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Purpose—Conventional therapy for malignant glioma fails to specifically target tumor cells. In
contrast, substantial evidence indicates that if appropriately redirected, T cells can precisely
eradicate tumors. Here we report the rational development of a fully human bispecific antibody
(hEGFRVIII-CD3 bi-scFv) that redirects human T cells to lyse malignant glioma expressing a
tumor-specific mutation of the EGFR (EGFRuvIII).

Experimental Design—We generated a panel of bispecific single-chain variable fragments and
optimized design through successive rounds of screening and refinement. We tested the ability of
our lead construct to redirect naive T cells and induce target cell-specific lysis. To test for efficacy,
we evaluated tumor growth and survival in xenogeneic and syngeneic models of glioma. Tumor
penetrance following intravenous drug administration was assessed in highly invasive, orthotopic
glioma models.

Results—A highly expressed bispecific antibody with specificity to CD3 and EGFRVIII was
generated (hEGFRVIII-CD3 bi-scFv). Antibody-induced T-cell activation, secretion of
proinflammatory cytokines, and proliferation was robust and occurred exclusively in the presence
of target antigen. hEGFRVIII-CD3 bi-scFv was potent and target-specific, mediating significant
lysis of multiple malignant glioma cell lines and patient-derived malignant glioma samples that
heterogeneously express EGFRvIII. In both subcutaneous and orthotopic models, well-engrafted,
patient-derived malignant glioma was effectively treated despite heterogeneity of EGFRvIII
expression; intravenous hEGFRvVIII-CD3 bi-scFv administration caused significant regression of
tumor burden (£ < 0.0001) and significantly extended survival (P < 0.0001). Similar efficacy was
obtained in highly infiltrative, syngeneic glioma models, and intravenously administered
hEGFRvIII-CD3 bi-scFv localized to these orthotopic tumors.

Conclusions—We have developed a clinically translatable bispecific antibody that redirects
human T cells to safely and effectively treat malignant glioma. On the basis of these results, we
have developed a clinical study of hEGFRvIII-CD3 bi-scFv for patients with EGFRvIII-positive
malignant glioma.

Introduction

Current therapy for malignant glioma is incapacitating (1) 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
(TCR) or chimeric antigen receptors (CAR) can eradicate large tumors in the central nervous
system (CNS) in both preclinical and clinical studies (2-8). 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 (9, 10). In addition,
these T cells are almost always targeted to antigens shared with normal tissues, which has
led to lethal autoimmune toxicity (11-13).

In contrast, using a combination of two single-chain variable fragments (scFv) 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 EGFR
mutation, EGFRvIII. A similar CD19-targeted bispecific single-chain variable fragment (bi-
scFv), blinatumomab, was recently approved by the FDA for the treatment of Philadelphia
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chromosome-negative relapsed or refractory precursor B-cell acute lymphoblastic leukemia
(R/R ALL,; ref. 14). 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 migration (15, 16) and confers
radiation (17) and chemotherapeutic (18, 19) resistance. As EGFRvIII is completely absent
from normal tissues but expressed on the surface of glioblastoma (GBM; ref. 20) and other
common neoplasms, it offers an ideal immunotherapy target (21). Moreover, recent evidence
indicates that treatment with antibody-redirected T cells produces long-lasting immunity
against tumor cells lacking the target antigen (7, 22), suggesting that this approach may be
superior to EGFRvIII-targeted vaccines that are limited by antigen escape (23, 24).

Previously, we described a murine bispecific antibody that extended survival in mice when
challenged with EGFRvIII-positive glioma (25). 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, antitumor cytotoxicity (26). 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 (27, 28). In this setting,
murine antibody-associated complications, including cytokine release syndrome (28, 29)
and human anti-mouse antibody (HAMA) formation leading to rapid clearance from patient
serum (30), unpredictable dose—response relationships (27, 28) and an acute, potentially
severe influenza-like syndrome (27, 28, 31, 32) are entirely averted.

As bi-scFv expression characteristics, physical properties, and target affinities are dependent
on factors such as antibody fragment arrangement and linker composition (33, 34), we began
by generating a panel of several different recombinant bi-scFv candidates. Each construct
was transiently expressed and the panel progressively narrowed and refined on the basis of
expression characteristics, ease of purification, and target cell specificity. Given that many
antibodies to EGFRvIII cross-react with wild-type EGFR (EGFRwt), including cetuximab
(35, 36), 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 EGFRwit.

Following this process, we tested our lead, fully human, target-cell-specific bi-scFv
(hEGFRVIII-CD3 bi-scFv) in vitro for the ability to redirect naive human T cells to generate
proinflammatory, antitumor immune responses in an antigen-specific fashion. Tumor cell-
specific lysis was assessed using multiple EGFRvIII-expressing glioma lines as well as
multiple patient-derived malignant glioma samples that allowed for an assessment of
cytotoxicity in the context of endogenous drivers, levels, and heterogeneity of EGFRvIII
expression. Indeed, in all cases, hEGFRvIII-CD3 bi-scFv generated potent and target cell-
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specific antitumor responses. We tested efficacy as a single agent /7 vivo in both
subcutaneous and orthotopic settings, utilizing glioma cell lines, patient-derived xenografts
and highly invasive syngeneic models of glioma. We found that in all cases, intravenous
administration of hREGFRVIII-CD3 bi-scFv cured well-established tumors, with the antibody
accumulating to significant levels within the brain even in the context of highly infiltrative,
syngeneic glioma. On the basis of these data, we have developed a phase I clinical trial to
treat patients with EGFRvIII-positive glioma.

Materials and Methods

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 glioblastoma. 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 antigen-negative 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 /7 vitro and against both target-
positive and target-negative glioma cell lines. Cytotoxicity was assessed using multiple
glioma cell lines as well as multiple patient-derived malignant glioma samples with
endogenous drivers, levels and heterogeneity of EGFRVIII expression. We tested efficacy in
four different xenogeneic models and two different highly-invasive syngeneic models,
including four different orthotropic models and two patient-derived malignant glioma
models. To examine efficacy against well-established tumors, patient-derived xenografts
were allowed to establish without treatment 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 orthotropic setting. Each experiment
was performed multiple times, with T cells derived from various donors.

Library generation, expression, and screening

cDNA fragments encoding for the variable segments, linker sequences, and signal peptides
tested were synthesized (Gen-Script) 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 Scientific) 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 6 days. On
each day posttransfection, 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
EGFRvIlI-mutant fusion junction (PEPvIII, LEEKKGNYVVTDHC) was coupled using
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haloacetyl activation chemistry to Irreversible Thiol-coupling SepFast 4HF Chromatography
Resin (BioToolomics) as per manufacturer's instructions. This custom-made affinity resin
was used to capture EGFR-vIII-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 (3 x 24 hours)
against 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.

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 (ScaZl
restriction site) was used to transfect CHO-S cells. Transfected cells were allowed to grow
for 48 hours (at 37°C and 8% CO, on an orbital shaker) and then seeded in fresh media
containing 1,000 pug/mL geneticin and grown 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 titer—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 Health-care). 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 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 analytic size-exclusion
chromatography. For the former, 1 pg 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) as per manufacturer's instructions. Western blot analysis was performed using
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HRP-Protein L (GenScript) to detect bi-scFvs. One microgram 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 (1:5,000 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 Bio-Rad
ChemiDoc MP Imaging System and analyzed using associated Image Lab 5.0 software. For
analytic size-exclusion chromatography, 5 g 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 absorbance chromatogram,
representing protein separated on the basis of molecular size, was used to determine percent
purity and detect aggregates.

