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Abstract
Given the highly infiltrative growth pattern of malignant glioma and the lack of specificity
associated with currently available treatment regimens, alternative strategies designed to
eradicate cancer cells while limiting collateral toxicity in normal tissues remain a high
priority. To this end, the development of specific immunotherapies against targeted neoplas-
tic cells represents a promising approach.

The epidermal growth factor receptor class III variant (EGFRvIII), a constitutively acti-
vated mutant of the wild-type tyrosine kinase, is present in a substantial proportion of
malignant gliomas and other human cancers, yet completely absent from normal tissues.
This receptor variant consists of an in-frame deletion, the translation of which produces an
extracellular junction with a novel glycine residue, flanked by amino acid sequences that are
not typically adjacent in the normal protein.

In this review, both preclinical and early clinical development of a peptide vaccine
directed against this portion of the EGFRvIII antigenic domain are recapitulated. Following
vaccination, our group has demonstrated potent, redirected cellular and humoral immunity
against cancer cells expressing the mutant receptor without significant toxicity. Addition-
ally, the corresponding therapeutic outcomes observed in these studies lend credence to the
potential role of peptide-based vaccination strategies among emerging antitumor immuno-
therapies in patients with malignant glioma.
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INTRODUCTION
Glioblastoma multiforme (GBM) is the most common primary
malignant brain neoplasm, representing over 50% of all tumors in
this category diagnosed each year (15). It is also one of the most
aggressive and difficult cancers to treat; despite standard multimo-
dal therapy, including surgical resection and radiotherapy plus
temozolomide (TMZ), GBM remains uniformly lethal, with a
median survival of less than 15 months from the time of diagnosis
(96). Recurrent tumors exhibit an even poorer prognosis with a
progression-free survival of less than 20 weeks following currently
available salvage therapy (102). Furthermore, although these out-
comes represent remarkable advancements in the treatment of
GBM, conventional strategies are ultimately limited by significant
morbidity associated with nonspecific damage to normal cells and
tissues (47). As a result, there is a clear need for more effective
therapies that enable precise targeting of tumor cells while preserv-
ing an otherwise healthy milieu.

To this end, the immune system has emerged as a particularly
promising approach. Over a century ago, Ehrlich first pro-

posed that the body’s natural immune system, with its inherent
specificity and biologic efficiency, could be redirected to eradi-
cate targeted neoplastic cells while reducing collateral toxicity
(27). It has since been established in numerous studies that proper
immunological manipulation, namely via vaccination against
tumor antigens, can result in the regression of even bulky and
invasive human cancers (80). While this type of manipulation has
been shown to take many forms—including cellular, humoral and
myriad passive, active and adoptive strategies—the discussion
continues with regard to the precise interplay necessary to
achieve the greatest antitumor response. This uncertainty not-
withstanding, the prospect of harnessing the discriminatingly
potent nature of the human immune system remains a high prior-
ity, and the understanding of its potential role in the treatment of
GBM grows accordingly.

CNS IMMUNOPRIVILEGE
Antitumor immunotherapies, in the context of intracerebral
tumors, encounter a distinct set of challenges, one of the most
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prominent being that of central nervous system (CNS) immune
privilege. The first studies to suggest the concept of limited
immune surveillance in the CNS and other select tissues were first
reported in 1948 by Sir Peter Medawar, who showed that allogeneic
tissue grafts transplanted into the brains of experimental animals
were not rejected (64). Later research in the area of neuro-
immunology would support this finding based on unique character-
istics that are now generally associated with the CNS: the presence
of a specialized blood-brain barrier (BBB) and the absence of
conventional draining lymph nodes as well as resident antigen-
presenting cells (APCs) within the brain (30, 40).

While the CNS certainly exhibits immune privilege to some
degree, a growing body of data suggests that its isolation from the
immune system is not as complete as once believed. For instance,
despite the BBB, immune cells have been shown to traffic to the
brain relatively frequently (29, 44, 74), and, contrary to what was
previously thought, antigen egress via cerebrospinal fluid (CSF)
compartments and cervical lymphatics also appears to occur (19,
38). Furthermore, it has been proposed that specialized microglia
(35) along with astrocytes (1) and certain cells of the choroid
plexus epithelium (92) are able to mediate human leukocyte
antigen (HLA) presentation, thereby functioning as surrogate
APCs within the CNS.

