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Pro-inflammatory cytokines regulate the growth, differentiation,
and activation of immune cells and can play a role in antitumor
responses. GM-CSF and IL-2 induce tumor rejection in animal
models when expressed by tumor cells, and IL-2 is used for the
treatment of melanoma and renal cell cancer. However, high doses of
GM-CSF and IL-2 are associated with severe side effects in cancer
patients. We generated a dual cytokine fusion protein for
simultaneous targeted delivery of human GM-CSF and IL-2 to
human tumors. The fusion protein is based on a heterodimeric core
structure formed by human CH1 and C kappa domains
(heterominibody) with C-terminally fused human cytokines and
N-terminally fused human single-chain Ab fragments (scFv) specific
for the tumor-associated surface antigen epithelial cell adhesion
molecule (Ep-CAM). The dual cytokine heterominibody (DCH) was
well expressed and secreted by CHO cells, preserved the specific
proliferative activities of the two cytokines, and showed Ep-CAMspecific binding to tumor cells. DCH induced potent tumor cell lysis
in vitro by two distinct mechanisms. One was activating PBMCs to
lyse tumor cells, which was superior to cytotoxicity induced by
equimolar ratios of free recombinant human IL-2 and GM-CSF. The
other mechanism was redirected lysis, as seen with isolated human T
cells, which was solely dependent on the IL-2 fusion part. The
therapeutic principle of dual cytokine targeting may warrant in vivo
testing of murine-specific analogues in appropriate mouse models
and further preclinical development of the less immunogenic, human
cytokine- and human Ep-CAM-specific DCH molecule described
here.
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Introduction
Many cytokines secreted by the cells of the immune system
stimulate the proliferation, differentiation, and activation of
immune cells after binding to specific membrane receptors. The
systemic and local administration of various cytokines, as
produced by recombinant DNA technology, stimulates the
immune system and induces potent antitumor effects in cancer
patients. For instance, systemic administration of IL-2 is used as
immunotherapy for human malignancies, and it induced
objective clinical responses in approximately 15% of patients
with metastatic melanoma and renal cell carcinoma (1). IL-2 can
mediate the regression of even bulky, invasive tumors in selected
patients (2). The cytokine stimulates the proliferation and

activation of various immune effector cells such as T cells, NK
cells, B cells, and macrophages (3). The side effects of systemic
IL-2 administration led researchers to develop targeted IL-2
delivery to the tumor microenvironment by way of Ab-cytokine
fusion proteins. Two humanized Ab-IL2 fusion proteins
directed against Ep-CAM and the GD2 disialoganglioside are in
early clinical trials for the treatment of prostate carcinoma and
melanoma (4, 5). Both fusion proteins elicited potent antitumor
activity mediated by T cells or NK cells in syngeneic murine
tumor models and were superior to the combination of Ab and
free IL-2 (6, 7).
GM-CSF regulates the growth and differentiation of
hematopoietic cells and stimulates the functional activities of
neutrophils and macrophages by upregulation of reactive
oxygen intermediates in cytotoxic granules, increased
phagocytic activity, and the release of pro-inflammatory
cytokines (8). GM-CSF also mediates the upregulation of MHC
class II molecules, costimulatory molecules, and adhesion
molecules on macrophages and DCs, leading to increased
antigen presentation (9). The cytokine has been described as the
principal mediator of proliferation and maturation of DCs,
which play a major role in the induction of T cell-mediated
immune responses. Several vaccines consisting of irradiated
tumor cells genetically engineered to secrete GM-CSF are
currently in late-stage clinical development for various types of
cancer and reportedly induce objective clinical responses in
cancer patients (10, 11). Ab-GM-CSF fusion proteins may
provide an alternative to vaccination strategies with GM-CSFsecreting tumor cells designed to stimulate an immune response
at the site of the tumor. The antitumor activity of Ab-GM-CSF
fusion proteins targeting the Her2/neu and transferrin receptor
has been demonstrated in immune competent mice (12, 13).
Ep-CAM (also known as KSA, 17-1A, GA733-2, EGP-2, or
ESA) is a 40-kDa transmembrane glycoprotein that is expressed
on the basolateral surface of most epithelia and is overexpressed
on the majority of human adenocarcinomas (14, 15). Ep-CAM
has been the target of numerous immunotherapies, many of
them in clinical trials (16, 17, 18). Recent studies have shown
that Ep-CAM overexpression correlates with reduced overall
survival among breast cancer patients (19), and that specific
inhibition of Ep-CAM expression by small inhibitory RNA
reduces the proliferation, migration, and invasiveness of breast
cancer cells (20). The intracellular domain of Ep-CAM provides
a robust proliferation signal to transfected cells by way of c-myc
expression (21). Based on these observations, tumor cells appear
to gain an advantage from the overexpression of Ep-CAM,
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which can reach from 100- to 1000-fold higher levels on tumor
cells than on the corresponding normal epithelial cells (20, 22).
In the present study, we constructed, expressed, and
characterized in vitro a novel fusion protein designed to
combine in one molecule the pro-inflammatory cytokines IL-2
and GM-CSF, as well as two single-chain antibodies with
specificity for Ep-CAM. All protein components of the DCH
were of human origin and of human specificity. The rationale for
constructing DCH was to combine the distinct antitumor
activities of IL-2 and GM-CSF in one molecule that could be
targeted to most human adenocarcinomas, obviating the need to
develop two separate immunotherapies. DCH and various
control constructs could be expressed in CHO cells. They
retained the specific activities of the cytokines, as well as the
capacity to bind to the Ep-CAM antigen on tumor cells. The
combination of GM-CSF and IL-2 in DCH fusion proteins
induced potent tumor cell lysis in the presence of PBMCs and
showed increased cytotoxic activity compared to equivalent
molar amounts of free GM-CSF and IL-2. By way of its IL-2
portion, DCH induced Ep-CAM-dependent redirected tumor
cell lysis by isolated T cells. In vivo, simultaneous targeting of
IL-2 and GM-CSF to tumor cells may elicit synergistic cytokine
effects in the tumor microenvironment, leading to a strong
immune response against tumor cells.

