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ABSTRACT

Dual targeting of surface receptors with bispecific antibodies is attracting increasing interest in cancer
therapy. Here, we present a novel bivalent and bispecific antagonistic molecule (Dab-Fc) targeting human
epidermal growth factors 2 and 3 (HER2 and HER3) derived from the Db-Ig platform, which was developed
for the generation of multivalent and multispecific antibody molecules. Dab-Fc comprises the variable
domains of the anti-HER2 antibody trastuzumab and the anti-HER3 antibody 3-43 assembled into
a diabody-like structure stabilized by C1 and C, domains and further fused to a human y1 Fc region.
The resulting Dab-Fc 2 x 3 molecule retained unhindered binding to both antigens and was able to bind
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both antigens sequentially. In cellular experiments, the Dab-Fc 2 x 3 molecule strongly bound to different
tumor cell lines expressing HER2 and HER3 and was efficiently internalized. This was associated with
potent inhibition of the proliferation and migration of these tumor cell lines. Furthermore, 1gG-like
pharmacokinetics and anti-tumoral activity were demonstrated in a xenograft tumor model of the gastric
cancer cell-line NCI-N87. These results illustrate the suitability of our versatile Db-Ig platform technology
for the generation of bivalent bispecific molecules, which has been successfully used here for the dual

targeting of HER2 and HER3.

Introduction

The human epidermal growth factor receptor family mem-
ber HER2 (ErbB2) is an established target structure in
cancer therapy." HER?2 is highly overexpressed in ~20% of
primary invasive breast cancers, and HER2 aberrations were
also identified in gastric cancer, as well as biliary tract,
colorectal, non-small-cell lung and bladder cancers.”™
Activation of the epidermal growth factor receptor
(EGFR) family members by dimerization can lead to several
cellular responses involved in tumor formation and pro-
gression. While EGFR, HER3 and HER4 require ligand-
mediated conformational changes for dimerization with
members of the EGFR family and subsequent activation of
downstream signals, HER2 is locked in an open conforma-
tion and is thus a preferred dimerization partner for the
other HER family members.” HER2 can also form homo-
dimers, especially when overexpressed by tumor cells. Two
HER2-specific monoclonal antibodies (trastuzumab and
pertuzumab), inhibiting receptor dimerization and activa-
tion, are approved for the treatment of HER2-
overexpressing metastatic breast and gastric cancers.’
Furthermore, pan-specific small-molecule inhibitors of the
kinase domains, such as lapatinib and afatinib, are
approved to treat HER2-dependent tumors.’ Although
these molecules have strongly improved the therapeutic
responses, resistance to HER2-targeting therapies eventually

evolves in many patients.” Compensatory activation of the
heregulin (HRG)/HER3 pathway through upregulation of
HER3 or release of the HER3 ligand (HRG) by the sur-
rounding tumor stroma has been shown to contribute to
treatment failure and poor outcome in several tumor
entities.”® ' HER3 is the preferred heterodimerization
partner of HER2 and efliciently activates the PI3K/Akt
growth and survival pathway.''”"> HER3 has, therefore,
been recognized as an important driver of resistance to
HER?2 therapy."*

We have recently generated a novel HER3 antibody, I1gG
3-43, which efficiently blocks ligand-dependent and the -
independent receptor activation and inhibited tumor cell
growth in vitro and in vivo.'® In a further study, this antibody
was combined with a humanized version of cetuximab into
a tetravalent bispecific scDb-Fc fusion protein targeting EGFR
and HER3. In triple-negative breast cancer cell lines (TNBC),
we showed that treatment with a bispecific antibody inhibited
not only general proliferation but also the survival and expan-
sion of the cancer stem cell population.'®

Dual targeting of HER2 and HER3 has emerged as a novel
treatment option to overcome the limitations of HER2
targeting.'”~'” This can be achieved, for example, by combining
antibodies against HER2 and HER3, or by using bispecific
antibodies.””** A plethora of bispecific antibody formats
have been developed in the past decades, and several formats
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have been evaluated for dual targeting of members of the EGFR
family.** However, in vitro studies with tetravalent bispecific
antibodies targeting HER2 and HER3, i.e., exhibiting two bind-
ing sites for each antigen, revealed agonistic activity as shown,
for example, for an IgG-single-chain variable fragment (scFv)
fusion protein.”® This finding is in line with our own initial
studies on a tetravalent bispecific antibody directed against
HER2 and HER3 using the same scDb-Fc format successfully
applied for dual targeting of EGFR and HER3.'® There is
evidence that this agonistic activity, presumably resulting
from receptor cross-linking, might be circumvented by using
bivalent bispecific antibody formats.>"**

Here, we have developed a bivalent, bispecific antibody
targeting HER2 and HER3 by combining the antigen-binding
site of IgG 3-43 with that of the HER2-neutralizing antibody
trastuzumab, using our recently established Db-Ig platform
technology.” In this novel format, a Cy1/C;-stabilized biva-
lent and bispecific diabody is fused to a heterodimerizing Fc
region. This Dab-Fc 2 x 3 molecule retained antigen-binding
activity and efficiently inhibited HRG-mediated receptor acti-
vation. Furthermore, it reduced tumor cell proliferation and
migration more efficiently than the parental antibodies, applied
individually or in combination. Anti-tumor activity was
demonstrated in a xenograft tumor model with the gastric
cancer cell-line NCI-N87 subcutaneously transplanted into
severe combined immunodeficiency (SCID-beige) mice.
Importantly, we could demonstrate that the novel bivalent
bispecific antibody targeting HER2 and HER3 lacks agonistic
activity and exhibits IgG-like pharmacokinetic properties,
making it a suitable candidate for further therapeutic
developments.

