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ABSTRACT

Human epidermal growth factor receptor 3 (HER3, also known as ErbB3) has emerged as relevant target for
antibody-mediated tumor therapy. Here, we describe a novel human antibody, IgG 3-43, recognizing a
unique epitope formed by domain Il and parts of domain IV of the extracellular region of HER3, conserved
between HER3 and mouse ErbB3. An affinity of 11 nM was determined for the monovalent interaction. In
the 1gG format, the antibody bound recombinant bivalent HER3 with subnanomolar affinity (K, = 220 pM)
and HER3-expressing tumor cells with ECs, values in the low picomolar range (27 - 83 pM). The antibody
competed with binding of heregulin to HER3-expressing cells, efficiently inhibited phosphorylation of
HER3 as well as downstream signaling, and induced receptor internalization and degradation.
Furthermore, IgG 3-43 inhibited heregulin-dependent proliferation of several HER3-positive cancer cell
lines and heregulin-independent colony formation of HER2-overexpressing tumor cell lines. Importantly,
inhibition of tumor growth and prolonged survival was demonstrated in a FaDu xenograft tumor model in
SCID mice. These findings demonstrate that by binding to the membrane-proximal domains Ill and IV
involved in ligand binding and receptor dimerization, IgG 3-43 efficiently inhibits activation of HER3,
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thereby blocking tumor cell growth both in vitro and in vivo.

Abbreviations: ADCC, antibody-dependent cell-mediated cytotoxicity; AUC, area under the curve; HRG, heregulin;
scFv, single-chain fragment variable; SCID, severe combined immunodeficiency

Introduction

Human epidermal growth factor receptor 3 (HER3, also known
as ErbB3) is a member of the ErbB receptor family further com-
prising epidermal growth factor receptor (EGFR or ErbBl),
HER2 (ErbB2), and HER4 (ErbB4)."* Although previously
neglected as a suitable target for cancer therapy, accumulating
evidence now supports its role in tumorigenesis, cancer pro-
gression and the evolvement of resistance to therapy.>* A meta-
analysis showed that expression of HER3 in solid tumors is
associated with worse survival, especially in tumors in which
HER? is overexpressed.” Moreover, acquired resistance to anti-
EGFR and anti-HER?2 treatment is frequently coupled to com-
pensatory signaling of HER3, which can be a result of increased
HER3 expression, decreased HER3 dephosphorylation,
increased membrane localization, or upregulation of the HER3
ligands.*”

The extracellular region of HER3 is composed of 4 domains.
Domains I and III are involved in ligand binding, domains II
and IV in receptor dimerization.® Two natural ligands exist for
HER3, heregulin-1 (HRG-1) and heregulin-2 (HRG-2), also
known as neuregulin-1 (NRG-1) and neuregulin-2 (NRG-2),
which comprise various isoforms also capable of binding to

HER4.” HER3, similar to EGFR and HER4, can adopt either an
inactive tethered or an extended form.'® The extended form is
stabilized by ligand binding, which liberates the dimerization
domains II and IV, allowing the dimerization with other mem-
bers of the HER family.'" Phosphorylation of the intracellular
receptor domains results in activation of 2 major signaling
pathways, the PI3K/AKT pathway and the MAPK/ERK path-
way, regulating a variety of cellular processes, including sur-
vival, proliferation, migration and invasion.'>"* In contrast to
the other family members, the protein tyrosine kinase homol-
ogy domain of HER3 was found to be catalytically inactive.'*
Because of its impaired kinase domain, phosphorylation of
HER3 requires heterodimerization with other members of the
receptor family. The prime partner is HER2, but EGFR and
other receptor tyrosine kinases such as IGF-1R and c-Met can
also form heterodimers with HER3.>'>'® The presence of 6
binding sites for p85, the regulatory subunit of PI3K, within the
HER3 cytoplasmic tail provides an explanation for the strong
activation of this pathway by HER3-containing receptor heter-
odimers and the contribution of HER3 to survival signaling
and therapy resistance.'”'®
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Although some weak autophosphorylation of HER3 was
recently reported,'”** the lack of substantial kinase activity
makes HER3 rather unsuitable as a therapeutic target for small
molecule inhibitors. Furthermore, oncogenic HER3 mutations
have been identified in a subset of colon and gastric cancers,
but these HER3 mutants still required the activity of HER2 to
transform cells.*' Antibodies and various scaffold proteins
binding to the extracellular region of HER3 have, therefore,
been developed to interfere with HER3 activation.>> Mechanis-
tically, neutralizing molecules such as antibodies can affect var-
ious steps of HER3 activation.'' Antibodies can bind to the
ligand-binding sites formed by domain I and III, thereby
directly inhibiting ligand binding. Alternatively, binding out-
side the ligand-binding site may sterically prevent the receptor
from adopting a conformation required for high affinity ligand
binding and dimerization, thus stabilizing the inactive tethered
conformation. Furthermore, antibodies can bind to the dimer-
ization domains II or IV directly, inhibiting receptor dimeriza-
tion. Many of the anti-HER3 antibodies developed for clinical
use are capable of inhibiting ligand binding.'***** Others, such
as LJM716 and KTN3379, lock HER3 in an inactive conforma-
tion, and thus inhibit ligand-dependent and independent
receptor activation.***

Here, we describe a novel human anti-HER3 antibody, IgG
3-43, derived from a naive antibody library by phage display.
Using fragments of the extracellular region of HER3, we show
that the antibody recognizes a unique epitope formed by
domain IIT and IV. IgG 3-43 was further analyzed for binding
to HER3-expressing cell lines, inhibition of heregulin binding
and receptor phosphorylation, establishing that the antibody is
capable of efficiently inhibiting HER3 activation and cell prolif-
eration in both ligand-dependent and ligand-independent

manner. Finally, anti-tumor activity was demonstrated in a
mouse xenograft tumor model.

Results
Selection of anti-HER3 scFv

A panel of anti-HER3 scFv was isolated from the human anti-
body phage library HAL7/8 by selection against a human
HER3-Fc fusion protein (amino acids (aa) 20-643). A total of 8
clones showing binding to HER3-Fc by ELISA was further ana-
lyzed for binding to HER3-expressing MCEF-7 cells by flow
cytometry. Here, only 3 clones (3-39, 3-43, 3-44) showed
binding, with the strongest binding seen for scFv 3-43
(Fig. Sla, b). ScFv 3-39 and 3-43 were further tested for inhibi-
tion of HER3 phosphorylation using MCF-7 cells in the
absence or presence of heregulin (Fig. Slc). Potent inhibition of
heregulin-induced HER3 phosphorylation was seen after 15
and 60 min of pre-incubation with scFv 3-43 (10
png/ml), whereas scFv 3-39 showed only partial inhibition.

