Bispeciﬁc antibodies targeting tumor-associated antigens and
neutralizing complement regulators increase the efﬁcacy of
antibody-based immunotherapy in mice
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The efﬁcacy of antibody-based immunotherapy is due to the activation of apoptosis, the engagement of antibody-dependent
cellular cytotoxicity and complement-dependent cytotoxicity (CDC). We developed a novel strategy to enhance CDC using
bispeciﬁc antibodies (bsAbs) that neutralize the C-regulators CD55 and CD59 to enhance C-mediated functions. Two bsAbs (MB20/
55 and MB20/59) were designed to recognize CD20 on one side. The other side neutralizes CD55 or CD59. Analysis of CDC revealed
that bsAbs could kill 4–25 times more cells than anti-CD20 recombinant antibody in cell lines or cells isolated from patients with
chronic lymphocytic leukemia. The pharmacokinetics of the bsAbs was evaluated in a human-SCID model of Burkitt lymphoma. The
distribution proﬁle of bsAbs mimics the data obtained by studying the pharmacokinetics of anti-CD20 antibodies, showing a peak
in the tumor mass 3–4 days after injection. The treatment with bsAbs completely prevented the development of human/SCID
lymphoma. The tumor growth was blocked by the activation of the C cascade and by the recruitment of macrophages,
polymorphonuclear and natural killer cells. This strategy can easily be applied to the other anti-tumor C-ﬁxing antibodies currently
used in the clinic or tested in preclinical studies using the same vector with the appropriate modiﬁcations.

INTRODUCTION
Current strategies for cancer therapy with monoclonal antibodies
(mAb) are mainly based on targeting proteins1–3 expressed on the
surface of cancer cells that are easily accessible. Examples include
the anti-Her2 Ab (trastuzumab) and the anti-EGF receptor Ab
(cetuximab), which are used to treat solid tumors of the breast,
head and neck, as well as colorectal cancers. Other successful
applications include the anti-CD52 mAb (alemtuzumab) and
anti-CD20 mAbs (rituximab, ofatumumab and obinutuzumab),
which are currently being used in the treatment of hematological
malignancies, such as leukemia and lymphoma.4,5 These
antibodies exert anti-neoplastic effects either by inducing
apoptosis6,7 or by engaging immune effector mechanisms, such
as antibody-dependent cellular cytotoxicity (ADCC),8–10 antibodydependent cellular phagocytosis11 and complement-dependent
cytotoxicity (CDC).12–14 The development of a novel strategy
based on the use of bispeciﬁc antibodies (bsAbs) linking tumor
cells with CD3 þ T cells to increase cellular cytotoxicity represents
a further advance in cancer therapy. The bsAbs have been
constructed to simultaneously target both CD3 and several
different tumor-speciﬁc antigens. The ﬁrst approved antibody
targeting CD19, catumaxomab,15 was followed by others that
target Her2/neu, EGFR, CD66e, CD33, EphA2 and MCSP (or HMWMAA).16 Both cytotoxic CD8 þ T cells and CD4 þ T cells can be
redirected for tumor cell killing.17–19 Several other bsAbs are
currently being tested in clinical trials. For example,
blinatumomab, which is also known as MT103, targets CD3 and
CD19. This antibody was tested in a Phase 1 trial in patients with

late-stage relapsed non-Hodgkin’s lymphoma and in a Phase 2
trial in patients with B-precursor acute lymphoblastic leukemia.20
MT110 is another bsAb targeting CD3 and epithelial cell adhesion
molecule that has been tested in a Phase 1 trial in patients with
lung and gastrointestinal cancer.21
Despite the advantages of the complement system (C) in the
control of tumor growth, very few studies are based on bsAbs that
enhance C-mediated functions.22,23 One advantage of the system
is that it is made of soluble molecules that can easily reach the
tumor site and diffuse inside the tumor mass.14,24,25 Moreover, C
components are locally synthesized by many cell types, including
macrophages,26 ﬁbroblasts27 and endothelial cells28,29 and they
are readily available as a ﬁrst line of defense against cancer cells.
However, a major limitation of C-mediated tumor cell lysis is the
overexpression of the C-regulatory proteins CD46, CD55 and CD59
on the cell surface (mCRPs30,31). These proteins permit evasion of
complement attack and restricts the complement-dependent
cytotoxic effect of several antibodies.14 Lysis of complementresistant tumor cells is restored by the addition of antibodies
neutralizing mCRPs, suggesting that the effect of mAbs can be
enhanced by blocking their inhibitory activity.23,32,33 The in vivo
use of these antibodies has been limited by the widespread
distribution of the mCRPs on normal cells. Thus the only way to
avoid undesirable attacks on host cells is to make the mCRPneutralizing antibodies selectively target the cancer cells.33
We now report the generation of two bsAbs that were
designed to recognize CD20 and to neutralize the CD55 or
CD59. The anti-CD20 antibody was selected as a prototype of a
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therapeutic anti-tumor molecule able to cause C-dependent killing
of cancer cells. The choice to neutralize CD55 and CD59 was based
on our previous observations. We have demonstrated that these
two C regulators contribute to the protection of CD20 þ
B-lymphoma cells from complement-mediated killing induced by
rituximab.34–36
Our data show that treatment with a mixture of the two bsAbs
targeting CD20 on B-lymphoma cells prevents tumor development and results in the survival of all tumor-bearing animals.

