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Abstract Over the past years, monoclonal antibodies
have attracted enormous interest as targeted therapeu-
tics, and a number of such reagents are in clinical use.
However, responses could not be achieved in all patients
with tumors expressing high levels of the respective
target antigens, suggesting that other factors such as
limited recruitment of endogenous immune effector
mechanisms can also influence treatment outcome. This
justifies the search for alternative, potentially more
effective reagents. Antibody-toxins and cytolytic effector
cells genetically modified to carry antibody-based
receptors on the surface, represent such tailor-made
targeting vehicles with the potential of improved tumor
localization and enhanced efficacy. In this way, advances
in recombinant antibody technology have made it pos-
sible to circumvent problems inherent in chemical cou-
pling of antibodies and toxins, and have allowed
construction via gene fusion of recombinant molecules
which combine antibody-mediated recognition of tumor
cells with specific delivery of potent protein toxins of
bacterial or plant origin. Likewise, recombinant anti-
body fragments provide the basis for the construction of
chimeric antigen receptors that, upon expression in
cytotoxic T lymphocytes (CTLs) or natural killer (NK)
cells, link antibody-mediated recognition of tumor
antigens with these effector cells� potent cytolytic activ-
ities, thereby making them promising cellular therapeu-
tics for adoptive cancer therapy. Here, general principles

for the derivation of cytotoxic proteins and effector cells
with antibody-dependent tumor specificity are summa-
rized, and current strategies to employ these molecules
and cells for directed cancer therapy are discussed,
focusing mainly on the tumor-associated antigens epi-
dermal growth factor receptor (EGFR) and the closely
related ErbB2 (HER2) as targets.
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Introduction

A major goal of cancer research has been to define
consistent alterations in malignant cells which may aid
in the development of therapies tailored to a particular
tumor. In the past years, monoclonal antibodies have
attracted enormous interest as targeted therapeutics and
a number of such reagents are already in clinical use. To
be superior to conventional treatments, these antibodies
must be directed toward antigens which are exclusively
or at least preferentially expressed on tumor cells com-
pared to normal tissues. Suitable targets include lineage-
specific antigens such as CD19, CD20, or CD22
expressed on certain malignancies of hematologic origin,
as well as surface antigens with enhanced expression on
carcinoma cells like the epithelial cell adhesion molecule
(EpCAM) or carcinoembryonic antigen (CEA).

Of particular interest as targets are cell surface
receptors such as the epidermal growth factor receptor
(EGFR/ErbB) and the closely related ErbB2 (HER2)
receptor tyrosine kinase which are overexpressed on
many human tumors of epithelial origin and transmit
important growth and survival signals [23, 33]. Anti-
bodies that block ligand binding or interfere with the
function of these target receptors can directly inhibit the
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growth of cancer cells, in addition to their potential to
direct effector cells of the immune system to the tumor
[29]. Monotherapy with the humanized, ErbB2-specific
antibody Herceptin, or a combination of antibody with
chemotherapy protocols, for example, resulted in in-
creased clinical benefit for a significant proportion of
patients with ErbB2-overexpressing metastatic breast
cancers [53]. However, responses could not be achieved
in all patients with tumors expressing high ErbB2 levels,
suggesting that in addition to enhanced expression of the
target receptor, other factors, such as limited recruit-
ment of endogenous immune effector mechanisms or
presence of alternative signaling pathways in tumor
cells, can also influence treatment outcome. This justifies
the search for alternative, potentially more effective re-
agents.

Antibody-toxins and cytolytic effector cells geneti-
cally modified to carry antibody-based receptors on the
surface represent such tailor-made targeting vehicles
with the potential of improved tumor localization and
enhanced efficacy. Advances in recombinant antibody
technology have thus made it possible to circumvent
problems inherent in chemical coupling of antibodies
and toxins, and have allowed construction via gene fu-
sion of recombinant molecules which combine antibody-
mediated recognition of tumor cells with specific delivery
of potent protein toxins of bacterial or plant origin [24].
Likewise, recombinant antibody fragments provide the
basis for the construction of chimeric antigen receptors
that, upon expression in cytotoxic T lymphocytes
(CTLs) or natural killer (NK) cells, link antibody-med-
iated recognition of tumor antigens with these effector
cells� potent cytolytic activities, thereby making them
promising cellular therapeutics for adoptive cancer
therapy [14, 51].

Here, general principles for the derivation of cyto-
toxic proteins and effector cells with antibody-dependent
tumor specificity are summarized, and current strategies
to employ these molecules and cells for directed cancer
therapy are discussed, focusing mainly on the tumor-
associated antigens EGFR and ErbB2 as targets.

Recombinant antibody fragments for tumor targeting

Most therapeutic antibodies currently under clinical
evaluation were initially derived by immunization of
mice and classical hybridoma technology, followed by
partial or complete humanization of murine sequences
using recombinant DNA technology. Advances in the
rapidly developing field of antibody engineering have
resulted in the construction of large combinatorial
antibody libraries of human or synthetic origin, and
effective in vitro screening systems now allow bypassing
immunization and selecting recombinant antibodies of
defined specificity without the need for hybridoma pro-
duction [7, 20]. Over the past decade, a variety of
different recombinant antibody formats have been
engineered that are suitable for diverse therapeutic

applications and include monovalent, bivalent, and
multivalent derivatives, single- or double-chain formats,
and covalently or noncovalently linked assemblies of
antibody heavy (VH) and light chain variable domains
(VL) [35, 38, 49].

Among these, single-chain Fv (scFv) antibody frag-
ments appear best suited for their use as targeting do-
mains in chimeric fusion proteins. They consist only of
antibody VH and VL sequences genetically linked via a
flexible linker, but lack constant regions and Fc domain,
thereby preventing possible binding to normal tissues
and cells via interaction with Fc receptors. Omitting the
constant region sequences from such antibody fragments
also allows the use of murine Fv domains without
inducing strong human antimouse antibody responses
typically associated with application of murine IgG in
cancer patients. More importantly, antibody fusion
proteins such as recombinant antibody-toxins and chi-
meric antigen receptors can easily be derived from scFv
antibody fragments since this format allows assembly of
sequence information from the two antibody chains, and
from heterologous effector molecules into an expression
unit encoding only a single polypeptide.

