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Abstract
Glioblastoma (GBM) is the most common and deadly primary malignant brain
tumor. Despite an aggressive multimodal standard of care, prognoses and patient
quality of life remain exceptionally poor, due in part to the non-specific and toxic nature
of conventional treatment options. By contrast, adoptive cell transfer of T cells
genetically modified to express tumor-specific chimeric antigen receptors (CARs) has
emerged as a promising approach to targeting brain tumors, given that T cells have
migratory capacity within the brain parenchyma, a mechanism to discriminate between
normal and neoplastic tissue, and can develop immunological memory. This work spans
the development of an effective CAR T-cell immunotherapy strategy targeting the
tumor-specific driver mutation, EGFRvIII, which is expressed exclusively by GBM and
other cancers but not normal tissue.
Chapters 1 and 2 provide an overview of GBM and the current clinical standard
of care, the role of the immune system as it relates to the development and eradication of
cancer, and an introduction to various immunotherapy platforms under active
preclinical and clinical investigation. Chapter 3 reviews the historical context of adoptive
T-cell immunotherapy and its evolution to present day, detailing our early proof-ofprinciple studies that led to the inception of the original research described herein. Data
presented in Chapter 4 summarizes our translational objectives in implementing CAR Tcell immunotherapy clinically for patients with newly diagnosed GBM. Chapter 5
iv

addresses a perennial limitation to the immunotherapy of solid tumors by
demonstrating

an

ability

of

modified

CARs

to

circumvent

intratumoral

immunosuppression mediated by regulatory T cells. In Chapter 6, we present data that
demonstrate, for the first time, a novel role for host lymphodepletion in cellular
immunotherapy delivered directly into the brain. Lastly, Chapter 7 contains concluding
remarks on the current state of CAR technology and important future directions.
In summary, our work here demonstrates that CAR T cell immunotherapy 1) has
curative potential against highly established, orthotopic and syngeneic murine GBM, 2)
can be strategically implemented within the current clinical treatment paradigm for
GBM and 3) can overcome a major mechanism of immunosuppression, demonstrating
the versatility of gene-modified T cells for the treatment of malignant brain tumors.
Together, these studies have paved way for the rationale design of two phase I clinical
trials in patients with newly diagnosed and recurrent EGFRvIII-positive GBM at Duke
University.
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1. Introduction to Brain Tumors
Primary brain tumors represent a collection of neoplasms that originate from
distinct cell lineages, typically of glial or neuronal origin. Gliomas are the most common
in adults and include a broad diagnostic group of tumors including ependymomas,
oligodendrogliomas, and astrocytomas. The highest grade astrocytoma, glioblastoma
(GBM), accounts for 46.6% of all malignant central nervous system (CNS) tumors and is
estimated to account for 12,390 new cases in the United States this year alone (Ostrom et
al., 2016).
GBM typically presents as a heterogeneous lesion in the white matter with a
hypodense necrotic core, surrounded by a ring of enhancement that is usually the target
of most conventional therapies. Diagnosing GBM and measuring tumor responsiveness
to therapy can be difficult through standard imaging alone; contrast or post-contrast
findings can result from vascular leakage, iatrogenic impact, or physiological changes
within the brain parenchyma, rather than reflecting strict changes in tumor size. For
these reasons, radiological (and clinical) criteria defining tumor progression are
incomplete, and overall survival (OS) is considered the most clinically useful metric in
evaluating outcomes.
Patients with GBM carry a median survival of less than 15 months and a 5-year
survival rate of just 5.1% (Buckner, 2003; DeAngelis, 2001; McLendon & Halperin, 2003;
Ostrom et al., 2015; Rulseh et al., 2012). Moreover, GBM is clinically debilitating,
1

manifesting with seizures, nausea, vomiting, headaches, and progressive deficits in
memory, personality, and neurologic function (Kutikova et al., 2007; Ray, Bonafede, &
Mohile, 2014; Stupp et al., 2005). Corticosteroids are commonly used to counteract
neurological symptoms caused by peritumoral edema, but steroid use can result in
substantial side effects that can sometimes be intolerable. Surgery and chemotherapy are
requisite to relieve mass effect and provide palliation, but tumor recurrence is inevitable
and patients will uniformly succumb to their disease.

1.2 Clinical Standard of Care for Glioblastoma
The current standard of care for GBM was defined in 2005 after the European
Organization for Research and Treatment of Cancer (EORTC) reported results from a
randomized phase III clinical trial showing that the addition of temozolomide (TMZ)
chemotherapy to postoperative fractionated radiotherapy significantly improved
median survival to 14.1 months compared to 12.1 months with radiotherapy alone in
patients with newly diagnosed GBM (Stupp et al., 2005). A long-term follow confirmed
that this survival advantage lasts for at least 5 years (Stupp et al., 2009), but tumors
ultimately recurred and caused death in most patients. Radiation and TMZ are also nonspecific therapies by nature and can therefore cause collateral damage to normal tissues,
leading to systemic side effects including myelosuppression and increased risk of
opportunistic infections (Friedman, Kerby, & Calvert, 2000; Imperato, Paleologos, &
Vick, 1990).
2

The limitations of current care are underscored by the fact that complete tumor
resection is usually impossible as tumor boundaries can be indistinguishable from
normal brain, and even in cases where they are, the extent of resection may be limited by
the need to preserve eloquent cortex. Novel techniques, however, are beginning to safely
enhance the extent of resection through the use of fluorescence guided surgery (e.g.
using 5-aminolevulinic acid), which has resulted in an increase in the number of
macroscopically complete resections. Furthermore, GBM cells are highly infiltrative, and
single cells have been shown to migrate into regions distant from initial tumor mass and
well beyond radiographically defined boundaries of tumor burden (Kesari, 2011; Miao
et al., 2014). In fact, in the 1920s, efforts to remove entire cerebral hemispheres to achieve
curative resections were undermined by recurrence in the opposing half (Dandy, 1928).
Moreover, GBM places a significant financial burden on the healthcare system,
due in part to frequent inpatient visits, which can catapult expenditure for the first year
of standard of care treatment to more than $184,000 in the United States (Kutikova et al.,
2007; Ray et al., 2014). In fact, brain tumor treatments remain among the costliest with
the least return, raising ethical considerations in this new climate of healthcare reform.
These insurmountable costs in combination with poor quality of life and prognosis have
created a desperate need for more effective and safer therapies.

3

1.3 Central Nervous System Immune Privilege
Unlike hematological cancers and solid tumors of the periphery, brain tumors
carry unique considerations that may prove encumbering for novel therapies. The CNS
has long been considered an area of immune privilege, and this concept has been
historically supported by the presence of a 1) blood-brain barrier (BBB), 2) bloodcerebrospinal fluid (CSF) barrier, 3) CSF-brain barrier, 4) the alleged absence of draining
lymphatics in the brain, 5) limited expression of major histocompatibility complex
(MHC) molecules and 6) low presence or complete absence of resident antigen
presenting cells (APCs) within the brain parenchyma (Choi et al., 2009; Fabry, Raine, &
Hart, 1994; Hart & Fabre, 1981; K. A. Williams, Hart, Fabre, & Morris, 1980).
The absolutes of CNS immune privilege, however, have been largely dismantled
over the past 35 years, with increasing observations of systemic immune responses to
CNS antigens (Wikstrand & Bigner, 1980) and the identification of CNS-reactive T cells
in the blood and CSF of patients with neuro-degenerative disease (Lueg et al., 2015;
Saunders et al., 2012). Given the conventional notion of an absent lymphatic system
within the CNS, CNS antigens were initially thought to travel via defined subarachnoid
routes to the cervical nodes through the nasal mucosa (Cserr & Knopf, 1992). Very
recently, however, structural and functional studies have identified an efficient
lymphatic drainage system within the CNS that provides a conduit for fluid and
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immune cell trafficking directly into the deep cervical lymph nodes (Louveau et al.,
2015).
Recent observations have also identified specialized microglia and astrocytes as
functional antigen presenting cells (APCs) within the CNS, and activated lymphocytes
have been shown to frequently traffic through the brain and be retained for long periods
of time when engaging their cognate antigen (Aloisi, Ria, & Adorini, 2000; Engelhardt &
Ransohoff, 2005; Gehrmann, Matsumoto, & Kreutzberg, 1995; Hickey, 1991; Masson et
al., 2007; Mitchell, Fecci, & Sampson, 2008). This all computes to a growing recognition
for an existent physiologic immunosurveillance function within the CNS. Beyond this
capacity for immunosurveillance behind an intact BBB, gliomas may also facilitate
further routes for immune access, as they have disruptive effects on the BBB.
Several reports have shown increased permeability of the BBB in the vicinity of
tumors, as well as T-cell infiltrates within gliomas, whose presence/degree can correlate
with survival (S. W. Schneider et al., 2004; Stevens, Kloter, & Roggendorf, 1988). A
compromised BBB also makes possible the exodus of tumor-associated antigens into the
periphery, which, in theory, should stimulate an endogenous immune response against
other tumor antigens to potentiate an immune-based strategy. The invasive character of
GBM (Figure 1), however, does facilitate their outgrowth into more distant regions of
the brain where the BBB remains intact, placing greater dependence on the shoulders of
a universally failed cancer immunosurveillance task. It is widely accepted that these
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invasive, migratory cells are indeed the culprit behind tumor recurrence in patients
following resection

and adjunctive

targeted therapies (Agarwal, Manchanda,

Vogelbaum, Ohlfest, & Elmquist, 2013; Peereboom et al., 2010). Immunotherapy, such as
with tumor-directed lymphocytes, may offer the best chance at targeting these otherwise
ill-accessible microinvasions, by migrating through the brain parenchyma, proffering
antigen-dependent clonal expansion, and mounting immunologic memory responses
within the brain.

Figure 1: GBM displays an invasive character and infiltrates normal brain.

6

The U87MGEGFR and D-270MG cell lines are human xenografts derived from
primary human GBM tumors. 1x104 cells were implanted into NSG mice, and mice were
sacrificed after 7 days. Brains were submitted for histological analysis by H/E staining of
(A) non-tumor bearing brain, (B, C) established U87MGEGFR and (D, E, F) D-270MG
tumors. Figures delineate tumor vs. normal brain and demonstrate perivascular (PV)
and subarachnoid (SA) infiltration.

1.4 Immune Evasion
Unique physiology equips solid tumors with an assemblage of regulatory immune
cell types that are key players in both the development of neoplastic tissue and the
sustained resistance of established masses to cytotoxic therapy. The formation and
survival of solid tumors requires not only the accumulation of aberrant mutations at the
genetic level, but also a series of dynamic interactions mediated through signaling
cascades between them. These events together result in the generation of abnormal
vasculature, create hypoxic environments, promote tumor-beneficial modes of
inflammation, and orchestrate the recruitment and retention of inhibitory immune cells
that underlie the highly immunosuppressive architecture typical of solid tumors. In fact,
the composition of tumor microenvironments is believed to be a critical determinant of
cancer progression (Ingber, 2008), as local structural and soluble components can be
deciding factors in whether a tumor remains a benign hyperplasia or evolves into a
malignant lesion (Folkman, Watson, Ingber, & Hanahan, 1989).
7

At onset, tumor formation has been documented to resemble ‘wounds that fail to
heal (Dvorak, 1986),’ as evidenced by cell-to-cell interactions that act in concert to
promote a state of chronic inflammation. In the classical immune response to injury,
resident and migratory leukocytes degrade local tissue, ingest debris, and secrete a
combination of cytokines and proteases that can drastically alter tissue architecture by
activating stromal fibroblasts and vascular support cells. These processes are aimed at
restoring normal tissue homeostasis by expanding the extracellular matrix (ECM) and
inducing angiogenesis for new capillary formation (Shiao, Ganesan, Rugo, & Coussens,
2011; van Kempen, Ruiter, van Muijen, & Coussens, 2003). These pro-homeostatic
mechanisms, however, are tightly regulated by immunosuppressive leukocytes that
minimize potential for autoimmunity during tissue remodeling.
During cancer progression, the mechanisms that typically restore these states of
acute inflammation to normalcy after injury repair are absent, and instead, the chronic
inflammation that persists is characterized by the accumulation of immunosuppressive
cells, including regulatory T cells (Treg), regulatory B-cells (Inoue, Leitner, Golding, &
Scott, 2006; Qin et al., 1998), type II natural killer (NK) T-cells (Halder, Aguilera, Maricic,
& Kumar, 2007), immature macrophages, alternatively activated macrophages (M2), and
TH2 CD4+ T-cells (DeNardo, Andreu, & Coussens, 2010; Gajewski, Schreiber, & Fu, 2013).
These cellular subsets increase local concentrations of immunosuppressive cytokines
TFGβ, IL-4,-5,-6,-10,-13, and -35 (Gajewski et al., 2013; Motz & Coukos, 2011), all of

8

which contribute to pro-tumor immunity by promoting T-cell anergy and inhibiting
cytotoxic T-cell responses.
Moreover, one critical function of these regulatory cells is their ability to
simultaneously promote angiogenesis by signaling endothelial cells through the
secretion of VEGFA, bFGF, CCL2, and ANGPT2 (Motz & Coukos, 2011). Importantly,
new vasculature is typically formed in disorganized fashion, owing to diminished
regulation and local hypoxia. These new vessels, however, rarely rescue the deficits
associated with the limitations of oxygen diffusion (Wilson & Hay, 2011), and hypoxia
has been shown to increase recruitment of Treg through the CCL28-CCR10 axis
(Facciabene, Motz, & Coukos, 2012; Facciabene et al., 2011). There is also overwhelming
evidence supporting the hypoxia-induced secretion of inhibitory molecules and the
shedding of MHC class I chain-related proteins A and B from cell surfaces to avoid
killing by immune effectors (Arreygue-Garcia et al., 2008; Raulet, 2003; Siemens et al.,
2008). Recent studies have identified the hypoxia-induced upregulation of PD-L1 (B7H1) on tumor cells as a critical mechanism of tumor immune escape, as this has been
described to increase cancer cell resistance to cytolysis (Barsoum, Smallwood, Siemens,
& Graham, 2014).
In sum, GBM employs a particularly varied and potent means for immune
subterfuge, and are capable of secreting factors that directly and indirectly suppress
CD8+ cytotoxic lymphocytes (CTLs), inhibit T-cell proliferation, and inhibit dendritic cell
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(DC) maturation. Similarly, the downregulation of MHC expression may enable them to
evade cell-mediated immunity altogether (Gabrilovich et al., 1998; Heimberger &
Sampson, 2011; Platten, Wick, & Weller, 2001; Tada et al., 1993). Co-stimulatory signals
that are necessary for the functional differentiation of CD8+ CTLs are also significantly
reduced or absent within the CNS, conferring a possible immune escape “advantage” to
brain tumors (Heimberger & Sampson, 2011; Hussain et al., 2006; Matyszak et al., 1999;
Tirapu et al., 2006). This notion is further advanced by evidence that links the loss of the
tumor suppressor PTEN in malignant gliomas to enhanced expression of co-inhibitory
molecules, such as B7-H1, which contributes to glioma immunoresistance (Parsa et al.,
2007).

1.4.2 Regulatory T cells and Myeloid Derived Suppressor Cells
Regulatory T cells (Tregs) represent a subpopulation of T cells that modulate the
activity of the immune system, where their principle duties are to maintain selftolerance and abrogate autoimmunity. As such, they represent a physiologic means for
the curtailing of immunity, whose potency proffers opportunities for usurpation by
immune-evasive cancers. They have thus been frequently implicated in the progression
of cancer (Curiel et al., 2004; Ichihara et al., 2003; Liyanage et al., 2002; Woo et al., 2001),
where their accumulation in tumors or peripheral blood leads to inhibition of CD4 + and
CD8+ T cells, DCs, NK cells, and B cells (Azuma, Takahashi, Kunisato, Kitamura, &
Hirai, 2003; W. Chen, 2006; Lim, Hillsamer, Banham, & Kim, 2005; Murakami, Sakamoto,
10

Bender, Kappler, & Marrack, 2002; Trzonkowski, Szmit, Mysliwska, Dobyszuk, &
Mysliwski, 2004; Trzonkowski, Szmit, Mysliwska, & Mysliwski, 2006). Such Tregmediated inhibition has been well documented in patients with GBM, where an
increased fraction of these cells correlates with a long-observed reduction in cellular
immunity (Fecci et al., 2006). Implications for their increased representation amongst T
cells (both at tumor and systemically) are compounded by a puzzling context of severe
T-cell lymphopenia (Fecci et al., 2006).
The immunosuppressive effects of Tregs may be counteracted by strategies that
either inactivate or deplete these cells, with applications in glioma being particularly
attractive given the above. Although no specific surface marker of Tregs has been
identified to date, anti-CD25 antibodies have been used to preferentially deplete these
cells following short-term therapy (Golovina & Vonderheide, 2010; Mitchell et al., 2011;
Sampson et al., 2012). Eliminating Tregs produces enhanced antitumor responses and
may likewise explain the synergy between lymphodepletion/tumor irradiation and
immunotherapy (Antony et al., 2005; Wei, Egenti, Teitz-Tennenbaum, Zou, & Chang,
2013). Somewhat paradoxically, however, recent studies have also revealed that Tregs
possess potent cytotoxic activity, which under certain circumstances may be directed
toward tumor cells (Bryan D Choi et al., 2013; Choi, Gedeon, Sanchez-Perez, Bigner, &
Sampson, 2013).
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Myeloid derived suppressor cells (MDSCs), in turn, represent a collection of
immature macrophages, granulocytes, DCs, and other myeloid cells in early stages of
differentiation. In pathological conditions like cancer, a partial block in the
differentiation of immature myeloid cells can result in the expansion of this aberrant
population. In mice, MDSCs are defined as Gr-1+CD11b+ cells which, upon activation,
upregulate expression of immune-suppressive factors like arginase and inducible nitric
oxide synthase (iNOS). Arginase depletes available arginine, and iNOS enriches the local
concentration of NO, leading to the suppression of NK and T cell anti-tumor function,
including against GBM (Dolcetti et al., 2008; Jia, Jackson-Cook, & Graf, 2010; Sinha,
Clements, Miller, & Ostrand-Rosenberg, 2005).
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2. Overview of Brain Tumor Immunotherapy
Patients with GBM require novel therapies that target residual tumor tissue within
resection cavities as well as migratory micro-metastases elsewhere in the brain, and in a
manner that is highly specific to avoid off-target damage to normal tissues.
Immunotherapy is an ideal strategy to meet this need. Immunotherapy aims to establish
anticancer immune responses through a number of distinct mechanisms, and is
particularly attractive for malignant brain tumors given that specialized immune cells
have migratory capacity, a mechanism to discriminate between normal and neoplastic
tissue, and development of immunological memory.
Importantly, the ability of T cells to extravasate from vasculature and migrate within
the brain parenchyma in response to chemotactic cues may be a critical feature that
prevents highly invasive tumor cells from escaping therapy (Restifo, Dudley, &
Rosenberg, 2012). This migratory behavior overcomes limitations of drug delivery
imposed by variable intratumoral microvasculature, which can disproportionately
concentrate drug when relying on diffusion gradients alone. The pharmacokinetics and
limitations of TMZ diffusion, for example, have been well described, and other
chemotherapeutic agents that rely on similar delivery methods carry the same constraint
(Ostermann et al., 2004; Portnow et al., 2009).
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2.2 Early Beginnings
The immune system’s role in cancer development and rejection was first
established in the 19th century, when scientists noted remission of established solid
tumors in febrile patients. This correlation was documented in 1893, when Coley and
colleagues published their seminal observations of sarcoma regression following
repeated Streptococcus inoculations, hypothesizing that an underlying infection
nonspecifically activated the immune system to control tumor progression (Coley, 1991).
Since this instrumental finding, the clinical interest in utilizing the immune system for
cancer therapy has grown in parallel with our understanding of the mechanisms that
govern humoral and cell-mediated immunity. The advent and evolution of DNA
recombinant technology, molecular biology, and genetic sequencing have revealed the
interplay between the immune system and recognition of aberrant neoplastic cells
(Fenton & Longo, 1995; Parish, 2003). Carcinomas, for example, are estimated to contain
up to 11,000 de novo genomic alterations, many of which create novel antigens that serve
as potential sites for immune recognition that may be leveraged to generate antitumor
immune responses (Stoler et al., 1999).
GBM is a tumor exemplified by genomic alterations with defined targets that
may be exploited for this purpose. The type III mutation of the epidermal growth factor
receptor (EGFRvIII), for example, confers tumorigenic and invasive properties to tumor
cells, is not expressed by normal cells, and is found in greater than 40% of patients with
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high-grade gliomas (Boockvar et al., 2003b; Ekstrand et al., 1991; M. D. Inda et al., 2010;
Libermann et al., 1984; Moscatello et al., 1995; Wong et al., 1992). Other GBM targets of
note include mutations in the isocitrate dehydrogenase (IDH) gene, viral antigens
resulting from the expression of human β-herpesvirus Cytomegalovirus within GBM (e.g.
pp65 and IE1), and tumor-associated antigens such as Her2/neu, Trp-2, and gp100
(Hodges, Choi, Signer, Yan, & Sampson, 2013; Kato et al., 2009; G. Liu et al., 2004; S. K.
Nair et al., 2014; Saikali et al., 2007; Zhang et al., 2007). The recent identification of these
targets has made it possible to evaluate novel immunotherapies in experimental animal
models and early trials in humans, and importantly, it has become clear that such
therapies can readily traverse the blood-brain barrier to mount meaningful responses
against malignant tumors within the CNS (J. J. Hong et al., 2010; Johnson et al., 2009).

