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Abstract

Metastatic breast cancer (mBC) poses a significant threat to women’s health and is a major cause of malignant neo-
plasms in women. Human epidermal growth factor receptor (HER)3, an integral member of the ErbB/HER receptor
tyrosine kinase family, is a crucial activator of the phosphoinositide-3 kinase/protein kinase B signaling pathway. HER3
overexpression significantly contributes to the development of resistance to drugs targeting other HER receptors,
such as HER2 and epidermal growth factor receptors, and plays a crucial role in the onset and progression of mBC.
Recently, numerous HER3-targeted therapeutic agents, such as monoclonal antibodies (mAbs), bispecific antibod-

ies (bAbs), and antibody—drug conjugates (ADCs), have emerged. However, the efficacy of HER3-targeted mAbs

and bAbs is limited when used individually, and their combination may result in toxic adverse effects. On the other
hand, ADCs are cytotoxic to cancer cells and can bind to target cells through antibodies, which highlights their use

in targeted HER3 therapy for mBC. This review provides an overview of recent advancements in HER3 research, histori-
cal initiatives, and innovative approaches in targeted HER3 therapy for metastatic breast cancer. Evaluating the advan-
tages and disadvantages of current methods may yield valuable insights and lessons.
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Introduction

The ErbB family (ErbB1-ErbB4; also known as epidermal
growth factor receptor [EGFR], human EGFR [HER]2,
HER3, and HER4) comprises receptor tyrosine kinases
(RTKs) [1]. Through signal transduction, the ErbB fam-
ily supports cellular activities on which cell survival
and function depend [2]. Each receptor comprises an
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extracellular ligand-binding domain, a single hydropho-
bic transmembrane region, and an intracellular segment
with a tyrosine kinase domain [3]. EGFR, HER3, and
HER4 ligands are currently well-studied [4] (Fig. 1). The
downstream signaling pathways activated by ErbB fam-
ily members are interconnected and overlapping [5-8].
The two main representative signaling pathways are the
phosphatidylinositol-3 kinase (PI3K)-protein kinase B
(AKT)-mammalian target of rapamycin (mTOR) and
mitogen-activated protein kinase (MAPK) pathways [5, 6,
9, 10]. Additionally, there is the phospholipase Cy—pro-
tein kinase C [11, 12], and Janus kinase (JAK)2-signal
transducer, and activator of transcription 3 pathways [13,
14]. Aberrant activation of EGFR and HER2 in cancer
cells can be induced by numerous mechanisms, includ-
ing gene amplification, point mutations, deletions, and
autocrine ligand-receptor stimulations [8, 15-18]. Alter-
ations in these genes lead to the abnormal activation of
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Fig. 1 Structure of ErbB receptors, ligands, and conformational changes upon ligand binding. A The ErbB family (ErbB1-ErbB4; also referred

to as EGFR, HER2, HER3, and HER4) comprises receptor tyrosine kinases (RTKs) with similar structures, each consisting of an extracellular domain
(ECD), a single hydrophobic transmembrane region, and an intracellular domain. The intracellular domain includes a juxtamembrane region,

a tyrosine kinase domain, and a tyrosine-rich carboxy-terminal tail. The extracellular domain is divided into four subdomains, designated

as Subdomains I-IV. EGFR, HER3, and HER4 exist in a tethered ("closed") conformation in the absence of ligands, preventing the dimerization domain
from interacting with the corresponding Erbb components. HER2, lacking a known ligand, exists in an active extended ("open") conformation

and can readily dimerize permanently. Among EGFR ligands, EGF, transforming growth factor-alpha (TGFa), amphiregulin (AREG), and epigen
(EPGN) interact exclusively with EGFR, whereas epiregulin (EREG), heparin-binding EGF-like growth factor (HB-EGF), and betacellulin (BTC) can

also bind and activate HER4. A family of EGF-related ligands, the neuregulins (NRGs; composed of NRG1-NRG4), binds to HER3 and HER4. HER2 does
not directly bind these EGF-related ligands. HER3 has an impaired tyrosine kinase domain and exhibits reduced kinase activity. Therefore, to activate
and facilitate signaling through HER2 and HER3, heterodimerization with other ErbB family members is required. B Ligand binding to ErbB receptors
induces a conformational change in the molecular fold of the dimerization domain, a step necessary for dimer formation and the functional
activation of EGFR, ERBB3, and ERBB4. The interaction in the kinase domains is asymmetrical, where the amino-terminal lobe of one tyrosine kinase

interacts with the carboxy-terminal lobe of another

EGEFR and HER?2 signaling, independent of ligand-recep-
tor stimulation, resulting in tumorigenesis, growth, and
progression. HER2, located on chromosome 17q12.1, was
first identified as a novel gene from rat neuroblastomas
that transformed NIH 3T3 cells [19]. King et al. reported
that DNA from human breast carcinoma amplifies this
gene [20]. HER2 encodes a 185-kDa transmembrane
protein [21] that phosphorylates tyrosine residues in the
protein kinase domain within the cell through dimeriza-
tion, activating downstream oncogenic signals [22] and
leading to aggressive tumor growth. HER2 amplification
is the primary mechanism of HER2 receptor overexpres-
sion. The overexpression/amplification of HER2 in a vari-
ety of tumors is the main driver of the occurrence and
progression of some breast cancers. Of note, HER2 pro-
tein overexpression may also be found in the absence of
gene amplification [23]. In addition to amplification and
overexpression, HER2 increases kinase activity through
missense mutations and in-frame insertions, contribut-
ing to tumorigenesis [24—27]. In addition, HER2 gene
fusion is also a potential therapeutic target [28]. For
example, NOS-HER2 and ZNF207-HER2 fusions have
been characterized and found to undergo autophospho-
rylation and cell transformation [29]. Owing to its limited

kinase activity [30-33], the oncogenic function of HER3
is mainly mediated through its overexpression and inter-
action with EGFR or HER2. The role of HER4 in tumo-
rigenesis and progression is inconsistent because it has
multiple isoforms, such as oncogenic and tumor-suppres-
sor isoforms, each with different activities [34, 35]. HER3
is overexpressed in various cancers (e.g., breast, colorec-
tal, bladder, melanoma, lung) [36]. Breast cancer (BC) is a
prevalent cancer, with 2.3 million new cases and 680,000
deaths reported in the year 2020 [37]. Metastasis, the
process by which cancer cells spread, is responsible for
mortality associated with breast cancer. Furthermore, a
significant proportion of initial-stage cases, ranging from
20 to 30%, advance, resulting in poor survival rates in
metastatic BC [38]. HER3 expression is high in mBC. Pri-
mary tumors have 30% HER3 expression, which increases
to 60% in mBC [39]. HER3 is overexpressed in various
cancers, including breast, ovarian, colon, and gastric
[36, 40]. However, compared to the broad representa-
tion of EGFR mutations, HER3 mutations are rare [41].
Although HER3 itself does not cause tumorigenesis, the
HER2:HER3 heterodimer has the highest transforming
capacity among all possible EGFR family dimers, and the
superior oncogenic capacity of the dimer makes HER3
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critical for HER2-mediated tumorigenesis in breast can-
cer [42, 43]. In addition, inhibition of HER3 expression
reversed HER2-dependent tumorigenesis in a trans-
genic breast tumor model [44]. In breast cancer cell lines,
HERS3 expression was shown to be essential for maintain-
ing cell viability, whereas EGFR was dispensable. In addi-
tion, compared with the broad representation of EGFR
mutation, the data rarely HER3 mutations. In breast
cancer, several HER3 mutations (F94L, G284R, D297Y,
T3551, and E1261A) have been shown to have functional
properties [45]. Cote et al. describe three germ line ErbB3
single nucleotide polymorphisms (SNPs), these SNPs
cause dorsey his racing, carboplatin chemotherapy drugs
and by ErbB2 positive breast cancer patients treated bead
sheet resistance disease-free survival rate is poor [46]. At
present, most studies use the combination of cytoplas-
mic and membrane HER3 staining to determine HER3
expression. However, a pooled analysis of studies assess-
ing HER3 in the cytoplasm or membranes did not show
a significant difference. To address this knowledge gap, a
consistent and reproducible method to evaluate HER3 is
warranted to help better identify patients who are more
responsive to the anti-HER3 therapies that are currently
being evaluated clinically [47].

HER3 is a 180-kDa protein derived from the ERBB3
gene on chromosome 12q13 [1]. It consists of an intra-
cellular domain containing a juxtamembrane region,
a tyrosine kinase domain, a tyrosine-rich carboxy-ter-
minal tail, an extracellular domain (ECD), and a trans-
membrane domain. The ECD contains four subdomains
labeled I through IV, with subdomains II and IV being
rich in cysteines. Subdomain II holds a crucial dimeriza-
tion arm for the interaction of HER3 with other recep-
tors [48] (Fig. 2). Unlike other ErbB family members,
HER3’s ligands include neuregulins (NRGs), specifically
NRG-1 and NRG-2, which are subsets of EGF ligands
[49]. Intramolecular interactions keep subdomains II
and IV in an inactive conformation without ligands.
Ligand binding alters the ECD structure, resulting in an
open conformation [50] and exposing the dimerization
arm in subdomain II, allowing HER3 to form heterodi-
mers with ErbB RTK monomers. The kinase domains
engage asymmetrically, leading to transphosphorylation
[22] (Fig. 2). Reports indicate that HER2 and HER3 pair-
ing requires NRGs [51]. These heterodimers have potent
transforming potential, essential for HER2-driven tumo-
rigenesis. HER3 overexpression alone lacks the carci-
nogenic effect seen in other ErbB members [41]. It can
also heterodimerize with non-ErbB receptors such as
MET and FGFR2 [52, 53]. The kinase domain of HER3
has an inactive conformation of a key tyrosine residue,
which results in approximately 1,000 times lower tyrosine
kinase activity compared to EGFR [54]. However, HER2
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(and/or EGFR) heterodimers amplify signaling, providing
a potent stimulus for human breast cancer [49]. HER3
can bind to the p85 subunit of PI3K, triggering the acti-
vation of PI3K/AKT signaling, which is crucial for tumor
cell survival [55]. Additionally, HER3 activates pathways,
including the MAPK cascade, JAK, and the oncogene
¢-Src (SRC) [56] (Fig. 2).