Results
Construction and expression of DCH and variants

A recombinant cytokine fusion protein was constructed that
allows simultaneous targeting of GM-CSF and IL-2 to the
tumor-associated antigen Ep-CAM by way of single-chain
antibodies. The core of the DCH fusion protein and variants is a
heterominibody that had previously been used to design
constructs for targeting costimulatory molecules such as B7-1,
B7-2, and LFA-3 by Ep-CAM-specific single-chain antibodies to
tumor cells (23). The cDNA structures of constructs used in this
study are shown in Figure 1A, and the domain structures of
DCH and variants are shown in Figure 1, panels B-D.
The heterominibody core in DCH is stabilized by a disulfide
bond between the heterodimer of the constant Ig domains C
kappa and CH1 of human IgG1 (Figure 1B). Two scFvs derived
from the human anti-Ep-CAM Ab HD70 (24) were fused to C
kappa and CH1 domains by the hinge region of human IgG3.
Human GM-CSF and IL-2 were joined by a G4S linker peptide
to the C-terminus of the CH1 and C kappa domains,
respectively. A C-terminal polyhistidine tag was added to GMCSF to allow for highly efficient affinity purification by
immobilized metal ion adsorption chromatography. A mutant
(mu) fusion protein called DCH-mu was designed that had
amino acid mutations in the hypervariable regions of both
HD70 VL and VH domains, abrogating Ep-CAM binding
(Figure 1C). DCH-mu had Ser/Trp and Pro/Glu substitutions in
the complementary-determining region (CDR) 3 of the HD70
VL domain, and Trp/Glu and Tyr/Glu substitutions in the CDR3
of the HD70 VH domain. A second control protein was designed
that contained only GM-CSF and was referred to as single
cytokine heterominibody (SCH) (Figure 1D). In addition, the
parental scFv HD70 heterominibody, designated HMB, was
constructed without IL-2 and GM-CSF, and purified. A fourth
control protein containing only IL-2 was also constructed, but it
was not analyzed further due to its poor expression in CHO
cells.
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Figure 1

Schematic representation of DCH and variants. (A) cDNA domains encoding
scFv HD70-IL-2 and scFv HD70-GM-CSF polypeptide chains. Structure of (B)
the DCH fusion protein; (C) DCH-mu variant with amino acid mutations in the
hypervariable regions of the VL and VH domains; and (D) SCH variant without an
IL-2 fusion at the C kappa C-terminus. Abbreviations: HD70 VL and VH, light and
heavy chain variable region domains derived from the human anti-Ep-CAM Ab
HD70; GS linker, glycine-serine linker peptide (G4S); IgG3 hinge, upper hinge
region of human IgG3; C kappa, constant region domain of human Ig kappa light
chain; CH1, first constant region domain of human IgG1 heavy chain; His6, hexahistidine tag.

CHO cells deficient in dihydrofolate reductase were double
transfected with cDNAs encoding the two polypeptide chains of
DCH, DCH-mu, SCH, and HMB on pEF-dhfr and pEF-ada
vectors and selected for stable expression. The expression of
constructs was increased by gene amplification using the
dihydrofolate reductase and adenosine deaminase enzyme
inhibitors methotrexate and deoxycoformycin.
Purification and biochemical analysis of DCH and variants

DCH, DCH-mu, and SCH fusion proteins were purified from
CHO cell supernatants using a three-step purification procedure
of Q-Sepharose anion exchange chromatography, immobilized
metal ion affinity chromatography (IMAC), and gel filtration.
Average protein yields were between 1.3 and 4 mg purified DCH
per liter of cell culture supernatant. The high degree of purity of
DCH and variants was confirmed by SDS-PAGE under reducing
conditions (Figure 2A). The identity of the more slowly
migrating Coomassie blue-stained bands of 65 kDa with HD70GM-CSF and HD70-mu-GM-CSF polypeptides was verified by
Western blotting using an anti-penta-His detection Ab
(Figure 2B). The identity of the faster migrating Coomassie
blue-stained bands of 60 kDa with HD70-IL-2 and HD70-muIL2 polypeptides was confirmed by Western blot analysis with
an anti-human kappa light chain Ab (Figure 2B). The HD70-C
kappa chain of SCH showed an apparent molecular mass of
43 kDa.
All polypeptide chains showed relatively broad bands upon
SDS-PAGE and apparent molecular masses that were greater
than the molecular weights calculated. These findings are
consistent with glycosylation of GM-CSF and IL-2 in CHO cells,
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Figure 2

Figure 3

SDS-PAGE and Western blot analysis of DCH and variants. DCH (lane 2),
DCH-mu (lane 3), and SCH (lane 4) were expressed in CHO cells and purified by
Q-sepharose anion exchange chromatography, immobilized metal ion affinity
chromatography, and gel filtration. (A) Purified proteins were analyzed on 12%
SDS-PAGE under reducing conditions. (B) Proteins were blotted onto nitrocellulose membranes. HD70-GM-CSF (solid arrowhead) and HD70-mu-GMCSF
(solid arrowhead) polypeptides were detected with an anti-penta-His mouse IgG1
Ab in combination with an alkaline phosphatase-conjugated goat anti-mouse Ab.
The HD70-IL-2 (open arrowhead), HD70-mu-IL-2 (open arrowhead), and
HD70-C kappa (open arrowhead) polypeptides were detected using an alkaline
phosphatase-conjugated anti-human kappa light chain Ab. Molecular weight
markers and their molecular weights in kilodaltons are shown in lanes 1 (Multi
Mark multicolored standard) and 5 (Mark 12 unstained standard).

as well as of the single-chain HD70 Ab, which contains an
N-glycosylation consensus site. In the absence of reducing
agents, DCH and variants showed apparent molecular weights
of approximately 125 kDa upon SDS-PAGE (data not shown),
confirming the heterodimeric structure of the molecules and
formation of a disulfide bridge between cysteine residues of the
CH1 and C kappa domains. Under native conditions, DCH,
DCH-mu, and SCH eluted as single peaks from gel filtration
columns. Parental HMB, in the absence of GM-CSF and IL-2,
was purified to homogeneity by cation exchange
chromatography, IMAC, and gel filtration (data not shown).
Biological activity of IL-2 and GM-CSF in DCH and variants

