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Abstract
Conventional therapy for malignant glioma (MG) fails to specifically target
tumor cells. In contrast, immunotherapy offers an exquisitely precise approach, and
substantial evidence indicates that if appropriately redirected, T cells can eradicate large,
well-established tumors. Even the latest generation of redirected T cell therapies are
limited, however, in that they require a centralized manufacturing infrastructure with
heavily trained laboratory personnel to genetically modify each patient’s own T cells,
use viral transduction which poses uncertain risks, are limited to the initial subset of T
cells manipulated and infused, and still face uncertainty as to the optimal T cell
phenotype to infuse. This dissertation reports the rational development and clinical
translation of a fully-human, bispecific antibody (hEGFRvIII-CD3 bi-scFv) that
overcomes these limitations through a recombinant antibody approach that effectively
redirects any human T cell to lyse MG cells expressing a tumor-specific mutation of the
epidermal growth factor receptor (EGFRvIII).
Chapters one, two and three provide an overview of T cell based
immunotherapy of cancer and advances in antibody engineering. Also included is a
discussion of the current standard-of-care therapy for MG, other immunotherapeutic
approaches for MG, and relevant targets and their therapeutic potential for the
treatment of MG.
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Chapter four details the rational development of a fully-human, anti-human
bispecific antibody, hEGFRvIII-CD3 bi-scFv, for immunotherapy of MG. By generating a
panel of fully human bispecific single chain variable fragments (bi-scFvs) and testing
their specificity through successive stages of screening and refinement, a highlyexpressed and easily purified construct with high-affinity to both CD3 and EGFRvIII
target antigens was obtained (hEGFRvIII-CD3 bi-scFv). In vitro, hEGFRvIII-CD3 bi-scFv
re-directed naïve human T cells to upregulate cell surface activation markers, secrete
pro-inflammatory cytokines, and proliferate in response to antigen-bearing targets. Each
of these anti-tumor effects were robust and occurred exclusively in the presence of target
antigen, illustrating the specificity of the approach. Using MG cell lines expressing
EGFRvIII and patient derived MG with endogenous drivers and levels of EGFRvIII
expression, bispecific antibody induced specific lysis was assessed. In each case,
hEGFRvIII-CD3 bi-scFv was both potent and antigen-specific, mediating significant
target-specific lysis at exceedingly low antibody concentrations. Tumor growth and
survival was assessed in xenogenic subcutaneous and orthotopic models of human MG,
respectively. In both these models, well-engrafted, patient-derived MG was effectively
treated. Intravenous administration of hEGFRvIII-CD3 bi-scFv resulted in significant
regression of tumor burden in the subcutaneous models and significantly extended
survival in the orthotopic models.
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Chapter five discusses challenges associated with intratumoral heterogeneity and
details two mechanisms by which bispecific antibodies like hEGFRvIII-CD3 bi-scFv can
induce epitope spreading, or an immunological response against tumor antigens other
than those initially targeted. These mechanisms include: 1) re-activation of pre-existing T
cell clones that have specificity for the tumor but fail to mount an immune response
prior to bispecific antibody induced stimulation and 2) tumor cell death that results in
release of tumor antigens and subsequent antigen uptake, processing and presentation
by antigen presenting cells (APCs) leading to a secondary immune response. The
chapter concludes with a discussion of a novel class of recombinant antibody molecules
developed as part of this dissertation work, Bispecific Activators of Myeloid Cells
(BAMs), that function to enhance phagocytosis and antigen presentation. BAM
molecules may be useful in conjunction with other immunotherapeutic modalities to
induce epitope spreading and combat intratumoral heterogeneity.
Chapter six describes research examining hEGFRvIII-CD3 bi-scFv in a unique
human CD3 transgenic murine model. These studies have furthered the rationale for
continued clinical translation of hEGFRvIII-CD3 bi-scFv as a safe and effective therapy
for MG and have led to the discovery of a novel mechanism of drug delivery to brain
tumors. The transgenic murine model was advantageous given that the CD3 binding
portion of the fully-human bispecific antibody binds only to human CD3. Accordingly,
the model provides a platform where the same molecule to be advanced to human
vi

studies can be tested pre-clinically in a pharmacologically responsive, fullyimmunocompetent, syngeneic, murine glioma model. In vitro, hEGFRvIII-CD3 bi-scFv
induced potent human CD3 transgenic T cell activation, pro-inflammatory cytokine
secretion and proliferation exclusively in the presence of the highly-invasive and
aggressive murine glioma, CT-2A, bearing EGFRvIII antigen (CT-2A-EGFRvIII).
hEGFRvIII-CD3 bi-scFv mediated significant lysis of CT-2A-EGFRvIII at exceedingly
low antibody concentrations. In vivo, hEGFRvIII-CD3 bi-scFv significantly reduced
tumor growth in human CD3 transgenic mice with well-established, subcutaneous
tumors and extended survival of human CD3 transgenic mice with well-established,
orthotopic, MG. In the orthotopic setting, adoptive transfer of pre-activated human CD3
transgenic T cells significantly increased efficacy compared to human CD3 transgenic
mice treated with hEGFRvIII-CD3 bi-scFv alone.
This led to the hypothesis that activated T cells, known to cross the blood-brain
barrier (BBB) to perform routine immunosurveillance of the central nervous system
(CNS), may bind to hEGFRvIII-CD3 bi-scFv intravascularly, via its CD3 receptor, and
carry or “hitchhike” the large CD3 binding macromolecule to tumors located behind the
BBB. Indeed, studies have revealed that adoptive transfer of activated T cells
significantly increases the biodistribution of intravenously administered hEGFRvIII-CD3
bi-scFv to orthotopic glioma. Furthermore, blocking T cell extravasation, using
natalizumab, for example, a drug used clinically to prevent the migration of T cells to
vii

the CNS in patients with multiple sclerosis, completely abrogates the increase in efficacy
observed with the adoptive transfer of activated T cells. This newly uncovered
hitchhiking mechanism of drug delivery to the CNS provides an important tool to
enhance the immunotherapy of brain tumors and has potentially far-reaching
consequences for the treatment of other CNS disorders, such as Alzheimer’s or
Parkinson’s disease, where issues regarding drug delivery to the CNS are relevant. To
begin to study this mechanism of drug delivery in disorders where the blood-brain
barrier is intact, we have developed a novel transgenic murine model that expresses
EGFRvIII at very low levels within neurons in the brain and have demonstrated that
intravenously administered EGFRvIII-targeted recombinant antibody can accumulate in
the CNS parenchyma, even in the presence of an intact BBB.
On the basis of these results, a series of clinical research development activities
were conducted that have led to the initiation of a clinical study to test the hitchhiking
mechanism of drug delivery in patients and ultimately to translate hEGFRvIII-CD3 biscFv therapy as a safe and effective treatment for patients with MG. These activities have
resulted in a foundation in pre-clinical toxicology, clinical grade biologic manufacturing,
clinical protocol development, and regulatory processes necessary to safely translate
hEGFRvIII-CD3 bi-scFv therapy to the clinic.
This has involved conducing an extended single-dose toxicity study of
hEGFRvIII-CD3 bi-scFv in animals to support studies in humans, the results of which
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are detailed in chapter seven. To assess for toxicity, human CD3 transgenic mice were
administered hEGFRvIII-CD3 bi-scFv or vehicle as a control. Animals were observed for
14 days post-dosing with an interim necropsy on day two. Endpoints evaluated
included clinical sings, body weights, feed consumption, clinical chemistries,
hematology, urinalysis, and histopathology. There were no clinical observations,
evidence of experimental autoimmune encephalomyelitis (EAE), or change in body
weight or feed consumption noted during the study that would be associated with
toxicity. Furthermore, no statistical difference was observed between drug- and controlreceiving cohorts in hematological parameters or urinalysis and no pathological findings
related to EGFRvIII-CD3 bi-scFv administration were observed. Statistical differences
were observed between drug-treated and control-treated cohorts for some of the clinical
chemistries assessed, such as hematocrit, calcium and phosphorus among the female, 14day analysis cohorts.
To produce hEGFRvIII-CD3 bi-scFv and autologous activated T cells to be
administered to patients for clinical study, chemistry, manufacturing and control
protocols for the production of clinical grade hEGFRvIII-CD3 bi-scFv and autologous
activated T cells were developed and implemented. The data presented in chapter eight
describe optimized manufacturing processes and rationale for the selection and
implementation of in-process and release analytical methods. This work includes the
generation of a stable Chinese hamster ovary (CHO) cell line that expresses high levels
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of hEGFRvIII-CD3 bi-scFv, the generation and certification of a current Good
Manufacturing Practice (cGMP) master cell bank (MCB), optimization and scale up of
upstream and downstream manufacturing procedures, and development of standard
operating procedures (SOPs) for the manufacture and assessment of clinical grade
hEGFRvIII-CD3 bi-scFv and autologous activated T cells. Together, these have allowed
for the production of clinical grade antibody and autologous patient derived cells within
Duke University Medical Center. The production of recombinant antibodies for use in
the clinic is a complex endeavor often performed in industry with teams of highly
skilled scientists who test and optimize manufacturing protocols using a large, wellestablished manufacturing infrastructure. The successful production of clinical grade
recombinant antibody at an academic center, therefore, represents a significant
achievement and would likely be of interest to other academic-based researchers and
clinicians embarking on similar clinical endeavors.
Chapter nine describes a clinical protocol for a phase 0 study of hEGFRvIII-CD3
bi-scFv in patients with recurrent EGFRvIII-positive glioblastoma (GBM). The protocol
details intravenous administration of single doses of radiolabeled hEGFRvIII-CD3 biscFv with and without pre-administration of radiolabeled autologous activated T cells in
a given patient. This will allow for imaging studies that will reveal the pharmacokinetics
of the recombinant antibody both with and without adoptive transfer of autologous
activated T cells. Endpoints include an assessment of the: intracerebral tumor
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localization of 124iodine (I)-labeled hEGFRvIII-CD3 bi-scFv with and without prior
administration of 111indium (In)-labeled autologous T cells; percentage of patients with
unacceptable toxicity; percentage of patients alive or alive without disease progression
six months after study drug infusion; median progression-free survival; 111-Inautologous T cell intracerebral tumor localization; and percentage of patients who are
EGFRvIII-positive at recurrence.
Chapter 10 concludes with a discussion of ongoing and anticipated future preclinical and clinical research. Together, these data presented in this dissertation have
been submitted to the US Food and Drug Administration (FDA) in support of an
Investigational New Drug (IND) application permit for clinical studies of hEGFRvIIICD3 bi-scFv at Duke University Medical Center. This clinical study of the hitchhiking
mechanism of drug delivery and the pharmacokinetics of hEGFRvIII-CD3 bi-scFv may
have far reaching implications for disorders of the CNS where drug access past the BBB
is relevant and will advance our understanding of hEGFRvIII-CD3 bi-scFv therapy in
patients, guiding future clinical study of the molecule as a safe and effective form of
immunotherapy for patients with EGFRvIII-positive GBM and other cancers.
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1. Malignant primary brain tumors and antibody-based
immunotherapy
Malignant primary brain tumors are the most frequent cause of cancer death in
children,1 are more common than Hodgkin lymphoma, ovarian and testicular cancer
and are responsible for more deaths than malignant melanoma.2 Despite aggressive,
image-guided tumor resection;3 high-dose external beam radiotherapy4 or
brachytherapy;5 optimized chemotherapy6 and recent advances in anti-angiogenic
treatments,7 patients with glioblastoma (GBM) live less than an average of 15 months
from the time of diagnosis.6,8 Standard-of-care therapies for malignant gliomas (MGs)
fail to eliminate tumor cells specifically and as a result are limited by incapacitating
damage to surrounding normal brain and systemic tissues.9 In contrast, by virtue of
exploiting the inherit specificity of the immune system, anti-cancer immunotherapy
provides a promising, highly tumor-specific platform for safe and effective therapy.
Pivotal approvals by the United States Food and Drug Administration (FDA) for the
immune-based cancer therapies sipuleucel-T and ipilimumab, which demonstrate
significant survival benefits in patients with hormone-refractory prostate cancer and
metastatic melanoma, respectively,10,11 have further validated immunotherapy as a
viable treatment modality for cancer.
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1.1 Antibodies as an immunotherapeutic modality for
intracerebral malignancy
The exquisite epitope-binding-specificity imparted by monoclonal antibodies
(mAbs) provides an ideal platform for precisely targeted immunotherapy. Intrinsic,
high-affinity antigen recognition can be further enhanced with affinity maturation
techniques, such as in vitro directed evolution; this technique has produced antibodyderived single-chain variable fragments (scFvs) with dissociation kinetics slower than
the tightly bound streptavidin-biotin complex.12 Further advances have also allowed for
the production of fully human mAbs via phage display technology, transgenic mouse
platforms and, more recently, mRNA and ribosome display,13,14 drastically reducing the
risk of immunogenicity against the drug and increasing clinical safety. Complications
associated with murine antibodies previously used in the clinic, including cytokine
release syndrome15,16 and human anti-mouse antibody (HAMA) formation leading to
rapid clearance from patients’ serum17; unpredictable dose-response relationships16,18
and an acute, potentially severe influenza-like syndrome16,18-20, can be entirely averted.
While antibodies are present in the central nervous system (CNS) in physiologic
states,21 glioma-induced changes render lesions particularly susceptible to antibodybased immunotherapy. Glioma tumor cells induce compositional changes in the basal
lamina and astrocytic components of the neurovascular unit (NVU), disrupting the
integrity of the blood-brain barrier (BBB). In addition to increasing tumor burden and
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heightening tumor invasion of the surrounding parenchyma,22 this allows for enhanced
penetrance of large soluble molecules, such as antibodies, from the vascular
compartment. For the treatment of GBM, several studies have demonstrated that
intravenously (IV) administered antibodies gain access to intracranial (IC) tumors and
exert significant therapeutic benefit.23-26 In murine GBM models, the anti-tenascin
antibody (81C6) directed against a component of the tumor stroma showed significant
localization and therapeutic activity following systemic administration,23,24 and in
clinical trials, IV administration of radiolabeled 81C6 showed selective tumor
localization.26 The antibody also accumulated in other tissues expressing high levels of
tenascin, including the spleen, bone marrow and liver. As a further example, clinical
evaluation of an antibody directed against the entirely tumor-specific mutation of the
epidermal growth factor receptor (EGFRvIII), demonstrated higher levels of braintumor-specific uptake following IV administration,25 suggesting that in the absence of
cross reactivity with peripherally located epitopes, such as that seen with tenascin, an
antibody sink created by the exclusive expression of the target epitope within the CNS
may result in enhanced antibody localization to the CNS.

1.2 Tumor-specific targets and EGFRvIII
The vast majority of proteins found on the surface of tumor cells are also
expressed on normal healthy tissue. While overexpression of specific surface antigens is
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characteristic of various tumors, most often these antigens are tumor-associated antigens
also expressed on the surface of healthy cells. Targeting such tumor-associated antigens
via immunotherapeutic methods holds great risk for autoimmunity and thereby
undermines the specificity imparted by immunotherapeutic approaches. Tumor-specific
antigens, however, occur as a result of mutations in somatic genes and, when targeted
therapeutically, are far less likely to be associated with autoimmunity. Most tumorspecific antigens occur randomly due to the genetic instability inherent to human
cancers27 and as a consequence are patient specific.
EGFRvIII, however, is a frequent and consistent tumor-specific mutation seen in
approximately 31 to 50% of patients with GBM28-35 and in a broad array of other
cancers.33,36-41 Among patients with EGFRvIII-positive GBM, 37 to 86% of tumor cells
express the mutated receptor,34 indicating that the mutation is translated with significant
consistency. The mutation consists of an in-frame deletion of 801 base pairs in the
extracellular portion of the wild-type receptor, generating a novel glycine residue at the
fusion junction.42,43 This produces a highly immunogenic, cell-surface, tumor-specific
epitope.44 Importantly, antibodies directed against EGFRvIII are entirely tumor-specific
and do not cross react with the wild-type receptor located on untransformed, healthy
cells.44
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The mutated receptor plays a significant role in tumor pathobiology. EGFRvIII
encodes for a constitutively active tyrosine kinase receptor45,46 that enhances tumor cell
growth45,47,48 and invasion49,50 while conferring radiation51 and chemotherapeutic52,53
resistance. Among patients with GBM, expression of EGFRvIII is an independent,
negative prognostic indicator.54 EGFRvIII also enhances the growth of neighboring
EGFRvIII-negative tumor cells via cytokine-mediated paracrine signaling55 and by
transferring a functionally active oncogenic receptor to EGFRvIII-negative cells through
the release of lipid-raft related microvesicles.56 Recent research has also found that
EGFRvIII is expressed in glioma stem cells (GSC),57,58 an important consideration given
the paradigm that tumor stem cells (TSCs) represent a subpopulation of cells that give
rise to all differentiated tumor cells.59 Altogether, the specificity, high frequency of
surface expression and oncogenicity of the EGFRvIII mutation make it an ideal target for
antibody-based immunotherapy.

1.3 Bispecific antibody redirected immunotherapy
MG lesions are characteristically heavily infiltrated with T cells,60,61 and
substantial evidence suggests that, if appropriately redirected, T cells, and in particular,
cytotoxic T lymphocytes (CTLs), have the ability to eradicate large, well-established
tumors.62 Although functionally effective, many T cell based therapies have prohibitive
limitations. T cells genetically engineered to target tumor antigens, for example, are
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effective, but limited due to the fact that they rely on heavily-trained laboratory
personnel to produce individual, patient-specific vaccines. Furthermore, they require
viral transduction, lack knowledge regarding the ideal T-cell phenotype needed, and are
difficult to control once infused. Alternatively, activating T cells in vivo by single arm
agonistic mAbs poses the risk of autoimmunity as a result of global ligation of
circulating T cells throughout the body.63 In direct contrast, bispecific antibody
constructs are highly safe and effective by virtue of being able to activate T cells only in
proximity to tumor cells expressing a target antigen. Due to their relative ease of
manufacture, highly-specific nature and localized mode-of-action, bispecific antibodies
overcome many of the limitations associated with the alternative T-cell based therapies
described above.
Bispecific antibodies termed bispecific T cell engagers (BiTEs) are monomeric
proteins consisting of two antibody-derived scFvs translated in tandem.64 These
constructs possess one effector-binding arm specific for the epsilon subunit of T-cell CD3
and an opposing target-binding arm directed against an antigen that is expressed on the
surface of tumor cells (e.g., EGFRvIII)64 (Figure 1).
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Figure 1: A schematic representing EGFRvIII-specific BiTE creating an immunologic
synapse by binding to a tumor cell via the tumor specific antigen EGFRvIII and a T
cell via CD3-epsilon. Note that the EGFRvIII binding portion does not bind to the
wild-type EGFR, thus mediating tumor cell specific targeting. Figure reproduced with
permission from reference.65
This divalent design allows BiTEs to create a molecular tether, resulting in highlylocalized and specific T cell activation with concomitant tumor lysis. BiTEs induce
immunological synapses between T cells and tumor cells that are indistinguishable in
composition, size and subdomain arrangement from native synapses.66 Following BiTE-
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mediated synapse formation, T cells proliferate, secrete pro-inflammatory Th1-type
cytokines and express surface activation markers.67 BiTEs are capable of mediating serial
rounds of killing68 and can trigger specific lysis from naïve T cells at exceedingly low
concentrations and effector-to-target ratios.69 BiTEs are also capable of co-opting
immunosuppressive regulatory T cells (TRegs), a subset of CD4+ T cells that ordinarily
suppress and kill CTLs, redirecting TRegs to efficiently lyse tumor cells.70,71 By tethering
cytotoxic effectors to target cells without the need for antigen presentation via the major
histocompatibility complex (MHC), BiTEs can furthermore overcome tumor immune
escape mechanisms, such as the downregulation of MHC.66
In a phase I clinical trial among patients with non-Hodgkin lymphoma, 7 of 7
patients receiving CD19-targeted BiTE doses as low as 0.06 mg/m2/day over a one-month
continuous infusion period showed objective tumor regression as well as clearance of
tumor from the blood, bone marrow and liver.72 This dose produced serum levels 5-fold
lower than effective doses of the CD19-specific antibody rituximab, currently used
clinically as standard-of-care therapy.73 Importantly, no dose-limiting cytokine release
syndrome was evident; however, treatment led to the expected depletion of normal
CD19-expressing B cells. Thus, a significant limitation of this promising therapeutic
platform is the lack of tumor-specific targets.
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For the treatment of MG, a recently developed EGFRvIII-targeted BiTE
overcomes this limitation.74 By retargeting T cells against the entirely tumor specific
EGFRvIII antigen, adverse effects associated with lysis of healthy tissue are averted. Preclinical assessment of this therapeutic demonstrates the ability to induce polyclonal Tcell proliferation and interleukin-2 (IL-2), interferon-gamma (IFN-γ) and tumor necrosis
factor-alpha (TNF-α) secretion, exclusively in the presence of EGFRvIII-positive
glioma.75 Specificity was also confirmed in standard in vitro cytotoxicity assays where
the construct mediated significant tumor-specific lysis of EGFRvIII-positive glioma but
did not result in cytotoxicity of EGFRvIII-negative glioma. In vivo, as few as 5 daily IV
doses of EGFRvIII-specific BiTE produced complete cures in IC tumor bearing murine
models reconstituted with unstimulated human lymphocytes, and treatment of even
late-stage disease in moribund mice significantly extended survival (p<.01).
Interestingly, the EGFRvIII-targeted BiTE potently subverted highly purified
CD4+CD25+FoxP3+ TRegs to induce granzyme-mediated anti-tumor cytotoxicity,70
suggesting that BiTEs possess the unique ability to overcome mechanisms of
intratumoral immunosuppression. Translation of this modality for the safe and effective
care of patients with MG awaits clinical trial.
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1.4 Immunomodulatory targets
In addition to redirecting T cells to target tumor specific antigens, mAbs can be
used as immunomodulatory agents to influence the biology of the tumor immune
response. This approach is based on the premise that cancer-bearing hosts have
endogenous T cells specific for tumor antigens, but that the activity of these cells is
suboptimal, due to cancer-associated immunosuppression known to be particularly
pronounced in glioma patients.60,76-78 To overcome this, mAbs can be engineered to
possess specificity for surface receptors important in regulating the immune response.
Such immunomodulatory antibodies can serve as either blocking antibodies to
prevent binding of the receptor with its endogenous ligand or as agonist antibodies to
mimic the role of the receptor’s endogenous ligand. In general, blocking antibodies are
engineered to target receptors with an immunosuppressive role (e.g., CTLA-4, PD-1),
thus preventing inhibition of the T cell response, while agonist antibodies target
receptors with a costimulatory role (e.g., CD28, 4-1BB, OX40), thus enhancing immune
effector cell activation.

1.5 Blocking tumor-mediated immunosuppression with mAbs
The immune system exhibits a number of regulatory strategies to prevent
dangerous hyperactivity or autoimmunity. Specifically, T cells express inhibitory
receptors on their surface that when activated serve to reduce their response to antigens.
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These T cell inhibitory pathways are often over-engaged in patients with glioma, due to
expression of inhibitory ligands by the tumor79 and a systemic increase in TRegs.80
Furthermore, secretion of immunosuppressive cytokines (such as TGF-β or IL-10) by
tumor cells81-83 causes decreased activity of T cells in the tumor microenvironment and
promotes development of a TReg phenotype by naïve CD4+ T cells. There are a number of
strategies currently under investigation that utilize mAbs to curtail these
immunosuppressive signals (Figure 2).

Figure 2: A depiction of strategies under clinical investigation to enhance immune
mediated tumor cell rejection via mAb mediated blockade of immunosuppressive
signals. CTLA-4 blockade inhibits signaling via the receptor, blocking the induction
of effector T cell tolerance to tumor antigens and reducing the immunosuppressive
function of TRegs. CD25 blockade inhibits the development of the TReg linage, resulting
in a reduction in the maintenance and survival of TRegs. mAb binding to TGF-β reduces
the level of extracellular protein available to act on receptors, diminishing TGF-β
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induced tumor cell migration and angiogenesis, inhibition of cytotoxic T lymphocyte
(CTL) generation and the generation of a TReg phenotype in naïve CD4+ T cells.
Blockade of interaction of PD-1 with its ligand increases T cell receptor (TCR)
signaling, up-regulates expression of pro-inflammatory cytokines and reduces T cell
apoptosis. Figure reproduced with permission from reference.65
The use of immunomodulatory mAbs that bind to and block the signaling of inhibitory
molecules expressed on effector T cells and TRegs shows significant clinical promise.
Furthermore, mAbs that bind to and block the activity of inhibitory ligands and
immunosuppressive cytokines expressed by tumor cells offer the potential to combat
immunosuppression directly in the tumor microenvironment.
Perhaps the most promising data in the use of immunomodulatory mAb
therapies is observed in clinical trials for PD-1 and CTLA-4 blockade. PD-1 is expressed
on activated T-cells and upregulated upon prolonged antigen stimulation.84 Binding by
its ligand, PD-L1, leads to decreased T cell receptor (TCR) signaling as well as
downregulation of anti-apoptotic molecules and pro-inflammatory cytokines.84 Tumor
cells, including gliomas, exhibit increased surface expression of PD-L1 and thus
shutdown T-cell activity in the tumor microenvironment.79,85 Indeed, expression of PD1L by glioma cells and upregulation of PD-1 on peripheral T cells in glioma patients is
associated with immune paralysis79,86 and correlates with disease progression.87,88 In a
model of PD-L1 expressing murine glioma, Zeng et al.89 showed that PD-1 mAb blockade
combined with focal radiation lead to an increase in median survival from 30 to 52 days
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and a 15-40% frequency of long-term survival which corresponded to an increase in the
intratumoral effector T cell to TReg ratio.
Similar to PD-1, binding of CTLA-4 on T cells results in an abrogated immune
response. CTLA-4 is expressed on primed T cells and competes with CD28 for binding
of B7.1/2 on antigen presenting cells (APCs), thus reducing T cell activation and instead
leading to T cell tolerance to antigen.90-93 Polymorphisms in CTLA-4 that alter gene
expression and increase CTLA-4-mediated downregulation of T cell activity are
correlated with increased susceptibility to several malignancies,94-97 including gliomas.98
Furthermore, decreased expression of CTLA-4 on peripheral blood T cells after dendritic
cell (DC) vaccination correlates with longer survival in GBM patients.99 An anti-CTLA-4
mAb (ipilimumab) provides a significant survival benefit in patients with metastatic
melanoma.10 In the context of glioma, CTLA-4 mAb blockade elicited an 80% long-term
survival against murine SMA-560 glioma, which corresponded to a reestablished CD4+ T
cell compartment following glioma-mediated lymphopenia.100 Additionally, CTLA-4
blockade following tumor-lysate vaccination resulted in 40% long-term survival and an
enhanced antitumor immune response,101 thus implicating the potential of CTLA-4
blockade to adjuvant existing tumor vaccines. Given the potent ability for CTLA-4 and
PD-1 blockade to enhance the antitumor T cell response, a combined anti-CTLA-4
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(ipilimumab) and anti-PD-1 (nivolumab) phase II trial for treatment of recurrent GBM is
currently underway (NCT02017717).
In addition to its role in counteracting the CD28 costimulatory pathway in
effector T cells, CTLA-4 is constitutively expressed on TRegs,102,103 and CTLA-4 signaling in
TRegs enhances their immunosuppressive function.104 Glioma patients have an increased
fraction of systemic TRegs, which corresponds to decreased T cell effector activity and a
shift from pro-inflammatory Th1 cytokines to an anti-inflammatory Th2 milieu.80 In
addition to an increase in systemic TRegs, intratumoral TReg numbers increase profoundly
in low and high grade astrocytomas.80,105,106 A number of glioma immunotherapy
strategies are thus being explored to directly and specifically block TReg activity with
mAbs, including CTLA-4 blockade. Vom Berg et al. showed that CTLA-4 expression
increases on TRegs in glioma-bearing mice107 and that intratumoral CTLA-4 mAb
blockade, combined with intratumoral IL-12, leads to enhanced survival compared to
either therapy alone. This prolonged survival was accompanied by an intratumoral shift
from a high population of FoxP3+ TReg cells to a high population of pro-inflammatory
IFN-γ-producing CD4+ cells.
Antibodies against CD25, a subunit of the IL-2 receptor present on the surface of
TRegs, also shows promise. El Andaloussi et al. showed that anti-CD25 mAb blockade
leads to a decrease in the intratrumoral TReg compartment from 46% to 6%,
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corresponding to an increase in median survival from 27 to 40 days in mice harboring IC
glial (GL261) tumors.108 Further studies confirmed that CD25 blocking mAb leads to
prolonged survival in glioma-bearing mice, and that CD25 blockade works not only by
reducing TReg numbers, but also by inhibiting the suppressive activity of the remaining
TReg compartment.80 Of note, combined IC and systemic administration of anti-CD25 lead
to complete survival in GL261-bearing mice, compared to a lower cure rate of 40% in
mice receiving only systemic anti-CD25,109 suggesting that direct targeting of
intratumoral TRegs may be integral for optimal antitumor efficacy. CD25 blockade also
synergizes with CTLA-4 blockade, reducing TReg numbers and prolonging survival in
glioma-bearing mice.110 The enhanced immune response observed upon combination
therapy was tumor-specific, sparing surrounding areas of healthy, eloquent brain tissue.
Importantly, the proportion of systemic functional TRegs increases significantly
following standard-of-care temozolomide (TMZ) therapy,111 a treatment known to
provide a significant survival benefit among patients with newly diagnosed GMB.6,8
When combined with TMZ, however, mAb mediated CD25 blockade curbs the
increased TReg fraction, resulting in enhanced antitumor immune responses in mice and
humans.112 Immunotherapeutic approaches for the treatment of MG can also result in an
increase in the proportion of functional TRegs. For example, administration of an RNAloaded DC vaccine against murine glioma was shown to increase the splenic TReg
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compartment by 12%, but TReg depletion via an anti-CD25 mAb in combination with the
DC vaccine lead to increased antitumor efficacy compared to vaccine alone.113 Clinical
trials have likewise demonstrated that the addition of a humanized anti-CD25 mAb
(daclizumab) to immunotherapeutic platforms for the treatment of GBM leads to a
decreased proportion of TRegs and more effective outcomes. Daclizumab given 3 weeks
after the first TMZ cycle, concomitant with adoptive transfer of naïve lymphocytes and a
pp65 DC vaccine for example, leads to sustained TReg depletion and an increase in
antigen-specific T cells with progression free survival exceeding 24 months in 4 of 6
patients.112 Additionally, daclizumab combined with EGFRvIII peptide vaccination114
was well tolerated in a randomized pilot study and resulted in a significant decrease in
the peripheral TReg compartment.115
Alternative strategies to combat the potent immunosuppression observed in
patients with MG attempt to modify the immunosuppressive climate of the tumor
microenvironment. To this end, TGF-β has surfaced as a promising target for mAb
blockade. TGF-β, secreted by glioma cells and microglia, promotes tumor growth via
enhancing tumor cell migration and angiogenesis.116,117 TGF-β furthermore contributes to
the immunosuppressive tumor microenvironment by inducing a TReg phenotype in naïve
CD4+ cells118-120 and suppresses cytotoxic immune responses.83,121,122 In preclinical studies,
TGF-β blockade with a murine mAb, 1D11, increased antitumor efficacy of a glioma-
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associated-antigen (GAA) vaccine, and lead to increased infiltration and persistence of
anti-GAA CTLs, decreased the proportion of TRegs, and shifted the intratumoral cytokine
production to that of a pro-inflammatory Th1 profile.123 1D11 administration was
additionally shown to reduce infiltration and invasion of glioma cells into normal brain
tissue.124 A humanized TGF-β mAb (fresolimumab) currently under clinical
investigation for breast cancer, mesothelioma and melanoma has likewise shown
promising results.125 The use of fresolimumab among patients with MG is currently
under investigation in a phase II clinical trial (NCT01472731).
Given the pre-clinical and clinical data that continues to accumulate, it is evident
that abrogating glioma-mediated immunosuppression will undoubtedly be a critical
component of therapeutic intervention among patients with MG. Given their exquisite
target binding specificity, mAbs are particularly well suited for this role. As we continue
to uncover details of the complex relationship between IC malignancies and systemic
immunosuppression, new therapeutic targets will likely surface.

1.6 Agonist mAbs for T cell costimulatory pathways
Optimal activation of naïve T cells requires both a strong interaction between the
TCR and peptide-bound MHC, as well as interaction with costimulatory ligands
expressed by APCs. Costimulation in the presence of TCR engagement results in
increased proliferation, cytokine production and enhanced survival (for a review on T
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cell costimulatory pathways, see reference126). During a functional immune response,
costimulatory ligands are upregulated on activated APCs and displayed during antigenpresentation to T cells.127,128 However, APC costimulatory activity is often abrogated in
cancer-bearing hosts, which can result in T cell apoptosis or anergy to tumor
antigens.129,130 Agonist mAbs for costimulatory receptors on T cells offer a promising
strategy for overcoming aberrant APC activity and ensuring delivery of the vital
costimulatory signal (Figure 3).

Figure 3: A summary of stages of the immune response against tumor cells where
mAbs can be used to enhance glioma cell specific lysis. mAbs agonistic for CD40,
OX40L and 4-1BBL present on antigen presenting cells (APCs) result in an increase in
pro-inflammatory cytokine production and MHC expression on APCs. CD27
stimulation enhances proliferation and survival of effector and memory T cells,
increases IL-2 production and increases the secretion of effector cytokines. mAb
mediated stimulation of OX40 results in clonal expansion and survival of effector T
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cells, activation and survival of memory T cells, blocks the activity of TRegs and
antagonizes the generation of inducible TRegs. mAbs agonistic for 4-1BB enhance the
survival of activated and memory T cells, maintain effector function during
prolonged antigen stimulation and increase tumoricidal activity. mAbs agonistic for
GITR likewise increase the tumoricidal immune response. These pathways converge
with the generation of cytotoxic T lymphocytes (CTLs) which upon interaction with
glioma cells mediate tumor cell lysis via the release of interferon-gamma (IFNγ) and
perforin and granzyme. Figure reproduced with permission from reference.65
Many costimulatory pathways have been described over the past 30 years, with
the highly characterized CD28 signal canonically considered to be the most potent and
necessary for a functional T cell response.131 The early therapeutic promise of enhancing
this costimulatory pathway was observed in clinical studies evaluating the efficacy of
adding exogenously delivered CD28 signals to tumor vaccine platforms.132-137 The results
of such studies lead to the development of a CD28 superagonist mAb (TGN1412),
capable of fully activating T cells via the CD28 receptor in the absence of TCR and
peptide bound MHC interaction, and its evaluation as a therapy for B cell lymphoma.
All patients enrolled in the first phase I trial of TGN1412, however, suffered severe and
life-threatening adverse effects due to CD28-mediated cytokine storm.63 While this
finding has curtailed further evaluation of CD28 mAbs, given the promise of earlier
studies implicating the role of costimulatory signals as potential tumor vaccine
adjuvants, mAbs targeting alternative costimulatory pathways are cautiously being
pursued.
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In the context of immunotherapy for MG, the evaluation of costimulatory mAbs
is still in its infancy. Such agonist antibodies, however, demonstrate great promise in
clinical trials for the treatment of other cancers and may prove especially useful in the
treatment of MG. Targeting costimulatory members of the tumor necrosis factor receptor
(TNFR) superfamily specifically upregulated on activated T cells, OX40 on CD4+
cells138,139 and 4-1BB on CD8+ cells140,141 has proven particularly effective in pre-clinical
glioma models. The use of mAbs for OX40142 and 4-1BB143 as monotherapies for murine
glioma resulted in a 50% cure rate and increased median survival from 31 days to 42
days, respectively. In a separate study, addition of an anti-4-1BB antibody enhanced the
antitumor activity of T cells primed with glioma-lysate pulsed DCs.144 In a recent study
by Murphy et al.,145 four costimulatory targets were compared as treatments for murine
glioma. The ligands for OX40, CD28, 4-1BB, and glucocorticoid-induced tumor necrosis
factor receptor (GITR) were fused to the Fc portion of human Ig to generate surrogate
agonist antibodies, and these agonist treatments were combined with tumor lysate
vaccines. The authors found that the OX40L-Fc/lysate combined treatment had the
highest efficacy (70% cure rates) compared to the other three fusion proteins, which
yielded no enhanced survival. The efficacy in targeting OX40 and 4-1BB is likely due to
their role in augmenting the tumoricidal activity of activated tumor-specific T cells.
Interestingly, given these data, it appears that targeting costimulatory pathways specific
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to either CD4+ or CD8+ T cells may yield an enhanced antitumor response. Strikingly, the
addition of standard-of-care TMZ therapy to the OX40L-Fc/lysate vaccine regiment
resulted in 100% tumor regression.145 Similarly, the antitumor effect of the 4-1BB agonist
was significantly enhanced by the addition of radiotherapy (median survival was
increased to 114 days).143 TMZ and radiation are presumed to enhance tumor antigen
presentation via upregulation of tumor MHC expression146,147 and shedding of antigens
by dead tumor cells;148-150 this putative increase in antigen presentation would provide
one of the two necessary signals for an immune response, while the agonist mAb
ensures delivery of the second signal.
Indeed, given promising preclinical findings,151-154 there are a number of agonist
OX40 and 4-1BB mAbs currently in clinical development. Two clinical trials were
recently initiated to investigate anti-OX40 mAb therapy in combination with standardof-care chemotherapy and radiation therapy in prostate and breast cancer patients
(NCT01303705; NCT01862900). A humanized anti-4-1BB mAb, BMS-663513, was tested
in a phase I study in patients with advanced melanoma and yielded partial responses in
3 out 4 patients, as well as an increased percentage of activated CD8+ T cells in
peripheral blood.155 Another humanized 4-1BB agonist is currently in a clinical trial as a
single agent in patients with solid tumors (NCT01307267). It will be of interest to
evaluate these mAbs as treatments for human gliomas.
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There are a number of other costimulatory molecules for which agonist mAbs
have yet to be thoroughly evaluated in the setting of MG, but that have shown promise
in other tumor types, including GITR, CD27 and CD40, additional members of the TNFR
superfamily. Similar to OX40 and 4-1BB, GITR is expressed on activated T cells.156 AntiGITR agonist mAbs have been shown to induce rejection of several murine syngeneic
tumors,157,158 but like OX40, GITR agonism may proceed in a CD4-mediated fashion,159 a
facet that is not yet clearly understood in the context of glioma immunotherapy. Indeed,
an anti-human GITR mAb, TRX518, is currently in a phase I trial for advanced stage
melanoma and other solid tumors, including CNS malignancies (NCT01239134).
Unlike OX40, 4-1BB and GITR, CD27 is expressed on both naïve and activated T
cells,160 suggesting its role in T cell priming early in the immune response. Keller et al.161
showed that constitutive expression of the CD27 ligand (CD70) on DCs enabled T cell
priming in the absence of any adjuvant, suggesting that this costimulatory pathway is
perhaps one of the more critical ones for adaptive immunity. In the context of GBM,
Miller et al.162 have demonstrated that intratumoral soluble CD70 significantly prolonged
survival of tumor-bearing mice in a CD8-dependent fashion. Furthermore, a CD27
agonist mAb was reported to have efficacy as a monotherapy in a variety of murine
tumor models163 and is now in early clinical trials for the treatment of hematologic
malignancies and solid tumors (NCT01460134). Our group is currently investigating
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CD27 agonist mAb therapy for the treatment of MG; we have observed promising
results in preclinical murine glioma models.
In addition to providing costimulatory signals directly to T cells, promoting
activation of APCs through the use of agonist mAbs for CD40 is yet another attractive
strategy for enhancing the antitumor immune response. CD40 is constitutively
expressed by immature DCs, and its ligation by CD40L results in DC maturation and
upregulation of costimulatory ligands, making it crucial for functional antigen
presentation.164,165 Indeed, CD40 agonist mAbs have anti-tumor effects in a variety of
murine tumor models.166-168 Interestingly, CD40 stimulation in gliomas was found to
directly inhibit cell proliferation through NFκB signaling and TNFα production.169 These
studies make mAb targeting of CD40 a promising strategy from both an
immunomodulatory perspective and as a direct cancer therapeutic. An anti-CD40 mAb,
CP-870,893, has shown anti-tumor activity mediated by CD40-expressing macrophages;
a clinical trial evaluating the effect of CP-870,893 in combination with anti-CTLA-4
(tremilumumab) in melanoma patients is currently underway (NCT01103635).

1.7 Discussion
Due to their inherent capacity to be engineered for specificity against nearly any
biological target, antibodies provide a particularly promising immunotherapeutic
modality for MG. Capable of being formulated as an off-the-shelf therapeutic, antibodies
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furthermore offer a distinct advantage over many other forms of anti-cancer
immunotherapy that require costly preparation of patient-specific vaccines. Three
general approaches for antibody based immunotherapy for MG have emerged: 1)
redirecting immune effector cells against tumor antigens to mediate tumor cell death,
through bispecific antibodies such as BiTEs directed against tumor specific mutations for
example, 2) blocking immunosuppressive signals by targeting of surface molecules on
immune cells or soluble mediators, and 3) and enhancing immune effector cell activity
via antibodies agonistic for co-stimulatory receptors. Preclinical and clinical studies in
MG have brought validation to each of these approaches.
Bispecific antibody based therapy against the tumor specific antigen EGFRvIII
elicits a highly potent and specific tumoricidal response and clinical trials investigating
bispecific antibody based therapy72,170,171 demonstrate safety and efficacy against forms of
cancer highly refractory to conventional therapy. This approach is limited only by the
paucity of glioma-specific targets. As more glioma-specific targets, such as EGFRvIII, are
uncovered there will be additional opportunity for therapeutic intervention. Still, we
have seen that that in addition to eradicating well-established EGFRvIII-positive GBM,
EGFRvIII-specific antibody-redirected T cells produce long-lasting immunity against
EGFRvIII-negative tumor cells without evidence of autoimmune toxicity,172 suggesting
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that this approach is superior to EGFRvIII-targeted vaccines that are limited by antigen
escape,173 and thus warranting further investigation through clinical trial.
Using mAbs to modulate the biology of the anti-tumor immune response
likewise holds promise for the treatment of MG. This approach has proven safe and
effective in the treatment of a variety of different solid tumors. In particular, combined
blockade of the immunosuppressive CTLA-4 and PD-1 pathways has garnered much
attention given the success in clinical trials for the treatment of advanced melanoma;174176

data generated from the ongoing clinical study of such combination therapy for MG is

awaited. Antibody based CD25 blockade will also potentially play a significant role in
immunotherapeutic intervention for MG, given its ability to decrease the number and
activity of TRegs, a highly immunosuppressive cell fraction that increases with standardof-care TMZ therapy for MG.111 Several co-stimulatory molecules on the surface of
immune effector cells are also attractive targets for the reversal of immunosuppression
and antibody based therapy for MG. Indeed, clinical trials investigating this approach in
several forms of solid tumors are underway and pre-clinical data in the context of
therapy for MG demonstrate encouraging results. The availability of transgenic animal
models expressing functional human co-stimulatory receptors will be critical, however,
in order to allow for comprehensive pre-clinical assessment of safety in fully
immunocompetent, pharmacologically responsive animals.
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It is evident that given the profound immunosuppression among patients with
MG, a multitude of immunosuppressive pathways are amenable to antibody based
blockade or activation. Large-scale clinical trials are necessary in order to ascertain
which therapeutic targets provide the safest and most effective anti-tumor
immunotherapy for patients with MG. It is likely that optimal therapy for MG may be
obtained via synergistic immunotherapeutic combinations. There is also great potential
for personalized therapy, tailored to target patient specific tumor mutations (ex.
EGFRvIII-specific BiTE) and to reverse the immunosuppressive factors most prevalent
for a given patient.
Despite advances in the standard of care for MG, the survival statistics among
patients remains dismal. Antibody-based immunotherapy, however, by virtue of
allowing for tumor cell specific lysis, permits for therapy aggressive and prolonged
enough to safely eliminate all malignant cells while sparing eloquent, healthy CNS and
peripheral tissue. Continued clinical investigation is necessary in order to avail antibody
based immunotherapeutic options to patients with MG.

26

2. Bispecific antibody therapy of glioblastoma
Glioblastoma (GBM), the most common primary malignant brain tumor, is an
especially difficult-to-treat malignancy. The five-year survival rate for patients with
newly diagnosed GBM is less than 5%.177 Despite an aggressive therapeutic approach
including surgical resection, radiotherapy, and chemotherapy, the median overall
survival (OS) for patients with newly diagnosed GBM is less than 15 months.8
Therapy for GBM is complicated by the highly malignant characteristics of the
tumor and the delicate nature of the central nervous system (CNS), where the tumor
occurs. Characterized by the World Health Organization as a grade IV neoplasm,178
tumors consist of diffusely infiltrating, poorly differentiated astrocytic cells. Regions of
endothelial proliferation and necrosis, essential diagnostic features, further contribute to
the devastating nature of the lesion. Unfortunately, these high grade tumor cells most
often occur in regions of the brain providing functionally critical connections, namely in
the subcortical white matter of the cerebral hemispheres.
Since tumor cells often spread out from the center of the tumor, implant into
surrounding areas, and intermingle with functionally important healthy cells, with
conventional anti-neoplastic treatment it is impossible to eliminate all cells of malignant
potential while preserving functionally critical non-transformed tissue. Off-target
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toxicity due to the non-specific nature of the current standard of care is a major
limitation leading to premature withdrawal of treatment and disease progression.
In contrast, anti-tumor immunotherapy provides an exquisitely precise method
to selectively eradicate cancer cells. By exploiting endogenous immune mechanisms,
immunotherapy can target and destroy individual malignant cells while preserving
intermixed and surrounding normal tissue. With the detailed mechanistic
understanding of tumor immunology that researchers continue to unveil, this approach
is now able to achieve great success. Recently, the US Food and Drug Administration
(FDA) approved the first immune-based therapeutics for tumors, sipuleucel-T and
ipilimumab, for the treatment of hormone-refractory prostate cancer and metastatic
melanoma respectively 179,180. Anti-tumor immunotherapy continues to garner much
enthusiasm; clinical trials have demonstrated that forms of metastatic melanoma, renal
cell carcinoma, and non small-cell lung cancer that are severely refractive to
conventional treatment demonstrate extensive tumor shrinkage with immune
modulatory therapeutics designed to antagonize programmed death 1 (PD-1) protein, a
T-cell coinhibitory receptor.181,182 While no FDA approved immune based approaches
currently exist for the management of GBM, anti-tumor immunotherapy stands to
significantly improve the standard of care for patients with GBM.
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Among the many hypothetical immunotherapeutic approaches for the
management of GBM, one approach, the use of engineered bispecific antibodies, offers
unique advantages making this class of therapeutics a highly attractive candidate for
effective clinical translation. Bispecific antibodies tether immune effector cells to tumor
cells, allowing for a safe and highly effective cytotoxic response with exquisite neoplastic
specificity. Evidence indicates that bispecific antibodies orchestrate a substantial antitumor response in the CNS following intravenous (IV) administration, allowing for
minimally invasive therapy. Additionally, advantages in terms of ease-of-production
and off-the-shelf availability further enhance the appeal of this class of drugs for the
treatment of GBM. Taken together, these advantages place bispecific antibodies in a
prime position for clinical implementation, potentially overcoming the limitations
associated with the current standard of care for GBM.

2.1 Current standard of care for glioblastoma
Long established as essential components of therapy, surgery followed by
radiotherapy plays a critical role in the currently employed multimodal approach for the
management of newly diagnosed GBM. In addition to allowing for histopathologic
diagnosis and characterization, surgical resection alleviates devastating mass effect
symptoms associated with the expanding space-occupying lesion located within the
ridged cranium. Novel fluorescence-guided surgical techniques have proven beneficial;
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evidence suggests that more complete surgical resection made possible by 5aminolevulinic acid derived tumor fluorescence results in a significant progression-free
survival (PFS) benefit.183 Likewise, radiotherapy is an indispensable component of
therapy long known to provide a significant survival benefit versus supportive care
alone 184. Advances in the ability to tailor the distribution of radiation to the irregular
contours of a tumor with intensity-modulated or image-guided techniques allows
physicians to minimize the dose of radiation to non-neoplastic tissue surrounding the
tumor.185
Chemotherapy also plays a prominent role in the currently employed
multimodal standard-of-therapy for newly diagnosed GBM. In a landmark study, Stupp
et al. reported the outcome of a multi-institutional, phase III trial in which radiotherapy
with concomitant and adjuvant temozolomide resulted in a significantly higher twoyear survival rate (26.5%) versus radiotherapy alone (10.4%).6 The orally active
alkylating agent temozolomide exhibits a favorable toxicity profile in comparison with
older chemotherapeutic agents. Unfortunately, despite an aggressive multifaceted
approach consisting of extensive surgical resection, state-of-the-art radiotherapy, and
multiple cycles of temozolomide chemotherapy, the median overall survival (OS) for
patients with newly diagnosed GMB remains less than 15 months.8

30

Alternate chemotherapeutic approaches result in equally dismal outcomes. Since
chemotherapeutic efficacy can be limited by the inability to achieve adequate tumor
exposure without systemic toxicity, local sustained release of chemotherapeutic agents
offers a potential solution. This can be achieved by implanting at the tumor site drugimpregnated biodegradable polymers, allowing for prolonged local exposure with
minimal systemic exposure.186 Still, a phase III trial studying the effect of carmustineimpregnated biodegradable wafers placed in the resection cavity during surgery for
newly diagnosed GBM demonstrated a median survival of only 13.9 months versus 11.6
months for patients who underwent surgery and radiotherapy alone 187. Likewise,
among patients undergoing surgery for recurrent GBM, in a randomized, placebocontrolled, prospective study, treatment with a carmustine-impregnated wafer resulted
in 44% mortality (32 of 72 patients) at 6 months compared to 64% mortality (47 of 73
patients) at 6 months among patients receiving wafers without carmustine.186
With the current standard of therapy consisting of surgery followed by
radiotherapy with concomitant and adjuvant temozolomide, tumors invariably recur.
Treatment upon recurrence is prescribed with consideration to previous therapy,
performance status, time to recurrence, and quality of life. In addition to the option of
re-employing previously attempted modalities, bevacizumab, a humanized monoclonal
antibody that targets vascular endothelial growth factor (VEGF), can be used alone or in
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combination with irinotecan or other agents. While bevacizumab therapy is attractive
due to the vascular nature of GBM, the median OS documented in phase II trials is only
10 months or less and considerable thromboembolic toxicity can occur.188,189
The limited survival benefit provided to patients with the current standard of
care for GBM can be attributed to the non-specific nature of the currently employed
treatment modalities. Although advances in therapy have resulted in some tangible
benefit for patients with GBM, treatment induced damage to normal tissue prohibits
therapy that is aggressive and prolonged enough to achieve a cure. Adverse reactions
induced by treatment further complicate the management of GBM. Accordingly, a safe
therapeutic which specifically eliminates tumor cells, leaving non-transformed tissue
unharmed, would significantly improve outcomes for patients with GBM.