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, unbound 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 pg of bi-scFv was incubated with 1 x 108 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 pg of chimeric anti-EGFRVIII mAb ch-L8A4 (37) per 1 x 106 tumor 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 1gG
(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 were acquired with a BD Biosciences FACSCalibur flow cytometer and
analyzed using FlowJo analysis software (FlowJo, LLC). All experiments were repeated.

Surface plasmon resonance

We assessed bi-scFv—binding affinities and kinetics to EGFRvIII, EGFRwt, and CD3 using a
BlAcore 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 mmol/L sodium acetate, pH 5.0
solution. Recombinant human EGFRwt protein and human CD3 epsilon protein
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(Novoprotein) were coupled to CM5 sensor chips using amine coupling chemistry. EGFRwt
protein and human CD3 epsilon protein were coupled in 10 mmol/L sodium acetate
solutions at pH 5.5 and pH 4.0, respectively. Optimized regeneration conditions were
obtained at a flow rate of 30 pL/minute for 30 seconds with 10 mmol/L glycine pH 1.7 for
EGFRvIII and CD3 chips and pH 2.5 for the EGFRwt chip. Bi-scFv—containing solutions (0,
100, 250, 500, 1,000 nmol/L) were analyzed on each chip. Positive control mAbs and
negative control isotypes were used for each experiment. Association and dissociation rates
were monitored for 180 and 300 seconds, respectively, with a 120-minute stabilization time
and a 30 pL/minute flow rate. Samples were run in triplicate and compared with a blank
reference flow cell prepared without target antigen. A global fit analysis using simultaneous
kil ky calculations was performed using BlAevaluation software (GE Healthcare). All
experiments were repeated.

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 EGFR-vIII-transduced cell lines were compared to confirm lineage. Cells
were grown in improved MEM zinc option media (Thermo Fisher Scientific) with 10% FBS
(v/v) for a maximum of one week and subpassaged no more than once using 0.05% trypsin-
EDTA (Thermo Fisher Scientific) before being used for experiments. All cell lines used
were obtained from the ATCC. Notably, the U87-MG cell line obtained from the ATCC that
was used in our study as well as that of others has recently been found to be of different
genetic origin from the originally reported U87-MG cell line. On the basis of this genetic
analysis, however, these currently used U87-MG cells are still thought to be bona flde
human glioblastoma cells (38).

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 presterilized 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 collage-nase and 20 U/mL of deoxyribonuclease (Worthington Biochemical
Corporation) was stirred at 37°C for 1.5 hours. The solution was passed through a 70-pm
strainer and then centrifuged at 500 x g for 5 minutes 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 minutes and 2,000 x 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 /n 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.
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T-cell activation and cytokine secretion analysis

T cells were isolated from peripheral blood mononuclear cells (PBMC) using a negative
selection—based Pan T Cell Isolation Kit (Miltenyi Biotec). Negatively selected T cells were
incubated with target cells at a effector:target (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
ug/mL. Following incubation, supernatant and cells were harvested for analysis. Cellular
surface markers CD4, CD8, CD69, and CD25 were analyzed by flow cytometryand cytokine
secretionwas quantified in thesupernatant using a Human Cytometric Bead Array Human
Kit (BD Biosciences) according to the manufacturer's instructions. All reactions were
performed in triplicate and all experiments were repeated.

T-cell proliferation

T cells isolated from PBMCs as described above were labeled with carboxyfluorescein
succinimidyl ester (CFSE) using a Cell-Trace CFSE Cell Proliferation Kit (Invitrogen) as
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 ug/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.

Cytotoxicity assays
We assessed for cytotoxicity using chromium release assays. °1Cr (200 uCi; Perkin Elmer)
was used to label 4 x 10° target cells. Target cells were incubated with >1Cr for 1 hour at
37°C, and the reaction mixture was 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 minutes. Cells were washed an additional time to remove free >1Cr 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 (v/v) of Triton X-100
(Sigma Aldrich). Cells were incubated at 37°C for 20 hours after which 50 pL of supernatant
from each well was collected and combined with 150 uL 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).

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
U87-MG, U87-MG-EGFRuvIII, or CT2A-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 (v/v). For orthotopic patient-derived malignant glioma
models, cells were disaggregated, isolated, and washed as described above prior to being
mixed with an equal volume of 10% methyl cellulose (v/v). Cell mixtures were loaded into a
250 uL Hamilton syringe and a 25-guage needle was attached. Using a stereotactic frame, 5
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pL of 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. A total of 5 x 104 U87-MG or U87-MG-EGFRuVII|
cells or 1 x 10° patient-derived glioma cells were implanted into 8- to 12-week-old female
NOD-scid gamma (NSG) mice (Jackson Laboratory), with 10 mice per group base on pilot
data and anticipated statistical power. A total of 3 x 10* CT2A-EGFRVIII cells were
implanted into 8- to 12-week-old female heterozygous human CD3 transgenic mice (tge600,
Jackson Laboratory, strain number 20456 crossed with wild-type C57/BL6). Heterozygous
mice were used, as the human CD3 transgene is known to induce lymphocyte apoptosis (39,
40) and these heterozygous mice were found to have less of a reduction in the total number
of lymphocytes. Prior to the initiation of therapy, mice were randomized to groups using a
random number generator. Tumor cell doses were based on pilot tumorigenicity studies.

For subcutaneous patient-derived glioma models, dissociated patient-derived malignant
glioma cells were loaded into a repeating Hamilton syringe dispenser and a 19-gauge needle
was attached. Fifty microliters 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. For subcutaneous syngeneic
glioma models, CT2A-EGFRuvIII cells were grown as described above, collected in
logarithmic growth phase, washed twice in PBS, and loaded into a repeating Hamilton
syringe dispenser. A 19-gauge needle was attached and 50 pL of the tumor cell preparation
was injected subcutaneously in the right flank of 8- to 12-week-old female heterozygous
human CD3 transgenic mice. Ten mice per group were used in these studies 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 x width? x 0.52) in a perpendicular fashion. Mice
were euthanized when tumors reached a volume of 2,000 mm? or upon evidence of
ulceration. Tumor measurements were included in the analyses up to the day of euthanasia.

Where indicated, immunodeficient mice (NSG) received a single intravenous 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 Scientific) containing 5% Human AB Serum (v/v;
Valley Biomedical), assessed for viability and density (trypan blue) and resuspended at 1 x
108 viable cells per mL in AIM V growth media containing 5% (v/v) human AB serum, 300
IU/mL IL2 (Preometheus Laboratories), and 50 ng/mL OKT3 (Miltenyi Biotec). Cells were
grown horizontally in a T150 cell culture flask at 37°C in a 5% CO> incubator. After each
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 pL of either the cell mixture or vehicle (PBS) was administered via a single
intravenous tail injection.