Enzyme-linked immunosorbent assay (ELISA)
Microtiter plate wells (Corning Life Sciences, Corning, NY, USA) were
coated with 100 ml of solutions containing bsAbs by overnight incubation
at 4 1C in 0.1 M of sodium bicarbonate buffer (pH 9.6), and the unbound
sites were blocked by incubation with phosphate-buffered saline containing 2% skim milk for 1 h at 37 1C. The presence of antibodies was
documented using anti-human IgG conjugated with alkaline phosphatase
or using anti-SV5, anti-6xHIS antibody and alkaline phosphatase-conjugated anti-mouse IgG. The enzymatic reaction was developed with PNPP
(p-nitrophenyl phosphate) (Sigma-Aldrich; 1 mg/ml) as a substrate and
read at 405 nm using Inﬁnite M200Pro (TECAN ITALIA S.r.l., Cernusco sul
Naviglio, Milano, Italy).
A sandwich ELISA was performed by binding anti-SV5 mAb on ELISA
plates, and the binding of bsAbs was measured using horseradish
peroxidase (HRP)-labeled anti-6xHIS secondary antibody.

MATERIALS AND METHODS
pDUO cloning procedures
The vector pMB-SV537 was used as a backbone for the construction of all
plasmids used in this work. Two vectors were created for scFv cloning. The
pMB407 vector was obtained by cloning a 759-bp fragment into the
NheI-HindIII site of the PMB-SV5 vector. This fragment contained a
codon-optimized sequence (Invitrogen, Milan, Italy) coding for the human
immunoglobulin G1 (IgG1) Hinge_CH2_CH3 Fc region with the Y407T
mutation, an SV5 tag, a furin cleavage site and the AgeI restriction site. The
second vector, named pMB366, was obtained by cloning a 943-bp
fragment containing a codon-optimized sequence coding for the AgeI
restriction site and FMDV 2A sequence,38 followed by the secretory leader
sequence, BssHII-NheI restriction sites, the human IgG1 Hinge-CH2-CH3 Fc
region with the T366Y mutation, and the 6xHis tag into the XbaI-HindIII site
of the PMB-SV5 vector. The scFvs of interest were cloned into either the
pMB366 or pMB407 vector as BssHII-NheI digested fragments. The ﬁnal
pDUO vector expressing the bispeciﬁc molecule was obtained by
subcloning the scFv-Fc fragment that was cut from pMB366 with AgeIHindIII restriction sites into a pM407 cut with the same enzymes. Anti-CD55
and CD59 scFvs were previously isolated32 and were subcloned into
pMB407. The anti-CD20 scFv sequence was obtained on the basis of the
amino-acid sequence of patent No. 5,736,137 (Idec Pharmaceuticals,
San Diego, CA, USA). A fragment coding for the sequence-optimized VL
linker VH was cloned in both pMB366 and pMB407 vectors. The fragment
from pMB366 to pMB407 was subcloned into three different pDUO vectors
to obtain coding regions for the bispeciﬁc molecules MB20/20, MB20/55
and MB20/59.

ELISA on cells
IGROV1 cells were grown to conﬂuence in 96-well tissue culture plates
(Corning Life Sciences). To evaluate cell-bound antibodies, the cells were
incubated with 100 ml of primary antibodies diluted in phosphate-buffered
saline containing 2% bovine serum albumin for 1 h at 37 1C. Then the cells
were incubated with anti-SV5 or anti-6xHIS mAbs and alkaline phosphatase-conjugated anti-mouse IgG. The enzymatic reactions were developed
with PNPP and read at 405 nm.

