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Abstract

Human epidermal growth factor receptor 3 (HER3), which is part of the HER family, is aberrantly expressed in
various human cancers. Since HER3 only has weak tyrosine kinase activity, when HER3 ligand neuregulin 1 (NRGT)
or neuregulin 2 (NRG2) appears, activated HER3 contributes to cancer development and drug resistance by
forming heterodimers with other receptors, mainly including epidermal growth factor receptor (EGFR) and human
epidermal growth factor receptor 2 (HER2). Inhibition of HER3 and its downstream signaling, including PI3K/AKT,
MEK/MAPK, JAK/STAT, and Src kinase, is believed to be necessary to conquer drug resistance and improve
treatment efficiency. Until now, despite multiple anti-HER3 antibodies undergoing preclinical and clinical studies,
none of the HER3-targeted therapies are licensed for utilization in clinical cancer treatment because of their safety
and efficacy. Therefore, the development of HER3-targeted drugs possessing safety, tolerability, and sensitivity is
crucial for clinical cancer treatment. This review summarizes the progress of the mechanism of HER3 in drug
resistance, the HER3-targeted therapies that are conducted in preclinical and clinical trials, and some emerging
molecules that could be used as future designed drugs for HER3, aiming to provide insights for future research and
development of anticancer drugs targeting HER3.
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INTRODUCTION

Cancer ranks as the primary cause of mortality and a significant impediment to raising life expectancy
worldwide". Due to the frequent emergence of drug resistance after several cycles of chemotherapy, cancer
treatment often becomes inefficient™. Therefore, discovering new targets and developing new drugs are
essential for cancer therapy.

Human epidermal growth factor receptor 3 (HER3/ErbB3) is a tyrosine kinase receptor belonging to the
HER/ErbB receptor tyrosine kinase (RTK) family, along with the epidermal growth factor receptor EGFR/
HER1, HER2/ErbB2/neu and HER4/ErbB4 in mammals™. Structurally, the HER3 protein comprises an
extracellular domain (ECD) that is responsible for binding ligands, which encompasses subdomains I-IV.
HER3 also contains a transmembrane segment with hydrophobic properties and an intracellular domain
housing a juxtamembrane region, a segment with tyrosine kinase activity, and a carboxyterminal tail rich in
tyrosine residues™. Neuregulins (NRGs) 1-2, also known as heregulins (HRGs), are the preferred ligands
for HER3"!. In the absence of a ligand, HER3 adopts an inactive conformation as a monomer. However,
when a ligand attaches to subdomains I and III, HER3 undergoes a structural shift and exposes its arm for
dimerization, allowing it to interact with another monomer and form a heterodimer*. HER3 prefers to
dimerize with HER family members, including EGFR and HER2, but with a weak affinity to HER4".
Additionally, HER3 can dimerize with non-HER receptors, such as mesenchymal-epithelial transition
(MET) factor receptor, fibroblast growth factor receptor 2 (FGFR2), and insulin-like growth factor receptor
1 (IGF-1R)"". HER3 is hard to create a homodimer and only possesses weak intracellular tyrosine kinase
activity since it differs at crucial residues within the kinase domain, resulting in its confinement in an
inactive-like conformation">".. Upon ligand binding, the kinase domain of the dimerization partner
phosphorylates the tyrosine residues in the C-terminal tail of HER3, subsequently initiating downstream
signaling cascades"*.

HERS3 plays a prominent role in the field of cancer biology [Figure 1]. HER3 expression is linked to cell
proliferation, invasion, metastasis, and poor overall survival in various cancer types, including breast?,
prostate"®, lung"”, colorectal"®, melanoma , gastric”', pancreatic”, head and neck cancer
Moreover, HER3 can collaborate with other HER receptors to activate downstream signaling, such as
activation of the PI3K/AKT, JAK/STAT, and MEK/MAPK pathways by HER2/HER3, or activation of the
Src pathway by IGF-IR/HER3. The downstream effectors enter the nucleus to regulate the expression of
relevant genes, which ultimately leads to a wide range of processes, such as drug resistance”. Overall, HER3

[16 17] [18] [19] [20] [22 [23]

, ovarian

can be a highly promising target for cancer treatment.

Herein, we summarized the progress of the mechanisms of HER3 in drug resistance, current therapeutic
approaches, and some potential molecules targeting HER3, aiming to provide new insights into drug design
and cancer therapy for HER3.

THE MECHANISM OF HER3 IN DRUG RESISTANCE

Since HER3 has six phosphotyrosine sites on its intracellular C-terminal tail, it is more likely to be
phosphorated. Phosphorylated HER3 can bind to the p85 subunit (SH2 domain) of PI3K and then activate
PI3K/AKT signaling"’. PI3K/AKT signaling is a critical pathway for cell survival and has a strong
association with multidrug resistance in many cancers™'. Except for PI3K/AKT signaling, MEK/MAPK
signaling is also a principal downstream signaling pathway of HER3"". Mitogen-activated protein kinase
(MAPK) regulates almost all aspects of physiological processes and is frequently altered in disease. In
cancer, MAPK can control cell proliferation, differentiation, survival, migration, invasion, senescence,
apoptosis, inflammation, and drug resistance”*. Therefore, HER3 plays a critical role in drug resistance