IL-2 bioactivity was measured in a proliferation assay with the
IL-2-dependent mouse cell line CTLL-2. A recombinant human
IL-2 standard from E. coli induced half-maximal proliferation of
CTLL-2 cells at a concentration of 0.33 ng/ml and maximum
proliferation at 1.2 ng/ml IL-2 (Figure 3A). The concentration of
DCH and DCH-mu in the proliferation assay was adjusted to
obtain molar concentrations of fused IL-2 equivalent to that of
recombinant IL-2 standard. The bioactivity of IL-2 fused to the
C-termini of DCH and DCH-mu proteins was essentially
identical to the activity of free human IL-2 standard (Figure 3A).
GM-CSF bioactivity was tested in a proliferation assay using
the GM-CSF-dependent human erythroleukemia cell line TF-1.
Purified DCH, DCH-mu, and SCH proteins were all able to
stimulate the proliferation of TF-1 cells in a dose-dependent
manner (Figure 3B). Maximum TF-1 proliferation was achieved
by fusion proteins at normalized GM-CSF concentrations
greater than or equal to 1.7 ng/ml, with half-maximal activities
between 0.34 and 0.77 ng/ml. When compared to equimolar
concentrations of recombinant human GM-CSF produced in E.
coli, GM-CSF fusion proteins were approximately 6- to 13-fold
less active (Figure 3B). The reduced biological activity of

Biological activity of IL-2 and GM-CSF in DCH and variants. (A) The biological activity of IL-2 was measured by cellular proliferation of the IL-2-dependent
murine T cell line CTLL-2. CTLL-2 cells were incubated with various concentrations of free recombinant human IL-2 (rhIL-2) and equivalent amounts of IL-2 in
purified DCH proteins. (B) The biological activity of GM-CSF was measured by
cellular proliferation of the GM-CSF-dependent human erythroleukemia cell line
TF-1. TF-1 cells were incubated with various concentrations of free recombinant
human GM-CSF (rhGM-CSF) and equivalent amounts of GM-CSF in purified
DCH molecules. The number of viable cells was determined in a WST-1 colorimetric assay. All results are expressed as mean absorbance A450-A620 of triplicate
determinations.

glycosylated GM-CSF in CHO-produced fusion proteins versus
nonglycosylated E. coli-produced GM-CSF is in agreement with
the findings of other research groups, who observed a 20-fold
increase in specific biological activity following removal of
oligosaccharides from recombinant CHO-produced GM-CSF
(25). In summary, cell proliferation assays indicated that IL-2
and GM-CSF cytokines retained their biological activity when
fused to the C-termini of heterominibody constructs.
Binding of DCH and variants to Ep-CAM

Binding of DCH and variants to Ep-CAM-expressing Kato III
cells was analyzed by flow cytometry, and fusion proteins were
detected using anti-penta-His mouse IgG1 and FITCconjugated goat anti-mouse F(ab)2. DCH and SCH fusion
proteins showed saturable binding to Kato III cells, whereas
virtually no binding of DCH-mu was detected up to a
concentration of 50 µg/ml (Figure 4). These data demonstrate
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Figure 4

Figure 5

Binding of DCH and variants to Ep-CAM. The human adenocarcinoma cell line
Kato III was incubated with various amounts of recombinant fusion proteins.
Binding was analyzed by flow cytometry using an anti-penta-His mouse IgG1 and
FITC-conjugated goat anti-mouse F(ab)2 detection system. The mean fluorescence intensity (MFI) of cells from duplicate determinations is plotted against the
concentration of DCH and variants.

that the HD70 scFv fragments in DCH and SCH fusion proteins
retained their ability to bind to Ep-CAM expressed on a human
gastric carcinoma-derived cell line, and that the four amino acid
alterations in the CDR3 regions of the HD70 VL and VH
domains abolished Ep-CAM binding.
Cellular cytotoxicity of DCH and variants

A FACS®-based assay was established to analyze cellular
cytotoxicity mediated by DCH and variants. Kato III cells
prelabeled with the membrane dye PKH-26 were mixed with
PBMCs at an E/T ratio of 20:1 and incubated with 10 µg/ml
DCH, variant proteins, parental heterominibody (designated
HMB), or cell culture medium (control) for 16 h. Recombinant
human GM-CSF and IL-2, as well as the combination of both
cytokines, were tested at equimolar concentrations of 1.4 µg/ml.
PKH-26 is a red-orange fluorescent dye (emission wavelength
540-620 nm, maximum 567 nm) with long aliphatic tails that
stably incorporates into the lipid regions of the cell membrane
and allows one to distinguish fluorescent tumor cells from
unlabeled effector cells (FL2, 585 nm). At the end of the
incubation period, the red fluorescent DNA-binding dye PI
(emission wavelength 560-670 nm, maximum 600 nm) was
added in order to identify nonviable tumor cells (FL3, 660 nm).
Cells with damaged membranes allow the entrance of PI, which
undergoes a fluorescence enhancement upon binding to nucleic
acids, promoting a red fluorescence in dead cells. Two-color
FACS® analysis (FL2/FL3) was used to discriminate dead
(PKH26/PI double positive) and live (PKH26 single positive)
tumor cells in the presence of unlabeled effector cells.
Both DCH and DCH-mu induced potent lysis of tumor cells in
the presence of PBMCs as compared with a reaction using the
parental HMB without cytokines (Figure 5A). The SCH fusion
protein and free GM-CSF, at equimolar concentrations, showed
only weak activation of PBMCs to lyse tumor cells under the
chosen experimental conditions (Figure 5A). An equivalent
molar amount of free recombinant human IL-2 was efficient in
activating PBMCs to induce lysis of Kato III cells over the 16-h
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PBMC- and T cell-dependent cytotoxic activity of DCH and variant proteins.
A two-color FACS®-based assay was performed. Kato III target cells prelabeled
with the orange fluorescent dye PKH26 were incubated in a 16-h assay with
immune effector cells (PBMCs or isolated human T cells) and DCH, variant proteins, or free cytokines at 37°C and 5% CO2. A control reaction without fusion
protein was included. The DNA-binding, red fluorescent dye PI was added at the
end of the incubation, and cells were analyzed by flow cytometry using 585 nm
(orange) and 660 nm (red) band pass filters. (A) PBMC-dependent cytotoxicity of
10 µg/ml DCH, variant proteins, and parental HMB without cytokines at an E/T
ratio of 20:1. Recombinant human GM-CSF and IL-2, as well as the combination
of both cytokines, were included at equimolar concentrations of 1.4 µg/ml.
(B) T-cell dependent cytotoxicity of 10 µg/ml DCH, variant proteins, and parental
HMB without cytokines at an E/T ratio of 10:1. Recombinant human GM-CSF
and IL-2, as well as the combination of both cytokines, were included at equimolar
concentrations of 1.4 µg/ml. Percentage of cytotoxicity (CT) was calculated as CT
= [number of dead target cells (orange/red events) in sample / total number of target cells (orange events) in control] x 100. Error bars indicate standard deviations
from duplicate determinations.

