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Abstract

Glioblastoma (GBM) is a uniformly lethal cancer with an overall survival of less
than 15 months. Aggressive standard of care therapies fail to eradicate these tumors and
are non-specific, resulting in incapacitating toxicities. In contrast to such therapies, by
virtue of exploiting the inherent specificity and vigilance of the immune system,
immunotherapy provides an exquisitely precise approach for safe and effective tumor
treatment. Specifically, peptide vaccines offer a promising strategy for inducing potent
cytotoxic glioma-specific immune responses. However, they are limited by various
mechanisms of glioma-mediated immunosuppression, including low/dysfunctional
antigen-presentation, an increased fraction of regulatory T cells, T cell inhibitory
pathways, and cytokine dysregulation. A promising strategy to overcome such
challenges is through the use of immunomodulatory adjuvants to improve the setting in
which T cells recognize and respond to glioma antigens. To this end, a clinically-relevant
high-affinity human anti-human CD27 immunomodulatory antibody (ahCD27) that
induces potent antitumor T cell responses through engagement of the CD27 T cell
costimulatory pathway was recently developed. This antibody is efficacious as a
monotherapy in preclinical tumor models and has given rise to significant clinical
responses in early phase trials. Given the preliminary success of monotherapy ahCD27

in inducing endogenous antitumor immunity, the overall goal of this dissertation

iv



research was to develop a peptide vaccine platform that employs ahCD27 as a vaccine
adjuvant for its translation as a novel brain tumor immunotherapeutic.

The work towards the goal of developing a brain tumor vaccine platform that
incorporates adjuvant ahCD27 is described herein. Chapter 1 provides an overview of
brain tumor immunotherapy, including the evolution of the field to date, various genres
of treatment modalities, and ongoing progress and challenges. Chapter 2 discusses the
approach of T cell immunomodulation, an emerging field in cancer treatment, including
the clinical development of various FDA-approved antibodies and their relevance to
brain tumors, synergy with current brain tumor standard of care, and emerging
immunomodulatory targets. Chapter 3 provides the rationale for targeting the CD27
costimulatory molecule in particular and includes preliminary data that serves as the
basis for the preclinical development of adjuvant chCD27 as an immunotherapy for
brain tumors. Chapter 4 shows the systematic approach for optimizing ahCD27 as a
vaccine adjuvant in a murine model of intracranial melanoma alongside a vaccine
targeting a model tumor antigen. Lastly, Chapter 5 explores the use of ahCD27 to
combat tumor-mediated immunosuppression, an important aspect of its adjuvant
activity and the basis for two upcoming phase I clinical trials for malignant glioma.

This dissertation comprises original research as well as figures and illustrations

from previously published material used to exemplify distinct concepts in



immunotherapy for cancer. These published examples were reproduced with
permission in accordance with journal and publisher policies described in the Appendix.
In summary, this work 1) identifies costimulatory T cell immunomodulation as a
promising strategy for brain tumor immunotherapy, 2) explores and optimizes the
potential for an agonist CD27 to enhance the tumor immune response when combined
with a vaccine, 3) has opened up a new line of investigation into the role of CD27 in
tumor-mediated immunosuppression, and 4) provides future prospects of utilizing an
agonist CD27 antibody as a vaccine adjuvant for the treatment of brain tumors.
Together, these studies hold great promise to improve the clinical outlook for brain

tumor patients.
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1. Immunotherapy for Brain Tumors

Malignant primary brain tumors are the most frequent cause of cancer death in
children (1), are more common than Hodgkin lymphoma, ovarian and testicular cancer,
and are responsible for more deaths than malignant melanoma (2). Glioblastoma (GBM),
a malignant glioma (MG) defined as a grade IV astrocytoma, is the most common
primary brain tumor and the most fatal. Despite aggressive, image-guided tumor
resection (3), high-dose external beam radiotherapy (4) or brachytherapy (5), optimized
chemotherapy (6), and recent advances in anti-angiogenic treatments (7), patients with
GBM live less than an average of 15 months from the time of diagnosis (6, 8). Standard-
of-care therapies for malignant gliomas (MGs) fail to eliminate tumor cells specifically
and as a result are limited by incapacitating damage to surrounding normal brain and
systemic tissues (9). In contrast, by virtue of exploiting the inherit specificity of the
immune system, anti-cancer immunotherapy provides a promising, highly tumor-
specific platform for safe and effective therapy.

In April 2010, the FDA approved sipuleucel-T (PROVENGE, Dendreon Corp.)
for the treatment of metastatic hormone-refractory prostate cancer (10), marking the first
such endorsement of a cancer vaccine in the U.S. and ushering in a new era of legitimacy
for tumor immunotherapy. This legitimacy was further underscored by the 2010 and

2014 approvals of ipilimumab (anti-CTLA-4 monoclonal antibody) and nivolumab (anti-



PD-1 monoclonal antibody) for metastatic melanoma, demonstrating a growing
confidence in immune-based cancer therapeutics.

Over the past decade, immunotherapeutic approaches have surfaced in a variety
of forms, ranging from antibodies to cell transfers to vaccines, and within each such
category resides a variety of subcategories. As illustration, vaccines themselves have
transformed over the years and come to include cell-based, antigen/peptide, DNA, and
viral-derived approaches, and certain approaches have come to dominate certain cancer
types (11). As a testament to the complexity in training an effective tumor immune
response, only five bona fide cancer immunotherapies have achieved FDA approval,
despite over 50 years of research. This chapter will provide an overview of the current

progress and challenges to the successful immunotherapy of MG.

1.1 The Tumor Immune Response

The tumor immune response occurs through a series of events that form a complex
conversation between cancer cells and immune compartments. Tumor antigens are shed
from dying cells in the tumor microenvironment (TME), taken up by professional
antigen-presenting cells, and presented to clonal antigen-specific T cells in the tumor
and tumor draining lymph node (DLN). Each of these events provides an opportunity
for therapeutic intervention to mimic—but improve —the endogenous tumor immune

response, but each comes with its own set of challenges and limitations. In this section,



we will provide an overview of the tumor immune response and how our current
knowledge of tumor immunology guides new and existing therapies.

Within the TME, there is a complex mosaic of immune and non-immune cells
that provide the foundation of the tumor immune response. The immune system
recognizes tumors by the presentation of antigens on aptly-termed antigen presenting
cells (APCs) to T cells in the DLN. This initial antigen recognition primes T cells for an
effective antitumor immune response upon secondary recognition of antigens presented
at the tumor site. Specifically, APCs uptake protein antigens shed from dead/dying
tumor cells and process them into smaller peptide components, which are shuttled to
major histocompatibility complex (MHC) molecules (i.e., human leukocyte antigen
(HLA) on human cells) on the APC surface and recognized by the T cell receptor (TCR)
on the T cell surface. In central nervous system (CNS) tumors, various cells take on the
role of APC, including resident macrophages and dendritic cells (DCs), microglia, and
pericytes. Additionally, tumor antigens can be released into the tumor DLN to be
presented by DCs to naive T cells, resulting in their activation and migration to the
tumor for antitumor effector responses (Figure 1).

Tumor antigens are presented to CD4* and CD8* T cells in the form of peptides
bound to MHC-II and MHC-I molecules, respectively, expressed on the APC surface.
During antigen presentation, two additional signals are necessary for successful T cell

activation: 1) a costimulatory signal provided in the form of receptor/ligand interactions



between molecules on the T cell and APC surface, respectively (e.g., CD28/CD86
binding) and 2) cytokine signaling (e.g., IL-2 and IL-12). Without these additional two
signals, T cells that encounter antigens develop into a state of anergy or tolerance, as a
form of immune-regulation to prevent unwanted responses to self-proteins (i.e.,
autoimmunity). In contrast, under the appropriate physiological conditions, antigen-
primed T cells differentiate from naive CD4* T cells into helper T cells and from naive
CD8* T cells into cytotoxic T lymphocytes (CTLs) (Figure 1). Helper T cells further guide
the differentiation and proliferation of antigen-primed CD8* T cells to effector CTLs
(e.g., by the production of the growth factor cytokine IL-2 and the T-helper 1 type (Thl)
inflammatory cytokine interferon-gamma (IFNY)). Primed CD8* T cells that traffic to the
TME and recognize MHC-I-bound antigens presented on the tumor cell surface are then
prepared to elicit an effective tumoricidal response.

Antigen presentationin
tumor-draining lymph node

Class Il MHC

T cell activation
and migration to
tumor

\Lntfacellular

antigens

Extracellular
antigen

Figure 1: Overview of the Tumor Immune Response.
4



Glioma antigens are presented in the form of MHC-bound peptides by professional
APCs to naive CD4* and CD8* T cells in the tumor-draining lymph node. Activated
cytotoxic T cells migrate to the tumor microenvironment where CD8* killer cells exert
direct cytotoxic effects on glioma cells in response to intracellular antigens or CD4* T
cells help cytotoxic macrophages kill glioma cells in response to the recognition of
extracellular antigens. MHC = major histocompatibility complex.

In addition to the CD8* T cell’s antitumor response, other immune cell subsets
can play a role in eliminating tumor cells. Helper CD4* T cells can also prime B cells for
an antibody response against extracellular tumor antigens. In this case, antigen-primed
helper CD4* T cells guide B cells to produce tumor-specific antibodies, which then bind
to the tumor to induce antibody-dependent cell-mediated cytotoxicity (ADCC) by the
engagement and activation of macrophages and natural killer (NK) cells.

Each of these events can be thwarted by the tumor’s various mechanisms of
immune-evasion. In particular, gliomas are known to downregulate their MHC
molecules to “hide” from immune cells, express immune checkpoint molecules to
disrupt antigen presentation, and produce immunosuppressive cytokines (e.g., TGF

and IL-10) to abrogate the antitumor activity of APCs, T cells, and other immune

compartments (Figure 2).
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Figure 2: Mechanisms of Glioma-Mediated Immunosuppression.

Glioma cells produce immunosuppressive cytokines (interleukin-10 [IL-10] and tumor
growth factor-beta [TGF-3]) that downregulate the antitumor activity of T cells and
natural killer (NK) cells. Specifically, these cytokines inhibit an inflammatory phenotype
and induce regulatory T cell differentiation. Glioma cells are also known to directly
evade immune recognition through decreased expression of surface major
histocompatibility complex (MHC) molecules, and through direct apoptotic effects on
cytotoxic T cells via PDL1/PD-1 interactions. MHC = major histocompatibility complex;
CTL = cytotoxic T lymphocyte; NK = natural killer; PD-1 = programmed cell death
protein 1; PDL1 = ligand for programmed cell death protein 1; IL = interleukin; T-reg =
regulatory T cell; Th2 = type 2 T helper cell.

Through years of trial, error, and innovation, a diverse armament of
immunotherapeutic strategies has thus emerged to confront such shortcomings of the
endogenous tumor immune response. The ensuing sections of this chapter will provide

a historical account of the field of immunotherapy and a precis of the various



immunological approaches developed to instill and restore effective antitumor
immunity.
1.2 Immunotherapy Through the Years

Immunotherapy comes in a variety of flavors, including but not limited to
monoclonal antibodies, myriad vaccine-based approaches, and adoptive lymphocyte
transfers (ALT). It is important to make a distinction when discussing tumor vaccines
and immunity, as the classic image that the word “vaccine” elicits, particularly amongst
the public, is one of preventative measure. Overwhelmingly, however, tumor vaccines
are intended as therapeutic modalities, initiated in the aftermath of tumor detection.
Vaccination against most tumors, then, represents an effort to stimulate host immunity
“after the fact,” where this immunity has already failed in its cancer surveillance task,
and/or has been rendered less effective by the tumor itself. The task is thus to
“reprogram” the immune response by providing it some combination of new targets,
new contexts, new longevity, and new resistance to tumor-elaborated counter-measures.

The features of a particular cancer may make it more suited to treatment with

one modality of immunotherapy over another, with the added caveat that the state of
current treatment and technology, scalability of approach, prevalence, and time-course
of the cancer contribute to the context perhaps as much as the cancer’s biology. For
instance, the presence of an over-expressed protein on the surface of a tumor might

proffer the ideal scenario for a monoclonal antibody-based therapy, while a hematologic



malignancy requiring bone marrow transplantation might proffer an attractive
opportunity to transfer lymphocytes (ALT) into a myeloablated host and make use of
homeostatic proliferation mechanisms (12, 13). In contrast, tumors nestled behind the
blood-brain barrier (BBB) (i.e. MG) could provide hesitation to those intending a
systemically delivered antibody-based approach.

Particulars aside, cancer immunotherapies taken in the aggregate offer the
capacity for potentiated adaptive immune-activation, antigen(s)/target-specificity, multi-
arm immune engagement, and the realization of immunologic memory. Understanding
the history, rationale, strengths, and limitations of such immunotherapeutic modalities,
as well as how they fit with the same features of current standards of care, will be

indispensable to a forward march in the anti-cancer crusade.

1.2.1 Evidence for the Immune System's Role in Cancer

The notion of a cancer “immunotherapy” seemingly has its origins in a collection
of observations by the 19 century physician, William B. Coley, who noted the capacity
of certain infectious processes to mitigate the progress of malignancy (14). In 1891, Coley
uncovered accounts of a patient with a recurrent inoperable neck sarcoma that had
spontaneously regressed when surgery had been complicated by Streptococcus pyogenes.
Coley thus arrived at the concept of combining killed Streptococcus pyogenes and Serratia
marcescens into an injectable mixture, a treatment now famed “Coley’s toxins”,

establishing the first documented cancer vaccine. Coley’s vaccine enjoyed a period of



success and U.S. production until 1962, and has even recently experienced resurgence in
a related modern form under the Coley Pharmaceutical Group.

Cancer vaccines and other immunotherapeutic approaches have undergone a
rapid and divergent evolution in the more recent decades, but the concepts behind
Coley’s vaccine guide the continued common goal of sustained and meaningful immune
activation. The earliest renditions of immunotherapy suffered their fair share of failures,
however. Despite the success of Coley’s toxins and the 1908 Nobel Prize for studies
highlighting immune-repression of carcinoma, the field of tumor immunology did not
truly mature until the introduction of the “cancer immunosurveillance” hypothesis in
the late 1950s. This hypothesis purported that the immune system protects against
tumor development by patrolling the body and eradicating individual tumor cells by
recognizing mutated proteins as foreign targets, before these cells grew into full
malignancies.!” A corollary to the hypothesis would predict increased cancer rates in
immunosuppressed patients, evidence for which has accumulated in organ transplant
recipients and AIDS patients. Cancer immunosurveillance has found more direct
support in contemporary findings: (1) immunocompromised patients develop higher
incidences of some cancers not linked to known viral etiologies,(2) cancer patients
develop spontaneous, integrated, and tumor antigen-specific immune responses, and
(3) the presence of tumor-infiltrating lymphocytes (TIL) correlates with improved

survival in cancer patients (15-18).



1.2.2 The Birth of the First Cancer Vaccines

Following bolstering of the cancer immunosurveillance hypothesis, the 1970s and
1980s brought some resurgence to Coley’s notion of the cancer “vaccine.” If lessons were
taken first from the infectious disease arena, where vaccines were often based on killed
and inactivated versions of the target entity, then the logical place to enter the pursuit of
a cancer vaccine was with similarly “killed or inactivated” tumor cells. The latter part of
the 20t century then was focused on generating vaccines from attenuated tumor cells as
a source of antigens. In contrast to the success of this approach in the infectious disease
arena, however, such tumor vaccines elicited rather poor systemic immune responses,
and early combinations with non-specific adjuvants have since suffered equal failure at
the phase III level (19).

In the late 1980’s and early 1990s, backed by promising pre-clinical data, the
focus shifted to genetically engineered tumor cells, modified to produce a variety of
immune-stimulating cytokines. This pre-clinical work parented one of the single-most
investigated tumor cell vaccines, the granulocyte-macrophage colony-stimulating factor
(GM-CSF)-producing tumor cell vaccine (GVAX) (20). GVAX has experienced its own
setbacks and transformations over the years, and it is currently in late stage trials for
pancreatic cancer. Phase I studies in MG have been conducted (NCT00694330) utilizing

newer generations of the vaccine with initially promising results that await publication.
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In 1991, the first tumor-associated antigen was uncovered in melanoma,
appropriately named melanoma-associated antigen 1 (MAGE-1), and the capacity to
generate cytotoxic T-lymphocytes (CTL) specific for this protein was also demonstrated
(21). While the use of vaccines comprised of whole tumor cells offers broad antigenic
repertoires (as with GVAX), the presumption that the immune system would a priori
identify what was safe to target and what instead might result in autoimmunity was
vexing. If immunotherapy was to be heralded as a more tumor-selective mode of
therapy, then the unveiling of tumor-specific targets remained a grail. Thus, vaccines
specifically targeting MAGE-1, as well as other identified antigenic targets, rapidly
emerged (22, 23).

1.2.3 From Vaccines to Cellular Therapies

More direct focus on T cells has been borne from the lessons learned by various
immunotherapeutic modalities, including the consensus that T cells are the effectors of
desired adaptive, cytotoxic immunity. More commonly, then, vaccine therapies have
employed dendritic cells (DCs) (24), professional APCs that are highly effective at
presenting antigens on MHC molecules to T cells to promote robust immune responses.
This strategy requires DC production from autologous blood products, ex vivo loading
with tumor antigens (e.g., whole tumor lysates for a broad antigenic repertoire, or
protein/peptide pulsed for the targeting of specific antigens), activation/maturation with

immune-stimulating agents, and re-injection with the aim of migration to lymph nodes
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and priming of the nascent T cell response. Necessarily, such vaccine production is
highly customized to the patient, and is thus tedious and non-standardized with regard
to each of the above logistical components. Furthermore, the reliance upon nascent T
cells, which suffer rather excessive tumor-induced deficits, is limiting. Despite such
challenges, however, most DC approaches have demonstrated some level of efficacy in
phase I/II studies, and DCs continue as one of the most tried methods of tumor
vaccination. Indeed, the lone FDA approved anti-tumor vaccination strategy, sipuleucel-
T, consists of DCs loaded with prostatic acid phosphatase, a prostate tumor associated
antigen, fused with GM-CSF (10).

With T cell stimulation being the inevitable goal of DC and antigenic vaccines, a
perhaps more straightforward approach comes in the form of autologous T cells that are
directly harvested, trained/expanded/activated ex vivo against the tumor, and
transferred back to the patient. In their earlier renditions, these adoptive lymphocyte
transfers (ALT) included the transfer of a variety of immune populations, not just T cells.
These have included peripheral blood mononuclear cells (PBMCs) (25), lymphokine/
mitogen-activated killer cells (LAK) (26), TILs (27), and CTLs (28, 29), administered
either systemically or into the tumor cavity. Targets have varied, and newer renditions
have combined ALT with active vaccination (e.g., combined with DCs) (30) in efforts to
promote survival and functional expansion of the transferred cells in vivo

(NCTO01801852). Beyond ensuring cell survival, an additional “rate-limiting step” for
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ALT therapy has been the generation of large numbers of functional tumor-specific T
cells ex vivo. New solutions for overcoming such challenges have emerged in the form of

immunomodulation, as will be discussed in later sections.

1.3 Immunotherapeutic Approaches for Malignant Glioma

Initial approaches to brain tumor immunotherapy parallel (though perhaps in a
delayed fashion) those attempted for other cancer types, with early strategies
progressing from direct infusion of activated lymphocytes into the tumor to whole-
tumor vaccines to antigenic targeting with tumor-specific peptides or cell-based vaccines
(31). A growing understanding of the glioma immune response and the increasing
number of antigenic targets have continued to advance glioma immunotherapy,

affording the field with a variety of successes and challenges.

1.3.1 Antigenic Targets

In the move toward tumor-specific vaccines and immunotherapies for MG, focus
has erupted on the identification of appropriate antigenic targets to improve efficacy
and reduce collateral toxicities associated with non-specific strategies. In the scope of the
glioma immune response, an important distinction is made between glioma-associated
and glioma-specific antigens (GAAs and GSAs, respectively). GAAs are proteins
expressed across normal and malignant cells and do not arise as mutated forms of the
protein, but instead are aberrantly expressed in glioma cells (often at higher levels), such

that the immune system recognizes them as pathological. Currently identified GAAs
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include IL13Ra2, HER2, gp100, TRP2, EphA2, survivin, WT1, SOX2, SOX11, MAGE-A1,
MAGE-A3, AIM2, SART1, and cytomegalovirus (CMV) proteins. GAAs are promising
targets for immune cells to identify tumor cells, but because they are also expressed in
normal cells, their targeting poses an inherent risk for autoimmune toxicities. In contrast,
certain mutated proteins represent truly glioma-specific antigens and in theory can serve
to precisely direct the immune system towards glioma cells, without collateral killing of
normal cells. EGFRVIII and IDH1-R132H are the most promising GSAs identified to

date, the latter a newly revealed vaccine target (discussed later in this chapter) (32).

1.3.1.1 EGFRVIII

Epidermal growth factor receptor variant type III (EGFRVIII) is a frequent and
consistent tumor-specific mutation of the EGFR that is expressed in 30-35% of primary
GBMs (15, 33-35) and in a variety of other cancers (16-18, 36-39). Among patients with
EGFRvlII-positive GBM, 37-86% of tumor cells express the mutated receptor (40),
indicating that the mutation is translated with significant consistency. The mutation
consists of an in-frame deletion of 801 base pairs in the extracellular portion of the
wildtype receptor, generating a novel glycine residue at the fusion junction (41, 42). This
significant alteration at the protein level produces a highly immunogenic, cell-surface,
tumor-specific epitope (43).

The mutated receptor plays a significant role in glioma pathobiology. EGFRvVIII

encodes for a constitutively active tyrosine kinase receptor (44, 45) that enhances tumor
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cell growth (44, 46, 47) and invasion (48, 49) while conferring radiation- and
chemotherapeutic-resistance (50-52). Among patients with GBM, EGFRVIII expression is
an independent, negative prognostic indicator (53). Recent research has also found that
EGFRVIII is expressed in glioma stem cells (54, 55), an important consideration given the
paradigm that tumor stem cells represent a cellular subpopulation that gives rise to all
differentiated tumor cells (56). Altogether, the specificity, high frequency of surface
expression, and oncogenicity of the EGFRvIII mutation make it an ideal target for

glioma immunotherapy.

1.3.1.2 Cytomegalovirus antigens

Cytomegalovirus (CMV) is an endemic 3-Herpesvirus found to be associated
with GBM (57). Specifically, near universal detection of CMV immunodominant proteins
(e.g., pp65, IE1) in glioma cells was confirmed by immunohistochemistry, in situ
hybridization, and polymerase chain reaction by six independent research groups, and
this antigen was found to be absent in surrounding normal brain (58-60). This near
universal tumor-specific expression of CMV antigens in GBM tumors provides an
unparalleled opportunity to leverage highly immunogenic viral proteins as tumor-
specific immunotherapy targets. Indeed, DCs pulsed with CMV antigens have been
shown to be potent inducers of CMV-specific immune responses in several studies (61),
and peptide vaccination with the immunodominant (HLA-A2)-restricted epitope, CMV-

pp65(495-503), was shown to elicit robust immune responses in HLA-A2 transgenic mice
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(62). In addition, human T cells stimulated by pp65-loaded DCs specifically lyse
autologous GBM tumor cells (63), and T cell mediated immunotherapy has proven
highly effective in the treatment of CMV-associated disease within the CNS. Thus,
CMV-targeted immunotherapy may effectively elicit the selective killing of CMV-

infected tumor cells in patients with GBM.

1.3.1.3 Mutant IDH1

Recently, unbiased, genome-wide sequencing has been shown to be a powerful
approach for the discovery of recurring mutations in the cancer genome. Using next-
generation sequencing of human glioma samples, another highly-conserved tumor-
specific mutation was discovered in codon 132 of the active site of isocitrate
dehydrogenase 1 (IDH1) (64, 65), an evolutionarily-conserved enzyme essential to cell
function. Further study revealed that IDH1 mutations occur in ~75% of almost all glioma
subtypes, except primary GBM. Greater than 90% of all IDH1 mutations occur from a
single amino acid substitution of histidine for arginine, resulting in the highly conserved
and tumor-specific IDH1-R132H mutation. Inmunohistochemical analysis with a
monoclonal antibody specific to IDH1-R132H reveals that the mutation is
homogeneously expressed within IDH1-R132H+ tumors — being seen in all tumor cells
including even single infiltrating tumor cells — and is absent in normal cells. Thus, the

high frequency, tumor-specificity, and homogeneous expression of IDH1-R132H make
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this mutation an unparalleled target for therapeutic intervention. Immunotherapeutic

targeting of IDH1-R132H remains a critical new research pursuit.

1.3.2 Vaccines and Passive Immunotherapies

A classical distinction lies between “passive” and “active forms” of
immunotherapy, wherein the former encompasses antibody and ALT-based therapies,
and the latter is represented primarily by vaccine-based approaches. In biological terms,
active immunotherapies aim to stimulate a host’s nascent immune response (and
provide a means of constituting a resident long-term memory response), while passive
denotes the transfer of a non-native mode of immunity (e.g., the infusion of ex vivo
activated T cells). The degree to which a host’s immune system is relied upon for the
effector arm of the therapeutic is the greatest distinction. Antibodies and T cells that are
manipulated outside the body may be successfully aimed at tumors and administered,
but vaccines aim to direct host responses in a way that can cross tumor-imposed barriers
and “remember” how this was accomplished long after any further stimulus is removed.
This section will provide an overview of common active and passive
immunotherapeutic modalities for the treatment of glioma, including their current status

to date.

1.3.2.1 Peptide vaccines

Cancer cells express antigenic peptides on class I MHC molecules (66), which can

be recognized by CD8* CTLs to induce tumor cell death (67). The endogenous frequency
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of tumor-specific CD8* T cells, however, is low (68), and these T cells often fail to
recognize tumor antigens in a setting that is conducive for effective CTL differentiation
(69). Peptide vaccines derived from tumor antigens offer the promise of inducing
expansion and CTL differentiation of tumor-specific CD8* T cells (70-72) to mimic the
endogenous tumor immune response but overcome its inherent limitations by providing
a means of improved antigenic targeting. To date, peptide vaccine trials in glioma have
targeted WT-1 (73, 74) and EGFRVIII (75), with ongoing trials targeting collections of
GAAs, including IL13Ra2, survivin, EphA2, and WT-1 (NCT02149225, NCT01920191,

NCT02078648) (Figure 3).
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Figure 3: Peptide and Dendritic Cell Vaccines for Glioma Immunotherapy.

Vaccines can be delivered in the form of short peptide epitopes or through ex vivo
generation of autologous APCs (dendritic cells) pulsed with TAAs. Such strategies allow
for priming of antigen-specific T cells and their reactivation upon recognition of
MHC/peptide complexes presented by glioma cells. Such epitopes are known to be
18



either MHC class I or class II restricted, giving rise to different antitumor effector
mechanisms. DC = dendritic cell; TT-RNA = total-tumor RNA; EGFRVIII = epidermal
growth factor receptor variant 3; KLH = keyhole limpet hemocyanin; IDH1R!32H =
isocitrate dehydrogenase 1 R132H mutant; gp100 = glycoprotein 100; Epha2 = ephrin
type A receptor 2; CMV = cytomegalovirus; IL13Ra2 = interleukin-13 « receptor 2; Trp2
= tyrosinase-related protein 2; MAGE = melanoma-associated antigen; MHC = major
histocompatibility complex; IFNy = interferon y; TNFa = tumor necrosis factor a; CTL =
cytotoxic T lymphocyte; GAA = glioma-associated antigen

Perhaps the most promising (and now heartbreaking) story of a peptide vaccine
for glioma immunotherapy comes with the tale of rindopepimut, a peptide vaccine
comprised of an immunodominant epitope from EGFRVIII conjugated to keyhole limpet
hemocyanin (KLH), a large metalloprotein known to shuttle peptides directly to the
MHC class II presentation pathway. This vaccine was developed to specifically target
glioma tumors with surface EGFRVIII expression by inducing CD4* T cells to promote an
antibody response against the extracellular portion of the EGFRVIII molecule. A phase II
trial of rindopepimut showed an increase in median overall survival (OS) by 10 months
in EGFRVIII* patients (72), advancing this therapy to a phase III trial on the fast-track to
FDA approval. However, a salient lesson regarding the risks for single antigen targeting
is offered by the phase II trial with rindopepimut. Patients demonstrated prolonged
progression-free survival (PFS), but nearly universally recurred, with 82% of recurrent
tumors exhibiting loss of the targeted antigen (antigen loss variants). Such results serve

as a striking proof of concept for anti-tumor peptide vaccination generally, but also as an
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unequivocal warning to be heeded regarding the process of “immunoediting”(76) and
the resulting perils of developing antigenic “tunnel vision.”

Despite such setbacks, the overall promising data led to a phase III for
rindopepimut, which consisted of 700 patients with EGFRvIII+ tumors randomized in a
one-to-one ratio to receive standard of care temozolomide plus intradermal
rindopepimut with GM-CSF or intradermal KLH as a control. The treatment arm
showed an OS similar to prior phase I and II findings, but the control arm dramatically
outperformed historical controls, resulting in no significant differences at the interim
analysis, and ultimately the termination of this trial. Such negative results provided a
substantial setback for the field of glioma immunotherapy; the proven ability for
rindopepimut to direct a tumor-specific antibody response and resultant tumor cell
death did not translate to increased survival, highlighting the tumor’s ability to adapt
and survive even in the setting of immune-mediated killing.

Despite the setbacks associated with rindopepimut, several other peptide vaccine
trials are ongoing, including those targeting the IDH1-R132H mutation and CMV
antigens. A recent pre-clinical study demonstrated that vaccination of MHC-humanized
mice (expressing HLA-A2 class I and HLA-DRI class II molecules) with a 20mer peptide
spanning the R132H mutation was capable of suppressing the growth of IDH1-R132H+
tumors (32). Such promising findings have spurred the initiation of several phase I

clinical trials that incorporate different versions of an IDH1-R132H peptide
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(NCT02454634, NCT02193347) or DC vaccine (NCT02771301). Additionally, given the
promise of prior experiences with CMV antigens for glioma immunotherapy, a phase I
trial for a two-peptide vaccine is currently ongoing. This vaccine consists of a synthetic
long peptide targeting CMV pp65 in combination with a neutralizing antibody epitope
from CMV glycoprotein B conjugated to KLH, administered at separate vaccine sites
(NCT02864368). With the continued discovery of immunogenic peptide epitopes from

mutated GSAs, additional peptide vaccine therapies will undoubtedly surface.

1.3.2.2 Cellular immunotherapy

Passive immunotherapy with adoptively transferred TILs expanded from a
patient’s tumor (77) or T cells modified with a specific T cell receptor (TCR) can
eradicate large, well-established tumors in mice and can induce objective response rates
in the majority of patients with lymphoma, nasopharyngeal cancer, synovial sarcoma,
and metastatic melanoma. Even in patients with melanoma metastases to the brain,
complete responses are seen in many patients, underscoring the ability of activated T
cells to combat CNS malignancies. However, isolating TILs is difficult in most cancers,
and the use of T cells genetically modified to express a specific TCR makes them
ineffective against tumors that downregulate their MHC molecules.

