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ABSTRACT

Immunotherapeutic approaches involving genetic modification of T cells show promise in generating highly
specific tumor-reactive effector cells for cancer treatment. Given the high affinity of Fc�RI (the subtype I Fc
receptor for IgE) for IgE monoclonal antibody (mAb), modification of T cells with chimeric Fc�RI in combi-
nation with tumor-specific IgE mAbs is potentially a powerful and effective strategy to specifically target T
cells to tumor cells. In this study, we retrovirally transduce human primary T cells with a cDNA encoding
the extracellular domain of Fc�RI linked to the hinge and transmembrane domains of Fc�RII and the cyto-
plasmic domains of CD28 and T cell receptor � chain (Fc�RI-CD28-�). We demonstrate that human T cells
expressing Fc�RI-CD28-�, in the presence of tumor-specific IgE mAb recognizing mouse CD8 antigen (Ly-
2.1�), can specifically secrete cytokine, proliferate, and mediate cytotoxic function after antigen ligation. Fur-
thermore, adoptive transfer of Fc�RI-CD28-� cells incubated with anti-Ly-2.1 IgE mAb significantly enhances
the survival of irradiated nonobese diabetic-severe combined immunodeficiency mice bearing Ly-2.1� tumor
compared with control mice. Thus, this set of experiments demonstrates that Fc� gene-engineered human T
cells mediate effector function in vitro and in vivo in an IgE-dependent manner and thus a novel and valid
approach for cancer therapy can now be further developed.
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OVERVIEW SUMMARY

We have retrovirally transduced human primary T cells
with a chimeric receptor comprising the extracellular do-
main of Fc�RI (the high-affinity Fc receptor for IgE) linked
to Fc�RII (the low-affinity Fc receptor for IgG) hinge and
transmembrane regions and the cytoplasmic domains of
CD28 and T cell receptor � chain (Fc�RI-CD28-�). Human
T cells expressing Fc�RI-CD28-�, in the presence of tumor-
specific IgE mAb recognizing mouse CD8 antigen (Ly-2.1�),
could specifically secrete cytokine, proliferate, and mediate
cytotoxic function after antigen ligation. Transfer of Fc�RI-
CD28-� T cells incubated with anti-Ly-2.1 IgE mAb signif-
icantly enhanced the survival of irradiated nonobese 
diabetic-severe combined immunodeficiency mice bearing
established Ly-2.1� tumors. Thus, the combination of chi-
meric Fc� receptors with tumor-specific IgE is a novel ap-
proach for enhancing specific targeting of T cells for can-
cer therapy.

INTRODUCTION

IMMUNOTHERAPY OF CANCER represents a promising approach
for harnessing the natural power and specificity of the immune

system. Current immunotherapeutic strategies involving adoptive
transfer of tumor-specific T cells have led to some encouraging
responses, particularly in melanoma patients (Dudley et al., 2002;
Yee et al., 2002), and have exceeded the effectiveness of other
approaches involving vaccination using tumor peptide-pulsed
dendritic cells or tumor extracts (Rosenberg et al., 2004; Ker-
shaw et al., 2005). Nevertheless, the utility of these types of ther-
apy has not been demonstrated against more refractory cancers
including breast, colon, and ovarian carcinoma. T cells reactive
against these tumors are difficult to isolate and downregulation
or loss of MHC–peptide complexes on many tumors has pre-
cluded success of these various treatment regimens (Yee et al.,
2002; Bubenik, 2004; Watson et al., 2006).

A strategy to potentially overcome these limitations involves
the genetic modification of effector T lymphocytes with chi-

1Cancer Immunology Program, Peter MacCallum Cancer Centre, East Melbourne, Victoria 8006, Australia.
2Department of Pathology, University of Melbourne, Parkville, Victoria 3010, Australia.



ADOPTIVE TRANSFER OF Fc RECEPTOR-MODIFIED T CELLS 1135

meric receptors that can specifically recognize tumor-associ-
ated antigen (TAA) in a non-MHC dependent manner. A novel
chimeric receptor design comprising an extracellular single-
chain variable fragment (scFv)-binding domain fused to the
CD28 costimulatory and T cell receptor � chain (TCR-�) sig-
naling chains linked in tandem (scFv-CD28-�) has shown
promise (Finney et al., 1998; Hombach et al., 2001; Haynes et
al., 2002; Teng et al., 2004). Nevertheless, a potential limita-
tion of this approach includes the need to construct a new scFv
for every tumor antigen targeted, which may be ineffective
given that tumors are often heterogeneous in terms of antigen
expression (Correale et al., 2003; Zhang et al., 2003; Luborsky
et al., 2005). In addition, the scFv may exhibit lower affinity
for antigen than the natural Fab� from which it is derived
(Ravetch and Kinet, 1991). Previous studies have also demon-
strated that T cells can be specifically directed to target cells
after modification with tumor-reactive TCR�� genes (Kessels
et al., 2001; Zhao, 2005). Nevertheless, several issues con-
cerning application of this approach in the clinic involve mis-
pairing of TCR�� in transduced T cells with endogenous TCR
in T cells isolated from patients and the need to isolate TCRs
that are specific for all MHC haplotypes.

