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The isotype of epidermal growth factor receptor variant III (EG-
FRvIII) is often identified in glioblastomas. Previously, we created a
mouse monoclonal antibody, 3C10 (IgG2b), that specifically recog-
nized EGFRvIII, and a recombinant single-chain variable fragment
of 3C10. The aim of the current study was to develop genetically
engineered T cells, termed T-bodies, that express a chimeric recep-
tor consisting of the 3C10 single-chain variable fragment coupled
to signaling modules such as the CD3zeta (f) chain, for the treat-
ment of tumors expressing mutant EGFR. After successful construc-
tion of the chimeric 3C10 ⁄ CD3f T-cell receptor, its expression on
the T-body was observed using western blotting and flow cytome-
try. The specificity of the T-body for EGFRvIII was evaluated using
an interferon-gamma Elispot assay and a standard 51Cr-release
cytotoxicity assay. Furthermore, we demonstrated that the system-
ically delivered T-body infiltrated the intrabrain tumor and
significantly delayed tumor growth. These results indicate that the
T-body expressing the chimeric 3C10 ⁄ CD3f T-cell receptor specifi-
cally recognized glioma cells expressing EGFRvIII. In conclusion,
T-body-based immunotherapy appears to be a promising approach
for the treatment of glioma. (Cancer Sci 2010; 101: 2518–2524)

T he expression of epidermal growth factor receptor (EGFR)
is amplified in approximately 50% of glioblastomas

(GBM).(1) The binding of a ligand to EGFR leads to receptor
dimerization, autophosphorylation and activation of several
downstream signaling pathways such as the Ras ⁄ Raf ⁄ MEK ⁄
ERK pathway, the PI3K ⁄ Akt pathway and the PLC-gamma (c) ⁄
PKC pathway, resulting in cell proliferation, motility and sur-
vival.(2) Approximately 40–70% of brain tumors with EGFR
amplification express mutant EGFR variant III (EGFRvIII); EG-
FRvIII has a deletion of exons 2–7 that causes a defect in the
extracellular ligand-binding domain and induces constitutive
activation in a ligand-independent manner.(3–6) Notably, EG-
FRvIII is characterized by an 801-base pair (bp) in-frame dele-
tion, which results in a unique sequence with a glycine residue
at the fusion junction between amino acid residues 5 and 274.
Epidermal growth factor receptor variant III is an attractive tar-
get antigen for cancer immunotherapy because it is not
expressed in normal tissue and is associated with survival, inva-
sion and angiogenesis in cancers.(4,7) Previously, we generated
the monoclonal antibody (mAb) 3C10 and a recombinant single-
chain variable fragment (scFv) antibody (Ab) that specifically
recognizes EGFRvIII.(8–10)

Glioblastomas cannot be treated and result in death despite
the extensive application of surgical excision and adjuvant
chemo ⁄ radiotherapy. Consequently, various promising immuno-
therapy approaches for the treatment of glioma are being investi-
gated.(11–14)

Cytotoxic T lymphocytes (CTL) are capable of effective rec-
ognition and destruction of tumor cells, and therefore cellular
Cancer Sci | December 2010 | vol. 101 | no. 12 | 2518–2524
immunotherapy has been suggested for treating tumors in
humans.(15) However, it is difficult to obtain adequate quantities
of tumor-specific T cells. In addition, the isolation and ex vivo
clonal expansion of tumor-specific CTL from patients is a long
and cumbersome process. As a result, general application of this
approach has been limited.

Many of the limitations associated with cellular immunother-
apy can be circumvented by arming polyclonal CTL with
tumor-specific chimeric T-cell receptors (TCR), the so-called
‘‘T-body’’ approach.(16) Chimeric TCR typically consist of a
tumor antigen-specific recognition scFv element derived from a
mAb and components of TCR that mediate signal transduction
in the CTL.(17) The T-body has the potential to recognize spe-
cific antigens in a major histocompatibility complex (MHC)-
independent manner; the applicability of this approach has been
demonstrated both in vitro and in vivo.(18)

In the present study, we generated human T cells that
expressed the scFv-CD3zeta (f) chimeric antigen receptor
(CAR) targeting the EGFRvIII antigen by using retroviral-medi-
ated transduction. The generated T-body was able to secrete
IFN-c and lyse GBM cells in an EGFRvIII-dependent manner.
Furthermore, systemic injection of the T-body significantly
inhibited intrabrain tumor growth in mice.

