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Abstract

Medulloblastoma (MB) remains incurable in one third of patients despite
aggressive multi-modality standard therapies. The heterogeneity of MB molecular
subtypes as well as the failure of standard therapies to treat metastatic or recurrent
disease necessitates more potent targeted approaches that minimize collateral toxicity.
Immunotherapy presents a promising strategy by specifically targeting cancer cells and
to date, there have been few successful immunologic applications targeting MB.
Emerging evidence from integrated genomic studies has suggested MB variants arise
from deregulation of pathways affecting the proliferation and differentiation of
progenitor cell populations within the developing cerebellum. To test the developing
cerebellum as a source of tumor rejection antigens, we adapted two animal models of
MB recapitulating human Sonic Hedgehog (SHH) and Group 3 tumors for
immunotherapeutic evaluation. Inmunologic characterization of these murine models
revealed subtype-specific differences in the tumor microenvironment and a differential
response to immune checkpoint blockade. We used total embryonic RNA from the
developing mouse cerebellum (P5) to generate antigen-specific T cells and confirmed the
immunogenicity of targeting developmentally regulated antigens in vitro.
Developmental antigen-specific T cells produced high levels of Th1-type cytokines in
response to two immunologically distinct subtypes of MB. Interestingly, developmental

antigen specific T cells did not show any cross reactivity with the normal brain or

iv



subsequent stages of the developing brain after P5. Targeting developmental antigens
conferred a significant survival benefit and long term cures in intracranial treatment
models of SHH and Group 3 tumor bearing animals. We additionally tested whether
the enrichment of select developmental antigens through the exclusion of normal brain
transcripts would potentiate antitumor responses in both animal models. Finally, we
evaluated the relevance of targeting fetal antigens across human MB subtypes. Our
studies demonstrate that developmental antigens can safely target multiple MB
subtypes and can be further refined to preferentially target individual subgroups.
Further studies targeting immunogenic developmental antigens and leveraging this
strategy with specific immune modulatory interventions represent a novel approach at
utilizing patient molecular classification information to mediate safe and effective

immunotherapy.
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1. Introduction

1.1 Permissions and collaborations

This dissertation contains reproductions of copyrighted material published
elsewhere, with permission from each copyright holder if necessary, and is described in
Appendix A. This dissertation is comprised of experiments and analyses performed by
the author with technical and material contributions from colleagues and collaborators

as described in the Acknowledgements.

1.2 Medulloblastoma tumors and current treatment strategies

Brain tumors are the most common solid malignancies to affect children and
result in a significant portion of cancer-related childhood deaths (Gururangan, 2011).
Medulloblastoma (MB) is the most common pediatric brain tumor, comprising 15% of all
primary central nervous system(CNS) tumors in 0-14 year olds (Kun et al., 2011).
Assessment of patient risk is currently stratified exclusively on features exhibited at
clinical presentation including age, amount of remaining residual tumor following
resection, presence of metastases, and tumor histology. Patients classified as low to
average risk include children over 3 years of age with tumor greater than or equal to 1.5
cm? at the primary site with no metastatic disease or brain stem involvement. These
patients are treated with complete surgical resection, chemotherapy and craniospinal
irradiation (24-36 Gy), followed by additional boost to the primary site (54-56 Gy).

Patients classified as high risk include children less than 3 years of age at the time of



diagnosis with metastatic disease or residual disease following surgical resection (Packer
et al., 1999). Such patients are additionally treated with more intensive chemotherapy
with possible hematopoietic stem cell transplantation (Packer et al., 1999). While
significant advances in conventional therapies have helped to increase survival rates,
about 30% of MB cases remain incurable. Successfully treated MB patients continue to
suffer lifelong cognitive and neurological morbidities from such aggressive treatment
(Saury & Emanuelson, 2011).

Traditionally, the histological presence of small, blue rounded cell tumors with
high nuclear to cytoplasmic ratio in the cerebellum was diagnosed as a MB and
classified as a member in a group of CNS embryonal malignancies called primitive
neuroectodermal tumors (PNETs) (Gilbertson & Ellison, 2008). The World Health
Organization (WHO) has recognized four main pathological variants of MB, including
classic, desmoplastic, extensive nodularity with advanced neuronal differentiation
(MBEN), and large cell/anaplastic subtypes (LC/A) (Ellison, 2002; Giangaspero et al.,
1992; McManamy et al., 2003). However, the advent of recent genomic technology has
revealed MB to be a molecularly heterogeneous disease, encompassing a diverse
spectrum of clinically and genetically distinct subgroups that had not been previously
considered (Kool et al., 2012). Based on the results of these genomic studies, there exist
four main molecular variants of MB: WNT-associated, SHH-associated, Group 3

(characterized by MYC amplification) and Group 4 (a varied group with undefined



molecular origins) (Cho et al., 2011; Kool et al., 2008; Northcott et al., 2011; Remke et al.,
2011). The different MB groups are each unique in their gene expression, mutational
profile, prognosis, demographics, and DNA copy-number deviations. Although
stratification based on molecular profile has not yet become standard in the clinic, a
better understanding of the MB landscape has led to the emergence and development of
therapies tailored to the patient’s individual disease (Northcott et al., 2012). For example,
single molecule antagonists targeting components of the well-characterized Sonic
Hedgehog (SHH) pathway, specifically targeting the transmembrane protein
Smoothened, have achieved moderate success in abrogating tumor growth in preclinical
MB mouse models and tumor regression in patients (Lee et al., 2012; Rohner et al., 2012;
Rudin et al., 2009). Other drugs targeting apoptotic pathways in MB have also provided
a novel therapeutic strategy by inhibiting anti-apoptotic proteins and suppressing MB
tumor growth both in vitro and in vivo (Keating et al., 2012). However, the application of
such small molecule inhibitors in MB treatment has faced challenges in traversing the
blood-brain barrier (BBB) and sustaining accumulation at the tumor site (Brun et al.,
2014; Groothuis, 2000). Mechanisms of acquired cellular resistance, such as secondary
mutations in cooperating oncogenic signaling pathways, have also prevented durable

complete responses in early phase clinical trials (Rudin et al., 2009; Yauch et al., 2009).



1.3 Immunotherapeutic strategies in brain tumors

The immune system offers a safer, more specific alternative. Ehrlich first
proposed over a century ago that the inherent cytotoxic power of the body’s immune
system could be exploited and redirected to eradicate malignant cells without collateral
toxicity (Ehrlich & Bolduan, 1906). Though only gaining momentum in recent decades,
cancer immunotherapy is now heralded as an incredibly promising alternative to
current standard therapies that often result in debilitating damage to the target organ
and systemic tissues. Manipulations of the immune system have been achieved in a
number of forms, including cellular, humoral, passive and active strategies, all of which
take advantage of the unique antigenic profile expressed by tumor cells. Passive
strategies rely on the direct infusion of antibodies or adoptively transferred T cells while
active strategies involve the ability of the natural immune system to mount an immune
response based on antigens directly introduced by cancer cells or loaded on antigen-
presenting cells. Significant progress in translating immunotherapy to the clinic has been
achieved in the use of adoptive cell therapy in treating melanoma patients with
autologous tumor infiltrating lymphocytes and has led to a progression-free survival in
up to 72% of patients (Restifo et al., 2012). The blockade of immune checkpoints
comprises the latest and most promising approaches in a number of cancers. Tumors
have been demonstrated to hijack inhibitory pathways that act to modulate

inflammatory pathways as a mechanism of immune resistance and evasion (Pardoll,



2012). The FDA recently approved ipilimumab and pembrolizumab, two immune
checkpoint inhibitors to CTLA-4 and PD-1, respectively, which have both shown
substantial survival benefits in patients with metastatic melanoma (Hamid et al., 2013;
Hodi et al., 2010). Clinical trials testing CTLA-4 and PD-1 blockade in glioblastoma
(GBM) and diffuse intrinsic pontine glioma (DIPG) are currently ongoing. These
advances realize the potential of personalized, immune-based therapies, and represent a
diverse wave of novel treatments that are quickly becoming accessible to patients.
While immunotherapy has gained significant credence as an effective strategy in
targeting tumors in the periphery, achieving antitumor efficacy within the brain requires
overcoming the unique immune environment of the CNS. Initial studies by Sir Peter
Medawar suggested the brain contained limited immune surveillance, whereby
allogeneic tissues transplanted in the brains of experimental animals were not rejected.
Additionally, the absence of resident antigen presenting cells (APCs) and draining
lymph nodes, and the presence of the BBB further contributed to the theory of the CNS
as an immune privileged site (Medawar, 1948). However, a large body of data has since
demonstrated the CNS to be more immune infiltrative than previously suggested. For
example, specialized microglia, astrocytes, and specific cells of the choroid plexus
epithelium have been shown to present human leukocyte antigens and act as surrogate
APCs throughout the CNS (Aloisi et al., 2000; Gehrmann et al., 1995; Serot et al., 1997).

Furthermore, activated T lymphocytes have been observed to traffic across the BBB with



relative frequency. In a study testing tumor infiltrating lymphocyte (TIL) therapy grown
from peripheral melanoma metastases, 41% of patients treated with TILs showed
complete eradication of metastatic brain lesions, indicating the potency of T cell therapy
in targeting tumors in the CNS (Hong et al., 2010). Naive T lymphocytes, however, are
unable to traverse the BBB, suggesting that activation is required for extravasation into
the brain parenchyma (Mitchell et al., 2008).

The identification and characterization of human tumor antigens have largely
fallen into two major categories: 1) overexpressed normal gene products or 2) proteins
derived from somatic mutations. While overexpressed gene products may be less
immunogenic due to the possible induction of central tolerance mechanisms, mutated
proteins are more likely to generate a potent tumor-specific response (Gilboa, 1999,
2004). The epidermal growth factor receptor class III variant (EGFRVIII) is an example of
a well characterized and common mutation found in primary GBM tumors. This
mutation encodes a constitutively active, ligand-independent form of the wild type
receptor tyrosine kinase, therefore causing unchecked proliferation and the inhibition of
apoptosis (Batra et al., 1995; Nishikawa et al., 1994). Targeting the mutant receptor with
the EGFRvIII-specific 14-mer peptide PEPVIII, coupled to keyhole limpet hemocyanin
(KLH) to induce both cellular and humoral responses, has been successful at abolishing
tumor growth in both preclinical glioma models and early phase clinical trials (Mitchell

& Sampson, 2009). However, mutant EGFR is neither uniformly nor ubiquitously



expressed on GBM tumors, thus leading to outgrowth of EGFRvIII-negative tumors.
Additional tumor-specific antigens have also been identified as potential candidates for
peptide-based vaccines and have demonstrated antitumor efficacy in clinical trials for
patients with primary and recurrent glioma (Skog, 2006).

Dendritic cell (DC)-based immune strategies have also shown considerable
efficacy in targeting CNS tumors and comprise a significant arm in the treatment
platform employed by our group. DCs play an integral role in sampling the tumor
microenvironment and consequently activate CD4+, CD8+ T cells and B cells. While
numerous groups have used DCs pulsed with autologous tumor lysate or antigens
eluted from the tumor’s major histocompatibility complex (MHC), our group has
demonstrated tumor RNA as an effective source of antigen. The use of RNA bypasses
MHC restriction and is not limited to specific MHC haplotypes, therefore utilizing the
effector functions of both cytotoxic and helper T cells. The advantages of using RNA are
numerous; it does not require entry into the nucleus for translation; it is labile and does
not risk permanent integration into the host genome, and can be easily amplified in vitro
from as few as 500 tumor cells (Mitchell & Sampson, 2009). Our group has demonstrated
superior antitumor efficacy in numerous preclinical glioma models using total tumor
RNA without inducing autoimmune toxicity (Flores et al., in press). DC vaccines have
also been investigated for their synergistic interactions with adoptive cellular therapy

(ACT), which employs the autologous transfer to ex vivo expanded T cells against tumor



antigens. The nature of adoptively transferred cells include: peripheral blood
mononuclear cells (PBMCs), lymphokine-activated killer (LAK) cells, TILs, mitogen-
activated killer cells, or antigen specific cytotoxic T cells. Recent advances in the
development of T cells with engineered chimeric antigen receptors (CARs) combine the
specificity of antibodies with the cytotoxic machinery of effector T cells and have
comprised another arsenal of potent tumor-specific strategies. CD19-specific CAR T-cells
have been highly effective in B cell lymphomas and are currently being tested for

efficacy in solid tumors (Porter et al., 2011).

1.4 Immunotherapeutic strategies in medulloblastoma

Because of the significant developmental side effects associated with standard
therapy, MB is an exceptional target for immunotherapy. However, the exploration of
immunotherapy in brain tumors has largely been isolated to adult malignancies, with
few advances in the targeting of pediatric brain tumors. The first immune-based
interventions for MB investigated the adoptive transfer of LAK cells, or cells grown and
expanded in human recombinant IL-2 from the peripheral blood lymphocytes (PBL) of
MB patients (Okamoto et al., 1988; Shimizu et al., 1989; Silvani et al., 1994). In a case
study of 8 MB patients with cerebral spinal fluid disease dissemination, a complete
response of up to 20 months was observed in 3 patients. Despite showing initial

promise, no further studies investigating the efficacy of LAK cells have been reported in



the past two decades, leaving the therapeutic potential of LAK cells as inconclusive
(Okamoto et al., 1988; Shimizu et al., 1989).

A phase I study of 9 pediatric patients evaluated monocyte-derived DCs pulsed
with autologous tumor RNA to generate antitumor responses in recurrent pediatric CNS
tumors, including MB. While this study demonstrated safety and feasibility, only 2 of 7
patients induced specific antitumor immune responses and suggests that more effective
DC vaccines or cell-based therapies are required for effective treatment (Caruso et al.,
2004).

Ahmed et al. generated autologous T cells containing engineered chimeric
antigen receptors specific to the growth factor receptor HER-2/neu. Immunologic
targeting of this antigen was achieved using activated HER-2 specific CAR T-
lymphocytes and resulted in the regression MB tumors in an orthotopic, xenogeneic
immune deficient model (Ahmed et al., 2007). However, further testing of HER-2/neu
specific CAR T-cells was suspended due to the death of a colon-cancer patient following
infusion of CAR T-cells engineered to target ERBB2 (HER-2/neu) overexpressing tumors,
presumably due to cross reactivity with low levels of ERBB2 in the lung epithelium
(Morgan et al., 2010).

Our lab has adopted a platform utilizing autologous DCs pulsed with total
tumor RNA (ttRNA) in combination with the adoptive transfer of total tumor specific

lymphocytes in an ongoing Phase II multi-institutional clinical trial for recurrent MB and



PNETs (Re-MATCH, FDA IND BB-13240, PI: Duane Mitchell, M.D., Ph.D.). Although
this approach fits the idealized mold of personalized vaccines, a total tumor approach
encompasses a broad repertoire of unknown antigens that may differentially affect
individual patients. However, effective immunotherapy that is directed towards a
multitude of antigens has been observed to lead to superior tumor-specific recognition
and responses. Pulido et al. demonstrated that vaccination with the entire cDNA library
of the B16 melanoma line cured mice with established melanoma tumors over
vaccination with single antigens alone (Pulido et al., 2012). This approach may be
advantageous in targeting a disease as heterogeneous as MB rather than only one known
antigen. With significant progress being made in the genetic profiling and molecular
subtyping of MB tumors, many novel targets unique to the subtype’s molecular

signature have emerged as promising immunotherapeutic targets.

1.5 Immunologic status of medulloblastoma microenvironment

The ability of tumor cells to “escape” immune surveillance is likely a contributor
in the failure of immunotherapeutic strategies to completely clear neoplastic cells.
Evidence has shown that although the immune system can certainly abrogate tumor
formation, it also holds the power to immunologically sculpt tumor development by
selecting for tumor variants that are less immunogenic. This doubled edged sword
permits growing tumors with a means of escape from immunologic detection and

elimination (R. D. Schreiber et al., 2011; Vesely et al., 2011). An understanding of the
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cancer immunoediting process and the factors that lead to the inability of the immune
system to completely eradicate all neoplastic cells will help to determine the
susceptibility of MB tumor cells to antigen escape.

Little is understood regarding the interactions between the host immune system
and the MB tumor microenvironment in comparison to adult brain tumors. Minimizing
antigen presenting molecules is a well-characterized mechanism of inhibiting immune
infiltration and escaping detection in a number of malignancies (Igney & Krammer,
2002). However, MHC class I expression and the molecular components that regulate
antigen presentation, including large multifunctional proteasome 2 and 7, calnexin, 32-
microglobulin-free heavy chain and 32-microglobulin have been observed to be down
regulated in MB primary tumors in comparison to primary astrocytic tumors and the
normal fetal cerebellum. Interestingly, the downregulation of antigen presenting
molecules does not hinder the recognition of MB tumor cell lines (DAOI and D283) by
antigen-specific T cells and does not diminish T-cell mediated cytotoxic responses
(Raffaghello et al., 2007). Furthermore, the expression of certain MHC I components has
been implicated in poor prognosis, evidenced by elevated mRNA levels of PDGFRA and
B2-microglobulin in metastatic MB and may contribute to the ability of tumor cells to
migrate (MacDonald et al., 2001; Smith et al., 2009).

There is also evidence that MBs are able to induce an immunosuppressive

environment, similar to that seen in malignant gliomas. For example, an early study
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evaluating the immune responses of 12 MB patients determined a suppression in the T-
cell response compared to healthy control children, suggesting the idea of oncologic
influence on systemic immunosuppression (Gerosa et al., 1979). Patients were shown to
have decreased levels of systemic T cell activity even though the B cell compartment
maintained normal function (Gerosa et al., 1979), suggesting a deficit in the capacity to
generate an immune response. Despite down-regulating antigenic display and inducing
immune suppression, infiltrating cytotoxic CD8+ cells, CD4+ cells and macrophages
have been identified in the tumor mass, suggesting active immune surveillance within
the tumor microenvironment. (Bodey et al., 1995).

Recent immunohistochemistry (IHC) and gene expression evidence determined
that molecular subtyped MBs could be stratified based on tumor-associated macrophage
(TAM) gene upregulation and increased cell infiltration, with Sonic Hedgehog (SHH)
group tumors containing higher frequencies of TAM infiltration compared to other MB
subtypes (Margol et al., 2014). These observations demonstrate that different variants of
MB contain highly distinct immune profiles, and suggest alternative mechanisms of
evading immune surveillance. Despite a plethora of genetic and histopathological
information from patient samples, additional characterization studies in relevant
preclinical animal models and genetic expression profiling of immune markers are
further needed for a complete understanding of the host immune and tumor interactions

in the context of distinct MB subtypes.
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1.6 Developmental origins of medulloblastoma subtypes

An understanding of the underlying mechanisms that influence MB
pathogenesis is needed to identify potential candidate rejection targets for MB. Pediatric
tumors such as MB consist of tumor cells that morphologically and functionally
resemble precursor cells of the normal tissue, suggesting a role in the fundamental
pathways that drive the growth and differentiation of progenitor populations within the
developing cerebellum. The link between human embryonic cell functions with
processes in tumorigenesis were first made by Lobstein and Cohnheim in the 19
century (Kho et al., 2004). Since this initial observation, increasing evidence from
numerous genetic profiling and animal modeling studies have demonstrated remarkable
similarities between the signaling, transcriptional, and metabolic processes operative in
cancer with the tightly regulated pathways governing fetal development (Kho et al.,
2004; Michiels et al., 1999; Wechsler-Reya, 2003). A number of malignancies arise from
the aberrant reactivation of the developmentally regulated program and understanding
the developmental origins of the organ system can provide insight into the steps leading
to malignant transformation (Hu & Shidasani, 2005).