With their unique ability to activate and educate naive T cells against tumor
antigens, DCs have emerged as a powerful vaccine platform for eliciting robust tumor

immune responses. To generate a DC vaccine, patient PBMCs are cultured ex vivo under
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appropriate cytokine conditions (GM-CSF and IL-4), pulsed with the desired tumor-
derived immunogen (e.g., peptide/mRNA antigens, whole tumor lysate), and re-
administered to the patient where they migrate to the lymph nodes to prime tumor-
specific T cell responses. DC immunotherapy is relatively successful in malignant
glioma compared to other tumor types, with an estimated 15% of patients experiencing
an objective response to different DC vaccine strategies (78). DC vaccines targeting the
CMV pp65 antigen offer particular promise, with pp65-pulsed DCs increasing OS by 8
months in vaccinated patients compared to control patients (61). Additionally, DCs
loaded with autologous tumor lysates or GAA peptides have shown significant clinical
responses in GBM patients (79). Ongoing clinical trials of DC vaccines (NCT02049489,
NCT02366728, NCT02649582) targeting different GAAs (e.g., CD133, WT1) will continue

to shed light on the clinical promise of this approach.

1.3.2.3 Antibodies

In addition to peptide vaccines targeting GAAs, other early strategies included
antibody targeting for antigens presented on the cell surface (antibodies must recognize
nascent extracellular or cell surface targets, while T cell recognize processed versions of
proteins derived from either cell surface or intracellular antigens). Antibody and
targeted-toxin therapies (consisting of a toxin complexed to a tumor-specific antibody,
such that the toxin is delivered specifically to tumor cells) remain some of the oldest

tried immunotherapies for brain tumors (reviewed in (80)). The ultimate goal is specific
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binding of a molecule or receptor on the tumor surface, with the deployed agent serving
in one of a number of defined capacities: as biologic response modifiers that target so-
called tumor driver proteins (e.g., EGFR blockade) (81), as triggers of immune-mediated
ADCC (e.g., EGFRvIII-based strategies), or as delivery vehicles for tumoricidal toxins
(i.e. diphtheria, pseudomonas) (82, 83) or radionucleotides ('*'I) (84). A wealth of clinical
trials has been conducted over the years, for which surface targets have included EGFR,
tenascin, transferrin receptor, and the IL-13 and IL-4 receptors (Figure 4). Importantly,
antibodies directed against EGFRVIII are entirely tumor-specific and do not cross react

with the wildtype receptor located on untransformed, healthy cells (43).
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Figure 4: Antibody-based Immunotherapies for Malignant Glioma.

Antibodies can be engineered to bind tumor-associated antigens expressed on the
glioma cell surface (e.g.,, EGFR, EGFRVIII, IL13R). Binding by these antibodies triggers
antibody-dependent cell cytotoxicity (perforin/granzyme and cytotoxic cytokines)
through Fc-receptor binding on innate immune cells. Such antibodies can also be
conjugated to toxins, thereby directly and specifically targeting small-molecule therapy
to tumor cells. Additionally, antibodies can be made specific for surface receptors on T
cells through which signaling is known to have an immunosuppressive effect during
antigen priming (e.g., CTLA-4) or effector function (e.g., PD-1), thereby abrogating the
inhibitory effect triggered upon ligand binding. IL13Ra2 = interleukin-13 a receptor 2;
Her2 = human epidermal growth factor receptor 2; EGFRVIII = epidermal growth factor
receptor variant 3; Epha2 = ephrin type A receptor 2; IL13R = interleukin-13 receptor; NK
= natural killer; TRAIL = TNF-related apoptosis-inducing ligand; mAb = monoclonal
antibody; MHC = major histocompatibility complex; TCR =T cell receptor; T-reg =
regulatory T cell; APC = antigen presenting cell; CTLA-4 = cytotoxic T lymphocyte
associated protein 4; PD-1 = programmed cell death protein 1.
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1.4 Challenges to Brain Tumor Immunotherapy

The art of crafting effective anti-cancer immune responses clearly provides a
noteworthy set of challenges. Within the realm of brain tumor immunotherapy more
specifically, there exist unique barriers to success posed by the peculiarities of CNS
immunity, the risks for collateral autoimmune toxicities, and the uncanny capacity for

systemic immune dysregulation imposed by MG.

1.4.1 “Immune Privilege” in the CNS

The CNS has long been considered “immunologically privileged,” hidden and
untouchable to the T cell’s attack. Over the past decade, however, this belief has been
largely debunked. The concept was originally born from early work demonstrating that
allographs or xenografts survived longer in the CNS (85), protected by the blood-brain
barrier. More contemporary studies have elaborated on this notion of immune privilege
and would suggest that the brain’s sanctuary is only partial. Yet, there remains some
support for immunologic deficiencies within the CNS in several different areas: 1) lower
or absent MHC expression, 2) lack of resident classic APCs, 3) lack of lymphatic
drainage, and 4) the blood-brain barrier (BBB), a membrane that separates circulating
blood from extracellular CNS fluid. In the sections below we will consider each of these

areas.
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1.4.1.1 Reduced expression of MHC molecules

Expression of class I and class Il MHC molecules on glioma cells, which have a
profound impact on the ability of T cells to recognize tumor antigens, remains
controversial. Discrepancies are partially due to differential data across laboratories and
the use of non-standardized techniques to detect MHC expression. Certainly, cell lines
are capable of expressing class I and even class I MHC molecules in vitro, and this
expression can typically be enhanced by inflammatory cytokines (e.g., IFNYy) (86, 87).
However, the same effects are not necessarily observed in vivo, as the expression of class
I and IT MHC molecules is under strict regulatory control and limited to specific cell
types, resulting in an irregular distribution. The bulk of evidence, however, suggests
that expression levels are low or undetectable in gliomas.

MHC class I expression in the normal CNS appears to be concentrated in the
endothelial and stromal cells, with occasional weak expression in microglia and
ependymal cells. The expression level of class I MHC in neurons and glial cells,
however, remains unresolved. MHC class II molecule expression is even more
controversial and is generally thought to be limited to select microglial cells and
infiltrating DCs (88). There is no consensus regarding the expression level of class I
molecules on astrocytes and CNS endothelial cells, although evidence suggests that
these cells do express MHC molecules under pathological conditions, such as multiple

sclerosis and experimental autoimmune encephalomyelitis (EAE) (89). Such overall
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contention perhaps arises due to the true variability of MHC expression across patient
samples. Indeed, within 11 glioma samples screened for the presence of class II
transactivator mRNA, 7 were positive, and the level of expression was highly variable
across tumor types (87). Furthermore, among these samples cultured in vitro, class 11
expression could be divided into either constitutive or IFNy-inducible expression,
adding an additional layer of ambiguity.

Such inconsistencies in MHC detection and the tight sensitivity of MHC
expression to growth and assay conditions make this a particularly difficult issue to
resolve in the field of brain tumor immunology. However, the working consensus holds
that class I and class I MHC molecule expression is not a prominent feature of glial
tumors, which may severely limit the ability of T cells to exert direct cytotoxic effects

against these tumors.

1.4.1.2 Decreased quantity and quality of APCs

While the CNS certainly has the capability of presenting antigens to the immune
system, distinct DCs do not exist primarily in the neural parenchymal
microenvironment (90). Still, microglia, and possibly astrocytes, may be the major or
exclusive APCs in the cerebral spinal fluid, and human microglial cells appear to have
similar functional and phenotypic characteristics to macrophages and DCs. It has been

recently demonstrated that microglia, predominantly located in the perivascular spaces
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and leptomeninges, are bone marrow-derived and capable of presenting antigen to T

cells in vivo (91).

1.4.1.3 Poor lymphatic drainage

It has been clearly demonstrated that the brain anatomically lacks a conventional
lymphatic system. However, it has been well-shown that cells and molecules injected
into the brain or cerebrospinal fluid pathways can be recovered in the deep cervical
lymph nodes in concentrations significantly above plasma levels (92-94). In addition,
however, molecules injected into these anatomical spaces can egress through
connections between the lymphatic systems and the cranial (olfactory, optic, trigeminal,
acoustic) and spinal nerve roots, and the perivascular Virchow-Robin spaces (95).
Similar anatomic substrates exist in humans, although these drainage pathways remain

of uncertain significance in the development of CNS immune responses.

1.4.1.4 The blood-brain barrier

The BBB exists as a natural physiologic barrier to macromolecules and cells
entering the brain. It is not absolute, even under normal conditions, but it has also been
well-established that the BBB is discontinuous in the setting of MGs. Debate remains
regarding the degree to which it impedes and or enhances the efficacy of various
therapeutic modalities (96). Despite lymphocytes in the healthy CNS being a rare
finding (97, 98), gliomas have been shown to induce compositional changes in the basal

lamina and astrocytic components of the neurovascular unit that disrupt the integrity of
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the BBB. As such, CNS lesions are potentially available to cellular and molecular

therapy, and the BBB does not appear to pose a significant limitation to immunotherapy.

1.4.2 Collateral Autoimmunity

Autoimmunity within the CNS must be viewed from a different vantage point
than the collateral damage that can potentially arise from therapies targeting non-CNS
cancers. It has been well-documented that fetal and normal brain and systemic antigens
are present in human glioma cell lines and brain tissue (99). As a result, vaccination with
human glioma cell lines or autologous glioma tissue risks the induction of an
uncontrolled autoimmune response focused on normal CNS or systemic antigens,
leading to a syndrome similar to EAE. The susceptibility of humans to such responses
was discovered accidentally when patients were vaccinated against rabies using
vaccines derived from rabid spinal cord that had been infected with the rabies virus.
Since that time, it has been shown that EAE can be readily induced in various species,
including nonhuman primates (100). Bigner et al. vaccinated non-human primates with
fresh GBM cell suspensions alongside potent adjuvants, and in less than 1 month, these
primates developed severe neurologic symptoms and ultimately irreversible coma and
death (100). Pathologic analysis revealed widespread hemorrhagic necrosis, generalized
edema, and widespread perivascular immune infiltration. In addition to these dramatic
findings, there should be some concern regarding the induction of EAE based on

previous active specific immunotherapy trials in patients.
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1.4.3 Immunosuppression in Brain Tumor Patients

Although immunotherapy has emerged as a means of designing more tumor-
directed treatment, the success of this strategy will ultimately be linked to our ability to
understand and counter the broad defects in host immune function that MGs are known
to elicit. Decades of studies have revealed impaired cell-mediated immunity (CMI) in
patients harboring MG, with qualitative, intrinsic T cell deficits highlighted on a
backdrop of reduced numbers of circulating lymphocytes (reviewed by Dunn et al.
(101)). The underlying causes are yet to be entirely elucidated, but those T cells that do
remain in the circulation are hampered by anergy (69, 102), IL-2 dysfunction (103), anti-
inflammatory Th2-biased responsiveness (104), and inhibition by disproportionate levels
of suppressive regulatory T cells (T-regs) (105), all products of uniquely potent GBM
systemic influences and extrinsic mechanisms for immune-escape. T cells that do
manage activation and tumor-trafficking find themselves faced with equally impressive
local and intrinsic means of tumor evasion, including high levels of intratumoral T-regs
(106), downregulated MHC and costimulatory proteins (107, 108), increased T cell
checkpoint inhibition (e.g., programmed-death ligand 1; PD-L1) (109), anti-inflammatory
T cell phenotypes (i.e., via STAT3 expression/activation) (110), and increased levels of
immunosuppressive cytokines (e.g., TGF-p and IL-10) (111), all of which serve to

sidestep or directly undermine those immune cells that are present.
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1.4.3.1 Early studies in glioma-mediated immunosuppression

Much of the pioneering work to document CMI impairment in patients with MG
occurred in the 1970s and 1980s and is attributable to William Brooks and Thomas
Roszman. The earliest publication, one in 1972 by Brooks et al. (112), analyzed host
immune responsiveness among 23 patients with benign and malignant intracranial
tumors. The patients enrolled in this study were skin tested for delayed hypersensitivity
responses (DHRs) and, when compared to 20 healthy volunteers, demonstrated reduced
sensitization to dinitrochlorobenzene, as well as significantly diminished responsiveness
to three of four common microbe-derived skin-test antigens (tuberculin purified protein
derivative (PPD), streptokinase-streptodornase (SK-SD), and trichophyton (TRICH), but
not Candida (CAND)). Patient lymphocyte proliferative responses were also assessed,
and these were found to parallel skin-test results.

A pursuant paper in 1974 (113) repeated the above findings while examining
only the patients with glioma (13 GBM, 7 astrocytoma). Attempts to correlate the
amount of suppression observed with the degree of malignancy were not statistically
significant, but the suppression of CMI was reversed upon tumor resection, indicating a
causal role of the tumor in the immunosuppression observed in such patients.

Studies of patients with MG continued to document reduced quantity and
quality in immune cells and their function in antitumor responses. In a seminal 1977

study, Mahaley et al. (114) evaluated pre-operative lymphocyte counts in patients with
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GBM, anaplastic gliomas, and meningioma and found that GBM patients were the only
ones to show a significant lymphopenia. Additionally, GBM patients had significantly
reduced responses to common antigens compared to patients with other tumor types.
GBM-associated lymphopenia was elaborated upon by Brooks et al. (115), who provided
a more specific analysis of lymphocyte subpopulations in patients with primary brain
tumors. The study confirmed the presence of lymphopenia in patients with glial tumors
and found that the severity of the lymphopenia was correlated with tumor grade, with
an overall 37% reduction in the number of circulating lymphocytes. Furthermore, the
lymphopenia was characterized by a selective reduction in T cell levels, while B cell
levels remained normal.

In 1976, Young et al. added the observation that lymphocytes from
approximately 50% of patients with GBM were significantly inhibited in their response
to mitogens, even when cultured in the presence of normal plasma (116). This
observation introduced the possibility that, in addition to defects in immune cell
quantity, additional dysfunctions exist intrinsic to lymphocyte quality. Indeed, Roszman
and Brooks found that the in vitro responses of peripheral blood leukocytes (PBLs) from
normal individuals was approximately 3 times greater than that of PBLs obtained from
patients, despite culture in normal human sera (117). Importantly, the existence of T cell
lymphopenia could not explain these observations, as studies with purified T cell

populations of equivalent cell numbers provided similar results. Neither increasing the
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number of lymphocytes in culture nor altering the duration of the culture period
corrected the observed proliferative defects. Thus, the first pieces of conclusive evidence
were offered for alterations in the functional qualities of lymphocytes obtained from
patients with glioma. Much subsequent work has been aimed at explaining this now

center-stage T cell dysfunction.

1.4.3.2 T cell dysfunction in patients with MGs

With the above evidence that lymphopenia appears selective for the T cell
compartment and that purified T cell populations respond poorly to stimulation, T cells
became the focus of studies highlighting lymphocyte dysfunction in patients with brain
tumors. The dysfunction was progressively narrowed to within the helper T cell subset,
as T cells from patients proved unable to provide adequate helper activity in vitro.
Accordingly, it was found that CD4* T cells were significantly reduced among patient
PBLs (40% vs. 55% for controls), while the proportion of CD8* T cells remained normal
(118). Furthermore, in a later study, patient-derived CD4* T cells proliferated less in
response to mitogen stimulation than CD8* T cells obtained from the same patient or
CD4+ T cells obtained from healthy controls (119).

While allogeneic cultures were being used to localize defects to within the CD4*
subset of T cells, additional studies indicated defects in the ability of patients” PBLs to
undergo clonal expansion, particularly in response to IL-2, a T cell growth factor

cytokine. Measurements of IL-2 activity in culture supernatants demonstrated
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significantly lower levels of the cytokine in cultures containing patient cells, and the
addition of exogenous IL-2 was unable to reverse the existing proliferative defects (120,
121). The diminished IL-2 production by patient lymphocytes has proven to be a crucial
observation in understanding the mechanisms behind T cell dysfunction. Furthermore,
the demonstration that exogenous IL-2 does not improve the mitogen responsiveness of
patient lymphocytes suggested that IL-2 receptor (IL-2R) signaling or expression might
also be defective. One of the earliest works in this regard examined the percentage of IL-
2R* lymphocytes at various time-points after mitogen stimulation and found that this
number was reduced when compared to normal values (122).

Further investigation into the nature of T cell anergy observed among patients
with MG has yielded that TCR-mediated signaling is defective as well. For example, in a
study by Morford et al. in 1997 (123), both mitogen-stimulated PBLs and T cells obtained
from patients exhibited marked defects in early transmembrane signaling events,
measured in the phosphorylation (i.e., activation) of a variety of proteins. Additionally,
proliferative capacity was not restored following in vitro stimulations, indicating that
that the observed anergy in patient T cells was attributable to defects in early

transmembrane signaling events associated with TCR stimulation.

1.4.3.3 Th1 versus Th2 cytokine dysregulation

There is much evidence to suggest that gliomas can elicit a shift in patients’

cytokine production from the desired inflammatory Th1-type to the anti-inflammatory
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Th2-type. Most prominent, perhaps, is the production and secretion by the tumor itself
of transforming growth factor-p (TGFp) isoforms and other anti-inflammatory
molecules, such as IL-10 (124-127). Specifically, human TGFB1 and TGFB2have been
isolated from GBM supernatants (125-127). These cytokines are known to suppress the
IL-2-dependent generation of CTLs, inhibit IL-2R expression on T cells, reduce IL-1- and
IL-2-dependent proliferation of T and B cells, depress the cytotoxicity of natural killer
(NK) cells and their activation by IFNy, reduce IFNy production, downregulate MHC
class II expression and presentation, suppress Thl cytokine synthesis, inhibit the
accessory function and antigen-presenting capacity of monocytes/macrophages, and
suppress the production of numerous pro-inflammatory cytokines, including tumor
necrosis factor (TNF)a, IL-1, IL-6, and IL-8 by activated monocytes (126, 128-136). The
potential for immunosuppressive factors, such as TGEp, to abolish a cell-mediated
antitumor immune response has already been demonstrated experimentally (137).
Additionally, IL-10 inhibits the synthesis of IFNvy, IL-1a, IL-1p, IL-6, IL-8, and GM-CSF
by activated monocytes and lymphocytes (138). It also possesses the capacity to reduce
the antigen-presenting function of monocytes, thereby hindering antigen-specific T cell
proliferation.

More evidence for a shift to Th2 responses in glioma patients comes from studies
identifying a failure of patient PBLs to produce IL-12 (a cytokine responsible for

inducing Th1 differentiation) and the canonical Th1 cytokine IFNy (120, 138) as well as
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their increased production of IL-10 (139). The same cytokine dysregulation holds true for
TILs isolated from fresh glioma samples. Specifically, in one study employing semi-
quantitative RT-PCR to analyze mRNA levels, TILs isolated from glioma patients
predominantly expressed IL-4 and GM-CSF, while most did not express IFNy, IL-2, or
TNFa at levels higher than normal PBLs (140). Most recently, however, evidence has
surfaced that gliomas may be capable of a more general negative regulation of cytokine
production and T cell proliferation, via the cell surface expression of PD-L1 (also called
B7-H1), which interacts with PD-1 on tumor-specific T cells to permit tumor escape from

the host immune system (141).

1.4.3.4 Regulatory T cells

Upon even the initial discovery that purified T cell populations from glioma
patients were unresponsive, and that defects intrinsic to the T cell compartment were at
least partially responsible for impaired antitumor immunity, Roszman and Brooks
hypothesized the “expansion of an otherwise normally present subpopulation of cells
which...are capable of modulating the responsiveness of other lymphocytes”(142). The
last few decades has brought a now firmly accepted paradigm shift to modern
immunology, uncovering immunoregulatory cell activity focused in the CD25* (IL-
2Ra*)/FoxP3+ fraction of CD4* T cells, which account for the majority of the lymphocyte
dysfunction in GBM patients (119). These now recognized “regulatory T cells” (T-regs)

comprise 5-10% of systemic CD4* T cells in both mice and humans (143-146). Their
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physiologic function appears to be in attenuating pathologic autoimmune responses
caused by the recognition of tissue-specific self-antigens in the periphery. They potently
inhibit CD4* and CD8* T cell activation and proliferative responses. Furthermore, T-regs
downregulate the production of IL-2 and IFNYy in favor of the Th2 cytokines frequently
encountered in MG (e.g., IL-10 and TGFp), which propagate T cell tolerizing effects and
can even confer a regulatory phenotype upon targeted T cells (Figure 2).

T-regs have been found at elevated levels in the tumors and peripheral blood of
patients with a variety of cancers where they restrict tumor-specific immunity (147). As
the consequences of their activity mimics much of the defective immunology observed
in MG patients, T-regs have increasingly been implicated in such muted immune
responses. As CD4* T cell numbers in the blood of MG patients diminish, the T-reg
compartment disproportionately comprises the remainder, a homeostatic disruption that
proves sufficient to solicit many of the long-recognized systemic T cell deficits (105).
Similar over-representations occur locally at the tumor with demonstrated effects on the
antitumor immune response (106). Importantly, patient T cell deficits prove newly
reversible with T-reg depletion, an in vivo intervention in mice that confers prolonged
survival (105, 148, 149). Taken together, these observations point strongly to a
significant role for T-regs as one of the crucial missing links in our understanding of the

cell-mediated immune defects observed in glioma patients over the last few decades.
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1.5 Emerging Therapies

Immunotherapy remains one of the most rapidly expanding arenas within cancer
research and treatment. In an era where focus is trending towards notions of
personalized and custom therapeutics, immune-based treatments present themselves as
a vital component to multi-faceted antitumor approaches. As we strive for better
potency, acceptable safety, and evasion of tumor counter-measures, new discoveries and
trends emerge that include immune checkpoints, genetically modified T cells, and
antibodies with dual specificity, to name a few (Figures 4 and 5), as well as the concept
of leveraging existing standard of care as a form of synergy with emerging

immunotherapeutics. A brief introduction to these topics is offered here.
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Figure 5: T Cell-Based Approaches to Glioma Immunotherapy.

BiTe

There exist several engineered methods for directly targeting effector T cells to glioma
cells. Bispecific T cell engagers (BiTes) are generated by linking the variable region of an
anti-TAA antibody to the variable region of an anti-CD3 antibody. Additionally,
autologous T cells can be genetically modified to express a chimeric antigen receptor
(CAR), consisting of the variable region of an anti-TAA antibody fused to intracellular T
cell signaling molecules. Such strategies induce effector T cell function upon binding to
the tumor cell and eliminate the necessity for antigen recognition in the context of MHC
molecules on the tumor. EGFRVIII = epidermal growth factor receptor variant 3;
IL13Ra2 = interleukin-13 a receptor 2; Her2 = human epidermal growth factor receptor
2; BiTe = bi-specific T cell engager; CAR = chimeric antigen receptor.

1.5.1 Immune Checkpoint Blockade

In addition to their ability to bind to tumor cell surface antigens to elicit direct
tumor-specific cytotoxicity, the use of monoclonal antibodies specific for T cell inhibitory
(e.g., CTLA-4 or PD-1) or costimulatory molecules (e.g., 4-1BB or CD27) as
immunomodulatory agents represents an alternative strategy for inducing antitumor

immunity (Figure 4). Indeed, with the multiple FDA approvals of ipilimimab,
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nivolumab, pembrolizumab, and atezolizumab for a variety of cancers,
immunomodulatory antibodies have taken their place in the forefront of tumor
immunotherapy (150). The concept of immune checkpoint blockade and its relevance to

brain tumor immunotherapy will be discussed in detail in the subsequent chapter.

1.5.2 Bispecific T cell Engagers

Bispecific T cell Engagers (BiTEs) are monomeric polypeptides consisting of two
antibody-derived, single chain variable fragments (sFvs) translated in tandem (151).
These constructs possess one effector-binding arm specific for the epsilon subunit of T
cell CD3 while the opposing target-binding arm can be directed against an antigen that
is expressed on the surface of tumor cells (e.g., EGFRVIII) (151). This divalent design
allows BiTEs to create a molecular tether, resulting in highly-localized and specific T cell
activation with concomitant tumor lysis (Figure 5). BiTEs induce immunological
synapses between T cells and tumor cells that are indistinguishable in composition, size
and subdomain arrangement from native synapses (152). Following BiTE-mediated
synapse formation, T cells proliferate, secrete pro-inflammatory Th1-type cytokines, and
express surface activation markers (153). BiTEs are also capable of co-opting
immunosuppressive T-regs, a subset of CD4* T cells that ordinarily suppress and kill
CTLs, redirecting T-regs to efficiently lyse tumor cells (154, 155). By tethering cytotoxic

effectors to target cells without the need for antigen presentation via the major MHC,
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BiTEs can furthermore overcome tumor immune escape mechanisms, such as the
downregulation of MHC (152).

Notably, CD19xCD3 is a prominent, well-characterized BiTE for the treatment of
lymphoma. In a phase I clinical trial among patients with non-Hodgkin lymphoma, 7 of
7 patients receiving CD19-targeted BiTE doses as low as 0.06 mg/m?/day over a one
month continuous infusion period showed objective tumor regression as well as
clearance of tumor from the blood, bone marrow and liver (156). This dose produced
serum levels 5-fold lower than effective doses of the CD19-specific antibody rituximab,
currently used clinically as standard-of-care therapy (157). Importantly, no dose-limiting
cytokine release syndrome was evident; however, treatment led to the expected
depletion of normal CD19-expressing B cells. Thus, a significant limitation of this
promising therapeutic platform is the lack of tumor-specific targets.

For the treatment of MG, a recently developed EGFRVIII-CD3 BiTE,(158)
designed to retarget T cells against the specific EGFRVIII antigen was shown pre-
clinically to induce polyclonal T cell proliferation and IL-2, IFNy, and TNFa secretion,
exclusively in the presence of EGFRvIII-positive glioma (159). Furthermore, the
EGEFRVIII BiTE elicited no adverse effects associated with the lysis of healthy tissue.
Translation of this modality for the safe and effective care of patients with MG awaits

clinical trial.
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1.5.3 Chimeric Antigen Receptors

Passive, off-the-shelf immunotherapies, such as immunomodulatory antibodies,
tumor-specific antibodies, and BiTEs, rely on a relatively abundant available T cell pool,
such that otherwise poorly functioning (but high in quantity) T cells can be effectively
redirected against the tumor. However, in the setting of glioma-mediated lymphopenia,
such a T cell pool is not always available. As mentioned above, ALT therapy provides a
means of overcoming such immune-defects. Still, ALT therapy is limited by the ability to
generate large numbers of functional tumor-specific T cells ex vivo, and direct CTL
activity towards tumors requires the expression of surface MHC molecules, which are
downregulated in the TME. One response to these limitations has been the genetic
modification of T cells to express a chimeric antigen receptor (CAR), which specifically
binds to tumor antigens in an MHC-unrestricted fashion (160, 161). CARs are fusion
genes comprised of a single-chain variable fragment (scFv) antibody or other
extracellular domain recognizing the TAA of interest, linked to intracellular signaling
modules that mediate T cell activation upon ligation of the CAR’s extracellular domain.
Upon gene transfer of the CAR into T cells (162), the transduced T cell acquires
specificity for the targeted TAA, while retaining its endogenous TCR (Figure 5). As a
result, the utility of this approach is limited to cell surface targets, such as IL-13R,
EGEFRvVIIL, and HER2 (Phase I/II trials are ongoing or recently completed: NCT01454596,

NCT01109095, NCT00730613, NCT01082926).
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Signaling via the CAR results in T cell activation without MHC-restriction. First
generation CARs generally included a single CD3 intracellular domain and successfully
redirected cellular cytotoxicity but could not physically and functionally persist in vivo.
The incorporation of additional costimulatory moieties, such as CD28, OX-40, or 4-1BB,
have improved T cell expansion, survival, cytokine secretion, and tumor lysis. While the
addition of these moieties to the signaling domains of CARs has enhanced 3 generation
CART cell potency, this enhanced potency has revealed the life-threatening toxicity and
death that can accompany CARs when targeted against antigens on tumors that are
shared with normal tissues (163).

Targeting tumor specific antigens, like EGFRVIII, may eliminate general toxicity.
However, as learned by clinical experiences with the EGFRvIII-derived peptide vaccine
(rindopepimut), the heterogeneous expression of tumor-specific antigens means that
focused targeting of EGFRVIII may lead to tumor progression or recurrence due to the
outgrowth of EGFRvIII-negative tumor cells (164, 165). Encouragingly, published data
demonstrate that mice treated with EGFRVIII-CARs develop protective immunity
against otherwise syngeneic EGFRVIIINEG tumor cells (166), suggesting that CARs induce
epitope spreading (the recognition of secondary tumor antigens by separate T cell
clones) to promote killing of antigen-negative tumor cells within heterogeneous tumors.

Excitingly, the first CAR T cell therapy recently achieved FDA approval for the

treatment of acute lymphocytic leukemia. The 3¢ generation CAR T cell therapy from
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Novartis consists of a CD19-targeted CAR fused to the intracellular 4-1BB costimulatory
domain. The recent FDA approval is a substantial validation to the field and will

hopefully give way to future approvals in other disease areas.

1.5.4 Leveraging Glioma Standard of Care

One of the largest lessons learned in the ALT arena has been the benefit of prior
myeloconditioning (167). The systemic removal of non-antigen specific T cells, with the
concomitant maintenance of systemic cytokine levels, allows for the homeostatic
proliferation of therapeutically-induced antigen-specific CTLs. Indeed, lymphodepletion
using total body irradiation (TBI) or even non-therapeutic chemotherapy in mice and
humans has been applied to optimize immunotherapy by allowing for homeostatic
proliferation of effector cells (77). In fact, this treatment has been shown to induce
massive T cell proliferation and significant amplification of tumor-specific immune
responses (77). Lymphocytes specific for antigens that predominate during this recovery
period, like those provided in the form of a vaccine, have a competitive advantage and
become disproportionately over-represented in the recovering lymphocyte population
(168, 169).

Temozolomide (TMZ), a potent methylating agent, is the standard of care
chemotherapy for patients with GBM (6) and comes with the major side-effect of
inducing lymphodepletion. Such dramatic reductions in the T cell pool could

theoretically eliminate an effective antitumor immune response. However, published
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preclinical data demonstrate that a vaccine with combined adoptive T cell therapy timed
during homeostatic T cell recovery after TMZ-induced lymphodepletion leads to
increased levels of circulating homeostatic cytokines and antigen-specific effector T cells
(167). These effects are dose-dependent, with enhanced efficacy observed at the highest
doses of TMZ, presumably due to a greater degree of host lymphodepletion (165, 170).
Furthermore, EGFRvIII-specific immune responses induced in patients with GBM by
rindopepimut vaccination can be maintained in the context of serial cycles of therapeutic

TMZ (165, 170).

1.6 Summary

The evolution from Coley’s toxins of the 1890s to the current compilation of tumor
immunotherapies has been guided by an intricate set of challenges and successes.
Different modalities have garnered their own degrees of validation, with successive
renditions growing in complexity and applicability, and likewise expanding our
understanding. In our quest to apply this understanding to MG, we have reached new
appreciation for the unique difficulties afforded by the CNS; the variety of glioma-
employed mechanisms for immune escape; the considerations in choosing a particular
modality alone or in combination; the reasons for failure; and, most importantly, the
opportunities for success. Maintaining objective views of our progress, flexibility in our
approach, and recognition of the complexity of the task will be essential for achieving

improved immunotherapy platforms and the continued stepwise progression towards
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our ultimate goal. The subsequent chapters will discuss the emergence of
immunomodulation in particular as the current forefront of tumor immunotherapy, the
challenges thereof, and a novel immunomodulatory strategy recently characterized and

currently in clinical development for the treatment of GBM.
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2. Checkpoint Blockade Immunotherapy for GBM:
Progress and Challenges

Conventional therapy for glioblastoma (GBM) fails to specifically target and
eliminate tumor cells, resulting in non-specific toxicity that limits therapeutic efficacy. In
contrast, immunotherapy utilizes the immune system to eradicate tumor cells with
exquisite specificity. Specifically, checkpoint blockade therapy has emerged as a
promising strategy for reducing tumor-mediated immunosuppression and promoting
endogenous antitumor T cell responses. Recent approvals by the FDA for the novel
immune therapeutics ipilimumab and nivolumab have served to validate this overall
treatment modality. In this chapter, we summarize the clinical progress of antibody-
based checkpoint blockade and its relevance to GBM immunotherapy. We provide an
overview of immune checkpoint biology in cancer, the feasibility of antibody-based
immunomodulation as a therapeutic strategy for central nervous system malignancies,
preclinical and clinical experiences with checkpoint therapy, and the ongoing progress

of checkpoint blockade for GBM treatment.

