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Bispecific antibodies (bscAbs), particularly those of the bispecific
T-cell engager (BiTE) subclass, have been shown to effectively re-
direct T cells against cancer. Previous efforts to target antigens
expressed in both tumors and normal tissues have produced sig-
nificant toxicity, however. Moreover, like other large molecules,
bscAbs may be restricted from entry into the “immunologically
privileged” CNS. A tumor-specific mutation of the epidermal
growth factor receptor, EGFRUVII, is a constitutively activated tyro-
sine kinase not found in normal tissues but frequently expressed
in glioblastomas and many other neoplasms. Because it is local-
ized solely to tumor tissue, EGFRvIII presents an ideal target for
immunotherapy. Here we report the preclinical evaluation of an
EGFRvlll-targeted BiTE, bscEGFRVIIIXCD3. Our results show that
bscEGFRVIIIXCD3 activates T cells to mediate potent and antigen-
specific lysis of EGFRvIll-expressing gliomas in vitro (P < 0.001) at
exceedingly low concentrations (10 ng/mL) and effector-to-target
ratios (2.5:1). Treatment with i.v. bscEGFRvIIIXCD3 yielded extended
survival in mice with well-established intracerebral tumors (P < 0.05)
and achieved durable complete cure at rates up to 75%. Antitumor
efficacy was significantly abrogated on blockade of EGFRvIII bind-
ing, demonstrating the need for target antigen specificity both in
vitro and in vivo. These results demonstrate that BiTEs can be used
to elicit functional antitumor immunity in the CNS, and that pep-
tide blockade of BiTE-mediated activity may greatly enhance the
safety profile for antibody-redirected T-cell therapies. Finally,
bscEGFRVIIIXCD3 represents a unique advancement in BiTE technol-
ogy given its exquisite tumor specificity, which enables precise elim-
ination of cancer without the risk of autoimmune toxicity.

central nervous system | blood-brain barrier | immunomodulation |
therapeutics

Over the past 3 decades, only modest progress has been made
in the management of patients with glioblastoma (GBM).
Despite image-guided surgical resection (1), maximal radiation
therapy, and effective chemotherapy, GBM remains universally
fatal, with a median survival of only 15 mo (2). These conventional
therapies also lack specificity and are limited by incapacitating
damage to surrounding normal brain and systemic tissues (3).
A promising alternative is the use of immunotherapy, which has
the capacity to target cancer cells specifically (4).

Substantial evidence suggests that T cells are predominant
effectors in the immune-mediated eradication of cancer (5); how-
ever, attempts to mount and sustain antigen-specific T cells en-
dogenously through vaccines have been largely disappointing (6).
Other efforts to foster effective antitumor immune responses rely
on the adoptive transfer of ex vivo expanded or genetically ma-
nipulated T cells. Although promising, these approaches are la-
borious, inconsistent, and further complicated by the need for viral
transduction (7, 8). To avoid the complex preparation required for
cell-based therapy, T cells instead can be activated in vivo by ago-
nistic antibodies, which obviates the need for clonal T-cell survival
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and expansion; however, this approach indiscriminately activates
circulating T cells throughout the body, producing disastrous
autoimmune side effects (9).

An alternative approach is the use of bispecific antibodies
(bscAbs) that elicit cytotoxic activity from circulating T cells but
do so only in the proximity of their cognate tumor antigen (10).
One bscAb class that has demonstrated remarkable efficacy is the
bispecific T-cell engager (BiTE), consisting of a tumor-targeting
single-chain variable antibody fragment (scFv) translated in tan-
dem with another scFv directed against the T-cell activation ligand
CD3 (11). Compared with previously described bscAbs, BiTEs
have several distinguishing characteristics, including the ability
to induce immunologic synapses as well as trigger serial rounds
of killing from even unresponsive tumor-infiltrating T-cell pop-
ulations without the need for classic costimulatory signals, con-
ventional peptide-MHC recognition, or clonal T-cell persistence
and expansion (12). Various mouse models and clinical trials have
demonstrated the promising potential of antibody-redirected
T-cell therapies either through chimeric antigen receptors or,
more recently, via BiTEs against tumor-associated antigens, in-
cluding ErbB-2, carcinoembryonic antigen, and CD19 (13-16).
However, because these targets are not strictly limited to tumor
tissue, such approaches have led to unwanted toxicity and de-
struction of even normal, healthy cells (11, 17).