A plethora of genetic evidence has strongly suggested the distinct molecular
subtypes of MB arise from the deregulation of molecular signaling pathways affecting
specific progenitor cell populations within the developing cerebellum (Figure 1) (Gibson

et al., 2010; Gilbertson & Ellison, 2008; Pei et al., 2012). For example, gene expression
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analyses of the human embryonic cerebellum share considerable similarity to MB animal
models with disruptions in the Ptch signaling pathway (Michiels et al., 1999; Wechsler-
Reya, 2003; Yokota et al., 2004). Additional genetic profiling and animal modeling
studies in WNT and Group 3 MB tumors have further corroborated that discrete
subtypes of MB have distinct cellular origins in the developing cerebellum (Gibson et al.,
2010; Kawauchi et al., 2012; Pei et al., 2012). The most well understood subtype of MB is
caused by disruptions in mediators of the SHH pathway, resulting in the aberrant
proliferation of granule neuron precursor (GNP) cells that fail to differentiate and
migrate away from the external germinal layer of the cerebellum. The GNP cell
population within the cerebellum responds uniquely to changes in SHH signaling,
independent of other simultaneous developmental cues (Yang et al., 2008). This
observation is correlative with the other variants of MB. WNT subgroup tumors arising
from the progenitor cells at the dorsal brainstem only display abnormal proliferation in
response to activating mutations in the WNT pathway effector, CTNNBI1 (Gibson et al.,
2010). Mutations in Ctnnb1 did not affect other precursor populations within the
cerebellum and resulted only in the proliferation of Zicl+ cells located along the lower
rhombic lip and dorsal brainstem (Gibson et al., 2010). Although less is understood
regarding the underlying mechanisms of Group 3 and Group 4 tumors, they are known
to be driven independent of SHH and WNT signals and have completely distinct genetic

profiles and clinical outcomes (Northcott et al., 2011; Taylor et al., 2012). Ongoing
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investigation into the cellular origins of MB will shed greater insight on the role of key
signaling pathways that are integral to subtype pathogenesis as well as aid in the

discovery of novel, targeted therapies (Gilbertson & Ellison, 2008).
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Figure 1: MB subtypes have origins in cerebellar development

Schematic illustration of the fetal cerebellum comprised of progenitor cell
populations whose proliferation is driven by specific signaling pathways. Such
pathways are exclusively activated throughout embryonic organogenesis, but are
aberrantly re-activated during neoplastic transformation. Deregulated
proliferation of precursor cells give rise to the distinct subtypes of MB.

1.7 Developmentally regulated antigens for targeting
medulloblastoma subtypes

Significant advances in MB genetic subtyping represent a novel opportunity to

apply such findings towards targeting pathologically, genetically, and metabolically
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different entities of MB. While targeting total tumor antigens have been demonstrated as
an effective strategy, these antigens include a multitude of both defined and undefined
self-antigens expressed by normal tissues, and risk leading to adverse toxic events. In
addition, total tumor-based strategies rely on the acquisition of sufficient tumor tissue
from which quality genetic material can be extracted.

Instead, the re-activation of exclusively expressed onco-fetal genes in malignant
tissue and their exclusion from the surrounding normal brain make the fetal cerebellum
an ideal and safe source of candidate antigens for tumor rejection. In addition, targeting
developmental regulated antigens bypasses the requirement for primary tumor tissue,
thus is especially attractive for brain tumor patients that are not candidates for surgical
resection or biopsy. Preliminary studies from Wikstrand et al. identified a number of
fetal proteins that could be exploited for monoclonal antibody therapy to target human
tumors of neuroectodermal origin and malignant gliomas (Wikstrand & Bigner, 1979,
1982; Wikstrand et al., 1982). Moreover, several known cancer antigens used in current
therapeutic strategies, such as carcinoembryonic antigen (Kass et al., 1999) and survivin
(Pisarev et al., 2003) , are exclusively expressed during fetal development. Additional
well-characterized tumor targeted antigens directed against fetal gene products include
cancer testis antigens (CTA), including melanoma MAGE and GAGE proteins (Van den
Eynde et al., 1995), which induce little to no tolerance or cross-reactivity to normal

tissues due to their exclusive fetal expression. Therefore, targeting the plurality of
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antigens expressed by the developing cerebellum is attractive because it incorporates
advances in the molecular profiling of MB subtypes and can be efficiently delivered as a

single formulation to safely treat MB tumors.

1.8 Animal models of medulloblastoma

An understanding of the unique signaling pathways that direct the
differentiation of cerebellar precursor cells has also expedited the development and
generation of more robust MB animal models to assess potential therapeutic strategies.
To better understand the molecular mechanisms of tumorigenesis and apply such
findings towards effective treatment, a number of genetically engineered models of MB
have been created that faithfully represent MB human disease. Of the models
recapitulating human SHH-associated MB, the Ptch1-knockout mouse was the first
model used to study the steps leading to malignant transformation (Kessler et al., 2009;
Oliver et al., 2005), identification of oncogenic mechanisms (Uziel et al., 2005), the role
of cancer stem cells (Read et al., 2009), and targeted therapies (Buonamici et al., 2010).
More recent models utilize loxP-flanked alleles of Ptch1 to conditionally delete the Ptchl
gene with Cre recombinase under the Math1 or glial fibrillary acidic protein (GFAP)
promoters, allowing for higher tumor penetrance and a shorter latency period compared
to the traditional Ptch1+/- mice (Markant & Wechsler-Reya, 2012). Other models of SHH-

driven MB have been generated through disruptions of the SHH pathway, including
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constitutive activation of the Smo transgene or downstream inactivation of Gli2 (Lau et
al., 2012).

A model of WNT-associated MB was recently established by conditional
knockout of the Ctnnb1 gene in the cerebellar ventricular zone and dorsal brainstem.
Tumors resembling human WNT-associated MB, distinct from SHH-associated MB,
developed in 15% of cases when Ctnnb1 mutant mice were crossed with Tp53™ mice. In
addition to these findings, regional gene expression and radiographic analyses of human
MB WNT and SHH-associated tumors further corroborate the assertion that MB
subtypes ascend from distinct cells of origin.

A limited number of models have been developed that resemble the other
subtypes of MB driven by signals independent of WNT and SHH group tumors. One
such model was generated through the induced expression of MYCN in the fetal
cerebellum. In this model, mice expressing tetracycline transactivator (tTA) under the
control of the glutamate transporter (GLT1) promoter were crossed with mice containing
a tetracycline response element (TRE) controlling expression of MYCN and luciferase.
The progeny of this cross, called GTML, expressed MYCN in Gltl expressing cells upon
dosing with doxycycline. Because Gltl is expressed in different progenitor cells within
the developing cerebellum, the MYCN transgene was introduced in multiple cell types.
GTML mice formed tumors with both classic and LC/A histology and also exhibited

metastatic dissemination to the spinal column (Swartling et al., 2010). In contrast to
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traditional knock-in or knock-out strategies for gene modification, some groups have
taken advantage of somatic cell gene transfer via viral transduction to model other forms
of MB. Kawauchi et al. generated a mouse model of MYC-amplified MB by transducing
proliferating GNPs from Cdkn2c”, Trp53" Atoh1-GFP mice with viruses encoding Myc.
Transduced cells were implanted into the cerebral cortex of CD-1 nu/nu mice and
formed tumors resembling the most aggressive LC/A and classic histological subtypes of
human MB (Kawauchi et al., 2012). Pei et al. also demonstrated that viral transduction of
lineage negative, cerebellar stem cells with Myc and mutant Trp53 also gave rise to
aggressive tumors upon orthotopic transplantation in NOD-SCID-IL2RGamma" (NSG)
mice. Both animal models demonstrated the conservation of human MYC-driven
subtype-specific gene expression and represent novel models that can be used to
expedite understanding and treatment options for Group 3 tumors.

While progress in the generation of genetically and molecularly robust MB
animals models has been remarkable, many of the aforementioned models were
developed in immune deficient animals or contain outbred backgrounds, rendering
them impractical for studying host immune interactions and potential immune-based
interventions. Furthermore, the transgenic MB models described above have penetrance
levels that are too low to generate large cohorts of tumor-bearing mice required for
reproducible evaluation of immune based therapies. The latency period of tumor

formation for such transgenic models is also unreasonable for timely preclinical
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assessment. For these reasons, we, in collaboration with Dr. Robert Wechsler-Reya’s
group at the Sanford Burnham Medical Research Institute, have adapted two MB
models recapitulating the human SHH and Group 3 MB tumors and have generated
transplantable tumor lines in the inbred, immunocompetent C57BL/6 mouse strain
through orthotopic transplantation into the cerebellum. Generation and adaptation of
these models for immune-based preclinical studies will be further described in Chapter

3.

1.9 Overview

Molecular subtypes of MB arise from disruptions in pathways operative in the
normal differentiation of specific progenitor cell populations, resulting in the aberrant
reactivation of an embryonic genetic program absent in adult tissues. Targeting the
unique re-expression of developmental antigens in the form of total embryonic
messenger RNA is attractive because it can be amplified from existing cDNA libraries
without the procurement of primary tissue, and can be delivered as a single formulation
targeting defined subtype-specific MB antigens as well as other undefined fetal antigens
that are upregulated in MB.

The overall goal in this dissertation was to investigate the use of
developmentally regulated antigens as specific, yet safe immunologic targets in the
treatment of murine MB. We adapted two distinct models of MB by optimizing an

orthotopic transplantation system capable of generating large cohorts of uniformly
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tumor-bearing mice within one month. Characterization of infiltrating immune cells
yielded interesting insights into the different mechanisms of immune suppression
employed among the subtypes of MB. We observed differential responses to blockade
of inhibitory pathways between the models, suggesting potential ways of reversing
exhaustive phenotypes and potentiating antitumor responses. Following optimization
and characterization studies of our murine models, we demonstrated that
developmental antigens delivered in the form of mRNA from the mouse P5 cerebellum
could induce immune responses against tumor cells of two immunologically distinct
subtypes of MB in vitro and in vivo. Despite the concern for potential off target effects in
using developmentally regulated antigens, we demonstrated that these antigens do not
cross-react with the murine cerebellum during subsequent stages of development and
confirm no signs of autoimmune toxicity in treated animals. Our preliminary data also
suggest that targeting developmental antigens leads to significant antitumor responses
against multiple MB subtypes with equal effectiveness compared to the previously
established total tumor targeting strategies.

To our knowledge, we are the first to investigate novel immunotherapeutic
strategies in relevant preclinical models of different medulloblastoma subtypes. Our
studies demonstrate that effective targeting of MB will require the incorporation of
molecular subtype classification and thus necessitate integration into the current

treatment paradigm.
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2. Generation and adaptation of preclinical murine MB
models

2.1 Introduction

Despite a plethora of genetic and histopathological information from patient
samples, a lack of relevant preclinical animal models has hindered the investigation of
promising immunotherapeutic targeting strategies of MB in vivo. Here, we describe
studies to adapt two existing intracranial syngeneic animal models recapitulating
human SHH and Group 3 MB to the immune competent C57BL/6 background.

Among the first genetically engineered models of SHH-driven MB, the Patched
homolog 1 (Ptch1)-knock out mouse was generated through homologous recombination
of the Ptchl gene, causing a loss of PTCHI protein expression and constitutive SHH
pathway activation (Goodrich et al., 1997). While homozygous mutations in the Ptchl
gene are embryonically lethal, heterozygotes (Ptch1*) are viable and form MB tumors in
15-20% of mice at 16-25 weeks (Figure 2) (Goodrich et al., 1997; Wetmore et al., 2000;

Zurawel et al., 2000).
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Figure 2: Animal model of SHH-associated MB

Mouse model of Sonic Hedgehog (SHH)-driven MB was created through
homologous recombination of a section of the Ptch1 gene with lacZ and a
neomycin resistance genes, causing constitutive activation of the SHH pathway.

In addition to the Ptch1l model of SHH-associated MB, a model of MYC-
amplified MB or human Group 3 MB (hereafter referred to as neural stem cell MB or
NSC MB) was created through the retroviral transduction of sorted neural stem cells
(CD133+4, lineage negative cells from the postnatal day 5 cerebellum) with genes
encoding a stable form of Myc and a dominant negative form of p53 (Pei et al., 2012).
Infected cells were implanted into the cerebella of immune deficient NSG mice and

formed tumors within 6-12 weeks (Figure 3) (Pei et al., 2012).
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Figure 3: Animal model of human Group 3 MB

Mouse model of human Group 3 MB was created through the retroviral
transduction of lineage negative, CD133+ cerebellar stem cells with mutations
encoding dominant negative p53 and a stable form of c-myc. Transduced stem
cells were implanted into the cerebellum of immune deficient NOD scid gamma
(NSG) mice.

The creation and availability of these models has led to significant insights
regarding MB subtype pathogenesis. However, the low tumor penetrance and lengthy
latency period of the conventional Ptch”- model, and the labor-intensive isolation and
transduction processes of generating the MYC-amplified murine model are not
amenable for timely preclinical evaluation. In order to generate large cohorts of
uniformly tumor-bearing animals for immunotherapeutic assessment, we produced a
transplantable line of both tumor models that could be orthotopically transplanted into
the cerebella of naive C57BL/6 mice for subsequent preclinical studies.

In this chapter, we detail the orthotopic implantation strategy in generating

sufficient sample sizes of intracranial tumor-bearing animals. In addition, we confirm
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the maintenance of histological hallmarks and subtype specific markers previously

identified in human MB genomic profiling studies.

2.2 Materials and Methods
2.2.1 Animals

Five to eight week old C57BL/6 mice were obtained from the Jackson Laboratory
(Bar Harbor, ME). The investigators adhered to the “Guide for the Care and Use of
Laboratory Animals” as proposed by the committee on Care of Laboratory Animal
Resources Commission on Life Sciences, National Research Council. The facilities at the
Duke Cancer Center Isolation Facility and the University of Florida Biomedical Science
Building are fully accredited by the American Association for Accreditation of
Laboratory Animal Care, and all studies were approved by Duke University and

University of Florida Institutional Animal Care and Use Committee.

2.2.2 Tumor models and intracranial implantation

Ptch+/- mutant mice and NSC MB (MP) cells were provided in collaboration with
Dr. Robert Wechsler-Reya (Sanford-Burnham Medical Research Institute, La Jolla, CA).
The NSC MB tumor was originally isolated from a tumor arising from implanted
cerebellar stem cells retrovirally transduced with mutations in p53 and c-myc (Pei et al.,
2012). The Ptch1 MB tumor was isolated from a spontaneously arising tumor in the
Ptch1+/- mutant mouse on a C57BL/6 background (Goodrich et al., 1997). Both tumors

were passaged in vivo six times in the C57BL/6 background. Explanted tumor cells from
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the sixth passage were frozen down and used for all subsequent optimization and
efficacy experiments.

Frozen tumor cells were thawed and immediately washed twice with sterile PBS.
For intracerebellar NSC MB tumor implantation, cells were mixed 50/50 with 10%
methylcellulose in PBS and loaded into a 250 pL syringe (Hamilton) with an attached 25-
gauge needle. For intracerebellar Ptchl MB tumor implantation, cells were mixed in PBS
and loaded into a 5 uL syringe (Hamilton). Mice were positioned into a Kopf stereotactic
frame and a %2 inch incision was made at the midline of the scalp over the position of the
cerebellum. Implantation into the cerebellum was measured at 1 mm lateral to the

midline at a depth of 3mm.

2.2.3 Microarray analyses

RNA was isolated from tumor cells using the RNeasy Mini Kit (Qiagen). RNA
was labeled and hybridized to Affymetrix Mouse Genome 430 2.0 arrays. Microarray
data were processed using robust multichip analysis (RMA) in Partek Genomics Suite
6.5 (Partek, Inc.) Differentially expressed genes were identified by using ANOVA. Genes

were selected based on a fold change cut off >2 and P-value with FDR < 0.05.

2.2.4 Immunohistochemistry

Tissue was fixed for 24 hours in a 10% formalin solution (Sigma) and then
transferred to 70% ethanol before paraffin embedded. Tissue was sectioned at a

thickness of 5um and was deparaffinized and rehydrated in an ethanol series. Sections
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were blocked with Background Sniper (Biocare Medical) for 15 minutes. H&E staining
was performed according to common procedures (Sigma). Sections were stained with
primary antibodies against synaptophysin (Invitrogen, 08-130, pre-diluted), SFRP1
(Abcam, ab4193, 1:1000), or NPR3 (Abcam, 37617, 1:100) overnight at 4 degrees. Sections
were then incubated with secondary antibodies at 1:200 for 30 minutes at room
temperature. Staining was developed by DAB (Vector Laboratories) followed by
counterstaining with hematoxylin (Sigma) and mounted with Cytoseal (Thermo
Scientific). Microscopy was performed with a Zeiss Axioplan 2 and images were

captured using QImaging QCapture Pro 6 Software (QImaging Corporation).

2.2.5 Bioluminescent in vivo imaging

Intracranial NSC MB tumors were imaged using an IVIS Kinetic at the Duke
Optical Molecular Imaging Facility and the UF Cell & Tissue Analysis Core. Mice were
injected with 100uL luciferin substrate (Sigma) and imaged between 5 minutes after

injection. Bioluminescence for all animals was read at an exposure time of 1 second.

2.3 Results
2.3.1 Orthotopic transplantation strategy for passaging MB tumors

We adapted two animal MB models recapitulating human SHH (Ptch1 MB) and
Group 3 MB (NSC MB) tumors for preclinical testing. Due to the unknown
transformative effects of culturing explanted tumor cells in vitro, we serially passaged a

tumor arising from both the Ptch1+/- (Yang et al., 2008) and MYC amplified NSC MB
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animals (Pei et al., 2012) via stereotactic implantation into the cerebella of naive C57BL/6
animals (Figure 4, See Materials and Methods for stereotactic injection coordinates). All
subsequent in vitro and in vivo studies were conducted using cells from this frozen
repository. We observed that orthotopic transplantation of tumor cells from the stock
were not rejected by the host immune system. Tumor bearing animals were continually
monitored for neurological symptoms consistent with cerebellar lesions such as ataxia,

dehydration, lethargy or decreased grooming.