CROSSING THE BBB
As previously mentioned, immune cells, specifically activated T
lymphocytes, have the ability to penetrate the BBB under normal
physiological conditions. This was first appreciated when experi-
mental animals were injected intravenously with radioactively
labeled T cell blasts, which were subsequently tracked to the CNS
(29). Naïve T lymphocytes, however, are significantly restricted
from entering the CNS, suggesting that penetration past the BBB is
possible only after activation takes place (65). When it does occur,
lymphocyte extravasation into the brain parenchyma is a highly
regulated process mediated by several well-characterized adhesion
molecules and chemotactic factors (29). Once inside the CNS com-
partment, whether T lymphocytes proliferate and differentiate
within the brain microenvironment has yet to be established, as
previous studies differ on this point; nevertheless, it has been
shown that these cells do remain in the CNS for longer periods of
time if given the opportunity to interact with their cognate antigen
(25, 62).

Central memory T lymphocytes that alternatively enter the CNS
via the choroid plexus (79) flux continuously throughout subarach-
noid spaces, and have purportedly significant roles in routine CNS
immunosurveillance. Subarachnoid-space macrophages and peri-
cytes associated with CNS microvasculature are both considered to
be critical in the presentation of recall antigens to this T cell popu-
lation (29). At any given time, T lymphocytes represent over 80%
of the approximately 150 000 cells normally found in the CSF of
healthy individuals (29). As an absolute number, this somewhat
diminutive quantity of cells may not be particularly relevant to
immune responses within the brain parenchyma; however, it seems
that these cells are relatively CSF enriched, given that lymphocytes
typically compose less than 5% of all leukocytes present in circu-
lating blood.

In its intact state, the BBB is thought to be poorly permeable to
antibodies. This assumption stems from the observation that CSF

titers in normal individuals are relatively low, especially in com-
parison to those measured in peripheral blood. Generally, the rate
of immunoglobulin diffusion into the CNS varies depending on the
molecular weight of a given protein (75); as an example, the physi-
ological CSF/serum ratios for IgM and IgG have been quoted to
range from 0.005% to 0.025% and 0.16% to 0.32%, respectively,
reflecting the difference in size between these molecules (7).
Although these limited ratios undoubtedly evidence CNS immune
privilege to some degree, classic animal experiments have verified
that, after both active and passive immunizations, corresponding
antibodies can be detected within the CNS, specifically the brain,
spinal cord and CSF (33). However, the reported fraction eventu-
ally isolated from these areas was again notably small—0.1% to
1% of that found in serum.

The theoretical possibility that even small amounts of antibody
can cross the BBB and have physiologically relevant effector func-
tions in the CNS is supported by the recent development of promis-
ing vaccines for patients with Alzheimer’s disease (AD). These
vaccines target amyloid-b (AB), the cleavage product of amyloid
precursor protein (APP); mutations in which have been shown to
lead to parenchymal amyloid plaque accumulation (39, 91) in addi-
tion to other pathological features and clinical manifestations of
AD (53, 60). Initial experiments using transgenic mice expressing
mutant APP have shown that active immunization with the AB
peptide reduces plaque burden and improves behavioral end points
(13, 51, 88). This provided the first evidence that an immune
response can be used as a potential treatment for AD, in theory by
preventing formation of amyloid deposits and mediating clearance
of preexisting plaques. Subsequent studies confirmed that the
therapeutic effects of the vaccine are, at least in part, due to an
antibody-mediated mechanism. This was primarily demonstrated
by animal experiments showing that peripherally administered
AB-specific antibody enters the CNS, localizes to plaques and
achieves amyloid clearance mimicking that observed in previous
mouse studies employing active immunization strategies (3, 4).
Several hypotheses have been offered regarding the mechanism
behind antibody-mediated plaque clearance in AD (26, 94). Of
these, one prominent theory states that passively administered anti-
body sequesters AB peptide in the periphery without crossing the
BBB, thereby generating a concentration gradient favoring efflux
out of the brain (24). Other suggested antibody mechanisms rely
on passage of antibody across the BBB; these include direct
plaque disaggregation (93) and Fc receptor-mediated microglial
phagocytosis (4).