Among the few known tumor-specific antigens, perhaps the
most widely characterized is a mutated form of EGF receptor
(EGFR). The EGFRvIII mutation is a constitutively activated
tyrosine kinase central to the oncogenic process that is not found
in any normal tissues, but is frequently expressed on the surface
of GBM and many other common neoplasms (18). The receptor
consists of an in-frame deletion of exons 2-7, the translation of
which produces an extracellular junction with a unique glycine
residue. EGFRVIII expression is strictly tumor-specific, and its
extracellular domain is relatively small, making it an ideal target
for the BiTE platform (19).

In this study, we aimed to design, generate, and characterize an
EGFRuvllI-targeted molecule, bscEGFRvIIIxCD3, resembling the
BiTE technology. We performed a series of experiments to eval-
uate bscEGFRVIIIXCD3 both in vitro and in vivo using a murine
model of glioma. Our results show that bscEGFRVIIIXCD3 is both
antigen-specific and highly cytotoxic, leading to the activation of
T cells and elevated secretion of Thl-type cytokines exclusively
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in the presence of human EGFRvIII-expressing glioma. Despite
conventional notions of CNS immune privilege, systemically
administered bscEGFRVIIIxCD3 localized to intracerebral tu-
mors, extending survival in mice with well-established EGFRVIII-
expressing glioma, consistent with substantial intratumoral immune
cell infiltration.

Taken together, our findings demonstrate that bscEGFRVIIIXCD3
may be used to achieve potent antitumor T-cell responses in the CNS.
Moreover, unlike previously described BiTEs, bscEGFRVIIIXCD3
has unparalleled specificity, given its ability to target tumor cells
without the risk of cross-reactivity with normal tissues.

Results

Design, Expression, and Purification of bscEGFRvIIIXCD3 by Metal-Affinity
Chromatography. To construct an EGFRvIII-specific bscAb, we
selected an affinity-matured anti-human EGFRvIII-specific scFv,
MRI1-1 (20), and translated it in tandem with an scFv isolated
from the anti-human CD3 mAb OKT3 (Fig. 14). In brief, two
scFvs directed against EGFRvIII and CD3 were joined by a
flexible five-amino acid (Gly,Ser) linker using overlap extension
PCR in the following variable domain orientation: V-V -Vy-Vy.
The resultant tandem single-chain bscAb, bscEGFRVIIIXCD3, was
expressed in transformed Escherichia coli, isolated from insoluble
inclusion bodies, and verified for identity by Western blot analysis
(Fig. 1B). Refolded bscAb was purified by metal-affinity chro-
matography, with a distinct peak observed in the elution profile
between 50 and 100 mM imidazole (Fig. 1C). Fractions were
collected and tested for purity by SDS/PAGE, indicating
a single band of refolded bscAb with a predicted molecular
weight of ~52 kDa (Fig. 1D). In a typical preparation cycle,
100 mg of inclusion bodies from 1 L of culture yielded 1-2 mg
of purified bscEGFRvIIIxCD3.