Cerebral cortex

AR VR Y

Figure 4: Implantation and serial passaging of MB tumors

Tumors arising from Patched1 heterozygous (Ptch1+/-) mice and immune
deficient NSG mice implanted with retrovirally-transduced neural stem cells
(NSCs) were serially passaged in vivo via stereotactic implantation in the
cerebellum of immune competent C57BL/6 hosts (demonstrated here as area of
trypan blue).
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2.3.2 Evaluation of MB subtype tumorigenicity

To determine a minimum tumorigenic dose required for uniform lethality,
animals were implanted with decreasing doses of tumor cells and measured for
survival. Tumorigenic doses for the Ptchl MB (Figure 5) and the NSC MB (Figure 6)
were ultimately chosen based on the length of time post implantation required to reach

median survival within one month or less.
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Figure 5: Determination of minimum Ptch1l MB tumorigenic dose

Animals were implanted with decreasing numbers of tumor cells to
determine the minimum dose required to cause uniform lethality in 100% of
tumor-bearing mice within one month. Stereotactic implantation of 1.25 x 10°

Ptch1 MB cells was determined as the minimum tumorigenic dose carried forth
in subsequent animal studies.
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Figure 6: Determination of minimum NSC MB tumorigenic dose

Animals were implanted with decreasing numbers of tumor cells to
determine the minimum dose required to induce uniform lethality in 100% of
tumor-bearing mice within one month. Stereotactic implantation of 1 x 10° NSC
MB cells was determined as the minimum tumorigenic dose carried forth in
subsequent animal studies.

2.3.3 Gene expression validation of MB animal models

To ensure that in vivo passaging of both tumor lines in the C57BL/6 background
did not change the identity of the tumor, we used the Affymetrix Mouse Genome 430 2.0
array to assess tumor mRNA expression for subtype-specific genes previously identified
in the literature (Table 1) (Northcott et al., 2011). We confirmed that six SHH-group
specific genes were significantly differentially expressed in the transplanted Ptch1 MB
model, including SFRP1 (p=9.45x10-*) compared to the NSC MB model. In the
transplanted NSC MB, we confirmed the significant differential expression of four genes
identified as unique to human Group 3 tumors including NPR3 (p=3.08x10-?) compared

to the Ptch1 MB.
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Table 1: Orthotopically transplanted tumors maintain expression of subgroup

genes
Gene Fold Change Ptchl MB P value
relative to NSC MB

Atohl 23.1031 7.43E-06
Hhip 5.41442 0.00085932

Strpl 57.6286 0.000945
Glil 6.13676 0.00251695
Rab33a 4.29349 0.00440638
Micall 2.38451 0.0148916
Npr3 -4.77446 0.0308147
Myc -2.26497 0.0366715
Igf2bp3 -9.92736 0.00112629
Serpinfl -7.2402 0.0215515
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Hierarchical clustering of MB subtype specific genes also confirmed the contrast

in gene expression profiles between biologic replicates of explanted tumors from the two

models (Figure 7).
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Figure 7: Hierarchical clustering of MB subtype specific genes

Hierarchical clustering of genes previously identified as exclusive to
either human SHH or Group 3 MB. Subtype-specific gene expression in Ptchl
MB and NSC MB tumors were maintained in tumors explanted from immune
competent C57BL/6 hosts. Each column represents a distinct biologic replicate
and each row represents an individual gene. The normalized (log2) and
standardized (each sample to mean signal=0 and standard deviation=1) level of

gene expression is denoted by color (blue, low; white, intermediate; red, high) as
noted in the gradient below the map.

2.3.4 IHC validation of MB animal models
Conservation of the original murine MB histological hallmarks upon repeat

passaging was confirmed by a board certified neuropathologist. Transplanted Ptch1 MB
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tumors maintained histology associated with the original Ptch1*-model, displaying large
areas of uniform cells with high nuclear to cytoplasmic ratio and round, hyperchromatic
nuclei (Figure 8A). Transplanted NSC MB tumors also conserved large cell anaplastic
histology, consistent with the original MYC-amplified animal model of human Group 3
tumors (Figure 8E). Both tumor subtypes were additionally stained with the neuronal
marker synaptophysin, which was more diffusely expressed in the NSC MB subtype
compared to the Ptch1 MB subtype (Figures 8B and 8F). Immunohistochemistry for
SFRP1 and NPR3 also demonstrated specific immunoreactivity to the Ptchl MB and

NSC MB subtype, respectively (Figures 8C and 8H).

Ptch1+/- MB

Figure 8: Inmunohistochemistry of MB Tumors

Transplanted Ptch1 MB and NSC MB tumors maintain histological
hallmarks of original tumors and were stained with antibodies against
synaptophysin (a marker historically used for MB), secreted frizzled-related
protein (SFRP1, a marker for SHH tumors) and natriuretic peptide receptor C
(NPR3, a marker for Group C tumors). Scale bars =20 um
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2.3.5 Maintenance of associated reporter genes

The original Ptch1*- and MYC-amplified murine models were also engineered
with reporter genes to visualize tumor cells in vivo and ex vivo. The conventional Ptch1*-
transgenic model was created through homologous recombination of two exons of Ptchl
with lacZ and a neomycin resistance gene. In the MYC-amplified model, retroviral
plasmids encoding a stable form of Myc and mutant p53 also contain an internal
ribosomal entry site (IRES) that allows for GFP and luciferase reporters to be translated
from the same promoter. We confirmed that serial passage of the Ptch1 MB tumor
maintained -galactosidase protein expression, assessed by flow cytometry (Figure 9A).
Likewise, flow cytometric analysis of serially passaged NSC MB tumors also confirmed
the maintenance of bright GFP expression (Figure 9B). Explanted and dissociated NSC
MB tumors were visualized by fluorescent microscopy (Figure 9C) and in vivo growth of
implanted cerebellar tumors were imaged via bioluminescence following injection of a

luciferin substrate (Figure 9D).
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Figure 9: Maintenance of reporter genes

(A) Flow cytometric confirmation of {3-galactosidase expression by
explanted Ptch1l MB tumor cells (blue) and negative control BI6F10 melanoma
cells (red) (B) GFP expression by explanted NSC MB tumor cells. (C) Fluorescent
microscopy of GFP expression by explanted NSC MB tumor cells (63x). (D)
Bioluminescent imaging of luciferase expression by implanted NSC MB tumors
in the cerebellum.

2.4 Discussion

While advances in genetic profiling have provided considerable insight into the
underlying mechanisms of MB tumorigenesis, the successful application of
immunotherapies that leverage our understanding of the MB genetic landscape still
remains unrealized. A large obstacle in testing meaningful hypotheses has been the
availability of relevant preclinical models that accurately recapitulate human disease.

The past two decades in MB research have been characterized by large strides in the
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generation of genetically and morphologically faithful mouse models. Although these
models have been ideal for answering questions regarding the developmental origins of
disease, they are not amenable to testing immune-based treatments. Nearly all MB
models to date were created in mixed backgrounds, which would prove challenging in
studies requiring immunologically compatible cell transfers or transplantation (Lau et
al., 2012; Markant & Wechsler-Reya, 2012). Furthermore, the average latency period and
low tumor incidence of some mouse models discourage their use in preclinical
immunotherapy studies due to the sheer time and resources required to generate sample
sizes large enough to conduct survival studies.

In collaboration with Dr. Rob Wechsler-Reya’s group, we adapted two models of
MB through the cerebellar orthotopic transplantation of passaged tumor lines originally
arising from the conventional Ptch1*-model and Wechsler-Reya’s published MYC-
amplified model. We confirmed that tumors explanted from immune competent
C57BL/6 hosts maintained histological features and subtype specific gene expression of
both the original mouse tumors and human SHH and Group 3 subtypes. The availability
of not one, but two preclinical models of MB provide a powerful tool for testing
immunotherapies, particularly for two subtypes that have been demonstrated to be
molecularly and clinically distinct. C57BL/6 hosts with intact immune systems also did
not reject syngeneic tumor cells, further providing a fair representation of immunologic

in vivo interactions with the tumor microenvironment. In addition, reporter genes in
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both the Ptch1 MB and NSC MB serve to visually identify tumor cells in studies that
examine cooperating cell types that share the tumor microenvironment. The NSC MB
model, engineered with luciferase and GFP reporter genes, will be especially useful to
monitor in vivo tumor growth kinetics, both during and after therapeutic intervention.
Introducing the luciferase reporter gene to the Ptch1l MB transplantable tumor line,
possibly through retroviral transduction of Math1-sorted tumor cells, would provide an
additional means to compare potential treatment effects. The establishments of murine
models recapitulating human WNT and Group 4 tumors also remain a priority and will

be essential tools in investigating targeted treatments for those subgroups as well.
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3. Immunologic characterization of MB subtypes

3.1 Introduction

Although genetic profiling studies have identified numerous candidate tumor-
specific antigens to direct targeted therapy, a significant challenge remains in
overcoming tumor-associated mechanisms that suppress immune detection and
eradication. Inflammatory processes have been well known to play a role in malignant
transformation and controlling the antitumor response (Coussens & Werb, 2002;
Mantovani et al., 2008). Understanding the interplay between the MB tumor milieu and
the surrounding immune system is essential for developing effective immune-based
treatments that aim to minimize collateral damage from radiation and chemotherapies.

Although significant strides have been made in understanding the steps leading
to malignant transformation in MB subtypes (Gibson et al., 2010), how the immunologic
profiles differ and likely influence the tumorigenic nature amongst MB variants remain
unclear. Recent gene expression profiling and IHC analyses of human MB tumors have
demonstrated that molecular subgroups of MB can be additionally stratified based on
increased infiltration of tumor-associated macrophages (TAMS) and inflammatory gene
upregulation (Margol et al., 2014). Based on a 31-gene expression panel that included
inflammatory genes, SHH group tumors were observed to have the highest presence of
TAMs. This study concluded that MB tumor subtypes contain distinct tumor

microenvironments, and suggested that each subgroup may have distinct mechanisms
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of evading immunologic detection. Furthermore, the inhibition of TAMs may serve as a
potential therapeutic intervention point for the treatment of SHH group tumors and
sheds light upon other targets that may be elucidated upon further inspection of the
immunologic tumor microenvironment.

In this chapter, we demonstrate that immunologic variation between subtypes
can be targeted and leveraged to mediate antitumor efficacy. Ptchl MB tumors
contained significantly increased frequencies of infiltrating T cells and myeloid cells, yet
higher percentages of CD8+ PD-1+ T cells of infiltrating CD3+ cells were identified in
NSC MB tumors. We show that in vivo blockade of the PD-1 expressing lymphocyte
population conferred a significant antitumor benefit in intracranial NSC MB-bearing
animals, but not in Ptch1 MB animals. Neither models responded to CTLA-4 blockade,
indicating the PD-1/PD-L1 pathway as an important mechanism of immune suppression
in the NSC MB model. Our findings suggest that MB subgroups have distinct immune
profiles that may respond differentially to specific immunotherapeutic targeting
strategies and have relevant implications for the clinical development of

immunotherapy targeting MB and potentially other cancers.

3.2 Materials and Methods
3.2.1 Dissociation of tumor samples

To measure tumor-infiltrating immune cells in the murine tumors, symptomatic

mice were sacrificed and tumors were removed. Tumors were dissociated to a single cell
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suspension following mechanical disruption and papain (Worthington) digestion. Cells
were passed through a 70pum nylon mesh strainer (BD Biosciences) to remove large
pieces and washed in PBS (Gibco). Cells were resuspended in a PBS solution with 2%
fetal bovine serum (FBS) (Seradigm) and stained for 30 minutes at 4°C with respective
antibodies or isotype controls. Samples were fixed in 1% formalin and run on a BD

FACSCalibur.

3.2.2 Flow cytometric analyses

Dendritic cells were identified among dissociated tumor cells by co-expression of
CD11c and I-A/I-E (MHC Class II). CD80 and CD40 were used as additional markers of
activation on dendritic cells. CD3 expression was used to identify tumor-infiltrating
lymphocytes and CD4 and CD8 were used to further distinguish the phenotype of the T
cells. CTLA-4 and PD-1 expression were both measured as established markers of T cell
suppression (Wainwright et al., 2014). Myeloid derived suppressor cells were identified
by co expression CD11b and Gr-1 and tumor associated macrophages were
distinguished by co-expression of CD11b and F4/80 (Gabrilovich & Nagaraj, 2009).
Antibody information is supplied in Appendix A.

All samples were analyzed using FlowJo version 10 (Tree Star) and were gated
on size and granularity, followed by omission of debris. For NSC MB samples,
unstained NSC MB tumor cells (GFP+) were mixed with unstained Ptch1 MB (GFP-)

tumor cells to set up voltage settings and used as a standard fluorescence minus one
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(FMO) control for samples stained in the FL-1 GFP and FL-2 PE channels. Therefore,
false positives were avoided by excluding the FMO control, which comprised of
intensely expressing GFP+ tumor cells. CaliBRITE 4 Color Beads (BD Biosciences) were
used to determine compensation values. IgG controls were used to draw all gates. Total
percentage values for infiltrating cells within NSC MB tumor samples were calculated
by multiplying the non-GFP population by the percentage of positive cells determined
within the non-GFP population. Comparative analyses were conducted using Prism

(GraphPad).

3.2.3 Statistical analyses

Analysis of data comparing immune cell frequencies between MB subtypes was
performed using the unpaired two-tailed t-test to assess means and standard deviations
with a significant result limited to p-values of less than 0.05. Survival curves were
estimated for each group using the product-limit estimation of Kaplan and Meier.
Primary comparative analysis of the curves for each group receiving various treatments
was conducted using the log-rank test. All analyses were conducted using Prism

(GraphPad).

3.2.4 RNA isolation

Total RNA was isolated from murine fetal tissue or explanted tumor tissue using

the commercially available RNeasy Mini Kit (Qiagen) as per manufacturer instructions.
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3.2.5 Ex vivo expansion of T cells

Dendritic cells (DC) were isolated from the bone marrow of C57BL/6 mice using
a previously published protocol with few modifications (Inaba et al., 2009). Briefly,
femurs and tibias of C57BL/6 mice were harvested and bone marrow flushed with RPMI
(Gibco) and 10% FBS. Red cells were lysed and mononuclear cells were re-suspended in
Complete DC Media (RPMI-1640, 5% heat-inactivated FBS, 1M HEPES, 55mM 3-
mercaptoethanol, 100mM sodium pyruvate, 10mM nonessential amino acids, 200mM L-
glutamine, 10ug GM-CSF, 10ug IL-4, 5.5mL Penicillin/Streptomycin and plated into 6-
well plates at a density of 10° cells/mL. Non-adherent cells were removed at day 3. At
day 7, cells were re-plated onto 60mm tissue culture dishes. Remaining non-adherent
cells were electroporated the following day with 25ug of total RNA isolated from either
Ptch1 MB or NSC MB. RNA-pulsed DCs were collected the following day and co-
cultured with splenocytes for ex vivo expansion. Splenocytes harvested from tumor-
bearing animals were expanded ex vivo using primary DCs pulsed with total tumor
RNA and grown in T cell media (RPMI-1640, 10% heat-inactivated FBS, 55mM [3-
mercaptoethanol, 100mM sodium pyruvate, 10mM nonessential amino acids, 200mM L-
glutamine, 5.5mL Penicillin/Streptomycin) and 100IU IL-2 for seven days before use in

functional assays (Figure 16).
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3.2.6 Functional stimulation assay

To determine anti-tumor T cell function, effector T cells were co-cultured with
target cells overnight and supernatant was collected 24 and 48 hours later. A Cytometric
Bead Array (CBA) kit was used to determine mouse Th1/Th2 cytokine release in the

supernatant (BD Biosciences) as per manufacturer instructions.

3.2.7 Antibody blockade and administration

For immune checkpoint blockade experiments, anti-CTLA-4 and anti-PD-1
antibodies were first administered 5 days following intracranial tumor implantation. For
CTLA-4, an initial loading dose of 100 pg anti-CTLA-4 (clone 9H10; BioXCell) was
administered through intraperitoneal injections, followed by three 50 ug maintenance
doses every 3 days. For PD-1 blockade, mice were administered anti-PD-1 (muDX-400;

Merck) intraperitoneally at a dose of 10mg/kg every 5 days for a total of 4 doses.

3.3 Results
3.3.1 Dendritic cell infiltration within the tumor microenvironment

To analyze the endogenous infiltration of lymphocyte and myeloid cell
populations, we measured proportions of immune cells from dissociated tumor tissue
and compared them with control normal cerebellar samples (See Materials and
Methods). We first evaluated the infiltration of antigen presenting cells (APCs) via co-
expression of costimulatory molecules CD80 and CD40 and the expression of the MHC

Class II molecule I-A/I-E on CD11c dendritic cells (DCs). Expression of CD80 on CD11c

43



cells was not significantly different between the two MB subtypes (Figure 104,
p=0.1799); however, the Ptchl MB subtype had significantly increased CD11c*CD40*

(Figure 10B, p=0.04) and CD11c'I-A/I-E* cells (Figure 10C, p=0.03).
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Figure 10: Characterization of dendritic cell infiltration

Dendritic cell infiltration was measured by multi-color flow cytometry.
Representative flow data with gating strategy are shown for each marker (left).
Histograms of all samples for each tissue type are also shown (right). Percentages
of CD11c+ cells costained with: (A) CD80, (B) CD40 and (C) I-A/I-E (MHC Class
II). Percentages of CD11c, CD80+ were not significantly different between the
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two subtypes (p=0.17) but percentages of CD11c, CD40+ and CD11c, I-A/I-E+
cells were significantly higher in the Ptch1 MB subtype compared to the NSC MB
subtype (p=0.04 and 0.03 by unpaired t-test, respectively).

3.3.2 T cell infiltration within the tumor microenvironment

Endogenous T-cell infiltration was determined using combined expression of
CD3 and CD8 or CD4. Percentages of both infiltrating CD4 T cells (Figure 11A) and CD8
T cells (Figure 11B) were significantly higher within the Ptch1 MB tumor
microenvironment compared to the NSC subtype (p=0.0034 and 0.0088, respectively).
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Figure 11: Characterization of T cell infiltration

T-cell infiltration was measured by multi-color flow cytometry.
Representative flow data with gating strategy are shown for each marker (left).
Histograms of all samples for each tissue type are also shown (right). (A) Overall
CD4+ and (B) CD8+ frequencies were significantly higher in Ptchl MB tumors
(p=0.0088 and 0.0034 by unpaired t-test, respectively). (C) Proportions of
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CD4+CTLA-4+ were not significantly different between the two subtypes
(p=0.64), but CD8+PD-1+ (D) of CD3 T cells was significantly higher in NSC MB
tumor bearing animals (p=0.0049 by unpaired t-test, respectively).

We also observed that higher frequencies of both CD4 (Figure 12A) and CD8

(Figure 12B) T cell infiltration in the Ptch1 MB strongly correlated with DC infiltration

into the Ptch1l MB tumor microenvironment.