An alternative approach involves genetic modification of ef-
fector T cells with Fc receptors capable of binding any antitu-
mor monoclonal antibody (mAb) of the correct isotype. This
potentially enables a number of tumor-specific IgEs recogniz-
ing multiple target antigens to be employed, which may over-
come the problem of tumor cells escaping lysis as a result of
tumor antigen heterogeneity, and enables greater flexibility of
treatment. The high-affinity Fc receptor for IgE (Fc�RI) is pres-
ent on basophils, mast cells, and eosinophils (Metzger et al.,
1986; Kawakami and Galli, 2002) and appears to be the best
candidate for therapeutic application given its high-affinity
binding constant for IgE (2.5 � 1010 M–1) (Kershaw et al.,
1996b). In addition, the use of tumor-specific IgE mAb in this
setting may attract various Fc� effector cells to the tumor site,
which in combination with Fc�RI-modified T cells may induce
a potent antitumor effect. Furthermore, the fact that serum IgE
levels are low (unlike for IgG) (Gould et al., 2003) makes this
a promising form of immunotherapy and also supports this ap-
proach over those based on the use of Fc� receptors (Kershaw
et al., 1996b; Clemenceau et al., 2006).

Fc�RI comprises a ligand-binding � subunit, a � subunit, and
a pair of intracellular � chains (Metzger et al., 1986; Ravetch
and Kinet, 1991; Hulett and Hogarth, 1994). IgE binds in the
ectodomain of the � chain and a chimeric receptor consisting
of only the � subunit and the � chain can be expressed and
functions in the absence of the � chain (Hakimi et al., 1990).
To extend this idea, chimeric Fc�RI containing an intracellular
TCR-� signaling domain has previously been engineered and
found to endow a mouse CTL line, CTLL-R8, with the ability
to lyse tumor cells in an IgE-dependent manner (Kershaw et
al., 1996a,b). Nevertheless, for effective translation into the
clinic, this approach using both primary and costimulatory sig-
naling motifs must be tested in primary human T lymphocytes.

In this study, we have generated a novel chimeric Fc�RI con-
taining both CD28 and TCR-� signaling domains. Primary hu-
man T cells engineered with this chimera were found to effec-
tively lyse tumor cells in vitro and significantly suppress tumor
growth in vivo in an IgE-specific manner. Thus, this series of

experiments has clearly demonstrated that chimeric Fc� recep-
tors and tumor-specific IgE may be effective tools for specific
targeting of T cells for cancer therapy.

MATERIALS AND METHODS

Cell culture and antibodies

The mouse thymoma cell line E3, which expresses the Ly-
2.1 antigen, was maintained in Dulbecco’s modified Eagle’s
medium (DMEM) with the following additives: 10% (v/v) fe-
tal calf serum (FCS), 2 mM glutamine, penicillin (100 U/ml),
and streptomycin (100 �g/ml) (Invitrogen GIBCO, Grand Is-
land, NY). Lewis lung carcinoma (3LL) cells were grown in
RPMI 1640 medium supplemented with 10% (v/v) FCS, 2 mM
glutamine, penicillin (100 U/ml), and streptomycin (10 �g/ml)
(Invitrogen GIBCO). The PG13 retroviral producer cell line
(American Type Culture Collection [ATCC], Manassas, VA),
expressing the gibbon ape leukemia viral envelope, was cul-
tured in complete medium consisting of RPMI 1640, 10% heat-
inactivated fetal calf serum, 0.1 mM nonessential amino acids,
1 mM sodium pyruvate, penicillin (100 U/ml), streptomycin
(100 �g/ml), 5 � 10–5 M 2-mercaptoethanol, and 2 mM gluta-
mine (all from Invitrogen, Carlsbad, CA). The following mAbs
were used in this study: 3B4 (mouse anti-human Fc�RI�, IgG1)
(kindly provided by P.M. Hogarth, Helen Macpherson Smith
Trust Inflammatory Diseases Laboratory, Burnet Institute at
Austin, Heidelberg, Australia); 1D10 (mouse anti-human
granzyme B, IgG1); YTS169.4 (chimeric human/rat anti-Ly-2,
IgE mAb) (Isaacs et al., 1992), and human anti-250-30.6 (colon
carcinoma antigen) IgE mAb.

Construction of chimeric Fc�RI receptor

Human Fc�RI�, the hinge and transmembrane regions of the
low-affinity Fc receptor for IgG (Fc�RII�) (derived from the
pCMV5 expression vector encoding Fc�RI-�) (Kershaw et al.,
1996a), and the cytoplasmic domain of CD28 (derived from
pRSV encoding the anti-erbB2-CD28 receptor) (Haynes et al.,
2002) were amplified by polymerase chain reaction (PCR), us-
ing the following primers:

Sense, Fc�RI: 5�-GCTCTAGAGTCCCTCAGA-
AACCTAAGGT-3�

Antisense, Fc�RII�: 5�-CTTACTCCTGCAGTAGATCA-
AGGCCACTA-3�

Sense, CD28: 5�-ATCTACTGCAGGAGTAAGAG-
GAGCAGGC-3�

Antisense, CD28: 5�-GACTCGAGGGAGCGATAG-
GCTGCGAAGTC-3�

These fragments (5� and 3� sequences containing, respec-
tively, XbaI and XhoI restriction sites are underlined) were fused
by PCR splice overlap extension. The resulting Fc�RI-CD28
cDNA was subcloned into XbaI- and XhoI-digested pRSV (a
kind gift from Z. Eshhar, Weizmann Institute of Science, Re-
hovot, Israel) containing the L� leader (i.e., the secretory leader
sequence of the immunoglobulin � chain). The entire fragment
was then excised from pRSV and subcloned into the SnaBI and
XhoI sites of the retroviral vector pSamEN (Royal et al., 2002).