Increased HER3 expression reduces the effectiveness
of EGFR-targeted treatment by causing non-EGFR het-
erodimer formation, leading to EGFR-targeted tyros-
ine kinase inhibitor (TKI) resistance [55]. Studies have
shown that hepatocyte growth factor receptor (MET)
amplification increases gefitinib resistance by increasing
HER3/PI3K signaling. MET amplification was detected
in 22% of patients with lung cancer resistant to gefitinib
or erlotinib [52]. In addition, HER3 signaling is associ-
ated with resistance to the EGFR-targeted TKIs gefitinib
in head and neck squamous cell carcinoma (HNSCC)
and BC [57, 58]. Lapatinib, a dual TKI targeting EGFR
and HER2, induces feedback upregulation at the mRNA
and protein levels in BC cell lines, and HER3 knockdown
restores the drug sensitivity of lapatinib-resistant cells
[59]. Lapatinib-resistant cells in BC cell lines depend on
the heregulin (HRG)-driven HER3-EGFR-PI3K-PDK1
signaling axis [60]. Another study showed that lapatinib
could induce symmetric HER2:HER3 dimers, which may
promote tumor cell proliferation [61] (Table 1). In EGFR-
TKI-treated BC, HER3 is related to gefitinib resistance
[58], whereas cetuximab/panitumumab-resistant patients
with BC show increased EGFR: HER3 heterodimerization
[62]. Patritumab effectively counteracts the resistance to
EGER inhibitors caused by NRG1, with the levels of cir-
culating NRG1 being a more reliable indicator of its effi-
ciency compared to the expression of HER3 mRNA [63].
HER3 overexpression hampers HER2-targeted therapies,
as observed in trastuzumab resistance in HER2-positive
mBC [63]. NRG1 stimulation induces HER3 overex-
pression, triggering PI3K/AKT and SRC pathways and
HER2-IGF-1R heterotrimer formation, underpinning
trastuzumab resistance [64]. Trastuzumab sensitivity is
restored by HER3 expression reduction, while hormone
and chemotherapy resistance is conferred by high HER3
expression. In HER2-positive BC, HER3 overexpression
results in tamoxifen resistance [65] and is associated
with resistance to fulvestrant [66] and paclitaxel, whereas
inhibiting HER3 overexpression restores drug sensitiv-
ity [67]. Targeted HER3 therapies involving inhibition of
HER3 kinase activity, blocking heterodimerization, and
using monoclonal antibodies such as seribantumab, lum-
retuzumab, elgemtumab, and patritumab are being devel-
oped to treat mBC. However, the effectiveness of single
treatments is limited. Combining multiple therapies, such
as elgemtumab, trastuzumab, and alpelisib, may lead to
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Fig. 2 HER3 receptor and its signaling cascade. A The monomeric inactive form of HER3 comprises the extracellular, transmembrane,

and intracellular regions. The extracellular region comprises subdomains I-IV, with subdomains | and Ill responsible for ligand binding

and subdomain Il containing a dimerization arm. The intracellular region is composed of the juxtamembrane domain, tyrosine kinase domain,
and C-terminal tail with phosphorylation sites. B Upon NRG binding to subdomain | and Ill, a conformational change occurs in the extracellular
region, exposing the dimerization arm. This leads to heterodimerization between HER3 and EGFR/HER2 receptors, subsequently resulting

in the phosphorylation of HER3 C-terminal tail and the activation of downstream intracellular signaling cascades, including PI3K/AKT, MAPK, JAK/
STAT, SRC, and PLCy/PKC. These signaling pathways collectively promote cell survival, proliferation, migration, and growth. The abbreviations used
are as follows: AKT (protein kinase B), GDP (guanosine diphosphate), GRB2 (growth factor receptor-bound protein 2), JAK (Janus kinase), MAPK
(mitogen-activated protein kinase), MEK (mitogen-activated extracellular signal-regulated kinase), SOS (son of sevenless), STAT (signal transducer

and activator of transcription)

harmful adverse effects [67]. However, monoclonal/dual-
specificity antibodies have modest mBC efficacy alone or
when used in combination. Consequently, the targeted
distribution of the cytotoxic payload has been achieved

by using antibody—drug conjugates (ADCs). With its
ability to cause immunological stimulation, antitumor
response, and cell damage, patritumab deruxtecan (U3-
1402) shows promise as a treatment for late-stage breast
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Table 1 A summary of HER3 overexpression and drug resistance mechanisms
Drug type Drug name Targets Conclusion References
Tyrosine kinase inhibitors = Gefitinib EGFR In breast cancer cell lines, the signaling mediated by HER2:HER3 is associ-  [58]
ated with resistance to gefitinib, as HER3 and the PI(3)K/Akt pathway are
not effectively inhibited by gefitinib
Lapatinib EGFR In breast cancer cell lines, lapatinib-resistant cells rely on the HER3-EGFR-  [60]
HER2 PI3K-PDK1 signaling axis driven by heregulin (HRG)
Studies indicate that treatment with lapatinib can induce a feedback [59]
upregulation of MRNA and protein levels in breast cancer cell lines,
and knockdown of HER3 can restore drug sensitivity in lapatinib-resistant
cells
Research demonstrates that lapatinib can induce symmetric HER2:HER3 [61]
dimers, which may promote tumor cell proliferation
The blocking Abs Trastuzumab HER2 Two studies suggest that in breast cancer cell lines, bypass activation [64, 145]
of PI3K/AKT and SRC driven by HER3 is a primary mechanism of therapy
resistance
Another study indicates that the formation of heterotrimeric complexes [56]
of HER2, HER3, and IGF1R is a principal inducer of trastuzumab resistance
driven by AKT and SRC in breast cancer cells
Hormonal therapy Tamoxifen ER HER3 is critical in the phosphorylation of HER2 in breast cancer cells, [146]
and overexpression of HER3 can lead to tamoxifen resistance
Studies indicate that patients with breast cancer co-expressing HER2 [147,148]
and HER3 are more likely to develop tamoxifen resistance
Fulvestrant ER Increased activity of EGFR, HER2, and HER3 is associated with resistance [66]
to the ER agonist fulvestrant
Treatment with fulvestrant promotes the expression and phosphorylation  [149]
of HER3 in breast cancer cells, underlying the mechanism of resistance
to fulvestrant in breast cancer
Chemotherapy Paclitaxel - In HER2-positive breast cancer cell lines, resistance to paclitaxel is associ-  [67]
ated with upregulation of HER3 and increased levels of Survivin
Chemotherapy Paclitaxel - In breast cancer cell lines, resistance to various chemotherapeutic agents  [150]
Doxorubicin such as 5-fluorouracil, paclitaxel, camptothecin, and etoposide is asso-

5-fluorouracil Etoposide

Camptothecin pathway

ciated with co-expression of HER2/HER3 and the PI3K/AKT signaling

cancer. ADCs present a viable way to improve mBC care
and increase survival. Overcoming resistance, lowering
toxicity, and increasing tumor cell absorption are among
the difficulties. Finding predictive biomarkers is therefore
essential when selecting patients.

Targeting HER3 to treat mBC

The prevailing strategies for HER3-targeted therapy in
mBC involve the use of antibodies targeting the extracel-
lular domain of HER3, as detailed in the following sec-
tions. Figure 3 and Table 2 briefly outline the current
status of drugs in preclinical and clinical trials for HER3-
targeted therapy in mBC.

Monoclonal antibodies

Monoclonal antibodies (MAbs) targeting HER3 have
been engineered to disrupt receptor-ligand binding or
hinder heterodimerization [68]. Preclinical and clinical
studies have been conducted on several mAbs targeting
HER3, some of which have advanced to phase 1 trials to
evaluate their safety, tolerability, and preliminary efficacy

in solid tumors. Some mAbs have progressed to phase 2
and 3 trials, such as seribantumab, lumretuzumab, and
patritumab.

Lumretuzumab (RG7116, RO5479599 GE-huMab-
HER3) is a humanized glycoengineered immunoglobu-
lin (Ig) G1 targeting subdomain I of the HER3 ECD [69].
This antibody prevents the attachment of NRG to the
HERS3 receptor, thereby impeding the formation of recep-
tor heterodimers and activating the immune system to
induce lethal effects. Lumretuzumab further reduces
HERS3 expression. In a xenograft model of ER+/HER3+/
HER2-low human BC, the combination of lumretu-
zumab and pertuzumab demonstrated efficacy, leading to
tumor regression [70].

Seribantumab (MM-121, SAR256212) is a human
IgG2 mAb that competes with NRG for HER3 binding,
obstructing dimerization and inhibiting HRG-mediated
downstream PI3K/AKT signaling [71]. Seribantumab
also induces HER3 internalization and degradation. In
combination with trastuzumab, seribantumab inhibits
the growth of HER2+ mBC cells. MM-121 also exhibits
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Fig. 3 The current status quo of HER3-targeted therapies for MBC. Monoclonals antibodies (mAbs), bispecific antibodies (bAbs), antibody—-drug

conjugate (ADC) and other therapies such as antibody-derived molecules

enhanced antitumor activity in HER2+mBC frameworks
resistant to paclitaxel and trastuzumab [72]. The phase
2 investigation of seribantumab and exemestane in hor-
mone receptor-positive HER2-negative patients with
mBC highlights the therapeutic advantages of the com-
bination in the HRG-high subgroup in the context of bio-
marker assessment [73].

AMG-888, also known as U3-1287, is a human IgG1
mADb that completely inhibits ligand binding to HER3,
causing receptor internalization and destruction. Patients
with HER2-positive mBC may have a prolonged over-
all survival with patritumab [74]. A phase 1 study has
reported that the combination of patritumab with pacli-
taxel and trastuzumab in patients with HER2-positive
mBC exhibited controllable toxicity and promising initial
activity [75].

Elgemtumab (LJM716) is a human IgGl mAb that
binds to an epitope between the HER3 ECD subdomains
IT and IV, leading to conformation closure and blocking

receptor activation [76]. Elgemtumab combined with
trastuzumab and lapatinib enhanced the survival of
HER2-positive BC xenograft mice [77]. Elgemtumab,
however, showed significant gastrointestinal toxic-
ity when combined with trastuzumab and alpelisib in
patients with PI3K-mutant HER2-positive mBC, indi-
cating that combination therapy targeting this pathway
should be used with caution [78].

ISU104 is an antibody that targets HER3 and binds
to subdomain III. ISU104 suppresses HER3, prevents
receptor attachment to NRG, inhibits receptor heter-
odimerization with other HER receptors, and inactivates
downstream signaling. In xenograft BC models, ISU104
showed more than 70% suppression of tumor develop-
ment [79].

