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The use of antibodies in therapy and diagnosis has undergone an unprecedented expansion during the past two
decades. This is due in part to innovations in antibody engineering that now offer opportunities for the production of
“second generation” antibodies with multiple specificities or altered valencies. The targeting of individual components
of the human epidermal growth factor receptor (HER)3-PI3K signaling axis, including the preferred heterodimerization
partner HER2, is known to have limited anti-tumor effects. The efficacy of antibodies or small molecule tyrosine kinase
inhibitors (TKIs) in targeting this axis is further reduced by the presence of the HER3 ligand, heregulin. To address these
shortcomings, we performed a comparative analysis of two distinct approaches toward reducing the proliferation and
signaling in HER2 overexpressing tumor cells in the presence of heregulin. These strategies both involve the use of
engineered antibodies in combination with the epidermal growth factor receptor (EGFR)/HER2 specific TKI, lapatinib.
In the first approach, we generated a bispecific anti-HER2/HER3 antibody that, in the presence of lapatinib, is designed
to sequester HER3 into inactive HER2-HER3 dimers that restrain HER3 interactions with other possible dimerization
partners. The second approach involves the use of a tetravalent anti-HER3 antibody with the goal of inducing efficient
HER3 internalization and degradation. In combination with lapatinib, we demonstrate that although the multivalent
HER3 antibody is more effective than its bivalent counterpart in reducing heregulin-mediated signaling and growth, the
bispecific HER2/HER3 antibody has increased inhibitory activity. Collectively, these observations provide support for the

therapeutic use of bispecifics in combination with TKIs to recruit HER3 into complexes that are functionally inert.

Introduction

Multiple cancers are driven by aberrant signaling through
the human epidermal growth factor receptor (HER), also
known as ErbB, family members. Recent studies have indicated
that HER2-HER3 heterodimers can play a central role in
tumorigenesis.'”> HER3 is a preferred dimerization partner for
HER2, which has no known ligand and is constitutively active.’”
Although HER3 has very low intrinsic kinase activity, there are
six phosphorylation-dependent binding sites for PI3K on the
cytosolic tail of this receptor.® Consequently, HER2-HER3
heterodimers are the most effective activators identified to date
of the PI3K/Akt pathway through both ligand-independent
and ligand-dependent signaling.>® Ligand-dependent activation
of HER3 involves the binding of heregulin or other ligands to

induce a conformational switch in the dimerization arm, driving
heterodimer formation with kinase competent partners such as
HER2 or EGFR.>¢

Consistent with HER3 as a driver of tumorigenesis, loss of
HER3 expression in breast cancer cells results in reductions
in both PI3K/Akt signaling and proliferation.”? Further,
modeling studies demonstrate that HER3 represents a central
node in PI3K/Akt signaling. In conjunction with the limited
efficacy of solely targeting HER2 with monotherapies such
as trastuzumab,'®'? these observations have motivated the
development of therapeutics targeting HER3 or HER2-HER3
heterodimers.*!> Recent data indicate that the targeting of this
axis with antibodies is less effective in the presence of heregulin,"
which is expressed in either autocrine or paracrine fashion in
many tumor types.'®'® Thus, there is a need for the generation
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Figure 1. Schematic representation of the bispecific antibody (TAb6)
comprising trastuzumab and a scFv derived from the anti-HER3 anti-
body, Ab6, used in the current study.

of improved therapeutics directed toward ligand-dependent
activation of HER3. The current study involves a comparison of
two distinct approaches using bispecific HER2/HER3 specific
antibodies or multivalent HER3-specific antibodies to target
HERS3 in the presence of the HER3 ligand, heregulin.

As an alternative to targeting HER family members with
antibodies, the use of small molecule inhibitors of the tyrosine
kinase activity of EGFR or HER2, or of the downstream kinase,
PI3K, has attracted much interest.”> However, these inhibitors
can lead to tumor escape due to upregulation of compensatory
signaling pathways and complex cross-regulatory networks
involving negative feedback loops. For example, the delivery of
lapatinib, a tyrosine kinase inhibitor (TKI) that targets both
EGEFR and HER2, results in upregulation of HER2 and HER3
expression and PI3K/Akt signaling.?®
pathways can also include activating mutations of PI3K,?* and the

29 Lapatinib resistance

inhibitory effects of lapatinib can be dampened by the presence
of the HER3 ligand, heregulin.'**'"** This suggests that lapatinib
in combination with antibodies or bispecifics that bind to HER3
might provide an effective route for therapy, particulatly for
tumors involving autocrine or paracrine heregulin loops that can
result in limited efficacy of monotherapies.

Related to the limited therapeutic efficacy of TKIs such as
lapatinib that inhibit EGFR and HER2 activation, HER3 can
associate with other activating receptors such as ¢cMET and
insulin-like growth factor type I receptor I/insulin receptor
substrate-1.73% A possible strategy to extinguish HER3-PI3K
signaling would therefore be to inhibit multiple potential HER3
partners. This provides the impetus for directly targeting HER3,
which would avoid the complexity of identifying and globally
inhibiting all HER3 partners. Here, we have taken the approach
of investigating the ability of a bispecific anti-HER2/HER3
antibody to drive HER3 into HER2-HER3 heterodimers that,
through combination treatment with lapatinib, are “kinase-dead”.

www.landesbioscience.com
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Locking HER3 into such inactive complexes is expected to
sequester this receptor from interactions with other signaling
competent partners and, as such, have anti-tumor effects.