2.3 Introduction to Cancer Vaccines
Cancer cells can express aberrant proteins as cell-surface targets or as peptide
antigens through class I and II MHC molecules, which are recognized by CD8+ cytotoxic
T-cell lymphocytes (CTLs) and CD4+ helper T cells, respectively. Recently, highthroughput technologies and whole-exomic sequencing have allowed us to identify
cancer mutations that can be recognized by T cells (Weinschenk et al., 2002). Not all
mutations can be recognized, however, and new MHC prediction algorithms are
attempting to narrow the pool of targetable epitopes by determining the relative binding
strength of their respective peptides to individual MHC molecules (Nielsen, Lund, Buus,
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& Lundegaard, 2010). By selecting a single candidate or pool of immunogenic peptides,
for example, it is possible to inoculate patients with peptides to stimulate endogenous
immune responses against tumor-specific or tumor-associated antigens. Similarly, DCs
can also be pulsed with peptides, total tumor lysate, or RNA encoding the target
antigen(s) and administered as immunotherapy. These cancer vaccines are designed in
principle as an active immunization, based in part on the success of this approach in
prophylaxis against viral infection.

2.3.2 Peptide vaccines
The EGFRvIII vaccine for GBM is an example of the peptide-based approach and
represents one of the very few cancer vaccines to have entered phase III clinical trials for
GBM. This vaccine consists of a 14-amino acid peptide derived from the EGFRvIII
neoepitope (PEPvIII) conjugated to the highly immunogenic carrier protein keyhole
limpet hemocyanin (KLH), and is admixed with the potent adjuvant granulocyte
macrophage colony-stimulating factor (GM-CSF) (Gedeon, Choi, Sampson, & Bigner,
2013). Celldex Therapeutics (Phillipsburg, NJ), who is developing this vaccine (CDX-110
or rindopepimut), recently completed several clinical trials in patients with newlydiagnosed and recurrent GBM.
In two single-arm phase II studies, rindopepimut was well-tolerated and
generated impressive anti-EGFRvIII immune responses that translated into significant
improvements in overall survival (OS) and progression-free-survival (PFS) against
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newly diagnosed disease compared to a control cohort matched for study eligibility and
standard of care (Heimberger et al., 2006). These findings were confirmed in a singlearm, multicenter phase II trial in a cohort of 65 patients receiving rindopepimut with
standard of care (NCT00458601). All three phase II trials demonstrated a median OS of
approximately 24 months and a median PFS of 9.2-15.3 months, both from diagnosis
(Sampson et al., 2011a; Sampson et al., 2010; Schuster et al., 2015). These results also
demonstrated the tolerability and potential synergy of novel immunotherapies when
used in combination with standard of care or dose-intensified TMZ (Sampson et al.,
2008).
Based on these data, rindopepimut entered clinical evaluation in an international
two-arm, randomized, phase III clinical trial (NCT01480479) for EGFRvIII-positive
newly diagnosed GBM. In March 2016, Celldex Therapeutics announced discontinuation
of this phase III study after an independent Data Safety and Monitoring Board reported
that the study would not reach statistical significance for OS. Importantly, rindopepimut
performed consistently with data obtained from prior studies (median OS: 20.4 months),
but the control arm significantly outperformed historical controls (21.1 months). The
unexpected performance of the control arm may be one explanation as to why
rindopepimut failed to show a survival benefit. Despite these results, rindopepimut is
still being evaluated in recurrent GBM, based on interim results released in 2014 from a
phase II clinical trial that demonstrated dramatic improvements in OS and PFS in
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patients receiving rindopepimut combined with bevacizumab compared to patients
receiving bevacizumab alone (Reardon et al., 2014). Formal results from this trial and
sub-group analysis of the phase III clinical study in newly diagnosed GBM patients
mentioned above are highly anticipated.
One important and consistent observation arising from studies targeting
EGFRvIII has been the loss of EGFRvIII expression and eventual outgrowth of antigennegative tumors. This ‘immunologic escape’ is highlighted by the fact that 82% of
recurrent tumors do not express EGFRvIII, and may indicate a need to target a greater
repertoire of tumor antigens to prevent tumor-escape cell variants (Sampson et al., 2010).
This is supported by preliminary reports of immunologic escape with similar peptidebased vaccines, such as a phase I/II trial targeting the glioma-associated antigen (GAA)
SL-701 (NCT02078648), a phase I trial evaluating a vaccine against CMV-associated
antigens (NCT00639639), and a recently completed phase II trial targeting heat shock
protein HSPP-96 (NCT00905060).

2.3.3 Dendritic Cell Vaccines
Dendritic cells (DCs), originally described by Steinman and Cohn, are
professional antigen presenting cells (APCs) that serve as a crucial link between innate
and adaptive immunity, constantly surveilling peripheral tissues for incoming
pathogens and danger signals (Steinman & Cohn, 1973). Upon encountering antigen in
the periphery, DCs engulf antigenic proteins, process antigen-derived peptides,
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assemble these peptides onto their MHC-I and MHC-II molecules, and upregulate key
lymphoid homing receptors for efficient trafficking to draining lymph nodes (LNs),
where they present antigen to naïve T cells and serve as co-stimulatory vehicles for the
induction of T-cell effectors (Banchereau et al., 2000). Preclinical studies demonstrate
that DCs are potent activators of de novo and recall humoral and cellular immune
responses (Ashley et al., 1997). As such, DC-based platforms have been pursued as an
alternative to peptide vaccination (although they are more laborious and technically
challenging to manufacture) by using ex vivo generated DCs derived from peripheral
blood monocyte precursors (S. Nair, Archer, & Tedder, 2012). DCs pulsed with peptide,
tumor antigen RNA, or whole tumor lysate can be administered to patients and have
been shown to prime CD8+ T cell responses in vivo (Fecci et al., 2003; Palucka &
Banchereau, 2012).
In 2001, Yu and colleagues reported the feasibility, safety, and bioactivity of a DC
vaccine in 4/7 glioma patients who received DCs pulsed with peptides eluted from the
surface of glioma cells (Yu et al., 2001). Systemic cytotoxic responses were detectable,
and importantly, 2 of 4 patients who underwent reoperation demonstrated robust CD8 +
and memory (CD45RO+) tumor-infiltrating lymphocytes (TILs) within the tumor
microenvironment. In a similar study conducted by Liau and colleagues (Liau et al.,
2005), 12 GBM patients received DCs pulsed with acid-eluted peptides in three biweekly
vaccinations. Six of these patients developed systemic antitumor CTL responses, 4/8
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patients who underwent operation demonstrated increased numbers of TILs, and one
patient demonstrated an objective clinical response. This study also reported four longterm survivors (>2 years from diagnosis).
In a 2011 phase I/II study, 58% of GBM patients treated with a peptide-pulsed
DC vaccine directed against the GAAs EphA2, IL13Rα2, YKL-40 and gp100 epitopes
demonstrated multiple CD8+ T-cell responses to 3/4 targeted GAAs, providing the first
evidence of generating a directed response against multiple tumor antigens (Okada et
al., 2011). The scalability of this approach to additional or alternative GAAs, however,
has been somewhat limited by the cost and lengthy time required for the appropriate
selection and preparation of multiple immunogenic peptides. Additionally, the
identification of antigens on autologous cultured tumor cells can be difficult or
impossible in patients with non-resectable or recurrent tumors. These results, however,
have demonstrated that vaccines designed to elicit responses against multiple antigens
may be a viable approach to treating heterogeneous tumors. Several follow-up trials,
including two phase II trials (NCT01280552 and NCT02366728), are underway to explore
this approach in combination with potent adjuvants designed to improve the
immunogenicity of tumor vaccines.
DCs pulsed or co-cultured with whole tumor lysate have also been used to
generate T-cell responses against previously undefined tumor antigens. Despite
concerns over potential for autoimmunity (due to inclusion of self-antigens) or
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inflammatory toxicity, such vaccines have been tested in humans with promising results.
A phase II trial in patients with newly diagnosed GBM demonstrated an improvement
in median OS to 31.9 months, compared to just 15.0 months with standard
chemoradiation therapy alone (Cho et al., 2012). Although the sample size of this initial
trial was small (less than 20 patients in each treatment arm), there are multiple phase
II/III trials in progress examining this approach, including DCVax-L (NCT00045968 and
NCT02146066), proteome-based DC vaccines (NCT01759810), and trials examining the
optimal adjuvant for lysate vaccines (NCT01204684). Importantly, one current study is
also assessing the safety and efficacy of DC vaccines loaded with tumor lysate for the
treatment of both adult and pediatric patients (≥ 13 years old) with refractory malignant
glioma (NCT01808820). This study is expected to reach completion in July 2018.
Although results from these trials are encouraging and have proven valuable,
vaccine trials have rarely produced convincing clinical data in advanced cancers
(Palucka & Banchereau, 2012). One major barrier to success has been the migratory
profile and kinetics of injected DCs, as in vivo DC behavior can directly augment the
magnitude of induced antitumor immune responses. Indeed, one area of active
investigation has been to investigate the efficiency at which injected DCs reach vaccine
site-draining LNs. This has been investigated in the context of advanced melanoma
patients receiving DC vaccines. In these clinical trials, only a maximum of 4% of
intradermally-administered DCs reached these draining LNs (De Vries et al., 2003;
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Verdijk et al., 2009). In 2003, a seminal preclinical study revealed that preconditioning
vaccine sites with inflammatory cytokines or mature, unpulsed DCs can significantly
increase the migration of subsequently injected antigen-specific DCs to draining LNs,
which then proportionally increases the magnitude and quality of induced T cell
responses (Martin-Fontecha et al., 2003). The concept of vaccine site preconditioning
entails administering an inflammatory agent locally in the skin prior to administering a
cellular vaccine, with the goal of activating draining lymphatics and inducing key
migratory receptors needed for effective lymph node homing.
Recently, a blinded, randomized study demonstrated that preconditioning the
DC vaccine site with Tetanus-diphtheria (Td) toxoid resulted in significantly increased
DC migration compared to a cohort receiving a dose of unpulsed DCs. Furthermore,
patients randomized to Td showed significantly improved PFS (range 15.4 - 47.3
months) and OS (range 20.6 - 47.3 months) compared to the unpulsed DC cohort. This
study was recently published with corroborating preclinical evidence that Td, given
locally at a single DC vaccine site, stimulated a systemic response enabling the migration
of bilateral DC vaccine sites to reach their respective draining LNs (Mitchell et al., 2015).
These observations are being evaluated in a higher-powered phase II clinical trial
(NCT02366728).
Studies elsewhere are also attempting to improve the DC vaccine strategy
through combinatorial therapy with checkpoint inhibitors that may improve the priming
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of naïve CD8+ T cells or prevent the functional inhibition of CTLs within tumor
microenvironments. More recently, DC vaccines have also been utilized as cellular
adjuvants in patients with GBM to provide in vivo antigenic stimulation to adoptively
transferred T cells, where they may function to enhance T-cell polyfunctionality and
expansion (NCT00693095).
Immunizations using tumor cells, proteins, peptides, DNA, DCs, and
recombinant viruses have been widely investigated to date, but have yielded
disappointing responses in patients across most trials (Rosenberg, 2012). In fact, in a
recent review by Klebanoff et al., an honest appraisal of cancer vaccine trials conducted
between 2004-2010 found an overall objective response rate of just 3.6% among 936
patients, who varied widely in their tumor and vaccine type (Klebanoff, Acquavella, Yu,
& Restifo, 2011).

2.4 Immunomodulatory therapeutics
A fine balance between immune stimulatory and inhibitory signals exists in the
setting of cancer, modulation of which can be exploited towards a therapeutic end.
Effector CD8+ T-cells require a ‘trifecta’ of T-cell receptor (TCR) and costimulatory
signals to achieve a sufficient activation profile for tumor killing. The TCR-CD3 complex
must first bind antigen bound to MHC on an antigen presenting cell (APC) (Signal 1),
followed by ligand binding of co-stimulatory or co-inhibitory receptors on T-cells that
control and tune the TCR signal (L. Chen, 2004). B7 family ligand (CD80/CD86) binding
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to CD28, a cell-surface molecule present on approximately half of all CD8+ T-cells,
produces a co-stimulatory response that promotes cytotoxicity (Signal 2). CD28
molecules respond to stimulation by eliciting an intracellular cascade of signals that
together enhance cytokine secretion (Signal 3) and prevent cellular anergy. Induced
anergy among tumor-reactive T-cells has been proposed as one major mechanism
underlying tumor immune-evasion, due both in part to the absence of co-stimulatory
ligands for CD28 and to an immunosubversive tumor microenvironment. This thought
has spawned the generation of a relatively new class of therapeutic antibodies designed
to mimic co-stimulation by stimulation through targets such as CD28 and 4-1BB in
addition to the targeted tumor antigen, thereby perpetuating immune responses.
One concern, however, is that indiscriminate strengthening of co-stimulation carries
the potential for autoimmunity and life-threatening systemic inflammatory responses. A
recent phase I trial that evaluated the safety and activity of an anti-CD28 mAb,
TGN1412, for example, led to severe cytokine release syndrome and multi-organ failure
in several patients (Melero, Hervas-Stubbs, Glennie, Pardoll, & Chen, 2007; Sheridan,
2006; Suntharalingam et al., 2006). A separate class of mAbs designed to instead
antagonize co-inhibitory molecules, including CTLA-4 and PD-1, are currently under
active investigation and warrant similar caution, as non-specific immune checkpoint
blockade can remove barriers that otherwise protect hosts from autoimmunity (although
antibodies to both have proven fairly well-tolerated thus far).
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2.4.2 Immune checkpoint inhibitors
The possibility that T cells remain unresponsive despite their capacity to
recognize tumor antigens has propelled us to better understand the biology of
intratumoral immune synapses, which has culminated into strategies that promote
effector T cell function by overcoming tumor-induced dysregulation of immune
checkpoints. The B7/CTLA-4 and PD-1/PD-L1 axes are archetypal examples of immune
regulators and have been extensively reviewed elsewhere (Pardoll, 2012). CTLA-4 is an
inhibitory cell-surface receptor expressed by all T cells and competes with the costimulatory receptor, CD28, for the ligands B7-1 (CD80) and B7-2 (CD86). CTLA-4
engagement therefore not only delivers self-inhibitory signals to T cells but can also
prevent necessary costimulation by CD28 to amplify TCR signals by acting as a ligand
sink, thereby preventing sufficient T-cell activation (Freeman et al., 1993; Linsley et al.,
1994; Pardoll, 2012; H. Schneider et al., 2006). Importantly, CTLA-4 is also constitutively
expressed by Treg, and CTLA-4 engagement dramatically enhances Treg suppression of
effector T cells. In contrast, the PD-1/PD-L1 axis operates through a distinct and nonredundant checkpoint mechanism. Like CTLA-4, PD-1 is an inhibitory cell-surface
receptor that is expressed on activated T-cells and other immune cells, and a wide range
of tumors as well as APCs have been shown to upregulate one of its two major ligands,
PD-L1 (C. Wang et al., 2014; Zou & Chen, 2008). Following promising preclinical data,
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antibodies against CTLA-4, PD-1, and other immune checkpoints have entered clinical
trials and have produced highly encouraging results against several cancers.
CTLA-4 blockade was approved by the U.S. Food and Drug Administration
(FDA) in 2010 for metastatic melanoma (Phan et al., 2003), and is under active
investigation for several other advanced cancers, including GBM, renal cell carcinoma,
and cancers of the lung, pancreas, and liver. Of note, anti-CTLA-4 has been associated
with significant rates of dose-dependent inflammatory toxicity in up to 21% of patients
(Beck et al., 2006), drawing some concern over the potential for systemic damage by this
class of drugs (Johnston, Lutzky, Chodhry, & Barkin, 2009; Margolin et al., 2012; Weber
et al., 2009). In fact, in a recent trial for patients with metastatic melanoma, the
combination of anti-CTLA-4 with a peptide vaccine was associated with the
unintentional induction of colitis, dermatitis, uveitis, and hypophysitis (Attia et al.,
2005). Similar symptoms were reported in other studies evaluating anti-CTLA-4 alone
(Fischkoff et al., 2005), or in combination with IL-2 administration (Maker et al., 2005).
These immune-related adverse events, however, are strongly correlated with tumor
regression, and are likely due to the breaking of tolerance to self-antigens. It is a
continued theory that sufficiently potent antitumor immune responses will be
accompanied, almost necessarily, by a degree of autoimmunity, as thresholds for selftolerance are intentionally crossed.
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Nivolumab is a fully human IgG4 antibody that blocks the interaction of the PD1 receptor to its ligands. Early clinical trials in patients with non-small cell lung cancer,
melanoma, and renal cell carcinoma have demonstrated response rates ranging from 18
to 28%; responses are even higher (36%) for patients with histologically confirmed PDL1-expressing tumors (Topalian et al., 2012). In fact, a 2015 report from a phase III
clinical trial demonstrated an objective response rate of 40% in patients with previously
untreated, advanced melanoma (Robert et al., 2015). Clinical trials evaluating checkpoint
blockade in combination with other drugs and standard of care in patients with GBM
are ongoing. These studies include a phase I trial evaluating combination therapy with
anti-PD1 and anti-CTLA-4 in the context of TMZ (NCT02311920), and a phase III trial
comparing the safety and efficacy between anti-PD1 alone, combination therapy with
anti-PD1 and anti-CTLA-4, and bevacizumab alone (NCT02017717).

2.5 Oncolytic Viruses
Viruses have been studied extensively in cancer, for both their role as causative
agents and as potential tools for therapy. These origins date back over a century, when
in 1912, N.G. De Pace found that vaccinating a woman (who was bitten by a rabid dog)
with an attenuated rabies virus vaccine induced regression of her cervical carcinoma.
Virotherapy has been commonly used to genetically modify cancer cells, where it has
been shown to increase tumor sensitivity to exogenous agents, prevent angiogenesis,
and correct oncogenetic defects (Chiocca, Broaddus, Gillies, Visted, & Lamfers, 2004;
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Myers et al., 2008; Sandmair et al., 2000; Wirth, Samaranayake, Pikkarainen, Maatta, &
Yla-Herttuala, 2009). More recently, virotherapy has expanded beyond purposes of gene
delivery to directly leverage the ability of viruses to selectively target cancer cells,
induce cell death, amplify, and spread within tumor.
Viruses can exert antitumor benefits by 1) inducing tumor cell lysis (oncolysis), 2)
recruiting immune cells indirectly through the release of pro-inflammatory cytokines
and chemoattractants by dying tumor cells, and 3) inducing immune responses against
themselves, infected tumor cells, and uninfected tumor cells through bystander effects
(Atherton & Lichty, 2013). Importantly, these secondary immune responses can
sometimes be unproductive, as effective virotherapy seems to require a delicate balance
between antitumor and antiviral activity such that sufficient viral infection of tumor
occurs before viral particles are cleared through innate immune mechanisms.
Neutrophils and myeloid-derived cells (i.e. macrophages and monocytes) are
components of innate immunity and are recruited to tumor beds following oncolytic
virus (OV) infection. In preclinical models, antibody-mediated depletion of neutrophils
is coincident with enhanced viral replication (Breitbach et al., 2007), and macrophages –
which assume an M1 pro-inflammatory phenotype in response to viral infection – have
been associated with a dramatic clearance in viral titers that can be reversed upon
macrophage depletion (Alvarez-Breckenridge, Choi, Suryadevara, & Chiocca, 2015; Fulci
et al., 2007). Chiocca and colleagues have also eloquently shown that depletion of NK
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cells facilitates OV replication and improves survival in preclinical models of GBM
(Alvarez-Breckenridge et al., 2012).
These studies have supported the notion that at least during the initial period of
OV infection, suppression of innate immune mechanisms may be required for robust OV
antitumor activity, although this may depend on the tumor model and viral vector used.
It is clear, however, that when a productive OV infection does occur, it can engender
immunogenic tumor cell death and induce long-term and robust CD8+ T cell antitumor
responses (Figure 2) both in preclinical models and in patients with solid tumors
receiving combinatorial treatment with OV, TMZ, and cyclophosphamide (Liikanen et
al., 2013). More than 7 different OVs have been evaluated in clinical trials for GBM,
including adenovirus (AdV), herpes simplex virus (HSV), Newcastle disease virus,
reovirus, measles virus, H1 parovirus, and poliovirus, all of which have been extensively
reviewed elsewhere (Wollmann, Ozduman, & van den Pol, 2012).
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Figure 2: A model for potentiating oncolytic viral therapy through a
coordinated immune response

Despite the promise of OV therapy, it has not yet achieved convincing clinical
success in advanced trials, and no OV has been approved by the U.S. FDA to date,
although AdV ONYX-015 has been approved in China for patients with head and neck
cancer. A promising candidate may be on the horizon for GBM, however, based on
early phase I clinical data reported in 2014-2015. This OV is a genetically modified
poliovirus which binds the CD155 cell-surface polio receptor, which is expressed in a
high proportion of GBM tumor cells (Merrill et al., 2004). To reduce the potential for
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neurotoxicity that is typically observed in cases of human poliomyelitis, poliovirus was
genetically altered at its internal ribosomal entry site to swap its cognate sequence with a
non-pathogenic sequence derived from human rhinovirus type II (Gromeier, Alexander,
& Wimmer, 1996), effectively eliminating neurovirulence in this poliovirus/rhinovirus
recombinant chimera (PVSRIPO). Intratumoral administration (via catheter enhanced
delivery or CED) of PSVRIPO is currently being evaluated in a phase I dose escalation
trial in patients with recurrent GBM, and preliminary results have demonstrated
complete and near-complete radiographic responses following viral infusion in the first
two patients recruited on study, who remain alive >31 and 33 months post-PVSRIPO
infusion (Desjardins, 2015; Gromeier et al., 2014).

