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Abstract

Gliomas are the most common primary intrinsic brain tumors occurring in adults. Of all malignant
gliomas, glioblastoma (GBM) is considered the deadliest tumor type due to diffuse brain invasion,
immune evasion, cellular, and molecular heterogeneity, and resistance to treatments resulting in
high rates of recurrence. An extensive understanding of the genomic and microenvironmental
landscape of gliomas gathered over the past decade has renewed interest in pursuing novel
therapeutics, including immune checkpoint inhibitors, glioma-associated macrophage/microglia
(GAMs) modulators, and others. In light of this, predictive animal models that closely recreate

the conditions and findings found in human gliomas will serve an increasingly important role

in identifying new, effective therapeutic strategies. Although numerous syngeneic, xenograft,

and transgenic rodent models have been developed, few include the full complement of
pathobiological features found in human tumors, and therefore few accurately predict bench-to-
bedside success. This review provides an update on how genetically engineered rodent models
based on the replication-competent avian-like sarcoma (RCAS) virus/tumor virus receptor-A (fv-a)
system have been used to recapitulate key elements of human gliomas in an immunologically
intact host microenvironment and highlights new approaches using this model system as a
predictive tool for advancing translational glioma research.
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1| INTRODUCTION

Gliomas are the most common type of primary intrinsic brain tumors occurring in adults.
With an annual incidence rate of 7.08 cases per 100,000; malignant brain tumors are the
fifth most common cause of cancer-related deaths among adolescents and young adults in
the United States (Ostrom et al., 2020). Infiltrating gliomas, the most common subtype of
glioma in adults, can present as malignant tumors or evolve to malignancy from lower
grade infiltrating astrocytomas and oligodendrogliomas. Even anaplastic forms of well-
circumscribed gliomas, such as ependymomas, can show aggressive and malignant growth
patterns. Grade 1V astrocytoma, also known as glioblastoma (GBM), is a particularly deadly
form of glioma (median survival ~15 months) and recurs despite combination surgical,
chemotherapy, and radiation treatments (Lapointe, Perry, & Butowski, 2018; Louis et al.,
2016; Wesseling & Capper, 2018).

Over the past decade, significant progress has been made in understanding glioma biology.
From a histopathological perspective, GBM is characterized by cellular and microvascular
proliferation, atypical nuclei, pseudopalisading necrosis, and diffuse infiltration of the
surrounding brain parenchyma. The considerable molecular and cellular heterogeneity
present in GBMs also licenses them for frequent recurrence due to the high probability for
treatment-resistant elements (Omuro & DeAngelis, 2013; Wen & Kesari, 2008). Genomic
and transcriptomic profiling of human GBMs have revealed that alterations in three core
signaling pathways (receptor tyrosine kinase [RTK]/Ras/PI3K cascades, tumor suppressor
p53, and cell cycle regulator Rb) are the major drivers of these tumors, providing a
framework for molecular categorization (Brennan et al., 2013; Cloughesy, Cavenee, &
Mischel, 2014; Verhaak et al., 2010; Wang et al., 2017). Single-cell transcriptomic studies,
however, show that multiple transcriptional subtypes can co-exist in one tumor, possibly
due to environmental factors (Neftel et al., 2019; Wang et al., 2017). Studies of the tumor
microenvironment (TME) in GBM have revealed their highly immune-suppressive nature
owing to high numbers of alternatively activated macrophages, low T-cell populations, and
elevated levels of immunosuppressive cytokines. The interactions of tumor cells with neural
cell types such as astrocytes, microglia and neurons, and the unique extracellular matrix
components, adds another layer of complexity to the microenvironment of these tumors
(Quail & Joyce, 2017; Wang et al., 2017).

Animal models that can replicate the molecular, histopathological, and immunological
features of the human disease are a central requirement for predictive preclinical testing.
Many new therapies have shown promise during preliminary stages of research but failed
in clinical trials in part due to differences in the biological properties of animal models and
the human TME (Lenting, Verhaak, Ter Laan, Wesseling, & Leenders, 2017). Currently,
various orthotopic, syngeneic as well as patient-derived xenograft (PDX) models of glioma
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are used for preclinical testing, but these models each have their own limitations and do

not always faithfully reflect the characteristics of human GBM (Chen, Zhang, Yang, Hagan,
& Li, 2013; Huszthy et al., 2012; Stylli, Luwor, Ware, Tan, & Kaye, 2015). There are
several key features that should be present as genetic components of a clinically relevant
animal model of human glioma: (a) genomic alterations should resemble those that are
frequently found in human gliomas, (b) these alterations should be introduced to only a
limited number of cells, (¢) mutant genes should be expressed within a specific target tissue
or cell type, and (d) the genetic alterations should mirror the gene expression hierarchies
characteristic of human glioma genes (e.g., embryonic developmental programs) (Lenting
etal., 2017). Several reviews on animal models of glioma have described the advantages

of using genetically engineered rodent models over other commonly used syngeneic and
PDX models (Fomchenko & Holland, 2006; Miyai et al., 2017). Genetically engineered
models (GEMSs) provide a useful platform to induce different tumorigenic genomic
alterations and specify the cell types to undergo transformation, all in an immunologically
intact microenvironment, which recapitulates tumor-immune cell interactions found to be
important drivers of disease progression (Hambardzumyan, Parada, Holland, & Charest,
2011; Huse & Holland, 2009; Oh et al., 2014).

Numerous strategies have been used to establish GEMs of gliomas in rodents. Here we
detail the retrovirus-based RCAS/tv-a system, which enables spatial and temporal control
of genetic transformations in the brain to mimic many of the key features of gliomas

in immunocompetent hosts. This review summarizes the characteristics of the RCAS/tv-a
glioma model system and discusses new and instructive examples that have successfully
used this tool for faithful glioma modeling to study tumor pathobiology and test new
therapeutic approaches.