incubation period (Figure 5A), presumably by generating LAK
cells from PBMCs. The addition of GM-CSF to IL-2 did not
further increase cytotoxic activity (Figure 5A). In contrast, the
combination of GM-CSF and IL-2 in the DCH fusion proteins
led to increased cytotoxic activity over equimolar amounts of
IL-2 or the combination of GM-CSF and IL-2 (Figure 5A). A
dose-dependent lysis of Kato III cells was observed with both
DCH and DCH-mu fusion proteins in the presence of PBMCs,
and a half-maximal efficacy of tumor cell lysis (EC50) occurred
at 743 and 233 ng/ml of DCH and DCH-mu, respectively (data
not shown). These data indicate that under the cell culture
conditions used, lysis of Kato III cells in the presence of PBMCs
was enhanced by the combination of GM-CSF and IL-2 in DCH
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fusion proteins. Cell lysis, however, was largely independent of
targeting of IL-2 and GM-CSF to Ep-CAM, most likely due to
general activation of immune effector cells by way of crosslinking of cytokine receptors.
The cytotoxic potential of DCH (10 µg/ml) against Kato III
tumor cells was also assessed with isolated T cells at an E/T ratio
of 10:1. T cells were isolated from human PBMCs by retaining
non-T cell populations on specific Ab columns. Furthermore,
10 µg/ml of variant proteins and parental HMB, as well as
1.4 µg/ml of the two cytokines either singly or in combination,
were evaluated under these conditions. DCH was highly
efficient at inducing tumor cell lysis in the presence of isolated T
cells (Figure 5B). Incubation of T cells and Kato III cells with the
parental HMB in the absence of cytokines, the SCH fusion
protein lacking IL-2, and an equivalent amount of free GM-CSF
did not result in any specific cytotoxicity (Figure 5B). Equimolar
concentrations of free recombinant IL-2 and the Ep-CAM
binding mutated DCH-mu control protein were able to
stimulate some tumor cell lysis by means of isolated T cells, but
cytotoxic activity was approximately two-fold lower than with
DCH (Figure 5B). Addition of free GM-CSF to IL-2 had no
effect on T cell-dependent tumor cell lysis (Figure 5B). Dosedependent lysis of Kato III and SW480 tumor cells through
DCH-redirected T cells resulted in EC50 values of 1502 ng/ml
and 475 ng/ml, respectively (data not shown). In summary,
DCH caused a redirected tumor cell lysis in the presence of
purified T cells, which required targeting of IL-2 to the Ep-CAM
antigen on tumor cells.
Analysis of T cell subsets involved in DCH-mediated cellular
cytotoxicity

Activation of CD4+ and CD8+ T cells was analyzed by flow
cytometric analysis of CD69 expression after incubation of
PBMCs or enriched T cells with Kato III cells and 10 µg/ml
DCH and DCH-mu. Using PBMCs, similar activation levels of
CD4+ and CD8+ T cells through DCH and DCH-mu were seen
(Figure 6, panels A and B). A control reaction in the absence of
cytokine fusion proteins did not show activation of T cells. DCH
was highly efficient in activating CD8+ and CD4+ T cell subsets
after a 16-h incubation of purified T cells with Kato III cells
(Figure 6, panels C and D). The Ep-CAM binding-deficient
DCH-mu control protein also activated CD4+ and CD8+ T
cells, but was clearly less effective than the Ep-CAM binding
DCH (Figure 6, panels C and D). Both isolated CD4+ and CD8+
human T cells were able to mediate cellular cytotoxicity when
incubated with 10 µg/ml DCH and PKH26-labeled Kato III
tumor cells at E/T ratios of 10:1 (Figure 7). However, CD8+ T
cells showed a two-fold higher cytotoxic activity than isolated
CD4+ T cells.

Figure 6

Flow cytometric analysis of T cell activation. (A) Human PBMCs were incubated for 16 h with Kato III cells at an E/T ratio of 20:1 in the presence of 10 µg/ml
DCH, DCH-mu, or cell culture medium (control). CD69 expression on CD8+ T
cells was detected by anti-CD69 FITC-conjugated and anti-CD8 PE-conjugated
mouse mAb staining. (B) CD69 expression on CD4+ T cells within the PBMC
population was detected by anti-CD69 FITC-conjugated and anti-CD4 PE-conjugated mouse mAb staining. (C) Purified human T cells were incubated for 16 h
with Kato III cells at an E/T ratio of 10:1 in the presence of 10 µg/ml DCH, DCHmu, or medium (control). CD69 expression on CD8+ T cells was detected as
above. (D) CD69 expression on CD4+ T cells within isolated human T cells was
detected as above. Error bars indicate standard deviations from duplicate determinations.

Figure 7

Discussion
DCH is a novel single-chain Ab-based dual cytokine fusion
protein designed to deliver IL-2 and GM-CSF to the surface of
Ep-CAM-positive tumor cells simultaneously in order to induce
a tumor-specific immune response. We will discuss differences
between DCH and conventional Ab cytokine fusions with
respect to production, Ep-CAM binding affinity, potential issues
of safety and immunogenicity, contribution of Fcγ domains to
efficacy, mode of action, serum half-life, size, and potential
tumor penetration, and the consequences of combining two
cytokines in one protein.
DCH was found to be glycosylated, secreted, and well
produced by CHO cells. When fused to the C-termini of the

DCH-mediated cytotoxicity of isolated CD4+ and CD8+ T cells. A two-color
FACS®-based assay was performed. Kato III target cells were prelabeled with
PKH26 and mixed with isolated human CD4+ or CD8+ T cells at an E/T ratio of
10:1. We incubated 10 µg/ml DCH with the cells for 16 h at 37°C and 5% CO2. A
control reaction without fusion protein was included. PI was added to discriminate between live and dead target cells. Error bars indicate standard deviations
from duplicate determinations.

