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T cell activation by recombinant FceRI g-chain immune
receptors: an extracellular spacer domain impairs
antigen-dependent T cell activation but not antigen
recognition
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T cells can be endowed with antigen specificity by grafting
with a chimeric receptor consisting of an extracellular anti-
gen binding moiety (scFv) derived from an antibody and an
intracellular signaling domain. Conflicting data exist on the
impact of an extracellular spacer domain between the anti-
gen binding and the signaling domain with respect to cellular
activation. Here, we recorded conjugate formation and anti-
gen-driven cellular activation of T cells grafted with receptor
molecules that contain the same antigen binding site (anti-
CD30 HRS3-scFv) and signaling domain (FceRI g-chain),
however, with and without an IgG1 CH2CH3 (Fc) spacer
domain between the scFv and transmembrane moiety.
Receptors of both configurations mediate equally efficient
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Introduction
The structural prerequisites of a receptor molecule for
efficient signal transduction after binding to its ligand
have become increasingly interesting because of the tech-
nical practicability of recombining a chimeric receptor
with pre-defined properties by fusing an extracellular
ligand binding domain with a transmembrane and intra-
cellular signalling domain. This technology has led to the
development of a new immunotherapeutic strategy util-
izing cytotoxic T cells that are permanently grafted with
a chimeric receptor. The recombinant receptor consists of
an antigen binding domain derived from an antibody
and an intracellular signaling domain for cellular acti-
vation.1–3 The intention of the strategy is to enable the
generation of specific effector cells against any antigen for
which an antibody exists and combines the advantages
of T cells for target cell lysis with the MHC-unrestricted
antigen recognition by the antibody-derived binding
domain. Based on recombinant receptor methodology, a
number of receptor molecules have been generated and
successfully used for antigen-specific targeting and acti-
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conjugate formation between receptor grafted T cells and
antigen-positive target cells. Specific signaling by the spacer
containing receptor, however, is blocked by five- to 10-fold
lower concentrations of soluble antigen than by the spacer-
less receptor indicating a higher avidity of the spacer con-
taining receptor to soluble antigen. In contrast, cellular acti-
vation upon binding to antigen-positive cells is mediated
more efficiently by the spacer-less receptor. This demon-
strates that the extracellular spacer domain impairs antigen-
dependent cellular activation by the chimeric immune recep-
tor, but not intercellular conjugate formation. Gene Therapy
(2000) 7, 1067–1075.

vation of T cells towards tumor and virus infected cells
in vitro and in vivo3,4 (for review see Ref. 5).

The minimal recombinant receptor molecule, that
allows specific signaling after antigen binding, consists of
an extracellular single chain fragment (scFv) antibody
and a transmembrane and intracellular signalling chain
derived from the FceRI g chain or, alternatively, from the
CD3 z chain. Conflicting data exist, however, on the
requirements of an extracellular constant domain
between the antigen binding domain and the transmem-
brane moiety to retain stable receptor expression and
function. Whereas an extracellular spacer domain turned
out to be a prerequisite for stable expression of receptors
with CD3 z chain signalling receptors,6 receptors with the
FceRI g signaling chain are stable and functional without
an extracellular spacer domain.7 Due to the lack of a
rationale design and systematic determination of an opti-
mal receptor configuration, it is still a matter of contro-
versy whether modification of the basic receptor con-
figuration by insertion of an heterologous protein spacer
domain affects binding to ligand and/or transduction of
the cell activation signal. Recently, Patel et al8 reported
that different extracellular spacer domains of a recombi-
nant receptor harboring a CD3 z signaling domain impair
receptor-mediated target cell lysis. The stability of z chain
receptor expression itself, however, depends substan-
tially on an appropriate spacer domain. Therefore, and
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because g chain signaling receptors do not require a
spacer domain for stable expression and function, we
used a g chain receptor to investigate whether an extra-
cellular spacer protein between antigen binding and sig-
naling domain affects antigen binding and/or antigen-
dependent cellular activation. In a comparative analysis,
we recorded T cell activation by two recombinant recep-
tors that contain the same antigen binding site (anti-CD30
HRS3-scFv) and signaling domain (FceRI g-chain), how-
ever, with and without an IgG1 CH2CH3 (Fc) spacer
domain between the scFv and transmembrane moiety.7,9

Murine T cells and human peripheral blood T cells were
grafted with both receptors and compared with respect
to: (1) their ability to mediate intercellular conjugate for-
mation; (2) their signaling capacity in the presence of sol-
uble receptor ligand; and (3) their antigen driven cellular
activation, ie, proliferation and cytokine secretion, of
grafted cells. We demonstrate here that, in the situation
of this system of recombinant immune receptors, antigen-
dependent conjugate formation between receptor grafted
cells and antigen-positive target cells is not affected by
the spacer domain, the efficiency in receptor-mediated
signaling, however, is substantially impaired by the
extracellular constant domain. These studies have impli-
cations for the rationale design of recombinant receptors
and for the understanding of the potential function of
spacer domains in natural receptor molecules.

