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by Dual-Targeting Bispecific Antibodies
Elie Dheilly,1,2 Valéry Moine,1,2 Lucile Broyer,1 Susana Salgado-Pires,1 Zoë Johnson,1 Anne Papaioannou,1

Laura Cons,1 Sébastien Calloud,1 Stefano Majocchi,1 Robert Nelson,1 François Rousseau,1,3 Walter Ferlin,1

Marie Kosco-Vilbois,1 Nicolas Fischer,1 and Krzysztof Masternak1

1Novimmune SA, 14 chemin des Aulx, 1228 Plan-les-Ouates, Switzerland
CD47 is a ubiquitously expressed immune checkpoint receptor
that is often upregulated in cancer. CD47 interacts with its
counter-receptor SIRPa on macrophages and other myeloid
cells to inhibit cancer cell phagocytosis and drive immune
evasion. To overcome tolerability and “antigen sink” issues
arising from widespread CD47 expression, we generated
dual-targeting bispecific antibodies that selectively block the
CD47-SIRPa interaction on malignant cells expressing a spe-
cific tumor-associated antigen; e.g., CD19 or mesothelin. These
bispecific kl bodies are fully human, native IgG1 molecules,
combining tumor targeting and selective CD47 blockade with
immune activating mechanisms mediated by the Fc portion
of the antibody. CD47-neutralizing kl bodies efficiently kill
cancer cells in vitro and in vivo but interact only weakly with
healthy cells expressing physiological levels of CD47. Accord-
ingly, a kl body administered to non-human primates showed
a typical IgG pharmacokinetic profile and was well tolerated.
Importantly, kl bodies preserve their tumoricidal capabilities
in the presence of a CD47 antigen sink. Thus, dual-targeting
kl bodies allow for efficacious yet safe targeting of CD47 in
cancer. Such a bispecific design could be applied to limit the
extent of neutralization of other ubiquitously expressed thera-
peutic targets.
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INTRODUCTION
Recent clinical success of monoclonal antibodies targeting T cell
checkpoint pathways has spawned unprecedented enthusiasm about
cancer immunotherapy as an effective means of curing cancer or, at
least, taming cancer to transform it into a chronic illness.1,2 However,
the final success of immunotherapy will ultimately depend on com-
bined mobilization of multiple arms of the immune system, including
innate immune cells that sit at the interface between cancer and its
microenvironment, and act both as effectors and coordinators of
anti-tumor and tumor-promoting immune responses.3–6 Mononu-
clear phagocytes, such as macrophages, are key players shaping the
immune environment of the tumor. Not surprisingly, cancer cells
have evolved mechanisms to evade recognition and immune attack
by these cells. A commonly used stratagem is to hijack CD47, a ubiq-
Mol
This is an open access article under the CC BY-N
uitous innate immune checkpoint receptor used to control homeo-
static phagocytosis.7–10

CD47 inhibits phagocytosis by engaging signal regulatory protein
alpha (SIRPa) on the effector cell, which induces a de-phosphoryla-
tion cascade paralyzing the acto-myosin machinery needed for the
engulfment process.7,8,11 The “don’t eat me” signal conveyed by the
CD47-SIRPa interaction efficiently offsets potent “eat me” signals
from phagocytosis-activating receptors such as Fc-gamma receptors,
complement receptors, or low-density lipoprotein receptor-related
protein 1 (LRP1).12,13 Cancer cells upregulating CD47 trick the
immune system to prevent it from mounting effective antitumor re-
sponses.9,10,14 CD47 is overexpressed on a majority of hematological
and solid tumors, with particularly high levels on cancer stem cells
(CSCs),9,15–19 and high CD47 levels are generally correlated with
poor survival.9,10,17,19–24 In preclinical experiments, CD47 blockade
increased phagocytosis of tumor cells in vitro and potentiated anti-tu-
mor therapies in numerous human xenograft models.9,10,20,21,23–28

In addition to stimulating cancer cell phagocytosis, CD47 blockade
was shown to support other anti-tumor mechanisms, such as
enhancement of antibody-dependent cell-mediated cytotoxicity
(ADCC),26 direct induction of apoptosis of cancer cells by CD47
cross-linking,18,29–31 induction of differentiation of CSCs, and
inhibition of tumorigenicity.19,28,32,33 CD47 neutralization was also
recently shown to promote the development of anti-tumor adaptive
T cell responses,34–37 possibly as a consequence of increased tumor
cell uptake by professional antigen-presenting cells and enhanced an-
tigen cross-presentation.14,38 Hence, there is a strong rationale for
therapeutic targeting of CD47, and numerous strategies are currently
being pursued toward this goal. Themost advanced are two anti-CD47
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Figure 1. Binding Selectivity of Dual-Targeting

Bispecific Antibodies

Binding of the CD47/TAA bispecific antibody to TAA-

positive and TAA-negative cells was analyzed by flow

cytometry. Histogram plots show the staining of TAA-

positive, CFSE-labeled cells (top) and TAA-negative unla-

beled cells (bottom) mixed at a 1:1 ratio and co-incubated

with CD47/TAA bispecific antibody (empty profiles, black

line), anti-CD47 mAb B6H12 (empty profiles, dashed

line), or negative IgG controls (gray shaded profiles). (A)