Structure of recombinant antibody-toxins

Antibody-toxins, also termed immunotoxins, were ini-
tially derived by chemically coupling bacterial or plant
toxins to monoclonal antibodies specific for molecules
on the surface of tumor cells. The elucidation of the
molecular structure of bacterial toxins such as Pseudo-
monas aeruginosa exotoxin A (ETA, PE), and the
development of recombinant antibody formats, have
allowed the miniaturizing of these molecules via re-
combinant DNA techniques and their production as
single polypeptides in large quantities, and of consistent
quality, in bacteria [24]. Pseudomonal exotoxin A con-
sists of an N-terminal cell recognition domain (Ia), an
internal translocation domain (II), and a C-terminal
enzymatic domain (III) [55]. Upon cell binding and
internalization, ETA is cleaved by the cellular protease
furin within domain II and an N-terminal 28-kDa and a
C-terminal 37-kDa fragment are generated. Following
reduction of a disulfide bond, the C-terminal enzymati-
cally active fragment translocates to the cytoplasm
where it gains access to the protein synthesis machinery.
The catalytic domain then ADP-ribosylates eukaryotic
elongation factor 2 (EF-2) resulting in the inhibition of
protein synthesis and subsequent target cell death by
apoptosis.

Similar to recombinant toxins employing peptide
ligands for targeting, the first ETA-based single-chain
antibody-toxin was derived by replacing the toxin�s
N-terminal cell-binding domain with an anti-Tac scFv
antibody fragment [12]. Upon bacterial expression, the
resulting molecule displayed specific binding to tumor
cells expressing high levels of the CD25 IL-2 receptor
subunit and was selectively cytotoxic for such cells. The
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same basic principle has been applied in past years for
the construction of antibody-toxins targeted to a larger
variety of tumor-associated antigens [24] (Fig. 1A).
While the combination of antibody domain and toxin
fragment in a single polypeptide chain in most cases
yielded functional protein, for some antibody-toxins
antitumoral activity could be improved by modification
of the protein design. Expression of antibody VL and
toxin-linked VH as separate chains followed by sub-
sequent connection of VH and VL via an artificial in-
terdomain disulfide bond (dsFv), enhanced thermal
stability and binding affinity for some of the resulting
dsFv-toxins [37, 38].

Successful application of pseudomonal exotoxin
A–based antibody-toxins in recent clinical studies has
increased interest in these targeted therapeutics for can-
cer treatment [25, 26]. However, while clinical develop-
ment of antibody-toxins for the treatment of hematologic
malignancies has progressed, reports of a successful
clinical application of such molecules in patients suffer-
ing from cancers of epithelial origin are still rare. This
might in part be due to the type of target antigens
available. Normal expression of target receptors such as
CD22 and CD25 is restricted to a defined population of
differentiated cells limiting potential adverse effects [25,
26], whereas epithelial antigens targeted for therapy
usually display significantly enhanced expression in
tumors, but might also be present at varying levels on
different normal tissues. Therefore, to avoid potential
side effects toward vital organs and tissues, recombinant
antibody-toxins must be highly selective for tumor cells
overexpressing such antigens.

Antibody-toxins targeted to members of the ErbB
receptor family

Due to their preferential expression in many tumors of
epithelial origin, their accessibility from the extracellular
space, and their involvement in the transformation
process, EGFR and the closely related ErbB2 receptor
tyrosine kinase are being considered as suitable targets
for directed cancer therapy, and different groups have
developed recombinant antibody-toxins with specificity
for EGFR or ErbB2 [37, 44, 57, 58]. The first scFv
antibody-toxin binding to human EGFR was derived
from antagonistic monoclonal antibody 225 [57]. Like
the partly humanized antibody derivative C225 which is
now in advanced clinical studies [29], bacterially ex-
pressed scFv(225)-ETA antibody-toxin retained the
ability to block ligand-dependent activation of EGFR.
Consequently, targeted delivery of its cytotoxic domain
to EGFR overexpressing tumor cells and inhibition of
EGFR signaling could both contribute to the thera-
peutic efficacy of this molecule.

Based on 14E1, another antagonistic antibody
blocking the ligand-binding site of EGFR, the
scFv(14E1)-ETA antibody-toxin, was derived displaying
approximately tenfold higher affinity for EGFR than
scFv(225)-ETA, which resulted in enhanced cytotoxic
activity toward EGFR-expressing tumor cells in vitro
and in vivo [6, 44]. In contrast to a growth factor toxin
employing the natural EGFR ligand TGF-a for target-
ing, both antibody-toxins showed strict selectivity for
cells expressing high levels of the target antigen [43, 44].
ScFv(14E1)-ETA and scFv(225)-ETA also displayed
strong cytotoxic activity toward cells expressing the li-
gand-independent, constitutively active EGFR variant
EGFRvIII found in brain tumors such as glioblastoma
and in various other malignancies [59], suggesting that
the antibody-toxins could be particularly useful for the
treatment of tumors where coexpression of high levels of

Fig. 1 A Schematic representation of the structures of Pseudomo-
nas aeruginosa exotoxin A (ETA) and an ETA-based single-chain
antibody-toxin. ETA consists of an N-terminal cell binding domain
(Ia), an internal translocation domain (II), and a C-terminal
enzymatic domain (III) facilitating ADP-ribosylation of eukaryotic
elongation factor 2. By replacement of domain Ia with a scFv
antibody fragment, chimeric antibody-toxins with novel target cell
specificity are derived. B Specificity of scFv(FRP5)-ETA antibody-
toxin. ErbB2-overexpressing SKBR3 and ErbB2-negative MDA-
MB468 human breast carcinoma cells were incubated for 24 h with
1 lg/ml ErbB2-specific scFv(FRP5)-ETA (lower panels) or PBS
(upper panels) before analysis by light microscopy. C Antimeta-
static activity of scFv(FRP5)-ETA in vivo. Balb/c mice were
injected intravenously with 105 murine renal carcinoma (Renca)
cells stably transfected with lacZ and human c-erbB2 constructs
(RLZ/ErbB2) at day 0. Animals were treated i.v. with 20 lg/dose
of scFv(FRP5)-ETA from days 1–10. Control animals received
PBS. Mice were sacrificed at day 28, lungs were excised and
analyzed for pulmonary metastasis upon X-gal staining [27]
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full-length EGFR is accompanied by expression of
EGFR variants [41, 43].

Recombinant antibody-toxins might be most benefi-
cial for systemic treatment in an adjuvant setting, aimed
at eradication of minimal residual disease and the pre-
vention of metastasis formation at distant sites. For
scFv(14E1)-ETA, potent activity against disseminated
cancer cells expressing human EGFR or EGFRvIII and
suppression of organ metastasis could be demonstrated
in a murine in vivo model system [41]. Alternatively,
direct intratumoral application of antibody-toxins might
be a suitable treatment option for localized disease such
as glioblastoma and squamous cell carcinoma of the
head and neck (SCC-HN). In a murine model system for
SCC-HN, marked reduction in tumor size and cures in
some of the animals were observed upon intratumoral
application of EGFR-specific scFv antibody-toxins [6].