Results

Characterization of the chimeric HRS3-scFv-g and
HRS3-scFv-Fc-g receptor
We generated two chimeric membrane receptors, HRS3-
scFv-g and HRS3-scFv-Fc-g, with identical extracellular
binding (HRS3-scFv) domains specific for the CD30 anti-
gen and with identical intracellular signaling domains (g
chain of the FceRI receptor).7 The antigen binding domain
HRS3-scFv, derived from the anti-CD30 mAb HRS3, is
joined either directly or via the hinge and CH2CH3
region (Fc) of human IgG1 to the transmembrane and
intracellular g chain (Figure 1). After transfection into
MD45 cells, we isolated cell clones (HRS3-scFv-g F8;
HRS3-scFv-Fc-g 2C11) that stably express the recombi-
nant HRS3-scFv-g and HRS3-scFv-Fc-g receptor, respect-
ively. Titration experiments and FACS analysis utilizing
the internal image anti-HRS3 idiotypic mAb 9G10 dem-
onstrate that both cell lines express similiar amounts of
the recombinant receptor on the cell surface (Figure 2a).
However, at non-saturating antibody concentrations the
HRS3-scFv-Fc-g receptor reacts more strongly with the
anti-idiotypic mAb than the HRS3-scFv-g receptor indi-
cating a slightly higher avidity of the HRS3-scFv-Fc-g
receptor (Figure 2a). We recently determined the
idiotypic profile of the HRS3 scFv domain10 that was
found to be the same as that of the parental mAb HRS3.
To test whether the receptor configuration alters the
idiotope of the antigen binding domain, we analyzed the
idiotypic profile of the HRS3-scFv-g and HRS3-scFv-Fc-g
receptor, respectively, utilizing a panel of four anti-
idiotypic mAbs (9G10, 12D3, 14B12, 14G9) that define at
least three different idiotopes of the HRS3 mAb binding
domain.10–12 Figure 2b summarizes binding of the four
anti-idiotypic mAbs to HRS3-scFv-g and HRS3-scFv-Fv-
g receptor grafted MD45 cells as monitored by FACS

Figure 1 Design of the chimeric anti-CD30 receptors. (a) The anti-CD30
receptor HRS3-scFv-g consists of the CD30 antigen binding domain
HRS3-scFv, derived from the mAb HRS3, and the g transmembrane and
signaling domain, derived from the FceRI receptor. The scFv and the g
chain are fused together via a nine amino acid linker. (b) The anti-CD30
receptor HRS3-scFv-Fc-g harbors the same scFv antigen binding and g
chain transmembrane and signaling domain but contains a human IgG1
CH2CH3 (Fc) domain inserted in between.

Figure 2 FACS analysis of receptor grafted MD45 T cells. (a) HRS3-
scFv-g and HRS3-scFv-Fc-g receptor grafted MD45 T cells (5 × 105) were
stained with different amounts (0.002–6 mg/ml) of the anti-HRS3
idiotypic mAb 9G10 (solid symbols) or, for control, an anti-idiotypic mAb
with specificity for the mAb BW431/26 (open symbols). (b) HRS3-scFv-
g (black bars) and HRS3-scFv-Fc-g (white bars) receptor grafted MD45
T cells, respectively, were incubated with the anti-HRS3 idiotypic mAbs
9G10, 12D3, 14B12, 14G9, and, for control, the BW2064/399 mAb with
irrelevant specificity (each 6 mg mAb/ml). Bound mAbs were detected by
a FITC-conjugated F(ab9)2-anti-mouse IgGI antibody (1 mg/ml) and the
mean fluorescence was determined.
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(6 mg/ml). The HRS3-scFv-g and HRS3-scFv-Fc-g recep-
tor reacted in a similiar pattern to the tested anti-
idiotypic idiotypic antibodies indicating that the idiotypic
profile is unlikely to be influenced by the receptor
configurations.

Immunoprecipitation with the anti-HRS3 idiotypic
mAb 9G10 and Western blot analysis under non-reducing
conditions with an anti-g chain-specific antibody
revealed a protein band with an apparent molecular mass
of about 160 kDa and 80 kDa, respectively, corresponding
to the predicted sizes of homodimers of the HRS3-scFv-
Fc-g and HRS3-scFv-g receptor, respectively (data not
shown). Accordingly, the protein band corresponding to
the HRS3-scFv-Fc-g receptor dimer reacts with an anti-
human IgG1 antibody whereas the protein band corre-
sponding to the HRS3-scFv-g receptor does not (data not
shown). No receptor monomers were detected implying
that virtually all receptor molecules of both configur-
ations are present as homodimers on the cell surface.

Conjugate formation of receptor grafted T cells
To elucidate whether different receptor configurations, ie
with and without an extracellular protein spacer domain,
affect binding of receptor grafted cells to cells expressing
the corresponding ligand, we monitored conjugate for-
mation between HRS3-scFv-g and HRS3-scFv-Fc-g recep-
tor grafted MD45 T cells, respectively, and CD30high

(L540) and CD30low (Jurkat) target cells. L540 tumor cells
(CD30high) react more than 10 times higher with the anti-
CD30 mAb HRS3 than Jurkat cells (CD30low) (data not
shown). For comparison reasons, we used receptor
grafted MD45 T cells with similar expression levels of the
HRS3-scFv-g and HRS3-scFv-Fc-g receptor, respectively.
Receptor grafted MD45 cells were labeled with the green
fluorochrome PKH2; CD30high L540 and CD30low Jurkat
cells were labeled with the red fluorochrome PKH26.
Conjugates formed by receptor grafted MD45 T cells with
CD30+ cells (red plus green fluorescence) were analyzed
by flow cytometry. The specificity of conjugate formation
was assessed by competition with the anti-idiotypic mAb
9G10 and an isotype-matched control mAb, respectively.
As shown exemplarily in Figure 3a, coincubation of
PKH2-labeled, receptor grafted MD45 T cells with
PKH26-labeled CD30high L540 cells resulted in intercellu-
lar conjugate formation that is specifically blocked in the
presence of the anti-idiotypic mAb 9G10 but not in the
presence of a control IgG antibody. We obtained 12.2%
and 8.4% specific cellular conjugates, respectively, after
co-incubation of L540 cells with HRS3-scFv-Fc-g and
HRS3-scFv-g receptor grafted cells, respectively, demon-
strating that both receptors mediate nearly equally
efficient intercellular conjugate formation (Figure 3b).
Conjugate formation is dependent on the density of
ligand on the surface of targeted cells since specific conju-
gates of receptor grafted cells were only observed with
CD30high L540 but not with CD30low Jurkat cells
(Figure 3b).

