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Immunotherapeutic approaches to cancer have shown remarkable promise. A critical barrier to successfully executing such immune-
mediated interventions is the selection of safe yet immunogenic targets. As patient deaths have occurred when tumor-associated
antigens shared by normal tissue have been targeted by strong cellular immunotherapeutic platforms, route of delivery, target selec-
tion and the immune-mediated approach undertaken must work together to maximize efficacy with safety. Selected tumor-specific
targets can spare potential toxicity to normal tissue; however, they are far less common than tumor-associated antigens and may not
be present on all patients. In the context of immunotherapy for high-grade glioma, 2 of the most prominently studied antigens are the
tumor-associated epidermal growth factor receptor and its tumor-specific genetic deletion variant III. In this review, we will summa-

rize the immune-mediated strategies employed against these targets as well as the caveats particular to these approaches.
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Glioblastoma

Current standard of care (SOC) for glioblastoma multiforme (GBM)
consists of resection, radiotherapy, and temozolomide. These
therapies are nonspecific, limited in application due to toxicity
against normal brain, and ineffective, as overall survival (OS) re-
mains under 15 months. While rarely metastatic, local recurrence
after treatment is inevitable, as GBM is characterized by individu-
al, infiltrative, treatment-resistant tumor cells well past the re-
sected tumor margin. Emerging novel therapies must meet 2
key criteria: (i) enhanced tumor specificity to prevent toxicity to
surrounding normal brain, and (i) effective access to, and identi-
fication of, single tumor cells embedded in normal tissue to lyse
tumor infiltrates and prevent recurrence. Immunotherapy prom-
ises an exquisitely precise approach through activating immune
responses specifically against cells bearing tumor antigen without
damage to the surrounding eloquent cerebral cortex. Further-
more, therapy-induced tumor-reactive lymphocytes are actively

mobile biologic agents and possess the potential to harmlessly
infiltrate normal brain while seeking and destroying residual
tumor. Substantial evidence already suggests that immunother-
apeutic intervention can eradicate large, well-established tumors
in mice and humans and can destroy immunogenic melanoma
metoitoses residing within the “immunologically privileged”
brain.

Epidermal Growth Factor Receptor and
Variant III

While not considered an immunogenic tumor like melanoma,
tumor-associated and tumor-specific antigens present on GBM
have been identified. Among these potential antigens, epidermal
growth factor receptor (EGFR) and the genetic deletion variant I11
(EGFRVIII) have been targeted by specific therapeutic approaches
designed to block signaling or induce antitumor immune
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responses. In brief, EGFR is a receptor tyrosine kinase that is am-
plified and overexpressed in 60%-90% of GBM? with near homo-
geneous expression upon tumor and expression that is absent to
nearly undetectable on normal brain,? although it has been re-
ported on neural stem cells. While largely undetectable on nor-
mal brain, EGFR is present systemically, and an inherent safety
risk to targeting this molecule is the potential toxicity to normal
EGFR-bearing cells. Patient deaths have occurred when other
tumor-associated antigens expressed by normal tissues have
been targeted by intensely robust cell-mediated immunothera-
peutic approaches.*> Therefore, many approaches targeting
EGFR amplification on brain tumors have been administered intra-
tumorally behind the blood-brain barrier, although it should be
noted that systemic administration of blocking antibodies to
EGFR has been well tolerated.®

The EGFRVIIT mutation is completely tumor specific, present
on approximately one third of GBM,” present on 67%® of tumors
with amplified EGFR, and expressed on CD133* brain tumor stem
cells. EGFRVIII is produced by the deletion of exons 2-7, resulting
in a greatly truncated extracellular domain with a novel glycine
residue presented between amino acids 5 and 274.° Functionally,
EGFRVIII is ligand independent and constitutively activated and
associated with inducing oncogenic transformation of adjacent
cells through paracrine mechanisms'® as well as through the
secretion of EGFRVIII positive exosomes.*! However, EGFRVIII is
heterogeneously expressed within tumor. While the tumor specif-
icity of targeting EGFRVIII offers exquisite safety, not all tumor
cells are EGFRVIII positive, thereby risking the outgrowth of
EGFRvIII-negative antigen loss variants under immune-mediated
selection pressure.