CD47/CD19 bispecific antibody binding to double-positive

Raji cells and CD19-negative Raji CD19KO cells. (B) CD47/

mesothelin bispecific antibody binding to mesothelin-pos-

itive HPAC cells and mesothelin-negative A431 cells.
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blocking monoclonal antibodies and a receptor fusion protein
(SIRPa-Fc) that recently entered human trials (NCT02678338,
NCT02641002, NCT02367196, and NCT02663518). However,
because CD47 is ubiquitously expressed, the efficacy and the safety
of these CD47 blocking strategies may be negatively affected by a large
antigen sink represented by heathy cells.39 A proposed solution is to
target the receptor of CD47 instead (i.e., SIRPa), which has a more
restricted expression pattern.26,40

Yet another alternative would be to use dual-targeting bispecific anti-
bodies (biAbs) with the aim of limiting CD47 neutralization to cancer
cells. Because of physical association of two antibody arms with
different antigen specificities, biAbs offer new mechanisms of action,
not supported by traditional monoclonal antibodies (mAbs) or anti-
body mixes, paving the way to new therapeutic opportunities.41–43

For instance, dual-targeting biAbs can concurrently engage two
different antigens on the cell surface, which stabilizes antibody bind-
ing to double-positive cells through an avidity effect,44 and such a
design can be used for selective blockade of CD47 on cancer cells ex-
pressing a specific tumor antigen. Indeed, two recently published pa-
pers describe rituximab-based tetravalent anti-CD47/CD20 bispecific
constructs with selectivity to CD20-positive B lymphoma cells and
potent tumoricidal capabilities.45,46. Here we present two examples
of CD47-neutralizing dual-targeting biAbs. The first of these biAbs
targets CD19, a B cell marker broadly expressed in B cell leukemias
and lymphomas. The second one is specific to mesothelin (MSLN),
an antigen overexpressed in multiple solid tumors, with particularly
high prevalence in pancreatic and ovarian carcinomas, and in malig-
nant pleural mesothelioma.47 These anti-CD47/CD19 and anti-
CD47/MSLN biAbs are unmodified human immunoglobulin G1s
(IgG1s). As such, they combine tumor targeting and CD47 blockade
with immune-activating mechanisms mediated by the constant Fc
portion, enabling efficient antibody Fc-mediated killing.48–50 We
demonstrate that these dual-targeting biAbs selectively block CD47
on double-positive tumor cells to induce potent macrophage-medi-
ated antibody-dependent cellular phagocytosis (ADCP). Tumor tar-
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geting is precise, efficacious, and safe because
these CD47-neutralizing biAbs bind poorly to
normal healthy cells and are not subject to
CD47-mediated clearance in vivo, and their tumoricidal capabilities
are not affected by antigen sink.

RESULTS
Anti-CD47/TAABispecificAntibodies Selectively Target Double-

Positive Tumor Cells

We have recently reported the development of a novel biAb format,
the kl body.51 kl bodies are native, fully human IgG1s composed
of a common heavy chain and two different light chains, one kappa
and one lambda. The CD47-neutralizing biAbs used in this study
are kl bodies having one antibody arm (kappa) specific for CD47
and a second arm (lambda) specific to a tumor-associated antigen
(TAA), either CD19 or mesothelin (Figure S1). The high-affinity
anti-TAA arm serves to tether the antibody to double-positive
(CD47+/TAA+) cells. On the other hand, the anti-CD47 antibody
arm is the “effector arm” of the biAb, as its primary function is to pro-
mote phagocytosis by CD47 blockade. Because it interacts weakly
with CD47 and does not have a sufficiently high affinity to sustain
efficient binding to TAA-negative cells, the function of the anti-
CD47 antibody arm is strictly dependent on dual targeting; i.e., co-
engagement of CD47 and the TAA on the surface of double-positive
cells.

To demonstrate binding selectivity, we incubated anti-CD47/TAA
biAbs in a 1:1 mixture of double-positive (target) cells and single-
positive (CD47-positive/TAA-negative, non-target) cells and then
analyzed for antibody binding by flow cytometry (Figures 1A and
1B). The anti-CD47/CD19 biAb bound potently to CD19-positive
Burkitt’s lymphoma Raji cells (Raji) but only weakly to CD19-
negative mutant cells (RajiCD19KO) (Figure 1A). Likewise, the anti-
CD47/MSLN biAb bound selectively to double-positive NCI-N87
gastric carcinoma cells but not to mesothelin-negative A431 epider-
moid carcinoma cells (Figure 1B). In contrast, binding selectivity
was not observed with B6H12, a mouse anti-human CD47-neutral-
izing monoclonal antibody widely used in CD47 research (Figures
1A and 1B).52 These results show that dual-targeting biAbs are able



Figure 2. Contribution of Anti-CD47 and Anti-TAA Bispecific Antibody Arms to Binding Potency

