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Abstract

HER3/ERBB3 is a kinase-deficient member of the EGFR family
receptor tyrosine kinases (RTK) that is broadly expressed and
activated in human cancers. HER3 is a compelling cancer target
due to its important role in activation of the oncogenic PI3K/
AKT pathway. It has also been demonstrated to confer tumor
resistance to a variety of cancer therapies, especially targeted
drugs against EGFR and HER2. HER3 can be activated by its
ligand (heregulin/HRG), which induces HER3 heterodimeriza-
tion with EGFR, HER2, or other RTKs. Alternatively, HER3 can
be activated in a ligand-independent manner through hetero-
dimerization with HER2 in HER2-amplified cells. We devel-
oped a fully human mAb against HER3 (KTN3379) that effi-
ciently suppressed HER3 activity in both ligand-dependent and
independent settings. Correspondingly, KTN3379 inhibited

tumor growth in divergent tumor models driven by either
ligand-dependent or independent mechanisms in vitro and in
vivo. Most intriguingly, while investigating the mechanistic
underpinnings of tumor response to KTN3379, we discovered
an interesting dichotomy in that PTEN loss, a frequently occur-
ring oncogenic lesion in a broad range of cancer types, sub-
stantially blunted the tumor response in HER2-amplified can-
cer, but not in the ligand-driven cancer. To our knowledge, this
represents the first study ascertaining the impact of PTEN loss
on the antitumor efficacy of a HER3 mAb. KTN3379 is currently
undergoing a phase Ib clinical trial in patients with advanced
solid tumors. Our current study may help us optimize patient
selection schemes for KTN3379 to maximize its clinical ben-
efits. Mol Cancer Ther; 15(4); 689–701. �2016 AACR.

Introduction
HER3; ERBB3 is a member of the EGFR/HER family of

receptor tyrosine kinases (RTK), which also includes EGFR
(ERBB1/HER1), HER2 (ERBB2), and HER4 (ERBB4). EGFR and
HER2 are well-established oncogenic RTKs driving the growth
of multiple types of solid tumors, including breast, colorectal,
lung, head and neck, glioblastoma, and gastric cancers (1, 2).
Both EGFR and HER2 are clinically validated targets with
approved therapeutics in clinical practice (EGFR: cetuximab,
panitumumab, erlotinib, gefitinib; HER2: trastuzumab, pertu-
zumab, lapatinib). All four HER family RTKs are predicted to be
type I single transmembrane domain proteins that have an N-
terminal extracellular domain containing a ligand-binding site,

a transmembrane region, an intracellular cytoplasmic region
with a tyrosine kinase domain, and a C-terminal signaling tail.
Of the four EGFR/HER family members, HER3 is notable for
having a functionally inactive tyrosine kinase domain (3) and
HER2 is notable for not having a known ligand (4).

Tyrosine kinase activities of EGFR and HER2 have been shown
tobe essential for their oncogenic potentials. A consequence of the
kinase-deficiency of HER3 is that it needs to form heterodimers
with kinase-proficient RTKs to become active (5). In the presence
of the HER3 ligand heregulin (HRG), HER3 preferentially hetero-
dimerizes with EGFR or HER2, subsequently undergoing tyrosine
phosphoylation by these partner molecules on the C-terminal
region of HER3, thereby enabling downstream signaling. HER3
exhibits a similar capacity to heterodimerize with the activated
hepatocyte growth factor (HGF) receptor (MET; ref. 6) and fibro-
blast growth factor receptor 2 (FGFR2; ref. 7), however, it is
currently unclear to what degree heterodimerization with HER3
is required for the full transforming capacity of MET or FGFR2.

In addition to the ligand-dependent HER3 heterodimerization
described above, in cells with very high levels of HER2 expression
but no HRG ligand, HER2:HER3 heterodimers form spontane-
ously and enable downstream signaling in a ligand-independent
manner. The HER2:HER3 heterodimers, formed with or without
HER3 ligand, are structurally and functionally distinct as eluci-
dated by studies comparing the mechanism of actions of two
different anti-HER2 antibodies, trastuzumab and pertuzumab.
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Pertuzumab preferentially disrupts ligand-dependent heterodi-
mer signaling, whereas trastuzumab disrupts only ligand-inde-
pendent signaling (8).

The central role for HER3 in oncogenesis is to act as a scaffold-
ing protein that couples to and enables the maximal induction of
PI3K, thereby driving the activation of the pro-oncogenic AKT/
mTOR pathway. HER3 contains a cluster of six C-terminal tyr-
osines that when phosphorylated, forms the consensus PI3K/p85
binding site (9, 10). By forming heterodimers with HER3, the
upstream tumor drivers (EGFR, HER2, cMET, and FGFR2) can
couple efficiently with and signal robustly through the PI3K/AKT
pathway. Therefore, it is reasonable to expect that a loss of HER3
activitymay block cancer progression in diverse systems driven by
divergent RTKs. Studies have shown that HER3 small-interfering
RNA (siRNA) knockdown in HER2-amplified breast cancer cells
led to similar antiproliferative effects as HER2 siRNA knockdown,
further demonstrating the importance ofHER3 and its interaction
with other RTKs (8).

Besides promoting tumor growth directly, HER3 has also
been implicated in conferring tumor resistance to several target-
ed drugs, including EGFR inhibitors (6, 11), HER2 inhibitors
(12–15) and inhibitors of downstream kinases (16–18). This
capacity to drive both tumor growth and therapeutic resistance
makes HER3 an attractive target for therapeutic intervention.

To this end, we developed a fully human IgG1 antibody against
HER3 that potently blocks ligand-dependent and -independent
activities of HER3 and the downstream PI3K/AKT pathway. This
translated into significant tumor growth suppression both in vitro
and in vivo across multiple models with different mechanisms of
HER3 activation. Combination of our anti-HER3 antibody with
approved EGFRorHER2 inhibitors resulted in superior antitumor
effects. Interestingly, PTEN deficiency selectively interfered with
the efficacy of HER2 and HER3 antagonists in HER2-amplified
cancers but not in ligand-driven cancers.

Materials and Methods
Antigens

Recombinant human HER1(ECD)/Fc chimera, human HER2
(ECD)/Fc chimera, human HER3(ECD)/Fc chimera, and human
HER4(ECD)/Fc chimera were purchased from R&D Systems, and
were fused to the C-terminal 6�Histidine-tag via a linker peptide.
Recombinant mouse HER3(ECD)/Fc chimera was generated at
MedImmune.