A CD4 and DC Infiltration in Ptch1 MB
45
- R* = 0.9847
ﬁ 35 |
T 3
S 25
‘;?‘ 2 ¢ (D1ic, I-A/I-E
5 s —— Linear (CD11c, I-A/I-E)
8 1
X 05
0
0 1 2 3 4
%CD3, CD4 of Total
B CD8 and DC Infiltration in Ptchl1 MB
45
= 4 R’=0.998/§/’
B35 .
‘E 3 | /
& 25 /
3 2 / & CD11c, I-A/I-E
915 — Linear (CD11c, 1-A/i-E)
8 1
X 05
4]
0 i 2 3
%CD3, CD8 of Total

Figure 12: CD4 and CD8 T cell infiltration correlates with DC infiltration in
Ptch1 MB

(A) Infiltration of CD3*CD4* T cells showed a strong positive correlation
with the infiltration of dendritic cells expressing MHC Class II molecules (R?
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=0.9847). (B) Infiltration of CD3+ CD8+ T cells also strongly correlated with
dendritic cells (R?=0.9986).

No significant correlation between either CD4 (Figure 13A) or CDS8 (Figure 13B)
infiltration and DC infiltration was observed in the NSC subtype, showing a negative

trend (R?=0.4048 and 0.1761, respectively) between the two cell subsets.
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Figure 13: CD4 and CD8 T cell infiltration do not correlate with DC infiltration
in NSC MB

(A) Infiltration of CD3*CD4* T cells showed no correlation with dendritic
cells expressing MHC Class II molecules (R?=0.3521) in the NSC MB tumor. (B)
Infiltration of CD3+ CD8+ T cells also strongly correlated with dendritic cells
(R?=0.1761).

47



To assess the immunosuppressive state of tumor-infiltrating T cells, CTLA-4
expression on CD4 T cells and PD-1 expression on CD8 T cells were analyzed. No
significant differences were observed in CD4* CTLA-4* T cells between the two subtypes
with no discernable double positive population (Figure 14A, p=0.64). Interestingly, there
was a significantly higher proportion of CD8* PD-1* double positive T cells within the
NSC MB microenvironment compared to Ptch1 MB (Figure 14B, p=0.004) suggesting a
more profound immunologic suppression or exhaustion phenotype on T cells in these

mice.
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Figure 14: Characterization of immunosuppressive T cell subsets
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T-cell infiltration was measured by multi-color flow cytometry.
Representative flow data with gating strategy are shown for each marker (left).
Histograms of all samples for each tissue type are also shown (right). (A)
Proportions of CD4+* CTLA-4* were not significantly different between the two
subtypes (p=0.64), but (B) CD8PD-1* of CD3 T cells was significantly higher in
NSC MB tumor bearing animals (p=0.0049 by unpaired t-test, respectively).

3.3.3 Suppressive myeloid cells within the MB tumor
microenvironment

Due to significant differences observed in the frequency CD8* PD-1* T cells
between the two MB subtypes, we evaluated the levels of PD-L1 expression on both
tumors. Overall PD-L1 was significantly higher in the Ptch1l MB, expressing significantly
more over the NSC MB tumor (Figure 15A, p=0.04). Because overall PD-L1 expression
was relatively low in both subtypes compared to other well-characterized peripheral
tumors such B16 melanoma (Iwai et al., 2002), we hypothesized that the predominant
source of PD-L1 came from myeloid infiltrating cells such as myeloid derived
suppressor cells (MDSCs) and TAMs. We evaluated the expression of PD-L1 on myeloid
cells and observed significantly more CD11b* PD-L1*myeloid cells in Ptchl MB tumors
(Figure 15B, p=0.03). Myeloid cell infiltration was further characterized by quantifying
the presence of MDSCs and TAMs. Combined expression of CD11b+ and Gr-1 (MDSCs)
or F4/80 (TAMs) were both shown to be significantly higher in the Ptch1 MB tumor

(Figures 15C and 15D, p=0.01 and 0.03, respectively).
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Figure 15: Myeloid cell infiltration

Freshly dissociated tumor from moribund tumor-bearing animals was
stained for PD-L1 expression. Representative histograms of NSC MB (left) and
Ptchl MB (right). (A) Percentage of PD-L1 expression on total cells was
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significantly higher in the Ptch1l MB subtype compared to the NSC MB subtype
(p=0.04 by unpaired t-test). (B) PD-L1 co-expression on infiltrating myeloid cells
was also significantly higher in the Ptch1 MB subtype (p=0.03 by unpaired t-test).
(C) Myeloid derived suppressor cells and (D) tumor associated macrophages
infiltration frequencies were significantly higher in the Ptchl MB subtype
compared to the NSC MB subtype (p=0.01 and 0.03 by unpaired t-test,
respectively).

3.3.4 Immune recognition and mutual exclusivity of total tumor
antigens

Because significant differences were observed in the infiltration of both CD4 and
CDS8 T cells and MDSCs and TAM cells, we hypothesized that the more phenotypically
undifferentiated nature of the NSC MB tumor contributed to a more immunologically
“silent” profile compared to the more infiltrative Ptchl MB tumor, and therefore lacked
presentation of immunogenic antigens capable of eliciting reactivity from the immune
system.

To test the immunogenicity of antigens expressed by both MB subtypes, we
harvested splenocytes from animals bearing intracranial NSC MB or Ptch1 MB and
expanded them with primary dendritic cells electroporated with total tumor RNA from
each subtype. Expanded T cells were tested for functionality and specificity through a
restimulation assay measuring specific Th1 cytokine release upon encounter with tumor

target cells (Figure 16).
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Figure 16: Expansion of antigen-specific T cells

Primary bone-marrow derived dendritic cells (DCs) were electroporated
with the RNA of interest. Matured DCs were intradermally vaccinated in the ear
pinna of a naive mouse. Splenocytes from the vaccinated mouse were harvested
one week later and cultured with primary DCs electroporated with the RNA of
interest. Following a weeklong ex-vivo expansion with IL-2, activated T cells were
tested in a functional restimulation assay with RNA-pulsed target cells.

Despite differences in T cell and myeloid cell infiltrating proportions, both MB
expressed antigens capable of eliciting specific inflammatory immune responses. T cells
generated from the splenocytes of both the Ptch1 MB and NSC MB-tumor bearing
animal showed significant Th1 cytokine release over target cells pulsed with OVA RNA.
Surprisingly, we observed no cross reactivity between the two MB subtypes. Ptch1 MB
tumor-specific T cells only recognized target cells expressing Ptchl MB total tumor

antigens and did not respond to target cells pulsed with NSC MB total tumor RNA

(Figure 17).
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Figure 17: Ptch1 MB total tumor antigens are immunogenic

T cells generated against Ptchl MB total tumor antigens secreted pro-

inflammatory cytokines TNFa and IFNYy in response to target cells pulsed with

Ptch1 MB total tumor RNA (ttRNA), but showed no response to target cells

electroporated with OVA RNA, normal cerebellar (CB) RNA, or NSC MB ttRNA.

The same subtype-specific immune response was observed when we generated
NSC MB tumor specific T cells, suggesting that the two subtypes are immunologically
distinct (Figure 18). In addition, tumor-specific T cells generated from both MB subtypes
did not show cross reactivity to targets pulsed with normal cerebellar RNA,

corroborating previous observations by our group (Flores et al., in press) that targeting

total tumor antigens can be done safely without harm to the normal brain.
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Figure 18: NSC MB total tumor antigens are immunogenic

T cells generated against NSC MB total tumor antigens secreted pro-
inflammatory cytokines TNFa and IFNYy in response to target cells pulsed with

NSC MB ttRNA, but showed no response to target cells electroporated with OVA

RNA, normal cerebellar (CB) RNA, or Ptch1l MB ttRNA.

To confirm that tumor specific immune responses were not driven by reactivity
against reporter proteins expressed by either mouse models, we generated and
expanded tumor specific T cells to the NSC MB tumor and co-cultured with target cells
pulsed with either eGFP RNA or luciferase RNA (Figure 19). We confirmed that indeed,

tumor specific responses were not driven by reporter proteins, evidenced by cytokine

secretion comparable to OVA negative control targets.
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Figure 19: Total tumor antigens do not cross react with engineered reporter
proteins

T cells generated against NSC MB total tumor antigens were tested for
potential reactivity to reporter proteins expressed by the tumor. NSC MB-specific
cells showed no response above negative controls to target cells electroporated
with eGFP or luciferase RNA.

3.3.5 Antitumor response to immune checkpoint blockade

While the antigenic profile of both MB subtypes did not differentially affect their
immunogenic potential, we next assessed the differential response of each subtype to
immunotherapeutic intervention aimed on modulating the tumor microenvironment.
We evaluated the functional role of the tumor infiltrating immune cells and whether
immunologic differences within the tumor microenvironment could be leveraged to

mediate antitumor efficacy. Because of the significant differences seen in CD8* PD-1* T
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cell population and no differences in CD4* CTLA-4* T cells, we used PD-1 and CTLA-4
blocking antibodies to determine if subtype differences would translate into differential

responses to the immune checkpoint inhibitors (Figure 20).

~
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Figure 20: Immune checkpoint blockade treatment platform

Animals were implanted with the minimum tumorigenic dose of either
NSC MB or Ptchl MB tumor cells and administered an intraperitoneal injection
of CTLA-4 blocking antibody or PD-1 blocking antibody alone or in combination.
Anti-CTLA-4 was administered every 3 days and anti-PD-1 was administered
every 5 days.
Ptch1l MB intracranial tumor-bearing animals were treated with either anti-
CTLA-4 alone, anti-PD-1 alone, or in combination. Neither immune checkpoint inhibitor,

alone or in combination, showed any treatment benefit compared to untreated controls

(Figure 21).
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Figure 21: Ptch1 tumor MB treatment with anti-CTLA-4 and anti-PD-1

Ptch1 MB tumor bearing animals did not show any treatment effect

beyond tumor-only control animals following anti-PD-1 or anti-CTLA-4 therapy,
either alone or in combination.

However, in NSC MB tumor-bearing animals, animals treated with anti-PD-1
alone or in combination with anti-CTLA-4 showed a significant survival benefit over
untreated controls (Figure 22, p=0.02 and 0.009, respectively). Treatment in this model
with anti-CTLA-4 alone showed no benefit, thus indicating PD-1 expressing T cells as a

key axis of immune suppression and tumor outgrowth in the NSC MB subtype, but not

in the Ptch1 MB subtype.
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Figure 22: NSC MB tumor treatment with anti-CTLA-4 and anti-PD-1

Anti-PD-1 therapy alone or in combination with anti-CTLA-4 therapy
conferred a significant survival benefit in NSC MB tumor bearing animals
compared to tumor-only controls. CTLA-4 blockade alone also did not show any
difference in survival compared to tumor-only controls.

3.4 Discussion

3.4.1 Distinct tumor microenvironments in MB molecular subgroups

The examination of immune-based strategies in pediatric brain tumors has been
marginal and to date, little is understood of the interplay between the immune system
and the MB microenvironment. An understanding of the inflammatory interactions that
occur to simultaneous promote tumor growth and modulate antitumor responses may
yield strategies to re-program distinct immune regulatory pathways across MB
subgroups as well as enhance current antigen-targeted strategies.

Our immune characterization studies demonstrate the Ptch1l MB tumor to be
significantly more immunologically active; flow cytometric analyses of dissociated

tumor tissue demonstrated markedly higher levels of both myeloid and lymphoid cells
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including dendritic cells, MDSCs, TAMs, CD4 and CD8 T cells. While no differences
were observed in the suppressive CD4*CTLA-4* subset, we observed a significantly
higher proportion of CD8* PD-1* expression within the CD3+ population in the NSC MB
subtype. Differences in infiltrative cells within the Ptchl MB or NSC MB tumor
microenvironment did not alter the immunogenicity of total tumor antigens, but rather
demonstrated mutual exclusivity. The absence of cross reactivity between targeting total
tumor antigens of each subtype suggest the Ptch1 MB and NSC MB tumor to be
immunologically distinct. However, whether the endogenous immune system
differentially recognizes total tumor antigens in vivo remains to be tested.

A more critical examination of the tumor microenvironment should include
additional analyses of effector memory T cells and regulatory T cells. A time course
study evaluating how these immune cell subsets fluctuate in parallel with intracranial
tumor growth would yield valuable insight into mechanisms of immune evasion with

respect to molecular subgroup.

3.4.2 Leveraging therapy to target immune system

Differential response to anti-PD-1 blockade in tumor-bearing animals suggests
that the PD-1/PD-L1 axis is a key immunoregulatory pathway in Group 3 MBs that may
unlock the potency of immunotherapeutic intervention. A previous study by Zeng et al.
showed the synergistic interaction of anti-PD-1 blockade in combination with

stereotactic whole brain irradiation through the influx of CD8* T cells in treating
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intracranial malignant glioma (GL261) tumors (Zeng et al., 2013), suggesting a CD8*
requirement for abrogating tumor growth with a PD-1 blocking strategy. Depletion of
the CD8* T cells resulted in the loss of efficacy while the depletion of CD4+ still yielded
some benefit (Zeng et al., 2013). In our experiments, blockade of PD-1 pathway using
monoclonal antibody as a monotherapy was sufficient to extend the median survival of
treated animals in the NSC MB model but not Ptch1 MB model. Further evaluation of
intratumoral CD4* and CD8* subsets following anti-PD-1 therapy in both MB tumor
models would likely yield whether a similar mechanism is responsible for overcoming
immunosuppressive lymphoid cells.

Previous studies by our lab have also evaluated the treatment combination of
anti-PD-1 and lymphodepletive TBI in the NSC MB model regimen. Lymphodepletion
host conditioning regimens have been shown to enhance antitumor immunity by
potentiating antigen-specific T cell responses (Sanchez-Perez et al., 2013).
Administration of lymphodepletive 5Gy TBI abolished any survival benefit observed in
animals treated with PD-1 alone. However, studies by others have demonstrated PD-1
blockade and whole brain irradiation to work synergistically (Zeng et al., 2013),
suggesting that PD-1 blockade on peripheral T cells mediates antitumor responses in
intracranial NSC MB tumors. Further investigation into the delivery and conditions
optimal for anti-PD-1 therapy for MB tumors promise to enhance current antigen-

specific therapies.
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Expression of PD-L1 on tumor cells has been demonstrated as a predictor of
response to anti-PD-1/PD-L1 therapy. In a Phase 1 trial testing anti-PD-1 in solid tumors,
analyses of pre-treatment biopsies showed that the absence of cell surface PD-L1
expression correlated to a lack of response, indicating PD-L1 as an important predictor
of response to anti-PD-1 therapy (Brahmer et al., 2010). We observed marginal PD-L1
expression within the total tumor microenvironment of both MB tumor subtypes, of
which was largely expressed by myeloid infiltrating cells. Few studies have evaluated
the prognostic value of PD-1 expressing tumor infiltrating lymphocyte (TIL) distribution
at the tumor site. An examination of PD-1 expressing TILs in pre-treated solid tumor
samples significantly correlated with PD-L1 expression on both tumor cells and immune
cell infiltrates (Taube et al., 2014). In the same study, overall frequencies of TILs and PD-
L1 expression on immune cell infiltrates did not significantly correlate to an objective
clinical response to anti-PD-1 therapy; however, assessment of PD-1 expression on TILs
was borderline associated with clinical response (Taube et al., 2014). Interestingly, our
studies corroborate these observations and demonstrate that despite higher percentages
of both myeloid and lymphocyte infiltration as well as increased frequencies of PD-L1
expressing myeloid infiltrating cells in Ptch1l MB tumor bearing animals, there was no
response to PD-1 blockade in this subtype. PD-1 therapy did show efficacy in extending
the median survival in NSC MB tumor bearing animals, suggesting that proportions of

CD8* PD-1* expressing lymphocytes may serve as an indicator of response to PD-1
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blockade and should be further evaluated in pre-treatment and post-treatment patient
tumor samples.

We show that the Ptch1 MB tumor contains higher percentages of infiltrating
MDSCs and TAMs, likely contributing to a more immunologically suppressive tumor
microenvironment. MDSCs and TAMs have long been characterized for their notable
ability to negatively regulate innate and adaptive immune responses (Gabrilovich &
Nagaraj, 2009). The expansion and activation of myeloid infiltrating cells rely heavily on
cytokines produced by tumor cells and activated T cells, directly leading to suppressive
signaling pathways driven by the transcriptional factor STAT3 in MDSCs (Gallina et al.,
2006). Abad et al. observed similar increases in MDSC activity in spontaneously arising
tumors in the Smo+ transgenic mouse, a murine model of the SHH-driven MB.
Conditional knockout of STAT3 in myeloid cells led to greater CD4 and CD8 infiltration
with reduction in T regulatory cells and MDSCs (Abad et al., 2014). Despite higher
proportions of lymphocyte subsets, our studies demonstrate that the Ptch1 MB model
was less responsive to immune checkpoint inhibitors, and suggests that selective
blockade of macrophage and myeloid derived suppressor populations may unlock
intratumoral effector cells in SHH-driven MB (Margol et al., 2014). Additionally, as
suggested by Margot et al., increased presence of myeloid and macrophage populations

may be used to clinically stratify treatment and immunotherapeutic strategy.
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In summary, the immunologic characterization of two MB animal models yields
potential avenues to exploit functional intratumoral immune subsets that may induce
antitumor immunity. A better understanding of the tumor microenvironment with
respect to molecular subtype classification will yield novel targeted therapies stratified

toward disease subsets and bypass the morbid effects of current strategies.
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4. Developmental antigens for targeting of MB tumor
subtypes in vitro

4.1 Introduction

Developmental pathways fundamental in driving embryonic organogenesis
share remarkable similarities with the signaling and transcriptional processes activated
in many cancers (Hu & Shidasani, 2005). The shared overlap between the developmental
program with known pathways in tumorigenesis reveals conserved “oncofetal” genes
that are exclusively expressed during development, but are then downregulated in
differentiated adult tissues. Numerous studies have identified specific cell populations
within the fetal cerebellum that undergo neoplastic transformation to give rise to distinct
subtypes of MB. (Gilbertson & Ellison, 2008). Using total embryonic RNA as a source of
tumor rejection antigens is attractive because it can be delivered as a single vaccine,
target both known and unknown fetal proteins, and has the potential to be further
refined to preferentially treat distinct molecular subtypes of MB.

In this chapter, we evaluate the potential of developmentally regulated antigens
(hereafter termed developmental antigens or DA) as candidate tumor rejection targets
by analyzing the shared overlap of upregulated genes between the murine fetal
cerebellum and tumors from our two animal models of MB. We utilize the total RNA
contents from the fetal mouse cerebellum to model reactivated embryonic genes and
serve as the source of developmental antigens. We demonstrate developmental antigens

are recognized as foreign by the immune system despite concerns of potential immune
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tolerance against otherwise normal antigens. We prove that in vitro amplification of a
developmental antigens cDNA library bypasses the need for repeated harvest of
primary fetal tissue. Furthermore, we show that T cells generated with specificity to
developmental antigens can recognize and respond to immunologically distinct
subtypes of MB with no cross-reactivity with the normal cerebellum. Our data from
these studies present developmental antigens as a renewable source that is capable of

safely targeting multiple subgroups of MB.