Purified bscEGFRvIIIXCD3 Binds to T Lymphocytes and to Tumor Cells
Expressing EGFRvIIl. Flow cytometry was used to confirm dual spec-
ificity of the refolded bscAb against cells expressing the appropriate
targets. Analyses revealed binding of bscEGFRVIIIXCD3 to both
CD4" and CD8" human T cells known to express CD3 within a
population of healthy donor peripheral blood mononuclear cells
(PBMC:s) (Fig. 24). In addition, bscEGFRvIIIxCD3 was found
to bind specifically to US7TMG.AEGFR glioma cells expressing
EGFRVIII, but not to the parental WT U887MG control (Fig.
2B). Binding properties of bscEGFRVIIIXCD3 against individual
antigens were further characterized by surface plasmon resonance
against recombinant EGFRVIII extracellular domain (ECD) and
CD3£ yielding equlhbrlum dissociation constants (K4) of 1.5 x
10~ M and 6.5 x 10~ M, respectively (Fig. 2C).

BscEGFRVIIIXCD3 Activates T Cells, Resulting in Proliferation and
Secretion of Th1-Type Cytokines. We next tested bscEGFRVIIIXCD3
for its ability to activate T cells in vitro. When incubated with
bscEGFRVIIIXCD3 and target cells, CD4" and CD8" T cells up-
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Fig. 1. Design, manufacture, and purification of bscEGFRvIIIXCD3 by
metal-affinity chromatography. (A) Schema of the bscEGFRvIIIXCD3 design.
Linkers L1 and L3 were constructed between the Vy and V| domains of their
respective scFvs and consisted of (GlysSer)s, whereas L2 was constructed as
a single Gly,Ser linker between scFvs. (B) BscEGFRVIIIXCD3 was expressed as
insoluble inclusion bodies and verified for identity by Western blot analysis. (C)
Protein was eluted from an immobilized metal-affinity chromatography
column by a stepwise imidazole gradient. (D) SDS/PAGE of the eluted
fraction indicated by the arrow in C. Molecular weight markers (in kDa) are
shown on the left.
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regulated surface expression levels of activation markers CD69
and CD25 (Fig. 34). Importantly, this required interaction
with the EGFRVIII antigen, given that elevated CD69 and CD25
expression was detected only in the presence of EGFRVIII-
expressing human glioma cells, not with WT parental controls. We
also evaluated the ability of bscEGFRVIIIxCD3 to induce antigen-
specific proliferation of T cells, as measured by - 3H-thymidine in-
corporation in vitro. In these experiments, recombinant EGFRVIII
ECD was used as a source of cognate antigen, to eliminate the
variability in 3H-thymidine incorporation that otherwise would
occur owing to proliferation of target glioma cells. When soluble
bscEGFRVIIIxCD3 was incubated in the presence or absence
of solid-phase BSA, proliferative effects were not detected above
baseline levels. However, soluble bscEGFRVIIIXCD3 in the pres-
ence of solid-phase EGFRVIII ECD led to significant proliferation
that was indistinguishable from that resulting from stimulation
with solid-phase bscEGFRVIIIXCD3 alone (Fig. 3B). This finding
verifies—as has been well characterized for BiTEs against other
antigens—that interaction between soluble bscEGFRvIIIxCD3 and
the EGFRUVIII target is necessary to potentiate immunologic cap-
ping and synapse formation, and that antigen-specificity is a crucial
factor mediating this activity (21).

Effective antitumor immune responses are known to require the
secretion of inflammatory cytokines, particularly those associated
with Th1 polarization. To test whether activation of T cells by
bscEGFRVIIIXCD3 leads to favorable cytokine production, we used
cytometric bead array analysis to analyze the supernatants of cul-
tures in which lymphocytes were incubated with bscEGFRvIIIxCD3
and target cells either expressing or not expressing the EGFRVIII
tumor-specific antigen. In the presence of negative control target
cells, analyses of culture supernatants revealed minimal secretion of
IL-2, IFN-y, and TNF; however, when incubated with EGFRVIII-
expressing glioma, bscEGFRVIIIXCD3 elicited significantly greater
T-cell function (Fig. 3C), which, when represented as proportions
in a multiplex cytokine panel, demonstrated considerable polari-
zation toward a Thl-associated immune response (Fig. 3D).