Given these conclusions, the concept of BBB permeability in the
absence of frank inflammation appears to be garnering support.
However, it has long been asserted and widely accepted that in the
presence of neuro-inflammatory disease states—including experi-
mental autoimmune encephalitis, meningitis and cancer—the BBB
undergoes changes that alter its ability to block the migration of
leukocytes and serum proteins into the CNS (23). Furthermore, by
virtue of their existence, paraneoplastic syndromes clearly demon-
strate that such changes in the BBB occur, and that these changes
are in fact clinically significant. Most paraneoplastic neurological
disorders (PND) are likely immune mediated (21), as suggested by
the demonstration of antineural antibodies in the CNS of patients
with peripheral tumors. These antibodies represent the body’s
natural immune reactivity against systemic tumor antigens, and
cross-reactivity with neurological structures has been found to
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result in significant morbidity. A number of paraneoplastic antibod-
ies have been cited in the involvement of PND pathogenesis; these
include anti-Hu, anti-Yo, anti-Ri, anti-CV2/CRMP5, anti-Ma and
anti-amphiphysin antibodies (21).

Because pathological antibodies have been shown to cross the
BBB in the context of malignancy, it follows that peripherally
administered therapeutic antibodies should also have access to the
intracerebral environment with physiologically relevant outcomes.
The development of radiolabeled monoclonal antibodies (MAbs)
for the diagnosis and treatment of brain tumors was first explored
by Day and coworkers in 1965 (22), and since then, numerous
studies have supported that MAbs are capable of localizing to
intracerebral malignancies. Using radioiodinated antitenascin
MAb 81C6, our group has shown that not only does 81C6 exhibit
therapeutic activity in mice with intracranial human glioma
xenografts, but that selective tumor localization also occurs in
patients with a variety of intracranial malignancies following
peripheral administration of the antibody (109). However, tumor-
specific uptake of 81C6 remained quite low at less than 5 ¥ 10-3%
of the injected dose per gram, and nonspecific antibody accumula-
tion also took place in other tissues besides the brain including the
liver, spleen and bone marrow. In contrast to what was observed
with 81C6, results from later human studies using radiolabeled
chimeric ch806, a MAb specific for the epidermal growth factor
receptor class III variant (EGFRvIII) tumor antigen, suggest that
higher-percentage BBB penetration may be achieved in the
absence of cross-reactivity with systemic antigens, effectively cre-
ating an intracerebral antibody sink at the tumor site (90). Using
single-photon emission computed tomography, this potential effect
was observed given the physiological localization of Indium-111-

labeled ch806, which was noted to accumulate within intracranial
target lesions without visual evidence of nonspecific, residual
binding in normal tissues (Figure 1).

TUMOR-SPECIFIC REJECTION
ANTIGENS
The landmark paper published over two decades ago by van Pel and
Boon rekindled the then waning interest in cancer vaccine develop-
ment when it suggested that even nonimmunogenic tumors display
sufficiently “foreign,” and therefore immunologically susceptible
antigen profiles (101). Since that time, a great deal of effort has
gone toward characterizing a variety of human tumor antigens, the
majority of which can now be placed into one of two main catego-
ries: those consisting of overexpressed normal gene products or,
alternatively, those derived from mutations in somatic genes (36,
37).

Most well-characterized targeted tumor antigens isolated to date
correspond to overexpressed proteins that are also present in
normal cells, two examples of which include CD20 and erbB2,
proteins associated with lymphoma and breast cancer, respectively.
The ability of antigens in this category to mediate optimal tumor
rejection, however, is often compromised by the fact that proteins
that are also found on normal cells have the potential to trigger
immunologic tolerance to varying degrees. Notable exceptions to
this limitation include antigens associated with fetal gene products,
such as carcinoembryonic antigen (50), or those expressed solely in
immunoprivileged, tissue-specific sites like the testes. The latter
group includes the melanoma MAGE, GAGE (100), and BAGE

Figure 1. Targeting of glioma by radiolabeled chimeric monoclonal antibody directed against the EGFRvIII tumor antigen. (A–C) Planar images of the
head and neck obtained on day 0 (A), day 3 (B), and day 7 (C) after infusion of 111In-ch806. Initial blood pool activity is seen on day 0, and uptake of
111In-ch806 in an anaplastic astrocytoma in the right frontal lobe is evident by day 3 (arrow) and increases by day 7. (D–F) Tumor-specific uptake of
111In-ch806 (arrow) is demonstrated in a SPECT image of the brain (D), 18F-FDG (FDG, Fluorodeoxyglucose) positron emission tomography (E) and MRI
(F). Figure reproduced with permission from reference (90).
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(11) family antigens, all of which, due to their limited expression,
trigger little to no tolerance and should therefore make ideal tumor
rejection antigens.

