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Abstract Bispecific antibodies (Bs-Abs) containing an
anti-CD3 and an anti-TAA specificity can recruit T cells
to the tumor for cancer immunotherapy. To be effective,
efficient activation at the tumor site is a prerequisite. This
can be achieved by triggering both the T-cell receptor and
the co-stimulatory molecule CD28. We engineered two
recombinant cross-interacting Bs-Abs (CriBs-Abs) by
incorporating a peptide tag and its cognate single-chain
variable fragment (scFv), respectively, into a pair of
(tumor · CD3) and (tumor · CD28) binding Bs-Abs. A
30-fold lower concentration of the activating CriBs-Ab
as compared to non interacting Bs-Ab was sufficient for
strong T-cell activation in the presence of tumor cells.
One thousand-fold higher concentrations of both CriBs-
Abs were required for marginal T-cell activation (70-fold
below maximal response) in the absence of tumor cells.
An optimized stoichiometry (1 : 1000) of activating
versus co-stimulating CriBs-Ab thus allowed low doses
of activating CriBs-Ab to induce tumor-cell dependent
T-cell activation when used in combination with high
concentrations of the pre-targeted co-stimulating CriBs-
Ab in vitro. This indicates a large window of operation in
which only tumor cell dependent T-cell activation is in-
duced and systemic tumor cell independent T-cell acti-
vation is avoided, while ensuring optimal activation with
a low concentration of the activating CriBs-Ab, which
has the highest potential to induce toxic effects in vivo.

Keywords T lymphocytes Æ Co-stimulation Æ Bispecific
antibodies Æ Tumor immunotherapy Æ Recombinant
antibodies Æ CD28

Abbreviations Ab: Antibody(-ies) Æ Bs-Ab: Bispecific
Ab Æ Ts-Ab: Trispecific Ab Æ CriBs-Ab: Cross-
interacting bispecific Ab Æ hPLAP: Human placental
alkaline phosphatase Æ scFv: Single-chain variable
fragment Æ TAA: Tumor associated antigen

Introduction

Bispecific antibodies (Bs-Abs) are artificial antibodies
with dual specificity. They can be used in tumor
immunotherapy, for example, when one specificity is
targeting a tumor associated antigen (TAA) and the
other an activating receptor on an immune effector
cell. Such Bs-Abs have been used in attempts to
redirect the immune system against various types of
cancer. Bs-Abs designed to redirect the activity of T
cells typically recognize both a TAA and the T-cell-
receptor (TCR)/CD3 complex. However, stimulation
via the TCR alone (signal 1) may lead to inappro-
priate T-cell activation and eventually result in anergy
or apoptosis [47]. Appropriate T-cell activation re-
quires concomitant triggering of co-stimulatory recep-
tors, such as CD28 (signal 2) [9]. Therefore, in early
clinical trials using Bs-Abs providing only signal 1, T-
cell pre-activation was used [8, 39, 41]. This approach
is patient specific and thus labor intensive. An alter-
native strategy administers additional IL-2 i.v. [12, 22,
33], but this proved to be toxic in humans. When
complementing the activating Bs-Abs (giving signal 1)
with a co-stimulating anti-CD28 monoclonal antibody
(moAb) (giving signal 2), T-cell activation in vitro
improved significantly [6, 25, 26]. Animal studies,
however, frequently failed to demonstrate that the co-
stimulating moAb provided an additional benefit [7,
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15], although some reported an improved therapeutic
outcome [10]. Clinical trials as well revealed only a
limited response [37]. To improve T-cell retargeting
and activation, the activating Bs-Ab was comple-
mented with a second co-stimulating Bs-Ab targeting a
TAA and the CD28-receptor. Comparison of the two
strategies in vitro showed that the presence of the
second Bs-Ab markedly improved T-cell activation
potential [6, 38]. This improvement was also visible in
animal studies. In different tumor models, therapy
with a combination of two Bs-Abs led to complete
tumor eradication in mice [21, 30, 44, 45]. However, in
clinical studies again only a limited therapeutic re-
sponse was obtained [28]. Assembling both signal 1
and 2 on a single entity using an anti-(tu-
mor · CD3 · CD28) trispecific antibody (Ts-Ab) [27]
showed a high T-cell activation capacity which was
tumor-cell independent, and thus unsuited for therapy.

One explanation for the discrepancy in efficacy of
Bs-Abs between animal and clinical studies could be
the generally low tumor targeting efficiency of anti-
bodies in humans as compared to the results in mice
[20]. Increasing the concentration of the CD3 binding
Bs-Ab is limited due to an increased chance of toxicity
induced by aggregating CD3 binding antibodies. So
improvement of Bs-Ab therapy should include better
targeting molecules that have tumor restricted activity
at low concentrations of the CD3 binding antibody.
Several groups have demonstrated that a higher
accumulation of BsAb at the tumor site is achieved by
increasing the functional affinity (avidity) of the Bs-Ab
for the tumor by incorporating a bivalent tumor
specificity [1, 31, 40]. In an alternative strategy an
effector molecule is administered some time after a
pre-targeting agent, which typically recognizes both
the tumor cell and the effector molecule. Such pre-
targeting strategies are currently being evaluated in
radio-immunotherapy (RIT), and have been reported
to markedly improve tumor localization while sparing
normal tissue [5, 19]. Targeting by an ‘‘affinity
enhancement system’’ combines both strategies: a
bivalent radiolabeled effector molecule cross-links the
cell-bound pre-targeting Bs-Ab, thus resulting in the
formation of a more stable complex due to an increase
in the avidity [2, 4, 29].