Anti-HER3 antibody generation
Recombinant human HER3 ECD-Fc fusion protein was bioti-

nylated and used for panning of Dyax 310 phagemid library (19).
The phage library was deselected with streptavidin-coated mag-
neticDynabeads,M-280 (Invitrogen), and 2mg/mLof polyclonal
human IgG in PBS, pH 7.2, with 0.1% Tween 20 and 2%BSA. The
deselected library was subjected to solution panning with bioti-
nylated HER3-Fc fusion protein at 2 mg/mL in PBS, pH 7.2 with
0.1% Tween 20 and 2%BSA. The biotinylated antigen and bound
phages were captured by streptavidin-coated magnetic Dyna-
beads, M-280, after each round of panning and washed 15 times
with PBS, pH 7.2, with 0.1% Tween 20 and 2 times with PBS, pH
7.2. Phages bound to the beads were eluted with 10 mmol/L
Triethylamine (TEA) and amplified in E. coli for the next round of
panning. Three rounds of panning were done to enrich HER3-
binding phage. HER3-specific phage clones were identified by

ELISA using plates that were coated with one of the following:
human HER3 ECD-Fc, murine HER3 ECD-Fc, human EGFR
ECD-Fc, human HER2 ECD-Fc, human HER4 ECD-Fc, or human
IgG at 5 mg/mL in PBS, pH 7.4, with the selection criterion being
positive binding to human andmurineHer3without any binding
to other EGFR family members (EGFR, HER2, and HER4). The
light chain and variable heavy chain from positive phage clones
were generated by PCR and inserted into a pOE human IgG1
expression vector. These IgG1-formated leads were further
screened in cell-based functional assays to select the most potent
lead in suppressing ligand-induced HER3 activity (phospho-
HER3) and conferring HER3 internalization. The selected anti-
HER3 antibody was sequence engineered and affinity matured
using methods described previously (20). The binding affinity of
the anti-HER3 antibody to human andmurineHER3-ECD/Fcwas
measured using surface plasmon resonance (SPR) and show Kd of
0.5 and 1.7 nmol/L respectively. The anti-HER3 antibody under-
went further engineering (YTE-mutation in the Fc domain) to
extend half-life in human using methods described previously
(21) and is named KTN3379. KTN3379 and the parental non-
half-life extended clone behaved identically in in vitro and mouse
xenograft studies (KTN3379 only shows improved binding to
human but not murine Fc-receptors), and therefore they were
used interchangeably in the studies herein and collectively
referred to as KTN3379.

Cell culture
All cell lines used in this study have been sourced from ATCC.

Cell-lines were authenticated by the manufacturer based on the
following criteria: short tandemrepeat profiling, cellmorphology,
and karyotyping. The human breast cancer cell lines BT474 and
MCF7 were grown in RPMI1640 medium. The human breast
cancer cell lines MDA-MB-175 VII and MDA-MB-361 were main-
tained in DMEM/F12 and DMEM, respectively. The human mel-
anoma cell lines HMCB and CHL-1 were maintained in EMEM
and DMEM, respectively. The non–small cell lung carcinoma cell
line A549 was maintained in Ham's F12 medium. The human
head and neck squamous carcinoma cell line FADU was cultured
in RPMI1640 medium. The human breast cancer cell line JIMT1
was grown in DMEM. The human lung carcinoma cell line A549
was cultured in Ham's F12 (Kaighn's modification). The colon
cancer cell line HT29 was maintained in McCoy 5A medium. The
gastric cancer cell line Snu16 was maintained in RPMI1640
medium. All media were supplemented with 10% heat-inacti-
vated FBS (Invitrogen) except MDA-MB-361, medium for which
was supplemented with 20% heat-inactivated FBS. All cells were
cultured in the absence of antibiotics and in a humidified atmo-
sphere of 5% CO2 and at a temperature of 37�C, and kept in
culture for no more than 3 months prior to the studies detailed
here. The receipt times for each cell line from the cell bank were as
follows: BT474: February 14, 2012; MCF7: December 29, 2011;
MDA-MB-361: November 30, 2011; HMCB:May 9, 2013; CHL-1:
February 22, 2008; A549: September 20, 2011; FADU: March 29,
2013; JIMT1: May 6, 2013; HT29: September 19, 2011; and
Snu16: January 15, 2013.

Antibody treatments and immunoblot analysis
HMCB and CHL-1 cells were plated in medium supplemented

with 10%heat-inactivated FBS. The next day, the platingmedium
was removed and cells were subjected to incubation with
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antibodies at the indicated concentrations for 72 hours, cells were
washed oncewith ice-cold PBS and then lysed by adding Laemmil
Reducing buffer (Boston BioProducts). After a brief incubation,
cell lysates were collected, equal amounts were loaded onto Bis
NuPAGE Novex Bis-Tris gels (Invitrogen), and proteins trans-
ferred onto polyvinylidene fluoride membranes (Invitrogen).
Membranes were blocked with 5% nonfat dry milk and 0.1%
Tween 20 (Sigma) in Tris-buffered saline pH 7.4 (TBS) and
incubated overnight at 4�C with antibodies to pHER3-Tyr1289
(4791, Cell Signaling Technology), pAKT-Ser473 (4060, Cell
Signaling Technology), and neuregulin-1/HRG (NRG1/HRG)
antibody (sc-348, Santa Cruz Biotechnology). An antibody to
GAPDH (G8795, Sigma) was used to ensure equal amount of
protein was loaded across all wells. Membranes were washed in
TBS containing 0.1% Tween 20 and then incubated for 1 hour
with horseradish peroxidase–conjugated streptavidin secondary
antibodies (GE Healthcare). After washing, protein bands were
detected on X-ray film by using SuperSignal West Femto Chemi-
luminescent substrate or SuperSignal West Pico Chemilumines-
cent substrate (Pierce/Thermo Scientific).

In Fig. 1B, MCF7 cells were pretreated with antibodies at 10 mg/
mL for 1 hour and then treated with 20 ng/mL of HRG for 10
minutes. Cells were then processed for immunoblotting similarly
as HMCB cells.

In Fig. 4A, the various tumor xenografts were grown to
500–600 mm3 in mice and then harvested. The samples were
shredded and homogenized and then lysed by boiling in SDS
sample buffer. Similar amounts were run on SDS-PAGE and
immunoblotted for HER3, HRG, and GAPDH as indicated above.

ELISAs for detection and quantification of phospho-HER3 and
phospho-AKT

MCF7 cells were subjected to serum starvation for approxi-
mately 16 hours and then treated with serial dilutions of anti-
bodies prepared in serum-free medium. After 1-hour incubation
with the test antibodies, cells were stimulated with 25 ng/mL
HRG for 20 minutes. The medium was then removed and
cells were washed once with ice-cold PBS and then lysed by
adding Triton X100 lysis buffer (Boston Bioproducts) containing
protease (Sigma) and phosphatase inhibitor cocktails (EMD
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Figure 1.
KTN3379 suppresses HER3 activity and tumor growth in ligand-driven cancers. A, MCF7 cells were starved overnight and pretreated with the indicated doses of
KTN3379 or control IgG for 1 hour. Cells were then stimulated with 20 ng/mL of HRG for 20 minutes followed by processing for ELISA measurement of
pHER3 signal. Control represents cells treated with HRG only. � , P < 0.05, t test. B, MCF7 cells were untreated or treated with 10 mg/mL of control IgG or KTN3379
for 1 hour prior to stimulation with 20 ng/mL of HRG. Cells were harvested for immunoblot analysis for pHER3, total HER3, pAKT, and GAPDH. C, HMCB cells
were seeded at 2,000 cells/well and treated with the indicated dose range of KTN3379 or control IgG for 6 days. Cells were processed with CellTiter-Glo for total
viable cell counts (Promega). Control corresponds to untreated cells. �� , P < 0.01, t test. D, HMCB cells were untreated or treated with control IgG or the indicated
dose of KTN3379 for 1 hour. Cells were harvested for immunoblot analysis of the HER3 pathway components: pHER3, total HER3, pAKT, total AKT, and GAPDH.