4.2 Materials and Methods
4.2.1 In vitro transcription amplification

Total RNA extracted from murine fetal tissue or explanted tumor tissue was
further cleaned for genomic DNA contamination using commercially available TURBO
DNase (Life Technologies). cDNA libraries from extracted RNA were generated using
the commercially available SMARTer PCR cDNA Synthesis Kit (Clontech) using the
primer sequences listed in Table 4 of Appendix B. Primers CDSIIIA and SMART III
were used during first strand synthesis and primers CDSIIIA and T7-SMART were used

in subsequent PCR amplification.

4.3 Results

4.3.1 The fetal cerebellum shares gene expression with animal
models of MB subtypes

To visualize the relationship between the fetal transcriptional program within

the cerebellum and that seen with the different MB subtypes, we examined published
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gene expression data from murine MB models recapitulating the WNT, SHH and Group
3 human tumors. Data files were chosen from studies using the Affymetrix Mouse 430
2.0 Array. We compared the gene expression profiles from these tumors with that of
their proposed cell of origin and with the normal murine cerebellum and brain (Table 3).
Using principal components analysis (PCA), an unsupervised method to determine
overall similarity in gene expression, we observed that the cerebellar progenitor
populations comprising of dorsal brainstem cells, granule neuron precursor cells and
neural stem cells clustered closely with their respective tumor subtype and were similar
based upon global RNA expression (Figure 23). All three progenitor cell populations
and their tumor subtypes showed greater separation from the normal cerebellum and

brain, highlighting genetic differences between the adult and fetal/tumor samples.
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Figure 23: PCA of murine MB tumors and progenitor cell populations
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Principle components analysis (PCA) of mouse MB tumor subtypes and
corresponding cell of origin from previously published data (See Appendix).
Three principle components describe 57% of the total data variation (PC1, 31.5%;
PC2, 15.8%; PC3, 9.66%). Green, WNT tumors derived from E16.5 dorsal brain
stem cells; red. Brown, Ptchl tumors derived from P7 granule neuron precursor
cells; dark blue. Magenta, Group 3 tumors derived from neural stem cells (NSC);
light blue. Tumor subtypes and corresponding progenitor populations cluster
further from normal brain, purple, and normal cerebellum, brown.

Table 2: Published data sets of progenitor populations and corresponding MB
tumor subtypes

Reference Cell Type Source Authors
Series
GSE34126 P5 stem cells wild type Pei et al., 2012
GSE34126 Stem cell-derived tumors = tumor-bearing mice Pei et al., 2012
GSE34126 Patched tumors Ptchl mutant Pei et al., 2012
GSE24628 Patched tumors Ptchl mutant Gibson et al., 2010
GSE9954 Brain wild type Thorrez et al., 2008
GSE19534 Cerebellum wild type Kurz et al., 2010
GSE24628 WNT tumors Ctnnbl mutant Gibson et al., 2010
GSE24628 P7 GNP wild type Gibson et al., 2010
GSE24628 E16.5 DBS wild type Gibson et al., 2010

To quantify the potential number of overlapping, differentially expressed
antigens for tumor rejection, we examined the gene expression profiles of explanted

NSC tumors and Ptch1 tumors. We compared these tumors to the mouse cerebellum at
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postnatal day 5 (P5), the developmental time-point proposed by Kho et al. in which
mouse cerebella shared greatest similarity with human MB (Kho et al., 2004).
Unsupervised hierarchical clustering confirmed the similarity observed between
upregulated genes in the P5 cerebellum and both MB tumors. As expected, normal brain
samples clustered furthest away from the P5 cerebellar samples. We identified 1251
shared genes (1854 probe sets) that were upregulated 2-fold or higher over normal brain
expression (p-value with FDR correction <0.05) between the P5 cerebellum
(developmental antigens) and NSC MB, while 1135 upregulated genes (2140 probe sets)

were shared with the Ptch1l MB tumor.
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Figure 24: Hierarchical clustering of gene expression in fetal and tumor tissues

Unsupervised hierarchical clustering analysis of syngeneic NSC MB and
Ptchl MB tumors, the postnatal day 5 (P5) cerebellum (referred to as
Developmental Antigens) and the normal brain. Each row represents a distinct
sample and each column represents an individual gene. The normalized (log2)
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and standardized (each sample to mean signal=0 and standard deviation=1) level

of gene expression is denoted by color (blue, low; white, intermediate; red, high)
as noted in the gradient below the map.

4.3.2 Developmental antigens are immunogenic

To evaluate the capacity of the immune system to recognize developmental
antigens as immunogenic targets, we generated T cells specific to the mouse P5
cerebellum. Ex vivo expanded T cells were co-cultured with target cells pulsed with DA
RNA (as demonstrated in Figure 16). Upon encounter with DA RNA-pulsed target cells,
we measured significantly higher levels of secreted Th1 cytokines TNFa and IFNy over
negative control OVA-pulsed targets (Figure 25). As a positive control for this assay, we

generated OV A-specific T cells and demonstrate unique reactivity only to OVA-pulsed

target cells.

800 -
Hl TNF-a
[FN-
600 I g
I=
S 4004 l
o
2004
ifi + O+ o+ - - w o :
Effactor OVA SpEC.If.ICT cells
DA specific T cells - - - 4 + + _ =
DC2.4/0VA RNA + = -+ = = 4 <
Target  peyra/paTotalRNA - 4 - - o+ - 4

Figure 25: Developmental antigens are immunogenic
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Antigen specific T cells generated against ovalbumin (OVA) or the P5
fetal cerebellum secrete pro-inflammatory cytokines TNFa and IFNy measured
by cytokine bead array (CBA) in recognition of surrogate target DC2.4 cells
pulsed with OVA RNA or total RNA isolated from the P5 cerebellum -
developmental antigens (DA).

4.3.3 Developmental antigens are renewable via IVT amplification

An attractive feature of using DA as a source of tumor rejection antigens is the
potential for use as a single formulation that can be efficiently delivered to patients. In
order to mediate consistent responses, as well as to minimize the harvest of primary
fetal tissue required to extract cerebellar RNA, we tested whether DA RNA could be
amplified from a single cDNA library without loss of function. Total RNA was extracted
from the mouse P5 cerebellum and confirmed for quality via Bioanalyzer. An RNA
Integrity Number (RIN) of 10 was determined as sufficient to proceed with the reverse
transcription reaction (Figure 26A). Extracted RNA was reverse-transcribed (RT) into
cDNA using the Moloney murine leukemia virus (MMLYV) reverse transcriptase. A
unique property of the MMLV RT adds additional C residues as it reaches the end of the
original RNA template. Primers to the poly-A tail and a switch oligo encoding a T7
promoter, followed by 3 G residues were used in the RT reaction to ensure the
subsequent amplification step. A smear spanning the length of the 1Kb ladder in Lane 2
confirmed successful reverse transcription into a single stranded cDNA library of full

length transcripts (Figure 26B). Single stranded cDNA was PCR-amplified using a 3’
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primer to the poly-A tail and a T7 oligonucleotide at the 5" end. Only cDNA products
transcribed to the 5" end of the original template would contain the T7 sequence from
priming by the switch oligo, therefore ensuring the amplification of full length
transcripts (Boczkowski et al., 2000). To decrease the likelihood for errors during the
elongation step of PCR amplification, we optimized the minimum number of cycles
required to reach the exponential phase of amplification (Figure 26C). Amplified PCR
product was in vitro transcribed into full length RNA. A smear spanning the length of

the 1KB ladder in Lane 2 represents the successful in vitro transcription of the library

(Figure 26D).
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Figure 26: In vitro transcription amplification of developmental antigen RNA
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(A) Total RNA extracted from the mouse P5 cerebellum and run on
Bioanalyzer to confirm quality. (B) Single stranded cDNA library of
developmental antigens. (C) PCR amplification of cDNA library and
optimization of the number of extension cycles (24 cycles) to ensure efficient and
accurate amplification of entire library. (D) IVT DA RNA from purified PCR
amplified product.

To test the functionality of IVT DA RNA as an alternate source for total fetal
RNA, we generated T cells specific to IVT DA and used a restimulation assay testing the
specificity of IVT DA T cells upon co-culture with different targets. The IVT DA T cells
showed very specific recognition upon encounter with target cells pulsed with total DA
RNA and IVT DA (Figure 27) and no reactivity with OVA-pulsed negative control

targets. All subsequent expansions of DA specific T cells were generated using in vitro

transcribed DA RNA.
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Figure 27: Developmental antigens IVT RNA can be used as an immunogenic
source of antigens.
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Ex vivo expanded T cells were generated against DA using IVT RNA and
tested for their reactivity against target cells pulsed with OVA RNA, IVT RNA or
Total DA RNA. T cells secrete Th1 cytokines TNFa and IFNy measured by CBA
in recognition of surrogate target DC2.4 cells pulsed IVT DA RNA and DA total
RNA over negative control target cells pulsed with OVA RNA.

4.3.4 Developmental antigens target both MB subtypes

To test the capacity of DA as rejection targets against MB subtypes, we co-
cultured DA-specific T cells against target cells pulsed with total tumor RNA from both
MB tumors. Interestingly, T cells generated against DA secreted high levels of Th1
cytokines TNF-a and IFN-y in response to target cells expressing total tumor antigens
(Figure 28A) showed no reactivity in combination targets pulsed with OVA RNA. We
next asked whether DA-specific T cells were reactive to dissociated tumor cells of both
MB subtypes. Upon co-culture with T cells and tumor targets, we observed specific Th1l
cytokine responses against tumor cells of both MB subtypes in addition to the expected

specific response against target cells pulsed with DA RNA (Figure 28B).
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Figure 28: Developmental antigens can be used to target tumor cells of MB
subtypes

(A) DA specific T cells secrete Th1 pro-inflammatory cytokines TNFa and
IFNy measured by CBA in recognition of surrogate target DC2.4 cells pulsed
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with total tumor RNA isolated from Ptch1 MB and NSC MB and (B) in
recognition of Ptchl MB and NSC tumor cell targets.

4.3.5 Developmental antigens do not cross react with the normal
cerebellum

To evaluate the feasibility and safety of using developmental antigens as targets
in pediatric patients, we tested the cross-reactivity of DA-specific T cells with the
cerebellum at subsequent stages of development following P5. Cerebellar RNA at P12,
P15 and P30 were selected based on corresponding morphologic milestones of human
cerebellar development through completion at about 2 years of age (Kuhar et al., 1993;
Matoba, Kato, Kurooka, et al., 2000; Matoba, Kato, Saito, et al., 2000). Unexpectedly, DA-
specific T cells only responded to targets expressing P5 antigens, whereas no cross
reactivity was observed across all other stages. Additionally, no reactivity was observed
with target cells electroporated with RNA from P30, considered to represent the “adult”

cerebellum or when cerebellar development has reached completion (Figure 29).
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Figure 29: Developmental antigens do not cross react with the normal
cerebellum.

DA specific cells do not show any reactivity against subsequent stages of
cerebellar development following postnatal day 5 (P5) through postnatal day 30
(P30), or the adult cerebellum.

4.4 Discussion

In our initial examination of published murine MB gene expression studies,
animal models of WNT, SHH, and Group 3 MB showed greater similarity in expression
with each tumor’s respective and proposed fetal progenitor cell population, compared to
the expression of the normal and differentiated cerebellum and brain. The reactivation
of a developmentally-regulated program in tumor cells, and their absence in
surrounding normal tissue make the fetal cerebellum an ideal source of candidate

antigens for tumor rejection. Our initial studies determined if antigens expressed during
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fetal cerebellar development are immunogenic. Antigens specific to the fetal cerebellum
contain self-antigens that may not be recognized by the immune system as distinct
immunologic targets, as central tolerance mechanisms ensure that only T cells released
into the periphery are those that cannot interact with strongly reactive self-peptide MHC
complexes (Hogquist et al., 2005).

We first determined the murine cerebellar stage that most closely paralleled gene
expression of human MB to model developmental antigens throughout preclinical
evaluation. Because gene expression profiling done by Kho et al. concluded that the
postnatal day 5 (P5) stage of mouse cerebellar development shared close association
with both metastatic and non- metastatic classic and desmoplastic human MB, we used
the total RNA from this stage of the fetal cerebellum as the source of developmentally
regulated antigens. We observed that DA were indeed immunogenic and T cells specific
for these antigens secreted Th1 cytokines TNF-a and IFN-y at levels comparable to those
of an ovalbumin single antigen positive control when cultured with targets pulsed with
DA RNA. We also demonstrated that total RNA from the fetal cerebellum could be in
vitro transcribed from a reverse transcribed cDNA library to form a renewable source of
antigens to target both MB subtypes. While quantitative studies were not done to
compare the functionality of total amplified RNA versus IVT RNA, IVT amplified RNA
has been previously reported to result in superior protein translation and lead to greater

expansion of antigen specific cytotoxic T lymphocytes (Slagter-Jager et al., 2013).
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Surprisingly, T cells specific for DA additionally recognized surrogate target cells
expressing total tumor antigens as well as tumor target cells from both the Ptch1l MB and
NSC MB tumor, demonstrating that fetal antigens from the cerebellum can target
immunologically distinct subtypes of MB that otherwise show no immunologic cross
reactivity with each other. These experiments suggest that the developmental antigens
responsible for directing the observed immune responses against two MB tumor
subtypes are uniquely shared with each subtype and thus encode for tumor specific
antigens associated with subtype identity. While the most highly upregulated genes
above normal cerebellar tissues are shared by the fetal cerebellum and two MB subtypes,
our studies suggest that this shared group of antigens are not biologically immunogenic
or are subdominant to antigens related to cell differentiation. Further studies are
required to elucidate which types of antigens within the developmental antigen group
are responsible for observed immunoreactivity and how these can be selectively
isolated.

Because DA encompass normal self-antigens that may continue to be temporally
expressed as part of the “pediatric brain,” the safety of using DA in young patients was
also evaluated by testing the potential toxicity of targeting normal self-antigens. While
difficult to study in human subjects, there have been many efforts to analyze changes in
gene expression throughout the course of cerebellar development in mouse models that

might give insight into potential cross reactivity with the developing brain. The
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development of the human cerebellum has been known to continue until about 2 years
of age, however a number of genetic studies have demonstrated that the antigenic
profile of the embryonic cerebellum is starkly different from the postpartum cerebellum.
Kubhar et al. first used polyclonal antisera from immature murine granule cell precursors
(GCPs) to isolate GCP specific genes and determined that of the 39 unique cDNAs
cloned, 28 were tissue and stage-specific. These genes were expressed at high levels
during early development (P0-10) and then downregulated by P30. The isolated genes
fell into distinct expression patterns that correlated with migratory phases of GCPs
(Kuhar et al., 1993). Other studies of gene expression have taken advantage of more
high-throughput methods using PCR or microarrays. For example, Matoba et al.
determined the relative expression levels of genes isolated from the cDNA libraries of
cerebella at P4, P12, and 6 week-old mice using the quantitative adapter-tagged
competitive PCR (ATAC-PCR) method. They determined that at P4, GCPs undergo
rapid proliferation and upregulate genes associated with proliferation. A different
cohort of genes become active later in development at P12 as GCPs differentiate
(Matoba, Kato, Kurooka, et al., 2000; Matoba, Kato, Saito, et al., 2000). More recent
comprehensive studies examining the upregulation of genes upon granule cell
stimulation have also observed that highly expressed genes in the external germinal
layer at P3-P7 were subsequently downregulated by P15-30. These mouse studies all

illustrate that the cerebellar expression of developmentally regulated embryonic genes
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occur within a tight window of proliferative events before being consistently down
regulated during the later differentiation phases of normal development.

Michiels et al. used serial analysis of gene expression (SAGE) to explore gene
expression in human MB and compared those genes to the 24.5-week fetal brain. The
SAGE technique gives a quantifiable estimation of genes in a sample by tagging
transcript fragments that are then ligated together to be cloned and sequenced. This
method enables the quantification and distribution of each tag or gene. They found that
the most highly expressed genes from both tissues were those that encoded ribosomal
proteins, further supporting the highly proliferative nature of both the fetal brain and
human MB (Michiels et al., 1999). Because of their exclusive expression in the fetal brain,
immunogenic developmental antigens are likely those associated with morphologic
changes in cerebellar progenitor populations. These differentiation events occur between
P3-P7 in the mouse and are completely absent by P30. While the inability to obtain
enough quality RNA prevented us from testing developmental stages earlier than P5,
such as E16.5, future evaluation of earlier stages of cerebellar development may reveal a
more comprehensive antigen resource for MB subtypes that have origins earlier in

development.
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5. Developmental antigens for targeting of MB tumor
subtypes in vivo

5.1 Introduction

Adoptive cellular therapy (ACT) of tumor infiltrating lymphocytes (TILs) in
combination with myeloablation has been shown to be efficacious in refractory
metastatic melanoma, resulting in up to 75% objective responses and about 40% durable
complete responses in metastases to the brain (Dudley & Rosenberg, 2003). The
combination of myeloablative (MA) conditioning with hematopoietic stem cell (HSC)
reconstitution and adoptive cell transfer allows for the homeostatic expansion of antigen
specific T cells by eliminating immunosuppressive cell populations and increasing the
availability of homeostatic cytokines (Gattinoni et al., 2005). Previous studies in our lab
have demonstrated that the adoptive transfer of ex vivo expanded tumor-specific T cells
following a MA host conditioning regimen confer a significant survival benefit in
animals with chemotherapy and radiation resistant, intracranial murine glioma (Flores
et al., in press). This treatment platform is further maintained by subsequent DC
vaccines that act synergistically with MA, HSCs and T cells to promote tumor killing
(Figure 30). Further investigation has demonstrated a novel role for HSCs in directing
the migration of T cells to the tumor site to potentiate antitumor immunity (Flores, in

press).
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Figure 30: Adoptive cell transfer platform for intracranial glioma

ACT is comprised of the adoptive transfer antigen specific T cells in
parallel with a myeloablative host conditioning regiment of 9Gy total body
irradiation (TBI). Antigen specific T cells are expanded ex vivo for seven days in
IL-2 using primary dendritic cells pulsed with total tumor-RNA. T cells are
adoptively transferred to tumor-bearing animals that received myeloablation and

HSC reconstitution. Treated animals were additionally given a weekly tumor-
RNA pulsed DC vaccine.

Our in vitro studies evaluating developmental antigens as tumor rejection targets
have convincingly demonstrated the capacity to specifically react to two
immunologically distinct MB subtypes. Furthermore, absent reactivity with normal
cerebellar antigens indicates promise as a safe and efficient strategy in patients.

In vivo preclinical studies in MB that test potential therapeutic strategies have
previously relied on the orthotopic and subcutaneous transplantation of tumor lines in

immune deficient mice. Few studies have demonstrated antitumor efficacy in a
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syngeneic intracranial treatment platform. The adaptation of the Ptchl MB and NSC MB
animal models in the C57BL/6 background has allowed us to examine the immunologic
interactions that occur in the microenvironment of each tumor subtype and investigate
ways to treat tumor-bearing animals. In Chapter 3, we observed TILs and immune
infiltrates within the tumor microenvironment. In this chapter, we further examine
whether the cerebellum poses a geographic limitation in the migration of adoptively
transferred tumor specific T cells to tumors located in the cerebellum. In addition, we
evaluate the radio-sensitivity of both MB tumor models to further optimize the ACT
treatment platform and investigate the efficacy of targeting developmental antigens and

total tumor antigens in vivo.