[Figure 2].
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Figure 1. HER3 targeted therapies in the clinic and HER3 downstream signaling pathways. At present, the treatment strategies targeting
HER3 in clinical trials mainly include monoclonal antibodies, bispecific antibodies, and antibody-drug conjugates. Among them,
monoclonal antibodies are the first developed agents with the most types. Since HER3 only has weak intracellular tyrosine kinase
activity, HER3 is hard to be autophosphorylated but forms dimers with other receptors, including EGFR, HER2, and IGF-1R, especially
HER2, and is phosphorylated by dimerization partner through transphosphorylation. HER2/HER3 dimers can activate PI3K/AKT,
JAK/STAT, and MEK/MAPK pathways, but the Src kinase pathway is predominantly mediated by the IGF-1R/HER3 dimers. In addition,
Src kinase and STAT protein can upregulate PI3K expression levels. Downstream effectors in the pathways such as mTOR, STAT, and
MAPK can translocate into the nucleus and control the expression of multiple genes implicated in various processes involved in cancer
development, such as cancer cell proliferation, survival, migration, invasion, apoptosis, differentiation, angiogenesis, cell cycle, and drug
resistance. However, when antibodies bind to HER3 monomer or heterodimer, the signaling pathway downstream of HER3 is blocked,
subsequently inhibiting the cancer progression. mAbs: Monoclonal antibodies; ADCs: antibody-drug conjugates; HER: human epidermal
growth factor receptor; EGFR: epidermal growth factor receptor; IGFR: insulin-like growth factor receptor 1, MAPK: mitogen-activated
protein kinase; MEK: mitogen-activated extracellular signal-regulated kinase; RAF: rapidly accelerated fibrosarcoma; RAS: rat sarcoma;
GTP: guanosine triphosphate; SOS: son of sevenless; GRB2: growth factor receptor-bound protein 2; P: phosphorylation; SHC: src
homolog and collagen homolog; JAK: janus tyrosine kinase; STAT: signal transducers and activators of transcription; PI3K:
phosphatidylinositide 3-kinases; AKT: also named PKB (protein kinase B); mTOR: mammalian target of rapamycin; PIP2:
phosphatidylinositol-4,5-bisphosphate; PIP3: phosphatidylinositol-3,4,5-trisphosphate; PDK1: 3-phosphoinositide-dependent protein
kinase-1; SRC: proto-oncogene tyrosine-protein kinase SRC; PTEN: phosphatase and tensin homolog.

The mechanism of HER3 in resistance to targeted therapy

Because HER3 has a strong tendency to form heterodimers with HER2, ErbB2/ErbB3 heterodimer can
promote HNSCC cell growth and increase resistance to EGFR TKI gefitinib”. Heterotrimerization of
erbB3/erbB2/IGF-IR blocked trastuzumab binding and activated PI3K/AKT signaling pathway and Src
kinase, which resulted in trastuzumab resistance in breast cancer cells®. In addition, stimulation with
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Figure 2. HER3 is involved in drug resistance in the treatment processes of different cancers. The dimerization of HER3 with HER2 or
EGFR is involved in the resistance of multiple drugs in cancer-targeted therapy. In addition, HER3 also participates in multidrug
resistance in cancer chemotherapy, hormonal therapy, and radiotherapy resistance. HER: Human epidermal growth factor receptor; ER:
estrogen receptor; AR: androgen receptor; EGFR: epidermal growth factor receptor.

NRG1 activated PI3K/AKT and MEK/MAPK pathways, which led to intrinsic resistance to trastuzumab in
HER2+ BC models"". ErbB2 overexpression or high levels of NRG increases the formation of HER2/HER3

32]

dimers, resulting in either intrinsic or acquired resistance to cetuximab-based treatment in CRC patients!

HER3 dimer formation with EGFR is also involved in resistance to targeted therapies in several
malignancies. An elevation in EGFR/HER3 dimerization was detected in BC patients, which led to PI3K/
AKT signal transduction and cetuximab/panitumumab resistance™. EGFR/HER3 was activated in gefitinib-
resistant CRC cells, miR-323a-3p reversed ErbB3/EGFR signaling activation and blocked acquired gefitinib
resistance. MET amplification drove HER3-dependent activation of PI3K and subsequently caused EGFR
TKI gefitinib and erlotinib resistance in NSCLC™.

The mechanism of HERS3 in resistance to chemotherapy

In addition to its role in resistance to targeted therapies, HER3 can also contribute to resistance to
chemotherapies. In HER2+ BC, increased HER3 caused resistance to paclitaxel through survivin
amplification™. Concurrent expression of HER2 and HER3 activated PI3K/AKT signaling and was
connected to resistance to a variety of chemotherapeutics, including doxorubicin, paclitaxel, etoposide,
5-fluorouracil, and camptothecin in breast cancer cell lines””. Chemotherapeutic drug doxorubicin induced
HRG amplification and activation of the HER3/PI3K/AKT signaling resulting in inhibiting ovarian cancer
cell apoptosis. Additionally, cisplatin also upregulated HER3 in ovarian cancer cells®. Therefore, HERS is
strongly associated with chemotherapy resistance in ovarian cancer.

The mechanism of HERS3 in resistance to radiotherapy

HERS3 expression is also associated with radiotherapy resistance. In human luminal A breast cancer cells,
silencing HER3 improved the sensitivity of breast cancer cells to radiotherapy because it decreased cell
proliferation and colony formation following exposure to ionizing radiation (IR). Mechanistically, silencing
of HER3 promoted IR-induced DNA damage, decreased DNA repair, and increased apoptosis™’.
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The mechanism of HERS3 in resistance to hormonal therapy

Induction of HER family receptors was associated with tamoxifen resistance of estrogen receptor (ER)-
positive (ER+) breast cancers™. In BC cells, the reduction of ErbB3 restored ErbB2-associated antiestrogen
receptor tamoxifen sensitivity via enhanced apoptosis. The mechanism is that silencing HER3 decreases
p-Akt levels and alters the phosphorylation status of ERa*. Furthermore, co-expression of HER2 and
HERS3 is more likely to develop tamoxifen resistance'”. The activation of HER3 also contributed to the
resistance of ER suppressor fulvestrant in breast cancer cells”. EGFR/HER3 dimers led to androgen
receptor (AR) therapy resistance through stabilization of AR and upregulation of PI3K/AKT signaling in
castration-resistant prostate cancer (CRPC)"*!. In addition, NRG1 produced by stromal cells was also
demonstrated to increase antiandrogen resistance in CRPC'*’.