Activation of receptor grafted cells in the presence of
soluble ligand
The anti-CD30 receptor in both configurations, ie HRS3-
scFv-Fc-g and HRS3-scFv-g, mediates cellular activation
upon crosslinking with highly complexed, plastic-immo-
bilized antigen (data not shown). To assess the avidity

Gene Therapy

Figure 3 Conjugate formation of receptor grafted MD45 T cells with
L540 tumor cells. Receptor grafted MD45 T cells (1 × 105) were labeled
with PKH2 and co-incubated with PKH26-labeled CD30+ L540 tumor
cells (1 × 105) in the presence of an isotype-matched IgG1 mAb or the
anti-HRS3 idiotypic mAb 9G10 (each 10 mg/ml). Cells were analyzed by
flow cytometry and conjugated cells were identified by dual fluorescence.
(a) Dot plot analysis of conjugated effector and target cells. HRS3-scFv-
g receptor grafted MD45 T cells form specific conjugates with CD30+

L540 target cells. Conjugate formation is prevented in the presence of the
anti-HRS3 idiotypic mAb 9G10 (right) but not in the presence of an
isotype-matched control IgG1 mAb (left). (b) Summary of conjugate-for-
ming assays. HRS3-scFv-g and HRS3-scFv-Fc-g receptor grafted MD45
T cells, respectively, were co-incubated with CD30high L540 tumor cells
(left) or CD30low Jurkat cells (right) in the presence of an isotype-matched
control IgG1 mAb (black bars) or of the anti-HRS3 idiotypic mAb 9G10
(white bars). The assay was done in triplicate and the s.e.m. (standard
error of means) was determined.

of the receptor in different configurations to ligand, we
stimulated receptor grafted MD45 cells by immobilized
CD30 antigen and anti-idiotypic mAB 9G10, respectively,
in the presence of increasing amounts of soluble CD30
antigen or mAb 9G10. As summarized in Figure 4, up to
10 times higher concentrations of soluble CD30 antigen
and 9G10 mAb, respectively, are required to inhibit spe-
cific activation of HRS3-scFv-g compared with HRS3-
scFv-Fc-g receptor grafted cells reflecting again a higher
avidity of the HRS3-scFv-Fc-g receptor for soluble anti-
gen than the HRS3-scFv-g receptor. On the other hand,
the HRS3-scFv-Fc-g receptor is blocked by lower concen-
trations of soluble antigen than the HRS3-scFv-g receptor,
thus preventing cellular activation more efficiently.
Although both receptors are equipped with identical
antigen binding domains that both conserve the idiotypic
profile of the parental mAb (cf. Figure 2), the protein
spacer domain obviously alters the apparent avidity to
soluble ligand.

The spacer domain affects cellular activation of receptor
grafted T cells by coculture with CD30+ tumor cells
Since the extracellular spacer domain of the receptor
affects binding to soluble ligand, but not cellular conju-
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Figure 4 Inhibition of cellular activation by soluble antigen and anti-
idiotypic mAb. (a) Recombinant CD30-Fc protein (1 mg/ml) was coated
on to 96-well ELISA plates. HRS3-scFv-g (squares) and HRS3-scFv-Fc-
g (circles) receptor grafted MD45 T cells (1 × 105 cells per well) were
incubated for 48 h in the presence of soluble CD30-Fc protein (closed
symbols) or, for control, of an IgG1 mAb (open symbols). (b) The anti-
HRS3 idiotypic mAb 9G10 (1 mg/ml) was coated on to 96-well ELISA
plates. HRS3-scFv-g (squares) and HRS3-scFv-Fc-g (circles) receptor
grafted MD45 T cells (1 × 105 cells per well) were incubated for 48 h in
the presence of soluble mAb 9G10 (closed symbols) or an isotype-matched
IgG1 control mAb (open symbols). IL-2 secreted into culture supernatant
was determined by ELISA. Binding inhibition was calculated as follows:
inhibition (%) = (1 − IL-2 concentration in the presence of competitor/
IL-2 concentration without competitor) × 100.

gate formation, we assessed receptor-mediated cellular
activation by cell-bound membrane antigen. HRS3-scFv-
g and HRS3-scFv-Fc-g receptor grafted MD45 cells,
respectively, with similar amounts of receptor molecules
on the cell surface were cocultured with CD30high L540
cells, CD30low Jurkat cells, and, as control, with CD30−

BL60 cells, respectively. Cellular activation was moni-
tored by determining murine IL-2 secreted by receptor
grafted MD45 T cells into the culture supernatant. As
summarized in Figure 5a, HRS3-scFv-g receptor grafted
MD45 cells were efficiently activated by coculture with
L540 cells, but only little by coculture with Jurkat cells.
Coculture of HRS3-scFv-Fc-g receptor grafted MD45 cells
with L540 cells resulted in low IL-2 secretion; no IL-2
secretion was detected after coculture with Jurkat cells
(Figure 5b). This demonstrates that specific activation of
receptor grafted cells by coculture with CD30+ cells is five
to six times more efficiently mediated by the HRS3-scFv-
g receptor than by the HRS3-scFv-Fc-g receptor. We con-
clude that the extracellular spacer domain of the receptor
substantially affects cellular activation of grafted cells
upon binding to membrane-bound antigen.

Figure 5 Cellular activation of HRS3-scFv-g and HRS3-scFv-Fc-g recep-
tor grafted MD45 cells upon coculture with CD30+ L540 tumor cells.
HRS3-scFv-g (a) and HRS3-scFv-Fc-g (b) receptor grafted MD45 T cells
(each 1 × 105 cells per well), respectively, were coincubated for 48 h in
round bottom microtiter plates with CD30high+ L540, CD30low+ Jurkat,
and CD30− BL60 tumor cells (1.25 × 104–10 × 104 cells per well). IL-2 in
the supernatant was determined by ELISA. The assay was done in tripli-
cate and the s.e.m. was determined.