Here we evaluate a model in which two separate
Bs-Abs target the tumor cell and either the CD3- or
the CD28-receptor on a T-cell. A mutual cross-inter-
action was incorporated in both Bs-Abs, thus ideally
inducing the assembly of a more stable complex at the
tumor cell through an enhanced avidity. Moreover,
the presence of the cross-interaction is expected to
lead to co-ligation of the CD3- and CD28-receptors
on recruited T cells, ensuring correct T-cell activation.
We analyzed the tumor-cell dependent and indepen-
dent T-cell activating characteristics of the cross-
interacting Bs-Abs (CriBs-Abs) in a pre-targeting
strategy in comparison to the corresponding non-
CriBs-Abs.

Materials and methods

Animals

Female C57BL/6 (H-2b) mice were purchased from the
Broekman Instituut Eindhoven, The Netherlands.
Spleen cell preparations were made from 9–14-week-old
mice.

Cell lines

HEK293T, a human embryonic kidney cell line trans-
fected with SV40 largeT-Ag (SV40TtsA1609) [17], was used
for transient eukaryotic expression. The influenza A/H3
HA-specific and H-2b -restricted CD4+ murine T-cell
clone T-HA was developed and maintained as previously
described [16]. Briefly, T-HA cells were cultured in vitro
and restimulated biweekly with 10 ng/ml bromelain-
cleaved hemagglutinin (BHA) and 5·107 syngenic spleen
cells from C57BL/6 mice (3,000 rad gamma irradiated).
Recombinantmurine IL-2 (30 IU/ml) was added on day 3
after restimulation, and the cells were expanded by re-
newal of culture medium and rIL-2 every 2 days. Culture
medium consisted of RPMI 1640 buffered with 12.5 mM
HEPES and supplemented with 10% fetal calf serum
(FCS), 2 mM GlutaMAX-1 (Life Technologies), 100 U/
ml penicillin, 100 lg/ml streptomycin, 1 mM sodium
pyruvate, and 5·10�5 M 2-mercaptoethanol. MO4I4 -
cells are C3H mouse-derived MO4 fibrosarcoma cells
transfected with the human placental alkaline phospha-
tase (hPLAP) gene [24, 48].

Isolation of the hamster anti-murine CD28 single-chain
variable fragment (scFv)

mRNA was isolated from the 37.51 hybridoma using the
Fast Track 2.0 kit (Invitrogen, San Diego, CA, USA).
cDNA was prepared using Ready to go You-prime First-
strand Beads (Amersham Biosciences, Uppsala, Swe-
den). The VH-gene was isolated using the RPAS purifi-
cation module (Amersham Biosciences). The VL-gene
was isolated by a nested PCR using a degenerated
forward primer based on the N-terminal amino acid
sequence of the light chain of the mAb.
(EFVLTQPKSVSE, determined using Edman degrada-
tion), and the RPAS backward primers in the CL and VL

domain. The scFv was assembled by introducing a
[(G)4S]3 linker in between the VH and VL gene, using a
splice-overlap PCR reaction with primers designed on
the basis of the VH and VL gene sequences. The scFv was
cloned into the eukaryotic expression vector pCAGGS
[42]. DNA amplification was performed with Vent-DNA
polymerase (New England Biolabs, Beverly, MA, USA).
The sequences of all cloned PCR fragments were veri-
fied. Specific binding of the 37.51 scFv to the CD28-
receptor and to the CD28-receptor positive cells was

1060



demonstrated with ELISA and FACS, respectively (data
not shown).

Plasmids and gene assembly

Restriction enzymes, DNAmodifying enzymes andDNA
polymerase were used as recommended by the manufac-
turers. DNA was amplified with Vent-DNA polymerase
(NewEngland Biolabs, Beverly,MA,USA). E6, 2c11 and
37.51 denote the gene fragments of a mouse anti-human
placental alkaline phosphatase (anti-hPLAP), a hamster
anti-murine T-cell receptor associated CD3e chain (anti-
CD3) monoclonal antibody (moAb), and a hamster anti-
murine CD28-co-stimulatory receptor (anti-CD28) mAb,
respectively. Expression plasmids were constructed in
pCDNA3.1zeo- (Invitrogen) and pCAGGS. The cloning
of the light chain (E6L) of the parental murine anti-
hPLAP mAb (IgG2b/j) in pSV51E6L and of the heavy
chain E6Fd fragment in pCAGGShas been described [14,
46]. The 2c11 scFv gene and the 37.51 scFv gene, both in
the VH-VL orientation (with VH and VL connected
through a (G4S)3 linker), were fused to the C-terminus of
the E6Fd gene, via a (G4S)3 and a G(PQ)5PGP linker,
respectively. The genes encoding the mutual reactive
couple, P-peptide (PSTAIRE) and an anti-P scFv (4D21)
[18], were fused to the C-terminus of the E6L gene, via an
EGVP or a DVDGGSRGDGPSPG linker, respectively.
Genes were assembled by introduction of suitable
restriction sites using modifying PCR primers. All PCR-
derived fragments were sequence verified after cloning.