THE DEVELOPMENT OF HER3 TARGETING CANCER THERAPY

Extensive endeavors are being made to devise strategies to combat cancer by targeting HER3 owing to its
crucial role in tumor advancement and drug resistance!. Considering the weak enzymatic activity to target,
anti-HER3 strategies have shifted from HER3 tyrosine kinase inhibitors (TKIs) to antibodies, especially
monoclonal antibodies (mAbs)"*’. However, mAbs have some limitations, such as a lack of efficacy. The
new approaches, such as bispecific antibodies (bsAbs) and antibody-drug conjugates (ADCs) targeting
HERS3, pan-HER strategies, and HER3 vaccinations, have been developed and created new hope for HER3-
targeted therapy”.

Monoclonal antibodies

Monoclonal antibodies (mAbs) can inhibit ligand binding on the HER3 extracellular domain, or block the
HER3 dimerization partner’s kinase activity or its ability to dimerize with HER3, or suppress HER3
expression on the cell surface, or lock HER3 in an inactive conformation””. Most HER3-targeting mAbs are
now being investigated in preclinical and clinical trials [Table 1]. So far, multiple mAbs targeting HER3
have been identified, with patritumab, seribantumab, and lumretuzumab being the most studied. Therefore,
we mainly described these three mAbs, including their combination therapies in clinical trials.

Patritumab (AMG-888, U3-1287)

Patritumab is a first-in-class, fully human immunoglobulin G1 (IgG1) mAb attaching to the HER3-ECD,
which blocks HER3 ligand binding and triggers receptor internalization and degradation. Furthermore, it
prevents HER3 activation and downstream signal transduction'. U3-1287 exhibits cellular migration,
proliferation, colony formation, and growth suppression in vitro and in vivo xenograft models”***.
Patritumab, alone or combined with an anti-EGFR mADb, inhibited non-small cell lung cancer (NSCLC)
xenografts growth, including wild-type and TKI-resistant EGFR models®. Combining patritumab with
EGFR TKIs may be beneficial in treating HRG-overexpressing NSCLC patients with resistance to EGFR
inhibitors, as it can overcome HRG-dependent EGFR inhibitor resistance®. Patritumab can restore
cetuximab sensitivity in colorectal cancer cells that have developed cetuximab resistance due to HRG'”. In
addition, U3-1287/AMG888, in combination with radiation, can enhance the efficacy of radiotherapy as
U3-1287/AMGS888 could inhibit basal and radiation-induced activation of HER3, AKT, rpSe, and MAPK in
NSCLC and head and neck squamous carcinoma (HNSCC)"*®. This mAb is undergoing phase I-11I clinical
trials, and the outcomes are promising".

Seribantumab (MM-121, SAR256212)

Seribantumab (MM-121), a fully human IgG2 mAb, competes with the HRG ligand in order to bind with
HER3, blocking HER2 and HER3 dimerization, inducing HER3 internalization and degradation, and
subsequently inhibiting PI3K/AKT and MEK/MAPK signaling®”. Seribantumab decreases tumor growth in
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Table 1. Summary of human monoclonal antibodies of HER3

Inhibiting or

Compound Format competing NRG Research Main side effects Ref.
P status
binding
Patritumab (AMG-888/U3-1287) Human IgG1 Inhibiting Terminated Diarrhea, rash and nausea Forster et al.*®’
after phase IlI
trial
Seribantumab (MM- Human IgG2 Competing Phase Il trial Diarrhea, rash, mucosal Sequist et al?
121/SAR256212) inflammation, dermatitis Cleary et al %
acneiform, vomiting and
nausea
Lumretuzumab Humanized  Inhibiting Terminated Diarrhea, gastrointestinal and Cejalvo et alB"
(RG7116/R0O5479599/GE- 1gG1 after phase Il skin toxicities Mirschberger et al?
huMab-HER3) trial
Elgemtumab (LIM716) Human IgG1 Competing Phase Il trial Diarrhea, nausea, vomiting Jhaveri et al.®¥
and constipation
ISU104 Human IgG1 Inhibiting Phase | trial Oral mucositis, pruritus, Hong et al>4
diarrhea
CDX-3379 (KTN3379) Human IgGT  Inhibiting Phaselltrial  Diarrhea, nauseaandrash  Duvvuri et al.*
AV-203 (CANO17) Humanized  Inhibiting Phase | trial NA Meetze et al.”®
1gG1
(GSK2849330 Chimeric Inhibiting Phase | trial Diarrhea Menke-van der Houven
1gG1/1gG3 van Oordt et al.®”
EV20 Humanized Inhibiting Preclinical - Sala et al.®®
1gG1
1A5-3D4 Humanized  Inhibiting Preclinical - Wang et al.*”
1gG1
H4B-121 Human IgG1  Competing Preclinical - Lazrek et al."*”
1gG 95 Human IgG1 Inhibiting Preclinical - Turowec et al.”®"
1gG 3-43 Human IgG1 Competing Preclinical - Schmitt et al."*
10D1F Humanized  Inhibiting Preclinical - Thakkar et al.**
1gG1

HER: Human epidermal growth factor receptor; NRG: neuregulin; IgG1: immunoglobulin G1; NA: not applicable; IgG3: immunoglobulin G3.

colorectal™, pancreatic”, breast””, NSCLC"", ovarian””, bladder”” cancer models. Seribantumab was
tested alone or combined with EGFR-inhibiting antibodies, chemotherapy drugs, or PI3K inhibitors in
phase I and II studies'””.. MM-121 combined with trastuzumab inhibited HER2+ breast cancer (BC) cell
proliferation and promoted apoptosis of trastuzumab-resistant cells ". MM-121 combined with erlotinib
inhibited pancreatic cancer cell proliferation””. MM-121, combined with cetuximab, exerted a more potent
antitumor activity in HNSCC models"”. Recently, some studies have suggested that higher NRG mRNA
levels and lower HER2 levels predict clinical benefits from adding seribantumab to standard therapies™.