Where indicated, heterozygous human CD3 transgenic mice received a single intravenous
injection of 1 x 107n vitro expanded autologous T cells. Autologous T cells were
administered as heterozygous human CD3 transgenic mice have significantly reduced
numbers of lymphocytes due to toxicity of the human CD3 transgene (39, 40). To prepare
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the expanded human CD3 transgenic lymphocytes, splenocytes were isolated from
heterozygous human CD3 transgenic mice and expanded to sufficient numbers in RPMI
1640 cell culture medium (Thermo Fisher Scientific) containing 2 pg/mL conalbumin and 50
IU/mL IL2. A total of 2 x 108 cells/mL were seeded in 24-well plate cell culture wells
containing 2 mL of cell solution per well. Cells were split at a ratio of 1 to 2 after 48 and 72
hours and, after five days of expansion, cells were washed twice in PBS and administered by
a single intravenous tail injection in a 200 pL total volume.

Where indicated, hREGFRVIII-CD3 hi-scFv, control bi-scFvs, or vehicle (PBS) was
administered in a total volume of up to 200 uL via intravenous tail vein injection.

Biodistribution studies

We assessed for hEGFRvIII-CD3 bi-scFv tumor accumulation using radiolabeled
hEGFRvIII-CD3 bi-scFv and PET/CT imaging followed by autoradiography.

hEGFRvIII-CD3 bi-scFv (100 pg in 200 ul PBS, pH 7.4) was added to a glass vial
containing 10 pg of Pierce lodoGen Reagent (Thermo Fisher Scientific). lodine-124 (1-124;
5 uL; 1 mCi/uL, Zevacor Pharma) was added to the lodoGen vial, vortexed, and left to stand
at room temperature for 5 minutes. The reaction mixture was transferred to a PD10 column
(GE Healthcare) preconditioned with 5% human serum albumin (Grifols Biologicals). After
adding the reaction mixture to the column, the column contents were eluted with PBS and
the eluate was collected as 0.25-mL fractions after discarding the first 2 mL. Fractions with
the highest radioactivity (typically fractions 5 to 10) were combined. Trichloroacetic acid
(TCA) precipitation and iTLC was performed to determine the protein bound versus free
I-124. Typical radiolabeling yield was in excess of 80% and final radiochemical purity was
typically greater than 98%. Solutions were prepared for intravenous administration by
diluting in PBS to give a final volume of 100 pL per mouse. Surface plasmon resonance
utilizing 1-124-labeled hEGFRvIII-CD3 bi-scFv and paired unlabeled hEGFRvIII-CD3 bi-
scFv was used to ensure the maintenance of target binding following radioactive labeling.

Mice received 100 uCi of 1-124-labeled hEGFRvVIII-CD3 bi-scFv in 100 uL of PBS via
intravenous tail injection. Three hours after administration, mice were anesthetized with 2%
isoflurane (Abbott Laboratories) in 100% oxygen. The animals were then placed on a heated
PET/CT animal holder that provided anesthesia through a nose cone, and transferred for
dynamic list-mode PET imaging over 10 minutes. Images were reconstructed with an
iterative reconstruction algorithm into an image pixel size of 0.4 x 0.4 x 0.4 mm. The image
reconstruction software (Inveon Acquisition Workplace 1.5SP1; Siemens Medical Solutions
USA, Inc.) provided for correction of radioactivity decay, random coincidences, dead-time
losses, and photon attenuation. Regions of interest (ROI) were drawn on the coregistered CT
image for large organs and over the region of the brain where tumor cells had been
stereotactically injected to determine the uptake and washout of the radioactivity.

After PET/CT imaging, mice were humanly sacrificed and the cerebrum was removed from
the cranium and rapidly frozen. Sections (20 pm) through the tumor were obtained with a
cryotome (Thermo Fisher Scientific), mounted on adhesive microscope slides (Superfrost
Plus, Thermo Fisher Scientific), and exposed to a phosphor storage screen film (super-

Clin Cancer Res. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gedeon et al. Page 11

resolution screen, Perkin Elmer) for 24 hours. Screens were read using a Cyclone Plus
system (Perkin Elmer) and analyzed using Optiquant software (Perkin Elmer), as reported
previously (41).

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* cells separately.
Upon a significant result for both CD4* and CD8™ cells (F-test £< 0.0001), a ftest was used
to assess the difference between the hREGFRvIII-CD3 bi-scFv group and the group with the
next highest mean.

Where indicated, ED5q concentrations were estimated in specific lysis experiments. The
following four-parameter logistic model (i.e., an Ep,ax model) was fit for the expected
specific lysis given a drug concentration:

E(Lysis | Drug) = 03 +

[
2
1+ (Dru%])

Where &; and 6, are the minimum and maximum lysis %, 6, is the drug EDsgg, and & 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 ftest
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 were 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 each group from the model with P values testing
whether each slope value is different from 0. A high Pvalue for the group of interest
indicates the change in tumor volume was not significantly different from 0. In addition, 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 test was used to assess whether a difference in
survival pattern exists among the groups. All experiments were repeated.
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Results

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 (33, 34, 42). Not only are these factors critical to eliciting effective, precisely targeted
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.

We started with protein sequences for mAbs specific for EGFR-vIII and CD3. We selected
fully human, anti-human mAb clones 139 (anti-EGFRvIII) and 28F11 (anti-CD3), both of
which have previously been used safely in the clinic (43-45). Using variable light- and
heavy-chain sequences from these mAbs, 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 expressed in CHO cells as fully functional protein, while expression of the
same construct in other systems resulted in nonfunctional protein only (34). 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 on the basis of 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 have previously been
reported and the 218 linker (GSTSGSGKPGSGEGSTKG) was found to increase binding
affinity of scFv constructs (42). 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, high-expressing construct (Fig. 1A). A table containing
each of the constructs tested along with the corresponding target-binding Kinetics,
expression parameters, and purification yield is shown in Supplementary Table S1.

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 cyto-megalovirus
(CMV) enhancer—promoter. The sequence coding for the mature recombinant antibody was
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inserted downstream of the human serum albumin preproprotein signal peptide
(MKWVTFISLLFLFSSAYYS). This signal peptide was selected to improve secretion
efficiency based on analysis of 16 difference signal peptides (46). In shaker flasks, the cell
bank was capable producing greater than 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 (Fig.
1B) capable of being identified on Western blot analysis via affinity to protein L (Fig. 1C)
and of >98% purity (Fig. 1D).

hEGFRVIII-CD3 bi-scFv binds to human CD3 and EGFRvIII but not EGFRwt

We used flow cytometry to confirm dual specificity of hEGFR-vIII-CD3 bi-scFv to
EGFRvIII and CD3-positive cells, as well as lack of cross reactivity with EGFRvIII-negative
cells given that many antibodies to EGFRvIII can cross react with EGFRwt (Fig. 2). Our
analyses revealed that hEGFRvIII-CD3 bi-scFv binds to both CD4* and CD8* lymphocytes
known to express CD3 (Fig. 2A and B). As our recombinant protein was expressed without
purifica-tion 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 EGFRvIII antigenic-determining peptide, PEPVIII,
allowing for simultaneous detection of hREGFRVIII-CD3 bi-scFv binding to the surface of
lymphocytes and tumor antigen (Fig. 2A and B). Indeed, simultaneous binding to both CD3
and EGFRvIII mutation—containing peptide was detected. In addition, we tested hREGFRVIII-
CD3 bi-scFv 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
(Fig. 2C), but found robust binding to EGFRvIII-positive U87-MG cells. Similar results
were obtained with multiple PBMC donors and against multiple EGFRvIII-positive and
EGFRuvlII-negative cell lines.