A second route toward extinguishing HER3 signaling is
to develop strategies to induce the efficient internalization
and degradation of this receptor. In support of this approach,
several studies have demonstrated that reduction of HER3
expression has anti-proliferative effects.”* HER3 is constitutively
internalized into the endolysosomal pathway®® and it is well
documented that receptor crosslinking leads to downregulation
in multiple different cellular systems. We therefore reasoned that
a multivalent (tetrameric) anti-HER3 antibody would induce
more efficient HER3 internalization or degradation relative to its
bivalent counterpart, thereby enhancing clearance from the cell
surface. The efficacy of this approach has been compared with
that of recruiting HER3 into kinase-inactivated HER2-HER3
heterodimers. These comparative studies have also been extended
to microscopy analyses of the trafficking behavior of the different
antibodies within cells, which relates to both drug delivery for
antibody-drug conjugates and Fc-mediated cytotoxicity.?”%*

Our study has led to several observations that are of relevance
to targeting HER3. First, we show that in the presence of
heregulin, combination treatment with antibodies and lapatinib
is necessary to achieve inhibition of signaling and growth. Under
these conditions, a tetravalent HER3-specific antibody induces
increased degradation of HER3 and has more potent anti-tumor
effects relative to its bivalent counterpart. Importantly, when
used in combination with lapatinib, the bispecific anti-HER2/
HER3 antibody is a more effective inhibitor of heregulin-driven
signaling and growth compared with anti-HER3 antibodies,
tetravalent anti-HER3 antibodies or mixtures of individual
antibodies specific for HER2 and HER3. Our observations are
consistent with a model in which the bispecific antibody recruits
HER3 into HER2-HER3 heterodimers that are inactive in the
presence of lapatinib. Collectively, these studies provide support
for the combined use of multimeric anti-growth factor receptor
antibodies with small molecule TKIs for the therapy of cancer.

Results

Antibodies specific for HER2 and HER3 have differential
effects on signaling and proliferation

The anti-HER3 antibody, Ab6 (MM-121%), which competes
with heregulin for binding to HER3, was generated in our
laboratory as a biosimilar and used throughout these studies.
To investigate whether a tetravalent anti-HER3 antibody is
more effective than its bivalent counterpart in inhibiting cell
growth and proliferation, we fused the Ab6 single chain variable
fragment (scFv) to the CH3 domains of Ab6 via a Gly-Ser-Ser
linker (AbGtet). In addition, a bispecific trastuzumab (anti-
HER2)-Ab6 antibody (TAb6) and a bispecific pertuzumab
(anti-HER2)-Ab6 antibody (PAb6) were generated by fusing
scFv fragments corresponding to Ab6 to the CH3 domains of
trastuzumab and pertuzumab, respectively, using an analogous
design (Fig. 1). All antibodies were expressed in transfected
Chinese hamster ovary (CHO) cells. The expression yields
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of the bispecific antibodies were 4.5 mg/L, 2.5 mg/L, and 8
mg/L for Ab6tet, PAb6 and TAbG, respectively. Size exclusion
and serum stability analyses of the bispecific proteins are
presented in the Supplementary Materials (Fig. S1 and S2). For
comparative purposes, size exclusion studies of Ab6, trastuzumab
and pertuzumab are shown (Fig. S1). Ab6 and the bispecific
antibodies also bound to immobilized, recombinant Fc-HER2
(TAb6, PAbG) or HER3 (Ab6, AbGtet, TAbG, PAb6) in surface
plasmon resonance experiments (BIAcore; data not shown).
The in vivo halflives (3-phase) of Ab6tet and TAb6 were also
determined in BALB/c SCID mice and were 228 + 14 (n = 4
mice) and 215 £ 11 (n = 5 mice) hours, respectively.

We initially assessed the effect of targeting HER3 and HER2/
HER3 with several different antibody formats in the absence
of the HER3 ligand, heregulin. For comparative purposes we
also included the anti-HER2 antibodies, trastuzumab and
pertuzumab, which bind to domain IV and the dimerization arm
(domainII), respectively, of HER2.%% The anti-HER3 antibody,
Ab6, and its tetrameric form, Ab6tet, reduced proliferation in the
HER2-overexpressing cancer cell lines, SK-BR-3 and HCC1419
(Fig. 2A). Although Ab6 and Ab6tet treatment resulted in a trend
toward reduced proliferation in BT-474 cells, the effects were
not significant. By contrast with SK-BR-3 and HCC1419 cells,
BT-474 cells express a gain of function variant of PI3K*"*? which
could account for the reduced efficacy of anti-HER3 antibodies.
Consistent with the observations of others,”® trastuzumab has
higher anti-proliferative activity on ligand-independent growth
of SK-BR-3 and BT-474 cells relative to pertuzumab (Fig. 2A).
A mixture of pertuzumab and Ab6 is also less effective than
trastuzumab and AbG.

Although combinations of anti-HER2 and anti-HER3
antibodies (Ab6 combined with trastuzumab or pertuzumab)
had anti-proliferative activities, exposure of cells to the bispecific,
TAbG, comprising trastuzumab plus Ab6, resulted in increased
proliferation (Fig. 2A). Further, the bispecific antibody
comprising Ab6 and pertuzumab (PAb6) induced proliferation
(Fig. 2A). The effects of both PAb6 and TAb6, which bind to
different sites of HER2,**%° indicate that proximity of HER2
and HER3 is sufficient for proliferative signaling, rather than
a need for the receptors to dimerize in a specific configuration.
This proximity model is also consistent with the observation that
exposure of cells to a mixture of trastuzumab or pertuzumab and
Ab6, which would not be expected to drive formation of HER2-
HER3 heterodimers, results in reduced proliferation (Fig. 2A).

Analyses of the effects of the antibodies on the phosphorylation
of HER3, Akt and Erk demonstrated that the anti-proliferative
effects are associated with decreased pAkt levels in SK-BR-3
and BT-474 cells (Fig. 2B). Although pErk levels were lower
following treatment of cells for one hour with Ab6, Ab6tet, or
Ab6 combined with anti-HER2 antibodies than for cells treated
with trastuzumab, pertuzumab, TAb6 or PADb6, these differences
were not sustained at the 24 h time point (Fig. 2B). Exposure of
SK-BR-3 or BT-474 cells to TAb6 or PAb6 resulted in increased
pAkt (5473) levels that persisted for at least 24 h, consistent with
the pro-proliferative effects of these bispecific antibodies. By
contrast, the levels of pAkt at 24 h were decreased in cells treated
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with any of the other antibodies or antibody combinations
(Fig. 2B). Pertuzumab as a single agent, or in combination with
AbG, was less effective than trastuzumab (with or without AbG6) in
reducing pAkt (S473) phosphorylation, which is congruent with
the lower anti-proliferative activity of this antibody (Fig. 2A).