2.2 Antibodies as therapeutic molecules
Although long hailed as attractive candidates for biotherapeutics, antibodies
required many developments in order to achieve clinical utility. Today, clinical
application of antibody-based biologics is burgeoning; in 2008 the total United States
sales of therapeutic monoclonal antibodies (mAbs) was approximately $15.5 billion,
making this therapeutic class the highest selling class of biologics.190
In the context of therapeutics, antibodies serve as highly useful biomolecules due
to the exquisite specificity and strength of binding imparted by antigen recognition
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domains. The advent of hybridoma technology by Kohler and Milstein in 1975191 paved
the road for the advancement of this class of molecules. Prior to this breakthrough,
antibodies were obtained from the sera of animals immunized with an antigen. While
mAbs of interest could be produced in this manner, other proteins (antibodies and
otherwise) also present in the sera elicited allergic reactions and prohibited therapeutic
use. Through the use of hybridoma technology, however, B-lymphocytes from the
spleen of immunized mice could be immortalized, resulting in the production of
unlimited quantities of mAbs.192
While hybridoma technology allows for the production of high-purity mAbs,
patients treated with murine antibodies produced in this fashion often develop a human
anti-mouse antibody (HAMA) response, severely limiting therapeutic utility due to
rapid clearance from the patient’s serum.193 Multiple strategies reviewed by Lonberg14
exist to circumvent this problem. These include the production of chimeric and
humanized antibody molecules through various molecular biology techniques designed
to replace segments of murine antibodies with human antibody counterparts and, more
recently, the production of fully human antibodies using phage display technology and
transgenic mouse platforms. Panitumumab and adalimumab, derived from phage
display technology and a transgenic mouse platform respectively, represent the first
fully human mAbs to receive FDA approval.194,195 In a phase III clinical study, none of the
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231 patients treated with panitumumab developed detectable levels of anti-drug
antibodies. 196 More recent advancements allow for high-throughput automation and
direct selection of fully human antibodies in vitro through the use of mRNA and
ribosome display.13
Despite success in production of fully human mAbs, their use in cancer therapy
still faces challenges. The Fc portion of mAbs can bind to FcƔRIIb on monocytes,
macrophages and neutrophils, resulting in signals inhibitory to effector function.
Likewise, Fc binding to FcƔRIIIb neutrophils does not trigger cytotoxicity. Furthermore,
human IgG1 is known to bind to non-effector cells including platelets and B cells, which
can act as an antibody sink and perhaps contribute to adverse therapeutic effects.197
For the treatment of GBM, if intended for systemic administration, mAbs face
further issues with delivery to neoplastic tissue located behind the blood brain barrier
(BBB), especially delivery to the most invasive margins of the tumor which are thought
to reside behind a fully intact BBB. Generally, the rate of protein diffusion into the CNS
varies inversely with the molecular weight of the protein. Accordingly, the cumbersome
size of mAbs severely precludes efficient delivery. Further impeding delivery, the
neonatal Fc receptor (FcRN) is highly expressed in the CNS endothelium and choroid
plexus198 and likely mediates reverse transcytosis of antibodies from the CNS back into
circulation.199
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In order to circumvent these problems, scientists piece together a wide variety of
antibody fragments which, although smaller, maintain exquisite antigen-binding
strength and specificity (Figure 4).

Figure 4: Schematic representation of different formats of Ig fragments. The IgG is
composed of two identical heavy chains (VH+CH1+CH2+CH3) and two identical light
chains (VL+CL). Both chains are organized as domains containing about 110 amino
acids with each domain possessing an intra-disulfide bond (not shown). Interdisulfide bonds (red lines) link the light chain to the heavy chain and the two heavy
chains together. The variable domains (VH and VL) contain the complementary
determining regions (CDRs) which bind to the antigen (CDR represented by small
dots). The Fv fragment (VH and VL domains) possesses the binding activity. The scFv
corresponds to the VH linked to the VL by a flexible peptide linker (black lines). BiscFvs and bispecific diabodies can be obtained by using short linkers (represented by
black lines or dots). Reproduced with permission from reference.74
The smallest fragment imparting antigen-specificity, the Fv fragment, consists of
an association between the variable heavy (VH) and variable light (VL) chains, although
this structure lacks stability since the hydrophobic interactions between these two
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fragments are weak.200,201 In order to increase stability, a covalent peptide linker of 15 to
20 residues can be introduced between VH and VL, resulting in what is termed a singlechain Fv fragment (scFv).202 The introduction of disulfide bonds between VH and VL is
an alternative approach which also increases stability.203 A larger fragment, termed the
Fab fragment, consists of an entire single light chain and the Fd chain (N-terminal half of
the heavy chain).201 Advantages of this larger fragment include longer time to clear from
the blood, increased stability, and presence of a conserved CH1 domain that can be used
for detection.204 Finally, fusing a CH3 domain to a scFV or Fab fragment can restore
bivalency in molecules termed minibodies.205 However, just as with full mAbs, in the
context of systemic administration for the treatment of intracerebral tumors, larger
constructs are more likely to face issues with efficient tumor penetration.

2.3 Engineering bispecific antibodies
In addition to chiseling away superfluous or undesirable fragments, molecular
engineers can couple mAb fragments of different specificities in what are termed
bispecific antibodies. This class of molecules holds great potential to enhance therapeutic
functionality in comparison with standard single antigen-binding antibodies or
fragments thereof. In the most general sense, a bispecific antibody consists of a class of
constructs in which two antibody-derived antigen-specific binding sites are joined
within one molecule.206
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To promote an anti-tumor immune response, bispecific antibodies are designed
to simultaneously bind to receptors on the surface of immune effector cells (effectorbinding arm) and to transmembrane molecules on the surface of cancer cells (targetbinding arm). Such an engineered bispecific antibody consequentially redirects immune
effector cells to neoplastic cells, and if the proper targets are selected, directs the activity
of effector cells only while tethered to a neoplastic cell.
Bispecific scFvs (bi-scFvs), a highly successful bispecific antibody format,
consists of two scFv fragments translated in tandem and linked with a short flexible
peptide linker (Figure 4).207 For example, as in the initial description of the construct, a
single amino acid chain translated in tandem can encode for a scFv imparting specificity
for CD3 -- the signal transduction element of the T-cell receptor (TCR), a peptide linker
composed of 5 flexible residues (usually G4S), and a scFv imparting antigen specificity
for a transmembrane protein found on the surface of cancer cells. This highly potent
molecule creates an immunological synapse between CD3 positive T-cells, independent
of TCR specificity, and cancer cells containing the targeted transmembrane protein. Tcell induced cytotoxicity ensues, only upon binding to both targets and formation of an
immunological synapse, avoiding activity against any cell without the targeted
transmembrane protein.
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Bispecific diabodies (Figure 4), another bispecific antibody format to achieve
success, consists of a VH fragment from one monoclonal antibody (ex. mAb A) translated
in tandem with a short linker (5 amino acids) and a VL fragment from another
monoclonal antibody (ex. mAb B). The short linker prevents dimerization. The VH
segment from mAb B is similarly translated in tandem with the VL segment from mAb
A. Coexpression of these two fragments results in hydrophobic interactions between VH
and VL fragments from the same monoclonal antibody and the formation of a
heterodimeric bispecific molecule.208 Although different in construction, bispecific
diabodies can induce cellular responses similar to those induced by bi-scFvs.
While few studies have directly compared bi-scFvs and diabodies, it is clear that
functional differences exist as a result of differences in construction. While the tightly
packed diabody format may exhibit increased protein stability, rotation at the linkers is
limited as a result of non-covalent interactions between VH and VL segments. In contrast,
bi-scFvs consists of two binding sites free to rotate relative to each other, offering an
advantage in allowing increased access to epitopes of interest at cell surfaces. In one
side-by-side comparison, both bispecific antibody formats designed to target
carcinoembryonic-antigen-expressing tumor cells resulted in indistinguishable
biological activity and binding kinetics in vitro.209 On the other hand, another study
found that for bispecific antibodies targeting EGFR, bi-scFvs resulted in equivalent
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binding capability but drastically increased cytotoxic function in comparison with
diabodies.210 It is likely that the ultimate therapeutic activity of a given format would
vary based on the specific targets and the context of administration.
In order to realize clinical utility of a given bispecific antibody construct, it is also
important to consider potential for scale-up in production. In the first pre-clinical
iterations, bispecific antibodies were produced in Escherichia coli, likely due to the
historically relatively low cost and ease of producing proteins in bacterial systems.
However, in bacterial expression systems, bispecific antibodies often fail to fold
properly, precipitate in inclusion bodies, and are consequentially subjected to complex
renaturing protocols in order to attain functional soluble proteins. Some researchers
have attempted varying the order of VH and VL segments in the bi-scFv bispecific
antibody format, finding that yield of functional protein is improved with some
arrangements.211 Still, the final yield of functional protein produced in bacterial systems
is usually exceedingly low, precluding cost- and time-effective clinical production.
As a practical solution, a mammalian expression system, such as the commonly
used Cricetulus griseus (CHO) expression system, results in greater yield of functional
protein and ultimately a more cost- and time-effective method for clinical production. In
one study, a bi-scFv targeting CD3 and the epithelial 17-1A antigen, a bacterial
expression system failed to produce functional protein while the same construct was
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easily produced in CHO cells212, a system in which soluble, fully-folded protein can be
secreted directly into protein-free cell culture media. In addition to allowing for
production of functional protein when bacterial systems fall short, avoiding the need for
tedious renaturing protocols and simplifying the purification process results in greater
yield of protein and a more cost-effective method of production. With a mammalian
expression system one can also use suspension adapted CHO cells that can easily be
scaled up to produce large amounts of protein in bioreactors.

2.4 Bispecific antibodies require access to tumor and immune
effector cells for a therapeutic effect
In the context of treating intracerebral tumors, successful application of bispecific
antibody immunotherapy faces unique challenges. In order to induce an effective antitumor response, bispecific antibodies require both access to the tumor and access to
effector immune cells. Historically, effector immune cells and proteins in the
intravascular compartment were thought to have limited access to the CNS. Recently
however, much evidence has accumulated indicating that these essential components do
in fact routinely gain access to the CNS from the intravascular compartment and once
within the CNS play a functionally significant role.
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2.5 Functionally active T-cells traffic to the CNS
In the absence of inflammatory disease, activated T-cells routinely enter the CNS.
This finding was initially surprising given the anatomical structure of the BBB. The BBB
consists of a complex network of inter-endothelial tight junctions, similar to those
between epithelial cells, and also of associated pericytes and basal lamina. Furthermore,
in the CNS parenchyma, tightly apposed astrocyte foot processes provide a further
restrictive barrier. This highly regulated association between specialized endothelial
cells, pericytes, and astrocytes serves to patrol and often, from a therapeutic perspective,
restrict access to the CNS from the intravascular compartment. Regardless, in the
absence of inflammation, a factor known to alter BBB physiology, activated T-cells
routinely traffic to the CNS.
First demonstrated in animal models, activated radiolabeled T-cell specific for
myelin basic protein (MBP), an antigen found in the CNS, trafficked to the CNS
following IV injection. Naïve radiolabeled T-cells with the same specificity for MBP did
not enter the CNS however, suggesting that BBB T-cell penetration is possible only after
T-cell activation.213 In a more recent study, the capacity for T-cells to enter the CNS was
less dependent of activation status and attained only after transient passage through the
lung tissues. Before reaching the CNS, investigators observed T-cells moving along the
airways to bronchus-associated lymphoid tissues (BALT) and lung draining mediastinal
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lymph nodes prior to reaching systemic circulation from where they reach the CNS. In
the lungs, these CNS destined T-cells drastically altered their gene-expression profile,
downregulating their activation program and upregulating cellular locomotion
molecules and chemokine and adhesion receptors. Ninjurin 1 for example, an adhesion
receptor which mediates intravascular T-cell crawling on cerebral blood vessels was
significantly upregulated in the lung tissues. Interestingly, after passage through the
lung tissues, both resting and activated T-cells proliferated, assumed migratory
properties, and ultimately entered the CNS where they induced significant effects.214
Alternate routes for T-cell access to the CNS are also possible. Activated memory
T-cells likely enter the CNS cerebrospinal fluid (CSF) directly from systemic circulation
via the large venules in the choroid plexus and subarachnoid space. These cells are
thought to play an important role in routine CNS immunosurveillance. Between 1,000
and 3,000 leukocytes per ml can be found in the CSF of healthy individuals, the majority
of which are lymphocytes. This suggests that a mechanism exists to preferentially traffic
T-cells from the periphery to the CNS, given that T-cells represent over 80% of the
leukocytes normally found in the CSF but only 5% of the circulating leukocytes in blood.
Upon characterization of the surface phenotype of CSF cells in healthy individuals, the
vast majority of cells within the CSF consist of activated central memory T-cells
(CD4+/CD45RA-/CD27+/CD69+) expressing high levels of P-selectin glycoprotein ligand 1.

42

The presence of P-selectin immunoreactivity in large venules of the choroid plexus and
subarachnoid space, but not in CNS parenchymal microvessels, suggests a potential
mechanism for selective trafficking.215 Thought to play a critical role in the CSF,
activated memory T-cells in the CSF retain their capacity to initiate local immune
reactions.
Although new evidence continues to indicate that, in the absence of
inflammation, cellular components of the immune system traffic into the CNS and can
be exploited therapeutically, it has long been known that in the setting of frank
inflammation, such as that which occurs in cancer, the BBB undergoes changes that alter
its ability to block migration of immune effectors into the CNS.216 Perhaps the strongest
evidence for this comes from a number of recent studies demonstrating that GBM
lesions are infiltrated by effector immune cells and that the degree of intratumoral
infiltration of CD8+ cytotoxic T-cells predicts favorable outcomes in patients with
GBM.217,218 It is likely that in disease states such as GBM, changes to normal physiology
lead to an increased T-cell infiltrate into the CNS, leading to the possibility of increased
T-cell mediated immune responses in the CNS.

2.6 Peripherally administered antibodies gain access to the CNS
and mediate therapeutically significant functions
In addition to evidence of cellular immunity in the CNS, evidence continues to
accumulate supporting the notion that therapeutic antibodies can gain access to the CNS
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from the intravascular compartment and mediate therapeutically significant functions
once in the CNS. Conventionally, antibodies are thought to poorly penetrate the BBB
into the CNS; in healthy individuals, antibody titers measured in the CSF are relatively
low in comparison to those measured in peripheral blood. For example, the physiologic
CSF to serum ratio for IgG ranges from 0.16% to 0.32%. Despite this relative paucity,
antibodies can be detected and are functionally important within the CNS parenchyma
and CSF after either passive or active immunization.
Many studies document significant therapeutic responses despite relatively small
amounts of antibody infiltration into the CNS. Important for the treatment for GBM,
studies show that in the context of intercerebral tumors, peripherally administered
antibodies access the intercerebral environment and exert therapeutic outcomes. In preclinical GBM models, the anti-tenascin antibody 81C6, an antibody directed against a
stromal component of GBM, demonstrated therapeutic activity, and in patients with
intracranial malignancy, peripheral administration of 131I-labeled 81C6 resulted in
selective tumor localization.26 Still, tumor-specific uptake of the antibody was low (less
than 5x10-3 of the injected dose per gram) and the antibody accumulated in other tissues
including the liver, spleen and bone marrow. These findings may be in part due to the
physiologic presence of tenascin in non-neoplastic peripheral tissue. In contrast, clinical
assessment of the ch806 antibody against epidermal growth factor receptor variant III
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(EGFRvIII), an antigen found exclusively on the surface of GBM and other tumors,
demonstrated a higher percentage of BBB penetration (Figure 5),25 suggesting that in the
absence of cross-reactivity with systemic epitopes, an effective antibody sink located
within the CNS results in enhanced antibody BBB penetration. Still, further studies of
CNS antibody penetration are necessary to fully rule out the possibility that the presence
of a non-physiologic mass, tumor or otherwise, results in an altered state allowing for
antibody penetration.

Figure 5: ch806 antibody targeting of glioma in patients. (A–C) Planar images of the
head and neck of patient 8 obtained on day 0 (A), day 3 (B), and day 7 (C) after
infusion of 111In-ch806. Initial blood pool activity is seen on day 0, and uptake
of 111In-ch806 in an anaplastic astrocytoma in the right frontal lobe is evident by day 3
(arrow) and increases by day 7. (D–F) Specific uptake of 111In-ch806 is confirmed in
SPECT image of the brain (D) (arrow), at the site of tumor (arrow) evident in 18F-FDG
(FDG, Fluorodeoxyglucose) positron emission tomography (E), and MRI (F).
Reproduced with permission from reference.74
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2.7 EGFRvIII provides an ideal bispecific antibody target-binding
arm for treating GBM
Among the many genetic alterations present in GBM samples, modifications to
the epidermal growth factor receptor (EGFR) proto-oncogene are of particular therapeutic
relevance. In GBM samples, the EGFR gene is amplified in up to 50% of cases and
overexpressed in over 90% of cases,29,219 leading to disruption of ordinarily strictly
controlled cell growth pathways. Amplification and overexpression of EGFR in GBM is
considered a poor prognostic indicator. Furthermore, structurally rearranged aberrant
forms of the EGFR gene play a significant role in GBM pathophysiology. Mutations to
the EGFR gene are widely reported in the literature and are typically associated with
extensive amplification of the EGFR locust.35,42
Epidermal growth factor receptor variant III (EGFRvIII), a rearranged variant of
EGFR, is frequently expressed on the surface of GBM specimens31 -- approximately 31%
and up to 50% in some studies34 – as well as other common neoplasms including breast
and lung carcinoma,33 but entirely absent from normal tissue. Among GBM samples
expressing EGFRvIII, 37%-86% of cells express the rearranged receptor,34 suggesting that
the aberrant EGFRvIII receptor is translated with at least some level of homogeneity.
The EGFRvIII mutation results in an in-frame deletion of 801 base pairs coding for the
extracellular portion of the wild-type receptor. Upon translation, the deletion produces a
novel glycine residue at the fusion junction of the rearranged protein. The novel glycine
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residue and proximity of ordinarily distant parts of the receptors extracellular domain
produce a cell-surface, highly immunogenic, tumor-specific epitope.44 Importantly,
antibodies directed against EGFRvIII do not cross-react with the wild-type receptor.
EGFRvIII plays a significant role in the pathobiology of GBM. As a consequence
of the deletion, the EGFRvIII tyrosine kinase receptor is constitutively active and in
patients EGFRvIII results in tumorigenic signaling and a more aggressive tumor
phenotype linked to poor survival.220 In a study investigating the effect of EGFRvIII
expression among 196 patients with GBM, expression of the rearranged receptor was an
independent negative prognostic indicator in patients surviving 1 year or longer.54
EGFRvIII rearrangement heightens cell growth and migration49,50 and confers enhanced
resistance to chemotherapy52,53 and radiation.51 Imparting additional aggressive
characteristics, the rearranged tyrosine kinase receptor enhances cell growth of
neighboring EGFRvIII-negative tumor cells via IL-6 family cytokine-mediated paracrine
signaling.55 These malignant characteristics propagate further through the release of
lipid-raft related microvesicles which contain a functional EGFRvIII receptor. These
lipid-rafts often merge with the plasma membranes of EGFRvIII-negative tumor cells
resulting in the transfer of an oncogenic functionally active receptor.56 Recent research
has also found that EGFRvIII is expressed in glioma stem cell (GSC) lines,58 an important
consideration given the paradigm that tumor stem cells (TSCs) represent a
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subpopulation of cells that give rise to all cells in a differentiated tumor.59 As a result of
its exquisite tumor-specificity, its clonal expression on the surface of transformed cells,
and its importance in the pathobiology of GBM, the EGFRvIII mutation provides an
ideal target for bispecific antibody immunotherapy for GBM.

2.8 A bi-scFv directed against CD3 and EGFRvIII induces potent
and specific T-cell mediated cytotoxicity
A bi-scFv that binds to CD3 and a tumor antigen, also known as a bispecific Tcell engager (BiTE), serves as a small molecular tether capable of inducing
immunological synapses between CD3+ T-cells and targeted tumor cells that are
indistinguishable in size, composition, and subdomain arrangement from native
cytolytic synapses.66 Following BiTE mediated synapse formation, tumor cell apoptosis
follows via T-cell release of perforin and granzyme proteases.221 Upon binding to both
targets, BiTEs also induce T-cell proliferation/cell cycling, secretion of inflammatory
cytokines including INF-gamma, TNF-alpha, IL-2, IL-4, IL-6, and IL10, and T-cell
expression of CD69 and CD25 activation markers.67 While proliferation is most
prominent among the CD8+ T-cell compartment, CD4+ T-cells also contribute a delayed
response by dramatically upregulating granzyme B expression.67,222
BiTEs are highly potent molecules that can trigger specific lysis of tumor cells
even at low picomolar concentrations.69 Video-assisted microscopy has demonstrated
that BiTEs alter the motility and activity of T-cells from scanning mode to killing mode,
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allowing individual T-cells to sustain serial rounds of target cell lysis. Within a 24-hour
period, complete elimination of target cells was observed at effector-to-target cell ratios
as low as 1:5.68 Importantly however, BiTE induced T-cell activity displays exquisite
specificity. Even at concentrations 3 to 6 orders of magnitude greater than
concentrations for half maximal T-cell activation, no cytolytic activity, T-cell
proliferation/cell cycling, secretion of inflammatory cytokines, or induction of activation
markers was observed unless cells expressing the target antigen were present.223
By globally interacting with the invariant CD3 signaling complex, BiTEs
circumvent ordinary clonotypic T-cell specificity, potentially allowing any T-cell,
regardless of endogenous specificity or phenotype, to exert an anti-neoplastic effect. In
vivo experiments show that BiTEs can reactivate potentially unresponsive, anergic Tcells, such as those frequently encountered among tumor infiltrating lymphocyte (TIL)
populations.224 It is possible that even regulatory T-cells (Tregs), known to play an
immunosuppressive role in GBM, could be redirected to kill cancer cells. Furthermore,
by interacting with tumor cells via scFv induced specificity to an antigen expressed on
the surface of tumor cells, ordinary major histocompatibility complex (MHC)
presentation requirements are circumvented,66 providing a mechanism to overcome
tumor immune escape via loss or downregulation of MHC.
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As an example of the clinical utility of BiTE technology, blinatumomab, a CD3
engaging bi-scFv that targets CD19 receptors on B-cells, is currently in late stage clinical
development for patients with non-Hodgkin’s lymphoma (NHL) and acute
lymphoblastic leukemia (ALL). In patients with NHL, doses as low as 0.005 milligrams
per square meter per day resulted in elimination of malignant cells in blood. Slightly
higher doses led to partial or complete tumor regression and at a dose of 0.05 milligrams
all patients (n = 7) experienced tumor regression in the blood as well as bone marrow
and liver.72 The exceedingly low dose use to demonstrate clinical efficacy exemplifies the
high potency of bispecific antibodies. Interestingly, although the target CD19 is not
known to be expressed in the CNS, some patients treated with blinatumomab
experienced transient and reversible CNS related side-effects, which in the context of
bispecific antibody therapy for intracranial tumors is supportive of the concept that
bispecific antibodies, activated T-cells, or both may enter the CNS parenchyma and exert
clinically significant effects.
For the treatment of GBM, our group has developed a bi-scFv that binds to the
invariant CD3 signaling complex on T-cells and EGFRvIII on GBM cells
(bscEGFRvIIIxCD3).75 While BiTEs against tumor-associated antigens including CD19,
EpCAM, and EGFR have proven therapeutically effective due to the ability to potently
and specifically redirect T-cells as described above, since these targets are not strictly
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found in tumors these constructs have led to unwanted destruction of normal, healthy
cells.72,225,226 In contrast, the absolute tumor specificity of EGFRvIII entirely averts these
complications. Furthermore, the extracellular domain of EGFRvIII is relatively small,
providing an ideal target for the BiTE platform since cells expressing smaller target
surface antigens are generally better lysed by BiTE technology in comparison to cells
expressing larger target surface antigens.227
In vitro, the bscEGFRvIIIxCD3 construct bound to CD4+ and CD8+ human T-cells
known to express CD3, as well as to EGFRvIII-positive glioma cells, but did not bind to
cells bearing only the wild-type EGFR. Upon binding to both targets, the construct
resulted in potent tumor cell lysis, T-cell proliferation, secretion of Th1-type cytokines,
and upregulation of T-cell activation markers. Importantly, cells expressing only the
wild-type EGFR failed to induce any of these findings.
In vivo, the bscEGFRvIIIxCD3 construct showed exquisite efficacy, specificity,
and potency (Figure 6).
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Figure 6: Antitumor response produced by bscEGFRvIIIxCD3 is specific to EGFRvIIIexpressing tumors in vivo. NSG mice (n = 8) were implanted i.c. with 1 × 105 tumor
cells and unstimulated human PBMCs at a ratio of 1:1. Mice implanted with U87MG
(A) or U87MG.ΔEGFR (B) were treated with bscEGFRvIIIxCD3 or control bscAbxCD3
by daily i.v. infusion (arrows). (C, Upper) To assess dose-response, bscEGFRvIIIxCD3
was administered to mice at indicated doses. (C, Lower) For delayed treatment, mice
were implanted i.c. with U87MG.ΔEGFR alone, and treatment was started on day 10
after tumor implantation. These mice were immune-reconstituted peripherally with 2
× 107 unstimulated human PBMCs by i.p. injection on day 10, followed by infusion
with bscAb. (D, Upper Left) Representative section of i.c. tumor and local invasion
surrounding an adjacent vessel from an animal receiving PBS. (D, Upper Right) In
contrast, in mice treated with bscEGFRvIIIxCD3, PBMCs are seen to exit peritumoral
i.c. vessels toward tumor tissue (box). (D, Lower) Tumor tissue in mice treated with
bscEGFRvIIIxCD3 and receiving PBMCs i.p. shows diffuse tumor-associated
mononuclear infiltrate and areas of necrosis (arrows). Reproduced with permission
from reference.74
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Systemic administration of the bi-scFv produced durable, complete cures in up to
75% of mice with established EGFRvIII-expressing intracerebral tumors, while no effect
was observed among treated mice with intracerebral tumors lacking EGFRvIII
expression. Dose-dependent effects indicative of the high potency of the construct were
also observed in vivo; a cumulative dose that is roughly equivalent to 0.02 mg/kg for the
average 60-kg adult significantly prolonged survival. Significant anti-tumor effects were
also observed following treatment of very late-stage well-established tumors, just days
before death of controls. The ability to effectively treat established intracerebral tumors
in preclinical models with a systemically administered therapeutic represents a
significant therapeutic advancement.
While formal toxicity studies are currently underway in preparation for clinical
trials, no apparent toxicity has been detected to date. The absolute tumor specificity of
the bscEGFRvIIIxCD3 construct eliminates the potential for any cross-reactivity with
normal, healthy cells. We have also demonstrated an effective “antidote” for any
potential toxicity that may result from administration of the bscEGFRvIIIxCD3 protein
in a clinical setting. By administering a short peptide that spans the EGFRvIII mutation
(PEPvIII), we have effectively blocked bispecific antibody function both in vitro and in
vivo, providing a tool highly likely to aid in safe clinical administration of any EGFRvIII
targeted bispecific antibody.
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2.9 Discussion
While advances in surgical techniques, radiation therapy, and chemotherapeutic
regimens have provided tangible benefits for patients with GBM, the non-specific nature
of these therapies prohibits treatment prolonged and aggressive enough to achieve a
cure. By effectively inducing lysis of only EGFRvIII-expressing cells, EGFRvIII-targeted
BiTE therapy offers an attractive solution.
Future work will focus on safe clinical implementation of EGFRvIII-targeted
BiTE therapy for the treatment of GBM. The absence of EGFRvIII-targeted BiTE crossreactivity with the unmutated receptor and the strict need for the therapeutic to bind to
both target antigens to induce any effect on T-cells, coupled with the absolute tumor cell
specificity of EGFRvIII expression, will avert any drug induced damage to healthy
tissue. While preclinical assessment of bispecific constructs in immunocompromised
mice offered a distinct advantage as molecules identical to those destined for the clinics
were used to assess responses against human tumors, studies with newly available
transgenic mice expressing functional human CD3 receptors will likely provide an
additional indication of safety as well as efficacy in preparation for clinical trials.
Furthermore, soluble PEPvIII peptide can be administered to selectively block the effects
of the EGFRvIII-targeted BiTE, offering clinicians a tool to further enhance safety.
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Advances in construct design and production will also likely facilitate clinical
implementation. For example, fully human antibodies will allow for the production of
EGFRvIII-targeted BiTEs that are much less likely to produce anti-drug antibodies,
increasing therapeutic efficacy. Additionally, manufacturing the drug in a mammalian
expression system will increase production yield and allow for straightforward
integration with commonly used manufacturing infrastructure.
Further investigation will also be required to determine whether EGFRvIIItargeted BiTE induced therapeutic effects are maintained in the context of standard-ofcare therapy for GBM. Radiation and temozolomide chemotherapy, proven to provide a
survival benefit for patients with GBM, carry a major side effect of lymphopenia. Still,
given the low effector-to-target cell ratios required to observe therapeutic responses, it is
likely that BiTE therapy would maintain efficacy in the context of standard-of-care
therapy for GBM. Multiple immunotherapeutic approaches have proven efficacious in
the context of lymphopenia,228-230 likely a result of lymphopenia induced homeostatic
cytokines that reduce the activation threshold and induce the proliferation of T-cells.231
The use of an EGFRvIII-targeted BiTE offers unique advantages which allow for
safe and effective clinical implementation. While other EGFRvIII-targeted
immunotherapeutic approaches including dendritic cell (DC) vaccines or genetically
modified T-cells have demonstrated that immunologic targeting of EGFRvIII is safe and
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effective,58,232 the technically difficult and laborious process required to produce
autologous vaccines greatly enhances the appeal of EGFRvIII-targeted BiTE therapy in
comparison. It is further possible that by using a therapeutic to directly engage cellular
components of the immune system with EGFRvIII-positive tumor cells, an endogenous
immune response against other tumor antigens may ensue, mitigating tumor recurrence.
Taken together, the safety, efficacy, and off-the-shelf availability of EGFRvIII-targeted
BiTE therapy is likely to offer patients with EGFRvIII-positive GBM an attractive
therapeutic approach.
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3. Rindopepimut, a peptide based approach to
immunotherapy of brain tumors
Glioblastoma, the most common primary malignant brain tumor, is among the
most difficult cancers to treat. Despite the aggressive standard-of-care, including
surgical removal followed by radiotherapy with concomitant and adjuvant
chemotherapy, the often sudden onset, diffuse infiltrating nature, and highly malignant
features of the lesion result in a median overall survival of less than 15 months.
Currently employed standard-of-care therapy for glioblastoma is non-specific leading to
premature withdrawal of treatment due to off-target toxicity. Rindopepimut is a peptide
based vaccine that elicits a potent humoral and cellular immune response specifically
against cells expressing EGFRvIII, a rearranged, cell-surface, tyrosine kinase receptor
present exclusively in glioblastoma and other common neoplasms. Several phase I and
phase II clinical trials have demonstrated that vaccination with rindopepimut is safe,
well-tolerated, and produces a highly potent immune response that effectively
eradicates EGFRvIII-expressing tumor cells, leading to a 73% increase in survival among
patients with newly diagnosed glioblastoma. Furthermore, temozolomide-induced
lymphopenia enhances the rindopepimut-induced immune response against EGFRvIII,
allowing for enhanced vaccination responses in the context of standard-of-care
chemotherapy. Despite these encouraging findings, the phase III clinical trial (ACT IV)
of rindopepimut for newly diagnosed glioblastoma was discontinued; interim analysis
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conducted by an independent Data Safety and Monitoring Board concluded that the
treatment cohort experienced no significant benefit on overall survival compared to the
control cohort.

3.1 Background
The most frequently encountered primary malignant brain tumor, glioblastoma
(GBM), has a five-year survival rate of less than 5%.177 Characterized by the World
Health Organization (WHO) as a grade IV neoplasm,178 GBM represents a particularly
aggressive and difficult to treat neoplasm. The vast majority of GBM cases (>90%)
develop rapidly with a short clinical history (usually less than 3 months) and offer no
histopathological evidence of a less malignant precursor lesion. Tumors are
heterogeneous and consist of diffusely infiltrating, highly malignant, poorly
differentiated astrocytic cells. Regions of necrosis and endothelial proliferation, essential
diagnostic features, further reflect the aggressiveness of the lesion. The rapid
progression, diffuse infiltration, and highly malignant characteristics of this tumor
present a significant therapeutic challenge.
Surgery followed by radiotherapy has long been a mainstay of therapy for GBM.
Surgical resection plays a critical role in treatment, allowing for alleviation of
devastating mass effect associated symptoms and histopathologic diagnosis and
characterization. Mounting evidence suggests that more extensive surgical resection
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accomplished by 5-aminolevulinic acid derived tumor fluorescence results in a survival
benefit.183 Radiotherapy is likewise an indispensable component of treatment, providing
a survival benefit versus supportive care alone.184
Despite previous debate, chemotherapy has also taken a prominent role in
therapy for newly diagnosed GBM. Stupp et al. reported the results of a phase III multiinstitutional trial in which patients receiving radiotherapy with concomitant and
adjuvant temozolomide had a significantly higher two-year survival rate (26.5%) versus
patients receiving radiotherapy alone (10.4%).6 Temozolomide, an orally active
alkylating agent, offers the additional advantage of a favorable toxicity profile compared
with older agents. Even with an aggressive multifaceted approach including extensive
surgical resection, state-of-the-art radiotherapy, and multiple cycles of temozolomide
chemotherapy, the median overall survival (OS) remains less than 15 months.8 Alternate
therapeutic approaches for the treatment of newly diagnosed GBM face similar
limitations. A phase III trial investigating the use of biodegradable carmustine wafers
implanted in the resection cavity during surgery resulted in a median survival increase
from 11.6 months to 13.9 months versus surgery and radiotherapy alone.187
Tumors invariably recur with the current standard-of-treatment. Therapy at the
time of recurrence is determined with consideration of previous treatment, performance
status, time to relapse, and quality of life. In addition to the option of re-employing
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previously mentioned modalities, bevacizumab, a humanized monoclonal antibody that
targets vascular endothelial growth factor (VEGF), can be used alone or in combination
with irinotecan or other agents. While anti-VEGF therapy is attractive due to the
vascular nature of GBM, the median OS documented in phase II trials is only 40 weeks
or less and considerable thromboembolic toxicity can occur.188,189
Given the diffuse infiltration of cancer cells, with the currently employed
standard-of-care it is impossible to completely eliminate cells of malignant potential
while preserving intermingled, non-transformed tissue. Toxicity resulting from the nonspecific nature of treatment is a critical limitation leading to premature withdrawal of
treatment and disease progression. In contrast, immunotherapy represents an
exquisitely precise method to eradicate cancer cells. By exploiting endogenous
mechanisms, immunotherapy can selectively target and destroy individual cancer cells
while preserving intermixed and surrounding normal tissue.
Rindopepimut is an attractive antitumor immunotherapy currently in late stage
clinical development for the treatment of newly diagnosed GBM and in earlier clinical
studies for recurrent GBM and pediatric brain stem gliomas. The peptide-based
vaccination is capable of eliciting a potent immune response against epidermal growth
factor receptor variant III (EGFRvIII), a rearranged, transmembrane, tyrosine kinase
receptor entirely absent from normal tissue but frequently expressed on the surface of
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GBM specimens31 – approximately 31% – and several other common neoplasms.33
Among EGFRvIII-positive GBM samples, 37% to 86% of cells express the mutated
receptor,34 suggesting that the rearranged EGFRvIII protein is translated with a certain
level of homogeneity.
The EGFRvIII mutation consists of an in-frame deletion of 801 base pairs coding
for the extracellular domain of the wild-type receptor. This results in translation of a
novel glycine residue at the fusion junction of the rearranged protein. The novel glycine
residue and the newfound proximity of normally distant parts of the extracellular
domain result in a highly immunogenic, cell-surface, tumor-specific epitope.44
The resulting EGFRvIII tyrosine kinase receptor is constitutively active,
tumorigenic, and produces a more aggressive tumor phenotype linked to poor survival.
220

In a clinical study investigating the effect of EGFRvIII expression among 196 patients

with GBM, expression of EGFRvIII was an independent negative prognostic indicator in
patients surviving 1 year or longer.54 EGFRvIII rearrangement enhances cell growth and
migration49,50 and confers greater resistance to radiation51 and chemotherapy.52,53 The
mutated tyrosine kinase receptor also enhances growth of neighboring EGFRvIIInegative tumor cells via IL-6 family cytokine-mediated paracrine signaling.55 These
aggressive characteristics are further propagated by the release of lipid-raft related
microvesicles containing EGFRvIII which can merge with the plasma membranes of
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EGFRvIII-negative tumor cells leading to the transfer of a functionally active oncogenic
receptor.56 Furthermore, recent studies indicate that EGFRvIII is expressed in glioma
stem cell (GSC) lines,58 an important finding given the paradigm that tumor stem cells
(TSCs) represent a subpopulation of cancer cells that give rise to all cells in a
differentiated tumor.59 Given its importance in the pathobiology of tumors, its exquisite
tumor-specificity, and its clonal expression on the surface of transformed cells, the
EGFRvIII rearrangement is an ideal target for antitumor immunotherapy.
Rindopepimut (PEPvIII-KLH, CDX-110) consists of PEPvIII
(LEEKKGNYVVTDHC), a 13-amino-acid peptide that spans the EGFRvIII mutation with
an additional terminal cysteine, conjugated to keyhole limpet hemocyanin (KLH). KLH,
a high molecular weight carrier protein, serves as a potent immunogenic substance that
safely enhances the production of an immunologic response against the conjugated low
molecular weight peptide. Intradermal injection with rindopepimut results in the
production an EGFRvIII-specific humoral response detectable in the cerebrospinal fluid
(CSF) and an EGFRvIII-specific delayed-type hypersensitivity (DTH) response.
Administration of rindopepimut with granulocyte-macrophage colony-stimulating
factor (GM-CSF) further enhances the tumor specific immune responses and in
numerous preclinical and clinical studies has demonstrated the ability to specifically and
safely eliminate EGFRvIII-expressing tumor cells.
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3.2 Pre-clinical pharmacology
Initial preclinical studies demonstrated anti-tumor efficacy through the use of
unarmed, tumor-specific monoclonal antibodies (mAb). In order to test this concept in
the context of EGFRvIII-positive tumors, mAb Y10 (IgG2a) and L8A4 (IgG1) were
generated to recognize the tumor-specific extracellular EGFRvIII epitope. Passive
administration of both antibodies resulted in tumor growth inhibition and therapeutic
efficacy in subcutaneous EGFRvIII-positive murine melanoma models. Only Y10,
however, resulted in lasting tumor-free survival after withdrawal of treatment.233
Although systemic administration of EGFRvIII-specific mAb did not produce an
increase in survival when EGFRvIII-expressing tumors were implanted in the brain,
direct injection of Y10 into the tumor site increased median survival by 286% on average
and resulted in 26% long-term survivors (n = 117; P < 0.001). In vitro, Y10 produced a
highly potent antitumor response resulting in inhibition of DNA synthesis, decreased
cellular proliferation, complement activation, and antibody-dependent cell-mediated
cytotoxicity. Through depletion studies, the in vivo mechanism of action was found to be
dependent on Fc receptors and independent of complement activation, T lymphocytes,
granulocytes, and natural killer cells.
The following preclinical EGFRvIII-targeted vaccination strategy exploited the
ability of dendritic cells (DCs) to generate potent and specific effector responses in the
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central nervous system (CNS). DCs were pulsed with PEPvIII-KLH and administered
systemically to mice bearing EGFRvIII positive syngeneic intracranial tumors. Mice in a
control group receiving only phosphate buffered saline or dendritic cells pulsed with an
irrelevant random 14-mer peptide died as a result of the tumor, with a median survival
time of 46 days and 43 days respectively, while administration of PEPvIII-KLH pulsed
DCs resulted in 63% long-term survivors and a median survival time that had not been
reached at the termination of the experiment (300 days). Furthermore, 100% of surviving
mice treated with PEPvIII-KLH pulsed DCs survived re-challenge, indicating that the
vaccine induced antitumor immunological memory.234
In light of the results achieved by PEPvIII-KLH pulsed DC vaccination,
subsequent preclinical studies investigated the efficacy of PEPvIII-KLH vaccination in
conjunction with GM-CSF as a pragmatic vaccine that could be advanced more easily to
the clinic. In 70% of vaccinated mice challenged with subcutaneous tumor cells, palpable
subcutaneous tumors never developed, and in the 30% of mice where they did develop
they were significantly smaller in comparison to the control group (P < 0.05) where there
were no long-term survivors. In an intracerebral challenge model, vaccination resulted
in a greater than 173% increase in median survival with 80% of the mice achieving longterm survival (P = 0.014). Results were also promising in an established tumor model
where administration of a single vaccination post challenge resulted in a 26% increase in
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median survival with 40% achieving long-term survival (P = 0.007). Further mechanistic
analysis found natural killer and CD8+ T cells to be the effector cell population while
passive transfer of sera from immunized mice to non-immunized mice protected 31% of
mice from tumor development (P < 0.05).235 Importantly, down-regulated or absent
EGFRvIII expression was found upon immunohistochemical analysis of tumors that
failed to respond to vaccination, suggesting that antigen escape may be associated with
treatment failure.

3.3 Safety
Several clinical studies have demonstrated that rindopepimut administered
intradermally in conjunction with GM-CSF is safe and well tolerated. The vast majority
of toxicity consisted of injection site reactions limited to grade 2 toxicity or lower
including erythema, pruritus, and swelling, and was experienced throughout treatment.
General fatigue, rash, nausea, and pruritus have also been reported. Notably, in a few
cases, treatment was discontinued due to toxicity. Some patients experienced
hypersensitivity reactions which resolved with antihistamine and corticosteroid
treatment. One patient experienced grade 3 toxic epidermal necrolysis, a possible
dapsone hypersensitivity syndrome, which resolved within 12 days. In all studies to
date there was no significant evidence of autoimmunity further demonstrating that
EGFRvIII is a safe tumor-specific target for cancer immunotherapy. Long-term analysis
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(with monthly treatment for up to 7.3 years in some cases) shows no evidence of
cumulative toxicity over time. Safety continues to be assessed in ongoing clinical trials.

3.4 Clinical studies
The EGFRvIII rearrangement was clinically first established as a safe and
potentially effective tumor-specific target for GBM immunotherapy in a clinical trial
conducted at Duke University Medical Center (VICTORI).232 The study evaluated the
safety and immunogenicity of autologous DCs pulsed with PEPvIII-KLH. While
histopathologically-confirmed newly diagnosed GBM was required for participation,
EGFRvIII expression was not included in the eligibility criteria for the phase I toxicity
study. Post gross-tumor resection and completion of standard external beam
radiotherapy, 12 study participants received three consecutive vaccinations with
autologous mature DCs pulsed with PEPvIII-HLH. In cohorts of three patients the DC
dose was escalated in order to assess safety and efficacy. With two week intervals
between dosing, three vaccinations in equal doses were administered to patients 10 cm
below the inguinal ligament in the upper thigh. Study participants were then monitored
for toxicity and immune response until clinical or radiographic progression.
No serious adverse events or allergic reactions were observed in the VICTORI
trial: adverse events did not exceed grade 2 toxicity and the maximum feasible dose was
reached without dose-limiting toxicity. Furthermore, the majority of patients
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demonstrated EGFRvIII-specific immune responses. Overall, in vitro T-cell proliferation
in response to PEPvIII was significantly greater post vaccination.
Given the laborious and technically difficult process of producing autologous DC
vaccinations, subsequent clinical investigation pursued the use of direct administration
of PEPvIII-KLH (rindopepimut). A phase II multicenter trial (ACTIVATE)173 was
conducted to test immunogenicity of the vaccination regimen and to estimate
progression-free survival (PFS) and OS in vaccinated patients with histopathologically
confirmed GBM. Eighteen patients were recruited to the study following gross total
resection (> 95%) of EGFRvIII-positive tumors with a Karnofsky performance status
(KPS) ≥ 80% and no radiographic evidence of progression following standard-of-care
radiation and concurrent temozolomide therapy. Beginning four weeks after completion
of radiotherapy, three rindopepimut vaccinations were administered biweekly, after
which the vaccination was given once a month until radiographic demonstration of
tumor progression or death.
Toxicity was minimal, mostly related to injection site reactions which never
exceeded grade 2 toxicity. Although one patient was removed from the study due to a
presumed severe allergic reaction to vaccine components, several weeks later a similar
event occurred when the patient underwent an unrelated procedure. No symptomatic
autoimmune reactions were observed although one patient experienced a grade 1
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leukoencephalopathy toxicity. The patient developed asymptomatic areas of T2-signal
hyperintensity which subsequently demonstrated contrast enhancement. Although the
asymptomatic regions of T2 hyperintensity persisted, contrast enhancement eventually
resolved without treatment (Figure 7).

Figure 7: Axial magnetic resonance images showing progression of multiple lesions
surrounding the corpus callosum. Left: T1-weighted, contrast-enhanced image 8
months from first vaccination showing new enhancing lesions distant from the right
frontal tumor cavity. Right: T2-weighted image showing hyperintense lesion in
similar distribution. Areas of contrast-enhancement have resolved, but areas of T2
hyperintensity have persisted. Figure reproduced with permission from reference.173
The vaccination regimen produced humoral and DTH responses in several
patients. Of the 14 patients who had serum samples analyzed for EGFRvIII-specific
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humoral responses, 6 patients (43%; 95% CI, 18% to 71%; P < 0.001) had newly positive
responses. A CSF sample was obtained from one patient demonstrating a positive serum
titer; EGFRvIII-specific antibody was present. These results are highly encouraging
given the previous clinical finding that peripherally administered EGFRvIII-specific
antibodies effectively penetrate tumors, including gliomas, and that tumor uptake is not
dependent of the level of EGFRvIII expression.25 In order to further assess the
vaccination induced immune response, DTH skin tests with PEPvIII and recall antigens
were performed. Although no patients showed a DTH response to PEPvIII prior to
vaccination, 3 (18%; 95% CI, 4% to 43%; binomial proportions P < 0.001) of 17
demonstrated a positive PEPvIII DTH response post vaccination. Among these 3
patients, 1 patient also developed an EGFRvIII-specific humoral response.
The median OS from the time of histopathologic diagnosis was greater for
patients who demonstrated EGFRvIII-specific humoral or DTH responses. The median
OS from the time of histopathologic diagnosis for the six patients who developed
EGFRvIII-specific antibodies was 47.7 months (95% CI, 20.8 to ∞ months) versus only
22.8 months (95% CI, 21.0 to 34.9 months) for the eight patients who did not develop an
antibody response. Furthermore, the median OS from the time of histopathologic
diagnosis for the 3 patients who developed DTH responses to PEPvIII was not reached
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at 50 months follow-up, while the median OS for the 14 patients who did not develop
PEPvIII specific DTH responses was 23.1 months (95% CI, 21.0 to 44.1 months).
Analysis of the study results in the context of methylguanine methyltransferase
(MGMT) promoter methylation status revealed further optimistic results. Given that a
methylated MGMT promoter is associated with silencing of the DNA repair enzyme and
a longer survival in patients with GBM who receive temozolomide,236 analysis of the
study results in the context of MGMT promoter methylation status is important to avoid
introducing an unintentional bias. Among 13 patients who had tumor samples tested for
MGMT status, 7 patients (54%) had a methylated MGMT promoter. Surprisingly,
vaccinated patients with an unmethylated, active MGMT promoter had a longer PFS and
OS than patients with a methylated, silenced MGMT promoter who received
temozolomide. This raises the possibility that rindopepimut vaccination may be an
effective alternative for patients with MGMT induced temozolomide resistance.
Following histopathologic examination of recurrent tumors (n = 11), 82% (95%
CI, 48% to 97%) had lost EGFRvIII expression (Figure 8), and one of the two EGFRvIII
positive recurrent tumors had < 1% EGFRvIII-positive cells. Importantly, loss of
EGFRvIII expression can be attributed to rindopepimut vaccination and not standard-ofcare chemoradiation.
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Figure 8: Epidermal growth factor receptor (EGFR) and EGFR variant III (EGFRvIII)
immunohistochemistry of a patient with glioblastoma multiforme (GBM). Staining
with (A) EGFR and (B) EGFRvIII before vaccine. (C) Preservation of EGFR staining
but (D) specific loss of EGFRvIII staining at recurrence after vaccination. Figure
reproduced with permission from reference.173
In a follow-up analysis of 210 consecutive patients with newly diagnosed GBM,
45 patients were found to have EGFRvIII-expressing tumors. The entire EGFRvIIIpositive cohort underwent standard-of-care chemoradiation, while 16 of these patients
were also vaccinated with rindopepimut. All 16 patients who were vaccinated lost
EGFRvIII expression upon biopsy or resection at recurrence. In contrast, all patients
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receiving only chemoradiation maintained EGFRvIII expression upon biopsy or
resection at recurrence (n = 15). The difference remains statistically significant (P <0.001;
Fisher’s exact) even with the conservative assumption that patients who were not
vaccinated and not biopsied (n = 14) lost EGFRvIII expression.237
To further investigate the EGFRvIII-specific immune response induced by
rindopepimut vaccination in the context of temozolomide therapy, a second phase II
multicenter trial (ACT II) was conducted.230 Although immunotherapeutic approaches
can precisely target EGFRvIII-expressing tumor cells, the approach could be inhibited by
myelosuppressive chemotherapy like temozolomide, known to provide a survival
benefit in GBM. Accordingly, EGFRvIII-specific rindopepimut immunogenicity was
assessed in the context of standard-dose (STD) temozolomide (200 mg/m2 per 5 days) or
dose-intensified (DI) temozolomide (100 mg/m2 per 21 days).
As expected, patients in the STD temozolomide cohort experienced transient
grade 2 lymphopenia, while patients in the DI cohort experienced sustained grade 3
lymphopenia with CD3+ T-cell (P = 0.005) and B-cell counts (P = 0.004) significantly
reduced. The rindopepimut vaccination regimen and patient selection criteria were
similar to that in the ACTIVATE trial, although GM-CSF was administered with the
vaccination in order to enhance the immune response.
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Humoral and DTH EGFRvIII-specific immune responses, while absent prior to
vaccination, developed in all patients treated with either the STD or DI regimen post
vaccination. Unexpectedly, patients vaccinated in the DI temozolomide cohort produced
humoral (P = 0.037) and DTH (P = 0.036) immune responses of greater magnitude in
comparison to patients in the STD temozolomide cohort (Figure 9).

