-clinical neurosurgical strategies. Indeed, the development of numerous 

technologies including convection enhanced delivery, oncolytic vectors, laser interstitial 

thermal therapy (LITT), focused ultrasound (FUS), intraoperative surgical guidance (e.g. 

5-ALA), intra-arterial delivery, and robotic resection [34-44] would benefit from a readily 

available highly characterized immunocompetent large animal model of GBM.  

Fundamentally, our pilot study has established the feasibility of modeling 

supratentorial GBM in a large mammalian model. Future work should focus on 

characterization of growth rate, advanced radiologic features (positron emission 

tomography, magnetic resonance spectroscopy), the selection of further 

neuropathologically relevant genetic lesions (e.g. CDKN2A, EGFR, PTEN, IDH) and the 

transcriptomic phenotype of these tumors. By doing so, these systems will provide not only 
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an advanced anatomic space for pre-clinical investigation of neurosurgical techniques, but 

also the potential for evaluation of response to therapy an in immunocompetent space. 

3.4.1 Limitations 

The main limitation of this study is the sample size. However, as a pilot study to 

evaluate the feasibility of modeling GBM, we are able to observe that it is indeed possible 

to achieve glioma growth in the minipig brain. Future work should evaluate whether these 

tumors progress as the result of clonal expansion of virally infected cells, or through the 

recruitment and transformation of resident glial progenitors [74, 75, 78]. In our present 

study, we found sparse immunopositivity for viral reporters suggesting the possibility of 

recruitment of surrounding parenchyma. However, due to the limitations in sample size 

this was not investigated further. Given that patients present with marked inter-tumoral and 

intra-tumoral heterogeneity [136, 137] future studies with appropriate power should 

evaluate whether vector driven models as in our study, or the use of other vector strategies 

reproduce this level of lesional heterogeneity. In addition, our study did not evaluate the 

trancriptomic profile or methylation status of these tumors which will be critical for future 

studies investigating the molecular phenotype and/or potential response to therapeutic 

agents.  

3.5 Conclusion 

Lentiviral gene transfer represents a feasible pathway for GBM modeling in the 

Gottingen minipig. The present model is the first vector induced pig model of 

supratentorial GBM and with further optimization may potentially be used in preclinical 

surgical development programs. 
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3.7 Figure Legends 

Figure 3.1. Vector and Experimental Design. (A) Lentiviral vectors expressing 

PDGFB, HRASG12V, and shRNA targeting P53 (sh787, sh944) were designed based on 

prior literature at a titer of 3x109 IU/ml. (B) Vectors were combined in equal parts, and 

injected into the subcortical white matter of mature minipigs to induce glioma formation. 

Animals were followed with clinical and behavioral evaluation until a pre-determined 4-

week endpoint as part of this pilot study. Post-mortem neuropathologic evaluation was 

conducted to evaluate GBM growth. (C) All animals were injected using pre-determined 

stereotactic coordinates (Red Circle) at 2.5 cm rostral to the nuchal crest (NC), and 1.2 cm 

lateral to midline. Bregma was used as an intraoperative indicator of the extent of frontal-

sinus extent (Green Shaded Region) to avoid violation of the sinus. (D) Intraoperative 

surgical images depicting exposure of the skull surface, craniotomy, injection platform, 

and advancement of the injection cannula for vector infusion. 

Figure 3.2 Clinical and Behavioral Findings. (A) Two animals with 50ul injections 

reached endpoint by post operative day 8 and 14, respectively. Two animals with 25ul 

injections survived until the pre-determined 4-week endpoint. (B) Baseline and endpoint 
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weights were compared, demonstrating weight loss in the 50ul group animals not the 25 ul 

animals.  (C) modified Tarlov scoring was 9/9 in all animals with no signs of motor deficits 

or gait instability. (D) Mental status declined to a PNS score of 1/3 among animals with 

50ul injections, but not 25ul injections. (E) Animals undergoing 50ul injections 

experienced inappetance by endpoint, refusing solids and liquids (PNS appetite score = 1), 

and refusing solids (PNS appetite score = 2). Animals with 25ul injections exhibited no 

changes in appetite. (F) No motor deficits were noted as per PNS scoring. 

Figure 3.3 Endpoint MRI Scans.  (A) T1 weighted axial scans demonstrate a 

heterogeneous contrast-enhancing lesion with mass effect and effacement of the lateral 

ventricle (T1w + C, Saggital, Axial, Coronal). T2 weighted FLAIR 3d maximal intensity 

projection demonstrates marked perilesional edema (T2w FLAIR MIP). Representative 

images from 25ul injected animal at post-operative week 4. (B) Comparative panels of 

axial scans at 1cm depth from cortical surface. T1 weighted pre-contrast (T1w) 

demonstrate a region of hypo/iso intensity. T1w post-gadolinium scan (T1w + C) shows 

heterogenous enhancement. Gradient echo (GRE) scans display signal void and blood 

products and T2 fluid attenuated inversion recovery (T2-FLAIR) show peri-tumoral 

edema. (C) Radiologic tumor volume calculated at 1, 2, and 4 weeks post-operatively. 

Figure 3.4 Histopathologic features and confirmation of vector reporter 

expression. (A) Low magnification H&E demonstrates hypercellular region with 

hyperchromasia invading along white matter tracts, violation of grey and white matter 

borders, hemorrhage, and extension of the tumor to the cortical surface (Top-left panel). 

Examination of distal sites at 2.5cm from the tumor core show tumor invasion along white 

matter (top-right panel, 10x magnification). Numerous regions of necrosis and thrombosed 
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blood vessels are appreciated (bottom-left panel, 20x magnification). Anaplastic astrocytic 

morphology is present with spindled and epithelioid cells (bottom-right panel, 20x 

magnification). (B) Tumors show immunopositivity for reporters GFP and mCherry.  

Figure 3.5. Immunohistochemical characterization of tumors. (A-B) GFAP and 

Vimentin staining demonstrates high immunopositivity at approximately 50% of cells per 

hpf. (C) Neurofilament staining is appreciated in the tumor illustrating presence of 

background tissue. (D-E) Cortical involvement of the tumor was stained for Epithelial 

membrane antigen (EMA) and Progesterone receptor (PR) and appear grossly 

immunonegative, with <1% cells immunopositive per hpf. 20x magnification, Bar: 100um.  