2.1 Immune Checkpoint Biology

The tumor immune response occurs through a series of sequential events that
form a complex conversation between cancer cells and immune compartments. Tumor
antigens are shed from dying cells in the tumor microenvironment (TME), taken up by

professional antigen-presenting cells (APCs), and presented to clonal antigen-specific
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naive T cells in the tumor draining lymph node (DLN) (Figure 6). These antigen-primed
activated T cells then traffic to and infiltrate the tumor exerting tumor-specific
cytotoxicity upon tumor antigen recognition. Each of these steps is subject to an
intricate balance of activating and inhibitory signals, or checkpoints, that tell T cells to
proceed in their effector state or stop in their tracks, thereby fine-tuning the duration
and intensity of the tumor immune response.
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Figure 6: Presentation of Tumor Antigens in the Tumor Microenvironment and
Tumor Draining Lymph Node.

Presentation of tumor antigens in the tumor microenvironment and tumor draining
lymph node. (1) Antigens are shed by dead/dying tumor cells and taken up by
professional antigen presenting cells (APCs); (2) activated APCs then proceed to the
tumor draining lymph node to present peptide antigens on major histocompability
complex (MHC) molecules to naive CD4* helper T cells and CD8+ T cells; (3) activated
effector CD8* T cells migrate to the tumor where they recognize tumor antigens
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presented by MHC on the tumor surface, inducing their cytotoxic activity to kill the
tumor.

Checkpoint signaling can occur during the initial priming phase of the immune
response or at the effector stage, inhibiting naive T cell activation or antigen-specific
tumoricidal activity, respectively. The priming phase of the immune response occurs in
secondary lymphoid tissues when naive T cells are presented with tumor antigens by
resident APCs. Such antigen-induced T cell activation is subject to inhibitory
checkpoints provided by receptor-ligand interactions that take place between naive T
cells and resident APCs (e.g., CTLA-4/B7). Activated T cells that proceed past the first
checkpoint migrate to peripheral tissues and undergo an upregulation in their inhibitory
receptors (e.g., PD-1, TIM-3), which are engaged by checkpoint ligands (e.g., PD-L1,
GAL-9) expressed by the tumor or tumor stroma (Figure 7). Under normal physiological
conditions, immune checkpoints are crucial in preventing pathological autoimmunity
induced by the recognition of self-antigens as well as immune-mediated tissue damage
caused by sustained inflammatory responses during pathogenic infection. Many tumors,
however, have learned to highjack this otherwise healthy mode of immune-regulation to
evade and resist tumor-specific cytotoxic T cell activity.

Given the high degree of dysregulated immune checkpoints associated with
many malignancies, the concept of eliminating inhibitory signals to unleash a dormant

antitumor immune response has emerged as a promising avenue for tumor
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immunotherapy. The most straightforward strategy for reducing the engagement of
checkpoint pathways is to sever ligand/receptor interactions through binding with an
obstructive third-party molecule, specific for either the ligand or receptor. The exquisite
epitope-binding-specificity of monoclonal antibodies (mAbs) and the potential to
engineer such mAbs to have high affinity for putatively any desired biological target
provide an ideal platform for precisely targeting immune checkpoint molecules. Indeed,
pivotal approvals by the United States Food and Drug Administration (FDA) for the
immunomodulatory antibodies ipilimumab (anti-CTLA-4, Bristol Myers Squibb) and
nivolumab (anti-PD1, Bristol Myers Squibb), which demonstrate significant survival
benefits in patients with metastatic melanoma (171) and non-small cell lung cancer
(NSCLC) (172), have validated antibody-based immune checkpoint blockade as a viable
treatment modality for cancer. In this chapter, we will provide an overview of immune
checkpoint biology and its relevance to malignant glioma, the feasibility of antibody-
based immunomodulation as a therapeutic strategy for central nervous system (CNS)
malignancies, preclinical and clinical experiences with checkpoint antibodies, and the

ongoing progress of checkpoint blockade for glioma immunotherapy.

50



Professional antigen
presenting cell

Tecell Tumor
cell

|7 cD28 — ‘ Tcell

‘ §
) ‘ ; TCR — .

p ® e Stnmulatory o e Stimulatory ™

( kinase | . * + kin:se 2

! .’ | activity / ‘ i activity |

Inhibatory

}— Peptid °,® o
Y % | epti eantlgen TCR | @ [ ] / ' ;
o) | on MHC . e® \ v
K] ® <
y ( B ¥ cring ) ®e PDL1  PD-1 T
f hibatory | % LA-4
\ phatase surface

activity localization

®

Figure 7: Inmune-Modulatory Signaling to Stimulate or Inhibit the T Cell
Response.

Immune-modulatory signaling to stimulate or inhibit the T cell response. (A) Regulation
of T cell activation occurs by an interplay of inhibitory and stimulatory signals during
antigen presentation to naive T cells: (1) Upon their first encounter with peptide
antigens on MHC molecules, naive T cells require a costimulatory B7/CD28 signal to
become activated; (2) cytotoxic T lymphocyte associated protein 4 (CTLA-4) is expressed
on the surface of activated (or dysregulated) T cells; (3) CTLA-4 competes for binding
with B7 to prevent its interaction with CD28, thus inhibiting T cell activation in the
presence of antigen. (B) Activated T cells express surface programmed-death receptor 1
(PD-1), which is bound by PD-L1 expressed on the tumor surface to prevent effector T
cell function in the tumor microenvironment. MHC = major histocompatibility complex;
TCR =T cell receptor; T-reg = regulatory T cell; APC = antigen presenting cell; CTLA-4 =
cytotoxic T lymphocyte associated protein 4; PD-1 = programmed cell death protein 1.

2.1.1 CTLA-4: A Checkpoint for T cell Activation

Cytotoxic T-lymphocyte associated protein 4 (CTLA-4) regulates the priming of
naive T cells in the initial stages of antigen stimulation by interfering with one of the two
signals required for T cell activation. During the priming phase of the immune response,

T cell activation requires 1) peptide antigen presented on surface-expressed major-
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histocompatibility complex (MHC) proteins, which engage the T cell receptor (TCR) and
2) a costimulatory signal from ligands expressed on the surface of APCs, which bind to
surface receptors on T cells (e.g., B7 with CD28). The CD28 costimulatory molecule
shares its B7 ligand with receptor CTLA-4 (173, 174), which rapidly localizes to the
surface of T cells upon initial antigen recognition. The overall affinity for CTLA-4 with
B7 is higher than that of CD28 with B7, which leads to CTLA-4 outcompeting and
blocking costimulatory CD28/B7 interactions (175, 176) (Figure 7A). In addition to its
direct blocking of T cell costimulation, ligand-bound CTLA-4 delivers inhibitory signals
to the T cell (177, 178) by inducing phosphatase activity to counteract kinase signals
required for T cell activation (175). Thus, CTLA-4 signaling during naive T cell priming
inhibits T cell activation and leads to antigenic tolerance. Indeed, as a testament to its
immune-regulatory function, Ctla-4 knock-out mice are subject to lethal systemic
immune hyperactivation caused by the recognition and response to self-antigens (179,
180).

Though CTLA-4 engagement primarily occurs in secondary lymphoid organs,
checkpoint signaling through this molecule can take place in peripheral tissues through
its action on regulatory T cells (T-regs), a subset of T cells that exert immunosuppressive
function at effector sites. The T-reg phenotype is characterized by expression of the
forkhead box P3 (FoxP3) transcription factor, which exerts direct transcriptional control

over the Ctla-4 gene, such that CTLA-4 is constitutively expressed on T-regs (181, 182).
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CTLA-4 is integral to the immunosuppressive function of T-regs (183), as it competes
with binding for B7 molecules and leads to their downregulation on APCs (184). As T-
regs are concentrated in peripheral tissues under pathological conditions (including
within tumors), the CTLA-4 checkpoint pathway is likely a major player in abrogating T
cell effector activity. Indeed, CTLA-4 blockade has been shown to give rise to antitumor
immune responses under conditions in which T cell egress from lymph nodes is
artificially inhibited, indicating that this checkpoint exerts at least some effects directly
at the effector site (185).

The CTLA-4 checkpoint is central in suppressing antitumor immune responses.
Naive T cells that receive a CTLA-4 signal in lieu of costimulatory CD28 during tumor-
antigen presentation fail to differentiate into an effector phenotype. Such CTLA-4-
mediated inhibition decreases the repertoire of activated tumor-specific T cells and
prevents vaccine-induced T cell activation, thus curtailing the potential immune-
stimulatory effects of adjuvant tumor therapies and limiting the potential for active

immunotherapy strategies.

2.1.2 PD-1: A Checkpoint for T cell Effector Function

In contrast to CTLA-4, which exerts its inhibitory activity largely during naive T
cell priming, programmed-death receptor 1 (PD-1) checkpoint signaling occurs during
the effector stage of the immune response. Surface expression of PD-1 is upregulated in

activated T cells(186), and prolonged antigen exposure, such as that which occurs during
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chronic viral infection and cancer, leads to high levels of persistent PD-1 expression and
a state of T cell exhaustion (187, 188). PD-1 signaling in T cells leads to decreased
proliferation, reduced cytokine production, and abrogated cytolytic function (189). In
addition to its role in T cell inhibition, PD-1 is expressed on B cells and natural killer
(NK) cells (190, 191), limiting their antibody production and lytic activity, respectively.
Furthermore, PD-1 is highly expressed on T-regs to enhance their proliferation in the
presence of ligand (192).

The two ligands for PD-1, PD-L1 and PD-L2, share 37% sequence homology but
are subject to divergent regulatory mechanisms and exert different effects upon PD-1
receptor engagement (193). PD-L1 is expressed on peripheral epithelial cells, activated
hematopoietic cells, and tumors (194, 195), and can be further upregulated by the
inflammatory cytokine IFN-y produced by activated T cells (196, 197). PD-L2 has a more
selective expression pattern, where it is upregulated by IL-4 signaling in activated
dendritic cells (DCs) and a subset of macrophages (198). PD-1/PD-L1 interactions inhibit
T cell activation through a downstream phosphatase, in a similar fashion to CTLA-4
(199), whereas the role of PD-L2 signaling in T cells remains unclear. Interestingly, PD-
L1 can function as a receptor to deliver inhibitory signals upon interactions with CD80
on activated T cells (and possibly APCs) (200, 201), adding another layer of complexity

to the immune-regulation imparted by this pathway.
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The PD-1 axis provides a multifaceted mechanism of tumor immune evasion.
PD-1 is highly expressed on tumor-infiltrating lymphocytes (TILs) (202, 203) wherein
signaling occurs through engagement of PD-L1 expressed in the TME (Figure 7B) (204),
either on tumor cells themselves or on myeloid cells in the tumor stroma. PD-L1
expression by the tumor can be innate to the tumor phenotype or an adaptive response
to avoid immune recognition. Innate PD-L1 expression is imparted by genetic alterations
and/or activation of certain signaling pathways common to many cancers (such as AKT
and STATs) (205, 206). Adaptive expression refers to the upregulation of PD-L1 in
response to inflammatory cytokines (e.g., IFN-y) produced during the tumor immune
response, wherein this adaptation renders the tumors newly resistant to immune-
mediated cytotoxicity. Indeed, T cell infiltration and IFN-y levels in the TME positively
correlate with PD-L1 expression in human tumors (197, 207) including glioblastoma
(GBM) (109). The relative importance of PD-1 expression on TILs and innate versus
adaptive expression of PD-L1 in conferring tumor immune resistance/evasion remains to

be determined.

2.2 Immune Checkpoints in Malignant Glioma

Dysregulated immune checkpoint signaling has emerged as an important
mechanism underlying the potent immunosuppression and immune evasion associated
with GBM. This immunosuppression takes the form of ineffective tumor antigen

presentation by APCs (208), recruitment and induction of intratumoral T-regs (105), and
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an exhausted phenotype of effector T cells (209, 210). Indeed, increased expression of
checkpoint molecules and immunosuppressive pathways in patients with GBM are
associated with decreased overall survival (OS) and progression-free survival (PFS) (211,
212).

The PD-1/PD-L1 axis in particular has been implicated as a significant mediator
of glioma-associated immunosuppression. Peripheral T cells from patients with grade II
through IV astrocytomas have elevated PD-1 expression relative to healthy controls, and
PD-1 expression increases with increasing grade (213). Importantly, PD-1 expression on
peripheral T cells decreases upon surgical resection, further implicating a causal role of
the tumor in PD-1 upregulation, though the underlying mechanism remains unclear.

Even more pronounced than elevated PD-1 levels is the increased surface
expression of PD-L1 on glioma cells, tumor-infiltrating macrophages, and circulating
monocytes from GBM patients (214). In an analysis of 135 GBM specimens, PD-L1
expression was present in over 70% of samples, with a higher proportion in newly
diagnosed cases (215), and was found to be specific to tumor cells and absent from
surrounding healthy CNS tissue. Interestingly, this high frequency of expression is in
contrast to a rate of ~30% for other tumor types (216, 217), making it a distinctive
characteristic of GBM (215). In this same study, PD-L1 expression was further stratified

across cellular subtypes, with the mesenchymal subtype in particular having a higher
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level of expression, suggesting a potential link between PD-L1 expression and the highly
infiltrative nature of GBM (218).

In GBM tumors positive for PD-L1, its expression is believed to be an innate
phenotype, caused by a loss of expression of the tumor suppressor, phosphatase and
tensin homology (PTEN), and resultant activation of the oncogenic
phosphatidylinositol-3-OH kinase (PI(3)K) pathway (205). PD-L1 expression in gliomas
is further increased upon inflammatory cytokine exposure (109), suggesting the
possibility for adaptive immune resistance. Tumoral PD-L1 expression has been shown
to predict a worse prognosis in several tumor types (219-221), and a recent report
suggests a poorer prognosis in patients with PD-L1 expression on glioma cells (222).
Interestingly, in this same study, PD-L1 expression by surrounding neurons was shown
to correlate with a better prognosis, and these neurons were shown to have a
tumoricidal effect on glioma cells, though the significance of this finding is unclear.
Overall, the relationship between PD-L1 expression and GBM prognosis remains to be
determined, but a detrimental effect on the tumor immune response is almost certain.

In a similar vein to PD-1, binding of CTLA-4 on naive T cells results in an
abrogated anti-glioma immune response. Polymorphisms in CTLA-4 that alter gene
expression and increase CTLA-4-mediated downregulation of T cell activity are
correlated with increased susceptibility to gliomas (223), highlighting the role of this

inhibitory pathway in glioma immune resistance. Because CTLA-4 signaling plays a role
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largely during antigen priming, the inhibitory effects of this checkpoint mechanism are
particularly detrimental for strategies designed to enhance or induce tumor immune
responses. For instance, in the context of tumor immunotherapy, decreased expression
of CTLA-4 on peripheral blood T cells after DC vaccination correlates with longer
survival in GBM patients (224). Though CTLA-4 signaling exerts inhibitory effects on
naive T cells during antigen priming, the glioma-mediated immunosuppressive action of
CTLA-4 is believed to occur largely through engagement of this pathway in T-regs,
which are increased both systemically (105) and within the TME (105, 148, 225) in
patients with GBM. This increased T-reg pool corresponds to decreased T cell effector
activity and a shift from pro-inflammatory type 1 cytokines (e.g., IFN-y and IL-2) to anti-
inflammatory type 2 cytokines (e.g., IL-4 and IL-5) (105). CTLA-4 on T-regs enhances

their immunosuppressive function and prevents T cell responses to tumor antigen (226).

2.3 Immune Checkpoint Blockade

Given the prevalence of aberrant immune checkpoint signaling in cancer,
checkpoint blockade has emerged as a promising treatment modality for many tumor
types. Though the evaluation of this immunotherapy strategy for the treatment of GBM
is still in its infancy, the high degree of checkpoint dysregulation in GBM patients
coupled with the success of checkpoint blockade in the setting of other malignancies has
made this an attractive treatment modality for GBM. Checkpoint blockade is based on

the underlying premise that GBM patients possess endogenous T cells specific for
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glioma antigens, but that aberrant inhibitory interactions make the activity of these cells
suboptimal. Indeed, glioma lesions are characteristically heavily infiltrated with T cells
(227, 228), and substantial evidence suggests that, under appropriate immune-
stimulatory conditions and/or in the absence of overwhelming inhibitory signals,
cytotoxic T lymphocytes (CTLs) have the ability to eradicate large, well-established
tumors (229). In this section, we will provide an overview of the clinical successes of
antibody-based checkpoint blockade in other tumor types and discuss the feasibility of

this strategy for the treatment of GBM.

Table 1: Inmunomodulatory Antibodies in Clinical Development

Ipilimumab CTLA-4 IgG1 Approved for NSCLC and Melanoma
Tremelimumab CTLA-4 IgG2 Approved for mesothelioma
- Phase 2 for large B cell lymphoma; Phase 1/2 for
Pidilizumab PD IgG1 DIPG and MM
Approved for advanced melanoma (BRAF mutant),
Pembrolizumab PD-1 IgG4 ipilimumab-refractory; and for platinum-resistant
PD-L1+ NSCLC with EGFR or ALK abnormality
Approved for platinum-resistant NSCLC with
Nivolumab PD-1 e EGFR or ALK abnormality; in combination with

ipilimumab for advanced melanoma; metastatic
treatment-refractory RCC

L. Phase 3 for head and neck cancer, bladder cancer,
Fc optimized for

Durvalumab PD-L1 o ADCC/CDC an(.i NSCLC Multiple other phase 1/2 studies for
solid tumors
. Fc optimized for
A 1 PD-L1
tezolizumab no ADCC/CDC | Approved for bladder cancer
Phase 3 for gastric cancer, NSCLC, advanced RCC,
Avelumab PD-L1 IgG1 urothelial cancer, and refractory ovarian cancer

Phase 2 for Merkel cell carcinoma and

Phase 1 for locally advanced solid tumors
Phase 2 for NSCLC and gastric cancer
BMS986016 LAG-3 IgG4 Phase 1 for solid tumors, refractory hematologic
neoplasms, recurrent GBM

Phase 3 for advanced melanoma

PDR001 PD-1 I1gG4
00 8G Phase 2 for nasopharyngeal carcinoma, thoracic,
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gastric, pancreatic cancers, NSCLC, and other solid
tumors
Phase 1/2 for advanced malignancies

LAG525 LAG-3 Humanized Phase 1 for advanced malignancies

MBG453 TIM-3 Humanized Phase 1 for advanced malignancies

Phase 1 for SCCHN, NSCLC, and refractory solid

Enoblituzumab B7-H3 IgG1
tumors

Phase 2 for AML, CLL, and MDS
Lirilumab NK KIR IgG4 Phase 1 for HL, NHL, MM, and advanced solid
tumors

Phase 2 for metastatic pancreatic, metastatic breast,
metastatic prostate, NSCLC

Phase 1/2 for AML 1 li i
Indoximod IDO1 N/A ase 1/2 for AML, melanoma, and malignant brain
tumors

Phase 1 for metastatic melanoma, refractory solid

tumors

CP-870,893 CD40 IgG2 Phase 1 for melanoma

Phase 1 for advanced SCCHN, metastatic prostate,

MEDI6469 OX40 Murine IgG1 R .
metastatic colorectal, and metastatic breast

Phase 2 for melanoma, B cell NHL, refractory CLL,
Urelumab 4-1BB IgG4 bladder cancer, and other solid tumors
Phase 1 for GBM and other malignancies

Phase 3 for diffuse large B cell ymphoma
Phase 2 for advanced solid tumors

Phase 1 B cell lymphomas, CD20+ NHL, RCC,
SCCHN, and advanced solid tumors

Utomilumab 4-1BB IgG2

Phase 2 for GBM, RCC, and melanoma

Phase 1/2 for clear cell RCC, urologic/kidney
neoplasms, breast, colorectal, SCCHN, NSCLC,
Varlilumab CD27 IgG1 low-grade glioma, advanced melanoma

Phase 1 CD27+ B cell malignancies, advanced
ovarian cancer, prostate cancer, and other solid
tumors

2.3.1: CTLA4 Blockade

CTLA-4 was the first checkpoint molecule to garner clinical attention for tumor
immunotherapy. Initially, the lack of tumor-specific expression of checkpoint molecules
fueled skepticism surrounding the general strategy of immune checkpoint blockade and
made this field slow to progress. However, with the first demonstration that CTLA-4

blockade could elicit therapeutic antitumor immunity in several mouse models of
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malignancy,(230) immune checkpoint modulation rapidly emerged as a highly attractive
strategy for tumor immunotherapy. Such preclinical findings encouraged the
development and clinical evaluation of single-agent CTLA-4 blocking antibodies first in
the setting of advanced melanomas, and currently across a variety of other tumor types.
Two fully humanized anti-CTLA4 antibodies, ipilimumab, a fully human IgG1
mADb, and tremelimumab, a fully human IgG2 (Pfizer), entered clinical testing as the first
checkpoint-blocking drugs for cancer therapy, and produced objective clinical responses
in ~10% of patients with metastatic melanoma (231-233). In a phase 3 randomized three-
arm clinical trial of patients with advanced melanoma that received either a peptide
vaccine derived from melanoma-specific gp100, the gp100 vaccine combined with
ipilimumab, or ipilimumab alone, there was a 3.5 month increase in survival in both
arms receiving ipilimumab compared to the group receiving vaccine alone (171). Later
stage trials of tremelimumab, however, failed to show a survival benefit relative to
melanoma standard of care. Such therapeutic discrepancies between ipilimumab and
tremelimumab are attributed to the unique properties endowed by their specific
isotypes. Ipilimumab depletes CTLA4hish T-regs through antibody-dependent cell-
mediated cytotoxicity (ADCC) (234), which requires the specific engagement of Fc
receptors bound by the IgG1 isotype, whereas IgG2/Fc-receptor signaling does not
engage ADCC pathways. Importantly, such findings corroborate a role for T-regs in the

immunosuppressive function of CTLA-4, making intratumoral T-regs a potential
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predictor of ipilimumab efficacy (and thus the potential contribution of ipilimumab to
GBM therapy).

As the first therapy to provide survival benefit in the setting of metastatic
melanoma, ipilumumab was approved in 2010 by the US FDA for the treatment of
advanced melanoma. More impressive than the 3.5 month survival benefit was the effect
of ipilimumab on long-term survival: with just 4 doses administered in the course of 3
months, 18% of patients survived beyond two years (approximately double that which is
measured by standard oncological criteria), with durable survival extending to 10 years
in some (235). This effect on long-term survival generated by a relatively short treatment
course supports the concept that blocking T cell inhibitory pathways to induce tumor-
specific activation instills a long-lasting immunological memory, keeping tumors in
check even after the immunomodulatory drug has left the scene.

The success of ipilimumab in metastatic melanoma has led to its evaluation in
the setting of a number of other malignancies. In a phase 2 study of monotherapy
ipilimumab for metastatic renal cell carcinoma (RCC), a partial response rate of 10%
(n=61) was observed. In phase 3 trials for lung cancer (n=204 for non-small cell lung
cancer (NSCLC); n=130 for extensive disease SCLC), ipilimumab combined with
standard of care chemotherapy extended PFS by one month, compared to chemotherapy
alone (236, 237), with no impact on OS. The greater clinical benefit of ipilimumab

observed in patients with advanced melanoma compared to other tumor types is likely
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due to the higher degree of inherent immunogenicity imparted by melanoma tumors
and their physical availability to cellular immune responses. Indeed, early preclinical
studies showed a survival benefit in mice bearing partially immunogenic tumors, (230)
whereas monotherapy anti-CTLA4 is less efficacious against poorly immunogenic
tumors. Such findings indicate that CTLA-4 blockade likely works through enhancing a
basal antitumor immune response. Therefore, though promising, such modest survival
benefits in the setting of “less immunogenic” or “less immunologically accessible”
malignancies highlight the requirement of combined therapy to induce and/or enhance
an antitumor immune response for CTLA-4 blockade to be optimized as a treatment
modality. As will later be discussed, this requirement could pose challenges in the

setting of CNS malignancies.

2.3.2: PD-1/PD-L1 Blockade

The profound success of ipilimumab for the treatment of advanced melanoma set
the stage for immune checkpoint blockade as an up-and-coming tumor therapy,
propelling the development and evaluation of drugs targeting the PD-1 pathway. Unlike
CTLA-4, whose natural B7 ligand is required for T cell activation, the PD-1 axis offers
both its ligand and receptor as a means of checkpoint blockade. Although clinical
experience with anti-PD1 and anti-PD-L1 antibodies is less extensive than those
targeting CTLA-4, initial results appear promising. Several different anti-PD-1/anti-PD-

L1 antibodies are currently in clinical testing, and antitumor activity has been observed
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with all of them, emphasizing the PD-1 pathway as a dominant tumor
immunosuppressive pathway and key target for tumor immunotherapy.

The results of the first anti-PD1 mAb to reach clinical testing, CT-011
(pidilizumab, CureTech), however, were discouraging. CT-011, a humanized IgG1 anti-
PD1 mAb, was evaluated in a dose-escalating study in 17 patients with hematological
malignancies and was found to yield clinical benefit in 33% of those treated, with one
patient experiencing full remission (238). CT-011 proceeded to several phase 2 trials,
including those for relapsed follicular lymphoma (n=29) and advanced melanoma
(n=103). Though 66% objective response rates (ORRs) and 86% tumor regression was
observed in the setting of follicular lymphoma (239), just 6% of advanced melanoma
patients experienced ORRs (216), leading to the notion that PD-1 blockade may not be a
viable treatment strategy for solid tumors, or that tumor expression of PD-1 may be
necessary for the efficacy of PD-1 blockade. A closer look, however, reveals that the lack
of efficacy of CT-011 may be due to the physiology of the IgG1 isotype and its
propensity to induce ADCC. In this case, CT-011 would be efficacious against PD-1+
tumors, leading to their elimination by ADCC, while CT-011 treatment in the setting of
tumors lacking PD-1 expression may lead to ADCC-mediated depletion of PD-1+ tumor-
specific T cells, abrogating the potentially immunomodulatory benefits of disrupting
this checkpoint pathway. Indeed, this phenomenon may prove relevant for glioma

immunotherapy, where increased PD-1 expression on TILs is observed.
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Despite this apparent setback for anti-PD-1 treatment of solid tumors, several
other anti-PD-1 mAbs of differing isotypes and affinities remained on the clinical radar.
In a phase 2 dose-escalating study of pembrolizumab (human IgG4, Merck) for the
treatment of advanced melanoma, 38% ORRs were observed (n=135) (240). Similarly, in
a phase 1 study of pembrolizumab for NSCLC (n=282), ORRs were observed in 23% of
patients, with 47% ORRs in treatment-naive patients (241). As a direct comparison
between pembrolizumab and ipilimumab for advanced melanoma, a phase 3 study
(n=834) showed ORRs of ~33%, a one-year survival rate of ~74%, and decreased toxicity
in patients receiving pembrolizumab compared to an ORR of 12% in patients receiving
ipilimumab (242). In a race to hit the market, a third anti-PD-1 antibody, nivolumab
(human IgG4, Bristol Myers Squibb), surfaced in clinical trials alongside
pembrozilumab. While pembrozilumab took on the approach of directly challenging
ipilimumab, nivolumab entered into clinical evaluation as a combination therapy with
ipilimumab for advanced melanoma and showed an unprecedented two-year survival
rate of 79% and ORR of 43% (243). Similarly, a phase 3 study comparing nivolumab with
docetaxel chemotherapy for NSCLC (n=272) showed an increased OS of 9.2 months
versus 6 months and ORR of 20% versus 9% (172).

Such profound clinical findings led to the recent FDA approval of both drugs for
the treatment of advanced melanoma and NSCLC. Both antibodies are approved as a

single-agent therapy in patients with unresectable or metastatic melanoma following
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disease progression after ipilimumab and/or BRAF inhibitor treatment for BRAF mutant
tumors. Both antibodies are also approved for NSCLC patients who undergo
progression on or after platinum-based chemotherapy. Additionally, nivolumab is
approved as a first-line therapy in combination with ipilimumab for the treatment of
BRAF wildtype tumors and for advanced RCC patients who have received prior anti-
angiogenic therapy. The added indications of nivolumab (including its use as a first-line
treatment for some malignancies) and its seemingly increased prevalence in the market
relative to pembrolizumab are likely a result of straightforward comparisons in well-
controlled clinical studies, rather than inherent differences in efficacy between the two
antibodies, underscoring the importance of trial design for advancing checkpoint
blockade strategies into the clinic.

Given the overwhelming success of PD-1 blockade strategies, antibody-based
PD-L1 blockade has also emerged as a promising treatment modality. In a similar vein
to PD-1 blockade, anti-PD-L1 antibodies would prevent signaling through this
checkpoint pathway. However, as PD-L1 is primarily expressed in the TME, several
unique biological aspects of anti-PD-L1 antibodies would need to be considered to make
this strategy viable. Whereas PD-1 antibodies bind to tumor-specific T cells and could
potentially remain there upon migration to the tumor to prevent T cell exhaustion in the
TME (244), anti-PD-L1 antibodies would need to directly penetrate the tumor, without

an opportunity to “piggy-back” on infiltrating immune cells. Additionally, PD-L1
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antibodies may benefit from a different isotype that induces ADCC, such that PD-L1 can
both prevent T cell exhaustion within the TME while also engaging innate immune
responses to aid in tumor eradication. Furthermore, PD-L1 blockade would only prevent
PD-1/PD-L1 interactions, continuing to allow for PD-1/PD-L2 signaling, such that the
impact of PD-L1 blockade in the setting of PD-L2+ malignancies remains unclear.

Several PD-L1 antibodies are currently in early stages of clinical evaluation. A
phase 1/2 study of durvalumab (MEDI4736, AstraZeneca) for NSCLC has shown
antitumor activity (245), and a phase 3 study for SCCHN was recently initiated
(NCT02369874). A recent phase 1 study of atezolizumab (Roche) for metastatic RCC
(n=63) showed an improved OS of 28.9 months with ORRs of 15% (246), and a dose-
escalating phase 1 study of avelumab (Pfizer) has demonstrated safety for the treatment
of refractory solid tumors (NCT01772004). Importantly, all three of these antibodies are
of the human IgG1 isotype, and are expected to provide tumoricidal activity by
induction of ADCC, in addition to inhibition of the PD-1 pathway.

Interestingly, in many PD-1/PD-L1 blockade studies, patients with PD-L1+
tumors experienced higher ORRs compared to tumors with no detectable PD-L1 staining
(247, 248), suggesting that blockade of tumor-mediated engagement of the PD-1
pathway may underlie the efficacy of this strategy. However, responses have also been
observed in patients with PD-L1-negative tumors, making the role of PD-L1 as a

biomarker for anti-PD-L1 efficacy unclear. Importantly, blockade of intratumoral PD-L1
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signaling would require that such anti-PD-L1 antibodies reach the TME, which may
pose challenges in the setting of CNS malignancies and their availability to antibody

penetrance.