BscEGFRvIIIXCD3 Redirects T Cells to Kill EGFRvIII-Expressing Gliomas
in Vitro. We next sought to test the ability of bscEGFRVIIIXCD3
to functionally ehclt antigen-specific cytotoxic responses in vitro.
In a standard °'Cr release assay using freshly thawed human
PBMC:s as effector cells, we determined that bscEGFRVIIIxCD3-
mediated redirection of T cells is indeed highly cytotoxic against
multiple previously characterized human EGFRvIII-expressing
tumor cells (Fig. 44). Importantly, cytotoxicity was strictly de-
pendent on the ability of bscEGFRvIIIxCD3 to recognize and
bind to the EGFRVIII antigen on target cells, given that in-
cubation of bscEGFRVIIIxCD3 with matched EGFRvIII-negative
tumors in the presence of effector cells did not induce observable
target cell lysis. Furthermore, demonstrating the need for dual
specificity within the actual therapeutic molecule, target cell lysis
was not observed on incubation with a nonspecific bscAb control,
bscAbxCD3 (designed from antigen-binding portions isolated
from isotype clone MOPC-21 and OKT3), but was maintained
against EGFRvIII-expressing cells on incubation with the active
molecule, bscEGFRVIIIXCD3 (Fig. 4B). Along with being highly
specific, bscEGFRVIIIxCD?3 also exerted potent bioactivity against
EGFRvIlI-expressing tumors at greatly reduced concentrations
(Fig. 4C), with dose-dependence observed at E:T ratios as low as
2.5:1 (Fig. 4D).

As visualized by light microscopy, bscEGFRVIIIxCD3 did not
appear to affect the behavior of lymphocytes against EGFRvIII-
negative glioma cells in vitro (Fig. 4E, Top). However, in the
presence of EGFRVIII expression on the surface of matched gli-
oma, lymphocytes visibly localized to the surface of tumor cells
after the addition of bscEGFRVIIIXCD3, implying that the cytotoxic
effects observed in vitro may occur via contact-mediated mecha-
nisms (Fig. 4E, Middle). Importantly, under conditions in which
PKH26-labeled EGFRVIII-positive (red) and matched EGFRVIII-
negative (bright field) glioma cells were cultured together in
close proximity, bscEGFRVIIIXCD3-redirected carboxyfluorescein
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diacetate succinimidyl ester-labeled T cells (yellow) were seen to
localize only to EGFRvIII-expressing tumors. These results lend
further credence to the ability of the BiTE therapeutic platform
to selectively distinguish between even closely associated, adjacent
cells based on target antigen expression in vitro (Fig. 4E, Bottom).

Antitumor Response Produced by bscEGFRvIIIXCD3 Is Specific to
EGFRvIII-Expressing Tumors in Vive. To investigate the in vivo
activity of bscEGFRVIIIXCD3, we created orthotopic xenograft
models using the human malignant glioma cell lines US7MG and
U87MG.AEGFR. Recent studies have demonstrated that GBMs
are infiltrated by immune cells (22, 23); thus, to model this sce-
nario preclinically, NOD scid gamma (NSG) mice were inoculated
intracranially with a mixture of tumor cells and unstimulated human
PBMC:s. After implantation, bscEGFRvIIIXCD3 was administered
via daily tail vein injections. Under these conditions, mice implanted
with tumors expressing only the WT EGFR did not exhibit a sig-
nificant survival benefit (Fig. 54). Similarly, in mice implanted with
intracerebral tumors expressing EGFRVIII, treatment with the
nonspecific control bscAbxCD3 did not prolong survival compared
with mice that received vehicle control (Fig. 5B). In contrast,
infusion with bscEGFRvIIIxCD3 in this setting achieved durable,
complete cure in six of eight mice without apparent toxicity; this
effect was also potent and dose-dependent, yielding prolonged
survival at doses as low as 1 pg/d, with comparable results observed
in repeated experiments (P < 0.01) (Fig. 5C, Upper). Although
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bscEGFRvIIIXCD3 against recombinant target antigens.