Cancer vaccination protocols that effectively target normal
gene products invariably pose the risk of autoimmune toxicity
(37). This untoward effect can be avoided to some extent by
directing the immune response against a mutated protein specific
only to tumor cells. As targets, these antigens have the advantage
of avoiding central tolerance mechanisms, in theory, making
them more suitable for tumor rejection. However, a limitation of
these antigens is that they are generally patient specific as they
often reflect random mutations associated with the inherent
genetic instability of tumors (56, 59). Thus, to the extent that
mutated gene products are incidental to the oncogenic process,
they are conceivably restricted in their use as practical targets of
widely applicable cancer vaccines. Conversely, although the
majority of somatic mutations in tumors does appear to be spo-
radic (57), recent studies using high-throughput screening have
suggested that several functional mutations associated with,
rather than incidental to, the oncogenic process are, in fact, not
random, and that these variants are consistently shared among
patients (98). The challenge, then, is to isolate and target these
ideal antigens: frequent, highly specific, oncogenic mutations that
are also absent from normal tissues, thereby avoiding the risk of
autoimmunity. To date, few such antigens are known, although
their discovery represents a potential boon for the further devel-
opment of effective antitumor immunotherapies.

EGFRVIII TUMOR-SPECIFIC ANTIGEN
Among the many antigens that have been shown to be overex-
pressed on tumor cells, the type I epidermal growth factor receptor
(EGFR) represents one of the most frequently implicated cell-

surface markers for a wide range of human malignancies. Func-
tionally, the EGFR has well-characterized roles in oncogenesis and
tumor progression, and as such, amplification and overexpression
of the EGFR gene is considered a poor prognostic indicator (72).
Regarding intracerebral cancers in particular, the EGFR gene is
amplified in up to 50% and overexpressed in over 90% of GBM
specimens (28, 49), suggesting significantly augmented cellular
activity of this receptor in these tumors.

The EGFR is a 170-kDa transmembrane glycoprotein, consist-
ing of an extracellular ligand-binding domain and an intracellular
region with tyrosine kinase functionality (95). Activation via
stimulatory interactions with growth factors—including epidermal
growth factor (EGF) and transforming growth factor-a—results in
receptor dimerization and subsequent intracellular autophosphory-
lation on tyrosine residues, in turn leading to the activation of
downstream molecules associated with cellular mitogenesis and
survival (Figure 2) (14). Given the nature of these potentially onco-
genic pathways, it was originally believed that the impact of EGFR
on neoplastic processes was exclusively due to amplification of its
corresponding gene. However, it is now clear that many tumors,
including GBM, also express rearranged, aberrant forms of the
EGFR gene that have significant physiological relevance (28, 32).
Several of these mutations have been reported in the literature and
are typically associated with tumors that also exhibit extensive
wild-type gene amplification (58, 107).

The most common and well-characterized EGFR mutant was
first identified in primary human GBM tumors and is commonly
referred to as the EGFR class III variant (EGFRvIII). EGFRvIII is a
constitutively active, ligand-independent form of the EGF wild-
type receptor (5, 45), the expression of which has been shown to
have tumorigenic effects, both augmenting proliferation and inhib-
iting apoptosis (5, 73). Specifically, EGFRvIII has also been shown
to promote greater cellular motility (12, 76) as well as resistance to

Figure 2. EGFR downstream signaling in cancer cells. Figure reproduced with permission from reference (6).
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radiation and chemotherapy (54, 55, 68), characteristics often asso-
ciated with highly malignant tumors.

A number of molecular mechanisms have been implicated in the
oncogenic pathways coupled with EGFRvIII downstream signal-
ing. In the absence of ligand binding and dimerization, for
example, EGFRvIII has been observed to constitutively interact
with adaptor proteins central to the Ras cascade (17, 77). Similarly,
growth advantage in cells expressing EGFRvIII has been attributed
at least in part to elevated phosphatidylinositol (PI) 3-kinase levels
and consequent activation of the c-Jun N-terminal kinase pathway
(2, 70). The respective involvement of, and interplay among, these
signals in neoplastic processes have yet to be fully described;
however, it has been shown that malignant cells become dependent
on these pathways to some extent, and that removal of such stimu-
lation results in reduced cell survival (103).