Specificity and epitope mapping of IgG 3-43

ScFv 3-43 was chosen for further analysis and was converted
into a human IgG1l (IgG 3-43) carrying 2 mutations (S239D/
I332E) in the Fc region demonstrated to increase Fc receptor
binding and to enhance antibody-dependent cell-mediated
cytotoxicity (ADCC).** The antibody was produced in
HEK293-6E cells and purified by protein A chromatography.
Approximately 43 mg protein could be purified from 1 L of
supernatant. Integrity of the protein was confirmed by SDS-
PAGE and size-exclusion chromatography (SEC) (Fig. 1a, b).
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Figure 1. Biochemical characterization and antigen binding of IgG 3-43. (a) SDS-PAGE analysis (Coomassie stained) under non-reducing (1) and reducing (2) conditions.
(b) Size-exclusion chromatography of IgG 3-43. (c) Selectivity for HER3 analyzed by ELISA with immobilized human EGFR-Fc, HER2-Fc, and HER3-Fc. Cetuximab (anti-
EGFR) and trastuzumab (anti-HER2) were included as positive controls. An anti-Fc antibody was included as a coating control. (d) Binding of IgG 3-43 to HER3 and mouse
ErbB3-Fc in ELISA. Bound protein was detected with HRP-conjugated anti-human Fab antibody. (e, f) Quartz crystal microbalance measurements with IgG 3-43 immobi-

lized on a carboxyl chip and incubation with either dimeric HER3-Fc (0.625 - 10 nM)

(e) or a monomeric his-tagged extracellular region of HER3 (1.25 - 20 nM) (f). Curve

fits are shown as bold lines. (g) Inhibition of binding of his-tagged recombinant human heregulin to MCF-7 cells by preincubation with a 60-fold molar excess of IgG 3—
43 was analyzed by flow cytometry. Cetuximab (Cet) was included as negative control.



Table 1. Monovalent and bivalent antigen binding of IgG 3-43 determined by
QCM with immobilized 1gG 3-43.
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Table 2. Expression levels (receptors per cell) of EGFR, HER2, and HER3 on various
cancer cell lines and binding of IgG-43 as analyzed by flow cytometry.

analyte Bmax ky (M~'s7T) kg 571 Kp (nM)
HER3-Fc 237.32 47 x 10° 1.0x 107* 0.22
HER3-His6 63.55 62 x 10° 7.0 x 1073 11.2

The antibody retained the antigen specificity as shown by
ELISA. Here, strong binding was detected for HER3-Fc,
whereas no binding was found for EGFR-Fc and HER2-Fc
(Fig. 1c). By ELISA, IgG 3-43 bound with an ECs, of 90 pM
to immobilized HER3-Fc (Fig. 1d). IgG 3-43 also recognized
mouse ErbB3-Fc although with a higher ECs, value of 2.7 nM,
indicative of binding to a conserved epitope, (Fig. 1d). Immu-
noblotting analysis with scFv 3-43 revealed binding to non-
reduced HER3-Fc, but not to reduced antigen, suggesting that
the antibody binds to a conformational epitope (Fig. S2).
Binding was further analyzed by quartz crystal microbalance
(QCM) measurements using immobilized IgG 3-43 and either
a dimeric HER3-Fc or a monomeric His-tagged HER3 frag-
ment (aa 27-643). Strong binding with a Kp of 220 pM was
determined for HER3-Fc binding (Fig. le). By contrast, mono-
meric HER3 bound with a Kp of 11.2 nM, especially due to a
faster off-rate (Fig. 1f; Table 1). We next analyzed whether
IgG 3-43 competes with ligand binding. To this end, MCF-7
cells were incubated with his-tagged heregulin (Fig. 1g). Here,
IgG 3-43 strongly reduced heregulin binding, while cetuxi-
mab, included as a negative control, showed only marginal
effects.

The epitope of IgG 3-43 was determined by ELISA using
fragments of human HER3 expressed as Fc fusion proteins
(Fig. $3). Binding was seen for full-length HER3, and fragments
containing domains II-IV and III-IV, whereas domain IV alone
showed no binding. Fragments containing only a part of
domain IIT with deletions from the N-terminal end and the
entire domain IV (fragments 5 and 6) showed no binding, indi-
cating the importance of the N-terminal region of domain III
for antibody binding. Surprisingly, fragment 7 lacking domain
IV, ie., covering domains I - III (aa 20 - 531), showed signifi-
cantly reduced binding (by ~50%). Fragments consisting of
domains I-II (fragment 9) or domain I-II plus the first 29 resi-
dues of domain III were not recognized by IgG 3-43. These
findings indicate that domain III and IV both contribute to the
formation of the epitope. C-terminal shortening of domain IV
(fragments 10 and 11) showed that a fragment comprising aa
329 - 587, i.e.,, containing the entire domain III and 56 amino
acids of the N-terminal region of domain IV, was the minimal
region required for the formation of the IgG 3-43 epitope.

Binding to HER3-expressing tumor cells

Next, different cancer cell lines were analyzed for binding of
IgG 3-43. These cell lines (MCF-7, FaDu, BT474, A431, NCI-
N87, A549, SKBR3) were first quantified by indirect immuno-
fluorescence staining for expression of EGFR, HER2, and
HER3 (Table 2). This analysis showed that all cell lines were
HER3-positive, expressing low to moderate levels of the recep-
tor. IgG 3-43 bound to these HER3-expressing cell lines with

IgG 3-43 binding

EGFR HER2 HER3 (ECsp in pM)
MCF7 1,000 21,230 17,280 37
FaDu 143,250 15,800 2,880 30
BT474 7,220 > 572,000 11,240 59
A431 > 572,000 8,740 4,370 44
NCI-N87 16,180 > 572,000 3,320 27
A549 64,130 6,390 1,470 83
SKBR-3 29,800 > 572,000 14,080 42

low ECso values in a range between 27 to 83 pM (Fig. 2,
Table 2).