less dramatic, significant antitumor effects were also observed
on treatment of very late-stage, well-established tumors in mice
treated with bscEGFRVIIIXCD3 and peripheral PBMCs just days
before death of controls (Fig. 5C, Lower). This result was ach-
ieved using a cumulative dose of bscEGFRvVIIIXCD3 that was
~3- to 10-fold lower than the pharmacologic equivalent of cur-
rent, clinically approved antibody therapies. Histological exam-
ination of tumors obtained from mice treated with PBS revealed
no evidence of infiltrating immune cells and instead showed in-
vasive glioma tissue extending along peritumoral blood vessels
(Fig. 5D, Upper Left). In contrast, brain tissue from mice treated
with bscEGFRVIIIXCD3 exhibited marked perivascular cuffing
(Fig. 5D, Upper Right, box), as well as diffuse persistence of in-
filtrating lymphocytes amid regions of intracerebral tumor necrosis
(Fig. 5D, Bottom, arrows). Taken together, these data demonstrate
that systemic administration of bscEGFRVIIIxCD3 can potently
activate T cells in vivo to achieve significant antitumor effects
against EGFRvIII-expressing tumors in the CNS.

Antitumor Efficacy of bscEGFRvIIIXCD3 Is Abrogated by Targeted
EGFRvIII Blockade. Despite early evidence of success in the clinic,
antibody-redirected T-cell platforms recently have been shown to
induce lethal “on-target” toxicity when their cognate antigen is
not only present in tumors, but also expressed in normal, healthy
tissues (e.g., ErbB-2, carcinoembryonic antigen, CD19) (13-16). To
address this issue in our model—and to provide additional controls

Fig. 3. BscEGFRvIIIXCD3 activates T cells, resulting in
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Fig. 4. BscEGFRVIIIXCD3 redirects T cells to kill
EGFRvlll-expressing gliomas in vitro. (A) Standard
51Cr-release demonstrates specific lysis of US7MG.
AEGFR over U87MG (Left) and D54-EGFRuvIIl over
D54 (Right) by unstimulated human PBMCs and
bscEGFRVIIIXCD3 (E:T ratio, 20:1; incubation time, 18 h;
[bscEGFRVIIIXCD3], 10 pg/mL). (B) Specific lysis of the
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demonstrating the specificity of our approach—we sought to de-
termine whether competitive inhibition of EGFRVIII binding
could directly abrogate biological activity of bscEGFRvIIIXCD3
both in vitro and in vivo. The rationale for this hypothesis was
based on our data showing that bscEGFRVIIIXCD3 is not effective
in the absence of EGFRVIII expression on tumors, and that sim-
ilarly, a control bscAbxCD3 is not effective in the presence of
EGFRUvIII-expressing tumors.

To perform specific EGFRVIII blockade, we used a previ-
ously published soluble peptide (PEPVIII) corresponding to the
extracellular epitope for EGFRvIII-specific antibodies (18). Of
note, this peptide is currently in clinical trials as an EGFRvIII-
targeted vaccine, and thus has great translational potential in
addition to providing biological principle. Using this approach,

not demonstrate appreciable localization to tumor
(Top) compared with wells in which target cells ex-
pressing EGFRvIII were included (Middle). Experiments
were also performed in which U87MG, US87MG.A
EGFR (red),and T cells (yellow) were incubated
with bscEGFRvIIIXCD3, which demonstrated selective
localization of T cells to EGFRvlll-expressing tumor
cells in vitro (Bottom). Horizontal bars represent
a statistical significance of at least P < 0.05.