Results
A bivalent bispecific Dab-Fc targeting HER2 and HER3

Initially, a tetravalent bispecific antibody targeting HER2 and
HER3 was generated using a scDb-Fc format as used in
a previous study.'® In this bispecific antibody, we combined
the antigen-binding sites of trastuzumab and antibody 3-43.
The antibody was successfully produced, purified and showed
binding to both antigens in an enzyme-linked immunosorbent
assay (ELISA) and to the breast cancer cell-line MCF-7 (Fig.
S1). In vitro studies revealed, however, an agonistic activity for
HER?2 resulting in increased pHER2 and pERK levels, e.g.,
shown for MCF-7 cells. In contrast, the bivalent bispecific
scDb moiety itself was also produced efficiently, and it was
devoid of agonistic activity (Fig. S2). However, scDb molecules
with a molecular mass of ~50 kDa suffer from a short serum
half-life and lack Fc-mediated effector function. This moti-
vated us to generate a bivalent bispecific antibody derivative
directed against HER2 and HER3 that included an Fc region
for extended half-life.”®

We used our Db-Ig technology, to generate a bivalent bis-
pecific antibody composed of a Cyl/Cp-stabilized diabody
(Dab) fused to an Fc region.25 In this Dab-Fc format, the VyA-
V1B domains are fused to a human yl Cy1-Cy2-Cg3j01e chain
and the VyB-VI A domains are fused to a complementary
human yl C;-Cyu2-Cy3ineb chain, respectively, resulting in
a heterodimeric molecule (Figure 1a). This Dab-Fc 2 x 3 mole-
cule was produced in transiently transfected HEK293-6E cells
and purified by protein G affinity chromatography followed by
a preparative size-exclusion chromatography (SEC) step. The
SDS-PAGE analysis of the purified protein showed a single
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Figure 1. A bivalent bispecific Dab-Fc antibody targeting HER2 and HER3. a) Schematic structure of a Dab-Fc fusion protein. b) SDS-PAGE of anti-HER2xHER3 Dab-

Fc (Dab-Fc 2 x 3) under non-reducing (1) and reducing (2) conditions. Four microgr
purified Dab-Fc 2 x 3. d) determining melting points (Tm) by dynamic light scatteri

ams of protein was loaded per lane, M = Marker. ) size-exclusion chromatography of
ng. e) binding of Dab-Fc 2 x 3 to immobilized HER2-His in ELISA. f) binding of Dab-Fc

2 x 3 to immobilized HER3-His in ELISA. Trastuzumab and IgG 3-43 were included as controls. g) Sandwich ELISA testing binding of HER3-His to titrated Dab-Fc 2 x 3

bound to immobilized HER2-Fc. Mean + SD, n = 3.



Table 1. ECsq values [nM] of parental antibodies and bispecific Dab-Fc 2 x 3
molecule determined by ELISA-binding analysis.
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Table 2. ECs, values [nM] of parental antibodies and bispecific Dab-Fc 2 x 3
molecule determined by flow cytometry analysis.

HER2-His [nM] HER3-His [nM] HER2-Fc + HER3-His [nM] MCF-7 [nM] BT474 [nM] SKBR3 [nM] NCI-N87 [nM]
Trastuzumab 0.45 +0.02 n.d. Trastuzumab 0.7 £06 13+04 1.7 £0.6 1.2+0.7
1gG 3-43 n.d. 0.21 £ 0.07 - 1gG 3-43 0.015 £ 0.004 0.012 + 0.007 0.013 £ 0.001 0.009 + 0.002
Dab-Fc 2x3 1.1+£0.1 33+04 41+1.2 Dab-Fc 2x3 41+18 46+ 15 7449 33+18

The bispecific and bivalent Dab-Fc 2 x 3 was titrated in the bifunctional binding of
HER2 and HER3. n.d.: not determined; -: not performed; Mean + SD, n = 3.

band under non-reducing conditions with an apparent mole-
cular mass of ~160 kDa, and under reducing conditions two,
bands with apparent molecular masses of 60 and 70 kDa,
corresponding approximately to the calculated molecular
masses of 61 and 63 kDa for the non-glycosylated polypeptides
(Figure 1b). In analytical SEC, Dab-Fc 2 x 3 eluted with a major
peak with an apparent molecular mass of ~120 kDa (Figure 1c¢).
Dynamic light scattering revealed a first melting temperature
(Tm) of 49°C and a second, major Tm of 59°C (Figure 1d).
Antigen-binding activity was confirmed by ELISA (Figure
le, f). Here, Dab-Fc 2 x 3 showed binding to the immobilized
extracellular regions of HER2 (HER2-His) and HER3 (HER3-
His), with ECs, values of 1.1 nM and 3.3 nM, respectively. In
contrast, trastuzumab specifically bound only to HER2-His
(ECso value 0.45 nM), while the anti-HER3 antibody IgG
3-43 bound specifically to HER3-His (ECs, value 0.21 nM).
The increased binding of the bivalent IgG molecules is pre-
sumably due to avidity effects, not seen for the Dab-Fc, which
binds monovalently to each antigen. Sequential binding to both
antigens of Dab-Fc 2 x 3 was further confirmed by a sandwich-
ELISA with immobilized HER2-Fc incubated with a titration of
Dab-Fc 2 x 3 followed by incubation with HER3-His (Figure
1g). Thus, Dab-Fc 2 x 3 retained antigen-binding specificity
and the ability to bind to both antigens sequentially (Table 1).

Cell binding, internalization and antibody-dependent
cell-mediated cytotoxicity

Cell binding of Dab-Fc 2 x 3 was analyzed with a panel of
tumor cell lines expressing different HER2 and HER3 receptor
levels on their surfaces. Data for three breast cancer cell lines,
MCF-7 (~21,000 HER2/cell, ~17,000 HER3/cell), BT474
(>570,000 HER2/cell, ~11,000 HER3/cell), and SKBR3
(>570,000 HER2/cell, ~14,000 HER3/cell), and one gastric
cancer cell-line NCI-N87 (>570,000 HER2/cell, ~3,300 HER3/
cell), confirmed concentration-dependent binding of Dab-Fc
2 x 3 and the parental antibodies, with ECs, values between
3.3 nM and 7.4 nM. Strong binding was seen for trastuzumab
on all four cell lines, especially BT474, SKBR3, and NCI-N87,
expressing high numbers of HER2. Due to the low expression
levels of HER3, IgG 3-43 showed weak binding to these three
cell lines while binding to MCF-7 cells, expressing approxi-
mately equal numbers of HER2 and HER3 was in the picomo-
lar range (ECs, value 15 pM). Dab-Fc showed strong binding
to all four cell lines. Compared to trastuzumab, the binding of
Dab-Fc 2 x 3 was ~3- to sixfold weaker, presumably due to
monovalent binding to HER2 and HER3 (Table 2). All experi-
ments were performed on the gastric cancer cell-line NCI-N87

Mean £ SD, n = 3.

and additionally tested on cells originating from the breast
cancer system.