Antibody-dependent cell-mediated cytotoxicity

SKBR3 cells were incubated with natural killer (NK) cell-con-
taining human PBMC:s at a ratio of 1:2 in the presence of vary-
ing concentrations of IgG 3-43 for 1 day. Efficient lysis of
tumor cells was observed with an ECs, value of 2.4 pM. Com-
pared to IgG 3M6 (also comprising the 2 mutations (S239D/
I332E) in the Fc region to enhance ADCC), which is derived
from the anti-HER3 antibody MM-121 (seribantumab) cur-
rently in Phase 2 clinical trials,”” an ~4-fold stronger ADCC
was determined (Fig. S4). This might be due to a weaker bind-
ing of 3M6 to HER3-Fc in ELISA and HER3-expressing cells
(Fig. S4).

Inhibition of HER3 phosphorylation and downstream
signaling proteins

IgG 3-43 was analyzed for its capacity to interfere with
phosphorylation of HER3 in different cell lines (MCE-7,
NCI-N87, A431, A549, FaDu) (Fig. 3). Semi-confluent cells
were serum-starved overnight and incubated with IgG 3-
43 for one hour, and then either left unstimulated or were
stimulated with heregulin (50 ng/ml) for 15 minutes.
Western blot analyses of the cell lysates showed basal
HER3 phosphorylation and heregulin-mediated upregula-
tion of HER3 phosphorylation for some of the cell lines.
In all 5 cell lines, HER3 phosphorylation could be effi-
ciently blocked by IgG 3-43, whereas a control antibody
showed no or only marginal effects. In addition, decreased
levels of pAkt and pErk (MCF-7, A549) were observed
after incubation of heregulin-stimulated cells with IgG 3-
43. Using MCF-7 cells, a titration of IgG 3-43 further
revealed an ICs, value in the picomolar range (109 £ 35
pM, n = 3) for blockade of heregulin-induced HER3 phos-
phorylation (Fig. S5). Increased inhibition of HER3 phos-
phorylation was observed compared with IgG 3M6 (ICs,
value of 640 pM) (Fig. S5). Importantly, IgG 3-43 alone,
i.e., without the addition of heregulin, did not induce
HER3 phosphorylation, demonstrating the absence of any
agonistic activity. Instead, the basal HER3 phosphorylation
detectable in FaDu, A549 and A431 cells and basal Akt
and Erk phosphorylation in FaDu cells were also reduced
by IgG 3-43. These experiments also showed that the lev-
els of HER3 receptor decreased after incubation with IgG
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Figure 2. Binding of IgG 3-43 to HER3-expressing tumor cell lines. Various tumor cell lines (as indicated) were incubated with varying concentrations of IgG 3-43 and
bound antibody was detected with a PE-labeled secondary anti-human Fc antibody and analyzed by flow cytometry (n = 3, + SD).

3-43. This was studied in more detail in MCF-7 cells over
an incubation period of 6 h (Fig. 4a). A sustained downre-
gulation of HER3 was observed, with strongly reduced lev-
els seen by 60 minutes of incubation, indicating antibody-
mediated internalization and degradation of HER3
(Fig. 4b). This was confirmed by confocal microcopy stud-
ies using Cy5-labeled IgG 3-43. After 1 to 2 hours, a
strong intracellular accumulation of IgG 3-43 was detect-
able (Fig. 4c).

Furthermore, we analyzed SKBR3 and BT474 cells,
which can activate HER3 in a ligand-independent manner

due to HER2 overexpression, for inhibition of HER3
phosphorylation and cell proliferation. To specifically
address basal phosphorylation, these experiments were
performed in growth medium containing 10% serum.
Under these conditions, inhibition of HER3 phosphoryla-
tion was observed in unstimulated and heregulin-stimu-
lated cells (Fig. 5a). Consistent with the previous results,
analysis of basal pHER3, HER3, pAkt and pErk levels
over a period of 24 h showed downregulation within the
first hour of incubation followed by a recovery after 24 h
(Fig. 5b).
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Figure 3. 1gG 3-43 inhibits HRG-induced phosphorylation of HER3 and downstream targets. Indicated cell lines were serum-starved overnight and incubated for one hour
with 100 nM IgG 3-43 or control IgG (rituximab) in the absence or presence of 50 ng/ml human heregulin-81 (HRG). Subsequently, cells lysates were analyzed by western

blotting.

Inhibition of ligand-dependent and ligand-independent
cell proliferation

Next, IgG 3-43 was evaluated for its ability to reduce tumor cell
proliferation in vitro. MCF-7, NCI-N87, A549 cell lines were
grown in low serum in the presence of heregulin (10 ng/ml)
and IgG 3-43 or an irrelevant control antibody (10 pg/ml).
Proliferation was determined after 1 week of incubation. For all
3 cell lines, a significant reduction of proliferation compared
with the control antibody was observed (Fig. 6a). In addition,
we analyzed FaDu cells known to endogenously express here-
gulin®® for inhibition of proliferation by IgG 3-43. Here, an
ICsp value of 273 pM was determined for IgG 3-43, whereas a
control antibody showed no effects (Fig. 6b). These findings
demonstrate that IgG 3-43 efficiently inhibits heregulin-medi-
ated proliferation of different tumor cell lines. In further experi-
ments we analyzed whether IgG 3-43 is also capable of
inhibiting ligand-independent proliferation of SKBR3 and
BT474. Using a colony formation assay, we could show that
IgG 3-43 inhibited proliferation of both cell lines, similar to
trastuzumab included as a positive control (Fig. 6¢).
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Inhibition of tumor growth in a xenograft tumor model

Finally, the antitumor activity of IgG 3-43 was tested in a sub-
cutaneous FaDu xenograft model in SCID mice. Cells were
injected into both flanks of the mice and treatment started
when tumors reached a volume of ~80 mm? (14 d after tumor
cell inoculation). Mice received twice weekly intravenous injec-
tions for 3 weeks (q2wx3) at doses of 30, 100, and 300 ug,
including phosphate-buffered saline (PBS) as negative control.
Antitumor effects were observed for all 3 dosing regimens of
IgG 3-43, with increased survival and a tumor growth inhibi-
tion (Fig. 7). A significantly increased median survival was
determined for the 2 higher doses (59 d and 71.5 d for the 100
and 300 wg dose, respectively, versus 51.5 d for untreated ani-
mals) and significantly reduced tumor volumes for all 3 doses
after completion of treatment (day 42) (Fig. 7e, ). Serum levels
of IgG 3-43 were determined after the first and last injection
(Fig. 7g). The AUC,_7,;, values increased approximately 4- to
6-fold between the first to the last injection, indicating an accu-
mulating dose of antibody. This resulted also in increased ter-
minal half-lives for all 3 doses, while initial half-lives were not