Structurally, EGFRvIII is an 801 base pair in-frame deletion of
the wild-type receptor that corresponds to mRNA exons 2–7, the
absence of which leads to the translation of a truncated extracellu-
lar domain (Figure 3). A consequence of this deletion–mutation is
the fusion of two otherwise distant portions of the molecule, which
in turn creates an antigenic junction characterized by a novel
glycine residue, flanked by amino acid sequences that are not
typically adjacent in the wild-type receptor (10, 58). This tumor-
specific epitope has been shown to be present on the surface tumor
cells, yet completely absent from any normal adult tissues (46).

Immunohistochemical (IHC) analysis represents one of the most
common assays used to identify the EGFRvIII mutant along with
a number of second messenger molecules also expressed in
malignant cells (Figure 4). Alternative approaches to IHC which
employ molecular techniques such as Western blotting and reverse
transcription-polymerase chain reaction assays are currently being

explored and have confirmed the specific expression of EGFRvIII
in human GBM specimens; to date, data derived from IHC studies
have been shown to be consistent with results obtained using other
methods (31). As evidenced by IHC, EGFRvIII is consistently
expressed in a wide variety of cancers, and can be found in approxi-
mately 20% of GBM specimens (69). Within such tumor samples,
the proportion of EGFRvIII-expressing cells has been shown to
range from 37% to 86% (105), suggesting that cells within
EGFRvIII-positive tumors may translate the variant receptor with
at least some level of homogeneity. Thus, given its oncogenic prop-
erties, inherent tumor specificity and frequent expression in malig-
nancy, the EGFRvIII mutation represents a particularly attractive
tumor-specific target for the development of anticancer immuno-
therapies (52, 106).

NATURE OF THE PEPTIDE VACCINE
Generally, immunotherapy can be divided into either active or
passive approaches (81). Active immunizations rely on the natural
immune system to mount physiological responses against specific
antigens that are either inoculated directly into the body or are
instead presented on autologous APCs. Prior to vaccination, APCs
are pulsed with the appropriate antigen, cancer cells or lysates
thereof, and are thereby loaded with the immunogenic material of
interest. Passive vaccination strategies involve either the direct
infusion of antibodies or, alternatively, the adoptive transfer of
antigen-specific T lymphocytes.

Currently, a number of immunotherapeutic approaches targeting
the unique EGFRvIII antigen are under investigation. Given the
technical difficulty and relatively high cost of dendritic cell (DC)
vaccination therapy, the most promising and practical active
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Figure 3. Schematic diagram of the EGFR wild-type protein
showing the area of in-frame deletion which forms EGFRvIII.
During the deletion, amino acids 6 and 273 are split forming a
novel glycine at the junction of amino acids 5 and 274. PEPvIII
is a 13 amino acid peptide with a terminal cysteine added to
facilitate conjugation to KLH. Figure reproduced with
permission from reference (85).
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vaccination format to date is a peptide derived from the novel
fusion junction amino acid sequence. PEPvIII (H-Leu-Glu-Glu-
Lys-Lys-Gln-Asn-Tyr-Val-Val-Thr-Asp-His-Cys-OH) (71) is a
well-characterized, EGFRvIII-specific, 14-mer peptide that has
been shown, when coupled to keyhole limpet hemocyanin (KLH),
to elicit both humoral and cellular immune responses. Our group
has extensive experience with PEPvIII-KLH, and we have clearly
demonstrated the induction of considerable EGFRvIII-specific
immune responses in both murine tumor models and early clinical
trials.

EGFRVIII: PRECLINICAL STUDIES
Our group has shown that passive administration of EGFRvIII-
specific antibodies Y10 and L8A4 (unarmed murine IgG2a and
IgG1, respectively) leads to significant tumor growth inhibition in
subcutaneous murine melanoma models. These studies, which use
syngeneic tumors transfected with a murine homolog of the variant
receptor (msEGFRvIII), have shown that while these two MAbs
achieve therapeutic efficacy when given intraperitoneally, only
those mice treated with Y10 exhibit lasting tumor-free survival

after treatment is discontinued (83). Evidence from in vitro studies
suggests thatY10 has the ability to mediate a wide range of effector
functions when incubated with cells expressing msEGFRvIII.
These functions include the inhibition of DNA synthesis and
cellular proliferation, as well as the activation of autologous,
complement-mediated and antibody-dependent cell-mediated
cytotoxicity.