2| OVERVIEW OF THE RCAS/TV-A SYSTEM

2.1| Features of the RCAS vector

The RCAS vector belongs to the avian leukosis virus-A subgroup of retroviruses. The vector
was designed by substituting the src gene of the well-known oncogenic Rous sarcoma virus
(RSV) with a multicloning site for inserting gene-coding regions of interest (generally <2.5
kb). The 3" end of the RSV src gene has a splice acceptor site which has been retained

in the RCAS vector. This site regulates the expression of the cloned gene of interest under
the control of the viral LTR promoter which is how the vector derives the name—RCAS—
Replication-Competent ASLV long terminal repeat with Splice acceptor (Orsulic, 2002).
RCAS vectors are replication-competent only in avian cells and not in mammalian cells.
Hence, an immortalized chicken fibroblast cell line, DF-1, is typically used to propagate and
maintain high-titer stocks of the virus (Figure 1a). The viral yield can be further boosted

by replacing the po/region with one from the Bryan high-titer strain of RSV. This form

of RCAS is referred to as RCASBP and is preferred for in vivo infections (Ahronian &
Lewis, 2014; Li et al., 2012) owing to its high titer capacity and stronger insert expression.
Although the insert size is limited to ~2.5 kb, a variety of oncogenes (Dai et al., 2001;
Holland et al., 2000; Ozawa et al., 2014; Ozawa et al., 2018; Shih et al., 2004; Szulzewsky
et al., 2020), genes encoding dominant-negative and truncated forms of proteins (Chen et
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al., 2020; Du & Li, 2007; Ene et al., 2020; Holland, Hively, DePinho, & Varmus, 1998),
miRNAs (Huse et al., 2009) and shRNAs (Bromberg-White et al., 2004; Seidler et al., 2008)
have been successfully cloned into RCAS vectors to study their role in tumorigenesis. Insert
size limitations can also be overcome by eliminating some of the viral structural genes such
as env (e.g., BBAN vectors) (Li et al., 2012) (see Section 3 below). RCAS vectors have also
been used to deliver bioluminescence and fluorescence-based reporter gene constructs to
enable in vivo imaging and tracking of tumors and specific cell types (Becher et al., 2010; L.
Uhrbom, Nerio, & Holland, 2004; Halliday et al., 2014). Higher efficiency, specificity, and
control of gene expression have been achieved by adding internal promoters to the vectors
(e.g., RCAN vectors) (Li et al., 2012). Such ease of customization makes the RCAS vector
adaptable for modeling a wide range of cancers in vivo (Ahronian & Lewis, 2014).

2.2 | The TV-A receptor

Another advantage of the RCAS/#v-a system is the spatiotemporal control of fv-a gene
expression, which is governed by the presence of the tumor virus A (TV-A) protein receptor
on the surface of the target host cells (Figure 1b). The viral envelope glycoproteins bind

to the TV-A receptor and enter host cells. Avian cells naturally express TV-A protein on
their surface making them susceptible to infection. Mammalian cells, which otherwise lack
this receptor, can be engineered to express the fv-a gene under the control of tissue-specific
promoters thereby localizing its expression only within the cells where the selected promoter
is activated (Li et al., 2012). This additional layer of control provides more scientific
flexibility in exploring gene transformations.

The DF-1 cells transduced with RCAS vectors are typically used to deliver viral particles
to TV-A positive cells in vitro or in vivo. Since the virus is unable to enter and replicate

in mammalian cells, there is a minimum risk of cell-to-cell spread of infection. The TV-A-
positive host cells are also susceptible to multiple rounds of infection which enables the use
of several RCAS vectors carrying different target genes or ShRNAs either simultaneously
or sequentially at any time during the experiment (Ahronian & Lewis, 2014; Ozawa et al.,
2014). This enables the evaluation of multiple gene combinations on cancer development
using a single fv-atransgenic rodent line rather than generating and maintaining separate
and/or cross transgenic lines for genes of interest. Using tetracycline-induction, cre-lox
recombinases, or selecting temporally activated promoters offers additional control over the
desired gene expression (Ahronian & Lewis, 2014; Hambardzumyan, Amankulor, Helmy,
Becher, & Holland, 2009; Mayr et al., 2008). As cancer is frequently a disease of multiple
genetic alterations, initially developing in relatively few “cells of origin™ and then acting in
synergy to drive tumorigenesis, these properties of the RCAS/fv-a system have made it an
important means of accurately modeling cancer progression.

2.3 | tv-atransgenic animals

To adapt the RCAS/ tv-a technique for in vivo tumor modeling, transgenic mice expressing
the TV-A receptor under various tissue-specific promoters have been generated. Some
examples include keratin-fv-a, elastase-#v-a, or stem cell leukemia (sc)—tv-a (SCL-tv-a)
transgenic mice that have been used for in vivo modeling of breast and ovarian cancer,
pancreatic cancer, and hemangiomas, respectively (Fisher et al., 1999; Li et al., 2012;
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\Von Werder, Seidler, Schmid, Schneider, & Saur, 2012). Holland et al. were the first to
generate two strains of transgenic mice for specifically modeling gliomas; one with glial
fibrillary acidic protein (GFAP) promoter-driven fv-a (Gtv-a) expression targeting both
immature and mature astrocytes and the other with nestin promoter-driven tv-a (N#v-a)
expression targeting neural progenitor cells (Holland et al., 1998; Holland & Varmus,
1998). These fv-atransgenic mice have also been crossed with mice bearing germline
mutations in tumor suppressors (e.g., p53, PTEN) or cell cycle arrest proteins (e.g., /INK4a-
Arf/CDKNZA, Rb) commonly implicated in glioma progression, to study their combined
effect on tumorigenesis (Brennan et al., 2013; Li et al., 2012).

Breeding with luciferase-expressing transgenic reporter mice has enabled in vivo monitoring
of tumor cells via bioluminescence imaging (BLI) (Uhrbom et al., 2004; Becher et al.,
2008). For example, Uhrbom and colleagues crossbred the N #v-a mice with Ef-luc reporter
mice, which expressed luciferase under the tumor-specific human E2f1 promoter, to generate
Ef-luc-N#v-a double transgenic mice (Uhrbom et al., 2004). Following injection of RCAS-
PDGF-B viruses, BLI was used to assess tumor growth in the mice and to monitor

response to treatment by PDGFR and mTOR inhibitors. A similar approach was adopted

by Becher et al. in a study examining the role of sonic hedgehog (SHH) signaling in
PDGF-B-induced gliomas (Becher et al., 2008). They generated Gli-luc-N#v-a mice, where
luciferase was expressed under a glioma-associated oncogene homolog (Gli)-responsive
promoter. Luciferase expression could also be triggered by the injection of RCAS-Cre in
tv-atransgenic mice bearing the Lox-Stop-Lox luciferase cassette (Ene et al., 2020).