5.2 Materials and Methods
5.2.1 Intracranial KR158 tumor implantation

KR158B-luc cells were harvested with 0.25% trypsin (Gibco) and washed one
time in serum-containing medium, and washed twice in PBS (Gibco). Cell pellets were
resuspended in PBS at the appropriate concentration of viable cells as determined by
trypan blue dye exclusion, mixed with an equal volume of 10% methylcellulose in DPBS
and loaded into a 250-ul syringe (Hamilton, Reno, NV) with an attached 25-gauge
needle. For cortical implantations, the tip of the needle was positioned at bregma and 2
mm to the right of the cranial midline suture and 4 mm below the surface of the cranium

using a Kopf stereotactic frame (David Kopf Instruments, Tujunga, CA). For cerebellar
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implantations, mice were positioned into a Kopf stereotactic frame and a %2 inch incision
was made at the midline of the scalp over the position of the cerebellum. Implantation

into the cerebellum was measured at 1 mm lateral to the midline at a depth of 3mm.

5.2.2 Fluorescent microscopy

Freshly isolated perfused brain tissue was sliced into 300um with a microtome
and plated onto uncoated glass slides. Brain slices were immediately imaged with a

Zeiss LSM 780 inverted microscope.

5.2.3 Host conditioning

Host conditioning comprised of total body irradiation using a cesium source.
Mice received a single dose of 9Gy radiation as approved by the Duke IACUC and

University of Florida Radiation Safety protocols.

5.3 Results

5.3.1 Cerebellum does not geographically limit infiltration of tumor
specific T cells

Despite evidence of TILs within the tumor microenvironment from our immune
characterization studies, little is known regarding the mediation of immunity in the
cerebellum in the context of adoptive cell therapy. To test whether regional differences
in the CNS would affect the efficacy of the ACT platform, we compared treatment of
cortical tumors and cerebellar murine astrocytoma KR158 tumors using a platform
previously shown by our lab to mediate antitumor efficacy in cortical gliomas. Although

a significant survival benefit was observed in the treatment of tumors in the cortex, no
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benefit was observed in cerebellar tumors (data not shown), suggesting a potential
disadvantage of immune cells to traffic or function in the cerebellar compartment of the
brain. To answer if activated lymphocytes could traffic to the cerebellum, we expanded
DsRed T cells specific for the KR158 tumor and, following a 1 week expansion,
administered the T cells to naive C57BL/6 mice bearing established KR158 tumors either
in the cortex (Figure 31A) or the cerebellum (Figure 31B). KR158 tumors also express a
luciferase reporter enabling visual confirmation of the growing implanted tumor.
Enumeration of DsRed T cells at the tumor site at both anatomical locations two weeks
following adoptive transfer confirmed no limitations in the ability of the activated T cells

to travel to the cerebellum (Figure 31C).
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Figure 31: Migration of antigen-specific T cells to the cerebellum
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(Figure 31 continued) T cells from a DsRed animal were expanded against
total tumor antigens to the murine astrocytoma KR158. Activated DsRed T cells
were measured at the tumor site of mice bearing intracranial (A) cortical or (B)
cerebellar tumors one week following adoptive transfer. (C) Enumeration of T
cells at the tumor site revealed no geographic differences in T cell migration to
either location in the brain.

Additionally, ex vivo expanded T cells were phenotyped prior to adoptive
transfer (Figure 32). Activated T cells expressed high levels of CD11a and CD49d,
integrins required for entry of Th1 cells into the CNS (Rothhammer et al., 2011).
In contrast, expression of CD103, another integrin more associated with the
migration of suppressive T-regulatory cells (Suffia et al., 2005), was absent. We
also observed positive expression of chemokine receptor CXCR3, whose
expression on CD8+ T cells is necessary for trafficking to the cerebellum (Zhang
et al., 2008). Therefore, ex vivo expanded T cells expressed the necessary integrins

and chemokine receptors necessary for migration into the CNS.
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Figure 32: Integrins and chemokine receptors involved in migration to CNS
and cerebellum

T cells from a DsRed animal were expanded against total tumor antigens
to the murine astrocytoma KR158. Activated DsRed T cells were stained for
integrins involved in T cell extravasation to the CNS and chemokine receptors
known to facilitate migration to the cerebellum (blue) and compared to T cells
stained with an isotype control (red).

5.3.2 Evaluation of tumor radio-sensitivity

Standard therapy for MB patients is comprised of radiation therapy with high
risk patients requiring stem cell reconstitution for increased doses of radiation and
chemotherapy. Our group has previously described the synergistic interactions of
myeloablative therapy and HSC rescue in combination with ACT and DC vaccines in
intracranial animal models of radiation and chemotherapy resistant glioma (Flores et al.,

in press). To evaluate the treatment window afforded by MA therapy alone as well as
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determine the appropriate day to irradiate without complete eradication of the tumor,
we administered 9Gy TBI to tumor-bearing animals at 5, 8, or 11 days post implantation
(Figure 33). MA therapy significantly extended the median survival (48, 41 and 43 days,
respectively) over animals receiving no MA (26 days) (p < 0.005 for all three time points
tested). From this study, we determined that 5 days following Ptch1 MB tumor
implantation was the optimal time to give MA, providing the largest treatment window

for subsequent evaluation of targeted ACT.
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Figure 33: Irradiation titration of Ptchl MB tumor

Animals were myeloablated with 9 Gy TBI followed by HSC
reconstitution at either Day 5, 8 or 11 following implantation to determine the
minimum treatment effect of myeloablative therapy alone.

The radio-sensitivity of the NSC MB tumor was also evaluated following MA
therapy. Since this model was known to be more aggressive, we administered 9Gy TBI
at days 1, 3, or 5 post implantation (Figure 34). While MA given at Day 1 and Day 3 was

able to completely cure the tumor in all or some of the animals treated, 100% of the
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tumor-bearing animals given MA at 5 days post implantation showed a significant
survival benefit by extending the median survival to 26 days in MA-treated animals
compared to a median survival of only 18 days in tumor-only control animals (p=0.017).
Therefore, we determined that 5 days following NSC MB tumor implantation was the
optimal time to give MA and provide the largest treatment window for subsequent

ACT.
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Figure 34: Irradiation titration of NSC MB tumor.

Animals were myeloablated with 9 Gy TBI followed by HSC
reconstitution at either Day 1, 3 or 5 following implantation to determine the
minimum treatment effect of myeloablative therapy alone.

5.3.3 In vivo efficacy in Ptch1 MB model

Following the evaluation of radiation sensitivity in the Ptchl MB animal model,

we next asked whether developmental antigens could be targeted in the context of MA

89



therapy. Animals were administered a MA dose of 9Gy TBI followed by immediate HSC
rescue. Ex vivo expanded antigen-specific T cells were given one day later followed by

three weekly RNA-pulsed DC vaccines (Figure 35).
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Figure 35: Treatment platform for intracranial MB tumors

Adoptive cell transfer of ex-vivo expanded antigen specific T cells was
administered parallel with a 9Gy total body irradiation(TBI) myeloablative (MA)
host conditioning regimen and hematopoietic stem cell (HSC) reconstitution.
Treatment targeting DA in mice with established intracranial Ptchl MB tumors

led to a near-significant survival benefit over TBI-only controls (Figure 36). While
treatment with both MA alone or in combination with ACT employing DA-specific T

cells (DA ACCT) were significantly effective over no treatment, MA plus DA ACT

resulted in nearly 60% long term cures with undefined median survival.
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Figure 36: Ptch1 MB tumor treatment targeting developmental antigens

ACT of DA-specific T cells and DC vaccines were efficacious in treating
intracranial Ptchl MB tumors, resulting in nearly 60% long term cures compared
to animals treated with MA and HSC alone.

Previous studies by our lab and others have demonstrated the efficacy of using
total tumor RNA as a potent source of tumor rejection antigens in preclinical models of
murine glioma. Our in vitro studies testing the immunogenicity of Ptch1 total tumor
antigens also revealed that total-tumor-specific T cells could be used to Ptchl MB tumor
cells. We next tested the efficacy of targeting Ptch1l MB total tumor antigens in vivo and
compared the survival with mice treated with MA alone or in combination with DA
ACT (Figure 37). While ACT targeting total tumor antigens (ttRNA) and DA both
significantly extended median survival over MA-only control animals by 13 and 17.5

days, respectively, the two targeting strategies did not significantly differ in survival

benefit (p=0.22).
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Figure 37: Ptchl MB tumor treatment using developmental antigens

ACT of DA-specific T cells and DC vaccines were efficacious in treating
intracranial Ptchl MB tumors, extending median survival from 49.5 days in

irradiation-only control mice, to 67 days in treated mice (p=0.017 by Log-rank
test).

To confirm that the antitumor effect observed from targeting total tumor
antigens and developmental antigens were antigen-specific, we adoptively transferred
OVA-specific T cells and vaccinated with OVA-pulsed dendritic cells in animals with
intracranial Ptchl MB tumors (Figure 38). We demonstrate that ACT with an irrelevant

antigen such as OVA is equivalent to MA alone with no added survival benefit.
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Figure 38: Ptchl MB tumor treatment with antigen-specific control

ACT of OVA-specific T cells and DC vaccines did not mediate any
additional survival benefit in Ptch1 MB tumor bearing mice beyond animals that
received MA therapy and HSC only.

5.3.4 In vivo efficacy in NSC MB model

After determining the radio-sensitivity of NSC MB tumors and the timing at
which to irradiate, we next asked whether developmental antigens could be targeted to
treat NSC MB in the context of MA therapy. Similar to the treatment platform employed
in Ptchl MB tumor-bearing animals, animals were administered a MA dose of 9Gy TBI
and HSC rescue 5 days after tumor implantation. Ex vivo expanded antigen-specific T
cells were given one day later followed by three subsequent weekly RNA-pulsed DC
vaccines. Treatment targeting DA in mice with established intracranial NSC MB tumors
led to a significant survival benefit over TBI-only controls (p=0.0035), extending the

median survival in DA-treated animals from 27 days to 36 days (Figure 39).
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Figure 39: NSC MB tumor treatment targeting developmental antigens

ACT of DA-specific T cells and DC vaccines were efficacious in treating
intracranial NSC MB tumors, resulting in a significant survival benefit (p=0.035)
compared to animals treated with MA and HSC alone.

We previously demonstrated that NSC MB total tumor antigens could be used to
specifically target NSC tumor cells in vitro. We next tested the efficacy of targeting NSC
MB total tumor antigens in vivo and compared the survival with mice treated with MA
alone or in combination with DA ACT (Figure 40). Treatment with total tumor antigens
and DA both conferred a significant survival benefit over MA only control animals
(p=0.002 and 0.005, respectively). While the survival benefit conferred by total tumor
antigens and DA were not significantly different from each other (p=0.25), treatment

targeting DA resulted in long term cures in nearly 30% of treated animals in this study.
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Figure 40: NSC MB tumor treatment using developmental antigens

ACT of DA-specific T cells and DC vaccines were efficacious against
intracranial NSC MB tumors, extending median survival from 29 days in
irradiation-only control mice, to 39 days in ACT treated mice (p=0.005 by Log-
rank test) with 30% long term survivors.

Again, we sought to confirm that the antitumor effect observed from targeting
total tumor antigens and developmental antigens was due to antigen-specific reactivity.
We generated OV A-specific T cells and vaccinated with OVA-pulsed dendritic cells in
animals with intracranial NSC MB tumors (Figure 41). We show that ACT with an

irrelevant antigen such as OVA is equivalent to MA alone with no added survival

benefit.
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Figure 41: NSC MB tumor treatment with antigen-specific control.

ACT of OVA-specific T cells and DC vaccines did not mediate any
additional survival benefit in NSC MB tumor bearing mice beyond animals that
received myeloablative therapy and HSC only.

5.4 Discussion

We utilized our adapted animal models of human SHH and Group 3 MB to test
the antitumor efficacy of targeting DA in vivo. We first optimized our group’s ACT
platform for both MB models to determine the timing at which to administer
myeloablative 9Gy TBI. Despite the development of numerous transgenic models of MB,
few studies have evaluated the radiation response in these models of MB. In one study
conducted by Hambardzumyan et al., ionizing radiation administered to two animal
models of MB led to differential responses of three distinct cell populations within the
tumor. Activation of radiation-induced signaling pathways in the perivascular stem cell
population was demonstrated to cause tumor recurrence (Hambardzumyan et al., 2008).

While these studies have contributed to an understanding of mechanisms of radiation
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resistance in conventional Ptch1*-MB, the overall radio-sensitivity of SHH or Group3
murine models had not been previously tested in the context of MA therapy and HSC
rescue. From our radiation studies in both animal models, we determined the time point
at which radiation therapy alone would provide a finite survival benefit, but not
completely eradicate the tumor. The results from these experiments are relevant for
translational studies that aim at mimicking the clinical treatment regimen.

Consistent with our in vitro studies, the adoptive transfer of DA-specific T cells
and DA maintenance DC vaccines coupled with a MA host conditioning regimen
conferred a significant survival benefit in animals with intracranial Ptch1 MB and NSC
MB tumors over MA-only control animals. We confirmed that antitumor responses
achieved by targeting developmental antigens and total tumor antigens were antigen-
specific; targeting OVA using the ACT platform was not sufficient to induce any benefit
beyond that of MA-only controls. Animals were assessed daily for symptoms of
autoimmune toxicity prior to the first and last administration of antigen specific T cells
and DCs. All symptomatic or moribund animals were dissected upon sacrifice and
confirmed for presence of cerebellar tumor.

While our in vitro studies have demonstrated that T cells generated against total
tumor antigens recognize MB tumor target cells as well as T cells generated against DA,
treatment of intracranial tumors with DA was able to lead up to 60% long term cures in

the Ptch1 MB and up to about 30% long term cures in the NSC MB model. These
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observations suggest that immune responses directed against DA are maintained longer
as the tumor’s antigenic profile changes throughout the in vivo immune-editing process.
Immune responses against total tumor antigens are likely directed at tumor specific
mutations, which are initially effective at clearing tumor cells expressing such
immunogenic mutations, but allow for the emergence of new tumor cell populations
that that do not require such mutations to persist. In contrast, developmental antigens
likely target subtype-specific differentiation antigens that are stably maintained as
tumor cells evolve to avoid immune detection.

Changes in the dominance hierarchy of antigen recognition may explain
differences in observed in the numbers of long term survivors between targeting DA
versus total tumor antigens. While the mechanisms of immunodominance are unclear, a
number of reasons are known to contribute the strength of CTL response (Akram &
Inman, 2012). Factors such as how quickly a response is induced compared to other
antigens and how well the epitope binds the MHC receptor all influence an antigen’s
dominance over another. In addition, new hierarchies likely arise when
immunodominant antigens are lost following immune selection, thus initiating a wave
of new cancer cell variants that express new or subdominant antigens (H. Schreiber et
al., 2002).

While multiple investigations targeting DA in both models have all resulted in

statistically significant extensions in median survival, it is unclear at which point during
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the course of the experiment did treatment begin to fail. Unlike animal models that
utilize subcutaneous tumor size as a metric for tumor growth kinetics, the endpoint for
our studies was based entirely on survival. The NSC model, engineered with luciferase,
does offer in vivo imaging capabilities. In future studies, monitoring in vivo tumor
growth through bioluminescent imaging may yield interesting insight as to when the
tumor becomes refractory to any additional DA vaccines. The results from these studies
may offer a time scale for when changes in the evolving tumor’s antigen profile outpace
the ability at which the immune system can detect and mount an effective response
(Sonabend et al., 2012). Modifications to the treatment platform, such as increasing the
frequency or number of vaccine administrations may be sufficient measures of
addressing concerns of escape.

Our treatment platform using MA and HSC reconstitution mimics the standard
treatment paradigm for MB patients following surgical resection. While the effects of
MA on the host immune system have been less understood, our group has
demonstrated the synergistic interactions between cellular components of the ACT
platform are considerably enhanced in the context of MA (Flores, in press). A phase I
clinical trial evaluating the safety of ACT targeting total tumor antigens in combination
with MA and HSC rescue was well-tolerated by patients with recurrent MB and PNETS.

Combining developmental antigens with this platform would circumvent the
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requirement for primary tissue, bypassing labor intensive processes of sterile RNA

extraction for each patient and thus making for a more expedient therapeutic platform.

100



6. Enrichment of DA by exclusion of normal brain
antigens confers efficacy in MB models

6.1 Introduction

Previous studies by our lab and others have demonstrated that ACT targeting
total tumor antigens is efficacious and safe despite the inclusion of normal self-antigens
(Flores et al., in press). Our in vitro studies using DA to target both murine MB subtypes
have also shown no cross reactivity with later stages of normal cerebellar development
and in addition, we have observed no symptoms associated with autoimmune toxicity
in animals treated with DA. Despite numerous observations attesting to their safety,
developmental antigens encompass a multitude of defined fetal antigens and possibly
higher number of undefined antigens that likely share expression elsewhere in the brain.

The presence of normal self-antigens has not been shown to be inhibitory in
producing tumor protection, however, exclusion of normal antigens may reduce
competition of peptide binding on class I antigen presentation molecules (H. Schreiber et
al., 2002). While it is unclear whether the presence of normal self-antigens limits the
extent of a potent immune response; enriching for known tumor-specific antigens may
be advantageous for maximizing an antitumor effect. From a safety perspective,
removing all antigens that share any level of detectable expression in the brain reduces
the possibility of off-target effects or collateral toxicity. Previous studies aimed at
isolating gene sets based on gene expression have used a process called suppressive

subtractive hybridization to selectively exclude a “control” cDNA set and PCR amplify
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those genes differentially expressed with the “experimental” transcriptome. Subtractive
hybridization has been used to identify potential targets for cancer vaccines and is a
potential strategy in removing self-reactive transcripts; however, no studies have
effectively demonstrated subtractive hybridization or any other method of enrichment
for the purpose of formulating a vaccine.

In this chapter, we describe a novel method of pooling selected full length
transcripts to generate a functional vaccine for MB. We use a targeted enrichment
strategy to isolate fetal antigens that are uniquely expressed in the brain by excluding all
normal brain transcripts that showed any hybridization reactivity via microarray. We
demonstrate successful enrichment and validation of full-length transcripts that can

additionally be amplified as a renewable antigen source.