Fluorescence-activated cell sorter (FACS) analysis
Lymphoma cells (5  105) were ﬁrst incubated with the primary antibodies
in phosphate-buffered saline containing 1% bovine serum albumin for 1 h
at 37 1C and then with the appropriate ﬂuorescein isothiocyanateconjugated secondary antibodies for 1 h at 37 1C. The cells were ﬁxed
with 1% paraformaldehyde (Sigma-Aldrich), and the ﬂuorescent signal was
evaluated on a FACSCalibur instrument using the CellQuest software
(BD Biosciences, San Jose, CA, USA).

Complement-mediated lysis
The previously described CDC procedure33 was used to evaluate the effect
of antibodies on the complement susceptibility of B-lymphoma and
leukemia cells.

Antibodies and sera
The anti-CD20, anti-CD55 and anti-CD59 mAbs were obtained from
ImmunoTools GmbH (Friesoythe, Germany). The anti-6xHIS antibody was
obtained from AbCam (Cambridge, UK) as was the mouse anti-SV5.39 All
the secondary antibodies were purchased from Sigma-Aldrich (Milan, Italy)
or Aczon (Monte SanPietro, Bologna, Italy). The scFv-Fc were produced and
puriﬁed from the supernatant of stably transfected CHO cells as previously
described.40
Normal human sera (NHS) from AB Rh þ blood donors were kindly
provided by the Blood Transfusion Center (Trieste, Italy) and pooled as a
source of complement.

Mouse model of B-lymphoma
A xenograft B-lymphoma model was established in SCID mice to
investigate the therapeutic effect of anti-CD20/20, anti-CD20/55 and
anti-CD20/59. The animals were inoculated intraperitoneally (i.p.) on the
right ﬂank with 2  106 BJAB cells and examined twice weekly for up to
120 days for signs of sickness.42 Tissue samples from lymphoma-bearing
mice were used for morphological, immunohistochemical or immunoﬂuorescent analyses.

Evaluation of bsAb distribution using time-domain near-infrared
optical imaging

Cells
The Burkitt lymphoma cell line BJAB, the B-chronic lymphocytic leukemia
cell line MEC1 (a kind gift from Dr Josèe Golay) and the ovarian carcinoma
cell line IGROV141 were grown in RPMI1640 medium (Sigma-Aldrich)
supplemented with 10% fetal calf serum (Invitrogen). Heparinized
peripheral blood samples were obtained after written informed consent
from untreated B-CLL patients at the University Hospital in Trieste (B cells
490% of total circulating cells). The study was approved by the IRB of the
CRO (IRCCS) of Aviano (IRB-06-2010). The mononuclear cell fractions were
isolated by centrifugation on Ficoll-Hypaque (GE Healthcare, Milan, Italy)
density gradients.

Puriﬁed recombinant antibodies were labeled with the N-hydroxysuccinimide ester of Cy5.5 (FluoroLink Cy5.5 monofunctional dye; GE Healthcare).
All the in vivo data were acquired using the small-animal time-domain
Optix MX2 preclinical NIRF-imager (Advanced Research Technologies,
Montreal, CA, USA), as described by Bifﬁ et al.43,44

Immunoﬂuorescence analysis
The tissue deposition of C components was previously described.33 The
presence of inﬁltrating natural killer cells (NK), macrophages (Mf) and
polymorphonuclear cells (PMN) was assessed in frozen sections (7 mm) of
the tumor mass and other organs obtained from lymphoma-bearing mice
at necropsy. The tissues were evaluated using rat mAbs to mouse CD56
(clone H28-123, Meridian Life Science, Cincinnati, OH, USA), to mouse Gr-1
(clone RB6-8C5, ImmunoTools) and polyclonal Ab to mouse CD14
(Santa Cruz, Dallas, TX, USA). The antibodies were incubated for 1 h at
room temperature, followed by the relevant biotinylated secondary
antibody (Dako, Glostrup, Denmark), and the staining was revealed with
StreptABComplex/HRP (Dako) and DAB þ Chromogen (Dako).