In addition to luciferase, many fluorescence reporter mice (GFAP-GFP*, Olig2*-GFP*,
Cx3crICFPWL cor RFPIWY have been crossed with various fv-a transgenic mice for in vivo
tracing, downstream cell isolation, and functional analyses of specific cell types in the
glioma microenvironment (Alexander et al., 2020; Halliday et al., 2014; Szulzewsky et al.,
2015).

Newer fv-astrains driven by promoters active in specific cell populations in the brain during
various stages of neurodevelopment (e.g., Pax3-fv-a, Ctv-a, Btv-a) have aided the study of
the origin and biology of different CNS tumaors such as pediatric gliomas and ependymomas
(Lindberg, Kastemar, Olofsson, Smits, & Uhrbom, 2009; Misuraca, Hu, Barton, Chung,

& Becher, 2016; Ozawa et al., 2018). More recently, our group has generated N#v-a
transgenic rats, further extending the application of this brain tumor modeling technology
to an additional rodent species (Connolly et al., 2017; Connolly et al., 2018). As the
understanding of neurobiology and the processes underlying gliomagenesis evolves, novel
strains of tfv-arodents could be created for use with the increasing variety of RCAS vectors.

3| ADVANTAGES AND DISADVANTAGES OF THE RCAS/tv-a SYSTEM

Accurately modeling gliomas in vivo comes with distinct requirements that are met
efficiently using the RCAS/tv-a system (Table 1). For example, gliomas form in situ without
the intracranial injection of tumor cells. Importantly, dividing and non-dividing cells can

be infected in the brain and, uniquely, neural precursor cells can specifically be targeted

for studying gliomagenesis. Such a controlled pattern of infection faithfully models the
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clonal origin of solid tumors and a core, driving population of cancer stem-like cells. More
generally, the RCAS/tv-a system allows for tumor modeling in immunocompetent hosts.
The RCAS/tv-a system, paired with CRISPR-Cas9 technologies, enables the introduction

of loss-of-function point mutations or truncations into the sequence of the gene of interest
encoded in the RCAS plasmid, to directly map the functional importance of protein domains
for the oncogenic capabilities of said genes (Ozawa et al., 2018; Szulzewsky et al., 2020).

A key limitation of the RCAS/fv-a model comes with its relatively small gene insert size
capacity. Some efforts have been made to customize the vector by deleting certain viral
structural elements (e.g., env~deleted BBAN vectors) to accommodate inserts larger than
2.5 kb, but these experiments have resulted in replication-incompetent vectors which yield
significantly lower viral titers, rendering them unfeasible for in vivo infections (Chen et
al., 1999; Li et al., 2012). Nevertheless, multiple alternate approaches have been adopted
to circumvent this problem. An example of this is the use of RCAS/fv-a models to study
the role of constitutively active EGFR mutants (EGFRVIII) in glioma biology. The large
size of the EGFR gene does not permit its incorporation into the RCAS plasmid. Hence, a
truncated version of the EGFR cDNA that would retain the constitutive kinase activity of the
mutant receptor was used to construct an RCAS vector (Holland et al., 1998). More recent
studies have used transgenic EGFRVIIIT-19P7-T mice injected with RCAS vectors carrying
cre-recombinases to model EGFRvIII-driven gliomas (Chen et al., 2020; Ene et al., 2020).
Some groups have also used modified retroviral or lentiviral vectors pseudotyped with
ASLV-A (Env A), the ligand for TV-A receptor, to deliver large genes while still retaining
the specificity of infection offered by RCAS/fv-a (Mon Werder, Seidler, Schmid, Schneider,
& Saur., 2012; Ahronian & Lewis., 2014).

Another limitation of the RCAS/fv-a system is that in some cases the generated tumors can
have very low penetrance and long latency periods, depending on the oncogene used. This

may limit some investigations to only specific genes or gene combinations which result in

higher penetrance rates.

4| VERSATILE TUMOR MODELING USING THE RCAS/TV-A SYSTEM

The generation of multiple transgenic fv-a rodent strains has greatly expanded the utility

of RCAS/tv-a as a tool for tumor modeling. Furthermore, genetic manipulations such as
introducing bioluminescence reporters (Uhrbom et al., 2004, Becher et al., 2008; Ene et al.,
2020), fluorescence reporters (Becher et al., 2010; Lindberg et al., 2009; Alexander et al.,
2020; Halliday et al., 2014), and cell barcodes (Sanz et al., 2009) have not only enabled in
vivo tumor imaging and tracking of individual cell lineages but also expanded the scope of
performing a wide variety of genomic and proteomic analyses and measuring response to
different treatment modalities. The following sections of this review summarize the various
ways in which RCAS/tv-a-driven glioma models have served as a versatile platform for
studying glioma biology and preclinical testing of novel therapeutics.

4.1 | Understanding the molecular drivers of glioma initiation

Due to the high degree of molecular and cellular heterogeneity in human gliomas,
establishing faithful in vivo models has been a formidable challenge. The use of the RCAS/
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tv-a system has been helpful in delineating numerous aspects of glioma biology, especially
regarding immunology, given the in-situ tumor formation in immunocompetent hosts. In
such early work, it was demonstrated that specific co-operative effects of oncogenic RTK
signaling and loss of function of cell cycle arrest pathways promote glioma progression

in mice (Holland et al., 1998). For example, in an early model, only mice with combined
oncogenic mutations of both RTK and cell cycle pathways (in this study, constitutive EGFR
activation and /NK4a-Arfdeletion, respectively) developed glioma-like lesions resembling
human disease. The co-operative effects of constitutive EGFR activity, p53 deletion, and
CDK4 overexpression were also shown to generate gliomas in N#v-a mice (Holland et

al., 1998). Using a similar approach, the role of other growth factors, such as fibroblast
growth factor (FGF)-2, platelet-derived growth factor (PDGF)-B, and insulin-like growth
factor- binding protein (IGFBP)-2, in promoting and maintaining high-grade gliomas was
demonstrated (Holland & Varmus, 1998; Holmes et al., 2012; Shih et al., 2004). These
studies have also helped elucidate the redundancy and crosstalk derived from different
oncogenic mutations and signal transduction pathways (e.g., MAPK, JAK-STAT, NF-xB,
integrins) driving glioma progression (Gressot et al., 2015; Holmes et al., 2012; Robinson et
al., 2010).