2.4 Feasibility of Checkpoint Blockade for CNS Malignancies

2.4.1 The BBB and Antibody Access

The ability for tumor immunotherapy to confer clinical benefit in the setting of
“immunoprivileged” CNS malignancies has historically been called to question. The
traditional assumption was once that CNS immune responses were limited due to the
blood brain barrier (BBB), a supposed lack of CNS lymphatic drainage, and low levels of
antigen presentation and infiltrative immune cells in the brain (249). Though this view
has been challenged by the finding that immune cells readily migrate to disease sites
within the CNS (including gliomas), and the recent discovery of CNS lymphatics (250),
the feasibility of antibody-based therapies for CNS malignancies remains unclear. The
skepticism surrounding this approach is largely due to uncertainties in the ability for
such large biomolecules to have activity across the BBB, as only low levels of antibodies
are known to be present in the CNS in physiologic states (251). Glioma tumor cells,
however, induce compositional changes in the basal lamina and astrocytic components
of the neurovascular unit that disrupt the integrity of the BBB, allowing for enhanced
penetrance of large soluble molecules to render CNS lesions potentially available to

antibody-based therapy. Indeed, several studies have demonstrated that intravenously
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administered antibodies gain access to intracranial tumors and exert significant
therapeutic benefit in the setting of GBM (252-254). The therapeutic success of a given
antibody-based therapy, however, will likely prove to be dependent upon the specific
immunomodulatory target in question.

Conventional wisdom holds that CTLA-4 pathways are engaged in secondary
lymphoid tissues (between B7 molecules on myeloid-derived APCs and naive T cells),
whereas PD-1 engagement occurs in the TME (between PD-L1/2 on tumor cells/stroma
and PD-1 on effector T cells). Therefore, because the mechanism of CTLA-4 blockade in
ameliorating antitumor immune inhibition likely occurs in DLNs, CNS penetrance of
anti-CTLA-4 mAbs may not be necessary to enhance anti-glioma immune responses. On
the other hand, because PD-1/PD-L1/2 interactions are believed to occur predominantly
at the effector site, blocking antibodies for PD-1 and its ligands would need to cross the
BBB and infiltrate the tumor. This may also hold true for CTLA-4 blockade if the
underlying mechanism proves to be through the suppression of T-reg function within
the TME. Though the feasibility of checkpoint blockade for the treatment of CNS
malignancies remains unclear, preclinical and clinical experience with anti-CTLA-4, anti-
PD-1, and anti-PD-L1 antibodies provide some rationale for further exploring these
modalities in GBM.

Clinical experience in patients with melanoma brain metastases has

demonstrated that checkpoint blockade can have activity in the CNS. Historically,
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advanced melanoma patients with metastatic brain lesions have been purposefully
excluded from immunotherapy trials, due to the inherent poor prognosis associated
with this disease stage and the longstanding notion of CNS immunoprivilege. However,
in a retrospective study of a small cohort of patients with melanoma brain metastases
(MBM) (n=38), researchers uncovered a partial response rate of 16% in those treated with
ipilimumab (255), leading to the further evaluation of checkpoint blockade strategies in
MBM patients. More recently, in a phase 2 trial of ipilimumab combined with
fotemustine chemotherapy, 50% of patients with MBM showed immune-related disease
control, with a 54.2% 1-year survival rate (256). An ongoing phase 3 randomized three-
arm trial comparing fotemustine versus combined fotemustine and ipilimumab or the
combination of ipilimumab and nivolumab in patients with MBM (NCT02460068) will
provide further insight into the feasibility of PD-1 blockade for the treatment of CNS
malignancies. Additionally, further studies on the BBB penetrance of macromolecules in

the setting of malignant gliomas will shed light on the feasibility of this approach.

2.4.2 Tumor Immunogenicity

The BBB is not the only obstacle that calls into question the viability of
checkpoint blockade for GBM therapy. A major unanswered question underlying this
approach remains in regards to the dominant antigenic targets that are recognized by
newly liberated T cells. Circumstantial evidence suggests that neo-antigens generated

from tumor somatic mutations serve as “foreign” targets for the unleashed tumor
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immune response. Indeed, melanomas with higher mutational loads were shown to be
more responsive to CTLA-4 blockade (257), and anti PD-1/PDL-1 therapy has had more
clinical success in carcinogen-induced tumor types (i.e., those with higher median
mutational loads) (258). Additionally, for tumor antigens to be recognized by effector T
cells, they must be presented on MHC molecules within the TME. Because gliomas,
including GBM, have been shown to have relatively low mutation rates (259) and
decreased MHC expression in the TME (260-262) (and therefore poor immunogenicity),
there remains concern over the feasibility for checkpoint blockade alone to elicit

substantial immune-mediated tumor regression.

2.4.3 Safety

While breakthrough T cell activation with immune checkpoint blockade has been
shown to translate into antitumor responses, it can also manifest as toxicity in the form
of unrestrained T cell responses to self-antigens and resultant autoimmune or immune-
related adverse events (irAEs). Reported systemic toxicities include dermatologic and
gastrointestinal adverse effects, hepatitis, endocrinopathies, pneumonitis, and renal
insufficiency (263), most being a result of infiltration of highly-activated CD4+ and CD8+
T cells and the increased production of inflammatory cytokines in normal tissues. Local
inflammation in the glioma microenvironment and/or collateral T cell responses to self-

antigens within in the brain could lead to particularly dangerous morbidities. Though

71



early clinical trials suggest that CNS toxicities associated with brain tumor
immunotherapy are rare (264), neurologic side effects have been reported (265).

Significant irAEs have been observed for nearly all checkpoint blockade
antibodies in clinical development, but in general, the magnitude of irAEs varies
depending on the target in question as well as the tumor type, with CTLA-4 blockade
being less tolerated in patients than anti-PD-1/PD-L1 therapy. Interestingly, such
varying toxicities have proven to be retrospectively predicted by knockout mouse
models; whereas, Ctla-4 knockout mice are subject to rapidly lethal systemic immune
hyperactivation, Pd-1, Pd-l1, and Pd-I12 knockout mice have more mild phenotypes.
Indeed, ipilimumab has been reported to give rise to a host of inflammatory side effects
in up to 60% of patients, with severe toxicities (grade 3/ 4) in 7% of patients (171), while
PD-1/PD-L1 blockade has proven to be better tolerated, with an irAE rate of ~35% and
grade 3/4 toxicities occurring in <5% of patients for most tumor types (266). The
comparably reduced toxicity observed with PD-1 blockade may be attributable to the
fact that PD-1/PD-L1 interactions take place largely at the effector site (within the TME),
whereas the CTLA4/B7 interaction occurs in systemic lymphoid organs, allowing for
access to a more diverse array of tissue-specific antigens expressed outside of the TME
(266).

Common antigens expressed by the tumor and surrounding stroma are believed

to be the cause of several grade 3/4 tissue-specific irAEs associated with checkpoint
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blockade therapy. Specifically, in the setting of RCC, 21% of ipilimumab-treated patients
experienced grade 3/4 colitis (n=198) (233), and low-grade dermatologic toxicities, such
as pruritus, erythematous rash, or vitiligo, are observed in ~15% of ipilimumab-treated
patients with advanced melanoma (171). Extrapolating this phenomenon to glioma
immunotherapy, autoimmune T cell responses in the brain could give rise to
debilitating/fatal encephalitis or meningitis. CNS irAEs can potentially be countered
with standard of care corticosteroids (e.g., dexamethasone) to reduce brain edema or
other irAEs (267, 268). However, given the lesser degree of irAEs observed with PD-
1/PD-L1 blockade compared to anti-CTLA-4 strategies, the former may prove to be a
more clinically feasible checkpoint blockade strategy for the treatment of CNS

malignancies.

2.4.4 Preclinical Evidence

Preclinical studies in murine models of GBM have helped to partially assuage
concerns regarding limited antibody penetrance, poor tumor immunogenicity, and the
safety of checkpoint blockade. In a mouse model of poorly-immunogenic orthotopic low
grade glioma, monotherapy CTLA-4 mAb blockade resulted in 80% long-term survival
(269). The authors showed that CTLA-4 blockade increases conventional CD4+ T cell
proliferation, in the presence or absence of T-regs, indicating that anti-CTLA-4 activity in
this setting likely occurs in secondary lymphoid tissues, rather than by reducing T-reg-

mediated immunosuppression in the TME. This study suggests that CTLA-4 antibodies
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may not need to cross the BBB to have a therapeutic effect against CNS malignancies,
and that checkpoint blockade remains feasible even in the setting of a weakly
immunogenic tumor. A recent study by Rearden et al. has served to further corroborate
this notion in murine glioma. The authors showed that single-agent CTLA-4, PD-1, or
anti-PD-L1 therapy was well-tolerated and resulted in long-term tumor-free survival in
50%, 20%, and 15% of treated animals, respectively (270). The differences in the degree
of efficacy between these three modalities are attributed to whether the target
checkpoint molecule is expressed primarily in lymphoid tissues or in the TME.
Importantly, however, the efficacy of anti-PD-L1 blockade against PD-L1+ intracranial
tumors suggests that checkpoint blockade antibodies can cross the BBB to have direct

local antitumor effects.

2.5 Clinical Progress of Checkpoint Blockade for GBM

Though the evaluation of antibody-based checkpoint blockade for the treatment
of GBM is still in its infancy, many ongoing trials will soon shed light on its capacity for
clinical translation. In this section, we will provide an overview of ongoing checkpoint
blockade trials for the treatment of GBM. Specifically, we will discuss the relevance of
GBM standard of care therapies to tumor immunotherapy and how standard of care is
being leveraged in many clinical studies. We will also highlight the promise in
combination checkpoint blockade strategies and concomitant immunotherapies for

further potentiating the antitumor immune response.
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Table 2: Clinical Trials of Checkpoint Blockade Antibodies for Treatment of
CNS Malignancies

Combined i) TMZ + ipilimumab Phase 1 irDLTs
ipilimumab and ii) TMZ + nivolumab Recruiting
nivolumab for newly | iii) TMZ + ipilimumab + 02311920
diagnosed GBM nivolumab
with TMZ SOC
Combined i) nivolumab Phase 3 Safety (i and ii)
ipilimumab and ii) ipilimumab + nivolumab Recruiting OS (i vs iii)
nivolumab vs. iii) bevacizumab 02017717
bevacizumab for
recurrent GBM
Ipilimumab and i) Fotemustine Phase 3 OS (ivsii;ivs
nivolumab versus ii) Fotemustine + ipilimumab Recruiting iii)
. Ly . 02460068

fotemustine for iii) ipilimumab + nivolumab
MBM
Ipilimumab with RT | i) ipilimumab + RT Phas.e.Z 1-year survival 02460068
for MBM Recruiting
Ipilimumab with i) ipilimumab Phase 2 Disease control
corticosteroids for ii) ipilimumab + Completed rate 00623766
MBM corticosteroids
Ipilimumab with RT | i) ipilimumab + WBRT Phase 1 MTD 01703507
for MBM ii) ipilimumab + SRS Active
Ipilimumab and i) ipilimumab + nivolumab Phase 2 Clinical benefit

: e 02320058
nivolumab for MBM Recruiting rate
Ipilimumab with i) ipilimumab + SRS Phase 2 oS
SRS for MBM Completed 02662725
Ipilimumab before i) SRS followed by ipilimumab Phase 2 Local control
or after SRS for ii) ipilimumab followed by Recruiting rate 02097732
MBM SRS
Nivolumab with i) nivolumab prior to resection Phase 1 Safety
CMYV pp65 DCs for & nivolumab + DC after Recruiting
recurrent grade resection 02529072
II/IV brain tumors ii) nivolumab + DC prior to

resection & nivolumab after

Nivolumab with i) anti-CSF1R Phase 1 AEs/SAEs, RD,
anti-CSF1R mAb for | ii) anti-CSF1R + nivolumab Recruiting ORR 02526017
GBM
Galunisertib with i) nivolumab + galunisertib Phase 2 MTD 02423343
Nivolumab for GBM Recruiting
Nivolumab with i) nivolumab + TMZ + RT Phase 3 (O8]
SOC for newly ii) placebo + Not yet 02617589
diagnosed GBM TMZ + RT recruiting
Neoad]uvant Nivolumab Phas.e.z Tumor ?D-Ll 02550249
nivolumab Recruiting expression

75




Pembrolizumab and | Pembrolizumab + Phase 1 MTD
Bevacizumab for Bevacizumab + HFSRT Recruiting 02313272
recurrent HGG
Pembrolizumab with | i) Pembrolizumab + MLA Phase 1 MTD, DLT,
MLA for recurrent ii) Pembrolizumab PFS 02311582
MG
Pembrolizumab for Pembrolizumab Pilot ORR
recurrent hyper- Recruiting 02658279
mutated MG
Pembrolizumab with | Pembrolizumab + TMZ + RT Phase 1/2 DLT, PES
SOC for newly Recruiting 02530502
diagnosed GBM
Pembrolizumab +/- i) Pembrolizumab + Phase 2 PFS, MTD
Bevacizumab for Bevacizumab Active 02337491
recurrent GBM ii) Pembrolizumab
Pembrolizumab vs i) Pembrolizumab Phase 1/2 PES
anti-P13K/Akt for ii) anti-P13K/Akt Active 02430363
GBM/gliosarcoma
Pembrolizumab for Pembrolizumab Phase 2 PFS,
recurrent GBM Recruiting Effector:T-reg 02337686
ratio
Durvalumab for i) Durvalumab (newly Phase 2 OS, PFS
recurrent, diagnosed) Recruiting
bevacizumab-naive ii) Durvalumab
GBM iii) Durvalumab 02336165
iv, v) bevacizumab +
durvalumab
BMS-986016 or i) BMS-986016 (anti-LAG-3) Phase 1 MTD 02658981
Urelumab for ii) Urelumab (anti-4-1BB) Not yet
recurrent GBM iii) BMS-986016 + nivolumab recruiting
(anti-PD1)
iv) Urelumab + Nivolumab
Indoximod + SOC i) indoximod (anti-IDO1) + Phase 1/2 Dosing, PFS
for primary MG ™Z
ii) indoximod + TMZ
(bevacizumab naive) 02052648

iii) indoximod + TMZ +
bevacizumab
iv) indoximod + TMZ + SRT

2.5.1 GBM Standard of Care

Current standard of care for GBM is maximal surgical resection followed by

radiotherapy and adjuvant temozolomide (TMZ) chemotherapy. Despite this three-

pronged approach to treatment, there remains a 5-year survival rate of <5 years (271).




Immunotherapies offer a new wave of treatment for GBM to address the shortcomings
of standard of care. Initially, radiation and chemotherapy standard of care were believed
to be independent or antagonistic to the aims of immunotherapy, due to their
preferential cytotoxic effects on proliferating cells and resultant T cell lymphopenia (272-
275) as well as their induction of non-inflammatory apoptotic pathways in tumor cells
believed to give rise to immune tolerance (276). Evidence garnered over the last 5 years,
however, has called these beliefs into question.

A 2008 case study showed that successful vaccine-induced immune activation
can be achieved with concomitant TMZ, so long as TMZ is administered outside of the
effector window (277). At this point, TMZ may actually be desirable to the vaccine
response, as it can reduce the immunosuppressive T-reg compartment that normally
increases upon vaccination (277-279) and allow for homeostatic proliferation of vaccine-
induced T cells (280). Additionally, a recent preclinical study showed that TMZ-induced
lymphopenia prior to adoptive lymphocyte transfer and/or vaccination gives rise to
enhanced antigen-specific T cell numbers via homeostatic proliferation, a phenomenon
referred to as “host-conditioning” (167). Radiotherapy has also been shown to augment
the antitumor immune response, through several mechanisms: 1) the triggering of
“danger” signals that activate innate immune cell compartments (281, 282); 2) the
phagocytosis of dead/dying tumor cells by APCs, subsequently presented as tumor

antigens to naive T cells (283, 284); and 3) increased expression of MHC molecules by the
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tumor (285, 286). Such immune-stimulatory effects imparted by GBM standard of care

have the potential to synergize with checkpoint blockade strategies, by allowing for an

increase in the quantity and quality of tumor antigens presented, as well as the

enhanced proliferation and effector function of antigen-specific T cells (Figure 8).
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Figure 8: Synergy Between GBM Standard of Care and Immunotherapy.

Radiation and chemotherapy promote the death of tumor cells and their subsequent
shedding of antigens to be taken up by APCs. Additionally, standard of care therapy is
known give rise to T cell lymphopenia. During the priming phase of the tumor immune
response, the remaining cytokine milieu induces the preferential proliferation of primed

tumor-specific T cells, resulting in a larger proportion of effector cells available for

tumor killing.

Indeed, several preclinical studies have served to validate the notion that GBM

standard of care can act as a complement to immune checkpoint blockade strategies. In a

murine model of PD-L1+ glioma, Zeng et al. showed that PD-1 mAb blockade combined
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with focal radiation led to a near doubling in median survival and a ~30% frequency of
long-term survival, while neither therapy alone conferred a significant survival benefit
(287). Additionally, when used in conjunction with anti-CTLA4 antibodies, radiation has
been shown to induce immune-mediated tumoricidal activity outside of the irradiated
tield, a phenomenon known as the abscopal effect (288, 289). Mechanistically, such
synergistic effects are likely due to the release of multiple tumor-associated antigens in a
pro-inflammatory environment, which serves as a vaccine to induce T cell activation and
immunologic memory. The effect of concomitant TMZ on checkpoint blockade,
however, is less clear. In a recent preclinical study evaluating the efficacy of triple-
therapy checkpoint blockade (anti-CTLA-4, anti-PD-L1, and anti-IDO), TMZ slightly
enhanced the efficacy of anti-IDO while decreasing the efficacy of combined anti-CTLA-
4/anti-PD-L1 treatments (290). Such studies suggest that the underlying checkpoint
mechanism and treatment regimen are likely crucial for successfully leveraging the
tumoricidal and indirect immune-stimulating effects of concomitant TMZ
chemotherapy.

Clinical experience in a variety of extracranial cancers has shown that
fractionated radiotherapy and chemotherapy synergizes with CTLA-4 and/or PD-1
blockade to produce tumor regression and long-term survival (288, 291). A number of
ongoing clinical trials for GBM will help to elucidate the relationship between GBM

standard of care and antibody-based checkpoint blockade including a phase 1 trial for
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evaluating the safety of combined ipilimumab and nivolumab in the setting of TMZ
(NCT02311920), a phase 1/2 trial for pembrolizumab safety/efficacy combined with
TMZ/RT (NCT02530502), and a phase 3 trial for nivolumab efficacy in the setting of
TMZ/RT standard of care (NCT02617589). Additionally, a phase 2 study to evaluate the
efficacy and safety of an anti-PD-L1 antibody (durvalumab) with and without standard
of care RT will assess the durvalumab pharmacokinetic profile (NCT02336165),
providing insight into the relationship between antibody penetrance across the BBB and
the feasibility of this strategy against PD-L1+ CNS tumors.

In addition to the direct immune-potentiating effects instilled by GBM standard
of care, the disruption to the BBB that surgical resection and concomitant RT/TMZ s
affords may also be beneficial to checkpoint blockade strategies. To further address
concerns over antibody access to the CNS, a phase 1/2 trial was recently initiated to
evaluate pembrolizumab (anti-PD-1) with combined MRI-guided laser ablation (MLA),
which is known to disrupt the peritumoral BBB and allow for increased access of new
tumor antigens to DLNs and infiltration of immune effector cells to the tumor.
Additionally, a phase 2 trial of pembrolizumab administered to patients who undergo
resection surgery during the course of antibody treatment (NCT02550249) may help to
reveal a synergistic relationship between surgical disturbances to the BBB and efficacy of

checkpoint blockade.
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2.5.2 Bevacizumab

Bevacizumab (Genentech) is a humanized mAb that targets human vascular
endothelial growth factor A (VEGF-A) to prevent tumor angiogenesis. Bevacizumab
comprises standard of care for several tumor types, including GBM in some countries,
typically for patients with disease progression. Though the interaction between
bevacizumab and glioma tumor immunity remains unclear, studies in other tumor types
suggest that bevacizumab may have immune-stimulating effects (292), and could
therefore be a synergistic therapy with checkpoint inhibitors. Specifically, one report
shows that treatment with bevacizumab increases DC numbers and function in solid
tumors and reduces peripheral T-reg counts in patients with colorectal cancer (293). An
ongoing phase 1 trial of bevacizumab combined with an anti-PD-L1 antibody will help
to elucidate the potentially synergistic relationship between these two therapies for the

treatment of GBM (NCT02336165).

2.5.3 Combinatorial Therapy

Owing to the clinical successes of CTLA-4 and PD-1 antibodies for NSCLC and
metastatic melanoma, several phase 1 trials have recently been initiated for CNS
malignancies. Specifically, the profound clinical benefit observed upon combined
ipilimumab and nivolumab for the treatment of advanced melanoma has opened the
doors for safety/tolerability trials of nivolumab alone or in combination with ipilimumab

for many other cancer types, including recurrent GBM (NCT02017717). The phase 1 trial
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for GBM comprises two patient cohorts receiving four administrations of varying doses
of nivolumab and ipilimumab, followed by nivolumab every two weeks thereafter until
disease progression or unacceptable toxicity. Additionally, a more direct phase 1 study
designed to formally compare the efficacy of single-agent ipilimumab or nivolumab
with the combination of the two is currently recruiting patients (NCT02311920). This
study consists of three arms: 1) nivolumab, 2) ipilimumab, and 3) nivolumab +
ipilimumab, with the primary outcome measures being immune-related DLTs for all
three arms. Though lacking in statistical power, secondary outcomes include 1- and 2-
year survival rates, as well as biomarker analysis of tumor immune cell infiltrates, which
will shed light on the effect such treatment has on the TME. Given the purported
mechanism of these two antibodies, the combination thereof may allow for checkpoint
blockade to occur at both the tumor site and within the tumor DLN, to maximize the

endogenous antitumor immune response.

2.5.4 Concomitant Immunotherapy

As there remains skepticism regarding the ability for checkpoint blockade
antibodies to have activity in the brain and induce endogenous antitumor immune
responses against weakly immunogenic glioma tumors, several trials are underway to
evaluate the effect of combining checkpoint antibodies with other immune-potentiating
agents and/or tumor vaccines. Indeed, checkpoint blockade combined with other

immune-stimulatory therapies has been shown to be well-tolerated and provide
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enhanced efficacy in various tumor types. A phase 1 trial of nivolumab combined with a
multi-peptide vaccine targeting several melanoma-associated antigens showed increase
antigen-specific CD8+ T cell numbers and was well tolerated in the patient cohort (n=33)
(294). Additionally, a phase 2 trial of ipilimumab combined with granulocyte-
macrophage colony-stimulating factor GM-CSF (sagramostim, GenZyme) to promote
APC function showed increased OS and lower toxicity compared to ipilimumab alone
for the treatment of metastatic melanoma (n=122 per cohort) (295). Numerous other
trials are currently underway to evaluate the safety and efficacy of combined
ipilimumab or nivolumab with vaccines for the treatment of pancreatic cancer
(NCTO01896869; NCT02243371), cervical cancer (NCT02426892), prostate cancer
(NCT02506114), and other metastatic malignancies (NCT02070406).

A phase 1 trial for recurrent high-grade gliomas was recently announced,
designed to evaluate the safety and efficacy of nivolumab given alongside DC vaccines
(NCT02529072). Additionally, a phase 1/2 study of nivolumab combined with an
inhibitor of the immunosuppressive TGF pathway is currently recruiting patients
(NCT02423343). Indeed, several preclinical studies have shown that checkpoint blockade
works synergistically alongside combined immune-potentiating agents to enhance
survival. For instance, in the setting of murine glioma, CTLA-4 blockade following
tumor-lysate vaccination (296) or alongside intratumoral IL-12 (297) resulted in 40-50%

long-term survival and an enhanced effector T cell response.
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2.6 Emerging Targets for Checkpoint Blockade

Although strategies targeting the CTLA-4 and PD-1 pathways have dominated
the clinical arena to date, a number of additional T cell inhibitory molecules have
emerged as potential targets for checkpoint blockade. Because many checkpoint
molecules are co-expressed during increasing states of T cell exhaustion, it is likely that
combinatorial blockade will further the clinical success of this approach. In this section,
we will review “next-generation” checkpoint pathways, their relevance to CNS

malignancies, and their clinical progress to date.

2.6.1 Lymphocyte Activation Gene 3

Lymphocyte activation gene 3 (LAG-3, or CD223) is CD4-like co-receptor
upregulated on activated T cells (298, 299) and T-regs (300), NK cells (299), B cells (301),
and a subset of DCs (302). Class I MHC molecules are the only known ligands for LAG-
3 (298); signaling through which results in enhanced T-reg function (300) and abrogated
CD8+ T cell effector function (303). LAG-3 is commonly co-expressed with PD-1 in states
of chronic infection (304) and self-antigen recognition (305), as T cells progress through
increasing stages of exhaustion and/or tolerance. The synergistic relationship between
PD-1 and LAG-3 has been shown to have particular relevance to antitumor immunity;
whereas single Pd1 or Lag3 knockout mice experience delayed tumor growth, double

Pd1/Lag3 knockout mice have been shown to reject tumors altogether (306).
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Though the role of LAG-3 in GBM patients has yet to be explored, the co-
expression of LAG-3 and PD-1 has been found to be increased on CD8+ T cells from
patients with a variety of other cancer types (307, 308), suggesting that this checkpoint
pathway could also be relevant to brain tumors. Given the putative immunosuppressive
relationship between PD-1 and LAG-3, an anti-LAG3 blocking mAb (BMS-986016) has
recently entered clinical testing as a monotherapy (NCT02061761) or in combination
with nivolumab (NCT01968109) for the treatment of hematological malignancies and
advanced/metastatic solid tumors, including GBM (NCT02658981). Indeed, several
preclinical studies have shown that combined antibody blockade of LAG-3 and PD-1

results in increased tumor efficacy compared to either agent alone (306, 309, 310).

2.6.2 T cell Immunoglobulin and Mucin-3

T cell immunoglobulin and mucin-3 (TIM-3) is expressed on activated T
cells, NK cells, and monocytes. The ligand for TIM-3 is galectin 9 (GAL-9) expressed on a
variety of cell types in many tissues (311), through which binding has been shown to
cause death of Th1 cells (312). Similar to LAG-3, TILs from several murine cancer models
show the near-universal co-expression of TIM-3 and PD-1,(313) indicating a more
exhausted phenotype defined by their reduced proliferation and production of
inflammatory cytokines. In this same study, combined blockade of both TIM-3 and PD-1

was more efficacious than blocking either checkpoint alone.
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TIM-3 expression levels are increased in the setting of a variety of human
malignancies (314-316). A recent study has reported elevated TIM-3 expression on
peripheral CD4+ and CD8+ T cells from glioma patients (317). Patients with a higher
tumor grade showed increased CD8+ TIM-3 expression compared to those with lower
grade tumors, and TIM-3 expression levels in both T cell compartments was shown to be
correlated with decreased plasma levels of the inflammatory cytokine TNF-a. An anti-
TIM-3 mAb (MBG453, Novartis) has recently entered clinical testing in a phase 1 trial for
advanced malignancies, as a monotherapy or in combination with an anti-PD-1 mAb

(NCT02608268).

2.6.3B7-H3

B7-H3 (CD276) is a type I transmembrane protein with high sequence and
structural homology to other B7 family molecules. Expression of B7-H3 on immune cells
is believed to serve a costimulatory role (318, 319), but the function of B7-H3 on tumor
cells is less clear. While some reports indicate that B7-H3 expression on tumor cell lines
increases their immunogenicity and facilitates tumor rejection (320), in situ B7-H3
expression in many human tumors has been associated with poor outcome (321, 322). In
the setting of human brain tumors, B7-H3 expression levels in gliomas was found to be
correlated with tumor grade and was associated with increased immunoreactivity of

diffuse intrinsic pontine gliomas (DIPG) (323).
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Based on the findings of tumor-specific B7-H3 overexpression, an anti-B7-H3
mAb (enoblituzumab) has recently entered clinical testing as a monotherapy
(NCTO01391143) or in combination with ipilimumab (NCT02381314) or pembrolizumab
(NCT02475213) for refractory solid tumors. Rather than being employed as a checkpoint
blocking antibody, however, the mechanism of enoblituzumab action is presumed to be
through ADDC, similar in concept to anti-HER?2 antibodies for HER2+ breast cancers.
Interestingly, a radiolabeled anti-B7-H3 antibody (**!I 8H9) was shown to suppress
tumor cell growth via the delivery of therapeutic radiation doses to solid tumors in
established intracranial xenografts (324), and has been reported to have antitumor
activity in pediatric patients with recurrent metastatic CNS neuroblastoma (325). Such
studies suggest the feasibility of mAb strategies where direct tumor cell targeting

underlies therapeutic activity.

2.6.4 Killer Inhibitory Receptors as an NK Cell Checkpoint

NK cells are innate lymphoid cells that recognize and kill malignant and virus-
infected cells through the secretion of preformed perforin/granzyme granules. Unlike T
cells, NK cells do not recognize tumor peptide antigens presented on MHC molecules,
but instead can become activated in response to the absence of MHC expression on cells.
NK cell function is controlled by a complex interplay of activated receptors and killer

inhibitory receptors (KIRs) and their ligands (326). Binding of KIRs to MHC class I
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molecules transmits a cascade of inhibitory signals that result in NK cell tolerance to
self-cells, such that KIRs take on a role of checkpoint molecules for NK cells.

NK cells comprise a substantial proportion of immune cell infiltrates in glioma
patients and have been shown to play a role in antitumor immunity (327). Several
murine tumors have been shown to be susceptible to CTL-independent NK-mediated
eradication (328, 329). Specifically, in the setting of orthotopic GBM xenograft models,
NK cells transplanted intratumorally induced glioma cell apoptosis and gave rise to
significant therapeutic effects (330). Such findings suggest that blocking KIRs on NK
cells to enhance their activation could make for a promising treatment modality for
tumor immunotherapy. To that end, a fully-human anti-KIR mAb (lirilumab, Bristol
Myers Squibb) has entered clinical testing in the setting of hematologic malignancies
(NCT02399917, NCT02481297, NCT01687387) and has shown to be efficacious against
transgenic humanized murine lymphoma (329). Additionally, several trials are designed
to evaluate the combination of ipilimumab and/or nivolumab with lirilumab in the
setting of hematologic malignancies and solid tumors (NCT01592370 NCT02599649,
NCT01714739, NCT01750580), which offers the potential for additive antitumor efficacy
through simultaneous activation of both innate and adaptive immune compartments.
Given the putative role of NK cells in anti-glioma immunity and the preliminary success
in directing NK cell tumoricidal activity, future clinical studies should reveal the

potential of anti-KIR blockade for glioma immunotherapy.
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2.6.5 Indoleamine Dioxygenase as a “Checkpoint Enzyme”

Indoleamine 2,3 dioxygenase 1 (IDO1) is a rate limiting enzyme that catabolizes
the breakdown of tryptophan, an amino acid required for T cell survival and effector
function. As such, IDO-mediated tryptophan deficiency results in T cell
dysfunction/tolerance and subsequent differentiation of CD4+ T cells into T-regs (331).
Because IDO does not exert its effects through ligand/receptor interactions on T cells,
this pathway is not regarded as a classical immune checkpoint. However, IDO plays an
important role in downregulating anti-tumor immunity across many tumor types (332-
335), particularly malignant gliomas (336), making this enzyme an attractive target for
immunomodulatory blockade for the treatment of GBM.