Production and purification of antibody fragments

For transient expression,HEK293T cells were transfected
by Ca3(PO4)2 precipitation [43]. Cells were seeded at
4·106 cells/175 cm2 20 h before transfection. DNA of
each expression plasmid (14 lg) was added to the cells,
and 24 h later the cells were covered with supplemented
Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing 10% FCS or 5 mg/L bovine insulin, 5 mg/L trans-
ferrin and 5 lg/L selenium. Medium was harvested every
48 h after transfection. For stable expression lines, SP2/0-
Ag14 cells were electroporated, cultured in selective
medium, subcloned and screened for production. Purifi-
cation of the BsAb was performed as described [51],
generating >98% pure protein free of aggregates and
endotoxin. Proteins were fractionated by 10% SDS-
PAGE and visualized using Coomassie Brilliant Blue
(CBB). Protein concentration was measured with the
Micro BCA Protein Assay Reagent Kit (Pierce Chemical
Company).

Determination of antibody KD values

For determination of the KD values for the anti-CD3 and
anti-CD28 specificities, 2·105 T-HA cells were incubated
with various dilutions of purified CriBs-Abs in 100 ll of

PBS, 1%BSA, 0.02% sodium-azide (PBS/BSA) for 1 h at
0�C.Cellswere thenwashedwith PBS/BSAand incubated
for 1 h in 100 ll PBS/BSA containing 10 lg/ml FITC-
conjugated goat anti-mouse (Fab’)2 (Organon Teknika,
Durham, NC, USA). After a final wash, cells were ana-
lyzed by FACS. The inverse of the determined fluores-
cence was plotted as a function of the inverse of antibody
concentration to determine KD by the Lineweaver-Burk
method [35]. KD values were determined by the following
equation: 1/(F�Fback)=1/Fmax + (KD/Fmax)(1/[Ab]),
where F=fluorescence units, Fback=background fluo-
rescence andFmax was calculated from the plot.KD for the
anti-TAA specificities was determined by ELISA: soluble
TAA (hPLAP) was coated and subsequently incubated
with a serial dilution of the Bs-Ab. The bound Bs-Ab was
revealed with an anti-His tag Ab conjugated to HRP.

Flow cytometry

2·105 T-HA, MO4I4 or MO4 cells were incubated
with 5 lg/ml Abs in 100 ll of PBS, 1% BSA, 0.02%
PBS/BSA for 1 h at 0�C. Cells were then washed with
PBS/BSA and incubated for 1 h in 100 ll PBS/BSA
containing 10 lg/ml FITC-conjugated goat anti-mouse
(Fab’)2 (Organon Teknika), or anti-hamster FITC-
coupled antiserum (Sera-Lab). After a final wash, cells
were analyzed by flow cytometry (FACSCalibur; Bec-
ton Dickinson, Sunnyvale, CA,USA).

Proliferation and cytokine assays

The T-HA cells, cultured with murine recombinant IL-
2 (mIL-2) produced in our laboratory (VIB Protein
Expression & Purification Core, Ghent, Belgium) were
harvested and washed three times to remove mIL-2.
MO4I4 tumor cells were pre-treated with mitomycine
C at 37�C in the dark for 12 h. After removal of mi-
tomycine C (by washing three times), 1·104 treated
MO4I4 cells were co-cultured with 1·104 T-HA cells in
a round-bottom well in the presence of the indicated
antibody derivatives. All experiments were performed
in triplicate. Proliferation was measured after 72 h by
radioactive thymidine uptake. After adding 0.5 lCi/
well [3H]thymidine ([3H]TdR, 1 mCi/ml, Amersham
Biosciences), cells were incubated for 24 h, and then
harvested on glass fiber filters. Incorporated [3H]TdR
was measured on a Topcount scintillation counter
(Packard Instrument, Meriden, CT, USA). For IL-2
and IFN-c assays, 50 ll of supernatant was collected
after 18 h. Secreted IL-2 and IFN-c were determined
by ELISA.

ELISA

The plates were coated overnight at room temperature
with 50 ll of the desired protein (e.g. anti-IL2 or anti-
IFNc mAb) at 10 lg/ml in carbonate/bicarbonate buffer
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pH 9.6. The wells were then blocked with 300 ll of 1%
BSA in carbonate/bicarbonate buffer for 1 h at 37�C.
After 1 h incubation (37�C) with 50 ll supernatant or
with 50 ll of a dilution of a pure antibody fragment in
0.1% BSA in carbonate/bicarbonate buffer, bound IL-2
or IFN-c was detected by incubation with biotinylated
anti-IL2 or anti-IFNc, followed by incubation with
streptavidin conjugated to HRP. Known concentrations
of recombinant murine IL-2 and IFN-c (VIB Protein
Expression & Purification Core) were used as standard.
In between each step the wells were washed three times
with PBS + 0.1% Tween 20. When alkaline phospha-
tase was used, wells were washed with 10% DEA before
adding 50 ll p-nitrophenyl phosphate (PNPP). When
horseradish peroxidase (HRP) was used, 50 ll of the
TMB substrate reagent set (Pharmingen, San Diego,

CA, USA) were added. After 30 min incubation, A405

was measured in a microplate reader.

Surface plasmon resonance

Affinity analysis was performed using a BIAcore 2000
(BIAcore, Uppsala Sweden). One of the purified CriBs-
Ab couple was immobilized on a CM5 chip in 50 mM
acetate buffer pH 4. The other CriBs-Ab was used as an
analyte in concentrations of 200, 100 and 50 nM, at a
flow rate of 10 ll/min. The antibodies were eluted in
50 mM glycine-HCl pH 2.0. The koff, kon, KD and KA

values were calculated from the sensorgram using BIA-
eval 3.0 software.