The versatility and efficiency of the RCAS/fv-a system have been demonstrated by
validating computational and mathematical analyses of human GBM data in mouse models
to connect the three GBM transcriptional molecular subtypes (classical, proneural, and
mesenchymal) in an evolutionary framework. Ozawa et al. reported that more primitive
tumors were “proneural” in character (Ozawa et al., 2014). In both N#v-aand G#v-a mice,
overexpression of PDGF-A, predicted by computational analyses to be the strongest initial
driving event in glioma evolution, was one of the only single transformations sufficient

to drive gliomagenesis in vivo. The combination of PDGF-A and Tp53 loss recreated by
injecting RCAS-PDGF-A and RCAS- shp53-RFP was able to induce high-grade gliomas in
100% of injected N#v-aand G tv-a transgenic mice. Similarly, RCAS-shp53-RFP and RCAS-
shNf1-GFP vectors injected together in Nfv-aand G#v-a transgenic mice, generated gliomas
with genomic and histological features resembling the mesenchymal transcriptional subtype.
These models were also used to validate many other conclusions of the human data-based
computational and mathematical framework (e.g., shortening of survival in PTEN deficient,
PDGF-A-induced gliomas; PDGF-A elevation followed by CDKNZA loss propagates tumor
formation; and late loss of NVFI converts PDGF-A-induced proneural tumors to those with

a mesenchymal gene expression pattern) (Ozawa et al., 2014). Oldrini et al. have further
expanded the utility of this technique by combining more sophisticated gene-editing tools
like CRISPR-Cas9 (see below) to recreate more complex gene fusions and chromosomal
deletions commonly encountered in certain rare gliomas (Oldrini et al., 2018). Finally,
Pattwell et al. showed that a splice variant of NTRK2/TrkB (TrkB.T1) which lacks the
intracellular kinase domain of full-length TrkB is specifically upregulated in glioma tumors
compared with normal brain. Combined expression of RCAS-TrkB.T1 with RCAS-PDGF-B
resulted in a significantly shorter tumor latency compared with the expression of RCAS-
PDGF-B alone (Pattwell et al., 2020).

Another significant contribution of the RCAS/ fv-a technology has been in the field of
pediatric brain tumor research. RCAS vectors were used to develop the first genetically
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engineered mouse model for diffuse intrinsic pontine glioma (DIPG), a rare and incurable
form of pediatric brain tumor originating in the brainstem (Misuraca, Cordero, & Becher,
2015). Limited access to patient tumor samples and a lack of understanding of tumor
biology has been a deterrent to the development of any new treatments for DIPG.

However, this model, established by delivering RCAS-PDGF-B to the brain stem of
Ink4a-Arf~'~ neonatal mice, demonstrated the transforming potential of cells outside the
subventricular zone in the brain and effectively mimicked key histological features of

the human disease (Becher et al., 2010). In subsequent years, additional RCAS-driven
models of DIPG integrating the most common genetic and epigenetic mutations of the
disease (i.e., PDGF overexpression, p53 loss, and the H3.3K27M mutation) were engineered
(Misuraca et al., 2015). A newer model for DIPG using Pax3-fv-a transgenic mice,

where Pax3 is a transcription factor specific for cells located in the brainstem, was also
established. These mice, injected with RCAS-PDGF-B, RCAS-Cre (for p53 deletion),
and/or RCAS-H3.3K27M, developed varying degrees of low-grade and high-grade gliomas
with histological characteristics resembling human DIPG tumors (Misuraca et al., 2016).

4.2 | Exploring the “cells-of-origin” in gliomas

Cells of origin in cancer are defined as cells that either inherently have or have acquired
transforming alterations (e.g., inherited or somatic gene mutations) and initiate a particular
type of cancer (Visvader, 2011). The cell(s) of origin in gliomas has been a topic of much
debate and study. Over the years, as our understanding of development and neurobiology
have evolved, many studies have exploited the cell-specific targeting properties of the
RCAS/tv-a system to explore the topic of “cells-of-origin” in gliomas. Most of these studies
have targeted delivery of RCAS viruses carrying specific oncogenes mainly to two cell
types in the mouse brain (astrocytes and neural progenitors using Gtv-a or Nfv-a mice,
respectively). Holland et al. found that RCAS-mediated combined delivery of Akt and Ras
oncogenes induced high-grade gliomas in N#v-a mice but not in G#v-a mice (Holland et al.,
2000). In a follow-up study, it was observed that K-ras alone was sufficient to induce tumor
formation in /nk4a-Arfnull mice of both N#v-aand G#v-a strains, highlighting the role

of specific combinations of oncogenic alterations that could promote tumor formation by
transforming susceptible cell types in the brain (Lene Uhrbom et al., 2002). This was further
exemplified when Lindberg et al. successfully demonstrated glioma formation from more
differentiated oligodendrocyte progenitor cells (OPCs) via targeted intracranial delivery

of RCAS-PDGF-B in Ctv-amice where the TVA receptor expression is driven by the
OPC-specific 2”, 3"-cyclic nucleotide 3’-phosphodiesterase (Crp) promoter (Lindberg et
al., 2009). OPCs were also found to be susceptible to transformation by Kras-Akt in Ctv-a
mice with Arfor /Ink4a-Arfdeletions (Lindberg et al., 2014). Thus, while most literature
suggests that neural progenitors may be the tumor-initiating cells of origin in gliomas, the
capability of inducing specific oncogenic alterations to transform more differentiated cell
types still warrants further investigation into how gliomas originate. Combining the RCAS/
tv-atechnology with more sophisticated gene editing and lineage tracing tools may provide
a means to advance such investigations.
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Modeling isocitrate dehydrogenase wild-type and mutant gliomas