Under normal physiological conditions, IDO is found at only low levels in the
brain, whereas IDO is expressed in 96% of glioma patients (212) and is correlated with a
worse prognosis (212, 337). In a murine model of glioma, single agent blockade of IDO
leads to a relatively small increase in OS, while triple therapy with combined PD-L1 and
CTLA-4 blockade gives rise to an 80% durable OS benefit (290). Paradoxically, dual PD-
L1/CTLA-4 blockade resulted in a similar survival benefit when compared to triply
therapy, but only triple therapy resulted in significantly decreased T-reg levels,
suggesting that targeting all three pathways likely contributes to alleviating tumor-
mediated immunosuppression. Indeed, a phase 1 trial for indoximod combined with

docetaxel chemotherapy showed partial responses in ~20% of treated patients (n=22)
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with metastatic solid tumors (338). Phase 1/2 trials for indoximod in the setting of TMZ
chemotherapy and radiation standard of care for the treatment of malignant gliomas
(including GBM) are currently recruiting patients (NCT02052648; NCT02502708).
Interestingly, increased IDO1 expression in the TME may also serve as a vaccine target;
in a phase 1 trial for NSCLC, a IDO-derived peptide conferred an OS of 26 months
(n=15) compared to 7.7 months in the untreated patient cohort (n=10) (339). Thus, in
addition to checkpoint blockade enhancing endogenous T cell responses, such data
supports the notion of leveraging tumor-associated checkpoint molecules as antigens for

inducing antitumor immunity.

2.7 On the Horizon: Immunomodulatory Antibodies for T cell
Costimulation

On the flipside to mitigating T cell immunosuppression through checkpoint
blockade, antibody-based targeting of T cell costimulatory receptors has the potential to
directly enhance their activation upon tumor antigen recognition and their resultant
tumor-specific effector function. Costimulation is the “second signal” required for a
functional T cell response, which is provided through the engagement of T cell
costimulatory receptors with costimulatory ligands upregulated on activated APCs (340,
341). Costimulatory pathways in APCs from cancer-bearing hosts are often abrogated,
which can result in T cell apoptosis or anergy to tumor antigens.(342, 343) Agonist mAbs
for costimulatory receptors on T cells offer a promising strategy for overcoming aberrant

APC activity and ensuring delivery of the vital costimulatory signal.
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To date, the evaluation of costimulatory mAbs has received far less clinical
attention than checkpoint blockade. Such agonist antibodies, however, demonstrate
great promise in clinical trials for the treatment of several cancer types and are an
attractive strategy for GBM immunotherapy. Targeting costimulatory members of the
tumor necrosis factor receptor (INFR) superfamily specifically upregulated on activated
T cells (e.g., OX40, 4-1BB, and CD27), has proven particularly effective in pre-clinical
glioma models. The use of mAbs for OX40 (344) and 4-1BB (345) as monotherapies for
murine glioma resulted in a 50% cure rate and increased median survival from 31 days
to 42 days, respectively. In a separate study, addition of an anti-4-1BB antibody
enhanced the antitumor activity of T cells primed with glioma-lysate pulsed DCs.(346)
Indeed, given promising preclinical findings in murine glioma and other tumor
models,(347-350) there are a number of agonist antibodies for costimulatory receptors
currently in clinical development (Tables 1 and 2).

In addition to providing costimulatory signals directly to T cells, promoting
activation of APCs through the use of agonist mAbs for CD40 is yet another attractive
strategy for enhancing the antitumor immune response. CD40 is constitutively
expressed by immature DCs, and its ligation by CD40L results in DC maturation and
upregulation of costimulatory ligands, making it crucial for functional antigen
presentation (351, 352). Indeed, CD40 agonist mAbs have anti-tumor effects in a variety

of murine tumor models (353-355). Interestingly, CD40 stimulation in gliomas was
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found to directly inhibit cell proliferation through NF«B signaling and TNF-a
production (356). These studies make mAb targeting of CD40 a promising strategy from
both an immunomodulatory perspective and as a direct cancer therapeutic. An anti-
CD40 mAb, CP-870,893, has shown anti-tumor activity mediated by CD40-expressing
macrophages; a clinical trial evaluating the effect of CP-870,893 in combination with
anti-CTLA-4 (tremilumumab) in melanoma patients is currently underway

(NCT01103635).

2.8 Conclusion

Checkpoint blockade therapy has emerged as a promising strategy for the
treatment of a variety of malignancies. Though this modality has only recently reached
the glioma clinical arena, immunomodulatory mAbs have proven safe and effective in
the treatment of a variety of other solid tumors, lending credence to the field of tumor
immunotherapy as a whole. Combined blockade of CTLA-4 and PD-1 has garnered
particular attention recently, given the success of this dual therapy for the treatment of
advanced melanoma. Data generated from ongoing clinical studies of such combination
therapy for GBM is awaited. Several costimulatory molecules on the surface of immune
effector cells are also attractive targets for the reversal of immunosuppression and
antibody-based immunomodulation for glioma treatment. Indeed, clinical trials
investigating this approach are underway for a variety of solid tumors, and pre-clinical

data in the context of glioma therapy demonstrate encouraging results.
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It is evident that given the profound immunosuppression among glioma
patients, a multitude of immunosuppressive pathways are amenable to antibody based
blockade or activation. However, antibody-based checkpoint blockade for glioma
immunotherapy faces several challenges and points of skepticism, due to particular
characteristics unique to CNS malignancies. The success of this approach will likely
require combined treatment modalities to improve access across the BBB, enhance the
endogenous tumor immune response and/or provide an immunogenic tumor target, and
alleviate irAEs in the brain. It is likely that optimal therapy for gliomas will require
synergistic standard of care therapy, combination tumor vaccines, and/or multi-target
immunomodulatory antibodies. Large-scale clinical trials will be necessary to determine
which therapeutic targets provide the safest and most effective anti-tumor
immunotherapy for glioma patients. Additionally, the fine-tuning of response criteria
and biomarker correlates of efficacy will further improve the success of glioma
immunotherapy clinical trials. Though antibody-based checkpoint blockade may not be
the “magic bullet” for cancer therapy, this approach could add another weapon to the
arsenal of glioma standard of care to further improve prognosis for this challenging

disease.
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3. CD27 Costimulation for Enhanced Tumor Immunity

Antigen presenting cells (APCs) present self and foreign peptides (antigens)
bound to major histocompatibility complex (MHC) molecules on their cell surface to
naive T cells, which are recognized by the T cell receptor (TCR) on the T cell surface.
However, the recognition of antigen alone is not sufficient to induce activation of the T
cell; their full activation also requires the interaction of T cell costimulatory molecules
with costimulatory ligands expressed by APCs. Costimulation in the presence of TCR
engagement results in clonal expansion of the antigen-specific T cell, cytokine
production and enhanced survival (for a review on T cell costimulatory pathways, see
reference (357)).

Many costimulatory pathways have been described over the past 30 years, with
the highly characterized CD28 signal canonically considered to be the most potent and
necessary for a functional T cell response (358). CD28 is a member of the
immunoglobulin protein family and binds to B7 molecules on activated dendritic cells
(DCs) during antigen presentation, resulting in the amplification of the TCR signal and T
cell growth and proliferation (359). Indeed, a lack of CD28 signaling during MHC/TCR
interactions results in T cell anergy (360, 361), highlighting the critical role of
costimulation in driving effective antigen-specific T cell responses. This chapter will
discuss the contribution of the CD27 costimulatory pathway to T cell immunity, its role

in tumor immunology, particularly as it pertains to malignant glioma, the development
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of agonist antibodies for the treatment of malignant glioma and other tumors, as well as
preclinical data that serves as the foundation for the preclinical development of an
agonist anti-human CD27 antibody as a vaccine adjuvant for brain tumor

immunotherapy.

3.1 CD27, a Member for the TNFR Family

In addition to the CD28 signal that drives activation of naive T cells early during
antigen presentation, a number of other costimulatory pathways have been uncovered
over the past 25 years, including in large part the members of the tumor necrosis factor
receptor (TNFR) family. The TNFR family is comprised of 29 transmembrane proteins,
including CD40, OX40, 4-1BB, CD27, CD30, HVEM, and GITR (362), with one or more
cysteine-rich extracellular domains, which form the binding site for the TNF ligands. In
contrast to CD28, which is constitutively expressed on naive T cells, most TNFR
costimulatory molecules are up-regulated upon T cell activation, hours to days after
antigen recognition. These receptors provide signals that promote T cell clonal
expansion and survival and enhance the generation and function of effector and
memory T cells during both the primary and recall immune responses (363). In general,
T cell costimulation by TNFRs play an important role in activated T cells by supporting
their rapid proliferation and relocation/survival in non-lymphoid tissues.

CD27 is a key member of the costimulatory TNFR family that is critical for T cell

activation (364), maturation (365), cytokine secretion (366), and survival (367). CD27 is
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exclusively expressed by cells of the lymphoid lineage, including T, B, and NK cells.
Unlike other members of the TNFR family that are only expressed during immune
activation, however, CD27 is constitutively expressed on naive T cells. Upon binding by
its ligand, CD70 on activated DCs, CD27 is transiently upregulated on activated T cells
and subsequently proteolytically cleaved and shed into a soluble form (368). As such,
terminally-differentiated effector cells lack CD27 surface expression, while long-lived
central memory cells retain it (369).

In contrast to constitutively-expressed CD27, the expression of the CD70 ligand
is highly regulated. Apart from its role in T cell development in the thymus, CD70 is
exclusively expressed on activated DCs, B cells, T cells, and NK cells. Its expression is
under the control of pattern recognition receptors on APCs and antigen receptors on T
and B cells, and its expression is further modulated by inflammatory cytokines (e.g., IL-
la, TNFa, and IL-12) and costimulatory signals from CD28 and CD40. This fine-tuning
of CD70 expression restricts the engagement of the CD27 pathway to times of immune

activation.

3.1.1 The CD27/CD70 Costimulatory Pathway

The costimulatory role of the CD27/CD70 pathway was first reported in early in
vitro studies, in which an anti-CD27 monoclonal antibody in the setting of TCR
stimulation led to enhanced proliferation (370) and soluble CD70 induced proliferation

and cytolytic activity of costimulated T cells (371). Its costimulatory effect was further
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solidified by studies in CD27-deficient and/or CD70-treated mice, in which a lack of
CD27 resulted in decreased primary and memory T cell responses to influenza virus
(372) and exogenously-administered soluble CD70 enhanced the expansion and effector
differentiation of antigen-specific CD8* T cells (373). Furthermore, the constitutive
transgenic expression of CD70 on DCs enabled T cell priming to a vaccine that otherwise
induces T cell tolerance in the absence of costimulation (374).

Signaling through the CD27 molecule results in the recruitment of TNFR-
associated factors (TRAFs) to its cytoplasmic tail motif that serve as adaptor molecules
linked to the NF-kB pathway (375), which counteracts apoptosis and induces cytokine
and chemokine production. As such, in contrast to the CD28 pathway that drives
activated T cells into the cell cycle for their clonal proliferation (376), CD27 costimulation
instead promotes the survival of activated T cells throughout their clonal expansion
(367). Specifically, CD27 signaling results in the increased expression of the anti-
apoptotic molecule Bcl-xL (377), decreases the sensitivity of CD8* T cells to FasL-induced
apoptosis, and downregulates FasL expression on CD4* T cells (378). Additionally, CD27
induces autocrine IL-2 signaling to support the survival of effector T cells in non-
lymphoid tissues and promotes the production of IFNYy by effector T cells to support
their cytotoxic activity (379, 380).

Owing to its role in the survival and effector function of activated T cells, CD27

costimulation is crucial for the memory differentiation of CD8* T cells. Specifically, CD27
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signaling by exogenous CD70 administration during the priming phase of protein
immunization strongly promoted the recall response of CD8* T cells to subsequent
immunization, while it had no effect when administered with the subsequent vaccine
(373). Additionally, CD27 costimulation promotes the differentiation of CD4* T cells into
the Th1 phenotype (366), which further allows for the development of memory CD8* T

cells and their potential to respond to secondary antigen challenge (381).

3.1.2 The CD27/CD70 Axis in Antitumor Immunity

The CD27 costimulatory pathway is vital for eliciting robust T cell responses to
antigen (Figure 10) and therefore serves as a promising means of inducing effective
antitumor immunity, as evidenced by various preclinical studies. For instance,
immunity against EL4 lymphoma and B16 melanoma tumors was improved in
transgenic mice with constitutive CD70 expression on their B cells or DCs (374, 379).
Additionally, adoptively transferred transgenic CD70-expressing DCs were more
effective at priming CD8* T cells to become tumor-eradicating cytolytic effectors, leading

to enhanced survival in mice treated with a tumor-specific DC vaccine (382).
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Figure 9: Schematic Depicting CD27/CD70 T Cell Costimulatory Biology.
CD70 on activated APCs binds to CD27 on naive T cells to enhance their function as
effector and helper T cells by increasing their proliferation/survival and cytokine
production. APC = antigen-presenting cell; IFNy = interferon y; TNFa = tumor necrosis
factor «; IL-2 = interleukin 2.

The CD27/CD70 axis is also known to play a particular role in the glioma
immune response. In an analysis of glioma tissue samples, CD70 was found to be
expressed in 11 of 12 glioma cell lines, 5 of 12 glioblastomas, and 3 of 4 anaplastic
astrocytomas and was shown to induce apoptosis of peripheral blood mononuclear cells
(PBMCs) in vitro, suggesting a possible mode of immune escape for malignant glioma
(383). However, this apoptotic effect of CD70 was shown to be overridden by immune-
stimulatory effects between glioma CD70 and CD27 on immune cells, as CD70* gliomas
were rejected in wildtype mice, while the growth of these tumors was restored in CD27-

mice (384). Additionally, orthotopic glioma tumors engineered to secrete soluble CD70

resulted in an increase in the 60-day survival rate, from 5% to 45%, compared to
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wildtype tumors, in a CD8-dependent manner (385). Taken together, these studies
demonstrate the immune-stimulatory role of CD27/CD70 in malignant glioma, making it

a promising target for glioma immunotherapy.

3.2 Agonist Costimulatory Antibodies for Brain Tumor
Immunotherapy

During a functional immune response, costimulatory ligands are upregulated on
activated APCs and displayed during antigen-presentation to T cells to provide the
necessary costimulatory signal for full T cell activation (340, 341). However, APC
costimulatory activity is often abrogated in cancer patients, including those with MG,
which can result in T cell apoptosis or anergy to tumor antigens (342, 343). Agonist
monoclonal antibodies (mAbs) for costimulatory receptors on T cells therefore offer a
promising strategy for overcoming aberrant APC activity and ensuring delivery of the
vital costimulatory signal.

The early therapeutic promise of targeting T cell costimulatory pathways was
observed in clinical studies evaluating the efficacy of adding exogenously delivered
CD28 signals to tumor vaccine platforms (386-391). The results of such studies led to the
development of a CD28 superagonist mAb (TGN1412), capable of fully activating T cells
via the CD28 receptor in the absence of TCR and peptide-bound MHC interactions. In a
phase I trial of TGN1412 for B cell lymphoma, however, all enrolled patients suffered
severe and life-threatening adverse effects due to a CD28-mediated “cytokine storm”

(392). While this finding has curtailed further evaluation of CD28 mAbs, the promise of
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earlier studies implicating the role of costimulatory signals as potential tumor vaccine
adjuvants has given rise to mAbs targeting alternative costimulatory pathways. Such
agonist antibodies are cautiously being pursued and may show significant promise for

the treatment of malignant glioma (Figure 10).
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Figure 10: Stages of the Tumor Immune Response where mAbs can be Used to
Enhance Glioma-Specific Lysis.

A summary of stages of the immune response against tumor cells where mAbs can be
used to enhance glioma cell specific lysis. mAbs agonistic for CD40, OX40L and 4-1BBL
present on antigen presenting cells (APCs) result in an increase in pro-inflammatory
cytokine production and MHC expression on APCs. CD27 stimulation enhances
proliferation and survival of effector and memory T cells, increases IL-2 production and
increases the secretion of effector cytokines. mAb-mediated stimulation of OX40 results
in clonal expansion and survival of effector T cells, activation and survival of memory
T cells, blocks the activity of T-regs and antagonizes the generation of inducible T-regs.
mADbs agonistic for 4-1BB enhance the survival of activated and memory T cells,
maintain effector function during prolonged antigen stimulation and increase
tumoricidal activity. mAbs agonistic for GITR likewise increase the tumoricidal immune
response. These pathways converge with the generation of cytotoxic T lymphocytes
(CTLs) which upon interaction with glioma cells mediate tumor cell lysis via the release
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of interferon-gamma (IFNYy) and perforin and granzyme. MHC = major
histocompatibility complex; CTLA = cytotoxic T lymphocyte antigen; IFNYy = interferon
v; TCR =T cell receptor; CTL = cytotoxic T lymphocyte; GITR = glucocorticoid-induced
TNFR-related protein.

3.2.1 Agonist Antibodies for Costimulatory Members of the TNFR
Family

In the context of immunotherapy for MG, the evaluation of costimulatory mAbs
is still in its infancy. Such agonist antibodies, however, demonstrate great promise in
clinical trials for the treatment of other cancers and may prove especially useful in the
treatment of MG. Targeting costimulatory members of the TNFR superfamily
specifically upregulated on activated T cells, such as OX40 on CD4- cells (393, 394) and
4-1BB on CD8* cells (395, 396), has proven particularly effective in pre-clinical glioma
models.

The use of mAbs for OX40 (344) and 4-1BB (345) as monotherapies for murine
glioma resulted in a 50% cure rate and increased median survival from 31 days to 42
days, respectively. In a separate study, the addition of an anti-4-1BB antibody enhanced
the antitumor activity of T cells primed with glioma-lysate pulsed DCs (346). In a recent
study by Murphy et al. (397), four costimulatory targets were compared as treatments for
murine glioma. The ligands for OX40, CD28, 4-1BB, and glucocorticoid-induced tumor
necrosis factor receptor (GITR) were fused to the Fc portion of human Ig to generate
surrogate agonist antibodies, and these agonist treatments were combined with tumor

lysate vaccines. The authors found that the OX40L-Fc/lysate combined treatment had the
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highest efficacy (70% cure rates) compared to the other three fusion proteins, which
yielded no enhanced survival.

The efficacy in targeting OX40 and 4-1BB is likely due to their role in augmenting
the tumoricidal activity of activated tumor-specific T cells. Interestingly, given these
data, it appears that targeting costimulatory pathways specific to either CD4* or CD8* T
cells may yield an enhanced antitumor response. Strikingly, the addition of standard-of-
care TMZ therapy to the OX40L-Fc/lysate vaccine regimen resulted in 100% tumor
regression (397). Similarly, the antitumor effect of the 4-1BB agonist was significantly
enhanced by the addition of radiotherapy, with a 114 day increase in median survival
(345). TMZ and radiation are presumed to enhance tumor antigen presentation via
upregulation of tumor MHC expression (398, 399) and shedding of antigens by dead
tumor cells (400-402); this putative increase in antigen presentation would provide one
of the two necessary signals for an immune response, while the agonist mAb ensures
delivery of the second signal.

There are a number of other costimulatory molecules for which agonist mAbs
have yet to be thoroughly evaluated in the setting of MG, but that have shown promise
in other tumor types, including GITR, CD27 and CD40, and other members of the TNFR
family. The relevance and promise of such pathways for brain tumor immunotherapy,

however, are largely unexplored. In subsequent chapters, we detail our development of
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an immunotherapy platform that incorporates a novel therapeutic agent targeting the

CD27 costimulatory molecule.

3.2.2 An Agonist Anti-human CD27 mAb Enhances Tumor Immunity

A fully human anti-human CD27 agonist mAb (ahCD27, also referred to as
CDX1127 or varlilumab) was recently developed by Celldex Therapeutics. This antibody
binds with high affinity to induce potent human T cell responses in the context of TCR
stimulation (403) and is in early clinical trials for the treatment of hematologic
malignancies and solid tumors (NCT01460134). The results of the first-in-human phase I
clinical trial for varlilumab were recently published (404). Patient biomarkers were
consistent with CD27 stimulation (e.g., T cell stimulation, regulatory T cell depletion,
cytokine induction), and minimal adverse effects were reported. A patient with
metastatic renal cell carcinoma (RCC) experienced 78% tumor shrinkage and PFS>2.3
years, indicating promise for the use of varlilumab as a single-agent immunomodulatory
for cancer treatment.

To investigate the agonist activity of thCD27 and its antitumor efficacy, Celldex
Therapeutics has also developed a transgenic human CD27 C57BL/6 mouse model
(hCD27 mice) that includes the entire CD27 gene and upstream sequences, such that
CD27 is expressed under control of its native promoter. Human CD27 in these mice
demonstrates an expression pattern similar to mouse CD27, in both lymphoid tissues

and individual immune cell populations (405). Furthermore, transgenic human CD27
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expression is subject to the known regulatory mechanisms that influence native CD27
expression: the activation of hCD27 mouse T cells results in increased CD27 expression
and subsequent cleavage into its soluble form (405). Importantly, transgenic human
CD27 binds to murine CD70, allowing for interactions with its native ligand and
thorough recapitulation of CD27/CD70 biology. Additionally, thCD27 does not bind to
mouse CD27, eliminating the potentially confounding effects of this interaction. Overall,
hCD27 mice are an ideal model for the preclinical evaluation of thCD27 as an
immunotherapeutic agent.

CD27 stimulation by ahCD27 in T cells from hCD27 mice was shown to enhance
proliferation and cytokine production in vitro (405). When evaluated as a monotherapy,
ahCD27 was shown to prolong survival in hCD27 mice with subcutaneous CT26
(colorectal) and ovalbumin-expressing EG.7 (thymoma) tumors (405). This efficacy was
shown to be both CD4* and CD8* T cell dependent, and mice were protected upon tumor
re-challenge, indicating that CD27 stimulation by ahCD27 instills a long-lasting tumor-

specific memory response.

3.2.3 ahCD27 for Glioma Immunotherapy

Given such promising clinical and preclinical studies, we sought to develop
ahCD27 as an immunotherapy for the treatment of brain tumors. We first evaluated its
effect in two orthotopic mouse models of GBM, CT2A and KR158B. In contrast to its

therapeutic success in the setting of subcutaneous immunogenic mouse tumors, we
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found that ahCD27 did not prolong survival of hCD27 mice bearing intracranial CT2A
or KR158B gliomas (Figure 11). We surmised that this lack of efficacy is likely due to a

lack of endogenous immune responses to such poorly immunogenic intracranial tumors.
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Figure 11: Survival of Glioma-Bearing Mice with Monotherapy ahCD?27.

Human CD27 transgenic mice (n = 10 per group) were intracranially injected with 20,000
CT2A cells (A) or 10,000 KR158B-Luc cells (B) and received 100 ug intraperitoneal
ahCD27 every other day for 12 or 17 days, starting 1 or 2 days after tumor implantation,
for a total of 6 or 9 doses, respectively.

We thus sought to overcome this limitation by combining ahCD27 with an
exogenous source of tumor antigens in the form of a tumor vaccine. Because there has
been little characterization into specific antigenic targets from CT2A and KR158B cell
lines, we evaluated the effect of thCD27 in combination with a total-tumor RNA
(TTRNA) vaccine. We pulsed bone marrow-derived DCs with tumor RNA purified from
the lysates of CT2A cells grown in vitro and administered these DCs intradermally three

times at weekly intervals to hCD27 mice bearing intracranial CT2A tumors, with or

without adjuvant ahCD27.
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Figure 12: «hCD27 as an Adjuvant for a TTRNA-DC Vaccine.

TTRNA-DC vaccines were produced by pulsing cultured BM-derived DCs from
wildtype C57BL/6 mice with 25 ug RNA purified from CT2A cells. hCD27 mice (n=7
mice per group) bearing intracranial CT2A tumors (20,000 cells) received 250,000
TTRNA-pulsed DCs on days 1, 7, and 15 after tumor implantation, alongside ahCD27
administration every other day for 17 days after tumor implantation, for a total of 9
doses. Statistical significance was determined using the Gehan-Breslow-Wilcoxon
survival analysis, and statistical significance was determined at a *P value < 0.05.
TTRNA DC = total-tumor RNA-pulsed dendritic cell.

We found that the addition of our TTRNA-DC vaccine to ahCD27 led to a
marginal increase in median survival compared to mice treated with ahCD27 or
TTRNA-DC alone (Figure 12, TTRNA DC vs TTRNA DC + ahCD27, P = 0.0724). Such
results were encouraging for the use of thCD27 as a vaccine adjuvant, but we
speculated that its full adjuvant potential could be better exploited in the setting of a

more targeted single-antigen peptide vaccine.
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3.2.3.1 ahCD27 enhances the vaccine response to a model tumor antigen

To optimize ahCD27 as a vaccine adjuvant, we first evaluated its effect on the
immune response to ovalbumin protein, a model tumor antigen derived from chicken
eggs widely employed for proof of principle studies. When administered
intraperitoneally with combined ahCD27, whole ovalbumin protein was previously
shown to elicit robust CD8* T cell responses to ex vivo re-stimulation with the
immunodominant H-2K" class I ovalbumin epitope, Ova(257-264), consisting of the
amino acid sequence SIINFEKL (Ova(l)). To further determine an optimal regimen for
adjuvant ahCD27, we evaluated the effect of ahCD27 on the CD8* T cell response
administered at different times during the vaccine response (3 days before, the day of, or
3 days after vaccination). We found that ahCD27 enhances the CD8+ T cell response to
the greatest degree when administered three days prior to and on the day of vaccination

(Figure 13).
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Figure 13: Ovalbumin Immune Responses with Adjuvant ahCD27
Administered at Different Time Points Relative to Vaccination.

hCD27 mice received 2.5 mg intraperitoneal ovalbumin protein with or without
ahCD27, administered either 3 days before, the day of, or 3 days after vaccine. The
ovalbumin immune response was measured 7 days after vaccination by ex vivo re-
stimulation with immunodominant class I ovalbumin peptide (SIINFEKL). Statistical
analyses were performed using one-way ANOVA with Tukey post-hoc comparisons,
and statistical significance was determined at a *P value < 0.05. IFNYy = interferon v.

Though ahCD27 administered prior to vaccination dramatically increased the
vaccine-induced CD8+ T cell response, the level of peripheral blood antigen-specific

CD8* T cells quickly decreased (Figure 14).
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Figure 14: Kinetics of the Ovalbumin Response with Adjuvant ahCD27.

hCD27 mice received 2.5 mg intraperitoneal ovalbumin protein vaccine with ahCD27
administered 3 days before the vaccine. The ovalbumin immune response was measured
on days 7, 14, and 21 after vaccination by tetramer staining of peripheral blood CD8* T
cells. Statistical analyses were performed using repeated-measures ANOVA, and
statistical significance was determined at a *P value < 0.05.
Consistent with this finding, ahCD27 directed Ova(I)-specific CD8* T cells to the

short-lived effector memory phenotype rather than that of long-lived central memory

cells (Figure 15).
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Figure 15: Memory Phenotypes of Ova-Specific CD8* T Cells with Adjuvant
ahCD27.

hCD27 mice received 2.5 mg intraperitoneal ovalbumin protein vaccine with ahCD27
administered 3 days before vaccine, and the ovalbumin immune response was measured
days after vaccination. Effector and central memory cells were analyzed by CD44/CD62L
staining. Statistical analyses were performed using two-way ANOVA with Tukey post-
hoc comparisons, and statistical significance was determined at a *P value < 0.05.
To potentially generate a more sustained CD8* T cell response, we evaluated
ahCD27 in the setting of two booster vaccines administered at one and two weeks after

the first vaccination. We found that additional vaccine boosts did not have an impact on

the CD8+ T cell response compared to a single vaccine alone (Figure 16).
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Figure 16: Ovalbumin Booster Vaccine with Adjuvant ahCD27.

hCD27 mice received one or three vaccinations of 2.5 mg intraperitoneal ovalbumin
protein with or without ahCD27, administered 3 days before the first or all three
vaccines. The ovalbumin immune response was measured 7 days after the final
vaccination by ex vivo re-stimulation with the immunodominant class I ovalbumin
peptide (SIINFEKL). Statistical analyses were performed using one-way ANOVA with
Tukey post-hoc comparisons, and statistical significance was determined at a *P value <
0.05. IFNYy = interferon vy.

As such, we concluded that ahCD27 administered three days prior to and on the
day of a single vaccination was the most optimal timing for inducing robust acute CD8*

T cell responses, and we carried this vaccine regimen forward throughout subsequent

studies.

3.2.3.2 ahCD27 enhances the vaccine response to glioma-associated antigens

We next sought to determine if ahCD27 enhances the vaccine response to

various clinically-relevant glioma antigens. We vaccinated hCD27 mice intradermally
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with predicted immunodominant peptides derived from isocitrate dehydrogenase 1
(IDH1) R132H mutant protein, the histone H3 K27M mutant protein, and tyrosinase-
related protein 2 (Trp2), according to the optimal vaccine/ahCD27 determined
previously. We found that thCD27 enhanced the vaccine response to a IDH1-R132H
25mer, consisting of known class II epitopes, as well as the immunodominant class I-
restricted Trp2(180-188) epitope (Trp2(I)), while ahCD27 failed to induce a significant

response to the 15mer H3-K27M peptide (Figure 17).
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Figure 17: «hCD27 Enhances the Inmune Response to Tumor-Associated
Antigens.

hCD27 mice (n =5 per group) were pre-treated with 100 ug ahCD27 or hIgG1 isotype
control three days before and on the day of vaccination with 100 pg Trp2(I) (A), IDH1-
R132H 25mer (B), or K27M 15mer (C) emulsified in IFA. Vaccine responses were
evaluated 7 days after vaccination by IFNy ELISPOT. Statistical analyses were
performed using Student’s unpaired t-test, and statistical significance was determined at
a *P value <0.05. IFNy = interferon v.
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We speculate that peptides must have some degree of baseline immunogenicity
in order for ahCD27 to enhance their vaccine response, which would explain the failure
of ahCD27 to induce a vaccine response to the non-immunogenic H3-K27M epitope. As
such, we surmise that ahCD27 is most useful in the setting of known immunodominant
peptide epitopes.

3.3 Summary

In this chapter, we provide an overview of costimulatory T cell targets for
antibody-based immunotherapy. We introduce a novel agonist CD27 antibody
(chCD27) as a new strategy for enhancing the tumor immune response. We
characterized the efficacy of monotherapy ahCD27 in murine glioma and found that
ahCD27 is best suited as an adjuvant therapy for enhancing the vaccine-induced tumor
immune response. We determined an optimal dosing regimen for adjuvant ahCD27 in
the setting of a model tumor antigen and found that thCD27 enhances the vaccine
response to clinically-relevant glioma antigens. In the subsequent chapters, we will
discuss the development and characterization of thCD27 as an adjuvant for a clinically-

relevant tumor vaccine platform.
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4. CD27 Stimulation Enhances the Efficacy of Peptide
Vaccines Against IntracranialTumors

Immunomodulatory antibodies that promote costimulatory signaling offer a
broad adjuvant strategy for potentiating immune responses to peptide vaccines. This
research evaluates the adjuvant activity of a novel immunomodulatory human agonist
antibody specific for the T cell costimulatory molecule CD27 (a¢hCD27) (known clinically
as varlilumab) in human CD27 transgenic C57BL/6 mice. We found that ahCD27
enhances the CD8* T cell response to vaccination with whole ovalbumin (Ova) protein to
a greater degree than vaccination with the Ova class I restricted immunodominant
peptide epitope, SIINFEKL. Depletion of CD4+ T cells completely abrogated this Ova-
specific CD8* immune response, and we confirmed that CD27 stimulation is required on
both antigen-specific CD4* and CD8* T cells for the observed adjuvant effect of ahCD27
on the CD8* T cell response. As such, concomitant vaccination of a universal class II
helper epitope in tandem with the class I restricted Ova peptide enhances the adjuvant
effect of ahCD27, giving rise to prolonged survival in mice bearing intracranial Ova-
expressing tumors. We leveraged this mechanistic information to develop a therapeutic
synthetic peptide vaccine platform targeting both CD4* and CD8* T cells against a
clinically-relevant antigen, Trp2, such that the adjuvant potential of chCD27 is optimally
exploited. Our findings serve as the foundation for the development of a highly
translatable treatment modality for tumor immunotherapy and highlight the importance

of rationally-designed vaccine/adjuvant combinations.
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4.1 Introduction

Recent approvals by the FDA for the checkpoint inhibitors ipilimumab and
nivolumab have served to validate immunomodulatory antibodies as a treatment
modality for cancer. Additionally, immunomodulatory agonist antibodies that target T
cell costimulatory molecules offer an alternative approach for modulating the tumor
immune response. CD27, a member of the tumor necrosis factor receptor (TNFR)
superfamily, is a costimulatory molecule expressed on naive CD4* and CD8* T cells and
is a promising target for costimulatory immunomodulation. Binding of CD27 by its
ligand, CD70 on activated DCs (406), promotes proliferation (364) and enhanced
survival (367) of antigen-primed T cells and leads to an upregulation in their production
of inflammatory cytokines (e.g., IFN-y) (366, 407), and soluble CD70 has been shown to
enhance vaccine responses (373). Furthermore, in preclinical tumor studies, CD27
stimulation has been shown to decrease the threshold of CD8* T cell activation to low-
affinity antigens (408) and enabled T cell priming to a vaccine that otherwise induces T
cell tolerance (374). As such, we believe that targeting of the CD27 pathway is a highly
promising strategy for potentiating the tumor immune response in the clinical setting.