Figure 3.6. Proliferative index and glial progenitor staining comparison of tumor 

core and leading edge. (A) Immunohistochemical stains were analyzed comparing the 

tumor core to leading edge. Grossly, Ki-67, SOX2, Olig2, and NG2 staining appeared 

higher in the leading edge as compared to the core. (B) N=8 high powered fields were 

quantified for each immunostain in each region, per animal. The leading edge demonstrated 

a statistically significant higher percent immunopositivity for Ki67, SOX2, Olig2, and NG2 

as compared to the tumor core. ***P< 0.001. *P <0.05. 

  



 70 

CHAPTER 4. CONCLUSIONS AND FUTURE WORK 

4.1 Conclusion and Contributions 

The present research demonstrated that using lentiviral mediated gene transfer of 

PDGFB, shRNA-P53, and HRAS-G12V was able to induce high-grade glioma in both the 

minipig brain and spinal cord. This was validated through histopathologic features in line 

with WHO criterion with subsequent evaluation by board certified neuropathologists. The 

characterization of the model was further supported by immunohistochemical data, 

showing a staining pattern that identified a tumor that was highly proliferative and rich in 

glial progenitor markers. In the spinal cord, transcriptomic analysis suggested enrichment 

in gene signatures in glioma subtypes. Overall, the aims given in Chapter 1 were achieved 

and demonstrated as presented in Chapters 2 and 3. 

4.2 Significance and Impact 

The present research describes the first reproducible model of high-grade glioma 

using lentiviral gene transfer. The significance of this work is inherent in the novelty of the 

model itself that is based upon prior well-vetted strategies for inducing glioma de-novo in 

rodent models. By demonstrating the feasibility of scaling this model into the porcine 

system, this research has presented the first step toward developing advanced animal 

models for therapeutic, diagnostic, and pathophysiologic study. 

The immediate impact of these models is that they already provide a reproducible 

space for evaluation of surgical therapeutic strategies. Whether this model reflects 

therapeutic efficacy is currently unknown and further model characterization is still 
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needed. However, the present system can be used as a proof-of-concept space for 

investigation of neurosurgical techniques and drug delivery studies. For example, prior 

studies evaluating techniques such as CED have relied on murine models that bear 

limitations in translatability as discussed in Chapter 1. In addition, when attempting to 

evaluate these strategies in large animal models, groups have been forced to utilize 

otherwise wild-type models without lesions in the brain parenchyma, or use xenografts and 

immunosuppressive regimens that bear several limitations. Instead, the present model 

provides an immediate space to study the details of such neurosurgical techniques in the 

minipig which provides a wealth of anatomic advantages. This is in line with one of the 

current goals of the National Cancer Institute and the consensus statement put forth by 

Aldape et al in reformulating the translational pipeline in CNS cancers[68]. 

4.3 Recommendations for Future Work 

The work presented in this dissertation introduced the first lentiviral vector induced 

porcine model of high-grade glioma. The main motivations of this research are to 

demonstrate the feasibility of this modeling strategy, provide a platform for initial 

translational studies, and to encourage further advanced minipig models of glioma. The 

work presented in this thesis was limited by funding availability and the novelty of this 

strategy in pigs. However, given these successful results, future work can now proceed in 

both porcine genetically engineered glioma modeling and in translational surgical 

therapies. Recommendations for future work are briefly outlined below. 
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4.3.1 Investigation of additional clinically relevant transgene combinations and PET 

reporters for enhanced clinical relevance. 

The porcine system provides an anatomic, genetic, and immunologic space that is 

thought to be much closer to the human. The present models described in this demonstrates 

the induction of high-grade glioma using lentiviral gene transfer of PDGF-B, shRNA-P53, 

and HRAS-G12V. As discussed in Chapter 1-3, these transgenes were chosen given the 

broad involvement of their pathways in malignant glioma. However, a more advantageous 

approach to mirror human disease development may be achieved by utilizing combinations 

of genetic lesions more clinically relevant. By doing so, response to targeted therapy may 

potentially be more translatable. For example, while upregulation in the RAS pathway is a 

common occurrence, constitutive RAS activation due to a mutation is an exception in 

human glioma. Other relevant transgene combinations to be investigated may include the 

elimination of RAS, and combinatorial inclusion of PTEN, EGFR, H3K27M, or ATRX. It 

may be certainly be feasible to generate a panel of available vectors to induce glioma in 

the minipig, in the brain, brainstem, or spinal cord of varying grade and phenotype. Even 

if the lesions themselves resemble murine lesions, safety and toxicity studies would benefit 

from demonstrating putative tumoricidal potential, given that rodents have been shown to 

be poor predictors of safety and toxicity in humans. Lastly, the use of CRISPR pigs, or 

other vector strategies may prove advantages to provide a more targeted means of inducing 

glioma de-novo in a phenotypically wild-type pig.  

A limitation of current rodent models is the inability to apply clinical MRI and 

positron emission tomography techniques. The pig models overcome this, by providing a 

larger anatomic space and the use of clinical scanners that more faithfully resemble 
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diagnostic techniques in humans. However, to take full advantage of this the capacity of 

imaging the pig model using these modalities is needed. Furthermore, the ability to identify 

tumor burden non-invasively as a pre-clinical tool using transgenic PET reporters may 

provide a critical tool for imaging and diagnostic studies. This is exemplified in the fact 

that while many intraparenchymal drug delivery studies utilize MRI based contrast agents 

(e.g. CED + gadolinium), they cannot monitor tumor size while drug delivery is performed. 

Using lentiviral delivery, we have already proposed the first steps toward advanced 

modeling in these areas through NIH grant proposals, with abbreviated versions presented 

in Appendix B and C. 