A genome-wide analysis of gliomas revealed that the /DHI gene is the most commonly
mutated gene in low-grade gliomas (grade I1-111) and secondary GBMs (Agnihotri et al.,
2013). Isocitrate dehydrogenase (IDH) is an enzyme in the citric acid cycle that, when
mutated, permits the conversion of isocitrate to the oncometabolite 2-Hydrodxyglutarate
(2-HG) and inhibits DNA de-methylation. Thus, IDH-mutant gliomas develop a glioma-CpG
island methylator phenotype (G-CIMP), a state of epigenetically altered gene expression
via DNA hypermethylation (Noushmehr et al., 2010). Patients with IDH-mutant GBM have
significantly longer survival (~31 months) than those with IDH-wild-type tumors (~15
months) (Yan et al., 2009). Hence, now along with histological grade, the IDH status of
tumors is also used to classify and predict patient prognosis as these mutations are drivers
of less aggressive diffuse astrocytomas and oligodendrogliomas (Cancer Genome Atlas
Research et al., 2015; Louis et al., 2016; Yan et al., 2009).

Several groups have attempted to develop animal models of IDH-mutant gliomas, which
have proved to be a challenging task due to the perinatal lethality of conditional knock-in

of mutant IDH1 using nestin-Cre or GFAP-Cre (Pirozzi et al., 2017). Tamoxifen-induced
activation of IDH1R132H restricted to the subventricular zone (SVZ) of adult mice does

not result in gliomas, suggesting that the IDH mutation alone is not sufficient for
gliomagenesis (Philip et al., 2018). Amankulor et al. were the first to develop IDH-wt

and IDH-mutant mouse models using the RCAS/tv-a system for a comparative study of
these gliomas in an immunologically intact microenvironment (Amankulor et al., 2017).
DF-1 cells with RCAS-PDGF-A + RCAS-hIDHwt-U6-shp53 or RCAS-hIDHmut-U6-shp53
were intracranially injected in nestin-fv-a mice. The second cohort developed tumors with a
histological resemblance to human IDH-mutant GBM. Much like human GBM, mice with
IDH-mut tumors had longer survival, higher levels of 2-HG, and an increase in overall DNA
methylation compared with IDH-wt mice. Strikingly, IDH-mut tumors had less infiltration
of various immune cell types (e.g., lymphocytes, macrophages) and impaired neutrophil
chemotaxis compared with IDH-wt tumors. These observations could provide some clue

for the role of IDH mutations in the glioma microenvironment. Philip et al. (2018) also
generated IDH1R132H_driven tumors using the RCAS/fv-a system and found that loss of
CDKNZA, ATRX, and PTEN combined with PDGF-A was required to significantly increase
tumor penetrance and decrease tumor latency (Philip et al., 2018). These tumors were
metabolically, genetically, histologically, and functionally similar to high-grade human IDH-
mutant gliomas.

Complexities in studying the glioma immune microenvironment

The glioma microenvironment is a complex ecosystem of tumor cells, immune cells, various
brain resident cells, blood vessels, glymphatic structures, and components of the brain ECM
(Quail & Joyce, 2017; Sampson, Gunn, Fecci, & Ashley, 2020). The immune landscape

of gliomas is characterized by a high density of bone marrow-derived macrophages and
resident microglia coupled with low numbers of cytotoxic T-cells. The crosstalk between
tumor cells and GAMs drives the creation of a highly immunosuppressive TME via the
production of cytokines like IL-6, IL-1B, IL-10, and TGF-p (Kaffes et al., 2019; Szulzewsky
et al., 2016), facilitating recruitment of immunosuppressive cells (e.g., myeloid-derived
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suppressor cells [MDSCs]) and/or transformation to immunosuppressive cellular states that
foster immune tolerance and permit tumor growth (Brown, Carter, Ottaviani, & Mulholland,
2018; Quail & Joyce, 2017).

Immunotherapy-based treatments have shown great promise in a wide variety of cancers,
revolutionizing the standards of care for many patients (Scheetz et al., 2019; Topalian,
Taube, & Pardoll, 2020). Currently, there are several immunotherapies in various stages

of preclinical testing and clinical trials as potential treatments for GBM (Boussiotis &
Charest, 2018; Sampson et al., 2020). Some of these approaches include boosting the T-cell
response against tumor cells via immune checkpoint blockade, tumor vaccines, chimeric
antigen receptor T-cell (CAR-T) therapy, or oncolytic virus-based therapies, while others are
aimed at reversing the immunosuppressive TME by targeting TAMs and MDSCs (Boussiotis
& Charest, 2018; Ene et al., 2020; Lyon, Mokarram, Saxena, Carroll, & Bellamkonda,

2017; Wirsching et al., 2019). For the successful translation of these novel therapies to
clinical use, it will be important to select predictive animal models for preclinical testing.
Such a model and related host species must possess an immune system bearing a close
resemblance to humans and must capture the dynamic interactions that occur between the
tumor and its microenvironment beginning during tumor initiation through progression.
While it is difficult for a single animal model to emulate all the nuances of the human
glioma microenvironment, RCAS-driven GEMs offer certain distinct advantages like in

situ tumor formation and gradual evolution of the TME in conjunction with tumor growth
(Figure 2) (Olson, Li, Lin, Liu, & Patnaik, 2018; Yeo & Charest, 2017).

RCAS-PDGF-B-driven glioma models have been used to study the composition of the TME
in glioma and analyze the expression of inflammatory marker genes in sorted innate immune
cells (Bowman et al., 2016; Chen et al., 2017; Szulzewsky et al., 2015). These studies
combined the RCAS/fv-a system with fluorescent reporter mice, such as the Cx3cr1CFPwL
CerRFPMWt knock-in reporter mouse, to distinguish between brain-resident microglia (GFP™)
and bone marrow-derived macrophages/monocytes (GFP*/RFP*) within the TME. It was
found that GAMSs were characterized by a mixed activation state that involved upregulation
of both pro-inflammatory (M1-like) and anti-inflammatory or activated (M2-like) genes
(Zeiner et al., 2019). Moreover, these expression patterns were different and unique