Figure 9: DI TMZ enhances EGFRvIII-specific humoral and cellular immune
responses. (A) ELISA was used to determine EGFRvIII-specific humoral reactivity.
Maximum titer is shown. All patients had developed EGFRvIII-specific humoral
immune responses when evaluated at vaccine 8. EGFRvIII-specific antibody titers in
the DI cohort increased more over time than those in the STD cohort such that the
mean maximum antibody titer was significantly higher in the DI cohort (1:634 982)
than in the STD cohort (1:186 521; P = .037; Wilcoxon–Mann–Whitney). (B) Subjects
receiving the DI TMZ regimen for 21 days had vaccine site DTH responses that were
higher at all time points than those obtained in the less myelosuppressed patients
receiving the 5-day STD TMZ schedule. This was statistically significant when
evaluated at vaccine 8 (P = .036; Wilcoxon–Mann–Whitney). Figure reproduced with
permission from reference.230
Although counterintuitive, these findings are consistent with preclinical
studies238,239 and clinical investigation of adoptive T-cell transfer,240 and may be a result
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of homeostatic cytokines that reduce the activation threshold and induce the
proliferation of T-cells.231 Toxicity was minimal and there was no significant elevation of
markers for autoimmunity. Furthermore, tumor cells expressing EGFRvIII were
eradicated in nearly all patients (91.6%; 95% CI, 64% to 99.8%; P < 0.0001). The median
PFS (15.2 months; 95% CI, 11.0 to 18.5 months; P = 0.024) and median OS (23.6 months;
95% CI, 18.5 to 33.1 months; P = 0.019) exceeded historical controls matched for
participation criteria and adjusted for prognostic factors. In addition to providing
evidence of efficacy despite temozolomide induced lymphopenia, the ACT II study
further documented the ability to eradicate EGFRvIII positive tumor cells without
autoimmunity.
Although promising, these results warranted further investigation among a
larger cohort of patients. A 31 center phase II study was conducted (ACT III)241 enrolling
65 patients in the treatment arm with newly diagnosed histopathologically confirmed
EGFRvIII-expressing GBM and other eligibility criteria similar to that of the previously
described clinical studies. In addition to a treatment regimen consisting of resection and
radiotherapy with concomitant and adjuvant temozolomide, patients received inguinal
intradermal vaccinations consisting of rindopepimut (500 µg) and GM-CSF (150 µg)
bimonthly for the first three doses, and then monthly until intolerance or progression.

74

With the exception of two cases, toxicity was limited to grade 1 or grade 2
injection site reactions and one grade 3 urticarial rash. The two cases of more severe
toxicity included a grade 2 hypersensitivity reaction that resolved within one hour of
antihistamine and corticosteroid administration, and one case of grade 3 toxic epidermal
necrolysis which resolved within 12 days of hospital admission. Efficacy was further
confirmed in the larger ACT III trial – the median PFS from the time of diagnosis was
12.3 months and the median OS from the time of diagnosis was 24.6 months, time
periods significantly higher in comparison with historically matched controls (P = 0.0063
and P < 0.0001 respectively) (Figure 10).
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Figure 10: PFS and OS for ACTIVATE, ACT II, and ACT III clinical trials updated as
of November 2012. (A) PFS from the time of histologic diagnosis for study
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participants receiving rindopepimut vaccinations compared to historically matched
patients treated with standard-of-care therapy. (B) OS from the time of histologic
diagnosis for study participants receiving rindopepimut vaccinations compared to
historically matched patients treated with standard-of-care therapy. Figure
reproduced with permission from reference.114
Given the clinically demonstrated eradication of EGFRvIII-expressing GBM cells,
favorable toxicity profile, and median PFS and OS benefit, rindopepimut was under
investigation in a phase III study for newly diagnosed GBM (ACT IV). The international,
randomized, double-blinded trial was underway at more than 100 centers enrolled an
estimated 440 patients with gross-total tumor resection as well as incomplete resections.
Given the absolute tumor-specificity of the vaccination induced immune response,
vaccination was well-tolerated among patients where only partial resections are
possible. After completion of standard chemoradiation, patients were randomized to
receive either rindopepimut/GM-CSF or control KLH vaccinations, in combination with
standard adjuvant temozolomide. While the primary objective was be to confirm that
rindopepimut/GM-CSF vaccination improves OS in patients with EGFRvIII-positive
GBM who have undergone gross-total resection, secondary objectives included
assessment of PFS, safety and tolerability of the vaccination, and health-related quality
of life issues.
On March 7th, 2016 the ACT IV clinical trial of rindopepimut for newly diagnosed
glioblastoma was discontinued. An independent Data Safety and Monitoring Board
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concluded in an interim analysis that treatment with rindopepimut/GM-CSF provided
no significant benefit on OS compared to the cohort treated with control KLH
vaccinations. The OS for the treatment arm was 20.4 months, comparable to that seen in
previous phase II study of the vaccination (21.8 months; 65 enrolled participants). The
median OS in the control arm was greater (21.1 months) than that in the phase II trial,
however, where 74 matched control participants in the study were selected from the
RTOG cohort (median OS 16.0 months).242

3.5 Conclusions
Rindopepimut was a promising new therapeutic agent for the treatment of
EGFRvIII-expressing gliomas. Vaccinating patients with EGFRvIII-positive GBM is safe,
well-tolerated, and produces immunity against EGFRvIII-expressing cells. More
specifically, peripheral administration of rindopepimut/GM-CSF results in the
production of EGFRvIII-specific humoral and DTH responses. In patients with GBM,
vaccination leads to the elimination of EGFRvIII-positive GBM cells without any
associated autoimmunity. Importantly, multiple clinical trials demonstrate a significant
mean PFS and OS benefit associated with vaccination. The clinically confirmed finding
that a systemically administered vaccination can result in elimination of EGFRvIIIexpressing tumor cells in the CNS is intriguing and suggests that the immunoprivilege
of the brain may not be as strict as once believed.
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Notably, rindopepimut therapy is only appropriate for EGFRvIII-positive
tumors, and for EGFRvIII-negative GBM other therapeutic options need to be pursued.
Although targeting a single antigen has the benefit of minimizing chances of
autoimmunity, given the heterogeneous nature of GBM, elimination of EGFRvIIIexpressing tumor cells alone is likely insufficient. It is possible, however, that by
targeting EGFRvIII with other immunotherapeutic modalities, such as T cells for
example, secondary immune responses can be elicited against EGFRvIII-negative tumor
cells. This concept has indeed been demonstrated with bispecific antibody redirected T
cell based immunotherapy.243 Despite the failure of rindopepimut to advance beyond
phase III clinical study, choosing treatment for cancer based on the expression of a
specific molecule like EGFRvIII is a forerunner of a new paradigm in cancer therapy.
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4. A rationally designed fully human EGFRvIII:CD3targeted bispecific antibody redirects human T cells to
treat patient-derived intracerebral malignant glioma
We have developed a clinically-translatable method to specifically target
malignant glioma (MG) using a tumor-specific, fully human bispecific antibody that
redirects patients' own T cells to recognize and destroy tumors. Our work highlights the
antigen specificity of our approach, critical to precisely eliminating cancer without the
risk of toxicity and collateral damage to healthy cells and tissue. We have demonstrated
robust, anti-tumor immune responses capable of curing well-established, patientderived MG. This translatable, off-the-shelf, fully human therapeutic is produced in a
fashion compatible with existing clinical antibody manufacturing infrastructure and has
significant potential to improve public health and quality of life for patients affected by
MG and other cancers.

4.1 Introduction
Current therapy for malignant glioma (MG) is incapacitating244 as a result of nonspecific, dose-limiting toxicity. In contrast, immunotherapy promises an exquisitely
precise approach, and evidence now exists that adoptively transferred T cells expressing
modified T cell receptors (TCRs) or chimeric antigen receptors (CARs) can eradicate
large tumors in the central nervous system (CNS) in both pre-clinical and clinical
studies172,245-250. Although promising, these approaches rely on ex vivo expanded and
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genetically manipulated T cells, processes that are laborious, inconsistent and often
require complex viral transductions240,251. Additionally, these T cells are almost always
targeted to antigens shared with normal tissues, which has led to lethal autoimmune
toxicity72,225,226.
In contrast, using a combination of two single-chain variable fragments (scFvs)
with different specificities, we have developed a novel, “off-the-shelf”, fully human
bispecific antibody to redirect human CD3+ T cells to lyse tumor cells expressing the
tumor-specific epidermal growth factor receptor mutation, EGFRvIII. A similar CD19targeted bispecific single chain variable fragment (bi-scFv), blinatumomab, was recently
approved by the US Food and Drug Administration (FDA) for the treatment of
Philadelphia chromosome-negative relapsed or refractory precursor B-cell acute
lymphoblastic leukemia (R/R ALL)252. Treatment, however, leads to the expected
depletion of normal CD19-expressing B cells. Thus, a significant limitation of this
promising therapeutic platform is the lack of tumor-specific targets.
EGFRvIII, however, is an entirely tumor specific, constitutively activated, cell
surface tyrosine kinase receptor that enhances cell growth and migration49,50 and confers
radiation51 and chemotherapeutic52,53 resistance. Since EGFRvIII is completely absent
from normal tissues but expressed on the surface of glioblastoma (GBM)39 and other
common neoplasms, it offers an ideal immunotherapy target33. Moreover, recent
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evidence indicates that treatment with antibody-redirected T cells produces long-lasting
immunity against tumor cells lacking the target antigen172,243, suggesting that this
approach may be superior to EGFRvIII-targeted vaccines that are limited by antigen
escape.114,173
Previously, we described a murine bispecific antibody that extended survival in
mice when challenged with EGFRvIII-positive glioma.75 We demonstrated that using
this approach, which is agnostic to T cell specificity, even typically suppressive
regulatory T cells (TRegs) can be subverted to induce granzyme-mediated, anti-tumor
cytotoxicity.70 Given the potential benefits of T cell based anti-EGFRvIII therapy, here we
report the rational development and analysis of a fully human, EGFRvIII:CD3-targeted
bispecific antibody suitable for clinical translation.
Through the use of fully human antibody fragments, we constructed a
therapeutic with reduced potential for immunogenicity and increased clinical safety.16,18
In this setting, murine antibody associated complications, including cytokine release
syndrome15,16 and human anti-mouse antibody (HAMA) formation leading to rapid
clearance from patient serum,17 unpredictable dose-response relationships16,18 and an
acute, potentially severe influenza-like syndrome16,18-20 are entirely averted.
Since bi-scFv expression characteristics, physical properties and target affinities
are dependent on factors such as antibody fragment arrangement and linker
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composition,211,212 we began by generating a panel of several different recombinant biscFv candidates. Each construct was transiently expressed and the panel progressively
narrowed and refined based on expression characteristics, ease of purification and target
cell specificity. Given that many antibodies to EGFRvIII cross-react with wild-type EGFR
(EGFRwt), including cetuximab,253,254 in addition to taking into account feasibility
parameters such as expression and purification characteristics, validation was focused
on determining the degree of specificity to human CD3 and EGFRvIII and the lack of
cross-reactivity with EGFRwt.
Following this process, we tested our lead, fully human, target-cell specific biscFv (hEGFRvIII-CD3 bi-scFv) in vitro for the ability to re-direct naïve human T cells to
generate pro-inflammatory, anti-tumor immune responses in an antigen specific fashion.
Tumor cell specific lysis was assessed using multiple EGFRvIII-expressing glioma lines
as well as patient-derived MG which allowed for an assessment of cytotoxicity in the
context of endogenous drivers and physiologic levels of EGFRvIII expression. Indeed, in
all cases hEGFRvIII-CD3 bi-scFv generated potent and target-cell specific anti-tumor
responses. We tested efficacy as a single agent in vivo in both subcutaneous and
orthotopic xenograft models of human glioma and found that intravenous (IV)
administration of hEGFRvIII-CD3 bi-scFv cured well-established, patient derived glioma
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in both settings. On the basis of these data, we have developed a phase 1 clinical trial to
treat patients with EGFRvIII-positive glioma.

4.2 Materials and methods
4.2.1 Study design
The purpose of this study was to rationally design, produce and test a fully
human anti-EGFRvIII:CD3 bispecific antibody for use as a therapeutic agent in patients
with EGFRvIII-expressing tumors, including GBM. We generated a panel of different
fully human bi-scFvs with different variable fragment arrangements and linker
compositions and tested for robustness of expression in transiently transfected,
suspension adapted CHO cells (Cricetulus griseus), ease of purification using a tag-free,
two-step chromatography process, and target specificity. We verified the specificity of
the bi-scFvs using surface bound antigen and multiple antigen-positive and antigennegative cell lines. A stably-transfected CHO cell master cell bank (MCB) was developed
for mammalian cell culture based production of the lead recombinant protein. T cell
responses were assessed in vitro and against both target-positive and target-negative
glioma cell lines. Cytotoxicity was assessed using multiple glioma cell lines as well as
patient-derived MG with endogenous drivers and levels of EGFRvIII-expression. We
tested efficacy in four different xenogeneic models, including three different orthotopic
models and two patient-derived MG models. To examine efficacy against well-
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established tumors, patient-derived xenografts were allowed to establish without
treatment until they were until they were grossly visible and easily palpable in the
subcutaneous setting (cohort mean tumor volume > 120 mm3) or one-third median
untreated survival times were reached in the orthotopic setting. Each experiment was
performed multiple times, with T cells derived from various donors.

4.2.2 Library generation, expression and screening
cDNA fragments encoding for the variable segments, linker sequences and signal
peptides tested were synthesized (Gensrcript) and used to generate a library of bi-scFv
encoding mammalian expression vectors. Each of the sequences tested were generated
using overlapping-PCR and inserted into the multiple cloning site (MCS) of the
pcDNA3.1+ mammalian expression vector (Invitrogen). Suspension adapted CHO-S
cells (Thermo Fisher) were transiently transfected with sequence verified, endotoxin free
plasmid preparations (Qiagen) using FreestyleMax transfection reagent (Invitrogen)
according to the manufacturer’s instructions. Transfected cells were grown for six days.
On each day post transfection, CHO cell density and viability was assessed and
supernatant was sampled to allow for determination of target protein concentration
using flow cytometry as described below. The terminal cysteine residue of the antigenic
peptide spanning the EGFRvIII mutant fusion junction (PEPvIII, LEEKKGNYVVTDHC)
was coupled using haloacetyl activation chemistry to Irreversible Thiol-coupling SepFast
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4HF Chromatography Resin (BioToolomics) per manufacturer’s instructions. This
custom-made affinity resin was used to capture EGFRvIII-binding antibodies from
clarified cell culture supernatant. A gel filtration, TSKgel SuperSW3000 chromatography
column (Tosoh Bioscience) was then used to separate protein based on size. Resulting
proteins were dialyzed (3x 24 hours) against phosphate-buffered saline (PBS) at pH 7.4,
sterile filtered and placed in septum vials for analysis and storage. Total protein yield
was assessed following each processing step. Target specificity (EGFRvIII, CD3) and
lack of cross reactivity (EGFRwt) was assessed using surface bound antigen (surface
plasmon resonance) and multiple antigen-positive and antigen-negative cell lines (flow
cytometry) as described below. A similar production and purification scheme was used
to generate and isolate control bi-scFvs.

4.2.3 Recombinant protein expression, purification and analysis
hEGFRvIII-CD3 bi-scFv was produced for studies using a stably transfected,
suspension adapted CHO cell line. CHO cell codon-optimized cDNA was synthesized
(Genscript) and cloned in to the pcDNA3.1+ MCS. High quality, endotoxin free,
transfection grade plasmid was prepared and sequence verified using standard
procedures. Linearized plasmid (Sca1 restriction site) was used to transfect CHO-S cells.
Transfected cells were allowed to grow for 48 hours (at 37 °C and 8% CO2 on an orbital
shaker) and then seeded in fresh media containing 1000 µg/mL geneticin and grown
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under static conditions. Cell density and viability was monitored every three to four
days. Transfected cells were seeded in shaker flasks when viability exceeded 30% and
stable pools of cells were cryopreserved when viability exceeded 95%. Productivity was
assessed and the highest titer producing stable pools were selected for limiting-dilution
single-cell cloning. Single-cell colonies were screened for protein expression, positive
clones were scaled up, and in a series of three rounds of screening the highest titer
producing clones were identified and cryopreserved. 14-day fed-batch experiments were
performed and the highest producing clone was selected for second round of single cell
cloning and additional screening. A current Good Manufacturing Protocols (cGMP)
MCB was generated and certified (BioReliance).
To produce hEGFRvIII-CD3 bi-scFv for experiments, cells were grown in shaker
flasks or a WAVE Bioreactor System (GE Healthcare). A two-step chromatography
protocol was developed and optimized. Using an AKTA system and UNICORN
software (GE Healthcare), affinity chromatography was performed using either custom
made affinity resin (described above) or commercially available Capto L BioProcess
chromatography resin (GE Healthcare). A subsequent negative-selection
chromatography step using Capto Q BioProcess anion exchange medium (GE
Healthcare) allowed for further purification as well as robust viral clearance capacity
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important for clinical translatability. Resulting purified hEGFRvIII-CD3 bi-scFv was
concentrated and formulated in PBS.
Purified protein was assessed by SDS-PAGE, Western blot, and analytical size
exclusion chromatography. For the former, 1 µg of protein was loaded on a NuPAGE
Novex 4-12% Bis-Tris Protein gel, electrophoresis was performed using MOPS running
buffer and protein was visualized using a Coomassie G-250 based Colloidal Blue
Staining Kit (Life Technologies) per manufacturer’s instructions. Western blot analysis
was performed using HRP-Protein L (Genscript) to detect bi-scFvs. 1 µg of bi-scFv
protein was loaded on a NuPAGE Novex 4-12% Bis-Tris Protein gel and electrophoresis
was performed in MOPS running buffer. Electrophoresed protein was transferred to a
nitrocellulose membrane using an iBlot Blotting System (Invitrogen). The membrane
was blocked, incubated with HRP-Protein L (1:5000 dilution) overnight at 4 °C on an
orbital shaking platform, and developed using a WesternDot Chemiluminescent
Detection Kit (Life Technologies) according to manufacturer’s instructions. Gels were
imaged using a BioRad ChemiDoc MP Imaging System and analyzed using associated
Image Lab 5.0 software. For analytical size exclusion chromatography, 5 µg of purified
protein was loaded on to a Super SW3000 TSK gel column (Tosoh Bioscience) connected
to a high pressure liquid chromatography (HPLC) system. The resulting 280 nm
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absorbance chromatogram, representing protein separated based on molecular size, was
used to determine percent purity and detect aggregates.

4.2.4 Flow cytometry
Bi-scFv was detected biding to the surface of cells using fluorescently labeled
streptavidin tetramers. To generate these reagents, fluorescently labeled streptavidin
(Life Technologies) was incubated with either biotinylated recombinant protein L
(Pierce) or biotinylated PEPvIII (Genscript). After incubation, free, un-bound peptide or
protein was removed using a centrifugal molecular weight cut-off device (GE
Healthcare). Protein L tetramer allowed for the detection of bi-scFv on the surface of
cells, regardless of specificity, while PEPvIII tetramer allowed for simultaneous
detection of bi-scFv cell surface binding (via CD3) and target tumor antigen binding (via
tetramer peptide). For experiments detecting bi-scFv on the surface of cells, 1 µg of biscFv was incubated with 1 x 106 cells for 30 minutes. The reaction was washed and then
incubated with tetramer. All tetramers and antibodies were titrated before use and used
with appropriate isotype controls. Lymphocyte surface markers were stained per
manufacturer’s instructions using combinations of fluorescently labeled antibodies
specific to CD4 (clone L200), CD8 (clone RPA-T8), CD25 (clone M-A251), and CD69
(clone L78) purchased from BD Biosciences. Tumor cells were stained for EGFRvIII
using 1 µg of chimeric anti-EGFRvIII monoclonal antibody ch-L8A4 255 per 1 x 106 tumor
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cells. Briefly, ch-L8A4 expressing hybridoma cells were grown in a hollow-fiber
bioreactor using Hybridoma-Serum Free Media (Life Technologies), and anti-EGFRvIII
antibody was isolated from cell culture supernatant using protein A chromatography.
ch-L8A4 was detected binding to the surface of cells using a fluorescently labeled goat
anti-human IgG (Jackson ImmunoResearch). Cells were stained for EGFRwt using
fluorescently labeled antibody (BD Biosciences, clone EGFR.1) as per manufacturer’s
instructions. All flow cytometry data was acquired with a BD Biosciences FACSCalibur
flow cytometer and analyzed using FlowJo analysis software (FlowJo, LLC). All
experiments were repeated.

4.2.5 Surface plasmon resonance
We assessed bi-scFv binding affinities and kinetics to EGFRvIII, EGFRwt and
CD3 using a BIAcore 3000 Surface Plasmon Resonance System (GE Healthcare). The
antigenic peptide spanning the EGFRvIII mutant fusion junction (PEPvIII) was coupled
to a CM5 sensor chip using thiol coupling chemistry. Peptide was coupled in a 10 mM
sodium acetate, pH 5.0 solution. Recombinant human EGFRwt protein and human CD3
epsilon protein (Novoprotein) were coupled to CM5 sensor chips using amine coupling
chemistry. EGFRwt protein and human CD3 epsilon protein were coupled in 10 mM
sodium acetate solutions at pH 5.5 and pH 4.0, respectively. Optimized regeneration
conditions were obtained at a flow rate of 30 µl/min for 30 s with 10 mM glycine, pH 1.7
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for EGFRvIII and CD3 chips and pH 2.5 for the EGFRwt chip. Bi-scFv containing
solutions (0, 100, 250, 500, 1000 nM) were analyzed on each chip. Positive control
monoclonal antibodies and negative control isotypes were used for each experiment.
Association and dissociation rates were monitored for 180 and 300 s, respectively, with a
120 min stabilization time and a 30 µl/min flow rate. Samples were run in triplicate and
compared to a blank reference flow cell prepared without target antigen. A global fit
analysis using simultaneous ka/kd calculations was performed using BIAevaluation
software (GE Healthcare). All experiments were repeated.

4.2.6 Cell lines and culture
All cell lines used were submitted for cell line authentication (Cell Check) and
pathogen testing including mycoplasma testing (IMPACT) at IDEXX BioResearch prior
to use. We confirmed species of origin, cell line specific markers and assessed for
possible cross-contamination with other cell lines or pathogens. Where applicable,
microsatellite markers for parental and EGFRvIII-transduced cell lines were compared
to confirm lineage. Cells were grown in improved MEM zinc option media (Thermo
Fisher) with 10% fetal bovine serum (FBS) (vol/vol) for a maximum of one week and
sub-passaged no more than once using 0.05% trypsin-EDTA (Thermo Fisher) before
being used for experiments. All cell lines used were obtained from the American Tissue
Culture Collection (ATCC).
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4.2.7 Disaggregation of patient derived tumor samples
All studies involving patient samples were approved by the Duke University
Medical Center Institutional Review Board. Tumor tissue derived from GBM samples
were mechanically dissociated in a petri dish using pre-sterilized scissors and forceps.
For every 2 g of minced tumor tissue obtained, a 50 ml improved MEM zinc option
media solution containing 2 mg/ml collagenase and 20 units/mL of deoxyribonuclease
(Worthington Biochemical Corporation) was stirred at 37 °C for 1.5 h. The solution was
passed through a 70 µm strainer and then centrifuged at 500 g for 5 min at room
temperature. Resulting pellets were washed twice in PBS and carefully layered over a 15
mL solution of Lymphocyte Separation Medium (Corning). Differential migration
following centrifugation (at room temperature for 20 min and 2000 g without a brake)
allowed for isolation of glioma cells. Cells were harvested, washed twice in PBS, and
assessed for viability and density (trypan blue). Cells were then immediately used for
xenograft studies or for in vitro experiments placed in cell culture as described below.
Prior to experiments requiring cell culture, pilot studies were conducted to assess for
EGFRvIII-expression status over the cell culture period.

4.2.8 T cell activation and cytokine secretion analysis
T cells were isolated from peripheral blood mononuclear cells (PBMCs) using a
negative-selection based Pan T Cell Isolation Kit (Miltenyi Biotec). Negatively-selected T
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cells were incubated with target cells at a E:T ratio of 20:1 for 44 hours at 37 °C. In some
cases, hEGFRvIII-CD3 bi-scFv was added to the reaction at a concentration of 1 µg/ml.
Following incubation, supernatant and cells were harvested for analysis. Cellular
surface markers CD4, CD8, CD69 and CD25 were analyzed by flow cytometry and
cytokine secretion was quantified in the supernatant using a Human Cytometric Bead
Array Human Kit (BD Biosciences) according to manufacturer’s instructions. All
reactions were performed in triplicate and all experiments were repeated.

4.2.9 T cell proliferation
T cells isolated from PBMCs as described above were labeled with
carboxyfluorescein succinimidyl ester (CFSE) using a CellTrace CFSE Cell Proliferation
Kit (Invitrogen) per manufacturer’s instructions. CFSE labeled T cells and target cells
were incubated at a E:T ratio of 20:1 for 92 hours at 37 °C. In some cases, hEGFRvIII-CD3
bi-scFv was added to the reaction at a concentration of 1 µg/ml. After incubation, cells
were isolated, stained for CD4 and CD8 surface markers and analyzed by flow
cytometry for T cell subsets and CFSE dilution. All reactions were performed in
triplicate and all experiments were repeated.

4.2.10 Cytotoxicity assays
We assessed for cytotoxicity using chromium release assays. 200 µCi of 51Cr
(Perkin Elmer) was used to label 4 x 106 target cells. Target cells were incubated with 51Cr
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for one hour at 37 °C, the reaction mixture resuspended every 15 minutes. Labeled cells
were washed a total of three times, resuspended in cell culture media and allowed to
rest at room temperature for 20 min. Cells were washed an additional time to remove
free 51Cr and then incubated with various combinations of T cells isolated from PBMCs
as described above and or bi-scFvs at various concentrations. T cells were plated at an
E:T ratio of 20:1 when present. Maximal lysis was induced using a 1.5% solution
(vol/vol) of Triton X-100 (Sigma Aldrich). Cells were incubated at 37 °C for 20 hours
after which 50 µl of supernatant from each well was collected and combined with 150 µl
of OptiPhase Supermix Scintilation Cocktail (Perkin Elmer). Radioactivity released in the
culture medium was measuring using a 1450 MicroBeta TriLux Microplate Scintillation
and Luminescence Counter (Perkin Elmer).

4.2.11 Subcutaneous and orthotopic glioma models
All animal experiments were performed according to protocols (A283-15-11)
approved by the Duke University Institutional Animal Care and Use Committee
(IACUC). For orthotopic U87MG or U87MG-EGFRvIII models, cells grown as described
above were collected in logarithmic growth phase, washed twice in PBS, and mixed with
an equal volume of 10% methyl cellulose (vol/vol). For orthotopic patient derived MG
models, cells were disaggregated, isolated and washed as described above prior to being
mixed with an equal volume of 10% methyl cellulose (vol/vol). Cell mixtures were
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loaded into a 250 µl Hamilton syringe and a 25-guage needle was attached. Using a
stereotactic frame, 5 µl the cell mixture was injected 2 mm to the right of the bregma and
4 mm below the surface of the skull at the coronal suture. 5 x 104 U87MG or U87MGEGFRvIII cells or 1 x 105 patient derived glioma cells were implanted into 8- to 12-weekold female NOD-scid gamma (NSG) mice (Jackson Laboratory), with 10 mice per group
base on pilot data and anticipated statistical power. Prior to the initiation of therapy,
mice were randomized to groups using a random number generator. Tumor cell doses
were based pilot tumorigenicity studies.
For subcutaneous patient derived glioma models, dissociated patient derived
MG cells were loaded into a repeating Hamilton syringe dispenser and a 19 gauge
needle was attached. 50 µl of the tumor cell homogenate was injected subcutaneously in
the right flank of 8- to 12-week-old female NSG mice (Jackson Labs), with 10 mice per
group based on pilot data and anticipated statistical power. Tumors were allowed to
engraft for 10 days before mice were randomized to different groups using a random
number generator. Tumor progression was evaluated with calipers for the duration of
the experiment. Tumor volume (millimeters cubed) was calculated (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 the
analyses up to the day of euthanasia.
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Where indicated, immunodeficient mice (NSG) received a single IV injection of 1
x 107 in vitro expanded human T cells. Briefly, rapidly thawed PBMCs were washed
twice in AIM V medium CTS (Thermo Fisher) containing 5% Human AB Serum (vol/vol)
(Valley Biomedical), assessed for viability and density (trypan blue) and resuspended at
1 x 106 viable cells per ml in AIM V growth media containing 5% (vol/vol) human AB
serum, 300 IU/mL interleukin (IL)-2 (Preometheus Laboratories), and 50 ng / mL OKT3
(Miltenyi Biotech). Cells were grown horizontally in a T150 cell culture flask at 37 °C in a
5% CO2 incubator. After two days of cell culture, cells were harvested and reseeded in
growth media without OKT3 at a concentration of 1 x 106 viable cells per ml. When a
sufficient number of cells were obtained, after 10-14 days of cell culture, cells were
washed twice in PBS and where indicated 200 µl of either the cell mixture or vehicle
(PBS) was administered via a single IV tail injection.
Where indicated, hEGFRvIII-CD3 bi-scFv, control bi-scFvs or vehicle (PBS) was
administered in a total volume of up to 200 µl via IV tail vein injection.

4.2.12 Statistical analysis
All experiments were designed and performed with consideration for statistical
power and analysis. For mechanistic studies assessing the differences among groups in
%CD25+, %CD69+, cytokine secretion and T cell proliferation, an ANOVA model was
used to assess whether any differences exist among the groups for both CD4+ and CD8+
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cells separately. Upon a significant result for both CD4+ and CD8+ cells (F-test p-value <
0.0001), a t-test was used to assess the difference between the hEGFRvIII-CD3 bi-scFv
group and the group with the next highest mean.
Where indicated, ED50 concentrations were estimated in specific lysis
experiments. The following four-parameter logistic model (i.e. an Emax model) was fit for
the expected specific lysis given a drug concentration:
𝐸(𝐿𝑦𝑠𝑖𝑠|𝐷𝑟𝑢𝑔) = 𝜃3 +

𝜃4 − 𝜃3
𝐷𝑟𝑢𝑔
1+(
⁄𝜃 )𝜃2
1

Where θ3 and θ4 are the minimum and maximum lysis %, θ1 is the drug ED50,
and θ2 is the slope parameter. Parameters were estimated using the Gauss-Newton
iterative method. For experiments assessing the effect of T cells, drug and or control
drug on specific lysis, a t-test was used to assess the difference in specific lysis between
the groups.
For subcutaneous tumor growth experiments, after tumors were allowed to
establish, mice were randomized using a random number generator and the mean
tumor volume for each group was assessed to ensure similarity between groups.
Differences in the pattern of change in tumor volume among the groups was assessed
from the initiation of therapy onward. As the data appear to show a linear trend for the
time interval observed, a linear trend model with an interaction between time and group
was fit to the raw tumor volume values. A table was generated to estimate slopes for
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each group from the model with p-values testing whether each slope value is different
from 0. A high p-value for the group of interest indicates the change in tumor volume
was not significantly different from 0. Additionally, the difference in slope between the
treated group and each of the other groups was assessed.
For orthotopic survival experiments, mice were randomized to different groups
using a random number generator prior to administration of T cells or initiation of
therapy. Given the nature typical of preclinical mouse survival data usually consisting of
a plateau followed by a series of events, a generalized Wilcoxon was used to assess
whether a difference in survival pattern exists among the groups. All experiments were
repeated.

4.3 Results
4.3.1 Generation and selection of a fully human bi-scFv
As a general rule, bi-scFv N- to C-terminal segment arrangement and linker
composition govern bi-scFv antigen binding kinetics and physical characteristics altering
expression yield.211,212,256 Not only are these factors critical to eliciting effective, preciselytargeted immunotherapeutic responses, but also these physical characteristics govern
bispecific antibody production capacity, directly affecting clinical translatability. To
determine an optimal bi-scFv design for the treatment of GBM, we began by generating
a library of different bi-scFv constructs.
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We started with protein sequences for monoclonal antibodies specific for
EGFRvIII and CD3. We selected fully human, anti-human monoclonal antibody clones
139 (anti-EGFRvIII) and 28F11 (anti-CD3), both of which have previously been used
safely in the clinic.257-259 Using variable light and heavy chain sequences from these
monoclonal antibodies, we generated a panel of different N- to C- terminal combinations
of variable heavy and light chain sequences joined by flexible glycine-serine linkers.
We expressed each of these constructs using a mammalian CHO expression
system. This system was selected given our previous experience as well as that of others
who have reported bi-scFvs being expressing in CHO cells as fully functional protein,
while expression of the same construct in other systems resulted in non-functional
protein only.212 The use of CHO cells furthermore allows for straightforward integration
with commonly used clinical protein manufacturing infrastructure and regulatory
pathways. Each construct was transiently expressed, purified using a two-step, tag-free
chromatography process, and tested for specificity to CD3 and EGFRvIII, as well as lack
of cross-reactivity with EGFRwt. The panel of constructs was progressively narrowed
based on antigen specificity and binding kinetics tested using surface plasmon
resonance as well as flow cytometry using multiple cell lines.
Top constructs were then selected for further optimization and analysis. The
effects of linker composition and length on binding affinity and physical characteristics
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have previously been reported and the 218 linker (GSTSGSGKPGSGEGSTKG) was
found to increase binding affinity of scFv constructs.256 Accordingly, we generated
additional constructs from our top bispecific antibodies, replacing glycine-serine linkers
with 218 linkers. These constructs along with corresponding glycine-serine linker
constructs were then expressed and purified, allowing us to assess for target specificity,
lack of cross-reactivity, and protein yield. Through this sequential process, our library of
bi-scFv constructs was progressively narrowed to a single target-specific, highexpressing construct (Figure 11 A).

Figure 11: Design and analysis of purified, lead bispecific construct, hEGFRvIII-CD3
bi-scFv. (A) Vector map of fully human bispecific construct, hEGFRvIII-CD3 bi-scFv,
with optimized variable segment arrangement and linker composition. SDS-PAGE
(B) and Western-blot (C) analysis of 1 µg of purified hEGFRvIII-CD3 bi-scFv. (D)
Elution spectrum following analytical size exclusion chromatography. 5 µg of
purified hEGFRvIII-CD3 bi-scFv protein was used for the analysis.
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We then generated a stable CHO cell line to produce our lead recombinant
protein, hEGFRvIII-CD3 bi-scFv. CHO cell codon optimized cDNA encoding for our
lead construct was cloned into a mammalian expression vector under control of the
cytomegalovirus (CMV) enhancer-promoter. The sequence coding for the mature
recombinant antibody was inserted downstream of the human albumin signal peptide.
This signal peptide was selected to improve secretion efficiency based on analysis of 16
difference signal peptides.260 In shaker flasks, the cell bank was capable of producing 25
mg of hEGFRvIII-CD3 bi-scFv per liter of cell culture. We developed a two-step, tag-free
chromatography process for viral clearance and purification. The process generated a
highly purified, approximately 50 kDa protein (Figure 11 B) capable of being identified
on Western blot via affinity to protein L (Figure 11 C) and of >98% purity (Figure 11 D).

4.3.2 hEGFRvIII-CD3 bi-scFv binds to human CD3 and EGFRvIII but
not EGFRwt
We used flow cytometry to confirm dual specificity of hEGFRvIII-CD3 bi-scFv to
EGFRvIII and CD3 positive cells, as well as lack of cross reactivity with EGFRvIIInegative cells given that many antibodies to EGFRvIII can cross react with EGFRwt
(Figure 12). Our analyses revealed that hEGFRvIII-CD3 bi-scFv binds to both CD4+ and
CD8+ lymphocytes known to express CD3 (Figures 12 A and 12 B).
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Figure 12: hEGFRvIII-CD3 bi-scFv binds to T lymphocytes and EGFRvIII-positive
glioma cells but not to EGFRvIII-negative cells. hEGFRvIII-CD3 bi-scFv binds to
CD4+ (A) and CD8+ (B) T lymphocytes. hEGFRvIII-CD3 bi-scFv was detected on the
surface of lymphocytes using PEPvIII-Bio/SA-PE tertramer, demonstrating
simultaneous lymphocyte and tumor-antigen specific binding. No hEGFRvIII-CD3
bi-scFv antibody was detected on the surface of EGFRvIII-negative U87-MG cells (C)
while hEGFRvIII-CD3 bi-scFv was detected on the surface of U87-MG-EGFRvIII cells
(D). hEGFRvIII-CD3 bi-scFv was detected binding to the surface of tumor cells using
Prot L-Bio/SA-Alexa Fluor 647 tetramer. Dotted lines represent baseline tetramer
signal in the absence of hEGFRvIII-CD3 bi-scFv while solid lines represent
fluorescence signal in the presence of hEGFRvIII-CD3 bi-scFv.
Since our recombinant protein was expressed without purification tags and there are no
known antibodies to the drug, we developed a PEPvIII-Biotin/SA-PE tetramer to detect
hEGFRvIII-CD3 bi-scFv on the surface of cells. The tetramer was constructed with the
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EGFRvIII antigenic determining peptide, PEPvIII, allowing for simultaneous detection
of hEGFRvIII-CD3 bi-scFv binding to the surface of lymphocytes and tumor antigen
(Figures 12 A and 12 B). Indeed, simultaneous binding to both CD3 and EGFRvIII
mutation containing peptide was detected. In addition, we tested hEGFRvIII-CD3 biscFv binding to both EGFRvIII-positive and EGFRvIII-negative cell lines. Using a
similarly developed Protein L-Biotin/SA-Alexa Fluor 647 tetramer, we were unable to
detect binding of hEGFRvIII-CD3 bi-scFv to the surface of EGFRvIII-negative U87-MG
cells (Figure 12 C) but found robust binding to EGFRvIII-positive U87-MG cells. Similar
results were obtained with multiple PBMC donors and against multiple EGFRvIIIpositive and EGFRvIII-negative cell lines.
We further investigated hEGFRvIII-CD3 bi-scFv binding kinetics to specific
individual antigens using surface plasmon resonance. No binding to EGFRwt protein
was detected, while binding to human CD3 epsilon and EGFRvIII antigen allowed for
determination of binding kinetics. The association rate constant (ka), dissociation rate
constant (kd), and equilibrium dissociation constant (KD) for EGFRvIII were 4.45 x 104 Ms , 1.24 x 10-3 s-1, and 2.78 x 10-8 M, respectively. The association rate constant (ka),

1 -1

dissociation rate constant (kd), and equilibrium dissociation constant (KD) for CD3
epsilon were 5.35 x 104 M-1s-1, 8.36 x 10-4 s-1, and 1.56 x 10-8 M, respectively.
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4.3.3 hEGFRvIII-CD3 bi-scFv activates T cells in an antigen restricted
fashion
We next tested for the ability of hEGFRvIII-CD3 bi-scFv to activate naïve T cells
in vitro in an antigen specific fashion. When T cells were incubated with both EGFRvIIIexpressing glioma and hEGFRvIII-CD3 bi-scFv, 86.6 +/- 1.2% of CD8+ T cells and 78.1 +/1.65% of CD4+ T cells expressed the early activation marker, CD69. This is in direct
contrast to T cells incubated with EGFRvIII-expressing glioma alone, where only 4.03 +/1.50% of CD8+ T cells and 1.20 +/- 0.29% of CD4+ T cells expressed CD69 (Figure 13 A).
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Figure 13: In the presence of EGFRvIII antigen, hEGFRvIII-CD3 bi-scFv activates T
lymphocytes and redirects them to secrete pro-inflammatory cytokines and
proliferate. T cells were incubated with various combinations of glioma cells and or

105

hEGFRvIII-CD3 bi-scFv. Following incubation, T cell surface activation markers
CD69 (A) and CD25 (B) were assessed by flow cytometry. Data are reported as percent
positive for both CD8+ and CD4+ T cell subsets. For both CD8+ and CD4+ T cells, the
percent CD69+ and percent CD25+ was significantly higher in the EGFRvIII-positive
glioma and hEGFRvIII-CD3 bi-scFv group (p < 0.0001 in all cases). Resulting cell
culture supernatants were analyzed for cytokine content (C) and indicated amounts of
INF-ɣ, TNF and IL-2 were detected in the presence of both drug and target antigen,
while no corresponding cytokines detected in all other cases. T cell proliferation in
response to various combinations of glioma cells and or hEGFRvIII-CD3 bi-scFv was
assessed and significant proliferation of both CD8+ and CD4+ T cells was observed in
the presence of both drug and target antigen (p < 0.0002) (D). Of those proliferating T
cells, multiple rounds of proliferation were observed (E).
Other combinations of T cells alone, T cells plus hEGFRvIII-CD3 bi-scFv, T cells plus
either EGFRvIII-positive or EGFRvIII-negative cells, and T cells plus hEGFRvIII-CD3 biscFv and EGFRvIII-negative glioma were tested and no differences were observed
among these groups (Figure 13 A). An ANOVA model was used to assess whether any
differences exist among the six groups in % CD69+ T-cells for both CD4+ and CD8+ cells
separately. Upon a significant result for both CD4+ and CD8+ cells (F-test p-value <
0.0001 in both cases), a t-test was used to assess the difference between the hEGFRvIIICD3 bi-scFv plus EGFRvIII-positive glioma group and the group with the next highest
mean. For both CD4+ and CD8+ cells, the percent of T cells positive for CD69 was
significantly higher in the hEGFRvIII-CD3 bi-scFv plus EGFRvIII-positive tumor group
(p < 0.0001 in both cases).
An equivalent analysis was conducted for the late activation marker, CD25, and
a similar trend was observed, again highlighting the antigen specificity of the approach.
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When T cells were incubated with both EGFRvIII-expressing glioma and hEGFRvIIICD3 bi-scFv, 72.63 +/- 2.90% of CD8+ T cells and 84.43 +/- 0.64% of CD4+ T cells expressed
the late activation marker, CD25 (Figure 13 B). This is in direct contrast to T cells
incubated with EGFRvIII-expressing glioma alone, where only 12.63 +/- 1.19% of CD8+ T
cells and 23.43 +/- 0.06% of CD4+ T cells expressed CD25. Again, other combinations
were tested and no differences were observed among these groups. (Figure 13 B) An
ANOVA model was used to assess whether any differences exist among the six groups,
as described above, and for both CD4 and CD8 cells, the % CD25+ was significantly
higher in the hEGFRvIII-CD3 bi-scFv plus EGFRvIII-positive tumor group (p < 0.0001 in
both cases).
These data demonstrating T cell activation exclusively in the context of
EGFRvIII-positive glioma and hEGFRvIII-CD3 bi-scFv demonstrate the exquisite antigen
specificity of our approach, critical to safe and effective, tumor-cell-specific
immunotherapy.

4.3.4 hEGFRvIII-CD3 bi-scFv induces anti-tumor T cell responses in
an antigen specific fashion
We next assessed for the ability of hEGFRvIII-CD3 bi-scFv to induce T cells to
secrete pro-inflammatory, Th1 polarizing cytokines and to proliferate. These factors are
associated with effective, T cell based, anti-tumor immune responses. T cells were
incubated with various combinations of hEGFRvIII-CD3 bi-scFv and or EGFRvIII-
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positive or negative glioma cells in vitro and resulting cell culture supernatants were
analyzed for cytokine content (Figure 13 C). Indeed, Th1 polarizing, pro-inflammatory
cytokines, interferon (INF)-ɣ, tumor necrosis factor (TNF) and interleukin (IL)-2, were
detected in copious amounts when hEGFRvIII-CD3 bi-scFv and EGFRvIII-positive
glioma cells were present, while no detectable amounts of these cytokines were present
in all other conditions tested (Figure 13 C). These data again highlight the antigen
specificity of this approach.
We also assessed for both CD4+ and CD8+ T cell proliferation in response to
various combinations of hEGFRvIII-CD3 bi-scFv and or effector targets (Figure 13 D).
When T cells were incubated with both EGFRvIII-expressing glioma and hEGFRvIIICD3 bi-scFv, 77.57 +/- 1.69% of CD8+ T cells and 64.07 +/- 1.15% of CD4+ T cells
underwent one or more cycles of division. This is in direct contrast to T cells incubated
with EGFRvIII-expressing glioma alone, where only 0.51 +/- 0.46% of CD8+ T cells and
0.67 +/- 0.48% of CD4+ T cells replicated one or more times (Figure 13 D). Other
combinations of T cells alone, T cells plus hEGFRvIII-CD3 bi-scFv, T cells plus either
EGFRvIII-positive or EGFRvIII-negative cells, and T cells plus hEGFRvIII-CD3 bi-scFv
and EGFRvIII-negative glioma were tested and no differences were observed among
these groups (Figure 13 D). An ANOVA model was used to assess whether any
differences exist among the six groups in % of T cells undergoing one or more cycles of
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division for both CD4 and CD8 cells separately. Upon a significant result for both CD4+
and CD8+ T cells (F-test p-value < 0.0001 in both cases), a t-test was used to assess the
difference between the hEGFRvIII-CD3 bi-scFv plus EGFRvIII-positive glioma group
and the group with the next highest mean. For both CD4+ and CD8+ T cells, the % of T
cells undergoing one or more cycles of division was significantly higher in the
hEGFRvIII-CD3 bi-scFv plus EGFRvIII-positive glioma group (CD4: p<0.0001; CD8:
p=0.0002).
Of those proliferating T cells, multiple rounds of proliferation were observed,
with 83.83 +/- 2.70 % of CD8+ T cells and 83.9 +/- 1.8% of CD4+ T cells replicating two or
more times (Figure 13 E). These data demonstrate robust, antigen specific T cell
responses important to safe and effective tumor cell specific hEGFRvIII-CD3 bi-scFv
induced T cell responses.