Earlier studies have shown that relief of feedback inhibition
of the FoxO1/3a transcription factors can lead to upregulation of
multiple receptor tyrosine kinases such as HER3 and insulin-like
growth factor-1 receptor (IGF-1R) and subsequent reactivation
of Akt.”*% However, the possibility of pAkt reactivation
occurring in the current study following treatment of cells with
the bispecific antibodies, TAb6 or PAbG, can be excluded by
the relatively rapid kinetics of pAkt induction observed (1 h,
Fig. 2B). To further support this, we observed phosphorylation
of Akt following 15 min of exposure of SK-BR-3 and BT-474 cells
to the bispecific antibodies (Fig. S3).

Total HER3 levels in the cells following treatment with anti-
HER3 antibodies were also analyzed. In general, HER3 levels
were reduced by treatment with anti-HER3 antibodies, Ab6 and
AbbGtet, whereas exposure of cells to the bispecific antibodies,
TAbG and PAD6, resulted in less HER3 degradation (2 < 0.05;
Fig. 2B; Fig. S4). Reduced HER 3 degradation following TAb6 or
PADbG treatment is consistent with the inhibitory effects of HER2
expression on the internalization of ligand-activated EGFR or
HER3.%“The increased HER3 degradation induced by AbGtet
relative to Ab6 was more marked for SK-BR-3 than BT-474
cells, although in both cases the differences were statistically
significant (P < 0.05; Fig. 2B).

Microscopy analyses were used to further investigate the
intracellular trafficking pathways taken by Ab6, AbGtet and
TAb6 (Fig. 3). These studies demonstrate that Ab6tet is
internalized into EEA-1 positive early endosomes more rapidly
than AbG, and enters these compartments within 5 min of
treatment. Following 15 min of treatment, both Ab6 and AbGtet
are internalized into early endosomes, although the levels of
AbG remaining on the plasma membrane are greater than for
AbbGtet (Fig. 3). By contrast, the majority of TADbG is present on
the plasma membrane following 5—-60 min of treatment (Fig. 3;
Fig. S5). Within 60 min of treatment, Ab6 and AbGtet are present
in LAMP-1+ lysosomes (Fig. S5). Multivalent antibody binding
to HER3 therefore enhances the rate of HER3 internalization
into the endolysosomal pathway, consistent with the increased
degradation of HER3 in the presence of Ab6tet relative to Ab6.

Targeting HER2/HER3 with antibodies is ineffective in the
presence of heregulin

Heregulin is frequently present in tumors due to autocrine
or paracrine production,'®'® motivating an investigation of the
effects of the antibodies on tumor cell growth in the presence of
this HER3 ligand. HCC1419 cells showed increased proliferation
in the presence of heregulin, whereas reduced proliferation
was observed for SK-BR-3 cells (Fig. 4A). Although BT-474
cells showed a trend toward heregulin-stimulated proliferation,
differences between vehicle- and heregulin-treated cells were
not always significant. Reduced proliferation of SK-BR-3
cells in response to heregulin has been described previously.*®
Heregulin exposure ablated the inhibitory effects of Ab6, Ab6tet,
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Figure 2. Effects of antibodies specific for HER2 and/or HER3 on HER2-overexpressing breast cancer cells. (A) Cells were incubated with 50 nM anti-HER3
(Ab6), tetrameric anti-HER3 (Ab6tet), trastuzumab (T), pertuzumab (P), trastuzumab or pertuzumab and Ab6 (T + Ab6 or P + Ab6), bispecific trastuzumab
with anti-HER3 Ab6 scFv (TAb6), or bispecific pertuzumab with anti-HER3 Ab6 scFv (PAb6) for 5 d. Proliferative responses were assessed using the
MTS reagent and were normalized against the proliferation of cells incubated in medium (Med) only. Data shown are means of triplicates + standard
deviation. The symbols * and ** indicate significantly lower or higher proliferative responses, respectively, between cells treated with antibody and PBS
vehicle (Student’s t-test; P < 0.05). (B) SK-BR-3 or BT-474 cells were treated with anti-HER2/HER3 antibodies (50 nM) for 1 or 24 h, and cell lysates analyzed

T+Ab6
P+Ab6

by immunoblotting. Data shown are representative of at least two independent experiments.

trastuzumab or trastuzumab plus Ab6 on ligand-independent
proliferation of BT-474 or HCC1419 cells (Fig. 2A and 4A).
Slightly higher proliferation of HCC1419 cells was observed
following TADbG relative to trastuzumab plus Ab6 treatment,
but differences for these two treatments were not significant for

SK-BR-3 and BT-474 cells.

The reduced efficacy of the antibodies in the presence of
heregulin was accompanied by either no change (SK-BR-3 cells
with trastuzumab and TAb6 24 h following treatment and
BT-474 cells with all treatments), or a reduction (SK-BR-3 cells
with Ab6, AbGtet, or a mixture of trastuzumab plus Ab6 at
24 h) in pAkt levels (Fig. 4B). Collectively, the data indicate that

www.landesbioscience.com mADbs
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Figure 3. Abé6tet internalizes into SK-BR-3 cells more rapidly than Ab6. Cells were pulsed with 50 nM anti-HER3 (Ab6), tetrameric anti-HER3 (Ab6tet)
or bispecific trastuzumab with anti-HER3 Ab6 scFv (TAb6) for 5 min at 37°C, chased for 0, 10 or 20 min, fixed, permeabilized and stained with anti-
EEA-1 antibody. The combined pulse plus chase times are indicated on the left margin. Anti-HER3 or HER2/HER3 antibodies were detected with Alexa
555-labeled secondary antibody (pseudocolored red in overlay) and anti-EEA-1 antibody with Alexa 647-labeled secondary antibody (pseudocolored
green in overlay). Yellow arrows in the images for Ab6tet-treated cells indicate examples of internalized Ab6tet that is associated with EEA-1 positive

antibody targeting of HER2 and HER3 has limited efficacy in
the presence of intratumoral HER3 ligands.