We further investigated hEGFRvVIII-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 (&), dissociation rate constant (4g), and
equilibrium dissociation constant (Kp) for EGFRVIII were 4.45 x 104 M~1s71, 1.24 x 1073 s
~1 and 2.78 x 1078 M, respectively. The 4, kg, and Kp for CD3 epsilon were 5.35 x 10%
mol/L™1s71, 8.36 x 107 s71, and 1.56 x 1078 mol/L, respectively.

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 naive T cells /7 vitroin
an antigen-specific fashion. When T cells were incubated with both EGFRvIII-expressing
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 (Fig. 3A). Other
combinations of T cells alone, T cells plus hREGFRvIII-CD3 bi-scFv, T cells plus either
EGFRvIII-positive or EGFRVIII-negative cells, and T cells plus hEGFRvIII-CD3 bi-scFv
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and EGFRuvIII-negative glioma were tested, and no differences were observed among these
groups (Fig. 3A). 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 £< 0.0001 in both cases), a ¢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*
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. When T cells
were incubated with both EGFRvIII-expressing glioma and hEGFRvIII-CD3 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 (Fig. 3B). This is in direct contrast to T cells incubated with
EGFRvlIlI-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. (Fig. 3B) 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 (£ < 0.0001 in both cases).

These data demonstrating T-cell activation exclusively in the context of EGFRvIII-positive
glioma and hEGFRvVIII-CD3 bi-scFv demonstrate the exquisite antigen specificity of our
approach, critical to safe and effective, tumor cell-specific immunotherapy.

hEGFRvVIII-CD3 bi-scFv induces antitumor 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
proinflammatory, Thl-polarizing cytokines and to proliferate. These factors are associated
with effective, T-cell-based, antitumor immune responses. T cells were incubated with
various combinations of hEGFRvVIII-CD3 bi-scFv and or EGFRvIII-positive or negative
glioma cells /n vitro and resulting cell culture supernatants were analyzed for cytokine
content (Fig. 3C). Indeed, Thl-polarizing, proinflammatory cytokines, IFN-y, TNF, and IL2,
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 (Fig. 3C). 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 (Fig. 3D). When T cells
were incubated with both EGFRvIII-expressing glioma and hEGFRvIII-CD3 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 (Fig. 3D). 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
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were tested and no differences were observed among these groups (Fig. 3D). 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 division for both CD4 and CD8 cells separately. Upon a
significant result for both CD4" and CD8™ T cells (F-test £< 0.0001 in both cases), a £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
(Fig. 3E). 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.

hEGFRvVIII-CD3 bi-scFv redirects T cells to lyse EGFRUvIII-expressing glioma in vitro

We next sought to assess for hEGFRvIII-CD3 bi-scFv—induced functional, antigen-specific,
cytotoxic responses Jn vitro. Using °1Cr release assays, we assessed for specific lysis of two
different malignant glioma cell lines. Through the use of malignant glioma cell lines
engineered to express EGFRvIII (U87-MG and D54-MG), we were able to assess for
cytotoxic responses against EGFRvIII-expressing tumor cells as well as responses against
parental cells lacking the target antigen. These cell lines were beneficial as they allowed for
direct comparison between cells with identical genetic profiles but that differ only in
EGFRuvIII status.

Indeed, potent, antigen-specific, cytotoxic responses were observed in all cases (Fig. 4). 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-EGFRuvIII and D54-MG-EGFRvIII glioma cells, while no increase in
specific lysis of parental U87-MG or D54-MG was observed (Fig. 4A and D).

We next sought to assess for the cytotoxic impact of T cells alone or hREGFRvVIII-CD3 bi-
scFv alone, against both EGFRvIII-positive and EGFRvIII-negative glioma cell lines (Figs.
4B and E). Both T cells and drug were necessary for significant specific lysis of U87-MG-
EGFRvIII cells (P=0.0033 and £=0.0032, respectively) and D54-MG-EGFRvlII cells (P<
0.0001 in both cases), while the combination failed to induce any significant increase in lysis
of target-negative cells compared with groups without drug or target antigen (= 0.391 and
0.195, respectively, for U87-MG and £=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
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observed with hEGFRvIII-CD3 bi-scFv in both cases (P=0.0033 and £ = 0.0001,
respectively; Fig. 4C and F).

To place results using these cell lines into context, we have quantified the number of
EGFRvIII and EGFRwt receptors per cell for each of the cell lines used in our study along
with for three different patient-derived tumor samples (Supplementary Table S2). These
results demonstrate that the number of EGFRvIII receptors per cell in the induced
expression glioma cell lines (U87-MG-EGFRVIII and D54-MG-EGFRuvlII) are equivalent to
or in one case tested an order of magnitude lower than the number of EGFRVIII receptors
per cell found in EGFRvIII-positive patient-derived glioma samples. These results
demonstrate that significant immune responses can be induced even when the target receptor
expression level is an order of magnitude lower than that which can be expected to be found
in patient tumor samples with endogenous levels and drivers of target antigen expression.

hEGFRvVIII-CD3 bi-scFv redirects T cells to lyses patient derived malignant glioma in vitro

We next assessed for specific lysis of three different patient-derived glioma samples (D270-
MG, D10-0319-MG, and D2159-MG) with endogenous drivers, levels, and heterogeneity of
EGFR-vIII expression (Supplementary Table S2). As opposed to U87-MG and D54-MG cell
lines that are uniformly modified to stably express EGFRVIII, the use of patient-derived
samples allowed for an assessment of hEGFRvIII-CD3 bi-scFv—induced cytotoxicity in the
context of EGFRVIII expression patterns that can be expected to be found among patients. In
each of the samples tested, EGFRvIII expression was heterogeneous, with some cells that
express EGFR-vIII and others that do not.

We assessed for specific lysis of D270-MG at various drug concentrations and indeed
observed potent cytotoxic responses (Fig. 5A). Both T cells and hEGFRvIII-CD3 bi-scFv
were necessary for induction of specific lysis (= 0.0003 and £< 0.0001, respectively; Fig.
5B) and hEGFRVIII-CD3 bi-scFv—induced significant specific lysis when compared with
control bi-scFv (P=0.0003; Fig. 5C). Similar results were obtained when assessing for
specific lysis of D10-0319-MG and D2159-MG. A dose-response—based increase in tumor
cell lysis was observed against both D10-0319-MG and D2159-MG (Fig. 5D and E) and
both T cells and hEGFRVIII-CD3 bi-scFv were necessary for induction of specific lysis of
either patient-derived tumor sample (P< 0.0001 in all cases; Fig. 5E and H). Furthermore,
similar to that observed with D270-MG, control bi-scFv failed to induce any significant
specific lysis of either D10-0319-MG or D2159-MG, while significant specific lysis was
observed with hEGFRvIII-CD3 bi-scFv in both cases (= 0.0002 and ~= 0.0003,
respectively; Fig. F and ).