PTEN as a Context-Dependent Predictive Marker for HER3 Therapy

www.aacrjournals.org Mol Cancer Ther; 15(4) April 2016 691

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/15/4/689/1850264/689.pdf by guest on 19 M
ay 2023



Millipore). A commercially available sandwich ELISA kit (R&D
Systems)was used todetermine the level of phosphorylatedHER3
(pHER3) in the MCF7 cell lysates based on manufacturer's
recommendations.

BT474 cells were plated in 96-well plates at a density of
30,000 cells per well in RPMI medium (Invitrogen) containing
10% heat-inactivated FBS (Invitrogen). The next day, the plat-
ing medium was removed and cells were treated with the
indicated doses of antibody prepared in culture medium. After
4-hour incubation at 37�C, media were removed and cells were
washed once with ice-cold PBS (Invitrogen) and then lysed by
the addition of Triton X lysis buffer (Boston BioProducts)
containing protease inhibitor (Sigma) and phosphatase inhib-
itor cocktails (EMD Millipore). A commercially available sand-
wich ELISA kit (R&D Systems) was used to determine the
level of pHER3 based on the manufacturer's recommendations.
A commercially available electrochemiluminescence (ECL)
immunoassay was used to quantify the level of phosphorylated
AKT (pAKT) and total AKT (AKT; Meso Scale Discovery). Briefly,
cell lysates were added to multiplex Meso Scale Discovery
(MSD) plates precoated with capture antibodies for pAKT
(Ser473) and AKT. After incubation for 1 hour at room tem-
perature, unbound material was removed by washing, and an
anti-total AKT antibody conjugated with an electrochemilumi-
nescent compound, SulfoTAG (included with MSD kit), was
added. SulfoTAG results in light emission when electrochem-
ically stimulated. Following a 1-hour incubation period at
room temperature, the unbound material was removed by
washing. The ECL signal was captured and recorded by MSD
Sector Imager 6000.

Cell proliferation assays
HMCB and CHL1 cells with or without PTEN knockdown were

seeded at a density of 2,000 cells/well in complete medium
containing 10% heat-inactivated FBS and in white polystyrene
tissue culture–treated 96-well plates with flat bottoms (Corning).
The next day, plating medium was removed and antibody treat-
ments in complete medium were added. Plates were then incu-
bated in 5% CO2 at 37�C for 6 days. Equal volumes of CellTiter-
Glo reagent (Promega) were added to each well at the end of
each time point. Plates were rocked on a plate shaker for 10
minutes at room temperature to ensure complete cell lysis.
Luminescence was measured using an EnVision 2104 Multilabel
Reader (PerkinElmer).

BT474 cells were seeded at a density of 2,000 cells in 100 mL
of RPMI cell culture medium (Invitrogen) containing 10%
heat-inactivated FBS (Invitrogen) in white polystyrene tissue
culture–treated 96-well plates. The next day, the plating medi-
um was removed and the indicated antibodies were added in
RPMI containing 10% heat-inactivated FBS to a final volume of
100 mL per well. The plates were incubated in 5% CO2 at 37�C
for 6 days. Equal volumes of CellTiter Glo reagent (Promega)
were added to each well. Plates were incubated for 10 minutes
at room temperature to ensure complete cell lysis. Lumines-
cence was measured using an EnVision 2104 Multilabel Reader
(PerkinElmer).

Colony formation assay
BT474 cells were seeded at a density of 1,500 cells per well in

complete containing 10% heat-inactivated FBS (Invitrogen) in
tissue culture–treated 6-well plates. The next day, 200 mL of

media was removed from each well and replaced with 200 mL of
antibodies prepared at 10� concentration. Plates were incu-
bated in 5% CO2 at 37�C for 3 weeks, and antibody treatment
was changed once a week. At the end of the treatment period,
medium was removed from each well and replaced with 1-mL
medium. An equal volume (1 mL) of CellTiter Glo reagent
(Promega) was then added to each well. Plates were incubated
for 10 minutes at room temperature to ensure complete cell
lysis. Luminescence was measured using an EnVision 2104
Multilabel Reader (PerkinElmer).

Ligand-dependent and -independent dimerization studies
T47D and BT474 cells were plated at a density of 1� 106 cells

per well in a 6-well plate in complete medium with 10% heat-
inactivated FBS. The next day, plating medium was removed
and replaced with medium containing a saturating dose of
testing antibodies. The indicated antibodies were tested at a
concentration of 5 mg/mL for 2 hours at 37�C. T47D cells are
used as a ligand-dependent model. T47D cells require stimu-
lation by heregulin (HRG) to induce HER2:HER3 heterodimer
formation. At the end of the 2-hour incubation with antibodies,
media were removed and replaced with medium alone or with
medium containing 50 ng/mL HRG and incubated for 10
minutes at 37�C. After HRG stimulation, cells were washed
twice with cold PBS, and lysed with cell lysis buffer (Cell
Signaling Technologies) containing protease inhibitors on ice
for 30 minutes. BT474 cells represent a ligand-independent
model, and therefore do not require HRG stimulation for
HER2:HER3 heterodimer formation. At the end of the 1.5-hour
incubation with antibodies, media were removed, and cells
were washed once with cold PBS. The crosslinker 3, 30-
dithiobis[sulfosuccinimidylpropionate] (DTSSP) was added at
a concentration of 2 mmol/L in 1-mL cold PBS. Cells were
incubated for at least 1 hour on ice. Cells were then washed
3 times with cold PBS. Cell lysis buffer (500 mL) containing
protease and phosphatase inhibitors was added and the cells
were placed on ice for at least 30 minutes to allow for
lysis before harvesting with a cell scraper. HER2 and HER3
were immunoprecipitated from cell lysates. Cell lysates
(500 mL) were combined with 50 mL protein A sepharose beads
(50% slurry; Invitrogen) preconjugated to 1 mg of HER3 mAb
(MAB3481, R&D Systems) in a SigmaPrep spin column (Sig-
ma). The mixture was incubated with rotation at 4�C overnight.
The next day, beads were separated from the cell lysate
by centrifugation. Beads in the columns were washed four
times with cold cell lysis buffer (Cell Signaling Technology)
containing protease (Sigma) and phosphatase inhibitors
(EMD Millipore). After the wash procedure, 50 mL 2� SDS
sample buffer containing 50 mmol/L dithiothreitol (DTT; EMD
Chemicals) was added (for BT474 cells only) into the spin
columns. The columns were then boiled for 4 minutes. For
T47D cells, no DTT was added in the 2� SDS sample buffer.
Proteins were eluted by centrifugation and used immediately
for immunoblotting.

PTEN RNA interference studies
HMCB, CHL-1, and BT474 cells were stably transduced with

PTEN-targeted shRNA vectors (Open Biosystems). Stable clones
were selected and successful target knockdown was confirmed
by PTEN immunoblot. Cells were then used for either cell
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proliferation study or immunoblotting for HER3 signaling
pathway activity with the indicated antibody treatment.