Finally, the cytoplasmic human TCR-� signaling domain was
subcloned into the XhoI site to generate the entire Fc�RI-CD28-
� receptor.

Generation of PG13 retrovirus-producing 
packaging cells

The generation of PG13 retrovirus-producing cell lines har-
boring the pSamEN vector encoding the Fc�RI-CD28-� recep-
tor or pSamEN alone was performed as previously described
(Teng et al., 2004). Briefly, plasmid DNA was transfected into
the amphotropic cell line PA317 and the ecotropic cell line
GP�E86, using the ping–pong technique as previously de-
scribed (Hoatlin et al., 1995). PG13 packaging cells were then
infected with viral supernatant derived from transfected PA317
packaging cells in the presence of Polybrene (8 �g/ml; Sigma,
St. Louis, MO). This bulk-transduced PG13 line was single-cell
cloned to generate a high-expressing PG13 line (designated
CL9). Primary human T lymphocytes were then transduced with
supernatant derived from control or CL9 PG13 retrovirus pro-
ducer cells.

Transduction of primary human T lymphocytes

Transduction of human T lymphocytes was performed as de-
scribed previously (Teng et al., 2004). Briefly, peripheral blood
mononuclear cells (PBMCs) from healthy donors (obtained
from the Australian Red Cross Blood Service) were isolated by
Ficoll-Isopaque density centrifugation (GE Healthcare Bio-Sci-
ences, Uppsala, Sweden). Before transduction, T cells were gen-
erated from human PBMCs by activation with anti-CD3 (OR-
THOCLONE OKT3, 30 ng/ml; Ortho Biotech, Bridgewater,
NJ) and recombinant human interleukin-2 (IL-2 [Proleukin],
600 IU/ml; National Cancer Institute, Frederick, MD) for 72 hr.
Stimulated T cells were collected, medium was removed, and
cells were resuspended at 1 � 106 cells/ml in supernatant from
PG13 retrovirus producer cell lines (CL9 or control PG13 line)
containing IL-2 (600 IU/ml) and Polybrene (8 �g/ml; Sigma).
T cells were aliquoted into 24-well tissue culture plates (2
ml/well) and centrifuged (1000 � g) at room temperature for 1
hr. After centrifugation, T cells were cultured overnight at 37°C
in a 95% air–5% CO2 atmosphere. The next day, 1.5 ml of
medium was removed and the transduction was repeated. Af-
ter a further 24 hr, cells were passaged 1:2 with fresh medium
containing IL-2. Seventy-two hours later, cells were harvested
and resuspended at 1 � 106 cells/ml in fresh medium contain-
ing IL-2 and G418 (600 �g/ml). After 5 days of selection in
G418, cells were harvested and resuspended in fresh medium
containing IL-2, but no G418. IL-2 (600 IU/ml) was added
every 2–3 days of subsequent culture.

Flow cytometry

Receptor expression on human T lymphocytes after trans-
duction was detected by staining with 3B4 (mouse anti-human
Fc�RI� antibody), or isotype-matched control 1D10 mAb fol-
lowed by staining with a phycoerythrin (PE)-conjugated anti-
mouse immunoglobulin mAb (Chemicon, Melbourne, Aus-
tralia). Cell surface phenotyping of transduced cells was
determined by direct staining with PE-conjugated anti-human
CD8, PE–Cy5-conjugated anti-human CD4 (Dako, Glostrup,

Denmark), or fluorescein isothiocyanate (FITC)-conjugated
anti-human CD56 (BD Biosciences Pharmingen, San Diego,
CA).

Cytotoxicity assay

The cytolytic capacity of transduced T cells was assessed in
a standard 4-hr 51Cr release assay as previously described
(Haynes et al., 2002). Briefly, gene-engineered T cells (1 �
107/ml) were incubated for 60 min at 4°C in a 1:1000 dilution
of anti-mouse Ly-2.1 chimeric human/rat IgE or control human
anti-250-30.6 IgE mAb, before being used immediately in the
assay.

Cytokine production assays

Cytokine secretion by transduced T cells after receptor lig-
ation was detected by enzyme-linked immunosorbent assay
(ELISA) (BD Biosciences Pharmingen). Briefly, gene-engi-
neered human T lymphocytes (106) (T-CL9 or mock-transduced
T cells) were incubated with anti-mouse Ly-2.1 chimeric hu-
man/rat IgE antibody or control human anti-30.6 IgE mAb for
1 hr at 4°C and then cocultured with E3 tumor cells (5 � 105)
in 12-well plates for 20 hr. Transduced T cells were also stim-
ulated with plate-bound 3B4 (anti-Fc�RI�, 1 �g/ml) or isotype
control 1D10 (anti-granzyme B, 1 �g/ml) mAb. No exogenous
IL-2 was added. Supernatants were harvested and interferon
(IFN)-� and granulocyte-macrophage colony-stimulating factor
(GM-CSF) secretion by transduced T cells was determined by
ELISA. Cytokine secretion after stimulation of endogenous
CD3/CD28 receptors were assessed for each effector T cell pop-
ulation, using plate-bound anti-CD3 (ORTHOCLONE OKT3,
1 �g/ml) and anti-CD28 (1 �g/ml; BD Biosciences Pharmin-
gen) mAbs.