Cellular activation of receptor grafted peripheral blood T
cells
To assess the validity of data obtained from stable trans-
fected cell clones, we tested bulk cultures of peripheral
blood T cells grafted with the HRS3-scFv-g and HRS3-
scFv-Fc-g receptor, respectively. Peripheral blood T cells
were transduced by infection with GALV-pseudotyped
retroviruses containing the expression cassettes for the
HRS3-scFv-g and HRS3-scFv-Fc-g receptor, respectively.
Two-color fluorescence analysis utilizing the anti-HRS3-
specific idiotypic mAb 9G10 and the anti-CD3 mAb
OKT3 identified T cells expressing the HRS3-scFv-g and
the HRS3-scFv-Fc-g receptor, respectively (Figure 6). To
compare the capability of the receptors to mediate cyto-
kine secretion and T cell proliferation upon specific
receptor crosslinking, we cultured HRS3-scFv-g (14.8%)
and HRS3-scFv-Fc-g (16.1%) receptor grafted peripheral
blood T cells, respectively, in microtiter plates that were
coated with serial dilutions of CD30 antigen and determ-
ined simultaneously IFN-g secretion and BrdU incorpor-
ation. As shown in Figure 7, specific crosslinking of the
HRS3-scFv-g and HRS3-scFv-Fc-g receptor, respectively,
resulted in dose-dependent secretion of IFN-g into the
culture supernatant indicating efficient receptor-
mediated activation of peripheral blood T cells. However,
HRS3-scFv-g receptor stimulated secretion of IFN-g was
more efficient and reached a higher maximum level than
by the HRS3-scFv-Fc-g receptor (Figure 7a). Stimulation
of antigen-driven proliferation, as determined by BrdU
incorporation, was more effective in HRS3-scFv-Fc-g
receptor grafted cells than in HRS3-scFv-g receptor cells
at low antigen concentrations whereas the plateau of
maximal proliferation was similar for both receptor
grafted cells (Figure 7b). Taken together, these data indi-
cate that the tested cell activation parameters, ie IFN-g
secretion and antigen-driven proliferation, are differen-
tially induced with respect to the receptor configurations.

To confirm these observations with peripheral blood T
cells of another donor, we transduced T cells with initial
transduction ratios of 20% of T cells expressing the HRS3-
scFv-g and 17% of T cells expressing the HRS3-scFv-Fc-
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Figure 6 FACS analysis of peripheral blood T cells grafted with chimeric
receptors. Peripheral blood T cells were transduced with GALV-pseudo-
typed retroviruses containing the pSTITCH vector that carries the
expression cassettes for the HRS3-scFv-g receptor and the HRS3-scFv-
Fc-g receptor, respectively. Transduced and non-transduced T cells were
analyzed by two-color fluorescence utilizing the anti-CD3 mAb OKT3
(IgG2a) and the anti-HRS3 idiotypic mAb 9G10 (IgG1) (each 5 mg/ml),
respectively. Bound antibodies were detected by FITC-conjugated F(ab9)2-
anti-mouse IgG1 and PE-conjugated F(ab9)2-anti-mouse IgG2a anti-
bodies, respectively.

Gene Therapy

Figure 7 Cellular activation of HRS3-scFv-g and HRS3-scFv-Fc-g recep-
tor grafted peripheral blood T cells after binding to immobilized CD30
antigen. HRS3-scFv-g (circles) and HRS3-scFv-Fc-g (squares) receptor
grafted peripheral blood T cells (each 1 × 105 cells per well) were incubated
for 48 h in microtiter plates coated with increasing amounts of the CD30-
Fc protein (solid symbols), or a control IgG1 antibody (open symbols),
respectively. IFN-g secretion into the supernatant was determined by
ELISA (a). Cell proliferation was determined by monitoring BrdU
incorporation (b). The assay was done in triplicate and the s.e.m. was
determined.

g receptor, respectively. Upon subsequent enrichment of
receptor expressing T cells by MACS utilizing the anti-
idiotypic mAb 9G10, we obtained 65% of T cells that
express the HRS3-scFv-g receptor and 67% of T cells that
express the HRS3-scFv-Fc-g receptor (data not shown).
MACS-enriched HRS3-scFv-g and HRS3-scFv-Fc-g recep-
tor grafted T cells, respectively, were co-incubated with
CD30+ L540 and CD30− BL60 target cells, respectively.
IFN-g secreted into the culture supernatant was determ-
ined (Figure 8). The kinetics of IFN-g secretion induced
upon antigen-specific receptor crosslinking was found to
differ in HRS3-scFv-g compared with HRS3-scFv-Fc-g
receptor grafted T cells. Signaling by the HRS3-scFv-Fc-
g receptor results in substantially lower amounts of
secreted IFN-g than by the HRS3-scFv-g receptor. In a
second set of experiments, MACS-enriched HRS3-scFv-g

Figure 8 Cellular activation of MACS-enriched receptor grafted periph-
eral blood T cells upon coculture with CD30+ L540 tumor cells. HRS3-
scFv-g (squares) and HRS3-scFv-Fc-g (circles) receptor grafted T cells
(each 1 × 105 cells per well) were coincubated for 48 h in round bottom
microtiter plates with CD30+ L540 (closed symbols) or CD30− BL60 (open
symbols) tumor cells, respectively. The supernatants were assayed for
IFN-g by ELISA. The assay was done in triplicate and the s.e.m. was
determined.
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and HRS3-scFv-Fc-g receptor grafted T cells, respectively,
were cultured in microtiter plates coated with CD30 anti-
gen in a concentration that induced maximum IFN-g
secretion (cf. Figure 7) and IFN-g secretion and cellular
proliferation was determined simultaneously. Addition-
ally, cells were stimulated in microtiter plates coated with
the anti-HRS3 idiotypic mAb 9G10 as a surrogate anti-
gen. As summarized in Figure 9, specific crosslinking of
the HRS3-scFv-g and HRS3-scFv-Fc-g receptor, respect-
ively, resulted in secretion of high amounts of IFN-g into
the culture supernatant indicating efficient cellular acti-
vation (Figure 9a). However, HRS3-scFv-g receptor-
mediated IFN-g secretion was more efficient than acti-
vation by the HRS3-scFv-Fc-g receptor independently of
the immobilized ligand utilized for receptor crosslinking.
In contrast, receptor-induced T cell proliferation at ligand
concentrations that induce maximum IFN-g secretion
was equally efficient for both types of receptors
(Figure 9b). These observations obtained by MACS-
enriched receptor grafted cells are in accordance with the
data obtained by non-enriched T cell preparations (cf.
Figure 7).