Results

Construction and characterization of bispecific
and CriBs-Abs

The highly efficient heterodimerization of L and Fd
chains in mammalian cells constitutes a platform suit-
able for generating fully functional, disulfide-stabilized
Bs-Ab and Ts-Ab recombinant antibody derivatives of
intermediate molecular size (75–100 kDa) [46]. Because
the heterodimerizing Fab fragment already contributes a
binding moiety, C-terminal fusion of a scFv to the L
and/or Fd chains can generate bispecific Fab-scFv or
trispecific Fab-(scFv)2 heterodimers.

Fig. 1 Construction of Bs-Abs and CriBs-Abs. a Overview of the
gene constructs for expression of the activating and co-stimulating
Bs-Ab: the E6 Fab light chain gene (E6L) (i) and the E6 Fab heavy
chain gene (E6H) extended with the gene encoding an anti-murine
CD3e scFv (ii) or an anti-murine CD28 scFv (iii). b Co-expression
of Fab light chain genes and Fab heavy chain scFv fusion genes
leads to the production of an activating and a co-stimulating Bs-
Ab. c Overview of the gene constructs for expression of the
activating and co-stimulating CriBs-Abs: the E6 Fab light chain
gene (E6L) extended with the DNA encoding PSTAIRE peptide
(P) (iv) or the anti-P scFv (v) and the E6 Fab heavy chain gene
(E6H) extended with the gene encoding an anti-murine CD3e scFv
(ii) or an anti-murine CD28 scFv (iii). d Co-expression of Fab light
chain scFv fusion genes and Fab heavy chain scFv fusion genes,
leads to the production of an activating and a co-stimulating CriBs-
Ab. e Molecular model (ribbon representation) of the CriBs-Ab
complex
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In this study we used the E6 Fab fragment that tar-
gets the hPLAP tumor marker, present on human testis
and ovarian carcinomas [11, 32]. For construction of the
activating BsAb anti-(TAA · CD3), the E6Fd chain
was fused at its C-terminus to the gene encoding an anti-
murine CD3e scFv ([13] (Fig. 1a). This fusion gene was
then co-expressed with the E6L chain for production of
the anti-(TAA · CD3) Bs-Ab (Fig. 1b). Co-expression
of the E6L chain with a fusion of the gene encoding an
anti-murine CD28 scFv (isolated from the 37.51
hybridoma) to the C-terminus of the E6Fd-chain

(Fig. 1a), led to the production of the co-stimulating Bs-
Ab anti-(TAA · CD28) (Fig. 1b). In order to construct
CriBs-Abs, one Bs-Ab (TAA · CD28) was modified to
contain a peptide tag P, while the other Bs-Ab (TAA
· CD3) was converted to a trispecific antibody by
inserting a scFv specific to the P-peptide. The CriBs-Abs
were thus made by additionally extending the E6L-chain
with the PSTAIRE peptide (P), and with the 4D21 scFv
[18] that recognizes this peptide (anti-P) (Fig. 1c). Co-
expression of both extended E6L and E6Fd chains led to
the production of an activating CriBs-Ab, anti-(TAA
· CD3·P), and a co-stimulating CriBs-Ab, anti-(TAA
· CD28)-P (Fig. 1d). For transient expression,
HEK293T cells were used and yields of 1–5 mg/L were
obtained. Stable cell lines of transfected SP2/0 myeloma
cells could be obtained by electroporation. Expression
levels of primary isolates varied between 5 mg/L and
200 mg/L, and could be improved by increasing the
antibiotic used for selection. The three-dimensional
model of the CriBs-Abs indicated no steric hindrance of
the tumor and T cell binding sites after P/anti-P inter-
action (Fig. 1e). Bs-Abs and CriBs-Abs were purified
from cell culture supernatants as described [51], gener-
ating >95% pure protein (Fig. 2b), free of aggregates
(Fig. 2a) and endotoxins.

The functionality of all the binding sites of the Bs-
Abs as well as the CriBs-Abs was verified in a flow-
cytometry-based assay (Fig. 3). All antibody derivatives
with an anti-hPLAP specificity, as well as the parental
anti-hPLAP mAb, were found to bind specifically onto
hPLAP+ MO4I4 tumor cells but not the parental
hPLAP-negative MO4 tumor cells. The parental anti-
CD3 and anti-CD28 mAbs could not recognize the tu-
mor cells. CD3+ and CD28+ T-HA cells were recog-
nized by the anti-CD3 and anti-CD28-containing
antibody derivatives, by the parental anti-CD3 and anti-
CD28 mAbs, but not by the anti-hPLAP mAb. The
specificity of the T-cell binding was shown by using an
irrelevant Bs-Ab (anti-(hPLAP · BCL1)), which could
not recognize T-HA cells.

Cross-interaction of the CriBs-Abs was verified by
ELISA by coating with the purified P-containing CriBs-
Ab and binding of the anti-P CriBs-Ab, followed by
addition of soluble hPLAP and detection via its alkaline
phosphatase activity. In order to keep the OD of the first
coating low, the concentration of the P-containing
CriBs-Ab used for coating was optimized to 25 nM
(data not shown). Binding of the anti-P CriBs-Ab onto
the coated P-containing CriBs-Ab was then detected by
the elevated trapping of hPLAP activity (Fig. 4a). As a
first control, the activating anti-P CriBs-Ab was substi-
tuted with the corresponding Bs-Ab lacking the anti-P
moiety. This control revealed no binding on the coated
P-containing CriBs-Ab. An additional control was per-
formed with increasing concentrations of soluble
blocking P-peptide, which resulted in inhibition of the
cross-interaction between the two CriBs-Abs. Both
controls confirm the functional P/anti-P interaction. The
binding characteristics of the cross-interaction were