Animals
Female SCID mice (4–6 weeks of age) were purchased from Charles-River
(San Giovanni al Natisone, Udine, Italy) and maintained under pathogenfree conditions. All the experimental procedures were performed in
compliance with the guidelines of the European (86/609/EEC) and the
Italian (D.L.116/92) laws and were approved by the Italian Ministry of
University and Research and the Administration of the University Animal
House (Protocol 42/2012).
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Statistical analysis

The second and third bsAbs contained the scFv anti-CD20 fused to
the T366Y-mutated Fc region and the scFv to CD55 or CD59 fused
to the Y407T-mutated Fc portion. The result was the formation of
bispeciﬁc molecules MB20/55 and MB20/59 (Figure 1c).

The data were expressed as means±s.d. and analyzed by the two-tailed
Student’s t-test to compare two paired groups of data. The Kaplan–Meier
product-limit method was used to estimate survival curves, and the logrank test was adopted to compare different groups of mice.

In vitro characterization of bsAbs
The three bsAbs were produced by stable transfection of CHO-S
cells. The antibodies were afﬁnity-puriﬁed using protein A
columns,40 and analysis was performed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (Supplementary
Figure S1), western blotting (Figures 2a and b) and ELISA
(Figure 2c). The results indicated the presence of a protein with
the expected molecular weight of 115–120 KDa, which corresponds to the scFv-Fc dimers. Monomers, degradation products or
other contaminating proteins were below the detection limits in
all preparations.
Immunoenzymatic assays were used to address the important
issue of heterodimer formation. We used the anti-6xHis mAb to
document the presence of the anti-CD20 and the anti-SV5 mAb to
reveal the presence of the other arm in the bispeciﬁc molecules
(Figure 2b). Analysis of the puriﬁed proteins by a sandwich ELISA
using anti-SV5 as a trapping mAb and HRP-labeled anti-6xHis mAb
as a revealing reagent for the bound bsAbs showed the formation
of heterodimers.
To investigate the cell-binding activity of the puriﬁed molecules,
we ﬁrst examined the binding of MB20/20, MB20/55 and MB20/59
to cancer B-cells by FACS analysis. This study conﬁrmed that all

RESULTS
Production of bsAbs
Our focus was to design and clone an expression construct to
obtain stable and high-yield production of bsAbs using the ‘knobinto-hole’ mutations (Y407T and T366Y) in the human IgG CH3
domain. To this end, the selected scFvs were initially cloned
individually into two different pMB366 and pMB407 vectors
(Figure 1a) and then joined in the ﬁnal vector pDUO (Figure 1b)
to achieve expression and heterodimerization. This vector had the
following features: (i) scFvs were fused to either the Y407T or T366Y
mutated Fc region; (ii) each Fc region contained a C-terminal tag
sequence for detection; and (iii) equal expression of both the
scFv-Fc molecule chains was achieved with a single RNA molecule
through the use of the FMDA 2A self-processing sequence.
Furthermore, a furin-mediated cleavage site was included at the
C-terminal end of the ﬁrst tag (SV5) to remove the entire 2A
peptide-tail. To achieve high-yield expression, all wild-type
sequences were ‘codon optimized’ for expression in a CHO cell line.
Three different versions of the bispeciﬁc molecule were cloned.
MB20/20 contained a scFv-Fc targeting CD20 on both arms.

Figure 1. Schematic representation of the bsAbs expression vector. (a) scFv of interest are initially cloned into two different scFv-Fc expression
vectors. pMB407 contains the Y407T mutation and the SV5 tag while pMB366 contains the T366Y mutation and the 6xHis tag. (b) The final
pDUO vector expressing a bispecific molecule was obtained by subcloning the scFv-Fc fragment from pMB366 into a pM407. The vector
contains the FMDV2A sequence and a furin cleavage site between the two scFv-Fc to allow expression of two proteins from a single RNA.
(c) Three different versions of the bispecific molecules produced MB20/55, MB20/59 and MB20/20.
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three antibodies were able to bind to the BJAB lymphoma cell line
expressing CD20, CD55 and CD59 (Figure 3). We have initially
characterized the saturating concentration of bsAbs for binding to
BJAB cells (10 mg/ml) and used this condition for all the in vitro
tests. When the mixture of MB20/55 and MB20/59 was used, the
ﬁnal antibody concentration was maintained at 10 mg/ml using
5 mg/ml of each molecule.