Shown is binding of bispecific versus monovalent antibodies to double-positive cells. (A and B) Dose response with the anti-CD47/CD19 antibody and the corresponding

monovalent controls binding to Raji (A) and NALM-6 (B) cells. (C–E) Dose response with the anti-CD47/mesothelin antibody and the corresponding monovalent controls

binding to NCI-N87 (C), HPAC (D), and OVCAR-3 cells (E). Insets show antigen cell surface density as the number of molecules per cell. Representative experiments are

shown.
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to differentiate between target and non-target cells, implying that
binding selectivity is driven by the anti-TAA antibody arm. To
confirm the respective contributions of individual antibody arms,
we generated control monovalent antibodies (that is, kl bodies in
which one of the antibody arms was replaced by a neutral, non-bind-
ing arm) and assessed their binding to double-positive cells by flow
cytometry (Figures 2A–2E). Binding of the anti-CD47/CD19 biAb
and its monovalent counterparts was tested with Raji and NALM-6
cells, a B cell acute lymphoblastic leukemia (B-ALL) cell line (Figures
2A and 2B). Binding of anti-CD47/anti-MSLN antibodies was as-
sessed with three epithelial tumor cell lines expressing varying levels
of CD47. In addition to the gastric carcinoma NCI-N87 cells, a
pancreatic adenocarcinoma cell line, HPAC, and an ovarian carci-
noma cell line, OVCAR-3, were also tested (Figures 2C–2E, see insets
for cell surface antigen expression levels). Monovalent anti-TAA an-
tibodies bound strongly to target cells, in contrast to monovalent anti-
CD47 antibodies, which displayed either weak binding (Figures 2A,
2B, and 2E; Raji NALM-6 and OVCAR-3 cells) or no detectable bind-
ing (Figures 2C and 2D; NCI-N87 and HPAC cells). Overall, these re-
sults confirm the role of the anti-TAA arm for binding selectivity. The
anti-CD47 arm contributes to the stabilization of antibody binding
through avidity generated upon concurrent engagement of the two
antigens on the cell surface, as revealed by the comparison of binding
profiles generated with the biAbs and the corresponding monovalent
anti-TAA antibodies. Of note, elevated binding activity of the mono-
valent anti-CD47 antibody was observed with OVCAR-3 cells, which
can be explained by particularly high levels of CD47 expression in this
cell line (Figure 2E, inset).

We hypothesized that TAA co-engagement would result in increased
CD47 blockade at the surface of target cells. To verify this assumption,
we compared the activity of the anti-CD47/CD19 biAb and the cor-
responding monovalent anti-CD47 control in a SIRPa competitive
binding assay. As expected, the biAb, but not the anti-CD47 monova-
lent antibody, potently blocked the binding of soluble SIRPa-Fc to
Raji and NALM-6 cells (Figure S2), thus confirming that co-engage-
ment of the cognate TAA is required for efficient neutralization of
CD47 on the surface of target cells.

Anti-CD47/TAA Bispecific Antibodies Induce Tumor Cell Killing

In Vitro and In Vivo

Macrophage-mediated ADCP is a clinically relevant Fc-dependent
effector mechanism of anti-cancer therapeutic antibodies,5,6,53 and
its efficacy is enhanced upon blocking the CD47 “don’t eat me”
signal.9,10. To test the efficacy of anti-CD47/TAA biAbs in ADCP,
peripheral blood monocyte-derived macrophages were incubated
with tumor cells in the presence of increasing antibody concentra-
tions, and their phagocytic activity was assessed by three different
Molecular Therapy Vol. 25 No 2 February 2017 525
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Figure 3. Anti-CD47/CD19 BiAb-Mediated Phagocytosis

Raji (A and C) and NALM-6 B cells (B) were incubated with donor-derived macrophages (E:T ratio 1:5) and increasing concentrations of the indicated anti-

bodies. Phagocytosis was assessed by flow cytometry and is expressed as the percentage of macrophages that ingested at least one target cell. (A and B) Monovalent

antibodies and the anti-CD20mAb rituximab were tested for comparison. (C) Phagocytosis induced by individual monovalent antibodies, a 1/1 mixture thereof, and the anti-