4.3.2 Employment of the model in Neurosurgical Translational Studies 

While response to therapy has not yet been elucidated in the present pig high-grade 

glioma models, they can still be used to study aspects of surgical techniques. These include 

many techniques listed in Chapter 1 (e.g. CED, LITT, intraoperative fluorescent aids, intra-

arterial drug delivery). At present, we have proposed demonstrating the translational utility 

of the model by characterizing key parameters of CED using implanted devices in both the 

brain and spinal cord as described in Appendix B and C. 
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APPENDIX A.  HALLMARK AND ONCOGENIC GENE SET 

ENRICHMENT 

Table A-1. Hallmark Gene Sets - UP 

 

 

 

NAME SIZE ES NES p-value FDR FWER

HALLMARK_MYC_TARGETS_V1 193 0.415 6.767 0.000 0.000 0.000

HALLMARK_G2M_CHECKPOINT 189 0.298 4.886 0.000 0.000 0.000

HALLMARK_MYC_TARGETS_V2 58 0.488 4.306 0.000 0.000 0.000

HALLMARK_DNA_REPAIR 137 0.307 4.248 0.000 0.000 0.000

HALLMARK_E2F_TARGETS 192 0.251 4.019 0.000 0.000 0.000

HALLMARK_EPITHELIAL_MESENCHYMAL_TRA

NSITION 190 0.249 3.937 0.000 0.000 0.000

HALLMARK_UNFOLDED_PROTEIN_RESPONSE 108 0.297 3.567 0.000 0.000 0.000

HALLMARK_GLYCOLYSIS 191 0.200 3.197 0.000 0.000 0.000

HALLMARK_MTORC1_SIGNALING 194 0.171 2.728 0.000 0.000 0.001

HALLMARK_TNFA_SIGNALING_VIA_NFKB 191 0.156 2.475 0.000 0.000 0.003

HALLMARK_PI3K_AKT_MTOR_SIGNALING 102 0.206 2.394 0.000 0.001 0.006

HALLMARK_OXIDATIVE_PHOSPHORYLATION 180 0.150 2.310 0.000 0.002 0.015

HALLMARK_UV_RESPONSE_DN 137 0.169 2.281 0.004 0.002 0.020

HALLMARK_WNT_BETA_CATENIN_SIGNALING 41 0.290 2.252 0.000 0.002 0.025

HALLMARK_APICAL_JUNCTION 189 0.136 2.210 0.002 0.003 0.035

HALLMARK_ALLOGRAFT_REJECTION 185 0.133 2.125 0.000 0.005 0.057

HALLMARK_MITOTIC_SPINDLE 197 0.130 2.099 0.002 0.005 0.068

HALLMARK_HYPOXIA 189 0.126 2.064 0.002 0.006 0.088

HALLMARK_P53_PATHWAY 185 0.132 2.049 0.010 0.006 0.093

HALLMARK_TGF_BETA_SIGNALING 54 0.236 2.027 0.004 0.007 0.100

HALLMARK_INTERFERON_ALPHA_RESPONSE 86 0.189 2.013 0.002 0.007 0.108

HALLMARK_ANGIOGENESIS 33 0.268 1.813 0.010 0.023 0.320

HALLMARK_APOPTOSIS 154 0.113 1.615 0.050 0.059 0.669

HALLMARK_COAGULATION 127 0.121 1.587 0.051 0.065 0.715

HALLMARK_IL6_JAK_STAT3_SIGNALING 81 0.129 1.376 0.126 0.152 0.956
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Table A-2. Hallmark Gene Sets - DOWN 

 

 

 

 

 

 

 

 

 

NAME SIZE ES NES p-value FDR FWER

HALLMARK_INTERFERON_GAMMA_RESPONSE 176 -0.188 -2.946 0.000 0.000 0.000

HALLMARK_MYOGENESIS 185 -0.161 -2.575 0.000 0.000 0.001

HALLMARK_XENOBIOTIC_METABOLISM 179 -0.124 -1.915 0.006 0.056 0.212

HALLMARK_KRAS_SIGNALING_DN 172 -0.123 -1.883 0.008 0.050 0.244

HALLMARK_CHOLESTEROL_HOMEOSTASIS 70 -0.184 -1.795 0.014 0.062 0.360

HALLMARK_PANCREAS_BETA_CELLS 39 -0.242 -1.788 0.016 0.053 0.367

HALLMARK_APICAL_SURFACE 42 -0.215 -1.615 0.036 0.107 0.662

HALLMARK_INFLAMMATORY_RESPONSE 191 -0.099 -1.610 0.055 0.097 0.671

HALLMARK_ADIPOGENESIS 181 -0.098 -1.503 0.069 0.139 0.833

HALLMARK_BILE_ACID_METABOLISM 103 -0.125 -1.499 0.070 0.127 0.841

HALLMARK_FATTY_ACID_METABOLISM 146 -0.097 -1.369 0.102 0.198 0.957

HALLMARK_ESTROGEN_RESPONSE_LATE 183 -0.085 -1.363 0.107 0.186 0.963

HALLMARK_SPERMATOGENESIS 122 -0.102 -1.329 0.148 0.193 0.978

HALLMARK_HEME_METABOLISM 183 -0.082 -1.318 0.129 0.189 0.985

HALLMARK_PEROXISOME 99 -0.098 -1.160 0.259 0.315 1.000

HALLMARK_IL2_STAT5_SIGNALING 191 -0.072 -1.145 0.273 0.311 1.000

HALLMARK_PROTEIN_SECRETION 95 -0.091 -1.028 0.413 0.422 1.000

HALLMARK_ANDROGEN_RESPONSE 92 -0.088 -0.974 0.442 0.469 1.000
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Table A-3. C6 Oncogenic Gene Sets - UP 

 

 

 

 

 

 