Lapatinib combined with antibodies specific for HER2/
HER3 overcomes heregulin-mediated resistance

The induction of proliferative signaling by HER2-HER3
dimerization “forced” by TAbG6 treatment suggested that the
combination of this bispecific antibody with the small molecule
inhibitor of HER2 (and EGFR) kinase activity, lapatinib,
might stabilize HER2-HER3 heterodimers in an inactive state.
Further, we hypothesized that such complexes would preclude
the interaction of HER3 with signaling competent partners.
Lapatinib treatment is known to result in upregulation of
HER2 and HER3 levels on the plasma membrane,*** and
we confirmed these observations under the conditions of our
assay (except that HER2 was not upregulated on BT-474 cells;
Fig. S6). Treatment of SK-BR-3 and BT-474 cells with lapatinib
at doses ranging from 50 nM~1 puM resulted in inhibition of
proliferation (Fig. 5A). However, this growth inhibition was
ablated by exposure of cells to heregulin (Fig. 5A). Although
lapatinib treatment alone resulted in potent inhibition of HER3,
Akt and Erk phosphorylation, this was partially reversed by
incubation of cells with lapatinib plus heregulin (Fig. 5B).

The observation that lapatinib alone has limited efficacy in
blocking cell proliferation in the presence of heregulin prompted
us to investigate the effect of combination treatment of heregulin-
exposed SK-BR-3, BT-474 and HCC1419 cells with lapatinib
and HER3-targeting antibodies. Addition of Ab6 or Ab6tet to
lapatinib resulted in anti-proliferative effects compared with the
effects of lapatinib alone (Fig. 6A). In addition, for SK-BR-3 and
HCC1419 cells, Ab6tet was more effective than Ab6 (Fig. 6A).
Consistent with the inability of trastuzumab to inhibit ligand-
dependent HER2-HER3 this HER2-specific
antibody did not reduce proliferation in the presence of heregulin
and lapatinib. By contrast, of the antibodies/bispecifics tested, the
anti-HER2/HER3 bispecific, TAb6, was the most potent of the

signaling,*
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antibodies tested in combination with lapatinib in reducing
proliferation of heregulin-treated cells (Fig. 6A). Importantly,
this bispecific also had increased anti-proliferative effects relative
to a mixture of trastuzumab and Ab6 (Fig. 6A). Trastuzumab
has superior activity over pertuzumab in inhibiting ligand-
independent activity® (Fig. 2), suggesting that TAbG would more
effectively target both ligand-dependent (heregulin) and ligand-
independent signaling than PAb6. In combination with the lower
expression yield of PAbG relative to that of TAb6 (2.5 mg/L vs.
8 mg/L), we therefore focused on the use of TAbG in the lapatinib/
bispecific combination studies. In the absence of heregulin, none
of the antibodies further reduced the anti-proliferative activity of
lapatinib (Fig. S7).

In the presence of lapatinib and heregulin, Ab6tet, trastuzumab
plus Ab6 or TAbG treatment resulted in lower levels of pHER3,
pErk and pAke (§473, T308) for SK-BR-3 and HCC1419 cells
(Fig. 6B; Fig. S8). The improved activity of Ab6tet compared
with Ab6 in SK-BR-3 and HCC1419 cells is consistent with the
increased degradation of HER3 in the presence of the tetrameric
antibody (? < 0.05; Fig. S8 and S9). TAb6 was the most potent
antibody in reducing downstream signaling in SK-BR-3, BT-474
and HCC1419 cells, and was more inhibitory than mixtures of
trastuzumab and AbG (Fig. 6B; Fig. S8). Further, TAb6 was
the only antibody in combination with lapatinib that reduced
heregulin-induced pAkt and pErk in BT-474 cells. Collectively,
the data indicate that in the presence of lapatinib the bispecific
antibody, TADG, is the most potent inhibitor of ligand-induced
activation.