our data demonstrate that EGFRVIII blockade by PEPVIII suc-
cessfully disrupts binding to EGFRvIII-expressing tumor targets
in vitro. Importantly, PEPVIII inhibition was specific, because
peptide-blocked bscEGFRVIIIXCD3 retained the ability to bind
the CD3 complex on both CD4* and CD8" T cells (Fig. 64). De-
spite continued anti-CD3 binding, addition of the cognate PEPVIII
peptide was sufficient to completely abolish bscEGFRvIIIxCD3-
mediated antitumor effects against EGFRvIII-expressing gli-
omas in vitro (Fig. 6B). Moreover, EGFRVIII blockade signifi-
cantly reduced the efficacy of bscEGFRVIIIXCD3 in vivo against
EGFRvllII-expressing tumor in the brain (Fig. 6C). Taken to-
gether, these results validate the precise target specificity of the
bscEGFRVIIIXCD3 construct and definitively establish the re-
quirement for dual binding. In addition, our finding that a soluble
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Fig. 5. Antitumor response produced by bscEGFRvIIIXCD3 is
specific to EGFRvlll-expressing tumors in vivo. NSG mice (n = 8)
were implanted i.c. with 1 x 10° tumor cells and unstimulated
human PBMCs at a ratio of 1:1. Mice implanted with U87MG
(A) or U87MG.AEGFR (B) were treated with bscEGFRvIIIXCD3
or control bscAbxCD3 by daily i.v. infusion (arrows). (C, Upper)
To assess dose-response, bscEGFRvIIIXCD3 was administered
to mice at indicated doses. (C, Lower) For delayed treatment,
mice were implanted i.c. with U87MG.AEGFR alone, and treat-
ment was started on day 10 after tumor implantation. These
mice were immune-reconstituted peripherally with 2 x 107
unstimulated human PBMCs by i.p. injection on day 10, followed
by infusion with bscAb. (D, Upper Left) Representative section
of i.c. tumor and local invasion surrounding an adjacent vessel
from an animal receiving PBS. (D, Upper Right) In contrast, in
mice treated with bscEGFRvIIIXCD3, PBMCs are seen to exit
peritumoral i.c. vessels toward tumor tissue (box). (D, Lower)
Tumor tissue in mice treated with bscEGFRvIIIXCD3 and re-
ceiving PBMCs i.p. shows diffuse tumor-associated mononuclear
infiltrate and areas of necrosis (arrows).
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cognate peptide can be used to selectively inhibit therapeutic
effects of bscEGFRvVIIIXCD3 may offer a useful approach to
enhancing the safety profile of other bscAbs that target antigens
expressed in normal, healthy tissues.

Discussion

It has been widely demonstrated that bscAbs of the BiTE class
can be used to generate potent T-cell immune responses against
tumors outside the CNS. Importantly, our findings in the pres-
ent study demonstrate that similar responses may be achieved
against established tumors in the brain. An additional advance
reported here is the targeting of EGFRVIII with BiTE technol-
ogy, which allows bscEGFRVIIIxCD3 to target tumors specifi-
cally without cross-reactivity against antigens expressed normal
tissues.

In general, bscAbs designed to redirect the immune system
against cancer have an extensive history marked by several short-
comings. Whereas some alternative bscAb constructs have resulted
in prohibitive toxicity owing to nonspecific T-cell activation, others
have been hampered by low potency, in many cases requiring ex-
tremely high E:T ratios and high concentrations of the therapeutic
agent, as well as T-cell prestimulation or costimulation to achieve
acceptable preclinical efficacy (12). In comparison, our present
findings demonstrate that bscEGFRVIIIXCD3 has the ability to
safely and specifically mediate antitumor responses that are both
dose-dependent and efficacious at low E:T ratios (2.5:1) without
the need for additional T-cell stimulation. As an indication of
the potency of bscEGFRVIIIXCD3, a cumulative dose of only
5 pg (~0.25 mg/kg) in vivo was sufficient to significantly prolong
survival in mice with EGFRVIII-expressing tumors. This dose
is roughly equivalent to 0.02 mg/kg for the average 60-kg adult
(24); in stark contrast, recommended therapeutic doses of currently
approved antitumor mAbs range from 2 mg/kg (for Herceptin) (25)
up to 10 mg/kg (for Avastin) (26), highlighting the potential for
vast improvement over currently available antibody treatments
for solid tumors.