3,49]

Seribantumab is well tolerated and secure, and has entered into phase II clinical trials'

Lumretuzumab (RG7116, RO5479599, GE-huMab-HER3)

Lumretuzumab, a humanized IgG1, targets subdomain I of the HER3-ECD with high affinity. The mAb
almost completely blocks HRG binding and receptor heterodimerization and inhibits HER3 activation and
downstream AKT phosphorylation at concentrations of 1 nmol/L*?. Lumretuzumab can also attach to Fcy
RIIla on immune cells with high affinity, leading to increased antibody-dependent cell-mediated
cytotoxicity (ADCC)™. Lumretuzumab combined with cetuximab and erlotinib was secure, but the efficacy
was mediocre in different cancers™’. The combination of lumretuzumab, pertuzumab and paclitaxel
treatment was linked to a high frequency of diarrhea, and the therapeutic window remained too narrow to
guarantee continued clinical research in metastatic breast cancer'™. Moreover, lumretuzumab combined
with carboplatin and paclitaxel was well tolerated in NSCLC, and patients with high heregulin expression
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levels may benefit from this treatment®". Phase I trials showed that luminituzumab was well tolerated and
showed therapeutic activity, but its efficacy in phase Ib/II trials needs to be demonstrated further®"*.

Bispecific antibodies

Bispecific antibodies (bsAbs), which merge two distinct sites for binding antigens within one molecule, offer
superior precision in targeting, unique mechanisms of action, and heightened clinical efficacy"™!. bsAbs are
designed to connect immune cells to cancer cells in order to kill tumor cells and target RTKs"**. To destroy
the limitations and overcome drug resistance to mAbs, various bsAbs of HER3 are being investigated in
preclinical and clinical trials"® [Table 2]. Next, we mainly focused on bispecific antibodies in clinical trials.

Zenocutuzumab (Zeno, MCLA-128)

Zenocutuzumab is a bispecific humanized IgG1 with two distinct Fab arms that target the domain I of
HER2 and domain IIT of HER3". Zenocutuzumab binds to HER2 arms and then prevents HER3 from
going through the conformational change that is needed for HER3 to heterodimerize with HER2 and EGFR.
This peculiar “dock (HER2 arm) and block (HER3 arm)” mechanism inhibits HER3 cytoplasmic domain
phosphorylation and downstream oncogenic signaling transduction. Furthermore, the glycoengineered
modification of IgG1 increases affinity for Fc receptors, leading to increased ADCC, which enables the
recruitment of natural killer effector cells and subsequent elimination of tumor cells®”. Zenocutuzumab was
demonstrated to antagonize pancreatic, gastric, and breast cancer effectively, even for those resistant to
trastuzumab and T-DM1 and with high NRG levels".. Trials for zenocutuzumab in phases I and II are now
underway, where it is shown to have a tolerable toxicity profile and anticancer effectiveness'*".

MM-111

MM-111 could target HER2 and HER3 simultaneously, resulting in the synthesis of a receptor/MM-111
complex and suppression of cell growth". This bsAb has two human scFv binding arms, the HER3-binding
scFv is shown to prevent HRG from attaching to HER3. The cell proliferation inhibition impact of MM-111
is amplified when cells are stimulated with HRG"*. MM-111 can be utilized alone or combined with
trastuzumab, lapatinib, and chemotherapeutic drugs in clinical studies of HER2+ cancers. Both MM-111
alone and in combination were shown to have anticancer effects (combination more effective than alone) in
some HER2+ cancers™ .. Nevertheless, the phase II research with MM-111 in HER2+ gastroesophageal
cancer (GOC) patients was ended prematurely because it was discovered that adding MM-111 to paclitaxel
+ trastuzumab resulted in significantly lower overall survival (OS) and progression-free survival (PFS)®.

Istiratumab (MM-141)

Tetravalent bsAb istiratumab has four high-affinity binding sites, two of which are dedicated to binding
IGF-1R and the other two to binding HER3"""'*'l. Istiratumab is a combination of a human IgG1 antibody
against IGF-1R and two anti-HER3 scFvs attached to the carboxyl termini of the heavy chains"*". The bsAb
inhibits ligand binding and activation of both receptors, which in turn blocks the PI3K/AKT/mTOR
pathway. Additionally, this antibody promotes the degradation of both receptors, including receptor dimers
that consist of HER3 or IGF-1R"*"*". This mechanism leads to a stronger inhibitory effect of MM-141 on
cancer cell growth than the combination of HER3 and IGF-1R antibodies. In addition, MM-141 was
demonstrated to increase the therapeutic efficacy of chemotherapeutics and a mTOR inhibitor, everolimus,
via regulating HER3 and IGF-1R levels in models of pancreatic and ovarian cancer""'***”. Nevertheless, the
MM-141 adding istiratumab to standard chemotherapy showed no apparent clinical efficacy in patients

with metastatic pancreatic cancer in a phase II study'™'.
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Table 2. Summary of bispecific antibodies of HER3

Compound Targeting Research status  Main side effects Ref.
receptors
Zenocutuzumab (MCLA-128, HER2 and HER3  Phase Il trial Diarrhea and rash Alsina et al.”®”]
Zeno)
MM-111 HER2 and HER3  Terminated after Diarrhea, dyspnoea, stomatitis, vomiting, Denlinger et al 18!
phase Il trial alopecia, constipation and cough
Istiratumab (MM-141) IGFIR and HER3  Phase Il trial Vomiting, nausea, diarrhea, abdominal pain, Kundranda et al.”**’
alopecia, dyspnea and rash
Duligotuzumab EGFR and HER3 Phase Il trial Headache, rash and diarrhea, nausea, dermatitis Lieu et al.”"’
(MEHD7945A, RG7597) acneiform Juric et al®”
SI-BOO1 EGFRand HER3  Phase Il trial - Xue et al.®”!
DVD-Ig EGFRand HER3  Preclinical - Gu et al?
scDb hu225x3-43-Fc EGFRand HER3  Preclinical - Rau et al.”"
Dab-Fc HER2 and HER3  Preclinical - Rau et al.*
1G5D2 HER2 and HER3  Preclinical - Hassani et al.*®

HER: Human epidermal growth factor receptor; IGFIR: insulin-like growth factor 1 receptor; EGFR: epidermal growth factor receptor; DVD-Ig: dual
variable domain immunoglobulin.