NAME SIZE ES NES p-value FDR FWER

CSR_EARLY_UP.V1_UP 144 0.431 2.142 0.000 0.002 0.002

PDGF_ERK_DN.V1_DN 135 0.388 1.914 0.000 0.007 0.011

CSR_LATE_UP.V1_UP 143 0.364 1.808 0.000 0.011 0.025

MYC_UP.V1_UP 150 0.360 1.792 0.000 0.010 0.030

BMI1_DN.V1_UP 132 0.362 1.772 0.000 0.010 0.036

MEL18_DN.V1_UP 128 0.355 1.712 0.000 0.013 0.059

PDGF_UP.V1_UP 136 0.339 1.665 0.000 0.016 0.086

ESC_V6.5_UP_EARLY.V1_DN 156 0.310 1.562 0.003 0.038 0.218

EGFR_UP.V1_UP 171 0.310 1.560 0.000 0.035 0.223

GLI1_UP.V1_UP 22 0.454 1.553 0.027 0.033 0.237

BMI1_DN_MEL18_DN.V1_UP 131 0.309 1.514 0.003 0.044 0.325

HINATA_NFKB_MATRIX 10 0.565 1.500 0.059 0.046 0.358

IL15_UP.V1_UP 161 0.297 1.489 0.004 0.048 0.394

E2F1_UP.V1_DN 171 0.291 1.486 0.000 0.045 0.399

ESC_J1_UP_LATE.V1_DN 168 0.291 1.486 0.003 0.042 0.399

ESC_J1_UP_EARLY.V1_DN 163 0.292 1.485 0.000 0.040 0.399

P53_DN.V1_UP 167 0.288 1.446 0.011 0.053 0.504

E2F3_UP.V1_DN 111 0.301 1.419 0.006 0.065 0.602

CAMP_UP.V1_UP 175 0.277 1.415 0.007 0.064 0.617

CAHOY_ASTROGLIAL 88 0.302 1.400 0.026 0.069 0.662

CYCLIN_D1_KE_.V1_UP 177 0.272 1.387 0.007 0.073 0.700

RB_DN.V1_DN 108 0.292 1.372 0.027 0.081 0.756

RB_P107_DN.V1_UP 122 0.283 1.362 0.024 0.085 0.787

E2F1_UP.V1_UP 177 0.256 1.300 0.039 0.142 0.920

EIF4E_UP 84 0.283 1.290 0.058 0.153 0.946



 77 

Table A-4. C6 Oncogenic Gene Sets - DOWN 

 

  

NAME SIZE ES NES p-value FDR FWER

KRAS.KIDNEY_UP.V1_UP 130 -0.526 -2.342 0.000 0.000 0.000

CAHOY_NEURONAL 93 -0.518 -2.176 0.000 0.000 0.000

IL15_UP.V1_DN 142 -0.428 -1.937 0.000 0.001 0.002

CTIP_DN.V1_DN 101 -0.424 -1.805 0.000 0.005 0.021

MEL18_DN.V1_DN 131 -0.384 -1.726 0.000 0.012 0.067

STK33_SKM_DN 220 -0.361 -1.711 0.000 0.013 0.085

BRCA1_DN.V1_UP 102 -0.396 -1.709 0.000 0.011 0.085

CTIP_DN.V1_UP 99 -0.395 -1.709 0.000 0.010 0.085

BMI1_DN_MEL18_DN.V1_DN 129 -0.382 -1.703 0.000 0.009 0.087

CAHOY_OLIGODENDROCUTIC 87 -0.402 -1.683 0.002 0.010 0.109

KRAS.LUNG_UP.V1_DN 104 -0.387 -1.677 0.000 0.010 0.115

PRC1_BMI_UP.V1_DN 147 -0.364 -1.675 0.003 0.009 0.117

IL2_UP.V1_DN 149 -0.366 -1.673 0.000 0.009 0.122

BMI1_DN.V1_DN 120 -0.372 -1.660 0.001 0.011 0.152

ALK_DN.V1_DN 109 -0.382 -1.659 0.003 0.010 0.155

KRAS.600.LUNG.BREAST_UP.V1_DN 229 -0.346 -1.655 0.000 0.010 0.169

LTE2_UP.V1_UP 169 -0.353 -1.640 0.001 0.011 0.194

CYCLIN_D1_KE_.V1_DN 169 -0.352 -1.614 0.003 0.015 0.262

CAHOY_ASTROCYTIC 96 -0.375 -1.596 0.003 0.017 0.315

KRAS.600_UP.V1_UP 222 -0.331 -1.592 0.001 0.017 0.330

LEF1_UP.V1_DN 161 -0.343 -1.586 0.000 0.017 0.348

ATF2_S_UP.V1_DN 167 -0.333 -1.546 0.007 0.027 0.501

RPS14_DN.V1_UP 165 -0.332 -1.527 0.001 0.032 0.575

KRAS.BREAST_UP.V1_DN 113 -0.342 -1.498 0.006 0.042 0.682

PTEN_DN.V1_DN 138 -0.327 -1.484 0.004 0.046 0.735
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APPENDIX B. R01 – SCG MODELING AND CED 

B.1. Specific Aims  

Spinal Cord Glioma (SCG) accounts for 8-10% of all primary spinal cord tumors, and 

high-grade lesions result in 5-year survival rates as low as 11-23% [51]. Treatment options 

are limited due to poor surgical margins, radioresistance, and chemoresistance. There have 

been numerous translational studies demonstrating surgical efficacy in rodent models of 

glioma but the anatomy of such models present limitations that are difficult to scale into 

patients [35, 37, 143-145]. This highlights a critical gap in the field: a well characterized 

large animal SCG model for surgical testing. To address this gap, we propose the 

advancement of a genetic minipig SCG model capable of evaluating neurosurgical 

strategies. 

 

Figure B-1. Experimental Design. 
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The minipig is the ideal model for surgical translational studies due to anatomic 

similarity to the human spinal cord. Given the Boulis and Canoll laboratories’ longstanding 

experience in spinal cord drug delivery and glioma modeling, we have combined our 

expertise to establish the first non-xenograft minipig SCG model. Our data demonstrate de 

novo growth of high-grade SCGs in 100% of pigs [102]. Further study will provide a more 

versatile model with variable molecular and growth characteristics, improving its utility 

for use in the development of surgical and therapeutic strategies.  

Because resection of SCG is impossible, direct delivery of therapeutics into the tumor 

remain one of the most promising approaches.  However, direct drug delivery can only be 

rigorously studied and validated in a large animal model. Unlike spontaneous canine 

gliomas, our model can be widely distributed to allow for rigorous testing of many 

approaches. CED is a well-known paradigm for CNS drug delivery [35-37, 146]. The 

failure of human glioma CED trials have been attributed to “one-time treatments” and poor 

drug distribution [147-149].  As such, we will demonstrate the utility of the pig SCG model 

by studying CED mediated chemotherapeutic delivery.  

B.1.1 - AIM 1. Develop the minipig SCG model to include clinically relevant transgenes 

and modulate phenotype.  