Antitumoral activity of the ErbB2-specific
antibody toxin scFv(FRP5)-ETA

While recombinant scFv antibody-toxins targeted to
EGFR proved effective in preclinical models, most pro-
gress toward clinical application has been made with
reagents targeted to ErbB2. Among the different mem-
bers of the ErbB family of receptor tyrosine kinases,
ErbB2 appears to be the most selective in distinguishing
tumor cells from normal tissues. Epithelial cells of most
organs typically express ErbB2 at low levels. However, in
several types of carcinomas, ErbB2 expression is strongly
enhanced, often as a result of gene amplification [23].

The bacterially expressed 67-kDa scFv(FRP5)-ETA
protein is a recombinant single-chain antibody-toxin
with binding specificity for ErbB2-overexpressing tumor
cells [57, 58]. In in vitro cell-killing experiments,
scFv(FRP5)-ETA displayed potent antitumoral activity
against a wide range of established and primary human
tumor cells including breast and ovarian carcinomas [42,
48, 58] (Fig. 1B), squamous cell carcinomas [6, 57] and
prostate carcinomas [54]. In experimental animals,
scFv(FRP5)-ETA effectively inhibited growth of estab-
lished human tumor xenografts [6, 42, 57, 58] and
murine and rat tumor cells stably transfected with hu-
man c-erbB2 constructs [3, 27]. Thus both direct intra-
tumoral injection and systemic application of the toxin
were effective, resulting in complete elimination of sub-
cutaneously growing tumors [6] and prevention of
metastasis formation by disseminated cancer cells [27]
(Fig. 1C).

In a first clinical application of scFv(FRP5)-ETA,
cancer patients with ErbB2-expressing tumors were
treated on a compassionate-use basis by intratumoral
injection of scFv(FRP5)-ETA into cutaneous lesions [5].
Eleven patients suffering from metastatic breast and
colorectal cancers and from malignant melanoma were
treated. Patients received daily intratumoral injections of
scFv(FRP5)-ETA for 7 to 10 days. Total daily doses
ranged from 60 to 900 lg, and total doses per treatment

cycle ranged from 0.6 to 6.0 mg. Treatment caused tu-
mors to shrink in 60% of the patients evaluated. Com-
plete regression of injected tumor nodules was achieved
in 40% and partial reduction in the size of injected tu-
mors in another 20% of patients. While no response
could be achieved upon treatment of a tumor with
moderate ErbB2 expression (1+), partial reduction in
the size of the injected tumor nodule was seen in one of
two patients with intermediate ErbB2 overexpression
(2+) and complete regression or partial reduction in
tumor size was noted in five of seven patients whose
tumors showed high (3+) ErbB2 expression [5]. This
indicates that the selectivity of scFv(FRP5)-ETA for
ErbB2-overexpressing target cells seen in preclinical
models can also be reproduced in cancer patients. Sim-
ilar to studies with other ETA-based antibody-toxins,
neutralizing antibodies directed against the bacterial
toxin domain, developed during scFv(FRP5)-ETA
treatment in two of three patients analyzed in detail.

In contrast to treatment with erb-38, a similar ErbB2-
specific, pseudomonal exotoxin–based dsFv-toxin
investigated previously [34, 37], treatment with the
scFv(FRP5)-ETA molecule resulted in clinical responses
and was well tolerated by the majority of patients, with
adverse reactions mainly restricted to fully reversible
symptoms such as pain and inflammation at the injec-
tion sites. In the case of erb-38, intravenous injection of
1 or 2 lg/kg caused grade 2 or 3 hepatotoxicity in all
patients [34]. Intratumoral injection of scFv(FRP5)-
ETA only resulted in liver toxicity in one patient after
treatment with high daily doses of 600 to 900 lg. An-
other patient treated with 600 lg, completed a 10-day
treatment cycle without any systemic adverse effects.
While these differences might be partly due to the dif-
ferent routes of toxin administration, it appears likely
that other factors also contribute to toxicity and treat-
ment outcome. For erb-38, an LD50 in mice of 450 lg/kg
was reported [34], whereas scFv(FRP5)-ETA could be
applied at very high doses of 1,000 and 2,000 lg/kg
without signs of toxicity [27, 42]. The efficacy of local
application of scFv(FRP5)-ETA and the low degree of
toxicities observed in most patients suggest that thera-
peutically effective doses of the molecule could also be
reached upon intravenous administration. Therefore, a
phase I clinical study to investigate the effects of intra-
venous application of scFv(FRP5)-ETA in patients
suffering from ErbB2-overexpressing tumors has now
been initiated.

T cells and chimeric antigen receptors

Recombinant antibody-toxins represent one approach
to covalently link antibody-dependent recognition of
specific antigens on the tumor cell surface with a potent
cytotoxic activity, thereby bypassing the requirement for
natural antibodies to induce complement fixation or,
upon binding to Fc receptors, to redirect killer cells
to the tumor in order to elicit antitumoral activity.
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Providing cytolytic effector cells such as cytotoxic T
lymphocytes (CTLs) or natural killer (NK) cells with
chimeric antigen receptors constitutes an alternative
strategy to harness potent cytotoxic effectors of natural
origin for a specific attack on tumor cells.

Cytotoxic T lymphocytes are important effector cells
operative in the elimination of tumors. They have the
intrinsic potential to extravasate from the circulation
and to reach their target cells in almost all body tissues.
At the site of cytolytic action they secrete cytokines and
chemoattractants thereby activating additional nonspe-
cific effector cells. A prerequisite for a T-cell response,
however, is the activation of the cells by suitable anti-
gens. CTLs recognize short peptide sequences presented
by HLA class I molecules on the target cell surface.
Interaction of these antigens with the T-cell receptor
(TCR) leads to proliferation and clonal expansion.
While there is increasing evidence that a large propor-
tion of human tumors might express antigens suitable
for recognition by T cells, strategies for the development
of effective cancer vaccines are still hampered by our
limited understanding of the complex interactions be-
tween tumor cells and immune effector cells in vivo [47].
Tumors might escape immune surveillance by a variety
of mechanisms such as the prevention of efficient antigen
presentation or the absence of costimulatory signals
during initial T-cell activation. Endowing T cells with
chimeric antigen receptors was therefore developed as an
alternative strategy to circumvent the dependence on
professional antigen-presenting cells for activation of
naı̈ve T cells, and to bypass MHC-restricted recognition
of peptide antigens on target cells as a requirement for
the initiation of cytolytic effector functions.