4.3.5 hEGFRvIII-CD3 bi-scFv redirects T cells to lyse EGFRvIIIexpressing glioma in vitro
We next sought to assess for hEGFRvIII-CD3 bi-scFv induced functional, antigenspecific, cytotoxic responses in vitro. Using chromium-51 release assays we assessed for
specific lysis of two different MG cell lines as well as patient-derived MG with natural
drivers and physiologic levels of EGFRvIII expression (patient D270).
Indeed, potent, antigen-specific, cytotoxic responses were observed in all cases
(Figure 14).
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Figure 14: hEGFRvIII-CD3 bi-scFv redirects T cells to specifically lyse EGFRvIIIpositive glioma. Tumor cell lysis was assessed against two different glioma cell lines
(EGFRvIII-positive and -negative for both) and against patient derived malignant
glioma with endogenous drivers and physiologic levels of EGFRvIII expression
(D270-MG). A dose-response based increase in tumor cell lysis was observed against
U87-MG-EGFRvIII glioma cells while no increase in lysis of U87-MG was observed
with increasing bispecific antibody concentrations (A) The ED50 for the U87-MGEGFRvIII cell line was 15881 pg / ml. Both T cells and drug were necessary for
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significant specific lysis of U87-MG-EGFRvIII cells (p = 0.0033 and p =0.0032,
respectively) while the combination failed to induce any significant increase in lysis
of target-negative cells compared to groups without drug or target antigen (p = 0.391
and 0.195, respectively) (B). Significant drug-induced specific lysis of EGFRvIIIpositive glioma was also observed when compared to that induced by control bi-scFv
that binds to EGFRvIII but not CD3 (p=0.0033) (C). The same trends were observed
against a second malignant glioma cell line both with and without EGFRvIII (D54MG) (D, E, and F). The estimated ED50 for the D54-MG-EGFRvIII cell line was 10595
pg / ml. Likewise, both T cells and drug were necessary for significant specific lysis of
D54-MG-EGFRvIII cells (p < 0.0001 in both cases) while the combination failed to
induce any significant increase in lysis of target-negative cells compared to groups
without drug or target antigen (p = 0.1011 and 0.4659, respectively). Significant druginduced specific lysis was observed against the D54-MG-EGFRvIII cell line when
compared to that induced by control bi-scFv (p=0.0001). Specific lysis of patient
derived malignant glioma was assessed at various drug concentrations (G). The
estimated ED50 was 12511 pg / ml. Likewise, both T cells and drug were necessary for
induction of specific lysis (p = 0.0003 and p < 0.0001, respectively) (H) and hEGFRvIIICD3 bi-scFv induced significant specific lysis when compared to control bi-scFv (p =
0.0003) (I).
Through the use of MG cell lines engineered to express EGFRvIII (U87-MG and D54MG), we were able to assess for cytotoxic responses against EGFRvIII-expressing tumor
cells as well as responses against parental cells lacking the target antigen. Our results
demonstrated exquisite antigen specificity even at the highest doses of hEGFRvIII-CD3
bi-scFv tested. A dose-response based increase in tumor cell lysis was observed against
U87-MG-EGFRvIII and D54-MG-EGFRvIII glioma cells, while no increase in specific
lysis of parental U87-MG or D54-MG was observed (Figures 14 A and 14 D).
We next sought to assess for the cytotoxic impact of T cells alone or hEGFRvIIICD3 bi-scFv alone, against both EGFRvIII-positive and EGFRvIII-negative glioma cell
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lines (Figures 14 B and 14 E). Both T cells and drug were necessary for significant
specific lysis of U87-MG-EGFRvIII cells (p = 0.0033 and p =0.0032, respectively) and D54MG-EGFRvIII cells (p < 0.0001 in both cases), while the combination failed to induce any
significant increase in lysis of target-negative cells compared to groups without drug or
target antigen (p = 0.391 and 0.195, respectively for U87-MG and p = 0.1011 and 0.4659,
respectively for D54-MG). These important controls demonstrate the lack of cytotoxicity
when T cells or hEGFRvIII-CD3 bi-scFv are paired alone against glioma cells.
Having assessed for the effect of CD3 binding alone through the use of parental,
antigen-negative glioma cell lines, we next sought to control for EGFRvIII binding alone.
To do this, we generated a control bi-scFv with identical EGFRvIII binding segments
and capacity but lack of reactivity with CD3. Indeed, control bi-scFv failed to induce any
significant specific lysis of U87-MG-EGFRvIII or D54-MG-EGFRvIII cells, while
significant specific lysis was observed with hEGFRvIII-CD3 bi-scFv in both cases
(p=0.0033 and p=0.0001, respectively) (Figures 14 C and 14 F).
We then assessed for specific lysis of patient-derived MG (D270-MG). As
opposed to U87-MG and D54-MG cell lines that were modified to stably express
EGFRvIII, the use of patient-derived MG allowed for an assessment of cytotoxicity in the
context of endogenous drivers and physiologic levels of EGFRvIII expression. We
assessed for specific lysis of D270-MG at various drug concentrations and indeed
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observed potent cytotoxic responses (Figure 14 G). Likewise, both T cells and
hEGFRvIII-CD3 bi-scFv were necessary for induction of specific lysis (p = 0.0003 and p <
0.0001, respectively) (Figure 14 H) and hEGFRvIII-CD3 bi-scFv induced significant
specific lysis when compared to control bi-scFv (p = 0.0003) (Figure 14 I). These results
demonstrate that hEGFRvIII-CD3 is both potent and antigen-specific, mediating
significant specific lysis of multiple glioma cell lines as well as patient-derived MG.

4.3.6 hEGFRvIII-CD3 bi-scFv cures patient derived malignant glioma
in vivo
To investigate efficacy in vivo, we tested the activity of hEGFRvIII-CD3 bi-scFv in
four different xenogenic models, including three different orthotopic models, a
subcutaneous model, and two patient-derived MG models.
We first evaluated for a survival advantage following IV administration of
hEGFRvIII-CD3 bi-scFV, control bi-scFv, or vehicle in mice with orthotopic U87-MGEGFRvIII or U87-MG (Figures 15 A and 15 B).
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Figure 15: Intravenous (IV) administration of hEGFRvIII-CD3 bi-scFv cures wellestablished patient-derived glioma in both subcutaneous and orthotopic murine
models. Anti-tumor responses produced by hEGFRvIII-CD3 bi-scFv was assessed
using three different glioma models and both subcutaneous and orthotopic glioma
models. The effect of both EGFRvIII and CD3 target binding on survival was assessed
using the U87-MG-EGFRvIII and U87-MG cell lines. Both EGFRvIII- and CD3binding were necessary to induce significant increases in survival. NSG mice (n = 10)
were implanted orthotopically with U87-MG-EGFRvIII (A) or U87-MG cells (B).
Where indicated, immunodeficient mice were reconstituted with 1 x 107 intravenously
administered T cells one day post tumor implant (arrow) and 50 µg of hEGFRvIIICD3 bi-scFv, 50 µg of control bi-scFv or, an equivalent volume of vehicle was
administered daily by tail vein injection on days two through six post tumor implant
(bar). hEGFRvIII-CD3 bi-scFv induced a significant increase in survival (p < 0.0001)
compared to the other groups, including the group receiving control bi-scFv capable
of binding to EGFRvIII-positive tumor cells but not CD3 (A). Mice challenged with
EGFRvIII-negative U87-MG were used to assess the impact of T cell binding without
tumor antigen binding. The difference in the survival among the three groups was
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assessed and no significant difference was observed (p = 0.5655) (B). To assess for
tumor burden and survival in mice with well-established patient derived glioma,
NSG mice (n = 10) were implanted subcutaneously (C) or orthotopically (D) with
patient derived malignant glioma (D270-MG). In the subcutaneous setting, tumors
were allowed to establish for 10 days. On day 10 post tumor implant, mice were
randomized and where indicated immunodeficient mice were reconstituted with 1 x
107 intravenously administered T cells (arrow). 50 µg of hEGFRvIII-CD3 bi-scFv, 50
µg of control bi-scFv or, an equivalent volume of vehicle was administered daily by
tail vein injection on days 11 through 20 post tumor implant (bar). The difference in
tumor growth over time was assessed and a significant difference was observed in the
hEGFRvIII-CD3 bi-scFv group compared to all other groups (p < 0.0001) (C). In the
orthotopic setting, tumors were allowed to establish for 13 days (1/3 median untreated
survival). On day 13 post tumor implant, mice were randomized and where indicated
immunodeficient mice were reconstituted with 1 x 107 intravenously administered T
cells (arrow). 50 µg of hEGFRvIII-CD3 bi-scFv, 50 µg of control bi-scFv or, an
equivalent volume of vehicle was administered daily by tail vein injection on days 13
through 22 post tumor implant (bar). A significant difference in survival (p < 0.0001)
was observed in the hEGFRvIII-CD3 bi-scFv treated group, with eight out of 10 mice
still alive at the termination of the study greater than 100 days post tumor implant.
Immunodeficient NSG mice (n = 10) were implanted orthotopically with U87-MGEGFRvIII or U87 MG cells. One day post tumor implant, mice were given human T cells
or vehicle IV and, on days two through six post tumor implant, groups of mice were
treated with daily IV injections of hEGFRvIII-CD3 bi-scFv, control bi-scFv, or vehicle.
For both orthotopic U87-MG-EGFRvIII and U87-MG, we assessed for differences in
survival that may occur via administration of T cells alone and found no significant
difference between vehicle treated groups with or without administration of T cells (p =
0.494 and p = 0.464, respectively) (Figures 15 A and 15 B). In the U87-MG-EGFRvIII
orthotopic model, we assessed for differences between T cell replete groups receiving
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hEGFRvIII-CD3 bi-scFv, control bi-scFv or vehicle. Indeed, hEGFRvIII-CD3 bi-scFv
induced a significant increase in survival (p < 0.0001) compared to the other groups,
including the group receiving control bi-scFV capable of binding to EGFRvIII-positive
tumor cells but not CD3 (Figure 15 A). In the U87-MG orthotopic model, we assess for
differences between groups treated with hEGFRvIII-CD3 bi-scFv or vehicle, allowing for
determination of the impact of hEGFRvIII-CD3 bi-scFv binding to T cells without tumor
antigen being present. The difference in the survival among the three groups was
assessed and no significant difference was observed (p = 0.5655) (Figure 15 B). Taken
together, these data indicate that administration of T cells alone is not sufficient to
induce a significant survival advantage and both EGFRvIII- and CD3-binding are
necessary to induce significant increases in survival.
We next sought to assess for efficacy in both subcutaneous and orthotopic
models of well-engrafted, patient-derived MG. NSG mice (n = 10) were implanted
subcutaneously or orthotopically with patient-derived MG (D270-MG). Tumors were
allowed to establish (10 days in the subcutaneous setting allowing for an average tumor
burden per group > 120 mm3 and 13 days or 1/3 median untreated survival time in the
orthotopic setting) after which point groups of mice were either reconstituted with
human T cells or administered vehicle. The following day, groups began receiving
treatment intravenously with hEGFRvIII-CD3 bi-scFv, control bi-scFv or, a vehicle. In
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the subcutaneous setting, the difference in tumor growth over time was assessed and a
significant difference was observed in the hEGFRvIII-CD3 bi-scFv group compared to all
other groups (p < 0.0001) (Figure 15 C). The mean tumor volume prior to the imitation of
treatment was similar for each of the four groups, allowing for differences in the pattern
of change in tumor volume among the four groups to be assessed from the initiation of
treatment onward. As the data show a linear trend for the time interval observed, a
linear trend model with an interaction between time and group was fit to the raw tumor
volume values. This then allowed us to estimate the slopes for each group from the
model with p-values testing whether each slope value is different from 0. Indeed, groups
receiving vehicle (no T cells), vehicle (T cells), and control bi-scFv (T cells) had an
increase in tumor volume over time, with slopes of 125.38, 122.62 and 140.48,
respectively. The tumor volume in the hEGFRvIII-CD3 bi-scFv receiving group,
however, decreased, data showing a negative slope (-11.74). At the termination of the
experiment, nine out of 10 mice in the hEGFRvIII-CD3 bi-scFv treated group had an
undetectable tumor burden that could not be palpated or measured with a caliper. In
the orthotopic setting, survival was assessed over time and a significant difference in
survival was observed in the hEGFRvIII-CD3 bi-scFv treated group compared to all
other groups (p < 0.0001), with eight out of 10 mice still alive at the termination of the
study greater than 100 days post tumor implant (Figure 15 D). Taken together, these
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data indicate that following IV administration hEGFRvIII-CD3 bi-scFv is capable of
mediating a regression of tumor burden and increase in overall survival in mice with
well-engrafted, patient-derived MG.

4.4 Discussion
The application of bi-scFv therapy for the treatment of cancer has been
successful, marked by the recent US FDA approval of blinatumomab. The extension of
this therapy for the treatment of other forms of cancer, including solid tumors, however,
has yet to be realized. The lack of tumor-specific targets has resulted in targeting of
healthy cells and tissue and, barriers related to the effective production and scale-up of
clinical-grade, therapeutic bi-scFvs has hampered progress. Here, we report the rational
design, development and analysis of fully human, anti-human bispecific antibody
suitable for clinical translation and the safe and effective treatment of GBM.
To our knowledge, this is the first report of the rational, systematic development
of a bi-scFv. We have implemented a three-step, systematic approach where we have
progressively assessed for the effect of different arrangements of variable segments,
linkers sequences, and signal peptides. Through this process, we have eliminated
unfavorable constructs early in the development process and obtained a target specific
bi-scFv with favorable antigen binding kinetics and expression and purification
characteristics. We believe that this systematic approach can be extended to the
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development of other bi-scFvs to identify promising candidates early in the
development process and can lead to overcoming barriers that have historically limited
clinical translatability.
We tested our optimized construct, hEGFRvIII-CD3 bi-scFv, and demonstrated
robust T cell responses including upregulation of activation markers, secretion of proinflammatory cytokines, and proliferation. Importantly, these T cell mediated effects
occur in an EGFRvIII-antigen-restricted fashion, critical to the precise targeting and
elimination of cancer cells for safe and effective anti-cancer immunotherapy. We have
also tested for cytotoxicity against multiple MG cell lines as well as patient-derived MG.
Validation of cytotoxicity against multiple cell lines as well as patient-derived MG, with
naturally occurring levels of target antigen expression, is critical to gaining and
understanding of potential effectiveness in the clinic and overall has enhanced rationale
for continued investment in clinical translation. We also tested our antibody in vivo in
several different xenogeneic models, including subcutaneous and orthotopic models of
well-engrafted, patient-derived MG. The ability to effectively treat even well-engrafted,
patient derived tumors represents a significant therapeutic achievement.
We have also produced our construct from fully human antibodies. To our
knowledge, this is the first report of a fully human, anti-human bi-scFv. The use of fully
human antibody segments has the benefit of avoiding drug immunogenicity and
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potential HAMA responses that can lead to rapid drug clearance and other adverse
reactions. The generation of a therapeutic, fully human bi-scFv antibody represents a
significant advance.
Our method is also agnostic to endogenous T cell specificity and potentially
capable of redirecting any T cell. This makes a given patient’s entire repertoire of T cells
available for redirection. We and others have demonstrated that this can result in
subversion of even typically suppressive TRegs for anti-cancer immunotherapy 70 and
expansion of pre-existing T cell clones that can have secondary specificity and reactivity
toward tumor antigens other than those initially targeted 243. This method, therefore, in
addition to entirely circumventing the need for ex vivo T cell expansion and viral
transduction, overcomes issues related to the limited T cell repertoire and T cell
exhaustion that has been associated with and can limit the effectiveness of engineered
adoptive T cell therapy.
We have produced the bi-scFv antibody in a fashion suitable for clinical
translational and compatible with clinical biologic manufacturing infrastructure. This
has included generating and certifying a MCB and developing a scalable expression and
tag-free purification and formulation process suitable for clinical translation. We believe
that the assessment and consideration of such factors early in the development process
is critical to successful translation of bi-scFv therapy. On the basis of our data and
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development work reported here, we have produced clinical grade hEGFRvIII-CD3 biscFv protein at Duke University School of Medicine’s Molecular Products and Cellular
Therapies (MPACT) clinical manufacturing suite and are currently pursuing
Investigational New Drug (IND) enabling studies that will allow us to initiate a phase 1
clinical trial to treat patients with EGFRvIII-positive GBM.
The primary goal of this study was to rationally develop and evaluate a fully
human, anti-human bi-scFv to redirect patients’ own T cells for safe and effective anticancer responses. Through further investigation in clinical studies, we will determine
whether the therapeutic benefits observed here can be replicated in clinical studies. If so,
we believe this therapeutic approach has significant potential to enhance the standard of
care for patients with GBM.
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5. Overcoming tumor heterogeneity through epitope
spreading
Among patients with EGFRvIII-positive MG, 37 to 86% of tumor cells express the
mutated receptor,34 indicating that the mutation is translated with significant
consistency. While this offers an attractive therapeutic target, targeting EGFRvIII
presents a challenge if the ultimate goal is to eliminate all neoplastic tissue. Unlike
vaccination methods that elicit primarily humoral based immune responses, antibody
redirected cell based immunotherapy, however, offers potential solutions to combating
intratumoral heterogeneity.

5.1 T cell re-activation
CD3 redirecting bispecific bi-scFvs link T cells to target cells, forming an
immunological synapse indistinguishable in composition, size, and subdomain
arrangement from native cytolytic synapses.66 When engaged with both a T cell and
EGFRvIII-positive tumor cells, hEGFRvIII-CD3 bi-scFv results in T cell activation and
proliferation, regardless of T cell receptor (TCR) specificity. Given this, it is possible that
the hEGFRvIII-CD3 bi-scFv molecule could directly activate and expand pre-existing T
cells among a polyclonal population that are specific for tumor antigens other than
EGFRvIII. Indeed, others have discovered that by re-activating pre-existing T cell clones
using a CD3 binding bi-scFv specific for Wilms’ tumor protein (WT1) it is possible to
induce effective and persistent epitope spreading responses to multiple antigens.243 If the
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clinical utility of this mechanism of epitope spreading is confirmed, this could provide
and exciting mechanism to combat tumor heterogeneity.

5.2 Bispecific Activators of Myeloid Cells (BAMs)
Secondary T cell responses can also be induced indirectly through antigen
release, processing and presentation. Following hEGFRvIII-CD3 bi-scFv induced tumor
cell lysis and release of intracellular antigens, for example, tumor antigens may be
phagocytosed and processed by antigen presenting cells (APCs). This can later result in
presentation to T cells and induction of secondary T cell response against tumor
antigens other than those initially targeted. To enhance this process as well as provide
direct cytotoxic effects, we have developed a CD64 binding bi-scFv, or Bispecific
Activator of Myeloid Cell (BAM) recombinant antibody.
Microglia and macrophages are the predominant immune cell infiltrating
gliomas.261 This provides an attractive immune effector cell type for therapeutic
targeting. To redirect highly prevalent microglia and macrophages for potent cancer
immunotherapy, we have developed a novel bispecific antibody (hEGFRvIII-CD64 biscFv) with specificity to the high affinity human IgG receptor FcɣRI (CD64), present on
microglia262,263 and macrophages,264 and to tumor cells that express the tumor-specific
epidermal growth factor receptor mutation, EGFRvIII.
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In addition to being expressed on microglia and macrophages, the CD64 receptor
is constitutively expressed on monocytes264 and monocyte-derived dendritic cells (moDCs)265 and is inducible on neutrophils via interferon gamma (INF-ɣ) or granulocyte
colony-stimulating factor (G-CSF) stimulation,264 providing a large repertoire of effector
cells capable of being redirected with this technology. Specifically, aggregation of the
CD64 receptor on these cells leads to phagocytosis, superoxide generation, mediator
release [including tumor necrosis factor alpha (TNF- α), interleukin-1 (IL-1), and
interleukin-6 (IL-6)], enhanced antigen presentation, and tumor antibody-dependent
cell-mediated cytotoxicity (ADCC).264 In addition to providing direct cytotoxic effects, by
inducing phagocytosis and enhancing antigen presentation, hEGFRvIII-CD64 bi-scFv
may provide a valuable tool in facilitating the induction of safe and effective secondary
anti-tumor immune responses.
hEGFRvIII-CD64 bi-scFv is monovalent for both EGFRvIII and CD64 and, unlike
traditional monoclonal antibodies, which are bivalent, results in CD64 aggregation and
the above-mentioned modulation of immune effector cells only in the context of
concurrent tumor cell binding. Since downstream effects of CD64 binding occur only in
the context of receptor aggregation,264 hEGFRvIII-CD64 bi-scFv allows for entirely
tumor-cell-specific immunotherapy. hEGFRvIII-CD64 bi-scFv has also been designed to
bind to CD64 outside of the Fc binding region such that receptor binding and
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downstream signaling can occur even in the presence of receptor-saturating levels of
IgG.
Specifically, hEGFRvIII-CD64 bi-scFv was built by genetically linking nucleotides
encoding for two scFvs of different specificities with nucleotides encoding for a short
polypeptide linker. Upon transcription and translation, a single polypeptide with
affinity for both of the targets is expressed. hEGFRvIII-CD64 bi-scFv is composed of the
variable fragments of the fully human anti-EGFRvIII antibody clone 139259 and the
humanized anti-CD64 antibody clone H22.266 We have tested two of the different
possible N- to C-terminal arrangements of the variable heavy chain and light chain
segments and have obtained a bi-scFv construct with favorable target-binding kinetics.
To express the BAMs we developed CHO cell codon-optimized polynucleotide
sequences for each of the constructs and cloned each of these sequences into mammalian
expression vectors. These vectors were transiently transfected into suspension-adapted
CHO cells grown in a chemically defined, serum-free medium. Inclusion of nucleotides
encoding for a signal peptide at the 5’ end of our constructs allows the proteins to be
secreted from cultured cells. Codon optimization of the polynucleotide sequences allows
for robust expression in CHO cells. The ease of expression in this commonly used
system will allow for straightforward integration with existing clinical manufacturing
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infrastructures. We have produced a stable CHO cell bank genetically engineered to
express high titers of our construct.
We have purified bispecific antibodies from cell culture supernatant using either
genetically encoded affinity tags (e.g. poly-histidine) or a novel tag-free purification
system that we have developed. Our tag-free purification system is based on affinity to
the polypeptide spanning the EGFRvIII binding epitope (PEPvIII). We have covalently
conjugated the PEPvIII peptide (via the terminal cysteine residue and haloacetyl
chemistry) to highly cross-linked 4% agarose beads commonly used for column affinity
chromatography, allowing for affinity-based purification without extraneous
purification tags. Subsequent size exclusion chromatography has allowed us to obtain
highly pure, homogenous, monomeric protein.
The bi-scFv construct has proven superior to other bispecific antibody constructs,
such as chemically linked Fab’ fragments, which has led to the recent FDA approval of a
CD3-CD19-targeted bi-scFv (blinatumomab). The advantages of using a bi-scFv
construct may include, but are not limited to: 1) a smaller final protein size, allowing for
better tumor penetrance; 2) eliminating the need for complex chemical cross-linking
allowing for better drug homogeneity and straightforward manufacturing and
regulatory considerations; and 3) the ability to bring target cells closer together which
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has been shown to result in more effective downstream receptor signaling as
exemplified by CD3-CD19 bi-scFvs.227
The hEGFRvIII-CD64 bi-scFv may be used to redirect the highly prevalent CD64positive tumor-infiltrating immune effector cells against EGFRvIII-positive glioma,
providing a viable adjunct to current standard-of-care therapy for malignant glioma and
other types of cancer. The hEGFRvIII-CD64 bi-scFv could be administered to patients
alone or in conjunction with G-CSF, INF-ɣ, or other molecules that may stimulate
macrophages, neutrophils, or other immune effector cells to differentiate to effective
immune cell phenotypes. Additionally, our hEGFRvIII-CD64 bi-scFv may be used ex
vivo to load antigen-presenting cells (APCs) with tumor antigens and stimulate APCs to
enhance antigen presentation. These tumor-loaded APCs may then be used in
downstream applications to mount an effective anti-cancer immune response. This
approach may yield highly efficacious personalized cancer vaccines.
Each of these approaches may lead to hEGFRvIII-CD64 bi-scFv inducing effective
epitope spreading responses. Future studies will continue to assess the clinical utility of
this approach and if successful, may provide a valuable adjunct to combat tumor
heterogeneity.
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6. Mechanism and efficacy studies in a human CD3
transgenic murine model reveal a novel mechanism of
drug delivery to the central nervous system
6.1 Glioma models
We have developed two novel murine glioma cell lines that expresses the murine
homologue of epidermal growth factor receptor variant III (EGFRvIII). The murine
homolog of EGFRvIII is antigenically indistinct with human EGFRvIII, and therefore
ideal for testing therapeutics targeted toward human EGFRvIII. Beginning with the
previously described KR158B-luc glioma line267 a spontaneous glioma formed in
C57/BL6 Trp53/Nf1 double mutant mice, and a previously described CT-2A glioma line
induced by implanting 20-methylcholanthrene pellets into C57.BL6 mice,268 we
transduced cells to induce expression of EGFRvIII. Positive cells were selected based on
surface expression of EGFRvIII via fluorescence activated cell sorting (FACS) and single
cell cloned. Several positive single cell clones were obtained (Figure 16). Highest
expressing clones were expanded further, single cell cloned a second time and
rescreened. Clone 11 for the KR158B-luc cell line and clone 1 for the CT-2A cell line were
selected for continued use in studies. Final cell banks were subject to Infectious Microbe
PCR Amplification Testing (IMPACT, IDEXX) for pathogens known to infect murine
cells (all results were negative) and cell line authentication testing. The cell lines are
readily available to share with other researchers.
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More specifically, parental KR168B-luc and CT-2A glioma cells were transduced
with a second generation lentivirus with no antibiotic resistance. The virus was
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 EGFRvIII
expressing cell line clone (K-luc-EGFRvIII and CT-2A-EGFRvIII) were then selected
based on EGFRvIII surface expression levels and subject to in vivo tumorigenicity
experiments and Cell Line Authentication that verified the cell lines species and tissue
origin, lack of cross-contamination. We also compared molecular satellite markers with
those in the parental KR158B-luc and CT-2A cell lines and confirmed genetic similarity.
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Figure 16: Generation of C57/BL6 murine glioma cell lines positive for EGFRvIII.
Control untransduced parental cell lines (A: KR168B-luc; E: CT-2A) and lentiviral
transduced cell lines (B: KR168B-luc; F: CT-2A) were stained for EGFRvIII using chL8A4 and a fluorescent anti-human secondary antibody. EGFRvIII-positive cells were
plated as single cells in 96-well plates using florescent activated cell sorting (FACS).
Clones were allowed to grow and those that formed single colonies were later
screened for EGFRvIII expression (C,D: KR168B-luc; G,H: CT-2A).
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Fluorescence activated cell sorting was used to confirm hEGFRvIII-CD3 bi-scFv
binding to final selected K-luc-EGFRvIII and CT-2A-EGFRvIII murine glioma cell lines
as well as lack of binding to parental cell lines. Representative flow cytometry diagrams
are presented in Figure 17.

Figure 17: hEGFRvIII-CD3 bi-scFv binds to CT-2A-EGFRvIII but does not bind to
parental EGFRvIII-negative glioma. CT-2A and CT-2A-EGFRvIII cell lines were
grown using standard cell culture techniques, harvested at mid-log phase using
enzyme free dissociation buffer, washed and incubated with hEGFRvIII-CD3 bi-scFv
for 30 minutes. After an additional wash step, a biotinylated Protein L/streptavidinAlexa Fluor 647 tetramer was used to detect hEGFRvIII-CD3 bi-scFv on the surface of
tumor cells. No increase over background was detected in parental CT-2A samples (A)
while a significant shift in mean fluorescence intensity (MFI) was detected in CT-2AEGFRvIII samples (B).
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6.2 Human CD3 transgenic mice
An innovative concept in this dissertation is the use of a human CD3 transgenic
mouse for preclinical evaluation of a T cell modulating therapeutic. This model provides
an endogenous, fully intact immune system that is pharmacologically responsive to the
anti-human bispecific antibody construct to be used in the clinic, drastically increasing
the validity and clinical translatability of preclinical studies. Use of these CD3 transgenic
will prove especially useful since antibodies specific to human CD3 do not bind or react
with CD3 in any non-human species.269
Our human CD3 transgenic mouse contains a physiologically distributed, fullyfunctional human CD3 receptor.270 When heterozygous in a C57BL/6 background, human
CD3 transgenic mice are immunocompetent and possess near normal numbers of fully
functional peripheral T cells that respond to stimulation through both human and
murine CD3.269,271. This model allows for the analysis of a number of parameters
associated with hEGFRvIII-CD3 bi-scFv and other human CD3 engaging immune
modulating therapeutics that are otherwise impossible to evaluate in a xenograft system.
These include 1) proper evaluation of host autoimmunity and toxicity, 2) assessment of
the efficacy and impact of an immunosuppressive tumor microenvironment and 3) full
evaluation of potentially beneficial endogenous host immunity.
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Human CD3 transgenic T cells express both human and murine CD3 (Figure 18).
Through the course of experiments we have found that often among age and strain
match cohorts, human CD3 transgenic mice have a reduction in peripheral lymphocytes
compared to that in wild-type C57/BL6 mice (Figure 18E shows a representative figure).
We wondered if the reduction in peripheral lymphocytes in this transgenic model might
provide an opportune model to test an immunotherapeutic for MG in, given the often
lymphopenic patient population, and if: 1) hEGFRvIII-CD3 bi-scFv could redirect these
transgenic lymphocytes to specifically lyse target cells, and 2) in vivo we could mitigate
the lymphopenic environment through the adoptive transfer of lymphocytes harvested
from littermates.
Mice used for studies were originally rederived from embryos and backcrossed
on a C57/BL6 background at the Duke University Division of Laboratory and Animal
Resources (DLAR) breeding core. They are currently available from The Jackson
Laboratory (tgε600; strain: 020456). All human CD3 transgenic mice used for studies
described here were heterozygous, produced by crossing a homozygous tgε600 mice
with wild-type C57/BL5 mice.
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Figure 18: Analysis of human CD3 transgenic splenocytes and blood lymphocytes.
Human CD3 transgenic splenocytes (A and B) or wild-type splenocytes (C and D)
were stained with human CD3 and mouse CD3 (A and C) and mouse CD3 and
hEGFRvIII-CD3 bi-scFv (B and D). Note that the human CD3 transgenic splenocytes
are positive for both mouse and human CD3 while wild-type splenocytes express
only murine CD3. Presence of human CD3 is necessary for hEGFRvIII-CD3 bi-scFv
binding. Blood was drawn from cohorts of 10-week old human CD3 transgenic mice
and wild-type strain and age matched mice to determine total lymphocyte
concentration. Note the significant decrease in the number of lymphocytes present in
the human CD3 transgenic mice compared to wild-type mice.

6.3 hEGFRvIII-CD3 bi-scFv redirects human CD3 transgenic T
cells against syngeneic glioma in an antigen restricted fashion
We have characterized the immunological phenotype and response capable in
our human CD3 transgenic mice following multiple rounds of breeding and scaling-up
the colony as described above. We have demonstrated that hEGFRvIII-CD3 bi-scFv
(with affinity to the human CD3 receptor) binds to lymphocytes isolated from these mice
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(Figure 18) and that the interaction is abrogated by blocking the receptor with
commercially available anti-human CD3 antibody (data not shown). We have
demonstrated that lymphocytes isolated from the transgenic line are capable of
responding to stimulation through murine CD3 and human CD3 (data not shown) as
well as to stimulation through tumor bound hEGFRvIII-CD3 bi-scFv binding the T cell
receptor (Figure 19). Indeed, both CD4+ and CD8+ T cells upregulated CD69 and CD25
activation markers, secreted pro-inflammatory cytokines and proliferated in response to
hEGFRvIII-CD3 bi-scFv and target antigen. Again, these T cell effects were observed
only in the presence of target antigen, demonstrating the specificity of this approach.

Figure 19: Human CD3 transgenic T cells are activated, proliferate and secrete proinflammatory cytokines in response to hEGFRvIII-CD3 bi-scFv and tumor antigen.
Glioma cells (CT-2A or CT-2A-EGFRvIII) were paired with murine T cells (human
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CD3 transgenic or wild-type) and hEGFRvIII-CD3 bi-scFv in various combinations.
Both CD4+ and CD8+ human CD3 T cells upregulated CD69 and CD25 activation
markers, secreted pro-inflammatory cytokines and proliferated in response to
EGFRvIII-positive glioma and hEGFRvIII-CD3 bi-scFv. Importantly, these responses
were restricted to cases where antigen positive glioma is present, highlighting the
specificity of this approach.
We assessed for the ability of hEGFRvIII-CD3 bi-scFv to redirect human CD3
transgenic T cells to lyse murine glioma in an antigen specific fashion. Indeed, a potent
dose response was observed and significant cytotoxicity was observed when hEGFRvIIICD3 bi-scFv was paired with human CD3 transgenic T cells and antigen-positive murine
glioma (CT-2A-EGFRvIII) (Figure 20).

Figure 20: hEGFRvIII-CD3 bi-scFv redirects human CD3 transgenic murine
lymphocytes to induce specific cytotoxicity of EGFRvIII-positive murine glioma.
Chromium-51 release assay was used to assess for cytotoxicity. Note that both target
antigen and human CD3 transgenic (hCD3t) T cells need to be present to mediate
cytotoxicity. No cytotoxicity is observed in cases where wild-type (wt) T cells lacking
the human CD3 receptor or parental tumor lacking the target antigen is used.
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6.4 Tumor growth and survival studies in vivo
To examine tumor growth and efficacy in vivo, cohorts of human CD3 transgenic
mice were implanted with the highly aggressive and invasive murine glioma model, CT2A-EGFRvIII subcutaneously or orthotopically, respectively. Where indicated, mice
were treated with daily IV injections of either hEGFRvIII-CD3 bi-scFv or vehicle as a
control. Given the deficit in T cells found in human CD3 transgenic mice, we also in
some cases included groups that were given adoptive transfer of ex vivo expanded and
activated T cells.
In the subcutaneous setting, even well-established tumors were effectively
treated with IV administration of hEGFRvIII-CD3 bi-scFv alone (Figure 21). A significant
difference in the growth kinetics of the tumors was observed. The hEGFRvIII-CD3 biscFv treated group had a mean tumor volume that decreased over time post initiation of
hEGFRvIII-CD3 bi-scFv therapy, while the vehicle treated group had mean tumor
volumes that continued to increase until human endpoints were reached (Figure 21).
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Figure 21: IV administration of hEGFRvIII-CD3 bi-scFv effectively treats wellestablished subcutaneous tumors. Cohorts of human CD3 transgenic mice were
implanted subcutaneously with CT-2A-EGFRvIII. Tumors were allowed to establish
for a period of 10 days. Mice with measurable tumors were then randomized into two
groups using a random number generator. 50 µg of hEGFRvIII-CD3 bi-scFv or an
equivalent volume of vehicle was administered daily for 10 days. Tumor volume was
measured every two days. Note that in the hEGFRvIII-CD3 bi-scFv treated group, the
mean tumor volume decreases over time post initiation of treatment, while in the
vehicle treated group tumor volume continues to increase until human endpoints are
reached.
To test of efficacy, the highly aggressive and invasive murine glioma cell line,
CT-2A-EGFRvIII was implanted orthotopically and mice were treated with daily IV
injections of hEGFRvIII-CD3 bi-scFv (50 μg, approximately 1.6 mg/kg) or saline (Figure
21A). We found only a modest increase in survival associated with hEGFRvIII-CD3 biscFv treatment alone in the orthotopic model. Having effectively treated subcutaneous
tumors with hEGFRvIII-CD3 bi-scFv alone in this identical model, we wondered if the
differences observed might be due to differences in concentrations of hEGFRvIII-CD3 biscFv reaching the different tumor sites. We hypothesized that activated T cells may
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enhance efficacy in the orthotopic setting by virtue of trafficking to the tumor site and
carrying hEGFRvIII-CD3 bi-scFv molecules loaded on their surface.
To test this hypothesis, we generated activated T cells from splenocytes
harvested from human CD3 transgenic mice. Cells were cultured for 5 days in RPMI1640 media supplemented with 10% fetal bovine serum (FBS), 2 μg/mL concanavalin A,
and 50 IU/mL of IL-2. This culturing protocol was designed to non-specifically expand
and activate T cells and does not specifically expand EGFRvIII-specific T cells. Again we
tested for efficacy, including this time groups that received adoptive transfer of
activated T cells (Figure 21B and C). We found that pre-administration of activated T
cells significantly increased hEGFRvIII-CD3 bi-scFv efficacy, repeatedly producing longterm survivors (Figure 22B and 22C).
Next, we wondered if the increase in efficacy observed with the preadministration of activated T cells could be abrogated if those T cells were to be blocked
from entering the CNS parenchyma. Natalizumab, a clinically approved drug for the
treatment of multiple sclerosis, functions by binding to T cells and preventing their
association with receptors involved in the process of extravasation. Remarkably, in
cohorts of mice receiving adoptive transfer of activated T cells along with treatment with
the extravasation blocking molecule natalizumab, efficacy was abrogated to levels
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observed in cohorts that did not recive adoptive transfer of activated T cells (Figure
22D).

Figure 22: IV administration of activated T cells enhances hEGFRvIII-CD3 bi-scFv
efficacy against syngeneic, highly-invasive, orthotopic glioma, while, blocking T cell
extravasation abrogates the observed increase in efficacy with adoptive cell transfer.
The highly invasive murine glioma CT-2A-EGFRvIII was implanted orthotopically in
human CD3 transgenic mice (females, 8-10 weeks old). In figures A and B, where
indicated, on the day of tumor implantation, groups of mice (n=10) were given either
no adoptive cell transfer or adoptive transfer of activated T cells derived from human
CD3 transgenic mice. The activated cells are obtained following five days of
splenocytes cell culture stimulation with interleukin-2 and concanavalin A. Where
indicated (arrow) 1x107 cells given IV, and where indicated (bar), mice were given 50
μg (approximately 1.6 mg/kg) of hEGFRvIII-CD3 bi-scFv by IV injection. Note that a
significant increase in efficacy is observed with pre-administration of activated T
cells. In figure C (n=6), the same trend is observed; pre-administration of activated T
cells significantly increased efficacy, producing five long-term survivors. In figure D
(n=8), cohorts of mice received natalizumab or isotype control via intraperitoneal
injection every other day beginning on the day of adoptive cell transfer. Natalizumab
is a clinically approved drug for the treatment of multiple sclerosis that functions by
blocking T cell extravasation. Where indicated (arrow), cohorts of mice received
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activated T cells grown as described previously followed by daily injections with
hEGFRvIII-CD3 bi-scFv (bar). Note that natalizumab abrogates the increase in
efficacy observed with pre-administration of activated T cells.

6.5 Safety and specificity in vivo
To test for specificity and T cell activation in vivo, we have conducted
experiments to determine whether hEGFRvIII-CD3 bi-scFv activates circulating CD4+ or
CD8+ T cells in the context of orthotopic, syngeneic, EGFRvIII-positive glioma.
Importantly, we have found that intravenous (IV) administration of hEGFRvIII-CD3 biscFv alone does not result in detectable peripheral activation of either CD4+ or CD8+ T
cells, even in the presence of orthotropic EGFRvIII-expressing glioma (Figure 23). This
provides further evidence of the specificity and safety of the hEGFRvIII-CD3 bi-scFv
approach.

Figure 23: Intravenously administered hEGFRvIII-CD3 bi-scFv does not activate
peripheral T cells in the context of orthotopic, EGFRvIII-positive glioma. CT-2AEGFRvIII glioma was implanted orthotopically in groups of human CD3 transgenic
mice (8-10 weeks old). The tumor was allowed to establish for 13 days after which
mice were bleed (hour 0) and flow cytometry was used to assess for T cell activation
markers. Immediately after bleeding at the 0 hour time point, groups of mice were
given by intravenous injection either hEGFRvIII-CD3 bi-scFv (50 µg), vehicle (saline)
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or LPS (100 µg, positive control). 48 hours later mice were bleed again and flow
cytometry was used to asses for T cell activation markers.

6.6 Radiolabeled hEGFRvIII-CD3 bi-scFv for biodistribution
studies
To perform biodistribution experiments we first optimized the iodine (I)-124
radiolabeling reaction conditions for hEGFRvIII-CD3 bi-scFv. We found that our initial
radiolabeling attempts resulted in about a 1/3 decrease in affinity for EGFRvIII without
any decrease in affinity for CD3. By optimizing the length of the reaction time used for
radiolabeling the antibody, we were able to obtain reaction conditions capable of
producing an I-124 radiolabeled molecule with near equivalent binding capacity to that
of the un-radiolabeled molecule (Figure 24).

Figure 24: Surface plasmon resonance (SPR) to determine CD3 and EGFRvIII binding
capacity of radiolabeled hEGFRvIII-CD3 bi-scFv. The affinity of radiolabeled
antibody (compared to unlabeled antibody) for CD3 antigen (amine coupled to a CM5
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sensor chip, GE Health Sciences) was tested on a Biacore 3000 (GE Health Sciences).
Both 5 minute and 15 minute reaction times did not affect CD3 binding capacity (top).
The affinity of radiolabeled hEGFRvIII-CD3 bi-scFv (compared to unlabeled
hEGFRvIII-CD3 bi-scFv) for EGFRvIII antigen (amine coupled to a CM5 sensor chip,
GE Health Sciences) was also tested. The 5 minute reaction time significantly
improved EGFRvIII binding capacity, although, it was still somewhat diminished,
not reaching that of the unlabeled compound (bottom).
The method of radiolabeling used, while straightforward and relatively mild in
terms of reaction conditions needed and protein stability, labels tyrosine residues on the
antibody. Since there are tyrosine residues in the EGFRvIII-binding complement
determining regions (CDRs) of the hEGFRvIII-CD3 bi-scFv molecule, we predicted that
decreasing the reaction time will increase binding affinity. Indeed, decreasing the
reaction time from 15 to 5 minutes produced a very significant increase in I-124hEGFRvIII-CD3 bi-scFv binding affinity for EGFRvIII, although affinity was still
somewhat abrogated. Second, as detailed in experiments presented below, I-124hEGFRvIII-CD3 bi-scFv underwent significant dehalogenation in vivo in murine MG
models. In some experiments, thyroid uptake of free iodine reached 7% of the injected
dose per gram of tissue within 3 hours following IV administration and nearly 15% of
the injected dose per gram of tissue following 48 hours. Although the murine studies do
not predict the extent of dehalogenation that will occur in patients, in future studies we
may pursue a labeling approach using the N-succinimidyl 3-[I]iodobenzoate (SIB)
indirect radioiodination method. This method, although more complex and requiring
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additional equipment, is known to cut in vivo dehalogenation by about 100x, making it
more stable and the I-124 signal a more accurate representation of the distribution of the
hEGFRvIII-CD3 bi-scFv protein. This method also offers the advantage of labeling lysine
residues instead of tyrosine residues, of which there are fewer in the EGFRvIII-binding
CDR region of hEGFRvIII-CD3 bi-scFv.

6.7 T cell hitchhiking as a method of drug delivery to the central
nervous system
Through the experiments detailed below, we have found that activated T cells
significantly increase the biodistribution of hEGFRvIIII-CD3 bi-scFv to tumors in the
CNS (Figure 25). While circulating naïve T cells do not typically penetrate the CNS,
activated T cells are known to traffic frequently past the BBB and perform routine
immune surveillance in the CNS. Furthermore, it has previously been shown that
particles can bind to the surface of antigen-specific T cells, allowing them to accumulate
in tumors.272 In order to test whether this “hitchhiking” mechanism can be used to
enhance localization of a macromolecule like hEGFRvIII-CD3 bi-scFv to tumors in the
CNS we conducted experiments using I-124 radiolabeled hEGFRvIII-CD3 bi-scFv
produced as described above. We assessed for the effect of adoptive transfer of activated
T cells on intravenously (IV) administered hEGFRvIII-CD3 bi-scFv biodistribution to
tumors in the CNS and found the adoptive transfer of activated T cells significantly
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increases the biodistribution of the hEGFRvIII-CD3 bi-scFv to tumors in the CNS (Figure
25).

Figure 25: T cell hitchhiking as a mechanism of drug delivery to the CNS. Groups of
human CD3 transgenic mice (n=5) bearing EGFRvIII-positive CT-2A glioma (day
eight tumors) were injected intravenously (IV) with 1x107 activated human CD3
transgenic T cells or vehicle. Four days later (day 12 tumors), 50-100 µCi of I-124hEGFRvIII-CD3 bi-scFv was administered IV. PET/CT imaging was performed at 3, 24
and 48 hours post the IV antibody injection. After the last imaging time point,
animals were sacrificed and sections of the brain were subject to autoradiography.
Representative autoradiography (A) and 3 hour post dosing PET/CT (B) images show
tumor-specific uptake of radiolabeled antibody. A significant increase in Bq per mL
of intracerebral tumor was observed at each of the time points for the cohort preadministered activated human CD3 transgenic T cells compared to the cohort that did
not receive the activated T cells (D). In pilot experiments, cohorts of mice with well-
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established, EGFRvIII-positive, orthotopic glioma were administered 1x107 activated
T cells virally transduced to express firefly luciferase. Each day post tumor implant
and adoptive transfer of activated T cells (ALT), mice were administered luciferin and
whole body bioluminescent imaging allowed for radiance based quantification of T
cells migrating to the intracerebral tumor (C). T cell accumulation in the intracerebral
tumor peaked on average four days post ALT. This four day post ALT timeframe was
used to guide the biodistribution experiments shown in A, B, and D where
radiolabeled antibody was administered four days post IV administration of activated
T cells.
We first conducted pilot experiments where we tracked IV administered
adoptively transferred activated T cells. Using activated T cells virally transduced to
express firefly luciferase, we found that IV administered T cells migrated to tumors
located in the brain and accumulated, peaking in numbers on average within four days
(Figure 25C). Using these pilot data, we performed I-124-hEGFRvIII-CD3 bi-scFv
biodistribution experiments with and without four day prior adoptive transfer of human
CD3 transgenic activated T cells. Indeed, we found that adoptive transfer of activated T
cells four days prior to I-124-hEGFRvIII-CD3 bi-scFv administration significantly
increases I-124-hEGFRvIII-CD3 bi-scFv signal in the tumor compared to that in the
cohort without adoptive transfer of activated T cells (Figure 25D). A representative
PET/CT image showing intracerebral tumor accumulation of I-124-hEGFRvIII-CD3 biscFv three hours following IV administration is shown in figure 25B. Following the last
imaging time point, animals were sacrificed and sections of brain were subject to
autoradiography. Indeed, strong radioactive signal was observed in regions of the brain
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where the tumor was grossly visible (Figure 25A), further corroborating data obtained
with the PET/CT imaging. Overall, the elucidating the pharmacokinetics of the
hEGFRvIII-CD3 bi-scFv molecule post IV administration has greatly enhanced the
ability to appropriately design future clinical trials with the hEGFRvIII-CD3 bi-scFv
molecule, and discovery of the hitchhiking mechanism of drug delivery has broad
implications for the treatment of brain cancer and also other CNS disorders where issues
regarding CNS access are relevant.

6.8 Recombinant antibody crosses physiologically intact bloodbrain barrier to accumulate in the central nervous system
To assess the ability for T cells and bi-scFvs to penetrate an intact blood-brain
barrier (BBB), we implemented a cre-inducible transgenic murine model that selectively
expresses EGFRvIII in the central nervous system (CNS) and/or other tissues such as the
liver. The advantage of this model is ideal given that it permits anatomically-limited
expression of an antigen while excluding any potential tumor mediated BBB disruption.
This model has allowed for EGFRvIII-targeting antibody biodistribution studies in the
context of target antigen behind a fully intact BBB.
Mice heterozygous for a floxed LSL-EGFRvIII genotype (NCI: 01X68) were
crossed to mice heterozygous for cam-kinase-2-alpha-cre to drive CNS driven
expression (The Jackson Laboratory: 5359) or albumin-cre to drive liver driven
expression (The Jackson Laboratory: 3574). We have developed quantitative PCR assays
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that allow for detection of zygosity at both the albumin-cre and cam-kinase-2-alpha-cre
loci as well as for the EGFRvIII transgene. Double heterozygoutes for the liver and CNS
strains were sib crossed and 2 homozygous murine strains have been obtained (CNS
neuron EGFRvIII-expressing and liver EGFRvIII-expressing). These strains, along with
the floxed LSL-EGFRvIII strain, were backcrossed on the C57BL/6 background for 10 or
more generations. C57/BL6 background mice with a floxed LSL-EGFRvIII genotype (no
cre driver) are useful for crossing with other cre-diver mice to readily generate other
C57/BL6 background tissue specific expression patterns. Cam-kinase-2-alpha-creEGFRvIII mice have neuron restricted EGFRvIII expression (Figure 26) and have been
used in studies described below. Alb-cre-EGFRvIII mice that have liver restricted
EGFRvIII expression are useful for studying the effects of immunologic targeting of
antigens such as EGFR that are non-tumor specific and are also expressed in the liver,
for example.
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Figure 26: IHC analysis demonstrating EGFRvIII expression in neurons in the cortex
of EGFRvIII-expressing transgenic mouse. EGFRvIII-specific to control ratio of
localization index (organ count normalized to count in blood) in the brain.
Experimental mice express low levels of EGFRvIII in hippocampal neurons
exclusively. Mice were injected with EGFRvIII-specific and nonspecific antibody,
sacrificed at various time points, and assessed for drug biodistribution.
EGFRvIII expression in the target tissues was demonstrated via
immunohistochemistry (IHC). An IHC protocol was developed and optimized in order
to detect EGFRvIII expression in murine tissue. This required production of chL8A4
antibody (anti-EGFRvIII with human IgG2 Fc segment). The hybridoma for this
antibody was cultured and chL8A4 supernatant was purified using protein A
chromatography. chL8A4 was used as a primary antibody and anti-human biotinylated
Fab fragment was used as a secondary antibody.
The cam-kinase-2-alpha-cre-EGFRvIII transgenic mouse is engineered to express
EGFRvIII at very low levels in specific neurons in the brain (hippocampus). The
expression of EGFRvIII in neurons in the brain is of particular relevance to other CNS
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disorders such as Parkinson’s disease, extending the applicability of these studies to a
broad set of CNS disorders where therapeutic targets consist of neurons in the brain.
Using this model in a representative paired radiolabeling experiment shown in
Figure 26, we have administered EGFRvIII-targeted recombinant antibody (scFv) and a
control non-specific antibody (scFv) and tracked biodistribution over a 24 hour period.
Impressively, despite the low level of EGFRvIII expression and the restriction of
EGFRvIII expression to neurons in the hippocampus, we have found that the EGFRvIIIspecific antibody accumulated in the brain to levels twice that of the non-specific control
antibody at 24-hours post systemic administration.
The results of this study support the hypothesis that systemically administered
antibody can accumulate over time in the proximity of its cognate antigen in the brain
even behind an entirely intact BBB. The level of accumulation in the brains of healthy
mice expressing low levels of EGFRvIII in hippocampal neurons following systemic
administration of drug significantly advances the rational for continued development of
the hEGFRvIII-CD3 bi-scFv as an intravenously administered therapeutic and offers a
compelling strategy for drug delivery to neurons in the brain.
Future studies will focus on methods by which the hitchhiking method of drug
delivery can be used to enhance drug delivery to the brain. This may include methods

150

by which T cells can be engineered to better traffic to desired sites or selectively release
cargo through inducible degradable CD3 receptors, for example.
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7. Toxicity Study of hEGFRvIII-CD3 bi-scFv via
intravenous injection in Male and Female CD57/BL6
Human CD3 Transgenic Mice
Male and female CD57/BL6 mice heterozygous for the human CD3 transgene
(20/sex) were allocated to one of four designated dose groups. The animals were
administered one dose level of hEGFRvIII-CD3 bi-scFv or the vehicle control
(formulation buffer). Vehicle and test chemical-treated groups were humanely
euthanized 48 hours or 14 days following dose administration. Sections of the left lobe
of the liver, heart, lung (insufflated), brain, spleen, thymus, inguinal lymph nodes,
mesenteric lymph nodes, both kidneys, and all gross lesions observed at necropsy were
collected for histopathological evaluation; urine was collected for urinalysis and blood
was collected for hematology and clinical chemistry.
There were no clinical observations noted during the study that would be
associated with toxicity. There were no statistical changes in final body weight, body
weight gain or food consumption of groups exposed to hEGFRvIII-CD3 bi-scFv
compared to the control groups for the -2 and 14-day time points. There were statistical
differences in some clinical chemistry and urinalysis endpoints, primarily in the females
at the 14-day time point (hematocrit, calcium, phosphorous, and total protein). No
pathological findings considered to be related to hEGFRvIII-CD3 bi-scFv administration

152

were observed. A number of gross and microscopic observations were noted, but all
were considered to be incidental background findings.