Discussion

The limitations of targeting individual components of the
HER3/PI3K/Akt signaling axis, including the activity of the
preferred dimerization partner HER2, iswell documented. Several
factors contribute to the poor efficacy of this approach: first,
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Figure 4. Antibodies specific for HER2 and/or HER3 have reduced efficacy in inhibiting proliferation and PI3K/Akt signaling in the presence of heregulin.
(A) Cells were incubated with heregulin (HRG, 6.25 nM) and 50 nM anti-HER3 (Ab6), tetrameric anti-HER3 (Ab6tet), trastuzumab (T), trastuzumab and Ab6
(T + Ab6) or bispecific trastuzumab with anti-HER3 Ab6 scFv (TAb6) for 5 d. Proliferative responses were assessed using the MTS reagent and were nor-
malized against the proliferation of cells incubated in medium (Med) only. Data shown are means of triplicates + standard deviation. * indicates statisti-
cally significant differences between proliferative responses for cells treated with antibody in the presence of heregulin and cells treated with heregulin
only (Student t-test; P < 0.05). (B) SK-BR-3 or BT-474 cells were treated with anti-HER2/HER3 antibodies (50 nM) in the presence of 6.25 nM heregulin for
1 or 24 h, and cell lysates analyzed by immunoblotting. Data shown are representative of at least two independent experiments.
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Figure 5. Heregulin treatment reverses the anti-proliferative effects of lapatinib in HER2 overexpressing cell lines. (A) Cells were incubated with differ-
ent concentrations of lapatinib (L) in the presence and absence of heregulin (HRG; 6.25 nM) for 5 d. Proliferative responses were assessed using the MTS
reagent and were normalized against the proliferation of cells incubated in medium (Med) only. Data shown are means of triplicates + standard devia-
tion. * indicates statistically significant differences between proliferative responses for cells treated with lapatinib and DMSO vehicle (Student t-test; P <
0.001). (B) SK-BR-3 or BT-474 cells were treated with 1 wM lapatinib (Lap) in the presence and absence of heregulin (6.25 nM) for 1 or 24 h, and cell lysates
analyzed by immunoblotting. Data shown are representative of at least two independent experiments.
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Figure 6. For figure legend, see page 348.
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Figure 6 (See previous page). The bispecific anti-HER2/HER3 antibody, TAb6, has the highest activity in reducing cell proliferation and PI3K/Akt signal-
ing in the presence of heregulin and lapatinib. (A) Cells were incubated with 1 M lapatinib (L) in the presence of heregulin (HRG; 6.25 nM) and treated
with 50 nM anti-HER3 (Ab6), tetrameric anti-HER3 (Abé6tet), trastuzumab (T), trastuzumab and Ab6 (T + Ab6) or bispecific trastuzumab with anti-HER3
Ab6 scFv (TAb6) for 5 d. Proliferative responses were assessed using the MTS reagent and were normalized against the proliferation of cells incubated
in medium (Med) only. Data shown are means of triplicates + standard deviation. * indicates statistically significant differences between proliferative
responses for cells treated with antibodies vs. vehicle in the presence of lapatinib and heregulin (Student t-test; P < 0.05). ** indicates statistically signifi-
cant differences between proliferative responses for the pairwise comparison of the two indicated treatments (horizontal bars). (B) SK-BR-3 or BT-474
cells were treated with lapatinib (Lap), heregulin (6.25 nM) and anti-HER2/HER3 antibodies (50 nM) as indicated for 1 or 24 h, and cell lysates analyzed by
immunoblotting. Data shown are representative of at least two independent experiments.

antibodies specific for HER2 and HER3 have reduced activity in
inhibiting proliferation and signaling in the presence of the HER3
ligand heregulin'**"** (this study), which is expressed in multiple
tumor types.'*"® Second, the use of small molecule TKIs such as
lapatinib or gefitinib results in compensatory HER2 and HER3
upregulation and signaling through either incomplete blockade of
HER?2 kinase activity or HER3 association with other signaling
2726293435 Third, these compensatory effects
are exacerbated by the presence of heregulin.'*¥3 Consequently,

competent partners.

TKIs such as lapatinib are ineffective as single agents in
inhibiting breast tumor cell proliferation, indicating a need for
the development of combination therapies.'#2¢%

In the current study, we analyzed the efficacy of two HER3-
focused strategies directed toward reducing breast cancer cell
signaling and proliferation. These approaches also have broader
relevance to the targeting of other cell surface receptors, and
involve the use of distinct antibody designs to recruit HER3
into kinase-inhibited HER2-HER3 complexes or induce HER3
degradation. We demonstrate that the recruitment of HER3 into
lapatinib-inactivated HER2-HER3 complexes by a bispecific
anti-HER2/HER3 antibody (TAb6, comprising trastuzumab
and an anti-HER3 scFv) is efficacious in both ablating PI3K/Akt
signaling and reducing tumor cell proliferation in the presence
of heregulin. Importantly, and of direct relevance to therapy, the
bispecific antibody is a more potent inhibitor of signaling and
growth than either HER2- or HER3-specific antibodies alone or
a mixture of antibodies of both specificities. In a second approach,
we compared the effect on tumor cell signaling and growth of
a multivalent anti-HER3 antibody (Ab6tet) that is designed to
enhance HER3 degradation with its bivalent counterpart, Ab6.
In the presence of heregulin and lapatinib, AbG6tet has higher
activity. By comparison with bivalent Ab6, this multivalent
construct induces more rapid HER3 internalization into early
endosomes. By contrast, the bispecific TAb6 induces less HER3
degradation than either Ab6 or Ab6tet, and yet is more effective
in reducing cell signaling and proliferation. This indicates that
the internalization resistance or recycling behavior of HER2#
has a dominant effect on HER3 in the forced HER2-HER3
heterodimers. Further, the internalization resistance is consistent
with earlier studies in which endocytic uptake of EGFR or
HER3 is reduced by dimerization with HER2.9% Importantly,
our data indicate that the locking of HER3 into inactive HER2-
HER3 complexes, even if they remain on the plasma membrane,
is a more effective strategy for the ablation of heregulin-mediated
signaling than induction of increased HER3 degradation.

The question arises as to why the anti-HER3 antibody, which
competes for heregulin binding,?® is not as effective either alone
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or in combination with trastuzumab as the bispecific antibody,
TAbG6, in reducing HER3-PI3K signaling. In addition to
locking HER3 into dimers, TAb6 would be expected to enhance
the avidity of binding of Ab6 to HER3 through bridging of
trastuzumab-HER2  complexes. The  trastuzumab-HER2
interaction is of very high affinity (100 pM®), and this, combined
with high HER2 expression levels on the cell surface, should
increase avidity effects. Further, although Ab6tet is expected to
bind with increased avidity over Ab6 through increased valency,
the Ab6-HER3 interaction is of lower affinity (0.8 nM*). Thus,
the improved efficacy of Ab6tet relative to Ab6 could be due to
both increased degradation of HER3 and higher avidity binding,
but the avidity enhancement resulting from multivalent binding
would be lower than that for TAbG.