2.6 Gene Transfer Therapy
Gene therapy, or the use of nucleic acids to treat disease, provides a novel
approach to treatment of GBM, especially when combined with immunotherapy. One
such modality relies on a combination of adenoviral vectors to deliver two genes:
thymidine kinase (TK) and fms-like tyrosine kinase-3 ligand (Flt3L). TK works by
phosphorylating the prodrug Ganciclovir to induce DNA-crosslinking and subsequent
tumor cell death, while Flt3L is a strong DC growth factor and chemoattractant to the
microenvironment. TK-mediated tumor cytotoxicity leads to the release of inflammatory
molecules and new antigens that can then be taken up by DCs and presented to T cells
to prime them for an antigen-specific response against the tumor (Kamran et al., 2016).
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In multiple animal models of GBM, this combination has led to tumor regression,
long-term survival, and development of immunological memory (Ali et al., 2005; Curtin
et al., 2005; Curtin et al., 2009; Ghulam Muhammad et al., 2009). A phase I dose
escalation safety study is currently underway to evaluate this combined cytotoxic and
immune-stimulatory strategy in patients with resectable GBM (NCT01811992). Other
gene therapies have also shown promise in preclinical models of brain tumors including
adenovirus-mediated delivery of interferon alpha and IL-12 (Curtin et al., 2005).
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3. Adoptive T-cell Immunotherapy for Brain Tumors
The clinical significance of immunotherapy is nowhere better exemplified than in
the context of adoptive T-cell transfer, where nearly three decades of discovery and
innovation have culminated into producing consistent and durable responses against
highly aggressive and advanced cancers. This promise is best exemplified in the context
of stage IV metastatic melanoma, where the isolation, ex vivo expansion, and adoptive
transfer of tumor-infiltrating T-cells (TILs) with high-dose IL-2 has produced objective
clinical responses in up to 72% of patients recovering from chemotherapy (Rosenberg et
al., 2011). Importantly, even large metastases in the brain have responded to systemic
therapy (J. J. Hong et al., 2010).
Since its introduction in the late 1980s, ACT has evolved dramatically to include
non-myeloablative lymphodepletion as a compulsory pre-conditioning regimen that
drastically improved ACT response rates (Dudley et al., 2002; Rosenberg, 2012; L. A.
Sanchez-Perez et al., 2013), in part by ablating immunosuppressive Treg and other
endogenous immune cells that compete for access to homeostatic cytokines. In turn, this
immunologic space created by an absence of host lymphocytes has been shown to
support the homeostatic cytokine-driven expansion of infused T-cells, up to a thousandfold in some instances (Dudley et al., 2002; Rosenberg, 2011, 2012).
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3.2 Tumor Infiltrating Lymphocytes
As mentioned above, in its earliest days, ACT employed tumor-infiltrating
lymphocytes (TILs) (typically a mixed bag of CD4+ helper and CD8+ cytotoxic T-cells)
that had successfully exited the bloodstream and migrated into tumors, presumably as a
function

of

antitumor-specific

trafficking.

Although

tumor-reactive,

nascent

unmanipulated TILs are often paralyzed in their cytotoxic functionality and proliferative
capacity in the context of suppressive tumor microenvironments, frequently thwarted by
counterproductive shifts away from Th1 cytokine production and forced over-activation
and exhaustion. Often this comes at the hands of tumor-secreted inhibitory substances
and direct contact with Treg, which are frequently present at tumor sites in increased
numbers. Nevertheless, adoptive strategies to harvest, manipulate, and employ TILs
have been historically common, given the concentrated source of lymphocytes with
tumor specificity.

Early format ACT aimed to isolate and expand these TILs to clinically relevant
numbers prior to clonal repopulation in patients. Although TILs have been shown to
mediate tumor regression and durable responses in patients with melanoma (Rosenberg,
Restifo, Yang, Morgan, & Dudley, 2008; Rosenberg et al., 2011; Zippel et al., 2012), TILACT has not yet reached widespread application due to the technical difficulty
associated with identifying, isolating, and expanding tumor-reactive lymphocytes
(Rosenberg et al., 2008). This strategy, however, has remained as an important proof-of34

principle, demonstrating the therapeutic potential of tumor-directed lymphocytes in a
clinical setting. The question, then, has evolved into one surrounding the source of
tumor-reactive lymphocytes. If we cannot sufficiently isolate and grow them, can we
instead manufacture them?
Some of the most impressive developments in ACT are thus indebted to modern
advancements in DNA recombinant technology, molecular biology, and gene
engineering, which have together made possible the genetic modification of T cells to
endow them with specificity for tumor antigens, rather than depend wholly on the
isolation of a tumor-reactive species.

3.3 T-cell Receptor Gene Therapy
T-cell receptor (TCR) gene therapy depends on the transfer of high-affinity
physiologic MHC-restricted TCRs to PBLs through retroviral transduction. The ability to
genetically modify T cells to recognize TAAs has improved the TIL platform to avoid the
difficulties associated with isolating and expanding tumor-specific lymphocytes from
tumor biopsies. This approach has proven effective against melanoma and other cancers
(Duval et al., 2006; R. A. Morgan et al., 2006), but like TILs, TCR gene therapy remains
vulnerable to MHC complex downregulation and impaired antigen-presenting
capabilities by tumor cells.
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3.4 Chimeric Antigen Receptors
Chimeric antigen receptors (CARs) were originally conceptualized by Zelig
Eshhar and colleagues in 1989 (Gross, Waks, & Eshhar, 1989). Their findings described
the generation of an “immunoglobulin-T-cell receptor chimeric molecule” by splicing
the heavy and light chain variable regions of a mAb into a T lymphocyte cell line, along
with the constant region of a TCR. They later modified their approach by generating a
single-chain fragment encoding both heavy and light variable regions joined by a linker
sequence (scFv), negating the need for multiple gene transfers to achieve antibody-like
receptor specificity (Eshhar et al., 1996). Upon scFv binding to cognate antigen, the CAR
signaled through the CD3 zeta chain to activate the receptor-bearing T lymphocyte.
By exploiting the MHC-independent, direct antigen specificity of mAbs, CARs
confer upon T-cells the new capacity to simply recognize tumor cell surface antigens of
interest and link such recognition to triggered T cell activation, akin to endogenous TCR
mechanisms. This MHC-independence is especially relevant, as tumors frequently
downregulate MHC molecules (Bubenik, 2004; Hicklin, Marincola, & Ferrone, 1999;
Kageshita, Hirai, Ono, Hicklin, & Ferrone, 1999; Rees & Mian, 1999), lose expression of
MHC-I associated β2-microglobolin (Cabrera et al., 2003), and intracellular peptide
transporters (Johnsen, Templeton, Sy, & Harding, 1999; Ritz et al., 2001) and can even
alter the architecture of intracellular proteasomes, preventing adequate MHC
presentation of antigens on cell surfaces. These represent mechanisms that would
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otherwise paralyze immunotherapies dependent on TCR-MHC complex formation (i.e.,
TIL-ACT and TCR gene therapy). The caveat to this MHC-independence is that targeted
antigens must be on the cell surface (as with antibody therapies), limiting the number of
appropriate targets available. Likewise, as CARs can be plugged into autologous
lymphocytes of any prior specificity, whole PBL may be harvested as fodder for
engineering, obviating limitations of yield. The same then holds true for ex vivo
expansion, where all engineered cells possess the desired specificity, and expansion
against the desired target need not be a means of finding and cloning the proverbial
“needle in a haystack.”
‘First generation’ CARs, defined by the inclusion of a single intracellular
signaling domain, were evaluated in early clinical trials using CARs targeting folatereceptor in patients with ovarian cancer (Kershaw et al., 2006), carbonic anhydrase IX
(CAIX) in patients with renal cancer (Lamers et al., 2006), and CD171/L1-CAM in
pediatric patients with neuroblastoma (Park et al., 2007). These trials uniformly failed to
demonstrate antitumor efficacy, and notably lacked long-term survival of circulating
CARs in patient blood. The CAIX trial, did however, lead to cases of unexpected biliary
tract toxicity, illustrating the potential for acute off tumor, on target effects in patients.
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Concurrent studies using transgenic TCR-based immunotherapy also provided
critical information during this period that supported a refinement of CAR design to
support in vivo survival and persistence. Studies conducted by Steven Rosenberg’s
group at the National Cancer Institute (NCI) provided insight regarding the role of
receptor affinity for antigen and in vivo survival of engineered T cells in patients
(Johnson et al., 2006; Johnson et al., 2009; R. A. Morgan et al., 2006). These studies
showed that T cells modified to express TCR genes targeting gp100 or MART1 were able
to elicit antitumor effects in patients with advanced metastatic melanoma with objective
tumor responses (according to RECIST criteria) in 17% and 30% of patients, respectively
(Johnson et al., 2009). Notably, these gene-engineered T cells were found in the
circulating blood of patients at remarkably high proportions (up to 80% of circulating T
cells), even one month after treatment. The long-term persistence of TCR-transgenic T
cells compared to the relatively short lifespan of first generation CARs supported a
modification of CAR design.

3.4.2 Second and Third Generation CARs
Subsequent efforts were focused on improving the function and survival of CAR
T cells, based on an understanding of fundamental T-cell biology. As mentioned earlier,
T cells are activated through a two-step mechanism. Upon stimulation of the TCR zeta
chain, the T-cell activation pathway is triggered, resulting in production of effector
molecules including Type 1 cytokines interferon-gamma, tumor-necrosis factor-alpha,
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and lysis of target cells through production of perforin and granzymes, as well as release
of CD107a/LAMP1. A second signal is then initiated which promotes proliferation and
survival of the T cell, to ensure persistent defense against an offending pathogen. This is
achieved through T cell interaction with supporting immune cells (e.g. macrophages and
DCs) expressing costimulatory molecules like CD70, CD80, or CD86 which bind to
CD27, CD28 or 4-1BB on the surface of T cells. When TCR zeta signaling occurs in
tandem with these costimulatory signals, the T cell receives pro-survival instructions,
continuing long-term with eventual transition to effector memory cells. However, in the
absence of such costimulation, an anti-autoimmune cycle is launched, whereby the
activated T cells quickly undergo activation-induced cell death (AICD). This process
ensures that T cells will exhibit continued activation and function against a desired
target, but will quickly be eliminated if found to be self-reactive.
It was speculated that the absence of a costimulatory signal (Signal 2) in CAR
design was the culprit behind poor survival and persistence. Dr. Carl June and Dr.
Michel Sadelain pioneered the design of ‘second generation’ CARs, which included
intracellular signaling from a costimulatory molecule such as CD28 (Finney, Lawson,
Bebbington, & Weir, 1998; Krause et al., 1998), 4-1BB or OX40 (Finney, Akbar, & Lawson,
2004; Imai et al., 2004; Milone et al., 2009). While first generation CARs consisted of the
scFv plus CD3ζ, second generation CARs also included CD28, 4-1BB or OX40 within
CAR architecture. The appropriate costimulatory region to leverage, however, remains
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controversial. Evidence supported that inclusion of CD28 enhanced antitumor
functionality, while 4-1BB enhanced survival through resistance to AICD. Following
these initial discoveries, additional second generation costimulatory molecules were
evaluated by different groups, including ICOS (Guedan et al., 2014), CD2 (Cheadle et al.,
2012), CD27 (Song et al., 2012), KIR (E. Wang et al., 2015), CD40L (Curran et al., 2015)
and CD80 (Stephan et al., 2007).
More recently, third generation CARs have emerged to include two
costimulatory molecules in addition to the scFv and CD3ζ signal, as depicted in Figure
3. Steven Rosenberg’s group at the NCI published preclinical work on several of these
constructs, encoding both CD28 and 4-1BB. These constructs have targeted vascular
endothelial growth factor receptor (VEGFR) on tumor vasculature (Chinnasamy et al.,
2012), fibroblast activation protein (FAP) in solid tumor stroma (Tran et al., 2013), CD19
in leukemia (Kochenderfer, 2014), and epidermal growth factor receptor variant three
(EGFRvIII) in high grade glioma (R. A. Morgan et al., 2012).
The first use of FAP CARs was based upon promising in vitro data against tumor
cell lines. In syngeneic mouse models, however, these CARs demonstrated severe
autotoxicity caused by cross-reactivity with shared antigen on normal tissues (Tran et
al., 2013). Specifically, Tran et al. showed in mice with different tumor types, including
melanoma, renal, breast and colorectal cancers, that FAP CARs had limited antitumor
efficacy, but caused profound toxicity linked to destruction of FAP-expressing bone-
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marrow stromal cells (Tran et al., 2013). Intriguingly, in similar research by Wang et al.,
FAP CARs in syngeneic mice elicited antitumor efficacy without any evidence of
autotoxicity (L. C. Wang et al., 2014). This discrepancy suggested that despite targeting
the same antigen, differential outcomes could occur depending on 1) receptor affinity or
epitope selection, 2) costimulatory signal combination, and/or 3) CAR T-cell dosage.

3.4.3 Deriving scFvs for CAR production
CARs have been most commonly manufactured from antibodies of murine
origin, developed by immunizing mice with the human target antigen bound to
adjuvants such as KLH in order to develop high affinity antibodies with high specificity
for the human target. These CARs represent the vast majority used in studies today,
typically displaying specificity against human targets expressed on human cell lines,
xenografted into mice. Therefore, preclinical evaluation of these CARs has required use
of severely immunocompromised animal models such as non-obese diabetic, severe
combined immunodeficient (NOD SCID) or NOD SCID IL-2RC-/- (NSG) mice (Ahmed
et al., 2010; Kahlon et al., 2004). The use of these models carries pros and cons. The most
obvious advantage is the ability to evaluate the same therapeutic agent that would be
employed for clinical studies; these models utilize human tumor and human CAR T
cells. One major disadvantage, however, is that immunocompromised animal models
preclude the ability to adequately evaluate the immunobiology relating to CAR T cell
therapy (Alcantar-Orozco, Gornall, Baldan, Hawkins, & Gilham, 2013; Greenwood,
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1993). Moreover, accurate assessment over safety and the potential for autoimmune
toxicity is severely compromised. Human CAR T cells may also experience limited or
altered kinetics in engraftment in immunocompromised models, and failure to persist
may prevent the induction of CAR-dependent autoimmune pathology that could
otherwise occur in the clinical scenario, and therefore limits the utility of this model in
both acute and long-term chronic toxicity studies.

3.4.4 Developing CARs for Brain Tumors
CARs have been developed against a number of glioma-associated antigens,
including EGFR (Caruso et al., 2015; X. Liu et al., 2015; Zhou et al., 2013), EGFRvIII
(Bullain et al., 2009; Miao et al., 2014; Ohno et al., 2010; Shen et al., 2013), interleukin-13
receptor alpha-2 (IL-13Rα2) (Brown et al., 2012; Kahlon et al., 2004; Kong et al., 2012),
receptor tyrosine-protein kinase erbB-2 or human epidermal growth factor receptor 2
(HER2/Neu) (Ahmed et al., 2007; Ahmed et al., 2010; Altenschmidt, Klundt, & Groner,
1997; Stancovski et al., 1993), erythropoietin-producing human hepatocellular carcinoma
type-A receptor 2 (EphA2) (Chow et al., 2013), and the glioma stem cell (GSC) markers
Prominin-1 (CD133) (Bao et al., 2006; Zhu et al., 2015) and neural cell adhesion molecule
L1 (L1-CAM) (Gonzalez et al., 2004; H. Hong et al., 2014).
3.4.4.2 EGFR CARs
EGFR is a 170 kDa cell surface receptor tyrosine kinase which recognizes several
similar growth factors: epidermal growth factor (EGF), heparin-binding EGF-like
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growth factor, transforming growth factor α (TGFα), amphiregulin, epiregulin and
betacellulin (Roskoski, 2014). EGFR is naturally expressed in the developing brain and
plays a critical role in neurogenesis (Galvez-Contreras, Quinones-Hinojosa, & GonzalezPerez, 2013). In adulthood, EGFR expression in the brain is dramatically limited by
comparison, and is detected at low levels in the sub ventricular zone and the sub
granular zone within the hippocampus, areas where stem cells reside (Aguirre, Rubio, &
Gallo, 2010). However, a large proportion of high-grade primary malignant brain
tumors such as GBM have been shown to express EGFR and this pattern of gene
expression is associated with an aggressive tumor phenotype and poor prognosis
(Srividya et al., 2010). Over 50% of patients with GBM will express EGFR with a relative
uniform distribution within the tumor bed (Chandramohan et al., 2013; Wikstrand,
McLendon, Friedman, & Bigner, 1997). Moreover, tumors expressing EGFR typically
exhibit gene amplification and express significantly higher levels of expression
compared with normal tissue naturally expressing EGFR (Ekstrand et al., 1991).
Therefore, the limited expression of EGFR in the normal brain and an abundant and
uniform expression of this receptor in GBM tumors have made this an attractive target
for CAR therapy.
Recently, Zhou et al. published studies using a second-generation EGFR CAR
containing the CD28 intracellular motif, linked to the anti-human EGFR scFv of mAb 108
(Zhou et al., 2013). This CAR construct was evaluated for recognition of EGFR-
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expressing lung cancer cells in vitro and in prolonging survival of immunocompromised
mice bearing experimental lung metastases in vivo. Although this construct should
(theoretically) be able to treat EGFR-expressing gliomas, this CAR has not yet been
evaluated in a brain tumor model. At MD Anderson Cancer Center, two second
generation EGFR CARs have been designed to incorporate CD28 and an scFv derived
from the clinically approved anti-human EGFR antibodies Cetuximab®, and
Nimotuzumab® (Caruso et al., 2015). Although toxicities have been observed with
passive antibody treatment of Cetuximab® (Harding & Burtness, 2005), and the
corresponding EGFR CAR (Johnson et al., 2015), less toxicity has been observed with
Nimotuzumab® based CARs.
In a series of recent publications, different groups have investigated the impact
of affinity-tuning scFvs to show differential recognition of tissues with low versus high
expression of EGFR. Nimotuzumab® based EGFR-CARs showed selectivity towards
tissues with high EGFR expression (such as tumor cells), and were capable of sparing
tissue with low EGFR expression (Caruso et al., 2015). This selectivity is hypothesized to
increase safety and clinical applicability of EGFR CARs, but will be difficult to determine
due to the scarcity of translatable preclinical models.
3.4.4.3 IL-13Rα2 CARs
IL-13Rα2 is a 42 kDa high affinity cell-surface receptor for the ligand IL-13, and is
exclusively expressed in certain epithelial, lymphoid, and brain cancers, including GBM
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and medulloblastoma (Sengupta, Thaci, Crawford, & Sampath, 2014; Thaci et al., 2014).
Although IL-13Rα2 expression has been reported in non-malignant tissue, expression
levels in tumor cells are order of magnitudes higher, particularly in GBM were it has
been studied extensively (Debinski, Gibo, Hulet, Connor, & Gillespie, 1999; Mintz, Gibo,
Slagle-Webb, Christensen, & Debinski, 2002). Quantitative surface expression has shown
that up to 30,000 copies of the IL-13Rα2 can be expressed per tumor cell (Debinski, Obiri,
Powers, Pastan, & Puri, 1995). In addition to its high level of expression within each cell,
IL-13Rα2 is expressed in ~58% of grade IV gliomas and up to ~80% in GBM patients
(Brown et al., 2013; Jarboe, Johnson, Choi, Lonser, & Park, 2007). IL-13Rα2 is
heterogeneously expressed within tumor masses; tumors are typically segregated by
areas of dense, low, and absent expression (Brown et al., 2013; Jarboe et al., 2007).
However, its relatively confined expression within tumors and broad expression pattern
across the GBM patient population make IL-13Rα2 an attractive target for CAR therapy.
Early studies were initiated in the 2000s by Dr. Michael Jensen, whose group
developed an IL-13Rα2 CAR, which is known today as the zetakine CAR (Kahlon et al.,
2004). Their work employed a novel CAR configuration, in which instead of an scFv,
recombinant (r)IL-13 was fused to the intracellular zeta chain. This configuration
resulted in a CAR with high affinity for IL-13Rα2, which was shown to confer
cytotoxicity against gliomas in vitro, and mediate long-term survival when delivered
intratumorally in immunocompromised mice bearing intracranial glioma (Kahlon et al.,
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2004). These initial studies were performed utilizing a mutant rIL-13 containing a single
amino acid substitution (IL13.E13Y) to confer selective specificity to IL-13Rα2 and
prevent recognition by IL-13Rα1 and IL-4Rα, both of which can also bind IL13 and are
widely expressed in leukocytes and lymphoid organs (Thaci et al., 2014).
Follow up studies have introduced dual mutations to IL-13 (IL13.E13K.R109K) to
further enhance specificity (Kong et al., 2012) and have incorporated the CD28 domain
to produce second-generation constructs to enhance persistence and efficacy (Hegde et
al., 2013; Krebs et al., 2014). Based on these studies, the zetakine CAR has entered a
phase I clinical trial for patients with GBM (Brown et al., 2015b; Yaghoubi et al., 2009).
3.4.4.4 HER2 CARs
Receptor tyrosine-protein kinase ErbB-2, also commonly known as human
epidermal growth factor receptor 2 (HER2/Neu) is a 185 kDa orphan receptor member of
the EGFR family, which has constitutive activity (Citri & Yarden, 2006). In
adulthood, HER2 is naturally expressed in many tissues including the epithelium of the
gastro-intestinal, respiratory, reproductive, and urinary tract, as well as placenta, breast,
and skin (Hynes & Lane, 2005). However, HER2 expression in adult brain is absent in
both neuronal and glial tissue and is limited to embryonic development (Kornblum,
Yanni, Easterday, & Seroogy, 2000).
This proto-oncogene is, however, turned on and expressed at the cell surface at
high levels in primary malignant brain tumors including GBM and medulloblastoma,
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where expression has been documented to range between 20-80% (G. Liu et al., 2004)
and 40% (Gajjar et al., 2004), respectively. HER2 can be co-expressed at times with EGFR,
but in contrast to EGFR, HER2 does not exhibit gene amplification (Schlegel et al., 1994).
Intratumoral expression of HER2 is variable and can have a modest degree of
heterogeneity. However, given that HER2 expression is completely absent in the normal
CNS, it has become an attractive target for CAR therapy of brain tumors (Ahmed et al.,
2015; Ahmed et al., 2010; Rainusso et al., 2012).
As early as the 1990s, first generation HER2 CARs were developed by fusing a
mouse scFv derived from N29 (Stancovski et al., 1993) and FRP5 (Altenschmidt et al.,
1997) anti-human HER2 hybridomas with the CD3 zeta chain. While studies performed
with the N29-derived HER2 CAR were restricted to in vitro lysis of HER2-expressing
tumor cells, studies utilizing the FRP5 scFv demonstrated that HER2 CARs could
mediate