As the binding of the bsAbs to the cell surface can be mediated
either by the anti-CD20 or the anti-mCRP arms, we used ELISA to
analyze their binding to the epithelial ovarian carcinoma cell line
IGROV1. This cell line expresses CD55 and CD5941 but not CD20.
As expected, MB20/20 failed to interact with these cells, whereas
MB20/55 and MB20/59 bsAbs maintained their ability to bind to
tumor cells (Figure 3). BJAB cells were also preincubated with

Figure 2. Production of bsAbs. MB20/20 (1), MB20/55 (2) and MB20/59 (3) production was documented by western blotting analysis using
anti-SV5 (a) and anti-6xHis (b) mAbs. Heterodimer formation was evaluated by a sandwich ELISA using anti-SV5/anti-6xHis-HRP, as described in
Material and methods (c).

Figure 3. Binding of MB20/20, MB20/55 and MB20/59 to tumor cell lines. The expression of CD20, CD55 and CD59 on the BJAB cell line was
investigated by FACS analysis using commercial antibodies (top row). Binding of bsAbs to BJAB cells was evaluated using anti-human
fluorescein isothiocyanate-labeled secondary antibodies (middle row). Grey lines represent control Ab binding. Cell ELISA performed on
ovarian carcinoma cells (IGROV1) not expressing CD20 to determine the binding of anti-CD55 and anti-CD59 (bottom row). The cells were
incubated with bsAbs or control antibody and revealed using anti-human, anti-SV5 and anti-His secondary antibodies. Note the binding of
MB20/55 and MB20/59 but not of MB20/20.
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10  more concentrated MB55 þ MB5933 in order to obtained
CD20 þ B-cells but shielded for CD55 and CD59. The binding of
biotin-labeled BsAbs was measured by ﬂow cytometry. The results
presented as mean ﬂuorescence intensity in Supplementary Table
S1 clearly indicated that binding of bsAbs was not prevented by
shielding the CD55 and CD59 epitopes. On the contrary, binding
of MB20/55 and MB20/59 to BJAB cells was markedly reduced
when the cells were preincubated with Rituximab.
The capacity of bsAbs to induce complement-mediated killing
was tested using the Burkitt lymphoma cell line BJAB and the
chronic lymphocytic leukemia cell line MEC1. The cells were
exposed to recombinant antibodies and NHS (25%) as a source of
complement for 1 h at 371C. As shown in Table 1, the CDC
obtained with MB20/20 was 15% for MEC1 and 22% for BJAB. Such
low levels of cytotoxicity suggested that surface-expressed
complement regulators may account for the resistance of these
cells to complement attack. Because CD55 and CD59 were
previously found to be responsible for cell protection from
CDC,32,33,35 the cells were incubated with NHS in the presence of
MB20/55, MB20/59 or the mixture of both bsAbs. The results
presented in Table 1 show that the percentage of cells killed
increased considerably following the neutralization of mCRPs. In
particular, the CDC induced by the mixture of bsAbs was up to
threefold higher than that obtained with MB20/20.
To prove that MB20/55 and MB20/59 selectively target B-cells,
BJAB cells were incubated with bsAbs and serum in the presence
of either human red cells (40% v/v) or T cells (2  105) expressing
CD55 and CD59. Despite the high number of erythrocytes or
T cells, the complement-dependent killing of BJAB cells exceeded
50% and attained a value that was not signiﬁcantly different
from the result obtained in the absence of bystander cells
(Supplementary Figure S2).
The ability of an antibody to activate the classical pathway of
the complement system depends on the level of antibody
deposited on the cell surface and on the amount of tumorassociated antigen. BJAB and MEC1 cells express high levels of
CD20. High CD20 expression is uncommon in B-lymphoproliferative disorders such as chronic lymphocytic leukemia (CLL), which is
characterized by low levels of CD20 on circulating tumor B-cells.
Therefore, we decided to compare the killing of B-cell lines
induced by saturating concentration of recombinant Abs with the
CDC of cells isolated from patients with CLL that express low levels
of CD20 (Table 1). MB20/20 was able to kill o10% of patient’s cells
but the killing effect of the antibody increased substantially by
blocking CD55 or CD59 with MB20/55 and MB20/59 antibodies.
The results showed an enhanced CDC of 33% and 38%,
respectively. The cell cytotoxicity reached 58% when a mixture
of MB20/55 and MB20/59 was used at the same ﬁnal concentration of antibodies (Table 1; *Po0.01 vs MB20/20-treated cells).