Rationale: The present model induces high-grade SCG in a highly penetrant fashion 

through lentiviral PDGF-B, HRAS-G12V, and shRNA-P53. We propose the use of common 

genetic lesions found in human glioma for more faithful genetic recapitulation of the 

human disease and induction of SCG of varying grade and phenotype. We will evaluate 

SCG induction by scaling established vector driven modeling approaches.   
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Design: Five experimental groups (6/group) will be used to investigate SCG induction, 

targeting PDGF-B, p53, CDKN2A, EGFR and PTEN through lentiviral transgene delivery. 

Evaluation Metrics: (1) Behavioral and Clinical Monitoring, (2) Magnetic Resonance 

Imaging (MRI), (3) Histopathology, Immunohistochemical, Immunofluorescent Analyses, 

and (4) Transcriptomic Analysis. Successful completion will provide the first set of well 

characterized SCG large animal models of varying phenotype for surgical translational 

studies. 

Hypothesis: We hypothesize that Groups 1 (PDGF-B) and 4 (EGFR) will induce indolent 

SCGs and that groups 2 (PDGF-B/shRNA-P53), 3 (PDGF-B/shRNA-CDKN2A), and 5 

(EGFR/shRNA-PTEN) will induce more aggressive SCG, with each group presenting 

concordant individual phenotypes.  

B.1.2 - AIM 2. Use the minipig SCG model to test of local convection enhanced drug 

delivery. 

Rationale: Prior studies of intratumoral CED in the intracranial setting have reported 

failures, likely due to single treatments or poor drug distribution. Despite an ongoing CED 

phase I trial on recurrent SCG [146], drug delivery is poorly understood. The utility of our 

SCG model will be demonstrated by elucidating the effects of CED infusion parameters on 

tumor drug delivery, with immediate impact on the current and future human trials. 

Design: In this aim, we will investigate CED parameters and demonstrate improvement of 

drug distribution in a minipig model of SCG. 5 groups (6/group) will be conducted with 

adjusted CED parameters to assess the impact of Infusion Volume (Vi) and Flow Rate (FR) 

on volume of distribution (Vd). Minipigs with SCG will receive intra-tumoral CED 
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infusion of a gadolinium-based contrast agent + nimustine hydrochloride (ACNU) over up 

to 7 days. Animals will be evaluated and compared with the following Evaluation 

Metrics: (1) Safety through behavioral and clinical monitoring, (2) serial MRIs, (3) 

histopathology, and (4) high-pressure liquid chromatography (HPLC) of serial biopsies.  

Hypothesis 1: We hypothesize that increase in both Vi and FR will directly correlate in Vd 

measured on T1w enhancement and optimal parameters at FR (2.0 ul/min) and Vi (15 mL) 

with minimal reflux and clinical sequelae. 

Hypothesis 2: Surrogate radiologic tracking with gadolinium T1w enhancement will 

demonstrate statistically significant correlations with parenchymal concentrations of 

ACNU. 

B.2. Significance  

Clinical need for therapeutic strategies in SCG: SCGs comprise 8-10% of all 

primary spinal cord tumors, with up to 10,000 cases occurring annually. Despite significant 

morbidity and mortality, there is no consensus for the treatment of SCGs [51, 52]. Current 

options include surgical resection with radiotherapy and/or chemotherapy (Figure 2). 

However, these approaches have shown poor efficacy with 5 year survival rates of 11-23% 

in high grade lesions. [51] Typically, these patients will receive open-surgical biopsy and 

cannot undergo surgical resection due to a lack of actionable surgical margins.  

Importantly, SCG is considered an orphan disease that is overlooked in comparison to its 

intracranial counterpart. In the absence of effective treatment options, patients with SCG 

are in a vulnerable patient population with no effective treatment options available. Thus, 

the significance of this proposal is inherent in its deliverables, whereby advancement of 
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topical models and understanding of CED parameters will advance translational strategies 

for SCG.  

 

 

Figure B-2 - Figure 2. Spinal Cord Glioma Treatment Outline. Adapted 

information, Abd el barr et al. and Tobin et al [51-53]  
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Scaling glioma modeling strategies to develop well characterized surgical platforms. 

Despite significant advances in our knowledge of the disease process, there have 

unfortunately been limited changes to the clinical outcomes in high grade glioma. In part, 

this represents the malignant nature of a disease that is refractory to the standard of care. 

On the other hand, this raises the question of the translational value of existing preclinical 

animal models, especially from a surgical standpoint [71, 72, 102]. Xenograft and 

syngeneic models have provided a space for proof of concept studies, but are largely 

confined to rodent systems [104]. This limitation has stifled translation of neurosurgical 

strategies, device development, and drug delivery [41, 80, 82, 98, 108]. There are numerous 

such strategies with measured preclinical optimism including CED, oncolytic vectors, laser 

interstitial thermal therapy (LITT), focused ultrasound (FUS), and intraoperative surgical 

guidance (e.g. 5-ALA) [34-41]. Recognizing these considerations, groups have utilized 

U87 xenografts for glioma modeling in pigs, but have continued to face the known 

limitations of the U87 cell line and the need for immunosuppression [80, 81]. Vector-driven 

approaches, however, provide a modeling strategy that is readily scaled into large animals 

such as the minipig [102]. 

Our minipig SCG model (miniSCGPDGFB/HRAS/shP53) is induced through lentiviral 

targeting of the RTK/RAS/PI3K and P53 axes. The present model has compelling 

histopathologic, radiologic, and transcriptomic data ([102]) and can be readily employed 

for evaluating surgical approaches. We believe that the current model can be refined to 

optimize its application for testing various therapeutic approaches. For example, the 

capacity to adjust underlying genetic lesions, respective phenotypes, grade, and growth rate 

will be useful for future therapeutic study. For these reasons, our proposal will investigate 



 84 

the use of common transgenes implicated in gliomagenesis based on prior literature. This 

represents an opportunity to produce highly characterized large animal models of SCG that 

would serve as the foundation for surgical translational strategies and future subsequent 

testing of therapeutic efficacy. Published data on these models would have immediate 

application in the preclinical development programs by teams currently designing trials for 

SCG. 