These results demonstrate that despite heterogeneity of target—receptor expression,
hEGFRVIII-CD3 is able to mediate significant specific lysis. This was evident in each of the
patient-derived samples tested. Together, our /n vitro cytotoxicity results utilizing multiple
glioma cell lines and multiple patient-derived malignant glioma samples demonstrate that
hEGFRVIII-CD3 bi-scFv is both potent and antigen specific, capable of mediating
significant specific lysis of EGFRvIII-positive glioma, even in the context of heterogeneity
of target receptor expression as is expected to be found among patients.
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Both CD4* and CD8* T-cell subsets contribute directly to hEGFRvIII-CD3 bi-scFv—-induced
specific lysis of patient-derived malignant glioma

We next assessed for the ability of hEGFRvIII-CD3 bi-scFv to independently redirect both
CD4" and CD8™ T-cell subsets to lyse each of the patient-derived malignant glioma samples
described previously (D270-MG, D10-0319-MG, and D2159-MG). Indeed, a dose-
response—based increase in tumor cell lysis was observed in all cases, with both CD4* and
CD8™* T-cell subsets capable of inducing independent cytotoxic responses (Fig. 6). For the
D270-MG patient-derived glioma cells, CD8* T cells induced significantly more lysis
compared with CD4* T cells (P= 0.0123), although CD4* T cells were still capable of
inducing significant amounts of specific lysis (P= 0.0007; Fig. 6A). Similar trends were
observed in each of the other two patient-derived malignant glioma samples tested (Fig. 6B
and C), with CD8* T cells inducing significantly more specific lysis compared with the
CD4* T-cell subset (P=0.0031 and £ = 0.0061 for D10-0319-MG and D2159-MG,
respectively), although CD4* T cells were able to contribute directly to significant amounts
of specific lysis (< 0.0001 and £=0.0009 for D10-0319-MG and D2159-MG,
respectively). These results further highlight the ability of hREGFR-vIII-CD3 bi-scFv to
redirect any T cell to achieve tumor-specific lysis, regardless of endogenous T cell
specificity or T cell subset, and are in agreement with the results reported by others
investigating CD3 engaging bi-scFv therapy (47, 48).

hEGFRvVIII-CD3 bi-scFv requires engagement with both CD3 and EGFRvllI-target antigen to
extend survival in vivo

To investigate efficacy /n vivo, we tested the activity of hEGFR-vIII-CD3 bi-scFv in four
different xenogenic models, including three different orthotropic models, a subcutaneous
model, and two patient-derived malignant glioma models (Fig. 7).

We first sought to assess for the impact of both CD3 and EGFRuvIII-target antigens on the
survival advantage provided by hEGFRvIII-CD3 bi-scFv /n vivo. Using the U87-MG maodel,
we were able to control for the presence and absence of EGFRvIII-target antigen in an
otherwise genetically identical glioma model. We evaluated for a survival advantage
following intravenous administration of hEGFRvIII-CD3 bi-scFv, control bi-scFv, or vehicle
in mice with orthotopic U87-MG-EGFRvIII or U87-MG (Fig. 7A and B). Immunodeficient
NSG mice (n=10) were implanted orthotopically with U87-MG-EGFRvIII or U87-MG
cells. One day post tumor implant, mice were given human T cells (/7 vitro expanded from
human PBMCs) or vehicle intravenously and, on days 2—-6, post tumor implant, groups of
mice were treated with daily intravenous injections of hREGFRVIII-CD3 bi-scFv, control bi-
scFv, or vehicle. A schematic illustrating the timeline of events is shown in Supplementary
Fig. S1. This early treatment period was selected to enhance the chance of observing any
differences in survival among the hEGFRvIII-CD3 bi-scFv-treated cohort with EGFRVIII-
negative tumors. Notably, the highly aggressive U87-MG tumor line also requires a short
engraftment period (the 1/3 median U87-MG-EGFRVIII untreated survival time is 4.8 days).
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; Fig. 7A and B). In the U87-MG-EGFRuVIII orthotopic
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model, we assessed for differences between T-cell-replete groups receiving hEGFRvIII-CD3
bi-scFv, control bi-scFv or vehicle. Indeed, hEGFRvIII-CD3 bi-scFv induced a significant
increase in survival (P < 0.0001) compared with the other groups, including the group
receiving control bi-scFv capable of binding to EGFRvIII-positive tumor cells, but not CD3
(Fig. 7A). 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. Despite
early treatment, the difference in the survival among the three groups was assessed and no
significant difference was observed (£ = 0.5655; Fig. 7B). 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.

hEGFRvVIII-CD3 bi-scFv cures well-established patient-derived malignant glioma in vivo

We next sought to assess for efficacy in both subcutaneous and orthotopic models of well-
engrafted, patient-derived malignant glioma with endogenous drivers, levels, and
heterogeneity of EGFRvIII-expression. NSG mice (7= 10) were implanted subcutaneously
or orthotopically with patient-derived malignant glioma (D270-MG). In this patient-derived
tumor sample, 77.8% + 3.6% of cells were positive for EGFRVIII (see Supplementary Table
S2). Tumors were allowed to establish (10 days in the subcutaneous setting allowing for an
average tumor burden per group >120 mms3 and 13 days or 1/3 median untreated survival
time in the orthotopic setting) at which point groups of mice were either reconstituted with
human T cells (/n vitro expanded from human PBMCs) or administered vehicle. The
following day, groups began receiving treatment intravenously with hEGFRvIII-CD3 bi-
scFv, control bi-scFv, or vehicle. A schematic illustrating the timeline of events is shown in
Supplementary Fig. S1. In 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 with all other groups (£ < 0.0001; Fig. 7C). The mean tumor volume prior
to the initiation 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 Pvalues 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, 9 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 with all other groups (£ < 0.0001), with 8 of 10 mice still alive at
the termination of the study greater than 100 days post tumor implant (Fig. 7D). These data
demonstrate that despite heterogeneity of EGFRVIII expression, hEGFRvIII-CD3 bi-scFv is
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capable of effectively treating both subcutaneous and orthotopic patient-derived malignant
glioma.

When examined histologically following 5 days of treatment with either hEGFRvIII-
EGFRvIII bi-scFv or control bi-scFv, we found significant D270-MG necrosis and T-cell
infiltration in the hEGFRVIII-CD3 bi-scFv-treated cohorts, while a dense tumor xenograft
with a lobular growth pattern and no obvious T cells in the tumor parenchyma was found in
the control bi-scFv-treated cohorts. Representative histopathology is shown in Fig. 8. Taken
together, these data indicate that intravenous administration of hEGFRvIII-CD3 bi-scFv is
capable of mediating significant levels of T-cell infiltration to the tumor parenchyma, tumor
cell necrosis, and regression of tumor burden resulting in an increase in overall survival in
mice with well-engrafted, patient-derived malignant glioma.

Intravenously administered hEGFRVIII-CD3 bi-scFv cures well-established, highly invasive,
syngeneic malignant glioma

We next sought to evaluate the ability of hEGFRvIII-CD3 bi-scFv to treat highly invasive
and aggressive syngeneic malignant glioma. Given that the CD3-binding portion of
hEGFRVIII-CD3 bi-scFv binds only to human CD3 (49), a human CD3 transgenic mouse
model (tge600) with pharmacologically responsive, physiologically distributed human CD3
receptors (39, 40, 50) was used to assess for antitumor responses. This model provides an
endogenous immune system that is pharmacologically responsive to the anti-human bi-scFv
construct to be used in the clinic, drastically increasing the validity and clinical
translatability of these preclinical studies. When heterozygous in a C57BL/6 background,
these human CD3 transgenic mice possess low levels of peripheral T cells that respond to
stimulation through both murine and human CD3 (40, 50).

The highly aggressive and infiltrative chemically induced murine glioma model CT-2A is
syngeneic in the human CD3 transgenic C57/BI6 background (51, 52). This tumor infiltrates
throughout the brain and recapitulates the invasive nature of human glioblastoma (Fig. 9A).
We transfected the CT-2A tumor line to stably express a murine homolog of EGFRVII],
providing a target for nEGFRVIII-CD3 bi-scFv that is antigenically indistinct from the
human EGFRVIII.