Inhibition of Signaling

A complex and cooperative oncogenic signaling network between
EGFR and EGFRVIII in GBM was recently elucidated and shown to
culminate in the phosphorylation of signal transducer and activator
of transcription 3.2 Inhibition of this signaling cascade with tyro-
sine kinase inhibitors has been performed; however, thus far it
has proven ineffective in the context of GBM. Signaling from EGFR
has also been targeted with the blocking antibodies cetuximab
and nimotuzumab. In a phase II study of recurrent GBM, systemic
administration of the EGFR-specific monoclonal antibody (mAb)
cetuximab resulted in 3 of 55 patients demonstrating a partial re-
sponse and 17 of 55 patients with stable disease as determined by
investigator-assessed stabilization of tumor-associated symp-
toms.® During a phase 111 randomized study of nimotuzumab ther-
apy in adult GBM patients, a trend toward longer overall survival
was seen in comparison with standard therapy.’® These modest
responses can in part be attributed to limited tumor penetration.
As small molecule inhibitors and blocking antibodies must rely on
sufficient inhibition of driver mutation pathways, a lack of pene-
trance or an inability to fully impair signaling compromises efficacy.
In contrast to small molecule inhibitors or passive immunothera-
peutics, active immunotherapy results in the presence of activated
cytotoxic T cells relying solely on antigenic recognition within the
target cell population for serial lysis. Thus, engaging the full reper-
toire of T-cell effector functions resulting from vaccination or adop-
tive transfer of T cells specifically targeting EGFR and EGFRVIIT may
be a more successful antitumor approach.

Passive Immunotherapy

As opposed to inhibiting the signaling cascade originating from
EGFR and EGFRVIII in GBM, antibodies targeting these molecules
can also induce immune-mediated recognition and destruction of
tumor by themselves (through antibody-dependent cell-mediated
or complement-mediated cytotoxicity) or through conjugation to
radionucleotides or toxins to deliver a cytotoxic payload to tumor.
While unarmed mAbs to EGFRVIII have not been examined clinically
for efficacy, in a murine model of orthotopic EGFRVIII-positive
brain tumor, intratumoral EGFRvVIII mAb induced immune-
mediated cytotoxicity and extended median survival by 286%.'*
An EGFRVIII-specific single chain variable fragment (scFv) was
also conjugated to recombinant genetically engineered protein de-
rived from the Pseudomonas exotoxin (MR-1). MR-1 binds specifi-
cally to EGFRVIII to induce cell death upon endocytosis and
significantly increased median survival in a preclinical model of
EGFRVIII-positive neoplastic meningitis.’> An immunotoxin with
dual specificity against both EGFR and EGFRVIII has also been
shown to increase survival in a murine model of EGFR and
EGFRVIII-double-positive glioma by 166% versus controls and to
possess superior tumor localization in comparison with antibodies
targeting EGFR or EGFRVIII alone.? Intriguingly, a mAb with dual
specificity to EGFRVIII and a subset of amplified EGFR demonstrated
additive, and sometimes synergistic, antitumor efficacy in a murine
model of glioma when used combinatorially with a molecular
inhibitor of EGFR signaling.*®

Clinically, a phase I study of an EGFRVIII targeted scFv conju-
gated to a Pseudomonas exotoxin-derived protein delivered in-
tracerebrally by convection enhanced delivery (CED) has been
completed in patients with EGFRvIII-positive brain tumors, al-
though results have not yet been published. Clinical studies of
EGFR targeted conjugates have also been undertaken, and
rhenium-188 labeled nimotuzumab delivered intracavitarily in a
phase I trial of recurrent high-grade glioma showed 3 of 11 pa-
tients with a partial (n=1) or complete response (n=2) for
greater than a year.'” Similarly, EGFR was targeted through con-
jugating its ligand transforming growth factor-a to a Pseudomo-
nas exotoxin-derived chimeric protein to create TP-38. TP-38 was
administered to 15 patients with recurrent malignant brain tu-
mors with residual disease by CED directly to the resection cavity,
with 2 patients showing radiographic responses and 1 patient
with GBM demonstrating a nearly complete response.'® However,
imaging from this study revealed that in >80% of the cases, the
infusate leaked into the cerebrospinal fluid spaces, thereby not
reaching residual tumor. While novel imaging technologies are
improving CED, despite the excellent specificity of these passive
immunotherapeutics, they still likely have limited penetrance
and an inability to reach the infiltrative tumor cells that engender
recurrence, even after direct intracerebral administration.