Active vaccination strategies targeted against msEGFRvIII in
syngeneic murine tumor models have also been proven to be effec-
tive. Following intraperitoneal injection with DCs pulsed with
PEPvIII-KLH, C3H mice that had previously been challenged with
intracerebral tumors demonstrated a significant increase in median
survival. Furthermore, all the mice in this study survived rechal-
lenge with tumor, suggesting that immunization was sufficient to
create long-term immunological memory against the msEGFRvIII
antigen in this model system (42). Following this experiment, we
conducted a similar study in which C3H mice were treated using a
one-time vaccination, this time with PEPvIII-KLH in complete
Freund’s adjuvant as opposed to the DC vaccine. This vaccine
protocol also resulted in increased median survival and, ultimately,
long-term survival in nearly half of the mice (43). Notably, mice

Figure 4. A. High-grade astrocytoma used in
subsequent immunohistochemical assays
(hematoxylin–eosin, original magnification
¥400). B. Antiepidermal growth factor receptor
(anti-EGFR) wild-type immunohistochemistry
showing strong diffuse cytoplasmic
immunoreactivity, a pattern that is frequently
associated with EGFR genetic amplification
(original magnification ¥400). C. Anti-EGFRvIII
immunohistochemical reactivity exhibiting
strong cytoplasmic localization. EGFRvIII
immunoreactivity is most commonly
encountered in tumors also exhibiting
amplification of the EGFR locus (original
magnification ¥400). D. Antiphosphatase and
tensin homolog (anti-PTEN) immunoreactivity
demonstrating 80% of tumor cells with
cytoplasmic reactivity, a pattern associated
with an intact PTEN status in the tumor
(original magnification ¥400). E.
Anti-phospho-S6 immunohistochemistry
revealing approximately 20% of tumor cells
labeling, indicating this messenger is activated
in this tumor (original magnification ¥400). F.
Anti-phospho-Akt immunohistochemistry
demonstrating approximately 80% of tumor
cells labeling, indicating this messenger is
activated in this tumor (original magnification
¥400). Figure reproduced with permission from
reference (63).
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with tumors that failed to exhibit responses to the PEPvIII-KLH
vaccine were found to have IHC evidence of down-regulated or
completely absent EGFRvIII expression, suggesting that antigen
escape variants may be associated with failure to adequately treat
some tumors.

EGFRVIII: CLINICAL STUDIES
Our group has also demonstrated, in clinical trials, induction of
EGFRvIII-specific immunity with vaccines targeted against the
EGFRvIII tumor-specific antigen. A number of EGFRvIII-derived
cytotoxic T lymphocyte epitopes have been characterized to date
(108), and previous data have shown that EGFRvIII-specific anti-
body titers, while absent in normal volunteers, may be detectable in
patients with tumors expressing the mutant receptor (78). It is still
unclear, however, whether cellular or humoral responses will ulti-
mately provide the critical mediators for specific antitumor eradi-
cation using our approach.

Our first clinical study evaluating the toxicity and potential effi-
cacy of EGFRvIII-based vaccinations began with a Phase I trial
(VICTORI) (86) conducted at Duke University Medical Center
(PI: John H. Sampson).

Fifteen adults with newly diagnosed GBM (WHO grade III or
IV) were enrolled in the study; criteria for eligibility did not include
EGFRvIII expression. Of the 15 patients, three did not ultimately
receive vaccine due to progression of their tumors during external
beam radiotherapy (EBRT). Following gross-total tumor resection
and completion of EBRT, 12 patients underwent leukapheresis to
obtain peripheral blood mononuclear cells in preparation for DC
generation and immunologic monitoring. Prior to inoculation, DCs
were pulsed for 2 hours with 500 mg PEPvIII peptide (Anaspec,
San Jose, CA, USA) conjugated to KLH (Biosyn, Carlsbad, CA,
USA). In total, patients received up to 1.1 ¥ 108 DCs in three equal
doses, injected intradermally every 2 weeks into the upper thigh,
10 cm below the inguinal ligament. Patients were followed for
toxicity and evidence of radiographic or clinical progression.