Materials and Methods

Cell lines. Human GBM cell lines U87MG, expressing wild-
type EGFR (EGFRwt), and U87-EGFRvIII, stably expressing
EGFRvIII, were kindly provided by Dr W. K. Cavenee (Ludwig
Institute for Cancer Research, San Diego, CA, USA). The Jurkat
T-cell leukemia cell line was provided by Dr Y. Miyata (Depart-
ment of Hematology, Nagoya University, Nagoya, Japan). All
cell lines were maintained in RPMI-1640 medium containing
10% fetal bovine serum (FBS) and penicillin ⁄ streptomycin. The
U87-EGFRvIII cell line was maintained in RPMI-1640 medium
containing 10% FBS and 400 lg ⁄ mL geneticin.

Sample collection and RNA extraction. Tumor specimens for
molecular genetic analysis were obtained from 55 patients with
malignant gliomas who underwent surgical procedures at Nag-
oya University Hospital or affiliated hospitals. The molecular
genetic analysis performed in the study was approved by the
Institutional Ethics Committee of Nagoya University, and all
patients who registered for this study provided written informed
consent. All tumors were histologically verified according to
World Health Organization 2007 guidelines: 31 patients had
GBM (grade IV), 10 had grade III gliomas, and 14 had grade II
doi: 10.1111/j.1349-7006.2010.01734.x
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Table 1. Primers used in the present study

NheI-leader-VH ACTGCTAGCACCGGTCCTTACAATGAAATGCA

AccIII-linker-VH GTCCATGGCGCAAAGCTTATTAATTCCGGAACCACCACCACCGGAACCACCACCTCCTGAGGAGACTGTGAGAGTGGT

AccIII-linker-VL GCATGGCTTCCGGAGGTGGTGGTTCACATATGGATGTTGTGATGACCCAGTCTCCACTCACTCTA

VspI-VL TTCCATGGCGCAAAGCTTATTAATGGATCCGCCGCCACCTGATCCGCCGCCTCCTGACCGTTTTATCTCCAGCTTGGTCCCTCCACC

VspI-CD8 a GACATTAATAGCAACTCCAT

BamHI-CD8 a TGCATGGATCCAGGAAGTCCAG

BamHI-CD3f TGCTGGATCCCAAACTCTGCT

EcoRI-CD3f GCTGGAATTCTGTTAGCGAGG

EGFR-F CTTCGGGGAGCAGCGATGCGAC

EGFR-R ACCAATACCTATTCCGTTACAC

Underline indicates restriction enzyme sites. EGFR, epidermal growth factor receptor.
gliomas. RNA purification was performed using the standard
TRIzol (Invitrogen, Carlsbad, CA, USA) method.

EGFR expression analysis by RT-PCR. Epidermal growth factor
receptor variant III expression was examined using RT-PCR
assays. First-strand complementary DNA (cDNA) was synthe-
sized from the total RNA (1 lg) extracted from 55 tumors and
20 normal tissues (Human Total RNA Master Panel II; Takara
Bio, Otsu, Japan) by using the Transcriptor First Strand cDNA
Synthesis Kit (Roche, Mannheim, Germany). The cDNA was
amplified by PCR using primers designed to flank the 801-bp
deleted region (exons 2–7) to detect both EGFRwt and EG-
FRvIII (Table 1). A 1044-bp PCR product was obtained for EG-
FRwt, compared with a 243-bp product for EGFRvIII.(19)

Construction of the anti-EGFRvIII CAR. We constructed 3C10-
CAR, a CAR specific to EGFRvIII. 3C10-CAR consists of the
3C10 scFv-Ab against EGFRvIII, which is linked to the hinge
portion of human CD8alpha (a) that is fused to the transmem-
brane and intracellular signaling domains of the CD3f chain
(Fig. 1). The VH and VL cDNA fragments of 3C10 were subcl-
oned into the plasmid vector pSRIG-neo, and designated as
pSRIG-3C10VH_VL