Proliferation assay

To assess the proliferative capacity of gene-engineered T
cells, an [3H]thymidine incorporation assay was employed.
Transduced human T lymphocytes (105 cells per well) were cul-
tured in triplicate in 96-well flat-bottom plates with medium
alone or with plate-bound anti-Fc�RI mAb (3B4, 1 �g/ml) or
isotype control 1D10 mAb (anti-granzyme B, 1 �g/ml) for 3
days. In addition, T cells were stimulated with plate-bound anti-
CD3 and anti-CD28 mAbs (1 �g/ml). No exogenous IL-2 was
added. The cultures were pulsed with [3H]thymidine (0.5
�Ci/well [0.0185 MBq]; GE Healthcare UK, Little Chalfont,
UK) for the final 16 hr of the culture period and the incorpo-
ration of radioactivity was measured in a TRI-CARB 2100TR
liquid scintillation counter (PerkinElmer Life and Analytical
Sciences, Boston, MA).

Adoptive transfer model

Inbred nonobese diabetic-severe combined immunodefi-
ciency (NOD-SCID) mice were purchased from the Animal Re-
source Centre (Perth, Australia). The antitumor efficacy of
Fc�RI-modified human T cells was assessed against the Ly-
2.1� E3 thymoma cell line. Tumor cells (1 � 104) were injected
intraperitoneally into groups of irradiated (2.5 Gy) NOD-SCID
mice (n � 5–10). Primary human T cells (1 � 107) (T-CL9 or
mock-transduced T cells) were incubated with anti-Ly-2.1� IgE
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mAb (1:1000 dilution) for 1 hr at 4°C before intraperitoneal in-
jection into mice at the following times after tumor inoculation:
6 hr (day 0), 24 hr (day 1), 48 hr (day 2), and 96 hr (day 4). In
some experiments T-CL9 cells incubated with control human
anti-250-30.6 IgE mAb were injected or mice were injected with
a 1:1000 dilution of anti-Ly-2.1 IgE mAb alone on days 0, 1,
2, and 4. In the delayed adoptive T cell transfer experiment,
groups of irradiated NOD-SCID mice (n � 5–8) were injected
intraperitoneally with E3 thymoma tumor cells (1 � 104). Pri-
mary human T cells (T-CL9, 1 � 107) were incubated with ei-
ther anti-Ly-2.1� IgE mAb or control human anti-250-30.6 IgE
mAb for 1 hr before intraperitoneal injection into mice at the
following times after tumor inoculation: 3 days after tumor in-
oculation (day 3), day 4, day 5, and day 7. After adoptive trans-
fer of T cells, mice were monitored daily for tumor growth.
Mice that were morbid were killed and the day of death was
recorded. Data were recorded as percentage survival after tu-
mor inoculation.

RESULTS

High-level expression of chimeric Fc�RI receptor in
primary human T lymphocytes

Chimeric Fc�RI was composed of the Fc�RI ligand-binding
subunit linked via the Fc�RII hinge and transmembrane region

to the cytoplasmic domains of CD28 and TCR-� (Fig. 1A). The
generation of a PG13 retrovirus-producing packaging cell line
harboring the chimeric receptor was performed in a two-step
process as described in Materials and Methods. Briefly, high-
level expression of chimeric Fc�RI was detected in transfected
PA317 retrovirus-packaging cells after specific staining with
anti-Fc�RI (3B4) mAb, which recognizes an epitope located in
domain I of Fc�RI�. Supernatant produced from transfected
PA317 cells was subsequently used for transduction of PG13
retrovirus-producing packaging cells. Bulk-transduced PG13
cells were single-cell cloned to generate a high-expressing clone
(CL9), with expression of the chimera detected after staining
with anti-Fc�RI (3B4) mAb (data not shown). Primary human
T lymphocytes preactivated with OKT3 and IL-2 were trans-
duced with retroviral supernatant generated from stably trans-
fected PG13 packaging cells (CL9) or from control PG13 pack-
aging cells. Expression of chimeric Fc�RI on transduced human
T lymphocytes was detected by staining with 3B4 mAb (Fig.
1B) (30–40%, n � 4). No expression of chimeric Fc�RI was
detected on T cells transduced with packaging cells containing
empty pSamEN retroviral vector (Fig. 1C). Consistent with pre-
vious results (Teng et al., 2004), expression of chimeric Fc�RI
was detected in CD8� T cells and CD4� T cells (data not
shown). After transduction/selection in G418, the culture con-
sisted predominantly of T cells (CD3�CD8�, 56 � 15%, n �
3; CD3�CD4�, 37 � 12%, n � 3), with only a small propor-
tion of CD56�CD3– cells (3 � 1%, n � 3).
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FIG. 1. Expression of chimeric Fc�RI in primary human T lymphocytes. (A) Schematic representation of the Fc�RI-CD28-�
receptor. The construct is composed of Fc�RI linked via a membrane-proximal (MP) hinge region of Fc�RII� to the transmem-
brane (TM) and cytoplasmic regions of human CD28 and TCR-� as described in Materials and Methods. Expression of the
pSamEN-Fc�RI-CD28-� chimeric receptor (B) or pSamEN retroviral vector alone (C) was analyzed by flow cytometry. Cells
were stained with anti-Fc�RI mAb (3B4) (solid histogram) or an anti-IgG1 isotype control mAb followed by PE-labeled sheep
anti-mouse mAb.