Duligotuzumab (MEHD7945A, RG7597)

Duligotuzumab is a humanized bsAb IgG1 with two binding sites that can bind either the EGFR or HER3
subdomain IT1"”". Duligotuzumab was shown to effectively block ligand-binding and downstream signaling
of both EGFR and HER3 and mediate ADCC. When cancer development depends on EGFR and HER3, the
antitumoral effect translates into enhanced growth suppression, especially in combination with
chemotherapy in various xenograft models compared to monospecific therapies*. In a phase Ib study,
duligotuzumab combined with cisplatin/5-fluorouracil or carboplatin/paclitaxel has shown encouraging
results in patients with metastatic or recurrent HNSCC!*!. Duligotuzumab inhibited the proliferation of
HNSCC and NSCLC cell lines that exhibited resistance to cetuximab and erlotinib in monotherapy or
combination with cisplatin"*>"*”. Duligotuzumab, in combination with trastuzumab, inhibited proliferation
and migration and decreased apoptotic rate in HER2-overexpression gastric cancer cell lines"””. Although
duligotuzumab has exhibited cancer suppression efficacy in several cancer models, it is unsatisfactory in

90,91,108]

some phase I/1I clinical trials' .

SI-Boo1

SI-Boo1, an IgG-(scFv)2 bsAb, targets EGFR and HER3. This bsAb comprises a full IgG with two heavy and
two light chains, as well as two scFvs attached to the heavy or light chains’ C or N terminals®. SI-Boo1 has
been shown to encourage antitumor efficacy along with acceptable tolerance in colon cancer, head and neck
cancer and esophageal cancer models in preclinical studies. Now, it is studied in phase I and II clinical
trials™*?.

Antibody-drug conjugates

Antibody-drug conjugate (ADC) is composed of a monoclonal antibody that delivers and releases cytotoxic
drug at the tumor site and should have strong target affinity, low cross-reactivity and low immunogenicity,
a linker (including the cleavable linker and non-cleavable linker) which plays a role in binding the drug to
the antibody and must be stable in circulation, and a cytotoxic drug (payload or warhead) which is the
antitumor element of an ADC and should be non-immunogenic and non-toxic"*. The mechanism of
ADCs’ antitumor activity is generally thought to be: after ADC binds to the antigen, the ADC-antigen
complex is internalized and translocated to the lysosome, where the ADC is destroyed to release the
cytotoxic drug that kills cells" """\,
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Antibody-drug conjugates use antibodies that are specific to antigens and have tumor selectivity and
efficacy that standard medicines cannot match"'”. Recently, ADCs have been found to promote receptor
endocytosis and destruction and cancer cell death"". According to the advantages of ADCs, HER3-
targeting ADCs have emerged and shown potent antitumor efficacy in preclinical and clinical trials
[Table 3].

U3-1402 (Patritumab deruxtecan, HER3-DXd)

U3-1402, also known as patritumab deruxtecan or HER3-DXd, is a HER3-directed ADC composed of
patritumab, a cleavable maleimide-GGFG peptide linker, and a topoisomerase I inhibitor deruxtecan (DXd)
payload"*"*". U3-1402 exhibits HER3-specific affinity as well as efficient internalization into tumor cells
and causes apoptosis in tumor cells through DNA damage via releasing DXd after linker cleavage!".
U3-1402 downregulated HER3 and showed antigrowth activity in HER3-positive breast, prostate, and
colorectal cancer**??l. In EGFR-TKI-resistant NSCLC models, U3-1402 was likewise efficacious both
when used alone or in combination with an EGFR-TKI, and pretreatment with osimertinib improved the
efficacy of U3-1402""*"*>"**] In addition, HER3-expressing cancers were sensitive to anti-PD-1 checkpoint
blockage by U3-1402, indicating that U3-1402 and immunotherapy drugs can be combined for cancer
treatment!”. The efficacy and security of U3-1402 were tested in phase I/II clinical trials and showed that
U3-1402 has an acceptable safety profile and a considerable objective response rate (ORR)"*'**. Therefore,
U3-1402 is an excellent treatment option for patients with HER3+ cancers and is undergoing a phase III
trial in EGFR-mutated NSCLC!"”".

EV20-derived HER3-specific ADCs

EV20 is an IgG1 humanized monoclonal antibody targeting HER3, and it is quickly and effectively
internalized by HER3-positive cancer cells. The latter characteristic makes EV20 a strong contender for
ADC synthesis®*. EV20-Sap is a new ADC created by chemically crosslinking EV20 to the ribosome-
inactivating protein saporin. EV20-Sap was demonstrated to display a robust, selective, and target-
dependent lethal function in HER3-expressing cancer cell lines, and elevated expression levels of HER3 in
cancer cells were associated with efficient internalization, effectiveness, and cytotoxic effects. In melanoma
cells, the activity of EV20-Sap was matched to HER3 expression and unaffected by NRG-18 ligand in vitro;
moreover, it was also influential in minimizing the size and the number of lung metastases in vivo''".

EV20/monomethyl auristatin F (MMAF) consists of the humanized anti-HER3 antibody EV20 coupled
with a non-cleavable linker to MMAF"*?. EV20/MMAF had the ability to target melanoma cells and breast
cancer cells specifically and efficiently, and the cell killing activity of ADCs was unaffected by the cells’
BRAF status"*. EV20/MMAF also exhibited a robust and effective antitumoral effect in HER2+ melanoma
and breast cancer models, including cells resistant to anti-HER2 therapeutics"*****. Additionally, EV20/
MMATF has highly stable, well-tolerated, and low toxicity profiles"*’.

EV20-sss-vc/MMAF was generated by MMATF site-specifically connected to an engineered variant of EV20
through a vc cleavable linker. EV20-sss-vc/MMAF showed higher cell killing activity and tumor growth-
inhibiting activity than clinically approved T-DM1 and EV20/MMAF in liver cancer cell lines"'”.