Figure 4. Internalization of IgG 3-43. (a) Cellular HER3 expression levels after incubation of MCF-7 cells with IgG 3-43 (100 nM) analyzed by immunoblotting. (b) Quantifi-
cation of HER3 levels after incubation with IgG 3-43 or an irrelevant control antibody for the indicated time points. HER3 levels were analyzed by western blot. (c) Confo-
cal fluorescence analysis of MCF-7 cells incubated with Cy5-labeled IgG 3-43 (red) for the indicated time points. Cells were counter-stained with DAPI (blue) and Con-A

(green).
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Figure 5. Inhibition of HER3 phosphorylation and downstream signaling in SKBR3 and BT474 cells. (a) Cells were serum starved overnight and then incubated for 1 h with
IgG 3-43 (50 nM) followed by stimulation with or without heregulin (50 ng/ml) for 15 min. (b) SKBR3 and BT474 cells were grown without serum starvation and incubated
with IgG 3-43 for up to 24 h without the addition of heregulin. Expression of pHER3, HER3, pAkt, and pErk levels were quantified by immunoblotting (n = 2 for SKBR3,

n = 3 for BT474).

affected (Table 3). Prolonged half-lives seen for the highest dose
(~10 mg/kg) indicates saturation of HER3 and, thus a target-
mediated drug disposition, described also for other anti-HER3
antibodies, e.g., RG7116.*® No effects on body weights were
observed during treatment with the 3 dosing regimens. Taken
together, the anti-proliferative effects observed in vitro trans-
lated into inhibition of tumor growth in vivo.

Discussion

A HER3-binding scFv (3-43) cross-reactive with mouse ErbB3
was isolated from a naive human antibody phage display
library. The affinity of the scFv for monomeric HER3 was
determined to be 11.2 nM, whereas IgG 3-43 showed binding
in the picomolar range both to a bivalent HER3-Fc fusion pro-
tein and to HER3-expressing cells. This indicates that avidity
effects cause an approximate 10- to 100-fold increase in bind-
ing, in accordance with data obtained for anti-EGFR antibodies
with affinities in the nanomolar range.”

The epitope of IgG 3-43, which is sensitive to reduction, was
mapped to a region comprising domain III and the N-terminal
region of domain IV (aa 329-587). Surprisingly, a smaller

fragment (aa 20-550) was not able to bind IgG 3-43 and a frag-
ment comprising domains I-III showed strongly reduced bind-
ing, indicating that the antibody recognizes a unique, complex
epitope spanning domains III and IV, which discriminates IgG
3-43 from other known anti-HER3 antibodies (Fig. S6). Sup-
ported by the observation that IgG 3-43 inhibits ligand binding
and ligand-dependent HER3 activation, but is also able to
inhibit ligand-independent activation of HER3 as shown for
HER2-overexpressing cell lines, these findings indicate that,
mechanistically, IgG 3-43 interferes with both receptor dimer-
ization and ligand binding, e.g., either by trapping the receptor
in an inactive conformation or sterical interference with the
transition of the receptor from the tethered into the open con-
figuration. Of note, this inhibitory effect is also seen for scFv 3—
43, indicating that even the small and monovalently binding
antibody fragment is sufficient to inhibit HER3. Trapping of
HER3 in its inactive conformation was described for 2 antibod-
ies (KTN3379, LJM716), both recognizing an epitope formed
by 2 different HER3 domains. Whereas KTN3379 binds to a
region spanning domains II and III, L]M716 simultaneously
binds to domains IT and IV of tethered HER3.>*** IgG 3-43 dif-
fers from these antibodies by binding to domain III and IV,
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Figure 6. Inhibition of ligand-dependent and ligand-independent proliferation. (a) Inhibition of proliferation of MCF-7, NCI-N87, and A549 cells incubated for
one week under low (0.2%) serum concentrations in the presence of 10 ng/ml heregulin and either IgG 3-43 (3-43) or rituximab (Control) as a negative con-
trol antibody. (b) Inhibition of proliferation of FaDu cells without the addition of heregulin under the same conditions as in (a). (c) Colony formation assay.
SKBR3 or BT474 were grown in 12-well plates (1,000 cells per well) and incubated with IgG 3-43 (50 nM) or trastuzumab (Tras.) for 12 d. Medium and antibod-
ies were exchanged after 7 d. Cells incubated without antibody were included as a control (con). Shown are crystal violet-stained wells and the quantification

of 2 independent experiments performed with triplicate wells.

indicating that structurally restraining these domains also sta-
bilizes the tethered conformation. Upon ligand binding, major
structural changes occur between domain II and III, resulting
in a rotation of ~130° with respect to domains IIT and IV.*
Aligning the tethered structure of HER3 with a model of the
open conformation build on HER2 (pdb entry 3wlw)’' indi-
cates also some minor movements of domain III (not shown).
Further studies, e.g., by mutational and structural analyses, are
necessary to identify the exact epitope of IgG 3-43 and to shed
light on the molecular mechanism of HER3 inhibition.
Inhibition of HER3 activation by IgG 3-43 reduced cell pro-
liferation and colony formation in vitro both in ligand-depen-
dent and ligand-independent settings. In the analyzed cell lines,
the antibody inhibited phosphorylation of HER3 and, further-
more, reduced the cellular levels of HER3. Quantification of
receptor levels in SKBR3 and BT474 cells incubated with IgG
3-43 for up to 24 h showed that reduced levels of pHER3 corre-
late with reduced HER3 levels. This indicates that internaliza-
tion and degradation of HER3 might be the primary effect
leading to reduced pHER3 levels in these cell lines. This basal
HER3 turnover is controlled by the ubiquitin ligases Nrdpl
and Nedd4.'®** A recent study with antibody 9F7-F11, which
is directed against domain I of HER3 and also induces rapid
internalization of the receptor, showed that JNK1/2-dependent
ITCH/AIP4 activation is responsible for receptor ubiquitinyla-
tion and degradation.” Associated with the inhibition of HER3
phosphorylation and receptor downregulation, IgG 3-43
reduced basal and heregulin-stimulated Akt phosphorylation.
Since the PI3K/Akt pathway is one of the most important can-
cer-associated pathways mediating survival, proliferation and

apoptosis resistance of tumor cells, the efficient targeting of the
PI3K-Akt signaling axis is a primary goal in anti-cancer
therapy.