(10,20) The leader sequence VH and the first
half of the linker domains were subcloned by high-fidelity PCR
amplification using pSRIG-3C10VH_VL as a template, a sense
primer including the NheI enzyme site (NheI-leader-VH primer;
Table 1) and an antisense primer including the AccIII site (AccI-
II-linker-VH primer; Table 1). Similarly, the latter half of the
linker domain and VL domain were amplified with an AccIII-lin-
ker-VL sense primer and a VspI-VL antisense primer. The two
fragments were ligated at the AccIII site and inserted into the
TA cloning site of the pCR2.1TOPO vector (Invitrogen).
The cDNA coding for the hinged portion of CD8a (aa 95–158)
was amplified by PCR using CD8a cDNA (kindly provided by
Dr E. Nakauchi, Department of Immunology, University of Tsu-
kuba, Tsukuba, Japan) as a template and VspI-CD8a sense and
BamHI-CD8a antisense primers (Table 1). The cDNA coding
for the transmembrane and intracellular portions of CD3f (aa 8–
142) was amplified by PCR using CD3 cDNA (kindly provided
by Dr Weissman, National Cancer Institute, Bethesda, MD,
USA) as a template and BamHI-CD3f sense and EcoRI-CD3f
antisense primers (Table 1). These two fragments were ligated
at the BamHI site and inserted into the pCR2.1TOPO vector.
The leader sequence VH-linker-VL and the CD8a-CD3f cDNA
Fig. 1. Construction of the anti-epidermal growth factor receptor varian
of the VH and VL regions of the anti-EGFRvIII mAb joined by a flexible
transmembrane and cytoplasmic regions of the human CD3f chain.
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thus obtained were assembled into the pcDNA3.1 vector at three
enzyme sites, NheI, VspI and EcoRI. The sequence of the
final construct was confirmed bidirectionally by using the
AccIII-linker-VL forward and EcoRI-CD3f reverse primers.

Construction of the retroviral vector expressing anti-EGFRvIII
CAR. The retroviral vector backbone pMEI-5 neo vector
(Takara Bio) was assembled with the 3C10-CAR construct in
pcDNA3.1-3C10-CAR. G3T-hi cells were transfected with
pMEI-5 neo-3C10-CAR or pMEI-5 neo-green fluorescent pro-
tein (GFP) plasmids along with pGP and pE-ampho packaging
plasmids by using the Retrovirus Packaging Kit Ampho (Takara
Bio). The cell-free viral supernatants obtained were then frozen
and stocked at )80�C.

Culture and retroviral transduction of primary human T cells
and Jurkat cells. Freshly harvested peripheral blood mononu-
clear cells (PBMC) from healthy donors were separated over a
monolayer of Ficoll (1000g for 20 min at 24�C). The PBMC
were cultured in AIM-V medium (Invitrogen) with 10% (v ⁄ v)
human serum in the presence of interleukin 2 (IL-2; 50 U ⁄ mL)
(Shionogi, Osaka, Japan) and anti-CD3 mAb (muromonab-CD3,
100 ng ⁄ mL; Janssen Pharmaceutica, Titusville, NJ, USA) for
48 h. The PBMC were harvested, washed once, and resuspended
at a density of 0.5 · 106 cells ⁄ mL in AIM-V supplemented with
10% (v ⁄ v) human serum and IL-2. On day 3, the PBMC
(0.5 · 106 cells ⁄ mL) were harvested.

For transduction, we precoated a non-tissue culture-treated
six-well plate with the recombinant fibronectin fragment FN-
CH296 (RetroNectin; Takara Bio) at 100 lg per well. The cells
were transduced with the retroviral vectors using the viral pre-
loading method. Briefly, the FN-CH296-coated plates were
loaded with the retroviral vector supernatant and incubated for
4 h at 37�C. The plate was then washed with phosphate-buffered
saline (PBS) and stimulated cells were added (2 mL per well).
The cells were then incubated overnight at 37�C. After adding
4 mL of AIM-V, the cells were transferred to a new six-well
plate and incubated with IL-2. After an additional 24 h, 100 nM
of Pep3 (LEEKKGNYVVTDHC), a 3C10-specific peptide, was
added to the cell culture. The cells were then expanded in the
presence of 50 U ⁄ mL IL-2 every other day for 1 month.