Recently, a novel fully human anti-human CD27 monoclonal antibody (ahCD27
mAb) was developed, which binds with high affinity to induce potent human T cell
responses in the context of T cell receptor stimulation (403). This antibody (varlilumab)

has shown significant responses and limited toxicity in various preclinical tumor models
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(405) and early phase I clinical trials as a monotherapy for hematologic malignancies and
solid tumors (NCT01460134). However, the use of ahCD27 in such settings relies on
antibody-mediated cell cytotoxicity (ADCC) through binding of CD27 on the surface of
lymphoma cells and/or the induction of endogenous antitumor immune responses
against immunogenic tumors. As such, the success of monotherapy ahCD27 in the
setting of poorly immunogenic tumors and/or those lacking surface CD27 expression
may be limited.

There is mounting evidence, however, that combining immunomodulatory
antibodies with tumor vaccines that are otherwise therapeutically ineffective can
enhance the vaccine-induced immune response and promote robust tumor-specific T cell
activity (294-296), but until now, the use of ahCD27 as a vaccine adjuvant has not been
explored. Historically, vaccine adjuvants have consisted of agents that directly stimulate
and activate antigen-presenting cells to enhance antigen presentation and the
subsequent activation of CD8* T cells, but more recently, immunomodulatory antibodies
that directly stimulate tumor-specific T cells have garnered interest as potential adjuvant
strategies. A limitation that is common to many vaccine/adjuvants combinations,
however, is that the two components are often not tailored to each other to allow for
maximum immune responses, largely because their detailed mechanisms of action are
poorly understood. For example, concomitant vaccine-induced CD4* T cell help is

known to strengthen CD8* T cell vaccine responses, and, as such, it is plausible that the
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activity of an immunomodulatory agent that targets both CD4* and CD8* T cells could
be optimized in the setting of multi-epitope vaccines. Therefore, because CD27 is
expressed on both CD4* T cells and CD8* T cells, we hypothesized that athCD27 could be
leveraged as a potent vaccine adjuvant and that its immune-potentiating effects would
be enhanced in the setting of vaccines that targets both of these T cell subsets.

In this study, we report a novel pre-clinical therapeutic application of ahCD27 as
a vaccine adjuvant for the treatment of poorly immunogenic intracranial tumors. We
show that ahCD27 enhances the vaccine-induced T cell response and prolongs survival
of mice bearing intracranial tumors in a T cell-dependent fashion. Interestingly, we
demonstrate that a robust adjuvant effect of ahCD27 requires vaccination with tandem
epitopes targeting both CD4* and CD8+ T cells and that ahCD27 exerts its adjuvant
activity by coordinating CD4* and CD8* T cell responses. We apply our findings towards
a novel strategy for the use of this clinically available achCD27 mAb as a peptide vaccine
adjuvant for a clinically-relevant tumor antigen. Our findings serve as the foundation for
the development of a highly translatable tumor treatment modality and open the door to

a new wave of rationally-designed adjuvant strategies for tumor immunotherapy.

4.2 Materials and Methods
4.2.1 Study Design

The goal of this study was to characterize the adjuvant activity of a clinically

available immunomodulatory agonist anti-CD27 antibody to develop a translatable
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vaccine platform for brain tumor immunotherapy. The experimental design involves
studies of vaccine-induced immunogenicity and survival of mice bearing intracranial
tumors. All mice were of the C57BL/6 background, aged 6-12 weeks, and female; naive
or tumor-bearing animals were randomized into treatment groups before the start of
each experiment. Immunogenicity experiments were performed in groups of 5 mice
each, while survival studies were performed with group sizes in excess of 7 mice each.
Sample sizes were calculated using F-power analysis (a = 0.05) to yield at least 80%
power to detect interactions, based on pilot data. For survival studies, pre-defined
humane endpoints were used, according to the Duke University Institutional Animal
Care and Use Committee (IACUC) guidelines. All experimental protocols and
procedures were approved by the Duke University IACUC. All experiments were

performed at least three times, and all outliers were included in the data analysis.

4.2.2 Mice and Tumor Cell Lines

All mice were bred and maintained under pathogen-free conditions at Duke
University Medical Center (DUMC). C57BL/6 mice were obtained from Charles River
Laboratories (Wilmington, NC, USA), and transgenic OT-I and OT-II mice were
obtained from Jackson Laboratories (Bar Harbor, ME, USA). hCD27 transgenic mice
(405) were obtained from Celldex Therapeutics (Hampton, NJ, USA) and bred at DUMC.
Homozygous hCD27 males were bred with C57BL/6, OT-I, or OT-II females to generate

heterozygous hCD27, hCD27xOT-I, or hCD27xOT-II mice, respectively, for use in
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experiments. All animal experiments were performed according to protocols approved
by the Duke University IACUC (Protocol Number: A283-15-11). The tumor cell lines
B16.F10 and B16.OVA were a kind gift from Dr. Richard G. Vile at Mayo Clinic (409,
410). All cell lines used were submitted for cell line authentication (Cell Check) and
pathogen testing including mycoplasma testing (IMPACT) at IDEXX BioResearch prior
to use. We confirmed species of origin, cell line specific markers and assessed for

possible cross-contamination with other cell lines or pathogens.

4.2.3 Evaluation of Vaccine-induced T cell Responses

Whole ovalbumin protein was purchased from Sigma Aldrich (St. Louis, MO,
USA), and custom peptides were purchased from JPT (Berlin, Germany) (Table X).
hCD27 mice were vaccinated on day 0 with 2.5 mg intraperitoneal whole Ova protein
resuspended at 10 mg/mL in water or intradermally with the indicated peptide
emulsified in incomplete Freund’s adjuvant (IFA) (ThermoFisher, Waltham, MA, USA).
Mice were dosed intraperitoneally on days -3 and 0 with 100 pg ahCD27 (Celldex
Therapeutics) or recombinant human IgG1 Fc isotype control (Bio X Cell, West Lebanon,
NH, USA). On day 7, whole blood (50-100 uL) was collected by retro-orbital puncture
for flow cytometric analysis of Ova(l)-specific cells, and spleens were harvested for

ELISPOT assays.
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4.2.4 Flow Cytometric Analysis of Ova(l)-specific CD8" T Cells

For the detection of circulating Ova(I)-specific CD8+ T cells, 50 uL whole blood
was incubated with rat anti-mouse CD8-FITC (BD Biosciences, San Jose, CA, USA) and
H2-Kb(SIINFEKL)-PE murine tetramer (MBL International, Woburn, MA, USA) in 100
uL PBS in the dark for 30 min at room temperature. Red blood cells (RBCs) were lysed,
and cells were fixed with 1 mL 1X FACS Lysing Solution (BD Biosciences) in the dark for
15 min at room temperature and washed in PBS. All samples were analyzed on a
FACSCalibur flow cytometer (BD Bioscences); absolute numbers per pL blood were
calculated using Flowcount® beads (Beckman Coulter, Indianapolis, IN, USA),

according to the manufacturer’s instructions.

4.2.5 IFNy ELISPOT

Vaccine-specific T cell responses were evaluated ex vivo by IFNy ELISPOT.
MultiScreen® 96-well filter plates (EMD Millipore, Billerica, MA, USA) were coated with
10 pug/mL anti-mouse IFNYy antibody (Mabtech, Cincinnati, OH, USA) overnight at 4°C.
A total of 2.5 x 10° splenocytes/well were incubated in duplicate in RPMI media
supplemented with 10% FBS (Gemini Bio-Products, West Sacramento, CA, USA), 1X
non-essential amino acids (Life Technologies, Carlsbad, CA, USA), 1 mM L-glutamine
(Life Technologies), and 100 IU/mL penicillin + 100 pg/mL streptomycin (Life
Technologies), in the presence or absence of 1 pg/mL of the indicated peptide overnight

at 37°C in a 5% CO: incubator. Spots were developed using 1 ug/mL biotinylated anti-

121



mouse IFNy mAb (Mabtech), a VECTASTAIN® Elite ABC horseradish peroxidase kit
(Vector Laboratories, Burlingame, CA, USA), and AEC substrate chromagen (Sigma);

spots were quantified by ZellNet Consulting (Fort Lee, NJ, USA).

4.2.6 Intracellular Ki67 Staining

Whole blood was obtained from mice vaccinated with whole Ova protein and
incubated with CD8-APC (BD Biosciences) and H2-Kb(SIINFEKL)-PE, as described
previously. RBCs were lysed, and cells were fixed and permeabilized with 1 mL 1X
Fixation/Permeabilization buffer (Affymetrix, Santa Clara, CA, USA) in the dark for 15
min at room temperature. Cells were washed in 3 mL 1X permeabilization wash
(Affymetrix) and incubated with Ki67-FITC for 30 min in the dark at room temperature.
Cells were washed again in 1X permeabilization wash and analyzed on a FACSCalibur

flow cytometer.

4.2.7 Tumor Implantation

B16.F10 and B16.OVA cells were grown in DMEM (Life Technologies), 10% FBS
and 2 mM L-glutamine at 37°C in 5% COs2. For intracranial tumor implantation, cells
were harvested, resuspended at 3 x 10° cells/mL (B16.OVA) or 2 x 10° cells/mL (B16.F10),
mixed 1:1 with 10% methylcellulose in PBS, and loaded into a 250 mL syringe
(Hamilton, Reno, NV) with an attached 25-gauge needle. The needle was positioned 2
mm to the right of bregma and 4 mm below the surface of the skull at the coronal suture

using a stereotactic frame (Kopf Instruments, Tujunga, CA). A dose of 7,500 cells
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(B16.OVA) or 500 cells (B16.F10) in a total volume of 5 pL was injected into hCD27 mice.
Tumor-bearing mice were monitored daily for morbidity endpoints and survival

according to the Duke University IACUC guidelines.

4.2.8 Analysis of Tumor-Infiltrating Lymphocytes

Tumors were harvested at day 14 after implantation and homogenized in a
Stomacher® 80 Biomaster (Seward, Islandia, NY) in 6 mL digestion buffer [RPMI 1640
supplemented with 100 IU/mL penicillin + 100 pug/mL streptomycin, 1 mM L-glutamine,
1X non-essential amino acids, 1 mM sodium pyruvate (Life Technologies), 25 uM -
mercaptoethanol (ThermoFisher), 10% FBS, 133 pg/mL DNase I (Roche, Indianapolis,
IN, USA), and 133 units/mL Type IV collagenase (Life Technologies)] for 20 min at 37°C.
The resultant cell suspension was filtered through a 40 um strainer and washed twice
with PBS. The cells were stained with LIVE/DEAD® (ThermoFisher), H2-Kb(SIINFEKL)
tetramer, and antibodies for CD3, CD4, and CD8 cell surface markers (BD Biosciences),
according to the manufacturers” instructions. The cells were resuspended in 150 pL PBS

and analyzed on a FACSCalibur flow cytometer.

4.2.9 T cell Depletion Studies

For immunogenicity studies, mice were depleted of CD4+ or CD8+ cells in the
priming phase by once daily intraperitoneal doses of 200 ug aCD4 (GK1.5, Bio X Cell) or
aCD8 (2.43, Bio X Cell), respectively, for three consecutive days prior to vaccine/ahCD27

administration (as previously described), and immune responses were assessed at day 7
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after vaccination. For survival studies, CD8* cells were depleted by once daily
intraperitoneal administration of 200 pug aCD8 for three consecutive days immediately
after intracranial tumor implantation and before Ova/ahCD27 treatment. For CD4
depletion studies in tumor-bearing mice, a tumor challenge model was employed in
which mice were implanted with intracranial B16.OVA tumors one week after
vaccination with whole Ova protein and ahCD27; CD4* cells were depleted by once
daily intraperitoneal administration of 200 ug aCD4 for three consecutive days prior to
Ova/ahCD27 vaccination (priming phase) or for three consecutive days immediately

after intracranial tumor implantation (effector phase).

4.2.10 Adoptive Lymphocyte Transfers

CD4* and CD8* T cells were purified from the spleens of OTII and OTI mice,
respectively, by magnetic labeling in an autoMACs® Pro Separator (Miltenyi Biotec, San
Diego, CA). Briefly, spleens were disaggregated and filtered into single cell suspensions,
and RBCs were removed by incubating for 5 min in 1X lysis buffer (BD Biosciences). The
splenocytes were then washed once in RPMI media and once in MACs buffer (Miltenyi
Biotec) and resuspended at 2.5 x 108 cells per mL. The cells were then subject to magnetic
labeling and T cell isolation using CD4* and CD8* T cell isolation kits (Miltenyi Biotec),
according to the manufacturer’s instructions. The purified CD4* and CD8* T cells were

then mixed at a 2:1 ratio in PBS at a total cell concentration of 3 x 107 per mL, and 100 pL
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of the appropriate cell mixture was injected intravenously in the tail veins of wildtype

C57BL/6 mice.

4.2.11 Statistical Analysis

Overall survival was computed from the date of tumor implantation to the date
of humane endpoint or death. Survival distributions are described using Kaplan-Meier
methods, and the Gehan-Breslow-Wilcoxon test was used to compare survival
distributions between treatment groups. Student’s unpaired t-test was used to compare
IFNYy SFU and tetramer values upon adjuvant ahCD27 administration versus isotype
control. One-way ANOVA was used to analyze TIL levels and the effect of T cell
depletion on the ovalbumin vaccine response. Two-way ANOVA was used to assess the
magnitude of the effect of ahCD27 on the CD8* T cell response in animals receiving
different vaccine types. Associations of class II responses with class I responses were

assessed using the Pearson correlation coefficient.

4.3 Results

4.3.1 ahCD27 Combined With a Whole Ovalbumin Protein Vaccine
Enhances CD8" T cell Antitumor Immune Responses

ahCD27 was previously shown to prolong survival of human CD27 transgenic
mice (hCD27 mice) bearing subcutaneous ovalbumin-expressing EG.7 (thymoma)
tumors in a T cell-dependent manner (405). We thus evaluated the effect of ahCD27 on
the immune response to vaccination with whole Ova protein. Groups of hCD27 mice

received whole Ova protein combined with ahCD27 or hlgGl, and vaccine responses
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were evaluated by the frequency and effector function of T cells specific for the
immunodominant class I epitope (Ova(I)) (Figure 18). Remarkably, we found that the
frequency of peripheral blood Ova(l)-specific CD8* T cells increased from ~0.5% to ~7%
in mice that received whole Ova combined with ahCD27 compared to hlgG1 controls
(Figure 18A, P = 0.0035). This increased level of Ova(I)-specific peripheral blood T cells
was accompanied by an increase in their proliferation, as determined by intracellular
Ki67 staining (Figure 18B, P = 0.014). Furthermore we observed a ~15-fold increase in the
level of IFNy-producing splenic lymphocytes upon ex vivo re-stimulation with Ova(l)

peptide compared to that of controls (Figure 18C, P <0.0001).
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Figure 18: «hCD27 Enhances the CD8 Immune Response to an Ova Protein
Vaccine.

Groups of hCD27 mice (n =5 per group) received intraperitoneal ovalbumin protein
alongside ahCD27 or hlgG1 isotype control (3 days prior to and on the day of whole
Ova protein vaccination), and Ova(I)-specific CD8* T cell responses were evaluated by
H2-Kb(SIINFEKL)-PE tetramer staining of peripheral blood cells one week after
vaccination (A). The proliferation of Ova(I)-specific CD8* T cells was evaluated by
intracellular Ki67 staining of peripheral blood cells (B). Vaccine-induced CD8* T cell
responses were also evaluated by ex vivo re-stimulation of splenocytes with Ova(l)
peptide in an ELISPOT assay (C). Statistical analyses were performed using Student’s
unpaired t-test, and statistical significance was determined at a *P value < 0.05. SFU =
spot-forming unit; [IFNy = interferon v.

We next evaluated the effect of ahCD27 on the efficacy of whole Ova protein

vaccination in hCD27 mice bearing 3-day established intracranial B16.OVA tumors.
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Monotherapy ahCD27 did not significantly prolong survival of tumor-bearing mice
(Figure 19A). In contrast, animals that received whole Ova protein vaccine plus adjuvant
ahCD27 experienced an 18-day increase in median survival compared to control animals
(Figure 19A, Ova + ahCD27 vs. Ova + hlgGl: P = 0.0024). Importantly, this survival
benefit depends upon Ova expression by the tumor, as this combination treatment was

not efficacious against B16.F10 parent tumors (Figure 19B).
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Figure 19: «hCD27 Combined with Ovalbumin Protein Gives Rise to
Antitumor Efficacy.

The efficacy of whole Ova protein +/- chCD27 (n =7 per group) was evaluated in
hCD27 mice bearing 3-day established intracranial B16.OVA (A) or parental B16.F10 (B)
tumors. Statistical analyses were performed using Gehan-Breslow-Wilcoxon test, and
statistical significance was determined at a *P value < 0.05.
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4.3.2 The Antitumor Efficacy of Combined Ovalbumin Protein and
ahCD27 is Dependent Upon CD8" T cells

Because we found that ahCD27 enhances the immune response to the
immunodominant class I epitope in whole Ova protein, we next evaluated the role of
CD8* T cells in the antitumor efficacy of this vaccine platform. Our flow cytometric
analysis of tumor-infiltrating lymphocytes (TILs) revealed an increase in the level of
Ova(I)-specific CD8+ T cells from mice treated with whole Ova + ahCD27 compared to
control animals (Figure 20A, Ova vs Ova + ahCD27: P = 0.0162). Furthermore, the
depletion of CD8+ T cells abrogated the antitumor efficacy of this combination treatment
(Figure 20B, Ova + ahCD27 vs. Ova + ahCD27 + aCD8: P = 0.0017), indicating that the
antitumor effect is dependent upon the vaccine-induced tumor-specific CD8+ T cell
response. Overall, these data suggest that the strong Ova(l)-specific vaccine response
provided by adjuvant ahCD27 alongside whole Ova protein promotes the robust
induction and effector activity of antitumor CD8* T cells for prolonged survival against

intracranial B16.OVA tumors.
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Figure 20: The Antitumor Efficacy of Combined Ovalbumin and ahCD27 is
CD8-Dependent.

Groups of hCD27 mice (n =4 per group) bearing intracranial B16.OVA tumors
received whole ovalbumin protein +/- thCD27, as previously described; their tumors
were harvested two weeks after tumor implantation, and the level of tumor-infiltrating
Ova(I)-specific CD8* T cells was evaluated by H2-Kb(SIINFEKL)-PE tetramer staining
(A). hCD27 mice bearing 3-day established intracranial B16.OVA tumors (n =7 per
group) were treated with whole ovalbumin combined with achCD27, and CD8* cells
were depleted by aCD8 (2.43) administered intraperitoneally for 3 consecutive days
immediately after tumor implantation (B). Statistical analyses were performed using
one-way ANOVA with Tukey post-hoc comparisons (A) or the Gehan-Breslow-
Wilcoxon test (B). Statistical significance was determined at a *P value < 0.05. TIL =
tumor-infiltrating lymphocyte.
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4.3.3 ahCD27 Enhances the Immune Response to a Class | Restricted
Ovalbumin Peptide Vaccine but does not Promote Tumor Efficacy

Table 3: Peptide Sequences

Peptide Residue Sequence

Ova(l) Ova(257-264) SIINFEKL

Ova(ll®) | Ova(265-280) TEWTSSNVMEERKIKV

Ova(ll®) | Ova(323-339) ISQAVHAAHAEINEAGR

Ova(l-1™) | Ova(257-280) SIINFEKLTEWTSSNVMEERKIKV

P30 TT(948-968) FNNFTVSFWLRVPKVSASHLE

Ova(l)-P30 Sgg(zw'%“)""“ker'TT(948' SIINFEKLRVKRFNNFTVSFWLRVPKVSASHLE
Trp2(l) Trp2(180-188) SVYDFFVWL

gg%za)- gég‘;(lso'm)""”ker'TT(948' SVYDFFVWLRVKRFNNFTVSFWLRVPKVSASHLE

In light of our findings that ahCD27 enhances the CD8+ T cell response to whole
Ova protein vaccination, we examined the effect of athCD27 on the immune response to
the immunodominant class I restricted ovalbumin epitope, Ova(l) (Table 3). Groups of
hCD27 mice received Ova(I) peptide combined with chCD27 or hlgGl1 isotype control,
and vaccine responses were evaluated by the frequency and effector function of Ova(l)-
specific T cells (Figure 21A and 21B). Surprisingly, and in contrast to our results with
whole Ova protein vaccination, we observed only a slight increase in the frequency of
Ova(I)-specific peripheral blood CD8+ T cells from ~0.2% to 0.6% (Figure 21A, P =
0.0166) and only a ~3-fold increase in the level of IFNy-producing splenic lymphocytes
upon ex vivo re-stimulation with Ova(I) peptide (Figure 21B, P = 0.0094). Furthermore,
the combination of ahCD27 with Ova(I) did not have an impact on the survival of
tumor-bearing mice (Figure 21C). These findings revealed that the vaccine composition

considerably influences the adjuvant potential of ahCD27, which led us to our
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subsequent experimental evaluation to better understand the mechanism by which

ahCD27 enhances the vaccine response.
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Figure 21: ahCD27 Enhances the Immune Response to Ova(I) Peptide but is
Insufficient to Promote Antitumor Efficacy.

Groups of hCD27 mice (n =5 per group) received intradermal Ova(I) peptide
emulsified in IFA alongside ahCD27 or hIgG1 isotype control (administered
intraperitoneally 3 days prior to and on the day of Ova(l) vaccination), and CD8* T cell
responses were evaluated one week after vaccination by H2-Kb(SIINFEKL)-PE tetramer
staining of peripheral blood cells (A) and ex vivo re-stimulation of splenocytes with
Ova(l) peptide in an ELISPOT assay (B). The efficacy of Ova(I) peptide +/- athCD27 was
evaluated in hCD27 mice bearing 3-day established intracranial B16.OVA tumors (n=7
per group) (C). Statistical analyses were performed using Student’s unpaired t-test (A
and B) or the Gehan-Breslow-Wilcoxon test (C). Statistical significance was determined
at a *P value < 0.05. PBL = peripheral blood leukocyte; SFU = spot-forming unit; IFNy =
interferon .
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4.3.4 CD4" T cells are Required for the Adjuvant Effect of ahCD27

Given the discrepancies we observed between whole Ova protein and the class I
restricted Ova(l) peptide, we hypothesized that CD4+ T cell responses to ovalbumin
class II epitopes contribute to the enhanced immunogenicity observed in the setting of
whole Ova protein and adjuvant ahCD27. We evaluated the immune response to two
immunodominant Ova class II epitopes, Ova(265-280) (Ova(ll*)) and Ova(323-339)
(Ova(II®)) (Table 3), upon whole Ova protein vaccination, with or without ahCD27.
Indeed, we found that the addition of ahCD27 enhances the T cell response to both
epitopes, as determined by IFNy ELISPOT (Figure 22A, P = 0.0056; Figure 22B, P = 0.071;

representative results shown in Figure 22C).

>
oy}

C Ova(ll)  Ova(llB)

(2]
(=)
1

154

c c

© 8 *"p=0.0056 @ S p=0071
g8 = s = O
e E s E =
N 20+ N 104 =
g e g e
0 g 0
2= S 'z N
6 10 6§ 5 a
£ © £ 9 2
£ s ] °
= 5 oA = 5 -

Ova + Ova + Ova + Ova +

higG1 «hCD27 higG1 «hCD27

Figure 22: thCD27 Enhances the CD4* T Cell Response to Class II Ovalbumin
Epitopes.

The immune responses to two class II ovalbumin epitopes in hCD27 mice (n =5
per group) vaccinated with intraperitoneal whole Ova protein alongside ahCD27 or
hIgGl isotype control (as described previously) were evaluated one week after

133



vaccination by ex vivo re-stimulation of splenocytes with Ova(II*) (A) or Ova(II®) peptide
(B) in an ELISPOT assay. Representative ELISPOT images are shown in (C). Statistical
analyses were performed using Student’s unpaired t-test, and statistical significance was
determined at a *P value < 0.05. SFU = spot-forming unit; IFNy = interferon .

Additionally, we evaluated the role of priming or effector CD4* T cells on the
ahCD27-mediated CD8* vaccine response by depleting CD4* T cells prior to the
administration of whole Ova protein (removal of priming CD4* T cells) or 6 days after
the vaccine (removal of effector CD4* cells). We found that the depletion of CD4+ T cells
in the priming phase significantly reduced the adjuvant effect of hCD27 on the CD8* T
cell response upon ex vivo re-stimulation with Ova(I) peptide (Figure 23A, Ova +

ahCD27 vs Ova + ahCD27 + aCD4 priming: P = 0.00316), while the depletion of effector

CD4* T cells had no significant effect on the ex vivo CD8* T cell response (Figure 23A).
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Figure 23: CD4* Cell Depletion Abrogates the Adjuvant Effect of ahCD27.

(A) hCD27 mice (n =5 per group) received whole ovalbumin +/- ahCD27, as
previously described; CD8* cells were depleted by aCDS8 antibody (2.43) administered
intraperitoneally for 3 consecutive days immediately prior to the first chCD27
administration, and CD4* cells were depleted by aCD4 antibody (GK1.5) administered
intraperitoneally for 3 consecutive days beginning 5 days after vaccination (effector), or
3 consecutive days immediately prior to the first thCD27 administration (priming), and
CD8* T cell responses were determined 8 days after vaccination by ex vivo re-stimulation
of splenocytes with Ova(l) peptide. (B) hCD27 mice (n =7 per group) received whole
Ova protein combined with ahCD27 one week prior to intracranial B16.OVA tumor
implantation; CD4* cells were depleted by aCD4 (GK1.5) administered intraperitoneally
for 3 consecutive days immediately prior to ahCD27 treatment (priming phase) or
immediately after tumor implantation (effector phase). Statistical analyses were
performed using a one-way ANOVA with Tukey post-hoc comparisons (A), or the
Gehan-Breslow-Wilcoxon test (B), and statistical significance was determined at a *P
value < 0.05. SFU = spot-forming unit; [IFNy = interferon .
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We also evaluated the effect of CD4* T cells on the observed antitumor efficacy of
whole Ova protein vaccination combined with ahCD27. We employed a challenge
setting of intracranial B16.OVA such that the priming and effector phases of the vaccine
response could be distinguished. We found that a lack of CD4* T cells during the
priming phase of the vaccine response (i.e., CD4* T cell depletion before vaccine/ahCD27
administration) significantly abrogated tumor efficacy, while a lack of CD4* T cells
during the effector phase (i.e., CD4* cell depletion at the time of tumor implantation and
one week after vaccination) had no effect on the efficacy of whole Ova + ahCD27 (Figure
23B, Ova + ahCD27 vs Ova + ahCD27 + aCD4 priming: P = 0.0004). Taken together,
these data reveal that CD4* T cell help is critical for the observed adjuvant effect of
ahCD27 and highlight the need for a rational design approach in the development of

this novel vaccine/adjuvant platform.

4.3.5 CD27 Stimulation on Vaccine-specific CD4" and CD8" T cells is
Necessary for the Adjuvant Effect of ahCD27

To explore how CD4* T cells contribute to the adjuvant effect of ahCD27, we
asked whether the direct engagement of CD27 on antigen-specific CD4* T cells was
necessary for the observed increase in the vaccine-induced CD8* T cell response. We
employed an adoptive transfer consisting of CD8* T cells purified from OT-I or
hCD27xOT-I transgenic mice, in which the CD8* T cells are specific for Ova(I), and CD4*

T cells purified from OT-II or hCD27xOT-II transgenic mice, in which the CD4* T cells
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are specific for Ova(II®). We assessed whole Ova vaccine responses in wildtype C57BL/6
mice that received intravenous infusions of combined CD8* and CD4* T cells purified

from OT-I or OT-IxhCD27 and OT-II or OT-IIxhCD27, respectively, along with adjuvant

ahCD27 (Figure 24A).
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Figure 24: CD27 Stimulation on Antigen-Specific CD4* and CD8* T Cells is
Necessary for the Adjuvant Effect of ahCD27.

(A) Schematic of adoptive transfer experiment. CD8* or CD4* T cells were isolated from
OTI or OTIxhCD27 mice and OTII or OTIIxhCD27, respectively, and intravenously
infused into a wildtype C57BL/6 host one day prior to ahCD27 and Ova protein
administration; CD8* T cell responses were measured by IFNy ELISPOT upon re-
stimulation with Ova(I) peptide (B) and intracellular Ki67 staining of peripheral blood
cells (C) one week after vaccination. Statistical analyses were performed using a two-
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way ANOVA with Tukey post-hoc comparison. Statistical significance was determined
at a *P value < 0.05. SFU = spot-forming unit; IFNy = interferon .

We found that vaccine responses were highest in mice that received both OT-
IxhCD27 CD8+ T cells and OT-IIxhCD27 CD4* T cells, as measured by ex vivo re-
stimulation with Ova(I) (Figure 24B, OTI + OTII vs OTIxhCD27 + OTIIxhCD27: P = 0.028)
and proliferation of peripheral blood Ova(l)-specific CD8* T cells (Figure 24C, OTI +
OTII vs OTIxhCD27 + OTIIxhCD27: P = 0.047), indicating that direct CD27 stimulation
on both Ova(l)-specific CD8+ and Ova(lI®)-specific CD4* T cells contributes to the
adjuvant effect of ahCD27. Taken together, these data suggest that ahCD27 enhances
the CD4" T cell response to ovalbumin, thereby increasing the level of CD4* T cell help
during priming to allow for a more pronounced vaccine-induced CD8* effector response.
In other words, the adjuvant activity of ahCD27 on CD8* T cells is enhanced by
simultaneous CD27 stimulation on vaccine-induced antigen-specific CD4* T cells, likely

by instilling coordinated CD4* and CD8* immune responses.