CDX-3379 (KTN3379) is a human mAb (IgG1\) that
binds to an exclusive epitope between subdomains II and
III with high affinity, stabilizing HER3 in an inactive state.
Therefore, the antibody inhibits both ligand-dependent
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Table 2 A summary of the HER3-targeted therapies for MBC under evaluation in preclinical and clinical trials
Drug type Drug name Mechanism of action Developer Highest Key trial numbers References
clinical trial
phase
Antibodies Lumretuzumab HER3 mAb Genentech/Roche PhWase Ib/Il NCT01918254 [69, 70]
(RO5479599, RG7116) NCT02204345
NCT01482377
Seribantumab (MM- HER3 mAb Merrimack Phase Il NCT00994123
12“) Pharmaceuticals/ NCT01209195 [71-73]
Elevation oncology
NCT01451632
NCT04383210
NCT02134015
AMG-888, (U3-1287) HER3 mAb Daiichi sankyo Phase Ill NCT02134015 [74, 75, 85]
NCT01211483
NCT02143622
Elgemtumab (LJM716) HER3 mAb Morphosys/novartis Phase /1l NCT01602406 [76-78]
NCT02167854
1ISU104 HER3 mAb ISU Abxis Phase | NCT03552406 [79]
CDX-3379 (KTN3379) HER3 mAb Celldex therapeutics Phase Il NCT02473731 [80]
NCT02014909
AV-203 HER3 mAb Aveo oncology Phase | NCT01603979 [81,82]
REGN1400 HER3 mAb Regeneron Phase | NCT01727869 [83, 84]
Pharmaceutials
1F9E5 HER3 mAb - Preclinical - [86]
TAMHER3 HER3 mAb - Preclinical - [87]
SGP1 HER3 mAb - Preclinical - [88-90]
Ab1-Ab7 HER3 mAb - Preclinical - [91]
1gG95 HER3mAb - Preclinical - [92]
huHER3-8 HER3 mAb - Preclinical - [93]
ADCs U3-1402 HER3-ADC Daiichi sankyo Phase Il NCT04479436 [78,113,114]
NCT03260491
NCT02980341
EVA20/MMAF HER3-ADC Mediapharma Preclinical - [115]
EV20-Sap HER3-ADC Mediapharma Preclinical - [115]
Bi-specific antibodies  Zenocutuzumab HER2/HER3 bispecific ~ Merus Phase I/l NCT02912949 [94,95]
(MCLA-128)
MM-111 HER2/HER3 bispecific ~ Merrimack Phase | NCT01097460 [96, 97]
Pharmaceuticals NCT00911898
NCT01304784
Istiratumab(MM-14T1) HER3/IGF1R bispecific ~ Merrimack Phase Il NCT01733004 [98]
Pharmaceuticals NCT02538627
NCT02399137
Duligotuzumab EGFR/HER3 bispecific ~ Genetech/Roche Phase Il NCT01911598 [62,99-107]
(MEHD7954A) NCT01986166
Tab6 HER2/HERS bispecific = — Preclinical - [108]
Antisense olihonu- EZN-3920 HER3 mRNA antago- Enzon Pharmaceuticals Preclinical - [118]
cleotide nist
micro-RNAs miR-450b-3p Inhibits HER3 expres- - Preclinical - [119-121]
sion
miR-205 Inhibits HER3 expres- - Preclinical -
sion
Antibody-derived FL518, CRTB6 HER3/EGFR bAb Preclinical [116]
molecules HER2/VEFR bAb - -

mixture
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Table 2 (continued)

Page 8 of 15

Drug type Drug name Mechanism of action Developer Highest Key trial numbers References
clinical trial
phase
Antibody-derived TsAb2v2, TsAb3v1 RGFR/HER3/cMet/ Preclinical - [117]
molecules IGFIR
mAb mixture
HER3 vaccine Ad-HER3,Ad-HER3-FL HER3 vaccine Preclinical - [128-130]

and ligand-independent HER3 activation. CDX-3379
shows therapeutic effects in HER2-positive BC xenograft
tumor models [80].

AV-203 (CANO017) is a human IgG1 mAb that inhibits
the binding of HER3 to NRG. It has demonstrated tumor
growth inhibition in breast cancer (BC) xenograft mod-
els [81]. It was discovered to inhibit tumor growth in BC
xenograft frameworks. A phase 1 clinical trial reported
AV-203 to be safe for use in patients with metastatic
breast cancer (mBC) or advanced BC [82].

REGN1400, a fully human IgG mAb, effectively blocks
the interaction between HER3 and NRG, hindering the
proliferation of BC cells. REGN1400 shows promis-
ing efficacy in inhibiting tumor growth when admin-
istered in combination with EGFR or HER2-targeted
antibodies [83]. Phase I trials studying the combination
of REGN1400 with erlotinib or cetuximab have reported
satisfactory tolerability [84].

Several drugs show inhibitory effects on the growth
and proliferation of tumor cells in preclinical studies. For
example, the first fully humanized HER3 mAb U3-1287
can inhibit tumor growth in a BC xenotransplantation
model [85]. The anti-HER3 mAb 1F9E5 has shown simi-
lar inhibitory effects on cell proliferation to trastuzumab
and is more effective than other anti-HER3 monoclonal
antibodies alone or in combination with trastuzumab
[86]. The TAMHER3 construct created by Anna Orlova
et al. can inhibit the growth of HER3-expressing xeno-
graft tumors and shows good tolerance in mice without
adverse events or weight loss [87].

SGP1 is an antibody that targets HER3 and competes
with NRG for binding to the HER3 receptor [88]. This
antibody effectively inhibits NRG-induced tumor cell
growth and shows an enhanced growth-inhibiting effect
in mBC cells when combined with trastuzumab [89].
SGP1, as monotherapy or in combination with lapatinib,
inhibits the proliferation of lapatinib-resistant HER2-
positive mBC cells [90].

Okita et al. produced rat mAbs (Ab1-Ab7) targeting
HER3, which could induce HER3 internalization and
inhibit NRG binding, HER3 phosphorylation, and cell
growth. The combination of Ab4 and erlotinib shows

promising therapeutic effects in treating HER2-positive
mBC [91].

Turowec et al. developed IgG95, which blocks the bind-
ing of ligands to the HER3 receptor, leading to the down-
regulation of HER3 expression. This antibody inhibits the
proliferation of HER2-amplified mBC cells [92].

The mouse anti-HER3 antibody, HER3-8, demonstrates
efficacy in inhibiting HER2:HER3 dimerization and
decreasing the proliferation of BC cell lines stimulated by
ligands. Accordingly, efforts have been made to human-
ize the HER3-8 antibody, and the product has been desig-
nated as huHER3-8 [93].

Bispecific antibodies

In clinical studies, bivalent antibodies (BAbs) target-
ing two antigens simultaneously have been investigated
to address the limitations and resistance mechanisms
of single-agent HER3-targeted mAbs. Zenocutuzumab
(MCLA-128) is an IgGl bAb that targets both HER2
(subdomain I) and HER3 (subdomain III). Zenocutu-
zumab docks onto HER2, preventing ligands from bind-
ing to HER3 and disrupting HER2-HER3 heterodimers,
thereby inhibiting oncogenic signaling. This bAb has
demonstrated efficacy in NRG1 fusion-positive mBC that
is resistant to chemotherapy [94]. Zenocutuzumab is cur-
rently in phase 1/2 clinical trials, showing favorable toler-
ability, safety, and anti-cancer efficacy [95].

MM-111 is a bAD targeting both HER2 and HERS3. Its
anti-HER2 arm positions the bAb within HER2 + tumor
cells, while its anti-HER3 arm blocks NRG binding with
HER3 [96]. Preclinical research has demonstrated that
MM-111, in combination with trastuzumab or lapatinib,
increases anti-cancer activity in HER2-positive mBC cells
[97]. A clinical investigation found that the combination
of MM-111 with standard HER2-targeted treatment and
chemotherapy was safe [96].

Istiratumab (MM-141) targets both HER3 and IGF-1R.
It entered phase 2 trials for pancreatic cancer [98] but has
not yet entered clinical trials for BC.

Duligotuzumab (MEDH7945A) is a humanized IgG1
bAb targeting EGFR and HER3. It binds to the extra-
cellular domains of EGFR or HER3, blocks ligand
binding, inhibits signaling pathways, and enhances
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antibody-dependent cell-mediated cytotoxicity [99, 100].
Several clinical trials (phase 1/2) are evaluating duli-
gotuzumab and have generally reported limited activ-
ity [101-105]. In preclinical trials, duligotuzumab has
shown efficacy in erlotinib- and cetuximab-resistance
models in HNSCC and non-small cell lung cancer [106]
or when used in combination with cisplatin [107]. It has
also shown efficacy in combination with AKT and PI3K
inhibitors in triple-negative breast cancer (TNBC) [62].

TADb6, also known as TA, is a bispecific antibody
explicitly targeting both HER2 and HER3. It is produced
by combining the anti-HER2 antibody trastuzumab with
HER3-specific single-chain fragment variations [108].
However, treatment with TAb6 increases the prolifera-
tion of HER2-positive mBC cell lines [108].

Antibody-drug conjugates

ADCs are a novel class of anti-cancer drugs with sig-
nificant potential in HER3-targeted therapy. ADCs are
composed of targeted mAbs that are chemically linked to
cytotoxic drugs, either cleavable or non-cleavable [109].
The mAb component of ADCs binds to specific antigens
on the surface of cancer cells, resulting in the internaliza-
tion of ADCs [110]. ADCs are intended to be transported
to lysosomes after internalization, where they release the
cytotoxic drug in a proteolytic or acidic environment to
cause cell death. ADCs not only specifically target can-
cer cells but also cause the bystander effect, which is the
elimination of surrounding cells regardless of how much
the target antigen is expressed. This effect may improve
the effectiveness of ADCs, but concerns regarding poten-
tial harm to normal cells still exist [111].

ADCs integrate the selective targeting of antibodies
with the cytotoxicity of chemotherapeutic drugs, making
them a promising class of anti-cancer agents [112]. Cur-
rently, three ADCs targeting HER2 have been approved,
with others targeting the HER family of receptors under
investigation.

U3-1402 (patritumab deruxtecan, HER3-DXd) is an
ADC involving the covalent binding of patritumab to a
therapeutic linker containing deruxtecan (DX-8951, a
topoisomerase I inhibitor). This ADC efficiently prevents
DNA replication, which triggers apoptosis. Moreover,
U3-1402 may induce cellular damage and immune acti-
vation, thereby triggering antitumor immune responses
[113]. U3-1402 has demonstrated efficacy in late-stage,
heavily pretreated mBC [78]. In a phase 1/2 study, the
overall response rate (ORR) was 30.1% for hormone
receptor-positive (HR+)/HER2-negative BC (n=113),
22.6% for TNBC (n=53), and 42.9% for HER2-positive
disease (n=14). In the SOLTI-TOT HER3 window-of-
opportunity trial, a single dose of U3-1402 was evalu-
ated as neoadjuvant therapy in HR+/HER2-negative
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BC, wherein it demonstrated an ORR of 45%, increased
tumor cell activity, and cancer-infiltrating lymphocyte
scoring with no significant correlation between response
and pretreatment HER3 mRNA levels [114]. U3-1402
was assessed in 182 extensively pretreated patients with
HER3-expressing mBC in the U31402-A-J101 phase 1/2
trial, showing prolonged anti-cancer efficacy across all
BC subtypes.