in vivo tumor regressions (Stancovski et al., 1993). These studies were

performed in subcutaneous tumor models of NIH3T3 cell lines stably expressing the
human HER2 molecule, where mice were treated systemically with HER2 CARs
(Stancovski et al., 1993). Although they served to provide proof-of-concept, these results
were modest at best, mostly due to limited human T-cell engraftment in BALB/c nude
mice (Stancovski et al., 1993). The availability of NOD SCID mice, in which human Tcells can engraft relatively longer, have since enabled informative studies and a deeper
understanding of HER2 CAR biology in vivo. Preclinical work from the NCI utilized a
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CAR based on the same scFv as in the clinically approved Herceptin® mAb, which has
been administered safely to almost half a million women with breast cancer. Zhao et al.
found that in a NOD SCID xenograft mouse model, HER2 CARs were able to treat breast
cancer without causing toxicity (Zhao et al., 2009). Unfortunately, a follow-up clinical
trial using this same CAR resulted in rapid multiple organ failure and death of the first
colon cancer patient treated (R. A. Morgan et al., 2010). This fatality was attributed to
previously unidentified HER2 expression on normal lung tissue.
Other studies have used FRP5-based second generation HER2 CARs against
established GBM (Ahmed et al., 2010) and medulloblastoma (Ahmed et al., 2007), which
naturally express the HER2 molecule, and have conclusively demonstrated that these
HER2 CARs recognize tumors with endogenous HER2 expression levels and mediate
long-term cures (Ahmed et al., 2007; Ahmed et al., 2010). In light of evidence
demonstrating broad expression of HER2 in peripheral tissues outside the CNS, the
safety of FRP5-based HER2 CARs has been evaluated in HER2 transgenic mice, which
express HER2 in the mammary tissue and within the brain in the cerebellum (L. X.
Wang et al., 2010). These studies found no adverse effects despite high levels of HER2
expression. FRP5-based HER2 CARs are currently being evaluated in two clinical doseescalation phase I trials to determine the safety of this approach in HER2 + GBM patients.
In addition to intravenous delivery, intratumoral and intracavitary routes are also being
explored.
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3.4.4.5 EphA2 CAR
The erythropoietin-producing human hepatocellular carcinoma type-A receptor
2 (EphA2) is a 130 kDa cell surface tyrosine kinase receptor whose ligands belongs to the
Ephryn family, including Ephryn A1, A2 and A5. EphA2 expression in adults is
restricted to low levels in proliferating epithelium and areas of the brain, bone marrow,
lung, thymus, small intestine, urinary bladder, colon, liver, kidney, and spleen (WalkerDaniels, Hess, Hendrix, & Kinch, 2003; Wykosky & Debinski, 2008). Although its
expression in normal tissues is low, EphA2 is overexpressed in 60-90% of anaplastic
astrocytomas and primary and recurrent GBM (Wykosky, Gibo, Stanton, & Debinski,
2008; Zhang et al., 2007). EphA2 expression has been associated with poor outcome, due
largely to increased invasiveness (L. F. Wang et al., 2008). Tumor expression of EphA2 is
relatively homogenous in GBM patients; up to 75% of cells within GBM express EphA2
with high intensity (Wykosky et al., 2008; Zhang et al., 2007). Therefore, the prevalence
of EphA2 in high-grade astrocytomas, and its high level and homogeneous expression
within tumors has made it an attractive target for CAR therapy.
A second generation EphA2 CAR containing the scFv from the monoclonal
antibody 4H5 (a humanized version of the EphA2 mAb EA2) has been developed and
evaluated in preclinical immunodeficient SCID mouse models (Chow et al., 2013). This
study demonstrated in vitro recognition and cytotoxicity of glioma cell lines expressing
EphA2. Adoptive transfer of EphA2 CARs into mice with established intracranial
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tumors resulted in prolonged survival when compared with mice receiving control
CARs (Chow et al., 2013). This is the only published report to date utilizing EphA2
CARs but more studies are likely to follow.
3.4.4.6 Glioma Stem cell targeted CARs
Prominin-1, also known as CD133, is a cell surface receptor for cholesterol
(Corbeil, Roper, Fargeas, Joester, & Huttner, 2001), and is highly expressed in putative
glioma stem cells (GSCs) (Bao et al., 2006). CD133 is a five-membrane-spanning
glycoprotein with a calculated molecular weight of 97 kDa, but due to splice variants
and post-translational modifications, its weight can range between 80-120 kDa (Miraglia
et al., 1997). CD133 is expressed widely in epithelial tissue of the gastrointestinal track as
well as in liver, gallbladder, pancreas and testis. However, CD133 expression in the
adult normal brain is limited to low levels in neuronal and glial stem cells (Codega et al.,
2014), but is highly expressed in GSCs (Bao et al., 2006), making CD133 an attractive
target for CAR therapy.
A third generation CD133 CAR containing the scFv of an anti-human CD133 has
been developed and tested in the pre-clinical setting (Zhu et al., 2015). In vitro assays
confirmed specificity to CD133+ GSCs and cytotoxicity upon antigen recognition.
However, in vivo evaluation of CD133 CARs showed only modest enhancement of
survival despite three consecutive intratumoral injections in nude mice with established
intracranial CD133+ human xenografts. Recently, studies have suggested that the CD133
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CAR could lose recognition of glycosylated epitopes in CD133+ progeny cells from GSCs,
owed in part to the AC133 mAb that this CAR was constructed from (Miraglia et al.,
1997). More studies are needed to evaluate this CAR in vivo, both for efficacy and safety,
as this CAR may be able to recognize CD133 expressed in normal tissues.
3.4.4.7 L1-CAM CARs
The neural cell adhesion molecule L1 (L1-CAM), or CD171, is a 140 kDa cell
surface adhesion molecule. L1-CAM is involved in brain development through the
binding of axonin on developing neurons, as well as extracellular matrix proteins such
as laminin and neurocan. It can therefore regulate neuron-to-neuron adhesion, survival,
migration, axon guidance and neurite extension (Kamiguchi & Lemmon, 1997).
L1-CAM is also highly expressed on kidneys, soft tissue, and has been detected
at levels higher than neuronal tissue in GSCs where it plays a role in maintenance of
tumor growth and survival of these putative GSCs (Bao et al., 2008; Cheng et al., 2011).
L1-CAM CARs have been developed for the treatment of primary solid tumors
(Gonzalez et al., 2004; H. Hong et al., 2014), although it has been approached with
caution, given the safety concerns over its vast expression in neuronal tissue. A first
generation CAR containing the scFv of the human specific CE7 monoclonal antibody
fused to the CD3 zeta chain has been shown to be specific for L1-CAM, and
interestingly, recognized tumor tissue but failed to recognize normal healthy tissue
expressing L1-CAM (H. Hong et al., 2014). It is believed that this tumor-specific
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recognition may be explained by a previously unknown alternative splice variant with
expression restricted neoplastic tissue only (H. Hong et al., 2014). Further study is
required to evaluate its potential for efficacy.

3.5 Targeting Epidermal Growth Factor Variant III (EGFRvIII)
EGFRvIII is the type III tumor-specific mutation of the epidermal growth factor
receptor that is commonly expressed in gliomas and several other neoplasms, including
breast, lung and head and neck cancers (Ge, Gong, & Tang, 2002; Heimberger et al.,
2005; Purev et al., 2004; Sok et al., 2006). This mutant protein functions as a constitutively
active tyrosine kinase as a result of an in-frame deletion of exons 3-6 from the
extracellular domain, bringing distant residues together to form a glycine at the fusion
junction (Batra et al., 1995; Chu et al., 1997). EGFRvIII is expressed clinically in
approximately 30% of GBMs with variable intratumoral expression. EGFRvIII is also coexpressed with wild-type EGFR in approximately 50% of cases (Wikstrand et al., 1997).
EGFRvIII has been shown to be a negative prognostic indicator (Pelloski et al.,
2007), to enhance invasiveness (Boockvar et al., 2003a) and tumorigenicity (Nagane et
al., 1996), and to confer resistance to standard-of-care radio and chemotherapy
(Lammering, Valerie, Lin, Hewit, & Schmidt-Ullrich, 2004; Sok et al., 2006). Importantly,
EGFRvIII is commonly expressed on CD133+ brain tumor stem cells (R. A. Morgan et al.,
2012), and EGFRvIII+ cells can promote malignant transformation of nearby cells
through paracrine signaling of interleukin-6 (IL-6) family cytokines (M. M. Inda et al.,
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2010) and through the intercellular transfer of EGFRvIII-positive exosomes (Al-Nedawi
et al., 2008). These factors have made EGFRvIII a highly attractive target for novel
immunotherapies designed to kill tumors arising de novo in the brain.

3.5.2 EGFRvIII CARs
EGFRvIII CARs have been produced by a number of groups. First generation
EGFRvIII CARs were produced first by Bullain et al. in 2009 (Bullain et al., 2009) and
later by Ohno et al. in 2010 (Ohno et al., 2010). These CARs contained the CD3 zeta
chain linked to the mouse anti-human MR1 and 3C10 scFvs, respectively (Bullain et al.,
2009; Ohno et al., 2010). These early studies demonstrated feasibility, recognition, and
clinical applicability of EGFRvIII CARs against human GBM.
More recently, second and third generation EGFRvIII CARs have been designed
to include some combination of the co-stimulatory domains ICOS (Shen et al., 2013),
CD28, or 4-1BB (Johnson et al., 2015; Miao et al., 2014; R. A. Morgan et al., 2012;
Sampson et al., 2014). These modern CARs have demonstrated enhanced persistence in
immunocompromised mice and have proven capable of prolonging survival of mice with
well-established and highly invasive orthotopic gliomas following systemic T-cell
infusion (Johnson et al., 2015; Miao et al., 2014; Sampson et al., 2014). As these agents
have evolved for clinical use, CAR constructs have been redesigned to incorporate
humanized or fully human scFvs. Human scFvs offer the potential to overcome the
development of human anti-mouse antibodies (HAMA), which could limit the efficacy of
CAR T cells due to their immunogenicity (Lamers et al., 2011). Additionally, using a
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human-based scFv would reduce the risk of inducing allergic responses in patients, as
was recently observed in a clinical trial of an anti-mesothelin CAR upon repeated
infusions of CAR T cells containing a murine based scFv (Maus et al., 2013).
The original research described in Chapters 4-6 of this work utilize an EGFRvIII
CAR designed with a scFv derived from mAb clone 139 (Figure 3). This scFv is fully
human with low to non-existent cross-reactivity to human EGFR, but importantly, is
cross-reactive to the murine homologue of EGFRvIII. In collaboration with the NCI, we
have developed second and third generation constructs for the preclinical and clinical
studies described in this work (Miao et al., 2014; R. A. Morgan et al., 2012). The third
generation construct is also undergoing evaluation in a phase I clinical trial for patients
with recurrent GBM at the NCI (NCT01454596). Elsewhere, EGFRvIII CARs containing
a humanized version of the 3C10 scFv (now called 2173) (Johnson et al., 2015) is being
evaluated in a dual-site study at the University of Pennsylvania and University of
California at San Francisco (NCT02209376) for patients with newly diagnosed or
recurrent disease.
3.5.2.2 Preclinical studies evaluating EGFRvIII CARs

Several preclinical, proof-of-concept studies have demonstrated the promise of
adoptive T-cell immunotherapy targeting solid tumors in the brain. These studies have
shown that EGFRvIII CAR T cells have the capacity to migrate to established tumors
residing in the brain and mount antitumor efficacy in an organ that was previously
considered void of immunosurveillance. Importantly, this has been shown to occur in
several different animal models, which have incorporated both xenogeneic and syngeneic
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GBM. The availability of these models, in combination with studies evaluating adoptive
T cell therapy using TCR transgenic T cells, have highlighted the relevance of host preconditioning as a critical determinant of antitumor efficacy and clinical outcome
(Gattinoni et al., 2005; Klebanoff, Khong, Antony, Palmer, & Restifo, 2005). Seminal
work conducted at the NCI and elsewhere has demonstrated that host lymphodepletive
preconditioning is requisite to potentiate CAR engraftment and functionality in cancer
hosts (Dudley et al., 2002). This is achieved, at least in part, by eliminating endogenous
immune cells that act as cellular cytokine sinks, and make key homeostatic cytokines,
such as IL-7 and IL-15, widely available for CAR consumption to enhance the survival
and proliferation of infused cells (Gattinoni et al., 2005).
Host pre-conditioning was found to be required in syngeneic mouse models of
CD19 CARs targeting B-cell cancers. However, the relevance of host preconditioning for
CARs targeting brain tumors was previously unknown. Our group leveraged a
spontaneously arising murine glioma cell line, SMA560, which is syngeneic to the
VMDk mouse model. The SMA560 cell line was engineered to express the EGFRvIII
mutation and used in syngeneic immunocompetent mouse studies at Duke University.
Using this model, our group has shown that CAR T cell therapy requires lymphodepletive
pre-conditioning to mediate complete tumor eradication and elicit long-term cures in
mice with well-established GBM tumors implanted in the brain (Sampson et al., 2014).
Moreover, these studies demonstrated that mice previously cured of EGFRvIII-positive
tumors were resistant to a secondary tumor challenge with EGFRvIII-negative tumors
(Sampson et al., 2014). This suggests that CAR-mediated tumor killing may have
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induced a phenomenon known as epitope spreading, which may have generated an
endogenous host immune response against new tumor antigens (Johnson, Sanchez-Perez,
Suryadevara, & Sampson, 2014). The ability to induce a localized, tumor-specific, de
novo host response via tumor-specific CAR could eliminate the concern of antigen loss
variants and may provide a personalized vaccination effect in situ.
These tools have provided a means of intelligently deciphering the mechanisms
and factors involved in achieving CAR T-cell cures against primary solid brain tumors.
The original research described in the remaining chapters represents our attempt to
implement CAR immunotherapy clinically for patients with GBM and to gain knowledge
regarding the interplay between CARs T cells and the tumor microenvironment.

Figure 3: EGFRvIII-specific Chimeric Antigen Receptor
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These

second

(scFv-CD28-CD3ζ)

and

third-generation

(scFv-CD28-4-1BB-CD3ζ)

EGFRvIII-specific CARs have proven to be a highly potent treatment modality for brain
tumors in both a preclinical human glioma xenograft (Choi, Suryadevara, Gedeon,
Herndon Ii, et al., 2014; Miao et al., 2014) and syngeneic murine model of spontaneous
glioma in our laboratory (Sampson et al., 2013).

3.6 MHC Independence and Overcoming Immunosuppression
One key benefit of this platform is the ability of CAR T cells to recognize targets
without the need for TCR:MHC complex formation, a necessary component of normal T
cell recognition of antigen. This is of particular importance for GBM, where MHC class I
expression is frequently downregulated in migratory tumor cells that invade
surrounding brain tissue (Zagzag et al., 2005). CAR constructs have also been designed
to include additional signaling molecules that enhance the survival and persistence of
engineered T cells, and importantly, T cells can also be further modified to influence
responsiveness or confer resistance to local immunosuppression. As mentioned
previously, CTLs are susceptible to and can be rendered dysfunctional through local
intratumoral immunosuppression through a variety of mechanisms, including GBMmediated secretion of TGF-β. To counteract this suppression, one novel approach has
been the manipulation of intracellular micro-RNAs, which are key regulators of gene
expression. In CTLs, for example, micro RNA-23a (mIR-23a) has been identified as a
negative regulator of BLIMP-1, whose expression is required for effector T-cell
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immunocompetence (R. Lin et al., 2014). TGF-β has been shown to control mIR-23a
levels to reduce CTL functionality, and mIR-23a blockade has been shown to confer
resistance to TGFβ-mediated suppression (R. Lin et al., 2014). TGF-β inhibitors have
been shown to be well-tolerated in humans, but this approach warrants caution as
deleterious consequences can arise with systemic and non-specific antagonism of a
pleiotropic cytokine. This serves to highlight an important safety benefit of restricting
these highly sensitive interactions exclusively to cancer sites by using engineered T cells
specific for tumor antigens. For example, T cells can be engineered to express micro
RNAs or decoy micro RNAs to favorably regulate gene expression, or overexpress proinflammatory cytokines to alter local immune milieu. These T-cell modifications can
theoretically be regulated in a way that is dependent on CAR activation, which would
be an advantage over the systemic administration of clinical reagents aimed for similar
purposes. Therefore, as our understanding of cancer immunobiology continues to
evolve, so too will our ability to modulate key intracellular mechanisms to engineer the
perfect CAR T cell.
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4. Temozolomide lymphodepletion enhances CAR
abundance and correlates with efficacy in GBM
One of the hurdles to achieving efficacy with CAR T cell immunotherapy has been
the a priori assumption that the implementation of optimal immunotherapy required an
intact immune system—a line of reasoning which precluded patients with GBM due to
the immune-compromising side-effects of standard of care chemotherapy. Remarkably,
however, the processes underlying immune reconstitution can be readily leveraged with
immunotherapy to potentiate antitumor responses.
Our prior preclinical work have shown that EGFRvIII-CARs are curative in mice
bearing established syngeneic GBM tumors after total body irradiation (TBI) pretreatment (Sampson et al., 2014). Preparative host lymphodepletion is believed to
enhance adoptive T-cell immunotherapy through the upregulation and improved
bioavailability of homeostatic gamma chain cytokines (e.g. IL-7 and IL-15), which
become available for CAR consumption in the absence of competition from endogenous
lymphocytes (Gattinoni et al., 2005; Sanchez-Perez, Suryadevara, Choi, Reap, &
Sampson, 2014). This, in turn, promotes CAR survival and homeostatic proliferation
during the recovery phase from lymphopenia. TBI, however, risks significant collateral
toxicity without necessarily providing a direct antitumor benefit. Nonetheless, host
preconditioning remains a critical component to achieving antitumor responses as CARs
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have been shown to fail as a monotherapy in the absence of host lymphodepletion
(Sampson et al., 2014).
Given that patients with GBM are currently treated with TMZ chemotherapy,
which is lymphodepletive, it may actually be possible to strategically leverage this
unintended side effect to potentiate CAR T cell immunotherapy. Our experience with
TMZ has demonstrated this proof-of-principle for both the cellular and humoral
compartments (Mitchell et al., 2011; Sampson et al., 2011b; Sampson et al., 2012; L.
Sanchez-Perez et al., 2013; L. A. Sanchez-Perez et al., 2013). Administration of TMZ
depletes host T cells, increases levels of circulating pro-inflammatory cytokines, and
reduces Treg counts (Sampson et al., 2011b; L. A. Sanchez-Perez et al., 2013). Indeed,
there is now considerable evidence to support the finding that lymphopenia—a
previously undesired consequence of chemotherapy—may actually synergize, rather
than hinder, antitumor immunotherapeutic strategies (Figure 4). This interplay is being
explored for patients with several cancer types, including non-small cell lung cancer
(NSCLC) and melanoma.
In a recent phase IIB study (Quoix et al., 2011), patients with NSCLC treated with
an experimental vaccine targeting mucin-1 (MUC-1) achieved significantly prolonged
progression-free survival in the setting of first-line cisplatin and gemcitabine
chemotherapy—results that have propelled ongoing phase III multicenter studies
(NCT01383148). In a separate phase I/II study of patients with melanoma, first-line
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chemotherapy dacarbazine has been shown to enhance T-cell responses in patients
undergoing peptide vaccination (Nistico et al., 2009). While this vaccine regimen is
currently being evaluated in the context of standard of care chemotherapy, other
immunotherapies are being coupled with experimental chemotherapeutic regimens in
the adjuvant setting. Several of these agents, such as cyclophosphamide, paclitaxel,
doxetaxel, doxorubicin, and 5-fluorouracil, have demonstrated immune-modulatory
properties in early phase I/II studies that have enhanced responses and improved
outcomes in patients undergoing vaccination or ACT (Rosenberg et al., 2008; Zitvogel,
Galluzzi, Smyth, & Kroemer, 2013). Moreover, host conditioning with high-dose
chemotherapy fludarabine and cyclophosphamide has been routinely employed in
phase I/II melanoma trials that evaluate the safety and efficacy of adoptively transferred
ex vivo cultured T cells. These studies have been largely based on pioneering work by
Rosenberg and colleagues, who have shown that prior lymphodepletive host
conditioning may result in prolonged persistence of clonal adoptively-transferred,
tumor-reactive lymphocytes, which in theory will ultimately traffic to tumors and
mediate regression (Rosenberg et al., 2008). Adoptive transfer of tumor-directed T cells
has since been extended to a myriad of blood-borne and solid tumors in this context,
lending greater credence to its claim as a global principle.
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Figure 4: Immunotherapy may be enhanced during the immune reconstitution
phase that follows chemotherapy-induced lymphopenia
Patients with GBM are currently treated with TMZ chemotherapy under the
clinical standard of care (Stupp et al., 2009; Stupp et al., 2005), which is accompanied by
lymphodepletion as its major side effect (Su et al., 2004). We sought to determine
whether CAR T cells would be efficacious in GBM hosts following pre-treatment with
clinically approved doses of TMZ. The following data summarize our attempts to
evaluate TMZ regimens that mimic the standard (TMZSD) and dose-intensified (TMZDI)
regimens administered in the clinic based on the lymphocytic nadir and kinetics of
endogenous immune cell rebound observed in patients with GBM. We show that greater
lymphodepletion induced by TMZDI is necessary to stimulate the proliferation and
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persistence of CARs in blood circulation, as CAR abundance in blood correlated with
tumor regression.