Strategies to genetically manipulate T lymphocytes
and exploit them for directed tumor therapy were made
possible by insights into the structure and function of
the T-cell receptor complex [22]. The TCR consists of
multiple polypeptide chains that can be separated into
functional subunits facilitating ligand binding and signal
transduction. Dimers of a and b (or c and d) chains
confer antigen specificity to the receptor and recognize
antigenic peptides presented by MHC molecules. Com-
plexed with these dimers are the invariant chains of the
CD3 complex CD3c, CD3d, and CD3�, and the f chains
that couple the antigen-recognizing TCR proteins to the
intracellular signaling machinery (Fig. 2A). The initial
signaling event following antigen recognition is the
activation of Src family protein tyrosine kinases (PTKs)
that in turn phosphorylate immunoreceptor tyrosine-
based activation motifs (ITAMs) within the cytoplasmic
tails of the CD3 complex proteins. The phosphorylated
ITAMs serve as docking sites for PTKs of the ZAP-70
family that further activate downstream signaling path-
ways ultimately resulting in cellular responses such as
proliferation, differentiation, and initiation of effector
functions.

Specificity of chimeric antigen receptors is provided
by the incorporation of heterologous binding domains
derived from natural ligands or antibodies for direct,

MHC-independent recognition of antigens expressed on
the surface of target cells. The binding domains are
genetically fused to effector molecules derived from
proteins that are naturally involved in T-cell signaling
such as the T-cell receptor a and b chains [18], or com-
ponents of the TCR-associated CD3 complex [51]. Upon
antigen binding, the chimeric receptors link to endoge-
nous signaling pathways and generate activating signals
similar to those initiated by the T-cell receptor complex.

An important improvement in the design of chimeric
antigen receptors was the combining of antigen recog-
nition and signaling capability in a single-chain config-
uration. For the construction of such chimeric antigen
receptors, scFv antibody fragments were genetically
fused to different receptor subunits that serve as sig-
naling molecules in lymphocytes (Fig. 2B). Among the
effector proteins tested, the most commonly used are the
c and f chains of the Fc receptor (FcR) and TCR,
respectively [14], since these effectors are sufficient for
coupling extracellular recognition events to receptor-
associated signal transduction pathways. When ex-
pressed in T cells, the chimeric receptors form both
homodimers and heterodimers with endogenous signal-
ing chains. Concerning T-cell activation, cytokine pro-
duction, and target cell killing, single-chain chimeric
receptors showed characteristics similar to those ob-
served for chimeric double-chain TCRs, but in contrast
to the latter, were not dependent on endogenous CD3
complex for surface expression and transduction of
stimulatory signals [14]. This expanded the spectrum of
cell types suitable for retargeting from T cells to NK
cells and neutrophils [39].

Fig. 2 A Schematic representation of the T-cell receptor (TCR)
complex. The TCR consists of the a/b dimer recognizing antigenic
peptides presented by MHC molecules. Complexed with the TCR
are the invariant chains of the CD3 complex CD3c, CD3d, CD3�,
and the f chains. The invariant chains couple the antigen-
recognizing TCR proteins to intracellular signaling molecules such
as the ZAP-70 protein tyrosine kinase (PTK) that binds to
phosphorylated immunoreceptor tyrosine–based activation motifs
(boxed). B Single-chain chimeric antigen receptor consisting of a
target-cell specific scFv antibody fragment comprising antibody
heavy (VH) and light chain (VL) variable domains fused via a
flexible hinge region to transmembrane and intracellular regions of
the TCR-associated f chain. Alternative designs for chimeric
antigen receptors are mentioned in the text
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Factors influencing the activity of retargeted T cells

Acommonaimof the different designs of chimeric antigen
receptors is to mimic, upon contact with the selected
antigen, the signaling events that usually follow activation
of a cytotoxic T cell. For complete activation, naı̈ve T cells
must encounter an antigen-specific signal provided
through the TCR-CD3 complex. In addition, costimula-
tory activity, generated after interaction of the CD28
receptor on the T cell with its cognate ligands of the B7
protein family expressed on professional APCs, is re-
quired. TCR activation in the absence of costimulation
usually results in unresponsiveness or T-cell anergy.
Consequently, for resting T cells expressing a chimeric
receptor, the first signal is not sufficient for activation [10].

Since most protocols for the generation of retargeted
T cells are based on ex vivo transduction with retroviral
vectors after stimulation with anti-CD3 antibody or
phytohemagglutinin in the presence of IL-2, the absence
of a specific costimulatory stimulus might not present a
problem [14]. This could be different if retargeted effec-
tor cells are to be generated by in vivo transfection of
naı̈ve T cells, or upon transplantation of hematopoietic
stem cells transduced with the chimeric construct. The
potential problem of anergy induction in the absence of
costimulation has been addressed by modifying the
structure of chimeric receptors. Fusion of a scFv anti-
body fragment to the intracellular signal-transducing
part of CD28 resulted in a receptor that provides a co-
stimulatory signal upon contact with target antigen and,
when combined with activation of the TCR-CD3 com-
plex, initiated signals similar to those elicited by cross-
linking of unmodified CD28 [4]. To circumvent the
requirement for coexpression of two chimeric receptors,
signaling components providing primary and costimu-
latory signals were also combined in a single gene
product comprising a scFv antibody fragment for target
recognition fused to the intracellular domain of CD28
and the signaling region of the TCR f chain [15]. T cells
expressing this scFv-CD28-f construct produced up to
20 times more IL-2 upon stimulation with solid phase
antigen when compared with transfectants expressing
chimeric receptors that only carried the signaling do-
main of the f chain.

Effector molecules, such as the f chain, depend on
close interaction with other components of the TCR
complex for activation. In T cells isolated from tumor
patients, this might present a problem since these cells
often display defects in TCR-mediated signaling and
exhibit impaired immune responses. In most cases
studied, an altered composition of the TCR-CD3 com-
plex or impaired phosphorylation and kinase activity
were identified as the underlying molecular mechanisms
[14]. To address this problem, chimeric receptors were
constructed that are able to bypass defective TCR
proximal signaling and directly access the T cell�s effec-
tor mechanisms by employing a protein tyrosine kinase
of the ZAP-70 family as an effector domain [16].

Activation of such PTKs normally follows downstream
of TCR-CD3 initiated signaling. When intracellular
signaling after antigenic stimulation was analyzed, a
construct harboring the PTK Syk was far superior to a
ZAP-70–containing construct and T cells expressing this
construct were able to mediate efficient lysis of antigen-
expressing cells.