The use of bispecific antibodies of different formats is an active
area in the development of cancer therapeutics.”® For example,
strategies to target both HER2 and HER3 using several different
bispecific antibody formats or mixtures of antibodies have been
described.’*" Of relevance to the use of bispecifics, however, we
observe that in the absence of lapatinib (and heregulin), exposure
of SK-BR-3, BT-474 or HCC1419 cells to bispecific antibodies
comprising either trastuzumab or pertuzumab and the anti-HER3
scFv, Ab6 (TAb6 or PADbG, respectively), results in increased
PI3K/Akt signaling and proliferation. The possibility that this
activation is due to relief of feedback inhibition of the FoxO1/3a
transcription factors, leading to upregulation of multiple receptor
tyrosine kinases such as HER3 and IGF-1R,**% is excluded by
the rapid kinetics of pAktinduction (15 min). The observation that
bispecifics containing either trastuzumab (TAb6) or pertuzumab
(PADb6) are both active in inducing HER3 phosphorylation and
PI3K/Akt signaling suggests that proximity rather than a specific
configuration of HER2 and HERS3 is sufficient for HER3
transphosphorylation. This is consistent with our observation
that bispecific HER2/HER3 specific antibodies can sequester
HER3 into HER2-HER3 heterodimers that, if inhibited by
HER2-specific TKIs, effectively silence HER3.

We also characterized the effect of using antibodies of
different designs on intracellular trafficking. The increased
internalization and trafficking to lysosomes induced by using
a multivalent anti-HER3 antibody (Ab6tet) suggests that this
approach could be used to enhance the activity of antibody-
drug conjugates for which lysosomal delivery is required.® By
contrast, a high proportion of the bispecific, TAbG, persists on
the plasma membrane where it is exposed for recognition by
FcyRs or complement receptors, allowing antibody dependent
cell-mediated  cytotoxicity/phagocytosis  (ADCC/ADCP) or
complement-mediated cytotoxicity by appropriate effector cells.”
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Earlier studies have demonstrated that dual targeting of
HER2 and HERS3, using either bispecific scFvs or mixtures of
individual antibodies specific for HER2 and HER3, reduces
tumor cell growth in the presence of lapatinib."*" Significantly,
we demonstrate that TAb6 is more effective than mixtures of
trastuzumab and Ab6. This is consistent with the concept that
TAb6 anchors HER3 into lapatinib-inactivated HER2-HER3
dimers, thereby sequestering it from interactions with other
kinase competent partners and enabling Ab6 to bind to HER3
with increased avidity. By analogy with our observations, the use
of a bispecific scFv-human albumin fusion (MM-111) has been
shown to have anti-tumor effects in the presence of heregulin
that were increased by the addition of lapatinib," although the
efficacy of MM-111 was not directly compared with that of
anti-HER2 or anti-HER3 antibodies of the same specificities
as those present in MM-111. Further, and by contrast with
this earlier report, we observe lower levels of heregulin-induced
proliferation and, for most conditions or cell lines, no significant
anti-proliferative effects of monotherapy with lapatinib or
trastuzumab in the presence of heregulin. These apparent
discrepancies may be due to differences in assay conditions, such
as the addition of heregulin following antibody treatment' rather
than simultaneous addition as used in the current study.

An important difference between the activity of TAb6 and
MM-111 is that, in the absence of heregulin and lapatinib,
MM-111 does not induce proliferation. The design of TAbG
and MM-111 differs in several respects: first, the scFvs specific
for HER2 and HER3 in MM-111 are distinct from those in
TAbG. Although both the anti-HER3 scFv (H3’') and Ab6
compete with heregulin for binding to HER3, this does not
exclude the possibility that the two antibodies recognize distinct
epitopes. The HER2-specific scFv, BID2, binds to an epitope
that does not overlap with trastuzumab.'*** Second, TAbG has
two anti-HER2 and two anti-HER3 Fabs/Fvs per molecule,
whereas MM-111 has one scFv of each specificity. Tetravalency is
expected to enhance the avidity of the interaction with HER2/
HER3. Third, TAb6 has an antibody Fc region whereas the scFvs
in MM-111 are linked to albumin, resulting in variations in the
“span” distance of the Fv components of the two constructs. One
or more of these factors could contribute to the different activities
of MM-111 compared with TAb6. Significantly, the presence of
an Fc region in TAbG confers effector function activities such
as ADCC. The surface retention of targeting antibodies such as
TAbG is expected to enhance ADCC and other cell-mediated
cytotoxicity pathways, which in turn could enhance anti-tumor
activity.”’

Other multivalent antibody-based or designed ankyrin repeat
proteins (DARPins) that target HER2 or HER3 have been
recently described.’® Specifically, a tetravalent antibody (MM-
141), with a similar design to TAbG in the current study, that
targets both HER3 and IGF-1R has been shown to have anti-
proliferative effects both in vitro and in vivo.’* Analogously to
our observations using TAb6 in combination with lapatinib,
MM-141 is more effective in reducing tumor cell signaling
and growth than mixtures of the individual antibodies of the
corresponding specificities. However, MM-141 may not be as
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effective as TAbG in targeting HER2-overexpressing tumors,
given the importance of the HER2/HER3 signaling axis in
such malignancies. In the context of targeting HER2, a divalent
anti-HER2 DARPIin has been optimized to “lock” HER2 into
an inactive dimeric configuration on the cell surface.”” This
DARPin-based construct represents a notable expansion to the
possible types of molecular approaches for targeting HER2-
addicted tumors.

Future experiments will be directed toward analyzing the
anti-tumor activity of a combination of lapatinib and our lead
antibody, TADbG6, in tumor-bearing mice. Earlier studies using
lapatinib with the bispecific anti-HER2/HER3 antibody,
MM-111, indicated that weekly dosing of antibody with daily
lapatinib was unexpectedly more effective than MM-111 delivery
every three days with daily lapatinib.'* This indicates that the
dosing regimen of lapatinib and TAb6, which has a longer in vivo
persistence than MM-111," will require optimization.