Patients in the VICTORI trial did not suffer serious adverse
events exceeding Grade II toxicity at any DC dose tested (National
Cancer Institute Common Toxicity Criteria). Blood drawn from
patients following vaccination showed ex vivo evidence of antigen-
specific cellular and humoral immune responses. Median survival
for the 12 patients was 18.7 months after vaccination (CI95 14.5,
25.6) and 22.8 months after histological diagnosis (CI95 17.5, 29).
These outcomes improve on what would have been expected by
chance, according to Curran’s recursive partition analysis (20).
Eight of the 12 patients in this study belonged to group III, and the
remaining four belonged to group IV, which have estimated surviv-
als of 17.9 and 11.1 months, respectively. While nine of the 12
patients in our study surpassed these estimates, the increase in
survival was not statistically significant (P = 0.083; binomial pro-
portions), although these results may be negatively biased by the
fact that EGFRvIII expression was not a criterion for inclusion in
this Phase I toxicity trial.

Nevertheless, the outcomes associated with our DC-based,
PEPvIII-specific vaccine were encouraging and warranted further
testing at different centers; however, the inherent cost and variabil-
ity associated with autologous DC manufacturing made this
approach impractical on a large scale. Thus, given the success of
our preclinical studies, we decided to proceed with a Phase II

multicenter trial (ACTIVATE) (41) without the use of DCs, instead
administering PEPvIII-KLH directly in combination with granulo-
cyte macrophage-colony stimulating factor (GM-CSF).

ACTIVATE, a Phase II, multicenter clinical trial conducted at
Duke (PI: John H. Sampson) and University of Texas, M.D. Ander-
son Cancer Center (PI: Amy B. Heimberger), enrolled 19 adults
who all had EGFRvIII-expressing, newly diagnosed primary GBM
(WHO Grade IV). Prior to receiving the KLH-conjugated peptide
vaccines, patients underwent >95% volumetric tumor resection,
along with standard of care radiation therapy with concurrent
TMZ. Vaccinations consisted of intradermal injections with 500 mg
PEPvIII-KLH (Anaspec) and GM-CSF, administered near the
inguinal region in the upper thigh, on alternating sides. The first
three vaccines were given biweekly, followed by monthly injections
until radiographic evidence of tumor progression or death.

Similar to what was observed in VICTORI, patients participat-
ing in ACTIVATE did not experience serious adverse events aside
from local reactions at the injection site. We demonstrated that this
vaccine formulation elicits both humoral (89) and delayed-type
hypersensitivity immune responses specific for PEPvIII and
EGFRvIII in a number of patients, and that detection of these
responses predicts greater median overall survival (OS). Median
time-to-progression (TTP) following surgery in patients who
received the vaccine is 12 months (n = 12), exceeding a median
TTP of 7.1 months (n = 29) calculated from a historical matched
unvaccinated control group (P = 0.0058). If and when tumors
recurred, pathological samples were obtained and evaluated by
IHC to determine EGFRvIII expression. Of the specimens exam-
ined in this trial, none were found to contain cells that display
positive staining for EGFRvIII.

Following ACTIVATE, our lab initiated the ACT II trial (84),
which enrolled a total of 21 patients who essentially followed
the same treatment scheme as those in ACTIVATE, except for
the addition of two different TMZ dosing schedules concurrent
with vaccination cycles; patients either received 200 mg/m2

TMZ ¥ 5/28 days [ACT IIA (n = 13)] or 100 mg/m2 TMZ ¥ 21/28
days [ACT IIB (n = 8)]. While grade 2 TMZ-associated lymphope-
nia was observed in the majority of ACT II patients, we found
that all immune responses were unexpectedly either sustained or
enhanced with successive TMZ treatments. The seemingly para-
doxical relationship between TMZ-induced lymphopenia and
improved PEPvIII-KLH-specific immunogenicity is currently
under further investigation.

In summary, these trials to date collectively show that vaccina-
tion with a peptide containing the PEPvIII tumor epitope safely
elicits a specific immune response against EGFRvIII, and that this
approach might be effective against cancers bearing the variant
antigen. While our group has demonstrated significantly greater
TTP and OS in GBM patients who have received the PEPvIII-KLH
vaccine, definitive evidence for this promising effect will require
confirmation from our ongoing randomized Phase III clinical trials.

DISCUSSION
While the mechanisms underlying the beneficial effects of our
vaccine in patients with GBM are still unclear, it is our hope
that additional experience with PEPvIII-KLH will elucidate our
general understanding of various peptide vaccination strategies and
their potential role in eliciting effective antitumor responses.