Jurkat cells (5 · 104 per well) were seeded in a 24-well plate
that was precoated with FN-CH296 (25 lg per well) as
described above. After incubation overnight at 37�C, the
t III (EGFRvIII) chimeric antigen receptor. The construct was composed
linker, a membrane-proximal hinge region of human CD8a, and the
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(A)

(B)
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Fig. 2. Epidermal growth factor receptor variant III (EGFRvIII)
expression in glioblastoma and normal tissues. (A) The detection of
EGFRvIII expression in fresh-frozen glioblastoma specimens by RT-PCR.
Primers flanking the deleted portion (exons 2–7) amplified cDNA
fragments from both full-length EGFR (1044 bp) and the truncated
EGFRvIII (243 bp). U87MG (lane 1) and U87-EGFRvIII (lane 2) were
included as controls. A representative gel of the PCR products of
tumor samples from five patients (Pt.) is shown. Patients (Pt) 1, 3, 4
and 5 had grade IV tumors, while patient 2 had a grade III tumor. (B)
mRNA from 55 glioma samples was isolated and analyzed. The
expression frequency of EGFRvIII in grade II, grade III and grade IV
tumors was 7.1%, 0% and 25.8%, respectively. (C) EGFR expression in
20 normal tissues. All normal tissues expressed wild-type EGFR but not
EGFRvIII.
medium was replaced with RPMI-1640 medium containing 10%
FBS. Following an incubation period of 72 h, the transduced
Jurkat cells were maintained in RPMI-1640 medium containing
10% FBS and 400 lg ⁄ mL geneticin.

Western blot analysis. To confirm the transduction of 3C10-
CAR in Jurkat cells, western blot analysis was performed under
both nonreducing and reducing conditions. After selection with
geneticin, retrovirally transduced Jurkat cells were lysed with
cell lysis buffer (Cell Signaling, Danvers, MA, USA), and the
lysate was separated by sodium dodecyl sulfate–polyacrylamide
gel electrophoresis on 15% resolving gels using standard meth-
ods and subsequently blotted onto a polyvinylidene fluoride
membrane. The membrane was probed with anti-CD3f mAb
(1:2000; BD Bioscience, Franklin Lakes, NJ, USA) and a horse-
radish peroxidase-conjugated goat anti-mouse Ab (1:3000), fol-
lowed by visualization with enhanced chemiluminescence (GE
Healthcare Japan, Osaka, Japan).

Flow cytometry. The expression of 3C10-CAR on the cell
surface of transduced Jurkat cells was examined using a FACS
Calibur equipped with the CellQuest research software (Becton
Dickinson, Mountain View, CA, USA). Jurkat cells were stained
with biotinylated 3C10-specific Pep3 followed by PE-conju-
gated streptavidin (R&D Systems, Minneapolis, MN, USA).(8)

The PBMC were stained with fluorescein isothiocyanate
(FITC)-conjugated anti-CD4 and PE-conjugated anti-CD8 anti-
bodies (Beckman Coulter Japan, Tokyo, Japan).

IFN-c Elispot assays. Cells producing interferon-gamma
(IFN-c) were quantified by ELISpot (Mabtech, Nacka Strand,
Sweden) according to the manufacturer’s instructions. Briefly,
the PBMC (5.0 · 103, in triplicate wells) were cultured with anti-
CD3 Ab as a positive control or with U87MG or U87-EGFRvIII
glioma cells (1.0 · 104) and were incubated at 37�C for 24 h. The
number of spots in the plate was counted by two observers.

Target cell lysis. The susceptibility of U87MG and U87-EG-
FRvIII cells to PBMC retrovirally transduced with 3C10-CAR
was evaluated using a standard 4-h 51Cr-release assay at various
effector:target (E:T) ratios. The percentage of specific lysis was
calculated as follows:

100� (experimental release� spontaneous release)

(maximum release� spontaneous release)
:

A target inhibition assay was performed to confirm specific
lysis. The PBMC transduced with 3C10-CAR were pre-incu-
bated with various concentrations (0–25 lM) of Pep3 for 1 h.
Cytotoxicity was assessed at an E:T ratio of 50:1, as described
above.