Gianluca Sala et al. developed four ADC versions from
the anti-HER3 antibody EV20: (1) EV20-sap, conjugated
with the plant-derived toxin saporin, (2) EV20/MMAF,
(3) EV20-ss-v¢/MMAEF, conjugated with cleavable or
non-cleavable linkers and the cytotoxic drug auristatin F,
and (4) EV20/NMS-P945, conjugated with a connectable
cleavable linker and a small molecule DNA alkylating
agent (thieno indole NMS-P528). Among these, EV20/
MMAF demonstrated HER3-dependent cell-killing activ-
ity in HER2-positive mBC cell lines [115].

Antibody-derived molecules

Hu et al. produced tetraspecific antibodies, FL518 and
CRTB6, capable of recognizing EGFR, HER2, HER3,
and VEGFE. CRTB6 was prepared by fusing the variable
regions of cetuximab, trastuzumab, lumretuzumab, and
bevacizumab into a DVD-Ig-like antibody along with
FL518. The combination of duligotuzumab, which targets
HER3 and EGFR, and bH1-44, which targets HER2 and
VEGE, allowed the tetraspecific antibodies to more effec-
tively block the proliferation and signaling of mBC cells
than the bAbs [116].

TsAb2v2 and TsAb3vl1 are tetraspecific, tetravalent, Fc-
containing antibodies targeting EGFR, HER3, cMet, and
IgF1R, with binding arms derived from imgatuzumab
(anti-EGFR mAb), lumretuzumab (anti-HER3 mADb),
onartuzumab (anti-cMet mAb), and R1507 (anti-IgF1R
mAb). When compared to single monoclonal antibodies,
or bAbs, the antibodies show higher levels of mBC cell
apoptosis and growth inhibition while concurrently bind-
ing and inhibiting all targets [117].

Other anti-HER3 strategies for mBC therapy

Certain antisense oligonucleotides or microRNAs have
demonstrated potential efficacy against mBC by down-
regulating HER3 and preventing tumor cell proliferation.
In vitro and xenograft tumor models have shown that
EZN-3920, a HER3 antisense oligonucleotide, exhibits
anti-cancer efficacy either alone or in combination with
TKIs, including models of HER-targeted therapeutic
resistance [118]. Several microRNAs (miRNAs), such
as miR-125a, miR-125b, miR-205, and miR-450b-3p,
suppress HER3 expression by directly targeting the 3’
UTR of HER3 mRNA, inhibiting breast cancer (BC) cell
proliferation and showing potential for treating mBC
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[119-121]. HER3 siRNAs reduce tumor cell prolifera-
tion and sensitize cells to targeted HER therapy. HER3
aptamers, which are engineered single-stranded DNA
or RNA oligonucleotides, bind to HER3 and have been
used to target HER3-positive tumor cells [122]. Yu et al.
reported an antitumor effect in HER2-positive BC using
a 3-in-1 nucleic acid aptamer—siRNA chimera [123]. Shu
et al. have recently shown that carbon dots/HER3 siRNA,
alone or in combination with trastuzumab, can inhibit
the proliferation of HER2-positive BC cells [124]. HER3
aptamer—protamine—siRNA (targeting oncogenes or
CDKs) exerts anti-cancer effects in HER3-positive BC
models [125]. A30, an RNA aptamer that targets HER3-
ECD, suppresses BC cell proliferation by blocking NRG
signaling [126]. A30 has also been used to deliver a set of
cytotoxic siRNAs that can inhibit HER3+BC cell growth
[127].

In this domain, preclinical trials have been conducted
to evaluate a vaccine that encodes the full-length human
HER3 receptor (Ad-HER3 or Ad-HER3-FL) using an ade-
novirus. Ad-HER3 can efficiently stimulate anti-HER3
antibody production and T-cell responses against can-
cers. Even in individuals who have become resistant to
HER2-targeted therapy, these antibodies may be helpful
against mBC. Additionally, there are reports of increased
effectiveness when Ad-HER3-FL is used in combination
with PD-1/PD-L1 and CTLA4 dual-blockade therapy,
suggesting HER3 as a promising target for antitumor
vaccines [128, 129]. Furthermore, a preclinical study
found that the HER3 vaccine antibody and HER3 peptide
mimetic could inhibit cancer cell proliferation and recep-
tor phosphorylation and induce apoptosis and antibody-
dependent cytotoxicity [130].

Chimeric antigen receptor-regulated T lymphocytes
(CAR-T) can stimulate anti-cancer immunity. How-
ever, insufficient tumor specificity of the targeted anti-
gen often leads to immunotoxicity and off-target effects.
Endogenous ligands of tumor antigens may be more suit-
able than single-chain variable fragments as components
of chimeric antigen receptors, with high cancer-recogni-
tion potential and minimal immunogenicity [131, 132]. A
study has shown that CAR-T cells based on the extracel-
lular domain of HRG1p, a natural ligand of HER3/HER4,
can effectively inhibit HER family receptor—driven BC,
which may provide a new strategy to overcome tumor
resistance to HER2-targeted therapy [133].

Discussion

Despite the acceptable safety profiles of mAbs and bAbs
observed in clinical trials, their efficacy has been under-
whelming. Moreover, combination strategies with mAbs
and bAbs have been hindered by toxicity [134] or inad-
equate effectiveness [135], leading to the discontinuation
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of development efforts for several mAbs and bAbs. Con-
versely, HER3-targeted ADCs offer a novel approach to
cancer treatment and have the potential to be a unique,
effective therapeutic option for patients with metastatic
breast cancer by lowering drug resistance, enhancing
treatment efficacy, and minimizing systemic toxicity.

ADC:s are rapidly emerging as targeted drugs, although
they continue to face substantial obstacles. Improv-
ing ADC absorption by cancer cells is a critical issue in
developing ADCs. Furthermore, ADCs rely on high lev-
els of target antigen expression on cancer cell surfaces to
effectively internalize and release cytotoxic drugs. The
limited expression of target antigens on cancer cell sur-
faces restricts the effectiveness of ADCs. Consequently,
patients with limited antigen expression may benefit
from increased ADC uptake by cancer cells. Systemic
toxicity is another challenge that leads to ADC failure
in clinical trials. Toxicity is associated with multiple fac-
tors such as inadequate ADC internalization, nonspecific
binding of antibodies to Fc receptors [112], premature
cleavage and release of free drugs from the linker [136],
the bystander effect induced by the super-cytotoxic pay-
load in normal cells [137], and off-target toxicity due to
the low expression of target receptors in normal tissues
[138]. Furthermore, one issue that needs to be addressed
is resistance to ADC therapy.

Potential avenues for future ADC research include
the following strategies: (1) Exploring recombinant anti-
body approaches to enhance ADC internalization and
lysosomal trafficking: Studies related to the domains of
bAbs and bispecific affinity molecules to augment ADC
internalization and lysosomal trafficking are ongoing
[139]. As an alternative to antibodies, antibody recom-
binants, including lysosome-sorting or cell-penetrating
peptides, are being investigated [140]. (2) Study of novel
payload platforms, conjugation technologies, and link-
ing strategies to improve ADC efficacy while reducing
toxicity: Currently, advancements in this field are driven
by next-generation ADCs demonstrating enhanced effec-
tiveness, reduced toxicity, and diverse modes of action
[141]. Designing cleavable linkers and explicating their
release mechanisms could be a key focus in the future
[142]. The development of reliable and site-specific con-
jugation strategies is ongoing to ensure the production
of homogeneous ADCs with consistent quality [143].
(3) Improving ADC therapy through clinical and trans-
lational research, the possibility of combination therapy
to improve drug efficacy and decrease ADC resistance
has been considered [144]. (4) Studying the clinical bio-
markers will improve patient selection and help monitor
response signals to augment ADC efficacy [144].

An adenovirus-based vaccine known as Ad-HER3 or
Ad-HER3-FL, encoding the full-length human HER3
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receptor, has been developed and evaluated in preclini-
cal trials. It has been discovered that ad-HER3 effectively
stimulates T-cell responses against malignancies and gen-
erates antibodies against HER3. Even when mBC patients
exhibit resistance to HER2-targeted therapies, these anti-
bodies may be useful against the disease. Additionally,
reports of increased effectiveness when Ad-HER3-FL is
used alongside PD-1/PD-L1 and CTLA4 dual blockade
therapy suggest that HER3 could be a promising target
for antitumor vaccines [128, 129].

Conclusions

Overexpression of HER3 plays a crucial role in promot-
ing mBC and providing resistance to treatments targeting
HER receptors and chemotherapeutic agents. Although
HER3 was identified more than 30 years ago, no thera-
peutic interventions have reached clinical approval to
date. While mAbs and bAbs have shown some effective-
ness, their clinical benefits are limited, leading to the dis-
continuation of their development. The failure of these
antibody therapies may be due to the use of incorrect
antibody epitopes, pharmacokinetic problems, or a lack
of biomarkers. In addition, targeting ErbB3 in isolation
may not be sufficient to fully inhibit cancer cell signal-
ing. Therefore, combination therapy targeting ErbB3 and
other anti-ErbB receptors or growth factor receptors, as
well as hormonal therapy, chemotherapy, immunother-
apy, or radiotherapy, may enhance therapeutic effects.
ADCs exhibit potential in cancer treatment and offer a
promising therapeutic advantage for managing mBC.
Delivering therapeutics to ErbB3-expressing cancer cells
with anti-ErbB3 ADCs is a promising area for clinical
trials. Moreover, the expression of the receptor alone is
necessary but not sufficient for the response to ErbB3
therapies. Emerging data suggest that more sophisticated
biomarkers are needed. Therefore, to improve clinical
outcomes, prospective biomarker validation and HER3-
targeted drug studies are essential.

Abbreviations
ADC Antibody-drug conjugate

AKT Protein kinase B

bAb Bispecific antibody

BC Breast cancer

ECD Extracellular domain
EGF Epidermal growth factor
EGFR EGF receptor

FGFR2  Fibroblast growth factor receptor 2

HER Human epidermal growth factor receptor
HNSCC  Head and neck squamous cell carcinoma
HR+ Hormone receptor-positive

HRG Heregulin

IGF Insulin-like growth factor

I9G Immunoglobulin G

JAK Janus kinase

mAb Monoclonal antibody

MAPK Mitogen-activated protein kinase

mBC Metastatic BC

Page 11 of 15

MET Hepatocyte growth factor receptor
NRG Neuregulin

ORR Overall response rate

PI3K Phosphoinositide-3 kinase

RTK Receptor tyrosine kinase

SRC Oncogene c-Src

TKI Tyrosine kinase inhibitor

TNBC Triple-negative BC

Acknowledgements
Not applicable.