4.2

Materials and Methods

4.2.2 CAR generation
The EGFRvIII-specific CAR is a third generation vector defined by inclusion of
the CD28, 4-1BB, and CD3z intracellular signaling moieties on the CAR transgene. The
single-chain variable fragment is derived from human monoclonal antibody (mAb) 139
and has been previously described (Sampson et al., 2014). To produce CARs, retroviral
supernatant was produced by co-transfection of HEK 293T cells using Lipofectamine
2000 Transfection Reagent (Invitrogen), the CAR retrovirus, and pCL-Eco helper
plasmid (Imgenex). On the same day as transfection, fresh spleens were isolated from
donor C57BL/6NCr mice (Charles River Laboratories) and manually disrupted on a 10
cm dish using a plunger. Red blood cells (RBCs) were lysed, and splenocytes were
cultured in mouse T-cell media supplemented with 50U/mL IL-2 and 2.5µg/mL
Concanavalin A. After 48 hours, splenic T cells were transduced with retroviral
supernatant (CAR alone or 1:1 with CAR and Firefly Luciferase) on non-tissue culture
24-well plates previously coated with 0.5 mL of RetroNectin (Clontech) at a
concentration of 25 µg/mL in PBS. Cells were plated at a density of 1x106/mL in viral
supernatant supplemented with 50U/mL IL-2. Cells were split every 24 hours for two
days.
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4.2.3 Generation of the KLuc-EGFRvIII murine glioma cell line
KR158B-Luciferase (KLuc) is a C57BL/6 murine malignant glioma cell line that
was kindly provided by Tyler Jacks from the Massachusetts Institute of Technology
(Reilly, Loisel, Bronson, McLaughlin, & Jacks, 2000). This cell line was retrovirally
engineered to stably express murine EGFRvIII using a 2nd generation lentivirus with no
antibiotic resistance. Briefly, parental KLuc glioma cells were transduced with lentivirus
generated with the following plasmids: pMD2G, psPax2 and pak19-FUGW containing
murine EGFRvIII (Addgene 12259, 12260 and 14883, respectively). After lentiviral
transduction, cells were single cell sorted into 96-well plates based on EGFRvIII surface
expression detected with the ch-LA84 anti-EGFRvIII antibody and a secondary
fluorescent anti-human IgG antibody. Single cell clones were allowed to grow and then
re-screened for EGFRvIII expression. Highest EGFRvIII-expressing clones underwent a
second round of single-cell cloning using limiting dilution. The final stable EGFRvIIIexpressing cell line clone (KLuc-vIII) was then selected based on EGFRvIII surface
expression levels, in vivo tumorigenicity experiments, and Cell Line Authentication
which verified the cell lines species and tissue origin, lack of cross-contamination and
also compared molecular satellite markers with those in the parental KLuc cell line.

4.2.4 Chromium release assay
To evaluate CAR reactivity and antigen-specific cytotoxicity, CARs were coincubated with 1x105 KLuc-vIII or KLuc tumor cells previously radiolabeled with
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chromium51 (Cr51). Briefly, tumor cells were harvested, washed twice in culture
medium, counted, and resuspended at a concentration of 1x107/mL. Tumor cells were
labeled with 100 µCi of radioactive Cr51 for 90 minutes, washed twice in R10 mouse Tcell media, and plated on a 96-well round bottom late. CARs were plated as a serial
dilution to generate various effector:target ratios. Cells were incubated for a total of 4
hours.

4.2.5 TMZ administration and radiation
TMZ was dissolved in a solution of 85% saline and 15% dimethyl sulfoxide
(DMSO). Briefly, saline and TMZ + DMSO were warmed separately in a water bath until
TMZ was completely dissolved in DMSO. Saline was added to the dissolved solution
and vortexed thoroughly. Mice were weighed and injected intraperitoneally (IP) at the
calculated doses as indicated. TMZDI was defined as a single dose of 400 mg/kg/day x 1
day; TMZSD was defined as 60 mg/kg/day x 5 days. TMZ administration concluded 24
hours prior to CAR therapy. For experiments requiring radiation, mice were subjected to
5Gy TBI 24 hours before CAR therapy.

4.2.6 GBM patient selection and immune monitoring
Absolute lymphocyte and CD3+ cell counts were sampled at various time points
under an IRB-approved protocol for patients with GBM receiving DC vaccination
therapy with either cycles of TMZSD or TMZDI. The clinical protocol and informed
consent were approved by the U.S. Food and Drug Administration and Institutional
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Review Board (IRB) at Duke University for this study (FDA-IND-BB-12839, Duke IRB
Pro00003877, NCT00639639). Prior to the study drug regimen, patients under this
protocol with histologically confirmed, newly diagnosed GBM were treated with
standard of care therapy including gross total resection followed by a six week course of
standard external beam radiation therapy (XRT) at 60 Gy with concurrent TMZ at a
targeted daily dose of 75 mg/m2/d. Prior to XRT/TMZ, all patients underwent initial
leukapheresis with peripheral blood sampling for baseline lymphocyte/CD3+ T cell
counts. At four weeks following standard XRT/TMZ, patients in separate cohorts either
underwent the first cycle of TMZSD at (200 mg/m2/day for five days) or TMZDI (100
mg/m2/day for 21 days) as conditioning regimens for antigen-specific DC vaccination
given on Day 21 ± 2 of a 28-day cycle or Day 23 ± 1 of a 28-day cycle, respectively.
Peripheral blood samples were obtained on the days of DC vaccination prior to
vaccination to evaluate lymphopenic effects from either TMZ regimen. From TMZ cycle
2, patients received monthly DC vaccines in conjunction with subsequent TMZ cycles
every 5 ± 1 weeks for a total of 6 to 12 cycles if patients had not progressed, but all
patients received a minimum of four monthly TMZ cycles. Peripheral blood samples
were collected in ACD tubes, and cell counts were determined by CBC with differential
for lymphocyte percent and counts (1e6/mL) and flow cytometry of sampled blood for
CD3+ cell percent and counts (cells/µL) from the Duke University Clinical Laboratory.
For absolute lymphocyte counts, the standard grading scheme was utilized to classify
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grade 2 lymphopenia (< 800 cells/mL) and grade 3 lymphopenia (< 500 cells/mL)
according to the National Cancer Institute Common Terminology Criteria for Adverse
Events v4.0. Sampling at each time point (baseline and TMZ cycles 1-4) was comprised
of available patient samples reaching no less than 90% of each cohort.

4.2.7 Monitoring CARs in murine peripheral blood
CARs were monitored in peripheral blood circulation by retro-orbitally bleeding
mice at indicated time points. Whole blood was collected into heparinized tubes and 50
µl was stained using standard flow cytometry staining procedures. Briefly, whole blood
was stained using anti-CD4 FITC, anti-CD3 PE, anti-CD8 PerCPCy5.5, and a custom
EGFRvIII-specific CAR-AlexaFluor 647 multimer developed in our laboratory. Whole
blood was stained in the antibody cocktail for 20 minutes in 150 µl FACS buffer (2% BSA
in PBS) hidden from light. Red blood cells (RBCs) were lysed using 1 ml 1x BD FACS
Lysing Solution (BD Bioscience, Cat# 349202). All samples were analyzed on a
FACSCalibur flow cytometer (BD Biosciences). Absolute cell counts were enumerated
using Flow-Count Fluorospheres from Beckman Coulter (Cat# 7547053) according to
manufacturer instructions.

4.2.8 Bioluminescent imaging
Bioluminescence was detected using a Xenogen IVIS Lumina XR Imaging System
(Perkin Elmer). Single mice were imaged 5-6 min after IP injection of D-luciferin (150
mg/kg). Images were acquired for 15 seconds. Data were analyzed using Living Image
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software (Perkin Elmer) by measuring signal intensity through region of interest
analysis.

4.2.9 Statistical analyses
Statistical differences in cell counts among groups were evaluated using the exact
Wilcoxon rank sum test. The Kaplan-Meier estimator was used to generate survival
curves, and differences in survival distributions were assessed using a Generalized
Wilcoxon test. Differences in patterns of change in cell counts over time were assessed
using a mixed model following a 1st degree autoregressive model for the covariance that
included a time interaction with treatment. The correlation between the log-transformed
CAR cell count and log-transformed bioluminescence was assessed using the Pearson
coefficient. P-values have not been adjusted for multiple testing.

4.3

Results

4.3.2 Systemic CARs fail as a monotherapy and require
preparative host lymphodepletion for efficacy against GBM
We established a protocol for efficient retroviral transduction of the EGFRvIIICAR transgene and confirmed CAR expression on the cell-surface of CD3+ T cells
(Figure 5A). Next, we sought to establish a relevant treatment strategy against a tumor
model that adequately recapitulates the highly invasive features of GBM within the
context of a widely available syngeneic mouse model. KR158B is a murine cell line
derived from a spontaneous glioma in Trp53/Nf1 double-mutant mice (Reilly et al.,
2000).
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Figure 5: EGFRvIII-specific CAR T cell generation and KLuc-EGFRvIII GBM
model establishment and validation.
Flow cytometry analyses display (A) CAR expression on the cell surface of CD3+
T cells two days after retroviral transduction and (B) EGFRvIII expression by KLucEGFRvIII tumor cells compared to control. (C) 5x104 KLuc or KLuc-EGFRvIII tumor cells
were implanted in C57BL/6 mice and harvested to evaluate EGFRvIII expression by IHC
and (D) tumor characteristics by standard H/E stain.

This cell line was previously engineered to express Firefly Luciferase (KLuc),
permitting a non-invasive approach to monitor tumor progression and responsiveness
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to therapy using bioluminescent imaging. We genetically engineered the KLuc cell line
to express a murine homologue of the tumor-specific driver mutation, EGFRvIII, which
is expressed exclusively by GBM and other cancers but not normal tissue. We evaluated
expression of EGFRvIII in KR158B-Luciferase-EGFRvIII (KLuc-EGFRvIII) tumor cells by
flow cytometry (Figure 5B) and by immunohistochemistry after tumor establishment in
vivo (Figure 5C). We also confirmed that this GBM model exhibits the classical and
hallmark histopathological features of infiltrative GBM by H/E (Figure 5D).
Next, we evaluated the capacity of CARs to elicit antigen-specific cytotoxicity in
vitro in a standard Cr51 release assay (Figure 6).

Figure 6: CARs exhibit antigen-specific cytotoxicity in vitro.
CARs were incubated with tumor cells radiolabeled with Cr51 and display
antigen-specific cytotoxicity in vitro (n = 3) (t-test, P = 0.0002).
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CARs induced robust cell death and specific lysis against tumor cells expressing
EGFRvIII at an effector:target ratio of 3:1 (t-test, P = 0.0002). Based on these data, we
performed a dose-escalation study to evaluate the antitumor efficacy of CARs as a
monotherapy against established brain tumors. We adoptively transferred 1x10 6, 1x107
or 1x108 CARs intravenously (IV) into mice bearing 7-day established KLuc-EGFRvIII
tumors (Figure 7A). CARs failed to induce a survival advantage in treated mice
compared to controls at even the highest dose, which approaches the limit of what is
logistically feasible (Generalized Wilcoxon, P = 0.1855). This finding, however, was
unsurprising as we have previously reported the failure of systemic CARs as a
monotherapy in the SMA560 GBM cell line that is syngeneic to the VMD/k murine
model (Sampson et al., 2014).
We and others have previously shown that adoptive T-cell transfer strategies
require preparative host lymphodepletion to achieve antitumor responses in both mice
and humans (Dudley et al., 2002; Dudley et al., 2008; Gattinoni, Powell, Rosenberg, &
Restifo, 2006; Sampson et al., 2014). In order to corroborate these findings here, we
subjected mice bearing these radio-insensitive brain tumors to 5Gy total body irradiation
(TBI) alone or prior to adoptive transfer with CARs and found that this treatment
strategy induced complete cures in 100% of treated mice (Generalized Wilcoxon, P =
0.0011) (Figure 7B). These findings collectively indicate that systemic CARs fail to treat
established tumors in the absence of host lymphopenia.
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Figure 7: Systemic CARs eradicate established brain tumors in mice
preconditioned with 5Gy total body irradiation.
(A) CARs were infused IV into mice bearing 7-day established KLuc-EGFRvIII
tumors as monotherapy (n = 5-7) (Generalized Wilcoxon, P = 0.1855) or (B) immediately
after being subjected to 5Gy TBI (n = 5-7) (Generalized Wilcoxon P = 0.0011). Data are
representative of at least 2 independent experiments with similar results.

4.3.3 Lymphodepletive temozolomide can be leveraged to
enhance CAR persistence in peripheral blood circulation
Given the added risk of toxicity with TBI and its infrequent use in the clinic, we
explored alternative preconditioning strategies with the goal of implementing CAR
therapy for patients with newly diagnosed GBM. These patients routinely receive TMZ
concurrent with radiation and as maintenance therapy thereafter, which can induce
varying grades of lymphopenia depending on the dose and schedule prescribed
(Sampson et al., 2011a). TMZ is most commonly administered in either a standard
(TMZSD; 200 mg/m2/day x 5 days per 28-day cycle) or dose-intensified (TMZDI; 100
mg/m2/day x 21 days per 28-day cycle) regimen that are equally efficacious but have
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different effects on the depletion and subsequent rebound of immune cells (Gilbert et al.,
2011).
We recently completed a phase I clinical trial in which newly diagnosed GBM
patients were treated with TMZSD or TMZDI prior to and concurrent with
immunotherapy (NCT00639639) (Mitchell et al., 2015). We monitored patients with the
goal of understanding which TMZ regimen, if any, would sufficiently precondition
hosts prior to adoptive cell transfer with CARs. We studied the impact of TMZ on
absolute counts of total lymphocytes and CD3+ T cells in patient blood over time in
order to make a determination on the relative lymphotoxicity of either TMZ regimen.
Patients who received TMZSD exhibited a significant decline from baseline in total
lymphocyte counts that approached grade 3 lymphopenia (<500 cells/µL) after a single
TMZ cycle but this effect was found to be short lived (Figure 8A). In contrast, TMZDI
depressed total lymphocyte counts from baseline more severely when compared to
TMZSD and induced a grade 3 lymphopenia through TMZ cycles 3 and 4. Similarly, we
found that TMZDI had a more profound and sustained effect on CD3+ T cell depletion
when compared to TMZSD (Figure 8B). Importantly, the severity of total lymphocyte and
CD3+ T cell depletion was exacerbated with successive cycles of TMZDI, whereas cell
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Figure 8: TMZ-induced immune depletion in GBM patients
(A) Peripheral blood sampling in two patient cohorts with newly diagnosed
GBM receiving either TMZSD (200 mg/m2/day x 5 days) or TMZDI (100 mg/m2/day x 21
days) prior to and concurrent with immunotherapy (NCT00639639). Patient blood was
monitored for absolute counts of lymphocytes and (B) CD3+ T cells, showing that for
both absolute lymphocyte (Mixed model, P = 0.0029) and CD3+ counts (Mixed model, P =
0.0012), TMZDI induced a more profound and sustained depletion with continuous
cycles compared to TMZSD.

Next, we performed experiments in our mouse model to determine whether the
lymphotoxic effects of TMZ could be leveraged to favorably attenuate CAR persistence
during recovery from lymphodepletion. We established TMZ doses to mimic relative
differences in the lymphocytic/CD3+ T cell nadir and rebound kinetics characteristic of
TMZSD and TMZDI in the clinic. Non-tumor bearing mice were administered TMZ and
lymphocyte/CD3+ T cell counts were measured in peripheral blood circulation over
time. 48 hours after treatment, mice exhibited an average lymphocyte count of 1036
cells/µL following TMZSD and 302 cells/µL following TMZDI, the latter of which was
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comparable to the nadir induced by TBI (394 cells/µL) (Exact Wilcoxon of TMZSD vs.
TMZDI, P = 0.0317; Exact Wilcoxon of TBI vs. TMZDI, P = 0.1270) (Figure 9A).
Lymphocyte rebound kinetics were also assessed in blood circulation over time 2, 14,
and 28 days after TMZ or TBI. Lymphocyte counts in TMZSD treated mice partially
rebounded within a 14-day timeframe, whereas depletion was stained in TMZDI treated
mice in a manner virtually identical to mice who received TBI (Figure 9B). These relative
relationships also held true for CD3+ T cell nadirs (TMZSD 591 cells/µL; TMZDI, 146
cells/µL; and TBI, 24 cells/µL) (Exact Wilcoxon of TMZSD vs. TMZDI, P = 0.0079; Exact
Wilcoxon of TBI vs. TMZDI, P = 0.0079) (Figure 9C). CD3+ counts remained relatively
unchanged in all cohorts for up to 14 days (Figure 9D). Notably, CD3+ counts
rebounded by day 28 in TBI treated mice whereas counts remained depressed in TMZDI
treated mice.
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Figure 9: TMZ-induced immune cell depletion and rebound kinetics observed
in GBM patients is recapitulated in mice.
(A) Non-tumor bearing C57BL/6 mice (n = 5) were either left untreated, subjected
to 5Gy TBI, or received an IP injection of TMZSD (60mg/kg/day x 5 days) or TMZDI
(400mg/kg/day x 1 day) where indicated. Lymphocyte counts were monitored by CBC
48 hours after treatment (Exact Wilcoxon of TBI vs. TMZDI, P = 0.1270; Exact Wilcoxon of
TMZSD vs. TMZDI, P = 0.0317) and (B) over time (P < 0.0001). (C) Similarly, treatment
effect on CD3+ T cell counts was determined by flow cytometry after 24 hours (Exact
Wilcoxon of TBI vs. TMZDI, P = 0.0079); Exact Wilcoxon of TMZSD vs. TMZDI, P = 0.0079)
and (D) over time (P = 0.0161). Data are representative of at least 2 independent
experiments with similar results.
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Next, we explored how these two different lymphodepletive profiles would
impact CAR numbers in blood compared to CARs administered alone or after TBI,
which served as negative and positive controls, respectively. Non-tumor bearing mice
were pre-treated with vehicle, TMZSD, TMZDI, or TBI followed by adoptive intravenous
transfer of 1x107 CARs. As expected, CARs administered into mice pre-treated with
vehicle declined within 7 days. Pre-treatment with TMZSD did not prompt an
improvement in CAR numbers over time. In contrast, however, CAR numbers in mice
pre-treated with TMZDI did not decline, persisted in blood circulation for up to 28 days,
and exhibited similar counts over time in mice pre-treated with TBI (Figure 10).

Figure 10: Lymphodepletive TMZ can be leveraged to enhance CAR
persistence in peripheral blood circulation.
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1x107 CARs were administered IV 24h after treatment and CARs were monitored
in blood (n = 5). Data are representative of at least 2 independent experiments with
similar results. Dotted lines represent grade 2 (<800 cells/µL) and 3 (<500 cells/µL)
lymphopenia.