Gene-modified T cells: IgE-dependent lysis, 
cytokine production, and proliferation

The ability of gene-engineered human T cells expressing the
Fc�RI-CD28-� chimeric receptor (T-CL9 cells) to mediate IgE-
specific effector function was assessed in a number of in vitro as-
says. A standard 51Cr release assay was first used to test the ca-
pacity of Fc�RI-modified T cells to mediate specific tumor lysis.
T-CL9 cells incubated in the presence of anti-Ly-2.1 IgE mAb
specifically lysed Ly-2.1� E3 thymoma cells (Fig. 2A) but not
Ly-2.1– Lewis Lung carcinoma 3LL tumor cells (Fig. 2B). Lysis
of E3 tumor cells was dependent on both expression of chimeric
Fc�RI and the presence of anti-Ly-2.1 IgE mAb because T-CL9

cells incubated with control IgE mAb recognizing colon carci-
noma antigen 30.6 resulted in only background lysis of E3 tumor
cells (Fig. 2A). In addition, mock-transduced T cells incubated
with anti-Ly-2.1 IgE mAb did not lyse either Ly-2.1� or Ly-2.1–

tumor cells (Fig. 2A and B). To determine the duration that IgE
mAb remains bound to chimeric receptor-expressing T cells, we
examined the lytic capacity of chimeric Fc�RI-transduced human
T cells at various time points in vitro after incubation with anti-
Ly-2.1 IgE mAb. Interestingly, our results demonstrated that trans-
duced T cells could still mediate killing of E3 target cells after 72
hr of incubation, indicating that the anti-Ly-2.1 IgE mAb remained
bound to the chimeric receptor (data not shown). Thus, the ki-
netics of IgE antibody bound to Fc�RI-transduced T cells would
appear not to be a significantly limiting factor for this approach.

An important function of T cells is their ability to secrete im-
mune-stimulatory cytokines. Hence, we tested whether T-CL9
cells could specifically secrete the cytokines IFN-� and GM-CSF
after Ly-2.1 antigen ligation or receptor cross-linking with plate-
bound anti-Fc�RI (3B4) mAb. T-CL9 cells cocultured with E3 tu-
mor cells in the presence of anti-Ly-2.1 IgE mAb or stimulated
with immobilized anti-Fc�RI mAb specifically produced IFN-�
and GM-CSF (Fig. 3A and B). In contrast, T-CL9 cells cocul-
tured with E3 target cells in the presence of control anti-30.6 IgE
mAb or stimulated with immobilized control anti-granzyme B
1D10 mAb secreted negligible levels of these cytokines (Fig. 3A
and B). Furthermore, only background levels of cytokine were
produced by mock-transduced T cells cocultured with E3 tumor
cells in the presence of either anti-Ly-2.1 or anti-30.6 IgE mAbs
or after stimulation with plate-bound 3B4 or control mAb 1D10.
The lower activity of mock-transduced T cells was not due to an
inherent lack of activity because these cells responded to a simi-
lar extent as T-CL9 cells after incubation on immobilized anti-
CD3 and anti-CD28 mAbs. The increased level of cytokine se-
creted by T-CL9 cells after stimulation with plate-bound
anti-Fc�RI (3B4) mAb or control anti-CD3/CD28 mAbs was most
probably due to a stronger stimulus being provided to transduced
T cells compared with antigen-positive tumor targets, as we and
others have reported previously (Hombach et al., 2001; Moeller
et al., 2005).

Last, we tested the ability of T-CL9 cells to specifically pro-
liferate after receptor ligation, using an [3H]thymidine incor-
poration assay. T-CL9 cells but not mock-transduced T cells
proliferated after receptor cross-linking by plate-bound 3B4
mAb and was comparable to stimulation through endogenous
CD3/CD28 receptors (Fig. 4). Proliferation of T-CL9 cells was
dependent on expression and triggering of the chimeric Fc�RI
because no proliferation of mock-transduced T cells was ob-
served on incubation with plate-bound anti-Fc�RI (3B4) mAb. In
addition, no proliferation of T-CL9 or mock-transduced T cells
was observed on incubation with control 1D10 mAb. Overall,
these experiments have demonstrated the capacity of primary hu-
man T cells expressing the Fc�RI-CD28-� chimeric receptor to
mediate cytotoxicity, cytokine release, and proliferation in a tu-
mor-specific IgE-dependent manner.