Binding of the bispecific antibodies to HER2 and HER3
might trigger receptor-mediated internalization and subse-
quent receptor degradation, with possible applications for
intracellular delivery of the antibody. The internalization of
Dab-Fc 2 x 3 in comparison to trastuzumab and IgG 3-43 was
studied with pHrodo-labeled proteins. Labeling of proteins
only slightly reduced binding (~2-fold) to HER2 and/or
HER3 in ELISA (not shown). Incubating NCI-N87 cells for
up to 48 hours at 37°C with the labeled Dab-Fc 2 x 3 resulted in
strong internalization of the bispecific antibody, similar to
trastuzumab, while IgG 3-43 showed weaker signals due to
the lower HER3 levels on NCI-N87 (Figure 2e, f). Additionally,
internalization was analyzed on MCF-7 cells expressing similar
amount of HER2 and HER3 on the cell surface. In this experi-
ment, IgG 3-43 showed high internalization in accordance
with strong binding of this antibody, followed by the interna-
lization of Dab-Fc and trastuzumab (Fig. S3). In contrast,
incubation at 4°C resulted in only a small increase in signal
during the first 6 hours, which then declined during the incu-
bation period. Thus, Dab-Fc 2 x 3 is efficiently internalized into
HER2/HER3 expressing cells at physiological temperature.
Additionally, after 6 and 24 hours, we observed reduced
amounts of HER3 in the cells treated with either the bispecific
Dab-Fc 2 x 3 or with IgG 3-43 (alone or in combination)
compared to those in non-treated or trastuzumab-treated
cells (Fig. S4).

Furthermore, using NCI-N87 cells and human peripheral
blood mononuclear cells (PBMCs), we found that the bispecific
Dab-Fc 2 x 3 antibody and trastuzumab induced antibody-
dependent cell-mediated cytotoxicity (ADCC) to a similar
extent. In contrast, reduced ADCC activity was observed for
a Dab-Fc molecule with a silenced Fc (Fig. $5).2” Thus, the
ADCC activity of Dab-Fc is compared to that of an IgG,
demonstrating that the molecular composition of the Dab-Fc
format does not affect Fc-mediated effector functions.

Inhibition of HER2 and HER3 mediated signaling,
proliferation and migration by Dab-Fc-2x3

Homo- and heterodimerization of the HER-family members
upon ligand binding leads to activation of the MAPK and the
PI3K pathways.” To analyze the effects of the different antibodies
on receptor activation and downstream signaling, western blot
analyses were performed with HRG-stimulated NCI-N87 cells
preincubated with trastuzumab, IgG 3-43, a combination of
trastuzumab and IgG 3-43, or Dab-Fc 2 x 3. In the absence of
antibodies, stimulation of NCI-N87 cells with HRG resulted in
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Figure 2. Cell binding and internalization of Dab-Fc 2 x 3 antibody using different tumor cell lines. Binding of the bispecific Dab-Fc 2 x 3 molecule to breast
cancer cell lines (MCF-7 (a), BT474 (b), SKBR3 (c)) and the gastric cancer cell-line NCI-N87 (d). Bound antibodies were measured using PE-labeled anti-human Fc
secondary antibody. The parental antibodies (trastuzumab and IgG 3-43) were included as a control. Mean = SD, n = 3. e) and f) internalization of the pHrodo-labeled
antibodies was tested using the gastric cancer cell-line NCI-N87 at 37°C and 4°C. Mean + SD, n = 1, statistics: t-test. *p < .05.

HER3 phosphorylation and the activation of the MAPK and
PI3K pathways, as indicated by phosphorylation of ERK and
Akt. The bispecific antibody Dab-Fc 2 x 3 strongly inhibited
HRG-induced HER3 phosphorylation and activation of the
PI3K pathway, while IgG 3-43 alone or in combination with
trastuzumab showed only intermediate effects. The constitutive
phosphorylation of HER?2 in these cells was not affected by any
of the antibody treatments (Figure 3).

Next, we analyzed the suppression of basal and HRG-
induced survival and proliferation of NCI-N87 cells by Dab-
Fc 2 x 3. In the first experiment, cells cultivated in a medium

a)

T
(SET=T=T™)
[ e
e e
[t et ]
S ——— |
- e

AKT [ N o ol ol |
OTUDUIINT [y S St i N St |
aTubulin2 [ | N e o !

Trastuzumab
1gG 3-43
Dab-Fc 2x3
HRG

pHER2
HER2
pHER3
HER3
PERK
ERK
PAKT

....
11+
+ 0+
o+ o+
+ 4

+

b)

-
3]
1

=Y
o
1

relative protein level
o
[3,]
1

0.0-

Trastuzumab
1gG 3-43
Dab-Fc 2x3

containing 0.2% serum were treated with either trastuzumab,
IgG 3-43, the combination of both antibodies, or the bispecific
antibody Dab-Fc 2 x 3 in the absence or presence of HRG. All
antibodies reduced HRG-stimulated cell proliferation, with the
strongest effects observed for Dab-Fc 2 x 3 (55% compared to
103% for trastuzumab, 83% for IgG 3-43, and 74% for the
combination of trastuzumab and IgG 3-43) (Figure 4a).
Furthermore, when seeded at low density, Dab-Fc 2 x 3
strongly reduced the colony formation of NCI-N87 cells by
~70%, while the combination of the parental antibodies
showed only a 40% reduction. Different results were observed
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Figure 3. Western blot analysis of receptor phosphorylation and downstream signaling: NCI-N87 cells were starved overnight before treatment with antibodies
(trastuzumab, IgG 3 43, combination of trastuzumab and IgG 3-43, or Dab-Fc 2 x 3) for 1 h. After incubation with the antibodies, cells were stimulated with 50 ng/ml
HRG for 15 min. a) Subsequently, cell lysates were analyzed by western blot. Signals of unstimulated control cells (left lane) are from the same blot. b) Data shown as
mean intensity of signals normalized to a-Tubulin. Mean £ SD, n = 2.
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Figure 4. Inhibition of proliferation and colony formation of NCI-N87 cells