Intracranial glioma xenograft. U87-EGFRvIII cells (2.5 · 105)
suspended in 5 lL PBS were injected stereotactically into 5- to
6-week-old NOD ⁄ SCID female mice (SLC, Shizuoka, Japan), as
described previously.(21) Mice bearing established tumors were
randomly assigned to two different experimental groups. Four
days after tumor inoculation, human PBMC transduced with
3C10-CAR or non-transduced PBMC (4 · 106 cells) were
injected into the tail vein. Survival time was assessed after adop-
tive transfer of the PBMC. To evaluate tumor size, mice were
killed at day 12, and brains were fixed in 10% formalin for 24 h
and embedded in paraffin. Serial tissue sections (5 lm) were
stained with hematoxylin and eosin. In order to determine
whether the transferred PBMC infiltrated the tumor, paraffin-
embedded coronal sections were immunostained with PE-conju-
gated anti-human CD8 antibody (Dako, Glostrup, Denmark),
and nuclei were counterstained with Hoechst 33342. Two per-
pendicular diameter measurements were obtained for each tumor
with calipers. The tumor volume (V) was determined using the
equation V = 0.5 · a · b2, where a is the major axis and b is
the minor axis. Survival and tumor size of treated and control
tumors were analyzed using a one-tailed Mann–Whitney test.
2520
Results

Determination of EGFRvIII expression. Epidermal growth fac-
tor receptor variant III expression was analyzed in 55 gliomas
using RT-PCR. Figure 2A is a representative gel showing the
EGFRwt and EGFRvIII PCR products from five gliomas and the
U87MG and U87-EGFRvIII cell lines. Epidermal growth factor
receptor variant III expression was observed in nine of the 55
tumors. The expression frequency of EGFRvIII in gliomas of
grades II, III and IV was 7.1%, 0% and 25.8%, respectively
(Fig. 2B). This finding of a higher expression frequency in
GBM (grade IV) is consistent with previous studies in which
EGFRvIII was identified in approximately 17–57% of
GBM.(5,6,8,22–24) In addition, all 20 of the normal tissues tested
were found to express EGFRwt but not EGFRvIII (Fig. 2C).
doi: 10.1111/j.1349-7006.2010.01734.x
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(A)
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Fig. 3. The anti-epidermal growth factor receptor variant III
(EGFRvIII)-CD3f chimeric antigen receptor (CAR) expression, cell
surface trafficking and 3C10 binding on the surface of Jurkat cells. (A)
Detection of anti-EGFRvIII-CD3f CAR expression in whole-cell lysate
derived from Jurkat cell transfectants by reducing and nonreducing
western blotting analysis with a mAb specific for the human CD3f
chain. The lower band (16 kDa) is the endogenous CD3f chain (white
arrow), and the upper band (32 kDa) is its homodimer (black arrow).
The anti-EGFRvIII-CD3f CAR was detected at the expected molecular
weight of 50 kDa (white arrowhead). The anti-EGFRvIII-CD3f CAR
homodimer was detected at 100 kDa (black arrowhead). C, control
cell; T, transduced cells. (B) Jurkat cells were stained with biotin-
conjugated Pep3 and streptavidin-FITC. Expression was not detected
in the non-transduced cells (black line). Data are representative of
three independent experiments.

(A)

(B)

(C)

Fig. 4. Epidermal growth factor receptor variant III (EGFRvIII)-specific
activation of receptor-grafted T cells. (A) Interferon-gamma (IFN-c)
Elispot assay. A 2.5-fold increase in IFN-c-positive spots was observed
for 3C10-CAR-transduced PBMC co-cultured with U87-EGFRvIII
compared with those co-cultured with U87MG cells. (B) 51Cr-release
assay. 3C10-CAR-transduced PBMC lysed EGFRvIII target cells (•) more
significantly than other co-cultures. (C) The addition of Pep3 inhibited
cytotoxicity. Data are expressed as the mean ± standard deviation of
three independent experiments.
Expression of the anti-EGFRvIII CD3f CAR on the surface of
Jurkat cells. The expression of 3C10-CAR was examined by
western blot analysis with a mAb specific for the human CD3f
chain (Fig. 3A). Nonreducing western blot analysis displayed
the endogenous monomeric and homodimeric CD3f chains at
the predicted molecular masses of 16 and 32 kDa, respectively.
Reducing western blot analysis showed protein expression cor-
responding to the predicted mass of the monomeric 3C10-CAR
(50 kDa) in transduced cells only; nonreducing western blot
analysis detected 3C10-CAR homodimers at a molecular mass
of approximately 100 kDa.