We compared the cytolytic activity of HRS3-scFv-g and
HRS3-scFv-Fc-g receptor grafted T cells utilizing target
cells that were labeled with BrdU before coculture with
receptor grafted cells. Both transduced T cell populations
contained about 20% receptor expressing T cells. BrdU-
labeled L540 (CD30+) and BL60 (CD30−) tumor cells,
respectively, were cocultured for 48 h with HRS3-scFv-
g and HRS3-scFv-Fc-g receptor transduced T cells at an
effector:target (E:T) cell ratio of 2:1. The content of BrdU-
labeled fragmented DNA in the supernatant was deter-
mined by ELISA. As demonstrated in Figure 10, both
receptors mediate antigen-specific lysis of CD30+ target
cells (Figure 10a) whereas no lysis of CD30− tumor cells
was observed (Figure 10b). HRS3-scFv-g receptor-
mediated cytolysis, however, was more efficient than

Figure 9 Cellular activation of MACS-enriched HRS3-scFv-g and
HRS3-scFv-Fc-g receptor grafted peripheral blood T cells after binding to
immobilized ligand. HRS3-scFv-g (black bars) and HRS3-scFv-Fc-g
(white bars) receptor grafted peripheral blood T cells (each 1 × 105 cells
per well) were incubated for 48 h in microtiter plates coated with CD30-
Fc protein, the anti-idiotypic mAb 9G10, or a control IgG1 antibody (each
2 mg/ml), respectively. IFN-g secretion was determined by ELISA (a). Cell
proliferation was determined by monitoring BrdU incorporation (b). The
assay was done in triplicate and the s.e.m. was determined.

Figure 10 Target cell lysis of HRS3-scFv-g and HRS3-scFv-Fc-g receptor
grafted peripheral blood T cells. HRS3-scFv-g and HRS3-scFv-Fc-g recep-
tor grafted peripheral blood T cells (each 1 × 105 cells per well) were cocul-
tured for 48 h in microtiter plates with BrdU-labeled CD30+ L540 cells
(a) and CD30− BL60 cells (b) (each 5 × 104 cells per well). The supernatant
was harvested and analyzed for BrdU-labeled fragmented DNA by ELISA.
The assay was done in triplicate and the s.e.m. determined.

HRS3-scFv-Fc-g receptor-mediated lysis of CD30+ target
cells.

Taken together, our data indicate that the recombinant
T cell receptor in both configurations induces cellular
activation of peripheral blood T cells. Although with dif-
ferent kinetics, signaling by the HRS3-scFv-Fc-g receptor
is equally effective in induction of antigen-driven cell
proliferation at the maximum of cellular activation but
less effective in induction of IFN-g secretion than sig-
naling by the HRS3-scFv-g receptor. The HRS3-scFv-Fc-
g receptor, however, mediates cellular proliferation more
efficiently than the HRS3-scFv-g receptor at antigen con-
centrations that do not result in the maximum of cellular
activation. This may reflect a higher avidity of the HRS3-
scFv-Fc-g receptor and a different kinetic of cell prolifer-
ation and IFN-g secretion. Moreover, the protein spacer
domain within the extracellular moiety of the receptor
dramatically alters the binding properties to soluble
ligand and decreases the efficiency in cellular activation
upon binding to antigen, especially in the presence of sol-
uble antigen. Because conjugate formation between
receptor grafted and ligand cells is not affected, we con-
clude that the altered receptor configuration downstream
of the antigen binding domain significantly impairs sig-
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expressing target cells.

Discussion
In this report we compared two recombinant T cell recep-
tors, ie HRS3-scFv-g and HRS3-scFv-Fc-g receptor, with
different configurations but identical ligand binding and
cellular activation domains with respect to the following
properties: (1) specific formation of intercellular conju-
gates; (2) specific binding to immobilized and membrane-
bound ligand; and (3) cellular activation initiated by
receptor crosslinking. The comparative analysis is based
on receptor grafted peripheral blood T cells and on recep-
tor grafted MD45 cell clones that express about the same
number of receptor molecules on the cell surface. A num-
ber of properties are identical for both receptor configur-
ations: (1) the HRS3-scFv antigen binding domains of
both receptors have retained the idiotypic profile of the
parental mAb HRS3 as determined by binding to a panel
of anti-idiotypic mAbs; (2) both receptors are expressed
entirely as homodimers on the surface of grafted T cells;
(3) both receptors mediate cellular activation after bind-
ing to immobilized CD30 antigen and anti-HRS3
idiotypic antibody 9G10, respectively; and (4) both recep-
tors mediate specific intercellular conjugate formation
between receptor grafted cells and CD30+ cells. Receptor-
mediated cellular activation by immobilized antigen in
the presence of soluble antigen, however, revealed a
higher avidity of the HRS3-scFv-Fc-g receptor to soluble
ligand compared with the HRS3-scFv-g receptor. This
indicates that insertion of the Fc spacer domain into the
extracellular moiety of the receptor alters the binding
property of receptor grafted cells to soluble antigen. Most
strikingly, both receptor configurations differ in their
ability to mediate cellular activation upon co-incubation
with CD30+ cells resulting in cytokine secretion and tar-
get cell lysis, ie the HRS3-scFv-g receptor mediates cyto-
kine secretion and cytolysis more efficiently than the
HRS3-scFv-Fc-g receptor. Clonal differences of receptor
grafted cells are unlikely to account for the different acti-
vation patterns upon receptor crosslinking because the
same activation properties were recorded for receptor
grafted mouse MD45 T cell clones as well as for bulk
cultures of receptor grafted peripheral blood T cells. We
conclude that the differences in the efficiency to mediate
antigen-driven cellular activation are due to intrinsic
properties of the receptor configuration itself. Strikingly,
CD30 antigen-driven T cell proliferation is mediated equ-
ally efficient by both receptor configurations when stimu-
lated by antigen concentrations that induce maximum T
cell activation. At lower antigen concentrations, however,
the HRS3-scFv-Fc-g receptor induces T cell proliferation
more efficiently than the HRS3-scFv-g receptor indicating
that the kinetics of receptor-mediated cytokine secretion
and cell proliferation differ significantly.