7.1 Background
This study sought to develop a tumor-specific therapeutic for glioblastoma
(GBM), an incurable brain tumor with limited treatment options. Bispecific T cell
engager (BiTE) therapy promises to overcome many critical barriers that have
traditionally limited translation of immunotherapy to the clinic. Importantly, unlike
other immune-based therapies that result in toxicity due to targeting of antigens
expressed in normal tissues, we have developed a novel BiTE (hEGFRvIII-CD3 bi-scFv)
that targets the entirely tumor specific antigen EGFRvIII. Moreover, this lead construct is
fully human which reduces the immunogenicity and further increases clinical safety.16,18
In addition, the preliminary data support that hEGFRvIII-CD3 bi-scFv has the ability to
localize to and treat tumors in the central nervous system after straightforward systemic
administration7575757575757575757575757575757575757575757575. Importantly, if efficacious, EGFRvIIIspecific BiTEs are also likely to advance beyond early translational studies because they
represent an “off-the-shelf” therapeutic that is easier to produce and lack the complexity
of ex vivo genetically modified T-cells that require laborious, patient specific
preparations. Finally, we have shown that EGFRvIII-specific BiTEs have a unique ability
to overcome immunosuppression within the tumor microenvironment by activating
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exhausted T cells and binding to and subverting regulatory T cells (TRegs) to act as
cytotoxic anti-tumor T cells.

7.2 Purpose
The purpose of this study was to determine the toxicity of hEGFRvIII-CD3 biscFv administered by intravenous injection to CD57/BL6 mice heterozygous for the
human CD3 transgene through histopathological evaluation of tissues, clinical
pathology, urinalysis, and food consumption.

7.3 Test article and vehicle
hEGFRvIII-CD3 bi-scFv was used as a test article for this toxicity study.
Information about the preparation, storage and use of the test article are provided
below:
Source: Duke University (Durham, NC)
Lot/Batch No.: 3D.3A.10.5.011
Description: The product is a recombinant bispecific antibody fragment known
to bind to human CD3 on T cells and a tumor specific mutation (EGFRvIII). When
engaged with both T cells and tumor cell targets, the recombinant antibody induces T
cell proliferation, secretion of pro-inflammatory cytokines, T cell activation, and tumor
cell lysis. The effect on T cells is negligible in the absence of tumor cell binding.
Purity: >95%
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Dose Formulation: hEGFRvIII-CD3 bi-scFv was prepared in formulation buffer
(1.0588 mM KH2PO4; 155 mM NaCl; 2.966 mM Na2HPO4-7H2O; and 0.01% polysorbate
80) at a concentration of 0.749 mg/mL. Dose formulations of hEGFRvIII-CD3 BiTE and
vehicle (formulation buffer alone) were at Duke University according to established
standard operating procedures (SOPs).
Storage: The test article and formulation buffer were stored between 2 and 6°C
and protected from light.
Dose Formulation: hEGFRvIII-CD3 bi-scFv in 1.0588 mM KH2PO4; 155 mM
NaCl; 2.966 mM Na2HPO4-7H2O; and 0.01% polysorbate 80.
Vehicle: Sterile filtered formulation buffer was used as a vehicle.
Archival samples: 1 mL samples of hEGFRvIII-CD3 bi-scFv dose formulations
and vehicle were stored between 2 and 6°C. Test and control articles will be maintained
for five years following finalization of the study report.
Dose formulations analysis: Analysis of the dose formulation was performed by
Duke University according to established SOPs and included in the study records.

7.4 Experimental design
Twenty male and twenty female CD57/BL6 mice heterozygous for the human
CD3 transgene were allocated to one of four designated dose groups. The animals were
administered one dose level of hEGFRvIII-CD3 bi-scFv or the vehicle control
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(formulation buffer). Forty-eight hours following dose administration, animals in groups
1 and 3 were humanely euthanized. Fourteen days after dose administration, animals in
groups 2 and 4 were humanely euthanized. Tissues were collected for histopathological
evaluation, urine was collected for urinalysis, and blood was collected for hematology
and clinical chemistry.

7.4.1 Test system
The test system used for this toxicity study was recommended by the FDA
during a pre-IND meeting. Details about the test system used are provided below:
Species: Mice, Mus musculus
Strain: C57/BL6 heterozygous for the human CD3 transgene
Source: Duke University (Durham, NC)
Number/Sex: 20 males and 20 females
Acclimation: At least five days
Age at administration: 6-7 weeks of age
Weight at administration: Males 19.1-24.2 grams; females 15.1-19.0 grams
Identification: Each animal was uniquely identified by ear tag prior to the start
of the study. Until the animals were ear tagged, they were identified by the temporary
numbers located on the animals’ enclosures.
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Justification: This was a specific mouse model recommended by the FDA for
the testing of this compound.

7.4.2 Animal husbandry
All procedures were in compliance with the Animal Welfare Act Regulations, 9
CFR 1-4, and animals were handled and treated according to the Guide for the Care and
Use of Laboratory Animals (ILAR, 2011). A summary of animal husbandry information is
provided below:
Housing: One per cage
Cage type: Polycarbonate with micro-isolator tops
Cage size: 17 cm wide by 28 cm long (476 cm2 area) and 13 cm high
Bedding: Absorbent heat-treated hardwood bedding (Northeastern Products
Corp., Warrensburg, NY)
Cage changes: Once per week
Diet: Certified Purina Pico Chow No. 5002 Meal (Ralston Purina Co., St. Louis,
MO) was provided ad libitum.


Analysis: The manufacturer's composition formula was included in the raw
data and reviewed prior to animal arrival.

Water: Reverse osmosis (RO) treated tap water (City of Durham, NC) ad libitum


Supplied: Polycarbonate water bottles with stainless steel sipper tubes
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Analysis: The results of the current annual comprehensive chemical analyses
of RO water from National Testing Laboratories, Inc. (Cleveland, OH) were
reviewed prior to initiation of the study and was included in the raw data.

Water bottle changes: Once per week
Temperature: 20.9-23.9°C
Humidity: 23.4-58.8%
Lighting: 12/12 hour light/dark cycle
Enrichment: Nestlets (Ancare, Bellmont, NY)


Analysis: The manufacturer’s analytical results of the nestlets was included in
the raw data and reviewed before study start.

7.4.3 Allocation
The animals were assigned to a dose group using a procedure that stratifies
animals across groups by body weight such that mean body weight of each group was
not statistically different from any other group using analysis of variance (ANOVA)
(Statistical Analysis System version 9.2, SAS Institute, Cary, NC).
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7.4.4 Group designation
Table 1: Group designation, animal identification and dose levels

Animal
Group
N
Identificatio
Number (M/F)
n
(M/F)

Dose^

Test
Article
Dose
Level

Day of
Termination

1

5/5

01-05

06-10

Vehicle Control

0 mg/kg

2

2

5/5

11-15*

16-20

Vehicle Control

0 mg/kg

14

3

5/5

21-25

26-30*

hEGFRvIII-CD3 bi-scFv

10 mg/kg

2

4

5/5

31-35

36-40

hEGFRvIII-CD3 bi-scFv

10 mg/kg

14

^Single Dose on Day 0
*At dosing, animal 41 replaced animal 11 and animal 42 replaced animal 29.
#The concentration of the dose formulation was determined to be 0.749 mg/mL. It was intended to
be 1.0 mg/mL.

7.4.5 Dose administration
Dose formulations were administered once on day 0 via intravenous injection at
a dose volume of 10.0 mL/kg. The dosing sequence was stratified across dose groups;
one animal per sex from each group and then repeated until all animals were dosed.
7.4.5.1 Justification of route of administration
Selection of the route of administration was in accordance with the FDA
recommendations for this compound.7.4.5.2 Justification of dose levels
The dose levels were selected based on previous work with this compound.
7.4.5.3 Disposal of dose formulations
Dose formulations were disposed of as non-hazardous material.
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7.4.6 In-life animal observations
A summary of in-life animal observations performed is provided below:
Clinical Observations: Observed on arrival, for allocation and daily beginning
on Day 0. Observations focused on ambulation, including the ability to ambulate to food
and water and also to move forward 2 steps when touched.
Experimental autoimmune encephalomyelitis (EAE) observations:
Observations were performed twice daily (once in the morning and once in the
afternoon) using the following modified scale: no signs (0), limp tail (1), hind-limb
weakness (2), paraplegia (3), and quadriplegia or moribund (4). Groups 3 and 4 were
evaluated for statistically significant EAE scores compared to the control groups (1 and
2) treated with formulation buffer.
Body weights: Collected on arrival, for allocation and daily beginning on Day 0.
Feed consumption: Feed consumption was measured weekly on the same days
as body weights were collected beginning at dose administration.
Urinalysis: Each animal was fasted overnight and an 18-hour urine sample (kept
cold during collection) was collected overnight prior to necropsy. Volume and
appearance was recorded at the time of collection. Urine was stored at or below 10°C.
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7.4.7 Termination
A summary of animal termination time points, parameters and subsequent tissue
collection is provided below:
Scheduled: Approximately 48 hours (± 30 minutes) after dose administration,
animals from groups 1 and 3 were euthanized by CO2 asphyxiation and death confirmed
by exsanguination. Approximately 14 days (± 30 minutes) after dose administration,
animals from groups 2 and 4 were euthanized by CO2 asphyxiation and death confirmed
by exsanguination.
Tissue collection: Blood was collected via cardiac puncture and discharged into
an EDTA tube (inverted and stored on wet ice) and serum separator tube. The serum
was allowed to clot at room temperature for at least a half hour; blood was centrifuged
at 1000 g for 15 minutes and serum poured off into labeled 1.2 mL cryogenic vials and
frozen at or below -70°C.
For each animal, a section of the left lobe of the liver, heart, lung (insufflated),
brain, spleen, thymus, inguinal lymph nodes, mesenteric lymph nodes, both kidneys,
and all gross lesions observed at necropsy were fixed in 10% NBF for 18-24 hours and
then transferred to 70% histology grade alcohol prior to paraffin embedding.

7.4.8 Clinical pathology and urinalysis
Whole blood, serum and urine were sent to:
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Principal Investigator: David Brown
Antech GLP
600 Airport Blvd
Suite 200
Morrisville, NC 27560
For hematological analysis a complete blood count, including platelet and
differential count was performed.
For clinical chemistry, serum samples were evaluated for the following
endpoints: total protein, albumin, alanine aminotransferase, aspartate aminotransferase,
alkaline phosphatase, gamma glutamyl transferase, total bilirubin, sorbitol
dehydrogenase, sodium, potassium, chloride, calcium, phosphorous, creatinine, and
blood urea nitrogen.
For urine, specific gravity, pH, glucose, protein, occult blood, ketones, bilirubin,
and urobilinogen were recorded/evaluated and the sediment examined by microscopy.

7.4.9 Histopathology
Samples from all tissues harvested were trimmed of any adherent tissue,
histologically processed, embedded, sectioned at a thickness of 5 µm, and stained with
hematoxylin and eosin (H&E).
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H&E-stained slides were evaluated by light microscopy. Lesions were graded as
to severity. Three sections of brain per animal were stained with Fe-ECR for myelin
sheath enumeration. The number of discrete demyelinating plaques was compared
between groups.

7.4.10 Statistical analysis
Individual animal data and group mean and standard deviations were calculated
and reported.
Final body weight and body weight gain measurements, food consumption,
clinical chemistry data, and pathology (number of discrete demyelinating plaques) were
analyzed using Statistical Analysis System version 9.2 (SAS Institute, Cary, NC).
Homogeneity of variance was analyzed using Levene’s test and outliers determined
using residual plots. Homogenous data were analyzed using a one way analysis of
variance (ANOVA) and test-article administered groups compared to the appropriate
control group using Dunnett’s test. Data that were not homogenous were transformed
and re-assessed. In the event data could not be transformed to be homogenous the data
were analyzed using the appropriate non-parametric Dunn’s test.

7.5 Results
7.5.1 In-life animal observations
A summary of the results from in-life animal observations is provided below:
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Mortality/moribundity: All animals survived to the scheduled termination.
Clinical observations: During the course of the study there were no abnormal
clinical observations noted that are associated with toxicity with the exception that
animal 04 was hunched on Day 2 (male, 0.0 mg/kg).
EAE observations: There were no abnormal EAE observations during the course
of the study that are associated with toxicity.
Body weights: Group mean initial and final body weights, and body weight gain
for animals euthanized 2 and 14 days post dose are presented in Table 2 (males) and
Table 3 (females). There were no statistical changes in final body weight or body weight
gain of groups administered hEGFRvIII-CD3 bi-scFv compared to the concurrent control
groups for the 2- and 14-day time points.
Table 2: Male dose group body weight change

Group
Number

hEGFRvIIICD3 bi-scFv
Dose Level

Day of
Termination

1
2
3
4

0 mg/kg
0 mg/kg
10 mg/kg
10 mg/kg

2
14
2
14

Initial
Group Mean
Body
Weight (g) ±
SD
21.5 ± 1.1
20.9 ± 2.1
21.3 ± 1.4
20.8 ± 1.3

Abbreviation: SD- standard deviation
Body weight gain determined from individual animal data
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Final Group
Mean Body
Weight (g) ±
SD

Mean Body
Weight Gain
(g) ± SD#

22.0 ± 0.7
22.6 ± 1.4
22.1 ± 1.0
22.1 ± 1.2

0.6 ± 1.3
1.7 ± 1.3
0.8 ± 0.6
1.4 ± 1.5

Table 3: Female dose group body weight change

Group
Number

hEGFRvIIICD3 bi-scFv
Dose Level

Day of
Termination

1
2
3
4

0 mg/kg
0 mg/kg
10 mg/kg
10 mg/kg

2
14
2
14

Initial
Group
Mean
Body
Weight (g)
± SD
17.1 ± 1.1
16.9 ± 1.1
17.0 ± 0.9
17.0 ± 0.6

Final Group
Mean Body
Weight (g) ±
SD

Mean Body
Weight Gain
(g) ± SD#

17.9 ± 1.1
18.7 ± 0.8
17.9 ± 0.9
18.5 ± 1.1

0.7 ± 0.8
1.8 ± 0.9
0.9 ± 0.6
1.6 ± 0.7

Abbreviation: SD- standard deviation
Body weight gain determined from individual animal data

Food consumption: Group mean food consumption (g/kg body weight/day) for
animals euthanized after 2 and 14 days on study are presented in Table 4 (males) and
Table 5 (females). There were no statistical differences in measured food consumption
between groups administered hEGFRvIII-CD3 bi-scFv compared to the concurrent
control groups for the 2 and 14-day time points.
Table 4: Male dose group mean food consumption

Group
Number

hEGFRvIIICD3 bi-scFv
Dose Level

Day of
Termination

Mean Food
Consumption (g/kg
body weight/day) ±
SD

1

0 mg/kg

2

233.9 ± 65.4

2

0 mg/kg

14

154.9 ± 19.1

3

10 mg/kg

2

224.5 ± 33.9

4

10 mg/kg

14

151.0 ± 11.0

Abbreviation: SD- standard deviation
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Table 5: Female dose group mean food consumption

Group
Number

hEGFRvIIICD3 bi-scFv
Dose Level

Day of
Termination

Mean Food
Consumption (g/kg
body weight/day) ±
SD

1

0 mg/kg

2

296.7 ± 28.0

2

0 mg/kg

14

184.7 ± 11.0

3

10 mg/kg

2

273.7 ± 54.7

4

10 mg/kg

14

170.0 ± 42.1

Abbreviation: SD- standard deviation

7.5.2 Clinical pathology
There were statistical differences in the levels of alkaline phosphatase (males,
p=0.0312) and chloride (females, non-parametric Dunn’s test) between groups
administered hEGFRvIII-CD3 bi-scFv compared to the concurrent control groups for the
Day 2 time point and in percent lymphocytes (males, p=0.0124), sorbital dehydrogenase
(males, non-parametric Dunn’s test), hematocrit (females, p=0.0362), calcium (females,
p=0.0053), phosphorous (females, non-parametric Dunn’s test), and total protein
(females, p=0.0220) for the Day 14 time point. There were several parameters that could
not be tested for the Day 2 time point due to an insufficient blood volume that was able
to be obtained from the mice.

7.5.3 Urinalysis
There were no statistical differences in urinalysis endpoints between groups
administered hEGFRvIII-CD3 bi-scFv compared to the concurrent control groups for the
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Day 2 time point. There was a statistical difference in protein level (p=0.0034) between
male mice administered hEGFRvIII-CD3 bi-scFv and the concurrent control group at the
Day 14 time point.

7.5.4 Pathology and necropsy observations
No gross or microscopic findings considered related to EGFRvIII-CD3 bi-scFv
administration were observed. Atypical hyperplasia of the thymus was present in most
animals, both control and treated, and was considered to be related to the altered
genotype of the animals. A number of gross and microscopic observations were noted,
but all were considered to be incidental background findings.

7.5.5 Summary of results
Male and female CD57/BL6 mice heterozygous for the human CD3 transgene
(20/sex) were allocated to one of four designated dose groups. The animals were
administered one dose level of hEGFRvIII-CD3 bi-scFv or the vehicle control
(formulation buffer). Vehicle and test chemical-treated groups were humanely
euthanized 48 hours or 14 days following dose administration. Sections of the left lobe of
the liver, heart, lung (insufflated), brain, spleen, thymus, inguinal lymph nodes,
mesenteric lymph nodes, both kidneys, and all gross lesions observed at necropsy were
collected for histopathological evaluation; urine was collected for urinalysis and blood
was collected for hematology and clinical chemistry.
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There were no clinical observations noted during the study that would be
associated with toxicity. There were no statistical changes in final body weight, body
weight gain or food consumption of groups exposed to hEGFRvIII-CD3 bi-scFv
compared to the control groups for the -2 and 14-day time points. There were statistical
differences in some clinical chemistry and urinalysis endpoints, primarily in the females
at the 14-day time point (hematocrit, calcium, phosphorous, and total protein). No
pathological findings considered to be related to EGFRvIII-CD3 bi-scFv administration
were observed. A number of gross and microscopic observations were noted, but all
were considered to be incidental background findings.
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8. Chemistry, manufacturing and control information for
a phase 0 study of hEGFRvIII-CD3 bi-scFv in patients
with recurrent EGFRvIII-positive glioblastoma
8.1 Introduction
Glioblastoma (GBM) remains uniformly lethal. It is also the most common of the
malignant primary brain tumors, which are the most frequent cause of cancer death in
children and young adults.[273 Moreover, current therapy is incapacitating244 as a result
of non-specific, dose-limiting toxicity. In contrast, immunotherapy promises an
exquisitely precise approach, and evidence now exists that adoptively transferred T cells
can eradicate large tumors in the brains of mice and humans.245-249,274 Although
promising, these approaches rely on ex vivo expanded and genetically manipulated T
cells – processes that are laborious, inconsistent and often require complex viral
transductions.240,251 Additionally, these T cells are almost always targeted to antigens
shared with normal tissues, which has led to lethal autoimmune toxicity.72,225,226
In contrast, we have developed a novel bispecific T cell engager (BiTE), a
combination of two single-chain variable (scFv) antibody fragments with different
specificities, that tethers CD3+ T cells to tumor cells that express the tumor-specific
epidermal growth factor receptor mutation, EGFRvIII. EGFRvIII, is a constitutively
activated tyrosine kinase that enhances cell growth and migration 49,50 and confers
radiation 51 and chemotherapeutic 52,53 resistance. EGFRvIII is also transferred to other
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cells in microvesicles 56 and exerts a paracrine oncogenic effect.56 Importantly, EGFRvIII
is completely absent from normal tissues but frequently expressed on the surface of
GBM 39 and many other common neoplasms making it an ideal immunotherapy target.33
BiTEs are monomeric polypeptides consisting of two scFvs translated in tandem
with a total molecular weight of approximately 50 kDa.Baeuerle, et al. 64 These
constructs possess one effector-binding arm specific for the epsilon subunit of T-cell CD3
while the opposing target-binding arm can be directed against “targets” that are
expressed on the surface of tumor cells.64 This divalent design allows BiTEs to create a
molecular “tether” resulting in highly-localized and specific activation with concomitant
tumor lysis.
We have developed a BiTE suitable for clinical translation by building a molecule
from fully-human scFvs (hEGFRvIII-CD3 bi-scFv), reducing the potential for
immunogenicity and increasing clinical safety.16,18 Through the use of fully-human
antibody segments, murine antibody associated complications, including cytokine
release syndrome 15,16 and human anti-mouse antibody (HAMA) formation leading to
rapid clearance from patient serum,17 unpredictable dose-response relationships 16,18 and
an acute, potentially severe influenza-like syndrome,16,18-20 are entirely averted.
In this small, early phase clinical study, we assess the pharmacokinetics of an
intravenously administered hEGFRvIII-CD3 bi-scFv in patients with recurrent GBM. We
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will assess for biodistribution and tumor penetrance of a low dose of the antibody
fragment among a cohort of EGFRvIII-positive patients with recurrent GBM. This is a
patient population with a median survival of six months, who are in urgent need of new
safe and effective therapies.
We manufacture fully-human EGFRvIII-specific BiTE (hEGFRvIII-CD3 bi-scFv)
using a cGMP manufactured stably-transfected, suspension adapted, CHO (Cricetulus
griseus) cell line. In the upstream manufacturing process, the cells are grown in a serumfree, chemically defined cell culture medium formulated with no components of animal
or human origin. Cell culture media is then clarified and hEGFRvIII-CD3 bi-scFv is
purified through a series of chromatography steps described below. The resulting
purified hEGFRvIII-CD3 bi-scFv protein is then concentrated, formulated and placed in
sterile septum vials for storage as per clinical protocol. To allow for assessment of
biodistribution, prior to patient infusion, hEGFRvIII-CD3 bi-scFv protein is radiolabeled
with iodine-124. The manufacturing process along with in process and release testing
are described below.
Additionally, a novel therapeutic concept is the hypothesis that biodistribution of
hEGFRvIII-CD3 bi-scFv following IV administration may be altered by virtue of targetspecific binding to CD3 on the surface of T cells. To assess, our clinical protocol includes
the administration of adoptively transferred, radiolabeled autologous T cells. The
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autologous T cell manufacturing process is described below and based largely on our
currently approved INDs (16787 and 16301). In process and release testing are described
in detail below.

8.2 Mitigation of potential human risk
We have developed a fully human anti-human EGFRvIII-specific BiTE
(hEGFRvIII-CD3 bi-scFv BiTE) suitable for clinical translation. Through the use of fully
human antibody segments, the risk of immunogenicity against the drug is drastically
reduced, increasing clinical safety. Complications associated with murine antibodies,
including cytokine release syndrome15,16 and human anti-mouse antibody (HAMA)
formation leading to rapid clearance from patients’ serum,17 unpredictable doseresponse relationships 16,18 and an acute potentially severe influenza-like syndrome,16,18-20
are entirely averted. The resulting therapeutic construct consists of variable segments
originating from fully human anti-human antibodies (anti-CD3 clone 28F11 and antiEGFRvIII clone 139) that have each previously been used safely in clinical trials.257,258,275
This low-dose, exploratory, pharmacokinetic study in a terminally ill patient population
will guide future studies of hEGFRvIII-CD3 bi-scFv, a tumor specific
immunotherapeutic that may safely redirect T cells to specifically lyse malignant glioma.
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8.3 Comparison of toxicology and clinical lots
The processes used in the manufacture of hEGFRvIII-CD3 bi-scFv drug product
for use in toxicology studies (pilot lot) and that used for clinical studies are the same
except for the differences outlined in this section. The pilot lot was produced from a 5 L
shaker flask cell culture, while the clinical material was produced at a 25 L cell culture
scale in a WAVE bioreactor. Additionally, the pilot lot was produced in non-GMP labs at
Duke University using research grade reagents for buffers, while the clinical material
was produced in a GMP facility. MCB cells described below were used to generate both
pilot lot and clinical material using cells of the same passage number. The pilot lot
material was clarified by centrifugation, harvesting the resulting supernatant, and
filtered using a 45 um PES membrane attached to a vacuum filter instead of the two-step
filtration process described below for the clinical lot. Anion exchange chromatography
was not done on the pilot lot. Furthermore, the pilot material was subject to a single
Protein L chromatography step (5 mL of packed resin for 5 L clarified cell culture), while
the clinical material was subject to purification using a larger Protein L chromatography
column (25 mL packed resin for 25 L clarified cell culture) and additional downstream
chromatography steps as described below. The formulation of the pilot lot used a
Vivaspin 20 sample concentrator, 30,000 MWC, PES to concentrate the material,
followed by dialysis (3 x 24hr) against PBS, pH 7.4 (1.05 mM potassium phosphate
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monobasic, 155.17 mM sodium chloride, 2.96 mM sodium phosphate dibasic) with 0.01%
Polysorbate 80. This concentrator and dialysis membrane contains heavy metals, etc. not
suitable for clinical use. The concentration and formulation of the clinical material was
done using tangential flow filtration and a hollow fiber column and formulated in PBS,
pH 7.2 (1.54 mM potassium phosphate monobasic, 155.17 mM sodium chloride, 2.71 mM
sodium phosphate dibasic) with 0.01% Polysorbate 80. The pilot lot material was filled in
sterile septum vials from Greer (catalog numbers SE2508020 and SE2508050). Material
for reference standards and supportive stability studies are produced identically to that
used for clinical studies.

8.4 Description of the recombinant antibody
hEGFRvIII-CD3 bi-scFv represents strictly tumor-specific BiTE (hEGFRvIII-CD3
bi-scFv) generated by joining a scFv specific for human CD3 epsilon (from fully human
antibody clone 28F11) with a scFv specific for the human EGFRvIII mutation (from fully
human antibody clone 139).
The protein consists of the following segments from N- to C-terminus: (1)
variable light chain of antibody clone 139, (2) 15 amino acid glycine4-serine linker
triplicate, (3) variable heavy chain of antibody clone 139, (4) 5 amino acid glycine4-serine
linker, (5) variable heavy chain of antibody clone 28F11, (6) 15 amino acid glycine4-serine
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linker triplicate, and (7) variable light chain of antibody clone 28F11 (Figure 27). The
construct does not contain a purification tag or any extraneous amino acids.

Figure 27: Organization of protein coding sections in the expression vector. Schematic
representing overall protein organization for EGFRvIII-specific BiTE in the
pcDNA3.1(+) expression vector. VL = variable segment light chain, VH = variable
segment heavy chain, 139 = fully human EGFRvIII-specific antibody clone, 28F11 =
fully human hCD3-specific antibody clone, [Gly4Ser] – short flexible linker,
[Gly4Ser]3 – long flexible linker, Kozak sequence – “GCCACC”, and signal peptide –
human serum albumin preproprotein.
The complete cDNA sequence encoding for the therapeutic is:
atgaagtgggtgacctttattagcctgctgttcctgttctcctccgcctattccgacatccagatgactcagagcccttctt
ccctgtcagcttccgtgggcgacagggtcaccatcacatgccgggcttcccagggaattagaaacaatctggcatggtaccagc
agaagccaggcaaagcccccaagcgcctgatctatgccgcttctaacctgcagagtggagtgccctcacgattcacaggcagc
ggatctgggacagagtttactctgattgtctccagcctgcagccagaagatttcgccacttactattgcctgcagcaccattcctac
cccctgacaagcggcggagggactaaagtggagatcaagggtggaggaggatctggtggaggaggaagtggtggagga
ggatcagaggtgcaggtcctggaaagcggtggaggactggtgcagccaggaggttccctgcgtctgagctgtgcagcctctg
gcttcaccttttctagttatgcaatgtcctgggtgcgccaggcacctggcaagggactggaatgggtcagcgcaatcagtggctc
aggcggaagtacaaactacgccgactcagtgaaaggaaggttcaccattagtcgcgataactcaaagaatactctgtatctgca
gatgaatagcctgcgggccgaggacaccgctgtgtactattgcgctggctcatccggatggtctgaatactggggacagggga
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ccctggtgacagtcagctctgggggtggcggatctcaggtgcagctggtcgagagtggaggtggagtggtccagccaggaa
ggtccctgcgactgagctgtgctgcatctggtttcaaattttctggttacggcatgcactgggtgagacaggctcccggaaaggg
gctggaatgggtggcagtcatctggtatgacggaagcaagaaatactatgtggattctgtcaaagggcgattcaccattagtcg
tgataactcaaagaatacactgtacctgcaaatgaatagcttacgggcagaggacactgccgtgtactattgcgctagacagat
gggctattggcattttgatctgtggggtcgcggcactctggtgaccgtcagttctggaggaggtggatccggaggaggtggaa
gcggagggggtggctctgagatcgtgctgacccagtctccagcaacactgtccctgagccctggagaacgcgccacactgtcc
tgtcgagcttctcagagtgtgtccagctacctggcctggtatcagcagaagcctggccaggctccacgactgctgatctacgacg
cttccaaccgtgcaactggcattcctgctaggttctcaggatccgggagcggtaccgactttactctgaccatctctagtctggagc
cagaagatttcgcagtgtactattgtcagcagaggagcaattggccccctctgacttttggagggggtaccaaagtcgagattaa
g
The corresponding amino acid sequence including the signal peptide is:
mkwvtfisllflfssaysdiqmtqspsslsasvgdrvtitcrasqgirnnlawyqqkpgkapkrliyaasnlqsg
vpsrftgsgsgteftlivsslqpedfatyyclqhhsypltsgggtkveikggggsggggsggggsevqvlesggglvqpgg
slrlscaasgftfssyamswvrqapgkglewvsaisgsggstnyadsvkgrftisrdnskntlylqmnslraedtavyyca
gssgwseywgqgtlvtvssggggsqvqlvesgggvvqpgrslrlscaasgfkfsgygmhwvrqapgkglewvaviw
ydgskkyyvdsvkgrftisrdnskntlylqmnslraedtavyycarqmgywhfdlwgrgtlvtvssggggsggggsg
gggseivltqspatlslspgeratlscrasqsvssylawyqqkpgqaprlliydasnratgiparfsgsgsgtdftltisslepe
dfavyycqqrsnwppltfgggtkveik
The mature amino acid sequence without the signal peptide is:
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diqmtqspsslsasvgdrvtitcrasqgirnnlawyqqkpgkapkrliyaasnlqsgvpsrftgsgsgteftlivs
slqpedfatyyclqhhsypltsgggtkveikggggsggggsggggsevqvlesggglvqpggslrlscaasgftfssyam
swvrqapgkglewvsaisgsggstnyadsvkgrftisrdnskntlylqmnslraedtavyycagssgwseywgqgtlv
tvssggggsqvqlvesgggvvqpgrslrlscaasgfkfsgygmhwvrqapgkglewvaviwydgskkyyvdsvkg
rftisrdnskntlylqmnslraedtavyycarqmgywhfdlwgrgtlvtvssggggsggggsggggseivltqspatlsls
pgeratlscrasqsvssylawyqqkpgqaprlliydasnratgiparfsgsgsgtdftltisslepedfavyycqqrsnwpp
ltfgggtkveik
Manufacture of hEGFRvIII-CD3 bi-scFv is conducted using stably-transfected,
suspension adapted, CHO cells (Cricetulus griseus) grown in serum-free, chemically
defined cell culture medium formulated with no components of animal or human origin.

8.5 hEGFRvIII-CD3 bi-scFv drug substance
The manufacture of hEGFRvIII-CD3 bi-scFv drug substance is carried out by in
vitro CHO cell culture production of hEGFRvIII-CD3 bi-scFv recombinant protein and
subsequent downstream purification. Unprocessed Bulk consisting of cultured MCB
cells and supernatant following up to 14-days of cell growth in a bioreactor is generated
and tested as described below. The clarified hEGFRvIII-CD3 unpurified bulk is
subjected to purification steps yielding the formulated drug substance as a solution up
to 5 mg/mL in 1.05 mM potassium phosphate monobasic, 155.17 mM sodium chloride,
2.96 mM sodium phosphate dibasic, pH 7.4, 0.01% Polysorbate 80.
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8.5.1 Construction of hEGFRvIII-CD3 bi-scFv expression plasmid
DNA encoding for the hEGFRvIII-CD3 bi-scFv construct was synthesized by
GenScript (Piscataway, NJ) (Project ID – 296284-2) and cloned into the multiple cloning
site of the pcDNA3.1(+) expression vector (Life Technologies, Lot – 1171969) using
HindIII and EcoRI restriction sites. The DNA sequence is codon optimized for efficient
protein expression in CHO cells. Plasmid DNA release tests and specifications following
this process are described below in Table 6.
Table 6: DNA synthesis release tests and specificatons
QC Items
Sequencing alignment

Specifications
Sequencing results are consistent with the targeted insert
sequence.

Results
Pass

Vector sequence

The flanking sequences of the cloning site are correct.

Pass

Reading frame

Frame is correct and consistent.

Pass

Restriction digests
PCR amplification

The size of inserted fragment is right and free of any
contaminated bands.
Amplification is correct and construct is free of any
contaminated bands.

Pass
Pass

DNA quality

OD260/280 = 1.7 to 2.0

Pass

Appearance

Clear and free of foreign particles.

Pass

Endotoxin free, transfection grade plasmid was subsequently prepared
(Genscript, Project ID – 296284S-3) using the DNA described above. The plasmid DNA
release tests and specifications following this process are described below in Table 7.
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Table 7: Plasmid DNA release tests and specifications

QC Items
Appearance

Specifications
Clear and tidy.

Results
Pass

Identity

Co-migrates with reference DNA and/or size confirmed
versus marker.

Pass

Restriction Digests

Matches expected.

Pass

OD260/OD280

1.8-2.0.

Pass

Residual RNA

Not visible on agarose gel.

Pass

Genomic DNA

Not visible on agarose gel.

Pass

DNA Homogeneity

No contamination. Predominantly supercoiled on
agarose gel.

Pass

Endotoxin

< 0.03 EU/µg

Pass

8.5.2 Stable cell line development
CHO-S cells (Life Technologies, Lot 1133570) were used in the manufacture of a
hEGFRvIII-CD3 bi-scFv expressing CHO cell line. The CHO cell line is adapted to high
density, serum-free suspension culture. The stable cell line development process
described below was carried out according to manufacturer’s instructions. The selection
of the stable cell line included two rounds of limiting dilution single cell cloning as
recommended by the Agency (PIND: 120068, November 13, 2013). All materials used in
the cell line development process were formulated with no components of animal or
human origin.
Table 8 provides a list of the process steps used to generate hEGFRvIII-CD3 biscFv expressing CHO-S stable pools.
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Table 8: hEGFRvIII-CD3 bi-scFv expressing CHO-S stable pool process steps
Step

Description

1

Thaw, scale up and seed cells at appropriate density for transfection in 125 mL shaker
flasks.
↓

2

Prepare plasmid DNA and digest to linearize.
↓

3

Transfect linearized vector in three separate shake flasks.
↓

4

48 hours post transfection, perform a complete media exchange and seed two static
T150 flasks per shake flask with selection media.
↓

5

Sample static flasks for viable cell count every 3-4 days. Seed shaker flasks when cell
viability is >30%.
↓

6

Sample shaker flasks every 3-4 days. Selection is complete when viability is >95% and
cell density exceeds 1x106 viable cells per mL.
↓

7

Cryopreserve 10 vials from each stable pool and proceed to stable pool productivity
assessment.
Table 9 provides a list of the process steps used to single cell clone cells from the

stable pools, screen and expand the highest expressing clone. Each step is numbered and
detailed information is provided in the subsequent sections. Steps 8-16 were repeated
once for two rounds of limiting dilution single cell cloning.
Table 9: Stable pools single cell cloning and screening process steps
Step

Description
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8

Thaw and passage (one single time) top producing stable pools.
↓

9

Serially dilute and seed 96-well plates at a dilution factor of 0.75 cells per well. For
greatest clone diversity 20 96-well plates were seeded for each of the top two producing
stable pools.
↓

10

Grow clones undisturbed until 10-100% confluent. Note wells containing single visible
colony of cells on day 12 post single cell cloning.
↓

11

On day 18 post single cell cloning, remove supernatant for screening and transfer cells
from single colony containing well to a 24 well plate containing 0.4 mL of growth
medium.
↓

12

Transfer 0.5 mL of each clone to a 6-well plate containing 2.0 mL of growth medium.
↓

13

Passage each clone in a 6-well plate.
↓

14

Seed each clone in a 6-well plate at 3x105 viable cells per mL in 3 mL of fresh growth
medium. Sample for protein production on day 5.
↓

15

Passage top producing clones at 3x105 viable cells per mL in 10-30 mL of growth
medium in a 125 mL shaker flask.
↓

16

Cryopreserve clones and seed 125 mL shaker flask with 3x105 viable cells per mL in 30
mL of fresh growth medium. Sample for protein production on day 5.
↓

17

Generate and test cGMP Master Cell Bank from top producing cryopreserved clone.
↓

A detailed description of each of the steps presented in the tables above follows:
Step 1: Expansion of CHO-S cells
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A vial of the Freesytle CHO-S cells (Life Technologies, Lot 1133570) were used to
prepare a cell suspension for seeding into flasks. Vials were thawed in a 37° C water
bath. Thawed cells were added to a 125 mL-Erlenmeyer shaker flask containing 30 mL of
pre-warmed complete growth media (Freestyle CHO media supplemented with 8mM L
glutamine). The flask was incubated at 37°, 8% CO2 in an orbital shaker. Viability of cells
were determined by trypan blue staining and counting with a hemocytometer. Once the
culture reached 1 x 106 – 2 x 106 viable cells/mL, the cells were passaged twice to allow
for recovery from cryopreservation and were then used to seed three 125 mL
Erlenmeyer shaker flasks. Each new flask containing pre-warmed complete media was
seeded at a density of 2 x 105 viable cells/mL. Cells were grown to a density of 1 x 106
cells/mL for transfection.
Step 2: DNA Linearization of hEGFRvIII-CD3 bi-scFv plasmid
In order to decrease the likelihood of the vector integrating into the genome in a
way that disrupts the gene of interest or other elements required for expression in
mammalian cells, the transfection grade plasmid was linearized at the ScaI restriction
site prior to transfecting CHO-S cells. A single ScaI restriction site is present in the
pcDNA3.1(+) expression vector. The ScaI restriction site is absent from the hEGFRvIIICD3 bi-scFv encoding region of the expression vector. The plasmid was digested with
the restriction enzyme ScaI for 1 hour at 37°C. The linearized plasmid DNA release tests
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and specifications following linearization are listed in Table 10. The linearized plasmid
DNA was passed through a 0.2 µm filter prior to transfection.
Table 10: Linearized plasmid DNA release tests and specifications
QC Items
Appearance

Specifications
Clear and tidy.

Results
Pass

Identity

Co-migrates with reference DNA and size confirmed
versus marker and undigested plasmid.

Pass

OD260/OD280

1.8-2.0.

Pass

DNA Homogeneity

No contamination. Predominantly linearized plasmid.

Pass

Step 3: Transfection of CHO-S cells
A total of 50 µg of linearized plasmid DNA per reaction was gently mixed with
1.5 mL of Opti-PRO SFM, and the Freestyle Max transfection reagent was gently mixed
with 1.45 mL of Opti-PRO SFM. The diluted Freestyle Max solution was then
immediately added to the diluted DNA solution by first immersing the tip and expelling
the solution slowly while swirling the tip. The DNA-Freestyle Max solution was gently
swirled and then incubated for 10 minutes at room temperature to allow DNA-lipid
complexes to form. The resulting DNA:Freestyle Max reagent complex was added dropwise into a flask of CHO-S cells. These steps were repeated for each of the three flasks of
CHO-S cells for transfection. The transfected cells were incubated at 37°C, 8% CO2 in an
orbital shaker.
Step 4: Exchange media on transfected cells
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Transfected cells were allowed to grow for 48 hours before a complete media
exchange where cells were centrifuged and resuspended in selection media (Freestyle
CHO media, 1:100 dilution of Anti-Clumping Agent and 1000 µg/mL geneticin). The
selection antibiotic concentration was determined based on pilot studies where the
minimum concentration to kill 100% of cells was established. Each flask of transfected
cells was used to seed two T150 flasks with 5 x 105 viable cells/mL in 40 mL of selection
media. The T150 flasks were incubated at 37°C, 70-80% relative humidity, and 8% CO2 in
a static incubator.
Step 5: Sample flasks for viable cell count
Every 3-4 days post selection, the static flasks were sampled for a viable cell
count. Once viability was >30%, the cells were transferred to shake flasks at a seeding
density of 3 x 105 viable cells/mL. The cells were incubated at 37°C, 70-80% humidity,
and 8% CO2 in an orbital incubator.
Step 6: Selection of stable transfected cells
The shaker flasks were sampled every 3-4 days to determine cell viability.
Selection was complete once the viability exceeded 85% and the viable cell density
exceeded 1 x 106 viable cells/mL.
Step 7: Cryopreservation and screening of stable pools
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For each pool of stably transfected cells, 10 vials of cells were cryopreserved.
Each vial contained 1 x 107 viable cells/mL in 1 mL of complete media with 10% DMSO.
Cells remaining after cryopreservation were used to seed a separate flask at 3 x 105 viable
cells/mL in complete growth media to assess productivity of each pool. Productivity was
determined using a flow cytometry based assay that detects binding to CD3 and
EGFRvIII.
Step 8: Thaw and passage top producing stable pools
Vials from the top two producing stable pools were thawed in selection medium
without geneticin. Cells were passaged one time and were grown until they reached
>90% viability.
Step 9: Plate cells for limiting dilution cloning
A 10 mL, uniform single-cell suspension was created by straining each pool
through a 40 µm nylon mesh cell strainer. The cell suspension was serially diluted in
cloning medium (Freestyle CHO media with 6 mM L-glutamine) to allow plating of 0.75
cells/well in 96-well plates with a total volume of 200 µL per well. For greatest clone
diversity 20 96-well plates were seeded for each of the top two producing stable pools.
Step 10: Grow monoclonal colonies
Plates were incubated undisturbed (without moving or opening the incubator)
for 12 days at 37°C and 5–8% CO2 in humidified air in a static (non-shaking) incubator.
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On day 12 of incubation, wells were examined for growth of monoclonal colonies and
wells containing a single visible colony were noted. Clones were grown until 10-100%
confluent.
Step 11: Screen clones for protein expression
On day 18 post single cell cloning, supernatant from all colonies was screened for
expression of hEGFRvII-CD3 bi-scFv. A flow cytometry method was used to screen for
protein expression. In brief, bi-scFv was detected biding to the surface of T cells using
fluorescently labeled streptavidin tetramer. To generate the tetramer, fluorescently
labeled streptavidin (Thermo Fisher) was incubated with biotinylated peptide spanning
the EGFRvIII mutant fusion junction (Genscript). After incubation, free, un-bound
peptide was removed using a centrifugal molecular weight cut-off device (GE
Healthcare). EGFRvIII peptide tetramer allowed for simultaneous detection of bi-scFv
cell surface binding (via CD3) and target tumor antigen binding. After identifying the
clones of interest, single cell colonies were transferred from the 96-well plate to 24-well
plates containing 0.4 mL of growth medium per well.
Step 12: Begin Clone Scale-up
After 2-5 days, 0.5 mL of each clone was transferred to a 6-well plate containing 2
mL of growth media.
Step 13: Passage clones
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Clones were passaged with a 1:5 dilution into a new 6-well plate to ensure that
the majority of clones were >90% viable before performing a secondary screen. These
plates were grown in a shaking incubator.
Step 14: Screen clones again for protein expression
Seed the cells in 6-well plates at 3 × 105 viable cells/mL in 3 mL of clone Growth
Medium supplemented with 3 g/L glucose and incubate for 5 days before sampling for
productivity.
Step 15: Passage top-producing clones
Top producing clones were seeded at 3x105 viable cells per mL in 10-30 mL of
growth medium in a 125 mL shaker flask. Roughly 40 of the top producing clones were
chosen for passaging. With each round of screening, those were progressively narrowed
down to the single highest producing clone.
Step 16: Cryopreserve clones
Once the clones have expanded, each clone was cryopreserved in 1mL of
complete media with 10% DMSO at a concentration of 1 x 107 viable cells/mL. Cells
remaining after cryopreservation were used to seed a separate flask at 3 x 105 viable
cells/mL in complete growth media to assess productivity on day 5. Steps 8-16 were
repeated for the second round of limiting dilution single cell cloning.
Step 17: Generate the Mater Cell Bank
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A cGMP Master Cell Bank was generated from the top producing cryopreserved
clone as described below.

8.5.3 Master cell bank generation
Master Cell Bank (MCB) generation, characterization, and storage was carried
out by BioReliance (Rockville, MD) utilizing current Good Manufacturing Practices
(cGMP) meaning Good Manufacturing Practice and General Biological Products
Standards as found in the US Code of Federal Regulations (21 CFR Parts 210, 211, 600
and 610) and the EEC Guide to Good Manufacturing Practices for Medicinal Products
(Vol. IV - Rules Governing Medicinal Production in the European Community 1989).
BioReliance Corporation’s standard operating procedures are defined in internal policy
documents and are based on BioReliance’s interpretation of the cGMP regulation for
bulk clinical grade biologicals. A hEGFRvIII-CD3 bi-scFv expressing MCB, or collection
of cells of uniform composition derived from a single cell, according to the “Points to
Consider in the Characterization of Cell Lines Used to Produce Biologicals (1993)”,
issued May 17, 1993, by the Director, Center for Biologics Evaluation and Research, US
Food and Drug Administration has been generated and characterized as detailed below.
The stable cell line produced as described above was used to generate a cGMP
MCB using BioReliance’s facilities. Prior to expansion of the cells, the stable cell lines
were tested for sterility and mycoplasma by BioReliance. No bacteria, fungi, or
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mycoplasma were detected in the starting material. The MCB was generated under
cGMP conditions as defined above. To generate the MCB, a thawed vial of cells was
added to 30 mL of warm growth media (CD FortiCHO Medium with 8 mM LGlutamine) and placed in the incubator on a 125RPM shaker platform. Cells were
subcultured every 2-3 days until there were sufficient cells to fill 300 vials with 1 x 107
cells in 1mL.
When the target number of cells was achieved, cells were harvested and
centrifuged. The cell pellets were combined and diluted to 1 x 107 cells/mL in freezing
medium (growth medium with 10% DMSO). Each cryovial was filled with a minimum
of 1.1 mL of formulated cell suspension. The filling process was completed in an
ISO5/Class 100 biological safety cabinet in an ISO 7/Class 10,000 room. The filled vials
were transferred to a controlled-rate freezer and frozen. Following the freeze, vials were
transferred and stored in a vapor phase liquid nitrogen freezer. The MCB cells are
banked in BioReliance’s cGMP compliant biorepository.
After cells were frozen and transferred to liquid nitrogen freezers, 3% of the vials
from the beginning, middle, and end were tested for viability and cell concentration. A
portion of the cells from each vial thawed were seeded in appropriate culture vessels
and expanded for characterization and mycoplasma tests. Sterility testing was
completed on 1% of the vials from the beginning, middle and end. All testing was based
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on the most recent FDA Points to Consider in the Characterization of Cell Lines Used to
Produce Biologicals (PTC) guidance, the US and European Pharmacopeia guidance, and
other US, EU, and worldwide guidance documents, as well as the experience of
BioReliance submitting results to those global regulatory bodies.