We used this pharmacologically responsive syngeneic model of highly invasive and
aggressive malignant glioma to assess for tumor burden and survival following hEGFRVIII-
CD3 bi-scFv therapy. To assess for efficacy in the subcutaneous setting, groups of
heterozygous human CD3 transgenic mice (/7= 10) were implanted subcutaneously with
CT-2A-EGFRuvIII cells. Tumors were allowed to establish for 10 days, at which point mice
were reconstituted with autologous human CD3 transgenic T cells and randomized to
treatment groups. The following day, groups began receiving daily intravenous treatments
with either hREGFRVIII-CD3 bi-scFv, control bi-scFv, or an equal volume of vehicle. The
difference in tumor growth over time was assessed and a significant difference was observed
in the hEGFRVIII-CD3 bi-scFv-treated group compared with all other groups (£ < 0.0001),
with 8 of 10 mice in the hEGFRVIII-CD3 bi-scFv-treated group having no detectable tumor
burden at the end of the study, while mice from all other groups had reached humane
endpoints (Fig. 9B). In the orthotopic setting, CT-2A-EGFRvIII tumors were implanted in
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heterozygous human CD3 transgenic mice and allowed to establish for 6 days (1/3 the
median untreated survival time), at which point mice were reconstituted with autologous
human CD3 transgenic T cells and randomized to treatment groups. The following day, mice
began receiving daily intravenous injections with either hEGFRvIII-CD3 bi-scFv, control bi-
scFv, or an equal volume of vehicle for a period of 10 days. Survival was assessed over time
and a significant difference in survival was observed in the hEGFRvIII-CD3 bi-scFv—treated
group compared with all other groups (£ < 0.0001), with 8 of 10 mice still alive at the
termination of the study greater than 70 days post tumor implant (Fig. 9C). These data
demonstrate the hEGFRvIII-CD3 bi-scFv is able to mediate significant efficacy following
intravenous administration in both subcutaneous and orthotopic models of highly aggressive,
invasive, syngeneic glioma.

Radiolabeled hEGFRvVIII-CD3 bi-scFv accumulates in highly invasive, syngeneic,
orthotopic malignant glioma following intravenous administration

To quantify the extent to which intravenously administered hEGFRvIII-CD3 bi-scFv
accumulates within highly infiltrative tumors within the brain, we performed biodistribution
studies using 1-124-labeled hEGFRVIII-CD3 bi-scFv. PET/CT imaging and autoradiography
were used to detect antibody accumulation within tumors in the brain. Heterozygous human
CD3 transgenic mice (7= 5) were implanted orthotopically with CT-2A-EGFRvIII glioma.
Tumors were allowed to establish for 12 days (cohorts of orthotopic CT-2A-EGFRvIII
bearing heterozygous human CD3 transgenic mice received intravenous hEGFRvIII-CD3 bi-
scFv injections at the same time point in separate efficacy studies) at which point mice were
administered 100 pCi of intravenous 1-124—labeled hEGFRvIII-CD3 bi-scFv. Micro PET/CT
imaging was then performed three hours post intravenous injection. Indeed, in all cases,
radioactive signal was found to localize to the right cerebral quadrant in the location where
tumor cells were stereo-tactically injected, with 1.3% + 0.07% of the injected dose per gram
of tissue (%1D/g) localizing to tumors within the brain (Fig. 9D). Significant levels of
radioactivity localized to ROIs where intracerebral tumor growth was expected, with a
representative PET/CT image shown in Fig. 7E. To further confirm these findings, we then
humanely sacrificed animals, allowing for CNS tissue to be cryopreserved, microsectioned,
and subject to autoradiography. In all cases, areas of increased radioactivity were detected in
the right cerebral hemisphere where tumors were grossly visible. A representative
autoradiography figure demonstrating increased radioactive counts in regions of infiltrative
glioma is shown in Fig. 9E.

Discussion

The application of bi-scFv therapy for the treatment of cancer has been successful, marked
by the recent 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 a fully human, anti-human bispecific antibody suitable for clinical translation and the safe
and effective treatment of GBM.
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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 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, REGFRvIII-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. We have also tested for cytotoxicity against multiple
malignant glioma cell lines, controlling for EGFRvIII expression and finding that
cytotoxicity is restricted to cell populations where the EGFRVIII antigen is present, critical
to the precise targeting and elimination of cancer cells for safe and effective anticancer
immunotherapy.

Still we have found that in patient-derived samples with heterogeneous EGFRVIII expression
patterns, we are able to induce specific lysis and effectively treat both subcutaneous and
orthotopic xenografts. Validation of cytotoxicity and efficacy against these patient-derived
malignant glioma samples with endogenous drivers, levels, and heterogeneity of target
antigen expression is critical to gaining an understanding of potential effectiveness in the
clinic and overall has enhanced rationale for continued investment in clinical translation.

In those cases where we have effectively eradicated patient-derived xenografts /n vivo
despite heterogeneity of target antigen expression, it may be that we have induced lysis of
only EGFRuvIII-positive tumor cells and that this may have been sufficient to obtain these
results in the context of our preclinical /n vitroand /n vivo studies. Indeed, EGFRvIII is
known to enhance tumor cell growth and invasion while conferring radiation (17) and
chemo-therapeutic (18, 19) resistance. Among patients with malignant glioma, expression of
EGFRvIII is an independent negative prognostic indicator (53). EGFRvIII also enhances the
growth of neighboring EGFRVIII-negative tumor cells via cytokine-mediated paracrine
signaling (54) and by transferring a functionally active oncogenic EGFRVIII receptor to
EGFRvIlI-negative cells through the release of lipid-raft-related microvesicles (55). Recent
research has also found that EGFRvIII is expressed in glioma stem cells (GSC,; ref. 56), an
important consideration given the paradigm that tumor stem cells represent a subpopulation
of cells that give rise to all cells in a differentiated tumor (57). Alternatively, hREGFRvIII-
CD3 bi-scFv may be capable of mounting an immune response against cells that lack the
target antigen. Indeed, others have already demonstrated this phenomenon with other CD3
engaging bi-scFv therapies and have attributed this to an activation and expansion of existing
T-cell clones that are reactive toward tumor antigens other than that initially targeted (22).
Another potential mechanism by which this can occur is through the induction of secondary
immune responses following the release of cryptic tumor antigens. We look forward to
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future studies by our group and others where these important principles will be further
investigated.

We also tested our antibody /7 vivo in a highly invasive and infiltrative, orthotopic,
syngeneic model, finding that intravenously administered hREGFRvIII-CD3 bi-scFv
accumulates within the tumor to significant levels and mediates specific and effective
antitumor responses, curing even well-established orthotopic tumors. These findings are
encouraging and suggest that straightforward intravenous administration of hEGFRvIII-CD3
bi-scFv may be an effective route of administration in the clinic. Indeed, future clinical
studies will be necessary to further explore this route of administration and potential
mechanisms by which biodistribution to the tumor can be enhanced.