Fig. 2 Purification of the Bs-Abs and the CriBs-Abs. a Purification
of the activating Bs-Ab: chromatogram with integrated molecular
weight calibration curve of the polishing step with size exclusion
chromatography. A slot blot of the different fractions was
developed with a goat anti-mouse j light chain antibody, followed
by an alkaline phosphatase conjugated anti-goat antibody. Purifi-
cation of the other Bs-Abs and CriBs-Abs gave similar chroma-
tograms (data not shown). M monomers; D dimers; V0 void. b
SDS-page (CBB stained) of the purified Bs-Abs and CriBs-Abs.
Lanes: 1 activating Bs-Ab; 2 costimulating Bs-Ab; 3 activating
CriBs-Ab; 4 costimulating CriBs-Ab
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further examined using surface plasmon resonance
(Fig. 4b). The KD of binding was found to be 2.10�8 M,
with a kon of 115·104 M�1 s�1 and a koff of
234·10�4 s�1. These values predict a slow formation of
the complex, but also a slow dissociation once the
complex is formed.

The KD values of both the anti-CD3 and the anti-
CD28 specificities were estimated using a flow-cytome-
try-based T-cell binding assay [3], and calculated by
Lineweaver-Burk kinetic analysis [35]. The KD of the
anti-CD3 and the anti-CD28 specificities were found to
be 23·10�7 M and 68·10�7 M, respectively (Fig. 4c). A
comparable affinity for the TAA (hPLAP) was found for
both CriBs-Abs using ELISA (Fig. 4d). Here, soluble
hPLAP was coated and incubated with a serial dilution

of either CriBs-Ab, starting from equimolar concentra-
tions (200 nM). The bound CriBs-Abs were detected
with an anti-His tag mAb. The estimated KD (3–
5·10�9 M) was in line with affinity measurements pre-
viously performed on the E6 Fab fragment by itself and
when it is incorporated in a Ts-Ab format (32·10�9 M)
[46]. In conclusion, tumor binding of the CriBs-Abs was
found to be 50–100 fold stronger than binding to the T
cells, and ten fold stronger than the cross-interacting
affinity of the CriBs-Abs.

Induction of T-cell activation in the absence
of tumor cells

Having established the cross-interactive binding of the
CriBs-Abs, we verified whether such an interaction re-
sults in a complex capable of stimulating T cells. For-
mation of a complex in which both the anti-CD3 and the
anti-CD28 specificities are present is expected to result in
tumor cell independent T cell activation, similarly to a
Ts-Ab containing both the anti-CD28 and anti-CD3
specificities [27]. As shown in Fig. 5, co-incubation of
cultured T-cells with both the activating and the co-
stimulating CriBs-Abs resulted in T-cell proliferation,
while the corresponding Bs-Abs lacking the cross-inter-

Fig. 3 Binding of the Bs-Abs and the CriBs-Abs on tumor cells and
T cells, assessed by flow cytometric analysis. Cells were incubated
with the indicated Bs-Ab or CriBs-Ab and the cell-bound Abs were
detected with fluorescein-conjugated anti-mouse Ig (Fab’)2 anti-
body (thick lines). As a control, cells were incubated with the
parental mAbs and the cell-bound mAbs were detected with
fluorescein-conjugated anti-mouse Ig (Fab’)2 antibody (anti-
hPLAP) or with anti-hamster FITC-conjugated serum (anti-CD3
and anti-CD28). Background fluorescence was measured by
incubating the cells with the detection antibodies (thin lines). Cells
with bound mAbs, Bs-Abs or CriBs-Abs showed a shift in
immunofluorescence intensity
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action could not induce T-cell proliferation. A compa-
rable response was obtained with the parental, bivalent
binding anti-CD3 and anti-CD28 mAbs and when the
corresponding Bs-Abs were externally cross-linked via
an anti-j light chain polyclonal Ab (Fig. 5). A some-
what lower proliferation was noticed with the CriBs-Abs
and the mAbs, as compared to the Bs-Abs in combina-
tion with the polyclonal external cross-linker. This dif-
ference might be explained by the fact that the
polyclonal Ab promotes aggregate formation, resulting
in the cross-linking of several TCR/CD3 complexes and
CD28-receptors. However, the internal cross-interaction
in the CriBs-Ab pair induces the formation of hetero-
dimers consisting of one TCR/CD3 complex and one
CD28-receptor. When using soluble mAbs, homodimers
consisting of two TCR/CD3 complexes or two CD28-
receptors are formed. As a control, the P/anti-P cross-
interaction of the CriBs-Abs was blocked by adding an
excess of soluble P-peptide. This resulted in loss of the T-
cell activating potential of the CriBs-Abs.