Our findings have substantial implications for the
understanding of the modular composition of immune
receptor molecules. (1) Modification of the basic scFv-
signaling chain receptor configuration by insertion of an
IgG-derived spacer domain into the extracellular part of
the receptor may enhance the stability of receptor
expression but substantially impairs its signaling proper-
ties upon antigen-specific crosslinking. This modification,
however, does not affect intercellular conjugate forma-
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tion between receptor grafted cells and antigen-positive
target cells. (2) The extracellular constant spacer domain
of a chimeric receptor affects its avidity and therefore its
signaling properties in the presence of the soluble ligand.
This property may also impair its binding to membrane-
bound antigen in the presence of soluble tumor antigen
and has significant impact on the clinical application of
the chimeric receptor strategy in adoptive immunother-
apy of malignant diseases. In the presence of high con-
centrations of soluble tumor-associated antigen, that are
frequently found in sera of tumor patients, a receptor
molecule with high binding capacity for soluble antigen
is more likely to be blocked than a receptor with lower
avidity with the consequence that cellular activation by
a high avidity receptor is prevented and the therapeutical
efficacy is reduced by soluble antigen.

Recombinant immune receptors with the FceRI-g sig-
naling chain are stable and functional without an extra-
cellular spacer domain between the scFv domain and the
g chain. This property stands in contrast to CD3 z chain
signaling receptors that need an extracellular constant
spacer domain for stable expression.6 Like g chain recep-
tors, the spacer domain affects the affinity of z chain
receptors for ligand and impairs receptor-mediated
cytolysis.8 Therefore, the high impact of an extracellular
constant domain on the signaling function of recombi-
nant receptors calls for a more rational design of the
receptor molecule based on the modular components,
particularly the signaling domain. Due to stable
expression without the necessity of a spacer domain, we
suggest that the basic scFv-g chain receptor configuration
is preferred in the application of the chimeric receptor
strategy in order to avoid that the extracellular spacer
domain itself impairs receptor-mediated signaling and
cellular activation.

Compared with the natural T cell receptor complex,
recombinant immune receptors exhibit several structur-
ally and functionally based differences. Whereas recom-
binant receptors with an antibody-derived binding
domain are designed to recognize antigens of any struc-
ture and chemical composition for which an antibody
exists, the natural TCR complex recognizes its specific
peptide antigen exclusively in the context of the MHC.
Due to marginal differences in the overall structure of
peptide-MHC–TCR complexes, the natural TCR allows
generalization of the antigen recognition and signaling
process. On the other hand, the structural variety of tar-
get antigens potentially recognized by the scFv domain
of recombinant receptors also implies a high diversity in
the recognition process of target antigens. This diversity
is moreover potentiated by recombination with different
signaling domains for cellular activation. In this situation
it has to be taken into account that, besides the structural
variety of recognized antigens, the receptor configuration
itself, without changing its antigen-binding and signal-
ling domains, also has substantial impact on the recog-
nition and signaling properties. Our analysis provides a
rationale in the design of g chain receptors for MHC-
independent T cell targeting in order to use the advan-
tages of the recombinant receptor methodology for
immunotherapeutic strategies.
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Materials and methods

Cell lines and antibodies
MD45 is a murine T cell hybridoma line,2 L540 is a CD30+

human Hodgkin’s lymphoma-derived cell line,13 BL60 is
a CD30− Burkitt’s lymphoma-derived cell line,14 Jurkat is
a CD30+ T cell leukemia line (obtained from the ATCC,
Rockville, MD, USA; ATCC TIB 152). All cell lines were
cultured in RPMI 1640 supplemented with 10% (v/v)
heat inactivated FCS (Gibco, Eggenstein, Germany). The
human CD30-Fc fusion protein15 was purified from
supernatants of transfected CHO cells and myeloma cells,
respectively, by affinity chromatography on anti-human
IgG agarose (Sigma, Deisenhofen, Germany). The anti-
CD3 mAb OKT3 was obtained from the ATCC (ATCC
CRL 8001). The anti-CD30 mAb HRS3, the anti-HRS3
idiotypic mAbs 9G10, 12D3, 14G9, 14B12 and the anti-
idiotypic mAb BW2064/399 with specificity for an
anti-CEA mAb have been described elsewhere.11,12,16,17

Chimeric receptors
The generation of the CD30-specific HRS3-scFv-g recep-
tor has been recently described,7,18 the HRS3-scFv-Fc-g
receptor was obtained by replacing the scFv domain
within the BW431/26-scFv-Fc-g receptor9 by the HRS3-
scFv domain. Briefly, the HRS3-scFv DNA was flanked
by XbaI (59) and BamHI (39) restriction sites, respectively,
by PCR techniques utilizing the following primer oligon-
ucleotides: 59-GCG GCC CAG TCT AGA ATG GCC CAG-
39 (sense); 59-ACC TGG ATC CGC CCG TTT GAT TTC-39
(antisense) (restriction sites underlined). The BW431/26-
scFv-g DNA was digested with XbaI and BamHI and the
BW431/26-scFv DNA was replaced by the HRS3-scFv
DNA. The expression cassette is under the control of the
RSV LTR.2 MD45 T cells (1 × 107) were transfected with
pRSV-HRS3-scFv-Fc-g DNA and pRSV-HRS3-scFv-g
DNA, respectively, and cell clones with stable expression
of the chimeric receptor were isolated.7

Expression of chimeric receptors in peripheral blood T
cells
For retroviral transduction of peripheral T cells, the
receptor expression cassettes (HRS3-scFv-g; HRS3-scFv-
Fc-g) were inserted into the retroviral vector pSTITCH.19