for microglia and the bone marrow-derived macrophages/monocytes (Chen et al., 2017;
Szulzewsky et al., 2015). Immunophenotyping based on the dual fluorescence reporter
system revealed that infiltrating bone marrow-derived cells (GFP*/RFP*) formed the
majority of GAMs in the microenvironment of RCAS-PDGF-B gliomas and localized
preferentially to the perivascular areas (Chen et al., 2017; Szulzewsky et al., 2015). Similar
findings have been obtained by single-cell RNA sequencing of human GBM samples
(Muller et al., 2017). Herting et al. later compared the immune TME of proneural (RCAS-
PDGF-B-driven) tumors to the mesenchymal subtype glioma model which is generated

by combined NFI and p53silencing. They found that mesenchymal (A/fZ-silenced) tumors
exhibit an increased presence of 1bal* microglia/macrophages compared with proneural
tumors (Herting et al., 2017), results which were also observed in human mesenchymal

and proneural GBM samples (Kaffes et al., 2019). Subsequent studies performing in-depth
immunophenotyping of previously identified Iba* myeloid cell populations in various
RCAS-driven GBM subtypes revealed that mesenchymal (A/fZ-silenced) tumors possessed
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a higher percentage of brain-resident microglia while bone marrow-derived macrophages
were the major myeloid cell type in the TME of proneural (PDGF-B-driven) and classical
(EGFRvIII-mutant) subtypes (Chen et al., 2020), consistent with trends observed in human
GBM samples (Gabrusiewicz et al., 2016). Feng et al. showed that loss of Cx3cr1 leads to
an increased infiltration of bone marrow-derived monocytes and increased IL-1p production,
ultimately leading to a shorter survival of animals bearing RCAS-PDGFB-driven gliomas
(Feng et al., 2015). Follow-up studies by Herting et al. showed that pharmacological
inhibition of IL-1 signaling could improve the efficacy of radiation therapy of RCAS-PDGF-
B tumor-bearing animals (Herting et al., 2019). Aside from immune cells, tumor-associated
astrocytes (TAAS) are also found in the microenvironment of proneural gliomas, largely
localized to two main regions—the perivascular niche and the invasive tumor margins (Katz
et al., 2012). A combination of GFAP and Olig2 fluorescence reporter mice injected with
RCAS-PDGF-B reporter constructs were used to determine the distribution and function

of these cells. The TAAs have a distinct GBM-associated gene expression profile with
increased expression of genes involved in the antigen presentation pathway, among others.
Moreover, a subset of these genes had the potential to predict patient survival in g-CIMP
proneural tumors.

In another study, Kong et al. described a PDGF-B and Bcl-2-driven glioma model in N#v-a
mice exhibiting key histological features of high-grade gliomas such as diffuse infiltration in
the brain parenchyma, pseudopalisading necrosis in brain parenchyma, and migration along
white matter tracts (Kong et al., 2010). Immunohistochemical analyses revealed the presence
of Tregs and a high percentage of macrophages in these tumors, with the latter negatively
impacting the survival of animals with high-grade tumors. These high-grade tumors also

had elevated levels of phosphorylated/activated STAT3, an important GBM transcription
factor, which correlated with the high degree of macrophage infiltration (Kong et al.,

2010). Furthermore, treatment with the STAT3 inhibitor, WP1066, significantly reduced the
intratumoral pSTAT3 levels and macrophage numbers resulting in improved overall survival,
demonstrating the utility of this model for preclinical testing of targeted therapies in these
tumors. Similar RCAS-PDGF mouse models have been used by other groups to study the
function of immunosuppressive cell types like MDSCs on the glioma microenvironment.

A comparative analysis of tumor samples from one such RCAS-PDGFB mouse model

and human GBM patients revealed high levels of MDSCs in both groups (Raychaudhuri

et al., 2015). Interestingly, bone marrow-derived MDSCs (BMDCs) were also shown to
promote the progression of low-grade RCAS-PDGF-driven lesions to high-grade gliomas

in mice as reported by Rajappa et al. (2017). This supported their observation that patients
with high-grade gliomas had higher systemic levels of BMDCs than those with low-grade
gliomas. Blocking intra-tumoral recruitment of these cells by treatment with a JAK 1/2
inhibitor was shown to be successful in stalling the progression of low-grade lesions to
high-grade gliomas in these mice, resulting in improved survival outcomes.

More recently, our group developed a rat glioma model driven by PDGF-A overexpression
and p53 knockdown using the RCAS/tv-a system (Connolly et al., 2017). This

model faithfully captures many of the classic histological as well as immunological
features of human GBM, including few T-cells, microvascular proliferation, regions of
pseudopalisading necrosis, and presence of diffusely invasive cells at the tumor margins

Glia. Author manuscript; available in PMC 2021 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kanvinde et al.

Page 12

(Figure 3) (Connolly et al., 2017). Immunofluorescence analysis of the brain tumors showed
high macrophage infiltration, the presence of activated microglia, and sparse populations

of lymphocytes analogous to human tumors. The distribution of brain resident microglia
versus tumor-infiltrating bone marrow-derived macrophages were studied using a CD49d
antibody (Bowman et al., 2016). Each of these cell types had distinct patterns of distribution
in the tumors and contributed to the composition of the TME. In a subsequent study,

the transcriptional profile of these rat tumors was compared with tumors derived from
RCAS-PDGF/p53~/~ mouse glioma model, spontaneous canine gliomas and human GBM
patients (Connolly et al., 2018). Rat and human tumors had the most overlap between

core signaling pathways that are critical drivers of glioma biology. On comparing the
immune microenvironment signature across tumors, it was observed that only the rat tumors
had evidence of high M2-like tumor-promoting macrophage infiltration commonly seen in
human tumors.

45| Modeling of less common CNS tumors

Several studies have used the RCAS/tv-a system to model less common CNS tumors, such
as medulloblastoma and supratentorial ependymomas. Expression of RCAS-SHH (sonic
hedgehog protein) alone was sufficient to induce medulloblastoma formation in N #v-a mice
at a low frequency and tumor formation was enhanced substantially by concurrent infection
with RCAS-Akt, RCAS-IGF2, or RCAS-N-myc (Browd et al., 2006; Rao et al., 2004).
Subsequently, loss of PTEN was later shown to enhance medulloblastoma formation caused
by the expression of RCAS-SHH in N#v-a mice (Hambardzumyan et al., 2008).