To investigate the cell-surface expression of 3C10-CAR, bio-
tin-conjugated Pep3 was used for fluorescence-activating cell
sorting analysis. Figure 3B clearly shows the surface expression
of 3C10-CAR on transduced Jurkat cells.
Ohno et al.
Superior IFN-c release and cytotoxicity mediated by 3C10-CAR-
transduced T cells. The IFN-c release and cytotoxicity mediated
by 3C10-CAR-transduced PBMC against U87-EGFRvIII and
U87MG target cell lines were assessed by Elispot and
Cancer Sci | December 2010 | vol. 101 | no. 12 | 2521
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51Cr-release assays. A 2.5-fold increase in IFN-c-positive spots
was observed for transduced PBMC co-cultured with U87-EG-
FRvIII compared with PBMC co-cultured with U87MG cells
(Fig. 4A).

To determine whether 3C10-CAR is capable of conferring
CTL-mediated lysis against EGFRvIII-positive cells, effector
cells were mixed with 51Cr-labeled target cells. The 3C10-
CAR-expressing PBMC exerted significant lysis against
U87-EGFRvIII, although some alloreactivity was observed in
other effector ⁄ target co-cultures (Fig. 4B). The addition of
Pep3, which competitively binds to EGFRvIII, inhibited the
cytotoxic ability of the 3C10-CAR-expressing PBMC against
U87-EGFRvIII in a concentration-dependent manner (Fig. 4C).
These observations show that 3C10-CAR-expressing effector
cells specifically recognize the EGFRvIII antigen.

The effect of 3C10-CAR-transduced T cells on EGFRvIII-
expressing brain tumor in vivo. Four days after intracranial
injections of U87-EGFRvIII cells (2.5 · 105), transduced or
control PBMC (4 · 106) were adoptively transferred via the tail
vein. The proportions of CD4- and CD8-positive PBMC were
46% and 40%, respectively (Fig. 5A). Although complete tumor
(A)
(B

(C)

(D)

Fig. 5. Systemic injection of 3C10-CAR-transduced PBMC retarded the gr
tumors in the mouse brain. (A) Among the 3C10-CAR-transduced PBMC
respectively. (B) At day 12 after tumor inoculation, the tumor volumes
tumor growth (P = 0.0472). (C) The number of CD8-positive cells that ha
transduced PBMC than in mice injected with control PBMC. (D) Surviva
survival time of mice injected with 3C10-CAR-transduced PBMC was h
P = 0.014). The number of animals in each group is five.

2522
eradication was not observed, tumor growth was significantly
retarded in mice injected with 3C10-CAR-transduced PBMC
compared with the control (P = 0.0472; Fig. 5B). The number
of CD8-positive cells that had infiltrated the tumor was greater
in mice injected with 3C10-CAR-transduced PBMC than in con-
trol mice (Fig. 5C). In addition, the survival time was remark-
ably prolonged in mice injected with 3C10-CAR-transduced
cells (log rank test, P = 0.014; Fig. 5D).

Discussion

Generation of tumor-specific T cells expressing CAR. Cellular
immunotherapy involving the use of autologous tumor-reactive
or host-compatible antigen-specific T cells has significant poten-
tial in the treatment of malignant disease.(25) However, the
degree and persistence of the cellular immunity may be partly
limited because of the poor immunogenicity of tumor cells, as
evidenced by processes such as MHC silencing. As an alterna-
tive strategy, T-bodies have been generated by the transfer of
genes encoding CAR. Chimeric antigen receptors consist of a
tumor antigen-binding domain of an antibody that has been
)

owth of epidermal growth factor receptor variant III (EGFRvIII)-positive
, the proportions of CD4+ and CD8+ cells were 45.99% and 39.4%,
were determined. 3C10-CAR-transduced PBMC significantly inhibited
d infiltrated the tumor was greater in mice injected with 3C10-CAR-

l of mice injected with 3C10-CAR-transduced and control PBMC. The
igher than that of mice injected with control PBMC (log rank test,

doi: 10.1111/j.1349-7006.2010.01734.x
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fused to intracellular signaling domains capable of activating T
cells. Therefore, antigen recognition by the T-body is not MHC
restricted, and is directed to native cell surface structures.
Eshhar et al.(16) were the first to create a CAR containing a
hapten-specific scFv and the CD3f chain or FceRIc chain as the
intracellular domain. Several CAR directed against a variety of
tumor antigens have been developed. Most of these CAR were
transduced in primary mouse and human T cells.(18) In addition,
several clinical trials of T-bodies as therapy for ovarian cancer,
renal cancer, lymphoma and neuroblastoma are being carried
out.(26–31)