Briefly, HRS3-scFv-g; and HRS3-scFv-Fc-g) were DNA
were flanked by NcoI (59) and BglII (39) restriction sites,
respectively, by PCR techniques utilizing the following
primer oligonucleotides: 59-TGA TCC ATG GAC TAG
TAC GTA ATG GAT TTT CAG GTG CAG ATT TTC-39
(sense); 59-GGC AGA TCT GAT CAG TCG ACT CTA
AAG CTA CTG TGG TGG-39 (antisense) (restriction sites
are underlined). PCR amplified DNA was digested and
inserted into the NcoI and BamHI sites of the vector pSP72
that contains parts of the MMLV splice-acceptor and
LTR. The recombinant DNA was inserted into the BglII
and XhoI sites of the vector E3qB constituting the MMLV-
derived retroviral expression vectors pSTITCH-HRS3-
scFv-g and pSTITCH-HRS3-scFv-Fc-g, respectively. To
generate GALV-pseudotyped retrovirus, the recombinant
pSTITCH vector DNA was cotransfected with the retrovi-
ral helper plasmid DNA pHIT and pCOLT, encoding the
MMLV gag and pol genes and the GALV envelope gene,
respectively, into 293T cells.19 This procedure results in
transient production of high titers of infectious retro-
virus. Peripheral blood lymphocytes from healthy donors

were isolated by density centrifugation and cultured for
48 h in RPMI 1640 medium, 10% (v/v) FCS in the pres-
ence of 400 U/ml IL-2 (Endogen, Woburn, MA, USA) and
100 ng/ml anti-CD3 mAb (OKT3). For retroviral trans-
duction, cells were harvested, resuspended in medium
with 400 U/ml IL-2, and cocultured for 48 h with trans-
fected 293T cells. Cells were harvested and receptor
expression was monitored by flow cytometry as
described below.

Immunofluorescence and flow cytometry
Recombinant receptor expressing cells were identified
utilizing a panel of HRS3-mAb specific anti-idiotypic
mAbs. T cells (5 × 105 per test) were incubated with dif-
ferent amounts of anti-idiotypic mAbs (0.002–6 mg/ml)
and subsequently with a FITC-conjugated F(ab9)2 anti-
mouse antibody (1 mg/ml) (Immunotech, Hamburg,
Germany). CD30 expression of tumor cells was moni-
tored by a FITC-conjugated anti-CD30 mAb BerH2
(5 mg/ml; Dako, Hamburg, Germany). For two-color
immunofluorescence, peripheral T cells were simul-
taneously incubated with the anti-idiotypic mAb 9G10
(IgG1) and the anti-CD3 mAb OKT3 (IgG2a) (each
5 mg/ml) and subsequently with a FITC-conjugated
F(ab9)2 anti-mouse IgG1 antibody (1 mg/ml) and a phyco-
erythrin (PE)-conjugated F(ab9)2 anti-mouse IgG2a anti-
body (0.5 mg/ml) (both Southern Biotechnology,
Birmingham, AL, USA). Cells were analyzed utilizing a
FACScan cytofluorometer equipped with the Cellquest
analysis software (Becton Dickinson, Mountain View,
CA, USA).

Magnetic activated cell sorting (MACS)
T cells expressing the recombinant receptor were
enriched by MACS utilizing the anti-HRS3 idiotypic mAb
9G10. Briefly, transduced T cells were washed with cold
PBS, 0.5% (w/v) BSA and incubated with mAb 9G10
(10 mg/ml) for 15 min on ice, washed twice with cold
PBS, 0.5% (w/v) BSA, and subsequently incubated with
anti-mouse IgG magnetic beads (Miltenyi Biotech,
Bergisch-Gladbach, Germany) for 15 min on ice. Cells
were washed twice and separated on magnetic columns
utilizing a mini-MACS seperator (Miltenyi Biotech).

Conjugate formation assay
The membrane of receptor grafted MD45 cells and of
L540 target cells, respectively, was labeled with the green
fluorescent dye PKH2 and the red fluorescent dye PKH26
(Sigma), respectively, according to the manufacturer’s
recommendations. PKH2-labeled MD45 cells (1 × 105)
and PKH26-labeled L540 cells (1 × 105) were co-incubated
in cold PBS in the presence of the anti-idiotypic mAb
9G10 or an isotype-matched IgG1 control mAb (10 mg/ml
each), sedimented for 15 s at 1000 g, and incubated for
15 min on ice. The cells were carefully resuspended by
five times pipetting up and down and analyzed by flow
cytometry. Double fluorescent particles represent
conjugated MD45-L540 cells.

Specific activation of receptor grafted T cells
To stimulate receptor grafted cells by immobilized
antigen, ELISA plates (Polysorb; Nunc, Wiesbaden,
Germany) were coated with different amounts of recom-
binant CD30-Fc protein, anti-HRS3-idiotypic mAb 9G10,
or an IgG1 mAb with irrelevant specificity for control,
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for 48 h. Cellular activation was monitored by determin-
ing the amount of secreted murine IL-2 or human IFN-g
in the culture supernatants. IL-2 was detected by ELISA
utilizing a solid phase rat anti-murine IL-2 mAb
(1 mg/ml) for capture and a biotinylated rat anti-mouse
IL-2 mAb (0.5 mg/ml) (both Pharmingen, Hamburg,
Germany) for detection. IFN-g was determined by ELISA
utilizing a solid phase anti-human IFN-g antibody
(1 mg/ml) for capture and a biotinylated anti-human IFN-
g antibody (both Endogen) for detection. Cell prolifer-
ation of T cells was determined by incorporation of BrdU
(Roche Diagnostics, Mannheim, Germany) and sub-
sequent detection of incorporated BrdU by ELISA utiliz-
ing a peroxidase-conjugated Fab-anti-BrdU mAb (Roche
Diagnostics). To stimulate receptor expressing cells by
membrane-bound CD30 antigen, grafted cells (1 × 105

cells per well) were coincubated for 48 h with different
amounts of CD30+ and CD30− target cells (1.25–10 × 104

cells per well), respectively, and cytokine release was
determined as described above.