i.p. into SCID mice. This resulted in the development of a
lymphoma model that led to the animal death in 50–70 days after
cell inoculation. Peritoneal tumor masses were observed in all
mice at necropsy, with the histological appearance of aggregates
of lymphoid cells positive for human CD20. Foci of lymphoid cells
were observed in the liver, bone marrow and spleen. The in vivo
distribution of the bsAbs was monitored by labeling the molecules
with near-infrared dye and injecting them i.p. into tumor-bearing
mice. The bsAbs were monitored using time-domain optical
imaging. The whole-body scans shown in Figure 4a revealed a
strong ﬂuorescence signal in the region of probe injection, but the
signal decreased exponentially and remained restricted to a
limited area. This ﬁnding is consistent with the results obtained
with other antibodies.43 The ﬂuorescence signal became evident
in the tumor mass 4 h after injection and increased progressively
during the next 4 days (Figure 4b). The accumulation curves of
anti-CD20 and bsAbs were essentially similar, though the two
bsAbs MB20/55 and MB20/59 reached the tumor mass faster than
MB20/20. The peak for bsAbs MB20/55 and MB20/59 was 48 h,
whereas MB20/20 peaked after 72 h (Figure 4c).
The ability of tissue-bound antibodies to activate the complement system was evaluated by analyzing the deposition of C3 and
C9 in the tumor masses of animals receiving saline, MB20/20,
MB20/55, MB20/59 or the mixture of the two bsAbs. Unlike the
saline-treated groups, the animals treated with the anti-CD20
scFv-Fc showed signs of complement activation based on massive
deposition of C3 and mild C9 staining. The staining increased
substantially in mice receiving the mixture of MB20/55 and
MB20/59 (Figure 5a).
Activation of the complement system is known to stimulate the
inﬂammatory process. Therefore we examined the tumor masses
for the presence of PMN, Mf and NK cells recruited into the tumor
microenvironment as a result of complement activation. The PMN
were barely detectable in the tumors of anti-CD20-, anti-CD20/55and anti-CD20/59-treated mice. However, massive inﬁltration of
these cells was observed in mice that received the combination of
bsAbs. MB20/20, MB20/55 and MB20/59 administered individually
recruited less Mfs than PMN, and a larger number of these cells
were mobilized by the mixture of bsAbs. A strong NK inﬁltrate was
observed in tumor masses collected from MB20/55 þ MB20/59treated animals, whereas a limited number of NK cells was found
in mice receiving either MB20/55 or MB20/59 (Figure 5b). The
histological analysis showed apoptotic/necrotic areas that were
mainly present in tumor masses collected from animals treated
with the mixture of bsAbs (Supplementary Figure S3).
Therapeutic effect of bsAbs
The in vitro and in vivo data showed that BJAB cells could
efﬁciently be targeted and killed by bsAbs. To prove that
these antibodies also had therapeutic effect, a human/mouse
model of lymphoma was established in SCID mice that received
an i.p. injection of BJAB cells. The mice were then treated with
MB20/20, MB20/55 and MB20/59 administered either individually

In vivo characterization of bsAbs
To ascertain whether the mixture of MB20/55 and MB20/59
maintained a synergistic effect in vivo, BJAB cells were injected
Table 1.

BJAB
MEC1
Pt1
Pt2
Pt3
Pt4
Pt5

Complement-mediated killing of purified tumor B-cells
CD20 (MFI)

CD55 (MFI)

CD59 (MFI)