Recent large-scale genomic sequencing studies have identified distinct subgroups

of Supratentorial (ST)-Ependymoma, characterized by distinct methylation and gene
expression patterns and the presence of characteristic gene fusion products that represent the
likely tumor-initiating events and oncogenic drivers in these tumors (Lester & McDonald,
2020; Pajtler et al., 2015; Parker et al., 2014). The aggressive ST-EPN-RELA subgroup of
ST-ependymoma accounts for ~80-90% of ST-ependymoma cases and is characterized by
the presence of the C110rf95-RELA gene fusion (Pajtler et al., 2015; Parker et al., 2014).
Using the RCAS/tv-a system to overexpress the most frequent variant of C110rf95-RELA in
both N#v-a and G#v-a mice, Ozawa et al. have shown that the expression of this gene fusion
is sufficient to cause the formation of ependymoma-like tumors that resemble their human
counterparts in histomorphology and marker expression (Ozawa et al., 2018). Similar tumors
were also observed in B#v-a mice where fv-a expression is driven by brain lipid-binding
protein (BLBP) promoter, which is active in the neural stem and progenitor cells present in
the ventricular wall (Ozawa et al., 2018). These results indicate that the C110rf95-RELA
fusion is the likely tumor-initiating event and oncogenic driver in these tumors and thereby
a potential therapeutic target. The less frequent ST-EPN-YAP1 subgroup of ST-ependymoma
is characterized by the presence of two distinct YAP1 gene fusions (YAP1-MAMLD1 and
YAP1-FAM118B) (Pajtler et al., 2015; Pajtler et al., 2019; Szulzewsky et al., 2020). In
addition, YAP1 gene fusions have been identified in several other cancers, where they
constitute distinct subgroups of tumor types (Antonescu et al., 2013; Sekine et al., 2019;
Sievers et al., 2019). The RCAS/tv-a system was used to express four of these YAP1 gene
fusions (YAP1-MAMLD1, YAP1-FAM118B, YAP1-TFE3, and YAP1-SS18) in the brain
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and hindlimb muscle of N#v-a or G tv-a Cdkn2a wild-type and null mice and it was found
that expression of each of the analyzed YAP1 fusion genes was sufficient to induce tumor
formation in both brain and muscle.

By using the RCAS/tv-a system to express point mutant versions of the different C110rf95-
RELA and YAP1 gene fusions, it was possible to examine the necessary amino acid residues
for their oncogenic function. Serine 276, located in the Rel homology domain of the RELA
protein (S486 in the C110rf95-RELA protein), was identified as essential for the oncogenic
functions of C110rf95-RELA and a S486E point mutant C110rf95-RELA was unable to
induce tumor formation (Ozawa et al., 2018). Similarly, the interaction between YAP1

and TEAD transcription factors—mediated by the S94 residue of YAP1—was identified

as essential for the oncogenic activity of all four analyzed YAP1 fusion proteins and that
pharmacological inhibition of this interaction was sufficient to inhibit the growth of RCAS-
YAP1-FAM118B-driven mouse tumor cells (Szulzewsky et al., 2020).

4.6 Tumor modeling and validation using RCAS/tv-a-CRISPR-Cas9

The RCAS/tv-a system combined with CRISPR-Cas9 genome editing tools offers a
powerful additional layer of control in accurately modeling human gliomas. Using
engineered RCAS/Nestin-f-a/Cas9 or RCAS/GFAP-#~a/Cas9 strains, RCAS-gRNA
constructs have been used to edit and knock-out a number of tumor suppressing genes
(TSGs) frequently altered in high-grade gliomas ( 7P53, CDKNZa exon 1B locus, and
PTEN) specifically in the sub-ventricular zone, one of the neural stem cell compartments of
the brain (Oldrini et al., 2018). Unlike RCAS-PDGFB injections into young or adult Nfv-a
and G#v-a mice, which result in variable tumor penetrance (15-20%) and relatively long
latency (>100 days), injection of RCAS-PDGF-B/RCAS-TSG-gRNAs accelerated tumor
formation with the majority of tumors having high-grade characteristics and molecular
perturbations reflective of the gRNA injected. Single sample gene set enrichment analysis of
RNA sequencing data from the RCAS-TSG tumorspheres of these mice showed similarity
to the human proneural subtype for Tp53 null cells and the classical subtype in those

with both the Cdkn2a and Pten transformations. Importantly, Cas9 induction by tamoxifen
exposure did not activate a robust immune response in these adult mice. The RCAS/tv-&
CRISPR-Cas9 system was also used to model and validate recurrent gene fusions as a driver
of tumorigenesis using their endogenous promotors (Oldrini et al., 2018). A Bcan-Nirk1
gene fusion was found to be sufficient to drive glioma formation in NOD/SCID mice. The
Bcan-Ntrk1 gliomas were sensitive to the TRK tyrosine kinase inhibitor entrectinib and cells
isolated from these gliomas and treated with acute constant doses of entretinib developed
resistance. These cells were found to show an increased level of activation of Akt/S6 and
MAPK/ERK pathways and showed higher sensitivity to the MAPK inhibitor trametinib

as compared with parental Becan-Nirk1 tumorspheres, suggesting a novel treatment option
for entrectinib-resistant tumors. Using the RCAS/ fv-&CRISPR-Cas9 system, chromosomal
translocation and point mutations via homologous recombination were also induced, though
in immunocompromised mice. The combined RCAS/tv-a-CRISPR-Cas9 system will enable
creative new approaches to study glioma progression and reduce the variability in penetrance
and latency which can limit use in preclinical treatment cohorts.
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4.7 Preclinical testing of therapeutics and imaging modalities

The unique capability of the RCAS/tv-a system to engineer tumors with nearly any

desired combination of molecular alterations makes it a highly predictive platform for
preclinical testing of therapies targeting specific signaling pathways commonly driving
glioma progression (Fomchenko & Holland, 2006; Huse & Holland, 2009; Oldrini et al.,
2018) (Table 2). Additionally, these models have also been used to validate the feasibility
of new diagnostic imaging technologies for accurate tumor visualization to help with the
completeness of surgical resection, optimize currently practiced radiotherapy regimens for
better disease management, assess the impact on corticosteroid use on the effectiveness of
radiotherapy, and identify molecular drivers of resistance to radiotherapy (Alexander et al.,
2020; Karabeber et al., 2014; Leder et al., 2014; Pitter et al., 2016). Given the advantage

of using immunocompetent hosts and a TME closely mirroring features of human gliomas,
RCAS models have also been useful for exploring the efficacy of novel immunotherapies
aimed at boosting antitumor immune responses (Cimino et al., 2019; Ene et al., 2020; Kong
et al., 2016; Pyonteck et al., 2013; Quiail et al., 2016; Rajappa et al., 2017; Wirsching et al.,
2019; Wirsching, Arora, et al., 2019; Zhang et al., 2018). In summary, these studies have
helped answer numerous important questions regarding drug development for GBM and
shed light on some of the challenges that must be overcome for the successful translation of
new therapies to clinical use.