CD47/CD19 biAb. Data are representative at least two independent experiments.
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techniques: traditional flow cytometry (Figures 3 and 4; Figures S3
and S6), imaging flow cytometry (Figure S4), and microscopy-based
cellular quantitative imaging (Figure S6). High levels of phagocytosis
of Raji cells were induced by the anti-CD47/CD19 biAb, comparable
with rituximab, reported to mediate potent ADCP with CD20-over-
expressing cell lines (Figure 3A; Figure S4A).54 In contrast, monova-
lent control antibodies elicited markedly lower levels of phagocytosis,
in particular the anti-CD47 monovalent antibody (Figure 3A; Fig-
ure S3A). We therefore conclude that CD47-CD19 co-engagement
at the surface of target cells is important for high ADCP activity
and that CD19-negative cells should be much more resistant to
phagocytosis induced by the anti-CD47/CD19 biAb compared
with double-positive cells. An experiment comparing biAb-mediated
phagocytosis of wild-type (double-positive) Raji cells with engineered
Raji CD19 knockout cells supports this idea. Contrary to wild-type
Raji cells, Raji CD19KO cell were not efficiently phagocytosed in the
presence of the anti-CD47/CD19 biAb, at least not more efficiently
than with the anti-CD47 monovalent antibody (Figure S3). Last but
not least, we demonstrated that the anti-CD47/CD19 biAb was signif-
icantly more potent than a mixture of monovalent anti-CD47 and
anti-CD19 antibodies, especially at lower antibody concentrations
(Figure 3C). This experiment clearly shows the importance of the
526 Molecular Therapy Vol. 25 No 2 February 2017
physical association of the two antibody arms within a single molecule
and of the resulting avidity effect generated upon concurrent binding
of the two antibody arms to the target cell. The importance of avidity
was further corroborated by ADCC experiments in which the biAb
again showed to be more efficient than a mixture of monovalent an-
tibodies (Figure S5). ADCP experiments were also performed with the
B-ALL cell line NALM-6 (Figure 3B), confirming the importance of
CD19 expression (and CD47-CD19 co-engagement) for efficient
biAb-mediated phagocytosis. By the way, rituximab was inefficacious
with NALM-6 cells (Figure 3B; Figure S4B), which can be explained
by low CD20 expression levels. The anti-CD47/MSLN biAb was
tested in ADCP experiments using NCI-N87, HPAC, and OVCAR-
3 target cells. The results of representative experiments are shown
in Figure 4. To account for variance between peripheral blood mono-
cyte-derived macrophages, we show additional ADCP experiments in
Figure S6. In addition, Figures S6A–S6E show an experiment aimed
at a comparative assessment of two different phagocytosis assay
methods. In the first one, ADCP occurs in solution and is detected
by flow cytometry as double-fluorescence events (this our classical
way of assessing phagocytosis). The secondmethod involves adherent
macrophages and high-throughput cellular quantitative fluorescence
microscopy. The three epithelial tumor cell lines used in ADCP



Figure 4. Anti-CD47/Anti-MSLN Antibody-Mediated Phagocytosis

NCI-N87 (A), HPAC (B), and OVACR-3 (C) epithelial tumor cells were incubated with donor-derived macrophages (E:T ratio 3:1) and increasing concentrations of the

indicated antibodies. Percent phagocytosis was defined as in Figure 3. Data are representative at least two independent experiments.
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experiments express quite varied levels of cell surface antigens, in
particular of CD47 (see insets in Figures 2C–2E). Arguably, CD47
expression levels were the major factor influencing phagocytosis
mediated by the anti-CD47 monovalent antibody. Although the
biAb-mediated and the anti-MSLN antibody-mediated ADCP levels
were consistent across the three cell lines, the efficacy of the monova-
lent anti-CD47 antibody varied appreciably. No phagocytosis was
observed with NCI-N87 cells, which express “physiological” levels
of CD47, around 20,000–40,000 copies of CD47 per cell (Figure 4; Fig-
ures S6A–S6D). In contrast, appreciable levels of phagocytosis were
apparent with the two cell lines overexpressing CD47, HPAC, and
OVCAR-3, expressing, respectively, 100,000 and 1,500,000 antigen
copies per cell (Figure 4; Figures S6E and S6F). The ADCP efficacy
of the anti-CD47 monovalent antibody was remarkably high with
OVCAR-3 cells, showing that generous overexpression of CD47, as
often found in cancer cells and CSCs, can compensate for the absence
ofmatching levels of TAA on the cell surface. Overall, the experiments
described above allow us to conclude that the neutralization of the
“don’t eat me” signal plus an avid binding to target cells generated
upon co-engagement of CD47 and the TAA translate into a synergis-
tic enhancement of Fc-mediated tumor cell killing.
Finally, we tested the anti-CD47/CD19 biAb in a xenograft model
with subcutaneous Raji tumors implanted in non-obese diabetic
(NOD)/severe combined immunodeficiency (SCID) mice. In these
in vivo experiments, we compared the efficacy of the biAb to two
mAbs, a high-affinity anti-CD19 mAb (the mAb from which the
anti-CD19 arm of the biAb was derived) and the CD47 blocking
mAb B6H12. As described by others,21 we observed a meaningful ef-
fect of B6H12 in this model. In contrast, the anti-CD19mAb used as a
single agent showed only marginal efficacy, if any, indicating that tar-
geting CD19 is not sufficient to control tumor growth. On the other
hand, the anti-CD47/CD19 biAb or the synergistic combination of
B6H12 and the anti-CD19 mAb potently induced tumor regression
(Figure 5). These results thus confirm that efficient tumor killing re-
quires both CD47 neutralization and antibody Fc-mediated effector
functions.21, 25

Efficacy and Pharmacokinetics of the Anti-CD47/CD19

Bispecific Antibody Are Not Affected by Antigen Sink

Abundant expression of target antigen in healthy tissue is a potential
barrier to the development of therapeutic antibodies. This is particu-
larly true with CD47, which is expressed on virtually every cell.
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Figure 5. Anti-CD47/CD19 Bispecific Antibody

Effect on Tumor Growth In Vivo

NOD/SCID mice transplanted subcutaneously with Raji

cells were recruited to the experiment when the tumor

volume reached about 200 mm3, divided into treatment

groups (n = 10), and treated intraperitoneally (i.p.) with

400 mg of the indicated antibody or an antibody mix

(400 mg + 400 mg) three times per week for 4 weeks.