heterodimerization domain, both cytokines fully retained their
biological activities, and DCH showed Ep-CAM-specific
binding to a human cancer cell line. This was not too
surprising, since IL-2 and GM-CSF also retain their activities
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when fused to the C-termini of CH3 domains in complete
antibodies (26, 27). DCH may thus be similar to conventional
Ab-cytokine fusions with respect to production by a wellestablished eukaryotic producer cell line and preservation of
cytokine and target-binding activities.
Ep-CAM is a well characterized and clinically validated
immunotherapeutic target that is overexpressed on a large
variety of human carcinomas, including colorectal, lung, breast,
stomach, prostate, pancreatic, ovarian, and squamous cell
carcinoma of the head and neck (14, 28). Ep-CAM was also the
target of choice for the development of fusions between murine
mAb KS1/4 and IL-2, and for a humanized version of the KS1/4IL2 fusion protein (7). Contrary to these established formats, we
have constructed DCH using a fully human single-chain Ab
with rather low affinity for Ep-CAM, with consequences on the
construct size and potential implications for safety and
immunogenicity. The binding affinity of the parental Ab HD70
to Ep-CAM is reported to have a KD of 3.9 x 10-7 M (24). This
affinity constant is similar to that of the well-tolerated Ab
edrecolomab (24) and is therefore expected to cause much less
toxicity than is reported for high-affinity Ep-CAM antibodies,
which can elicit acute pancreatitis (29). The fully human nature
of DCH is expected to translate into a lower immunogenicity, as
is observed with conventional cytokine fusions using murine or
humanized mAbs. In particular, protein fusions with human
GM-CSF may potentiate immunogenicity because of the potent
adjuvant property of the APC-stimulating cytokine, which is
currently being exploited in numerous vaccination trials (10, 11,
30). Neutralizing antibodies against recombinant GM-CSF have
been found in cancer immunotherapy studies in 40-60% of
patients (31, 32).
Another difference between DCH and conventional IgGcytokine fusion proteins is that DCH is devoid of Fcγ domains.
This not only reduces the size of DCH but may further decrease
its potential immunogenicity because the fusion protein will not
be internalized via Fcγ receptors by APCs. On the other hand,
the absence of Cγ1 and Cγ3 heavy chains may reduce the
cytotoxic potential of DCH with respect to whole Ab cytokine
fusion proteins because ADCC and CDC cannot add to the
target cell lysis observed with DCH. It is interesting to note,
however, that a humanized IgG4-IL-2 Ab fusion protein with
almost no ADCC or CDC activity showed a higher antitumor
activity in two syngeneic mouse tumor models than the
corresponding humanized IgG1-IL-2 fusion protein (33). This
would argue that ADCC and CDC do not make an important
contribution to the activity of Ab-IL-2 fusion proteins.
Fcγ domains are also expected to mediate a relatively long halflife of conventional IgG-cytokine fusion proteins through
recycling by specific IgG protection receptors (FcRp). Although
this can be an advantage in permitting infrequent dosing, the
fusion with whole IgG may create long-lived inflammatory
cytokines with potential side effects that cannot be easily
controlled once the Ab fusion is administered. Surprisingly,
clinical trials with two Ab-IL-2 fusion proteins reported a serum
half-life in cancer patients of only 4 h, which is a much faster
clearance rate than that seen for regular mAb therapeutics (4, 5).
We do not know the half-life of DCH, but it seems that the Fcγ
portion is dispensable for providing a long half-life to Abcytokine fusion proteins.
Another difference between DCH and conventional Abcytokine fusions is size. Because it uses two single-chain
antibodies for tumor targeting and small heterodimerization
domains, DCH is approximately 50 kDa smaller in size than
conventional Ab-cytokine fusion proteins. With a size of
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approximately 125 kDa, DCH may be at the threshold where
one study showed a steep improvement in tumor penetration of
truncated Ab constructs (34). IL-2 was shown to enhance the
access of fusion proteins to tumors by increasing vascular
permeability, as has been reported for an antihuman B cell AbIL-2 fusion protein in a murine model (35). Only studies in
cancer patients will allow researchers to investigate tumor
penetration of the human-specific DCH protein.
An important difference between DCH and conventional Abcytokine fusion proteins is the combination of IL-2 and GMCSF in one protein. This was made possible by using a
heterodimer composed of human IgG1 CH1 and C kappa
domains presenting four positions for fusion of other proteins
by way of linkers and hinge regions. CH1 and C kappa domains
have a strong tendency to heterodimerize, but C kappa domains
can also homodimerize to some extent. However, since the
hexahistidine tag was placed on the CH1 chain, only
heterodimerized species were affinity-purified. Combining IL-2
and GM-CSF in one molecule has the obvious advantage of
delivering equal amounts of the two cytokines to tumor cells
without the problem of binding competition by single-cytokine
fusion proteins and the expense and effort of developing two
fusion proteins in parallel. Systemic administration of high-dose
IL-2 and GM-CSF has been associated with severe toxicities in
several clinical studies (1, 36), whereas local treatment with
subcutaneous injections of low doses of both cytokines was well
tolerated (37). Therefore, specific targeting of IL-2 and GM-CSF
to the tumor microenvironment by way of the DCH should
increase local cytokine concentrations and reduce the side
effects of systemic administration. Another advantage of
cytokine fusion proteins is the increased half-life of cytokines
due to larger size and slower renal clearance. IL-2 has a short
distribution half-life T½α of approximately 10 min and an
elimination half-life T½β of 85–180 min after bolus injection
(3). A distribution half-life T½α of 10 min and an elimination
half-life T½β of 50–85 min have been reported for GM-CSF
(38). In DCH, the half-lives of the two cytokines should not only
be equal, but should also be prolonged due to the size of DCH,
which is above the cut-off for renal clearance.
Our study shows that DCH strongly stimulates PBMCs to lyse
tumor cells in vitro. The combination of GM-CSF and IL-2 in
one molecule enhances cytotoxic activity over that of equimolar
ratios of free cytokines. High IL-2 concentrations (>500 units/
ml) reportedly generate LAK cells from PBMCs within 18 h
(39). LAK cells represent a mixture of NK and cytotoxic T cells
with the capacity to lyse malignant cells without MHC
restriction (40). We reproduced unspecific tumor cell lysis
through LAK cells by incubating Kato III cells and human
PBMCs in the presence of 1.4 µg/ml recombinant human IL-2,
corresponding to 1400 units/ml. The addition of free GM-CSF
to IL-2 did not result in a significant increase in tumor cell lysis,
whereas addition of GM-CSF to IL-2 within DCH fusion
proteins clearly increased PBMC-dependent cytotoxicity.
Activation of PBMCs to lyse tumor cells was independent of
Ep-CAM targeting, as was demonstrated by a control protein
with mutated Ep-CAM binding sites. These results indicate
cross-linking of IL-2 and GM-CSF receptors on adjacent cells or
the same cell by DCH. GM-CSF receptors are mainly expressed
on monocytes, macrophages, and DCs within the PBMC
population (9), whereas IL-2 receptors are present on T cells,
NK cells, B cells, and macrophages (41).
DCH was also capable of redirecting polyclonal T cells for the
lysis of human gastric and colon carcinoma cells, which required
targeting of IL-2 to the Ep-CAM antigen on tumor cells.
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Redirection of nontumor-specific T cells was described for an
anti-Her2/neu scFv IL-2 fusion protein that was shown to
transiently link tumor cells and IL-2 receptor-positive T cells,
thereby facilitating tumor cell killing in a non-MHC-restricted
manner (42). The investigators demonstrated redirected lysis of
tumor cells with cloned CD4+ and CD8+ T cell lines derived
from transgenic mice and described a Fas ligand-dependent
killing mechanism using a T cell clone obtained from Fas ligandnegative mice. In contrast, we used polyclonal T cells isolated
from human donors and showed specific activation of CD4+
and CD8+ T cell subsets through DCH in the presence of tumor
cells. Both CD4+ and CD8+ T cells were able to induce
redirected T cell cytotoxicity, with isolated CD8+ T cells being
more active than CD4+ T cells, however. Redirected lysis of
tumor cells was highly specific for the Ep-CAM target antigen,
as was demonstrated by reduced cytotoxicity of a control protein
with abrogated Ep-CAM binding specificity or by equimolar
amounts of recombinant human IL-2. Interestingly, in the study
by Lustgarten et al. (42), free IL-2 induced tumor cell lysis at a
level similar to that obtained with their Ab-IL-2 fusion protein.
These results indicate that DCH fusion proteins may act by a
different mechanism. Several studies have shown that IL-2
stimulates the transcriptional activation of genes involved in
cytolysis, such as perforin, granzymes, and Fas ligand (43, 44),
but the precise mechanism of redirected tumor cell lysis through
DCH fusion proteins, which is independent of specific TCR
engagement, remains to be elucidated.
Preclinical studies with Ab-IL-2 and scFv-IL-2 fusion proteins
directed against tumor antigens in murine tumor models
demonstrated that high local concentrations of IL-2 at the site of
the tumor can effectively stimulate the host immune system to
eradicate tumor cells (7, 45). In addition, targeted IL-2 has been
shown to stimulate the proliferation and differentiation of
tumor-specific T cells leading to long-term tumor protective
immunity in immune competent mice (46, 47).
In the present study, a SCH fusion protein carrying GM-CSF
in the absence of IL-2 did not show significant cytotoxic activity
in vitro. One reason may be that granulocytes, whose cytolytic
activity can be stimulated by GM-CSF, are absent from PBMCs.
Moreover, the adjuvant activity of GM-CSF by way of DC
activation, T cell priming, and induction of Ab responses cannot
be recapitulated in vitro. Potent antitumor activity of Ab-GMCSF fusion proteins specific for tumor-associated antigens has
been demonstrated in vivo in several mouse tumor models (12,
13). Combined GM-CSF and IL-2 in DCH fusion proteins,
however, may strongly synergize in stimulating the immune
system. By activating DCs and other APCs, GM-CSF may
render weakly immunogenic tumor cells highly immunogenic,
as has been demonstrated in vaccination studies with GM-CSFsecreting irradiated tumor cells in cancer patients (10, 11, 30).
A major issue with dual cytokine fusion proteins may be the
potential to link cytokine receptors on adjacent cells, and where
coexpressed, perhaps on the same cell. Cytokines bind their
receptors with extremely high affinity, and fusion proteins may
become targeted to immune cells expressing high-affinity
cytokine receptors rather than to tumor cells. Thus, higher
target affinity may be needed in order to achieve better tumor
targeting of DCH fusion proteins in vivo. A murine-specific
analogue of DCH with scFvs derived from a high-affinity antiEp-CAM murine mAb was therefore constructed and is
currently being compared to the low-affinity murine DCH
fusion protein regarding its ability to eradicate established lung
metastases in mice. These in vivo experiments will determine
the therapeutic potential of the approach and will explore