Author contributions

MYZ drafted, acquired, analyzed, and interpreted the data, designed the
work, and was the primary contributor to the writing of the manuscript. MHY
acquired, analyzed, interpreted the data, and performed the visualization. YM
analyzed and interpreted the data. JY designed the work. XRW reviewed the
manuscript. HHL reviewed and substantially revised the manuscript. YYYL
reviewed the manuscript. FMK reviewed and substantially revised the manu-
script. All authors read and approved the final manuscript.

Funding

This work is supported by the National Natural Science Foundation of China
(No. 81403220), Tianjin Health and family planning-high level talent selection
and training project, National key research and development (R&D) plan
(2018YFC1707400).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests.

The authors declare that they have no known competing financial interests
or personal relationships that could have appeared to influence the work
reported in this paper.

Received: 7 March 2024 Accepted: 27 June 2024
Published online: 17 July 2024

References

1. Kraus MH, Issing W, Miki T, Popescu NC, Aaronson SA. Isolation and
characterization of ERBB3, a third member of the ERBB/epider-
mal growth factor receptor family: evidence for overexpression
in a subset of human mammary tumors. Proc Natl Acad Sci U S A.
1989;86(23):9193-7.

2. De Bono JS, Rowinsky EK. The ErbB receptor family: a therapeutic target
for cancer. Trends Mol Med. 2002;8(4 Suppl):S19-26.

3. Prenzel N, Fischer OM, Streit S, Hart S, Ullrich A. The epidermal growth
factor receptor family as a central element for cellular signal transduc-
tion and diversification. Endocr Relat Cancer. 2001;8(1):11-31.

4. Yarden, Sliwkowski MX. Untangling the ErbB signalling network. Nat
Rev Mol Cell Biol. 2001;2(2):127-37.

5. YardenY, Pines G. The ERBB network: at last, cancer therapy meets
systems biology. Nat Rev Cancer. 2012;12(8):553-63.

6. Roskoski R Jr. The ErbB/HER family of protein-tyrosine kinases and can-
cer. Pharmacol Res. 2014;79:34-74. https://doi.org/10.1016/j.phrs.2013.
11.002.

7. HolbroT, Civenni G, Hynes NE. The ErbB receptors and their role in
cancer progression. Exp Cell Res. 2003;284(1):99-110.


https://doi.org/10.1016/j.phrs.2013.11.002
https://doi.org/10.1016/j.phrs.2013.11.002

Zhu et al. Journal of Translational Medicine

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2024) 22:665

Hynes NE, MacDonald G. ErbB receptors and signaling pathways in
cancer. Curr Opin Cell Biol. 2009;21(2):177-84.

Shih AJ, Telesco SE, Radhakrishnan R. Analysis of somatic mutations in
cancer: molecular mechanisms of activation in the ErbB family of recep-
tor tyrosine kinases. Cancers. 2011;3(1):1195-231.

Halder S, Basu S, Lall SP, Ganti AK, Batra SK, Seshacharyulu P. Targeting
the EGFR signaling pathway in cancer therapy: What's new in 2023?
Expert Opin Ther Targets. 2023;27:305-24.

Balz LM, Bartkowiak K, Andreas A, Pantel K, Niggemann B, Zanker

KS, et al. The interplay of HER2/HER3/PI3K and EGFR/HER2/PLC-y1
signalling in breast cancer cell migration and dissemination. J Pathol.
2012;227(2):234-44.

Zhou Q, Li G, Deng XY, He XB, Chen LJ, Wu C, et al. Activated human
hydroxy-carboxylic acid receptor-3 signals to MAP kinase cascades

via the PLC-dependent PKC and MMP-mediated EGFR pathways. Br J
Pharmacol. 2012;166(6):1756-73.

Fan QW, Cheng CK, Gustafson WC, Charron E, Zipper P, Wong RA, Weller
M, Jura N, Reifenberger G, Shokat KM, Weiss WA, et al. EGFR phospho-
rylates tumor-derived EGFRVIII driving STAT3/5 and progression in
glioblastoma. Cancer Cell. 2013;24(4):438-49.

Colomiere M, Ward AC, Riley C, Trenerry MK, Cameron-Smith D, Findlay
J,etal. Cross talk of signals between EGFR and IL-6R through JAK2/
STAT3 mediate epithelial-mesenchymal transition in ovarian carcino-
mas. BrJ Cancer. 2009;100(1):134-44.

Shigematsu H, Gazdar AF. Somatic mutations of epidermal growth
factor receptor signaling pathway in lung cancers. Int J Cancer.
2006;118(2):257-62.

Hynes NE, Schlange T. Targeting ADAMS and ERBBs in lung cancer.
Cancer Cell. 2006;10(1):7-11.

Sharma SV, Settleman J. ErbBs in lung cancer. Exp Cell Res.
2009;315(4):557-71.

Jorissen RN, Walker F, Pouliot N, Garrett TP, Ward CW, Burgess AW.
Epidermal growth factor receptor: mechanisms of activation and
signalling. Exp Cell Res. 2003;284(1):31-53.

Shih C, Padhy LC, Murray M, Weinberg RA. Transforming genes of carci-
nomas and neuroblastomas introduced into mouse fibroblasts. Nature.
1981,290(5803):261-4.

King CR, Kraus MH, Aaronson SA. Amplification of a novel
v-erbB-related gene in a human mammary carcinoma. Science.
1985;229(4717):974-6.

Shepard HM, Lewis GD, Sarup JC, Fendly BM, Maneval D, Mordenti J,

et al. Monoclonal antibody therapy of human cancer: taking the HER2
protooncogene to the clinic. J Clin Immunol. 1991;11(3):117-27.

Linggi B, Carpenter G. ErbB receptors: new insights on mechanisms and
biology. Trends Cell Biol. 2006;16(12):649-56.

Kakar S, Puangsuvan N, Stevens JM, Serenas R, Mangan G, Sahai S, et al.
HER-2/neu assessment in breast cancer by immunohistochemistry and
fluorescence in situ hybridization: comparison of results and correlation
with survival. Mol Diagn. 2000;5(3):199-207.

Bose R, Kavuri SM, Searleman AC, Shen W, Shen D, Koboldt DC, et al.
Activating HER2 mutations in HER2 gene amplification negative breast
cancer. Cancer Discov. 2013;3(2):224-37.

Mazieres J, Peters S, Lepage B, Cortot AB, Barlesi F, Beau-Faller M, et al.
Lung cancer that harbors an HER2 mutation: epidemiologic characteris-
tics and therapeutic perspectives. J Clin Oncol. 2013;31(16):1997-2003.
Wang SE, Narasanna A, Perez-Torres M, Xiang B, Wu FY, Yang S, et al.
HER2 kinase domain mutation results in constitutive phosphorylation
and activation of HER2 and EGFR and resistance to EGFR tyrosine kinase
inhibitors. Cancer Cell. 2006;10(1):25-38.

Zabransky DJ, Yankaskas CL, Cochran RL, Wong HY, Croessmann

S, Chu D, et al. HER2 missense mutations have distinct effects

on oncogenic signaling and migration. Proc Natl Acad Sci U S A.
2015;112(45):E6205-14.

AACR Project GENIE Consortium. AACR project GENIE: powering preci-
sion medicine through an international consortium. Cancer Discov.
2017,7(8):818-31.

Yu DH, Tang L, Dong H, Dong Z, Zhang L, Fu J, et al. Oncogenic HER2
fusions in gastric cancer. J Transl Med. 2015;11(13):116.

Motoyama AB, Hynes NE, Lane HA. The efficacy of ErbB receptor-
targeted anticancer therapeutics is influenced by the availability of epi-
dermal growth factor-related peptides. Cancer Res. 2002;62(11):3151-8.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 12 of 15

Engelman JA, Janne PA, Mermel C, Pearlberg J, Mukohara T, Fleet C,
et al. ErbB-3 mediates phosphoinositide 3-kinase activity in gefitinib-
sensitive non-small cell lung cancer cell lines. Proc Natl Acad Sci U S
A. 2005;102(10):3788-93.

Holbro T, Beerli RR, Maurer F, Koziczak M, Barbas CF 3rd, Hynes NE.
The ErbB2/ErbB3 heterodimer functions as an oncogenic unit: ErbB2
requires ErbB3 to drive breast tumor cell proliferation. Proc Natl Acad
Sci U S A.2003;100(15):8933-8.

Fujimoto N, Wislez M, Zhang J, Iwanaga K, Dackor J, Hanna AE,

et al. High expression of ErbB family members and their ligands in
lung adenocarcinomas that are sensitive to inhibition of epidermal
growth factor receptor. Cancer Res. 2005;65(24):11478-85.

Sundvall M, lljin K, Kilpinen S, Sara H, Kallioniemi OP, Elenius K.

Role of ErbB4 in breast cancer. J Mammary Gland Biol Neoplasia.
2008;13(2):259-68.

Junttila TT, Sundvall M, Maatta JA, Elenius K. Erbb4 and its isoforms:
selective regulation of growth factor responses by naturally occur-
ring receptor variants. Trends Cardiovasc Med. 2000;10(7):304-10.
Ocana A, Vera-Badillo F, Seruga B, Templeton A, Pandiella A, Amir E.
HER3 overexpression and survival in solid tumors: a meta-analysis. J
Natl Cancer Inst. 2013;105(4):266-73.

Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal

A, et al. Global Cancer Statistics 2020: GLOBOCAN estimates of inci-
dence and mortality worldwide for 36 cancers in 185 countries. CA
Cancer J Clin. 2021;71(3):209-49.

Liang Y, Zhang H, Song X, Yang Q. Metastatic heterogeneity of breast
cancer: molecular mechanism and potential therapeutic targets.
Semin Cancer Biol. 2020;60:14-27.

Da Silva L, Simpson PT, Smart CE, Cocciardi S, Waddell N, Lane A,

et al. HER3 and downstream pathways are involved in coloniza-

tion of brain metastases from breast cancer. Breast Cancer Res.
2010;12(4):R46.

Scharpenseel H, Hanssen A, Loges S, Mohme M, Bernreuther C,

Peine S, et al. EGFR and HER3 expression in circulating tumor cells
and tumor tissue from non-small cell lung cancer patients. Sci Rep.
2019;9(1):7406.

Zhang K, Sun J, Liu N, Wen D, Chang D, Thomason A, et al. Transforma-
tion of NIH 3T3 cells by HER3 or HER4 receptors requires the presence
of HERT or HER2. J Biol Chem. 1996;271(7):3884-90.

Tzahar E, Waterman H, Chen X, Levkowitz G, Karunagaran D, Lavi S, et al.
A hierarchical network of interreceptor interactions determines signal
transduction by Neu differentiation factor/neuregulin and epidermal
growth factor. Mol Cell Biol. 1996;16(10):5276-87.

Pinkas-Kramarski R, Soussan L, Waterman H, Levkowitz G, Alroy |, Klap-
per L, et al. Diversification of Neu differentiation factor and epidermal
growth factor signaling by combinatorial receptor interactions. EMBO J.
1996;15(10):2452-67.