Antitumor activity, including tumor regression during the
treatment phase and a prolonged survival, was demonstrated in
a subcutaneous FaDu xenograft tumor model in SCID mice.
The antiproliferative activity of IgG 3-43 seen in vitro might
result in tumor cell death and tumor regression in vivo through
induction of apoptosis. Induction of apoptosis has been
described for some anti-HER3 antibodies, whereas others did
not induce apoptosis on their own but were able to enhance
apoptosis induced by chemotherapeutic drugs.***> Further-
more, immune effector cells might contribute to antitumor
activity, shown for example for the glycoengineered anti-HER3
antibody RG7116 in an orthotopic lung xenograft model of
A549 cells in SCID mice.’® Here, a contribution of murine
monocytes and macrophages expressing Fc RIV was discussed.
This is consistent with results from a comparative study of
anti-HER2 IgG and F(ab’), fragments demonstrating the
importance of an Fc region for regression of large xenograft
tumors in SCID mice.”” In addition, antiangiogenic activities
might contribute to antitumor effects in vivo. This was shown
for an anti-EGFR antibody (h-R3/nimotuzumab) capable of
inhibiting angiogenesis through inhibition of VEGF produc-
tion, resulting in tumor regression in a subcutaneous tumor
model in SCID mice associated with a reduced micro-vascular
density and an elevated apoptosis index.’® The contribution of
HER3 to tumor angiogenesis was demonstrated with a micro-
RNA (miR148a), which directly targets and inhibits HER3
expression.”® The identification of the exact mechanisms
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Figure 7. 1gG 3-43 inhibits growth of a subcutaneous xenograft FaDu tumor model in SCID mice. Mice were treated when tumors reached a size of ~100 mm? (2 weekly
injections for 3 weeks, see lines) with the indicated doses. (a-d) Growths of individual tumors in mice treated with PBS (a), 30 «g IgG 3-43 (b), 100 1g 1gG 3-43 (c), or
300 g lgG 3-43 (d). (e) Kaplan-Meier plot of survival. (f) Tumor volumes at day 42. (g) Pharmacokinetics of IgG 3-43. Serum concentrations of IgG 3-43 were determined
by ELISA after the first intravenous injection (day 14) and last intravenous injection (day 31) of treatment at the indicated doses. (h) Body weight of animals during

treatment.

Table 3. PK properties of IgG 3-43 after the first (day 14) and last (day 32) injection into tumor-bearing mice.

dose [ug] injection 50 [h] '8 [h] AUCy_75 [NM-h] Cinax [NM]
30 first 1.7+ 08 59.1 + 284 2,365 + 84 157 + 35
last 19.7 £ 4.0 87.1+£99 14,498 + 873 480 + 32
100 first 173 +£53 478 +72 22,101 4+ 5,882 717 £ 147
last 18.7 +£3.0 126.5 +10.1 62,605 + 5,046 2,172 £ 345
300 first 324+95 1279 £ 9.6 151,558 =+ 38,462 4,453 £+ 1,569
last 371+£94 2242 +116.6 610,044 + 137,488 22,582 + 5,472




leading to tumor regression in vivo, besides the reduced prolif-
eration of tumor cells, necessitates further studies, e.g., through
the use of Fc-modified IgG molecules and histological analysis
of treated tumors.

In summary, we developed a novel human anti-HER3 anti-
body, directed against a complex epitope formed by domain III
and IV, capable of inhibiting heregulin-dependent and ligand-
independent receptor activation, downstream signaling and cell
proliferation. Thus, IgG 3-43 may be suitable as a therapeutic
agent to treat various types of cancer dependent on HER3 sig-
naling, including HER2-overexpressing tumors. In addition to
monotherapy, the antibody might be especially useful in combi-
nation treatment with antibodies targeting other members of
the HER family or other epitopes of HER3, or with small mole-
cule inhibitors of receptors or downstream signaling molecules
to potentiate antitumor activities and circumvent resistance
mechanisms of established therapies.