4.3.4 Dose-intensified TMZ plus CAR therapy significantly
prolongs survival against established GBM
In order to determine whether these differential effects on CAR persistence
would augment antitumor efficacy, we performed survival experiments in mice bearing
intracerebral KLuc-EGFRvIII GBMs, which are chemotherapy-insensitive tumors. 5x104
tumor cells were implanted on day 0 and mice received either no treatment, TMZ or
CARs alone, or CARs 24 hours after TMZ administration according to the treatment
schema shown (Figure 11A). KLuc-EGFRvIII tumor cells are genetically modified to
express Firefly luciferase, which permits sensitive in vivo bioluminescent tracking of
disease burden upon the in vivo catalysis of the substrate luciferin (24). Mice were
imaged to confirm tumor burden prior to the initiation of TMZ and again on day 21 to
screen for a minimum threshold of disease. All mice on study recorded tumor burden
signals of at least 1x106 p/s/cm2/sr or greater prior to the start of immunotherapy on day
21 in order to ensure the evaluation of CARs against advanced disease.
Immunotherapy with CARs alone or after preconditioning with TMZSD failed to
elicit a survival advantage when compared to untreated mice or mice treated with TMZ
alone, although either group contained a single long term survivor. In marked contrast,
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mice treated with TMZDI + CARs led to a median survival of 174.5 days compared to
47.5-69.5 days in the other cohorts shown (Generalized Wilcoxon, P = 0.0108) (Figure
11B). Mice were followed for a total of 189 days after initial tumor implantation, and we
observed a 50% (3/6) long term survival rate in the TMZDI + CARs treatment cohort.

Figure 11: Dose-intensified temozolomide plus CAR immunotherapy
significantly enhances survival against 21-day established glioblastoma.
(A) C57BL/6 mice were implanted with 5x104 KLuc-EGFRvIII tumor cells
intracranially and allowed to engraft for 21 days prior to the adoptive IV transfer of
1x107 EGFRvIII-specific CARs. Where indicated, mice received TMZ IP according to the
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treatment schema shown. Mice were screened for a minimum tumor burden of 1x106
p/s/cm2/sr on day 21 prior to the start of immunotherapy to ensure advanced disease. (B)
Mice were followed for survival (n = 6-7) (Generalized Wilcoxon, P = 0.0108). Data are
representative of at least 2 independent experiments with similar results.

4.3.5 TMZDI induces robust CAR expansion in blood circulation
and CAR abundance is correlated with reduced tumor burden
Next, we attempted to understand the kinetics of tumor regression by visualizing
and non-invasively monitoring tumor responsiveness to therapy over time. B6(Cg)-Tyrc2J/J (B6 albino) mice received 5x104 intracranial implants of KLuc-EGFRvIII tumor cells
and disease burden was evaluated prior to TMZ initiation and on day 21 prior to CAR
immunotherapy to screen for threshold tumor burden as described above. Mice were
then imaged serially every 7 days. Importantly, the vast majority of tumors in control
mice and mice treated with CARs alone or TMZSD + CARs grew over time unabated.
However, we observed complete tumor regression in 5/8 mice (62.5%) who received
TMZDI + CARs, with dramatic signal reductions occurring within 7 days after treatment
(Figure 12).
We enumerated CAR abundance in blood circulation over time and found that
TMZDI prompted a dramatic expansion of CARs that persisted for several weeks (Peak
analysis; Exact Wilcoxon of CARs alone vs. TMZDI at peak, P = 0.0002; Exact Wilcoxon of
TMZSD vs. TMZDI at peak, P = 0.0011) (Figure 13A). CAR counts on day 28 were
significantly higher in TMZDI + CAR treated mice compared to all other groups (TMZDI +
80

CARs, mean of 102 cells/µL blood; tumor + CARs, mean of 12.9 cells/µL blood; tumor +
TMZSD + CARs, mean of 23.1 cells/µL blood) (Exact Wilcoxon of CARs alone vs. TMZDI
on day 28, P = 0.0002; Exact Wilcoxon of TMZSD vs. TMZDI on day 28, P = 0.0006) (Figure
13B). We also compared absolute CAR counts in individual mice on the log (10) scale
with their corresponding bioluminescent signals on the log (10) scale at day 28 and
found that higher CAR numbers corresponded with lower tumor burden (Pearson
coefficient = -0.8261, P < 0.0001) (Figure 13C).

Figure 12: Bioluminescent imaging of brain tumors overtime.
B6(Cg)-Tyrc-2J/J (B6 albino) mice (n = 7-8) received 5x104 intracranial implants of
KLuc-EGFRvIII tumor cells and were monitored via bioluminescent imaging to track
tumor burden. 1x107 CARs were infused IV on day 21 and mice were imaged serially.
Data are representative of at least 2 independent experiments with similar results.
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Figure 13: Relationship between CAR abundance in blood and tumor burden.
(A, B) Mice were bled to enumerate CARs in blood circulation by absolute count
(day 28; Exact Wilcoxon TMZSD vs TMZDI, P = 0.0006, Exact Wilcoxon CARs alone vs
TMZDI, P = 0.0002). (C) Tumor burden in individual mice on the log (10) scale were
compared to the corresponding values of CAR counts on the log (10) scale obtained from
blood day 28 (Pearson coefficient = -0.8261, P < 0.0001). Data are representative of at least
2 independent experiments with similar results.

4.4

Discussion
TMZ became a routine component of clinical management for GBM in 2005 after

it was shown to extend survival in patients with newly diagnosed disease (Stupp et al.,
2009; Stupp et al., 2005). Lymphotoxicity is commonly observed as a byproduct of TMZ
use and the recovery phase from lymphopenia has been previously exploited to
potentiate vaccine responses against GBM in mice and humans (Heimberger et al., 2008;
Sampson et al., 2011a; L. A. Sanchez-Perez et al., 2013). This phenomenon, however, has
never been studied in the context of CAR therapy, which offers an advantage over active
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immunotherapy as it incorporates the ex vivo activation and expansion of tumor-specific
T cells without necessarily relying on this activity to occur in vivo. The promise of CAR
therapy is underscored by the outstanding clinical success of anti-CD19 CARs targeting
B-cell malignancies in recent years (Davila et al., 2014; D. W. Lee et al., 2015; Maude et
al., 2014). As such, there has been a push to translate this strategy into the clinic for GBM
on the heels of highly encouraging preclinical data (Choi, Suryadevara, Gedeon,
Herndon, et al., 2014; Johnson et al., 2015; Miao et al., 2014; Sampson et al., 2014) and
several trials are currently ongoing (NCT02442297, NCT02209376 (Johnson et al., 2015),
NCT02844062, NCT01109095, NCT01454596 (R. A. Morgan et al., 2012), NCT02208362
(Brown et al., 2016)). The purpose of this study was to identify a clinical strategy for the
optimal and rational integration of CARs into treatment for GBM.
Our work shows that preparative host lymphodepletion may be required for
effective CAR immunotherapy targeting GBM, and importantly, that TMZ can be
strategically leveraged for this purpose. Lymphodepletion improves the in vivo
engraftment and functionality of transferred T cells through reduced competition for
gamma chain cytokines (Gattinoni et al., 2005; Sanchez-Perez et al., 2014) and the
depletion of inhibitory immune cells that otherwise counteract productive anti-cancer
immune responses (Dudley et al., 2002; Gattinoni et al., 2006). We show that
chemotherapy-induced lymphopenia induces a dramatic proliferation of CARs in vivo
and enhances CAR persistence in blood circulation, which was associated with reduced
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tumor burden. CARs were evaluated using a fully syngeneic, orthotopic and TMZresistant mouse model of GBM after allowing brain tumors to engraft for a total of 21
days. We chose this model in order to mimic the extent of disease encountered at clinical
presentation as closely as possible, as mice bearing these 21-day established tumors are
on the cusp of becoming neurologically symptomatic. CARs infused as a monotherapy
or in combination with TMZSD failed to elicit a therapeutic impact on tumor burden or
survival, whereas TMZDI + CARs induced dramatic tumor regression within 7 days of
treatment, significantly enhanced survival, and led to long-term survivors.
On the basis of this work, we rationally designed a phase I clinical trial
incorporating TMZDI as pre-treatment prior to the intravenous infusion of EGFRvIIIspecific CARs in patients with newly diagnosed EGFRvIII-positive GBM (NCT02664363,
see Figure 14 for schema). To our knowledge, this is the first report demonstrating the
critical need to substitute TMZSD with TMZDI in order to sufficiently precondition hosts
prior to CAR immunotherapy. The work reported here is encouraging as it reveals an
opportunity to incorporate CARs into current clinical treatment, mitigates the need for
an additional cytoreductive preconditioning measure, and provides a logical path
forward.
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Figure 14: Phase I clinical trial schema initiated at Duke University.
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5. Preventing Lck activation enables CARs to resist
regulatory T cell suppression and mount efficacy
against solid tumors in non-lymphodepleted hosts
CAR immunotherapy has only rarely elicited objective clinical responses against
solid tumors, where CARs have targeted GD2 in neuroblastoma (Louis et al., 2011; Pule
et al., 2008), IL-13R2 in glioblastoma (Brown et al., 2015a), CAIX in renal cell carcinoma
(Lamers et al., 2006), and ERBB2 in metastatic breast cancer (R. A. Morgan et al.), among
others. Intrinsic CAR deficiencies and tumor immunosuppression are two leading
hypotheses that may explain the failure of this approach against solid tumors (Kebriaei
et al., 2012). It is now well accepted that antitumor efficacy necessitates robust CAR
expansion and persistence in vivo, and most studies have leveraged lymphodepleting
chemotherapy and/or radiotherapy regimens prior to adoptive transfer for this purpose
(Sampson et al., 2014).
Preparative host lymphodepletion promotes CAR expansion, survival, and
functionality by improving the bioavailability of homeostatic gamma chain cytokines
and depleting inhibitory cell populations that otherwise impede effector T-cell responses
(Gattinoni et al., 2005). In clinical practice, however, these regimens can be exceedingly
toxic and sometimes intolerable (Dudley et al., 2005; Muranski et al., 2006). Moreover,
although T-cell numbers ultimately return to homeostatic levels during immune
reconstitution, these cytoreductive measures have a significant impact on the repertoire
diversity of emerging T-cells, and long-term sequelae can include autoimmunity,
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reduced resistance to infection, and other serious clinical consequences owing to
reduced immune competence (Hakim et al., 1997; King, Ilic, Koelsch, & Sarvetnick, 2004;
K. M. Williams, Hakim, & Gress, 2007). Therefore, identifying alternative methods of
improving CAR persistence and counteracting immunosuppression remain a major
priority.
Modern CARs uniformly include the CD3 zeta chain (CD3z) to mimic signal 1 of
T-cell activation akin to endogenous TCR mechanisms, and usually CD28 for provision
of signal 2. These secondary signals have been shown to enhance CAR expansion in
mice (Kowolik et al., 2006) and humans (Savoldo et al., 2011). Despite improvements in
the physical and functional attributes of CARs, however, they remain vulnerable to
extrinsic tumor-induced immunosuppression, of which Tregs are frequently implicated
(Kofler et al., 2011; J. C. Lee et al., 2011; Pegram et al., 2012). Tregs preferentially migrate
to and infiltrate tumor microenvironments in response to dysregulated chemokine axes
(e.g. CCL22-CCR4), where they can differentiate and expand. Intratumoral Tregs
impede effector T-cell proliferation and responsiveness both directly and indirectly
through physical contact (e.g. granzyme B) (Cao et al., 2007), local cytokine secretion (e.g.
IL-10 and TGFB) (Jarnicki, Lysaght, Todryk, & Mills, 2006), CTLA-4-induced expression
of IDO by local antigen-presenting cells (APCs) (Fallarino et al., 2003), and importantly,
through IL-2 consumption (McNally, Hill, Sparwasser, Thomas, & Steptoe, 2011).
Effector T-cells invariably contribute to these mechanisms by secreting IL-2 upon
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antigen encounter, which enhances the local generation of Tregs (Shameli et al., 2013).
Importantly, CARs designed to incorporate costimulatory signaling (e.g. CD28) have
been shown to inadvertently potentiate Tregs through this IL-2 axis (Kofler et al., 2011).
Here, we investigated the relevance of CAR-mediated IL-2 secretion on
antitumor efficacy using the B16 melanoma model. To abrogate IL-2 secretion, two
amino acid substitutions were introduced in the CAR transgene to prevent lymphocytespecific tyrosine kinase (Lck) ligation to the CD28 cytosolic tail (Tai, Cowan,
Feigenbaum, & Singer, 2005). Mutagenesis was targeted to the PYAP signaling motif of
CD28, which controls net IL-2 secretion through post-transcriptional regulation of IL-2
mRNA (Boomer & Green, 2010; Dodson et al., 2009; Friend et al., 2006), and did not
interfere with the YMNM motif in order to retain phosphatidylinositol 3-kinase (PI3K)
signaling. We show that elimination of CD28-mediated IL-2 secretion impairs CAR
engraftment in vivo. When autocrine IL-2 deficiency is compensated by 4-1BB
costimulatory signaling, however, CARs accumulate in peripheral blood circulation,
resist Treg immunosuppression, suppress tumor growth in non-lymphodepleted mice,
and reduce the need for toxic lymphodepletion.

5.2

Materials and Methods

5.2.2 CAR design and production
The EGFRvIII-specific CAR vector has been previously described (Sampson et
al., 2014). Briefly, second generation CARs were defined by the intracellular signaling
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components CD28 and CD3z, and third generation CARs were defined by CD28, 4-1BB,
and CD3z. To produce CARs deficient in Lck signaling, two amino acid substitutions
were introduced in the PYAP motif in the CD28 signaling domain of the CAR transgene
through site-directed mutagenesis (Tai et al., 2005). CARs were generated by retroviral
transduction (Kerkar et al., 2011). Briefly, retroviral supernatant was produced by
cotransfection of HEK 293T cells using Lipofectamine 2000 Transfection Reagent
(Invitrogen) and pCL-Eco helper plasmid (Imgenex). On the same day, splenocytes were
freshly harvested from C57BL/6NCr mice (Charles River Laboratories) and cultured in
R10 mouse T-cell media supplemented with 50units/mL IL-2 and 2.5 g/mL
Concanavalin A. After 48 hours, splenic T cells were transduced with retroviral
supernatant on non-tissue culture 24-well plates previously coated with 0.5 mL of
RetroNectin (Clontech) at a concentration of 25µg/mL in PBS. Cells were plated at a
density of 1x106/mL in viral supernatant supplemented with 50units/mL IL-2. Cells were
split every 24 hours for two days.

5.2.3 Flow cytometry
To verify expression of CARs on the surface of T cells, transduced cells were
stained for anti-CD3-PE and an EGFRvIII-specific CAR-APC multimer developed in our
laboratory using standard flow cytometry staining procedures (Sampson et al., 2014).
Cells were gated on the lymphocyte population by forward/side scatter. Transduction
efficiency was determined by paired control T cells.
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5.2.4 Chromium release assay and IL-2/IFNg intracellular
cytokine stain
CARs were co-incubated with 1x105 B16 melanoma tumor cells expressing
EGFRvIII (B16vIII) previously radiolabeled with chromium51 (Cr51) at the indicated
ratios. B16 melanoma tumor cells expressing OVA (B16OVA) were used as negative
controls to assess antigen-specific tumor cell lysis. Briefly, B16vIII or B16OVA tumor
cells were harvested, washed twice in culture medium, counted, and resuspended at a
concentration of 1x107/mL. Tumor cells were labeled with 100 µCi of radioactive Cr51 for
90 minutes, washed twice in R10 mouse T-cell media, and plated on a 96-well round
bottom late. CARs were plated as a serial dilution to generate effector:target ratios as
indicated. Cells were incubated for a total of 4 hours. For intracellular cytokine staining
(ICS), 96-well flat bottom plates were coated overnight with PBS alone or containing 50
µg/mL of an EGFRvIII-derived 14-amino acid peptide. 1-5x105 CARs were plated in
duplicate on vehicle or peptide coated wells in R10 mouse T-cell media containing 1
µL/mL Golgi Plug and Golgi Stop reagents (BD Biosciences). Cells were incubated for 4
hours, harvested, and stained for cell-surface expression of the CAR and CD8 using antiCD8-PerCPCy5.5 and CAR-APC multimer reagents. Next, cells were permeabilized,
stained with anti-IL-2-AlexaFluor-488 and anti-IFNg-PE, and analyzed by flow
cytometry.
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5.2.5 Mice and tumor lines
C57BL/6NCr mice were purchased from Charles River Laboratories and
C57BL/6-Tg(Foxp3-DTR/EGFP)23.2Spar/Mmjax (DEREG) mice were purchased from
Jackson Laboratory. The B16vIII melanoma line has been previously described (Sampson
et al., 2000). B16vIII tumor cells were cultured in vitro in Dulbecco’s Modified Eagle’s
Medium with 10% fetal bovine serum (FBS).

5.2.6 Tumor survival experiments and adoptive T-cell transfer
For in vivo experiments, tumor cells were grown to 60-70% confluency,
harvested, washed twice in phosphate buffered saline (PBS), counted, and diluted to
5x105/mL in PBS. 200 µL of cell suspension was injected into the left flank of mice for a
total inoculum of 1x105 B16vIII cells. Tumors were allowed to engraft for seven days
before treatment was administered. In experiments requiring lymphodepletion, mice
were subjected to 5Gy total body irradiation (TBI) on the seventh day prior to therapy.
For adoptive transfer, CARs were harvested, washed twice in PBS, counted, and diluted
to the appropriate concentration in a total volume of 200 µL PBS and infused
intravenously. All animal experiments were performed according to Duke University
Institutional Animal Care and Use Committee-approved protocols. Tumor volume
(millimeters cubed) was calculated by the formula (length × width2 × 0.52) in a
perpendicular fashion. Mice were euthanized when tumors reached a volume of 2000
mm3 or upon evidence of ulceration. Tumor measurements were included in analyses
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up to the day of euthanasia except in cases of ulceration, where the previous recording
was considered the final measurement.

5.2.7 Treg expansion and adoptive co-transfer experiments
Splenocytes were harvested from DEREG mice, and CD4+ splenocytes were
isolated using CD4 T-cell isolation reagents from Miltenyi Biotec. FoxP3+ Tregs were
cell-sorted from the CD4 compartment based on GFP expression, and sorted cells were
cultured in vitro for 3-7 days in the presence of CD3/CD28 MACSiBead Particles using
the murine Treg expansion kit reagent from Miltenyi Biotec. On the day of adoptive cotransfer, cells were resorted for GFP expression to ensure high purity. 3-5x104 Tregs
were mixed with CARs at a 10:1 CAR:Treg ratio and infused intravenously in a total of
200 µL PBS.

5.2.8 Immune monitoring
Five days after adoptive transfer, mice were bled retro-orbitally to enumerate the
absolute count and frequency of CARs in the CD3 T-cell compartment. Briefly,
peripheral blood was collected and 50 µL was diluted with 100 µL PBS containing 2%
FBS. Blood was stained with anti-CD3-PE and CAR-APC multimer for 20 minutes.
Samples were then diluted with 1 mL of 1x red blood cell (RBC) lysing solution (BD
Biosciences) and incubated for an additional 20 minutes. Cells were washed twice in PBS
containing 2% FBS. 50 µL of Flow-Count Fluorospheres (Beckman Coulter) were added
to each sample to enumerate absolute counts of CARs per µl of blood. Cells were
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analyzed by flow cytometry. Absolute counts and frequencies were determined by
gating on cells using forward/side scatter, CD3+, and CAR+ gates set based on paired
negative controls. To monitor Tregs in peripheral blood circulation overtime, a similar
procedure was adapted, where blood was surface stained for anti-CD4-FITC. After RBC
lysis,

cells

were

washed

with

PBS,

and

permeabilized

in

1mL

of

1:3

fixation/permeabilization diluent (eBioscience) for 20 minutes. Cells were washed twice
in 1x permeabilization buffer (eBioscience), and stained for anti-FoxP3-APC for 20
minutes. Cells were washed and analyzed by flow cytometry.

5.2.9 Statistical analyses
Unpaired t-tests were used to compare groups with respect to percent specific
lysis in standard 4-hour Cr51 release assays. A one-way analysis of variance (ANOVA)
followed by pairwise comparisons using the Tukey post-hoc test, or two-way ANOVA
with interaction was used to compare groups with respect to cytokine secretion and Tcell presence in peripheral blood circulation. For analysis of tumor growth curves,
mixed effects linear models that assume a 1st degree autoregressive structure among
repeated measurements within each mouse were employed using log-transformed
tumor volume. Pairwise contrasts were used to assess differences in slopes of logtransformed growth curves among treatment groups.

Repeated measures for

calculation of slopes incorporated time between detectable tumor and maximum tumor
size.
93

5.3 Results
5.3.2 CD28z CARs require host lymphodepletive preconditioning
to inhibit tumor growth
We developed second generation CD28-CD3z (CD28z) CARs (Figure 15A)
targeting EGFRvIII. The CAR was designed to encode a scFv derived from the
EGFRvIII-specific human mAb clone 139, a CD8 transmembrane domain, and the CD28
and CD3z signaling domains within the MSGV1 retroviral backbone as previously
described (Sampson et al., 2014). We confirmed expression of CD28z CARs using an
EGFRvIII-CAR-specific multimer, and observed a transduction efficiency of 92.6% in
activated CD3+ T cells (Figure 15B). To evaluate CARs against a highly aggressive and
syngeneic tumor model, we utilized B16-EGFRvIII (B16vIII) melanoma, which expresses
the murine homologue of EGFRvIII and has been previously described (Sampson et al.,
2000). We confirmed in vitro cytotoxicity and antigen-specific lysis of target tumor cells
in a standard 4-hour Cr51 release assay, where CD28z CARs were co-incubated in the
presence of Cr51-labeled B16vIII tumor cells in various effector:target (E:T) ratios or with
B16OVA tumor cells as a negative control (Figure 15C).
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Figure 15: CD28z CARs: generation and in vitro antigen-specific cytotoxicity.
(A) A second generation CAR vector was designed as follows: anti-EGFRvIII
scFv-CD8TM-CD28-CD3z (CD28z CAR). (B) Cell-surface expression was confirmed by
flow cytometry. (C) Cytotoxicity (left) and antigen-specific lysis (right) was determined
against B16vIII or B16OVA tumor cells in a standard 4-hour chromium-51 (Cr51) release
killing assay. Unpaired t-test, P = 0.0140. Data are representative of at least 2
independent experiments with similar results.