Vaught DB, Stanford JC, Young C, Hicks DJ, Wheeler F, Rinehart C, et al.
HER3 is required for HER2-induced preneoplastic changes to the breast
epithelium and tumor formation. Cancer Res. 2012;72(10):2672-82.
Mishra R, Alanazi S, Yuan L, Solomon T, Thaker TM, Jura N, et al. Activat-
ing HER3 mutations in breast cancer. Oncotarget. 2018,9(45):27773-88.
Coté D, Eustace A, Toomey S, Cremona M, Milewska M, Furney S, et al.
Germline single nucleotide polymorphisms in ERBB3 and BARD1 genes
result in a worse relapse free survival response for HER2-positive breast
cancer patients treated with adjuvant based docetaxel, carboplatin and
trastuzumab (TCH). PLoS ONE. 2018;13(8):e0200996.

Yan Q, Guo K, Feng G, Shan F, Sun L, Zhang K, et al. Association between
the overexpression of Her3 and clinical pathology and prognosis of
colorectal cancer: A meta-analysis. Medicine. 2018;97(37):e12317.
Plowman GD, Whitney GS, Neubauer MG, Green JM, McDonald VL,
Todaro GJ, et al. Molecular cloning and expression of an additional
epidermal growth factor receptor-related gene. Proc Natl Acad SciU S
A. 1990;87(13):4905-9.

Koutras AK, Fountzilas G, Kalogeras KT, Starakis |, lconomou G, Kalo-
fonos HP. The upgraded role of HER3 and HER4 receptors in breast
cancer. Crit Rev Oncol Hematol. 2010;74(2):73-8.

Burgess AW, Cho HS, Eigenbrot C, Ferguson KM, Garrett TP, Leahy DJ,

et al. An open-and-shut case? Recent insights into the activation of
EGF/ErbB receptors. Mol Cell. 2003;12(3):541-52.



Zhu et al. Journal of Translational Medicine

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

(2024) 22:665

Sanchez-Martin M, Pandiella A. Differential action of small molecule
HER kinase inhibitors on receptor heterodimerization: therapeutic
implications. Int J Cancer. 2012;131(1):244-52.

Engelman JA, Zejnullahu K, Mitsudomi T, Song Y, Hyland C, Park JO,

et al. MET amplification leads to gefitinib resistance in lung cancer by
activating ERBB3 signaling. Science. 2007;316(5827):1039-43.

Kunii K, Davis L, Gorenstein J, Hatch H, Yashiro M, Di Bacco A, et al.
FGFR2-amplified gastric cancer cell lines require FGFR2 and Erbb3
signaling for growth and survival. Cancer Res. 2008;68(7):2340-8.

Jura N, ShanY, Cao X, Shaw DE, Kuriyan J. Structural analysis of the
catalytically inactive kinase domain of the human EGF receptor 3. Proc
Natl Acad Sci U S A. 2009;106(51):21608-13.

Gala K, Chandarlapaty S. Molecular pathways: HER3 targeted therapy.
Clin Cancer Res. 2014;20(6):1410-6.

Huang X, Gao L, Wang S, McManaman JL, Thor AD, Yang X, et al.
Heterotrimerization of the growth factor receptors erbB2, erbB3, and
insulin-like growth factor-i receptor in breast cancer cells resistant to
herceptin. Cancer Res. 2010;70(3):1204-14.

Erjala K, Sundvall M, Junttila TT, Zhang N, Savisalo M, Mali P, et al.
Signaling via ErbB2 and ErbB3 associates with resistance and epidermal
growth factor receptor (EGFR) amplification with sensitivity to EGFR
inhibitor gefitinib in head and neck squamous cell carcinoma cells. Clin
Cancer Res. 2006;12(13):4103-11.

Sergina NV, Rausch M, Wang D, Blair J, Hann B, Shokat KM, et al. Escape
from HER-family tyrosine kinase inhibitor therapy by the kinase-inactive
HER3. Nature. 2007;445(7126):437-41.

Garrett JT, Olivares MG, Rinehart C, Granja-Ingram ND, Sénchez V,
Chakrabarty A, et al. Transcriptional and posttranslational up-regulation
of HER3 (ErbB3) compensates for inhibition of the HER2 tyrosine kinase.
Proc Natl Acad Sci U S A. 2011;108(12):5021-6.

Xia W, Petricoin EF 3rd, Zhao S, Liu L, Osada T, Cheng Q, et al. An
heregulin-EGFR-HER3 autocrine signaling axis can mediate acquired
lapatinib resistance in HER2+ breast cancer models. Breast Cancer Res.
2013;15(5):R85.

Claus J, Patel G, Autore F, Colomba A, Weitsman G, Soliman TN, et al.
Inhibitor-induced HER2-HER3 heterodimerisation promotes prolifera-
tion through a novel dimer interface. Elife. 2018;1(7):e32271.

Tao JJ, Castel P Radosevic-Robin N, Elkabets M, Auricchio N, Aceto N,

et al. Antagonism of EGFR and HER3 enhances the response to inhibi-
tors of the PI3K-Akt pathway in triple-negative breast cancer. Sci Signal.
2014;7(318):ra29.

Yonesaka K, Hirotani K, Kawakami H, Takeda M, Kaneda H, Sakai K, et al.
Anti-HER3 monoclonal antibody patritumab sensitizes refractory non-
small cell lung cancer to the epidermal growth factor receptor inhibitor
erlotinib. Oncogene. 2016;35(7):878-86.

Chandarlapaty S, Sakr RA, Giri D, Patil S, Heguy A, Morrow M, et al. Fre-
quent mutational activation of the PI3K-AKT pathway in trastuzumab-
resistant breast cancer. Clin Cancer Res. 2012;18(24):6784-91.
Lee-Hoeflich ST, Crocker L, Yao E, Pham T, Munroe X, Hoeflich KP, et al. A
central role for HER3 in HER2-amplified breast cancer: implications for
targeted therapy. Cancer Res. 2008;68(14):5878-87.

Frogne T, Benjaminsen RV, Sonne-Hansen K, Sorensen BS, Nexo E,
Laenkholm AV, et al. Activation of ErbB3, EGFR and Erk is essential for
growth of human breast cancer cell lines with acquired resistance to
fulvestrant. Breast Cancer Res Treat. 2009;114(2):263-75.

Wang S, Huang X, Lee CK, Liu B. Elevated expression of erbB3 confers
paclitaxel resistance in erbB2-overexpressing breast cancer cells via
upregulation of Survivin. Oncogene. 2010;29(29):4225-36.

Jacob W, James |, Hasmann M, Weisser M. Clinical development of
HER3-targeting monoclonal antibodies: Perils and progress. Cancer
Treat Rev. 2018;68:111-23.

Mirschberger C, Schiller CB, Schraml M, Dimoudis N, Friess T, Gerdes
CA, et al. RG7116, a therapeutic antibody that binds the inactive HER3
receptor and is optimized for immune effector activation. Cancer Res.
2013;73(16):5183-94.

Collins D, Jacob W, Cejalvo JM, Ceppi M, James |, Hasmann M, et al.
Direct estrogen receptor (ER) / HER family crosstalk mediating sensitiv-
ity to lumretuzumab and pertuzumab in ER+ breast cancer. PLoS ONE.
2017;12(5).e0177331.

Denlinger CS, Keedy VL, Moyo V, MacBeath G, Shapiro Gl. Phase 1 dose
escalation study of seribantumab (MM-121), an anti-HER3 monoclonal

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Page 13 of 15

antibody, in patients with advanced solid tumors. Invest New Drugs.
2021,;39(6):1604-12.

Wang S, Huang J, Lyu H, Cai B, Yang X, Li F, et al. Therapeutic targeting
of erbB3 with MM-121/SAR256212 enhances antitumor activity of
paclitaxel against erbB2-overexpressing breast cancer. Breast Cancer
Res. 2013;15(5):R101.

Higgins MJ, Doyle C, Paepke S, Azaro A, Martin M, Semiglazov 'V, et al. A
randomized, double-blind phase Il trial of exemestane plus MM-121 (a
monoclonal antibody targeting ErbB3) or placebo in postmenopausal
women with locally advanced or metastatic ER+/PR+, HER2-negative
breast cancer. Am Soc Clin Oncol. 2014. https://doi.org/10.1200/jco.
2014.32.15_suppl.587.

Capelan M, Pugliano L, De Azambuja E, Bozovic |, Saini KS, Sotiriou C,
et al. Pertuzumab: new hope for patients with HER2-positive breast
cancer. Ann Oncol. 2013;24(2):273-82.

Saeki T, Mukai H, Aogi K, Shigekawa T, Ueda S, Naito Y, et al. Phase |
study of HER3 targeted antibody patritumab in combination with
trastuzumab and paclitaxel in patients with HER2-overexpressing meta-
static breast cancer (MBC). Am Soc Clin Oncol. 2015. https://doi.org/10.
1200/jc0.2015.33.15_suppl.584.

Garner AP, Bialucha CU, Sprague ER, Garrett JT, Sheng Q, Li S, Sineshche-
kova O, et al. An antibody that locks HER3 in the inactive conforma-
tion inhibits tumor growth driven by HER2 or neuregulin. Cancer Res.
2013;73(19):6024-35.

Garrett JT, Sutton CR, Kurupi R, Bialucha CU, Ettenberg SA, Collins SD,
et al. Combination of antibody that inhibits ligand-independent HER3
dimerization and a p110a inhibitor potently blocks PI3K signaling and
growth of HER2+ breast cancers. Cancer Res. 2013;73(19):6013-23.
Jhaveri K, Drago JZ, Shah PD, Wang R, Pareja F, Ratzon F, et al. A phase

| study of alpelisib in combination with trastuzumab and LIM716 in
patients with PIK3CA-mutated HER2-positive metastatic breast cancer.
Clin Cancer Res. 2021;27(14):3867-75.

Hong M, Yoo Y, Kim M, Kim JY, Cha JS, Choi MK et al. A novel thera-
peutic Anti-Erb B3, ISU104 exhibits potent antitumorigenic activity by
inhibiting ligand binding and ErbB3 heterodimerization. Mol Cancer
Ther. 2021;20(6):1142-52.

Xiao Z, Carrasco RA, Schifferli K, Kinneer K, Tammali R, Chen H, et al. A
potent HER3 monoclonal antibody that blocks both ligand-dependent
and -independent activities: differential impacts of PTEN status on
tumor response. Mol Cancer Ther. 2016;15(4):689-701.

Vincent S, Fleet C, Bottega S, McIntosh D, Winston W, Chen T, et al.
AV-203, a humanized ERBB3 inhibitory antibody inhibits ligand-
dependent and ligand-independent ERBB3 signaling in vitro and

in vivo. Cancer Res. 2012;72:2509-2509.