Saline

MB20/20

MB20/55

MB20/59

MB20/55 þ MB20/59

316.8
264.5
73.6
22.2
65.9
53.6
77.7

12.0
19.0
38.3
6.3
13.3
11.2
27.4

92.2
92.0
87.5
63.0
67.9
67.2
91.0

3.1±1.1
0.9±1.3
2.1±1.4
1.4±1.4
4.3±1.0
6.3±1.8
1.2±1.0

22.0±1.9
15±1.9
1.3±1.1
1.4±1.0
9.1±2.1
9.9±1.9
4.2±2.0

31.3±3.9*
23.5±3.8
33.5±4.5*
10.7±3.8*
19.5±3.7*
18.6±2.1*
31.4±3.6*

38.3±4.3*
33.4±3.5*
34.2±5.1*
9.2±2.8*
19.7±2.9*
23.4±4.3*
38.7±5.0*

57.8±6.1*
44.1±7.0*
53.9±10.8*
21.0±5.7*
43.8±8.4*
39.7±8.3*
57.6±10.8*

Abbreviation: MFI, mean fluorescence intensity. *Po0.01 vs MB20/20.
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marketing.20 However, the relatively high number of effector cells
required in the tumor microenvironment to cause cytotoxic
damage to cancer cells represents the main limitation of this
approach. The data presented here show that an alternative
strategy to obtain an effective control of tumor growth can be
offered by bsAbs that focus the effector function of the C system
on tumor cells.
The anti-CD20 antibody rituximab, currently used to treat some
B-cell malignancies and antibody-mediated autoimmune disorders, was selected as a prototype of a therapeutic anti-tumor
molecule able to activate C and cause C-dependent killing of
cancer cells. This antibody was combined with neutralizing
antibodies to CD55 and CD59 to generate the bsAbs MB20/55
and MB20/59. The choice to neutralize these two mCRPs was
based on our previous observation that B-lymphoma cells are
protected from C attack, mainly by CD55 and CD59, with only a
negligible contribution of CD46.34–36 This ﬁnding suggests that
the mCRPs to neutralize in vivo should be selected on the basis of
functional activity rather than on the degree of surface expression.
Successful heterodimerization is a critical issue for the production of active bispeciﬁc fragments containing an Fc region,
because it confers long serum half-life and supports secondary
immune functions, such as ADCC and CDC. The knobs-into-holes
strategy based on the substitution of amino acids at the contact
site between the CH3 domains of the human IgG1 Fc region was
used to generate stable heterodimers, as suggested by the ﬁnding
of scFv-Fc dimers in the supernatant of CHO-S secreting bsAbs.
Additionally, we were not able to detect monomers or degradation products.45 Furthermore, this format of bsAbs was engineered
using a single polypeptide expression approach to ensure
balanced production of both scFv-Fc chains. This goal was
achieved by designing a vector that included a FMDV 2A selfcleaving peptide38 in addition to a furin cleavage site.46
The bsAbs MB20/55 and MB20/59 proved to be more effective
than the parent molecule MB20/20 in inducing C-dependent
cytotoxicity. The anti-CD20 antibody exhibited only a modest
killing effect on B-cells from CLL patients that did not exceed 10%.
This result is compatible with the low level of CD20 expressed by
CLL B-cells.47–49 However, despite the limited number of CD20
molecules on the surface of these cells, the mixture of MB20/55
and MB20/59 caused a 4–25-fold increase in cell killing compared
with MB20/20. These ﬁndings suggest that the evasion of cancer
cells from C attack depends on the control of C activation by CD55
and CD59.
One problem with the potential clinical use of the bsAbs is their
selective delivery to cancer cells, given the wide distribution of
mCRPs on circulating and endothelial cells. These cells may absorb
a large proportion of infused molecules and prevent their
deposition on the tumor mass. Additionally, these cells may
become exposed to C attack. Unfortunately, this issue could not
be addressed using the in vivo model established in SCID mice,
because the three antibodies only recognize the human targets
and did not cross-react with the murine counterparts. To address
this issue, we obtained data from the in vitro assay, which showed
that the killing of the Burkitt lymphoma cell line BJAB remained
essentially unchanged in the presence of a large number of
erythrocytes or T cells. This result conﬁrm that the targeting was
driven by the MB20 high-afﬁnity arm rather than from either antiCD55 or anti-CD59 arm that have lower afﬁnity for their respective
target antigens.
The bsAbs injected i.p. into tumor-bearing SCID mice maintained their ability to target human cancer B-cells in vivo. The
three antibodies had similar accumulation proﬁles that peaked at
48/72 h after injection. The administration of bsAbs represents a
signiﬁcant advance compared with the three-step biotin–avidin
system previously used to deliver MB55 and MB59 to rituximabcoated tumor cells in a mouse model of B-lymphoma.33 Although
this therapeutic approach was successful, it has some major

Figure 4. In vivo distribution of bispecific recombinant antibodies.
Time-domain optical images of the total body (a) or the tumor mass
(b) of representative tumor-bearing mice (3 animals) injected with
anti-CD20 or bsAbs. The distribution of the labeled molecules was
assessed at the indicated times over a period of 3 days. The
distribution pattern was similar in all treated animals. Color bar is
shown at the right for comparison. The average fluorescence
intensity is indicated by the normalized counts (NC).The time course
of fluorescence intensity in the tumor mass (c) is expressed as the
average fluorescence intensity (NC) of a selected area localized over
the tumor mass at the indicated time point.