by Dab-Fc 2 x 3. a) Cells were seeded and on the next day starved with medium

containing 0.2% FCS. After cultivating for 24 h, cells were incubated with the different antibodies (100 nM for Dab-Fc; 50 nM for the different antibodies) for 1 h and
either left unstimulated (w/o HRG) or stimulated with HRG (25 ng/ml). After 7 days, cells were analyzed using cell titer glo 2.0. Data were normalized to the untreated
and unstimulated cells. (n = 3; mean + SD) statistics: one-way ANOVA. b) Cells were seeded in medium containing 10% FCS. After 24 h of cultivation, cells were treated
with 50 nM of the different antibodies or with 100 nM with Dab-Fc molecule in medium containing 2% FCS. After 7 days, cells were retreated with fresh antibodies in
200 pl medium containing 2% FCS. After 12 days of incubation, cells were measured by crystal violet staining. Data were normalized to the untreated cells. Mean + SD,

n =5, statistics: one-way ANOVA. *p < .05, **p < .01, ***p < .001, ****p < .0001.

for breast cancer cell lines (BT474 and SKBR3 cells) in the
colony formation assays (Fig. S6). For BT474 cells, reduction of
colony formation by Dab-Fc 2 x 3 was similar to that by
trastuzumab (~50%) and stronger than that observed for IgG
3-43 (~30%) or the combination (~40%). For SKBR3 cells, the
bispecific antibody Dab-Fc 2 x 3 showed an ~50% reduction of
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Figure 5. Inhibition of migration of NCI-N87 cells by Dab-Fc 2 x 3. Cells were

colony formation, while the parental antibodies reduced col-
ony formation by 30-35%. The strongest effects were detected
for the combination of both parental antibodies, with
a reduction of 58%.
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layer. Cells were then treated with rituximab (negative control), trastuzumab, IgG 3-43, a combination of trastuzumab and IgG 3-43 (each 50 nM), or Dab-Fc (100 nM).
Cells were either left unstimulated (a) or were stimulated (b) with 25 ng/ml HRG. Relative wound density was measured for 24 h at 37°C. ¢) relative wound density after

5 h or 24 h of incubation. Mean + SD, n = 3, statistics: one-way ANOVA. *p < .05

, ¥¥p <.01, ***p <001, ****p < .0001.
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in scratch wounding assays. In NCI-N87 cells, basal as
well as HRG-induced cell motility was strongly and sig-
nificantly suppressed by Dab-Fc 2 x 3 when compared to
the untreated control cells and as measured by wound
closure after 5 hours, and this inhibition was maintained
during the 24-h observation period (Figure 5). While Dab-
Fc 2 x 3 blocked migration by 85% at this time point,
inhibition by the combination of both parental antibodies
reached only 37% (-HRG) and 44% (+HRG), respectively.
This is most likely due to the potent suppression of the
PI3K-Akt pathway, a driver of cell motility, by Dab-Fc
2 x 3 (see Figure 3).”® Inhibition of cell migration was
also observed for SKBR3 cells, although the effects were
less pronounced but also strongest for Dab-Fc 2 x 3 (Fig.
S7). Taken together, the biological activity of the bispecific
Dab-Fc 2 x 3 was similar and in many settings even
superior to the activity of the parental antibodies.

Pharmacokinetics and anti-tumor activity in an
NCI-N87 xenograft model

The pharmacokinetic profile of the bivalent bispecific Dab-Fc
2 x 3 antibody was determined in immunocompetent CD-1
mice receiving a single dose intravenously (i.v.) of Dab-Fc 2 x 3
or the two parental antibodies (trastuzumab, IgG 3-43). Dab-
Fc 2 x 3 showed a profile similar to trastuzumab, with terminal
half-lives of 117 h (trastuzumab) and 94 hours (Dab-Fc 2 x 3),
while the half-life of IgG 3-43 was lower (60 h) (Figure 6a)
(Table 3), confirming IgG-like pharmacokinetic properties of
the Dab-Fc format.

The anti-tumor activity of the bispecific antibody was ana-
lyzed in NCI-N87-bearing SCID-beige mice. Treatment with
Dab-Fc 2x3, the parental antibodies alone or in combination,
as well as the control (phosphate-buffered saline (PBS)), was
initiated when tumor volumes had reached ~100 mm’.
Compared to the PBS treatment, IgG 3-43 had no effect on
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Figure 6. Pharmacokinetics and anti-tumor activity in tumor-bearing mice. a) Pharmacokinetic profile of molecules was analyzed in female CD1 mice (n = 3). Mice
received a single i.v. injection of 25 pg of the protein. Serum protein concentrations were determined by ELISA using HER2-His and/or HER3-His. Mean + 95% Cl. b) NCI-
N87 cells (5x10° cells per dorsal side in combination with 50% matrigel) were inoculated subcutaneously into the left- and right-hand dorsal side of SCID-beige mice.
After tumors reached a mean tumor volume of 100 mm? mice were treated intravenously with antibodies (trastuzumab, IgG 3-43, combination of both, or Dab-Fc(Aab)
2 x 3) six times (dashed line) in total. Tumor volume was calculated and plotted against the time. Mean + 95% Cl, n = 10 (PBS, trastuzumab, 1gG 3-43) or 12
(combination, Dab-Fc(Aab) 2 x 3)), statistics: one-way ANOVA. *p < .05, **p < .01, ***p < .001, ****p < .0001.
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Table 3. Determination of initial (t,,a) and terminal (t,,) half-lives as well as of drug exposure (area under the curve; AUC) of the parental antibodies and

bispecific Dab-Fc 2 x 3 molecule.

ty,a [h] 1,8 [h] AUC [pmol/ml-h]
HER2 HER3 HER2 HER3 HER2 HER3
Trastuzumab 0.46 + 0.36 117 £22 - 9,812 £ 2,030 -
19G 3-43 - 19+1.8 - 60 + 32 - 3,898 + 1,922
Dab-Fc 2x3 0.95 + 0.47 1.5+0.8 94 +4 222 +73 9,684 + 3,779 16,145 + 4,664

-: not performed; Mean + SD, n = 3.

tumor size, while Dab-Fc 2 x 3 strongly reduced tumor growth,
similar to animals treated with trastuzumab, or the combina-
tion of the parental antibodies (Figure 6b). There were no
significant differences between the groups treated with trastu-
zumab, the combinatorial approach, or the bispecific Dab-Fc
2 x 3 molecule during the entire treatment and observation
period. The Dab-Fc molecule used for the in vivo study
includes a silenced Fc region (Dab-Fc (Aab)), and, thus, is
not able to exert Fc-mediated effector functions, while the
control antibodies possess an unmodified Fc region.
A contribution of immune cells, such as macrophages, expres-
sing Fcy receptors and the activation of the complement sys-
tem (CMC) to the antitumor effects of the parental antibodies,
can therefore not be excluded.