Spheroid assay
BxPC3 cells were transfected with ON-TARGETplus Non-

targeting (NT) or PTEN siRNA SMARTpools (GE Life Sciences)
using RNAiMAX transfection reagent (Thermo Fisher), follow-
ing the manufacturer's protocol. Cells were placed into spher-
oid culture 48 hours after transfection with siRNA. Cell lysates
were also collected 48 hours after transfection with siRNA to
assess knockdown efficiency by immunoblotting as described
in the "Antibody Treatments and Western Blotting" section
herein.

To establish spheroid cultures, cells were removed from culture
vessels with 0.05% trypsin and collected by centrifugation. Cells
werewashedoncewithPBS and resuspended in0.25%MethoCult
(Stem Cell Technologies) at a density of 0.25 � 106 cells/mL.
Cells were then added to the inner wells of a non-tissue culture–
treated U-bottomed 96-well plate (Costar), 20 mL per well. The
cells were pelleted via centrifugation at 1,200 rpm for 5 minutes,
followed by an overnight incubation at 37�C. Treatments of
indicated antibodies were added in 100 mL of RPMI þ 2% FBS
with or without 100 ng/mL HRG and 100 mg/mL antibodies as
described in the figure legends, and plates were incubated for 7
days. To evaluate cell survival, 100 mL of CellTiter-Glo reagent
(Promega) was added to each well. Plates were rocked on a plate
shaker for 20 minutes at room temperature to ensure complete
cell lysis. Luminescence was measured using an EnVision 2104
Multilabel Reader (PerkinElmer).

In vivo studies
All cell lines used for in vivo studies were grown in monolayer

culture as described above and maintained at 37�C in a 5%CO2

incubator and harvested by trypsinization. Xenografts were
established by subcutaneously injecting 5 � 106 (FADU,
H460, or A549) cells per mouse, using a 27-gauge needle.
Breast carcinoma xenografts were established orthotopically
by subcutaneously injecting 1 � 107 (BT474) or 5 � 106

(MDA-MB-361, JIMT1) cells per mouse into the right fat pad.
For BT474 and MDA-MB-361, estrogen pellets (0.36 mg) were
placed under the skin of the left flank 1–2 days prior to cell
implantation. All xenografts were established in 4- to 6-week-
old athymic nude mice (Harlan). All cells were suspended in
50% Matrigel/PBS except for H460, which were suspended in
PBS alone. Mice were staged and randomized into 10 mice per
group when tumors reached 200–300 mm3. KTN3379, cetux-
imab, and a nonspecific IgG1 control (MedImmune) were
prepared by diluting with PBS, trastuzumab and pertuzumab
were prepared by diluting with 0.9% saline. All mice treated
with antibody therapeutics were dosed intraperitoneally twice a
week according to body weight (10 mL/kg). Both tumor and
body weight measurements were collected twice weekly and
tumor volume calculated using the equation (L �W2)/2, where
L and W refer to the length and width dimensions, respectively.
The general health of mice was monitored daily and all experi-
ments were conducted in accordance to the Association
for Assessment and Accreditation of Laboratory Animal Care
and MedImmune Institutional Animal Care and Use Commit-
tee guidelines for humane treatment and care of laboratory
animals.

Pharmacodynamic analysis of tumors
Tumor-bearing mice were dosed (i.p.) with KTN3379

(30 mg/kg), trastuzumab (10 mg/kg), pertuzumab (10 mg/kg),
isotype control (30 mg/kg), or in combination on day 0 and
day 3, and tumors were collected 24 hours after the second
dose. Harvested tumor samples were homogenized using a
FastPrep-24 instrument (MP Bio). Briefly, tumors were placed
in lysing matrix A vials (MP Bio) containing RIPA lysis buffer
(500 mL) with protease and phosphatase inhibitors and pulsed
for 30 to 45 seconds, then immediately placed on ice. Lysates
were then centrifuged, clarified, and supernatants quantitated
by bicinchoninic acid (BCA) protein assay (Pierce).

Results
Discovery of fully human antagonistic mAbs against HER3

We set out to identify potent HER3 antagonistic mAbs. The
extracellular domain of human HER3 was used to pan a Dyax
human Fab phage library. Antibodies were then selected on the
basis of (i) their ability to bind to human HER3 without
binding to other EGFR/HER family members including EGFR,
HER2, and HER4 (Supplementary Fig. S1); and (ii) similar
binding to murine HER3 (Supplementary Table S1). Unique
clones were reformatted into human immunoglobulin G1
(IgG1) and screened in a variety of cell-based assays. The
anti-HER3 antibody with highest potency suppressing HER3
activity (phosphor-HER3/pHER3) and internalized HER3 in
various cell lines was further optimized for affinity. The final
anti-HER3 antibody, KTN3379, bound to human HER3 and
murine Her3 proteins with a Kd of 0.5 nmol/L and 1.7 nmol/L,
respectively (Supplementary Table S1).

KTN3379 blocks ligand-dependent and ligand-independent
HER3 signaling and tumor cell growth

To ascertainwhetherKTN3379 is effective in suppressing ligand
(heregulin/HRG) driven HER3 signaling, we treated the breast
cancer cell line MCF7 with HRG and measured the resulting
phospho-HER3 signal using an ELISA assay (pHER3). MCF7 cells
do not express detectable endogenousHRG, so exogenousHRG is
needed to induce HER3 phosphorylation. Pretreatment with
KTN3379, but not the control IgG, for 1 hour prior to the ligand
stimulation efficiently blocked pHER3 in a dose-dependent man-
ner (Fig. 1A), demonstrating suppression of ligand-inducedHER3
activation. We additionally confirmed this ELISA data with an
immunoblot study, showing that KTN3379 not only efficiently
blocked ligand-induced pHER3, but also pAKT, the downstream
effector of HER3 (Fig. 1B).

To determine the functional impact of KTN3379 on cancer cells
driven by endogenousHRG-dependent HER3 activity, we used an
established HRG-HER3 autocrine model, melanoma cell line
HMCB (22), to characterize the antiproliferative effect of
KTN3379 in a 6-day cell growth assay. KTN3379, but not control
IgG, inhibited cell growth in a dose-dependent manner (Fig. 1C).
The reason for the large difference in time of treatment between
the pHER3 inhibition assay (1 hour, Fig. 1A) versus this cell
growth assay (6 days) is that the effect of an antibody on its
proximal target receptor's phosphorylation status is much more
direct and rapid than its distal impact on overall cell proliferation,
which usually takes much longer to be demonstrable.

To explain this antiproliferative effect, we additionally charac-
terized the impact of the KTN3379 on the HER3 signaling
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pathway in HMCB cells via immunoblot (Fig. 1D). KTN3379
abrogated pHER3 and the pAKT signals in a dose-dependent
manner, suggesting the antiproliferative effect was due to inhi-
bition of HER3-AKT pathway. Interesting, the total HER3 protein
blot showed partial degradation of HER3 by theHER3mAb at the
higher dose levels, suggesting target proteolysis constitutes one of
its mechanisms of action in this model.