6.2 Materials and Methods
6.2.1 Enrichment of select transcripts

Targeted enrichment of developmental antigens was done using the Agilent
SureSelect RNA Target Enrichment platform. Total RNA extraction and cDNA synthesis
were achieved as previously described in the Materials and Methods sections of
Chapters 1 and 3. Selected genes of interest were targeted with a 2X bait tiling density
using Agilent’s design service for probe design. Remaining hybridization steps were
done according to the SureSelect RNA Target Enrichment protocol. Briefly, biotinylated

probes were hybridized to the cDNA library in an overnight reaction at 65°. Streptavidin
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coated-magnetic beads (Dynabeads MyOne Steptavidin T1) were prepared in advance
by vortexing and washing with SureSelect Binding Buffer before incubation with
hybridization reaction. Following incubation, the beads and hybridization buffer were
added to a magnetic separator to separate the supernatant. Beads were washed several
times on the magnetic separator before final elution. Eluted samples were purified using
Agencourt AMPure XP beads. Purified samples were PCR amplified as described in

Materials and Methods of Chapter 3.

6.2.2 RT-PCR

Real-time PCR was conducted using SYBR-Green I binding and the Sso-Fast
EvaGreen Supermix from Bio-Rad. Primer design was achieved through the Primer3

tool located at http://biotools.umassmed.edu/bioapps/primer3 www.cgi. Primers used

for the amplification of enriched and non-enriched transcripts are listed in Table 5 of

Appendix B.

6.3 Results
6.3.1 Targeted enrichment strategy

We selectively enriched for common overlapping genes upregulated by both MB
tumors and the P5 cerebellum, including genes exclusively shared by developmental
antigens and either tumor subtype (Figure 42, intersections outlined in blue). Based on
expression analyses from the Affymetrix Mouse 430 2.0 Array, genes were selected using

a cutoff of 2 fold or higher (p<0.05) expression over the normal brain. To further refine
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the antigen pool and address potential concerns of targeting self-antigens, we
additionally excluded any transcripts shared with the normal brain that showed any
hybridization activity (determined by microarray expression). Following exclusion of
normal brain transcripts, we identified 559 hybridized probes representing 421 genes.
Using Agilent’s targeted enrichment strategy (see Materials and Methods), we
selectively eluted 421 full length transcripts and successfully amplified and generated

IVT RNA from the refined cDNA library.
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Figure 42: Targeted enrichment of developmental antigens

Shared probes between developmental antigens, NSC MB, and Ptch1 MB
upregulated 2 fold over the normal brain were further refined by exclusion of all
normal brain probes that showed any activity on the Affymetrix Mouse 430 2.0
array. 559 probes representing 421 genes were selected following this exclusion.

6.3.2 Validation of targeted enrichment strategy

Following enrichment of the original developmental antigens cDNA library, the

DNA High Sensitivity Assay was used to confirm the successful enrichment and
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amplification of a spectrum of full-length products. While the exact sizes of each
transcript cannot be discerned by the assay, the comparison of the pre-enrichment and
post-enrichment products confirm that a library comprising transcripts of the expected

sizes was produced (Figures 43A and 43B).

Pre-Enrichment

A Pre Post (Fu] I
100 ]
7000 — 50
2000 — —-
700 — —— T TTT T T T IrT IrT1T
00 — 35 150 300 500 10380 [bp]
400 — ——
300 — ——
200 — .
06 Post-Enrichment
B [FU]

30 — — — — 100

50
mMTTT T TTTTT 1777
35 150 300 500 10380 [bp]

Figure 43: Confirmation of full length enrichment

(A) Gel electrophoresis of pre- and post-enrichment cDNA transcripts
analyzed by DNA High Sensitivity Assay to confirm positive amplification of
entire library. (B) Electropherogram of pre- and post-enriched cDNA to confirm
size distribution of selected products.

Validation of post-enrichment transcripts was done by quantifying the
enrichment of five selected genes of varying sizes. Angptl4 shared expression
exclusively between DA and NSC MB, Atohl shared expression exclusively between DA

and Ptch1 MB and Aurkb, Birc5 and Mki67 shared with all three tissues. Five additional

genes that were not selected for (8-actin, Gusb, Pgkl, Gapdh, and Ldha) were also
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quantified post-enrichment. RT-PCR primers (Materials and Methods) were specifically
designed to the 5" end to confirm that the full length of the transcript had been enriched
for and amplified. RT-PCR of selected genes showed higher fold increases over (-actin

compared to the genes that were not selected for during targeted enrichment (Figure 44).
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Figure 44: Confirmation of selected products in post-enriched transcript pool

RT-PCR was used confirm full length amplification and measure relative
enrichment fold over (-actvin following enrichment using primers specific to the
5 end of selected transcipts. Transcripts that were not included in the
enrichment were also screened by RT-PCR to confirm their exclusion from the
post-enrichment pool.

The genes selected for validation also represented a spectrum of transcript sizes

to answer whether inherent properties of the hybridization process would cause the
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binding of longer transcripts to be more difficult. We determined that the targeted
enrichment process did not bias selection towards shorter length sequences when we
compared the size of the transcript and the relative enrichment fold over 3-actin (Figure
45). We observed no correlation, indicating that the targeted enrichment could be used

to selectively pool full length products of all sizes.
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Figure 45: Enrichment of transcripts does not bias towards shorter transcripts

Transcript size and relative enrichment fold over (3-actin was compared
to ensure that the enrichment process did not selectively bias hybridization
towards shorter length transcripts.

6.3.3 Efficacy in targeting enriched epitopes

Following validation and amplification of enriched DA RNA, we next tested the
efficacy of targeting this gene pool in our MB animal models. While in vitro studies
testing the immunogenicity and efficacy of targeting MB subtypes are still ongoing, we

compared the overall survival of targeting enriched DA with the overall survival
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afforded by treating with pre-enriched DA using the same ACT platform described in
Chapter 5. We first tested the use of enriched DA as targets in animals bearing
intracranial Ptchl MB tumors. While preliminary results targeting enriched DA are

promising thus far, the results from this in vivo study will likely be more conclusive in

the next four weeks (Figure 46).
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Figure 46: Ptch1 MB tumor treatment targeting enriched developmental
antigens

ACT of enriched DA T cells and DC vaccines were compared with treatment
with pre-enriched DA T cells and DC vaccines in intracranial Ptch1l MB tumors.

Our studies testing enriched DA as targets in intracranial tumor bearing NSC MB

animals are currently inconclusive and are in being repeated now.
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6.4 Discussion
6.4.1 Novelty of using targeted enrichment strategy for vaccines

Antigens expressed during fetal development also invariably include self-
antigens that may inhibit the extent of a potent immune response. Therefore, we
hypothesized that a more refined composition would maximize the antitumor response
by excluding competing self-antigens. To test this, we used our murine gene expression
data to identify a list of upregulated genes shared by DA and the Ptch1MB and NSC MB
tumors. From this list, we excluded all normal brain genes that exhibited any
hybridization reactivity via microarray, resulting in 421 candidate genes for enrichment.
We used a targeted enrichment platform developed by Agilent Technologies originally
designed for RN A-sequencing purposes. This platform was modified to enrich for full
length transcripts by omitting a fractionation step designed to facilitate hybridization of
shortened sequences with custom-made probes. Successful enrichment of desired
transcripts was validated using RT-PCR and DNA High Sensitivity Assay to confirm the
presence of selected genes. While our in vitro and in vivo studies testing the
immunogenicity and efficacy of targeting enriched DA are ongoing, our findings thus
far have been promising, yet inconclusive.

Because of the novel application of using the targeted enrichment strategy to
generate a functional vaccine, we took several steps to validate our enrichment process.

The results of our in vitro and in vivo studies have yet to resolve whether unforeseen
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technical aspects of the enrichment process may have altered the biologic activity of the
pooled genes. An additional consideration should be the parameter by which the
original genes were selected. Enriched genes were chosen based on relative gene
expression levels over the normal brain. While overexpressed normal gene products
have been demonstrated to be effective targets of immunotherapy (Gilboa, 1999),
upregulated expression does not necessarily correlate with immunogenicity. Of the 421
enriched genes, 73% were genes shared by all three tissues, of which contained a large
number of genes previously implicated in tumorigenic processes such as Birc5
(survivin), Ki-67 and Aurkb (Brun et al., 2014; Markant et al., 2013; Meurer et al., 2008).
The remaining genes from the 73% were identified to have roles involved in cell cycle
regulation and developmental processes. While it is unsurprising that these types of
antigens would be shared amongst fetal antigens and MB subtypes, this fraction of
targeted genes may possibly be tolerated by the immune system and their enrichment
may suppress the immune response. While our functional studies remain inconclusive,
testing batches of antigens based on subtype specificity or role in progenitor cell
differentiation represent the next steps towards identifying immunogenic targets for

MB.
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7. Developmental antigens to target human MB subtypes

7.1 Introduction

Our preclinical studies thus far have demonstrated significant antitumor
responses using developmental antigens to target and treat murine subtypes of MB.
While our preclinical studies have been promising, our eventual goal is to develop a
highly efficacious adoptive cellular therapy platform against human MB subtypes using
developmental fetal antigens as the source of renewable tumor antigens. We sought to
assess the potential efficacy of using equivalent human fetal cerebellar antigens by
employing a similar in vitro stimulation assay from our evaluation of murine
developmental antigens. Our group has successfully optimized protocols to generate
antigen reactive T cells using PBMCs obtained from leukaphereses of GBM and MB
patients (Nair et al., in preparation). However, obtaining autologous leukapheresis
product from a pediatric MB patient as well as their tumor was not feasible for research
purposes during this time. Therefore, we leveraged existing strategies previously
established by our group that uses healthy donor PBMCs to grow DA RNA-pulsed DCs
and fetal tissue-specific T cells. Comparative studies of the embryonic cerebellar
development between humans and mice have largely been based on computational
modeling and gene profiling (Clancy et al., 2001; Liscovitch & Chechik, 2013). In a study
comparing mouse and human gene expression patterns in cerebellar postnatal

specialization, a cross correlation of both species” developmental timeline specified the
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murine P5 cerebellum to be closest in similarity to the 16-20 week human cerebellum
(Liscovitch & Chechik, 2013). We obtained commercially available fetal cerebellar RNA
from a 16 week old donor (BioChain) to transfect matured DCs from healthy donors (See
Materials and Methods). However, these studies require further optimization to
demonstrate immunogenicity of human cerebellar antigens. In this chapter, we instead
use the Allen Brain Atlas and published gene expression profiles of molecular subtyped

human MB determine the relevance of human fetal cerebellar antigens.

7.2 Materials and Methods
7.2.1 PBMC harvest

Healthy donor PBMCs were obtained from blood from LifeSouth Community
Blood Centers (Gainesville, FL). Briefly, PBMC separation from blood was achieved
using Histopaque (Sigma) to separate the plasma and enriched fraction of
lymphocytes/PBMCs from the pellet of erythrocytes and granulocytes. The PBMC layer

of cells was collected and washed with fresh PBS (Gibco) before counted.

7.2.2 Generation and electroporation of DCs

Cells were washed and plated in AIM-V media (Invitrogen) in T150 tissue
culture flasks. After incubation for 1 hour at 37°C, 5% CO2humidified incubator, non-
adherent cells were harvested by gently rocking the flask to remove them. The
remaining adherent cells were cultured with AIM-V media supplemented with 800

U/mL human GM-CSF and 500 U/ml human IL-4. At Day 6, DCs were collected by
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harvesting all non-adherent cells using cold PBS and cell-dissociation buffer
(Invitrogen). DCs were washed and counted for electroporation. DCs were
electroporated using the same conditions as murine DCs (see Chapter 3 Materials and
Methods). DCs were electroporated with 3 pug of mRNA per 10° cells and matured
overnight in AIM-V media supplemented with GM-CSF (800 U/mL), IL-4 (500 U/mL)
and a maturation cocktail of TNF-a (10 ng/mL), IL-1p (10 ng/mL), IL-6 (1000 U/mL) (all

from Peprotech) and PGEz (1 pg/mL) (Sigma).

7.2.3 In vitro stimulation of T cells with RNA-pulsed DCs

Non-adherent cells from the PBMC harvest were counted and cultured with
RNA-transfected, matured DCs at a responder to stimulator DC ratio of 10:1 in the
presence of 100 U/mL IL-2 (Peprotech). Stimulations were cultured in RPMI 1640 (Gibco)
with 10% FBS, 2 mM L-glutamine, 20 mM HEPES, 1 mM sodium pyruvate, 0.1 mM
MEM non-essential amino acids, 5.5 mL pen/strep and 550 puL (3-mercaptoethanol. T cells
were maintained at 1-2 x 10° cells/mL and re-stimulated on day 7 with RNA-transfected

DCs before harvested at day 14.

7.3 Results
7.3.1 Recognition and function of fetal cerebellum-specific T cells

Non-adherent cells from the same healthy donor were expanded for a total of 2
weeks before tested in a functional assay using healthy donor RNA-pulsed DCs as

surrogate targets. We also included additional groups using pp65 RNA as a positive
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control and fetal skin RNA from the same 16 week old donor to control for alloreactive

responses that may mask specific immune responses (Figure 46).
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Figure 47: Ex vivo generation of dendritic cells from PBMCs to test
immunogenicity of fetal CB antigens

Primary dendritic cells generated from healthy donor PBMCs were
pulsed with RNA and expanded with autologous T cells. T cells were tested for
recognition in a restimulation assay and tested for cytokine release following co-
culture with RNA-pulsed dendritic cells.

The known CMYV antigen pp65 has previously been demonstrated as highly
immunogenic and capable of inducing specific T cell lytic activity (Nair et al., in
preparation). We first tested this assay using pp65 RNA as a positive control. We
demonstrated that using our surrogate system from healthy donor PBMCs, we
successfully generated pp65 T cells that released Th1 inflammatory cytokines IFNy and
TNFa following co-culture with DCs transfected with pp65 RNA and showed no cross

reactivity with DCs pulsed with OVA RNA or fetal skin RNA (Figure 47).
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Figure 48: Human T cells generate specific Th1 response to pp65

Primary dendritic cells generated from healthy donor PBMCs were
pulsed with pp65 RNA and expanded with autologous T cells. T cells were tested
for recognition of pp65 in a re-stimulation assay and tested for cytokine release
following co-culture with RNA-pulsed dendritic cells.

In the same surrogate in vitro stimulation assay testing pp65, we tested the
immunogenicity of fetal cerebellar antigens by pulsing healthy donor DCs with fetal 16-
week old cerebellar RNA. Following stimulation with non-adherent T cells for 2 weeks,
we tested the function of fetal cerebellar (CB)-specific T cells with autologous DCs
pulsed with fetal CB RNA (Figure 48A). We unexpectedly observed reactivity of fetal
CB-specific T cells and surrogate target DCs pulsed with pp65 RNA and not fetal CB or

fetal skin RNA (Figure 48B).
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Figure 49: Inmunoreactivity to human fetal CB and fetal skin antigens

Primary dendritic cells generated from healthy donor PBMCs were
pulsed with either (A) fetal CB RNA or (B) fetal skin RNA and expanded with
autologous T cells. T cells were tested for recognition of fetal CB or fetal skin
antigens in a re-stimulation assay and tested for cytokine release following co-

culture with RNA-pulsed dendritic cells.

These unexpected results indicate that T cells grown from the original healthy

donor contained pp65-specific T cell clones already in circulation. Upon further
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investigation, the healthy donor was revealed to be positive for CMV, thus explaining
why antigen specific T cells generated against fetal CB and fetal skin antigens showed
cross reactivity (though not as high as pp65 specific T cells) with autologous DCs pulsed

with pp65.

7.3.2 Targeting developmental antigens across human MB subtypes

To evaluate the potential of using developmental antigens across the human
subtypes of MB, we assessed the expression of the 421 genes culled from our enrichment
studies of murine DA across different stages of human brain development. Using the
Allen Brain Atlas, we queried 50 random genes of the 421 to preliminarily evaluate the

relevance and safety of targeting the enriched genes in human patients (Figure 50).
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Figure 50: Expression of enriched fetal CB antigens across human brain
development.

Gene expression of enriched genes across different developing brain
structures was evaluated using the Allen Brain Atlas. High expression
represented by areas of red and yellow and low expression represented by areas
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of blue. Specific brain structure is not identified in the figure. Stage of
development from 5 post conceptual weeks (pcw) to 30 years of age advances
from left to right.

In a hierarchical clustering of the expression of enriched genes across 103 human
MB samples (Northcott et al., 2011), we observed highly expressed enriched genes
distributed throughout every MB sample across the four molecular subtypes (Figure 51).
While we did not query whether these 421 genes could be used to additionally stratify
subtypes, we observed that 26% of enriched genes were significantly differentially
expressed between human SHH and Group 3 tumors (p<0.05), suggesting these genes

can be further refined to preferentially target either subtype.
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Figure 51: Hierarchical clustering of enriched DA genes across human MB
subtypes
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Hierarchical clustering of enriched DA across 103 human MB samples.
The samples range in their expression of enriched genes. Each row represents a
distinct sample and each column represents an individual gene. The normalized
(log2) and standardized (each sample to mean signal=0 and standard
deviation=1) level of gene expression is denoted by color (blue, low; white,
intermediate; red, high) as noted in the gradient below the map.

7.4 Discussion

Our studies testing the immunogenicity of human fetal cerebellar antigens were
inconclusive, though numerous technical and biological reasons may have hindered a
thorough examination. Due to the difficulty of obtaining MB patient samples along with
matched blood, we devised a surrogate system using healthy donor PBMCs to generate
DCs pulsed with RNA of a 16-week old cerebellum. We showed that this system was
sufficient to elicit specific immune responses to CMV pp65, but we could not
demonstrate a robust immunogenic response to human fetal cerebellar antigens. T cell
clones with specificity to fetal antigen are likely to be less common and subdominant in
comparison to the CMV antigen pp65, which is expected to be more prevalent and
dominant in a normal CMV positive donor. In addition, the obscurity and transient
expression of fetal antigens may require multiple stimulations in order to expand a
clonagenic population. Previous studies by our group have induced T cells specific to
survivin, a well characterized onco-fetal antigen, and demonstrated antigen-specific
lysis of survivin-transfected DCs as targets (Nair, in preparation). Thus, the proper

conditions of this assay require more optimization in order to demonstrate
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immunogenicity. Acquiring matched blood and tumor samples to grow autologous DCs
and T cells would more accurately test immunogenicity and efficacy of using
developmental antigens to target MB tumors. However, obtaining an autologous source
of developmental antigens still remains a variable for these studies. While we used
commercial RNA from the fetal cerebellum and skin to address allogeneic reactivity
concerns related to our surrogate assay, translation into clinical trials will require a
source of immunologically and universally compatible developmental antigens.