T lymphocytes with grafted recognition specificity
for tumor cells

Recombinant antibody technology allowed the con-
struction of chimeric receptors that employ scFv frag-
ments derived from a variety of previously characterized
antibodies with specificity for disease-associated anti-
gens. Therefore, the majority of chimeric antigen
receptors have so far been designed to target relevant
cancer antigens such as the pan-carcinoma antigen
TAG-72 expressed by most human adenocarcinomas
[28] and the carcinoembryonic antigen [13]. To target
these antigens, fully humanized constructs suitable for
clinical studies were developed. In addition, chimeric
receptors were constructed that recognize carbohydrate
antigens such as Lewis Y [30] or antigens such as the
high molecular weight melanoma associated antigen
(HMW-MAA) only expressed by a subset of tumors
[36]. Approaches for the treatment of hematopoietic
malignancies include the use of chimeric receptors that
target CD30 expressed on Hodgkin/Reed-Sternberg cells
[19], or the B cell malignancy associated antigens CD19
[9] and CD20 [21].

As in the case of recombinant antibody-toxins,
growth factor receptors, such as EGFR and ErbB2 that
are aberrantly expressed on the tumor cell surface,
present another group of interesting therapeutic targets.
A chimeric T-cell receptor for targeting to ErbB2-
expressing cells was constructed by assembling DNA
fragments encoding an immunoglobulin heavy-chain
leader peptide, the ErbB2-specific scFv(FRP5) antibody
fragment previously used as a targeting domain for
antibody-toxins, a Myc tag for immunological detection,
a flexible hinge region derived from CD8a (amino acids
105–165) and the TCR f chain transmembrane and
intracellular domains into a single open reading frame in
the retroviral vector pLXSN [1]. In initial studies a sim-
ilar construct was introduced into the murine CTL line
Cl96 by retroviral gene transfer. Upon coincubation with
ErbB2-expressing cells, the transduced T cells secreted
IFN-c and specifically lysed the target cells [32]. Inter-
estingly, alternative chimeric receptors without a spacer
or hinge region were not functional [31]. When Cl96-
scFv(FRP5)-f cells were adoptively transferred into nude
mice, the growth of subcutaneously implanted ErbB2-
expressing tumor cells could be retarded. T cells bearing
the chimeric receptor in contrast to parental Cl96 cells
could thus be shown to home to the tumor site [32].

Upon optimization of transduction protocols, effi-
cient retroviral transfer of the chimeric receptor
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construct into primary T cells from rats and mice could
be achieved [1, 2]. In vivo antitumoral activity of the
modified cells was demonstrated in immunocompetent
mice. Syngeneic T cells transduced with the scFv(FRP5)-
f vector by cocultivation with the retroviral producer
cell line were injected into established subcutaneous tu-
mors of Balb/c-derived HC11 R2 cells which express an
oncogenically activated human ErbB2. This resulted in
complete tumor regression [2].

Natural killer cells as alternative effectors

So far, only a limited number of clinical trials with re-
targeted T cells have been initiated, partly due to the
requirement for efficient transduction of patient-derived
effector cells and expansion in quantities sufficient for
therapy. Employing retargeted cytotoxic cell lines for
adoptive transfer in an allogeneic setting might help to
overcome some of the current limitations and could re-
sult in the development of more generally applicable cell
therapeutics.

As a first step in this direction, a genetically modified
variant of the continuously growing cytotoxic natural
killer cell line NK-92 was recently generated. NK cells
are a subgroup of lymphocytes that play an essential role
in the cellular immune defense against virus-infected and
malignant cells. NK cells do not rearrange their immune
receptor genes, and the cytotoxicity toward tumor and
virus-infected cells is not MHC-restricted [11]. In pa-
tients with malignant disorders, NK-cell function can be
impaired resulting in a reduced proliferative response
and reduced cytotoxic activity [46]. The human NK-92
cell line was originally established from peripheral blood
lymphocytes of a patient with large granular lymphoma
[17]. NK-92 cells are similar to activated primary NK
cells with respect to the expression of typical NK-cell
surface receptors and functional characteristics, but do
not harbor Fc-cRIII (CD16) and display a much higher
cytolytic activity against a broad spectrum of tumor
targets, in particular against malignant cells of hema-
tologic origin. They do not affect normal human cells
and, based on this selectivity, the potential utility and
application of NK-92 cells for adoptive therapy is cur-
rently being investigated in phase I clinical studies [50].

In contrast to malignant cells of hematologic origin,
the proportion of NK-92–sensitive cancer cells derived
from solid tumors appears to be significantly lower. In a
recent study, six out of seven established tumor cell lines
and primary cancer cells originating from human breast,
ovarian, and squamous cell carcinomas, and expressing
elevated levels of receptor tyrosine kinases such as ErbB2
or EGFR, were completely resistant to NK-92–mediated
lysis, with the remaining cell line being only weakly
sensitive [52]. To extend NK-92 cytotoxicity to these
cancer cell types and to enhance tumor-specific targeting,
NK-92 cells were transduced with a retroviral vector
encoding the ErbB2-specific scFv(FRP5)-f antigen
receptor previously used for retargeting of T cells [1, 52].

An NK-92 cell population was selected that displayed
homogeneous and high-level surface expression of the
chimeric receptor. The high cytotoxic potential of the
parental cell line against malignant cells of hematologic
origin was retained by these NK-92-scFv(FRP5)-f cells,
indicated by their continued ability to lyse typical NK
cell targets such as erythroleukemic K562 cells. Likewise,
expression of the chimeric antigen receptor did not
change the activity of NK-92 against ErbB2-negative
tumor cells of epithelial origin. In contrast, all ErbB2-
expressing tumor cell lines and primary cancer cells that
were insensitive to NK-92–mediated killing, were now
efficiently lysed by NK-92-scFv(FRP5)-f [52]. This
demonstrates that NK-cell resistance could be overcome
alone by expression of the chimeric antigen receptor.
Specific antitumoral effects of NK-92-scFv(FRP5)-f
were also observed in vivo when these cells, in the ab-
sence of exogenous IL-2, were implanted simultaneously
with ErbB2-transformed fibroblasts into nude mice. In
comparison to animals treated with parental NK-92
cells, tumor growth was markedly delayed.