We also observed a similar growth inhibition effect in another
known HRG-autocrine model, the breast cancer cell line MDA-
MB-175 (Supplementary Fig. S2A). Besides directly sustaining
cancer cell growth, we also found that HRG/HER3 pathway could
induce cancer cell secretion of VEGF, the master driver of tumor
angiogenesis, thereby contributing to the multifaceted tumor-
promoting capacity of HER3 (Supplementary Fig. S2B). As
expected, KTN3379 was able to substantially block the VEGF
induction effect.

Next we studied the ability of our anti-HER3 mAb to sup-
press HER3 signaling in the ligand-independent setting using
the HER2-amplified breast cancer model BT474. This model
has high HER3 expression and activity (as demonstrated by
pHER3) but minimal HRG expression (23). As mentioned
earlier, HER2-HER3 heterodimerization in models such as this
one is not induced by ligand and occurs in a constitutive
manner, likely driven by the extremely high levels of HER2

protein. Using pHER3 ELISA assay, we were able to show that
the KTN3379 treatment attenuated the high basal pHER3 signal
in a dose-dependent manner (Fig. 2A), which translated into
inhibition of the downstream effector pAKT (Fig. 2B). To study
the consequence of this inhibition of HER3 activity, we assessed
the impact of KTN3379 on BT474 cell proliferation in both a
short-term cell growth assay (6 days, Fig. 2C) and a long-term
colony formation study (3 weeks: Fig. 2D). Moderate suppres-
sion of cell growth was observed in the 6 day proliferation assay
(�40% inhibition, Fig. 2C), consistent with the attenuation
of basal pHER3. In contrast, we saw more drastic suppression
of colony formation (�80%, Fig. 2D), perhaps due to the
prolonged incubation time (3 weeks vs. 6 days). Cell-cycle
analysis indicated that the antiproliferative effect of KTN3379
in HER2-amplified cancers is likely conferred through induc-
tion of cell-cycle arrest in the G1 phase at the expense of S- or G2

phase cells (Supplementary Fig. S3). Trastuzumab was used as a
positive control, which conferred equivalent extent of G1 arrest
as KTN3379. Pertuzumab, on the other hand, failed to mediate
similar G1 arrest (Supplementary Fig. S3). This is consistent
with the notion that trastuzumab specifically disrupts the
constitutively formed HER2-HER3 dimer in cells with ampli-
fied HER2, whereas pertuzumab only suppresses ligand-
induced HER2-HER3 dimer (24).
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Figure 2.
KTN3379 inhibits HER3 signaling and tumor growth in HER2-amplified cancer cells. A, BT474 cells were treated with the indicated doses of KTN3379 or control IgG
for 4 hours and then processed for ELISA analysis of pHER3 as indicated in Materials and Methods. Control represents untreated cells. B, BT474 cells were
treated with the indicated doses of KTN3379 or control IgG for 4 hours and then processed for ELISA analysis of pAKT. Control represents untreated cells. C,
BT474 proliferation assay was performed by treating cells with control IgG or KTN3379 at the indicated concentrations for 6-day as detailed in Materials and
Methods. Cells were processed by CellTiter-Glo. Control IgG was used as 100% reference to calculate the growth inhibition effect of KTN3379. D, BT474
colony formation study was performed by seeding cells at 1,500 cells per well in a 6-well plate and treated with antibodies for 3 weeks as detailed in Materials
and Methods. Cells were then processed by CellTiter-Glo. Control IgG was used as 100% reference to calculate the inhibition effect of KTN3379.
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Taken together, these data show that KTN3379 blocks HER3
signaling and HER3-dependent tumor growth stimulated by
ligand or spontaneous heterodimerization with high levels of
HER2.

KTN3379 inhibits both ligand-induced and constitutive
HER2-HER3 dimerization

To explain the intriguing bifunctionality of KTN3379 in
suppressing both ligand-dependent and -independent HER3
activities, we carried out a biochemical study to measure
HER2-HER3 dimerization in the presence or absence of ligand.
For ligand-induced dimer formation, we pretreated the breast
cancer cell line T47D cells with either control IgG or KTN3379
for 1 hour, then stimulated the cells with HRG to induce HER2-
HER3 complex formation (Fig. 3A). Cells were lysed and HER3
was immunoprecipitated with a commercial anti-HER3 anti-
body which binds to the intracellular domain of HER3 to avoid
potential competition with KTN3379. Then we probed the
immunoprecipitate for the presence of HER2 as evidence of
HER2-HER3 dimerization (Fig. 3A). In the absence of exoge-
nous HRG, no HER2 was found in the HER3 precipitate (lane
4). In contrast, HRG treatment efficiently induced HER2-HER3
dimerization (lane 3). More importantly, pretreatment of the
cells with KTN3379 but not the control IgG abrogated HRG-
induced HER2-HER3 dimerization as indicated by the disap-
pearance of HER2 (lane 2).

To determine whether KTN3379 could similarly block con-
stitutive HER2-HER3 dimerization which occurs in the absence
of ligand, we measured the HER2-HER3 dimer formation in the
HER2-amplified BT474 cells which have been shown to display
constitutive HER3 activation without any endogenous HRG
expression, presumably through basal HER2–HER3 complex
formation. To stabilize the constitutive HER2 and HER3 dimer,
we pretreated the cells with the cross-linker DTSSP prior to
immunoprecipitation (24). Constitutive HER2–HER3 interac-
tion was observed when cells were treated with the cross-linker,
suggesting the presence of a constitutive HER2-HER3 dimer
(Fig. 3B, lanes 1 and 2). Pretreatment with KTN3379, however,
disrupted the dimer formation as evidenced by a sharp decrease

of HER2 in the HER3 immunoprecipitate (lane 3). These results
are fully consistent with a structural analysis indicating that
KTN3379 has a unique binding epitope on HER3 that potently
inhibits ligand-dependent and ligand-independent signaling
by locking the receptor in an autoinhibited state regardless of
the ligand presence (25).

KTN3379 inhibits the in vivo growth of tumors
expressing HRG

To investigate whether the in vitro antiproliferative effect
of KTN3379 could translate into in vivo efficacy, we tested it
in multiple tumor xenograft models. To understand the
landscape of HER3 pathway activity in vivo, we first deter-
mined HER3 and HRG protein profiles in a variety of solid
tumor models with diverse tissue origins through immuno-
blot (Fig. 4A). While HER3 was broadly expressed, HRG
had a more restricted expression pattern and was only present
in a fraction of the models such as lung adenocarcinoma
model A549 and head and neck squamous cell carcinoma
(HNSCC) model FADU (Fig. 4A). In xenograft efficacy stud-
ies, KTN3379 efficiently suppressed tumor growth in both
A549 and FADU models (Fig. 4B and C: tumor growth
inhibition: 75%–100%, P < 0.01). In contrast, very modest
(but statistically significant) antitumor activity was seen in the
colorectal cancer model HT29 (Fig. 4D: tumor growth inhi-
bition < 25%, P < 0.05); minimal activity was seen in the
gastric cancer model Snu16 (Supplementary Fig. S4; tumor
growth inhibition < 10%, P > 0.05). Both models express very
low level of HRG but high levels of HER3 (Fig. 4A). This
interesting dichotomy suggested that HRG may be a better
predictive biomarker for response to HER3 antagonists than
HER3 expression itself.