cytokine targeting, as well as potential systemic side effects of
dual cytokine fusion proteins.
In summary, further preclinical development of DCH requires
in vivo studies determining antitumor activity, cytokine
targeting, and toxicology. Because DCH is human-specific, only
rodent-specific analogues can address these questions. Several
murine-specific analogues of DCH with various binding
affinities for the Ep-CAM antigen were constructed and
characterized, and are currently being tested in a mouse tumor
model.

Abbreviations
DCH, dual cytokine heterominibody; Ep-CAM, epithelial cell
adhesion molecule; IMAC, immobilized metal ion affinity chromatography; mu, mutant; SCH, single cytokine heterominibody
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Materials and methods
Construction of DCH and variants

DNA sequences encoding scFv fragments of human mAb
HD70 were generated by fusion PCR with overlapping primers
from HD70 IgG1 expression vectors pEF-dhfr and pEF-ada
(24). The pEF-dhfr-M79scFv-IgG3hinge-CH1 and pEF-adaM79scFv-IgG3hinge-Ck expression vectors (23) were digested
with the restriction enzymes Bsr GI and Bsp EI to remove M79
scFv encoding DNA fragments and sequences coding for HD70
scFv inserted as Bsr GI-Bsp EI fragments, generating the scFv
HD70-CH1 and HD70-C kappa DNA sequences. Human IL-2
was amplified from the plasmid pB11-IL2-Tet (Micromet,
Munich, Germany) by PCR. PCR primers were designed with
DNA sequences encoding the 15-aa C-terminal end of the C
kappa domain, a glycine serine (G4S) linker peptide, a Sac I
(5’-primer), and a Sal I (3’-primer) restriction enzyme
recognition site. The Sac I-Sal I DNA fragment was inserted into
the pEF-ada-HD70-IgG3hinge-Ck plasmid to yield the scFv
HD70-IL-2 DNA sequence (Figure 1A). Human GM-CSF
cDNA was obtained by RT-PCR from RNA isolated from
phorbol myristate acetate (Sigma, Taufkirchen, Germany)
stimulated PBMCs. PCR primers were designed with DNA
sequences coding for an N-terminal glycine serine (G4S) linker,
a Bcu I restriction enzyme recognition site (5’-primer), a
C-terminal polyhistidine tag, and a Sal I recognition site
(3’-primer). GM-CSF was inserted as a Bcu I-Sal I fragment into
the pEF-dhfr-HD70-IgG3hinge-CH1 plasmid to obtain the final
scFv HD70-GM-CSF DNA sequence (Figure 1A). DNA
constructs encoding mutated HD70 scFv fragments were
generated by site-directed mutagenesis. ScFv HD70-IL-2,
mutant scFv HD70-IL-2, and scFv HD70-C kappa DNA
constructs were each subcloned into the mammalian cell
expression vector pEF-ada. ScFv HD70-GM-CSF and mutant
scFv HD70-GM-CSF DNA constructs were subcloned into the
mammalian cell expression vector pEF-dhfr. The expression of
the inserted DNA constructs in both vectors is linked to the
expression of a selection marker gene (ada or dhfr) by way of an
internal ribosomal entry site. All DNA inserts were designed
with a 5’-end DNA sequence coding for a human IgG1 leader
peptide, which targets proteins for secretion in eukaryotic cells.
Transfection and gene amplification of DCH and variants