Immunotherapeutic Vaccination

Activated, tumor-specific T cells, however, are not constrained by
diffusion and have the capacity to actively survey tissue. Antitu-
mor immunization requires the tumor antigen to be taken up by
dendritic cells (DCs) and presented to T cells in the context of the
appropriate costimulation. Vaccine-induced activated T cells are
able to enter the central nervous system, where CD8* cytotoxic
T lymphocytes (CTLs) can directly lyse tumor cells bearing
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antigen. More specifically, induced antitumor immunization
against EGFRVIIT has been demonstrated by both DC and peptide
vaccination approaches. In the former, autologous DCs were de-
rived from patients with newly diagnosed GBM and pulsed with a
14-amino-acid peptide encompassing the EGFRVIII peptide con-
jugated to keyhole limpet hemocyanin (rindopepimut). Three
consecutive immunizations were given in the upper thigh with
no severe adverse events, and 56% of patients showed an im-
mune response to EGFRVIII after vaccination.® While survival
outcomes were not significantly different than expected, this
trial was performed to assess the safety and immunogenicity of
rindopepimut. Therefore, EGFRVIII expression on the tumor was
not used as an inclusion criterion, and many of the tumors in
this small trial were most likely not EGFRVIII positive.

The immunogenicity of rindopepimut as a peptide vaccine
was also assessed. In @ murine model of orthotopic brain
tumor, rindopepimut immunization induced vaccine-specific im-
munity and extended survival.?° This approach was translated
into a multicenter phase II trial in patients with newly diagnosed
GBM. Patients immunized with rindopepimut had significantly ex-
tended OS in comparison with matched controls (OS of vaccinat-
ed patients: 26 mo; OS of matched controls: 15 mo; hazard ratio,
5.3; P=.0013).?! While no patients possessed evidence of
EGFRVIII-specific immunity prior to administration of rindopepi-
mut, the development of vaccine-induced immunity correlated
with extended survival. Additionally, while patients lacking meth-
ylation at the methylguanine methyltransferase (MGMT) promot-
er have decreased OS and resistance to current SOC, in this phase
IT trial assessing rindopepimut, vaccination was equivalently effi-
cacious in patients of either methylation status. This suggests
that EGFRVIII-targeted vaccination is agnostic to the biological
consequences of MGMT methylation that impede current SOC,
and perhaps to other biological functions of the cell as well. Fur-
thermore, in a consecutive phase II trial examining the immuno-
genicity of rindopepimut in the context of standard or
dose-intensified temozolomide, OS was 23.6 months (hazard
ratio, 0.23; P=.019), and all patients developed EGFRvIII-specific
immune responses.’? No patients experienced autoimmunity,
and vaccination was well tolerated. As a result of the extended
OS seen after rindopepimut, this vaccine is now being tested in
an international phase III randomized trial. However, intratu-
moral EGFRVIII expression is heterogeneous, and the strategy of
targeting a single heterogeneous antigen may permit the out-
growth of antigen-negative cells. Analysis of 13 recurrent tumors
after rindopepimut treatment showed that 11 no longer ex-
pressed EGFRVIII and that 1 of the 2 EGFRVIII-positive recurrent
tumors had <1% of cells positive for EGFRVIIL.?* A subsequent
retrospective analysis of 45 patients with EGFRVIII-positive GBM
showed that 15 of 15 evaluated patients who recurred after
SOC maintained EGFRVIII, while 16 of 16 evaluated patients
who recurred after rindopepimut lost expression of EGFRVIIL.
These data suggest that EGFRvIII-targeted immunization induces
the outgrowth of an EGFRVIII-negative population and points to a
mechanism of resistance inherent in targeting a single heteroge-
neously expressed antigen.

Chimeric Antigen Receptors

Antitumor vaccination targeting EGFR for the induction of sys-
temic immunity is implausible due to the barrier of central