Discussion

Here, we generated a novel bivalent and bispecific antibody Dab-
Fc fusion protein with Ig-like properties for dual targeting and
inhibition of HER2 and HER3. The key feature of this molecule
is a bispecific diabody stabilized by fusion into Cy1/C;, domains,
thus exhibiting one binding site for each antigen. Fusion of
a heterodimerizing Fc region further forces pairing of the cog-
nate Vi and Vi domains and allows purification using affinity
resins such as protein G. Furthermore, the Fc region provides
IgG-like pharmacokinetic properties due to presumed FcRn-
mediated recycling. This was confirmed in the animal study in
which the Dab-Fc and trastuzumab showed similar half-lives
and drug exposure (AUC). The presence of an Fc region in Dab-
Fc 2 x 3 can further contribute to anti-tumor immune responses,
such as ADCC.” In vitro, we could demonstrate in an ADCC
assay that the Fc region in the Dab-Fc format fully retained its
effector functions.

Dab-Fc 2 x 3 is capable of sequentially binding HER2 and
HER3 and combines the neutralizing activities of its parental
antibodies. Importantly, Dab-Fc 2 x 3 lacks intrinsic agonistic
activity. The HER2 binding site is derived from trastuzumab,
which binds to domain IV of HER2 and interferes with recep-
tor dimerization.® The HER3 binding site is from antibody
3-43, which is capable of inhibiting ligand-dependent and
ligand-independent receptor activation.'> Thus, Dab-Fc 2 x 3
should efficiently inhibit the formation of signaling-competent
receptor complexes (either HER2 homodimers or HER2/HER3
heterodimers). This was confirmed in various in vitro assays, in
which Dab-Fc 2 x 3 inhibited HER3 receptor phosphorylation
and downstream signaling, as well as HRG-induced cell pro-
liferation and migration.

Alternative bispecific molecules targeting HER2 and HER3
were recently described, including a bispecific bivalent IgG

molecule (MCLA-128), a bispecific bivalent scFv-HSA-scFv
fusion protein (MM-111), and a tetravalent bispecific IgG-
scEv fusion protein, TAb6.>°** Our Dab-Fc 2 x 3 differs
from these molecules not only regarding molecular architec-
ture, e.g., geometry, flexibility and distance/orientation of the
antigen-binding sites, but also with respect to the parental
antibodies, e.g., differing in epitope location. The bivalent
bispecific IgG molecule directed against HER2 and HER3
(zenocutuzumab; MCLA-128) is currently under clinical inves-
tigation in patients with solid tumors to overcome HER3-
mediated resistance to HER2-targeting therapies.”>”' The
common light-chain antibody uses a “dock & block” mechan-
ism by guiding the HER3-neutralizing activity through binding
to HER2. Thus, MCLA-128 binds to domain I of HER2, which
is used to guide the HER3 binding arm to HER2-expressing
tumor cells, and has itself no inhibitory activity.”* In the scFv-
HSA-scFv fusion protein MM-111, the anti-HER2 scFv C6.5
was used, which binds to domain II of HER2 and competes
with pertuzumab for binding, thus inhibiting receptor dimer-
ization, while the HER3 binding site is derived from scFv H3,
which interferes with HRG-binding to HER3.?"** TAb6 uti-
lizes the trastuzumab IgG fused C-terminally with an scFv
derived from the HER3 antibody seribantumab, which binds
to domain I of HER3 and inhibits ligand-mediated receptor
activation.”® Of note, an increase in proliferation was described
for cells incubated with TAb6 but not for the combination of
the bivalent parental antibodies. This was explained by
a proximity model in which close contacts between HER2
and HER3 are mediated by the tetravalent bispecific antibody
leading to receptor activation.”® This is in line with our initial
studies, revealing the agonistic activity of a tetravalent bispe-
cific scDb-Fc fusion protein. Altogether, these findings support
the application of bivalent and bispecific antibodies for dual
targeting of HER2 and HER3.

Dab-Fc retained the internalization capacity of its parental
antibodies as shown here with fluorescently labeled antibodies.
This might also lead to the uptake and degradation of bound
receptors, as shown for HER3 and the parental anti-HER3
antibody IgG 3-43."> Western blot studies indicated that Dab-
Fc 2 x 3 also induces the internalization of HER3 and its
reduction to ~50% after 6 h of incubation (Fig. S4), whereas
HER?2 levels remained relatively constant, possibly due to the
high expression of HER?2 in the cell lines investigated. Results
from other studies indicate that the internalization of HER2
and bound antibodies depends on receptor expression levels,
being more efficient in cells with low expression (<10” recep-
tors/cell) compared to cells with high expression levels (>10°
receptors/cell), while recycling of HER2 and bound antibodies
back to the plasma membrane is proportional to the HER2
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levels.” The internalization capacity of trastuzumab was used
to develop several antibody-drug conjugates (ADCs), such as
ado-trastuzumab emtansine (Kadcyla®), approved for treat-
ment of early stage and metastatic HER2-positive breast
cancer.”® Recently, it was shown that an anti-HER3 ADC
(EV20/MMAF), generated by coupling monomethyl auristatin
F (MMAF) through a non-cleavable linker to the anti-HER3
antibody EV20, was highly potent in different HER2-positive
tumor models including tumor cells resistant to trastuzumab
treatment.”” Bispecific antibodies targeting HER2 and HER3
might further improve the efficacy of ADCs in different tumor
settings. Bispecific ADCs are already under development, for
instance, targeting HER2 and CD63 to increase the lysosomal
delivery mediated by binding to the shuttle protein CD63.7° In
another study, a bispecific antibody directed against HER2 and
the prolactin receptor (PRLR) demonstrated enhanced HER2
degradation and was more efficient in tumor cell killing than
a HER2 ADC.*” Of note, in this study, it was shown that rather
low levels of PRLR (~30,000 receptors/cell) were sufficient to
mediate effective cell killing.