8.5.4 Master cell bank characterization
Table 11 includes the tests and specifications that were used for the certification
of the MCB. Copies of the final certified reports are available upon request. A short
summary of the testing is included below:
Table 11: Testing and specifications for the MCB

Test

Vendor

Test Number

Specification

Result

Report Results

Suitable to detect
bacteria and fungi
Pass

Sterility

BioReliance

510150GMP.BSV

Sterility

BioReliance

510120GMP.BSV

No Growth

Mycoplasma

BioReliance

102062GMP.BSV

Report Results

Suitable to detect
mycoplasma

BioReliance

Negative for the
presence of
Mycoplasma
Negative

Pass

Mycoplasma

Negative

Pass

Report Result

Intracytoplasmic
A-type particles
were found in
12% and C-type
retrovirus particles
were associated

Adventitious
Agent Testing
in vitro
Adventitious
Agent Testing
in vivo

TEM

BioReliance

BioReliance

BioReliance

102063GMP.BSV
003800.BSV

Pass

005002GMP.BSV

013013GMP.BUK
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HAP

BioReliance

004005.BSV

Negative

with 0.5% of the
200 cell profiles
examined
Pass

MAP

BioReliance

004000.BSV

Negative

Pass

Negative

Pass

Negative

Pass

Negative

Pass

Negative for the
presence of
porcine viruses
Report Results

Pass

Detection of
Minute Virus
of Mice
(MVM)

BioReliance

Retroviral
Testing

BioReliance

Bovine
Contaminants

BioReliance

032901GMP.BSV

Porcine
Contaminants

BioReliance

033901HEVGMP.BSV

Barcode
Assay

BioReliance

105726.BSV

009001GMP.BUK

108601GMP.BSV

Cell line is
consistent with
Chinese Hamster
origin

Sterility
Two assays were conducted for sterility, assay 510150GMP.BSV for qualification
and assay 510120GMP.BSV.
Assay 510150GMP.BSV tests whether the test article itself could cause inhibitory
effects within the test system and will be performed once. 100 mL of Soybean-Casein
Digest Medium (TSB) and Fluid Thioglycollate Medium (FTM) bottles are inoculated
with the test and challenge organisms at <100 CFU per inoculum. TSB bottles are
incubated at 20-25°C and FTM bottles at 30-35°C under aerobic conditions for seven
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days, then examined for microbial growth. All positive controls must show visible
microbial growth typical for each organism tested in order for the test to be valid.
Assay 510120GMP.BSV is a 21 CFR/USP compliant sterility assay to detect
presence or absence of bacterial or fungal contaminants in the product. Containers of 100
mL Soybean-Casein Digest Medium (TSB) and 100 mL Fluid Thioglycollate Medium
(FTM) are inoculated with the cell vials and incubated at 20-25°C for TSB or 30-35°C for
FTM for 14 days. The product will pass if no growth is observed in any of the product
inoculated containers.
Mycoplasma
Similar to sterility, mycoplasma testing also consisted of a one-time qualification
assay to ensure the test article is not mycoplasmastatic and does not cause interference
(assay 102062GMP).
Assay 102062GMP exceeds the requirements of the Points to Consider and meets
the requirements for USP and is conducted according to GMP. Agar plates are
inoculated with 0.2mL of the test article and ≤ 100 CFU of a challenge organism. All
plates are then incubated at 36°C under microaerophilic conditions for 14 days. Semisolid broth bottles are inoculated with 10 mL of test article and ≤ 100 CFU of a challenge
organism. The bottles are tightly closed and incubated aerobically at 36°C for 21 days.
The inoculated broth bottles are subcultured four times by inoculating 0.2 ml from each
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bottle onto a minimum of three plates of one agar media type (on days 3, 7, 14, and 21
post inoculation). The agar plates are incubated at 36°C under microaerophilic
conditions. The plates are examined for the presence of mycoplasma colonies after no
more than 14 days post-inoculation for subcultures 1-3 and 7 days post-inoculation for
subculture 4.
102063 is a USP, EP, JP and PTC compliant test to detect the presence of
mycoplasma in the test article that is conducted according to GMP. The test article is
used to inoculate solid agar plates, semi-solid broth, and an indicator cell culture. All
broth bottles are incubated at 36°C in tightly closed containers in an aerobic
environment. All direct inoculation and subculture plates are incubated at 36°C under
microaerophilic conditions and are examined for the presence of mycoplasma colonies
no sooner than 14 days post-inoculation for subcultures 1-3 and 7 days post-inoculation
for subculture 4. For the indicator cell culture, a T-75 flask of indicator cells is inoculated
with the test article and incubated for 3-5 days at 36°C. Following incubation, the cells
are scraped and cell lysates are prepared. The cell lysates are then inoculated onto trays
containing the indicator cell line and incubated an additional 3-5 days at 36°C in a
humidified CO2 incubator. Following incubation, they are fixed and stained with a
DNA-binding fluorochrome (Hoechst stain) and are evaluated microscopically for the
presence of mycoplasma.
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Adventitious agent testing
Both in vitro and in vivo assays were performed on master cell banks.
The in vitro assay (assay 003800.BSV) tests for adventitious viral contaminants by
inoculating indicator cell lines (MRC-5, Vero and CHO) with the test article. These are
tested at day 14 and day 28 for hemadsorption and hemagglutination activity at 2-8°C
and 34-38°C using chicken, guinea pig, and rhesus monkey erythrocytes. The cultures
are examined microscopically for the appearance of viral cytopathic effects at least three
times weekly. This assay is performed in compliance with GMP regulations.
The GMP compliant in vivo assay, 005002GMP.BSV, entails injecting adult and
suckling mice, guinea pigs and embryonated hens’ eggs with the test article. Adult mice
and guinea pigs are observed every working day of the 28-day test period for clinical
signs. The suckling mouse portion of the assay includes a subpassage of homogenized
tissue after 14 days into a new group of suckling mice followed by an additional 14-day
observation period. All animals are observed for signs of illness and any that become
sick or show any abnormalities are examined in an attempt to establish the cause of
illness or death. Embryonated hens' eggs are injected by the allantoic route followed by
a subpassage of allantoic fluid via the same route. Allantoic fluid is tested for
hemagglutination. A second group of embryonated hens' eggs are injected into the yolk
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sac followed by a subpassage of the yolk sac material into a new set of eggs, via the yolk
sac route. All embryos are examined for viability.
Transmission Electron Microscopy (TEM)
Quantitative TEM of the cells, assay 013013GMP, was performed to detect
viruses, virus-like particles, fungi, yeasts, bacteria, and mycoplasms. This serves both as
another confirmation of identity as well as a rough tool for adventitious agent detection.
Cell pellets are processed and embedded for electron microscopy. Ultrathin sections are
cut with an ultramicrotome and mounted on an electon microscope grid. The sections
are then stained with uranyl acetate and lead citrate solutions. At least 200 median cell
profiles are examined for the presence of viruses, virus-like particles, and other
extraneous agents. This test is performed in accordance with the principles of GMP.
Hamster antibody production (HAP) and mouse antibody production (MAP) testing
The HAP and MAP assays (004005 and 004000, respectively) were performed for
the MCB following the Points to Consider guidance.
The Hamster Antibody Production (HAP) test, assay 004005, is used to detect the
presence of adventitious hamster viruses in the master cell bank. Adventitious virus-free
hamsters will be injected with the test article. After 28 days, the hamsters are bled and
their serum is assayed by ELISA or indirect fluorescent antibody assays for the presence
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of antibodies to hamster viruses. The assays test for reovirus type 3, pneumonia virus,
sendai virus, SV5, and lymphocytic choriomeningitus.
Similar to the HAP assay, the Mouse Antibody Production (MAP) test, assay
004000, is used to detect the presence of adventitious murine viruses in the master cell
bank. Adventitious virus free mice are injected with the test article. Three days after the
injection, the plasma or serum of three mice are examined for the level of lactic
dehydrogenase activity. These same mice are challenged with a known lethal strain of
LCM virus 14 days after the initial injection and they are observed for morbidity and
mortality. The remaining mice are bled twenty-eight days post injection and their serum
is assayed by ELISA, Hemagglutination Inhibition, or Indirect Fluorescent Antibody
assays for the presence of antibodies to murine viruses. Specific viruses that can be
identified include ectromelia, GDVII, lactate dehydrogenase virus, hantaan virus, mouse
minute virus, lymphocytic choriomeningitis, mouse parvovirus, mouse adenovirus,
mouse hepatitus virus, pneumnia virus of mice, polyoma, sendai, epizootic diarrhea of
infant mice, mouse salivary gland virus, mouse cytomegalovirus, reovirus type 3, mouse
thymic virus.
Mouse Minute Virus (MMV) testing
Assay 105726.BSV is a GMP real-time PCR assay to detect Murine Minute Virus
(MMV) that is a known problematic adventitious agent in CHO cells. DNA is extracted
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from cell pellets or lysates for further PCR testing. Primers and a probe specific for
sequences in MMV are used in the PCR assay to test for the presence of MMV.
Retroviral testing
The Mink S+L- assay (009001GMP) is designed to detect replicating retrovirus.
Assay 009001GMP.BSV is used to determine if infectious murine retroviruses capable of
amplification in Mv1Lu mink lung cells are present in the product sample. A Mink S+Lfocus assay and amplification assay are conducted. The focus assay utilizes direct
inoculation of MiCl1 (S+L-) cells with the test product which is then monitored for
presence of foci. The amplification assay uses inoculation of Mv1Lu to amplify any
potential retroviruses followed by the focus assay. GMP
Bovine and porcine contaminants
The 9 CFR compliant assays (032901GMP.BSV and 033901HEVGMP) are in vitro
assays targeting bovine and porcine adventitious agents specifically. Since most
contamination events have been shown to have a root cause from animal-sourced raw
materials, these agents were tested for in our cell line.
In assay 032901GMP.BSV, BT and Vero indicator cells are inoculated with the test
article. The cultures are maintained for at least 21 days and subcultured at least twice
during this period when cells are greater than 70% confluent. The cultures are examined
microscopically immediately following test article adsorption period for evidence of
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cytopathic effects, cytotoxicity, or cell detachment. After a minimum of 21 days post
inoculation, the cultures are assayed for cytological staining, hemadsorption, and fixed
for immunofluorescence assay. The fixed BT cells are screened for the presence of BAV5,
BTV, BRSV, BPV, BVDV, PI3, IBR, REO3, and Rabies using virus-specific FITCconjugated antibodies. The fixed Vero cells are screened for the presence of rabies and
REO3 using virus-specific FITC-conjugated antibodies. The cultures are tested for
hemadsorbing viruses at 2-8°C and at 20-25°C using chicken and guinea pig
erythrocytes. For the examination of cytopathic effects, cultures are fixed with methanol
solution and stained with cytological stain.
Assay 033901HEVGMP.BSV will determine if porcine viruses are present in the
test article by inoculating PT-1 and HCT-8 indicator cells. The cultures are maintained
for at least 21 days and subcultured at least twice during this period when cells are
greater than 70% confluent. The cultures are examined microscopically immediately
following test article adsorption for evidence of cytotoxicity or cell detachment. After a
minimum of 21 days post inoculation, the cultures are assayed for cytological staining,
hemadsorption, and fixed for immunofluorescence assay. The fixed PT-1 cells are
screened for the presence of PPV, TGE, PAV, BVDV, Rabies, and REO3 by IFA using
virus-specific FITC-conjugated antibodies. The fixed HCT-8 are screened for the
presence of Rabies, REO3, and HEV. Cultures are tested for hemadsorbing viruses at 2-
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8°C and at 20-25°C using chicken and guinea pig erythrocytes. For the examination of
cytopathic effects, cultures are fixed with methanol solution and stained with cytological
stain. This study is conducted according to GMP regulations.
Barcode Assay
A CO1 barcode assay, 108601GMP.BSV, wad used to determine the cell line
identity by Sanger sequencing using cytochrome oxidase 1 (CO1) universal primers. The
sequencing information obtained was matched to an established profile for confirmation
of CHO cell. This sequencing method determines the nucleotide sequences of the CO1
gene which is a mitochondrial gene. The method consists of extraction of total DNA
from the test sample, followed by amplification of the DNA by PCR using a universal
CO1 primer set. The amplified product is used as the template for sequencing the target
region. This study is conducted according to GMP regulations.

8.5.5 Manufacturer
Molecular Products and Cellular Therapies (MPACT)
MSRB1, Room 243
203 Research Drive
Durham, NC 27710
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8.5.6 Control of raw materials
Table 12: Raw materials used in the generation of the CHO-S stable cell line
Item
Description/Name

Manufacturer

Cat. Number

Lot Number

Acceptance
Criteria

514448

1133570

COA

Life
Technologies
Life
Technologies

CHO-S Cells
Freestyle CHO
Media

12651

1267434;
1676946
1293468;
1627656;
1677185

COA

L-glutamine

Life
Technologies

25030

Opti-PRO SFM

Life
Technologies

12309

1559087

COA

Freestyle Max
Transfection
Reagent

Life
Technologies

16447500

1612495

COA

10131

1665019

COA

01-0057AE

1657207

COA

COA

Anti-clumping
agent

Life
Technologies
Life
Technologies

DMSO

Sigma Aldrich

D2650

RNBC7678;
RNBD2520;
RNBC3642

COA

UltraPure Distilled
Water
hEGFRvIII-CD3
bi-scFv expression
plasmid
ScaI Restriction
Enzyme

Life
Technologies

10977

1627694

COA

GenScript

296284-2

N/A

COA

Life
Technologies

15436017

K1601GA

COA

Geneticin

Table 13: Raw materials used in manufacturing the drug substance
Manufacturer

Cat. Number

Acceptance
Criteria

CD Forti-CHO Medium

Thermo Fisher

A1148301

COA

L-glutamine

Thermo Fisher

25030

COA

Item Description/Name
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Rocky Mountain
Biologicals
or
Corning

SUN-D50-5XM
or
25-037-CI

COA

Tris-HCl, USP, EP

Sigma

T5941

COA

Tris-Base, USP, EP

Sigma

T6066

COA

NaCl, USP, EP

Sigma

RES0926S-A7

COA

Glycine, USP, EP, JP

Sigma

G5417

COA

Fisher Scientific

A481-212

COA

Thermo Fisher

10977023

COA

Glucose

Hydrochloric Acid (NF/FCC)
UltraPure Distilled Water

Table 14: Chromatography resin used in the purification of hEGFRvIII-CD3
drug substance
Manufacturer

Cat. Number

Acceptance
Criteria

Capto-L BioProcess Medium

GE Healthcare

17-5478-01

COA

Capto Q BioProcess Medium

GE Healthcare

17-5316-03

COA

Item Description/Name

8.5.7 Description of the manufacturing process
The production of hEGFRvIII-CD3 bi-scFv drug substance will begin with the
cGMP produced, certified MCB described above. The unprocessed bulk consists of cells
and cell culture media following a simple up to 14 day batch-feed protocol in a
bioreactor. This material will undergo analytical testing and will be subsequently
purified and formulated to generate the hEGFRvIII-CD3 bi-scFv drug substance. The
unprocessed bulk will be clarified and subject to a two-step column chromatography
method. The purification process will include a protein L affinity chromatography step
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and a strong anion exchange chromatography step using Capto Q resin. Specific viral
clearance steps included low-pH elution (2.75) and anion exchange chromatography.
8.5.7.1 Production specifics - upstream processing steps
An overview of the upstream processing steps is presented below, with detailed
information for each step following.
Table 15: Upstream processing steps for the expression of hEGFRvII-CD3 biscFv and generation of unprocessed bulk.
Step

Description

1

Thaw and scale up cells from a single MCB vial in shaker flasks and until a volume of
4L and a density > 1,000,000 cells/mL is obtained.
↓

2

Seed cells at 300,000 cells/mL WAVE bioreactor (20L total volume, disposable bag).
↓

3

Grow cells for 14 days feeding with 4 g/L dextrose on days 3 and 5 and 6 g/L on day
7.
↓

4

Harvest unprocessed bulk following 14 days of growth and submit for analytic
testing.
↓

Step 1: Thaw and expand cells from the MCB
This and all subsequent manufacturing steps to produce hEGFRvIII-CD3 bi-scFv
drug substance are conducted in an ISO 7/Class 10,000 room. Cells are rapidly thawed in
a 37° C water bath. The outside of the cyrovial is wiped with a 70% isopropanol solution
and in an ISO5/Class 100 biological safety cabinet the thawed cells are added to 30 mL of
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warm growth media (CD FortiCHO Medium with 8mM L-Glutamine) in a 125 mL shake
flask. The shake flask is placed in an incubator at 37°C, 70-80% relative humidity, and
8% CO2 on a 125 RPM shaker platform. Three days later the cells are counted for density
and viability (trypan blue) and diluted to 300,000 viable cells per mL in a fresh 125 mL
shake flask. The shaker speed is increased to 150 RPM and cells are sub-cultured every
2-3 days (diluted to 75,000 to 200,000 cells/mL at each expansion step) until there were
sufficient cells to seed 20 L total of cell culture media in a disposable cell bag (GE CB0050L11‐31).
Step 2: Seed bioreactor
A disposable cell bag (GE, CB0050L11‐31) is installed in a ReadyToProcess
WAVE 25 system (GE - rocker, control units, pumps, and UNICORN software). The cell
culture bag is inflated with CO2 and compressed air and using a peristaltic pump and CFlex tubing (Sigma-Aldrich, T7288-25FT) the cell culture bag is filled with cell culture
media (CD-FortiCHO, ThermoFisher, CB0050L11‐31) and L-glutamine (ThermoFisher,
CB0050L11‐31), bringing the final concentration to 8 mM L-glutamine. The cell culture
media is then allowed to heat to 37° C after which using C-Flex tubing and a peristaltic
pump, cells and cell culture media that was grown in shaker flasks are transferred to the
WAVE disposable cell culture bag to a final concentration of 300,000 cells / mL and a
final volume of 20 L.
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Step 3: Grow cells using a glucose feed-batch protocol
The ready to process WAVE25 is set with the following parameters: 10% tilt, 19
rocking speed, 8% CO2, 0.3 L/min air flow, and 37° C. Using these parameters, the cells
are allowed to grow for 14 days using a simple glucose feed-batch scheme. On days 3
and 5 post seeding the bioreactor, 4 g/L of glucose (Rocky Mountain Biologicals, SUND50-5XM or Corning, 25-037-CI) is added to the cell culture via a sterile fused “feed
bag” initially filled with glucose in an ISO5/Class 100 biological safety cabinet. On day 7
post seeding the bioreactor, 6 g/L of glucose is added to the cell culture.
Step 4: Harvest unprocessed bulk for analytical testing
Following 14 days of growth using a simple glucose feed-batch protocol, a
sample of the cell culture is taken for analytical testing. The remaining cell culture is
used for downstream processing.
8.5.7.2 Production specifics - downstream processing steps
An overview of the downstream processing steps is presented below, with
detailed information for each step following.
Table 16: Downstream processing steps for the generation of hEGFRvIII-CD3
bi-scFv drug substance.
Step
5

Description
Add additional buffering capacity to unprocessed bulk to assist in downstream
purification steps.
↓
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6

Clarify the material.

7

Affinity chromatography using Protein L and low pH elution.
↓

8

Anion exchange chromatography.
↓

Step 5: Add additional buffering capacity to the unpurified bulk
A 500 mL stock solution will be prepared by dilution Tris-HCl and Tris-Base in
water. This solution will be sterile transferred to the unprocessed bulk adding an
additional 50 mM Tris buffering capacity to the hEGFRvIII-CD3 bi-scFv unprocessed
bulk. The additional buffering solution will be mixed with the unprocessed bulk using
the WAVE shaking platform.
Step 6: Clarify the material
The material will be clarified using a 2-step filtration process. Using a parastaltic
pump and C-Flex tubing, material prepared in step 5 above will be passed through an
Ertel Alsop In-line 10” micro-cap (M403PCAP103AC) filter connected in series with a
Meissner, Ultra Cap STyLUX, 0.2 micron in-line filter (CUSM0.2-1N222). The clarified
material will be collected in a Nalgene Polycarbonate Biotainer Carboy (USP class VI,
non-cytotoxic, USP <661>, non-pyrogenic, FDA 21 CFR 177.1520) (Thermo Fisher, 342342).
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Step 7: Capture the recombinant protein using Protein L affinity chromatography and
low pH elution
Using an AKTA Pure Chromatography system, a HiScale 16/20, 12-13 cm
chromatography column (GE, 28964441) packed with Capto-L Bioprocess
Chromatography resin (GE, 17-5478-01) will be equilibrated with a 50 mM tris, pH 7.2
equilibration/wash buffer for 10 column volumes. After column equilibration, the
material prepared as described under step 6 above will be passed through the
chromatography column. After loading the clarified cell culture material, the column
will be washed with 5 column volumes of equilibration/wash buffer. Material will then
be eluted from the column using a 0.5 M glycine, pH 2.75 elution buffer. The material
eluted from the column will be eluted into separate fractions and monitored for pH and
UV absorbance. Regenerated chromatography resin will be sanitized using a 0.5 N
sodium hydroxide solution (Puritan Products, 766865GMP) and stored in a 20% ethanol
solution.
Step 8: Anion exchange chromatography
Using an AKTA Pure Chromatography system, a chromatography column
packed with Capto Q BioProcess chromatography medium (GE, 17-5316-03) will be
equilibrated with a 20 mM Tris, pH 7.4 equilibration/wash buffer for 10 column
volumes. After column equilibration, the relevant fractions collected in step 7 (as
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determined by SDS-PAGE and UV-spectrum) will be loaded onto the column for a
negative selection step. The material will be loaded allowing for a 10 minute or greater
column exposure time. No more than 20 mL of material will be passed through the
column per 1 mL of resin. The material that flows through the column (negative
selection) will be collected, monitored for pH and UV absorbance, and used for
downstream processing and analysis. Material bound to the column will be washed
using 10 column volumes of wash buffer, eluted using a 20 mM Tris, 1 M NaCl, pH 7.2
elution buffer and discarded. Regenerated chromatography resin will be sanitized using
a 0.5 N sodium hydroxide solution (Puritan Products, 766865GMP) and stored in a 20%
ethanol solution.

8.5.8 Batch analysis
In-process test results for the hEGFRvIII-CD3 bi-scFv unprocessed bulk are
presented below.
Table 17: In-process testing of the unprocessed bulk
Test

Vendor

Test Number
510310GMP.BSV

Bioburden

BioReliance
510310QUA.BSV
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Specification
TAMC: ≤10
CFU/mL
TYMC: <10
CFU/mL
Report Results

Result
TAMC: <1
CFU/mL
TYMC: <1
CFU/mL
Suitable for
microbial
enumeration
testing

102062GMP.BSV
Mycoplasma

BioReliance
102063GMP.BSV

In vitro
Assay for
Adventitious
Viruses
Detection of
Minute
Virus of
Mice
(MMV)

Report Results

BioReliance

BioReliance

003800.BSV

105726.BSV

No Mycoplasma
detected
No Viral
Contaminants
Detected
Negative for the
presence of MMV
DNA

No
Mycoplasmastasis
observed
Pass
Pass

Pass

8.5.9 Analytical testing
The analytical methods used for in-process testing of the hEGFRvIII-CD3 bi-scFv
unprocessed bulk are described below.
Bioburden
The quantity of viable microorganisms in the unprocessed bulk drug substance
will be determined using assay 510310GMP.BSV, which will be qualified with assay
510310QUA.BSV. The total aerobic microbial count and total combined yeast and mold
count in the sample will be determined using a spread plate method in accordance with
USP <61>. The test article will be used to inoculate a minimum of two TSA and two SDA
plates. TSA plates are incubated at 30 to 35°C for 3 to 5 days, and SDA plates are
incubated at 20 to 25°C for 5 to 7 days. After the incubation period, the number of CFU
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on each plate will be counted. This study will be conducted according to U.S. FDA
current Good Manufacturing Practice regulations (21 CFR 210 and 211).
Mycoplasma
Similar to sterility, mycoplasma testing will also consist of a one-time
qualification assay to ensure the test article is not mycoplasmastatic and does not cause
interference (assay 102062GMP). Assay 102062GMP exceeds the requirements of the
Points to Consider and meets the requirements for USP and is conducted according to
GMP. Agar plates are inoculated with 0.2mL of the test article and ≤ 100 CFU of a
challenge organism. All plates are then incubated at 36°C under microaerophilic
conditions for 14 days. Semi-solid broth bottles are inoculated with 10 mL of test article
and ≤ 100 CFU of a challenge organism. The bottles are tightly closed and incubated
aerobically at 36°C for 21 days. The inoculated broth bottles are subcultured four times
by inoculating 0.2 ml from each bottle onto a minimum of three plates of one agar media
type (on days 3, 7, 14, and 21 post inoculation). The agar plates are incubated at 36°C
under microaerophilic conditions. The plates are examined for the presence of
mycoplasma colonies after no more than 14 days post-inoculation for subcultures 1-3
and 7 days post-inoculation for subculture 4.
Assay 102063 is a USP, EP, JP and PTC compliant test to detect the presence of
mycoplasma in the test article that is conducted according to GMP. The test article is
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used to inoculate solid agar plates, semi-solid broth, and an indicator cell culture. All
broth bottles are incubated at 36°C in tightly closed containers in an aerobic
environment. All direct inoculation and subculture plates are incubated at 36°C under
microaerophilic conditions and are examined for the presence of mycoplasma colonies
no sooner than 14 days post-inoculation for subcultures 1-3 and 7 days post-inoculation
for subculture 4. For the indicator cell culture, a T-75 flask of indicator cells is inoculated
with the test article and incubated for 3-5 days at 36°C. Following incubation, the cells
are scraped and cell lysates are prepared. The cell lysates are then inoculated onto trays
containing the indicator cell line and incubated an additional 3-5 days at 36°C in a
humidified CO2 incubator. Following incubation, they are fixed and stained with a
DNA-binding fluorochrome (Hoechst stain) and are evaluated microscopically for the
presence of mycoplasma.
In vitro assay for adventitious viruses
The in vitro assay (assay 003800.BSV) will test for adventitious viral contaminants
by inoculating indicator cell lines (MRC-5, Vero and CHO) with the test article. These
are tested at day 14 and day 28 for hemadsorption and hemagglutination activity at 28°C and 34-38°C using chicken, guinea pig, and rhesus monkey erythrocytes. The
cultures will be examined microscopically for the appearance of viral cytopathic effects
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at least three times weekly. This assay is performed in compliance with GMP
regulations.
Detection of Minute Virus of Mouse (MVM)
Assay 105726.BSV is a GMP real-time PCR assay to detect Murine Minute Virus
(MMV) that is a known problematic adventitious agent in CHO cells. Primers and a
probe specific for sequences in MMV will be used in the PCR assay to test for the
presence of MMV.

8.6 hEGFRvIII-CD3 bi-scFv drug product
8.6.1 Manufacturer
Molecular Products and Cellular Therapies (MPACT)
MSRB1, Room 243
203 Research Drive
Durham, NC 27710

8.6.2 Control of raw materials
Table 18: Raw materials used in the manufacture of the EGFRvIII-CD3 bi-scFv
drug product
Item Description/Name
Phosphate buffered saline, pH 7.4
(Excipient)
Polysorbate 80, NF, EP, JP
(Excipient)

Manufacturer

Cat. Number

Acceptance
Criteria

Thermo Fisher

10010072

COA

J.T. Baker

9005-65-6

COA
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8.6.3 Productions specifics
Table 19: Formulation of the drug product
Step

Description

1

Formulate drug product yielding a concentration of up to 5 mg/mL in 1.05 mM
potassium phosphate monobasic, 155.17 mM sodium chloride, 2.96 mM sodium
phosphate dibasic, pH 7.4, 0.01% Polysorbate 80.
↓

2

Fill and seal septum vials with formulated hEGFRvIII-CD3 bi-scFv drug product.
↓

Step 1: Formulate the hEGFRvIII-CD3 drug product
hEGFRvIII-CD3 bi-scFv drug substance will concentrated using a . Concentrated
material will be dialyzed against a 1.05 mM potassium phosphate monobasic, 155.17
mM sodium chloride, 2.96 mM sodium phosphate dibasic, pH 7.4, 0.01% Polysorbate 80.
The dialysis will be performed using a biologically inert, ultra-pure, synthetic Biotech
Cellulose Ester (CE) Membrane made using a process free of heavy metal contaminants
and sulfides (Spectrum Laboratories, 131276, 8-10 kD MWCO). The dialysis will be
performed in fresh buffer a total of three-times, for at least 24 hours each cycle. The
volume will be such that the dialysis buffer is >100x the volume of the sample. The
concentration will be determined using a Bradford assay and the final concentration of
the hEGFRvIII-CD3 drug product will adjusted to a concentration as high as 5 mg/ mL.
Step 2: Fill and seal septum vials with formulated hEGFRvIII-CD3 bi-scFv drug
product.
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In an ISO5/Class 100 biological safety cabinet in a ISO 7/Class 10,000 room, 1.1
mL of the formulated hEGFRvIII-CD3 bi-scFv will be placed in a glass 2 mL, 13 mm
Wheaton Type I Clear Glass Vial (Wheaton, WC000087). A 13 mm S2-F451 with B2-40
coating, 4432/50 stopper (West, 19700004) will be placed in the vial and sealed with a 13
mm West FlipOff TruEdge Long Matte top seal (West, 54131362). The vials, stoppers and
seals are purchased as a ready to use kit from Afton Scientific (RTF8409). Vials released
from Afton Scientific are DI/DFI washed, repackaged in stainless steel trays then dry
heat depyrogenated according to a validated process. Released stoppers and seals are
repackaged in sterilizable breather pouches then steam sterilized according to a
validated process. One vial tray, one stopper pouch, and one seal pouch are vacuumsealed in two pre-sterilized LDPE bags. Final poly overwrap is applied for additional
protection during handling and storage. Release testing includes sterility, endotoxin and
particulates for the vials, sterility, endotoxin and particulates for the stoppers and
sterility for the seals. Upon receipt at Duke University Medical Center, the kit will be
stored in the MPACT facility until use. Acceptance criteria includes a COA available
upon request.

8.6.4 Batch analysis
The table below lists the release testing of the hEGFRvIII-CD3 bi-scFv drug product.
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Table 20: Batch analysis for the hEGFRvIII-CD3 bi-scFv drug product
Test

Test Number /
Method

Vendor

Visual
Inspection

Duke

SOP 3D - VI

pH

Duke

SOP 3D – PH

Protein
Concentration

Duke

SOP 3D - BR

Target Binding

Duke

SOP 3D – BI

Specification
Clear, colorless
liquid. Visible
proteinaceous
particulates
may be present.
7.0 – 7.8
0.8 – 1.2
mg/mL
Report result

Duke

SOP 3D – SEUV

Duke

SOP 3D – SN

Duke

SOP 3D – SR

Cytotoxicity

Duke

SOP 3D – CR

% Monomer ≥
90%,
Report
aggregates and
fragments
Report major
bands
Report major
bands
Report result

Osmolality

Duke

SOP 3D - OS

Report result

Endotoxin
(LAL)

BioReliance

360812.BSV

Sterility

BioReliance

510120GMP.BSV/
510150GMP.BSV

BioReliance

016004M.BSV

Duke

SOP 3D – RPL

BioReliance

105801.BSV

Size Exclusion
Chromatograp
hy
(SE-HPLC)
SDS-PAGE
Non-reduced
SDS-PAGE
Reduced

Residual Host
Cell Protein
Residual
Protein L
Residual Host
Cell DNA
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≤ 2.5 EU/mL
No Growth
Report result
Report result
Report result

8.6.5 Analytical testing
Visual inspection
The appearance of EGFRvIII-CD3 bi-scFv drug product will be assessed by
visual examination using an adequate light source, using protocol SOP 3D - VI. The
physical characteristics of the product include evaluation of a liquid material and color
along with the evaluation of any visible foreign matter or proteinaceous particulates.
The clarity of the test article will be assessed by visual inspection to determine if the
soluble product in the liquid formulation is free of any particulate matter, opaqueness
and/or tint or turbidity of the solution.
pH
The pH of the hEGFRvIII-CD3 bi-scFv drug product will be measured using a
Fisher Scientific Accument AB160 pH meter (13-636-AB200) and Fisher Scientific
accuTupH Rugged Bulb pH Electrode (13-620-183A), calibrated immediately before the
test using NIST reference standards (pH 1.68, 4.01, 6.86, 9.18 and 12.46, Thermo Scientific
Orion pH Buffer standards). The procedure will use protocol SOP 3D – PH. The probe
will then be rinsed and blotted dry before determining the pH of the test sample.
Protein concentration
The protein concentration of hEGFRvIII-CD3 bi-scFv drug product will be
measured using a Pierce Coomassie Plus Assay, using protocol SOP 3D - BR. The Pierce
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Coomassie Plus Assay is a modification of the Bradford colorimetric method for total
protein quantitation that reduces the tendency of Coomassie reagent to give nonlinear
response curves. When the Coomassie dye binds protein in an acidic medium, an
immediate shift in absorption maximum occurs from 465 to 595nm with a concomitant
color change from brown to blue. The intensity of this color change is proportional to the
concentration of protein in the sample. Bovine Serum Albumin (BSA) will be used to
prepare a known protein concentration series in the same diluent as the final purified
test sample. Coomassie Plus Reagent will be added to the dilute standard, the test
sample, and the sample diluent. All samples will be incubated at ambient temperature
for 20 to 30 minutes. A spectrophotometer will then be blanked using the prepared
sample diluent and each prepared sample will be read at 595nm. A standard curve will
be prepared by plotting the absorbance at 595nm for each dilution of the BSA standard.
The protein concentration of the test sample will be determined using the standard
curve.
Target binding
The binding of capacity of hEGFRvIII-CD3 bi-scFv drug product will be assessed
for both target antigens, CD3 and EGFRvIII, using protocol SOP 3D - BI. Using Surface
Plasmon Resonance (SPR), triplicate measurements of the test article will be made
against both surface bound antigens. Briefly, a Biacore 3000 will be used to assess the
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binding kinetics of the test article to chip bound antigen. CM5 sensor chips will be
coupled with target antigen (CD3 or EGFRvIII) and test article will be applied to the
sensor chips during association and dissociation phases, allowing for target binding
kinetics.
Size exclusion chromatography (SE-HPLC)
Purity of the hEGFRvIII-CD3 bi-scFv drug product will be assessed using SEHPLC, using protocol SOP 3D - SEUV. Size Exclusion Chromatography is a rapid
method for the separation of proteins based on their molecular size in aqueous buffers.
A Beckman System Gold HPLC with pump module 126 and detector module 168, and
32 Karat software system will be utilized to assess the purity of the test article along with
a Super SW3000 TSK gel column (Tosoh cat #18675). Since this method does not require
denaturation or reduction of proteins, this procedure can detect aggregate formation or
lower molecular weight cleavage fragments in the final product. Separation depends on
the pore size of the column matrix, whereby large proteins are excluded from the pores
of the column and elute first, followed by proteins of successively decreasing size. As
the eluate from the column flows through a detector, the absorbance (at 280 nm) is
measured and used to create a chromatogram. The area of the peak on the
chromatogram reflects the amount of protein present. This measurement will be used to
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determine the percent purity (i.e., area of specific peak divided by total area of all peaks
multiplied by 100). A silica base gel filtration medium will be used.
SDS-PAGE Non-reduced and Reduced
Purity of hEGFRvIII-CD3 bi-scFv drug product will be assessed using both nonreduced and reduced SDS-PAGE (SOP 3D – SN and SOP 3D – SR, respectively). Briefly,
SDS-PAGE analysis will be performed with an XCell Surelock Mini-Cell System using
preformed NuPAGE 4-12% Bis-Tris gels (Invitrogen Cat # NP0321). Test article proteins
will be fixed in the gel and visualized by staining with Gel-Code Blue (Pierce Chemicals
cat # 24592). Molecular weight standards will be included on the same gel so that the
molecular weight of the purified bulk product can be determined by comparing its
relative electrophoretic mobility with that of the standards.
Cyotoxicity
Potency of hEGFRvIII-CD3 bi-scFv drug product will be assessed using a
functional, cell based assay. Cytotoxicity will be measured using chromium-51 release
assay, using protocol SOP 3D - CR. Specific lysis will be measured following incubation
with test article, target and effector cells. Specific lysis rate of hEGFRvIII-CD3 bi-scFv
drug substance will be reported.
Osmolarity
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The osmolarity of hEGFRvIII-CD3 bi-scFv drug product will be assessed using
protocol SOP 3D – OS. Briefly, a Precision Systems Inc. µOSMETTE Model 5004
Automatic Osmometer will be used as per manufacturer’s instructions. The osmometer
will be calibrated with the manufactures provided standard solutions. Three repeat
measures will be taken for each standard and test article. A standard curve is developed
using the standard samples and osmolarity of the test article is determined.
Endotoxin (LAL)
Bioreliance assay 360812.BSV will be used for assessment of hEGFRvIII-CD3 biscFv drug product. The Limulus amebocyte lysate (LAL) assay using the quantitative
chromogenic method will be employed. Samples will be prepared using USP procedures
and will include product sample and/or its dilutions for quantitation of endotoxin level,
and product sample dilutions spiked with endotoxin for evaluation of inhibition or
enhancement effects. A 50 µl aliquot of each prepared sample will be mixed with 50 µl
of LAL in a 96-well plate and incubated at 37°C for 10 minutes. A 100µl aliquot of
chromogenic substrate will then be added to each well and incubated for an additional 6
minutes. The reaction will be stopped by the addition of 25% glacial acetic acid and the
optical density at 405 nm will be read on a microtiter plate reader. The endotoxin
concentration (EU/ml) will be calculated based on the highest product concentration
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which results in an average absorbance value that falls within the range of the endotoxin
standard curve and does not demonstrate inhibition or enhancement.
Sterility
Two assays will be conducted for sterility of the hEGFRvIII-CD3 bi-scFv drug
product. These are assay 510150GMP.BSV for qualification and assay 510120GMP.BSV.
Assay 510150GMP.BSV will test whether the test article itself could cause inhibitory
effects within the test system and will be performed once. 100 mL of Soybean-Casein
Digest Medium (TSB) and Fluid Thioglycollate Medium (FTM) bottles are inoculated
with the test and challenge organisms at <100 CFU per inoculum. TSB bottles are
incubated at 20-25°C and FTM bottles at 30-35°C under aerobic conditions for seven
days, then examined for microbial growth. All positive controls must show visible
microbial growth typical for each organism tested in order for the test to be valid.
Assay 510120GMP.BSV is a 21 CFR/USP compliant sterility assay to detect
presence or absence of bacterial or fungal contaminants in the product. Containers of 100
mL Soybean-Casein Digest Medium (TSB) and 100 mL Fluid Thioglycollate Medium
(FTM) are inoculated with the drug product and incubated at 20-25°C for TSB or 30-35°C
for FTM for 14 days. The product will pass if no growth is observed in any of the
product inoculated containers.
Residual host cell protein
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The presence of CHO cellular proteins within the hEGFRvIII-CD3 drug product
will be detected using Bioreliance assay 016004M.BSV which is conducted in compliance
with GLP. The assay uses an ELISA kit from Cyngnus Technologies in which a polyclonal
capture antibody directed against CHO cell proteins is attached to the solid phase (microtiter plate
wells). Captured CHO proteins in the test article are detected by interaction with a horseradish
peroxidase-labeled anti-CHO antibody. The ELISA detects CHO host cell proteins (HCP) by
capture of CHO antigens in the test article on an antibody-coated matrix. A horseradish
peroxidase-labeled secondary antibody directed to a different antigenic epitope is added
completing the sandwich. Reaction of the horseradish peroxidase with the tetramethyl benzidine
(TMB) substrate results in a color change that can be measured spectrophotometrically at 450 nm
to determine the proportionality between the amount of color and the amount of analyte present.
Two dilutions of the drug product will be evaluated. An additional set of each dilution of the test
article is run spiked with 20 ng/ml of CHO cell protein from the 200 ng/ml kit standard to
determine if factors are present in the test article which interfere with assay performance.
Residual Protein L
The Protein L Ligand Leakage ELISA kit from Medicago will be used to detect
and quantify Protein L leakage from the chromatography media in the hEGFRvIII-CD3
drug product, performed according to SOP 3D – RPL. In this assay, the samples are
boiled to separate the Ig/Ig-fragments from the Protein L in the solution, centrifuged,
and incubated in the strip wells. The bound Protein L is then detected by adding a
horseradish peroxidase (HRP)-conjugated anti-Protein L IgY antibody. Substrate is
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added to induce a color change which is proportional to the amount of bound Protein L
from the sample. The color change is quantified spectrophotometrically at 450 nm by
using a plate reader. The amount of protein L in the sample is determined by using a
standard curve prepared in a reference sample.
Residual host cell DNA
Bioreliance assay 105801 will be used to quantify CHO DNA in the hEGFRvIII-

CD3 bi-scFv drug product using a quantitative polymerase chain reaction technique
(Q-PCR). Potential DNA will be extracted from the test article using the QIAamp®
Mini Kit. The CHO Q-PCR will be performed on triplicate samples for each
extraction. Following PCR amplification, the data from the test articles, standards,
and controls will be analyzed and interpreted according to standard SOPs. This
assay will be conducted according to GMP.

8.6.6 Container closure system
The formulated product will be placed into 2 mL, 13 mm Wheaton Type I Clear
Glass Vials (Wheaton, WC000087) with a 13 mm S2-F451 with B2-40 coating, 4432/50
stopper (West, 19700004) 13 mm West FlipOff TruEdge Long Matte top seal (West,
54131362). Testing of the container closure integrity will be performed at 3, 12, 24, and 48
mo in compliance with GMP, as described below.
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8.6.7 Stability testing for hEGFRvIII-CD3 bi-scFv
The hEGFRvIII-CD3 bi-scFv stability program was established to monitor the
quality of bispecific antibody over the duration of the clinical dosing period as well as to
gain predictive information regarding the product’s stability characteristics. It will be
based on 21 CFR 211.166 and ICH Q1A (R2) and ICH Q5C. Stability will be evaluated in
real time at the recommended storage conditions of 5 ± 3°C.
Stability will be evaluated in real time for at least 3 initial batches at the long
term storage condition of 5±3°C (to assure batch uniformity). Long term stability will be
conducted every 3 months for the first year, then every 6 months for the second year,
and then annually thereafter.
The program shall be in writing. Actual temperature will be recorded. Samples
from at least one batch of equivalent size to that used to produce product for Phase 0
will be included in studies. Sample will be packaged in the same container closure
system and in the same formulation as that to be implemented for the storage of
hEGFRvIII-CD3 bi-scFv drug product. Findings from this study will be used to guide
production timelines and storage of product for clinical trials.

Table 21: Stability testing of the drug product
Test
Visual Inspection

3
X

Time point (months)
6
9
12
18 24
X X
X
X
X
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48
X

Protocol
Number
SOP 3D - VI

Criteria
Report result

Protein Concentration

X

X

X

X

X

X

X

SOP 3D – BR

Report result

Target Binding

X

X

X

X

X

X

X

SOP 3D - BI

Report result

Container Closure
Integrity

X

X

X

408812GMP.BSV/
X

No dye ingress
408812PSQ.BSV

8.6.7.1 Analytical test methods
Visual inspection
The appearance of EGFRvIII-CD3 bi-scFv drug substance will be assessed by
visual examination using an adequate light source, using protocol SOP 3D - 01. The
physical characteristics of the product include evaluation of a liquid material and color
along with the evaluation of any visible foreign matter or proteinaceous particulates.
The clarity of the test article will be assessed by visual inspection to determine if the
soluble product in the liquid formulation is free of any particulate matter, opaqueness
and/or tint or turbidity of the solution.
Protein concentration
The protein concentration of hEGFRvIII-CD3 bi-scFv drug substance will be
measured using a Pierce Coomassie Plus Assay, using protocol SOP 3D - 03. The Pierce
Coomassie Plus Assay is a modification of the Bradford colorimetric method for total
protein quantitation that reduces the tendency of Coomassie reagent to give nonlinear
response curves. When the Coomassie dye binds protein in an acidic medium, an
immediate shift in absorption maximum occurs from 465 to 595nm with a concomitant
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color change from brown to blue. The intensity of this color change is proportional to the
concentration of protein in the sample. Bovine Serum Albumin (BSA) will be used to
prepare a known protein concentration series in the same diluent as the final purified
test sample. Coomassie Plus Reagent will be added to the dilute standard, the test
sample, and the sample diluent. All samples will be incubated at ambient temperature
for 20 to 30 minutes. A spectrophotometer will then be blanked using the prepared
sample diluent and each prepared sample will be read at 595nm. A standard curve will
be prepared by plotting the absorbance at 595nm for each dilution of the BSA standard.
The protein concentration of the test sample will be determined using the standard
curve.
Target binding
The binding of capacity of hEGFRvIII-CD3 bi-scFv drug substance will be
assessed for both target antigens, CD3 and EGFRvIII, using protocol SOP 3D - 04. Using
Surface Plasmon Resonance (SPR), triplicate measurements of the test article will be
made against both surface bound antigens. Briefly, a Biacore 3000 will be used to assess
the binding kinetics of the test article to chip bound antigen. CM5 sensor chips will be
coupled with target antigen (CD3 or EGFRvIII) and test article will be applied to the
sensor chips during association and dissociation phases, allowing for target binding
kinetics.

225

Container closure integrity
Testing of the container closure integrity for stability assessment will be
performed according to BioReliance assay 408812GMP.BSV and qualified by assay
408812PSQ.BSV. The sample vials will be inverted into a vessel which will be filled with
a methylene blue dye solution. The vessel will then be placed in a vacuum chamber
under the guage vacuum of 22-27 Hg for 10 minutes. The vacuum in the chamber will
then be quickly released and the vials will remain in the vessel for an additional 30
minutes. The vials with then be visually checked for dye ingress by inspecting the
internal solutions against a black and white background. A spectrophotometric
technique may be used if it is necessary to confirm the presence of the dye in vials. The
study will be conducted in compliance with GMP.

8.7 124I-hEGFRvIII-CD3 bi-scFv drug product
The manufacture of I-124 (124I)-hEGFRvIII-CD3 bi-scFv drug product will be
carried out by the Duke University Hospital Radiopharmacy. 124I is a positron emitting
radioisotope of iodine that has a half-life of 4.18 days and is obtained from IBA
Molecular, Zevacor Pharma (DMF No. 19434). A letter of authorization to crossreference this DMF is included as an appendix to section 7. 124I radiolabeling of the
hEGFRvIII-CD3 bi-scFv drug product will be carried out using the standard IODOGEN® iodination method.
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8.7.3 Manufacturer
Duke University Hospital Radiopharmacy
23 Sub-basement, Purple Zone
Duke Clinics, 200 Trent Drive
Durham, NC 27710

8.7.4 Control of raw materials
Table 22: Raw materials used in manufacturing of the 124I-hEGFRvIII-CD3 biscFv drug product.

Item Description/Name
Iodine-124

Manufacturer
Zevacor Pharma

Drug Master
File / NDC/
Catalogue
Number
DMF 19434

Acceptance
Criteria

COA

Sephadex G-25 Medium

GE Healthcare

17-0033-01

COA

Phosphate buffered saline, pH 7.4
(Excipient)

Thermo Fisher

10010

COA

NDC 685165216

COA

Albumin (Human) U.S.P. Albutein®
25% solution

Grifols



8.7.5 Production specifics
All procedures relating to the storage and handling of radiolabeled materials will
be performed by the Duke University Hospital Radiopharmacy. hEGFRvIII-CD3 bi-scFv
drug product will be radiolabeled by the Duke University Hospital Radiopharmacy and
subjected to quality control analysis as described below. Once certified, the 124IhEGFRvIII-CD3 bi-scFv drug product will be transported to the patient care area and
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infusion will begin immediately. Any excess of the infusion formulation will be
discarded according to the standard radiopharmacy procedure. An overview of the
procedure is presented below, with detailed information for each step following.
Table 23: Procedure for the generation of 124I-hEGFRvIII-CD3 bi-scFv drug
product. .
Step
11

Description
hEGFRvIII-CD3 bi-scFv drug product radio-labeling with iodine-124.
↓

12

124

I-hEGFRvIII-CD3 bi-scFv purification and formulation.

13

124

I-hEGFRvIII-CD3 bi-scFv drug product certification.
↓

14

Administration of 124I-hEGFRvIII-CD3 bi-scFv drug product to enrolled patient.
↓

Step 11: hEGFRvIII-CD3 bi-scFv drug substance radiolabeling with iodine-124.
The hEGFRvIII-CD3 bi-scFv drug product will be radiolabeled with 124I by the
standard IODO-GEN® radioiodination method. Briefly, 0.1 mg of EGFRvIII-specific BiTE
will be labeled with 2 mCi of 124I for 3 minutes at room temperature. Free 124I is removed
by passing the mixture over a G25 sephadex column that is pre-conditioned with 5%
HSA.
Step 12: 124I-hEGFRvIII-CD3 bi-scFv purification and formulation.
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I-hEGFRvIII-CD3 bi-scFv will be eluted from a G25 sephadex column in to a
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formulation buffer containing: 155.17 mM sodium chloride, and 2.96 mM sodium
phosphate dibasic at a pH of 7.4.
Step 13: 124I-hEGFRvIII-CD3 bi-scFv drug product certification.
Instant thin-layer chromatography (iTLC) and TCA precipitation assays will be
done to evaluate the radiochemical purity of the labeled product. Sterility testing will be
performed with inoculations of 0.1 mL of the final product into 9.5 mL of fluid
thioglycolate medium, USP, incubated at 30-35°C, and 0.1 mL inoculation into 10.0 mL
of soybean-casein digest medium, USP, incubated at 20-25°C. Both cultures are
incubated for fourteen days along with positive controls. Endotoxin levels will be
determined by LAL. See section 0 for additional details.
Step 14: Administration of the 124I-hEGFRvIII-CD3 bi-scFv drug product to the
enrolled patient.
Once certified, the drug product will be delivered to the patient care area and
immediately administered. Any excess of the infusion formulation will be discarded
according to the standard radiopharmacy procedure.

8.7.6 Dosage preparation and storage scheme
All procedures related to the radio-labeling of hEGFRvIII-CD3 bi-scFv drug
product and storage, handling and administration of 124I-hEGFRvIII-CD3 bi-scFv drug
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product will be conducted by the Duke University Hospital Radiopharmacy. The Duke
University Hospital Radiopharmacy will perform the radiolabeling, drug product
purification and formulation, and certification of 124I-hEGFRvIII-CD3 bi-scFv drug
product. Once certified, the drug product will be delivered to the patient care area and
immediately administered. Any excess of the infusion formulation will be discarded
according to the standard radiopharmacy procedure.

8.7.7 Tests and specifications
The table below lists the release testing of the 124I-hEGFRvIII-CD3 bi-scFv drug
product, with detailed descriptions of each of the tests following.