Choi et al EGFRvIII in GBM

719Brain Pathology 19 (2009) 713–723

© 2009 The Authors; Journal Compilation © 2009 International Society of Neuropathology



Previous trials employing peptide vaccines have targeted a wide
range of cancers including those of the colon, prostate, breast,
cervix, pancreas and ovaries. The most convincing evidence in
favor of peptide vaccine efficacy comes from the melanoma litera-
ture, in which a number of tumor-associated antigens have been
specifically targeted with relative success, some of which include
MART-1 (16), MAGE-3 (61), tyrosinase (87), and NY-ESO-1 (48).
Data from many early clinical vaccine trials for melanoma and
other neoplasms have been fairly encouraging, although some have
claimed that these results have been overly optimistic due to a
reliance on subjective or “soft” end points. In 2004, Rosenberg et al
suggested that criteria for clinical responses to cancer vaccines
should only include objective measurements such as those denot-
ing tumor size and volume. Taking these new parameters into
account, he reassessed 35 National Cancer Institute trials involving
a wide range of cancers and concluded that overall, there were only
seven objective tumor responses out of a total of 175 patients (4%)
who had received some form of peptide vaccine. At that time, the
implications of these results could not be understated, and thus
represented a turning point for the field of cancer immunotherapy.
However, the conclusions drawn by Rosenberg and colleagues have
since been challenged as excessively pessimistic and potentially
misleading (67, 99). Opposing views suggest that the literature
instead supports more favorable tumor response rates (10%) fol-
lowing treatment with peptide vaccines, and that this frequency
may even be higher when employing the objective criteria as man-
dated by Response Evaluation Criteria in Solid Tumors (97). In
addition, it was brought to attention that many patients receive
vaccinations only after completion of standard chemotherapeutic
regimens, conceivably making their tumors more aggressive and
resistant to treatment when compared with those who had not
received therapy. Finally, it has been suggested that a number of
immunological variables (eg, adjuvants, HLA haplotypes) have yet
to be explored in the context of peptide vaccines, knowledge of
which might ultimately improve efficacy of existing therapeutic
regimens. Regardless of the ongoing discussion on the future of
active cancer vaccination strategies, Rosenberg et al and other
authors agree that, at this stage, it would be unwise to interpret any
lack of clinical evidence as an “investigational dead end,” insofar
as present shortcomings may simply reflect the need for further
exploration (82).

As the field of tumor immunology moves forward, in addition to
the standardization of and adherence to objective end points, there
are still a number of issues regarding the specific targeting of
cancer epitopes by peptide vaccines that must be addressed. It is
known, for example, that although a variety of tumors including
malignant glioma have been found to express the EGFRvIII muta-
tion, cells within these cancers often exhibit significant antigenic
heterogeneity (8, 9, 104, 105). This confounds immunotherapeutic
approaches designed to target single tumor-specific antigens, as
even effective vaccines will fail to target those cells in the tumor
that do not happen to express a given epitope. We observed the
potential consequences of this issue in both murine studies (43) and
clinical trials, in which the majority of recurrent tumors from
vaccinated patients no longer expressed EGFRvIII. Thus, in the
context of cancer vaccines, greater antitumor effects may be
achieved with the development of multiantigenic vaccines that
target the various aberrant biological processes often present in
GBM and other tumors (34); the recently characterized expression

of human cytomegalovirus antigens in GBM, for instance, may
provide multiple targets for such an approach (18, 66). Alterna-
tively, strategies that enrich EGFRvIII-positive cell populations
prior to treatment may also prove to increase antitumor efficacy.

GBM is a devastating disease, and despite recent advances in
antitumor therapy, there is still a pressing need for novel and effec-
tive approaches designed to potently eradicate tumor cells while
minimizing toxicity to neighboring tissues. The potential ability to
harness and redirect the cytotoxic power and inherent specificity of
the immune system against neoplastic cells provides one such
approach. As reviewed herein, our lab has shown that peptide
vaccines can be employed to safely generate both B and T cell-
mediated immune responses against tumor-specific epitopes such
as the EGFRvIII antigen. Moreover, we have demonstrated that
these responses are efficacious in murine models, and that similar
therapeutic outcomes may be expected in humans with malignant
glioma, even in the context of severe immunosuppression.
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