Materials and methods
Materials

CCK-8 Cell Counting Kit-8 and recombinant heregulin- 8 were
purchased from Sigma-Aldrich (St. Louis, MO, USA), his-
tagged heregulin (Ser20-Lys241 NRGI, c-Terminal 6-His-tag)
and mouse HER3-Fc fusion protein were purchased from R&D
systems (Minneapolis, MN, USA). Dako QIFIKIT for expres-
sion analysis was purchased from Biozol (Eching, Germany).
Antibodies used for immunoblotting experiments were pur-
chased from Cell Signaling (Danvers, MA, USA: rabbit anti-
phospho-HER3 (Tyr1289) (#4791), mouse anti-Akt (pan)
(#2920), rabbit anti-phospho-Akt (Thr308) XP® (#13038),
mouse anti-phospho-Akt (Thr308) (#5106), mouse anti-Erk1/2
(#9107), polyclonal rabbit anti-phospho-Erk1/2 (Thr202/
Tyr204) (#9101)), Thermo Fischer Scientific (Waltham, MA,
USA: mouse anti-HER3 (#MS201-P1)) and Sigma-Aldrich (St.
Louis, MO, USA: monoclonal mouse anti-a-tubulin (#T6793),
polyclonal anti-mouse IgG (Fc specific)-HRP (#A2554) and
goat polyclonal anti-rabbit-IgG peroxidase (#A0545)). Anti-
bodies used for receptor expression analysis (anti-human
EGFR (clone AY13) (#352902), anti-human erbB2/HER-2
(clone 24D2) (#324402), and anti-human erbB3/HER-3 (clo-
nelB4C3) (#324702)) were purchased from BioLegend (San
Diego, CA, USA). Polyclonal anti-human IgG (Fc specific)-
HRP (#A0170) and polyclonal anti-human IgG (whole mole-
cule)-HRP (#A8792) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Mouse monoclonal anti His6-HRP
(#sc8036) was from Santa Cruz Biotechnology (Dallas, TX,
USA). R-phycoerythrin conjugated y-chain specific anti-
human IgG (#9170) was purchased from Sigma-Aldrich (St.
Louis, MO, USA).Cetuximab and rituximab were kindly pro-
vided by Thomas Miirdter und Jens Schmidt (IKP, Stuttgart,
Germany). An anti-TNFR1 antibody (Atrosab) used as negative
control was kindly provided by Andreas Herrmann
(Baliopharm, Basel, Switzerland). Antibody 3M6 was derived
from MM-121 (seribantumab)*’ mutating Cys89 in CDRLI to
serine. A549 cells were obtained from CLS Cell Lines Services
(Eppelheim, Germany). Caco-2 cells and HCT-116 cells were
originally obtained from Interlab Cell Line Collection (Genova,
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Italy). FaDu cells were obtained from DSMZ German Collec-
tion of Microorganisms and Cell Cultures (Braunschweig, Ger-
many). SKBR-3 cells were obtained from CLS (Eppelheim,
Germany). BT-474 cells were originally obtained from Nancy
Hynes (Friedrich Miescher Institute, Basel, Switzerland). MCF-
7 cells were originally obtained from Cornelius Knabbe (Insti-
tute of Clinical Pharmacology, Stuttgart, Germany). NCI-N87
cells were kindly provided by TRON (Mainz, Germany).
HEK293 cells were cultured in RPMI 1640 containing 5% fetal
calf serum (FCS). A549, A431, BT-474, NCI-N87 and MCEF-7
cells were cultured in RPMI 1640 supplemented with 10% FCS.
FaDu and SKBR-3 were cultured in DMEM supplemented with
10% FCS. HEK293-6E were cultured under agitation in F17
Freestyle medium supplemented with L-glutamine, Kolliphor
P-188 and 25 ug/ml G418. All cell lines were incubated in a
humidified atmosphere of 5% CO, at 37 °C. Human peripheral
blood mononuclear cells (PBMCs) were obtained from the
blood bank of the Klinikum Stuttgart.

Production of recombinant proteins

ScFv were produced in E. coli and purified by immobilized-
metal affinity chromatography from periplasmic preparations
as described previously.*' All receptor Fc fusion proteins were
cloned into pSecTagA and produced with stably transfected
HEK293T cells grown in Opti-MEM (Invitrogen, Karlsruhe,
Germany). DNA encoding the heavy and light chain of IgG 3-
43 was cloned into pEE14.4 and pEEG6.4, respectively. Plasmids
were then combined and transfected into HEK293-6E cells and
grown in F17 Freestyle medium. IgG and Fc fusion proteins
were purified from the supernatant by protein A chromatogra-
phy. The protein concentration was determined with a spectro-
photometer (NanoDrop Products, Wilmington, USA) using
the calculated molecular mass and molar extinction coefficient.
Aliquots were stored at —80 °C.

Phage selection

Antibody panning was performed in 96-well microtiter plates
(Costar High Binding, Corning, Amsterdam, The Nether-
lands).*? A well was coated with the HER3-Fc fusion in PBS
pH 7.4 for 1 h at RT. In parallel, one well for each panning was
coated with a non-related Fc fusion. Both wells were blocked
with 2% bovine serum albumin (BSA) (PAA, Colbe, Germany)
in PBS for 1 h or overnight. 2.5 x 10'" phage particles of
Hyperphage®® packaged human naive antibody gene libraries
HAL7 and HAL8"* were diluted in PBST with 1% skim milk
and 1% BSA and preincubated for 1 h in the well with the non-
related Fc fusion to avoid Fc-specific binders and sticky bind-
ers. The supernatant, containing the depleted library, was
transferred to an HER3-Fc-coated well and incubated at RT for
2 hr, followed by 10 washing steps with PBST. Afterwards,
bound scFv phage particles were eluted with 200 ul trypsin
solution (10 pg/ml trypsin in PBS) at 37 °C for 30 min. The
supernatant containing eluted scFv phage particles was trans-
ferred into a new tube. Ten microliter of eluted scFv phage
were used for titration as described.**® Twenty ml E. coli XL1-
Blue MRF’ (Agilent, Boblingen, Germany) culture in logarith-
mic growth phase (ODgpo = 0.4 - 0.5) were infected with the
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remaining scFv-phage at 37 °C for 30 min without shaking. The
infected cells were harvested by centrifugation for 10 min at
3,220xg, and the pellet was resuspended in 250 wul 2xTY
medium, supplemented with 100 mM glucose and 100 pg/ml
ampicillin (2xTY-GA), plated on a 15 cm 2xTY agar plate sup-
plemented with 100 mM glucose and 100 pg/ml ampicillin,
and incubated overnight at 37 °C. Colonies were harvested
with 5 ml 2xTY-GA. Thirty milliliter of 2xTY-GA were inocu-
lated with 100 wul of the harvested colony suspension, and
grown to an ODgy of 0.4 to 0.5 at 37 °C and 250 rpm. Five ml
bacterial suspension (~2.5 x 10° bacteria) were infected with
5 x 10" helper phage M13K07 (Stratagene), incubated at
37 °C for 30 min without shaking, followed by 30 min at
250 rpm. Infected cells were harvested by centrifugation for
10 min at 3,220xg and the pellet was resuspended in 30 ml
2xTY, supplemented with 100 wg/ml ampicillin and 50 pg/ml
kanamycin (2xTY-AK). Antibody phage were produced at
30 °C and 250 rpm for 16 h. Cells were harvested by centrifuga-
tion for 10 min at 3220xg. The supernatant containing the anti-
body phage (~1 x 10" cfu/ml) were directly used for the next
panning round or stored at 4 °C for a few days.