A more thorough examination of other in-utero stages of human cerebellar
development should be considered in order to determine the stage that is most
analogous with each of the different MB subtypes. Our designation of the 16 week old
cerebellum as an ideal source of developmental antigens was based off of computational
studies predicting the corresponding human cerebellar developmental time point with
that of the mouse (Liscovitch & Chechik, 2013). However, morphologic events that occur
both in the developing cerebellum and the developing immune system should be taken
into consideration when testing a source of fetal antigens. Studies of human cerebellar
development have shown the mapping of main progenitor cell types begins at the end of
the embryonic period (ten Donkelaar et al., 2003). Throughout the fifth and sixth weeks
of gestation, the main cell types of the cerebellum, including Purkinje cells and granule
neuron precursors, arise and proliferate in different locations. As these events occur,

positive and negative selection of T cells in the thymus occurs by 14 weeks of gestation
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and a complete TCR repertoire has been established by 15 weeks (Haynes, 1984).
Postmitotic cells of the cerebellum then migrate to their final locations at 16-25 weeks of
gestation. The final phase of cerebellar development consists of the shaping of cerebellar
circuitry and further differentiation, which extends until 18 months after birth (ten
Donkelaar et al., 2003). MB arises when the different progenitor populations within the
cerebellum become transformed and fail to undergo normal differentiation, re-
expressing many of the activated genes of early development. Much of the
morphogenetic events of the cerebellum that are re-activated in tumorigenesis
theoretically occur prior to or during thymic selection, and therefore, antigens expressed
during this early embryonic phase of development should be considered foreign by the
immune system.

While fetal antigens in the cerebellum were demonstrated to be predominantly
expressed prior to 21 pcw and then shut off by birth using the Allen Brain Atlas, a
number of genes are ubiquitously expressed throughout fetal development and
continually expressed into adulthood. For example, the Notch signaling pathway and
the components that drive this cascade are essential in the gene regulation mechanisms
and cell differentiation processes during embryonic and adult life, especially in
neurogenesis (Hitoshi et al., 2002). Through central and peripheral tolerance
mechanisms, the immune system ensures that only T cells released into the periphery

are those that cannot interact with strongly reactive self-peptide MHC complexes
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(Hogquist et al., 2005). Central tolerance is established by the engagement of high or low
affinity ligands on the surfaces of medullary thymic epithelial cells and dendritic cells
within the medulla of the thymus. The engagement of a high affinity self-ligand, such as
the ubiquitously expressed Notch protein, induces a signal for programmed T cell death
and therefore, prevents the risk for autoimmune reactivity. The gene AIRE allows for the
recognition of peripheral-tissue-specific antigens and is another method of tolerance
induction. Therefore, any fetal genes that are still expressed during thymic selection as
well as beyond the early morphogenetic events of the cerebellum will likely and
subsequently be tolerized by the immune system. Due to the complexity of simultaneous
events surrounding cerebellar morphogenesis and T cell selection, genomic profiling
across a span of embryonic cerebellar stages may reveal a more representative source of
re-expressed antigens in MB that will induce immune reactivity. Finding a suitable
balance and identifying the appropriate phase of fetal development which shares
greatest genetic similarity with each of the respective MB subtypes represents a method
of customization to preferentially target specific subgroups. The Allen Brain Atlas is a
useful tool to determining specific genes that may be continually expressed throughout
human postnatal development, and will help to further cull out genes that pose as a risk
for cross reactivity. Our studies demonstrate the potential to safely target a multitude of

MB molecular subtypes with added possibility of further refinement.
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8. Conclusions and future directions

8.1 Immunologic characterization of MB subtypes
8.1.1 Distinct immunophenotypes across murine MB subtypes

Our initial work focused on the adaptation of two existing models of MB and
yielded two transplantable tumor lines that maintained uniform penetrance in syngeneic
immunocompetent hosts. The availability of these two models now open avenues for
immunotherapeutic investigation and are powerful tools for understanding the direct
effect of the immune system in shaping tumor growth within a biologically relevant
tumor setting. Likewise, the establishment of preclinical animal models recapitulating
human WNT and Group 4 MB subtypes is sorely needed for these reasons as well.

While significant advances in genetic profiling have recognized molecular
subtypes of MB as distinct entities, studies examining the immunologic profile of MB
patients have been limited. Recent studies investigating inflammatory gene expression
and IHC analyses in MB patient samples have identified an additional means to stratify
molecular subgroups (Margol et al., 2014). Our work extends this observation and
further emphasizes that MB tumor subtypes are distinct in functional immune subsets.
Our studies have revealed numerous immunologic differences across two murine
subtypes of MB. The murine SHH-driven model of MB (Ptch1 MB) was more
immunologically infiltrative with greater frequencies of both lymphocytes and myeloid

cells. While the Ptch1 MB contained fewer proportions of CD8 T cells expressing the
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immune exhaustion marker PD-1 relative to the murine Group 3 model (NSC MB),
significantly higher numbers of immunosuppressive MDSCs and TAMs expressing the
ligand for PD-1 were identified within the tumor. We hypothesized that the
morphologically undifferentiated anaplastic phenotype of NSC MB tumors lacked
antigen presentation capable of recognition by immune surveillance and therefore could
outgrow tumor detection. However, our in vitro assays indicated that both tumor
subtypes contained immunogenic antigens capable of generating antigen-specific
responses. Our studies did not test the capacity of the endogenous immune system to
recognize total tumor antigens from both subtypes, and thus leaves questions regarding
the host recognition of total tumor antigens unresolved.

The role of inflammatory cells and how they may differentially contribute to the
progression of each MB subtype has not been investigated. Each tumor subtype likely
has unique mechanisms of recruiting leukocytes to the tumor bed by secreting various
cytokines and chemokines to draw in a diverse group of immune cells, including
dendritic cells, macrophages, mast cells, neutrophils and eosinophils. For example,
soluble factors secreted by the tumor, such as IL-6 and CSF-1 cause myeloid precursor
cells to differentiate toward a macrophage-like phenotype and become defective in their
capacity to stimulate T cells (Coussens & Werb, 2002). Further examination of factors
released by stromal cells and endothelial cells within the microenvironment may also

give insight into additional mechanisms of immune suppression. In addition,
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understanding the localization and distribution of interacting immune subsets across
tumor subtypes may yield insight into their respective roles in inducing immunologic
tolerance. For example, IHC analyses of subtyped MB tumors showed higher

macrophage infiltration in poorly differentiated areas with high proliferation indices,

suggesting a macrophage role in promoting tumor growth (Margol et al., 2014).

8.1.2 Differential response to immune checkpoint blockade

Overcoming mechanisms of immune tolerance require an understanding of how
MB subtypes differ in their immunologic profile. We have identified several immune cell
subsets that are differentially expressed between murine models of MB and have tested
whether specific immune cells can be targeted to achieve antitumor immunity. Our
functional studies indicate that T cells expressing PD-1 contribute to one possible
mechanism of immune evasion by the NSC MB tumor, which can be reversed through
PD-1 blockade (Figure 22). While no differences in survival benefit were observed in
Ptchl MB animals treated with anti-PD-1, inhibition of other immune cell subsets may
hold the potential to unlock potent antitumor responses. Our characterization studies
demonstrated significantly higher proportions of MDSCs and TAMs in the Ptchl MB
tumor, suggesting these immune cells as potential therapeutic targets for SHH-group
tumors. TAM-associated genes CD163 and CSF1R were also reported to be differentially
expressed in human SHH group tumors compared to Group 3 and Group 4 tumors,

further highlighting TAMs as one mechanism by which Ptch1l MB bypasses immune
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clearance (Margol et al., 2014). Targeting TAMs and blocking their infiltration into the
tumor, possibly with an inhibitor to CSF1R, may be one strategy to overcome
mechanisms of Ptch1 tumor evasion.

Additional work is needed to establish optimal conditions for blocking immune
cells in order to work synergistically with current standard therapies. Further
investigation into the mechanism of PD-1 suppression in both MB models will also shed

insight on potentiating immune responses against other CNS tumors.

8.2 Developmental antigens for immunologic targeting of MB
subtypes

8.2.1 Developmental antigens safely target immunologically distinct
MB subtypes

Genetic profiling and studies in animal models of MB have significantly
enhanced our understanding of the developmental origins of MB. Our work targeting
the total antigenic contents expressed by the developing cerebellum have demonstrated
antitumor efficacy in two immunologically distinct models of MB. No symptoms of
autoimmune toxicity were observed in treated animals.

While targeting developmental antigens lead to significant survival benefits in
both Ptch1l MB and NSC MB models, numerous immunosuppressive factors likely
contribute to challenges in maintaining antitumor immunity. Augmenting antigen-
specific T cell responses by releasing the brake on immune inhibitory pathways may be

one way to overcome mechanisms of immune suppression. Our previous studies testing
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PD-1 blockade in the NSC MB model demonstrated that targeting the PD-1/PD-L1 axis
was essential to mediating efficacy. The combination of an anti-PD-1 and antigen
specific adoptive cell transfer strategy would likely enhance and prolong antitumor
immune responses. Likewise, a combinatorial strategy that dually inhibits an
immunosuppressive subset and allows for a sustained antigen-specific T cell response

may prove in improving long term survivorship in Ptchl MB animals.

8.2.2 Refinement of developmental antigens to enhance antitumor
response

Somatic mutations have been demonstrated to generate potent antitumor
responses, however, embryonal cancers such as MB exhibit low overall mutation rates
(Archer & Pomeroy, 2012; Brown et al., 2014). Targeting undefined antigens that
encompass normal gene products raises concerns of potential cross reactivity to the
normal brain parenchyma. While single antigen strategies have proven promising,
predicting how well patients will react to any given antigen is challenging. Our group
has demonstrated that targeting a large group of antigens leads to the expansion of a
polyclonal T cell population capable of generating equally robust immune responses.
However, translation of developmental antigens as an “off the shelf” vaccine that
encompasses a multitude of antigens will ultimately require clarification of all antigens
targeted.

To selectively enrich for specific immunogenic developmental antigens, we used

a novel enrichment strategy to remove any genes expressed by the normal brain. The
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selection of enriched genes was chosen on the basis of genetic expression; genes
upregulated above normal brain expression and shared by developmental antigens and
the two MB subtypes were selected. While our in vivo studies are currently ongoing,
preliminary results suggest a promising treatment effect in using enriched DA to target
intracranial Ptchl MB tumors thus far. Several targets have been demonstrated against
normal, overexpressed gene products in other tumors (Mitchell & Sampson, 2009), but it
is still unclear what types of antigens are most effective at eliciting an immune response.
The most highly upregulated antigens are not always the most immunogenic as they are
likely the most visible, and would thus already be tolerated by the host immune system.
Less visible or subdominant antigens may represent more immunogenic targets that
remain under the radar unless brought to the fore front, either through directed antigen-
specific T cell expansion or immune selection of tumor cells that express such antigens.
Based on our findings, we hypothesize that the most immunogenic epitopes
encompassed by developmental antigens are likely re-expressed differentiation antigens
related to cell identity. Melanoma differentiation antigens gp-100, MART-1 and
tyrosinase have been previously used to immunologically target melanoma due to their
restricted expression on cells involved in melanin synthesis (Srinivasan & Wolchok,
2004). Studies comparing the primary and metastatic compartment across molecular
subgroups of MB found that gene expression and methylation patterns maintained

subgroup affiliation despite being genomically distinct (Wang et al., 2015; Wu et al.,
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2012). The work from these studies suggests that genes associated with the cell of origin
and subgroup identity are stable throughout clonagenic events leading to metastasis and
recurrence. Our in vitro studies corroborate these findings; total tumor antigens uniquely
target their respective subtype without cross reactivity to the other subtype, yet
developmental antigens retain the capacity to target both subtypes. These observations
indicate that immune responses are likely not directed against common genes shared by
both MB subtypes and the fetal cerebellum, which largely encompass genes implicated
in tumorigenic survival and cell cycle regulation. Instead, our findings suggest antigens
targeted within the fetal cerebellar cohort are differentiation antigens originally
expressed by progenitor cells of cerebellum that are re-expressed in malignant MB
subtypes. Further investigation targeting antigens expressed by each molecular
subtype’s determined cell of origin will yield invaluable insight by guiding the
developmental antigens platform toward preferentially treating individual MB

subtypes.

8.2.3 Targeting developmental antigens in MB patients

While our group’s in vitro assays generating dendritic cells from mobilized
leukapheresis samples from MB patients are sufficient for testing antigen specific
responses in autologous T cells, testing potential cross reactivity with the human
pediatric brain is more challenging and harder to predict. Current clinical trials by our

group employing total tumor RNA for therapeutic strategies in recurrent MB and PNET
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patients have restricted the minimum age of enrollment to 3 years and a similar
requirement should be enforced in clinical trials testing developmental antigens as a
precaution.

Further studies should investigate the efficacy of targeting DA in other tumor
types of embryonal origin, especially in cancers where surgical resection is not possible.
Developmental antigens bypass the requirement for tumor tissue and can be used
directly without the need to amplify total tumor RNA for each patient. Additional
applications of this platform include generating and differentiating progenitor cells from
pluripotent stem cells to provide an immunologically compatible source that target the
entirety of developmental expressed antigens. Inducible pluripotent stem cells (iPSC)
can be generated from the patient’s own skin or blood through the induction of
exogenous transcription factors (Hankowski et al., 2011). Once obtained, iPSCs can be
harvested and differentiated in vitro into specific lineages that have been implicated in
the pathogenesis of the distinct MB subtypes. For example, granule neuron precursor
(GNP) cells can be specified from iPSCs using members of the TGFf3 family, BMP6,
BMP7 and GDF7 and grown in the presence of Sonic Hedgehog growth factors to
generate a line of proliferating GNPs (Alder et al., 1999; Wechsler-Reya & Scott, 1999). A
cDNA library can be made from the RNA contents of these autologous granule neuron

precursor cells can then be used to vaccinate a patient with classified SHH MB.
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8.3 Summary and closing remarks

Diagnosis and risk stratification of MB patients is currently based on present
clinical biomarkers and does not take into account molecular subtype classification. This
current treatment paradigm often results in the over-treatment or under-treatment of
patients that would otherwise respond more favorably to therapies tailored to their
molecular subtype. Our work in two murine models of MB demonstrate that despite
immunologic differences in microenvironment and distinct antigenic profiles, targeting
fetal cerebellar antigens leads to significant and potent antitumor responses in both
subtypes. Our findings suggest that developmentally regulated, subtype specific
antigens associated with cell differentiation are immunogenic and can be further refined
to avoid cross reactivity with surrounding brain tissue. Additional identification and
testing of subtype specific antigens that stably maintain expression through recurrence
and metastasis represent another avenue of customization to treat different MB
subtypes. Our work also revealed that the immunologic microenvironment across MB
subtypes can be leveraged to potentiate T cell responses. Combining targeted strategies
such as the developmental antigen ACT platform with blockade of inhibitory immune
pathways provides an unparalleled scheme that leverages two proven methods of

potentiating robust antitumor responses.
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As molecular diagnosis and risk stratification become established as the new
clinical paradigm, effectively and efficiently targeting tumor specific antigens across
subgroups will be critically important to delivering targeted treatment without toxicity.
Our work strongly suggests that fetal antigens expressed during embryonic
development can function as universal tumor rejection targets in cancer vaccines
targeting MB and have the potential to be refined to target specific tumor cell types that
re-express developmentally regulated proteins. Our studies are the first to demonstrate
the successful immunologic targeting of molecularly distinct animal models of MB and
provide the backbone for future development of efficient and robust targeted therapies

in MB.
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Appendix A

Figure 1 from Chapter 1 was adapted with permission from Annual Reviews:
Gilbertson R.J. and Ellison D.W., The Origins of Medulloblastoma Subtypes, Annual
Review of Pathology: Mechanisms of Disease, 2008; 3; 341-365.

Figure 2 from Chapter 2 was adapted from Goodrich, L. V., Milenkovic, L.,
Higgins, K. M., & Scott, M. P. (1997). Altered neural cell fates and medulloblastoma in
mouse patched mutants. Science, 277(5329), 1109-1113. Reprinted with permission from
AAAS.

Figure 3 from Chapter 2 was adapted from Pei, Y., Moore, C. E., Wang, J.,
Tewari, A. K., Eroshkin, A., Cho, Y.]., et al. (2012). An animal model of MYC-driven

medulloblastoma. Cancer Cell, 21(2), 155-167, with permission from Elsevier.
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Appendix B

Table 3: Immune characterization antibodies

Antibody Color Company Catalog # Isotype
CD80 PE BD Pharmingen 553769 Arm Ham IgG
PD-L1 PE ebioscience 12-5982-82 Rat IgG2a k
F4/80 PE ebioscience 12-4801-82 Rat IgG2a k

CD3 PE ebioscience 12-0031-82 Arm Ham IgG
CDS8 PE ebioscience 12-0081-82 Rat IgG2a k
Gr-1 PE BD Pharmingen 553128 Rat IgG2b, k
CD11c PE BD Pharmingen 557401 Arm Ham IgG
CD3 PerCP- ebioscience 45-0031-82 Arm Ham IgG
Cy5.5
CD4 PerCP- ebioscience 45-0042-82 Rat IgG2a k
Cyb5.5
CTLA-4 APC ebioscience 17-1522-82 Arm Ham IgG
PD-1 APC ebioscience 17-9985-82 Arm Ham IgG
CD11b APC ebioscience 17-0112-82 Rat IgG2b, k
CD40 APC ebioscience 17-0401-81 Rat IgG2a k
MHC II APC ebioscience 17-5321-82 Rat IgG2b, k
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Table 4: First strand cDNA synthesis and IVT primers

Primer Target Sequence, 5'-3’
Name
SMARTIII AAGCAGTGGTATCAACGCAGAGTGGCCATATTGGCCrGrGr
G/3AmMO/
CDSIII AAGCAGTGGTATCAACGCAGAGTACTTTTTTTTTTTTTTTT
ITTTTTTTTTTTTTTTTTTTITTTTTTITITITITITITITITITITI
TTVN-3' Where V=A,GorCand N=A,G,CorT
T7/SMART CCATCCTAATACGACTCACTATAGGTATCAACGCAGAG

TGGCCAT ATTG

Table 5: RT-PCR primers used for targeted enrichment validation

Primer Name Target Sequence, 5'-3’

Atohl-F TGAAGGAGTTGGGAGACCAC
Atohl-R GTAGACGGGATGCTCTCTCG
Aurkb-F TGGCAGATTCAGTITGTTTGC
Aurkb-R TTCTGGGCCATCCTTAGAGA
Birc5-F AGAACTGGCCCTTCTTGGAG
Birc5-R GTCTGGCTCGTTCTCAGTGG
Mki67-F GAGCGGTGGTTCGACAAGT
Mki67-R GGGAAGGCCAGGTATAATCC
Angptl4-F TCCGAGGATAGAGTCCCTGA
Angptl4-R TGCTGGATCTTGCTGTTTTG
ActB-F CGCGAGCACAGCTTCTTT
ActB-R GCAGCGATATCGTCATCCAT
Gapdh-F AAAATGGTGAAGGTCGGTGT
Gapdh-R TGGCAACAATCTCCACTTTG
GusB-F GGTTTCGAGCAGCAATGGTA
GusB-R GCTGCTTCTTGGGTGATGTC
Ldha-F CCTTTTGGGGTTCATCAAGA
Ldha-R GGTTGCCATCTTGGACTTTG
Pgkl-F CAAAATGTCGCTTTCCAACA
Pgkl1-R TTCATAGGAACGTTGAAGTCCA
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