Next, we tested whether CD28z CARs were capable of mounting antitumor
responses in vivo. With rare exception, the efficacy of T-cell immunotherapies in
preclinical cancer models and in humans has been dependent on the induction of non-
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myeloablative host lymphopenia prior to adoptive cell transfer (Cheever, Greenberg, &
Fefer, 1980; Dudley et al., 2002; Dudley et al., 2008; Sampson et al., 2014). In order to
confirm this observation in our model, we performed experiments to determine whether
CD28z CARs required preparative host lymphodepletion to mount a response against
established tumors. We implanted B16vIII tumor cells in the left flank, and after seven
days, adoptively transferred CD28z CARs with or without prior sub-lethal TBI.
Immunotherapy with CD28z CARs alone mounted minimal responses on tumor growth,
as tumors reached humane endpoints in a similar timeframe to control mice (Figure
16A). In the context of lymphodepletive preconditioning, however, CD28z CARs
induced cures in 100% of mice.

Figure 16: CD28z CARs require host lymphodepletion to inhibit tumor growth.
(A) C57BL/6NCr mice (n=7/group) were implanted with 1x105 B16vIII tumor cells
subcutaneously, and after seven days, subjected to 5Gy TBI or sham and administered
1x107 CARs or untransduced (control) T cells. Tumor burden was followed overtime.
Pairwise contrasts of regression line slope of growth curve after logarithmic
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transformation with tumor+TBI+CD28z CARS (P < 0.0001) were made using mixed
linear effect models. (B) Irradiated mice (n=5/group) were bled on the indicated days to
enumerate absolute count of circulating Tregs in blood circulation. Two-way ANOVA
was conducted (P = 0.0013 for interaction of time and group). Data are representative of
at least 2 independent experiments with similar results.

Given the significant depletion of Tregs and the kinetics of their sustained
contraction in irradiated mice (Figure 16B), we considered the CAR-Treg interaction to
be a plausible explanation for treatment failure in non-lymphodepleted mice. This
hypothesis was compelling given previous evidence documenting Treg suppression of
CAR antitumor responses (J. C. Lee et al., 2011). We leveraged an opportunity to
circumvent Treg inhibition in vivo by modulating the CAR-dependent IL-2 axis. IL-2
plays an indispensable role in Treg function, and importantly, the introduction of the
CD28 signaling moiety into CAR vectors has been shown to inadvertently enhance the
local generation of Tregs by enhancing IL-2 secretion (Kofler et al., 2011). We explored
whether targeted disruption of the IL-2 pathway would enable CARs to mount
antitumor efficacy in mice without the prerequisite of lymphodepletion.

5.3.3 Defective Lck signaling abolishes the antitumor efficacy of
second generation CARs
The CD28 cytosolic tail of the CAR transgene contains a distal PYAP signaling
motif that recruits the Src family kinase Lck, which upon CAR activation, transduces the
necessary signals for IL-2 secretion. Although the proximal YMNM motif has also been
implicated in the regulation of IL-2 transcription via PI3K-dependent signaling, the
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PYAP motif controls net IL-2 secretion as it plays a dominant role in post-transcriptional
stabilization of IL-2 mRNA (Boomer & Green, 2010; Dodson et al., 2009; Friend et al.,
2006).
To disrupt Lck ligation to the CD28 cytosolic tail, two amino acid substitutions
were introduced in the PYAP motif of the CAR transgene (Figure 17A), as previously
described, to abrogate CAR-mediated secretion of IL-2 following antigen encounter
(Kofler et al., 2011; Tai et al., 2005). We confirmed expression of second generation
CD28-modified CARs (CD28z) on the surface of T cells and observed a transduction
efficiency of 93.9% (Figure 17B). We confirmed cytotoxicity and antigen-specific target
cell lysis in vitro as described above (Figure 17C).
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Figure 17: CD28z CARs: generation and in vitro antigen-specific cytotoxicity.
(A) Two amino acid substitutions were introduced in the CD28 tail of the CAR
transgene (CD28) to prevent Lck signaling and abrogate IL-2 secretion. (B)
Cell-surface expression, (C) cytotoxicity (left) and specific lysis (right) of
CD28-modified second generation CARs (CD28z CARs) was confirmed in
vitro. Unpaired t-test, P = 0.0177. Data are representative of at least 2
independent experiments with similar results.

Next, we conducted experiments to characterize the in vitro functionality of
CD28z CARs to confirm that the newly-introduced modification compromised IL-2
secretion as intended. We subjected CD28z or CD28z CARs to antigen-specific
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stimulation using a plate-bound EGFRvIII-derived 14-amino acid peptide and evaluated
IL-2 secretion by Intracellular Cytokine Staining (ICS). As shown, we observed a mean
frequency of 16.6% of CD28z CARs which were IL2+, compared to just 5.41% of CD28z
CARs (Figure 18A). We also confirmed that modified CARs retained the ability to
secrete the prototypical pro-inflammatory cytokine, interferon gamma (IFNg) (Figure
18B; CD28z CARs, 51.65%; CD28z CARs, 44.8%). Importantly, these data indicate that
the CD28 modification does not impair CAR expression, IFNg secretion, cytotoxicity,
or antigen-specificity, but does significantly impair the secretion of IL-2 following
antigen-specific stimulation.

Figure 18: Intracellular cytokine staining for IL-2 and IFNg following antigenspecific stimulation.
CARs were stimulated in vitro in the presence of a plate-bound EGFRvIII-derived
14-amino acid peptide or vehicle and stained intracellularly for (A) IL-2 or (B) IFNg.
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One-way ANOVA followed by pairwise comparisons using the Tukey post-hoc test.
Data are representative of at least 2 independent experiments with similar results.
We

hypothesized

that

CD28z

CARs

would

circumvent

Treg

immunosuppression given disruption of the CAR-mediated IL-2-Treg axis, enabling
them to inhibit tumor growth. We tested this in tumor experiments using nonlymphodepleted mice. We adoptively transferred CD28z CARs or CD28z CARs into
mice bearing seven-day established solid tumors. As previously observed, CD28z CARs
were not efficacious, but neither were CD28z CARs (Figure 19A).

Figure 19: Defective Lck signaling abolishes the antitumor efficacy of second
generation CARs.
(A, B) C57BL/6NCr mice (n=7/group) were implanted with 1x105 B16vIII tumor
cells subcutaneously and allowed to engraft for seven days. Mice received treatment as
shown. Where indicated, radiation was administered immediately prior to infusion of 5
x 106 CARs or control T cells IV on day 7. Tumor burden was followed. Pairwise
contrasts of regression line slopes of growth curves after logarithmic transformation
with tumor+TBI+CD28z CARs were made (P ≤ 0.05 for (g)) using mixed linear effects
model. Data is representative of at least three independent experiments with similar
results.
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To

determine

if

CD28z

CARs

were

efficacious

in

the

context

of

lymphodepletion, we repeated the experiment but this time subjected mice to TBI prior
to therapy. We irradiated mice and adoptively transferred CARs seven days after tumor
establishment; CD28z CARs were highly therapeutic as expected, but surprisingly,
CD28z CARs had no impact on tumor growth compared to control mice (Figure 19B).
These findings suggest that IL-2 deficiency irreparably compromised CAR activity.

5.3.4 4-1BB costimulation enables Lck-inactive CARs to
accumulate in vivo and mount antitumor efficacy in nonlymphodepleted hosts
In order to both avoid Treg stimulation and to overcome the detrimental effects
of reduced autocrine IL-2 signaling on CAR activity, we explored whether introducing
an additional costimulatory domain in CAR design would provide sufficient
compensatory signaling through alternative pathways. 4-1BB is a tumor necrosis factor
receptor (TNFR) family member that is essential for optimal CD8+ T-cell activation, as it
enhances T-cell survival and cell cycle progression to promote T-cell proliferation and
persistence in an IL-2 independent manner (Shuford et al., 1997). Therefore, we designed
and evaluated a novel CD28z CAR which incorporated 4-1BB (CD28-4-1BBz CARs,
Figure 20A) based on the rationale that 4-1BB rescue would result in markedly enhanced
in vivo activity compared to CD28z CARs. We confirmed cell-surface expression of
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CD28-4-1BBz CARs on T cells (91%, Figure 20B), and cytotoxicity and antigen-specific
target cell lysis in vitro as described above (Figure 20C).

Figure 20: CD28-41BBz: generation and in vitro antigen-specific cytotoxicity.
(A) A third generation CAR vector with defective Lck signaling was designed as
follows: anti-EGFRvIII scFv-CD8TM-CD28-4-1BB-CD3z (CD28-4-1BBz CAR). (B) Cell
surface expression, (C) cytotoxicity (left) and specific lysis (right) of CD28-4-1BBz
CARs was confirmed in vitro. Unpaired t-test, P = 0.0004. Data are representative of at
least 2 independent experiments with similar results.

Next, we evaluated the impact of CD28-4-1BBz CARs on tumors in vivo and
found that treatment significantly retarded tumor growth without a need for prior host
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lymphodepletion, while all previously designed CARs had no measurable impact in the
absence of lymphodepletion (Figure 21A).

Figure 21: 4-1BB addition enhances the abundance of Lck-inactive CARs and
enables them to mount efficacy against tumors in non-lymphodepleted hosts.
(A) Tumor-bearing mice (n=7/group) received 1x107 CARs as indicated seven
days after tumor engraftment. Tumor burden was followed overtime. Pairwise contrasts
of regression line slopes of growth curves after logarithmic transformation with
tumor+CD28-4-1BB CARs were made using mixed linear effects model (P < 0.005). (B)
Mice (n=7/group) were bled retroorbitally five days after receiving CARs intravenously.
Cells were stained to monitor and enumerate the absolute count and frequency of CARs
in peripheral blood circulation. One-way ANOVA was conducted followed by pairwise
comparisons using the Tukey post-hoc test (P < 0.05). Data is representative of at least
two independent experiments with similar results.

Given the well-described role of 4-1BB costimulation in T-cell proliferation, and
our hypothesis that deficient Lck signaling may have crippled the ability of CD28z
CARs to engraft in vivo, we explored whether this observed efficacy could be explained
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by an increased presence of CD28-4-1BBz CARs in peripheral blood. To do so, we bled
mice retro-orbitally five days after adoptive transfer to monitor CAR presence.
Importantly, mice treated with second generation CARs exhibited no significant
difference over control mice in absolute counts or frequency of CARs in blood, whereas
mice treated with CD28-4-1BBz CARs recorded significantly higher counts and
frequencies of the CD3 compartment (Figure 21B). These data indicate that 4-1BB
costimulation enhances the in vivo engraftment of CARs deficient in Lck signaling,
providing a therapeutic advantage in non-lymphodepleted mice.

5.3.5 4-1BB addition alone is insufficient and defective Lck
signaling is a required modification for CARs to mount
antitumor efficacy in the absence of host lymphodepletion
To control for the possibility that 4-1BB addition alone resulted in the observed
antitumor responses, we produced and tested third generation CARs with intact Lck
signaling (CD28-4-1BBz CARs) (Figure 22A). We confirmed cell-surface expression
(91.7%, Figure 22B), cytotoxicity, and antigen-specific lysis as described above (Figure
22C). Next, we directly compared CD28-4-1BBz CARs to CD28-4-1BBz CARs in vivo,
and importantly, we found that CD28-4-1BBz CARs had no therapeutic impact on tumor
growth while CD28-4-1BBz CARs significantly inhibited tumor progression in nonlymphodepleted mice (Figure 23A). This observation was in line with our original
hypothesis, as we envisioned a need to modulate CAR:Treg interactions through the
introduction of the CD28 modification.
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Figure 22:CD28-4-1BBz: generation and in vitro antigen-specific cytotoxicity.
(A) A third generation CAR with intact Lck signaling was designed as follows:
anti-EGFRvIII scFv-CD8TM-CD28-4-1BB-CD3z (CD28-4-1BBz CAR). (B) Cell surface
expression, (C) cytotoxicity (left) and specific lysis (right) was confirmed in vitro.
Unpaired t-test, P = 0.0104. Data are representative of at least 2 independent experiments
with similar results.

Although we expected 4-1BB addition to improve CAR accumulation in
peripheral blood, we hypothesized that this effect would be enhanced in Lck-inactive
CARs, providing an explanation for differences in antitumor efficacy between these two
constructs. Therefore, we performed a direct comparison between all manufactured
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CARs to assess how they accumulated in vivo by measuring their presence five days
after adoptive transfer into hosts. As previously observed, second generation CARs
were not significantly higher compared to negative controls, whereas third generation
CARs were markedly enhanced in both absolute numbers and frequencies (Figure 23B).

Figure 23: Lck-inactivation and 4-1BB are both required modifications for
CARs to mount antitumor responses in non-lymphodepleted hosts.
(A) C57BL/6NCr mice (n=7/group) were implanted with 1x105 B16vIII tumor cells
subcutaneously and received 1x107 CARs as indicated seven days after tumor
engraftment. Tumor burden was followed overtime. Pairwise contrasts of regression line
slopes of growth curve after logarithmic transformation with tumor+CD28-4-1BBz
CARs were made using mixed linear effects model (P < 0.05).
(B) Mice (n=5/group) were bled retroorbitally five days after receiving CARs
intravenously. Cells were stained to monitor and enumerate the absolute count and
frequency of CARs in blood circulation. One-way ANOVA were conducted followed by
pairwise comparisons using the Tukey post-hoc test, P < 0.0001. Data are representative
of at least two independent experiments with similar results.
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Importantly, however, mice treated with CD28-4-1BBz CARs exhibited
significantly higher counts (mean of 32.8 versus 19.9/ul blood) and frequencies (2.5%
versus 1.3% of the CD3 compartment) compared to CD28-4-1BBz CARs, suggesting that
the effects of a modified CD28 domain synergized with 4-1BB signaling to enhance CAR
presence in circulation.

5.3.6 CD28-4-1BBz CARs are resistant to CD4+ FoxP3+ Treg
immunosuppression
We next tested our central hypothesis that CARs deficient in Lck signaling would
be able to circumvent Treg immunosuppression. We performed experiments in
lymphodepleted mice, which allowed us to sensitively study the net in vivo effect of
CAR/Treg interactions by predefining either cell population in purity and number prior
to adoptive co-transfer. First, we established that both CD28-4-1BBz and CD28-4-1BBz
CARs perform equally in the absence of Tregs by adoptively transferring CARs into
tumor-bearing mice after irradiation (Figure 24).

108

Figure 24: Third generation CARs perform equally in lymphodepleted hosts.
C57BL/6NCr mice (n=7-8/group) received 1x105 B16vIII implants subcutaneously
and were irradiated after seven days, followed by adoptive IV transfer of 5x106 CARs as
indicated. Pairwise contrasts of regression line slopes of growth curves after logarithmic
transformation with tumor+TBI were made using mixed linear effects model (P < 0.05).
Data are representative of at least 2 independent experiments with similar results.

Next, we explored CAR susceptibility to Treg immunosuppression by
reintroducing Tregs into this lymphodepleted system. We utilized C57BL/6-Tg(Foxp3DTR/EGFP)23.2Spar/Mmjax (DEREG) transgenic mice, which display DTR-eGFP
expression in fully functional CD4+ Foxp3+ T cells and therefore allow specific detection
and purification of Treg populations (Lahl et al., 2007). Isolated Tregs were activated
and expanded in vitro to ensure suppressive functionality and resorted before adoptive
transfer to ensure high purity (Figure 25A). Tumor-bearing mice were irradiated seven
days after tumor engraftment, and administered CARs alone or with Tregs at a 10:1
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CAR:Treg ratio. We found that co-transfer completely abolished the antitumor efficacy
of CD28-4-1BBz CARs in lymphodepleted hosts, demonstrating that the sole addition of
Tregs was sufficient to abrogate the effect of wild-type CARs (Figure 25B).

Figure 25: CD28-4-1BBz CARs are resistant to Treg immunosuppression.
(A) CD4+ CD25+ splenocytes were isolated from DEREG transgenic mice and
activated and expanded in vitro. Cells were sorted by GFP expression to isolate a pure
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population of Treg on the day of adoptive transfer. (B) C57BL/6NCr mice were
irradiated seven days after tumor engraftment, followed by adoptive transfer of CARs
alone or in combination with sorted Tregs at a 10:1 CAR:Treg ratio. Tumor burden was
followed over time. Data was pooled from three independent experiments; n=2125/group. Pairwise comparisons of regression line slopes of growth curves after
logarithmic transformation were made using mixed linear effects model; tumor + TBI +
CD28-4-1BBz CAR vs. tumor + TBI + CD28-4-1BBz CAR + Treg, P = 0.3655; tumor +
TBI + CD28-4-1BBz CAR vs. tumor + TBI + CD28-4-1BBz CAR + Treg, P = 0.0116.

In stark contrast, mice treated with CD28-4-1BBz CARs remained completely
resistant to infused Tregs, and tumors in mice receiving co-transfer displayed delayed
growth kinetics identically to mice who received CD28-4-1BBz CARs alone. In sum,
these

data

demonstrate

that

CD28-4-1BBz

CARs

are

able

to

resist

Treg

immunosuppression and mount antitumor efficacy against established solid tumors
without the need for prior host lymphodepletion.

5.4 Discussion
CARs are capable of inducing complete responses in patients with hematopoietic
cancers but convincing clinical responses have yet to be achieved against solid tumors.
Although the etiology of treatment failure remains under study, it is now clear that
CARs face several challenges when targeting solid tumors, including heterogeneous
antigen distribution (Sampson et al., 2010), dense tumor stroma (Joyce & Fearon, 2015),
hypoxic conditions (Ackerman & Simon, 2014), metabolic challenges (Uyttenhove et al.,
2003), immune checkpoints (Ahmadzadeh et al., 2009), tumor-derived inhibitory
cytokines (R. Lin et al., 2014), and inhibition by Tregs (Chattopadhyay, Chakraborty, &
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Mukherji, 2005). Importantly, the recent finding that tumor-specific T cells can
themselves drive upregulation of several of these factors, including Tregs (Spranger et
al., 2013), has provided insight into how CAR design can unfavorably perturb tumor
immune milieu and how they may be redesigned to function optimally against solid
tumors.
Tregs are a frequent component of human solid cancers and tumor
microenvironments (Zou, 2006), considered a major driver of tumor immune evasion,
and have been shown to suppress antitumor responses by CARs (J. C. Lee et al., 2011).
Tregs depend on local T cells for production of IL-2, which is requisite for Treg
proliferation and suppression of effector T cells. Importantly, modern CARs can
contribute to this network through CD28 signaling (Kofler et al., 2011). Kofler and
colleagues demonstrated the relevance of CAR-mediated IL-2 secretion by showing that
deletion of the Lck-binding motif in second generation CARs was coincident with
reduced intratumoral Treg infiltration compared with their wild-type counterparts
(Kofler et al., 2011). Here, we build on these findings by showing that Lck inactivity can
compromise CAR engraftment and antitumor efficacy in the absence of costimulatory
signaling. While CD28z CARs were found to be efficacious in lymphodepleted mice,
CD28z CARs completely failed to induce a therapeutic impact despite preparative host
lymphodepletion, suggesting that IL-2 signaling may be an indispensable component of
second-generation CAR activity in vivo.
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We hypothesized that the absence of autocrine IL-2 signaling, which has a central
role in the growth and function of T-cells (G. H. Lin, Stone, Surh, & Watts, 2012),
compromised the durability of CARs in vivo, which is related to the physical and
functional persistence of CARs in the host (Pule et al., 2008; Rossig, Bollard, Nuchtern,
Rooney, & Brenner, 2002; Savoldo et al., 2007). We therefore designed CARs to provide
compensatory signaling by incorporating the 4-1BB signaling domain into the CAR
transgene. 4-1BB has been shown to enhance T-cell expansion, increase Th-1 cytokine
secretion (Zhao et al., 2009), prevent AICD (Saoulli et al., 1998; Starck, Scholz, Dorken, &
Daniel, 2005), and promote differentiation (Hurtado, Kim, & Kwon, 1997; Sabbagh,
Pulle, Liu, Tsitsikov, & Watts, 2008) and cell survival through the up-regulation of antiapoptotic genes (Eshhar, 2008; Sica & Chen, 2000; Watts, 2005; Zhao et al., 2009). We
show that 4-1BB addition significantly improved CAR accumulation in systemic blood
circulation compared to second generation CARs. Importantly, however, these third
generation CARs accumulated to significantly higher numbers and frequency when Lck
signaling was defective, and only these CARs were able to mount therapeutic efficacy
against tumors in non-lymphodepleted mice. We conclude that 4-1BB-mediated CAR
accumulation is insufficient on its own to induce antitumor efficacy in nonlymphodepleted hosts and that CD28 is also a required modification. We show that
when these modifications are present together, CD28-4-1BBz CARs accumulate to
higher levels in blood circulation and completely resist Treg immunosuppression.
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To our knowledge, this is the first report showing tumor-specific CARs can
induce major antitumor responses when used as a monotherapy against established
syngeneic solid melanoma tumors in mice without a need for preparative
lymphodepletion. We demonstrate that CARs can be designed to augment their
vulnerability to tumor immunosuppression, which underscores the need to both
bombard solid tumors with high numbers of tumor-specific T cells and to continue
developing approaches to favorably improve cell-to-cell interactions that take place
within the tumor and its microenvironment. In sum, the work highlighted here suggests
that CARs deficient in Lck signaling may be a superior immunotherapy for solid tumors
infiltrated with Treg, and that any induced defects can be compensated by inclusion of
4-1BB in third generation CARs. Importantly, this work also substantiates the notion that
it is possible to modulate counterproductive immune interactions through CAR design
to enhance adoptive T-cell immunotherapy.
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6. Host Lymphopenia Enhances the Abundance,
Activation Status, and Antitumor Efficacy of CAR T Cells
Delivered Directly into the Brain
The antitumor efficacy of CAR T cells infused into systemic circulation is
complicated by the need for T cells to migrate across the blood-brain barrier and localize
to highly invasive tumor deposits within the brain. Although our preclinical studies
have demonstrated the ability of CAR T cells to do this, only a small minority of infused
cells successfully reaches these tumors in the brain. Therefore, we and others have
explored a loco-regional delivery approach with direct administration of CAR T cells
into the brain in order to concentrate therapy intratumorally (Brown et al., 2016).