Importantly, in the gastric cancer cell-line NCI-N87, Dab-
Fc 2 x 3 completely blocked HRG-induced cell migration, in
agreement with its potent suppression of the PI3K/Akt path-
way as a known driver of cell motility.”®* *° Dab-Fc 2 x 3 might,
therefore, particularly interfere with invasiveness and metasta-
sis formation of tumors with HRG-mediated resistance to
HER?2-targeting therapies, stemming from paracrine secretion
of HRG by the stromal cells present in the tumor
microenvironment.>*! Although our initial animal experi-
ments using the trastuzumab-sensitive NCI-N87 cell line did
not reveal superior effects of the bispecific antibody compared
to trastuzumab alone or the combination of the parental anti-
bodies, the situation might be different in trastuzumab-
resistant tumors, as shown recently for a resistant NCI-N87
xenograft tumor model treated with a pan-specific HER anti-
body cocktail.*?> Thus, further studies are warranted to exploit
the full potential of the dual HER2-HER3 targeting antibody
Dab-Fc 2 x 3.4

In summary, we successfully applied our versatile Db-Ig
platform technology to generate a bivalent bispecific antibody
molecule for dual targeting of HER2 and HER3. Dab-Fc 2 x 3
retained its antigen-binding and neutralizing activities and
exhibited IgG-like pharmacokinetics, making it a suitable can-
didate for further therapeutic developments.

Materials and Methods
Materials

For flow cytometry, phycoerythrin (PE)-conjugated anti-
human Fc antibody was purchased from Dianova (goat
IgG anti-human IgG (Fc)-RPE, 109-115-098; Hamburg,
Germany), FITC-conjugated anti-mouse immunoglobulins
antibody from Agilent (polyclonal goat anti-mouse
Immunoglobulins/FITC, = Goat  F(ab’)2, F047902-2,
Agilent, Waldbronn, Germany), and anti-human HER2
antibody (24D2), anti-human HER3 (1B4C3), anti-human
CD3-PE (OKT3), anti-human CD56-APC (5.1H19), and
matching isotype controls (MOPC-21; PPV-04) were

purchased from Biolegend (purified anti-human CD340
(erbB2/HER-2) antibody, #324402; purified anti-human
erbB3/HER-3 Antibody, #324702, Purified anti-human
CD3 antibody, #317308; purified anti-human CD56,
#981204; Biolegend, Fell, Germany). Antibodies for immu-
noblotting were purchased from Cell Signaling (phospho-
HER2/ErbB2) (Tyr1221/1222) (6B12) rabbit mAb #2243;
phospho-HER3/ErbB3 (Tyr1289) (21D3) rabbit mAb
#4791; Akt (pan) (40D4) mouse mAb #2920; p44/42
MAPK (Erk1/2) (3A7) mouse mAb #9107; phospho-p44
/42 MAPK (Erkl1/2) (Thr202/Tyr204) antibody #9101;
anti-rabbit IgG, horseradish peroxidase (HRP)-linked anti-
body #7074 (Cell Signaling Technology Europe B.V;
Frankfurt am Main, Germany), from Thermo Fisher
Scientific (HER-2/c-erbB-2/neu Ab-17, mouse monoclonal
antibody #MS-730-P-A; ErbB3, clone: 2F12, Invitrogen™
mouse mAb #MA5-12675, Schwerte, Germany), from
Sigma-Aldrich (a-tubulin  mouse  mAb #T6793,
Taufkirchen, Germany) and Dianova (goat IgG anti-
mouse IgG (H + L)-HRP, MinX Hu,Bo,Ho
#115-035-062, Hamburg, Germany).

Antibody production and purification

Genes encoding the different polypeptide chains were cloned
into a modified pSecTagA vector and were transiently trans-
fected into HEK293-6E suspension cells using polyethyleni-
mine (PEL linear, 25 kDa, Sigma-Aldrich) for transfection.
HEK293-6E cells were provided by National Research
Council of Canada (Ottawa, Canada) and cultivated in F17
Freestyle expression medium (ThermoFisher) supplemented
with 0.1% (v/v) Kolliphor P-118 (Sigma), 4 mM GlutaMAX
(ThermoFisher), and 25 pg/ml G418. By adding TN1 (20%
tryptone N1 (Organotechnie S.A.S., France) in F17 medium)
to the culture 24 hours post transfection, protein production
was initiated and cells were cultivated for additional 4 days at
37°C. Proteins were purified from the supernatant using pro-
tein G (ProteinMods, USA) affinity chromatography.
Preparations were dialyzed against PBS or Histidine-PBS
(10 mM histidine) at 4°C.

Antibody characterization

Antibodies were analyzed by SDS-PAGE (4 pg) and stained
with Coomassie-Brilliant Blue G-250. Purity and integrity
of molecules (9-30 pg in 30 pl) was analyzed via SEC using
a Waters 2695 HPLC in combination with a TSKgel
SuperSW mAb HR column (822854, Sigma Aldrich) at
a flow rate of 0.5 ml/min using 0.1 M Na,HPO,/NaH,
PO, 0.1 M Na,SO, pH 6.7 as mobile phase. Standard
proteins: thyroglobulin (669 kDa, Rg 8.5 nm), p-amylase
(200 kDa, Rg 5.4 nm), bovine serum albumin (67 kDa, Rg
3.55 nm), carbonic anhydrase (29 kDa, Rg 2.35 nm). Stokes
radii of antibodies were interpolated from standard pro-
teins. The determination of the aggregation point of the
antibody was performed using dynamic light scattering
(ZetaSizer Nano ZS, Malvern). Approximately 100 ug of
purified protein was diluted to a total volume of 1 ml and



analyzed. The aggregation point was defined as the tem-
perature at which the light scattering increased.