As anti-EGFR mAb cetuximab has been approved for treat-
ment of HNSCC, we additionally compared its efficacy against
KTN3379 in the FADU model (Fig. 4C). KTN3379 was more
potent than a similar dose of cetuximab (P < 0.001). Interest-
ingly, the combination of the two appeared to be superior to
either antibody alone (P < 0.0001, Fig. 4C). These conclusions
are supported by statistical analysis (figure legends).
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Figure 3.
KTN3379 disrupts HER2-HER3 dimerization in both ligand-dependent and -independent models. A, T47D cells were pretreated with control IgG or KTN3379 and
then treated with HRG to induce HER2/HER3 dimer formation as detailed in Materials and Methods. Cells were lysed and HER3 immunoprecipitation was
performed with anti-HER3 antibody that targets the cytoplasmic domain. The precipitates were run on Western blots and probed for HER2 and HER3
proteins. The various lanes were cropped from the same Western blot analysis. B, BT474 cells were pretreated with control IgG or KTN3379 and then treated with
the cross-linker DTSSP to stabilize HER2-HER3 dimer prior to cell lysis as detailed in Materials and Methods. Cells were lysed and HER3 immunoprecipitation
was performed with anti-HER3 antibody that targets the cytoplasmic domain. The precipitates were run on Western blots and probed for HER2 and HER3 protein
levels. The various lanes were cropped from the same Western blot analysis.
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KTN3379 inhibits the in vivo growth of HER2-positive breast
cancer models

Besides being effective against HRG-driven tumors, our in vitro
data above demonstrated that KTN3379 also inhibits HER3
activity and tumor proliferation in HER2-amplified breast cancer
cells (Figs. 2 and 3). To ascertain whether this activity could
translate to the in vivo setting, we assessed the efficacy of KTN3379
in theHER2-amplifiedBT474 xenograftmodel (Fig. 5A). KTN3379
achieved moderate tumor growth inhibition (55%, P < 0.01)
but was less efficacious than trastuzumab (P < 0.001). In con-
trast,weobserved similar growth suppressioneffect in vitrobetween
the two mAbs (Fig. 6A). This could be due to the fact that
trastuzumab derives its in vivo efficacy not only from inhibition
of HER2/HER3 signaling pathway, but also antibody dependent
cell-mediated cytotoxicity (ADCC) effects due to the tremendous
HER2 overexpression on tumor cells (26), which may not be
available for HER3 antibody. The combination of the two mAbs
failed to achieve superior tumor inhibition compared with tras-
tuzumab monotherapy (Fig. 5A, P > 0.05).

Trastuzumab has been shown to be less active in breast
cancers with moderate levels of HER2 overexpression. Breast
cancer model MDA-MB-361 fits this category. We compared the
single-agent activity of KTN3379 with trastuzumab in this
model. As expected, trastuzumab alone was substantially less
effective in this model compared with BT474 and only achieved
modest tumor growth delay (Fig. 5B). KTN3379 achieved a
somewhat better response than trastuzumab in delaying tumor
growth (Fig. 5B). Interestingly, the combination of the two
regressed tumors significantly better than either antibody alone
(P < 0.01).

We also assessed KTN3379 in JIMT1, a HER2-amplified breast
cancer model that is known to be refractory to trastuzumab (27).
As expected, trastuzumab monotherapy was inactive (Fig. 5C).
Interestingly, while KTN3379 achieved modestly better tumor
growth inhibition than trastuzumab, the combination of the
two agents was significantly better than either antibody alone
to essentially stabilize tumor growth, in line with the MDA-
MB-361 findings. Pertuzumab was recently approved for treating
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KTN3379 preferentially suppresses tumor growth in HRG-dependent models in vivo. A, HRG and HER3 expression profile across various tumor xenografts. Tumor
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HER2-positive patients in combination with trastuzumab who
have relapsed on trastuzumab. Interestingly, combination of the
two HER2 mAbs was essentially inactive in this model and vastly
inferior compared with KTN3379 alone. However, KTN3379
combination with trastuzumab conferred a better response than
KTN3379 alone (P < 0.0001, Fig. 5C).

Examination of the pharmacodynamics biomarker effects of
KTN3379 and trastuzumab on HER2 and HER3 in the JIMT1
model revealed that while each mAb efficiently suppressed its
intended target (KTN3379 on HER3 and trastuzumab on HER2),
they fail to suppress the other target. In contrast, combination of
the two antibodies efficiently neutralized both pHER2 and
pHER3, potentially accounting for the observed combination
effect (Fig. 5D).

Differential impacts of PTEN loss on tumor response to
KTN3379

Lesion in the critical tumor suppressor PTEN is among
the most frequently occurring genetic abnormalities in cancer

and the resulting hyperactivation of PI3K/AKT pathway great-
ly contributes to the tumorigenic process. To investigate the
potential impact of PTEN loss on tumor response to
KTN3379, we knocked down PTEN expression by RNAi in
both the ligand-independent HER2-amplified BT474 cells
and the autocrine HRG-expressing HMCB cells (both models
harbor wild-type PTEN expression, Supplementary Table S2)
and measured cellular response to KTN3379 in both cell
proliferation and HER3 signaling assays (Fig. 6). For control
purposes, we first measured the cell growth rates of HMCB
after PTEN knockout and compared them with the respective
control cells. No significant differences were seen, indicating
PTEN loss does not impact the baseline cell growth rate
(Supplementary Fig. S5).

PTEN knockdown attenuated the antiproliferation effect of
KTN3379 in BT474 cells (extent of growth inhibition decreased
from �60% to �20%: ���, P < 0.001, Fig. 6A). Similarly, trastu-
zumab showed the same trendbeing less active in PTEN-knockout
cells (���, P < 0.001, Fig. 6A), which is consistent with earlier
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Figure 5.
KTN3379 inhibits in vivo tumor growth of orthotopic HER2-positive breast cancer models with divergent sensitivity to trastuzumab. A, KTN3379 or trastuzumab
was dosed at 10 or 30 mg/kg, respectively, alone or in combination, in the HER2-amplified (3þ) BT474 xenograft model as described in Materials and Methods.
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findings demonstrating trastuzumab resistance by PTEN deficien-
cy in both clinical and preclinical settings (28–30). As expected,
PTEN knockdown increased the basal pAKT activity in BT474
cells, consistent with PTEN's role as a suppressor of the PI3K/AKT
pathway (Fig. 6B). KTN3379wasunable to efficiently suppress the
elevated pAKT signal in the BT474 following knockdown of PTEN

despite successful blockade of the pHER3 signal (Fig. 6B, lane 4 vs.
lane 2).