Screening of scFv

Polypropylene microtiter plates (96-well) (U96 PP 0.5 ml,
Greiner, Frickenhausen, Germany) containing 150 ul phos-
phate-buffered 2xTY-GA (2xTY-GA supplemented with 10%
(v/v) potassium phosphate buffer (0.17 M KH,PO,, 0.72 M
K,HPO,)) were inoculated with colonies from the titration
plate of the third panning round. Plates were incubated over-
night at 37 °C at 1,000 rpm in a shaker (Thermoshaker PST-
60HL-4, Lab4You, Berlin, Germany). A volume of 180 ul phos-
phate-buffered 2xTY-GA in each PP-MTP well was inoculated
with 10 ul of the overnight culture and grown at 37 °C and
800 rpm for 2 h. Bacteria were harvested by centrifugation for
10 min at 3,220xg, and 180 ul supernatant was removed. The
pellets were resuspended in 180 ul buffered 2xTY supple-
mented with 100 pg/ml ampicillin, 100 mM sucrose, 50 uM
isopropyl-8-D-thiogalactopyranoside and incubated at 30 °C
and 800 rpm overnight. Bacteria were pelleted by centrifugation
for 10 min at 3,220xg at 4 °C. The scFv-containing supernatant
was transferred to a new microtiter plate and stored at 4 °C
before analysis. For identification of binders, supernatants con-
taining monoclonal scFv were incubated with the antigen-
coated plates (coating as described above) for 1.5 h at RT fol-
lowed by 3 PBST washing steps. Bound scFv were detected
using murine anti-c-Myc tag mAb 9E10 and a goat anti-mouse
Ig serum, conjugated with horseradish peroxidase (HRP)
(Sigma; 1:10,000). The visualization was performed with TMB
(3,3}5,5-tetramethylbenzidine) substrate. The staining reaction
was stopped by adding 100 ul 1 N sulfuric acid. The absor-
bance at 450 nm and scattered light at 620 nm were measured
and the 620 nm values were subtracted using a SUNRISE
microtiter plate reader (Tecan, Crailsheim, Germany).

Biochemical characterization

Purified proteins were analyzed by SDS-PAGE under reducing
and non-reducing conditions and stained with Coomassie

brilliant blue G-250. HPLC SEC was performed using a Phe-
nomenex Yarra SEC-2000 column (Phenomenex, Aschaffen-
burg, Germany) and a Waters 2695 HPLC (Waters
Corporation, Milford, USA) at a flow rate of 0.5 ml/min. The
mobile phase was 0.1 M Na,HPO,/NaH,PO,, 0.1 M Na,SO,,
pH 6.7. As standard proteins, thyroglobulin (669 kDa, 8.5 nm),
B-amylase (200 kDa, 5.4 nM), BSA (67 kDa, 3.55 nm), carbonic
anhydrase (29 kDa, 2.35 nm), and FLAG peptide (1 kDa) were
used.

Quartz crystal microbalance

Affinities of IgG 3-43 for the monomeric receptor extracellular
domain of HER3 and dimeric HER3-Fc fusion were deter-
mined via QCM measurements using an Attana Cell A200
instrument. IgG 3-43 was immobilized on the surface of a low
nonspecific-binding carboxyl chip using the amine coupling kit
(EDC + sNHS, Attana AB, Stockholm, Sweden) in a density
that resulted in a frequency change of about 90 Hz. The mea-
surement was performed at 25 °C with a flow-rate of 25 pl/min
of PBST (0.1% Tween) pH7.4. Regeneration of the binding was
performed twice with 3 M MgCl, for 15 s. After every second
measurement a buffer injection was performed to determine
the baseline, which was subsequently subtracted from the
measurements. Soluble his-tagged HER3 was injected in a 2-
fold dilution series in PBST in random order, with concentra-
tions between 1.25 to 20 nM. Dimeric HER3-Fc was injected in
a 2-fold dilution series in PBST in random order, with concen-
trations between 0.625 to 10 nM. Data were analyzed with the
Attana evaluation software and TraceDrawer.

ELISA

Fc fusion proteins (300 ng/well) were coated overnight at 4 °C
and the remaining binding sites were blocked with 3% (w/v)
non-fat dry milk/PBS (MPBS). Purified proteins were diluted
in MPBS and titrated in duplicates. Bound proteins were
detected with an HRP-conjugated anti-human IgG-Fab anti-
body or an anti-His-tag antibody for detection of scFv using
100 wl of 3,3',5,5-tetramethylbenzidine (TMB) substrate per
well (0.1 mg/ml TMB, 100 mM sodium acetate buffer, pH 6.0,
0.006% H,0,). The reaction was stopped with 1 M H,SO,
(50 pl/well) and optical density was measured at 450 nm in an
ELISA reader.

Flow cytometry

Flow cytometry studies were performed with HER3-expressing
MCE-7, FaDu, BT474, A431, NCI-N87, A549, and SKBR3 cells.
Cells were briefly trypsinized at 37 °C, trypsin was quenched
with FCS-containing medium and removed by centrifugation.
Cells (200,000 cells per sample) were seeded and incubated
with varying concentrations of IgG 3-43 for at least one hour
at 4 °C. Cells were washed twice with PBA (2% (v/v) FCS,
0.02% (w/v) NaNj in 1 x PBS). Cells were incubated with PE-
labeled murine anti-human Fc antibody for another hour to
visualize bound antibody molecules. After 2 further washing
steps, fluorescence was measured with a MACSQuant® Ana-
lyzer 10 and median fluorescence intensities relative to



unstained cells were calculated using the FlowJo software.
Quantification of receptor expression was performed by indi-
rect immunofluorescence staining using the QIFIKIT (Dako)
according to the manufacturer’s protocol and anti-EGFR anti-
body, anti-HER2 antibody, and anti-HER3 antibody (diluted
1:10). Data analysis was performed using the Flow]Jo software,
Excel and GraphPad Prism.

Inhibition of heregulin binding

MCEF-7 cells were briefly trypsinized at 37 °C, trypsin was
quenched with FCS-containing medium and removed by cen-
trifugation. Cells (200,000 cells per sample) were seeded and
incubated with 3 uM of IgG 3-43 or control antibody (cetuxi-
mab) at 4 °C. After 30 minutes, 50 nM of recombinant 6His-
tagged heregulin was added and the cells were mixed and incu-
bated for at least another hour at 4°C. Washing was performed
twice with PBA (2% (v/v) FCS, 0.02% (w/v) NaN3 in 1 x PBS).
Cells were incubated with PE-labeled anti-His antibody for
another hour to visualize bound heregulin molecules. After 2
further washing steps, fluorescence was measured with a
MACSQuant® Analyzer 10 and median fluorescence intensities
relative to unstained cells were calculated using the FlowJo
software.