Fig. 4 Characterization of the CriBs-Abs. a Demonstration of the
cross-interaction in an ELISA experiment. An ELISA plate was
coated with 25 nM of the P-containing CriBs-Ab and incubated
with 50 nM anti-P-containing CriBs-Ab. Mutual binding of the
two antibodies was then detected by the elevated trapping of
hPLAP activity. As a control, the anti-P CriBs-Ab was substituted
with the corresponding Bs-Ab lacking the anti-P moiety. An
additional control was performed by adding a dilution series of
soluble blocking P-peptide to the anti-P containing CriBs-Ab. b
Biologic interaction analysis of the cross-interaction using SPR on
a BIAcore 2000: purified co-stimulating CriBs-Ab was coupled to a
CM5 chip and increasing concentrations of purified activating
CriBs-Ab were used as an analyte. cDetermination of the anti-CD3
and the anti-CD28 affinities in the CriBs-Abs by a flow-cytometry-
based assay. T-HA cells were incubated with various dilutions of
purified activating (anti-CD3) or co-stimulating (anti-CD28)
CriBs-Ab (1–500 nM), followed by incubation with 10 lg/ml
FITC-conjugated goat anti-mouse Fab. KD is determined by the
Lineweaver-Burk method. d The anti-hPLAP affinities of both
CriBs-Abs were compared in ELISA. A plate was coated with
10 lg/ml hPLAP and subsequently incubated with a serial dilution
(starting at 200 nM) of the activating CriBs-Ab or the co-
stimulating CriBs-Ab. The bound CriBs-Abs were detected with
an anti-His tag Ab, conjugated to HRP. All experiment were
performed in triplicate
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These experiments confirm the functional cross-
interaction of the CriBs-Ab pair that results in the for-
mation of an activating complex at the surface of the T
cell. However, in order to obtain this tumor-cell-inde-
pendent activation, high concentrations of both CriBs-
Abs were needed, and activation remained low as com-
pared to full T-cell activation, which gave 60-fold higher
proliferation rates (data not shown).

Induction of T-cell activation in the presence
of tumor cells

We next evaluated whether the cross-interacting func-
tionality inherent to the CriBs-Abs results in enhanced
tumor-cell dependent T-cell activation, compared to the
homologous Bs-Abs lacking the cross-interaction. An in
vitro proliferation assay mimicking an in vivo pre-tar-
geting strategy was used (Fig. 6a). In a first step, mito-
mycin treated tumor cells were incubated with the co-
stimulating CriBs-Ab or Bs-Ab. In a second step, after
removal of unbound antibody, the activating CriBs-Ab
or Bs-Ab was added. The tumor cells prepared in this
way were then incubated with resting T cells. T-cell
activation was measured by cell proliferation, and IL-2
and IFN-c production. A fixed amount of co-stimulat-
ing antibody (20 nM) was combined with increasing
concentrations of activating antibody (0–20 nM). When
using the CriBs-Abs, the proliferative response and IL-2
and IFN-c production rapidly reached a plateau value at
concentrations of 0.63–1.25 nM of activating CriBs-Ab
(Fig. 6b). When using the Bs-Ab, the plateau value for
the three parameters was reached only at the highest
concentration (20 nM) of activating Bs-Ab (Fig. 6b). In
terms of proliferation and IL-2 induction, the activating
potential of the activating CriBs-Ab was at least 30-fold
higher than that of its non-cross-interactive counterpart

(0.3 vs 10 nM). Comparison of IFN-c production sug-
gests an even greater improvement in activation poten-
tial, as the amount of secreted IFN-c at 0.3 nM of
activating CriBs-Ab was still markedly higher than at
10 nM of activating Bs-Ab. As a control, one of the
CriBs-Abs was exchanged with its non-cross-interacting
equivalent, generating the same level of response as that
obtained with the nonCriBs-Ab pair (data not shown),
thus confirming that the built-in cross-interaction is
necessary and sufficient for the enhanced activation
potential of the CriBs-Abs. The results show a marked
increase (>30-fold) of tumor-cell dependent T cell
activating capacity of CriBs-Abs as compared to Bs-Abs
lacking the cross-interaction, thus allowing the use of a
lower concentration of CD3 binding antibody.

Influence of the ratio and concentration range of the
CriBs-Abs on specific and non-specific T cell activation

We determined the ratio of activating versus co-stimu-
lating CriBs-Ab at which maximal tumor-cell dependent
and minimal tumor-cell independent T-cell activation is
obtained. T cells were co-incubated with a criss-cross
serial dilution of both CriBs-Abs. In the absence of tu-
mor cells, high concentrations of both CriBs-Abs
(>20 nM) were required to reach marginal T-cell pro-
liferation (Fig. 7a). When diluting the activating CriBs-
Ab at a constant high concentration of the co-stimu-
lating CriBs-Ab (80 nM), a decreasing proliferative re-
sponse was observed. In the presence of tumor cells, a
much stronger proliferative response was obtained, with
the highest response at high concentrations of co-stim-
ulating CriBs-Ab (80 nM) in combination with the
lowest concentration (<0.08 nM) of activating CriBs-
Ab (Fig. 7b).

As a result, two opposite dose-response curves with
or without tumor cells were observed, as illustrated in a
cross-section of the criss-cross dilution experiment at
80 nM of co-stimulating CriBs-Abs (Fig. 7c). Decreas-
ing the concentration of the activating CriBs-Ab resulted
in an increasing proliferative response in the presence of
tumor cells. This implies that in the presence of sufficient
pre-targeting reagent (the co-stimulating CriBs-Ab), a
large window of operation is available, in which T-cell
activation is dependent on the presence of tumor cells: at

Fig. 5 Induction of T-cell activation in the absence of tumor cells.
T cells were co-cultured with (1) 80 nM of soluble activating and
co-stimulating CriBs-Abs, (2) 80 nM of soluble activating and co-
stimulating Bs-Abs, (3) 80 nM of soluble activating and co-
stimulating Bs-Abs externally cross-linked via an anti-mouse kappa
light chain polyclonal Ab, (4) 80 nM soluble anti-CD3 and anti-
CD28 mAbs, or (5) 80 nM of soluble activating and co-stimulating
CriBs-Abs with 400 nM of blocking peptide. The data are
representative of three independent experiments
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concentrations of activating CriBs-Ab below 10 nM no
T-cell activation is seen in the absence of tumor cells,
while in the presence of tumor cells T cell activation is
maximal at 0.08 nM (the lowest concentration tested).
Furthermore, in the same experiment the highest level of
T-cell activation observed without tumor cells was 60-
fold lower than in the situation where tumor cells were
present to aggregate the antibodies.