Sarantopoulos J, Gordon MS, Harvey RD, Sankhala KK, Malik L, Mahal-
ingam D, et al. First-in-human phase 1 dose-escalation study of AV-203,
a monoclonal antibody against ERBB3, in patients with metastatic or
advanced solid tumors. Am Soc Clin Oncol. 2014. https://doi.org/10.
1200/jc0.2014.32.15_suppl.11113.

Zhang L, Castanaro C, Luan B, Yang K, Fan L, Fairhurst JL, et al. ERBB3/
HER2 signaling promotes resistance to EGFR blockade in head and neck
and colorectal cancer models. Mol Cancer Ther. 2014;13(5):1345-55.
Papadopoulos KP, Adjei AA, Rasco DW, Liu L, Kao RJ, Brownstein CM,

et al. Phase 1 study of REGN1400 (anti-ErbB3) combined with erlotinib
or cetuximab in patients (pts) with advanced non-small cell lung can-
cer (NSCLC), colorectal cancer (CRC), or head and neck cancer (SCCHN).
Am Soc Clin Oncol. 2014. https://doi.org/10.1200/jc0.2014.32.15_suppl.
2516.

Jathal MK, Chen L, Mudryj M, Ghosh PM. Targeting ErbB3: the New
RTK(id) on the prostate cancer block. Immunol Endocr Metab Agents
Med Chem. 2011;11(2):131-49.

Hassani D, Jeddi-Tehrani M, Yousefi P, Mansouri-Fard S, Mobini M,
Ahmadi-Zare H, et al. Differential tumor inhibitory effects induced by
HER3 extracellular subdomain-specific mouse monoclonal antibodies.
Cancer Chemother Pharmacol. 2022;89(3):347-61.

Orlova A, Bass TZ, Rinne SS, Leitao CD, Rosestedt M, Atterby C, et al.
Evaluation of the therapeutic potential of a HER3-binding affibody
construct TAM-HER3 in comparison with a monoclonal antibody. Serib-
antumab Mol Pharm. 2018;15(8):3394-403.


https://doi.org/10.1200/jco.2014.32.15_suppl.587
https://doi.org/10.1200/jco.2014.32.15_suppl.587
https://doi.org/10.1200/jco.2015.33.15_suppl.584
https://doi.org/10.1200/jco.2015.33.15_suppl.584
https://doi.org/10.1200/jco.2014.32.15_suppl.11113
https://doi.org/10.1200/jco.2014.32.15_suppl.11113
https://doi.org/10.1200/jco.2014.32.15_suppl.2516
https://doi.org/10.1200/jco.2014.32.15_suppl.2516

Zhu et al. Journal of Translational Medicine

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

102.

(2024) 22:665

Rajkumar T, Gullick WJ. A monoclonal antibody to the human c-erbB3
protein stimulates the anchorage-independent growth of breast can-
cer cell lines. BrJ Cancer. 1994;70(3):459-65.

Blackburn E, Zona S, Murphy ML, Brown IR, Chan SK, Gullick WJ. A
monoclonal antibody to the human HER3 receptor inhibits Neuregu-
lin 1-beta binding and co-operates with Herceptin in inhibiting the
growth of breast cancer derived cell lines. Breast Cancer Res Treat.
2012;134(1):53-9.

Leung WY, Roxanis I, Sheldon H, Buffa FM, Li JL, Harris AL, et al. Combin-
ing lapatinib and pertuzumab to overcome lapatinib resistance due to

NRG1-mediated signalling in HER2-amplified breast cancer. Oncotarget.

2015,6(8):5678-94.

Okita K, Okazaki S, Uejima S, Yamada E, Kaminaka H, Kondo M, et al.
Novel functional anti-HER3 monoclonal antibodies with potent
anti-cancer effects on various human epithelial cancers. Oncotarget.
2020;11(1):31-45.

Turowec JP, Lau EWT, Wang X, Brown KR, Fellouse FA, Jawanda KK, et al.
Functional genomic characterization of a synthetic anti-HER3 antibody
reveals a role for ubiquitination by RNF41 in the anti-proliferative
response. J Biol Chem. 2019,294(4):1396-409.

Setiady YY, Skaletskaya A, Coccia J, Moreland J, Carrigan C, Rui L, et al.
huHER3-8, a novel humanized anti-HER3 antibody that inhibits exo-
geneous ligand-independent proliferation of tumor cells. Cancer Res.
2011;71:4564-4564.

Schram AM, Odintsov |, Espinosa-Cotton M, Khodos |, Sisso WJ, Mattar
MS, et al. Zenocutuzumab, a HER2xHER3 bispecific antibody, is effec-
tive therapy for tumors driven by NRG1 gene rearrangements. Cancer
Discov. 2022;12(5):1233-47.

Hamilton EP, Petit T, Pistilli B, Goncalves A, Ferreira AA, Dalenc F, et al.
Clinical activity of MCLA-128 (zenocutuzumab), trastuzumab, and
vinorelbine in HER2 amplified metastatic breast cancer (MBC) patients
(pts) who had progressed on anti-HER2 ADCs. Am Soc Clin Oncol. 2020.
https://doi.org/10.1200/JC0O.2020.38.15_suppl.309.

Zhang B, Lahdenranta J, Du J, Kirouac D, Nguyen S, Overland R, et al.
MM-111, a bispecific HER2 and HER3 antibody, synergistically combines
with trastuzumab and paclitaxel in preclinical models of gastric cancer.
Cancer Res. 2013;73:4633-4633.

Higgins MJ, Gabrail NY, Miller K, Agresta SV, Sharma S, McDonagh C,

et al. A phase I/Il study of MM-111, a novel bispecific antibody that
targets the ErB2/ErB3 heterodimer, in combination with trastuzumab
in advanced refractory HER2-positive breast cancer. J Clin Oncol.
2011;29:TPS119.

Kundranda M, Gracian AC, Zafar SF, Meiri E, Bendell J, Algul H, et al.
Randomized, double-blind, placebo-controlled phase Il study of
istiratumab (MM-141) plus nab-paclitaxel and gemcitabine versus nab-
paclitaxel and gemcitabine in front-line metastatic pancreatic cancer
(CARRIE). Ann Oncol. 2020;31(1):79-87.

Crocker LM, Fields C, Shao L, Sliwkowski MX, Phillips GDL, Schaefer G,
et al. The dual action antibody MEHD7945A targeting EGFR and HER3
enhances chemotherapy induced cytotoxicity in vitro and in vivo.
Cancer Res. 2012;72:1212-1212.

Schaefer G, Haber L, Crocker LM, Shia S, Shao L, Dowbenko D, et al.

A two-in-one antibody against HER3 and EGFR has superior inhibi-
tory activity compared with monospecific antibodies. Cancer Cell.
2011,;20(4):472-86.

Lieu CH, Hidalgo M, Berlin JD, Ko AH, Cervantes A, LoRusso P, et al. A
phase Ib dose-escalation study of the safety, tolerability, and pharma-
cokinetics of cobimetinib and duligotuzumab in patients with previ-
ously treated locally advanced or metastatic cancers with mutant KRAS.
Oncologist. 2017;22(9):1024-e89.

Juric D, Dienstmann R, Cervantes A, Hidalgo M, Messersmith W, Blu-
menschein GR Jr, et al. Safety and pharmacokinetics/pharmacodynam-
ics of the first-in-class dual action HER3/EGFR antibody MEHD7945A

in locally advanced or metastatic epithelial tumors. Clin Cancer Res.
2015;21(11):2462-70.

Jimeno A, Machiels JP, Wirth L, Specenier P, Seiwert TY, Mardjuadi F, et al.

Phase Ib study of duligotuzumab (MEHD7945A) plus cisplatin/5-fluo-
rouracil or carboplatin/paclitaxel for first-line treatment of recurrent/
metastatic squamous cell carcinoma of the head and neck. Cancer.
2016;122(24):3803-11.

104.

105.

106.

107.

108.

109.

110.

111,

113.

114.

115.

117.

118.

119.

121.

Page 14 of 15

Hill AG, Findlay MP, Burge ME, Jackson C, Alfonso PG, Samuel L,

et al. Phase Il study of the dual EGFR/HER3 inhibitor duligotuzumab
(MEHD7945A) versus cetuximab in combination with FOLFIRI in
second-line RAS wild-type metastatic colorectal cancer. Clin Cancer Res.
2018,24(10):2276-84.

Fayette J, Wirth L, Oprean C, Udrea A, Jimeno A, Rischin D, et al. Rand-
omized phase Il study of duligotuzumab (MEHD7945A) vs. cetuximab
in squamous cell carcinoma of the head and neck (MEHGAN study).
Front Oncol. 2016;6:232.

Huang S, Li C, Armstrong EA, Peet CR, Saker J, Amler LC, et al. Dual tar-
geting of EGFR and HER3 with MEHD7945A overcomes acquired resist-
ance to EGFR inhibitors and radiation. Cancer Res. 2013;73(2):824-33.
https://doi.org/10.1158/0008-5472.CAN-12-1611.

De Pauw |, Wouters A, Van den Bossche J, Deschoolmeester V, Baysal

H, Pauwels P, et al. Dual targeting of epidermal growth factor receptor
and HER3 by MEHD7945A as monotherapy or in combination with
cisplatin partially overcomes cetuximab resistance in head and neck
squamous cell carcinoma cell lines. Cancer Biother Radiopharm.
2017,32(7):229-38.

Kang JC, Poovassery JS, Bansal P, You S, Manjarres IM, Ober RJ, et al.
Engineering multivalent antibodies to target heregulin-induced HER3
signaling in breast cancer cells. MAbs. 2014;6(2):340-53. https://doi.org/
104161/mabs.27658.

Gandullo-Sanchez L, Ocana A, Pandiella A. Generation of antibody-drug
conjugate resistant models. Cancers. 2021;13(18):4631.

Jin'Y, Schladetsch MA, Huang X, Balunas MJ, Wiemer AJ. Stepping
forward in antibody-drug conjugate development. Pharmacol Ther.
2022;229:107917.

Chari RV, Miller ML, Widdison WC. Antibody-drug conjugates: an
emerging concept in cancer therapy. Angew Chem Int Ed Engl.
2014;53(15):3796-827.

Drago JZ, Modi S, Chandarlapaty S. Unlocking the potential of
antibody-drug conjugates for cancer therapy. Nat Rev Clin Oncol.
2021;18(6):327-44.

Hashimoto Y, Koyama K, Kamai Y, Hirotani K, Ogitani Y, Zembutsu A,

et al. A novel HER3-targeting antibody-drug conjugate, U3-1402, exhib-
its potent therapeutic efficacy through the delivery of cytotoxic pay-
load by efficient internalization. Clin Cancer Res. 2019;25(23):7151-61.
Prat A, Falato C, Brunet LR, Saez OM, Andujar JC, Vila MM, et al. LBA3
Patritumab deruxtecan (HER3-DXd) in early-stage HR+/HER2-breast
cancer: final results of the SOLTI TOT-HER3 window of opportunity trial.
Ann Oncol. 2022;33:5164.