EV20/NMS-P945 was generated by EV20 connected to a duocarmycin-like thienoindole derivative NMS-
P528, applying a peptide cleavable linker and a self-immolating spacer. EV20/NMS-P945 showed robust and
target-dependent anticancer activity in HER3-positive gastric, pancreatic, ovarian, melanoma, and prostatic
cancer. The ADC was well tolerated, had high stability, and held an excellent pharmacokinetic profile
in vivo in monkey plasma'*®.
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Table 3. Summary of antibody-drug conjugates of HER3

Compound Components Research Indication (cancer Main side Ref.
status types) effects
U3-1402 (Patritumab Patritumab, cleavable Phase Ill trial EGFR-mutated NSCLC, Nausea, Hashimoto et al./"®
deruxtecan, HER3-DXd) linker and deruxtecan CRC, PRC and BC vomiting and Janne et al.™™
alopecia
EV20-Sap EV20, cleavable linker Preclinical Melanoma - Capone et al™
and saporin
EV20/MMAF EV20, non-cleavable Preclinical Melanoma and BC - Capone et al !
linker and MMAF
EV20 sss vo/MMAF EV20 variant, cleavable  Preclinical LC - D'Agostino et allm?
linker and MMAF
EV20/NMS-P945 EV20, cleavable linker  Preclinical ~ HER3 + GC, OVC, HNSC, - Capone et al ™
and NMS-P945 PAC, melanoma and PRC
MMAE-9F7-F11 MMAE, cleavable linker  Preclinical ~ PDAC - Bourillon et al.™™”
and 9F7-F11
AMT-562 Ab562, T800 and Preclinical  HER3low PAC, ESC, COC - Weng et al*”
exatecan and GC

HER: Human epidermal growth factor receptor; EGFR: epidermal growth factor receptor; NSCLC: non-small cell lung cancer; CRC: colorectal
cancer; PRC: prostate cancer; BC: breast cancer; MMAF: monomethyl auristatin F; LC: liver cancer; GC: gastric cancer; OVC: ovarian cancer;
HNSC: head and neck cancer; PAC: pancreatic cancer; PDAC: pancreatic ductal adenocarcinoma; ESC: esophagus cancer; COC: colon cancer.

MMAE-9F7-F11

MMAE-9F7-F11, a HER3-targeting ADC, was generated by antibody 9F7-F11 coupled with a cleavable
linker maleimidocaproyl-valine-citrulline-p- aminobenzyloxycarbonyl (MC-vc-PAB) to monomethyl
auristatin E (MMAE) which is a radiosensitizer. MMAE-9F7-F11 triggered cell cycle arrest in G2/M and
enhanced radiosensitivity in pancreatic ductal adenocarcinoma (PDAC). Additionally, MMAE-9F7-F11
restricted the compensatory activation of AKT signaling after irradiation. In a pancreatic cancer mouse
model, MMAE-9F7-F11 with radiation therapy improved OS in vivo"'.

AMT-562

AMT-562, a new ADC, was synthesized by an anti-HER3 antibody Abs62 and a PABC spacer (T800) to link
to exatecan. AMT-562 has more profound and long-lasting anticancer responses in low HER3 expression
cell lines and pancreatic, esophagus, colon, and gastric cancer models. AMT-562 has great pharmacokinetic
and safety profiles, and its wider therapeutic window allows it to conquer resistance to elicit higher
percentages and longer-lasting responses in malignancies resistant to U3-1402""*". Based on the superiority
of AMT-562 in cancer treatment, it is starting to be studied in clinical malignancies.

Pan-HER strategies

Owing to many cancers expressing more than one HER family receptor, inhibitors targeting multiple HER
receptors at different points are more effective than those targeting only one receptor. Pan-HER inhibitors
are either TKIs or a combination of antibodies that target non-overlapping epitopes on EGFR, HER2, and
HER3""". Due to the variety and flexibility of tumors, pan-HER are shown to be superior to single mAbs in
postponing both inherent and acquired resistance'*>"*”.. Next, we mainly focused on pan-HER strategies
targeting HER3.

AZD8931 (sapitinib)

AZDs8931 is a powerful and reversible tyrosine kinase inhibitor of EGFR, HER2, and HER3 signaling. In
vitro, in comparison to alternative EGFR inhibitors like lapatinib or gefitinib, AZD8931 was found to be
substantially more effective against EGFR, HER2, and HER3 signaling. In vivo, AZD8931 was demonstrated
to hold stronger anticancer capacity in a variety of xenografted models compared to lapatinib or
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gefitinib"**. AZD8931 combined with chemotherapy was studied in some cancer models and exhibited
encouraging outcomes. AZD8931 markedly reduced cell growth and triggered human inflammatory breast
cancer (IBC) cell apoptosis. In orthotopic IBC models, the combination of paclitaxel and AZD8931 proved
to be more successful in slowing tumor growth than either drug alone"*. In phase I/II research, high-dose
pulsed AZD8931 combined with irinotecan/5-FU chemotherapy had acceptable toxicity in metastatic
colorectal cancer (CRC)"™. Oxaliplatin + capecitabine plus AZD8931 had a tolerable safety profile in
oesophagogastric cancer™”. So AZD8931 is a promising therapeutic agent that provides a potential option
for cancer treatment.

Symo13
Symo13 is a blend of six humanized IgG1 mAbs that target non-overlapping epitopes on domain III of
EGFR, domain IIT and IV of HER2, and domain I of HER3 in a balanced ratio. Binding to non-overlapping
epitopes induces receptor internalization and degradation, which prevents downstream signaling"*>"**\. In
vitro studies demonstrated that different cancer cell lines, including those with inherent and acquired
resistance to HER-targeted treatments, successfully slowed down their ability to proliferate by Symo13.
Symo13 also significantly inhibited tumor growth in various xenograft models, including pancreatic,
squamous lung, ovarian, breast, and colorectal cancer models"*>"****. Despite starting phase I/II research
with Symo13, clinical development was abandoned due to an unidentified toxicity profile

[142]

Vaccinations of HER3

As an alternative to mAbs, vaccinations can induce polyclonal antibodies that can recognize the receptor,
prevent its phosphorylation, facilitate the internalization and destruction of the receptor, and inhibit cancer
proliferation. Additionally, vaccines trigger enduring antitumor immune reactions that can be periodically
strengthened"*!. As a result, vaccinations could be an effective way for cancer treatment. Until now, several
vaccinations targeting HER3 have been created, and two of them are tested in clinical trials.