Enzyme-linked immunosorbent assay

The 96-well plates were coated with the extracellular
domain (ECD) of HER2-Fc or HER2-His (ECD of HER2:
aa 23-652 with C-terminal Fc part or His-tag), or HER3-
His (ECD of HER3: aa 20-643 with C-terminal His-tag)
(200 ng/well in PBS) overnight at 4°C and residual-binding
sites were blocked with 2% (w/v) skim milk powder in PBS
(MPBS, 200 pl/well). The antibodies were diluted in MPBS
and titrated 1 to 3 in duplicates starting from 100 nM
(Dab-Fc) or 30 nM (trastuzumab and IgG 3-43) and incu-
bated for 1 h at room temperature (RT). Bound antibodies
were detected with HRP-conjugated antibodies specific for
human Fc in case of the antibodies, or specific for His-tag
in case of bound HER3-His (excess of 10-fold compared to
the antibody in each well). Detection antibodies were incu-
bated for one additional hour at RT. 3,355
tetramethylbenzidine (1 mg/ml; 0.006% (v/v H,0,) in
a 100-mM Na-acetate buffer, pH 6) was used as
a substrate, reaction was terminated using 50 pl 1 M
H,SO, and absorption was measured at a wavelength of
450 nm. In general, the plates were washed three times with
PBST (PBS + 0.005% (v/v) Tween20) and twice with PBS in
between each incubation step and in advance of the
detection.

Flow cytometry analysis

The breast cancer cell lines MCF-7, BT-474, and SKBR3, or the
gastric cancer cell-line NCI-N87 cells (1x10° per well) were
incubated with a serial dilution starting from 100 nM (Dab-Fc),
3 nM (trastuzumab), and 0.3 nM (IgG 3-43) for 1 h at 4°C
diluted in PBA (PBS containing 2% (v/v) fetal calf serum (FCS)
and 4% (v/v) sodium azide). After washing cells twice, bound
antibodies were detected using a PE-labeled anti-human Fc
antibody (Jackson ImmunoResearch 109-115-098). Flow cyto-
metry was performed using MACSQuant Analyzer 10 or
MACSQuant VYB (both Miltenyi Biotec). Relative median
fluorescence intensities (MFI) were calculated as follows: rel.
MFI = ((MFIsample - (MFIdetection - MFIcells))/MFIcells)-

Internalization

For the internalization assays, the antibodies (Dab-Fc 2 x 3,
trastuzumab, and IgG 3-43) were conjugated with pHrodo
label using an NHS labeling moiety (ThermoFisher, P36600).
For labeling, antibodies were dialyzed against the buffer and
modified with the pHrodo. Proteins were washed afterward
with a PD-10 column (GE Healthcare) and binding was ana-
lyzed with ELISA. For internalization, the gastric cancer cell-
line NCI-N87 (1x10° cells per well) was incubated with the
different pHrodo-labeled antibodies (100 nM) either at 37°C or
at 4°C. After cultivating of 5 min, 45 min, 2 h, 6 h, 24 h, or 48 h,
cells were detached and analyzed by flow cytometry measuring
the increase in signal in the PE channel.
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Antibody-dependent cellular cytotoxicity assay

ADCC assay was performed using tumor cell lines (NCI-N87)
and our bispecific antibody Dab-Fc 2 x 3 either in the absence or
in the presence of human PBMCs. For this purpose, 2 x 10* NCI-
N87 cells were seeded in an F-bottom 96-well plate in 100 puL
RPMI with 10% (v/v) FCS and grown overnight. In addition,
PBMCs were thawed and cultivated in a cell culture dish (10 cm)
in 10 mL RPMI with 10% (v/v) FCS overnight. On the next day,
PBMCs were carefully removed and samples of 100 uL of the
suspension were stained with anti-huCD3-PE, anti-huCD56-
APC or the isotype controls anti-mouselgGl-APC and anti-
mouselgG2-PE (all antibodies diluted 1:100 in PBA). After
three washing steps with PBA, cells were detected using the
MACSQuant® Analyzer 10. By analyzing the data in FlowJo
Version 10 the proportion of NK cells could be determined
(~2-4% of total PBMCs). After pre-incubating the NCI-N87
cells with Dab-Fc 2 x 3, trastuzumab (positive control), and Dab-
Fc(Aab) 2 x 3, comprising a silence Fc region (FcAab: y chain 1
with mutated residues: E233P, 1234V, L235A, AG236, A327G,
A330S, P331S),” diluted in RPMI with 10% FCS for 15 minutes,
PBMCs were added on top to reach a concentration of 2 x 10*
NK cells per well (equals target-to-effector ratio 1:1). Incubation
of target cells with antibody in the absence of human PBMCs
served as a control. After incubating the plates for 24 h at 37°C,
viability of tumor cells was determined by the addition of 50 pL/
well crystal violet solution to the remaining target cells. After
incubation for 30 min, the plates were washed thoroughly with
ddH,O and dried. The remaining crystal violet was dissolved in
50 pL methanol for 20 min and signals were detected at 550 nm
using the Tecan Spark® reader. For representation of data as
specific lysis, all values were normalized to the control wells
containing tumor cells and PBMCs.

Inhibition assay

For downstream signaling analysis, NCI-N87 cells (3.5x10°) were
seeded into 6-well plates (2 ml, RPMI+10% (v/v) FBS) and incu-
bated for 24 h at 37°C. Next, the medium was exchanged to
a starvation medium containing only 0.2% (v/v) FBS. After 24 h,
medium was discarded and treatments (trastuzumab, IgG 3-43,
combination of trastuzumab and IgG 3-43, or Dab-Fc 2 x 3;
50 nM each) dissolved in 1 ml of starvation medium were added
and incubated for 1 h at 37°C. Then, HRG (50 ng) was added to
stimulate downstream signaling. After 15 min of incubation, cells
were lysed using RIPA lysis buffer (150 mM NaCl), 1% (v/v)
Nonidet P-40, 0.5% (w/v) Sodium deoxycholate, 0.1% (w/v)
SDS, 25 mM Tris pH 7.4, cOmplete protease inhibitors (Merck,
4693116001). Equal protein amounts of lysates were loaded on
NuPage Novex 4-12% Bis-Tris gels (Thermo Fisher Scientific,
NP0336). For blotting, the iBlot™ system was used (Thermo
Fisher Scientific, IB301002). Membranes were blocked for 1 h at
RT with Roche blocking reagent (Merck, 11096176001), 0.5% (v/
v) in PBS containing 0.05% (v/v) Tween-20 (PBST). Membranes
were incubated with primary or secondary antibodies diluted in
blocking solution at 4°C overnight or 1 h at RT. Between incuba-
tion with primary and secondary antibodies, as well as before
detection, membranes were washed three times for 5 minutes
with PBST. For detection, membranes were incubated with
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SuperSignal™ chemiluminescent substrates (Thermo Fisher
Scientific, 34075, 34578), followed by imaging using a FUSION
SOLO (Vilber Lourmat) device. Signals were quantified using
image]. For relative protein level, signals were normalized to a-
Tubulin signals.