or as a mixture. Fifty micrograms of recombinant antibodies were
injected in each animal. The dose was reduced to 25 mg in animals
receiving the mixture of two bsAbs. The treatment was repeated
twice on days 4 and 11, and the animals were followed up to 120
days. As shown in Figure 6, all the tumor-bearing mice receiving
saline died within 60 days and survived slightly longer when
treated with MB20/20. Mice treated with MB20/55 or MB20/59 had
a signiﬁcantly prolonged survival, with 80% of animals dying
within 80 and 120 days, respectively, and 20% still alive at the end
of the experiment (Po0.05 vs saline or MB20/20-treated animals
in a log-rank test). Interestingly, the combined treatment with
MB20/55 and MB20/59 resulted in a synergistic effect leading to
100% survival of the animals (Po0.01 vs bsAb). Tumors failed to
develop in all the treated mice, and histological examination of
the organs did not reveal the presence of residual human tumor
B-cells.

DISCUSSION
BsAbs have been generated in recent years with the aim of
bringing effector cells of the immune system into close contact
with target cells to simultaneously engage tumor cell antigens and
surface molecules on immune cells and facilitate their cytotoxic
activity.16 Oncology dominates the ﬁeld of bsAbs, and many drugs
are in Phase I and II clinical trials or received approval for
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Figure 5. Immunofluorescence analysis of tumor masses from xenograft mice receiving saline, MB20/20, MB20/55, MB20/59 and MB20/
55 þ MB20/59. Deposition of complement components (a) and leukocyte recruitment (b) were analyzed using antibodies against C3, C9, GR1
(PMN), CD14 (Macrophages) and CD56 (NK cells). Saline-treated mice were used as a negative control group to show the absence of
complement activation and leukocyte infiltration in untreated animals. Pictures were taken at  200 original magnification.

The treatment of tumor-bearing mice with the combination of
the two bsAbs was highly effective in controlling tumor growth
and resulted in the survival of all the treated mice. The ﬁnding of
massive deposition of C3 and particularly of C9 in the tumor mass
of bsAbs-treated mice supports the involvement of the effector
phase of C activation in tumor destruction. Strong C activation
induced by the mixture of MB20/55 and MB20/59 may cause a
direct cytotoxic effect through the membrane attack complex as
suggested by the extensive damage of tumor cells observed in
these animals. C can also contribute to control tumor growth by
recruiting PMN cells, macrophages and NK cells through the
release of C5a50 and possibly by the soluble terminal complement
complex.51 These cells exert cytotoxicity on tumor cells via ADCC
and phagocytosis using the Fc portion of the bound antibodies
and via C-dependent cell cytotoxicity using C3 fragments bound
to the surface of tumor cells.
The effect of C5a on tumor progression is a controversial issue.
The release of C5a in the tumor microenvironment was reported
by Markiewski et al.52 to enhance tumor growth by recruiting
myeloid-derived suppressor cells that suppress the anti-tumor
CD8 þ T-cell-mediated response. More recently, Gunn et al.50 have
shown that the effect of C5a depends on the level locally available.
Using a human ovarian carcinoma xenograft model in mice, they

Figure 6. Effect of increasing doses of bispecific recombinant
antibodies on survival of SCID mice challenged with BJAB cells.
Mice were injected i.p. with BJAB cells and treated on days 4 and 11
with saline, MB20/20, MB20/55, MB20/59 or MB20/55 þ MB20/59.
Animals were followed up for 120 days, and survival was evaluated.

drawbacks, including the risk that the biotinylation procedure may
impair the antibody function, the potential immunogenicity of
avidin and the inconvenience caused to the patients by the
separate infusions of two biotin-labeled antibodies and avidin.
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found that high C5a levels favor tumor growth and suppresses
anti-tumor T-cell inﬁltration. However, a low level of C5a has the
opposite effect. It is difﬁcult to estimate the relevance of this
ﬁnding in the clinical setting when using an anti-tumor antibody
therapy because of the difﬁculty of assessing the level of C5a at
the tumor site. However, our previous in vitro observation on the
antibody-induced killing of ovarian carcinoma cell lines in the
presence of neutralizing antibodies to mCRPs was mainly caused
by complement-dependent lysis, and there was only a modest
contribution of cell-mediated cytotoxicity.41
In conclusion, we have developed two novel therapeutic bsAbs
that are able to target B-cells and to enhance tumor cell killing,
both in vitro and in vivo. Although this approach was devised for
the generation of bsAbs carrying the speciﬁcity of the anti-CD20
Ab rituximab, this strategy can easily be applied the other antitumor C-ﬁxing antibodies currently used in the clinic or tested in
preclinical studies using the same vector with the appropriate
modiﬁcations.
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