CHO dhfr- cells (provided by American Type Cell Culture
Collection, Rockville, MD, USA) were maintained in MEMα
(Invitrogen, Karlsruhe, Germany), 10% dialyzed FCS
(Biochrom, Berlin, Germany), 1% penicillin/streptomycin
(Sigma, Taufkirchen, Germany), and 1x HT media supplement
(Sigma, Taufkirchen, Germany). Cells were seeded at 2.5 x 105/
well in 6-well tissue culture plates and incubated at 37°C
overnight. Two-and-a-half micrograms of each fusion proteinencoding pEF-dhfr and pEF-ada vector were combined with
1 ml MEMα and 15 µl TransFast™ transfection reagent
(Promega, Mannheim, Germany), incubated for 15 min at room
temperature, and added to the cells. Following a 1-h incubation
at 37°C, cells were washed twice in medium, and 2 ml culture
medium was added to each well. After 2 d at 37°C, the
transfected cells were trypsinized, transferred to a cell culture
flask, and selected for expression of the ada and dhfr genes in
MEMα, 10% dialyzed FCS, 1% penicillin/streptomycin, 1.1 mM
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adenosine (Sigma, Taufkirchen, Germany), 0.05 mM
L-alanosine (NIH, Bethesda, MD, USA), 1 mM uridine (Sigma,
Taufkirchen, Germany), and 0.1 µM dCF (pentostatin,
deoxycoformycin, Nipent; Wyeth Pharma, Muenster,
Germany). The use of selective medium was continued for 23 wk with frequent changes of medium until confluent cell
growth was obtained. Stable transfectants with confluent growth
over several passages were cultured in selective medium
supplemented with 0.3 µM dCF and 20 nM MTX
(methotrexate; Sigma, Taufkirchen, Germany) to amplify
cytokine fusion protein-encoding genes. Confluent cells were
propagated under these conditions. In a final round of
amplification, medium concentrations were increased to 1 µM
dCF and 100 nM MTX.
Production and purification of DCH and variants

Production of cytokine fusion proteins was performed in
serum-free RenCyte™ CHO K1 medium (Medicult, Jyllinge,
Denmark). Confluent adherent cells were adapted to serum-free
medium, transferred to tissue culture roller bottles, and cultured
in 400 ml serum-free medium for 8–10 d at 37°C. Cells were
sedimented by centrifugation, and supernatants were collected.
DCH and variants were purified from cell supernatants using a
three-step purification procedure that involved Q-Sepharose FF
(Amersham Pharmacia, Freiburg, Germany) anion exchange
chromatography; immobilized metal ion adsorption
chromatography (IMAC, HiTrap chelating, Ni2+; Amersham
Pharmacia, Freiburg, Germany); and gel filtration (Superdex
200 prep grade; Amersham Pharmacia, Freiburg, Germany).
Anion exchange chromatography was performed on a Q
Sepharose FF column (37 ml) equilibrated with 20 mM Tris/
HCl (pH 8.0). Cell culture supernatant was diluted 2:1 with
distilled water and 1/50th volume of 1 M Tris/HCl (pH 8.5) to
obtain a pH of 8.0, and loaded on the column at a flow rate of
4 ml/min. Nonadsorbed sample was washed out with the
equilibration buffer, and bound fusion proteins were eluted at
60% of 1 M NaCl in 20 mM Tris/HCl (pH 8.0). Eluted protein
fractions were pooled and applied to a HiTrap chelating column
(5 ml) charged with 100 mM NiSO4 and equilibrated with
20 mM Na2HPO4, 400 mM NaCl (pH 7.2). Unbound material
was washed out with equilibration buffer; weakly adsorbed
proteins were removed by washing with 10% 500 mM imidazole
in 20 mM Na2HPO4, 400 mM NaCl (pH 7.2), and polyhistidinetagged cytokine fusion proteins were eluted with 500 mM
imidazole in 20 mM Na2HPO4, 400 mM NaCl (pH 7.2). Gel
filtration chromatography was performed on a Superdex 200
(120 ml) column equilibrated with PBS. Pooled IMAC fractions
were loaded on the column at a flow rate of 1 ml/min. Eluted
protein samples were subjected to SDS-PAGE and Western
blotting for fusion protein detection.
Parental heterominibody (HMB) was isolated in a three-step
purification process using cation exchange chromatography,
IMAC, and gel filtration. Cation exchange was performed on SP
Sepharose FF column (Amersham Pharmacia, Freiburg,
Germany) equilibrated with 20 mM MES (pH 5.5). Cell culture
supernantant was diluted 2:1 with equilibration buffer and
loaded onto the column (30 ml) at a flow rate of 5 ml/min.
Bound HMB was eluted with 1 M NaCl, 20 mM MES (pH 5.5),
and further purified by IMAC and gel filtration, as described
above.

Germany) under reducing and nonreducing conditions. For
Western blotting, proteins were blotted onto a nitrocellulose
membrane and incubated with anti-human kappa light chain
(alkaline phosphatase conjugate; Sigma, Taufkirchen, Germany)
and anti-penta-His mouse IgG1 (Qiagen, Hilden, Germany)
detection antibodies. The anti-penta-His Ab was detected with a
secondary anti-mouse IgG1 alkaline phosphatase-conjugated
Ab (Sigma, Taufkirchen, Germany). The nitrocellulose
membrane was stained with a BCIP/NBT substrate solution
(Sigma, Taufkirchen, Germany).
Determination of IL-2 and GM-CSF bioactivities