tolerance and localization of the antigen on normal cells. Howev-
er, genetically engineered T cells specific to EGFR can be generat-
ed ex vivo and adoptively transferred intracerebrally to achieve a
locoregional active immunotherapeutic approach. As the overex-
pression of EGFR is homogeneous within tumor, such an approach
may lessen the risk of antigen loss variants. Chimeric antigen re-
ceptors (CARs) typically combine the variable regions of an anti-
body with T-cell signaling moieties to confer T-cell activation with
the targeting specificity of the parental antibody (Fig. 1), resulting
in T-cell activation and target cell lysis. The use of an antibody to
redirect T-cell effector function via a CAR confers the potential to
recognize any cell surface antigen without presentation through
human leukocyte antigen (HLA). The benefits of this engineering
of T cell specificity are 3-fold. First, tumors present abnormal HLA
molecules or downregulate their expression, which is a major
mode of immune evasion. CARs are therefore not prone to the
same risks as alternative T-cell therapies that depend on the pres-
ence of HLA molecules. Second, the same CAR constructs can be
used between patients with tumors expressing the same target
antigen (eg, EGFR), since they function independently of HLA re-
striction. Third, as targeting is antibody based, the specificity of
the T cell is not limited by thymic selection, and the CAR-
transduced T cell can be redirected against any antigen with an
appropriate antibody and thus overcome immune tolerance.
The CAR molecule has been designed to improve T-cell func-
tion. First-generation CARs generally included a single CD3 intra-
cellular domain and successfully redirected cellular cytotoxicity
but often possessed limited survival and poor antitumor activity
in vivo due to an absence of appropriate costimulation. Second-
and third-generation CARs incorporate additional intracellular
costimulatory moieties, such as CD28, OX-40, and 4-1BB, to im-
part improved T-cell proliferation, survival, cytokine secretion, and
tumor lysis. Clinical trials utilizing CARs against a variety of anti-
gens and malignancies have demonstrated remarkable thera-
peutic potential. At MD Anderson Cancer Center, 2 distinct CAR
T cells specific to EGFR have been created and tested preclinically.
While life-threatening toxicity and death can accompany CARs
when targeted against antigens on normal tissue,*” it should
be noted that the EGFR CAR T cells will be regionally delivered
and can also be bioengineered for safety. Indeed, genetic modi-
fication of T cells with in vitro-transcribed mRNA results in desired
transient CAR expression on T cells and elimination after a few
days. This bioengineering approach lends itself to repeated local
infusions of transiently expressing EGFR-specific CAR T cells to
achieve a therapeutic effect while minimizing systemic toxicity.
Third-generation CARs incorporating the variable region of an
EGFRVIII-specific antibody have also been developed.?*~?° Due to
the tumor specificity of EGFRVIII, these can be administered sys-
temically or intracerebrally and should not lead to direct killing of
normal tissues, as seen with CARs targeting ERBB2 and other
tumor-associated, but not tumor-specific, antigens.*> In a highly
infiltrative intracranial xenogeneic model of GBM, EGFRVIII-specific
human CAR T cells administered systemically not only trafficked to
the brain but localized to invasive tumor deposits to suppress
tumor growth and enhance 0S.%* EGFRVIII-specific murine CAR T
cells were also evaluated against a syngeneic intracranial tumor
system in a fully immunocompetent mouse model of established
malignant glioma. As the majority of preclinical studies examining
CAR efficacy have thus far used immune-deficient xenograft mod-
els, the development of a syngeneic system is critical for evaluating
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Fig. 1. Multigeneration EGFRVIII-specific CARs. CARs directed against EGFRVIII are produced by combining the humoral specificity of an EGFRVIII-specific
antibody with the intracellular signaling domains of a T-cell receptor (TCR). In general, CARs are composed of the variable heavy and light chains of a
mAb fused (via a transmembrane hinge) to CD3¢. More recently, CAR design has evolved to include additional costimulatory moieties—namely CD28
and/or 4-1BB—to improve OS, proliferation, and antitumor activity. The third-generation EGFRVIII-specific CAR incorporates the CD28, 4-1BB, and CD3¢
signaling constructs. These same CAR designs can be used to target wild-type EGFR.

CAR function within the immunosuppressive tumor microenviron-
ment and for determining whether CAR therapy can interact with
the intact host immune system. Significantly, CAR T cells were
shown to be curative at the highest doses following lymphodeple-
tive host conditioning, a common requisite to successful adoptive
therapy of T cells.?® Moreover, this study showed that mice that
were previously cured of EGFRVIII-positive tumors by CARs were
resistant to a secondary tumor challenge with EGFRVIII-negative
tumors. This suggests that CAR-induced epitope spreading gener-
ated an endogenous host immune response against new tumor
antigens. The ability to induce a localized, tumor-specific, de
novo host response via tumor-specific CAR therapy would likely
eliminate the concern of antigen loss variants and would provide
a personalized vaccination effect.?” Supporting this observation is
that vaccine-induced epitope spreading was shown to contribute
to regression of metastases in a patient with melanoma.?® Clinical-
ly, EGFRVIII-specific CARs are now being examined in a phase /11
safety study at the National Cancer Institute for patients with re-
current GBM.??