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. This concept is demonstrated in our studies examining both CD4* and CD8* T
cells independently. Indeed, hEGFRvIII-CD3 bi-scFv is capable of inducing both CD4* and
CD8™" T-cell subsets to upregulate activation markers, secrete proinflammatory cytokines,
proliferate, and lyse malignant glioma cells in a target-antigen—restricted fashion. We and
others have demonstrated that this can result in subversion of even typically suppressive
Tregs for anticancer immunotherapy (26) and expansion of preexisting T-cell clones that can
have secondary specificity and reactivity toward tumor antigens other than those initially
targeted (22). 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 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 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.

To facilitate anticipated clinical studies, 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
development work reported here, we have produced clinical grade hEGFRvIII-CD3 bi-scFv
protein at Duke University Medical Center'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 I 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.
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Through further investigation in clinical studies, we will determine whether the therapeutic
benefits observed here can be replicated in patients. If so, we believe this therapeutic
approach has significant potential to enhance the standard of care for patients with GBM and
other cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

We have developed a clinically translatable method to specifically target malignant
glioma 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, antitumor
immune responses capable of curing well-established, patient-derived malignant glioma
that heterogeneously expresses the target antigen. 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 malignant glioma and other cancers.
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Figure 1.
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 ug of purified hEGFRVIII-CD3 bi-scFv. D, Elution spectrum following
analytical size-exclusion chromatography. Five micrograms of purified hEGFRvIII-CD3 bi-
scFv protein was used for the analysis.
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hEGFRVIII-CD3 bi-scFv binds to T lymphocytes and EGFRvIII-positive glioma cells but
not to EGFRuvIII-negative cells. hEGFRvIII-CD3 bi-scFv binds to CD4* (A) and CD8* (B)
T lymphocytes. hEGFRvVIII-CD3 bi-scFv was detected on the surface of lymphocytes using
PEPvIII-Bio/SA-PE tetramer, demonstrating simultaneous lymphocyte and tumor-antigen
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-EGFRUVIII 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 hREGFRVIII-CD3 bi-scFv.
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Figure 3.
In the presence of EGFRvIII antigen, hEGFRvVIII-CD3 bi-scFv activates T lymphocytes and

redirects them to secrete proinflammatory cytokines and proliferate. T cells were incubated
with various combinations of glioma cells and or 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 IFNvy, TNF, and L2 were detected in the presence of both drug and
target antigen, while no corresponding cytokines were 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 (£ < 0.0002; D). Of those
proliferating T cells, multiple rounds of proliferation were observed (E).
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Figure 4.

hEGFRvIII-CD3 bi-scFv redirects T cells to specifically lyse EGFRvIII-positive glioma. A,
Tumor cell lysis was assessed against two different glioma cell lines (EGFRvIII-positive and
-negative for both). 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. B, The EDsq for the U87-MG-EGFRVIII cell
line was 15,881 pg/mL. Both T cells and drug were necessary for significant specific lysis of
U87-MG-EGFRuVIII cells (£=0.0033 and £ =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). C, Significant drug-
induced specific lysis of EGFRvIII-positive glioma was also observed when compared with
that induced by control bi-scFv that binds to EGFRvIII but not CD3 (P= 0.0033). D-F, The
same trends were observed against a second malignant glioma cell line both with and
without EGFRvIII (D54-MG). The estimated EDs for the D54-MG-EGFRuvIII cell line was
10,595 pg/mL. Likewise, both T cells and drug were necessary for significant specific lysis
of D54-MG-EGFRuvIII cells (P< 0.0001 in both cases) while the combination failed to
induce any significant increase in lysis of target-negative cells compared with groups
without drug or target antigen (P=0.1011 and 0.4659, respectively). Significant drug-
induced specific lysis was observed against the D54-MG-EGFRuvlIII cell line when compared
with that induced by control bi-scFv (P= 0.0001). Among each of the EGFRvIII-positive
cell lines tested, the number of EGFRVIII receptors per cell was either similar to or an order
of magnitude less than the number of EGFRVIII receptors per cell found among the patient-
derived cells used in this study that endogenously express the target antigen (see
Supplementary Table S2).
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bi-scFv bi-scFv

hEGFRVIII-CD3 bi-scFv redirects T cells to lyse patient-derived glioma samples with
endogenous drivers, levels, and heterogeneity of EGFRVIII expression. Tumor cell lysis was
assessed among three different patient-derived tumor samples with endogenous drivers,
levels, and heterogeneity of EGFRvIII expression (D270-MG, D10-0319-MG, and D2159-
MG; see Supplementary Table S2). The proportion of cells expressing EGFRvIII in D270-
MG, D10-0319-MG, and D2159-MG was 77.8 + 3.61%, 73.6 £ 1.58%, and 83.6 + 2.18%,
respectively. Despite this heterogeneity, a dose-response—based increase in tumor cell lysis
was observed in all cases. Increased D270-MG-specific lysis was observed with increasing
bispecific antibody concentrations (A). The estimated EDsg was 12,511 pg/mL. Both T cells
and drug were necessary for induction of specific lysis (= 0.0003 and £< 0.0001,
respectively; B) and hEGFRvIII-CD3 bi-scFv induced significant specific lysis when
compared with control bi-scFv (P= 0.0003; C). Similar trends were observed against the
two additional patient-derived malignant glioma samples tested, D10-0319-MG (D-F) and
D2159-MG (G-1). The estimated EDsg for the D10-0319-MG cells and the D2159-MG cells
was 6,916 pg/mL and 13,292 pg/mL, respectively. Both T cells and drug were necessary for
significant specific lysis of either D10-0319-MG or D2159-MG to occur (P < 0.0001 in all
cases) and significant drug-induced specific lysis was observed against both the D10-0319-
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MG and D2159-MG patient-derived glioma cells when compared with that induced against
each of these tumors by control bi-scFv (£=0.0002 and £ = 0.0003, respectively).
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Figure 6.
hEGFRVIII-CD3 bi-scFv redirects both CD4* and CD8* T-cell subsets to lyse patient-

derived glioma samples. The ability of hEGFRvIII-CD3 bi-scFv to redirect both CD4* and
CD8™* T-cell subsets to independently lyse malignant glioma was assessed among three
separate patient-derived glioma samples (D270-MG, D10-0319-MG, and D2159-MG).
CD4" or CD8* T-cell subsets were isolated from human peripheral blood mononuclear cells
(PBMC) and paired independently with patient-derived glioma cells at increasing
concentrations of hEGFRVIII-CD3 bi-scFv. A dose-response—based increase in tumor cell
lysis was observed in all cases, with both CD4* and CD8* T-cell subsets capable of inducing
cytotoxic responses. For the D270-MG patient-derived glioma cells, at the maximum dose of
hEGFRVIII-CD3 bi-scFv tested (10% pg/mL), CD8* T cells induced significantly more
cytotoxicity compared with CD4* T cells (P= 0.0123) with the CD8* T-cell subset inducing
53.52% =+ 3.788% specific lysis compared with the CD4" T-cell subset that induced specific
lysis of 31.67% + 3.327% of tumor cells (A). Similar trends were observed for the
D10-0319-MG (B) and D2159-MG (C) patient-derived glioma cells. At a dose of 10% pg/mL
of hEGFRVIII-CD3, the CD8* T-cell subset induced a specific lysis rate of 49.50%