Tumor growth was measured daily and is shown as

average tumor size per group ± SEM. Statistical signifi-

cance was determined using one-way ANOVA on day 28.

****p < 0.0001; ns, not significant.
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Hence, indiscriminate CD47 binding may result in decreased anti-
body bioavailability, rapid elimination because of antigen sink, as
well as on-target toxicities. The anti-CD47/TAA dual-targeting biAbs
were designed to bypass these limitations by enabling preferential
targeting of TAA-positive tumor cells over TAA-negative healthy
cells. To demonstrate hematological safety, we tested the binding
of the anti-CD47/CD19 biAb to red blood cells (RBCs). RBCs express
CD47 levels in the range of 20,000–25,000 antigen copies per cell55,56

and represent the most abundant circulating population (around five
billion RBCs per milliliter of blood). Whole-blood assays comparing
binding of the anti-CD47/CD19 biAb to RBCs versus CD19-positive
B cells showed strong staining of the latter (Figure 6A) but little, if
any, staining of RBCs, even at the highest antibody concentrations
(150 mg/mL; Figures 6B and 6C). To confirm our findings, we assessed
the fraction of antibody bound to cells in the blood at equilibrium. For
this, anti-CD47/CD19 biAbs were incubated with undiluted whole
human blood followed by removal of the cellular fraction by centrifu-
gation and then measurement of the antibody remaining in the
plasma. In contrast to mAb B6H12, the anti-CD47/CD19 biAb
plasma concentration was not diminished by adsorption to cells,
thus confirming its low potential for interacting with human erythro-
cytes (Figure S7). Binding to other blood cell populations, such as
neutrophils or platelets, was also weak, and the anti-CD47/CD19
biAb did not induce platelet activation or aggregation (Figure S8
and data not shown). Whole-blood binding experiments performed
with the anti CD47/MSLN biAb showed an even weaker binding to
human blood cells (data not shown), which is consistent with the
lower affinity of its anti-CD47 arm compared with the anti-CD47/
CD19 biAb.

We also assessed the effect of RBCs on the efficacy of ADCP. In these
experiments, human erythrocytes were used as a proxy of antigen
sink, mimicking diverse CD47-positive cell populations that can be
found in the tumor microenvironment, the liver, or the lymphoid
organs. As shown in Figure 6D, the presence of erythrocytes had no
effect on the efficacy of the anti-CD47/CD19 biAb, but phagocytosis
induced by mAb B6H12-hIgG1 (B6H12 bearing a human IgG1 Fc
portion) was significantly decreased. A similar RBC-mediated inhibi-
tion of ADCP was also observed with native B6H12 (mouse IgG1) as
well as with other anti-CD47 mAbs (data not shown), revealing an
528 Molecular Therapy Vol. 25 No 2 February 2017
effect of antigen sink on CD47 antibody function with potential rele-
vance to in vivo efficacy.

The effect of ubiquitous CD47 expression on pharmacokinetic (PK)
behavior of the anti-CD47/CD19 biAb was studied in non-human
primates (NHPs). The anti-CD19 arm of the biAb is not cross-reac-
tive with NHP CD19 orthologs. However, the anti-CD47 arm of the
biAb has a similar affinity to human and cynomolgus antigens, as
determined by surface plasmon resonance (data not shown), and
the anti-CD47/CD19 biAb binds with comparable potency to human
and cynomolgus blood cells (Figure S8). Consequently, the cynomol-
gus monkey is a relevant species for testing CD47-mediated drug
clearance. We therefore performed a single-dose PK study in which
the CD47/CD19 biAb was administered intravenously at two dose
levels, 0.5 mg/kg and 10 mg/kg. There was no evidence of non-linear
pharmacokinetic behavior at either dose level, suggesting that there
was no target-mediated clearance of the anti-CD47/CD19 biAb
(Figure 7; Table S1). The antibody was well tolerated; we did not
observe any clinical symptoms, hematological toxicities (Figure S9),
or macroscopic evidence of target organ toxicity attributable to the
treatment.