Cytotoxicity assay
Cytotoxicity of receptor grafted CTL was determined by
ELISA detection of BrdU-labeled DNA fragments that
were released upon cytolysis of BrdU-labeled CD30+ tar-
get cells. The assay was performed utilizing a commer-
cially available cellular DNA fragmentation ELISA
(Roche Diagnostics) according to the manufacturer’s
recommendation.

Briefly, L540 tumor cells (4 × 105 cells/ml) were incu-
bated overnight in RPMI 1640 + 10% FCS containing
10 mm BrdU. The cells were washed three times and
resuspended in medium (2 × 105 cells/ml). BrdU-labeled
target cells (2 × 104 cells per well) were cocultured for
12 h with receptor grafted and non-transduced T cells
(each 1 × 105 cells/ml), respectively. After coculture the
supernatants were removed and the content of BrdU-
labeled DNA was determined utilizing BrdU-specific
capture and peroxidase-labeled detection antibodies.

Acknowledgements
We would like to thank Dr Z Eshhar (Weizmann Institute
of Science, Rehovot, Israel) for providing us with the
expression vector pRSV gamma and with the MD45 T
cell hybridoma and Dr RL Bolhuis (Department of Clini-
cal and Tumor Immunology, Daniel den Hoed Cancer
Center, Rotterdam, The Netherlands) for providing us
with the retroviral expression vector pSTITCH. This work
was supported by grants from the Deutsche Forschung-
sgemeinschaft (DFG), Bonn, Germany through SFB 502
and the Deutsche Krebshilfe, Bonn, through 70–2235-Ab1.

References
1 Gross G, Eshhar Z. Endowing T cells with antibody specificity

using chimeric T cell receptors. FASEB J 1992; 6: 3370–3378.

Gene Therapy

2 Eshhar Z, Waks T, Gross G, Schindler DG. Specific activation
and targeting of cytotoxic lymphocytes through chimeric single
chains consisting of antibody-binding domains and the gamma
or zeta subunits of the immunoglobulin and T-cell receptors.
Proc Natl Acad Sci USA 1993; 90: 720–724.

3 Hwu P et al. In vivo antitumor activity of T cells redirected with
chimeric antibody/T cell receptor genes. Cancer Res 1995; 55:
3369–3373.

4 Altenschmidt U, Klundt E, Groner B. Adoptive transfer of in
vitro-targeted, activated T lymphocytes results in total tumor
regression. J Immunol 1997; 159: 5509–5515.

5 Abken H, Hombach A, Reinhold U, Ferrone S. Can combined T
cell- and antibody-based immunotherapy outsmart tumor cells?
Immunol Today 1998; 19: 2–5.

6 Moritz D, Groner B. A spacer region between the single chain
antibody- and the CD3 zeta-chain domain of chimeric T cell
receptor components is required for efficient ligand binding and
signaling activity. Gene Therapy 1995; 2: 539–546.

7 Hombach A et al. A chimeric T cell receptor recognizing the
CD30 antigen converts cytotoxic T cells to specificity for Hodg-
kin and Reed Sternberg cells. Cancer Res 1998; 58: 1116–1119.

8 Patel SD et al. Impact of chimeric immune receptor extracellular
protein domains on T cell function. Gene Therapy 1999; 6: 412–
419.

9 Hombach A et al. A chimeric receptor that selectively targets
membrane-bound carcinoembryonic antigen (mCEA) in pres-
ence of soluble CEA. Gene Therapy 1999; 6: 300–304.

10 Hombach A et al. Generation of the single chain antibody frag-
ment conserves the idiotypic profile of the anti-CD30 mono-
clonal antibody HRS3. Scand J Immunol 1998; 48: 497–501.

11 Pohl C, Sieber M, Diehl V, Pfreundschuh M. Idiotype vaccine
against Hodgkin’s lymphoma: generation and characterization
of an anti-idiotypic monoclonal antibody against the Hodgkin-
associated (anti-CD 30) monoclonal antibody HRS-3. Anticancer
Res 1991; 11: 1115–1124.

12 Pohl C et al. CD30 specific AB1-AB2-AB3 internal image anti-
body network: potential use as anti-idiotype vaccine against
Hodgkin’s lymphoma. Int J Cancer 1993; 54: 418–425.

13 Diehl V et al. Hodgkin’s disease: establishment and characteriz-
ation of four in vitro cell lines. J Cancer Res Clin Oncol 1984; 101:
411–417.

14 Lenoir GM, Philip T, Sohier R. Burkitt type lymphoma-EBV
association and cytogenetic markers in cases from various geo-
graphic locations. In: Magrath IT, O’Conor GT, Ramot B (eds).
Pathogenesis of Leukemias and Lymphomas: Environment Influences.
Raven Press: New York, 1984, p 283.

15 Renner C et al. The role of lymphocyte subsets and adhesion
molecules in T cell-dependent cytotoxicity mediated by CD3
and CD28 bispecific monoclonal antibodies. Eur J Immunol 1995;
25: 2027–2033.

16 Engert A et al. Antitumor effects of ricin A chain immunotoxins
prepared from intact antibodies and Fab9 fragments on solid
human Hodgkin’s disease tumors in mice. Cancer Res 1990; 90:
2929–2935.

17 Bruynck A, Seemann G, Bosslet K. Characterisation of a human-
ised bispecific monoclonal antibody for cancer therapy. Br J Can-
cer 1993; 67: 436–440.

18 Hombach et al. Isolation of a cell surface-antigen specific recom-
binant scFv by phage display utilizing an anti-idiotypic mAb
with internal image. J Immunol Meth 1998; 218: 53–61.

19 Weijtens ME, Willemsen RA, Hart EH, Bolhuis RL. A retroviral
vector system ‘STITCH’ in combination with an optimized sin-
gle chain antibody chimeric receptor gene structure allows
efficient gene transduction and expression in human T lympho-
cytes. Gene Therapy 1998; 5: 1195–1203.