+ 3.064% and 55.27% + 3.138% compared with the CD4* T-cell subset that induced a
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specific lysis rate of 27.55% + 1.555% and 30.56% + 3.464% when paired against the
D10-0319-MG and D2159-MG patient-derived glioma samples, respectively. The CD8* T-
cell subset—specific lysis rate was significantly higher compared with the CD4* T-cell
subset—specific lysis rate for both D10-0319-MG and D2159-MG (= 0.0031 and P=
0.0061, respectively). In all cases, however, the CD4* T-cell subset induced significant
cytotoxic responses (£ =0.0007; £< 0.0001; and A= 0.0009 for D270-MG, D10-0319-MG,
and D2159-MG, respectively).
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Figure 7.
Intravenous administration of hEGFRvIII-CD3 bi-scFv requires engagement with both CD3

and EGFRUVIII to extend survival /n vivo and cures well-established patient-derived glioma
with endogenous drivers, levels, and heterogeneity of EGFRVIII expression in both
subcutaneous and orthotopic xenograft models. Antitumor responses produced by
hEGFRVIII-CD3 bi-scFv were 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 CD3 binding were necessary to induce significant increases in survival.
NSG mice (7= 10) were implanted orthotopically with U87-MG-EGFRvIII (A) or U87-MG
cells (B). Where indicated, these immunodeficient mice were reconstituted with 1 x 107
intravenously administered T cells one day post tumor implant (arrow) and 50 pg of
hEGFRVIII-CD3 bi-scFv, 50 ug of control bi-scFv, or an equivalent volume of vehicle was
administered daily by tail vein injection on days 2—6 post tumor implant (bar). hREGFRVIII-
CD3 bi-scFv induced a significant increase in survival (£ < 0.0001) compared with 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 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 with endogenous drivers, levels, and heterogeneity of
EGFRvIII expression, NSG mice (n= 10) were implanted subcutaneously (C) or
orthotopically (D) with patient-derived malignant glioma (D270-MG). The proportion of
cells expressing EGFRVIII in this patient-derived tumor sample was 77.8% + 3.61% (see
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Supplementary Table S2). Significant antitumor responses were observed despite this
heterogeneity in target antigen expression. 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). Fifty micrograms of hREGFRvIII-CD3 bi-scFv, 50 ug of control bi-scFv, or
an equivalent volume of vehicle was administered daily by tail vein injection on days 11-20
post tumor implant (bar). The difference in tumor growth over time was assessed and a
significant difference was observed in the hREGFRvIII-CD3 bi-scFv group compared with all
other groups (£ < 0.0001), with 9 of 10 mice in the hEGFRvIII-CD3 bi-scFv—treated group
having an undetectable tumor burden at the completion of the study (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). Fifty
micrograms of hEGFRVIII-CD3 bi-scFv, 50 pg of control bi-scFv, or an equivalent volume
of vehicle was administered daily by tail vein injection on days 14-23 post tumor implant
(bar). A significant difference in survival (£ < 0.0001) was observed in the hEGFRvIII-CD3
bi-scFv—treated group, with 8 of 10 mice still alive at the termination of the study greater
than 100 days post tumor implant. A schematic illustrating the sequence of events for these
studies is shown in Supplementary Fig. S1.
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Figure 8.
Treatment with hEGFRvIII-CD3 bi-scFv results in tumor cell necrosis and a dense T-cell

infiltrate to the tumor parenchyma. The ability of hREGFRvIII-CD3 bi-scFv to produce tumor
cell necrosis and induce T-cell infiltration to the tumor parenchyma was assessed using
hematoxylin and eosin (H&E) staining and IHC for human CD3. Cohorts of NSG mice (n=
10) were implanted with patient-derived malignant glioma (D270-MG) that was allowed to
establish for 10 days. Following this tumor engraftment period, all mice were reconstituted
with 1 x 107 intravenously administered human T cells and then randomized to either
treatment or control groups. Fifty micrograms of hREGFRvIII-CD3 bi-scFv or 50 pg of
control bi-scFv was administered daily by tail vein injection on days 11-15. Following 5
days of treatment with either hEGFRvVIII-CD3 bi-scFv or control bi-scFv, mice were
humanely sacrificed, allowing tumors to be dissected, formalin fixed, and paraffin
embedded. A representative H&E-stained section (10x magnification) from the hEGFRvIII-
CD3 bi-scFv receiving cohort demonstrates tumor cell necrosis (A). A corresponding serial
section stained with human CD3 IHC (10x magnification) shows a dense infiltrate of T cells
in the tumor parenchyma (B). On the other hand, a representative H&E section (10x
magnification) from the control bi-scFv—treated cohort, shows a dense tumor xenograft with
a lobular growth pattern (C) and no obvious T cells in the tumor parenchyma when a
corresponding serial section is stained with human CD3 IHC (10x magnification; D).
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Figure 9.
Intravenously administered hREGFRVIII-CD3 bi-scFv accumulates in highly invasive,

syngeneic, orthotopic malignant glioma, curing well-established tumors. A representative
H&E section (10x magnification; A) shows invasive CT-2A-EGFRuvlIII cells 6 days post
orthotopic implantation, at which point mice have reached one-third the median survival
time. To assess for tumor burden and survival in this model, heterozygous human CD3
transgenic mice (7= 10) were implanted subcutaneously (B) or orthotopically (C) with
CT-2A-EGFRuvIII glioma. In the subcutaneous setting, tumors were allowed to establish for
10 days. Mice with palpable tumor burden were then reconstituted with 1 x 107
intravenously administered autologous human CD3 transgenic T cells (arrow), given that
these transgenic mice have diminished levels of T cells due to toxicity of the human CD3
transgene, and randomized to treatment groups. Fifty micrograms of hEGFRvIII-CD3 bi-
scFv, 50 ug of control bi-scFv or, an equivalent volume of vehicle was administered daily by
tail vein injection on days 11-20 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 treated group compared with all other groups (£< 0.0001; B). In the orthotopic setting,
tumors were allowed to establish for 6 days (1/3 median untreated survival). On day 6 post
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tumor implant, mice were reconstituted with 1 x 107 intravenously administered human CD3
transgenic T cells (arrow) and randomized to treatment groups. Fifty micrograms of
hEGFRvIII-CD3 bi-scFv, 50 pg of control bi-scFv or, an equivalent volume of vehicle was
administered daily by tail vein injection on days 7-16 post tumor implant (bar). A
significant difference in survival (P < 0.0001) was observed in the hEGFRvIII-CD3 bi-scFv-
treated group with, 8 of 10 mice still alive at the termination of the study greater than 70
days post tumor implant (C). Biodistribution studies were performed to quantify the extent
to which intravenously administered hEGFRvIII-CD3 bi-scFv accumulates within invasive
tumors within the brain. Human CD3 transgenic mice (/7= 5) bearing 12-day established
EGFRuvlII-positive CT-2A glioma were injected with 100 uCi of I-124-labeled hEGFRvIII-
CD3 bi-scFv. Micro-PET/CT imaging was performed three hours post intravenous injection,
where 1.3% * 0.07% of the injected dose per gram of tissue was found to be localized to the
region of the tumor within the brain (D). A representative PET/CT image is shown in E
demonstrating a region of significantly increased radioactive signal over background
localized to coordinates within the brain where tumors were stereotactically injected. At the
termination of the study, mice were humanely sacrificed, allowing for CNS tissue to be
cryopreserved and microsectioned. Sections of CNS tissue were then subjected to
autoradiography, allowing for further confirmation of the presence of radioactivity within the
brain. A representative autoradiography image is shown in F, with regions of increased
radioactivity uptake that corresponded to regions of grossly visible infiltrative tumor.
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