Table 24: Release testing for the 124I-hEGFRvIII-CD3 bi-scFv drug product.
Test
Trichloroacetic acid
(TCA) precipitation
iTLC
Endotoxin

Test Number / Method

SOP 3D – TLC

Specification
Protein bound activity
≥ 90% of total activity
≥ 90%

LAL14

≤ 10 EU/ mL

SOP 3D – TCA

Table 25: Additional testing for 124I-hEGFRvIII-CD3 bi-scFv drug product
with final results after administration
Test
Sterility

Test Number / Method
2012-001

Specification
No growth

Trichloroacetic acid precipitation (TCA)
A trichloroacetic acid precipitation assay will be performed by Duke University
Hospital Radiopharmacy Laboratory, according to the procedure, protocol SOP 3D-
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TCA. The protein bound vs. free 124I in the product will be determined by TCA
precipitation. TCA precipitates proteins and can therefore be used to separate
radiolabeled protein from free 124I. The test article will be subject to TCA precipitation in
triplicate. Upon precipitation, the sample will be centrifuged. Cell pellets and
supernatant will each be assessed for radioactivity, allowing for a determination of
amount of free 124I vs protein bound 124I.
Instant thin layer chromatography (iTLC)
iTLC will be performed by eluting glass microfiber chromatography paper
impregnated with silica gel (Varian cat #SGI0001) in PBS pH 7.4 at room temperature.
Under these conditions, the labeled protein remains at the application spot, whereas
small molecular weight components such as free 124I are eluted with a retention factor
of 0.7-0.8. The purity of the 124I-hEGFRvIII-CD3 bi-scFv will be calculated as the
percentage of the total radioactivity that remained at the origin vs. free radiolabel on the
iTLC sheet.
Sterility
A sterility test assay will be performed by Duke University Hospital
Radiopharmacy Laboratory, according to the procedure, Protocol 2012-001. Sterility
testing is performed by the membrane filtration method in accordance with USP <71>
and 21 CFR 610.12. The contents of the vials are aseptically passed through a 0.45 μm
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filter using a vacuum pump. The filter is then rinsed and divided in two. One half of the
membrane is placed in Fluid Thioglycollate medium and incubated at 30 - 35°C for 14
days. The other half is placed in Soybean-Casein Digest medium and incubated at 20 25°C for 14 days. Media is validated for the ability to grow test organisms and is
determined to be sterile prior to use. The test and negative control bottles are examined
for turbidity at specified intervals during a 14-day test period.
Endotoxin
A bacterial endotoxin assay will be performed on the final labeled product by
Duke University Hospital Radiopharmacy Laboratory, according to procedure, Protocol
LAL14. This assay is based on the reactivity of Limulus Amoebocyte Lysate (LAL), a
derivative of Limulus polyphemus amoebocytes to endotoxin in the test article.

8.7.8 Container closure system for the 124I-hEGFRvIII-CD3 drug
product
Final product vials will be labeled and inspected by both MPACT manufacturing
personnel and Duke Hospital Radiopharmacy personnel. Unused and rejected labels
will be returned to MPACT and destroyed. Once certified, the drug product will be
delivered to the patient care area and immediately administered. Any excess of the
infusion formulation will be discarded according to the standard radiopharmacy
procedure.
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8.7.9 Labeling of the 124I-hEGFRvIII-CD3 drug product
After radioactive labeling, the material will be placed in a syringe and labeled as
follows:

Patient Name
Medical Record Number
Date of Birth
Drug: 124I-hEGFRvIII-CD3 bi-scFv
Lot #
Caution New Drug Limited By Federal Law To Investigational Use

8.8 Autologous T cell drug substance
The manufacture of autologous T cell drug substance will be carried out by
patient leukapheresis followed by in vitro cell culture and expansion of T cells using CD3
and interleukin(IL)-2 stimulation. Cells will be cultured for 10 to 14 days as described
below and then formulated in a solution containing 1.05 mM potassium phosphate
monobasic, 155.17 mM sodium chloride, 2.96 mM sodium phosphate dibasic, pH 7.4.
This process will be identical to the culturing of T cells in IND 16787 except that there
will be no viral transduction in this IND. A letter of authorization to cross-reference that
IND is and an overview of the manufacturing is described below.
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8.8.1 Manufacturer
Molecular Products and Cellular Therapies (MPACT)
MSRB1, Room 243
203 Research Drive
Durham, NC 27710

8.8.2 Control of raw materials
Table 26: Raw materials used in manufacturing the drug substance
Item Description/Name
AIM V Medium CTS (Therapeutic
Grade)
Human AB Serum
MACS GMP CD3 Pure
Proleukin (IL-2)
Dimethyl sulfoxide, USP, EP

Manufacturer

Cat. Number

Acceptance
Criteria

Thermo Fisher

0870112BK

COA

HP1022

COA

Valley
Biomedical
Miltenyi
Biotech
Prometheus
Laboratories,
Inc.
Sigma-Aldrich

Phosphate buffered saline

Thermo Fisher

Lymphocyte Separation Medium

Cellgro

170-076-116

COA

N/A

Package
Insert

D2438

COA

10010-023

COA

25-072

COA

8.8.3 Description of the manufacturing process
The production of autologous T cells will begin with patient leukapheresis (1.5
blood volume, 2 hours). Blood product be processed using standard protocols to
generate peripheral blood mononuclear cells (PBMCs). PBMCs will be cryopreserved
(10% DMSO) and later expanded through in vitro cell culture or used immediately
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expanded via in vitro cell culture depending on the anticipated timing of patient
infusion. Cells will be cultured in AIM V media supplemented with 5% human AB
serum (HABS) and 50 ng/mL OKT3; 300 IU/mL IL-2. Every two days of cell culture, cells
will be counted and a complete media exchange will be performed, re-seeding cells in
fresh AIM V media supplemented with 5% HABS and 300 IU/mL IL-2 (no OKT3).
Subculturing will be performed every two days for 10-14 days until a sufficient number
of cells are obtained. The autologous T cell product will be formulated in buffer
containing: 1.05 mM potassium phosphate monobasic, 155.17 mM sodium chloride, 2.96
mM sodium phosphate dibasic, pH 7.4. And overview of the process is presented below
with details for each step following.
Table 27: Manufacturing steps for the generation of autologous T cell drug
substance
Step

Description

1

Patient leukapheresis, cell processing, and cryopreservation of blood product or
immediate cell culture.
↓

2

T cell culture / expansion.
↓

3

Formulation of the autologous T cell drug substance.

Step 1: Patient Leukapheresis and cryopreservation of the blood product.
Enrolled patients will undergo leukaphersis to obtain a blood product for the
generation of PBMCs. The procedure will be conducted at Duke University by the
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Therapeutic Apheresis Services, Clinic 2A Room 25120 Morris Building, Box 3957
Medical Center, Durham, NC 27710, Phone number 919-684-6663. A total of 1.5 times the
blood volume will be processed (~2 hours of time). Blood will be harvested in a
continuous process using a cell separator to remove the white blood cell fraction. The
remainder of the red blood cells, plasma, and platelets are returned to the patient. The
PBL (peripheral blood leukocytes) packs and a leukapheresis flow sheet will be labeled
with the patient’s name; Duke medical records number (MRN), date of birth, date and
time. Following completion of the leukapheresis procedure a member of the Brain
Tumor Immunotherapy staff will verify the patient’s name, history number, and
protocol identifier and transport the PBL pack to the cell processing laboratory. Once in
the Cell Processing Facility the patient’s name, MRN and a unique laboratory ID will be
entered into a PBMC freezing Batch Record and processed. Briefly the volume of
leukapheresis product will be recorded. The leukapheresis product will be transferred
from the collection bag to a sterile Corning bottle using a plasma transfer set
(CharterMedical). An equal volume of phosphate buffered saline (PBS) will be added.
30-mL of the diluted leukapheresis product is layered over 20 mL of Lymphocyte
Separation Media. The PBL are then washed with 50 mL of PBS a total of four times to
remove all platelets. The cells are then counted on a hemocytometer and frozen in 90%
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human AB serum (HABS), 10% DMSO at a concentration of 5x107 – 1x108 cells per mL.or
used immediately for cell culture.
Step 2: T cell culture / expansion
If frozen, cells are rapidly thawed in at 37° C. The outside of the cyrovial is
wiped with a 70% isopropanol solution and in an ISO5/Class 100 biological safety
cabinet the thawed cells are added to 10 mL of warm growth media (AIM V CTS + 5%
HABS) in a 50 mL conical tube. The resulting cell suspension will be counted for density
and viability (trypan blue). Viability must be >90% to proceed.Resuspend 1x106 viable
cells per mL (100 mL per T150 flask) in complete media (CM) AIM V + 5% HABS + 300
IU/mL of IL-2. Add 50 ng/mL of OKT3 The flask is placed horizontally in an incubator at
37°C, 70-80% relative humidity, and 5% CO2. After 2 days of cell culture, the cells are
harvested into conical tubes, centrifuged (300g, 10 minutes, room temperature), media is
discarded and the cell pellet is resuspended in 10 mL of fresh growth media. Cells are
again counted for density and viability (trypan blue) and diluted to 1x106 cells per mL in
fresh growth media supplemented with 300 IU/mL IL-2. Cells are subcultured in the
fashion every 2 days.
Step 3: Formulation of the autologous T cell drug substance
After 10-14 days of cell culture, when a sufficient number of cells are obtained,
the cells are washed twice in phosphate buffered saline solution (1.05 mM potassium

237

phosphate monobasic, 155.17 mM sodium chloride, 2.96 mM sodium phosphate dibasic,
pH 7.4) and resuspended at a concentration of 4-6 x 108 / mL. The cells are counted and
the viability assessed by Trypan Blue. An aliquot is taken for microbiology testing via
BactAlert, gram stain and endotoxin determination.

8.8.4 Tests and specifications
Table 28 lists the release testing for the autologous T cells and the timing of the tests.
Detailed descriptions are included below.
Table 28: Analytical tests for autologous T cell drug substance
Time
Point
2 days
before
Infusion
2-4 days
before
infusion

Day of
Infusion

Testing for

Test Method

Results before Infusion

Material Tested

Mycoplasma

PCR

Negative

Cells

Sterility

• BactAlert
• Gram Stain

• No growth, not final
• Negative

Cells

• Cell Number
• Viability
• Sterility
• Endotoxin

• Hemocytometer
• Trypan Blue
• BactAlert
• LAL
• Gram Stain

• # sufficient for Dose
level
• >70%
• No growth, not final
• <5 E.U./kg
• Negative

• Cells
• Cells
• Cells
• Cell
washing
• Cells

Mycoplasma
Cells are tested for mycoplasma contamination 2 days before infusion. An
aliquot of cells, 1-2 x106 are removed and sent to Clongen, Gaithersburg, MD and
assayed for mycoplasma determination by PCR.
BactAlert
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Cells are tested for contamination by BactAlert 2-4 days before infusion. Pooled
cells are washed with PBS and 0.5-1x106 cells are inoculated into the BactAlert bottles.
The bottles are incubated and monitored for growth at the Carolinas Cord Blood Bank,
Duke University Medical Center, Durham, NC. This procedure is repeated at the time of
infusion.
Endotoxin
The Endosafe Gel-Clot LAL assay system (Charles River) is used to determine
endotoxin content. Washings from 1-5x106 cells will be tested before the cells are
administered to patients.
Gram Stain
Before infusion, an of T cells are placed on a BD BBL Gram Slide with gram
positive and gram negative bacteria as controls. The slide is stained following the
instructions of the BD gram stain kit (#212524). The slide is examined for evidence of
bacterial contamination.

8.9 Autologous 111In-labeled T cell drug product
The manufacture of In-111(111In)-autologous T cell drug product will be carried
out by the Duke University Hospital Radioharmacy. 111In is an isotope of indium with a
radioactive half-life of 2.8 days. T cells will be labeled with 111In for the purpose of
tracking biodistribution following IV administration. The labelling process will be
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identical to the In-111 labelling performed in IND 16301. A letter of authorization for
cross referencing that IND is included in the appendix to section 7, and a description of
the process is below.

8.9.1 Manufacturer
Duke University Hospital Radiopharmacy
23 Sub-basement, Purple Zone
Duke Clinics, 200 Trent Drive
Durham, NC 27710

8.9.2 Control of raw materials
Table 29: Raw materials used in manufacturing of the 111In-autologous T cell
drug product.

Item Description/Name
111

In oxyquinoline solution

Human AB Serum (HABS)
Phosphate buffered saline
0.9% sodium chloride

NDC Code/
Catalogue
Number

Acceptance
Criteria

NDC Code:
17156-021-01

Package
Insert

HP1022

COA

Thermo Fisher

10010-023

COA

Hospira

0074-4888-10

COA

Manufacturer
Medi-Physics
Inc. dba GE
Healthcare
Valley
Biomedical

8.9.3 Production specifics
All procedures relating to the storage and handling of radiolabeled materials will
be performed by the Duke University Hospital Radiopharmacy. Autologous T cell drug
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substance will be radiolabeled by the Duke University Hospital Radiopharmacy and
subjected to quality assurance testing. Once certified, the 111In autologous T cell drug
product will be transported to the patient care area and infusion will begin immediately.
Any excess of the infusion formulation will be discarded according to the standard
radiopharmacy procedure. An overview of the procedure is presented below, with
detailed information for each step following.
Table 30: Procedure for the generation of 111In autologous T cell drug product
Step
4

Description
Autologous T cell drug substance radio-labeling with 111In.
↓

5

111

In autologous T cell drug product certification.
↓

6

Administration of 111In autologous T cell drug product to enrolled patient.
↓

Step 4: Autologous T cell drug substance radio-labeling with 111In.
4-6x108 cells (autologous T cell drug substance) are pelleted and resuspended in 4
mL of 0.9% NaCl. The cell mixture will be placed on a rocker for 15 minutes. Without
disturbing the cell pellet, the top portion (~2 mL) will be removed and discarded. 2 mL
of 0.9% NaCl will be added gently down the side of the tube and the cell mixture again
placed on a rocker, for 10 minutes. Following the incubation, without disturbing the cell
pellet, the top portion (~2 mL) will be removed and discarded. Ten microcurries of 111In
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(IN 111 Oxyquinoline solution Medi-Physics Inc. dba GE Healthcare, NDC 17156-021010) per 1x107 cells is added to the tube, activity recorded, and the reaction incubated for
20 minutes at room temperature. Following the incubation period, 2 mL of HABS is
added to the cell mixture and the tube swirled gently to remove free 111In. Cells are
incubated for 5 minutes, centrifuged at 450 g for 5 minutes at room temperature. Hot
supernatant is drawn off and discarded. The cells are resuspended in 0.9% NaCl an
aliquot of the cells are taken for bacterial and fungal testing. The cells are then pelleted
and an aliquot is removed for endotoxin testing. The cells are resuspended in
preservative free saline at a concentration between 1x108 and 5x108 and loaded into a
syringe for injection. The endotoxin test must be <5 E.U./Kg B.W. Labeling efficiency is
then calculated.
Step 5: 111In autologous T cell drug product certification.
Sterility testing will be performed with inoculations of 0.1 mL of the final
product into 9.5 mL of fluid thioglycolate medium, USP, incubated at 30-35°C, and 0.1
mL inoculation into 10.0 mL of soybean-casein digest medium, USP, incubated at 2025°C. Both cultures are incubated for fourteen days along with positive controls.
Endotoxin levels will be determined by LAL. See below for additional details.
Step 6: Administration of 111In autologous T cell drug product to enrolled patient.
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Once certified, the drug product will be delivered to the patient care area and
immediately administered. Any excess of the infusion formulation will be discarded
according to the standard radiopharmacy procedure.

8.9.4 Dosage preparation and storage scheme
All procedures related to the radio-labeling of autologous T cell drug substance
and storage, handling and administration of 111In autologous T cell drug product will be
conducted by the Duke University Hospital Radiopharmacy. The Duke University
Hospital Radiopharmacy will perform the radio-labeling of the drug substance,
purification and formulation, and certification of 111In autologous T cell drug product.
Once certified, the drug product will be delivered to the patient care area and
immediately administered. Any excess of the infusion formulation will be discarded
according to the standard radiopharmacy procedure.

8.9.5 Tests and specifications
The table below lists the testing of the 111In autologous T cell drug product, with
detailed descriptions of each of the tests following.
Table 31: Analytics for the 111In autologous T cell drug product
Test
Sterility
Endotoxin

Test Number / Method
2012-001

Specification
No growth

LAL14

<5 E.U./Kg B.W
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Sterility
A sterility test assay will be performed by Duke University Hospital
Radiopharmacy Laboratory, according to Protocol 2012-001. Sterility testing is
performed by the membrane filtration method in accordance with USP <71> and 21 CFR
610.12. The contents of the vials are aseptically passed through a 0.45 μm filter using a
vacuum pump. The filter is then rinsed and divided in two. One half of the membrane is
placed in Fluid Thioglycollate medium and incubated at 30 - 35°C for 14 days. The other
half is placed in Soybean-Casein Digest medium and incubated at 20 - 25°C for 14 days.
Media is validated for the ability to grow test organisms and is determined to be sterile
prior to use. The test and negative control bottles are examined for turbidity at specified
intervals during a 14 day test period.
Endotoxin
A bacterial endotoxin assay will be performed on the final purified bulk product
by Duke University Hospital Radiopharmacy Laboratory, according to Protocol LAL14.
This assay is based on the reactivity of Limulus Amoebocyte Lysate (LAL), a derivative
of Limulus polyphemus amoebocytes to endotoxin in the test article.
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8.9.6 Container closure system for the 111In autologous T cell drug
product
Final product vials will be labeled and inspected by both MPACT manufacturing
personnel and Duke Hospital Radiopharmacy personnel. Unused and rejected labels
will be returned to MPACT and destroyed. Once certified, the drug product will be
delivered to the patient care area and immediately administered. Any excess of the
infusion formulation will be discarded according to the standard radiopharmacy
procedure.

8.9.7 Labeling of the 111In autologous T cell drug product
After radioactive labeling, the material will be placed in a syringe and labeled as
follows:
Patient Name
Medical Record Number
Date of Birth
Drug: 111In Autologous T cell Drug Product
Lot #
Caution New Drug Limited by Federal Law To Investigational Use

8.10 Description of the manufacturing facilities
MPACT is a controlled access facility designed with architectural features and
finishes in accordance with US Food and Drug Administration guidance and regulations
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as well as international requirements for controlled cleanroom manufacturing
environments and aseptic processing. All supply air is HEPA filtered. There are two
ISO Class 7 laboratories that are negatively pressurized in relation to an ISO Class 7
gowning room. The gowning room is positively pressurized to the pre-gown room and
the pre-gown room is positively pressurized to the outside. The facility will be cleaned
and maintained per SOPs, which are available upon request.
Environmental monitoring (EM) will be done each time a processing room is
used for product production. The EM will consist of viable and non-viable particle
sampling during processing. The EM records will be reviewed by quality control in the
Duke Brain Tumor Immunotherapy Program, and final review will be by the Duke
Office of Regulatory Affairs and Quality under the direction of Bruce Burnett, Ph.D.,
RAC Director of Regulatory Affairs.
The MPACT facility also manufactures products for the following INDs: 12839,
16301, and 16787.
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9. Clinical protocol for a phase 0 study of hEGFRvIII-CD3
bi-scFv in patients with recurrent EGFRvIII-positive
glioblastoma
9.1 Study schema

Figure 28: Study schema for a phase 0 study of hEGFRvIII-CD3 bi-scFv in
patients with recurrent EGFRvIII-positive glioblastoma.
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9.2 Background and significance
9.2.1 Study disease
GBM is uniformly lethal. It is also the most common form of the malignant
primary brain tumors, which currently represent the most frequent cause of cancer
death in children and young adults and account for more deaths than cancer of the
kidney or melanoma.273
Primary malignant brain neoplasms are responsible for over 13,000 deaths
annually in the U.S. Despite aggressive, image-guided tumor resection,276 high-dose
external beam radiotherapy or brachytherapy, and recent advances in anti-angiogenic7
treatments and chemotherapy, patients with GBM live less than an average of 15 months
from the time of diagnosis.277,278 Moreover, the estimated cost of treatment for each
patient with GBM is between $30,000 and several hundred thousand dollars annually,
making it the most expensive medical therapy per quality-adjusted life-year saved in the
U.S.279
In addition to being largely ineffective at prolonging survival, conventional
therapy for brain tumors is also by nature nonspecific and often results in incapacitating
damage to surrounding normal brain and systemic tissues.9,280 Thus, in order to be safer
and more effective, new therapeutic strategies will have to precisely target tumor cells in
a way that minimizes collateral damage to neighboring eloquent cerebral cortex. To that
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end, the immune system, with its inherent biological specificity and immunologic
reactivity, provides a particularly promising platform for therapy. Until recently, the
field of cancer immunotherapy had struggled to translate effective treatments to the
clinic; this however changed dramatically in the past two years after pivotal approvals
by the FDA for immune-based cancer therapies sipuleucel-T and ipilimumab, both of
which demonstrated significant survival benefits in patients with hormone-refractory
prostate cancer and metastatic melanoma respectively,179,180 thereby validating
immunotherapy as a viable treatment modality in the battle against cancer.
In this protocol, we will determine if infusion of hEGFRvIII-CD3 bi-scFv in
patients with first recurrence GBM is safe and if hEGFRvIII-CD3 bi-scFv and T cells
traffic to the tumor site, thus leading to future research studies.

9.2.2 Study agent
Anti-tumor immunotherapy represents an exquisitely precise approach allowing
for the selective elimination of neoplastic cells. Substantial evidence suggests that
targeted T cells can eradicate large, well-established tumors,245-248 even when these
tumors reside within the “immunologically-privileged” brain.246,247,249 However,
attempts to induce antigen-specific T cells endogenously through vaccines have been
largely disappointing. Other efforts to foster effective antitumor immune responses that
rely on the adoptive transfer of ex vivo expanded or genetically-manipulated T cells—
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while promising—are laborious, inconsistent, and further complicated by the need for
viral transduction.240,251 Using antibody engineering technology, it is possible to create
novel molecules that can redirect T cells to eliminate malignant tissue, avoiding the
complexities associated with cell-based therapy.
Through a divalent, “bispecific” design, antibodies can tether T cells to tumor
cells, resulting in highly localized and specific activation with concomitant tumor cell
lysis. A leading format of this type of molecule is the bispecific T cell engager (BiTE),
which is a monomeric protein consisting of two scFv fragments translated in tandem
with a total molecular weight of approximately 50 kDa.281 By definition, these constructs
possess one effector-binding arm specific for the epsilon subunit of CD3 (a signaling
molecule complex associated with the T cell receptor on T cells) while the opposing
target-binding arm can be directed against any number of epitopes or “targets” that are
differentially expressed on the surface of tumor cells.64 This divalent design allows
BiTEs to create a molecular “tether” between T cells and tumor cells, resulting in highlylocalized and specific activation with concomitant tumor lysis.
Recent clinical trials testing a prominent CD19-specific BiTE for non-Hodgkin’s
lymphoma reported complete tumor regression in 7/7 patients. No cytokine release
syndrome was evident and autoimmune phenomena were limited to the expected
depletion of normal CD19-expressing B cells.72 Thus, one limitation of the BiTE platform
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to date is the lack of tumor-specific antigens that are frequently and homogenously
expressed. Here, we have created a strictly tumor-specific BiTE, hEGFRvIII-CD3 bi-scFv,
by joining a scFv specific for human CD3 epsilon (from fully human antibody clone
28F11) with a scFv specific for the human EGFRvIII mutation (from fully human
antibody clone 139).
The EGFRvIII mutation is a constitutively activated tyrosine kinase not found in
any normal tissues, but frequently expressed on the surface of GBMs—approximately
30% of specimens39 — and many other common neoplasms. EGFRvIII is known to
enhance cell growth and migration,49,50 conferring both radiation51 and
chemotherapeutic282,283 resistance. EGFRvIII is also shed by microvesicles56 and exerts
paracrine oncogenic effects.56 In addition to playing an important role in GBM
pathophysiology, since it is solely localized to tumor tissue — unlike the pan-B cell
antigen, CD19 — EGFRvIII appears to be the ideal antitumor target for the BiTE
therapeutic platform.
Importantly, despite conventional notions of CNS immune privilege, we have
found that following IV administration in preclinical murine models, our molecule
localizes IC to mediate specific antitumor immune responses that eradicate wellestablished and invasive IC tumors. Additionally, unlike other macromolecules,
evidence suggests that BiTEs may employ a unique mechanism to penetrate the BBB,
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which may ultimately increase the biodistribution of this drug at tumor sites in the brain
and have far-reaching implications for other therapies where BBB physiology is relevant.
BiTEs represent an exciting, new technology that promises to overcome many
critical barriers that have traditionally limited effective translation of anti-tumor
immunotherapy. Distinguishing this platform from other available immunotherapeutic
approaches, EGFRvIII-specific BiTE (1) is directed against a highly tumor-specific
antigen, greatly reducing the risk of toxicity and auto-immunity and (2) has the ability to
localize to and treat tumors in the “immunologically-privileged” CNS.
9.2.2.1 Pre-clinical experience
Pre-clinical experience with the fully-human hEGFRvIII-CD3 bi-scFv molecule
has been detailed elsewhere in this dissertation.
9.2.2.2 Clinical experience
Early clinical trials testing the CD19-specific BiTE for patients with nonHodgkin’s B cell lymphoma achieved responses in patients with IV infusion at doses as
low as 0.015 mg/m2 per day over a 4-week cycle followed by a treatment-free period of 2
weeks. All responders were permitted to receive up to 3 additional consolidation cycles
of treatment. At a dose level of 0.06 mg/m2 per day over a 4-week cycle, 7 of 7 patients
showed objective responses, with 2 of 7 patients achieving complete disease regression.
Previously, murine studies had demonstrated the effectiveness of the CD19-specific

252

BiTE construct, achieving suppression of growth in subcutaneous tumor models at doses
in the range of 1-10 µg/mouse/day over 5 days.284-287 Since antibody penetration across
the blood-brain barrier is limited, we predict that efficacy of hEGFRvIII-CD3 bi-scFv
against intracerebral GBM will require higher doses. In line with this prediction, we
observed comparable tumor responses in our preclinical intracerebral tumor models
using doses of approximately 10-fold greater than those observed in corresponding
preclinical experiments for CD19-specific BiTE. We estimate that therapeutically
relevant human doses of the hEGFRvIII-CD3 bi-scFv will begin at approximately 0.15
mg/m2 per day over a one month period and that an optimal therapeutic dose will occur
at 0.60 mg/m2 over a one month period.288 By stark contrast, recommended therapeutic
doses of currently approved antitumor monoclonal antibodies range from an equivalent
of 11.1 mg/m2/day (Herceptin)289 to up to 25.9 mg/m2/day (Avastin),290 further
highlighting the exquisite potency of the BiTE therapeutic platform.

9.2.3 Study purpose/rationale
A novel therapeutic concept is the hypothesis that T cells uniquely mediate the
localization of hEGFRvIII-CD3 bi-scFv to treat tumors beyond the BBB. Toward this end,
we pursue an early human study to determine the pharmacokinetic behavior of
hEGFRvIII-CD3 bi-scFv as well as the potential for T cells to transport and retain
hEGFRvIII-CD3 bi-scFv to tumors in the brain. We will characterize the phenomenon of
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BBB penetration of both the BiTE and circulating lymphocytes in human studies. To do
this, we will use SPECT-CT and PET-CT imaging to assess biodistribution of 111Inlabeled T cells and 124I-labeled hEGFRvIII-Cd3 bi-scFv, respectively, in recurrent patients
with EGFRvIII-positive GBM based on initial diagnosis.
9.2.3.1 Anti-tumor T cell activation
Substantial evidence suggests that T cells, particularly, CTLs, have the ability to
eradicate large, well-established tumors.62 The importance of CTLs in the antitumor
response is corroborated by the fact that late-stage tumors frequently manifest multiple
T cell-specific immune escape mechanisms, including the downregulation or complete
loss of T cell recognition molecules.291 Furthermore, recent studies have shown that
considerable numbers of T cells can be found in GBMs, and that the quantity of these
intratumoral CD8+ CTLs in this setting may predict favorable outcomes in patients with
GBM.217,218 Thus, a number of cell-based therapies have been developed that enhance
this effect, either by eliciting tumor-specific immunity from circulating lymphocytes, or
alternatively through the adoptive transfer of ex vivo expanded tumor infiltrating
lymphocytes and other T cells that may be genetically modified to possess specificity for
a tumor antigen. Ultimately, while functionally effective, these cell-based therapies are
partially limited due to the fact that they generally rely on viral transduction, laborious
protocols performed by heavily-trained laboratory personnel, and centralized
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manufacture and development. Even the latest generation chimeric antigen receptor
transduced T cell, which use antibody fragments to re-direct T cell specificity, requires
viral transduction and the ex vivo expansion of T cells. hEGFRvIII-CD3 bi-scFv
harnesses the anti-tumor potential of T cells while entirely circumventing these
limitations.
9.2.3.1 Monoclonal agonist antibodies risk autoimmunity
To avoid the complex preparation required for cell-based therapy, T cells can
instead be activated in vivo by infusion with agonistic monoclonal antibodies, which are
by contrast relatively easy and inexpensive to produce. Signaling via the CD28 receptor,
for example, in preclinical models offered a promising mechanism for therapeutic T
manipulation in vivo. However, phase I clinical trials of the superagonist anti-CD28
monoclonal antibody, TGN1412, were aborted due to prohibitive autoimmunity and
catastrophic systemic organ failure from global ligation of circulating T cells throughout
the body.63 Rather than using monoclonal antibodies that activate T cells in an
indiscriminate fashion, EGFRvIII-specific BiTE activates T cells only in the proximity of
the tumor specific target antigen, EGFRvIII. Furthermore, there is no cross-reactivity
with the wild type EGFR.
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9.2.3.2 Bispecific T cell engagers (BiTEs)
The BiTE platform, due to its relative ease of manufacture, highly-specific nature,
and localized mode-of-action, overcomes many of the limitations associated with
laborious and nonspecific therapies described above. BiTEs are monomeric polypeptides
consisting of two scFvs translated in tandem with total molecular weights of
approximately 50 kDa.281 By definition, these constructs possess one effector-binding
arm specific for the epsilon subunit of CD3 (a signaling molecule complex associated
with the T cell receptor on T cells) while the opposing target-binding arm can be
directed against any number of epitopes or “targets” that are differentially expressed on
the surface of tumor cells.64 This divalent design allows BiTEs to create a molecular
“tether” between T cells and tumor cells, resulting in highly-localized and specific
activation with concomitant tumor lysis (Figure 1).
Notably, in lymphoma, one prominent, well-characterized BiTE is a recombinant
CD19 specific construct.69,292 This construct targets the pan-B cell antigen, CD19, and is
frequently described as extremely potent, with the ability to facilitate multiple rounds of
target cell lysis in vitro at concentrations in the femtomolar range.68 Most recently,
translation to human trials assessing the clinical activity of this construct in patients with
non-Hodgkin’s lymphoma have confirmed its efficacy. All seven patients in the study
who received BiTE doses of only 0.06 mg/m2 per day showed objective tumor regression
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with 5 partial responses and 2 complete responses as well as clearance of tumor from the
blood, bone marrow, and liver.72 This drug dose produced serum levels which were 5fold lower than effective doses of the CD19-specific antibody rituximab, which is
currently being used clinically as standard-of-care.293 Importantly, no dose-limiting
cytokine release syndrome was evident in the trial; however, treatment led to the
expected depletion of normal CD19-expressing B cells. Thus, EGFRvIII-specific BiTE
overcomes a significant limitation of this promising therapeutic. Namely, by targeting a
tumor-specific antigen, all normal, healthy cells are spared.
9.2.3.3 EGFRvIII as a target for BiTE therapy
Most well-characterized tumor antigens are over-expressed normal proteins,
which compromises their effectiveness to safely eliminate tumor cells without
significantly risking autoimmunity. Conversely, tumor-specific antigens derived from
mutations in somatic genes are less likely to be associated with autoimmunity, given
that they are never expressed in healthy tissue.
EGFRvIII is a frequent and consistent tumor-specific mutation that consists of an
in-frame deletion of 801 base pairs from the extracellular domain of the wild-type
receptor, resulting in the translation of a novel glycine at the fusion junction. This
mutant gene encodes a constitutively active tyrosine kinase that enhances neoplastic cell
growth and invasion while conferring radiation and chemotherapeutic resistance to
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tumor cells. Furthermore, it has been observed that tumor cells become “addicted” to the
signaling pathways downstream to the EGFRvIII receptor, and will die when this
stimulus is removed.
The EGFRvIII mutation is most frequently seen in patients with GBM, but is
found in a broad array of other human cancers.33 The exquisite tumor-specificity of
EGFRvIII, its clonal expression in GBMs, its absence in any normal tissues, and its
importance in the pathobiology of tumors make the EGFRvIII mutation an ideal target
for antitumor immunotherapy.
Besides the fact that its expression is strictly limited tumor tissues, EGFRvIII is
also optimal as a BiTE target given its relatively short length, making it an antigenic
epitope that is close to the cell membrane; previous studies have demonstrated that both
small antigen size and minimal distance from the membrane represent critical
determinants for BiTE-mediated potency.227
Our preliminary data demonstrates that our fully human EGFRvIII-specific BiTE
(hEGFRvIII-CD3 bi-scFv) activates CD4+ and CD8+ T cells (Figure 13) causing them to
secrete TH1 cytokines and proliferate in an antigen-specific manner (Figure 13). Also, in
in vitro tumor lysis assays (Figure 14) and orthotopic and subcutaneous murine
xenograft models (Figure 15), hEGFRvIII-CD3 bi-scFv eradicates human GBMs.
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Given the efficacy we have observed following IV administration of hEGFRvIIICD3 bi-scFv against orthotopic, well-engrafted patient-derived malignant glioma in
xenograft models, we will pursue studies here to determine the pharmacokinetic
behavior of hEGFRvIII-CD3 bi-scFv in recurrent GBM patients following IV
administration. We will assess overall biodistribution as well as CNS tumor penetrance
following IV administration. These data will provide further rationale for the intended
IV route of delivery.
Furthermore, a novel therapeutic concept is the hypothesis that T cells uniquely
mediate the localization and or retention of hEGFRvIII-CD3 bi-scFv into the CNS to treat
tumors beyond the BBB. We hypothesize that adoptively transferred lymphocytes know
to circulate to tumors in the brain, and may carry or hitchhike EGFRvIII-specific BiTE to
the tumor site. This may result in enhanced accumulation and/or retention there,
increasing drug-tumor penetrance and potentially offering a new mechanism of drug
delivery to the CNS. We will characterize the phenomenon of BBB penetration of both
hEGFRvIII-CD3 bi-scFv and circulating lymphocytes in human studies. Toward this
end, we will use SPECT-CT and PET-CT imaging to assess biodistribution of 111Inlabeled T cells and 124I-hEGFRvIII-CD3 bi-scFv, respectively, in recurrent patients with
EGFRvIII-positive GBM based on initial diagnosis. Our planned dosing schedule,
supported by pre-clinical biodistribution studies and corresponding dosimetry
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calculations, should be sufficient for imaging purposes, especially given that the
EGFRvIII-specific molecule will theoretically accumulate over time given its target
specificity.

9.3 Objectives and endpoints
Table 32: Objectives and endpoints for a phase 0 study of hEGFRvIII-CD3 biscFv in patients with recurrent EGFRvIII-positive glioblastoma.
Objective

Endpoint

Primary

To assess and compare
the IC tumor localization
of IV administered 124Iradiolabeled hEGFRvIIICD3 bi-scFv with and
111Inwithout
prior
labeled T cell infusion.

Peak percentage of injected
124I-radiolabeled
dose
of
hEGFRvIII-CD3 bi-scFv per
gram of IC tumor with and
without prior 111In-labeled T
cell infusion.

Secondary

To test whether IV
infusions of hEGFRvIIICD3
bi-scFv
cause
toxicity in patients with
recurrent
EGFRvIII+
GBM.

Percentage of patients with
unacceptable toxicity.

Key Exploratory

To describe the survival
experience of patients
treated with hEGFRvIIICD3 bi-scFv.

Percentage of patients alive 6
months after hEGFRvIII-CD3
bi-scFv; median survival.

Exploratory

To
describe
the
progression-free survival
experience of recurrent,
EGFRvIII-expressing
GBM patients treated
with hEGFRvIII-CD3 biscFv.

Percentage of patients alive
without disease progression 6
months after hEGFRvIII-CD3
bi-scFv treatment; median
progression-free survival.
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Exploratory

Exploratory

To assess for IC tumor
localization
of
IV
111
administered
Inlabeled autologous T
cells.
To describe EGFRvIII
expression at disease
recurrence.

Peak percent injected dose of
In-labeled autologous T cells
per gram of IC tumor.
111

Percentage of patients who are
EGFRvIII positive at recurrence

9.4 Investigational plan
9.4.1 Study design
This Phase 0 study will enroll adults with recurrent supratentorial EGFRvIII+
GBM with recurrent disease (>1cm3), have a KPS ≥70, have stable or decreasing doses of
steroids, have no serious illnesses, and have normal CMP and CBC. EGFRvIII+ status
will be based on initial diagnosis.
After enrollment, and no greater than 2 weeks from date of main study consent,
patients will undergo a leukapheresis for T cells generation and be scheduled for
infusion of 124I-labeled hEGFRvIII-CD3 bi-scFv. A second infusion of 124I-labeled
hEGFRvIII-CD3 bi-scFv will be given within 30 days of first infusion.
In-labeled T cells will be given 4 days before the second infusion of hEGFRvIII-
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CD3 bi-scFv following a PET/CT scan that will be done less than 3 days before time of
infusion of T cells. This PET scan will be done to confirm clearance of the first
administration of 124I-labeled hEGFRvIII-CD3 bi-scFv.
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Following each treatment, imaging will be done as described below by PET/CT
and SPECT/CT to determine the intracerebral localization of 124I-labeled hEGFRvIII-CD3
biscFv and 111In-labeled T cells, respectively. Quantification of radioactivity will be
assessed by previously published methods that calculate counts from reconstructed
images based on the percentage of injected dose per gram of tumor tissue.
Patients with recurrent EGFRvIII-positive GBM will be imaged by MRI for
baseline measurements and assessed for progression prior to receiving hEGFRvIII-CD3
bi-scFv. Patients will continue to be imaged by MRI according to standard of care
without receiving any other prescribed anti-tumor therapy unless tumor progression
occurs.
9.4.1.1 Definition of unacceptable toxicity
Toxicities will be graded according to the NCI CTCAE version 4 criteria. An
unacceptable toxicity will be defined as a non-neurologic Grade III toxicity of any
duration that is treatment related (possibly, probably, or definitely attributable to the
study drug) or any treatment-related Grade IV toxicity. A treatment-related Grade III
neurologic toxicity will only be declared an unacceptable toxicity if not reversible within
4 weeks.
As noted below, the number of patients with unacceptable toxicities will be
monitored. If two or more patients experience an unacceptable toxicity with hEGFRvIII-
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CD3 bi-scFv treatment, accrual will be suspended and all data carefully reviewed to
determine if accrual should continue with or without modification. Options include:
accrual without modification but continued monitoring; modification of the treatment
regimen; or permanent termination of patient accrual.
9.4.1.2 Safety Considerations
Allergic reactions to autologous T cells or hEGFRvIII-CD3 bi-scFv
Infusion of antigen presenting cells may result in an allergic reaction, which
could include redness and swelling at the infusion site, itching, hives, low blood
pressure, difficulty breathing, or in the most extreme circumstances, death. In addition,
if the immune system becomes overly activated, potential discomforts may include pain,
redness and swelling at the infusion site. The risks associated with the infusion of
autologous lymphocytes for immunotherapy in humans are currently unknown. The
best current assessment of potential risks of T cells can be gathered from the extensive
experience gained at our institution and others in autologous peripheral blood stem cell
transplantation using mobilized progenitors. We have experienced no grade III or IV
toxicities associated with infusion of autologous lymphocytes in patients with GBM. A
recent review describing management of toxicities associated with this procedure
reported only complications associated with the consolidation and conditioning
regimens utilized in stem cell transplantation, as well as the post-transplant period
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where patients exhibit profound neutropenia. These toxicities are not relevant to T cell
infusion proposed in this study. Patients may experience an allergic reaction to
preserved cells or other transfusion associated side effects, such as pain at infusion site,
mild swelling or edema, hypotension, or shortness of breath. Therefore, patients will be
monitored for 1 hour following infusion of T cells and hEGFRvIII-CD3 bi-scFv for the
development of any adverse effects. The infusion will be supervised by a nurse or
physician that has completed an ACLS course. A cardiac resuscitation cart will be
available in the immediate vicinity when performing these infusions in case of severe
allergic reactions.
I-124 hEGFRvIII-CD3 bi-scFv
hEGFRvIII-CD3 bi-scFv will be manufactured with 1-124 (124I), which is a
positron emitting isotope of iodine that has a half-life of 4.18 days. I124 is most often
used in immunotherapy. Iodine's chemical properties make it easy to attach to molecules
for imaging studies. The exposure to ionizing radiation may cause a small increase in a
person’s lifetime risk of developing cancer. Nuclear medicine diagnostic procedures
have been used for more than five decades, and there are no known long-term adverse
effects from such low-dose exposure. Allergic reactions to radiopharmaceuticals may
occur but are extremely rare and are usually mild. Iodine may increase the risk of
thyroid diseases. To protect the thyroid and to prevent uptake of free 124I by the thyroid
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gland, SSKI® (potassium iodide oral solution, USP) will be given before, and following
each infusion of I124-hEGFRvIII-CD3 bi-scFv
Indium-111 labeled autologous T cells
Patients’ T cells will be radiolabeled with Indium. Radioactive indium-111 (in
very small amounts on a chemical basis) is used in nuclear medicine tests, as
a radiotracer to follow the movement of labeled proteins and white blood cells in the
body. The radiation exposure to the patient who receives In-labeled T cells will be
minimal at proposed doses and is roughly equivalent to natural radiation that people
experience living in higher altitudes.
Nuclear medicine scans
The tests or treatments for this study include PET/CT co-registration scans
(PET/CT) and a SPECT/CT co-registration scan. The radiation dose from this research is
about 84 millisievert. To help better understand the amount of radiation subjects are
exposed to, we will compare it to the yearly limit suggested by the government for the
many doctors, nurses and scientists who work with radiation every day. This limit is the
amount of radiation that should not cause harm to a person at any time during his or her
lifetime. The yearly limit for radiation workers is about the same as everyone gets from
15 to 20 years of exposure to natural background radiation. The combined amount of
radiation from the PET/CT and SPECT/CT scans subjects may get by taking part in this
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study is about one and a half times as much as the yearly limit for people who work
with radiation.
A possible health problem seen with radiation exposure is the development of
cancer later in life. This extra cancer risk is higher at younger ages and for girls and
women. The extra lifetime risk of dying of a fatal cancer due to the radiation exposure
from this research may range from about one in 1,000 to about one in 400. At such low
radiation exposures, scientists disagree about the amount of risk. These estimates are
very uncertain, and there may be no extra risk at all.
We can compare this possible extra cancer risk to other risks (over a lifetime) that
everyone is subject to in everyday life. For example, the chances of a person dying of
cancer with no extra radiation exposure are about one in 4. The chances of dying in a car
crash are about one in 82, and the chances of being killed by a car while crossing the
street are about one in 730.
Cerebral edema
Cerebral edema may be secondary to the disease process itself, the surgical
procedure, necrosis from previous radiation, or inflammation due to immune infiltration
of the brain or destruction of tumor cells. Symptoms may include, but are not limited to,
severe headache, confusion, lethargy, unresponsiveness, coma, or focal neurological
deficits. Patients will be monitored throughout the course of the study and those
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patients with any signs or symptoms of cerebral edema may need their steroid doses
increased, treatment with an osmotic diuretic, or surgical decompression. Edema that
fails to respond to aggressive therapy may lead to permanent neurological impairment.
The probability of this risk can be predicted to some degree based upon tumor size,
location, pre-infusion neurological impairment prior to T cells and hEGFRvIII-CD3 biscFv infusions. Patients will be monitored throughout the course of the study by the
neuro-oncology team and undergo imaging as per PRTBTC standard of care.
Infection
The T cells and/or the hEGFRvIII-CD3 bi-scFv may include the risk of infection
due to potential contamination of the products. This may result in localized redness,
swelling, or induration at the infusion site. In the most extreme situation, this may lead
to systemic bacterial/fungal sepsis and possibly death. The probability of this risk is
relatively low, given the fact that the cells will be strictly tested for sterility prior to each
infusion. The risk of infection due to potential contamination of the cells will be
minimized by biosafety quality assurance and testing. All cell cultures will be handled
under sterile conditions in a tissue culture facility dedicated to the processing of human
cells. Prior to infusion into patients, cells must pass sterility tests in thiglycolate broth,
tryptic soy blood agar, and inhibitory Sabouraud agar. Following infusions, patients will
be monitored throughout the course of the study for any signs and symptoms of
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infection. If an active infection is suspected, patients will be cultured and treated with
appropriate antibiotics.
Autoimmune reactions
It is possible that delayed autoimmune reactions may develop as a result of
infusion with T cells or EGFRvIII-specific BiTE. This means that the immune system may
be stimulated to attack natural tissue in the body. Animal studies have reported the
development of autoimmunity in the context of immunotherapy and recovery from
lymphopenia. However, our current experience with T cells in glioma patients has not
demonstrated evidence of autoimmunity in treated patients. It therefore, is unknown
what the risk of delayed autoimmune disease is for this study.
9.4.1.3 Concomitant medications
Concomitant medications will be managed by the treating neuro-oncologist and
recorded at each study visit by the study team.

9.4.2 Rationale for selection of dose, regimen, and treatment duration
The 124I-hEGFRvIII-CD3 bi-scFv dose that will be evaluated in this trial will be
0.45 mCi administered activity as a single dose and a PET/CT brain imaging time of 10
min with a voxel size of 5 mm. The imaging time and voxel size could be adjusted as
information on blood activity becomes available. The administered activity and imaging
times are based on (1) radiation dose to the subject and (2) tumor detectability.
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Subject radiation dose: Based upon mouse biodistribution data, the effective dose
to a female human patient is 2.7 rem per administered millicurie of 124I. The standard of
care agent for oncologic imaging, F-18 FDG, gives an effective dose to a female of 1.2
rem per 10 millicurie administration. If we consider 1.2 rem to be a reasonable radiation
dose to patients, then 450 microcuries (0.450 mCi; 16.7 MBq) of 124I will give an effective
radiation dose to subjects that is comparable to that for the standard of care exam.
Tumor detectability: Tumor detectability is a combination of (a) tumor-to-tissue
background concentration ratio (“contrast”) and (b) the signal-to-noise ratio (SNR) (ratio
of the counts per voxel in the tumor and the statistical error in the difference between
tumor and background counts). The signal-to-noise ratio (SNR) depends upon the
scanner sensitivity (number of counts detected per unit time per unit activity in a voxel,
and voxel size). Even if there is good tumor/background contrast, a low SNR will
interfere with tumor detection. Conversely, even a high SNR may not result in tumor
detection if the contrast is not sufficiently high.
Contrast: For F-18 FDG, the cerebral cortex is easily visualized; the cerebral
cortex concentrates about 2% of the administered activity. In preliminary murine
experiments we have observed an IC tumor uptake of 124I-hEGFRvIII-CD3 bi-scFv of
approximately 1% ID/g. Assuming the weight of the average cerebral cortex is 842 g,
then the “% ID/g” is 0.0025. A tumor with mass of ~4 g (~ 2 cm diameter) would need to
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take up a fraction of 0.0001 of the administered activity to have the same tissue
concentration as the cortex in an FDG scan. The other variable in contrast is the
“background” brain activity. Since this is a labeled antibody, we would not expect active
concentration in normal brain. We can reasonably assume that the only background
activity would be due to 124I in the brain blood compartment, which is expected to be
low given the predicted serum half-life of approximately 2 hours.
SNR: The sensitivity of the GE Discovery 690 was used to calculate values for
contrast and SNR at different blood concentrations, assuming the following imaging
parameters: 0.45 mCi injected, 2 mm voxel size, 10 min brain imaging time. When the
fraction of the administered activity in blood drops below 0.25, the contrast increases
rapidly, and the SNR is acceptable at 3.4. Increasing the imaging time to 30 minutes
would increase SNR to 5.9 at that blood activity. By increasing the voxel size to 5 mm
and keeping the imaging time at 10 minutes we obtain a SNR of 13.4. The imaging time,
voxel size and administered activity may be altered as the trial progresses and new data
become available.
Indium-labeled T-Cells: With the exception of localization in tumor tissue, the
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In-labeled T-cells will have normal tissue localization similar to that for 111In-labled

white blood cells. Sites of normal localization include liver, spleen and bone marrow.
The standard dosage for 111In white cells is 0.5 mCi (18.5 MBq). For a single
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administration of the standard dosage, the effective radiation dose is 1.2 rem (12 mSv).
As for the 124I-hEGFRvIII-CD3 bi-scFv, the effective radiation dose is similar to that for
an 18F-FDG PET scan.
The two treatments of hEGFRvIII-CD3 bi-scFv will be separated by a minimum
of 30 days, allowing for sufficient clearance of the 124I-labled hEGFRvIII-CD3 bi-scFv,
which has a radiologic half-life of approximately 4.18 days and an estimated serum halflife of about two hours. A PET/CT scan will be done prior to T cell infusion to ensure
clearance of the first 124I-labled hEGFRvIII-CD3 bi-scFv administration.