DISCUSSION
CD47, a checkpoint receptor and promoter of immune escape, is
overexpressed in cancer and, thus, represents an attractive target
for immunotherapeutic intervention. The other side of the coin is
that CD47 is a universal marker of “self” in normal healthy tissue,
regulating programmed cell removal by homeostatic phagocytosis.
Moreover, CD47 is also involved in other, disparate physiological
processes ranging from regulation of cardiovascular homeostasis,
neuronal development, bone remodeling, and adaptive immunity to
response to stress, stem cell renewal, cell adhesion, motility, prolifer-
ation, and survival (reviewed by Oldenborg,57 Barclay and Van den
Berg,58 Sick et al.,59 Soto-Pantoja et al.,60 Sarfati et al.,61 Murata
et al.,62 and Matozaki et al.63). Hence, therapeutic targeting of
CD47 with agents blocking CD47 in an indiscriminate manner,
such as anti-CD47 monoclonal antibodies, may not only be ineffica-
cious—because of antigen sink—but also potentially dangerous. As
a matter of fact, CD47 blockers administered to rodents and
NHPs were shown to induce hematotoxicity.10,20,25,39. In particular,



Figure 6. Binding of Anti-CD47/CD19 Bispecific Antibody to Human RBCs and the Effect of Antigen Sink on ADCP Efficacy

(A–C) Human whole-blood cytometry. Whole blood from a healthy donor was incubated with the indicated antibodies pre-labeled with a fluorescent anti human Fc detection

reagent. Binding to CD20-positive B cells (A) or red blood cells stained with an anti-glycophorin A antibody (B and C) was assessed by three-color flow cytometry and is

expressed asmean fluorescence intensity. Primary antibodies were tested at a concentration of 3 mg/mL (A and B) or in dose response (C). (D) ADCP of Raji cells was induced

with anti-CD47/CD19 biAb or mAb B6H12-hIgG1 as described in Figure 3. The effect of CD47 antigen sink on antibody efficiency was assessed by including purified human

RBCs (final concentration 5 � 10e8 RBCs/mL) in the phagocytosis reaction. A representative experiment is shown.
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poor tolerability was observed with anti-CD47 mAbs and a high-
affinity SIRPa variant-Fc fusion protein bearing an immunologi-
cally active Fc portion, whereas effector-less CD47 blockers were
shown to be relatively safe (Weiskopf et al.25 and C.E. Pietsch
et al., 2015, Cancer Res., abstract). This implies that clinically
developable anti-CD47 mAbs and other general CD47 inhibitors
should bear silenced or greatly attenuated Fc portions, if any.
Such effector-less CD47 inhibitors block the “don’t eat me“ signal
and were shown to enhance tumor cell killing mediated by FcgR-
engaging tumor-specific mAbs,21,25,26 but their intrinsic activity is
limited or nil (Weiskopf et al.25 and C.E. Pietsch et al., 2015, Can-
cer Res., abstract). Hence, the downside to the safety benefit of
abrogating Fc effector functions is also the liability in terms of
efficacy, relegating effector-less CD47 blockers to the role of discre-
tionary adjuvants of therapeutic anti-tumor mAbs, which can be
seen as a limitation from a drug developability standpoint.

Dual-targeting bispecific antibodies provide an all-in-one solution
to this conundrum because they associate efficient tumor targeting,
blockade of CD47, and potent Fc-dependent killing functions within
a single antibody molecule. Antigen sink effects and the effect on
normal tissue can be minimized by carefully tuning the affinity of
the anti-CD47 antibody arm in a way that provides for efficient
tumor cell killing while avoiding collateral damage to healthy cells
expressing physiological levels of CD47. The selectivity mediated
by the anti-TAA arm of these bispecific molecules dramatically in-
creases the safety margin of therapeutic CD47 targeting. As a conse-
quence, anti-CD47/TAA biAbs can be safely endowed with an
immunologically active Fc portion, thus arming them with autono-
mous Fc-mediated tumor cell killing capabilities. The two examples
described in this publication demonstrate the feasibility of such a
dual-targeting strategy. We show that these biAbs selectively bind
double-positive tumor cells co-expressing CD47 and a TAA,
CD19, or mesothelin. Using monovalent control antibodies, we
also demonstrate that the binding selectivity of these biAbs is largely
contingent on the anti-TAA antibody arm, whereas the anti-CD47
arm contributes to the stabilization of the interaction with the target
cell through an avidity effect. Co-engagement of the TAA on tumor
cells mediates efficient CD47 blockage and the disruption of the
“don’t eat me” signal, which eventually translate into high levels
of macrophage-mediated tumor cell killing. On the other hand,
these anti-CD47/TAA biAbs interact poorly with normal heathy
cells and are thus able to evade the negative effects of antigen
sink on both antibody effector function and pharmacokinetics.
Molecular Therapy Vol. 25 No 2 February 2017 529
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Figure 7. Pharmacokinetics of the Anti-CD47/CD19 Bispecific Antibody in

Cynomolgus Monkeys

Serum concentration of the anti-CD47/CD19 bispecific antibody after single intra-

venous (i.v.) administration to cynomolgus monkeys in function of time. Two

different doses of antibody were administered as an i.v. bolus injection, 0.5 mg/kg

(dotted lines), and 10 mg/kg (solid lines); n = 3 for each dose level. Serum con-

centrations of individual animals are shown.
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To conclude, we prove here that dual-targeting biAbs are an efficient
yet safe means of therapeutic neutralization of CD47 in cancer, add-
ing an innovative and complementary anti-tumor mechanism to the
existing immuno-oncology drug armamentarium. In more general
terms, the biAbs described in this publication provide a proof of prin-
ciple that could be exploited to therapeutically address other ubiqui-
tously expressed antibody targets.