Human T cells expressing chimeric Fc�RI mediate
IgE-dependent suppression of tumor growth

The ability of chimeric Fc�RI gene-modified human T cells
to specifically reject tumor was examined with Ly-2.1� E3

TENG ET AL.1138

50

40

30

20

10

0

40:1

A) E3

20:1 10:1

E:T Ratio

1:1

T-Mock (+ α-Ly2.1 lgE)

�10

S
pe

ci
fic

 51
C

r 
re

le
as

e 
(%

)

50

40

30

20

10

0
40:1

B) 3LL

20:1 10:1

E:T Ratio

1:1

S
pe

ci
fic

 51
C

r 
re

le
as

e 
(%

)

T-Mock (+ α-30.6 lgE)

T-Mock (+ α-Ly2.1 lgE)

T-CL9 (+ α-Ly2.1 lgE)

T-CL9 (+ α-Ly2.1 lgE)

T-CL9 (+ α-30.6 lgE)
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thymoma target cells in irradiated NOD-SCID mice. For this
experiment, 1 � 104 E3 tumor cells were injected intraperi-
toneally into groups of 5 to 10 mice. This was followed by four
intraperitoneal injections of T-CL9 or mock-transduced T cells
(1 � 107 cells per injection) previously incubated with anti-Ly-
2.1 IgE mAb on days 0, 1, 2, and 4. Tumor-bearing mice that
received T-CL9 cells incubated with anti-Ly-2.1 IgE mAb dem-
onstrated enhanced survival compared with mice that received
no T cell treatment (Fig. 5A). The antitumor effect was de-
pendent on expression of chimeric Fc�RI in T cells because
mock-transduced T cells incubated with anti-Ly-2.1 IgE mAb
died similarly to untreated control mice (Fig. 5A). As a test of
antibody specificity, we performed another experiment com-
paring the antitumor effect of transduced T-CL9 cells incubated
with anti-Ly-2.1 IgE or control human anti-30.6 IgE mAb. The
enhanced antitumor response by chimeric Fc�RI-transduced T
cells was specifically dependent on the presence of anti-Ly-2.1
IgE, as mice receiving transfer of T-CL9 cells incubated with

control anti-30.6 IgE mAb died similarly to untreated mice
(Fig. 5B). In addition, treatment of mice with anti-Ly-2.1 IgE
mAb alone on days 0, 1, 2, and 4 had no effect on tumor growth,
indicating that the transfer of Fc�RI gene-modified T cells in
the presence of tumor-specific IgE mAbs was needed to me-
diate the observed antitumor effect (Fig. 5B). Although T-CL9
cells could significantly impact tumor growth, the absence of
complete tumor rejection and long-term survival of mice sug-
gested that our T cells were not persisting. In fact, using an
anti-human CD45 monoclonal antibody (a pan-human leuko-
cyte marker), we were unable to detect either mock or gene-
modified T cells by flow cytometry in either the peripheral
blood, spleen, or intraperitoneal cavity of mice beyond 1 week
after T cell injection (data not shown). Given the nonpersis-
tence of our adoptively transferred T cells in tumor-bearing
mice, it is unlikely that the cause of death in any of our mice
were caused by graft-versus-host disease (GvHD). Rather, all
mice died from disseminated E3 tumor growth in the in-
traperitoneal cavity.

To assess the ability of chimeric Fc�RI-transduced T cells to
impact on established disease, a similar tumor model was set
up whereby transduced T-CL9 cells incubated with anti-Ly-2.1
or control 30.6 IgE mAb were adoptively transferred into E3
tumor-bearing mice on days 3, 4, 5, and 7 after tumor inocula-
tion (Fig. 6). Mice receiving T-CL9 cells incubated with anti-
Ly-2.1 IgE mAb again demonstrated enhanced survival com-
pared with similar groups of mice that received T-CL9 cells
incubated with control 30.6 IgE mAb (Fig. 6). Thus, these ex-
periments have demonstrated for the first time that chimeric
Fc�RI-transduced primary human T cells could suppress estab-
lished tumor growth in vivo in a tumor antigen IgE-specific
manner.
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FIG. 3. Antigen-specific cytokine production by gene-engi-
neered T cells expressing the Fc�RI-CD28-� chimeric receptor.
Human T cells transduced with pSamEN vector alone (solid
columns) or pSamEN-Fc�RI-CD28-� (T-CL9 cells; open
columns) were incubated with either anti-Ly-2.1 IgE mAb or
anti-30.6 control IgE mAb and cocultured with E3 tumor cells
or stimulated with plate-bound anti-CD3 and anti-CD28 mAb
or anti-Fc�RI mAb 3B4 or isotype control IB10 (1 �g/ml). Har-
vested supernatants were analyzed for IFN-� (A) and GM-CSF
(B) production by ELISA. The level of cytokine produced be-
tween Fc�RI-modified T cells and mock-transduced T cells was
significant (*p � 0.03, as statistically assessed by the
Mann–Whitney test). Results are expressed as nanograms of
cytokine secreted per milliliter � SEM of duplicate samples
and are representative of two experiments.

FIG. 4. Specific proliferation of gene-engineered human T
cells expressing the Fc�RI-CD28-� chimeric receptor. Prolifer-
ation of gene-engineered T cells was assessed in a 72-hr
[3H]thymidine incorporation assay. Mock-transduced T cells
(open columns) and T cells expressing the Fc�RI-CD28-� chi-
meric receptor (T-CL9 cells; solid columns) were incubated in
medium alone or with plate-bound 3B4 mAb, isotype control
ID10 mAb, or anti-CD3/CD28 mAb for 3 days. Results are ex-
pressed as means � SEM of triplicate samples and are repre-
sentative of three experiments (p � 0.002, Mann–Whitney test).