Biological activity of cytokines within recombinant fusion
proteins was measured by proliferation of cell lines that are
dependent on IL-2 or GM-CSF for growth. The amount of viable
cells in the proliferation assays was determined by the
colorimetric WST-1 assay (Boehringer, Mannheim, Germany).
The murine leukemia CTLL-2 cell line (provided by American
Type Cell Culture Collection, Rockville, MD, USA) was used as
an indicator cell line for human IL-2 bioactivity. CTLL-2 cells
were washed twice in culture medium without IL-2. Next, 9000
cells in a volume of 90 µl assay medium and 10 µl of serially
diluted IL-2 standard (Strathmann Biotec, Hamburg, Germany)
or recombinant fusion proteins were added to each well of a 96well plate. Cells were cultured for 48 h in a 37°C, 5% CO2
humidified incubator.
Bioactivity of human GM-CSF was measured by proliferation
of the human erythroleukemia TF-1 cell line (provided by
Deutsche Sammlung von Mikroorganismen und Zelllinien,
DSMZ, Braunschweig, Germany). TF-1 cells were washed twice
in assay medium to remove residual GM-CSF. The 9000 cells
were then added to 96-well plates in a volume of 90 µl, together
with serial dilutions of recombinant human GM-CSF
(Strathman Biotec, Hamburg, Germany) or recombinant fusion
proteins, and incubated for 72 h at 37°C.
At the end of incubations with IL-2 or GM-CSF, 10 µl of cell
proliferation reagent WST-1 was added to each well and further
incubated for 4 h at 37°C. Plates were read on a microplate
spectrophotometer (Bio-Tek instruments, Bad Friedrichshall,
Germany) at 450 nm (reference wavelength 620 nm). All
samples were evaluated in triplicate.
Binding of DCH and variants to Kato III cells

Kato III (provided by European Collection of Cell Cultures,
Salisbury, UK) is an Ep-CAM overexpressing cell line derived
from a human gastric carcinoma. We added 1 x 105 Kato III cells
to each well of a 96-well plate and incubated these with 50 µl of
serially diluted DCH fusion proteins in FACS® buffer for 30 min
on ice. Next, the cells were centrifuged at 600 x g for 2 min,
washed twice in 100 µl FACS® buffer, and resuspended in 50 µl
of an anti-penta-His mouse IgG1 Ab (Qiagen, Hilden,
Germany) solution in FACS® buffer (1:40). Following a 30-min
incubation on ice, samples were washed twice and resuspended
in 50 µl of F(ab)2 FITC-conjugated goat anti-mouse Ig (DAKO,
Hamburg, Germany) diluted in FACS® buffer (1:25). Cells were
incubated for another 30 min on ice, washed twice, and
resuspended in 200 µl FACS® buffer. The mean fluorescence
intensity (MFI) of labeled cells at different DCH concentrations
was analyzed by flow cytometry using a FACS Calibur (BD
Biosciences, Heidelberg, Germany). All experiments were
performed in duplicate.

Fusion protein analysis

The molecular size and purity of the proteins was analyzed by
SDS-PAGE (4-12% Bis-Tris gels; Invitrogen, Karlsruhe,
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Preparation of human immune effector cells

PBMCs were prepared by Ficoll-density centrifugation from
enriched lymphocyte preparations (buffy coats or leukocyte
removal filters). Isolated PBMCs were resuspended in 50 ml
RPMI (Invitrogen, Karlsruhe, Germany)/10% FCS (Invitrogen,
Karlsruhe, Germany) and cultured at 37°C and 5% CO2. PBMCs
were typically used between 3 and 4 d after preparation, without
stimulation. Human T cells were purified from PBMCs by
means of high-affinity negative selection using T cell
enrichment columns (R&D Systems, Minneapolis, MN, USA)
according to the manufacturer’s instructions. Unstimulated
CD4+ and CD8+ T cells were isolated from purified human T
cells by magnetic cell sorting using Dynal CD4 and CD8
negative isolation kits according to the manufacturer’s protocol
(Dynal Biotech, Hamburg, Germany).

resuspended in 200 µl of FACS® buffer, and analyzed by flow
cytometry using a FACS Calibur (BD Biosciences, Heidelberg,
Germany) recording 10,000-20,000 events.
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Cytotoxicity assay

Kato III cells were trypsinized, centrifuged, and resuspended
in culture medium. We labeled 5 x 106 cells with 7 µM PKH-26
(Sigma, Taufkirchen, Germany) for 2 min at room temperature.
The reaction was stopped by addition of FCS. PKH-26-labeled
target cells were washed twice with RPMI/10% FCS and
adjusted to a concentration of 5 x 105 cells/ml in culture
medium. We then added 40 µl of the cell suspension
(20,000 cells) into each well of a 96-well cell culture plate.
Immune effector cells (PBMCs or isolated T cells) were
sedimented by centrifugation, resuspended in culture medium,
and mixed with the Kato III cells at an appropriate E/T ratio in a
volume of 180 µl. DCH, variants, and HMB were added in a
volume of 20 µl to 180 µl cell suspension, resulting in final
concentrations of 10 µg/ml. Recombinant human GM-CSF and
IL-2 were added at equivalent molar concentrations of 1.4 µg/
ml. Cells were incubated for 16 h at 37°C and 5% CO2.
Thereafter, cells were collected by centrifugation, resuspended
in 200 µl FACS® buffer containing 1 µg/ml PI (Sigma,
Taufkirchen, Germany), and analyzed by flow cytometry using a
FACS Calibur instrument (BD Biosciences, Heidelberg,
Germany) with an excitation wavelength of 488 nm and
emission filters for orange (FL2, 585 nm) and red (FL3,
660 nm).
In all experiments, a control reaction without cytokine fusion
proteins was included to measure unspecific background.
Cytotoxicity (CT) was calculated as CT = 100 x (dead target cells
in sample)/(total number of target cells in control). Data
analyses were carried out using Excel software (Microsoft,
Munich, Germany). All experiments were performed in
duplicate.
T cell activation assay

Reaction mixtures of Kato III cells, immune effector cells
(PBMCs or CD3+ T cells at an appropriate E/T ratio), and 10 µg/
ml DCH or DCH-mu fusion proteins were prepared in a volume
of 200 µl and incubated for 16 h at 37°C and 5% CO2. A control
reaction without fusion protein was included to determine
unspecific activation of immune cells. After the incubation,
100 µl of the reaction was added to each well of a 96-well plate
and centrifuged at 600 g for 2 min at 4°C. Cells were
resuspended in 50 µl FACS® buffer containing 10 µl anti-CD69
FITC-conjugated mouse IgG1 Ab (BD Biosciences, Heidelberg,
Germany) and 10 µl of PE-conjugated anti-CD4 (BD
Biosciences, Heidelberg, Germany) or anti-CD8 (Sigma,
Taufkirchen, Germany) mouse mAbs. Following a 20-min
incubation on ice, samples were washed twice in FACS® buffer,
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