Bispecific T-cell Engagers

Genetically engineered T cell-based therapies, although function-
ally effective, have limitations because they require viral trans-
duction and heavily trained laboratory personnel to generate
individualized patient-specific vaccines. In direct contrast, bispe-
cific antibodies, termed bispecific T-cell engagers (BIiTEs), are
monomeric proteins composed of 2 antibody-derived scFvs trans-
lated in tandem and are relatively easy to manufacture. These
constructs consist of an effector-binding arm specific for T-cell
CD3 epsilon and an opposing target-binding arm specific for an
antigen that is expressed on the surface of tumor cells (Fig. 2).

Bispecific antibody constructs are safe and effective because
they create a molecular tether resulting in highly localized,
HLA-independent, specific T-cell activation with concomitant
lysis of tumor cells expressing the BIiTE target antigen. In a
phase I clinical study, 7 of 7 patients with non-Hodgkin lympho-
ma treated with a CD19-targeted BIiTE at doses as low as
0.06 mg/m?/day for a 1-month continuous infusion period dem-
onstrated objective tumor regression in addition to clearance of
tumor from the liver, bone marrow, and blood.*® Using an EGFRVIII
scFv, our group at Duke University has recently developed an
EGFRvIII-targeted BiTE to redirect T cells against EGFRvIII-expressing
glioma. In addition to its tumor specificity, EGFRVIII is an excellent
target for BITE therapy, as its minimal extracellular domain places
the antigenic epitope close to the cellular surface, which enhances
BiTE-induced cytotoxicity. In preclinical studies, this construct in-
duced T helper (Th)1-type cytokine secretion and polyclonal T-cell
proliferation, exclusively in the presence of effector T cells and
EGFRVIII-positive glioma.*® Target specificity was further demon-
strated through in vitro cytotoxicity assays in which the construct in-
duced significant lysis of EGFRVIII-positive but not EGFRVIII-negative
glioma. In vivo, 5 daily doses of the EGFRvIII-targeted BiTE resulted
in complete cures in orthotopic tumor-bearing murine models, and
even treatment of late-stage disease significantly extended survival
(P < .01). Translation of this therapeutic as a safe and effective treat-
ment for patients with EGFRvIII-positive glioma is under way at
Duke University.

Future Directions

Immunotherapeutic intervention targeting EGFR and EGFRVIII has
already shown promise, most aptly demonstrated by the success-
ful translation of the rindopepimut vaccine into an international
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Fig. 2. EGFRVIII-specific BiTEs. The EGFRvIII-specific BiTE produces an immunologic synapse between EGFRVIII-positive glioma cells and effector T cells.
Synapse formation results in the upregulation of T-cell activation markers, elaboration of Th-1 cytokines, T-cell proliferation, and target cell-specific
lysis. Note that the absence of cross-reactivity with the wild-type EGFR ensures a tumor cell-specific immune response. TCR, T-cell receptor.

phase III trial. Future discovery of additional shared tumor-specific
mutations on GBM tumors may permit rindopepimut to be com-
bined into a multi-epitope vaccination to maximize safety while
preventing the outgrowth of antigen loss variants. However, it is
well established that even platforms that generate robust antitu-
mor responses are still subject to the immunosuppressive milieu of
the tumor microenvironment, which can render CTLs into an
exhausted and ineffective state.?’ Antitumor immunity must be
able to persist and function at the tumor in order to engender
tumor cell lysis. The discovery and antibody-mediated blocking of
immune checkpoint inhibitors such as cytotoxic T-lymphocyte an-
tigen 4 (CTLA-4) and programmed cell death protein 1 (PD-1) have
been able to potentiate such antitumor immunity and have dem-
onstrated remarkable clinical antitumor efficacy.?’ Combinatorial
use of these antibodies or immune agonists with immunothera-
peutic vaccination to potentiate immune responses and impair
immunosuppression is an area of active research. Importantly,
an ongoing, international, randomized registration trial of CTLA-4
(ipilimumab) and PD-1 (nivolumab) blockade in patients with
recurrent GBM will provide critical insight into the use of these
agents in GBM. The development of truly robust immune-mediated
approaches against tumor-associated and tumor-specific targets
like EGFR and EGFRVIII may permit the type of localized epitope
spread that will reveal novel patient-specific tumor mutations
and engender de novo immunity to these epitopes. While autoim-
mune toxicity remains a valid concern, inducing such a localized,
multi-epitope, antitumor immune response may be required to
eradicate diffuse and heterogeneous tumors like GBM and prevent
the specter of recurrence.
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