HERS3-targeted vaccinations under clinical development
pING-hHERSFL is a circular fragment of DNA that encodes the entire HER3 protein. At present, pING-

hHERSFL is used in a phase I study as immunotherapeutics to target HER3-positive malignancies®.

NCTo04348747 uses dendritic cell vaccines targeting HER2/HER3, and the combination with
pembrolizumab can strengthen the immune system and enhance the tumor immune responses, which is
favorable to shrinking cancer. This vaccination was effective in treating TNBC or HER2+ brain metastasis
BC in a phase II trial study"'.

HERS3-targeted vaccinations in preclinical studies

Ad-HER3-FL (Ad-HER3) was created with an adenoviral vector encoding full-length human HER3
receptor. Ad-HER3 produced potent antitumor T-cell responses as well as anti-HER3 antibodies, both of
which effectively combated BC"*'**). Moreover, Ad-HER3-FL combined with dual PD-1/PD-L1 and CTLA4

144]

showed higher efficacy than the vaccination alone'*.

A study evaluated novel HER3 peptide epitopes that may be B cell epitopes, including residues 99-122,
140-162, 237-269, and 461-479 of the HER3-ECD. It has the ability to initiate immunotherapy for HER3-
positive tumors"*. Among the four HER3 epitopes, 237-269 and 461-479 markedly prevented the growth of
xenografts deriving from both pancreatic and breast cancers. In addition, combining HER3 (461-471)
epitope vaccination antibodies and peptide mimics with HER2 (266-296), HER2 (597-626), HER1
(418-435), and IGF-1R (56-81) vaccine antibodies and peptide mimics improved anticancer

5[145,146]'

effectivenes
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POTENTIAL APPROACHES TARGETING HER3 FOR CANCER THERAPY

Because of the significance of HER3 in the progression of multiple malignancies and the occurrence of drug
resistance and toxicity, identifying novel approaches provides more options for HER3+ cancer therapy. In
addition to the therapies mentioned above that effectively target HER3 for cancer treatment, some
molecules have emerged in recent years and can become future drug design targets for HER3, including E3
ubiquitin ligases, microRNAs, and transcription factors [Figure 3].

E3 ubiquitin ligases of HER3

It has been demonstrated that ubiquitination controls the levels of EGFR family receptors by sending them
to be degraded by proteasomes or lysosomes"*”. The mechanism of ubiquitination is that ubiquitin (Ub) is
activated by ubiquitin-activating enzyme (E1) and is then transported to ubiquitin-conjugating enzyme
(E2), and ubiquitin ligase (E3) binds the substrate and catalyzes the Ub transporting to the substrate. Finally,
the substrate with Ub is detected and destroyed by the 26S proteasome"*". Previous studies showed that E3
ubiquitin ligase plays a prominent role in regulating EGFR family receptors’ levels. For example, E3
ubiquitin ligase Cbl interacts with EGFR to induce its lysosomal degradation, and CHIP interacts with
HER2 to facilitate its degradation*'*. WWP1 ubiquitinates HER4 to mediate both proteasomal and
lysosomal degradation"*". There are also some E3 ubiquitin ligases targeting HER3 to control its levels,
which are essential for maintaining homeostasis and can be the targets for drug design or prognostic
markers for HER3+ cancers.

Nrdp1

Nrdp1 (neuregulin receptor degradation protein 1), a RING E3 ubiquitin ligase, can ubiquitinate and lead to
proteasomal degradation of HER3 independent of NRG1 (neuregulin-1) activation"”. A growing body of
studies suggested that Nrdp1 ubiquitinates and degrades HER3, influencing cancer cell growth and
progression. For instance, Nrdp1 ubiquitinated and decreased the level of ErbB3, subsequently suppressing
glioma cell migration and invasion"*. Nrdp1-mediated ErbB3 degradation inhibited cellular proliferation
and motility, while Nrdp1 depletion in BC could accelerate cancer growth by enhancing ErbB2/ErbB3
signaling"*. Further studies need to investigate whether the level of the Nrdp1 can serve as a biomarker of
HER3-targeted therapy.

NEDD4

NEDD4 (neural precursor cell expressed developmentally down-regulated 4), a HECT E3 ubiquitin ligase,
was identified as an E3 ubiquitin ligase of HER3. The C-terminal tail of HER3 interacts with the WW
domains of NEDD4, and the interaction was independent of NRG-1. In breast and prostate cancer models,
the knockdown of NEDD4 boosted HER3 expression, HER3 signaling, cell proliferation, and cancer
progression. Moreover, upregulating HER3 expression sensitized cancer cells for growth suppression by an
anti-HER3 mADb"*". One study discovered that the nonreceptor tyrosine kinases PYK2/FAK interacted with
NEDD4 and HER3, interfering with NEDD4-HER3 interaction, while NDRG1 (N-myc downstream
regulated 1 gene) facilitated HER3 and NEDD4 binding. This finding suggests that the PYK2-NDRG1-
NEDD4 loop is crucial for HER3 receptor degradation, HER3 downstream signaling activation, and TNBC
therapy"*. According to the negative correlation between NEDD4 and HER3, NEDD4 can be a potential
target for HER3-positive cancer treatment.