Collectively, we compared the effects of targeting HER2,
HERS3 or both receptors with several different antibody formats
on the proliferation and signaling of breast cancer cell lines.
These studies demonstrate that in the presence of the TKI
inhibitor, lapatinib, a bispecific anti-HER2/HER3 antibody
has higher activity than individual (multivalent) antibodies
specific for HER2 and HER3 in inhibiting heregulin-induced
signaling through the PI3K/Akt pathway and cell proliferation.
These observations suggest that the use of such bispecifics in
combination therapy with lapatinib to sequester HER3 into
inactive heterodimers may provide an effective pathway for the
treatment of cancer.

Materials and Methods

Cell lines and reagents

The human breast cancer cell lines BT-474 and SK-BR-3
were obtained from the American Type Culture Collection
(ATCC, catalog nos. HTB-20 and HTB-30, respectively) and
cultured in Hybricare Medium (ATCC, catalog no. 46-X) and
McCoy 5a (Gibco, catalog no. 12330-031/Hyclone, catalog
no. SH30200.01), with 1% penicillin/streptomycin and 10%
ECS, respectively. The human breast cancer cell line HCC1419
(a generous gift of Drs Adi Gazdar, John Minna, and Kenneth
Huffman, Hamon Center for Therapeutic Oncology Research,
University of Texas Southwestern Medical Center at Dallas,
Dallas, Texas) was cultured in RPMI 1640 with 1% penicillin/
streptomycin and 5% FCS.

For imaging experiments, cells were cultured in phenol-red
free DMEM (Gibco, catalog no. 31053—028) supplemented with
1% penicillin/streptomycin, 1% L-Glutamine, 10 mM HEPES
buffer, 1 mM sodium pyruvate, 100 nM MEM non-essential
amino acids, 55 nM 2-mercaptoethanol and 10% FCS.

Polyclonal antibodies specific for phospho-AkeT308 (catalog
no. 9275S), Akt, phospho-Erkl1,2 (catalog no. 9101S), Erkl1,2
(catalog no. 9102S), phospho-HER2 Y1221/1222 (catalog no.
2249S), and monoclonal antibodies against phospho-Akt-S473
(D9E) (catalog no. 4060L), and phospho-HER3 Y1289
(D1B5) (catalog no. 2842) were obtained from Cell Signaling
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Technologies. Polyclonal anti-HER3 antibody (C-17) (catalog
no. SC-285) was from Santa Cruz Biotechnology and monoclonal
anti-c-erbB2 antibody (Ab-3 3B5) (catalog no. OP15L) was from
Millipore. The monoclonal anti-actin antibody (Ab-5) (catalog
no. 612656) was from BD Bioscience. Horseradish peroxidase-
labeled goat anti-rabbit and anti-mouse IgG (H+L) (catalog nos.
111-035-003 and 115-035-003, respectively) were purchased
from Jackson ImmunoResearch Laboratories. Lapatinib (catalog
no. L-4804) was obtained from LC Laboratories and recombinant
human heregulin-B1 (HRG-B1; EGF-like domain, catalog no.
100—-03) was obtained from Peprotech.

Recombinant antibodies

Clinical grade trastuzumab and pertuzumab were obtained
from the UT Southwestern Pharmacy. For comparative
purposes, trastuzumab and pertuzumab were also expressed in
recombinant form using the same expression host as the other
antibodies used in this study. Expression plasmids for the
production of antibodies in stably transfected CHO cells were
generated as follows: the genes encoding the heavy and light chain
variable domains (VH and VL, respectively) of trastuzumab,”
pertuzumab,?’ and Ab6 (US patent 20100266584A1; MM-121%)
were synthesized commercially (Integrated DNA Technology,
Genscript, or Thermo Fisher) and used to generate full-length
human IgGl and human kappa genes with the leader peptide
(MGWSCIILFLVATATGVHS) the
antibody, Hulys10,° using standard methods of molecular
biology. The vectors pcDNA 3.3 TOPO and pOptiVEC-
TOPO (OptiCHO Ab Express Kit, Life Technologies, catalog
nos. K8300-01 and 12744017, respectively) were used for the
expression of the light and heavy chain genes, respectively.

from anti-lysozyme

To generate expression constructs for bispecific, tetravalent
antibodies, a similar design to that described previously was
used.” A linker sequence containing a unique Xhol site was
inserted at the 3’ end of the heavy chain genes (trastuzumab
and pertuzumab) using a designed oligonucleotide and the
PCR. A scFv gene encoding the Ab6 scFv with codons encoding
a (Gly,Ser), linker peptide between the VH (JH) and VL gene
was generated using standard methods of molecular biology. Xhol
sites and Gly-Ser-Ser codons to connect the CH3 domain to the
VH gene, were appended to the 5" and 3’ ends of the scFv gene
using the PCR. This scFv gene was cloned into the Xhol sites
at the 3" ends of the trastuzumab and pertuzumab heavy chain
genes to generate full-length heavy chains linked to the Ab6 scFv.
Complete sequences of all expression plasmids are available upon
request.

Transfections and expression of recombinant antibodies

Light chain expression constructs were transfected into CD/
DG44 CHO cells (Life Technologies, catalog no. A11000-01)
using electroporation. Desired clones were selected in CD/
DG44 CHO medium (Life Technologies, catalog no. 12610010)
containing 500 pg/ml geneticin without the HT supplement. The
clone expressing the highest levels of light chain was identified
by screening culture supernatants with ELISAs using goat anti-
human kappa light chain antibody for detection (Sigma-Aldrich,
catalog no. A7164). Heavy chain expression constructs were then
transfected into their respective stably transfected light chain
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expressing CD/DG44 CHO clones via electroporation and
selected with Opti-CHO Medium (Life Technologies, catalog
no. 12681-011) containing 500 wg/ml geneticin. Supernatants
of clones were screened by sandwich ELISA using goat anti-
human IgG (Fab-specific, Sigma-Aldrich, catalog no. 15260)
as capture antibody and goat anti-human IgG (Fc-specific)
conjugated to horseradish peroxidase (Sigma-Aldrich, catalog no.
A0170) as detection antibody. The clones expressing the highest
levels of antibody were expanded and cultured in increasing
concentrations of methotrexate (MTX, 50 nM-4 puM), to
induce gene amplification. Clones were further expanded in
shake flasks (130 rpm) in 8% CO, and antibody purified from
culture supernatants using protein G-Sepharose (GE Healthcare,
catalog no. 17-0618-05). Several antibodies were also scaled up
and purified by BioXCell.