Gandullo-Sénchez L, Capone E, Ocafa A, lacobelli S, Sala G, Pandiella A.
HER3 targeting with an antibody-drug conjugate bypasses resistance
to anti-HER2 therapies. EMBO Mol Med. 2020;12(5):e11498.

Hu S, FuW, Xu W, Yang Y, Cruz M, Berezov SD, et al. Four-in-one antibod-
ies have superior cancer inhibitory activity against EGFR, HER2, HER3,
and VEGF through disruption of HER/MET crosstalk. Cancer Res. 2015
Jan 1; 75(1): 159-70. https://doi.org/10.1158/0008-5472.CAN-14-1670.
Epub 2014 Nov 4. Erratum in: Cancer Res. 2019 Jul 1; 79(13): 3525.
Castoldi R, Schanzer J, Panke C, Jucknischke U, Neubert NJ, Croasdale

R, et al. TetraMabs: simultaneous targeting of four oncogenic receptor
tyrosine kinases for tumor growth inhibition in heterogeneous tumor
cell populations. Protein Eng Des Sel. 2016,29(10):467-75.

WuY, Zhang Y, Wang M, Li Q, Qu Z, ShiV, et al. Downregulation of

HER3 by a novel antisense oligonucleotide, EZN-3920, improves the
antitumor activity of EGFR and HER2 tyrosine kinase inhibitors in animal
models. Mol Cancer Ther. 2013;12(4):427-37.

Zhao Z, LiR, Sha S, Wang Q, Mao W, Liu T. Targeting HER3 with miR-
450b-3p suppresses breast cancer cells proliferation. Cancer Biol Ther.
2014;15(10):1404-12.

lorio MV, Casalini P, Piovan C, Di Leva G, Merlo A, Triulzi T, et al.
microRNA-205 regulates HER3 in human breast cancer. Cancer Res.
2009;69(6):2195-200.

Scott GK, Goga A, Bhaumik D, Berger CE, Sullivan CS, Benz CC. Coordi-
nate suppression of ERBB2 and ERBB3 by enforced expression of micro-
RNA miR-125a or miR-125b. J Biol Chem. 2007;282(2):1479-86.

Yuan HH, Yang YN, Zhou JH, Li YJ, Wang LY, Qin JW, et al. siRNA-medi-
ated inactivation of HER3 improves the antitumour activity and sensitiv-
ity of gefitinib in gastric cancer cells. Oncotarget. 2017;8(32):52584-93.


https://doi.org/10.1200/JCO.2020.38.15_suppl.309
https://doi.org/10.1158/0008-5472.CAN-12-1611
https://doi.org/10.4161/mabs.27658
https://doi.org/10.4161/mabs.27658
https://doi.org/10.1158/0008-5472.CAN-14-1670

Zhu et al. Journal of Translational Medicine

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

141.

142.

(2024) 22:665

Yu X, Ghamande S, Liu H, Xue L, Zhao S, Tan W, et al. Targeting EGFR/
HER2/HER3 with a three-in-one aptamer-siRNA chimera confers
superior activity against HER2+ breast cancer. Mol Ther Nucleic Acids.
2018;2(10):317-30.

Shu M, Gao F, Yu C, Zeng M, He G, Wu Y, et al. Dual-targeted therapy in
HER2-positive breast cancer cells with the combination of carbon dots/
HER3 siRNA and trastuzumab. Nanotechnology. 2020;31(33):335102.
Xu X, LiL, Li X, Tao D, Zhang P, Gong J. Aptamer-protamine-siRNA
nanoparticles in targeted therapy of ErbB3 positive breast cancer cells.
IntJ Pharm. 2020;30(590):119963.

Chen CH, Chernis GA, Hoang VQ, Landgraf R. Inhibition of heregulin
signaling by an aptamer that preferentially binds to the oligomeric
form of human epidermal growth factor receptor-3. Proc Natl Acad Sci
U S A.2003;100(16):9226-31.

Nachreiner |, Hussain AF, Wullner U, Machuy N, Meyer TF, Fischer R, et al.
Elimination of HER3-expressing breast cancer cells using aptamer-
siRNA chimeras. Exp Ther Med. 2019;18(4):2401-12.

Osada T, Hartman ZC, Wei J, Lei G, Hobeika AC, Gwin WR, et al. Poly-
functional anti-human epidermal growth factor receptor 3 (anti-HER3)
antibodies induced by HER3 vaccines have multiple mechanisms of
antitumor activity against therapy resistant and triple negative breast
cancers. Breast Cancer Res. 2018;20(1):90.

Osada T, Morse MA, Hobeika A, Diniz MA, Gwin WR, Hartman Z, et al.
Vaccination targeting human HER3 alters the phenotype of infiltrating
T cells and responses to immune checkpoint inhibition. Oncoimmunol-
0gy. 2017;6(6):21315495.

Miller MJ, Foy KC, Overholser JP, Nahta R, Kaumaya PT. HER-3 peptide
vaccines/mimics: Combined therapy with IGF-1R, HER-2, and HER-1
peptides induces synergistic antitumor effects against breast and
pancreatic cancer cells. Oncoimmunology. 2014;3(11):e956012.
Bachireddy P, Burkhardt UE, Rajasagi M, Wu CJ. Haematological malig-
nancies: at the forefront of immunotherapeutic innovation. Nat Rev
Cancer. 2015;15(4):2201-15.

Kudo K, Imai C, Lorenzini P, Kamiya T, Kono K, Davidoff AM, et al. T
lymphocytes expressing a CD16 signaling receptor exert antibody-
dependent cancer cell killing. Cancer Res. 2014;74(1):93-103.

Zuo BL, Yan B, Zheng GX, Xi WJ, Zhang X, Yang AG, et al. Targeting and
suppression of HER3-positive breast cancer by T lymphocytes express-
ing a heregulin chimeric antigen receptor. Cancer Immunol Immu-
nother. 2018;67(3):393-401.

Schneeweiss A, Park-Simon TW, Albanell J, Lassen U, Cortés J, Dieras V,
et al. Phase Ib study evaluating safety and clinical activity of the anti-
HER3 antibody lumretuzumab combined with the anti-HER2 antibody
pertuzumab and paclitaxel in HER3-positive, HER2-low metastatic
breast cancer. Invest New Drugs. 2018;36(5):848-59.

Cejalvo JM, Jacob W, Fleitas Kanonnikoff T, Felip E, Navarro Mendivil A,
Martinez Garcia M, et al. A phase Ib/Il study of HER3-targeting lumretu-
zumab in combination with carboplatin and paclitaxel as first-line treat-
ment in patients with advanced or metastatic squamous non-small cell
lung cancer. ESMO Open. 2019;4(4):e000532.

Agatsuma T. Development of New ADC technology with topoisomer-
ase | inhibitor. Yakugaku Zasshi. 2017;137(5):545-50.

Staudacher AH, Brown MP. Antibody drug conjugates and bystander
killing: is antigen-dependent internalisation required? Br J Cancer.
2017;117(12):1736-42.

Ashman N, Bargh JD, Spring DR. Non-internalising antibody-drug
conjugates. Chem Soc Rev. 2022;51(22):9182-202.

Hosseini SS, Khalili S, Baradaran B, Bidar N, Shahbazi MA, Mosafer J,

et al. Bispecific monoclonal antibodies for targeted immunotherapy of
solid tumors: Recent advances and clinical trials. Int J Biol Macromol.
2021;15(167):1030-47.

HanY, DaY,Yu M, Cheng Y, Wang X, Xiong J, et al. Protein labeling
approach to improve lysosomal targeting and efficacy of antibody-
drug conjugates. Org Biomol Chem. 2020;18(17):3229-33.

Singh SK; Luisi DL, Pak RH. Antibody-drug conjugates: design, formula-
tion and physicochemical stability. Pharm Res. 2015;32(11):3541-71.
Leung D, Wurst JM, Liu T, Martinez RM, Datta-Mannan A, Feng Y. Anti-
body conjugates-recent advances and future innovations. Antibodies.
2020,9(1):2.

143.

144,

145.

147.

148.

149.

150.

Page 15 of 15

Yamada K, Ito Y. Recent chemical approaches for site-specific con-
jugation of native antibodies: technologies toward next-generation
antibody-drug conjugates. ChemBioChem. 2019;20(21):2729-37.

Coats S, Williams M, Kebble B, Dixit R, Tseng L, Yao NS, et al. Antibody-
drug conjugates: future directions in clinical and translational strategies
to improve the therapeutic index. Clin Cancer Res. 2019;25(18):5441-8.
Zhang S, Huang WC, Li P, Guo H, Poh SB, Brady SW, et al. Combating
trastuzumab resistance by targeting SRC, a common node downstream
of multiple resistance pathways. Nat Med. 2011;17(4):461-9.

Liu B, Ordonez-Ercan D, Fan Z, Edgerton SM, Yang X, Thor AD. Down-
regulation of erbB3 abrogates erbB2-mediated tamoxifen resistance in
breast cancer cells. Int J Cancer. 2007;120(9):1874-82.

Tovey S, Dunne B, Witton CJ, Forsyth A, Cooke TG, Bartlett JM. Can
molecular markers predict when to implement treatment with
aromatase inhibitors in invasive breast cancer? Clin Cancer Res.
2005;11(13):4835-42.

Tovey SM, Witton CJ, Bartlett JM, Stanton PD, Reeves JR, Cooke TG.
Outcome and human epidermal growth factor receptor (HER) 1-4
status in invasive breast carcinomas with proliferation indices evaluated
by bromodeoxyuridine labelling. Breast Cancer Res. 2004;6(3):R246-51.
Hutcheson IR, Goddard L, Barrow D, McClelland RA, Francies HE,
Knowlden JM, et al. Fulvestrant-induced expression of ErbB3 and ErbB4
receptors sensitizes oestrogen receptor-positive breast cancer cells to
heregulin 31. Breast Cancer Res. 2011;13(2):R29.

Knuefermann C, LuY, Liu B, Jin W, Liang K, Wu L, et al. HER2/PI-3K/Akt
activation leads to a multidrug resistance in human breast adenocarci-
noma cells. Oncogene. 2003;22(21):3205-12.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	HER3 receptor and its role in the therapeutic management of metastatic breast cancer
	Abstract 
	Introduction
	Targeting HER3 to treat mBC
	Monoclonal antibodies
	Bispecific antibodies
	Antibody–drug conjugates
	Antibody-derived molecules
	Other anti-HER3 strategies for mBC therapy

	Discussion
	Conclusions
	Acknowledgements
	References