Employment of prolonged CED and elucidation of optimal infusion parameters. The 

use of localized chemotherapy through CED to treat inoperable CNS tumors is a well-

documented and feasible concept in rodents and NHPs [44, 150, 151]. The advantages of 

intratumoral CED include: circumvention of the blood brain barrier, higher local 

concentrations, minimization of systemic toxicity, and diffusion along white matter tracts 

[152]. In addition, the pattern of spread of CED infusion in the spinal cord along white 

matter tracts mirrors the invasive pathways of glioma cells [153].  

Intratumoral CED has indeed been applied in rodent models of SCG and has 

demonstrated therapeutic efficacy [35, 154]. In a Phase I trial by Endo et al, CED was 

employed in two patients with recurrent SCG, after longitudinal failure of conventional 

therapy [146]. The reported marked radiologic regression of the SCG with no notable side 

effects in these patients. However, the authors of this study were not able to employ CED 

as a first line strategy, conduct prolonged infusion, or track the infusion radiologically. 

Taking a lesson from the intracranial disease, one of the main possible causes of failure of 

the Phase III PRECISE trial was poor drug distribution and single treatments [147, 149, 

155]. There are even less data in the SCG setting where the central canal and surrounding 

cerebrospinal fluid may act as “sinks” and incur leeching of the CED infusate [156]. 
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Consequently, the completion of our proposed research will provide such critical data, 

which will have significant and immediate impact on ongoing and future trials for CED in 

SCG.  The minipig SCG model will serve the same purpose for a wide array of therapeutic 

approaches. 

B.3. Innovation 

The proposed study draws from previous in vivo vector-driven rodent modeling 

approaches and aims to scale this strategy into large animals to generate well-characterized 

minipig models of SCG. Importantly, this would circumvent the need for generation and 

maintenance of transgenic breeds, providing a cost-effective translational pathway for 

rapid induction in widely available pigs. The genetic profile, immune system, and the size 

and anatomy of the porcine CNS is recognized to better model the human  [82, 85-87]. The 

use of viral vector-driven approaches in murine models, targeting distinct genetic lesions 

implicated in the human disease, have been widely reported as reliable, highly penetrant, 

and with striking histopathologic and molecular validity [63, 73, 75, 78]. Our present 

model, miniSCGPDGFB/HRAS/shP53, applied the vector driven concept and has demonstrated 

the feasibility of scaling such strategies into the minipig. Furthermore, given that this was 

the first model of its kind, there have not been rigorous studies of CED implementation in 

SCG in disease models that more closely resemble human surgical anatomy despite 

ongoing human trials. Therefore, the centerpiece of innovation of our proposal comes 

from the combination of 1) a more anatomically relevant large animal model, 2) scaling 

vector-driven gliomagenesis into the minipig with known molecular drivers, and 3) the first 

robust study of CED parameters in a large animal model.  
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APPENDIX C.  R01 -  INTRACRANIAL GBM AND CED  

C.1. Specific Aims  

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

adults.  While there have been numerous surgical translational studies demonstrating anti-

tumor activity in rodents, the anatomy of such models present limitations that are difficult 

to scale into humans [37, 82, 102, 143-145]. This highlights a critical need in the field: the 

development of a large animal GBM model for surgical testing. To address this gap, we 

propose the development of a minipig GBM model for evaluating neurosurgical 

strategies.  

 

Figure C-1. Proposed experimental design. 
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The minipig is the ideal model for surgical translational experiments in the CNS. We 

have combined our expertise in large animal CNS gene delivery (Emory), convection-

enhanced delivery (CED), and tumor modeling (Columbia) to establish a minipig GBM 

model for this purpose. We have previously demonstrated de novo growth of GBM in 100% 

of pigs in the brain (AIM1) and spinal cord [102]. The proposed study (Figure D-1) will 

investigate the induction of intracranial GBM using further neuropathologically relevant 

transgenes to establish an enhanced minipig model for use in translational studies 

(AIM1a). Furthermore, positron emission tomography (PET) and contrast-enhanced 

magnetic resonance imaging (MRI) provide distinct but incomplete representations of 

tumor burden. To address this, we will employ transgenic PET reporters (AIM 1b) to 

delineate a greater degree of true tumor burden compared to conventional imaging and 

allow direct, non-invasive, in-vivo tumor tracking in the minipig.  

Our model will streamline the development of neurosurgical approaches to GBM. CED 

is one approach that has shown promising results in our prior rodent and human studies 

(AIM2) [98, 157, 158]. However, the limited success of other past human glioma CED 

trials can be attributed to “short-duration one-time treatments”, unknown drug distribution, 

and CED parameters that cannot be studied well in patients [147-149]. We will investigate 

these critical CED parameters and demonstrate the utility of the minipig GBM model 

(AIM2).  
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C.1.1 AIM 1. Development of neuropathologically-relevant / PET visible neurosurgical 

minipig models of GBM.  

AIM 1a. Develop Intracranial GBM In Gottingen minipigs using clinically relevant 

transgenes. Rationale: Our prior data demonstrate GBM induction through lentiviral 

transgene delivery. Here we propose using well-vetted methodologies integrating 

transgenes relevant to human GBM to induce novel and highly-characterized GBM models 

for use as neurosurgical translational platforms. Design: We will model GBM through the 

delivery of: Group 1 (PDGF-B+shRNA-P53) or Group 2 (EGFR+shRNA-PTEN). Animals 

will undergo behavioral & clinical-monitoring, PET/MRI for tracking tumor growth, 

histopathology, and RNA-sequencing.  

Hypothesis: Both groups will induce GBM with recapitulation of neuropathologic, 

radiologic, and molecular features. 

AIM 1b. Incorporate PET reporters into the minipig GBM model for direct radiologic 

tracking. Rationale: Existing PET tracers for GBM show only certain portions of the tumor 

bulk. Transgenic PET reporters will allow direct and enhanced radiologic tracking of the 

lesion, thereby providing a more complete system of tracking tumor burden. As such 

clinically-available imaging methods can be combined, correlated, and studied in the 

minipig GBM model. Design: Three PET transgenic reporters and tracers will be screened 

in cell-culture and athymicnu/nu mice with PET and IHC evaluation. The optimal 

tracer/reporter combination will be employed in the minipig GBM model and evaluated 

with PET/MRI, histopathology, and stereotactic biopsies to determine tumor burden 

compared to imaging.  
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Hypothesis: The D2 receptor mutant (D2R80A) + F-18 Fallypride will yield PET signal 

beyond conventional imaging to track the minipig GBM model with histopathologic 

confirmation. 