In sharp contrast, however, KTN3379 conferred equally effi-
cient growth repression in HMCB cells regardless of the PTEN
status, indicating that PTEN loss has no impact on the activity of
anti-HER3 mAb in ligand-driven models (Fig. 6C, lanes 1 and 2;

Figure 6.
PTEN depletion impedes tumor
response to KTN3379 in HER2-
amplified and HRG-independent but
not in HRG-driven cancers. A, BT474
cells with nontargeting (NT) or PTEN-
targeted knockout were generated by
RNAi and treated with KTN3379 or
trastuzumab at 10 mg/mL in the 6-day
proliferation assay to characterize their
antigrowth effects. P value for PTEN
RNAi versus control RNAi (KTN3379
treatment): ��� , P < 0.001; P value for
PTEN RNAi versus control RNAi
(trastuzumab treatment): ��� ,P<0.001,
t test. B, control or PTEN knockdown
BT474 cells were treated with control
IgG or KTN3379 to characterize their
impacts on HER3/AKT signaling
pathway. PTEN, pHER3, pAKT, and
GAPDH were immunoblotted as
described in Materials and Methods.
C and D, stable PTEN-knockout clones
were generated in the HRG-autocrine
HMCB cells by transductionwith shRNA
vectors. Control and PTEN-knockout
cells were treated with KTN3379 or
pertuzumab at 10 mg/mL for 6 days. The
antiproliferative effects of these
treatments were assessed by Cell Titer
Glo (C). Cells were also lysed and
HER3/AKT signaling pathway was
analyzed by immunoblotting (D). In A
and C, data were plotted as percentage
of growth inhibition as compared with
control IgG. E and F, CHL1 cells with
PTEN knockdown were generated
and treated with KTN3379 at 10 and
0.3 mg/mL levels for 6 days in cell
proliferation assay (E). Control or
PTEN-knockout cells were treated with
control or KTN3379 at 10 mg/mL for
48 hours and immunoblotted for
HER3 pathway markers: HRG, pHER3,
AKT/pAKT, PTEN, and GAPDH (F).
G and H, BxPC3 cells with or without
PTEN-knockout were processed for
immunoblot for confirmation of PTEN-
knockout (H) or spheroid growth assay
as described in Materials and Methods
(G). The spheroids were treated with
KTN3379, trastuzumab, or pertuzumab
to analyze their antiproliferative effects.
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Supplementary Fig. S6). We additionally demonstrated that per-
tuzumab, a HER2 inhibitory antibody that specifically suppresses
ligand-induced HER2–HER3 pathway activity, was also highly
active in this model regardless of the PTEN status (Fig. 6C, lanes 3
and 4; Supplementary Fig. S6). On the other hand, cetuximab, the
anti-EGFR mAb, failed to suppress cell growth (Supplementary
Fig. S6), suggesting that this model is driven by a ligand-induced
HER2-HER3 complex but not EGFR–HER3 complex. To our
knowledge, this represents the first study illustrating the potential
impact of PTEN status on the efficacy of an anti-HER3 mAb or
pertuzumab.

As was observed in the BT474 cells, PTEN knockdown in the
HMCB cells resulted in an increase in the basal activation state of
AKT (Fig. 6D). However, despite this baseline increase, the anti-
HER3mAb still efficiently suppressed the pAKT signal, potentially
explaining the continued ability of KTN3379 to inhibit the growth
of the PTEN-depleted cells.

The failure of PTEN loss to blunt tumor response to HER3
mAb in the ligand-dependent HMCB model is a novel and
somewhat counterintuitive finding. To confirm and further
expand on this important result, we conducted additional
studies of PTEN knockdown in different HRG-dependent can-
cer models in both 2D and 3D culture settings. On the basis of
a recent publication (31), CHL-1 melanoma cell-line is a HRG-
HER3 autocrine loop-driven model and sensitive to HER3
inhibitors. We validated this result and proceeded to demon-
strate that PTEN knockdown does not confer resistance to
KTN3379, consistent with what we observed in HMCB cells:
KTN3379 conferred similar extents of growth suppression in
both control (NT RNAi) and PTEN knockdown (PTEN RNAi)
cells at both 10 and 0.3 mg/mL concentrations (Fig. 6E).
Successful PTEN knockdown was confirmed in Fig. 6F. Similar
to HMCB, KTN3379 abrogated both pHER3 and pAKT signals
in PTEN-depleted CHL-1 cells just as efficiently as in control
CHL-1 cells (Fig. 6F). Interestingly, we found that PTEN dele-
tion not only increased the basal pAKT activity in this model,
but also concomitantly increased HRG expression, suggesting
HRG expression may be partially driven by PI3K/AKT pathway
in this model (Fig. 6F).

We additionally used an elaborate 3D spheroid modeling of
the pancreatic cancer cell line BxPC3 to further validate our
novel finding that PTEN status fails to impact tumor response
to HER3 inhibitors. Spheroid models are potentially more
representative of tumor growth in vivo. In BxPC3 spheroids,
HRG behaves as a growth factor and induced substantial
spheroid growth (3- to 4-fold growth induction over the assay
time-frame), which remains the same in BxPC3 spheroid with
PTEN knockdown (unpublished observation; Z. Xiao). Conse-
quently, KTN3379 inhibited the ligand-induced growth to a
similar extent (50%–60%) in both control and PTEN knock-
down spheroids (Fig. 6G, columns 1 and 2). Pertuzumab
displayed a similar profile in terms of suppressing ligand-
induced growth in both wild-type and PTEN-knockdown
spheroids (Fig. 6G, columns 5 and 6). In contrast, trastuzumab
fails to suppress the ligand-induced spheroid growth (Fig. 6G,
columns 3 and 4). This is consistent with the notion that only
pertuzumab but not trastuzumab was active in suppressing
ligand-induced HER2 signaling. Successful PTEN knockout in
the spheroids was confirmed (Fig. 6H).

We summarized the gene expression profiles and mutation
status of keyHER3pathway components, HER3,HER2,HRG, and

PTEN, of the many cancer models used in our study in Supple-
mentary Table S2.

In summary, our conclusion that PTEN knockdown failed to
blunt the antiproliferative effect of KTN3379 may broadly hold
true for most ligand-dependent tumors.

Discussion
We discovered an HER3 antagonistic mAb, KTN3379, and

demonstrated its efficacy in both ligand-dependent as well
as ligand-independent/HER2-amplified tumors. This intriguing
dual functionality, not possessed by a previously published anti-
HER3 mAb (23) but reportedly shared by a more recently dis-
closed anti-HER3mAb(32), is likely attributable to the capacity of
KTN3379 to block HER2-HER3 heterodimers induced either by
ligand, or constitutively formed in HER2-amplified cells (Fig. 3).
This is further supported by a structure mapping study showing
that KTN3379 has a unique binding epitope that locks HER3 into
an autoinhibited state incompatible with HER2 dimerization
regardless of ligand presence (25).