Even at low effector to target ratios, NK-92-
scFv(FRP5)-f cells rapidly induced apoptosis in ErbB2-
expressing target cells, and upon prolonged incubation,
completely eliminated tumor cells from the culture
(Fig. 3A–D). In this way, expression of ErbB2 on the
tumor cell surface was sufficient to enable recognition
and lysis by NK-92-scFv(FRP5)-f. Otherwise, NK-92–
resistant murine renal carcinoma cells became highly
sensitive to the genetically modified variant after stable
transfection with a human c-erbB2 cDNA construct [52].
Cytolytic activity of this NK-92-scFv(FRP5)-f popula-
tion expressing high levels of antigen receptor was re-
tained toward target cells expressing varying levels of
ErbB2. This corresponds well with recent studies
addressing the influence of target antigen and receptor
densities on cytotoxic activity. Whereas T cells with
large amounts of a chimeric receptor specific for the
tumor-associated G250 antigen were able to lyse tumor
cells expressing high or low G250 levels, T cells carrying
fewer receptors were only triggered for cytolysis and
cytokine production if target cells expressed relatively
high antigen levels [56]. Similarly, when NK-92-
scFv(FRP5)-f populations carrying lower numbers of
the chimeric antigen receptor were investigated, more
moderate killing activity toward ErbB2-expressing tar-
gets was found (Fig. 3E, and unpublished data). These
results suggest that T and NK cells can be manipulated
to discriminate between different antigen densities. In a
clinical setting, this might allow the development of re-
targeted effector cells that specifically lyse tumor cells
carrying large amounts of antigen, but spare normal
cells harboring the same antigen at physiological levels.

Conclusions

Progress in such diverse areas of research as molecu-
lar oncology, tumor immunology, molecular biology,
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biotechnology, and gene therapy converges in the
development of new therapeutic modalities. In the near
future it will become possible to ‘‘individualize’’ cancer
therapy: i.e., to exploit the biochemical characteristics of
the cancer cells of individual patients and administer
drugs which act specifically on these cells. This might
diminish the current adverse effects of cytotoxic drugs
and increase the success rate of the treatment.

While differing in the type of cytotoxic effectors em-
ployed, both of the targeting strategies discussed above
make use of recombinant antibody fragments for specific
recognition of tumor-associated cell surface antigens. In
the case of antibody-toxins, covalently linking antibody-
dependent recognition of the tumor cell with a potent
protein toxin allows the resulting molecules to act
independently of endogenous immune effector mecha-
nisms, which classical therapeutic antibodies must re-
cruit for antitumoral activity. Refinement of the
molecular design of antibody-toxins and more careful
selection of target antigens have increased safety
and efficacy of such reagents. Successful application
of pseudomonal exotoxin A–based antibody-toxins

directed against CD22- or CD25-expressing malignan-
cies in recent clinical studies, suggests that such re-
combinant molecules could indeed become a valuable
treatment option even in the case of advanced disease
[25, 26]. Also for immunotoxins targeting antigens
overexpressed on the surface of tumor cells of epithelial
origin, promising results have been obtained and further
clinical evaluation is ongoing [5]. However, at present,
prolonged treatment of patients with antibody-toxins
can still be complicated by the immunogenicity of their
bacterial protein domain. Employment of apoptosis-
inducing cytokines such as Fas-ligand [40] or other
cytotoxic protein domains of human origin instead of a
bacterial toxin might result in similarly effective immu-
notoxin-like molecules that allow continued therapy.

In contrast to recombinant antibody-toxins which
can be manufactured in large amounts and to consistent
levels of quality by bacterial expression, the production
of retargeted, autologous killer cells for clinical appli-
cation is complicated by the variability of effector cells
derived from a patient, and depends on sophisticated
vector technology to achieve efficient transduction of the
cells with chimeric antigen receptor constructs. This
might explain why, despite successful demonstration of
the general applicability of this approach in numerous in
vitro and in vivo studies, clinical application of retar-
geted effector cells so far has only rarely been attempted
[51]. Improvements in the design of retroviral vec-
tors—i.e., pseudotyping with heterologous viral enve-
lopes more suitable for transduction of T cells or NK
cells, or the use of lentiviral vector constructs—might
enhance transduction efficiencies and allow gene transfer
in selected effector cell subpopulations [45]. Further-
more, suicide gene constructs might be included in such
refined strategies to control potential adverse effects of
modified CTLs and NK cells toward normal tissues [8].
Also, allogeneic cells or established effector cell lines
carrying chimeric antigen receptors similar to donor
lymphocytes that induce graft-versus-leukemia effects
after allogeneic bone marrow transplantation, might

Fig. 3A–D Specific killing of ErbB2-overexpressing tumor cells by
NK-92 natural killer cells expressing an ErbB2-specific chimeric
antigen receptor. Human SKBR3 breast carcinoma cells were
incubated with ErbB2-specific NK-92-scFv(FRP5)-f (A, C) or
parental NK-92 cells (B, D) at a low effector to target ratio of 1:1.
Cells were analyzed by light microscopy after incubation at 37�C
for 90 min (A, B) and 29 h (C, D). Adherent cells represent
SKBR3. NK-92 and NK-92-scFv(FRP5)-f cells are characterized
by their smaller size and rounded shape. E Influence of antigen
receptor density on cell killing activity. Selected populations of
NK-92 cells expressing different levels of ErbB2-specific antigen
receptors that either employ murine or human f chains as signal-
transducing elements were established by FACS and magnetic
beads sorting. Cytolytic activity of isolated cell populations was
then analyzed in europium (Eu3+) release assays. SKBR3 target
cells were labeled with Eu3+ solution by electroporation followed
by incubation for 2 h with NK-92-scFv(FRP5)-f cells (open
symbols) or parental NK-92 transduced with empty vector (mock)
at an effector to target (E/T) ratio of 5:1. Release of Eu3+

complexes into the medium was determined by fluorimetric analysis
and served as a measure of target cell lysis
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prove beneficial for the control of minimal residual
disease or micrometastasis.
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5. Azemar M, Djahansouzi S, Jäger E, Solbach C, Schmidt M,
Maurer AB, Mross K, Unger C, von Minckwitz G, Dall P,
Groner B, Wels W (2003). Regression of cutaneous tumor le-
sions in patients intratumorally injected with a recombinant
single-chain antibody-toxin targeted to ErbB2/HER2. Breast
Cancer Research and Treatment 82:155–164

6. Azemar M, Schmidt M, Arlt F, Kennel P, Brandt B, Papa-
dimitriou A, Groner B, Wels W (2000) Recombinant antibody
toxins specific for ErbB2 and EGF receptor inhibit the in vitro
growth of human head and neck cancer cells and cause rapid
tumor regression in vivo. Int J Cancer 86:269–275

7. Benhar I, Azriel R, Nahary L, Shaky S, Berdichevsky Y,
Tamarkin A, Wels W (2000) Highly efficient selection of phage
antibodies mediated by display of antigen as lpp-OmpA� fu-
sions on live bacteria. J Mol Biol 301:893–904

8. Bonini C, Ferrari G, Verzeletti S, Servida P, Zappone E,
Ruggieri L, Ponzoni M, Rossini S, Mavilio F, Traversari C,
Bordignon C (1997) HSV-TK gene transfer into donor lym-
phocytes for control of allogeneic graft-versus-leukemia [see
comments]. Science 276:1719–1724