6.2 Materials and Methods
6.2.2 CAR generation
Third generation CARs were generated as described in Chapter 4.

6.2.3 Mice and tumor experiments
C57BL/6 mice were obtained from Charles River Laboratories. RAG1-/-, DEREG,
and B6 albino mice were obtained from Jackson Laboratories. For tumor experiments,
we utilized the KLuc-EGFRvIII and CT2A-EGFRvIII syngeneic GBM tumor cell lines as
described in Chapter 4 and below. CARs were delivered in a loco-regional fashion on
the indicated days in figure legends in a 24 uL volume of PBS. CARs were injected in the
identical stereotactic coordinates as initial tumor implantation (2 mm right of the
bregma and 4 mm in vertical depth).
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6.3 Results
6.3.2 CT2A-EGFRvIII model development
We leveraged the KLuc-EGFRvIII GBM tumor model described above (See
Chapter 4, Materials and Methods) as well as the CT2A-EGFRvIII GBM model. We
demonstrate that the CT2A-EGFRvIII tumor cell line exhibits EGFRvIII expression at
high levels compared to control CT2A tumor cells by flow cytometry (Figure 26A). To
examine EGFRvIII expression in vivo, we implanted 5x104 CT2A-EGFRvIII or CT2A
parental tumor cells into mice and harvested brain specimens 7 days afterward. We
demonstrate that this model exhibits EGFRvIII expression by IHC analysis (Figure 26B),
and the classical histopathological hallmarks of GBM by standard H/E stain (Figure
26C).

Figure 26: CT2A-EGFRvIII model development.
(A) Flow cytometry analyses demonstrate EGFRvIII expression by CT2AEGFRvIII tumor cells compared to CT2A parental control. (B) Tumor cells were
evaluated for EGFRvIII expression in vivo by standard IHC analyses and (C) for the
hallmark histopathological features of GBM by H/E stain.
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6.3.3 Loco-regional delivery of CAR T cells prolongs survival
against GBM
In order to determine whether CARs are efficacious as a monotherapy using a
loco-regional approach, we performed dose-escalation studies against 7-day established
CT2A-EGFRvIII GBMs or 14-day established KLuc-EGFRvIII GBMs. EGFRvIII-specific
CARs were infused at the indicated doses at the identical stereotactic coordinates of
tumor implantation (2 mm right of the bregma, 4 mm in depth), and survival was
followed overtime. We found that CARs were capable of prolonging survival against
both GBM models when used as a monotherapy (Figure 27).

Figure 27: Intracranially delivered CARs enhance survival as a monotherapy.
CARs were injected loco-regionally into the brain at the indicated doses in (A)
mice bearing 7 day established CT2A-EGFRvIII brain tumors or (B) 14 day established
KLuc-EGFRvIII brain tumors.

6.3.4 Host lymphodepletion significantly enhances the efficacy
of CAR T cells delivered directly into the brain
We hypothesized that this delivery approach would be enhanced by a host
lymphodepletive preconditioning regimen, given the role of tumor infiltrating
117

regulatory immune cells on CAR functionality and proliferation. Although the benefits
of lymphodepletive preconditioning on adoptive cell transfer has been well documented
in the context of systemic infusion, this has never before been explored in the context of
loco-regional cell delivery in the brain.
To explore this, we performed survival experiments wherein mice bearing 7-day
established CT2A-EGFRvIII GBM or 14-day established KLuc-EGFRvIII GBM were
subjected to 5 Gy TBI immediately prior to intracranial CAR infusion. We evaluated the
potential for synergy between TBI and CARs using very low dose of CARs, which are
otherwise non-therapeutic against CT2A-EGFRvIII or mildly therapeutic against KLucEGFRvIII GBM. We show that using this preconditioning regimen, the antitumor
efficacy of CARs was markedly enhanced and induced long-term cures against both
tumor models (Figure 28).

Figure 28: Preparative host lymphodepletion with 5Gy TBI enhances the locoregional delivery of CAR T cells.
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Mice received CARs as previously described. In mice receiving TBI, mice were
subjected to 5Gy TBI immediately prior to IC CAR injection. Data are representative of
at least 3 independent experiments.

6.3.5 TMZ sufficiently preconditions hosts to enhance locoregional CAR T cell immunotherapy
Next, we explored the translational relevance of this phenomenon by
determining whether the lymphodepletive side effects of TMZ, which is clinically
approved for GBM, would sufficiently precondition hosts to enhance CAR T cell
immunotherapy. We leveraged the knowledge obtained in our prior work (See Chapter
4) and evaluated murine equivalent doses of the dose-intensified TMZ regimen that we
previously found to synergize with systemic CAR T cell immunotherapy.
Mice bearing CT2A-EGFRvIII tumors and KLuc-EGFRvIII tumors received 400
mg/kg TMZ IP on days 6 and 13, respectively. 24 hours afterward, mice were
administered CARs intracranially at the indicated doses. Importantly, our data indicate
that TMZ can be strategically leveraged to enhance the therapeutic efficacy of CAR T
cells delivered loco-regionally in the brain (Figure 29).
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Figure 29: TMZ induced lymphodepletion sufficiently enhances loco-regional
CAR T cell immunotherapy in the brain.
Mice received CARs as previously described. In mice receiving TMZ, 400 mg/kg
x 1d TMZ was administered IP 24 hours prior to IC CAR inection. Data are
representative of at least 2 independent experiments.

6.3.6 Genetic deletion of endogenous lymphocytes enhances
loco-regional CAR T cell immunotherapy in the brain
Based on this emerging role for host lymphodepletion, we performed
experiments to confirm that CAR therapy was synergizing with immunological space
induced through genetic means. To do this, we leveraged RAG1-/- mice, which lack all
functional mature T and B cells and are therefore in a persistent state of lymphopenia.
RAG1-/- hosts received KLuc-EGFRvIII tumor cells on Day 0, and were injected
subcutaneously with vehicle or 1x108 splenocytes harvested from donor C57BL/6 mice.
Mice were bled retro-orbitally on day 20 to enumerate CD3 counts in blood circulation.
Mice receiving donor splenocytes exhibited significant immune reconstitution compared
to mice receiving vehicle (Figure 30A). After 21 days, mice were administered 2x106
CARs intracranially.
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Importantly, we found that immune reconstitution with donor splenocytes
significantly abrogated the antitumor efficacy of CARs (Figure 30B). Collectively, these
data indicate that CARs delivered directly into the brain benefit from the genetic
absence of lymphocytes or by immunological space induced by 5Gy TBI and TMZ
chemotherapy.

Figure 30: Immune reconstitution of of mice with a genetically induced
absence of lymphocytes abrogates the efficacy of CAR T cells delivered into the brain.
(A) Mice received either vehicle or 1x108 splenocytes IP from donor C57BL/6
mice. After 21 days, CD3 counts were enumerated from peripheral blood. (B) CARs
were injected as previously described on Day 21. Survival was monitored overtime. Data
are representative of at least 3 independent experiments.
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6.3.7 CAR T cell persistence and activation status
We next assessed the impact of lymphopenic preconditioning on the activation
status and persistence of CAR T cells administered in the brain. To do this, we produced
CAR T cells that co-express FireFly Luciferase (CAR/Luc T cells), which permit a noninvasive method of monitoring CAR presence in vivo using bioluminescent imaging.
Using the CT2A-EGFRvIII model system, albino mice bearing 7 day established tumors
received intracranial injections of 2x106 CAR/Luc T cells after either 5Gy TBI or sham.
Mice were imaged at the time points shown. Bioluminescent imaging revealed a similar
abundance of CAR/Luc T cells in both cohorts during the first week, but signals in the
tumor + IC CARs cohort quickly diminished to background levels, indicating that
CAR/Luc T cells ultimately failed to survive beyond two weeks. By stark contrast,
CAR/Luc T cells in irradiated mice persisted in the brain for several months, and were
detectable at high levels up to 70 days after infusion. These data indicate that CAR/Luc T
cells are able to survive long-term when infused into lymphodepleted hosts (Figure
31A).
We examined whether this enhanced persistence was related to the activation
status of CAR T cells. A significant amount of literature has shown that co-expression of
PD1, TIM3, LAG3 is indicative of an “exhausted” state in which T cells exhibit reduced
metabolic activity and secretion of prototypical inflammatory cytokines. Therefore, we
sought to phenotype CAR T cells 7 days after intracranial infusion into mice bearing
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CT2A-EGFRvIII GBM. CAR T cells were harvested from brain specimens and analyzed
for expression of PD1, TIM3, and LAG3 by flow cytometry.

Figure 31: Lymphopenia drives long-term persistence and prevents T cell
exhaustion in the brain.
(A) CAR+ Luc+ T cells were monitored for relative abundance in the brain
through standard bioluminescent imaging. (B-E) 7 days after CAR injection, mice were
sacrificed in order to phenotype CARs in the brain for expression of PD1, TIM3, LAG3,
and co-expression of all 3 markers.
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We found that a very high proportion of CAR T cells isolated from the nonirradiated cohort exhibited expression of PD1+ (48%), TIM3+ (66%), PD1+ (74%), and coexpression of all three markers (39%) compared to CAR T cells obtained from previously
irradiated hosts (PD1+, 6%; TIM3+, 34%; LAG3+, 7%; PD1+ TIM3+LAG3+, 2%).

6.3.8 Transient Treg depletion fails to enhance loco-regional
CAR T cell immunotherapy
Next, we explored whether this phenomenon was directly due to the depletion of
Treg, given their well described role in suppressing CAR T cell immune responses (see
Chapters 2 and 5). To do this, we leveraged the depletion of regulatory T cell (DEREG)
transgenic mouse model that has been previously described. DEREG transgenic mice
contain a bacterial artificial chromosome (BAC) that expresses a simian diphtheria toxin
receptor-enhanced green fluorescent protein (DTR-eGFP) fusion protein under control of
the endogenous Foxp3 promoter/enhancer region. This model therefore allows selective
and efficient depletion of Foxp3+ Tregs by DTX injection.
We confirmed Treg ablation in mice bearing CT2A-EGFRvIII GBM by
administering 1 µg DTX IP on days 6 and 7 following tumor implantation, and
enumerating Tregs in blood circulation on day 10 (Figure 32A).
Next, we evaluated whether this transient depletion of Treg at the time of CAR T
cell immunotherapy would enhance antitumor efficacy in survival experiments. DEREG
hosts received CT2A-EGFRvIII tumor cell implants on Day 0, and were either left
untreated (tumor alone), received an intracranial infusion of CARs on day 7 (tumor + IC
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CARs), CARs following an IP injection of 1 ug DTX on days 6 and 7 (tumor + DTX + IC
CARs), or CARs immediately following 5Gy TBI. Importantly, we found that DTXinduced Treg depletion had no effect on prolonging survival, as mice in this cohort
expired in an identical timeframe as mice treated with CARs alone (Figure 32B).

Figure 32: Transient Treg depletion does not enhance CAR T cell
immunotherapy against brain tumors.
(A) Mice received 1 ug of DTX on two consecutive days to demonstrate a
reduction in circulating Treg in peripheral blood. (B) Mice bearing 7 day established
CT2A-EGFRvIII brain tumors received CAR injections as previously described. Where
shown, mice received 1 ug of DTX on days 6 and 7, or were subjected to 5Gy TBI on day
7 immediately before CAR injection.

6.4 Discussion
CAR T cell immunotherapy has proven effective for several cancer types, but its
promise against solid tumors, particularly those in the brain, faces significant challenges.
Preclinical studies evaluating CARs for GBM have, for the most part, focused on
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intravenous routes of delivery that rely on CAR T cell migration into the brain and
localization within invasive tumor deposits. However, only a small fraction of what is
infused systemically into cancer hosts adequately traffic to tumor sites in the brain, and
the kinetics of migration and quantity/quality of trafficking T cells is thought to vary
dramatically between hosts. Loco-regional delivery of CAR T cells directly into the brain
has been proposed as one way to circumvent these barriers.
To our knowledge, the data reported here are the first to demonstrate that CARs
can be an effective monotherapy against highly established tumors within a fully
syngeneic and orthotopic murine model of GBM. Moreover, we show that host
lymphodepletion using either radiation or clinically relevant doses of TMZ
chemotherapy can be strategically leveraged to enhance loco-regional CAR T cell
immunotherapy in the brain. We demonstrate that CARs enjoy enhanced survival, longterm persistence, and a favorable activation status when infused into hosts temporarily
or permanently devoid of endogenous lymphocytes. The mechanistic basis of this
phenomenon, however, remains unclear. It is possible that Treg depletion and the
improved bioavailability of homeostatic gamma chain cytokines are responsible, as these
two factors have been shown to be critical in improved functionality and engraftment of
T cells administered peripherally. Our preliminary data indicate, however, that
temporary deletion of Treg serves no benefit in the context of intracranial CAR T cell
delivery. We are actively investigating tumor models that enable sustained Treg
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depletion overtime, and the role of IL-7/IL-15 using transgenic IL-7-/- IL-15-/- double
knockout mice obtained from the NCI.
Altogether, the data summarized here demonstrate that loco-regional CAR T cell
delivery is a viable approach for patients with GBM, and that this therapy should be
delivered into hosts pre-treated with dose-intensified TMZ chemotherapy to maximize
the benefits of this promising modality.
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7. Concluding Remarks
As our understanding of immune regulation and the mechanisms governing
effective tumor immunity has evolved exponentially, so too has our ability to approach
clinical trials with rationale and intelligent design. Recent evidence indicates GBM can
be subdivided into distinct subtypes (neural, proneural, classical, or mesenchymal)
based on genomic abnormalities and specific expression patterns in the p53, IDH1,
EGFR, and NF1 genes (Verhaak et al., 2010). These genetic subtypes have been shown to
differ in both their clinical features and response to standard of care therapy.
Importantly, recent results from a recent phase I trial in patients with GBM also
suggest that tumors defined by the mesenchymal gene expression profile may be more
immunogenic and responsive to immune-based therapies, as patients with tumors in
this subtype experienced increased survival following tumor-lysate pulsed DC
vaccination with TLR agonists compared to historical controls with tumors of the same
subtype (Prins et al., 2011). Interestingly, clinical samples from this trial have also
demonstrated increased numbers of TILs in tumors defined by the mesenchymal
subtype compared to tumors expressing other gene signatures. These observations
warrant investigation into determining how these four gene expression signatures
dictate tumor immunogenicity, as these studies will be critical to understanding the
mechanisms for why and how the population in which immunotherapy for GBM may
succeed or fail.
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Combination therapy with CTLA-4 and PD-1 blockade is specifically geared to
counteract the separate and non-redundant immunosuppressive mechanisms of
inadequate T-cell activation and intratumoral cellular inhibition. This approach is
currently under investigation in a phase III study in patients with recurrent GBM
(NCT02017717). The excitement concerning the clinical success of checkpoint blockade
against peripheral tumors is well-deserved, as this line of drugs may offer new hope for
patients with advanced cancers. One criticism of this platform, however, has been the
absolute requirement of immunogenic tumor material to observe therapeutic responses.
We now appreciate the seemingly paradoxical roles of the immune system in
cancer development; Schreiber and colleagues have eloquently described in the
‘immunoediting’ hypothesis that cancer results, at least in part, from the selection of ‘fit’
tumor cells that have evolved to evade immune detection (Schreiber, Old, & Smyth,
2011). Whereas some cancers may have evolved mechanisms to usurp local immune
regulation, others may lack the antigens to provoke immune responses altogether.
Human TCR repertoires are generated to identify a virtually infinite number of foreignand self-epitopes. Although the majority of T cells that recognize self-antigens are
eliminated during thymic development, a small frequency of autoreactive T-cells with
degenerate TCRs can exist through adulthood, requiring constant TCR stimulation or
exposure to a high density of antigen for complete activation (Gilboa, 2004; D. J. Morgan
et al., 1998). The implication here is that certain cancers may have too few (or no)
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immunogenic antigens, and checkpoint blockade in this context would have little
consequence on a CD3+ T cell compartment that either lacks the TCRs required to
recognize tumor antigens or contain TCRs that have too low an avidity to be sufficiently
activated.
In these cases, checkpoint inhibitors would only be effective as adjuvants to a
primary therapy that either endows a cancer patient with tumor-directed T-cells or
sufficiently primes a nascent precursor frequency of these cells. This conundrum is
further complicated by the fact that many aggressive cancers, including GBM, frequently
downregulate MHC expression and thus bypass T cell recognition of tumor cells
altogether, even when effector cells are poised to kill. As such, checkpoint inhibitors will
likely achieve their greatest potential against GBM when used in combination with a
primary immunotherapy where these limitations can be appropriately addressed
through ex vivo manipulation of autologous immune cells.
Whether this primary immunotherapy is comprised of a cancer vaccine or
engineered T-cells remains equivocal, and several arguments can be made in favor of
either approach. Clinical studies evaluating the EGFRvIII vaccine, for example, have
demonstrated the limitations of immunotherapies targeting single antigens. From this
perspective, the ‘ideal’ approach would be to target as large a repertoire of tumor
antigens as possible while avoiding damage to normal tissue. Although DCs can be
manipulated to express as many of these antigens as desired (by electroporation of RNA,
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constructed mini-genes, or tumor lysate), DC vaccines are limited by inefficient
migration to LNs and priming of T cells. These areas are being actively explored to
improve the DC platform.
CAR T cells, on the other hand, overcome key limitations of cancer vaccines, as
these T cells are already tumor-specific and previously activated. It is possible to infuse
diverse populations of CAR T cells specific for different tumor antigens, but this may be
an unrealistic approach for GBM due to a paucity of known cell-surface, tumor-specific
targets expressed in a high proportion of patients. Furthermore, the expense of
producing CAR T cells specific for multiple antigens through retroviral engineering will
likely be cost-prohibitive, although significant efforts are underway to produce
allogeneic ‘off-the-shelf’ CAR T cells by the pharmaceutical industry.
Preclinical studies of CAR T cells targeting EGFRvIII-positive tumors have also
indicated the possible induction of endogenous immune responses against other tumor
antigens, in a process known as epitope spreading. This is exemplified by studies which
show that mice previously cured of EGFRvIII-positive tumors by EGFRvIII-CARs are
protected against re-challenge with EGFRvIII-negative tumors. This lends support to
future studies that combine checkpoint blockade with CAR T cell therapy; if EGFRvIIICARs can sufficiently produce immune responses against non EGFRvIII-expressing
tumor cells, checkpoint inhibitors may serve to prevent the dysfunction of newlyprimed T cells, enhance their proliferation and the likelihood of tumor eradication.
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In summary, we believe the future of this field will require significant investment
in understanding which patients stand to benefit from therapy, why certain patients do
not, and overcoming mechanisms of evolved resistance. As such, emphasis must be
placed on proper patient selection to discern the relevance of age, minimal residual
disease status, and immunological profile of patients. Moreover, therapies which have
demonstrated promising efficacy in preclinical glioma models and favorable safety
profiles in phase I clinical trials have seldom reached higher-powered studies, as they
are commonly conducted in patients with advanced stage cancer or recurrent disease.
Assessing therapeutic efficacy in this refractory patient population may contribute to the
low success rate observed in higher-powered trials. In order to adequately judge
efficacy, clinical trials should be conducted on patients with earlier stage disease to fairly
assess efficacy against newly-established tumors. With that said, we remain highly
optimistic surrounding the promise of immunotherapy for the treatment of malignant
brain tumors, and maintain that complete cures will soon be within our reach.
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Appendix
Where noted, permission was obtained to reproduce figures according to journal
policies. Chapters 1-3 contains excerpts from primary publications authored by the
candidate (Suryadevara CM et al., 2016, Clinical Cancer Research), (Desai R,
Suryadevara CM et al., 2016, Expert Opinion on Emerging Drugs), (Suryadevara CM et
al., 2015, OncoImmunology), (Suryadevara CM et al., Surgery Neurology International).
Figures were reproduced with permission according to journal policies. Data presented
in Chapters 4-6 summarize unpublished and original research conducted by the
candidate.
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