C.1.2. AIM 2. Investigate CED infusion parameters and non-invasive tracking of 

Topotecan concentrations in a GBM model.  

Rationale: Our prior experience with CED has highlighted the need for 1) validating non-

invasive tracking of topotecan (TPT) using T1W MRI gadolinium signal in a disease model 

and 2) elucidating optimal intratumoral CED variables. Design: We will investigate CED 

parameters and TPT distribution in the minipig GBM model. 5 groups will utilize modified 

CED parameters to assess the impact of Infusion Volume (Vi) and Flow Rate (FR) on the 

volume of distribution (Vd). Minipigs with GBM will receive prolonged CED infusion 

(gadolinium+TPT) and be evaluated as in AIM 1a, with additional liquid chromatography-

mass spectrometry (LC-MS) of stereotactic biopsies.  

Hypothesis 1: The increase in both Vi and FR will directly correlate with Vd measured on 

T1w gadolinium enhancement, with optimal parameters at FR (2.0 ul/min) and Vi (90 mL). 

Hypothesis 2: Surrogate radiologic tracking with gadolinium will demonstrate statistically 

significant correlations with LC-MS concentrations of TPT in the minipig GBM model in 

both tumor and surrounding parenchyma. 

C.2. Significance 

Successful completion of the aims in this proposal will have a significant impact on 1) the 

development of future surgical approaches to GBM by providing a consistent, 
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immunocompetent, and more neuropathologically relevant large animal model that can be 

created quickly, 2) the capacity for enhanced PET mediated tumor tracking as a platform 

for PET/MRI research and therapeutic read-out for the model, and 3) a rigorous 

understanding of CED parameters and TPT tracking, directly impacting planned clinical 

trials.  

The development of a large mammalian model of GBM fills a translational gap in 

the field for the study pre-clinical neurosurgical strategies. Despite significant advances in 

our knowledge of GBM, there have been limited improvements in outcomes. In part, this 

represents the recalcitrance of GBM. On the other hand, this highlights the limitations of 

surgical translation based on existing rodent models [71, 72, 102, 104], which has stifled 

the translation of neurosurgical strategies [41, 80, 82, 98, 108]. The development of 

numerous technologies including CED, oncolytic vectors, laser interstitial thermal therapy 

(LITT), focused ultrasound (FUS), intraoperative surgical guidance (e.g. 5-ALA), intra-

arterial delivery, and robotic resection [34-44] would benefit from a readily available 

highly characterized immunocompetent large animal model of GBM. Published data on 

this model would have immediate application in neurosurgical-related investigations 

and especially surgical and drug delivery innovations in the brain benefitting from the 

dimension provided by a large animal model. The limitations of animal modeling are well 

appreciated, and the responsiveness to various therapeutics can be easily assessed in future 

studies.  

The utilization of vector-driven gliomagenesis provides a well-vetted method for 

the minipig GBM model. The cost of large animal studies has, for good reason, focused 

molecular biology of genetically engineered GBM models to rodents. Recognizing these 
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considerations and the need for large mammalian models, groups have utilized U87 

xenografts in pigs, but have continued to face the known limitations of U87 and the need 

for immunosuppression [80, 81]. Vector-driven approaches, however, provide a strategy 

that may be applied to phenotypically normal large animals for wide implementation [102]. 

Our prior studies demonstrate induction of GBM in both the brain and spinal cord through 

lentiviral targeting of the RTK/RAS/PI3K and P53 axes. Our present model demonstrates 

compelling histopathologic, radiologic, and transcriptomic data ([102], see preliminary 

data AIM1a). Given our prior success of GBM modeling using our proposed transgenes 

in small animals, we believe our strategy presents a high likelihood of success to develop 

the first set of advanced minipig GBM models.  

 The use of the clinical PET tracer F-18 Fluciclovine (AIM1a) to validate PET/MRI 

tracking of the minipig GBM model will allow for radiologic coregistration for tracking of 

tumor borders. The feasibility of CED is well established [36]. However, a major issue is 

the capacity to delineate tumor dimensions during CED or other intratumoral drug delivery 

strategies that use MR-based contrast agents. We will achieve this through the use of a 

clinical PET tracer, F-18 Fluciclovine, in the pig model (AIM1a) [159, 160]. This will be 

applied for drug delivery studies (AIM 2), to track tumor borders and/or response to 

therapy in future pig studies. Furthermore, the radiotracer of choice, F-18 Fluciclovine, 

is FDA approved so may be adapted for use in our planned human CED trials to mimic 

preclinical study. [161, 162] We will also employ this F-18 Fluciclovine signal as a 

comparative readout for validation of multiparametric (PET/MRI) imaging in the AIM1b 

model. 
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The use of PET genetic reporters (AIM1b) in a minipig GBM model overcomes a 

limitation of existing imaging techniques for more complete resolution of tumor extent in 

a non-invasive fashion. The existing gold standard for monitoring GBM includes MRI (e.g 

T1w post-gadolinium) and less commonly the use of PET tracers (e.g. Fluciclovine, FET, 

FDG). While these are highly effective tools, they fail to image the complete extent of the 

tumor and its spread. For example, GADO-based MRI imaging primarily captures the 

breakdown of the blood-brain-barrier (BBB), while F-18 Fluciclovine as one of the most 

promising tracers for GBM captures a somewhat overlapping but distinct region on PET 

imaging [159, 160]. By screening several PET reporters for transgenic expression in cells 

cultured from our GBM model, we can use respective tracers with minimal or no 

background and image a more complete representation of the tumor in-vivo. This will 

create an optimal setting for non-invasive tracking of the tumor while evaluating tumor 

resection, novel clinical pet tracers, MR imaging techniques, and a variety of other 

neurosurgical applications in the minipig GBM model. If successful, this model can be 

directly applied in AIM2. 