9. Brentjens RJ, Latouche JB, Santos E, Marti F, Gong MC,
Lyddane C, King PD, Larson S, Weiss M, Riviere I, Sadelain
M (2003) Eradication of systemic B-cell tumors by genetically
targeted human T lymphocytes co-stimulated by CD80 and
interleukin-15. Nat Med 9:279–286

10. Brocker T, Karjalainen K (1995) Signals through T cell
receptor-zeta chain alone are insufficient to prime resting T
lymphocytes. J Exp Med 181:1653–1659

11. Bukowski JF, Warner JF, Dennert G, Welsh RM (1985)
Adoptive transfer studies demonstrating the antiviral effect of
natural killer cells in vivo. J Exp Med 161:40–52

12. Chaudhary VK, Queen C, Junghans RP, Waldmann TA,
FitzGerald DJ, Pastan I (1989) A recombinant immunotoxin
consisting of two antibody variable domains fused to Pseudo-
monas exotoxin. Nature 339:394–397

13. Darcy PK, Haynes NM, Snook MB, Trapani JA, Cerruti L,
Jane SM, Smyth MJ (2000) Redirected perforin-dependent lysis
of colon carcinoma by ex vivo genetically engineered CTL.
J Immunol 164:3705–3712

14. Eshhar Z (1997) Tumor-specific T-bodies: towards clinical
application. Cancer Immunol Immunother 45:131–136

15. Finney HM, Lawson AD, Bebbington CR, Weir AN (1998)
Chimeric receptors providing both primary and costimulatory
signaling in T cells from a single gene product. J Immunol
161:2791–2797

16. Fitzer-Attas CJ, Schindler DG, Waks T, Eshhar Z (1998)
Harnessing Syk family tyrosine kinases as signaling domains
for chimeric single chain of the variable domain receptors:
optimal design for T cell activation. J Immunol 160:145–154

17. Gong JH, Maki G, Klingemann HG (1994) Characterization of
a human cell line (NK-92) with phenotypical and functional
characteristics of activated natural killer cells. Leukemia 8:652–
658

18. Gross G, Waks T, Eshhar Z (1989) Expression of immuno-
globulin-T-cell receptor chimeric molecules as functional
receptors with antibody-type specificity. Proc Natl Acad Sci U
S A 86:10024–10028

19. Hombach A, Heuser C, Sircar R, Tillmann T, Diehl V, Pohl C,
Abken H (1998) An anti-CD30 chimeric receptor that mediates
CD3-zeta-independent T-cell activation against Hodgkin�s
lymphoma cells in the presence of soluble CD30. Cancer Res
58:1116–1119

20. Hoogenboom HR, de Bruine AP, Hufton SE, Hoet RM, Ar-
ends JW, Roovers RC (1998) Antibody phage display tech-
nology and its applications. Immunotechnology 4:1–20

21. Jensen M, Tan G, Forman S, Wu AM, Raubitschek A (1998)
CD20 is a molecular target for scFvFc:zeta receptor redirected
T cells: implications for cellular immunotherapy of CD20+
malignancy. Biol Blood Marrow Transplant 4:75–83

22. Kane LP, Lin J, Weiss A (2000) Signal transduction by the
TCR for antigen. Curr Opin Immunol 12:242–249

23. Klapper LN, Kirschbaum MH, Sela M, Yarden Y (2000)
Biochemical and clinical implications of the ErbB/HER sig-
naling network of growth factor receptors. Adv Cancer Res
77:25–79

24. Kreitman RJ (2003) Recombinant toxins for the treatment of
cancer. Curr Opin Mol Ther 5:44–51

25. Kreitman RJ, Wilson WH, Bergeron K, Raggio M, Stetler-
Stevenson M, FitzGerald DJ, Pastan I (2001) Efficacy of the
anti-CD22 recombinant immunotoxin BL22 in chemotherapy-
resistant hairy-cell leukemia. N Engl J Med 345:241–247

26. Kreitman RJ, Wilson WH, White JD, Stetler-Stevenson M,
Jaffe ES, Giardina S, Waldmann TA, Pastan I (2000) Phase I
trial of recombinant immunotoxin anti-Tac(Fv)-PE38 (LMB-2)
in patients with hematologic malignancies. J Clin Oncol
18:1622–1636

27. Maurer-Gebhard M, Schmidt M, Azemar M, Altenschmidt U,
Stocklin E, Wels W, Groner B (1998) Systemic treatment with a
recombinant erbB-2 receptor-specific tumor toxin efficiently
reduces pulmonary metastases in mice injected with genetically
modified carcinoma cells. Cancer Res 58:2661–2666

28. McGuinness RP, Ge Y, Patel SD, Kashmiri SV, Lee HS, Hand
PH, Schlom J, Finer MH, McArthur JG (1999) Anti-tumor
activity of human T cells expressing the CC49-zeta chimeric
immune receptor. Hum Gene Ther 10:165–173

29. Mendelsohn J, Baselga J (2000) The EGF receptor family as
targets for cancer therapy. Oncogene 19:6550–6565

30. Mezzanzanica D, Canevari S, Mazzoni A, Figini M, Colnaghi
MI, Waks T, Schindler DG, Eshhar Z (1998) Transfer of chi-
meric receptor gene made of variable regions of tumor-specific
antibody confers anticarbohydrate specificity on T cells. Cancer
Gene Ther 5:401–407

31. Moritz D, Groner B (1995) 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 Ther 2:539–546.

32. Moritz D, Wels W, Mattern J, Groner B (1994) Cytotoxic T
lymphocytes with a grafted recognition specificity for ERBB2-
expressing tumor cells. Proc Natl Acad Sci U S A 91:4318–
4322

33. Olayioye MA, Neve RM, Lane HA, Hynes NE (2000) The
ErbB signaling network: receptor heterodimerization in devel-
opment and cancer. EMBO J 19:3159–3167

34. Pai-Scherf LH, Villa J, Pearson D, Watson T, Liu E, Willing-
ham MC, Pastan I (1999) Hepatotoxicity in cancer patients
receiving erb-38, a recombinant immunotoxin that targets the
erbB2 receptor. Clin Cancer Res 5:2311–2315

225



35. Pluckthun A, Pack P (1997) New protein engineering ap-
proaches to multivalent and bispecific antibody fragments.
Immunotechnology 3:83–105

36. Reinhold U, Liu L, Ludtke-Handjery HC, Heuser C, Hombach
A, Wang X, Tilgen W, Ferrone S, Abken H (1999) Specific lysis
of melanoma cells by receptor grafted T cells is enhanced by
anti-idiotypic monoclonal antibodies directed to the scFv do-
main of the receptor. J Invest Dermatol 112:744–750