Previous studies have established that bscAbs of the BiTE class
potentiate antitumor immune responses solely in the presence of
cognate antigen expression by target cells. This is related in part
to the fact that the soluble anti-CD3 scFv moiety alone is not in
itself directly tumoricidal, nor does it elicit functional T-cell ac-
tivation or cytokine release compared with its cross-linking mAb
counterparts (27). As such, our in vitro and in vivo data corrob-
orate that bscEGFRvIIIxCD3 is indeed dependent on target cell
EGFRUVIII surface expression, as indicated by the inability of
bscEGFRVIIIxCD3 to mediate appreciable antitumor effects in
the absence of EGFRUVIII expression on matched tumor cell lines.
Furthermore, the need for dual specificity was confirmed by the
absence of antitumor activity both with the use of a control
bscAbxCD3 and on EGFRvIlI-specific blockade with cognate
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Fig. 6. Antitumor efficacy of bscEGFRvIIIXCD3 is abrogated
by targeted EGFRUvIII blockade. (A) EGFRvIII blockade does not
affect the ability of bscEGFRvIIIXCD3 to bind T cells, but signifi-
cantly abrogates binding to EGFRvIlI-expressing gliomas in vitro.
(B) Standard °'Cr release demonstrates specific lysis of US7MG.A
EGFR in the presence of bscEGFRvIIIXCD3 and effector cells (E:T
ratio 20:1; incubation time 18 h; [bscEGFRvIIIXCD3] 10 pg/
mL), which is completely inhibited in the presence of soluble
PEPvIIl cognate peptide (blockade ratio 1:1). Horizontal bar
indicates a statistical significance of P < 0.001. (C) NSG mice
(n = 8) were implanted i.c. with 1 x 10° US7MG.AEGFR and
unstimulated human PBMCs at a ratio of 1:1. Daily i.v. infusions
with bscEGFRvIIIXCD3, coinfusion with PEPVIII blockade, or
PBS vehicle control began 3 h after implantation and continued
for 5d.

PEPVIII peptide. Importantly, these data also support peptide
blockade as a useful strategy for eliminating unintentional T-cell
activation against normal tissues. Given our findings, it may even
be reasonable to create larger peptide constructs designed to not
enter the CNS, which in theory would reduce systemic toxicity
while permitting intracerebral efficacy of antibody-redirected T-
cell therapies.

One unexpected finding in the present study is the ability of
systemically administered bscEGFRVIIIXCD?3 to treat tumors in
the CNS. Several previous attempts have been made to validate
immunotherapy as a viable treatment modality for tumors in the
brain; however, in the great majority of published studies, ben-
eficial antitumor immune responses have been limited to animal
models in which vaccines were administered before tumor chal-
lenge. In contrast, it generally has been difficult to demonstrate
successful treatment of intracerebral tumors after implantation,
which might help explain the consistently poor clinical translation
of immune-based interventions for patients with high-grade gliomas.
Such considerations should be taken into account when interpreting
the results of the present study, in which survival advantages were
observed in the setting of even late-stage, well-established tumors.
These results provide evidence that bscEGFRvIIIxCD3 may be
considerably more effective on clinical translation compared
with other strategies that have been tested in animal models of
tumor challenge.