MATERIALS AND METHODS
Bispecific Antibodies

Fixed immunoglobulin heavy chain variable domain (VH) library
construction, phage display selection and screening, kl body produc-
tion, purification, and analytical characterization are described in
detail by Fischer et al.51

Cell Lines and Reagents

Human cancer cell lines were obtained from the ATCC. The Burkitt’s
lymphoma cell line Raji (CCL-86), B cell acute lymphoblastic leukemia
cell line NALM-6 (ACC-128), acute T cell leukemia cell line Jurkat
(TIB-152), ovary adenocarcinoma cell line OVCAR3 (HTB-161), and
gastric carcinoma cell line NCI-N87 (CRL-5822) were cultured in
RPMI 1640. The A-431 epidermoid carcinoma cell line (CRL-1555)
was cultured in DMEM and the HPAC pancreatic adenocarcinoma
cell line (CRL-2119) in DMEM-F12. The Raji CD19KO cell line was
derived from original Raji cells by targeting the first exon of the CD19
gene using clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 technology, as described byRan et al.64Cell cultureme-
dia (Sigma-Aldrich)were supplementedwith 5%–20%heat-inactivated
fetal calf serum (Invitrogen) and 2 mM L-glutamine (Sigma-Aldrich).
OVCAR3 and HPAC cell culture media were additionally supple-
mented with 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), 1 mM sodium pyruvate (Sigma-Aldrich), and insulin
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transferring selenium ethanolamine (ITS) (Invitrogen). HPAC cell cul-
turemediumalso contained 10ng/ml epidermal growth factor (Invitro-
gen) and 40 ng/ml hydrocortisone (Sigma-Aldrich). Cells were cultured
at 37�C and 5% CO2.

Clinical-grade rituximab (anti-CD20 human IgG1 antibody) was
obtained from FarmaMondo. The anti-mesothelin monoclonal
antibody amatuximab (MORAb-009, Morphotek/Eisai) was cloned
(PDB: 4F3F_A and 4F3F_B) and expressed as human IgG1 in Chinese
hamster ovary (CHO) cells. The hybridoma-expressing mouse anti-
human CD47 blocking mAb B6H1252 was purchased from the
ATCC (clone B6H12.2, HB-9771). The mAb B6H12 was either pro-
duced and purified directly from hybridoma supernatants in its native
form (mouse IgG1) or cloned and expressed as human IgG1 in CHO
cells (mAb B6H12-hIgG1). The latter form was used in whole-blood
binding experiments (Figure 6; Figures S7 and S8).

Flow Cytometry

To assess antibody selectivity, TAA-positive cells (Raji or NCI-N87)
were stained with 0.2 mM carboxyfluorescein diacetate succinimidyl
ester (CFSE) (Invitrogen), mixed with unstained TAA-negative cells
(RAJI CD19KO or A-431) in a 1:1 ratio, and incubated (2.0 �
105 cells/well) with 0.1 mg/mL of biAb for 30 min at 4�C in fluores-
cence-activated cell sorting (FACS) buffer (PBS, 2% BSA, and 0.1%
NaN3) supplemented with 10% mouse serum (Sigma-Aldrich).
BiAb-bound cells were then washed and stained for 15 min at 4�C
with phycoerythrin (PE)-mouse anti-human Fc secondary antibody
(clone H2, Southern Biotech). Propidium iodide (Sigma-Aldrich)
was added before acquisition to exclude dead cells. Antibody binding
to CFSE-labeled TAA-positive cells and unstained TAA-negative cells
was measured by flow cytometry using a FACSCalibur flow cytometer
(BD Biosciences) or a Cytoflex cytometer (Beckman Coulter). Results
were analyzed using FlowJo software (Tree Star).

To compare binding of biAbs and monovalent control antibodies in
dose-range experiments, increasing concentrations of test antibodies
were incubated with double-positive cells (2.0� 105/well) in 96-well-
plates for 30 min at 4�C in FACS buffer and analyzed as described
above.

Quantification of cell surface receptor density was determined
with QIFIKIT (Dako, K0078) according to the manufacturer’s in-
structions. The following primary mouse mAb were used: anti-
CD19 mAb4867 and anti-mesothelin mAb62653, both from R&D
Systems, and the anti-CD47 mAb B6H12 produced at Novimmune.