37. Reiter Y, Brinkmann U, Jung SH, Lee B, Kasprzyk PG, King
CR, Pastan I (1994) Improved binding and antitumor activity
of a recombinant anti-erbB2 immunotoxin by disulfide stabil-
ization of the Fv fragment. J Biol Chem 269:18327–18331

38. Reiter Y, Pastan I (1996) Antibody engineering of recombinant
Fv immunotoxins for improved targeting of cancer: disulfide-
stabilized Fv immunotoxins. Clin Cancer Res 2:245–252

39. Roberts MR, Cooke KS, Tran AC, Smith KA, Lin WY, Wang
M, Dull TJ, Farson D, Zsebo KM, Finer MH (1998) Antigen-
specific cytolysis by neutrophils and NK cells expressing
chimeric immune receptors bearing zeta or gamma signaling
domains. J Immunol 161:375–384

40. Samel D, Muller D, Gerspach J, Assohou-Luty C, Saas G,
Tiegs G, Pfizenmaier K, Wajant H (2003) Generation of a FasL
based proapoptotic fusion protein devoid of systemic toxicity
due to cell surface antigen-restricted activation. J Biol Chem (in
press)

41. Schmidt M, Maurer-Gebhard M, Groner B, Kohler G,
Brochmann-Santos G, Wels W (1999) Suppression of metas-
tasis formation by a recombinant single chain antibody-toxin
targeted to full-length and oncogenic variant EGF receptors.
Oncogene 18:1711–1721

42. Schmidt M, McWatters A, White RA, Groner B, Wels W, Fan
Z, Bast RC (2001) Synergistic interaction between an anti-
p185HER-2 Pseudomonas exotoxin fusion protein
[scFv(FRP5)-ETA] and ionizing radiation for inhibiting growth
of ovarian cancer cells that overexpress HER-2. Gynecol Oncol
80:145–155

43. Schmidt M, Reiser P, Hills D, Gullick WJ, Wels W (1998)
Expression of an oncogenic mutant EGF receptor markedly
increases the sensitivity of cells to an EGF-receptor-specific
antibody-toxin. Int J Cancer 75:878–884

44. Schmidt M, Vakalopoulou E, Schneider DW, Wels W (1997)
Construction and functional characterization of scFv(14E1)-
ETA—a novel, highly potent antibody-toxin specific for the
EGF receptor. Br J Cancer 75:1575–1584

45. Schnierle BS, Stitz J, Bosch V, Nocken F, Merget-Millitzer H,
Engelstadter M, Kurth R, Groner B, Cichutek K (1997)
Pseudotyping of murine leukemia virus with the envelope gly-
coproteins of HIV generates a retroviral vector with specificity
of infection for CD4-expressing cells. Proc Natl Acad Sci USA
94:8640–8645

46. Sedlmayr P, Rabinowich H, Elder EM, Ernstoff MS, Kirk-
wood JM, Herberman RB, Whiteside TL (1991) Depressed
ability of patients with melanoma or renal cell carcinoma to
generate adherent lymphokine-activated killer cells. J Immun-
other 10:336–346

47. Smyth MJ, Godfrey DI, Trapani JA (2001) A fresh look at
tumor immunosurveillance and immunotherapy. Nat Immunol
2:293–299

48. Spyridonidis A, Schmidt M, Bernhardt W, Papadimitriou A,
Azemar M, Wels W, Groner B, Henschler R (1998) Purging of
mammary carcinoma cells during ex vivo culture of CD34+

hematopoietic progenitor cells with recombinant immunotox-
ins. Blood 91:1820–1827

49. Todorovska A, Roovers RC, Dolezal O, Kortt AA, Hoogen-
boom HR, Hudson PJ (2001) Design and application of dia-
bodies, triabodies and tetrabodies for cancer targeting.
J Immunol Methods 248:47–66

50. Tonn T, Becker S, Esser R, Schwabe D, Seifried E (2001)
Cellular immunotherapy of malignancies using the clonal nat-
ural killer cell line NK-92. J Hematother Stem Cell Res 10:535–
544

51. Uherek C, Groner B, Wels W (2001) Chimeric antigen recep-
tors for the retargeting of cytotoxic effector cells. J Hematother
Stem Cell Res 10:523–534

52. Uherek C, Tonn T, Uherek B, Becker S, Schnierle B, Klinge-
mann H-G, Wels W (2002) Retargeting of natural killer-cell
cytolytic activity to ErbB2-expressing cancer cells results in
efficient and selective tumor cell destruction. Blood 100:1265–
1273

53. Vogel CL, Cobleigh MA, Tripathy D, Gutheil JC, Harris LN,
Fehrenbacher L, Slamon DJ, Murphy M, Novotny WF, Bur-
chmore M, Shak S, Stewart SJ, Press M (2002) Efficacy and
safety of trastuzumab as a single agent in first-line treatment of
HER2-overexpressing metastatic breast cancer. J Clin Oncol
20:719–726

54. Wang L, Liu B, Schmidt M, Lu Y, Wels W, Fan Z (2001)
Antitumor effect of an HER2-specific antibody-toxin fusion
protein on human prostate cancer cells. Prostate 47:21–28

55. Wedekind JE, Trame CB, Dorywalska M, Koehl P, Raschke
TM, McKee M, FitzGerald D, Collier RJ, McKay DB (2001)
Refined crystallographic structure of Pseudomonas aeruginosa
exotoxin A and its implications for the molecular mechanism of
toxicity. J Mol Biol 314:823–837

56. Weijtens ME, Hart EH, Bolhuis RL (2000) Functional balance
between T cell chimeric receptor density and tumor associated
antigen density: CTL mediated cytolysis and lymphokine pro-
duction. Gene Ther 7:35–42

57. Wels W, Beerli R, Hellmann P, Schmidt M, Marte BM, Kor-
nilova ES, Hekele A, Mendelsohn J, Groner B, Hynes NE
(1995) EGF receptor and p185erbB-2-specific single-chain
antibody toxins differ in their cell-killing activity on tumor cells
expressing both receptor proteins. Int J Cancer 60:137–144

58. Wels W, Harwerth IM, Mueller M, Groner B, Hynes NE
(1992) Selective inhibition of tumor cell growth by a re-
combinant single-chain antibody-toxin specific for the erbB-2
receptor. Cancer Res 52:6310–6317

59. Wikstrand CJ, Hale LP, Batra SK, Hill ML, Humphrey PA,
Kurpad SN, McLendon RE, Moscatello D, Pegram CN, Reist
CJ, Traweek ST, Wong AJ, Zalutsky MR, Bigner DD (1995)
Monoclonal antibodies against EGFRvIII are tumor specific
and react with breast and lung carcinomas and malignant gli-
omas. Cancer Res 55:3140–3148

226