Proliferation assay

NCI-N87 tumor cells (2x10° per well) were seeded in 96-well
plates and cultivated at 37°C in rich-medium (10% (v/v) FBS) for
24 h and subsequent medium exchange to starvation medium
(0.2% (v/v) FBS and 1x penicillin/streptomycin). After 24 hours
of starvation, cells were treated with different antibodies (single:
50 nM; combination: 50 nM each; Dab-Fc: 100 nM) for 60 min-
utes at 37°C. Cells were kept unstimulated or were stimulated
with HRG (30 ng/ml; PeproTech; 100-03; Rocky Hill, NJ, USA)
and cultivated for 5 days at 37°C. Cell viability was measured
using CellTiter-Glo 2.0 Assay (Promega). Luminescence of
untreated and unstimulated cells was set as 100%.

Colony formation assay

NCI-N87, BT474, (2x10° cells per well) or SKBR3 (3x10° cells
per well) cells were grown in 12-well plates and cultivated at
37°C in rich-medium (10% (v/v) FBS) for 24 h. Cells were
treated with 50 nM rituximab (control), trastuzumab, IgG
3-43, the combination of both trastuzumab and IgG 3-43, or
with 100 nM of Dab-Fc 2 x 3 in a medium with only 2% (v/v) of
FBS and 1x penicillin/streptomycin. After incubating cells for
7 days at 37°C, cells were retreated again with the same anti-
bodies for 5 additional days. Then, cells were fixed and ana-
lyzed using crystal violet staining.

Migration assay

NCI-N87 (1.3x10° cells per well) and SKBR3 (3.5x10* cells per
well) were seeded in an IncuCyte® ImageLock 96-well plate
(Essen BioScience) in a rich medium (containing 10% (v/v)
FBS) for 24 hours and subsequent medium exchange to starva-
tion medium (0.2% (v/v) FBS). Scratches were introduced into
each well by the WoundMaker® (Essen BioScience). After
washing the cells twice with a starvation medium, cells were
treated with 50 nM rituximab (control), trastuzumab, IgG
3-43, the combination of both parental antibodies, or with
100 nM of Dab-Fc 2 x 3 molecule. Cells were either kept
unstimulated or were stimulated with HRG (30 ng/ml;
PeproTech; 100-03; Rocky Hill, NJ, USA). For a total time of
24 hours, the IncuCyte S3 took images of every well every
30 minutes. Data were analyzed using the Scratch Cell
Migration Software Module (Essen BioScience).

Animal experiments

All animal studies were approved by the University of Stuttgart
and governmental authorities. For the determination of the
pharmacokinetic profile of the different antibodies, the proteins
were applied i.v. and blood samples were taken after 3 min, 1 h,
6 h, 24 h, 72 h, and 168 h. After incubation on ice for 20 min,
samples were centrifuged (16,000 x g, 4°C, 20 minutes) and

stored at —20°C until analysis. Serum concentrations of anti-
bodies were determined by ELISA using either HER2-His or
HER3-His as immobilized antigen. Bound antibodies were
detected with HRP-labeled anti-human Fc secondary antibody.
The pharmacokinetics data were calculated with PKSolver.

Anti-tumor activity was studied in tumor-bearing SCID-
beige mice. The gastric cancer cell-line NCI-N87 (5x10° in
50 ul) was mixed with 50% (v/v) Matrigel and injected sub-
cutaneously into the left and right dorsal sites of mice.
Treatment with the different antibodies was started when the
tumor reached a volume of ~100 mm’. Mice received i.v.
injections of either PBS, IgG 3-43, trastuzumab, the combina-
tion of trastuzumab and IgG 3-43, or the bispecific Dab-Fc
molecule twice a week for 3 weeks. The initial dose was 150 pg
of IgG 3-43, 150 pg of trastuzumab (also for the combinatorial
approach), and 250 pg of Dab-Fc (day 7) followed by main-
tenance doses of 135 pg of IgG 3-43, 120 pg of trastuzumab
(also for the combination), and 200 pg of Dab-Fc for the last
five injections (day 10, 14, 17, 21, and 24). Tumor volume was
measured and calculated as described previously.'?

Statistics

All data are represented as mean * SD or * 95% CI.
Significances were calculated using GraphPad Prism 7.0 and
results were compared by one-way ANOVA followed by
Tukey’s multiple comparison test (posttest) or t-test. p < .05
(*), p < .01 (**), p <.001 (***), p < .0001 (***), n.s. (not
significant), n.d. (not determined).

Abbreviations:

Antibody drug conjugate (ADC), antibody-dependent cellular cytotoxi-
city (ADCC), antibody-dependent cellular phagocytosis (ADCP), area
under the curve (AUC), constant domain of heavy chain (Cy), constant
domain of light chain (Cp), complement-mediated cytotoxicity (CMC),
diabody-Fab molecule (Dab), diabody (Db), diabody-immunoglobulin
(Db-Ig), extracellular domain (ECD), epidermal growth factor receptor
(EGFR), fragment crystalline (Fc), neonatal Fc receptor (FcRn), heregulin
(HRG), human serum albumin (HSA), immunoglobulin (Ig), peripheral
blood mononuclear cell (PBMC), pharmacokinetic (PK), single-chain dia-
body (scDb), single-chain Fragment variable (scFv), severe combined
immunodeficiency (SCID), triple-negative breast cancer (TNBC), variable
domain of heavy chain (Vy), variable domain of light chain (V1)
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