Internalization

IgG 3-43 was conjugated with Amersham Cy5 malemide
mono-reactive dye (Amersham) according to the manufac-
turer’s instructions. MCF-7 cells were seeded on 8-well glass
chamber slides (BD) one day before the experiment to be semi-
confluent on the next day. Cy5-labeled IgG 3-43 was incubated
in growth medium at 37°C for the indicated time points. The
cells were fixed with 4% paraformaldehyde in PBS (200 ul/
well) for 15 minutes at 37 °C. Fixed cells were washed with PBS
and counterstained with Concanavalin A and DAPI for 10
minutes. After 3 more washing steps with PBS, the cells were
covered with Fluoromount and coverslips. Dried slides were
stored at 4 °C and analyzed using a spinning disk microscope.

Immunoblot analysis of protein phosphorylation

Cells were grown in 6-well plates (2 x 10° cells per well) over-
night and then starved in medium containing 0.2% FCS for
another day. Next, cells were incubated with indicated concen-
trations of antibodies in starvation medium at 37 °C for 1 h or
the indicated time. Subsequently, cells were stimulated with
heregulin (50 ng/ml) for 15 min, before being lysed using pro-
tease and phosphatase inhibitor containing RIPA buffer
(50 mM Tris pH 7.5, 150 mM NaCl, 1% Triton-X 100, 0.5
sodium deoxycholate, 0.1% SDS, 1 mM sodium orthovanadate,
10 mM sodium fluoride and 20 mM B-glycerophosphate plus
complete protease inhibitors (Roche, Basel, Switzerland)) at
4 °C. Lysates were centrifuged (13,200 rpm, 30 min, 4 °C) and
supernatants were collected. Protein concentrations in each
lysate were assessed using the Bio-Rad DC™ Protein Assay.
Lysates were fractionated by SDS-PAGE and transferred onto
nitrocellulose membranes (iBlot®Gel Transfer Stacks; Invitro-
gen) using the iBlot® 2 Dry Blotting System. Membranes were
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blocked with 0.5% blocking reagent (Roche) in PBS containing
0.1% Tween-20 and incubated with indicated primary antibod-
ies, diluted in 0.5% blocking reagent, 0.05% NaNj3, overnight at
4 °C, followed by 5 washing steps with 0.5% PBST and incuba-
tion with HRP-conjugated secondary antibody for 1 h at RT.
After washing, activity of HRP was detected with ECL substrate
and visualized by the FUSION SOLO Imager (Vilber Lourmat,
Eberhardzell, Germany).

Cell proliferation

Cells (10* per well) were grown in 100 ul medium containing
10% FCS in 96-well plates at 37 °C for one day. Next, cells were
incubated with the indicated concentrations of antibodies in
reduced serum medium (0.2% FCS) at 37 °C for 6 d in the pres-
ence or absence of 10 ng/ml heregulin. The number of viable
cells was determined using the Cell-Counting-Kit-8. The absor-
bance at 450 nm was measured in an ELISA reader.

Colony formation assay

Cells (SKBR3, BT474) were seeded into 12-well plates (1,000
cells/well) in medium containing 10% FCS. The next day, anti-
body was added in 1 ml medium containing 2% FCS. After
7 days, 0.2 ml medium with antibody was added and incubated
for additional 5 d. Cells were then fixed with Histofix and
stained with crystal violet.

ADCC

Human PBMC were thawed and cultivated overnight at 37 °C,
5% CO, to allow for monocyte adherence. The next day, the
percentage of NK cells (CD3~, CD56") was determined by
flow cytometry. SKBR3 cells (20,000/well) were seeded and
incubated overnight at 37°C, 5% CO,. SKBR3 cells were incu-
bated with serial dilutions of the antibodies or medium for
15 min at room temperature, before addition of monocyte-
depleted PBMC containing 40,000 NK cells/well. After 24 h at
37°C, 5% CO,, supernatants were removed, followed by 3
washing steps and addition of 200 pl medium. Living SKBR3
cells were detected by MTT assay (addition of 10 pl MTT solu-
tion (5 mg/ml), incubation at 37°C, 5% CO, for 2 h, addition
of 90 ul lysis buffer (7.5% (w/v) SDS in 50% (v/v) dimethylfor-
mamide and 50% (v/v) H,O, pH 4.5-5.0 adjusted with 80%
acetic acid) followed by incubation at room temperature over-
night and determination of ODsgs,m-ODgs50m)-

Pharmacokinetics

Animal care and all experiments performed were in accor-
dance with federal guidelines and have been approved by uni-
versity and state authorities. Three animals of each treatment
group of the pharmacodynamics experiment described in the
following (twice weekly injections with either 30 ug, 100 ug
or 300 ug IgG 3-43 for 3 weeks) were used to determine
serum half-life of IgG 3-43. Blood samples (around 50 pul)
were collected from the tail after 5 min, 1 h, 1 day, and 3 d of
the first injection (day 14), and after 5 min, 1 h, 1 day, 3 d
and one week of the last injection (day 31). Serum samples
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were incubated on ice for 10 minutes, clotted blood was cen-
trifuged (16,100x g, 20 min, 4 °C) and serum samples were
stored at 4 °C. IgG serum concentration was analyzed by
ELISA as described above using 300 ng/well HER3-Fc for
coating and HRP-coupled anti-human IgG (Fab-specific) anti-
body diluted 1:20,000 for detection by interpolation from a
standard curve of purified IgG 3-43. Initial and terminal half-
lives (t;c, t158) and AUC were calculated with Excel, C,,ax
was calculated with PKSolver.

Pharmacodynamics

FaDu cells (5 x 10°) were injected subcutaneously in the left
and right flanks of female SCID beige mice (Charles River).
During the injection of the cells, the mice were anesthetized
with isoflurane. The treatment was initiated when the tumor
volume reached ~80 mm?®. Each treatment group consisted of
6 animals. All mice received 6 intravenous injections twice
weekly for 3 weeks beginning on day 14 after inoculation and
ending on day 31. Treatment formulations contained either
PBS (control group) or a total of 30 g, 100 ug or 300 ug IgG
3-43 per injection dose. Tumor growth was monitored with a
caliper and tumor volume was calculated as follows: tumor vol-
ume = (a x b?)/2 (a, longitudinal diameter of tumor; b, trans-
verse diameter of tumor). The 95% confidential interval
(95%CI) was used for statistical analyses of the in vivo experi-
ment. Significances were calculated by GraphPad Prism 5.0.1
and results were compared via one-way ANOVA followed by
Tukey’s multiple comparison test (post-test).
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