DISCUSSION

Gene modification of T cells to enhance their recognition
and activation by tumor-associated antigen (TAA) is a promis-
ing approach for adoptive immunotherapy. At present, T cells
engineered with scFv chimeras containing the CD28 costimu-
latory molecule linked in tandem with the TCR-� signaling
chain have been demonstrated to optimally induce T cell ef-
fector function. Despite this, a potential limitation of the scFv
approach is that TAA expression on any one tumor cell can be
heterogeneous, therefore the use of gene-modified T-scFv cells
against a single TAA may result in generation of tumor escape
variants. A novel approach to potentially address this issue in-
volves redirecting T cells by genetic modification with Fc� re-
ceptors. The advantages of this approach include (1) the high
affinity of IgE for the Fc� receptor; (2) the ability to target dif-
ferent TAAs on tumor cells, using a cocktail of tumor-specific
IgE mAbs, which may prevent tumor escape through loss and/or
downregulation of TAAs; and (3) the recruitment of other Fc�

receptor-expressing effector cells (e.g., mast cells, eosinophils,
and basophils) to the tumor site, which may contribute to the
antitumor response. In this study, we have constructed a chi-
meric Fc�RI consisting of the Fc�RI extracellular domain linked
to the Fc�RII hinge and the signaling domains of CD28 and
TCR-� (Fc�RI-CD28-�). The design of this construct represents
a further optimization of a first-generation Fc�RI chimera con-
taining only the TCR-� signaling domain (Kershaw et al.,
1996a,b). Our results demonstrate, for the first time, the ability
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FIG. 5. Increased survival of tumor-bearing NOD-SCID mice
after adoptive transfer of T-CL9 cells. Groups of 5–10 mice
were injected intraperitoneally with 1 � 104 Ly-2.1� E3 thy-
moma cells. (A) Tumor-bearing mice were left untreated (solid
triangles) or treated intraperitoneally with either mock-trans-
duced T cells (open squares) or T-CL9 cells (open triangles)
incubated with anti-Ly-2.1 IgE mAb 6 hr, 1 day, 2 days, and 4
days after tumor inoculation (1 � 107 T cells per injection).
Mice treated with T-CL9 cells incubated with anti-Ly-2.1 IgE
mAb had significantly enhanced survival compared with mice
treated with mock-transduced T cells incubated with anti-Ly-
2.1 mAb (*p � 0.0079, Mann–Whitney test). (B) As a further
test of specificity, mice were treated with T-CL9 cells incu-
bated with anti-Ly-2.1 IgE mAb (open triangles) or anti-30.6
control IgE mAb (open squares). Mice receiving T-CL9 cells
incubated with anti-Ly-2.1 IgE mAb survived significantly
longer than mice receiving T-CL9 cells incubated with anti-
30.6 control IgE mAb (**p � 0.0001, Mann–Whitney test). No
enhanced survival was observed in untreated mice (solid trian-
gles) or mice treated with anti-Ly-2.1 IgE mAb alone at 6 hr,
1 day, 2 days, and 4 days (solid squares). Arrows indicate num-
ber of injections, and results are representative of two experi-
ments performed.

FIG. 6. Enhanced survival of established tumor-bearing
NOD-SCID mice after adoptive transfer of T-CL9 cells. Groups
of five to eight mice were injected intraperitoneally with 1 �
104 Ly-2.1� E3 thymoma cells. Tumor-bearing mice were left
untreated (solid triangles) or treated intraperitoneally with T-
CL9 cells incubated with anti-Ly-2.1 (open triangles) or anti-
30.6 control IgE mAb (solid squares) 3, 4, 5, and 7 days after
tumor inoculation (1 � 107 T cells per injection). Mice treated
with T-CL9 cells incubated with anti-Ly-2.1 IgE mAb had sig-
nificantly enhanced survival compared with T-CL9 cells incu-
bated with control 30.6 IgE mAb (*p � 0.0205, Mann–Whit-
ney test). Arrows indicate number of T cell injections.
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to effectively express this novel chimeric construct in human
primary T cells and the capacity of this chimera to induce spe-
cific T cell cytokine production, proliferation, and cytolytic
function in an IgE-dependent manner. Furthermore, adoptive
transfer of T-Fc�RI-CD28-� cells incubated with an anti-Ly-2.1
IgE mAb significantly enhanced the survival of irradiated NOD-
SCID mice bearing established Ly-2.1� tumors. Importantly,
we show that the antitumor response observed required the com-
bination of adoptively transferred T-Fc�RI-CD28-� cells incu-
bated with the anti-Ly-2.1 IgE mAb because no such response
occurred when similar groups of tumor-bearing mice were
treated with T-Fc�RI-CD28-� cells incubated with anti-30.6
control IgE mAb or injected with anti-Ly-2.1 IgE mAb alone.

Previous studies have demonstrated that T cells could be
specifically directed to tumor targets by gene modification with
chimeric Fc�R, which binds antibody of the IgG isotype. A chi-
meric human receptor consisting of the extracellular domain of
human Fc�RI and the transmembrane and intracellular domains
of TCR-� endowed a cytotoxic T cell line, CTLL-R8, with the
ability to lyse tumor targets in an mAb isotype-dependent man-
ner (Smyth et al., 1994). In a more recent study, genetic mod-
ification of primary human T cells with a chimeric receptor con-
sisting of Fc�RIII� linked to Fc�RI� demonstrated specific lysis
of target cells coated with an anti-CD20 mAb (Clemenceau et
al., 2006). Despite these encouraging results, high serum IgG
levels and relatively low affinities of Fc�R for monomeric IgG
complicate the use of Fc�R for immunotherapy. By contrast,
the high-affinity receptor for IgE, Fc�RI, is a far more attrac-
tive candidate given that IgE serum levels are much lower than
those of IgG (Gould et al., 2003).