To test bscEGFRvVIIIXCD3 in vivo, we chose an NSG mouse
model, which has the distinct advantage of evaluating drug can-
didates in an animal system using human tumor tissue. Indeed,
initial preclinical studies of the CD19-targeted BiTE now in
clinical trials were originally performed in immunocompro-
mised mouse models, the main limitations of which have been
described elsewhere (28). In brief, one of the major drawbacks of
this approach includes the need to supply human effector T cells,
which is further compounded by the fact that human cells often
have a limited functional half-life in the murine background. Even
taking into account these considerations, however, it may be rea-
sonable to conclude that our results in fact underestimate the full
potential of bscEGFRvIIIxCD3, especially given that—in a re-
alistic clinical scenario—circulating polyclonal T-cell populations
should be present in great numbers and persistent throughout
the body.

Owing to long-standing notions of immune privilege in the brain,
previous studies of bscAbs in CNS malignancies were limited to
intralesional treatment in vivo (29), and bscAbs had not been
tested for efficacy by systemic administration as reported here.
However, a growing body of evidence supports the possibility
that EGFRvIII-specific molecules may have a special ability to
accumulate in tumor tissue located in the brain, and that this
phenomenon may be attributed in part to exclusive expression
of the EGFRVIII mutation in malignancy. In human studies,
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systemically delivered radiolabeled antibodies specific for EGFRVIII
have demonstrated high levels of tumor uptake in the brains of
patients with gliomas (30). In contrast, antibodies specific for
antigens expressed both in the brain and in other areas of the
body were detected at relatively low levels intracerebrally, and
instead accumulated preferentially in systemic tissues, including
the liver, spleen, and bone marrow (31).

Such studies provide evidence that macromolecular-based ther-
apies have the potential to mediate therapeutic effects at an in-
tracerebral tumor site, and that a higher percentage of cerebral
penetration may be achieved when targeting tumor-specific anti-
gens like EGFRVIIL Given their greatly reduced molecular weight,
bscAbs of the BIiTE class may prove even more efficient in their
ability to localize intracerebrally, and studies to further investigate
this possibility are underway. Moreover, although CNS access
is certainly limited to some degree, the relative potency of the
BiTE platform at extremely low doses suggests that only small
amounts may actually need to reach the tumor to mediate signif-
icant therapeutic effects.

We also observed an association between the therapeutic effects
of bscEGFRVIIIxCD3 and the accumulation of immune cells in
the CNS. Activated T lymphocytes are known to have the ability
to penetrate the blood-brain barrier (BBB) even under normal
physiological conditions (32). Interestingly, recent data from
clinical trials showed that treatment with BiTEs may lead to the
peripheral activation of circultating T cells, which in certain
studies was temporally associated with subsequent unexplained,
but transient, CNS side effects in multiple patients (11, 16).
Whether the mechanisms behind these phenomena can be ex-
plored to enhance intracerebral localization of T cells—or that of
BiTE:s attached to the surface of infiltrating T cells—is currently
under investigation.
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The primary goal of the present study was to propel translation of
a treatment for patients with GBM. Further investigation is needed
to determine whether the therapeutic benefits reported here
can be replicated in human studies, and whether the efficacy of
bscEGFRVIIIXCD3 is affected by standard-of-care therapies for
GBM, including radiation and temozolomide chemotherapy, a ma-
jor side effect of which is profound lymphopenia. These areas of
research may best be approached in preclinical murine models with
syngeneic tumors or in transgenic mice with T cells expressing
human CD3 (33). Almost certainly, the relevance of such studies
will continue to broaden as this promising drug class progresses
through ongoing clinical trials.

Materials and Methods

Detailed information on the mice and cell lines used in this study is provided
in S/ Materials and Methods.

BscEGFRvIIIXCD3 preparation, flow cytometry, and additional in vitro and
in vivo analyses were carried out as described in S/ Materials and Methods.

Unless stated otherwise, groups were compared using a two-sample, two-
tailed t test to determine statistical significance. Survival curves were esti-
mated for each group using Kaplan-Meier product-limit estimation. Primary
comparative analyses of the curves for each group were performed using the
generalized Wilcoxon test. Statistical significance was set at P < 0.05.
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