EGFRvIII as a potential target in gliomas. There are a few fun-
damental reports relating to the use of T-bodies for tumors of
the central nervous system. T cells expressing a CAR consisting
of a HER2-specific scFv and domains of the CD3f chain or CTL
expressing IL13-zetakine, which is composed of an extracellular
domain that contains the high-affinity IL-13 mutein and a cyto-
plasmic tail that contains a domain of the CD3f, have been
shown to exert an antitumor effect against experimental medul-
loblastoma and glioma.(32–34) It is important that target antigens
chosen for clinical studies are limited to those expressed only by
malignant cells and not by normal cells. A clinical study using
T-bodies in patients with renal carcinoma was terminated for the
reason of cholestasis as an on-target effect caused by high
expression of the targeted antigen carbonic anhydrase in the
biliary epithelium. Evidence shows that T-bodies also injured
normal cells expressing target molecules, resulting in unfavor-
able autoimmunity.(27)

The tumor-specific antigens derived from tumor-associated
mutations in somatic genes are less likely to be associated with
autoimmunity because they are absent in normal tissues. Epider-
mal growth factor receptor variant III is a rare example of a fre-
quent and consistent tumor-specific mutation that is central to
the neoplastic process.(2,3) In this study, the observed frequency
of EGFRvIII expression in GBM was 26% (8 ⁄ 31), and this value
is relatively lower than the frequency of 17–57% reported in
previous studies;(5,6,8,22–24) this finding can be partly attributed
to the fact that the number of secondary GBM, in which EG-
FRvIII expression is less frequent, was large in this study. In
addition, we found no EGFRvIII expression in the 10 grade III
tumors, but the reason for this could be the small sample size.
Nevertheless, the advantages of EGFRvIII include frequent
expression in GBM, lack of expression in normal tissues and its
importance in the oncogenic phenotype of tumors; these charac-
teristics make EGFRvIII a potential target for antitumor immu-
notherapy.(8,22,35,36) Therefore, an anti-EGFRvIII CAR has
potential as a therapeutic tool.
Ohno et al.
Future perspectives. Recent studies have focused on generat-
ing a more effective T-body by improving CAR design. The
in vivo activation of T-bodies is an important part of this pro-
cess. CD28, a T-cell costimulatory factor, has been shown to
induce T-cell activation and proliferation in vivo.(37) Chimeric
antigen receptors with dual CD28-CD3f signaling receptors
may enable T cells to proliferate after repeated antigenic stimu-
lation.(38–40) Other costimulatory signaling domains, including
4-1BB, OX40, DAP10 and ICOS, have been investigated.(41–43)

In addition, transduction efficiency of the vector should be
improved. Intracellular IFN-c assay demonstrated that a propor-
tion of CD8+ ⁄ IFN-c+ cells in CAR-transduced PBMC co-cul-
tured with U87EGFRvIII was 3–7% (data not shown). In order
to improve transduction efficiency, lentiviral-mediated transduc-
tion might be an alternate approach.

Another potent strategy involves the combination of the EG-
FRvIII T-body with a kinase inhibitor of the receptor. Epidermal
growth factor receptor variant III leads to constitutive activation
of downstream signaling pathways, including second messenger
pathways.(2,3) Several clinical trials of erlotinib have been con-
ducted in patients with glioma,(44–46) and erlotinib has been
found to be effective in a subset of patients whose tumors
showed expression of EGFRvIII and phosphatase and tensin
homolog deleted from chromosome 10 (PTEN), or high expres-
sion of EGFR and low phosphorylation of Akt.(19,46,47) Com-
bined treatment with an anti-EGFRvIII T-body and a tyrosine
kinase inhibitor, which targets extracellular and intracellular
domains of the receptor, may augment the potency of EGFR
signaling inhibition.

In conclusion, we constructed an EGFRvIII-targeted CAR
gene and confirmed its successful retrovirus-mediated expres-
sion. We demonstrated the activation and cytotoxicity of
genetically engineered T cells both in vitro and in vivo. Fur-
ther clinical trials should be conducted to determine the effi-
cacy of T-bodies in the treatment of EGFRvIII-expressing
gliomas.
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