A number of studies have aimed at exploiting the inflam-
matory response induced by IgE mAbs for tumor immunother-
apy. Indeed, the ability of IgE mAb treatment to suppress the
growth of a human ovarian tumor cell line in SCID mice has
been demonstrated by Gould et al. In this study, the authors
compared the antitumor efficacy of MOv-18-IgG or MOv-18-
IgE mAb targeting the TAA folate-binding protein (FBP), over-
expressed in ovarian carcinoma. Tumor-bearing mice injected
with peripheral blood mononuclear cells (PBMCs) followed by
MOv-18 IgE mAb demonstrated inhibition of tumor growth
compared with mice treated with PBMCs and MOv-18 IgG
mAb (Gould et al., 1999). The antitumor effect observed re-
quired combined treatment with human PBMCs and MOv-18
IgE mAb because no antitumor response was observed after
treatment of tumor-bearing mice with PBMCs alone or in com-
bination with a control IgE mAb. In a further study, the authors
validated that human monocytes in the PBMC culture were re-
sponsible for the observed antitumor response and their effec-
tor mechanism was found to involve IgE antibody-dependent
cell-mediated cytotoxicity (ADCC) (Karagiannis et al., 2003).
In another study, administration of an IgE mAb targeting the
30.6 antigenic determinant expressed on the surface of col-
orectal adenocarcinoma cells was demonstrated to transiently
inhibit the growth of established COLO 205 tumor growing
subcutaneously in SCID mice (Kershaw et al., 1998). In con-
trast to these studies, the antitumor effects in our model were
mediated solely through engineered human T cells because our
culture did not contain any significant proportion of monocytes.
Our approach combined the specificity and affinity of IgE for
its receptor and antigen with the potent effector function and

trafficking ability of T cells. An additional advantage of our
strategy is the potential effect mediated by other Fc�

� effector
cells, although this was not tested in our model. Future work
may include the administration of human leukocytes (basophils,
eosinophils, mast cells, macrophages) combined with Fc�RI-
modified T cells into tumor-bearing mice, or the development
of a mouse anti-Ly-2.1 IgE mAb that can trigger endogenous
Fc�R-expressing effector cells. Alternatively, engrafting NOD-
SCID mice with a human hematopoietic compartment, using
human CD34� stem cells, may provide a good model with
which to test the contribution of other Fc�

� effectors. This
model may also provide optimal conditions for the function of
Fc�RI-modified human T cells given that in our current model,
antitumor effects of cytokines such as IFN-� produced by gene-
modified human T cells may be compromised because of their
lack of cross-reactivity with murine cytokine receptors. Never-
theless, the results from our study and others have demonstrated
proof of principle that IgE mAb can be used in different ways
to mediate antitumor responses through their ability to activate
immune cell effector mechanisms.

Despite its promise, a potential problem that might be en-
countered in using IgE mAb for tumor immunotherapy is the
development of systemic anaphylaxis, which may occur if sol-
uble TAAs are shed by tumors into the circulation. In our study,
no toxicity was observed in NOD-SCID recipient mice. How-
ever, we were unable to properly assess the potential risk of
anaphylaxis developing in our tumor model system given that
the anti-Ly-2.1 mAb used in our study was a chimeric human/rat
anti-IgE mAb, which was unable to bind to murine Fc�RI re-
ceptors on potential reactive cells (Ravetch and Kinet, 1991).
The use of a murine tumor-specific IgE mAb targeting a tumor
that shed TAA into the circulation would be a more useful
model to address this issue. Encouragingly, a previous study in-
volving the use of a murine IgE antibody to target a viral tu-
mor antigen in an in vivo mouse model system reported no 
development of systemic anaphylaxis (Nagy et al., 1991). Nev-
ertheless, the only real way to assess whether the use of chi-
meric Fc�RI-modified T cells and tumor-specific IgE mAb is
problematic is in a phase I clinical trial.

In summary, we have demonstrated successful gene modifi-
cation of human primary T with a chimeric Fc�RI. T-Fc�RI-
CD28-� cells were successfully redirected to Ly-2.1� tumors, us-
ing an anti-Ly-2.1 IgE mAb, which resulted in the activation of
T cell effector function. Furthermore, adoptive transfer of T-
Fc�RI-CD28-� cells incubated with anti-Ly-2.1 IgE mAb signif-
icantly enhanced the survival of Ly-2.1� tumor-bearing NOD-
SCID mice. The availability now of a number of different
tumor-specific IgE mAbs targeting multiple TAAs (Kershaw et
al., 1998; Gould et al., 1999; Karagiannis et al., 2003) enhances
the feasibility of using this approach to address the issue of anti-
gen heterogeneity on tumor cells, which is a current problem for
other immunotherapeutic strategies. Thus, redirecting T cells ex-
pressing Fc� chimeric receptors potentially broadens the utility
of gene-modified T cells for cancer therapy.
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