 Lentiviral delivery of transgenic PET reporters in large mammalian models will 

provide impact outside of the GBM field for other strategies requiring non-invasive 

monitoring of gene expression. Using lentiviral delivery of a PET reporter will not only 

allow for tracking of our tumor but has the capacity for monitoring long-term gene 

expression in a non-invasive fashion. Large animal disease models, gene delivery, and cell 

transplantation strategies would benefit from validation and characterization of non-

invasive PET transgenic reporters in the CNS. This strategy may similarly be applied 

outside the CNS in a wealth of existing porcine tumor models.   
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A practical method to monitor drug distribution overcomes a current limitation in 

the clinical application of CED and demonstrates our minipig GBM model’s utility as a 

neurosurgical platform. Optimization of CED strategies in patients is limited by the lack of 

methodology for monitoring drug distribution in real-time. While methods such as 

radiolabeling may provide a means of direct monitoring, these methods may prove cost in-

effective or may impact the diffusion, function, or bioavailability of the pharmacologic 

agent. Rather than modify the drug, we propose a non-invasive imaging methodology using 

gadolinium as a surrogate marker to approximate drug distribution (AIM2). While some of 

our past work utilized microdialysis implants, here we instead will use gadolinium T1w 

voxel intensity as an ideal surrogate non-invasive marker – because of its widespread 

clinical availability, low cost, and safety. Importantly, we have not been able to examine 

this tracking method in GBM tissue in a reproducible large animal disease model until 

now (large animal GBM model, combinatorial PET tracking). We will test and validate 

the use of T1w gadolinium signal as a surrogate marker for Topotecan (TPT) with varying 

infusion parameters to understand and optimize Vd in tumor parenchyma. After we have 

completed AIM2, other CED infusion variables can be easily tested in our model 

including: Alternate drugs, drug combinations, dose-escalation, catheter design 

changes, improvements in pump design, and number/positioning of implanted catheters. 

The ability to understand infusion parameters for optimal drug delivery overcomes 

one of the main limitations in prior phase III trials of chemotherapeutic CED. Because of 

the aggressive nature of GBM and post-resection recurrence, direct delivery of therapeutics 

remains one of the most promising translational approaches. The advantages of 

intratumoral CED include bypassing the blood-brain barrier, higher local concentrations, 
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minimization of systemic toxicity, and diffusion along white matter tracts [44, 152, 155, 

163]. In the past, one of the main contributors to the failure of the Phase III PRECISE study 

was poor drug distribution and single treatments [147, 149, 155]. Our own more recent 

Phase I trials examining CED of TPT in humans have shown promising results with 

radiographic response (AIM2, preliminary data). However, we are unable to study drug 

delivery parameters in patients. As a result, we set out to model GBM in a large animal 

to provide a space for understanding not only CED parameters but other CED variables 

and neurosurgical strategies in the future.  

C.3. Innovation 

Our proposal challenges the notion of pre-clinical translational reliance on 

phenotypically normal mammalian models used by investigators and regulatory bodies in 

the pathway for developing neurosurgical strategies. This is a major limitation. In our 

prior work (Columbia) to bring topotecan CED to a phase I trial, we have been unable to 

rigorously study drug delivery variables or drug tracking in a large animal disease model. 

Although vector-driven gliomagenesis, clinical and experimental PET reporters, and 

CED are not entirely new concepts, the confluence of their application forms the key 

innovative points in our proposal.  

Innovation 1: Application of lentiviral transgene mediated gliomagenesis to 

produce highly characterized, neuropathologically and molecularly relevant minipig 

GBM models for neurosurgical strategies. The use of vector-driven approaches in murine 

models, targeting distinct genetic lesions implicated in the human GBM, has been widely 

reported as reliable, highly penetrant, and with striking histopathologic and molecular 

validity [63, 73, 75, 78]. Our study draws from these well-vetted approaches providing a 
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high chance of success in the minipig. The genetic profile, immune system, and the size 

and anatomy of the porcine CNS are recognized to better model the human (see 

Vertebrate Animals section) [82, 85-87, 164, 165]. Our prior data in exploring GBM 

modeling in both the brain and spinal cord (PDGF-B, shRNA-P53, HRAS-G12V) has 

demonstrated the feasibility of this strategy in the minipig. Importantly, the success of 

our proposal would circumvent the need for the generation and maintenance of transgenic 

pigs, providing a more cost-effective translational pathway for GBM induction. 

Furthermore, this approach allows us to test additional clinically relevant genetic 

alterations that have already been shown to induce glioma in murine models [73-75, 78, 

131, 139, 166, 167], including alterations in EGFR, PTEN, and IDH1.  Innovation is 

thus inherent in this deliverable, whereby novel minipig GBM models will allow direct 

application in studying key variables of a promising translational strategy. 

Innovation 2:  Novel incorporation of PET reporters into the GBM model 

permitting enhanced tumor tracking. The use of viral vector delivered PET reporters has 

been validated in murine and feline models in the CNS [168, 169]. This has not been 

employed in minipigs, or using lentiviral strategies, nor has it been utilized in vector-

driven models of cancer for de-novo lesion growth. By developing a PET trackable 

lesion, our model can be used to monitor glioma growth and response to treatment in 

drug delivery studies, and can be combined with clinically-available imaging methods 

(MRI/MRS/PET) to advance the translation of these studies and facilitate the 

development of new PET tracers for clinical use, or a variety of other applications. 

Overall, the genetically engineered PET system will provide direct visualization of 

tumor growth and treatment response, analogous to how luciferase has been used in 
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rodent models, thereby providing a ‘ground truth’ to tumor burden that can be 

combined and correlated with clinically available imaging methods. 

Innovation 3: Optimization of CED infusion parameters in a large animal 

intracranial GBM model and validation of non-invasive TPT tracking in tumor tissue. 

There have not been rigorous studies of CED in large animal GBM disease models. 

While we have studied CED feasibility in minipigs without tumors [36, 98], our recent 

phase I human trial highlighted the effects of tumor on local tissue properties and the 

importance of accounting for these effects when optimizing CED parameters. By 

combining the development of a well-characterized GBM model, PET imaging, and the 

first rigorous study of CED parameters we believe that this provides an innovative and 

novel pathway to both demonstrate the utility of the model and directly impact clinical 

use of CED.  
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