5| PERSPECTIVES AND FUTURE DIRECTIONS

The RCAS/tv-a system has proven to be a valuable tool for in vivo modeling of human
gliomas. This model system has been especially useful in studying the biology of tumors
characterized by single or multiple transforming genetic alterations which function as
initiators and/or drivers of tumor progression (e.g., gene fusions, loss of tumor suppressors
like Ink4a/Arf, NF-1, etc.) (Antonescu et al., 2013; Ozawa et al., 2018; Szulzewsky et

al., 2020; Uhrbom et al., 2002). Similarly, the system is also proving to be quite useful

in dissecting the differential effects of alternate splice variants of key genes implicated

in driving glioma biology (Pattwell et al., 2020). As we gain a deeper understanding of
brain tumor biology and come closer to identifying the triggering mechanism(s) of cellular
transformation and cancer initiation, improved cancer diagnostics for earlier detection of and
intervention against such changes will be at the forefront. The alternative will be accepting
the formidable challenge of treating highly complex, heterogeneous, plastic, and treatment-
resistant tumors with some form of therapeutic cocktail that controls for or minimizes

the impact of tumor evolution. While not mutually exclusive visions of the future, each
vision necessitates a quite different experimental modeling approach and strategy. The
RCAS/tv-amodeling system is well-suited for a future where information regarding tumor
initiation in one or more specific cell type powers diagnostic and therapeutic strategies to
intervene earlier and earlier to effectively manage the disease. Accordingly, work focused
on expanding the size and complexity of genomic cassettes, in vivo imaging techniques,
inducible constructs, and biological environments to expand and further leverage RCAS/
tv-aapproaches will be highly valuable. Ongoing examples of this include: examination
of neurodevelopmental processes (Beier, Samson, Matsuda, & Cepko, 2011), identifying
complex neural circuits in the brain (Stornetta, Inglis, Viar, & Guyenet, 2016; Suzuki,
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Morimoto, Akaike, & Osakada, 2020), and investigating the developmental origins of

other CNS tumors (e.g., medulloblastomas) (Schuller et al., 2008). Controlled genomic
manipulations are often essential in dissecting the impact of driver processes and/or
biological pathways on disease initiation and progression and validating new treatment
strategies. While a single model system will never serve all purposes, genetically engineered
RCAS/tv-amodels present a powerful tool for advancing future brain cancer research.
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FIGURE 1.

Schematic depiction of the RCAS/fv-a glioma model. (a) DF-1 chicken fibroblasts are
transfected with RCAS plasmids carrying a gene of interest for propagation in vitro. (b)

Transfected DF-1 cells or the isolated RCAS virions are injected into transgenic fv-a rodent

hosts where they selectively infect TV-A-positive cells, in some instances confined by

cell -or tissue-specific fv-a gene expression. Stable integration of the gene of interest into

host DNA then results in tumors with specific features. Abbreviations: RCAS, replication-

competent ASLV long terminal repeat splice acceptor; fv-a, tumor virus receptor A
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FIGURE 2.
Schematic comparison of PDX, Germline GEM, and Modifiable GEM glioma models.

The schematic illustrates the general methodology used to establish the different advanced
glioma animal models and details some differences in the major cell types residing in

the tumor microenvironments (TME). Notably, all of the models except the Germline

GEM (spontaneous) glioma model involve some form of intracranial injection, which may
contribute to the tumor initiation and progression process. Human PDX cell lines can be
delivered into various immunodeficient rodent strains, ranging from athymic nude (/4) mice
(no mature T-cells) to NOD SCID gamma (NSG) mice (no mature T cells, B cells, or natural
killer [NK] cells); in each case, the tumor microenvironment will vary depending on the
host context. Moreover, modern versions of these PDX models have been set up to restore
features of the human TME via an adoptive transfer of human hematopoietic stem cells or
differentiated immune cells into immunodeficient rodent hosts creating “humanized” mice.
Abbreviations: APC, antigen-presenting cell; BMDM, bone marrow-derived macrophage;
GEM, genetically engineered model; PDX, patient-derived xenograft; RCAS, replication-
competent ASLV long terminal repeat splice acceptor; fv-a, tumor virus receptor A
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RCAS/tv-a tumor

PDX tumor

FIGURE 3.
MRI and histological comparison of RCAS/#v-a and human patient-derived xenograft (PDX)

tumors in the rat brain. To-weighted MRI images reveal some of the complexity and
heterogeneity in (a) an RCAS-PDGFA/p53 shRNA-driven tumor and (b) a human GBM39
PDX tumor (Scale bar = 2 mm). Hematoxylin and eosin (H&E) staining of coronal whole
brain slices showing the (c) RCAS-PDGFA/p53 shRNA-driven tumor and (d) GBM39
PDX tumor. Colored boxes highlight specific tumor regions for comparison. Blue boxes
represent a region of the tumor margin from the (e) RCAS/#v-aand (f) GBM39 PDX tumor.
Arrowheads indicate invading tumor cells within adjacent brain regions. (Scale bar = 100
um). Red boxes represent sections from (g) RCAS/tv-aand (h) GBM39 tumor core regions.
Arrowheads highlight areas with pseudopalisading necrosis, a classical feature of human
high-grade gliomas. (Scale bar = 100 um). Abbreviations: PDX, patient-derived xenograft;
RCAS, replication-competent ASLV long terminal repeat splice acceptor; fv-a, tumor virus
receptor A
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