9.4.3 Rationale for correlative studies
Our preliminary data demonstrated that hEGFRvIII-CD3 bi-scFv, when
administered systemically, localizes to tumors within the brain and has potent
therapeutic effects in the CNS without apparent toxicity. In order for hEGFRvIII-CD3 biscFv to achieve its full potential in patients, both hEGFRvIII-CD3 bi-scFv and effector T
cells will need to have access not only to areas of permeable, bulky tumor, but also to
invasive areas of infiltrative tumor thought to reside beyond the BBB. Although CNS
access will certainly be limited to some degree, the relative potency of the hEGFRvIIICD3 bi-scFv platform at extremely low doses72 suggests that only small amounts may
actually need to reach the tumor in order to mediate significant therapeutic effects.
Importantly, this human Phase 0 study will provide an early assessment of potential
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toxicity and efficacy of hEGFRvIII-CD3 bi-scFv at low doses. The experiments described
here will examine whether hEGFRvIII-CD3 bi-scFv and T cells will gain access to
EGFRvIII-expressing IC tumors in an early human Phase 0 study.
Following the first treatment of 124I-hEGFRvIII-CD3 bi-scFv, imaging will occur
within 3 hours of the infusion, and repeated on days 1, 2, and 5 post infusion by PET/CT.
Prior to infusion of 111In-labeled T cells (< 3 days prior to infusion), a PET/CT scan will be
used to determine if any 124I-hEGFRvIII-CD3 bi-scFv remains. Within 2 days following
infusion of 111In-labeled T cells, imaging by SPECT/CT will be used to determine the IC
localization of 111In-labeled T cells. Finally, following the second treatment of 124IhEGFRvIII-CD3 bi-scFv, imaging will occur within 3 hours of the infusion, and repeated
on days 1, 2, and 5 post infusion by PET/CT. Quantification of radioactivity will be
assessed by previously published methods that calculate counts from reconstructed
images to determine the percentage of injected dose per gram of tumor tissue.
Patients with recurrent EGFRvIII-positive GBM will be imaged by MRI for
baseline measurements and to assess progression prior to being randomized to receive
hEGFRvIII-CD3 bi-scFv; although the purpose of this study is not to detect tumor
responses, any evidence of tumor response will be determined according to the Duke
PRTBTC SOP (available upon request). Progression post-infusions will be defined in
accordance with immunotherapy Response Assessment for Neuro-Oncology (iRANO)
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criteria, or “≥ 25% increase in the sum of biperpendicular diameters of enhancing
disease; or new lesions; or substantial worsened T2/FLAIR; or substantial clinical
decline”.294 If clinically indicated, subjects will undergo biopsy or resection for suspicion
of recurrent disease. If available, tumor tissue will be obtained to establish the presence
or absence of EGFRvIII, hEGFRvIII-CD3 bi-scFv and/or T cells.
OS will be defined as time between randomization and death, and will be
censored at the last follow-up. Upon progression, patients will be withdrawn from the
trial and may be treated on other therapies as directed by the treating neuro-oncologist.
All subsequent therapies will be recorded by the study team.
We anticipate that both hEGFRvIII-CD3 bi-scFv and T cells will localize to IC
tumors at detectable levels by our proposed imaging modalities. One potential pitfall
may be that an insufficient amount of radiolabeled antibody localizes to the IC tumor
such that the accumulated amount is beyond the sensitivity of the instruments. In this
case, if greater quantities of hEGFRvIII-CD3 bi-scFv are deemed necessary, we will
consider altering the administered activity, imaging time and voxel size, as discussed
above.
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9.4.4 Definition of evaluable subjects, on study, and end of study
Evaluable subjects are those patients that have received T cells or hEGFRvIIICD3 bi-scFv. Once the patient signs ICF, that subject will be considered “on study.”
Rationale for taking patient off protocol treatment will be documented.

9.4.5 Early study termination
This study can be terminated at any time for any reason by the PI-sponsor. If this
occurs, all subjects on study should be notified as soon as possible. Further below is a
description of procedures and process for prematurely withdrawn patients.

9.5 Study drug
9.5.1 Names, classification, and mechanism of action
The name of the drug will be hEGFRvIII-CD3 bi-scFv. The class of action is a
biological. hEGFRvIII-CD3 bi-scFv is a monomeric protein consisting of two single-chain
antibody fragments translated in tandem with a total molecular weight of approximately
50 kDa.281 By definition, BiTE constructs possess one effector-binding arm specific for
the epsilon subunit of CD3 (a signaling molecule complex associated with the T cell
receptor on T cells) while the opposing target-binding arm is directed against any
number of epitopes or “targets” that are differentially expressed on the surface of tumor
cells.64 In this case, we are targeting EGFRvIII. This divalent design allows hEGFRvIII-
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CD3 bi-scFv to create a molecular “tether” between T cells and tumor cells, resulting in
highly-localized and specific CD3+ T-cell activation with concomitant tumor lysis.
The name of the other study drug is autologous T cells. The class of action is
biological.

9.5.2 Packaging and labeling
After radioactive labeling the material will be placed in a syringe and labeled as
follows:
I-hEGFRvIII-CD3 bi-scFv:

124

Patient Name
Medical Record Number
Date of Birth
Drug: 124I-hEGFRvIII-CD3 bi-scFv
Lot #
Caution New Drug Limited By Federal Law To Investigational Use

In-T cells:

111

Patient Name
Medical Record Number
Date of Birth
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Drug: 111In Autologous T cell Drug Product
Lot #
Caution New Drug Limited By Federal Law To Investigational Use

9.5.3 Supply, receipt, and storage
Study drugs will be stored in the Duke MPACT GMP Facility. All drug transfers,
receipts, and disposals are recorded in the Duke Nautilus system.

9.5.4 Dispensing and preparation
9.5.4.1 124I-hEGFRvIII-CD3 bi-scFv drug product
The hEGFRvIII-CD3 bi-scFv drug product will be prepared as detailed in Section
7 of the IND and delivered from the MPACT Facility directly to the Duke
Radiopharmacy. The Duke Radiopharmacy will prepare the 124I-hEGFRvIII-CD3 bi-scFv
drug product as detailed in Section 7 of the IND. As soon as manufacturing is complete
and product passes analytical testing as described in Section 7 of the IND it will be
dispensed from the Duke Radiopharmacy and delivered to the treatment area by study
personnel for immediate infusion. 124I-hEGFRvIII-CD3 bi-scFv will be administered
according to protocol. The patient’s name, study ID, DOB, and MRN will be double
verified prior to 124I-hEGFRvIII-CD3 bi-scFv administration as is standard DUH
procedure.
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9.5.4.2 111In-autologous T cells
In autologous T cell drug product will be prepared as detailed in Section 7 of
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the IND. Briefly, patients will undergo leukapheresis and PBMCs will be isolated.
Autologous T cells will be expanded via 10-14 days of cell culture at the MPACT Facility
as described in Section 7 of the IND. When sufficient cells are obtained, cells will be
either cryopreserved or used immediately. Expanded autologous T cells will be
transferred from the MPACT facility to the Duke Radiopharmacy where they will be
radiolabeled using 111In according to standard protocol and as described in Section 7 of
the IND. As soon as manufacturing is complete and product passes analytical testing as
described in Section 7 of the IND it will be dispensed from the Duke Radiopharmacy to
the treatment area by study personnel for immediate infusion. 111In autologous T cell
drug product will be administered according to protocol. The patient’s name, study ID,
DOB, and MRN will be double verified prior to 111In autologous T cell administration as
is standard DUH procedure. The final formulated T cells will be stored at 2-8°C for up
to 6 hours. After this time the material will be disposed of if not given to the patient.
In addition to quality control and release testing, from this final preparation a
sample of cells will be sent for sterility testing as described in Section 7 of the IND.
While 111In-T cells will not be given until lot release testing, including endotoxin testing,
has been passed (< 5.0 E.U./Kg), results from sterility testing will not be available until 14
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days after the cells will be administered (please refer to Section 7 of the IND for further
detail).
In the event of a positive sterility test, the Principal Investigator or his or her
designate will notify the treating physician and the patient. The FDA and IRB will be
notified within 15 calendar days. The patient will be asked to be evaluated by a
physician within 24 hours. If the patient has or develops a temperature >38.5 degrees
Celsius or clinical evidence of infection at the injection site (erythema or edema) or
systemically, the patient will have samples taken from the injection site, along with
blood, urine and sputum (if possible). Samples will be sent for bacterial and fungal
cultures and sensitivity testing. The patient will be treated expectantly with antibiotics
based on the sensitivities of the organisms identified from the immunization product
and an independent infectious disease consultation will be obtained to guide further
therapy. Any remaining lymphocytes will be sent for bacterial and fungal cultures,
sensitivity testing and endotoxin testing.

9.5.5 Compliance and accountability
The hEGFR-CD3 bi-scFv will be stored in the MPACT in a temperature
controlled, locked access controlled storage unit. All drug transfers, receipts, and
disposals are recorded in the Duke Nautilus system. The hEGFRvIII-CD3 bi-scFv will be
signed out and distributed by the MPACT Facility. Study personnel are trained to use

278

safe medication practices to reduce the risk of medication errors and adverse events
when setting up study drug procedures. Investigational drugs are ordered, received,
stored, and dispensed for DBTIP protocols that are approved by the DUHS IRB.
Investigational drugs are stored separately from other drugs in an area of limited access
and in accordance with special storage requirements. They are clearly labeled with the
identity of the study drug and other control numbers.

9.5.6 Disposal and destruction
Radioactively labeled drug product (124-I-hEGFRvIII-CD3 bi-scFv and 111-Inautologous T cells) that is not administered to patients according to protocol will be
disposed of according to standard Duke Radiation safety practices. Patient rooms and
the patient themselves will be monitored before discharge by a member of the Duke
Radiation safety committee.

9.6 Subject eligibility
9.6.1 Inclusion criteria
The inclusion criteria are listed below:


Age ≥ 18 years.



Patients with first recurrence of a primary GBM with proven EGFRvIII
expression on >10% of their cells based on IHC from biopsy or resection
performed at the time of initial GBM diagnosis.
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Measurable tumor (>1cm3) with a supratentorial component.



KPS of ≥ 70.



Signed informed consent approved by the Institutional Review Board.



At least 12 weeks from radiation therapy, unless progressive disease outside
of the radiation field or progression on 2 consecutive scans or histopathologic
confirmation. Stable or decreasing steroid dose prior to randomization.



CBC/differential obtained within 14 days prior to randomization with
adequate bone marrow function as defined below:
o

Absolute neutrophil count (ANC), ≥ 1500 cells/mm3.

o

Platelet count, ≥ 100,000 cells/mm3.

o

Hemoglobin ≥ 10 g/dl. (Note: The use of transfusion or other
intervention to achieve Hgb ≥ 10 g/dl is acceptable.)



Adequate renal function within 14 days prior to randomization as defined
below:



o

BUN ≤ 25 mg/dl

o

Creatinine ≤ 1.7 mg/dl

Adequate hepatic function within 14 days prior to randomization as defined
below:
o

Bilirubin ≤ 2.0 mg/dl
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o

ALT ≤ 3 x normal range

o

AST ≤ 3 x normal range

Female patients must not be pregnant or breast-feeding. Female patients of
childbearing potential (defined as < 2 years after last menstruation or not
surgically sterile) must use a highly effective contraceptive method (allowed
methods of birth control, [i.e. with a failure rate of < 1% per year] are
implants, injectables, combined oral contraceptives, intra-uterine device
[IUD; only hormonal], sexual abstinence or vasectomized partner) during the
trial and for a period of > 6 months following the last administration of trial
drug(s). Female patients with an intact uterus (unless amenorrhea for the last
24 months) must have a negative serum pregnancy test within 48 hours prior
to first study treatment.



Fertile male patients must agree to use a highly effective contraceptive
method (allowed methods of birth control [i.e., with a failure rate of < 1% per
year] include a female partner using implants, injectables, combined oral
contraceptives, IUDs [only hormonal], sexual abstinence or prior vasectomy)
during the trial and for a period of > 6 months following the last
administration of trial drugs.
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9.6.2 Exclusion criteria
The exclusion criteria are listed below:


Prior invasive malignancy (except for non-melanomatous skin cancer)
unless disease free for ≥ 3 years. (For example, carcinoma in situ of the
breast, oral cavity, and cervix are all permissible.)



Contrast-enhancing tumor component crossing the midline, multi-focal
tumor, or tumor dissemination (subependymal or leptomeningeal).



Clinically significant increased intracranial pressure (e.g., impending
herniation), uncontrolled seizures, or requirement for immediate
palliative treatment.



Severe, active co-morbidity, defined as follows:
o

Unstable angina and/or congestive heart failure requiring
hospitalization.

o

Transmural myocardial infarction within the last 6 months.

o

Active bacterial or fungal infection requiring intravenous
antibiotics.

o

Chronic Obstructive Pulmonary Disease exacerbation or other
respiratory illness requiring hospitalization or precluding study
therapy.
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o

Hepatic insufficiency resulting in clinical jaundice and/or
coagulation defects.

o

Major medical illnesses or psychiatric impairments that in the
investigator's opinion will prevent administration or completion
of protocol therapy.



Treated with immunotherapeutic agents or vaccines within 4 weeks
before enrollment or have not recovered from the toxic effects of such
cancer therapy.



Treated with alkylating agents within 4 weeks before enrollment or
treated with daily or metronomic chemotherapy within 1 week before
enrollment, unless the patient has recovered from the expected toxic
effects of such cancer therapy.



Prior chemotherapy (non-alkylating agents) within 2 weeks before
enrollment or has not recovered from the toxic effects of such cancer
therapy.



Patients treated on any other therapeutic clinical protocols within 30 days
prior to study entry.



Patients who have, at any time, taken therapeutics known to modulate
EGFR or EGFR variant function including but not limited to EGFR
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inhibitors, EGFR-targeted immunotherapy, or EGFRvIII-targeted
immunotherapy.


Patients with known history of abnormal thyroid function and/or thyroid
disease such as Addison’s disease or hyperthyroidism, as well as cardiac
disease, myotonia congenital, tuberculosis, acute bronchitis, or renal
function impairment.



Patients with known history of sensitivity to iodides.

9.7 Screening and on-study tests and procedures
In brief, eligible patients will be screened and evaluated for study entry.
Screening will include verification of the pathology report to confirm EGFRvIII-positive
GBM from initial diagnosis. Blood counts, as described in the inclusion criteria, will be
reviewed as well as the MRI during routine standard of care assessments in the Preston
Robert Tisch Brain Tumor Center (PRTBTC) clinic. The baseline physical and neurologic
examination with KPS score will be performed and documented by the neuro-oncology
team and confirmed by the study team during the PRTBTC clinic visit. Patients will be
offered treatment options during this PRTBTC clinic visit. Once the main study consent
has been signed, patients will be scheduled to undergo a leukapheresis in order to
obtain T cells for infusion. The patient will also be scheduled for infusion # 1 124I-labeled
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hEGFRvIII-CD3 bi-scFv within 2 weeks of consent. Imaging will be done as described
elsewhere.

9.7.1 Screening examination
The screening examination will take place at the Duke PRTBTC clinic visit and
will include confirmation of EGFRvIII-positive GBM from original diagnosis. An
informed main study consent must be signed by the patient before any study-specific
procedures take place. Subject data to be collected at the screening examination includes
pathology report, MRI, CMP and CBC, and physical and neurologic examination with
KPS score. All subject data is standard of care evaluations that occur for all patients
being seen in the PRTBTC.

9.7.2 Treatment period
Patients that have consented onto this study must first undergo a 4-hour
leukapheresis for T cell generation. Patients will receive 124I-labeled hEGFRvIII-CD3 biscFv within 2 weeks of main study consent.

In-labeled T cells will be administered 4
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days before the 2nd infusion of 124I-labeled hEGFRvIII-CD3 bi-scFv (which is to be
administered within 30 days of 1st infusion of hEGFRvIII-CD3 bi-scFv).
T cell and hEGFRvIII-CD3 bi-scFv infusions will be administered in the DCI
Clinic treatment area, monitored by an RN during and for 1 hour following the
procedure. If a patient develops signs of infection or is febrile prior to the infusion,
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treatment will be postponed pending clinical work-up. The T cell product and
hEGFRvIII-CD3 bi-scFv will be delivered from the MPACT facility directly to the
radiopharmacy under the supervision of study staff. Radiopharmacy will release
radiolabeled study drugs that will be delivered and will be administered according to
protocol. The patient’s name, study ID, DOB, and MRN will be double verified prior to
infusion as is standard Duke transfusion procedure.
Twenty-four hours prior to each infusion of 124I-lableled hEGFRvIII-CD3 bi-scFv,
subjects will receive orally administered SSKI® (potassium iodide oral solution, USP) 0.3
ml (300 mg or 1 drop) to prevent uptake of free 124I by the thyroid gland. Administration
of SSKI 1 drop will continue daily for three days. If the subject failed to take the SSKI
prior to the infusion of 124I-hEGFRvIII-CD3 bi-scFv, 2 drops of SSKI will be administered
and imaging will occur 45 minutes after SSKI administration.
The patient will be pre-medicated 30-60 minutes prior to infusion of both the 124Ilabeled hEGFRvIII-CD3 bi-scFv and the 111In-labeled T cells with acetaminophen (650 mg
po) and Benadryl (25-50 mg po) to reduce infusion-related reactions. An intravenous
catheter (preferably 18-20 G) will be placed for the procedure. A standard infusion set
utilized by treatment team will be used and is comprised of the bag of cells to be
infused, which is sterilely docked to a bag of normal saline used to rinse the product bag
after the cells are infused. Syringes may also be attached to stopcocks to allow for
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aspiration of the product from the bag if flow does not occur easily. Vital signs will be
assessed prior to and every 15 minutes during the infusion. The infusion will last 45-90
minutes depending upon patient weight and cell volume. The product bag should be
flushed with normal saline following infusion. The saline rinse bag will contain 100 mL
of normal saline. Infusion will be documented as well as any adverse experiences with
infusion. All Duke transfusion and cell infusion policies will be followed.
Following infusion, the subject will be transferred to the Duke Radiology
Department for imaging by PET/CT within 3 hours of first 124I- hEGFRvIII-CD3 bi-scFv
infusion. PET/CT will be repeated on days 1, 2, and 5 to determine the intracerebral
localization of 124I-labeled hEGFRvIII-CD3 bi-scFv. 111In-labeled T cells will be infused in
the treatment center as described above and subjects will be discharged from following
the post-monitoring assessment. The subject will come to the Duke Radiology
Department as scheduled, either on the same day as the T cell infusion (must be prior to
infusion) or within less than 3 days from the infusion of T cells, for PET/CT imaging. The
subject will return 2 days following the infusion of the 111In-labeled T cells for SPECT/CT
imaging. Following infusion of the second 124I- hEGFRvIII-CD3 bi-scFv, the subject will
be transferred to the Duke Radiology Department for imaging by PET/CT within 3 hours
of infusion, and again on days 1, 2, and 5 to determine the intracerebral localization of
124

I-hEGFRvIII-CD3 bi-scFv and 111In-labeled T cells. If stable, subjects will be discharged
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home following the post-infusion monitoring time and will continue to be monitored for
30 days following the 2nd infusion via clinic visits for any adverse events.
If clinically indicated, subjects will undergo biopsy or resection for suspicion of
recurrent disease. If available, tumor tissue will be obtained to establish the presence or
absence of EGFRvIII, hEGFRvIII-CD3 bi-scFv and/or T cells.

9.7.3 End of treatment
The treatment phase of the study will be completed once the 30 days of AE
monitoring following the 2nd infusion of hEGFRvIII-CD3 bi-scFv is over.

9.7.4 Follow-up period
Upon completion of the treatment phase, patients will be imaged at the
discretion of the treating oncologist every 2 months according to standard of care
without receiving any other prescribed anti-tumor therapy unless tumor progression
occurs. Patients will be followed for progression free survival and overall survival and
data recorded by the study team.

9.7.5 End of study
Once all data has been collected, analyzed, and completely evaluated on all
subjects as defined in the statistical analysis plan and subjects have completed follow up,
expired, withdrawn, or lost to follow up, the study will be ended.
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9.7.6 Early withdrawal of subject(s)
9.7.6.1 Criteria for early withdrawal
Subjects may voluntarily withdraw from the study at any time. The PI may also
withdraw a subject from the study at any time based on his/her discretion. Reasons for
PI-initiated withdrawal may include, but are not limited to the following:


Progressive disease as documented by MRI or physical examination at
any time before the completion of therapy



Development of an unacceptable toxicity



Pregnancy



Upon request of the subject



If, in the investigator’s medical judgment, further participation would be
injurious to the subject’s health or wellbeing



Development of intolerable symptoms



Protocol deviation



Administrative reasons, such as a major violation of the clinical trial
protocol



Non-compliance of the subject



Failure of T cells to qualify



Inability to undergo leukapheresis
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9.7.6.2 Follow-up requirements for early withdrawal
Subjects treated on this study that are withdrawn by the PI for any of the
aforementioned reasons will continue to be followed for survival by the study
coordinator until death or are lost to follow up. Subjects that are withdrawn prior to any
protocol treatment for any of the aforementioned reasons will be considered eligibility
failures. These patients will not be followed for survival.
9.7.6.3 Replacement of early withdrawal(s)
Patients will initially receive 124I-radiolabeled hEGFRvIII-CD3 bi-scFv alone in
the first treatment period. Approximately 26 days later, patients will receive 111Inlabeled T cell treatment followed 4 days later with 124I-radiolabeled hEGFRvIII-CD3 biscFv in the second treatment period. Subjects who do not complete both treatment
periods will be replaced with respect to the primary analysis of outcome. However, the
patient may be included in all other analyses.

9.7.7 Study assessments
9.7.7.1 Medical history
Medical history will be obtained from the Duke eBrowser system and from the
subject and/or family at the screening visit and reviewed at each study visit. This data
may include the following:


All past medical and surgical history
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Current medications



Changes in physical or neurologic symptoms



Any adverse events

9.7.7.2 Physical exam
Vital signs and physical and neurologic examinations will be assessed and
recorded along with a KPS score prior to enrollment and at each infusion visit.
9.7.7.3 Correlative assessments
Following 124I-labeled hEGFRvIII-CD3 bi-scFv infusion, imaging will be done
within 3 hours following infusion, and on days 1, 2, and 5 as described above. In
addition, before infusion of 111In-labeled T cells, a PET/CT scan will be performed.
Lastly, following treatment of 111In-labeled T cells, subjects will be imaged by SPECT/CT
2 days after treatment and then PET/CT as described above. All imaging will be used to
determine the IC localization of 111In-labeled T cells and 124I-labeled hEGFRvIII-CD3 biscFv. Quantification of radioactivity will be assessed by previously published methods
that calculate counts from reconstructed images based on the percentage of injected
dose.
Patients with recurrent EGFRvIII-positive GBM will be imaged by MRI for
baseline measurements and assessed for progression prior to receiving hEGFRvIII-CD3
bi-scFv. Although the purpose of this study is not to detect tumor responses, any
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evidence of tumor response will be determined by the Duke Brain Tumor Center’s SOP.
Progression post-infusions will be defined in accordance with immunotherapy Response
Assessment for Neuro-Oncology (iRANO) criteria, or “≥25% increase in the sum of
biperpendicular diameters of enhancing disease; or new lesions; or substantial worsened
T2/FLAIR; or substantial clinical decline”.294
Patients will be imaged at the discretion of the treating oncologist every 2
months according to standard of care without receiving any other prescribed anti-tumor
therapy unless tumor progression occurs. If clinically indicated, subjects will undergo
biopsy or resection for suspicion of recurrent disease. If available, tumor tissue will be
obtained to establish the presence or absence of EGFRvIII, hEGFRvIII-CD3 bi-scFv
and/or T cells.

9.8 Safety, monitoring and reporting
The PI is responsible for the identification and documentation of adverse events
and serious adverse events, as defined below. At each study visit, the PI or designee
must assess, through non-suggestive inquiries of the subject or evaluation of study
assessments, whether an AE or SAE has occurred.

9.8.1 Adverse events
An AE is any untoward medical occurrence in a subject receiving study drug and
which does not necessarily have a causal relationship with this treatment. For this
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protocol, the definition of AE also includes worsening of any pre-existing medical
condition. An AE can therefore be any unfavorable and unintended or worsening sign
(including an abnormal laboratory finding), symptom, or disease temporally associated
with the use of the 111In-labeled T cells or 124I-labeled hEGFRvIII-CD3 bi-scFv, whether or
not related to use of the 111In-labeled T cells or 124I-labeled hEGFRvIII-CD3 bi-scFv.
Abnormal laboratory findings without clinical significance (based on the PI’s judgment)
should not be recorded as AEs. But laboratory value changes that require therapy or
adjustment in prior therapy are considered adverse events.
From the time the subject signs the informed consent form through the End of
Treatment visit, all AEs must be recorded in the subject medical record and electronic
adverse events case report form.
AEs will be assessed according to the CTCAE version 4. If CTCAE grading does
not exist for an AE, the severity of the AE will be graded as mild (1), moderate (2),
severe (3), life-threatening (4), or fatal (5).
Attribution of AEs will be indicated as follows. Reference to study drugs mean
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In-labeled T cells and/or 124I-labeled hEGFRvIII-CD3 bi-scFv:


Definite: The AE is clearly related to the study drugs



Probably: The AE is likely related to the study drugs



Possible: The AE may be related to the study drugs
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Unlikely: The AE is doubtfully related to the study drugs



Unrelated: The AE is clearly NOT related to the study drugs

9.8.1.2 Reporting of AEs
A summary of all adverse events (not just those considered related to the study
drugs) will be kept which will categorize the event by organ system, relationship to
treatment, its grade of severity, and resolution. The PI will periodically review the
collective adverse events with the intention of identifying any trends or patterns in
toxicity. If any such trends are identified, depending on their severity and frequency, a
protocol amendment will be considered.

9.8.2 Serious adverse events
An AE is considered “serious” if in the opinion of the investigator it is one of the
following outcomes:


Fatal



Life-threatening



Requires inpatient hospitalization or prolongation of existing hospitalization



A medically significant condition (defined as an event that compromises
subject safety or may require medical or surgical intervention to prevent one
of the three outcomes above).



Constitutes a congenital anomaly or birth defect
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Results in persistent or significant incapacity or substantial disruption to
conduct normal life functions.

9.8.2.1 Reporting of SAEs
All SAEs should be reported immediately to the study PI or his/her designate.
IND safety reports will be submitted to the FDA according to 21 CFR 312.32. Fatal or
life-threatening, unexpected adverse events will be reported to the FDA by telephone,
facsimile, or in writing as soon as possible, but no later than 7 calendar days after first
knowledge by the sponsor followed by as complete a report as possible within 8
additional calendar days. Serious, unexpected adverse events that are not fatal or lifethreatening will be reported to the FDA by telephone, facsimile, or in writing as soon as
possible, but no later than 15 calendar days after first knowledge by the sponsor.
All adverse events that are considered serious, unanticipated, and related or
possibly related to the research (as defined by 21CRF312.32[a]) will be reported to the
DUHS IRB and the FDA using the appropriate SAE report form. At the time of the
annual progress report to the DUHS IRB and the FDA, a summary of the overall toxicity
experience will be provided.

9.8.3 Safety oversight committee (SOCOMM)
The Duke Cancer Institute SOCOMM is responsible for annual data and safety
monitoring of DUHS sponsor-investigator phase I and II, therapeutic interventional
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studies that do not have an independent DSMB. The primary focus of the SOCOMM is
review of safety data, toxicities and new information that may affect subject safety or
efficacy. Annual safety reviews include, but may not be limited to, review of safety data,
enrollment status, stopping rules if applicable, accrual, toxicities, reference literature,
and interim analyses as provided by the sponsor-investigator. The SOCOMM in concert
with the DCI Monitoring Team oversees the conduct of DUHS cancer-related, sponsorinvestigator therapeutic intervention and prevention intervention studies that do not
have an external monitoring plan, ensuring subject safety and that the protocol is
conducted, recorded and reported in accordance with the protocol, SOPs, GCP, and
applicable regulatory requirements.

9.9 Quality control and quality assurance
9.9.1 Monitoring
The DCI Monitoring Team will conduct monitoring visits to ensure subject safety
and to ensure that the protocol is conducted, recorded, and reported in accordance with
the protocol, standard operating procedures, good clinical practice, and applicable
regulatory requirements. As specified in the DCI Data and Safety Monitoring Plan, the
DCI Monitoring Team will conduct routine monitoring after the third subject is enrolled,
followed by annual monitoring of 1 – 3 subjects until the study is closed to enrollment

296

and subjects are no longer receiving study interventions that are more than minimal
risk.
Additional monitoring may be prompted by findings from monitoring visits,
unexpected frequency of serious and/or unexpected toxicities, or other concerns and
may be initiated upon request of DUHS and DCI leadership, the DCI Cancer Protocol
Committee, the SOC, the sponsor, the Principal Investigator, or the IRB. All study
documents must be made available upon request to the DCI Monitoring Team and other
authorized regulatory authorities, including but not limited to the National Institute of
Health, National Cancer Institute, and the FDA. Every reasonable effort will be made to
maintain confidentiality during study monitoring.

9.9.2 Audits
The Duke OARC may conduct audits to evaluate compliance with the protocol
and the principles of GCP. The PI agrees to allow the OARC auditor(s) direct access to
all relevant documents and to allocate his/her time and the time of the study team to the
OARC auditor(s) in order to discuss findings and any relevant issues.
OARC audits are designed to protect the rights and well-being of human
research subjects. OARC audits may be routine or directed (for cause). Routine audits
are selected based upon risk metrics generally geared towards high subject enrollment,
studies with limited oversight or monitoring, Investigator initiated Investigational
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Drugs or Devices, federally-funded studies, high degree of risk (based upon adverse
events, type of study, or vulnerable populations), Phase I studies, or studies that involve
Medicare populations. Directed audits occur at the directive of the IRB or an authorized
Institutional Official.
OARC audits examine research studies/clinical trials methodology, processes
and systems to assess whether the research is conducted according to the protocol
approved by the DUHS IRB. The primary purpose of the audit/review is to verify that
the standards for safety of human subjects in clinical trials and the quality of data
produced by the clinical trial research are met. The audit/review will serve as a quality
assurance measure, internal to the institution. Additional goals of such audits are to
detect both random and systemic errors occurring during the conduct of clinical
research and to emphasize “best practices” in the research/clinical trials environment.

9.9.3 Data management and processing
9.9.3.1 Study documentation
Study documentation includes but is not limited to source documents, case
report forms, monitoring logs, appointment schedules, study team correspondence with
sponsors or regulatory bodies/committees, and regulatory documents that can be found
in the DCI-mandated “Regulatory Binder”, which includes but is not limited to signed
protocol and amendments, approved and signed informed consent forms, FDA Form
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1572, CAP and CLIA laboratory certifications, and clinical supplies receipts and
distribution records.
Source documents are original records that contain source data, which is all
information in original records of clinical findings, observations, or other activities in a
clinical trial necessary for the reconstruction and evaluation of the trial. Source
documents include but are not limited to hospital records, clinical and office charts,
laboratory notes, memoranda, subjects’ diaries or evaluation checklists, pharmacy
dispensing records, recorded data from automated instruments, copies or transcriptions
certified after verification as being accurate copies, microfiches, photographic negatives,
microfilm or magnetic media, x-rays, subject files, and records kept at the pharmacy, at
the laboratories and at medico-technical departments involved in the clinical trial. When
possible, the original record should be retained as the source document. However, a
photocopy is acceptable provided that it is a clear, legible, and an exact duplication of
the original document.
9.9.3.2 Data management
The subject’s medical records will be the primary source document for the study.
Source documents include all information in original records and certified copies of
original records of clinical findings, observations, or other activities in a clinical
investigation used for reconstructing and evaluating the investigation. Source
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documentations may also include paper eligibility checklists, data flowsheets, patient
reported outcomes and other paper documents. The PI, study coordinator, study
research nurse, data management team and all associated study key personnel, are
permitted to make entries, changes, or corrections in the source documents or database
per the study delegation of authority log.
Errors on the source documents will be crossed out with a single line, and this
line will not obscure the original entry. Changes or corrections will be dated, signed,
initialed, and explained (if necessary). Database changes will be tracked via electronic
trail automatically.
9.9.3.3 Data management procedures and data verification
The DCI Information Systems (IS) Shared Resource has a track record of
developing Title 21 CFR Part 11 compliant databases for cancer clinical trials. IS also has
extensive expertise in database quality assurance, and data standards to support cancer
researchers.
Data queries will be generated automatically by the eCRF system. These data
queries signify the presence of data inconsistencies. The study and data management
team will cross-reference the data to verify accuracy. Missing or implausible data will be
highlighted for the PI requiring appropriate responses (i.e. confirmation of data,
correction of data, completion or confirmation that data is not available, etc.).
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The database will be reviewed and discussed prior to database closure, and will
be closed only after resolution of all remaining queries. An audit trail will be kept of all
subsequent changes to the data.
9.9.3.4 Coding
All medical terms will be coded using CTCAE (version 4).
9.9.3.5 Study closure
Following completion of the studies, the PI will be responsible for ensuring the
following activities:


Data clarification and/or resolution



Accounting, reconciliation, and destruction/return of used and unused study
drugs



Review of site study records for completeness



Shipment of all remaining laboratory samples to the designated laboratories

9.10 Statistical methods and data analysis
All statistical analyses will be performed under the direction of the statistician
designated in key personnel. Any data analysis carried out independently by the
investigator must be approved by the statistician before publication or presentation.
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9.10.1 Analysis sets
All patients who receive any protocol treatment will be included in safety
analyses. The analysis set for efficacy analyses will consider all patients for inclusion.

9.10.2 Patient demographics and other baseline characteristics
Summaries of clinical and socio-demographic characteristics will be generated
for all patients as well as patient subgroups defined by assigned treatment sequence.
Categorical descriptors will be summarized using frequency distributions, whereas,
interval variables will be summarized using percentiles, as well as means and standard
deviations.

9.10.3 Treatments
The number of patients who receive 124I-hEGFRvIII-CD3 bi-scFv treatment alone,
and the number of patients who receive 124I-hEGFRvIII-CD3 bi-scFv with 111In-labeled T
cells will be summarized.

9.10.4 Primary objective
To compare the effect of 124I-hEGFRvIII-CD3 bi-scFv with and without prior 111Inlabeled T cell infusion on IC localization of 124I-hEGFRvIII-CD3 bi-scFv.
9.10.4.1 Variable
The peak percentage of the injected dose of 124I-hEGFRvIII-CD3 bi-scFv per gram
of IC tumor with and without prior 111In-labeled T cell infusion.

302

9.10.4.2 Statistical hypothesis, model, and method of analysis
Patients will initially receive 124I-hEGFRvIII-CD3 bi-scFv alone in the first
treatment period. Approximately 26 days later, patients will receive 111In-labeled T cell
treatment followed 4 days later with 124I-hEGFRvIII-CD3 bi-scFv in the second treatment
period. The biodistribution of 124I-hEGFRvIII-CD3 bi-scFv with and without T-cells will
be assessed, with each patient serving as their own control. An assessment of 124IhEGFRvIII-CD3 bi-scFv levels will be conducted before the infusion of T-cells to confirm
the expectation that all previously administered 124I-hEGFRvIII-CD3 bi-scFv had
dissipated. As described above, radioactivity levels will be quantified by previously
published methods that calculate counts from reconstructed images to determine the
percentage of injected dose per gram of tumor tissue.
A paired t-test will compare peak 124I-hEGFRvIII-CD3 bi-scFv levels with and
without T-cell treatment. A nonparametric test will be conducted in lieu of a paired ttest if test assumptions are not satisfied. Similar efficacy analyses will be conducted for
secondary outcome measures.
Though the primary comparison will focus on the peak 124I-hEGFRvIII-CD3 biscFv levels, additional analyses will describe the patterns in the change in 124IhEGFRvIII-CD3 bi-scFv levels over time (i.e. 3 hours, day 1, 2, and 5) with and without
T-cell treatment. The analysis will initially be descriptive with the calculation of means
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and quartiles at each time point. Additional analyses will be dependent upon the
characteristics of the outcome and completeness of the data.
9.10.4.3 Handling of missing values, censoring, and discontinuations
If a patient drops out of the study before completing the second period, the
patient will be excluded from the paired t-test comparison for the primary objective.
Data collected during the first period will be included in descriptive analyses of outcome
observed during the first period and various other immune outcomes.

9.10.5 Secondary objective
The sole secondary objective is to assess the toxicity of administering 124IhEGFRvIII-CD3 bi-scFv treatment to patients with recurrent EGFRvIII-positive GBM.
Adverse events will be tabulated in a different manner for the manuscript
summarizing the results of this study, annual reports for the SOCOMM, and the final
report included within ClinicalTrials.gov.
For ClinicalTrials.gov, the summary of this secondary objective will provide the
percentage of patients that experience unacceptable toxicity as defined above. For the
summary of adverse events and serious adverse events within the ClinicalTrials.gov
report, the percentage of patients who experience each type of adverse event regardless
of attribution will be summarized.
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For the manuscript, adverse events that are possibly, probably, and definitely
treatment-related will be summarized. For each type of toxicity, the maximum grade
experienced by each patient will be summarized with frequency distributions within
each treatment group.
Two tabulations will be generated for review by the SOCOMM including one
that includes all toxicities regardless of attribution, and another that includes only
toxicities that are possibly, probably, and definitely related to study regimen. For each
of these tabulations, the maximum grade of each type of toxicity experienced by each
patient will be summarized with frequency distributions within each treatment group.

9.10.6 Exploratory objectives
The key exploratory objective is to describe the survival experience of patients
treated with 124I-hEGFRvIII-CD3 bi-scFv. Additional exploratory objectives include the
description of progression-free survival of recurrent, EGFRvIII-expressing GBM patients
treated with 124I-hEGFRvIII-CD3 bi-scFv, the assessment of IC tumor localization of IV
administered 111In-labled autologous T cells, and the description of the EGFRvIII status
of patients who have a biopsy or resection at the time of recurrence.
9.10.6.1 Key exploratory objective
The Kaplan-Meier estimator will describe the survival experience of all patients
treated on this study. Survival is defined as the time from randomization until death, or
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until the date of last follow-up. The percentage of patients alive 6 months after initiation
of protocol treatment will be estimated from the Kaplan-Meier estimator. Median
survival will also be estimated.
9.10.6.2 Other exploratory objectives
The Kaplan-Meier estimator will describe the progression-free survival
experience of all patients treated on this study. Progression-free survival is defined as
the time from randomization until first failure (i.e. disease progression or death), or until
the date of last follow-up if the patient remains alive without disease progression. The
percentage of patients alive without disease progression will be estimated from the
Kaplan-Meier estimator.
Within 2 days following infusion of 111In-labeled T cells, imaging by SPECT/CT
will be used to determine the IC localization of 111In-labeled T cells. Counts from
reconstructed images will be used to calculate the percentage of injected dose of T cells
per gram of tumor tissue. These counts will be summarized descriptively.
The percentage of patients who are EGFRvIII positive at recurrence will be
calculated.

9.10.7 Interim analysis
Efficacy: No interim efficacy analysis is planned.
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Safety: If 2 or more patients experience an unacceptable toxicity with 124IhEGFRvIII-CD3 bi-scFv treatment, accrual will be suspended and all data carefully
reviewed to determine if accrual should continue with or without modification. Options
include: accrual without modification but continued monitoring; modification of the
treatment regimen; or permanent termination of patient accrual.

9.10.8 Sample size calculation
Ten patients will be accrued to this study. Any patient who does not complete
both the first period as well as the second period will be replaced. Assuming 10 patients
who have completed both periods and a correlation of 0.7 between assessments obtained
during the first and second study period, there is 80% power to detect a difference of 1.3
standard deviations with a paired t-test assuming α=0.05.

9.11 Administrative and ethical considerations
9.11.1 Regulatory and ethical compliance
This protocol was designed and will be conducted and reported in accordance
with the ICH Harmonized Tripartite Guidelines for Good Clinical Practice, the
Declaration of Helsinki, and applicable federal, state, and local regulations.

9.11.2 DUHS Institutional Review Board and DCI cancer protocol
committee
The protocol, informed consent form, advertising material, and additional
protocol-related documents must be submitted to the DUHS IRB and DCI CPC for
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review. The study may be initiated only after the Principal Investigator has received
written and dated approval from the CPC and IRB.
The Principal Investigator must submit and obtain approval from the IRB for all
subsequent protocol amendments and changes to the informed consent form. The CPC
should be informed about any protocol amendments that potentially affect research
design or data analysis (i.e. amendments affecting subject population,
inclusion/exclusion criteria, agent administration, statistical analysis, etc.).
The Principal Investigator must obtain protocol re-approval from the IRB within
1 year of the most recent IRB approval. The Principal Investigator must also obtain
protocol re-approval from the CPC within 1 year of the most recent IRB approval, for as
long as the protocol remains open to subject enrollment.

9.11.3 Informed consent
The informed consent form must be written in a manner that is understandable
to the subject population. Prior to its use, the informed consent form must be approved
by the IRB.
The Principal Investigator or authorized key personnel will discuss with the
potential subject the purpose of the research, methods, potential risks and benefits,
subject concerns, and other study-related matters. This discussion will occur in a
location that ensures subject privacy and in a manner that minimizes the possibility of
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coercion. Appropriate accommodations will be made available for potential subjects
who cannot read or understand English or are visually impaired. Potential subjects will
have the opportunity to contact the Principal investigator or authorized key personnel
with questions, and will be given as much time as needed to make an informed decision
about participation in the study.
Before conducting any study-specific procedures, the Principal Investigator must
obtain written informed consent from the subject. The original informed consent form
will be stored with the subject’s study records, and a copy of the informed consent form
will be provided to the subject. The Principal Investigator is responsible for asking the
subject whether the subject wishes to notify his/her primary care physician about
participation in the study. If the subject agrees to such notification, the Principal
Investigator will inform the subject’s primary care physician about the subject’s
participation in the clinical study.

9.11.4 Privacy, confidentiality, and data storage
The Principal Investigator will ensure that subject privacy and confidentiality of
the subject’s data will be maintained. RDSPs will be approved by the appropriate
institutional Site Based Research group.
To protect privacy, every reasonable effort will be made to prevent undue access
to subjects during the course of the study. Prospective participants will be consented in
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an exam room where it is just the research staff, the patient and his family, if desired. For
all future visits, interactions with research staff (study doctor and study coordinators)
regarding research activities will take place in a private exam room. All research related
interactions with the participant will be conducted by qualified research staff who are
directly involved in the conduct of the research study.
To protect confidentiality, subject files in paper format will be stored in secure
cabinets under lock and key accessible only by the research staff. Subjects will be
identified only by a unique study number and subject initials. Electronic records of
subject data will be maintained using a Duke IT database, which is housed by the DCI.
Access to electronic databases will be limited to the Principal Investigator, key
personnel, statisticians, the Radiolabeled Pharmacy personnel, and the PRTBTC data
manager. Data stored on portable memory devices will be de-identified. The security
and viability of the IT infrastructure will be managed by the DCI and/or Duke Medicine.
Upon completion of the study, research records will be archived and handled per
DUHS HRPP policy.
Subject names or identifiers will not be used in reports, presentations at scientific
meetings, or publications in scientific journals.
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9.11.5 Data and safety monitoring
Data and Safety Monitoring will be performed in accordance with the DCI Data
and Safety Monitoring Plan.

9.11.6 Protocol amendments
All protocol amendments must be initiated by the Principal Investigator and
approved by the IRB prior to implementation. IRB approval is not required for protocol
changes that occur to protect the safety of a subject from an immediate hazard.
However, the Principal Investigator must inform the IRB and all other applicable
regulatory agencies of such action immediately.
Though not yet required, the CPC should be informed about any protocol
amendments that potentially affect research design or data analysis (i.e., amendments
affecting subject population, inclusion/exclusion criteria, agent administration, etc.).

9.11.7 Records retention
The Principal Investigator will maintain study-related records for the longer of a
period of:


at least two years after the date on which a New Drug Application is
approved by the FDA;



at least two years after formal withdrawal of the IND associated with this
protocol; or
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at least six years after study completion (Duke policy).

9.11.8 Conflict of interest
The Principal Investigator and Sub-Investigators must comply with applicable
federal, state, and local regulations regarding reporting and disclosure of conflict of
interest. Conflicts of interest may arise from situations in which financial or other
personal considerations have the potential to compromise or bias professional judgment
and objectivity. Conflicts of interest include but are not limited to royalty or consulting
fees, speaking honoraria, advisory board appointments, publicly-traded or privatelyheld equities, stock options, intellectual property, and gifts.
The Duke University School of Medicine’s RIO reviews and manages researchrelated conflicts of interest. The Principal Investigator and Sub-Investigators must report
conflicts of interest annually and within 10 days of a change in status, and when
applicable, must have a documented management plan that is developed in conjunction
with the Duke RIO and approved by the IRB/IEC.

9.11.9 Registration procedure
After patients have been enrolled, subject registration will be entered into the
Duke Velos eResearch system and the subject’s visits associated in the Duke Epic
Maestro Care system with this protocol which is entered after Duke IRB approval.
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10. Future directions
Research presented in this dissertation, beginning with bispecific antibody drug
design and screening, leading to pre-clinical mechanistic, efficacy and drug delivery
studies, and concluding with formal toxicity, manufacturing and clinical protocol
development work has allowed us to file an Investigational New Drug (IND) permit
application with the US Food and Drug Administration (FDA) for the initiation of a
“first-in-man” study of hEGFRvIII-CD3 bi-scFv. Future work will involve continued
efforts to translate hEGFRvIII-CD3 bi-scFv therapy as a safe and effective immune
modulating therapeutic for patients with EGFRvIII-positive GBM and other cancers.
This will involve the participation of approximately ten patients in our phase 0
study that will assess the pharmacokinetics of hEGFRvIII-CD3 bi-scFv following IV
administration with and without activated T cells in patients with EGFRvIII-positive
recurrent GBM. Data from this clinical trial will be used to guide future study of
hEGFRvIII-CD3 bi-scFv, provide further validation of IV administration as the most
effective route of drug administration, and test the hitchhiking hypothesis of drug
delivery among patients with brain tumors. If validated among patients, hitchhiking as a
mechanism of drug delivery to the CNS may have far reaching implications outside of
cancer, for other disorders where drug delivery to the brain is relevant.
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We have also developed a clinical protocol for a phase I dose escalation clinical
study of hEGFRvIII-CD3 bi-scFv. To be guided by data from the phase 0 study, the
phase I dose escalation study of hEGFRvIII-CD3 bi-scFv in patients with recurrent
EGFRvIII-positive GBM will consent and enroll patients in dose-escalation cohorts.
Cohorts will receive a 28 day IV infusion of hEGFRvIII-CD3 bi-scFv. The primary
objective will be to evaluate safety and determine the maximum tolerated dose (MTD) of
hEGFRvIII-CD3 bi-scFv in recurrent GBM patients. Secondary exploratory objectives
include to describe the survival and progression free survival experience of recurrent
EGFRvIII-positive GBM patients treated with hEGFRvIII-CD3 bi-scFv. Manufacture of
material for this phase I clinical study is currently underway at a cGMP industrial
facility. Manufacturing standard operating procedures (SOPs) developed at Duke
University and described here in this dissertation are currently being adapted to largerscale industrial production.
Given the attractive nature of hitchhiking as a mechanism of drug delivery to the
CNS, further pre-clinical study can serve to expand the technology for applications
outside of oncology. It may be possible to engineer T cells and or CD3 engaging drugs to
enhance homing to desired areas of the CNS and to provide site specific locations where
specific signals can trigger drug release. The availability of the newly developed
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transgenic mice that express EGFRvIII behind an intact BBB may serve as an important
tool for this continued avenue of investigation.
Additional pre-clinical and clinical studies to examine the effects of intratumoral
heterogeneity would also serve to advance hEGFRvIII-CD3 bi-scFv therapy as a safe and
effective form of therapy for GBM. Additional studies are ongoing to examine if
hEGFRvIII-CD3 bi-scFv is capable of reactivated existing T cell clones with tumor
specificity leading to secondary immune responses. This has been reported by others
using similar CD3 engaging bi-scFv fragments243 and while highly likely to hold try for
hEGFRvIII-CD3 bi-scFv, formal tests are still underway and it will be important to
determine if this will be a therapeutically usefully method of inducing epitope
spreading. Studies currently underway also include investigating whether novel antigen
phagocytosis and presentation leading to secondary immune responses occurs after
hEGFRvIII-CD3 bi-scFv mediated tumor lysis. This has expanded to studies with BAM
molecules that can be used to enhance epitope spreading through upregulation of
phagocytosis and antigen presentation. Successfully combating intratumoral
heterogeneity would provide an exciting breakthrough for patients with EGFRvIIIpositive GBM and other cancers.
Together, these and other future pre-clinical and clinical studies will serve to
advance hEGFRvIII-CD3 bi-scFv as a safe and effective form of immunotherapy for
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patients with EGFRvIII-positive GBM and other cancers. Furthermore, our newly
uncovered hitchhiking mechanism of drug delivery to the central nervous system, if
validated among patients, will likely have a broad impact far beyond cancer therapy
alone.
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Appendix
Where noted, permission was obtained to reproduce figures according to policies
set forth by the journal publishers. Chapter one contains excerpts reproduced with
permission from Gedeon et al. Seminars in Oncology 2014, 41(4):496-510, copyright © 2014
Elsevier, all rights reserved (DOI: 10.1053/j.seminoncol.2014.06.004). Chapter two
contains excerpts reproduced with permission from Gedeon et al. Expert Review of
Clinical Pharmacology 2013, 6(4):375-386, copyright © 2013 Taylor & Francis, all rights
reserved (DOI: 10.1586/17512433.2013.811806). Chapter three contains excerpts from
Gedeon et al. Drugs of the Future 2013, 38(3):147-155 Copyright © 2013 Prous Science,
S.A.U or its licensors, all rights reserved (DOI: 10.1358/dof.2013.038.03.1933992). The
remaining chapters of this dissertation are currently under submission or being
prepared for submission for publication in peer-reviewed journals. Some chapters that
are part of this dissertation have formed components of Duke University Institutional
Review Board (IRB) or FDA submissions and represent drafts of the final documents
submitted in support of clinical study conducted at Duke University Medical Center.
This work was made possible by funding from the National Institute of Health
(NIH) National Cancer Institute (NCI) Ruth L. Kirschstein National Research Service
Award (F30 CA196199), the NIH National Institute of Neurological Disorders and
Stroke (NINDS) (U01NS090284, R01NS085412) and the Duke Translational Research
Institute.
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