Affinity enhancement effect of CriBs-Abs

Efficient tumor targeting of Bs-Abs is important in
obtaining an efficient tumor cell-dependent T-cell acti-
vation, especially in humans. Increasing the functional
affinity of the Bs-Abs can improve tumor targeting. In
the pre-targeting strategy followed in the previous
experiment, the activating CriBs-Ab was able to recog-
nize two epitopes present on the tumor cells: the hPLAP
TAA, present on the tumor cell surface, and the P-tag,
present on the pre-targeted co-stimulating CriBs-Ab. To
verify whether this dual interaction results in an affinity

enhancement, an ELISA experiment was performed.
Soluble TAA (hPLAP) was coated and incubated with
equimolar amounts of either the co-stimulating CriBs-
Ab or the co-stimulating Bs-Ab, and then an activating
CriBs-Ab containing a C-terminal E-tag was added.
Detection with an anti-E-tag mAb revealed a twofold to
threefold increased avidity of the activating CriBs-Ab
for the TAA that was pre-incubated with the co-stimu-
lating CriBs-Ab compared to the TAA that was pre-
incubated with the co-stimulating Bs-Ab (Fig. 8). An
excess of soluble blocking P-peptide was added to CriBs-
Ab containing anti-P, resulting in inhibition of the
affinity enhancement effect. This control confirms the
dependence of the affinity enhancement on the presence
of the P/anti-P interaction. The experiment was repeated
using different concentrations of the coated TAA and
gave comparable results (data not shown). In accor-
dance with the ‘affinity enhancement system’ [2, 4, 29],
cross-linking two monovalent binding molecules is ex-
pected to result in improved in vivo tumor targeting.

Discussion

When redirecting T cells to a tumor using Bs-Abs,
effective activation of the recruited T cells at the tumor
site is essential for the development of a tumoricidal
immune response. Therefore, the biological require-
ments for T-cell priming and expansion have to be met.
Co-stimulation via receptors such as CD28 is crucial in

Fig. 6 Induction of T-cell activation in the presence of tumor cells.
a The pre-targeting strategy. b Mitomycin treated tumor cells were
pre-incubated for 1 h with a fixed amount (20 nM) of co-
stimulating Bs-Ab (open square) or CriBs-Ab (open traingle)
followed by a 1 h incubation with a serial dilution (0–20 nM) of
activating Bs-Ab (open square) or CriBs-Ab (open traingle). Pre-
incubated tumor cells were then co-incubated with T cells. T-cell
activation was measured by proliferation, IL-2 production and
IFN�c production. Each condition was tested in triplicate
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this process [9], as stimulation via the TCR alone favors
anergy or apoptosis [47]. It has been shown that in cis
presentation of both signals is beneficial in promoting
T-cell activation. Moreover, anti-CD3 and anti-
CD28 mAb presented to the T cell in cis by immobili-

zation on the same bead resulted in a Th1-type cytokine
profile, a response considered beneficial for tumor
rejection [34].

We here evaluate a pre-targeting strategy in which
signal 1 (anti-TCR) and 2 (anti-CD28) are given by two
separate CriBs-Abs. By using a pre-targeting strategy in
which the co-stimulating CriBs-Ab is added before the
activating CriBs-Ab, a more optimal T-cell signal con-
taining both the anti-CD3 and anti-CD28 specificity can
be reconstituted at the tumor site, while avoiding the
simultaneous presence of both signals systemically. Such
a pair of CriBs-Abs was engineered by incorporating a
peptide (P) and a scFv specific for this (anti-P) into,
respectively, an anti-(TAA · CD28) and an anti-(TAA
· CD3) Bs-Ab. Both CriBs-Abs were shown to mutually
interact with an affinity of 20 nM. Comparing the CriBs-
Abs with their non-cross-interacting counterparts in the
absence of tumor cells revealed a T-cell proliferative
response similar in strength to the response induced by
the Bs-Abs cross-linked via an external cross-linker
(polyclonal serum). In the absence of the cross-linking, a
monovalent anti-CD3 and anti-CD28 specificity on two
separate Bs-Abs was not sufficient to induce T-cell
activation at any concentration. This confirms the
functionality of the cross-interaction and the fact that T-
cell triggering can result from the heterodimerization of
the TCR with the CD28 co-stimulatory receptor.

Fig. 7 Determination of the optimal ratio of activating versus co-
stimulating CriBs-Ab. In a proliferation assay, T cells were co-
incubated with a criss-cross serial dilution of both CriBs-Abs (0–
80 nM) in a pretargeting setting performed in a 96 well plate, in the
absence (a) or presence (b) of mitomycin treated tumor cells. A
separate graph was made from the same data displayed in a and b,
at a constant concentration of 80 nM co-stimulating CriBs-Ab and
a serial dilution (0–80 nM) of the activating CriBs-Ab, in the
absence (open traingle) or presence (open square) of mitomycine
treated tumor cells (c)