4.3.6 Tandem Class | and Il Ovalbumin Epitopes Enhance the Vaccine
Response in the Setting of Adjuvant ahCD27

Given our previous data showing an integral role for vaccine-specific CD4* T
cells in leveraging the adjuvant activity of ahCD27, we hypothesized that the effect of
ahCD27 in the setting of Ova(l) peptide could be enhanced by concomitant vaccination
with an immunodominant class II epitope from ovalbumin. We evaluated the effect of

ahCD27 on the vaccine response to combined individual Ova(l) and Ova(II*) peptides,
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as well as the long tandem peptide Ova(I-II*), a native peptide sequence present in
whole Ova protein (Table 3). We found that ahCD27 enhances the vaccine-induced
CD8+ T cell response to a greater degree in the setting of Ova(I-1I*) compared to Ova(l),
as measured by ex vivo responses upon re-stimulation with Ova(l) peptide (Figure 25A
and 25B, P = 0.015, two-way ANOVA with interaction), but no significant differences
were observed between Ova(l) and unlinked Ova(I) + Ova(II*). Notably, the response
from the tandem Ova(I-II*) peptide vaccine is comparable to whole Ova protein in the

setting of adjuvant ahCD27.
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Figure 25: The Adjuvant Effect of ahCD27 is Enhanced by a Linked
Ovalbumin Class II Epitope.

(A) The CD8* T cell immune response was evaluated with or without adjuvant ahCD27
in the setting of four different ovalbumin vaccines: Ova(l) peptide alone, a two-peptide
cocktail of Ova(I) and Ova(IIA) peptides, Ova(l) peptide linked in tandem with Ova(Il),
and whole Ova protein. (B) Representative ELISPOT images. (C) Survival of hCD27 mice
bearing intracranial B16.OVA tumors treated with Ova(I-IIA) with or without ahCD27.
Statistical analyses were performed using two-way ANOVA with Tukey post-hoc
comparisons (A); the Gehan-Breslow-Wilcoxon test was used to evaluate differences in
survival (C). Statistical significance was determined at a *P value < 0.05. SFU = spot-
forming unit; IFNy = interferon .
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Because linked Ova(I-1I*) peptide leads to a stronger Ova(l)-specific CD8* T cell
response than the two individual peptides administered concomitantly, we believe that
CD27 stimulation on CD4* T cells enhances their helper role towards CD8* T cells during
cognate antigen presentation. Indeed, whereas ahCD27 combined with Ova(l) is not
efficacious against intracranial B16.OVA tumors, adjuvant ahCD27 combined with
Ova(I-1I*) peptide gives rise to a significant increase in median survival (Figure 25C,
Ova(I-11*) + hIgG1 vs Ova(I-1I*) + ahCD27: P = 0.0004), in a similar vein to whole Ova +
ahCD27. Taken together, our data demonstrate that CD27 stimulation directs
cooperative CD4* and CD8* T cell responses to enhance the efficacy of peptide vaccines

against poorly immunogenic tumors.

4.3.7 A Universal Helper Epitope Enhances the Vaccine Response in
the Setting of Adjuvant ahCD27

To determine if non-specific CD4+ T cell help is sufficient to instill antitumor
efficacy of our peptide vaccine platform, we evaluated the adjuvant activity of ahCD27
with a known CD4* T cell universal class II helper epitope, tetanus toxin (TT) P30
(TT(948-968)) (411). This helper peptide has been proven safe and effective in
immunotherapy trials (412, 413) and was also previously shown to enhance the CD8* T
cell response to the Ova(I) epitope (414). We evaluated the vaccine response to a tandem
peptide vaccine consisting of Ova(I) covalently linked with the P30 epitope (Ova(I)-P30)
(Table 3), with or without adjuvant ahCD27. A linker sequence consisting of a furin

cleavage site (415) was included between the two epitopes to ensure that this synthetic
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long peptide would be processed into two distinct epitopes. Indeed, we found that
ahCD27 enhances the vaccine response to Ova(I)-P30 (Figure 26A and 26B, Ova(I)-P30 +
higG1 vs Ova(I)-P30 + ahCD27: P = 0.0003) and that the CD8 response to Ova(I) was
greater upon vaccination with Ova(I)-P30 compared to Ova(l) in the setting of adjuvant
ahCD27 (Figure 26A and 25B, Ova(l) + ahCD27 vs Ova(I)-P30 + ahCD27: P = 0.0327).
Moreover, Ova(I)-P30 with combined ahCD27 prolonged survival in hCD27 mice
bearing intracranial B16.OVA tumors (Figure 26C, Ova(I)-P30 + higG1 vs Ova(I)-P30 +

ahCD27: P = 0.0005).
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Figure 26: The Adjuvant effect of ahCD27 is Enhanced by a Linked Universal
Helper Epitope.
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(A) CD8* T cell immune responses were evaluated in mice vaccinated with Ova(I) or
Ova(I)-P30 peptides, with or without ahCD27; additionally, the effect of CD4* T cell
depletion on the CD8* T cell immune response was evaluated in mice vaccinated with
combined Ova(I)-P30 and ahCD27. (B) Representative ELISPOT images from mice
vaccinated with Ova(l) or Ova(I)-P30 with or without ahCD27. (C) Survival of hCD27
mice bearing intracranial B16.OVA tumors treated with Ova(I)-P30 with or without
ahCD27. Statistical analyses were performed using two-way ANOVA with Tukey post-
hoc comparisons (A); the Gehan-Breslow-Wilcoxon test was used to evaluate differences
in survival (C). Statistical significance was determined at a *P value < 0.05. SFU = spot-
forming unit; IFNy = interferon .

Importantly, our analysis revealed that ahCD27 enhances the vaccine-induced
CD8 response to a greater degree in the setting of Ova(I)-P30 compared to Ova(I) alone
(P =0.0479), suggesting that the inclusion of this CD4+ T cell helper epitope strengthens
the adjuvant effect of ahCD27. In further support of this claim, the enhanced CD8+ T cell
response was abrogated when CD4+ T cells were depleted prior to vaccine
administration (Figure 26A, Ova(I)-P30 + ahCD27 vs Ova(I)-P30 + ahCD27 + aCD4: P =
0.0001). These data indicate that a universal class II helper epitope enhances the adjuvant
activity of ahCD27, thereby broadening the utility of this vaccine strategy by eliminating

the need for a tumor-derived class II epitope in the vaccine.

4.3.8 ahCD27 Enhances the Immune Response to a Clinically-
Relevant Antigen

To demonstrate the clinical feasibility of «hCD27 as a vaccine adjuvant, we
evaluated the ability of ahCD27 to enhance the vaccine response to a clinically-relevant

tumor antigen, tyrosinase-related protein 2 (Trp2). Trp2 is a melanoma-associated
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antigen (416) and has also been reported to be expressed in up to 35% of malignant
gliomas (417) and various other primary brain tumors (418). Vaccination with the Trp2
immunodominant class I epitope (Trp2(I)) (Table 3) has been shown to promote robust
antigen-specific immune responses in C57BL/6 mice (419, 420). We found that ahCD27
enhances the vaccine response to both Trp2(I) and the synthetic tandem peptide Trp2(I)-
P30 (Figure 27A and 27B, Trp2(I) + hIgG1 vs Trp2(I) + ahCD27: P = 0.0220; Trp2(I)-P30 +
higGl vs Trp2(I)-P30 + ahCD27: P = 0.0009). Additionally, similar to our previous
findings, ahCD27 enhances the vaccine-induced CD8+ T cell response to a greater
degree in the setting of Trp2(I)-P30 compared to Trp2(I) alone (P = 0.00147), leading to
an overall higher vaccine response in the setting of Trp2(I)-P30 (Figure 27A, Trp2(I) +

ahCD27 vs Trp2(I)-P30 + ahCD27: P = 0.0004).
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Figure 27: thCD27 Enhances the Efficacy of a Trp2 Peptide Vaccine.

(A) Mice were vaccinated with intradermal Trp2(I) or Trp2(I)-P30 peptides emulsified in
IFA, with ahCD27 or hlgG1 isotype control, and CD8* immune responses were
evaluated one week after vaccination by ex vivo re-stimulation of splenocytes with
Trp2(I) peptide; representative ELISPOT images are shown in (B). (C) Survival analysis
of hCD27 mice bearing 3-day established intracranial B16.F10 tumors treated with
Trp2(I) or Trp2(I)-P30 with ahCD27 or higGl1 isotype control. Statistical analyses were
performed using two-way ANOVA with Tukey post-hoc comparisons (A); the Gehan-
Breslow-Wilcoxon test was used to evaluate differences in survival (C). Statistical
significance was determined at a *P value < 0.05. SFU = spot-forming unit; IFNy =
interferon .
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These results were mirrored in a tumor efficacy experiment, in which «hCD27
combined with Trp2(I)-P30 prolonged survival in mice bearing intracranial B16.F10
tumors (Figure 27C, Trp2(I)-P30 + hlgG1 vs Trp2(I)-P30 + ahCD27: P = 0.0095), while
ahCD27 in combination with Trp2(I) had no effect relative to control groups. Such
findings highlight the clinical potential of ahCD27 as a vaccine adjuvant for tumor

immunotherapy.

4.3.9 CD27 Stimulation Coordinates CD4" T cell Help and Vaccine-
Induced CD8" T cell Responses

Our previous data reveals that vaccination with class II epitopes to target CD4* T
cells increases the capacity for ahCD27 to enhance the vaccine-induced CD8" T cell
response to class I epitopes. This increased adjuvant activity of ahCD27 perhaps occurs
because CD4* T cells have a greater potential to help the CD8* T cell response in the
setting of CD27 stimulation. In this case, the magnitude of the CD4* T cell response
would directly govern the magnitude of the CD8* T cell response in the setting of
adjuvant ahCD27. In consideration of this hypothesis, we analyzed the relationship
between the CD4* and CD8* T cell responses in the settings of ahCD27 and hIgG1l
isotype control. We plotted the ex vivo vaccine-specific T cell responses (as determined
by ELISPOT) of individual animals vaccinated with whole Ova protein, Ova(I)-P30
peptide, or Trp2(I)-P30 peptide, upon re-stimulation with Ova(II*) versus Ova(l) (Figure
28A and 28B), P30 versus Ova(l) (Figure 28C and 28D), and P30 versus Trp2(I) (Figure

28E and 28F), respectively, for cumulative experiments.
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Figure 28: thCD27 Strengthens the Relationship Between Vaccine-Induced
CD4+ and CD8* T Cell Responses.

hCD27 mice (n =5 per group) were immunized with intraperitoneal ovalbumin protein
or intradermal Ova(I)-P30 or Trp2(I)-P30 emulsified in IFA and received combined
ahCD27 or hlgGl, as described previously. Immune responses to class I and II peptide
epitopes were evaluated one week after vaccination by ex vivo re-stimulation of
splenocytes with the peptides shown. Correlation analyses were performed comparing
ex vivo responses to re-stimulation with: 1) Ova(I) and Ova(II*) in mice that received
ovalbumin protein, in the setting of hIgG1 (A) or ahCD27 (B); 2) Ova(I) and P30 in mice
that received Ova(I)-P30 vaccination, in the setting of hIgG1 (C) or ahCD27 (D); 3)
Trp2(I) and P30 in mice that received Trp2(I)-P30 vaccination in the setting of hIgGl1 (E)
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or ahCD27 (F). Results of two separate experiments for each vaccine are shown.
Statistical analyses were performed using Pearson correlation analysis.

Indeed, for all three of these cases, we found that the class II response positively
correlates with the class I response in the presence of adjuvant ahCD27 (Ova(ll) vs
Ova(I), P =0.0156 and R = 0.631; P30 vs Ova(l), P = 0.0299 and R = 0.6817; P30 vs Trp2(I),
P =0.0012 and R = 0.867) (Figure 28). Interestingly, we found no statistically significant
relationship between the CD4+ and CD8+ T cell responses in the setting of hIgG1 isotype
control. Together with our previous data showing that depletion of CD4* cells reduces
the CD8* T cell response upon vaccination with concomitant class I and II epitopes, the
results of this analysis support a causal role of CD4* T cells in the increased adjuvant
effect of ahCD27 on the CD8* T cell response. In other words, the adjuvant effect of
ahCD27 occurs by orchestrating coordinated CD4* and CD8* T cell immune responses,

both of which are vital for the therapeutic success of our vaccine platform.

4.4 Discussion

In this study, we show that ahCD27 enhances the vaccine-induced CD8* T cell
response to a greater degree when combined with vaccines designed to target both CD8*
and CD4* T cells. Furthermore, our findings reveal that the optimal adjuvant effect of
ahCD27 is dependent on CD4* T cell responses and that CD27 stimulation on both
antigen-specific CD4* and CD8* T cells, rather than either T cell compartment alone, is

responsible for the enhanced adjuvant capacity of ahCD27. As such, concomitant
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vaccination of a class II epitope in tandem with a class I restricted peptide enhances the
adjuvant effect of ahCD27, leading to increased tumor-specific CD8* T cell responses
and prolonged survival in tumor-bearing mice. Additionally, we show that the class II
epitope can be a universal helper epitope and does not need to be derived from a tumor-
specific antigen to give rise to antitumor efficacy. As such, we believe that chCD27
coordinates CD4* and CD8* T cell by increasing the helper function of vaccine-specific
CD4* T cells and, thereby, the antitumor effector function of tumor-specific CD8* T cells.
We demonstrate that this mechanistic information can be leveraged to develop a
synthetic peptide vaccine platform targeting both CD4* and CD8* T cells against a
clinically-relevant antigen, Trp2, such that the adjuvant potential of xhCD27 is optimally
exploited.

Importantly, the effect of combining chCD27 with a class II vaccine is not purely
additive, indicating a synergistic relationship between CD27 stimulation and CD4* T cell
help. In other words, our findings imply that robust CD27 stimulation on antigen-
specific CD4* T cells increases their capacity to help cognate antigen-specific CD8* T cells
such that CD4* T cells become the limiting factor in the vaccine-induced CD8* T cell
response. In contrast, endogenous CD27 signaling alone (i.e., in the case of hIgG1) likely
does not allow for sufficient induction of antigen-specific CD4* helper T cells for them to

have a substantial effect on the vaccine-induced CD8* T cell response.
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Indeed, CD27 signaling has been shown to support the differentiation of mouse
CD4* T cells into a Thl subset (421) and enhance their helper activity towards CD8* T
cells (381) and was found to upregulate the expression of IL-12R32 and Tset to drive Thl
polarization in human CD4* T cells (422). The requirement for this CD27-induced
enhanced helper function explains the need for vaccination with tandem class I and II
epitopes, rather than their administration as separate peptides, as CD4* T cell help is
believed to take place in the form of “DC-CD4* T cell clusters” during cognate antigen
presentation to CD8* T cells (423, 424). In addition to CD27 signaling enhancing CD4* T
cell helper activity, we believe that CD4* T cell help renders CD8* T cells more sensitive
to CD27 signaling, thus amplifying the effect of ahCD27 on the CD8* T cell response
compared to the effect that ahCD27 would have in the absence of CD4* T cell help.
Though the mechanism underlying this effect remains unclear, it may be due to an
increase in surface CD27 expression on CD8* T cells mediated by helper cytokines (e.g.,
IL2 or IFNY), or simply by an increase in the number of available CD27+ CD8* T cells via
their IL2-induced proliferation.

Although we found that «hCD27 enhances the vaccine-induced T cell response,
we did not explore the potential effect of CD27 signaling in promoting T cell exhaustion
and/or unwanted stimulation of regulatory T cells (T-regs). Previous studies have shown
that chronic CD27 signaling during antigen stimulation can contribute to T cell

exhaustion, upregulation of death ligands (e.g, PD1), and increased
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immunosuppressive pathways (425, 426). As such, the adjuvant effect of ahCD27 could
perhaps be further enhanced by curtailing these unwanted consequences of potent CD27
stimulation. The combination of ahCD27 with anti-PD1 antibodies, for instance, may
lead to even more robust and sustained immune responses; an ongoing phase I/II trial is
evaluating this strategy in a variety of solid tumors (NCT02335918). In addition to its
role in T cell exhaustion, CD27 is expressed on >80% of T-regs (421, 427), signaling
through which may lead to their enhanced immunosuppressive function and unwanted
consequences on the tumor immune response (427). Such findings necessitate further
research into the effect of ahCD27 on T-regs during the vaccine response, a subject of
ongoing investigation in our laboratory.

ahCD27 was previously shown to promote effective tumor immune responses as
a single agent in mice bearing immunogenic tumors, and both CD4* and CD8* T cells
were required for efficacy (405). We demonstrate that this antibody can also be
employed as a vaccine adjuvant, a treatment strategy more relevant in the setting of
weak endogenous tumor immune responses. Importantly, however, the vaccine design
should be appropriately tailored to the mechanism underlying the adjuvant activity of
ahCD27 and thus consist of both class I and II epitopes. Several trials evaluating
ahCD27 in combination with protein or peptide vaccines are ongoing (NCT02413827,
NCT02413827). Furthermore, there are a variety of clinically-available peptide vaccines

comprised of a tumor-derived class I epitope linked in tandem with a universal helper
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epitope or tumor-derived class II epitope (412, 428, 429), which would make for
promising vaccine candidates for combination with adjuvant ahCD27.

In summary, our findings demonstrate the feasibility of a clinically-available
agonist anti-CD27 mAb as a vaccine adjuvant for enhancing antitumor immunity. Our
data is consistent with previous findings showing that CD27 plays a key role in
promoting robust CD4* and CD8* T cell immune responses, with a particular ability to
instill potent CD4+ T cell helper activity. We show how the vaccine composition
considerably influences the adjuvant potential of achCD27 and that this knowledge can
be leveraged to develop peptide vaccines that will give rise to a stronger immune
response in the setting of this antibody. Our findings highlight the importance of
identifying the appropriate vaccine for a given immunomodulatory antibody to best
optimize the tumor immune response when the combination of these two treatment
modalities is desired. The preclinical promise of ahCD27 alongside peptide vaccination
for the treatment of intracranial tumors supports the clinical development of this
antibody as a vaccine adjuvant, which may prove integral for observing effective

antitumor T cell immunity.
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5. The T-reg Depleting Effect of anCD27

5.1 Introduction

Vaccine immunotherapy for inducing antitumor T cell responses offers an
exquisitely precise approach for eliminating tumor cells with minimal toxicity to normal
cells. Despite their potential, however, the efficacy of peptide vaccines for glioma
immunotherapy has proven to be limited, in part due to widespread glioma-mediated
immune defects. Specifically, glioma patients have elevated levels of regulatory T cells
(T-regs) (105), a subset of CD4* T cells expressing the forkhead box P3 transcription
factor (FoxP3) that suppress the activation and function of effector T cells (430).
Furthermore, these increased intratumoral T-reg levels are associated with decreased
survival in glioma patients (337). This elevated T-reg pool impedes vaccine-induced
immune responses (431, 432) and poses a significant challenge to tumor
immunotherapy.

Various methods exist for reducing T-reg levels in cancer patients, but they are
often non-specific (433, 434) and/or provide no added clinical benefit (434, 435). For
instance, anti-CD25 antibodies, which are specific for the IL2a receptor (CD25), bind to
CD25 on T-regs to induce antibody-dependent cell-mediated cytotoxicity (ADCC) (436),
but CD25 is also expressed on effector T cells, making them susceptible to anti-CD25-
mediated ADCC as well (434, 435). As such, the effector T cell pool can also be depleted,

particularly during vaccine-induced or endogenous tumor immune responses when
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effector T cell CD25 expression is high. The dosage and timing of anti-CD25 antibodies
must therefore be fine-tuned to the kinetics of peak CD25 expression on T-regs but low
CD25 expression on the proliferating effector T cell pool (437). This strategy is therefore
limited in the clinical setting, particularly in the context of vaccine combinations and
continued dosage to maintain a reduced T-reg compartment.

There is thus a critical need for identifying new T cell targets through which
binding or signaling leads to T-reg reduction in cancer patients. CD27 is a T cell
costimulatory molecule that, in addition to its stimulatory action on effector T cells, is
expressed on >80% of T-regs (438, 439). There are conflicting findings surrounding the
biology of CD27 in T-regs, making the utility of CD27 as a potential target for T-reg
depletion unclear. For instance, CD27* human T-regs were shown to be more
immonsuppressive than their CD27- counterparts, but their suppressive function
appeared independent of CD27 signaling (440). Additionally, a recent study showed that
T-reg frequency and resultant tumor growth were decreased in CD27-deficient mice and
that CD27 signaling in intratumoral T-regs leads to their reduced apoptosis (427),
suggesting that CD27 stimulation on T-regs does indeed improve their
immunosuppressive function. Paradoxically, however, one study demonstrated that
CD27 stimulation on human T-regs diminished their suppressive function and
converted them to Thl cells (441), while other reports have shown that CD27/CD70

signaling in intratumoral CD4* T cells induces FoxP3 expression (442, 443).
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Recent reports of a clinically available human anti-CD27 agonist antibody

(ahCD27), however, have shown that anti-CD27 administration leads to pronounced T-

reg reduction in a proportion of patients (Figure 29) (404). Additionally, we have shown

that ahCD27 enhances the vaccine-induced tumor immune response in hCD27 mice, but

the extent to which T-reg reduction contributes to the adjuvant activity of ahCD27 is

unclear.
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Figure 29: ahCD27 (Varlilumab) Leads to Reduced T-reg Levels in Treated

Patients.

Melanoma and renal cell carcinoma patients were treated with 3.0 mg/kg ahCD27 once
per week for 4 weeks, for up to five 4-week cycles. Peripheral blood mononuclear cells
purified from whole blood were stored frozen and analyzed together by flow cytometry.
Absolute counts of T-regs for all patients with samples at the indicated time points are
shown. Figure reproduced with permission, originally published by the American
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Society of Clinical Oncology [Burris, HA et al: Journal of Clinical Oncology 35 (18), 2017:
2028-2036].

To further inform the clinical use of ahCD27 as a T-reg depleting agent and
broaden its clinical utility, we sought to better understand the mechanism by which
ahCD27 administration leads to reduced T-reg levels and its resultant contribution to an
enhanced tumor immune response. Indeed, we found that ahCD27 preferentially
depletes systemic and intratumoral T-regs in hCD27 mice. Using this mouse model, we
determined that the binding of ahCD27 to CD27 on the T-reg surface leads to FcR- and
macrophage-dependent T-reg reduction, which we concluded is a key mechanism
underlying the adjuvant effect of ahCD27 on the vaccine-induced tumor immune
response. Importantly, we show that ahCD27-mediated T-reg depletion is superior to
that which is achieved by aCD25, likely due to its additional costimulatory activity. Our
findings will be integral for fully exploiting both the T cell costimulatory activity of
ahCD27 as well as its T-reg depleting activity for improving patient responses to tumor

immunotherapy.

5.2 Materials and Methods
5.2.1 Study Design

The goal of this study was to characterize the T-reg depleting effects and
resultant antitumor efficacy of an immunomodulatory agonist anti-human CD27

antibody (ahCD27) in a human CD27 transgenic mouse model. The experimental design
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involves studies of ahCD27-mediated T-reg depletion under different experimental
conditions, as well as the effect of ahCD27 on the vaccine response and survival of mice
bearing intracranial B16 melanoma. All mice were of the C57BL/6 background, aged 6-12
weeks, and female; naive or tumor-bearing animals were randomized into treatment
groups before the start of each experiment. T-reg depleting studies and immunogenicity
experiments were performed in groups of 5 mice each, while survival studies were
performed with group sizes in excess of 7 mice each. Sample sizes were calculated using
F-power analysis (a = 0.05) to yield at least 80% power to detect interactions, based on
pilot data. For survival studies, pre-defined humane endpoints were used, according to
the Duke University Institutional Animal Care and Use Committee (IACUC) guidelines.
All experimental protocols and procedures were approved by the Duke University
IACUC. All experiments were performed at least three times, and all outliers were

included in the data analysis.

5.2.2 Mice and Tumor Cell Lines

All mice were bred and maintained under pathogen-free conditions at Duke
University Medical Center (DUMC). C57BL/6 mice were obtained from Charles River
Laboratories (Wilmington, NC, USA), and transgenic DEREG mice were obtained from
Jackson Laboratories (Bar Harbor, ME, USA). Human CD27 transgenic (hCD27) mice,
which express both murine and human CD27 molecules under the native murine CD27

promoter (405), were obtained from Celldex Therapeutics (Hampton, NJ, USA) and bred

157



at DUMC. Homozygous hCD27 males were bred with C57BL/6 or DEREG females to
generate heterozygous hCD27 or hCD27xDEREG female mice, respectively, for use in
experiments. All animal experiments were performed according to protocols approved
by the Duke University IACUC (Protocol Number: A283-15-11). The B16.OVA tumor
cell line was a kind gift from Dr. Richard G. Vile at Mayo Clinic (409, 410). All cell lines
used were submitted for cell line authentication (Cell Check) and pathogen testing
including mycoplasma testing (IMPACT) at IDEXX BioResearch (Columbia, MO, USA)
prior to use. We confirmed species of origin and cell line specific markers and assessed

for possible cross-contamination with other cell lines or pathogens.

5.2.4 Flow Cytometric Analysis of Conventional and Regulatory T
Cells

Blood was obtained by retro-orbital puncture (75-100 pL), and spleens and
inguinal lymph nodes were harvested from naive mice (for hCD27 expression) or at the
indicated time after ahCD27 treatment. Spleens were disaggregated and filtered into
single cell suspensions, red blood cells (RBCs) were removed by incubating for 5 min in
1X lysis buffer (BD Biosciences), splenocytes were washed once in 10 mL RPMI media
supplemented with 10% FBS, and once more in 10 mL PBS. Lymph nodes were digested
in 1 mL HBSS (Gibco/ThermoFisher) supplemented with 5% FBS, 0.2 mg/mL DNasel
(Sigma-Aldrich, St. Louis, MO, USA), 1 mg/mL Collegenase A (Worthington
Biochemical, Lakewood, NJ, USA) for 35 min at 37°C. HBSS (2 mL) supplemented with

5% FBS, 10 mM Hepes (Gibco), and 2 mM EDTA (ThermoFisher) was added to
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dissociated lymph nodes for 5 min at room temperature and filtered through a 40 um
filter to obtain a single cell suspension. Cells were washed in 3 mL PBS for antibody
staining.

For the detection of peripheral blood, splenic, and lymph node T-regs, 50 uL
whole blood, 1x10¢ splenic lymphocytes, or 5x10°-1x10° lymph node cells were incubated
with 1 pL of the indicated surface marker in 100 uL PBS in the dark for 30 min at room
temperature. RBCs were lysed, and cells were fixed and permeabilized with 1 mL 1X
Fixation/Permeabilization buffer (Affymetrix, Santa Clara, CA, USA) in the dark for 15
min at room temperature. Cells were washed in 3 mL 1X permeabilization wash
(Affymetrix) and incubated with FoxP3 antibody. Cells were washed again in 1X
permeabilization wash and analyzed on a FACSCalibur flow cytometer (BD
Biosciences). Absolute numbers per pL blood were calculated using Flowcount® beads

(Beckman Coulter, Indianapolis, IN, USA), according to the manufacturer’s instructions.

5.2.5 Analysis of ahCD27 Binding to T-regs

hCD27 mice were treated with 100 ug ahCD27 and their blood, spleens, and
lymph nodes were harvested 12 hours after treatment, as described previously. A total
of 50 uL whole blood, 1x10¢ splenic lymphocytes, or 5x105-1x10° lymph node cells were
incubated with 1 pL goat anti-hIgG1 APC (Jackson ImmunoResearch, West Grove, PA,
USA), anti-CD3 PerCPCy5.5, and anti-CD4 FITC in 100 pL PBS for 30 min at room

temperature in the dark. Intracellular FoxP3 staining was then performed with anti-
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FoxP3 PE, as described previously, and cells were analyzed on a FACSCalibur flow

cytometer.

5.2.6 Adoptive Transfer of CFSE-Labeled T-regs

T-regs were purified from the spleens of 15 hCD27 mice by magnetic labeling in
a midiMACs manual magnetic separator (Miltenyi Biotec). Briefly, spleens were
disaggregated and filtered into single cell suspensions, and RBCs were removed by
incubating for 5 min in 1X lysis buffer (BD Biosciences). The splenocytes were then
washed once in RPMI media and once in MACs buffer (Miltenyi Biotec) and
resuspended at 2.5 x 10% cells per mL. The cells were then subject to magnetic labeling
and T cell isolation using a CD4*CD25* T cell isolation kit (Miltenyi Biotec), according to
the manufacturer’s instructions. The purified CD4*CD25* T cells were washed once in
RPMI supplemented with 10% FBS and resuspended at 10° cells/mL in RPMI
supplemented with 10% FBS. Cells were incubated with 5 uM CFSE (ThermoFisher,
Waltham, MA, USA) at 37°C in the dark for 20 min, washed 3 times with RPMI
supplemented with 10% FBS, and once with PBS. The cells were resuspended at a total
cell concentration of 1x10° cells/mL, and 100 pL was intravenously injected into the tail

veins of wildtype C57BL/6 or hCD27 transgenic mice.

5.2.7 FcR blockade, NK Cell and Macrophage Depletion Studies

To block FcRs, hCD27 mice received 200 pg anti-CD16/CD32 (Bio X Cell) on days

-2, 0, and 3. For the selective deletion of NK cells, hCD27 mice received 200 pg
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intraperitoneal anti-NK1.1 (PK136, Bio X Cell) or mouse IgG2a isotype control (Bio X
Cell) on days -3, -2, and -1. For the selective deletion of phagocytes (including
macrophages), 1 mg of clodrinated liposomes or control liposomes (Encapsula
NanoSciences, Nashville, TN, USA) were administered intraperitoneally on days -3 and
-1 prior to ahCD27 administration. chCD27 (or hlgG1 isotype control) was administered
at 100 ug on days 0 and 3, and peripheral blood T-reg levels were evaluated at days 2-5,

as previously described.

5.2.8 In Vitro and In Vivo Analysis of T-reg Apoptosis

For the detection of in vivo caspase-3 expression on peripheral blood T-regs, mice
were treated with 100 ug ahCD27, and whole blood (75-100 pL) was collected by retro-
orbital 12-24 hours after chCD27 administration and stained with LIVE/DEAD® stain
(ThermoFisher, location), according to the manufacturer’s instructions. Cells were then
stained for surface CD3, CD4, and CD25, as previously described. Cells were next
permeabilized with Cytofix/Cytoperm solution (BD Biosciences) for 20 min on ice,
washed in 3 mL Perm/Wash solution (BD Biosciences), and stained with anti-caspase3-
AlexaFluor647 (BD Biosciences) for 30 min at room temperature in 100 puL Perm/Wash.
Cells were washed again in 3 mL Perm/Wash and analyzed on a flow cytometer.

For the detection of caspase-3 expression and dead T-reg cells in our in vitro T-
reg apoptosis assay, GFP+ T-regs were isolated from the spleens of 20 DEREGxhCD27

mice with on an Astrios Cell Sorter (Beckman Coulter, Indianapolis, IN, USA).
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Macrophages were obtained from the bone marrow of wildtype C57BL/6 mice by
culturing for one week in M-CSF. A total of 50,000 GFP+ T-regs +/- 250,000 macrophages
were added to individual wells of a 96-well tissue culture plate in 200 uL. RPMI media
supplemented with 10% FBS (Gemini Bio-Products, West Sacramento, CA, USA), 1X
non-essential amino acids (Life Technologies, Carlsbad, CA, USA), 1 mM L-glutamine
(Life Technologies), 100 IU/mL penicillin + 100 pg/mL streptomycin (Life Technologies),
and 25 uM B-mercaptoethanol (Life Technologies). Cells were cultured for 24 hours at
37°C in a 5% COz incubator and harvested for flow cytometric analysis of intracellular

caspase-3 expression and LIVE/DEAD® staining.