In non-HER2–amplified cancer models, we observed a strik-
ing correlation between HRG expression and tumor response,
and a lack of correlation between HER3 expression and efficacy.
This indicates that the presence of ligand is a much better
predictor of tumor reliance on HER3 activity than the mere
expression of HER3 itself. This is to be expected due to the
kinase-deficient nature of HER3: unlike other RTKs, it cannot
undergo autoactivation through autophosphorylation, hence it
critically depends on the ligand to trigger its activation through
inducing heterodimerization with kinase-proficient partner
RTKs. HER3 has been shown to be capable of forming
ligand-induced heterodimers with divergent RTKs including
EGFR, HER2, HER4, MET, IGF1R, and FGFR2. However, our
studies showed that HER2-HER3 dimer is likely the major
active species because we could replicate the antitumor activity
of our HER3 mAb with the anti-HER2 mAb pertuzumab in
many ligand-dependent models we have explored (Fig. 6).
Because HRG expression seems to be more restricted than the
broad HER3 expression profile across different tumors, a HRG
detection assay may be pivotal to select the patients more likely
to benefit from HER3 therapy. Earlier studies have suggested
that HNSCC may have higher HRG expression than other
tumor types (33, 34). In addition, acquired HRG expression
may drive HER2-positive breast cancer resistance to trastuzu-
mab-DM1 (T-DM1/Kadcyla; ref. 35), recently approved anti-
body–drug conjugate for the treatment of breast cancer patients
who have relapsed on trastuzumab therapy. This indicates that
HER3 antagonist may also be useful to help abrogate tumor
resistance to T-DM1, the new generation of HER2-targeted
biologic therapy.

To characterize the activity of KTN3379 in HER2-positive
tumors in-depth, we explored three distinct models reflecting
different levels of HER2 overexpression and sensitivities to tras-
tuzumab: (i) BT474 as the canonical HER2-amplifiedmodel with
3þ IHC staining that is highly sensitive to trastuzumab; (ii)MDA-
MB-361 as an intermediate HER2-overexpressing model with 2þ
IHC staining and only partial sensitivity to trastuzumab; (iii)
JIMT1 as a HER2-positive but trastuzumab-refractory model.
Consistent with literature reports, we found trastuzumab to be
more effective in BT474 than MDA-MB-361, and inactive in
JIMT1. LowerHER2 stainingmaynot be theonly reason to explain
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the decreased activity of trastuzumab in MDA-MB-361, which
also harbors a well-established E545K-activating mutation in
PIK3CA, the catalytic component of PI3K. Oncogenic activating
mutations of PIK3CA may lead to less tumor dependence on
HER2 and have been shown to lower tumor response to
trastuzumab (24). Interestingly, KTN3379 was less active than
trastuzumab in BT474 (tumor growth delay vs. partial regres-
sion), but achieved similar tumor growth suppression in MDA-
MB-361, and more potent than trastuzumab in JIMT1. More
importantly, combination of the two produced a clear superior
effect inducing tumor regression or stabilization in trastuzu-
mab-insensitive models such as MDA-MB-361 and JIMT1,
suggesting that a HER2/HER3 combination therapy may
achieve a superior outcome than trastuzumab alone in this
setting with high unmet medical needs.

Especially notable is the JIMT1 study which illustrated a com-
pelling rationale for the addition of HER3 therapy in HER2-
positive cancers that are entirely resistant to trastuzumab despite
highHER2expression.Here,HER3monotherapy ismore effective
than trastuzumab. More importantly, their combination dis-
played a superior ability to control tumor growth, which may
be explained by the more efficient suppression of both HER2 and
HER3 activities than either of the monotherapies. In contrast, the
pertuzumab/trastuzumab combination, a recently approved reg-
imen for HER2þ breast cancer patients, turned out to be mostly
inactive (Fig. 5C).

Because the major function of HER3 pathway is PI3K/AKT
activation, it is reasonable to speculate that loss-of-function
mutations in PTEN may drive tumor resistance to HER3 therapy
by making the PI3K pathway constitutively active regardless of
HER3 activity. Through RNAi technology, we were able to silence
PTEN expression in either ligand-independent ormultiple ligand-
dependent cancer models in both 2D and 3D/spheroid format,
which enabled the investigation of PTEN's impact on cancer
response to HER3 mAbs, a critical unaddressed issue with high
clinical relevance. In the sameprocess, we additionally studied the
impact of PTEN status on cancer response to pertuzumab, which
selectively inhibits ligand-driven HER2 activity. To our knowl-
edge, this represents the first ever such study for both anti-HER3
mAbs and pertuzumab.

Our finding that PTEN loss conferred resistance to KTN3379
in the HER2-amplified breast cancer model is expected and
highly consistent with prior studies demonstrating that PTEN
deficiency confers resistance to trastuzumab. The similarity
provides another proof that HER2-HER3 dimer, formed in a
ligand-independent manner under this setting, is the major
oncogenic driver in HER2-amplified cancers. It additionally
validates the established paradigm that PI3K/AKT constitutes
the major oncogenic effector pathway of HER2/HER3 dimer in
this tumor type, as genetic lesions that hyperactivate PI3K/AKT
pathway, as exemplified by PTEN loss, led to tumor resistance
to either HER2 or HER3 mAbs.

In contrast, we were surprised to find that despite the sub-
stantial induction of the PI3K/AKT pathway, PTEN loss in the
ligand-driven cancers fails to blunt tumor response to the HER2
mAb pertuzumab or to HER3 mAb. To our knowledge, this
represents the first study probing the potential impact of PTEN
status on tumor responses to not only an HER3 mAb, but also
for pertuzumab, an approved HER2 antagonist antibody inhi-
biting ligand-induced HER2 activity. This somewhat counter-
intuitive result may be explained by the continued efficient

suppression of pAKT even in the PTEN-knockout setting (unlike
in BT474 where PTEN loss interfered with the ability of
KTN3379 to turn off pAKT).

There are two different ways PTEN loss may induce the PI3K/
AKT pathway. PTEN loss leads to accumulation of PIP3 (its
natural substrate), the major product of PI3K. Heightened PIP3
levels result in higher activation of downstream effector molecule
AKT. Alternatively, as revealed by an earlier study (36), PTEN
deficiency further enhances PI3K pathway through stimulating
the RTK signaling such as IGF1R and HER3. This is partly due to
sensitizing the RTKs to their respective ligands, IGF and HRG.
PTEN-loss blunts tumor response to HER3mAbs more in ligand-
independent cancer than ligand-dependent cancers, suggesting
that PI3K activation induced byPTEN loss ismore driven byHER3
activity in the former setting than in the latter setting, possibly due
to thedifferential availability of theHER3 ligand. Therefore, PTEN
loss not only fails to make ligand-driven tumors less dependent
on HER3, it actually may make them even more critically depen-
dent on HER3.

Another possible explanation is that a distinct pathway, other
than PI3K/AKT, may constitute the key protumorigenic effector
pathway of HRG-HER3 signaling in ligand-driven cancers, and its
suppression by anti-HER3 mAb is not perturbed by PTEN loss. In
light of the overwhelming evidences supporting HER30s role in
PI3K activation, we consider this scenario unlikely.

In summary, we have discovered a HER3 antagonistic mAb
that is capable of suppressing HER3 activity and tumor growth
in both ligand-dependent and -independent settings. Its com-
bination with approved HER2 inhibitors further enhanced their
efficacies in various breast cancer models with divergent extents
of HER2 expression and sensitivity to HER2 drugs. More
importantly, PTEN deficiency impeded the antitumor effect of
HER3 mAb in HER2-amplified cancer but not in ligand-driven
cancers.

KTN3379 is currently undergoing a phase Ib clinical trial in
patients with advanced solid tumors. To date, it has demonstrated
good tolerability and early signs of clinical activity in combination
with other targeted agents (37). Our current study will provide
potential guidance to patient stratification strategies for its future
clinical trials to maximize its clinical benefit.
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