Surface plasmon resonance analyses

Surface plasmon resonance experiments were performed
using a BIAcore 2000 and previously described methods.”®>
Recombinant Fc-HER2 (R&D Systems, catalog no. 1129-ER-
050) and HER3 (Acro Biosystems, catalog no. ER3-H5223)
were coupled to flow cells of CMS5 sensor chips to densities of
758 and 467 RU, respectively. Antibodies at a concentration of
50 nM were injected in phosphate buffered saline (PBS) plus
0.01% Tween at a flow rate of 10 pl/min. At the end of an 800
s dissociation phase, bound antibody was stripped from the
flow cells using 0.1 M glycine, 0.9 M NaCl, pH 3.8. Data were
analyzed using BIAevaluation software.

Pharmacokinetics

The in vivo half-lives of I labeled Ab6tet and TAbG were
analyzed following intravenous or intraperitoneal delivery in
BALB/c SCID mice (Jackson Laboratories) using previously
described methods and whole body counting.®

Proliferation assays

Cells were plated in 96-well plates at a density of 2,500
cells per well and incubated overnight. Cells were treated with
lapatinib (1 wM), HRG-B1 (6.25 nM), anti-HER3 antibody
ADbG or the tetrameric form, AbGtet, trastuzumab (anti-HER2),
pertuzumab (anti-HER2), or the bispecific anti-HER2/ HER3
antibodies TAb6 and PAbG6 as indicated in the figure legends.
Antibodies were used at a concentration of 50 nM unless
otherwise indicated. Dimethyl sulfoxide or PBS were used as
vehicle controls for lapatinib or HRG-B1/antibodies, respectively.
After 5 d of incubation in a 37 °C 5% CO, incubator, cell
proliferation was quantitated using CellTiter 96 AQueous One
Solution Proliferation Assay kit (Promega, catalog no. G3580)
according to the manufacturer’s instructions.

Immunoblotting

Cells cultured to near confluence in 6-well plates were treated
with lapatinib, HRG-B1 or antibodies as for proliferation assays.
Following 15 min, 1 h, or 24 h incubation, cells were lysed
using RIPA buffer (50 mM Tris, 150 mM NaCl, 0.5% sodium
deoxycholate, 1% Triton X-100, 0.1% sodium dodecyl sulfate,
2 pg/mL aprotinin, 2 pg/mL leupeptin, 1 pg/mL pepstatin A,
and 0.4 mg/mL pefabloc SC PLUS). Lysates were centrifuged for
20 min at 14,600 rpm at 4 °C and supernatants were collected.
Protein concentrations in each lysate were determined using
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the BCA protein assay reagent (Pierce, catalog no. 23223).
Total lysates were fractionated by SDS-PAGE and transferred
onto polyvinylidene difluoride (PVDF) membranes (Millipore,
catalog no. IPVH00010) or nitrocellulose membranes (Bio-Rad,
catalog no. 162-0145). Membranes were incubated with 5%
bovine serum albumin in Tris-buffered saline with 0.1% Tween
(TBST, pH 8.0) for 1 h following transfer to block non-specific
binding sites. Blocked membranes were incubated with primary
antibodies overnight at 4 °C with agitation. Prior to incubation
with the secondary antibodies conjugated to horseradish
peroxidase, blots were washed three times (10 min per wash)
with TBST. Following incubation with secondary antibodies for
1 h and washing, bound secondary antibody was detected using
chemiluminescent detection regent (GE Healthcare, catalog no.
RPN 2209/AF).

Fluorescence microscopy

SK-BR-3 cells incubated overnight at a density of 50,000 cells
per dish were treated with 50 nM Ab6, Ab6tet, or TAbG for 5 or
15 min at 37 °C and then either immediately washed and fixed or
chased in medium at 37 °C for 10, 20, or 45 min prior to washing
and fixation. For fixation, cells were treated with 1.7% (w/v)
paraformaldehyde for 10 min at 37 °C and then permeabilized
with 0.05% (v/v) saponin for 10 min at room temperature in PBS.
A pre-block with 4% BSA/PBS was performed prior to staining
with 2 pg/mL of polyclonal rabbit anti-LAMP-1 antibody
(Abcam, catalog no. AB24170) and 12.5 pg/mL monoclonal
mouse anti-EEA-1 (clone 14) from BD Bioscience (catalog no.
610456) for 30 min at room temperature. After blocking for 30
min with goat serum (Sigma-Aldrich, catalog no. G6767), bound
primary antibodies were detected by incubating cells with the
following secondary antibody conjugates for 25 min at room
temperature: Alexa 555-labeled goat anti-human IgG (H+L) (Life
Technologies, catalog no. A21433), Alexa 647-labeled goat anti-
mouse IgG (H+L) (Life Technologies, catalog no. A21236) and
Alexa 488-labeled goat anti-rabbit IgG (H+L) (Life Technologies,
catalog no. A11034). Cells were washed twice with PBS between
each incubation step and were stored at 4 °C in 1% BSA/PBS.
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Images were acquired using a Zeiss Axiovert 200M inverted
fluorescence microscope with a 63X Plan Apochromat objective
as described previously."®* Data was processed using custom
written software in MatLab (MIAtool/LABSoft; http://www.
wardoberlab.com/software/miatool/).

Statistical analyses

Statistical significance for differences in mean values of
triplicate samples (immunoblots, ELISAs) was determined by
Student 7 test. P values < 0.05 were considered to be significant.
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