Antibody binding in whole blood was determined as follows. Test
antibody was pre-incubated with Alexa Fluor 647 polyclonal goat
Fab-anti-human Fc (Jackson ImmunoResearch) at a 2:1 ratio for
15 min at 4�C to minimize background staining that may arise
from free secondary/detection antibody being captured by cell surface
and serum immunoglobulin. The antibody mixture was comple-
mented with cell type-specific detection reagents such as PE mouse
anti-CD235a (clone HIR2), PE mouse anti-CD41a (clone HIP8),
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and fluorescein isothiocyanate (FITC) mouse anti-CD62P (clone
AK4) from BD Biosciences or PE mouse anti-CD20 (clone HI47)
from Thermo Fisher Scientific. The above antibodies bind specific
cell populations in both human and cynomolgus blood (RBCs, plate-
lets, and B cells, respectively). This antibody mixture (20� concen-
trated) was added to heparinized, EDTA-containing whole blood
and incubated for 15 min at 4�C. For RBC binding, whole blood cells
were washed and analyzed directly by flow cytometry. Analysis of
B cell and platelet binding was done separately, after lysis of erythro-
cytes with BD FACS lysing solution as recommended by themanufac-
turer (BD Biosciences). Propidium iodide (Sigma-Aldrich) was added
before acquisition to exclude dead cells.

Phagocytosis Assay

Human peripheral blood mononuclear cells (PBMCs) were isolated
from buffy coats by Ficoll gradient. Macrophages were generated by
culturing PBMCs for 7 days in complete medium (RPMI 1640, 10%
heat-inactivated fetal calf serum [Invitrogen]), 2 mM L-glutamine,
1 mM sodium pyruvate, 10 mMHEPES buffer, 25 mg/mL gentamicin
(all from Sigma-Aldrich), and 50 mM 2-mercaptoethanol (Thermo
Fisher Scientific) in the presence of 20 ng/mL of human macrophage
colony-stimulating factor (M-CSF) (PeproTech). Non-adherent cells
were subsequently eliminated by washes using PBS, and adherent cells
representing macrophages were detached using cell dissociation
buffer (Sigma-Aldrich) and washed in complete medium.

Target cells stained with 0.2 mM CFSE (Invitrogen) were incubated
with antibody for 15 min at 37�C. For phagocytosis to proceed, mac-
rophages were co-incubated with CFSE-labeled target cells and the
antibody in ultra-low attachment 96-well plates (Corning) for
2.5 hr at 37�C. The quantity of cells per well and the effector/target
(E/T) ratio varied between experiments. Typically, phagocytosis ex-
periments with B cell leukemia/lymphoma cell lines were performed
with 5� 104macrophages and 25� 104 target cells per well (E/T ratio
1/5). Phagocytosis experiments with epithelial tumor cells were done
with 15� 104macrophages and 5� 104 target cells per well (E/T ratio
3/1) unless indicated otherwise. After completion of phagocytosis,
macrophages were labeled by addition of allophycocyanin (APC)-
labeled mouse anti-CD14 antibody (clone M5E2, BD Biosciences).
Cells were then washed, and 7-aminoactinomycin D was added to
identify dead cells (eBioscience). Phagocytosis was quantified by
three-color flow cytometry. CD14+ CFSE+ double-positive events
were identified as phagocytosis. The calculation of the percentage of
phagocytosis varied depending on the E/T ratio. The percentage of
phagocytosis is either presented as the ratio between CD14+ CFSE+
double-positive and total macrophages � 100 (E/T ratio 1/5) or as
the ratio between CD14+ CFSE+ double-positive and total target cells
� 100 (E/T ratio 3/1).

For phagocytosis performed in the presence of RBCs, erythrocytes
were isolated from human whole blood by centrifugation at 450 � g,
washed three times in PBS, and pre-incubated with macrophages in
the presence of the test antibody for 15min at 37�Cbefore the addition
of CFSE-labeled target cells. Phagocytosis and FACS analysis were
done as described above, except that the erythrocytes were lysed
with FACS lysing solution before macrophage staining.

In Vivo Xenograft Model

All animal experiments were performed in accordance with the Swiss
animal protection law and institutional animal guidelines. 2 � 106

Raji cells were injected subcutaneously into the flank of 6- to
10-week-old NOD/SCID mice (Charles River Laboratories). Tumor
volume was measured using a caliper and calculated using the
formula (width � length � height � Pi)/6. Treatment was initiated
when the tumor reached about 200 mm3. Mice received doses of
400 mg therapeutic antibody by intraperitoneal administration three
times per week during 3 weeks. Animals were euthanized when the
tumor volume exceeded 1,500 mm3 or at the endpoint (28 days
following start of treatment).

Pharmacokinetics and Tolerability Assessment

A single-dose pharmacokinetics study was performed in cynomolgus
monkeys at the Covance Laboratories test facility. All procedures in
the study were in compliance with the German Animal Welfare Act
and were approved by the local Institutional Animal Care and Use
Committee. 2- to 3-year-old females (n = 3/dose group) were injected
by intravenous bolus with either 0.5 mg/kg or 10 mg/kg of the anti-
CD47/CD19 biAb. The animals were assessed twice daily for clinical
symptoms. Blood samples were collected prior to dosing and at
different time points post-dosing for a period of 8 weeks for hemato-
logical and pharmacokinetic analyses. Macroscopic examinations
were performed on all organs/tissues at necropsy. biAb serum concen-
trations were measured by ELISA at Novimmune with an immuno-
assay specific for human IgG. The evaluation of the pharmacokinetics
data was conducted at Novimmune using a pharmacokinetic software
package (WinNonlin Professional Version 6.3, Pharsight).
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