b

Fig. 8 The affinity enhancement effect caused by the cross-
interaction. An ELISA plate was coated with the soluble TAA
(hPLAP) and incubated with 40 nM of the co-stimulating CriBs-
Ab (filled circle), the co-stimulating CriBs-Ab with an excess of
blocking P-peptide (filled traingle) or the co-stimulating Bs-Ab
(filled square). The subsequent incubation step was performed with
a serial dilution (1/2) of cell culture supernatant containing an E-
tagged activating CriBs-Ab. Bound E-tagged CriBs-Ab was
revealed with an anti-E-tag mAb conjugated to HRP. Each
condition was tested in triplicate
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In the presence of tumor cells and using sufficiently
high Ab-concentrations, both the CriBs-Abs and their
non-cross-interacting counterparts induced similar
strong proliferative responses, caused by a concentration
of Ab at the cell–cell interaction synapse through rec-
ognition of the TAA on the tumor cells. However,
lowering the concentrations of the activating antibody
led to a rapid loss of activity using the non-CriBs-Abs,
while stimulation could be maintained at a plateau value
using more than 30-fold lower concentrations of the
CriBs-Abs. Interestingly, at these low concentrations of
activating CriBs-Ab, high levels of the co-stimulating
CriBs-Ab were required, yielding at its extreme a
theoretically optimized stochiometry of 1 : 1000
anti-CD3:anti-CD28. The presence of high concentra-
tions of co-stimulating antibody is expected to induce
tumor cell driven clustering of co-stimulatory receptors.
Recruitment to this cluster of minute amounts of T-cell
receptors by the cross-interacting activating CriBs-Ab is
apparently sufficient to induce optimal T-cell activation.
Possibly, this association promotes TCR/CD3 signaling
through induced proximity of associated signaling mol-
ecules and/or by a CD28 mediated partitioning of TCR/
CD3 complexes into lipid rafts, which are themselves
enriched in signaling molecules [23, 50]. In fact, this ef-
fect of optimized stoichiometry mimicks the real-life
situation where a T-cell becomes activated by a few TCR
ligands in the presence of an abundance of co-stimula-
tory ligands. This effect is impossible to achieve with an
anti-(TAA · CD3·CD28) trispecific single molecule, in
which the anti-CD3 and anti-CD28 specificities are
present in a fixed 1 : 1 stoichiometry. We can thus
conclude that the pre-targeting strategy with the CriBs-
Abs as described holds an important advantage over
former strategies as the concentration of the most toxic
component, the activating CriBs-Ab, can be reduced
while preserving the full potential of the reagents. No
toxicity has so far been reported for a co-stimulatory Bs-
Ab (targeting the CD28-receptor), while the toxicity of
the activating anti-CD3 is dose limiting.

Pre-targeting of the co-stimulatory CriBs-Ab to the
tumor cells creates two binding sites on the cells for the
activating CriBs-Ab. ELISA revealed a threefold in-
crease in the avidity of the activating CriBs-Ab for the
TAA preloaded with the co-stimulatory CriBs-Ab. Al-
though potentially important for increasing the tumor
targeting of the activating CriBs-Ab when administered
to the organism, this marginal increase in functional
affinity seems insufficient to explain the efficient T-cell
activation at low concentrations of activating CriBs-Ab.

When considering an application for tumor therapy,
systemic T-cell activation, leading to a severe and
potentially life-threatening inflammatory response,
needs to be avoided. Systemic toxicity mediated by Bs-
Abs may be caused by several mechanisms. When
combining the anti-CD3 and anti-CD28 specificities on a
single molecule, tumor-independent T-cell activation
was observed [27]. Toxicity due to Fc-receptor mediated
aggregation of an anti-(TAA · CD3) Bs-Ab has also

been reported [36]. Even the use of high doses of a
monovalent anti-(TAA · CD3) Bs-Ab lacking an Fc-
tail has been reported to cause systemic response and
accompanying toxicity in humans [49]. This emphasizes
the need for a system that on the one hand uses low
doses of activating Bs-Ab and on the other hand
assembles co-stimulating and activating functions in a
tumor-driven manner, thus warranting a tumor-re-
stricted but potent T-cell activation. The T-cell activat-
ing characteristics of the co-stimulating/activating
CriBs-Ab pair used in a pre-targeting strategy clearly
approaches these requirements. In the presence of tumor
cells, a minimal concentration of activating CriBs-Ab
(<0.08 nM) induces maximal T-cell activation, pro-
vided enough co-stimulating CriBs-Ab is tumor cell-
bound. In contrast, in the absence of tumor cells a high
concentration (>10 nM) of both co-stimulating and
activating CriBs-Ab is required for T-cell activation.
Thus, in a therapeutic setting, T-cell activation may be
restricted to the tumor site using this two-step approach.
First, high doses of the co-stimulating CriBs-Ab can be
administered. Based on the high affinity of the CriBs-Ab
for the tumor TAA (KD=3–5·10�9 M), and the 100-
fold lower affinity for the CD28 (or CD3) receptor on
the T cell (KD=23 to 68·10�7 M), the fractional occu-
pancy ([Ab]/(KD + [Ab])) of antibody binding to the
tumor will be higher than the fractional occupancy of
antibody binding T cells. Once the non-tumor-bound co-
stimulating CriBs-Ab is sufficiently (<10 nM) cleared
from the circulation, low non-toxic doses (<10 nM) of
the activating CriBs-Ab can be administered. This would
minimize the possibility of systemic T-cell responses but
yet enable T-cell activation at low reagent concentra-
tions when cross-interacting the activating and co-stim-
ulatory signals specifically at the tumor site.

Although current results are limited to in vitro data,
the experiments indicate that we designed a promising
and novel approach to ensure optimal and tumor-
dependent T-cell activation at much lower concentra-
tions of activating Bs-Abs, by crosslinking the CD28
and the CD3 T-cell receptors into a single complex.
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