5.2.9 Evaluation of Vaccine-Induced T Cell Responses and Selective
Deletion of T-Regs by Diptheria Toxin

hCD27 mice were vaccinated on day 0 with 2.5 mg intraperitoneal whole
ovalbumin protein (Sigma Aldrich, St. Louis, MO, USA) resuspended at 10 mg/mL in
water. Mice were dosed intraperitoneally on days -3 and 0 with 100 pg ahCD27 or
recombinant human IgG1 Fc isotype control (Bio X Cell, West Lebanon, NH, USA). Mice
received 250 ng diptheria toxin (MBL International, Woburn, MA, USA) (resuspended in
PBS at 2.5 ug/mL) administered intraperitoneally on days -5, -4, and 1. On day 7, spleens

were harvested for ELISPOT assays.

5.2.10 IFNy ELISPOT

Vaccine-specific T cell responses were evaluated ex vivo by IFNy ELISPOT.

MultiScreen® 96-well filter plates (EMD Millipore, Billerica, MA, USA) were coated with
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10 pug/mL anti-mouse IFNYy antibody (Mabtech, Cincinnati, OH, USA) overnight at 4°C.
A total of 2.5 x 10° splenocytes/well were incubated in duplicate in RPMI media
supplemented with 10% FBS (Gemini Bio-Products, West Sacramento, CA, USA), 1X
non-essential amino acids (Life Technologies, Carlsbad, CA, USA), 1 mM L-glutamine
(Life Technologies), and 100 IU/mL penicillin + 100 pg/mL streptomycin (Life
Technologies), in the presence or absence of 1 ug/mL of SIINFEKL peptide (American
Peptide Inc, Sunnyvale, CA, USA) overnight at 37°C in a 5% CO2 incubator. Spots were
developed using 1 ug/mL biotinylated anti-mouse IFNy mAb (Mabtech), a
VECTASTAIN® Elite ABC horseradish peroxidase kit (Vector Laboratories, Burlingame,
CA, USA), and AEC substrate chromagen (Sigma); spots were quantified by ZellNet

Consulting (Fort Lee, NJ, USA).

5.2.11 Tumor Implantation and Survival

B16.OVA (409, 410) cells were grown in DMEM (Life Technologies), 10% FBS and
2 mM L-glutamine at 37°C in 5% COsz. For intracranial tumor implantation, cells were
harvested, resuspended at 3 x 10° cells/mL, mixed 1:1 with 10% methylcellulose in PBS,
and loaded into a 250 mL syringe (Hamilton, Reno, NV, USA) with an attached 25-gauge
needle. The needle was positioned 2 mm to the right of bregma and 4 mm below the
surface of the skull at the coronal suture using a stereotactic frame (Kopf Instruments,
Tujunga, CA, USA). A dose of 5,000 cells in a total volume of 5 uL. was injected into

hCD27 mice. Tumor-bearing mice were treated with 150 pg intraperitoneal achCD27 or
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aCD25 (PCé61, Bio X Cell) on days 3 and 6 after tumor implantation, alongside 2.5 mg
ovalbumin protein (as described previously) on day 6 after tumor implantation. Tumor-
bearing mice were monitored daily for morbidity endpoints and survival according to

the Duke University IACUC guidelines.

5.2.12 Analysis of Tumor-Infiltrating Lymphocytes

Tumors were harvested 13-14 days after implantation and homogenized in a
Stomacher® 80 Biomaster (Seward, Islandia, NY) in 6 mL digestion buffer [RPMI 1640
supplemented with 100 IU/mL penicillin + 100 pug/mL streptomycin, 1 mM L-glutamine,
1X non-essential amino acids, 1 mM sodium pyruvate (Life Technologies), 25 uM @3-
mercaptoethanol (ThermoFisher), 10% FBS, 133 ug/mL DNase I (Roche, Indianapolis,
IN, USA), and 133 units/mL Type IV collagenase (Life Technologies)] for 20 min at 37°C.
The resultant cell suspension was filtered through a 40 um strainer and washed twice
with PBS. The cells were stained with LIVE/DEAD®, H2-Kb(SIINFEKL) tetramer (MBL
International), antibodies for CD3, CD4, and CDS8 cell surface markers (BD Biosciences),
and intracellular FoxP3 (Affymetrix), according to the manufacturers” instructions and
as previously described. The cells were resuspended in 150 uL PBS and analyzed on a

FACSCalibur flow cytometer.

5.2.13 Statistical Analysis

One-way ANOVA was used to analyze hCD27 expression on T-regs, systemic T-

reg levels, and ahCD27- or aCD25-mediated T-reg depletion over time. Two-way

164



ANOVA was used to analyze T-reg depletion and vaccine responses in mice treated
with diptheria toxin, FcR blockade, anti-NK1.1, clodrinated liposomes, and aCD25
versus ahCD27. Student’s unpaired t-test was used to analyze differences in CFSE-
labeled T-regs, caspase-3 expression, in vitro T-reg cell death, and intratumoral T cell
levels between aCD25- and ahCD27-treated mice. Associations of vaccine responses
with T-reg levels were assessed using the Pearson correlation coefficient. Survival
distributions are described using Kaplan-Meier methods, and the Gehan-Breslow-

Wilcoxon test was used to compare survival distributions between treatment groups.

5.3 Results
5.3.1 ahCD27 Binds to Surface CD27 on T-regs from hCD27 Mice

To characterize our mouse model system of ahCD27-mediated T-reg depletion,
we first evaluated human CD27 expression on T-regs from hCD27 mice and the binding
of ahCD27 to the T-reg cell surface. We found that human CD27 is expressed on all T
cell compartments in the blood, spleen, and lymph nodes, with a significantly higher
frequency of expression on T-regs (80-90% vs 30-50%) (Figure 30, T-reg vs CD4: P <

0.0001 and T-reg vs CD8: P <0.0001 for blood, lymph node, and spleen).
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Figure 30: Human CD27 Expression on Conventional and Regulatory T Cells
from hCD27 Mice.

Statistical analyses were performed using one-way ANOVA with Tukey post-hoc

comparisons (n =5 hCD27 mice were used for the analysis), and statistical significance
was determined at a *P value < 0.05.
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Importantly, human CD27 expression in these mice mirrors mouse CD27

expression on the T-reg cell surface (Figure 31).
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Figure 31: Expression of Mouse and Human CD27 on Peripheral Blood T-regs
of hCD27 Mice.

In addition to a higher frequency of hCD27* T-regs relative to conventional CD4*
and CD8* T cells, the MFI of fluorescently-labelled hCD27 is higher on T-regs than their
conventional T cell counterparts (Figure 32A, T-reg vs CD4: P <0.0001 and T-reg vs CDS8:
P <0.0001; 32B, T-reg vs CD4: P = 0.0030 and T-reg vs CD8: P = 0.010; 32C, T-reg vs CD4:
P <0.0001 and T-reg vs CD8: P = 0.0001), indicating a higher level of expression on a per
cell basis. Overall, we concluded that the high frequency and level of surface CD27

expression on T-regs makes them a target for thCD27-mediated depletion.
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Figure 32: Expression Level of Human CD27 on Conventional and Regulatory

T Cells from hCD27 Mice.

Statistical analyses were performed using one-way ANOVA with Tukey post-hoc
comparisons (5 hCD27 mice were used for the analysis), and statistical significance was

determined at a *P value < 0.05.

5.3.2 ahCD27 Leads to a Selective Reduction in Systemic T-reg

Levels

We next evaluated the extent to which ahCD27 depletes T-regs and conventional

T cells in hCD27 mice. We found that two intraperitoneal doses of 100 ug achCD27 leads

to pronounced reductions in T-reg levels in the blood, spleen, and lymph nodes of

hCD27 mice (Figure 33, ahDC27 vs hlgG1 blood: P = 0.0002, lymph node: P < 0.0001,

spleen: P < 0.0001).
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Figure 33: Systemic T-reg Depletion Upon achCD27 Administration.

hCD27 mice (n =5 per group) were treated with 100 ug intraperitoneal ahCD27 or
hIgGl1 isotype control, and T-reg levels were evaluated on day 5 after antibody
administration by flow cytometry. Statistical analyses were performed using one-way
ANOVA with Tukey post-hoc comparisons, and statistical significance was determined
ata *P value <0.05.

This depletion occurs in a dose-dependent manner, at doses as low as 10 ug

(Figure 34, 100 pg vs 0.01 pg: P =0.0502).
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Figure 34: Depletion of Peripheral Blood T-regs Across Different Dosages of
ahCD27.

hCD27 mice (n = 3 per group) received the indicated dose of intreperitoneal achCD27 or
100 pg hlgGl isotype control on days 1 and 3, and peripheral blood T-reg levels were
analyzed on day 5. Statistical analyses were performed using one-way ANOVA with
Tukey post-hoc comparisons, and statistical significance was determined at a *P value <
0.05. i.p. = intraperitoneal.
Interestingly, peripheral blood T-regs appear more sensitive to ahCD27-
mediated reduction than those in the spleen or lymph node (Figure 33), though the

reasons underlying this finding are unclear. Consistent with clinical findings, these data

show that ahCD27 leads to systemic and preferential T-reg depletion in hCD27 mice.

5.3.3 ahCD27 Binding to CD27" T-regs is Necessary for Their
Depletion

We next sought to better understand the mechanism by which ahCD27 depletes

T-regs to inform the clinical use of ahCD27 as a T-reg depleting agent. Previous reports
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found that T-reg depletion by anti-CTLA-4 and anti-CD25 occurs by binding to these
surface molecules on T-regs and inducing cell death (444). We hypothesized that
ahCD27-mediated T-reg depletion occurs through a similar mechanism and that direct
engagement of T-reg CD27 would be necessary for their depletion. To evaluate this
hypothesis, we first determined if ahCD27 binds to T-regs when administered
systemically. hCD27 mice received 100 ug intraperitoneal ahCD27, and the level of
ahCD27+ T-regs was evaluated by flow cytometric analysis of hIgGl+ T-regs in the
blood, lymph node, and spleen 12 hours after treatment. Indeed, we found that ahCD27

binds to T-regs, as indicated by the level of hIgG1*/FoxP3*/CD4* T cells (Figure 35).
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Figure 35: Binding of ahCD27 to T-regs from hCD27 Mice.

hCD27 mice (n =4 per group) received 100 pg intraperitoneal thCD27 or higGl1 isotype
control, and their organs were harvested 12 hours after treatment. Binding of ahCD27
was assessed by staining with an APC-conjugated goat anti-hIgG1 antibody and
intracellular staining of FoxP3. Representative flow cytometry images are shown.

We next asked if T-reg hCD27 expression is necessary for their depletion by

ahCD27. We employed an adoptive transfer experiment in which hCD27 hosts received

intravenous infusions of CFSE-labeled T-regs isolated from hCD27 mice or wildtype
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C57BL/6 mice. We evaluated the level of these CFSE-labeled T-regs after treatment with
hIgG1 or ahCD27 and found that CFSE* T-reg levels were not reduced by ahCD27 in
wildtype hosts but that athCD27 led to a reduction in peripheral blood CFSE* cells from
~600 cells/uL to <200 cells/uL in hCD27 hosts (Figure 36, hCD27+ T-regs: hlgG1l vs
ahCD27, P = 0.0108), indicating that T-reg hCD27 expression is indeed necessary for

ahCD27-mediated depletion.
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Figure 36: T-reg CD27 Expression is Required for Their Depletion by ahCD27.

hCD27 mice (n =5 per group) received intravenous infusions of 100,000 T-regs purified
from the spleens of wildtype C57BL/6 donor mice or hCD27 donor mice and labeled
with CFSE for in vivo tracking. Two and 5 days after T-reg infusion, host mice received
100 pg intraperitoneal ahCD27 or higGl1 isotype control, and levels of CEFSE+ T-regs
were analyzed on day 6 after infusion. Statistical analyses were performed using
Student’s unpaired t-test, and statistical significance was determined at a *P value < 0.05.

5.3.4 Fc Receptors are Necessary for ahCD27-mediated T-reg
Depletion

Previous studies have shown that T-reg depletion by anti-CD25 (436) and anti-
CTLA-4 (445) require functional Fc receptors (FcR), likely through binding to the Fc
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portion of the antibody and mediating downstream effects, such as ADCC. We thus
hypothesized that Fc receptors would be similarly necessary for ahCD27-mediated T-
reg depletion. To evaluate this hypothesis, we examined the level of T-reg depletion in
the setting of FcR blockade by an anti-CD32/CD16/CD64 antibody (2.4G2 mAb). Indeed,
we found that peripheral blood T-reg levels in mice that received ahCD27 and 2.4G2
were similar to control mice, while mice that received ahCD27 and rat IgG isotype
control had decreased T-reg levels (Figure 37). We therefore concluded that FcR
blockade abrogates ahCD27-mediated T-reg depletion and that FcRs are necessary for

ahCD27-mediated T-reg depletion.
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Figure 37: FcR Blockade Abrogates ahCD27-Mediated depletion.

hCD27 mice received 200 pg anti-CD16/32 (2.4G2) intraperitioneally 2 days prior to and
on the same days as ahCD27 (or hlgGl1 isotype control) treatment (as described
previously). Peripheral blood T-reg levels were assessed 2 days after the 2" dose of
ahCD27 by tflow cytometric analysis. Statistical analyses were performed using two-way
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ANOVA with Tukey post-hoc comparisons, and statistical significance was determined
at a *P value < 0.05.

5.3.5 Macrophages, but not NK Cells, are Critical for ahCD27-
mediated T-reg Depletion

FcRs are expressed in a variety of immune cell populations, including NK cells
and macrophages that mediate ADCC and other forms of cell death. Given our previous
finding that FcR blockade abrogates ahCD27-mediated T-reg depletion, we next asked if
NK cells and/or macrophages are necessary for thCD27-mediated T-reg depletion. We
evaluated the level of T-reg depletion in the setting of NK cell or macrophage depletion,

via an anti-NK1.1 antibody (PK136) or clodrinated liposomes (446), respectively.
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Figure 38: Macrophages, but not NK Cells, are Necessary for ahCD27-
Mediated Depletion.

hCD27 mice received ahCD27 or hlIgG1 as previously described. For NK cell depletion
(A), 200 pg anti-NK1.1 (PK136) was administered intraperitoneally for 3 consecutive
days immediately prior to ahCD27 and on the day of the 2*4 ahCD27 dose. For
macrophage depletion (B), mice received 1 mg (200 uL) clodrinated (or control)
liposomes intraperitoneally at three days and one day prior to ahCD27 administration.
Peripheral blood T-reg levels were assessed by flow cytometric analysis 2 days after
ahCD27 administration. The overall fold decrease for different cellular depletion
conditions is shown in (C). Statistical analyses were performed using two-way ANOVA
with Tukey post-hoc comparisons (A and B) and one-way ANOVA with Tukey post-hoc
comparisons (C), and statistical significance was determined at a *P value < 0.05.
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Interestingly, we found that T-regs were depleted by ahCD27 in mice that received
PK136 to a similar level to those of isotype-control mice (Figure 38A). In contrast, the
percent change in T-regs from mice treated with clodrinated liposomes was significantly
decreased compared to control mice (Figure 38B, control vs clodrisome: P = 0.0031). As
such, the depletion of NK cells had no effect on ahCD27-mediated T-reg depletion,
while the depletion of macrophages significantly reduced the level of T-reg depletion
(Figure 38C, control lipo vs clodrisome: P = 0.0016). Taken together, these data suggest
that macrophages, but not NK cells, are necessary for ahCD27-mediated T-reg

depletion.

5.3.6 ahCD27 Induces T-reg Caspase-3 Expression and Cell Death

Our previous data indicate that the binding of ahCD27 to hCD27 on T-regs, Fc
receptors, and macrophages are necessary for ahCD27-mediated T-reg depletion. We
thus hypothesized that T-regs are depleted via the engagement of T-reg-bound ahCD27
by Fc receptors on macrophages to induce T-reg cell apoptosis. As such, to determine if
ahCD27 leads to T-reg apoptosis, we evaluated the level of intracellular caspase-3
expression in T-regs from mice treated with ahCD27. Indeed, we found that intracellular
caspase-3 was increased from ~10% in splenic and lymph node T-regs from control mice
to ~20% in splenic and lymph node T-regs from ahCD27-treated mice (Figure 39, lymph

node: isotype vs ahCD27, P = 0.0015; spleen: isotype vs ahCD27, P = 0.0038).
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Figure 39: ahCD27 Induces T-reg Caspase-3 Expression in vivo.
hCD27 mice (n =4 per group) received ahCD27 or hlgGl, as previously described.
Intracellular caspase-3 levels in peripheral blood T-regs were analyzed 7 days after
ahCD27 administration by flow cytometry. Statistical analyses were performed using

Student’s unpaired t-test, and statistical significance was determined at a *P value < 0.05.
To determine if ahCD27 results in T-reg cell death, we also evaluated the level of
intracellular caspase-3 expression and T-reg cell death by LIVE/DEAD® staining in an in
vitro assay, in which a purified population of hCD27* T-regs was treated with ahCD27
or isotype control and cultured in the setting of BM-derived macrophges. Similarly, we
found that T-reg caspase-3 expression was increased (but only in the setting of
macrophage co-culture) from ~40% to ~60%, and cell death increased from ~25% to 50%

upon addition of ahCD27 in vitro (Figure 40A, T-regs + m: isotype vs ahCD27, P =

0.0014; 40B, T-regs + m®: isotype vs ahCD27, P < 0.0001). Taken together, our data
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suggest that ahCD27 depletes T-regs by inducing T-reg apoptosis through the

engagement of macrophages.
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Figure 40: Macrophages Induce T-reg Apoptosis in vitro.

T-regs isolated from hCD27 mice were cultured with 1 ug/mL ahCD27 or hIgG1 isotype
control, with our with BM-derived macrophages, for 24 hours in individual wells of a
96-well plate. Intracellular caspase-3 expression and LIVE/DEAD® staining were
analyzed after 24 hours of culture by flow cytometry. Statistical analyses were
performed using two-way ANOVA with Tukey post-hoc comparisons, and statistical
significance was determined at a *P value < 0.05.

5.3.7 T-reg Depletion Contributes to the Enhanced Immune Response
Mediated by ahCD27

We previously showed that adjuvant chCD27 enhances the CD8* T cell response
to an ovalbumin protein vaccine to prolong survival in hCD27 mice bearing intracranial
B16.OVA tumors (Chapter 4). To determine if ahCD27-mediated T-reg depletion
contributes to its adjuvant effect, we evaluated the effect of ahCD27 on the ovalbumin

protein response in the presence and absence of T-regs. To allow for selective T-reg
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deletion, we used hCD27 mice crossed with DEREG mice, in which the simian
diphtheria toxin (DT) receptor is expressed under the control of the endogenous FoxP3
promoter such that T-regs are selectively killed upon treatment with DT. We found that
ahCD27 enhanced the CD8* T cell response to ovalbumin protein with or without DT
treatment (Figure 41A, Undepleted: Ova + hIgG1 vs Ova + ahCD27, P = 0.0067; +DT: Ova
+ hIgG1 vs Ova + ahCD27, P = 0.074). However, ahCD27 resulted in only a ~2-fold
increase in the level of ovalbumin-specific CD8+ T cells in the setting of DT treatment,
compared to a >25-fold increase in undepleted (DT-naive) mice (Figure 41B, P = 0.0342).
Taken together, our data indicate that ahCD27 enhances the ovalbumin protein

response in part due to its depleting effect on T-regs.
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Figure 41: athCD27-Mediated T-reg Depletion Contributes to an Enhanced
Vaccine Response.

T-regs were depleted in DEREGxhCD27 mice (n =5 per group) by the intraperitoneal
administration of 250 ng diphtheria toxin for two consecutive days prior to and one day
after achCD27 administration. achCD27 and hIgG1 were administered as previously
described, alongside 2.5 mg intraperitoneal ovalbumin protein. Ova-specific CD8* T cell
responses were evaluated 8 days after vaccination by IFNy ELISPOT (A), and the fold
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change for undepleted and DT-treated mice is shown in (B). Statistical analyses were
performed using two-way ANOVA with Tukey post-hoc comparisons (A) and Student’s
unpaired t-test (B); significance was determined at a *P value < 0.05.

5.3.8 Vaccine Responses and T-reg Depletion are Superior in the
Setting of ahCD27 Compared to aCD25

Perhaps the most clinically widespread method for depleting T-regs in cancer
patients is through the use of CD25-targeted therapy (e.g., daclizumab and denileukin)
(447). However, CD25-mediated T-reg depletion is often minimal (435, 448) or transient
(433). Furthermore, because CD25 is upregulated on tumor-specific effector cells, CD25-
based strategies can be non-specific, resulting in the unwanted depletion of valuable
effector T cells (433, 434) (and/or failing to enhance tumor-specific effector T cell
responses (434, 435) and patient survival (434)). Given these marked drawbacks to
CD25-based T-reg depleting strategies, we thus sought to compare the effect of adjuvant
ahCD27 versus aCD25 on T-reg depletion and vaccine responses. We first examined the
magnitude of T-reg depletion in aCD25-treated versus ahCD27-treated mice over the
course of 30 days. We found that both aCD25 and ahCD27 lead to marked depletion of
peripheral blood T-regs by day 10 after treatment (from ~250 T-regs/uL to ~35 T-

regs/uL).
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Figure 42: athCD27 Results in More Sustained T-reg Depletion Compared to
aCD25.

hCD27 mice (n =5 per group) received 150 ug intraperitoneal athCD27 or aCD25 (PC61),
and peripheral blood T-reg levels were assessed at the indicated time points.

However, T-reg depletion is more sustained in ahCD27-treated mice compared to
aCD25-treated mice, with T-regs rebounding by day 18 in aCD25-treated mice, in

contrast to sustained depletion through >25 days in ahCD27-treated mice (Figure 42).
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Figure 43: The Adjuvant Effect of ahCD27 is Superior to aCD25.

hCD27 mice (n =5 per group) received 150 pg intraperitoneal chCD27 or aCD25 (PC61)
for three days prior to and on the day of vaccination with 2.5 mg intraperitoneal
ovalbumin protein. Vaccine responses were measured by IFNy ELISPOT (A) and
peripheral blood ova-tetramer levels one week after vaccination. Peripheral blood
effector:T-reg levels were determined by the ratio of day 7 tetramer* CD8* T cells and T-
reg levels (B). Statistical analyses were performed using two-way ANOVA with Tukey
post-hoc comparisons, and statistical significance was determined at a *P value < 0.05.
Additionally, we compared the effects of aCD25 and ahCD27 on the CD8* T cell
response to ovalbumin protein vaccination. We found that aCD25 had only a minimal
effect on the ovalbumin-specific CD8* T cell response (as determined by ex vivo re-
stimulation with SIINFEKL in a IFNy ELISPOT), while ahCD27 resulted in a ~15-fold
increase in the level of IFNy+ SFUs compared to aCD25-treated mice (Figure 43A, Ova +

aCD25 vs Ova + ahCD27: P < 0.0001). This increased level of ova-specific T cells drove a

more favorable effector:T-reg ratio (E:T) in the peripheral blood of ahCD27-treated mice

182



(0.225 + 0.024 E:T) compared to aCD25 (0.075 + 0.027 E:T) (Figure 43B, Ova + aCD25 vs
Ova + ahCD27: P = 0.0002). Taken together, these data indicate that ahCD27 is superior

in its T-reg depleting effect and results in increased vaccine responses compared to

aCD25.

5.3.9 The Antitumor Immune Response and Vaccine Efficacy is
Superior in the Setting of ahCD27 Compared to aCD25

Given our previous finding that ahCD27 more effectively depletes T-regs and
enhances vaccine-induced immune responses compared to «CD25 we next
hypothesized that the antitumor effects of adjuvant ahCD27 would also be superior to
adjuvant aCD25, due to both superior intratumoral T-reg depletion and a more
enhanced antitumor CD8+ T cell response. To test this hypothesis, we first characterized
the level of intratumoral T-regs in mice bearing intracranial B16.OVA treated with
ovalbumin protein and adjuvant aCD25 or ahCD27. We found that aCD25 combined
with ovalbumin protein did not lead to a significantly reduced level of intratumoral
FoxP3+ CD4+ T cells compared to control mice (Figure 44A). In contrast, mice that
received ovalbumin protein alongside ahCD27 had a ~50% decrease in intratumoral
FoxP3+ CD4+ T cells compared to control mice, from 10% of the intratumoral CD4+ T

cell population to 5% (Figure 44B, P = 0.057).

183



>
vy)

154 15+ _ Ova + Ova +
ns p=0.0570 higG1 ahcD27

104 —|_

104

5- T

%FoxP3+ of CD4+
tumor infiltrating T cells

%FoxP3+ of CD4+
tumor infiltrating T cells

CD4-FITC ——>

FoxP3-APC —mM—>

Ova+ Ova+ Ova+  Ova+
rlgG1  aCD25 hlgG1 «hCD27

Figure 44: athCD27 Depletes Intratumoral T-regs to a Greater Degree than
aCD25.

hCD27 mice (n =5 per group) bearing established intracranial B16.OVA tumors were
treated with 150 pg intraperitoneal aCD25 (A) or aCD27 (B) (or indicated isotype
control) three and six days after tumor implantation, alongside 2.5 mg intraperitoneal
ovalbumin vaccination six days after tumor implantation. The frequency of tumor-
infiltrating T-regs was analyzed in 14-day tumors by flow cytometry. Statistical analyses
were performed using Student’s unpaired t-test, and statistical significance was
determined at a *P value < 0.05.

We next evaluated the level of intratumoral ovalbumin-specific CD8+ T cells in
mice treated with adjuvant aCD25 or ahCD27. Indeed, we found that the level of
intratumoral ovalbumin-specific CD8* T cells was not significantly increased in mice
treated with ovalbumin + aCD25 relative to control mice (Figure 45A), while mice
treated with ovalbumin + ahCD27 experienced an increase in their intratumoral

ovalbumin-specific CD8+ T cells from 48% of the TIL population to 70% (Figure 45B, P =

0.0176).
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Figure 45: ahCD27 Enhances the Vaccine-Induced Antitumor Immune
Response to a Greater Degree than aCD25.

hCD27 mice (n =5 per group) bearing established intracranial B16.OVA tumors were
treated with 150 pg intraperitoneal aCD25 (A) or aCD27 (B) (or indicated isotype
control) three and six days after tumor implantation, alongside 2.5 mg intraperitoneal
ovalbumin vaccination six days after tumor implantation. The frequency of tumor-
infiltrating ova-specific CD8* T cells was analyzed in 14-day tumors by flow cytometry.
Statistical analyses were performed using Student’s unpaired t-test, and statistical
significance was determined at a *P value < 0.05.

Importantly, this decrease in the level of intratumoral T-regs and increase in
intratumoral effector CD8* T cells corresponds to a more favorable E:T ratio in mice
treated with adjuvant ahCD27 (~23:1 E:T ratio) compared to aCD25 (~2.5:1 E:T ratio)
(Figure 46A, P = 0.0183). Furthermore, while adjuvant aCD25 had no effect on survival
of tumor-bearing mice, adjuvant ahCD27 led to a 5-day increase in median survival

relative to untreated controls (Figure 46B, Untreated vs Ova + ahCD27: P = 0.0002),

highlighting the therapeutic superiority of achCD27.
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Figure 46: The Antitumor Efficacy of ahCD27 is Superior to that of aCD25.

Tumor-infiltrating Tetramer:T-reg levels were determined from data shown in Figures
44 and 45. For survival analysis, hCD27 mice (n =5 per group) bearing established
intracranial B16.OVA tumors were treated with 150 pg intraperitoneal aCD25 or aCD27
(or the indicated isotype control) three and six days after tumor implantation, alongside
2.5 mg intraperitoneal ovalbumin vaccination six days after tumor implantation.
Statistical analyses were performed using Student’s unpaired t-test (A) and the Gehan-
Breslow-Wilcoxon test (B); statistical significance was determined at a *P value < 0.05.

5.4 Discussion

The purpose of this study was to characterize the T-reg depleting effects of an
agonist anti-CD27 antibody (ahCD27) and its resultant antitumor efficacy as a vaccine
adjuvant in a transgenic human CD27 mouse model. We found that ahCD27 leads to a
marked and selective reduction in systemic T-reg levels in hCD27 mice, mediated by
ahCD27 binding to hCD27+ T-regs and inducing cell death in a macrophage- and FcR-
dependent manner. Importantly, we found that the T-reg depleting effects of ahCD27
contribute to its adjuvant effect on the vaccine response to the model ovalbumin antigen.

Furthermore, we concluded that the T-reg depleting and adjuvant effects of ahCD27 are
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superior to aCD25, resulting in greater antitumor efficacy of adjuvant ahCD27
compared to aCD25.

Our findings are in agreement with clinical studies with ahCD27 (varlilumab), in
which a subset of patients was shown to experience a significant reduction in their
systemic T-reg levels upon treatment with varlilumab (404). Additionally, CD27
stimulation has been shown to be a potent strategy for enhancing vaccine-induced
antitumor immunity (374, 382, 405). Here, we show a dual role of ahCD27 in both
depleting T-regs and enhancing the antitumor CD8* T cell response. Despite prior
findings that suggest a T-reg stimulatory role of CD27 (427, 442, 443), we find that
binding of ahCD27 to CD27 on T-regs leads to their depletion. This discrepancy could
be due to differences in the binding motif of chCD27 compared to other CD27-specific
antibodies and/or differences in downstream effects of T-reg-bound ahCD27. For
instance, endogenous CD27/CD70 interactions on T-regs may lead to CD27 signaling
and their resultant activation, while ahCD27 binding to T-regs may instead promote
ADCC. The mechanisms underlying these differential effects remain to be determined.

Existing methods for reducing the T-reg burden in cancer patients often result in
only minimal or transient T-reg depletion and are non-specific, leading to undesired
lymphopenia in the effector T cell compartment. Importantly, we show that ahCD27 is
superior to CD25-targeted therapy, whose clinical benefit has indeed proven to be

lackluster. ahCD27 leads to more sustained T-reg depletion and selectively reduces T-
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regs while sparing conventional T cells to allow for effective antitumor responses. We
thus believe that chCD27 could be employed as a novel T-reg depleting agent alongside
vaccine immunotherapy to combat tumor-mediated immunosuppression while allowing
for potent tumor-specific effector cell activity.

Our study provides the rationale for a novel use of ahCD27 as a selective T-reg
depleting agent and sheds light on its mechanism of action, with potential implications
on its clinical use. We found that ahCD27 depletes T-regs through a FcR- and
macrophage-dependent mechanism and that ahCD27 leads to T-reg caspase-3
expression and cell death, suggesting that T-regs are depleted through an ADCC-like
mechanism. However, our study fails to fully characterize the mechanism of T-reg cell
death by ahCD27 and does not eliminate a role of CD27 signaling in T-regs by ahCD27.
Additionally, the mechanism by which ahCD27 selectively reduces T-reg levels while
sparing conventional T cells remains to be determined. These details indeed warrant
further investigation to optimize the use of ahCD27 in patients. In summary, we
demonstrate the superiority of ahCD27 over existing CD25-targeted therapy and

provide strong evidence to support its clinical translation for tumor immunotherapy.
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Appendix

Where noted, permission was obtained to reproduce figures according to journal
and publisher policies. Chapter 1 contains excerpts from the Duke Glioma Handbook
(Fecci, P.E., Riccione, K.A., “Chapter 5: Immunotherapy for Gliomas.” Cambridge
University Press, 2016). Chapter 2 contains excerpts from Translational Immunotherapy
of Brain Tumors (Riccione, K.A. et al., “Chapter 11: Checkpoint Blockade Immunotherapy for
Glioblastoma”, Elsevier Acadamic Press, 2017) and (Riccione et al., 2014, Seminars in
Oncology). Chapters 3, 4 and 5 contains primary data stemming from the work of the

candidate and is currently not published (manuscripts in preparation).
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