microRNAs of HER3
microRNA (miRNA), a category of highly conserved small noncoding RNA, binds to the 3’UTR of mRNA
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Figure 3. Potential approaches for HER3-targeted cancer therapy. Nrdp1and NEDD4 are E3 ubiquitin ligases of HER3, which promote the
ubiquitination of HER3 and 26S proteasome degradation, and subsequently downregulate the protein level of HER3. The activated AR
acts as a transcription factor facilitating Nrdp1 transcription. Moreover, AKT inhibits the deubiquitinating enzyme USP8, while USP8
downregulates Nrdp1 levels. In addition, AKT inhibits the expression of FoXO transcription factor, and FoXO family transcription factors
FoXO1and FoXO3a can target the HER3 promoter to promote HER3 transcription. FoOXD3 and AP-2y are also transcriptional activators
of HER3, while MYC is a transcriptional suppressor of HER3. Epigenetic inhibitors entinostat inhibits HDAC, HDAC can activate miR-
125a, miR-125b, and miR-205; these three miRNAs can complement with 3'UTR of HER3 mRNA, subsequently downregulate HER3
levels. Furthermore, miR-450b-3p can also control HER3 levels. HER: Human epidermal growth factor receptor; NEDD4: neural
precursor cell expressed developmentally down-regulated 4; Nrdp1: neuregulin receptor degradation protein 1; Ub: ubiquitin; ATP:
adenosine triphosphate; ADP: adenosine diphosphate; NRG: neuregulin; AR: androgen receptor; USP8: ubiquitin-specific protease 8;
PI3K: phosphatidylinositide 3-kinases; AKT: also named PKB (protein kinase B); FoXO: forkhead box O; HDAC: histone deacetylase; AP-
2y: activator protein-2y; MYC: myelocytomatosis; 3'UTR: 3'-untranslated region.

and regulates gene expression at the posttranscriptional level"””. Undoubtedly, miRNA can be involved in
the development of multiple diseases. An expanding body of studies suggests that miRNA expression is
significantly correlated with tumorigenesis, and it can act as both the cancer promoter and cancer
suppressor!”*®. As the pivotal role of HER3 in cancer development, we mainly focused on miRNAs of HER3,
which can be a novel strategy for HER3+ cancer treatment.

miR-205

miR-205 was initially found to be connected to the deficiency of vascular invasion in BC. The expression of
miR-205 is limited in normal myoepithelial cells, while it is decreased or absent in cancer cells"*. It was
discovered that HER3 was one of the presumptive targets of miR-205; miR-205 bound to the 3’UTR of
HER3 and VEGF-A mRNA and then downregulated their levels, which resulted in the inhibition of breast
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cancer cell growth"*. Further, miR-205 targeted HER3 and suppressed the growth, metastasis, and
invasion, and enhanced the chemosensitivity of human nasopharyngeal carcinoma cells"*".

miR-125a and miR-125b

miR-125a and miR-125b can target both HER2 and HER3, decreasing their transcript and protein levels in
breast cancer cells. Functionally, miR-125a- or miR-125b-overexpressing cancer cells markedly suppressed
breast cancer cell migration and invasion, as well as enhancing trastuzumab and paclitaxel efficacy, but only
had minimal effects in mammary epithelial cells"*>'*”. Moreover, miR-125a and miR-205 co-expression had
stronger effects in inhibiting HER3 than either miRNA alone in HER2+ BC cell lines"*".

miR-450b-3p

miR-450b-3p binds to the HER3 mRNA to suppress HER3 expression and downstream signaling,
subsequently inhibiting breast cancer cell growth and enhancing cancer cell sensitivity to trastuzumab and
doxorubicin*, Therefore, the miR-450b-3p level may be regarded as a prognostic biomarker of HER3+ BC
patients.

Transcription factors of HER3

Transcription factors are essential for controlling gene expression and multiple biological processes, as well
as maintaining cellular homeostasis. Once they are misregulated, they can lead to a variety of diseases,
including cancer*!. Based on the role of transcription factors in cancers, transcription factors are classified
into two groups: pro-cancer transcription factors and anticancer transcription factors*. Given the
carcinogenic role of HER3 in a variety of cancers, finding transcription factors of HER3 is significant for
creating new therapeutic methods.

MYC

MYC is an oncogenic transcription factor and a potent driver of various human cancers"””. MYC was found
to be a negative transcription factor of ERBB2"*". In addition, the drop in MYC levels caused by MEK
inhibitor was followed by an increase in HER2 and HER3 mRNA and protein levels in KRAS mutant lung
and colon cancer cell lines. This indicates that MYC is not only a transcriptional repressor of HER2 but also
of HER3!"*,

FoXO1 and FoXO3a

Forkhead box O (FoXO) proteins are transcription factors with four members, including FoXO1, FoXO3a,
FoXO4, and FoXO6 in mammals. Functionally, they are involved in regulating cell growth, apoptosis, DNA
repair, tumor suppression, and metabolism!”. FoXOs generally display antitumor effects and are
inactivated in a variety of human malignancies”. Thus, FoXOs have functions that regulate HER3, which
is not surprising. HER2 inhibited by lapatinib resulted in FoXO3a-dependent upregulation of HER3 mRNA
and protein, which partially maintained phosphorylated AKT (p-AKT) and limited the antitumor action of
lapatinib"”. In addition, the knockdown of FoXO1 and FoXO3a transcription factors led to HER3 mRNA
induction failure upon inhibition of PI3K in HER2+ breast cancer cell lines"””. As a result, FoXO1 and
FoXO3a are both transcription factors of HER3 and are involved in the PI3K/AKT signaling pathway.

FoXD3

Forkhead box D3 (FoXD3) is a stem cell/pluripotency transcription factor that can be triggered upon
BRAF/MEK pathway inhibition in mutant BRAF melanomas'”. SOX10 binds to the promoter of FoXD3,
activates the transcription of FoXD3, and upregulates FoXD3 levels"”*. FoXD3, a transcription factor of
HERS3, can upregulate HER3 and increase the resistance to rapidly accelerated fibrosarcoma (RAF)
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inhibitors by activating PI3K/AKT signaling in melanoma cell lines and mouse xenograft models"”. Except
for FoXO1 and FoXO3a, FoXD3 is also a transcription factor of HER3 and has a vital role in anticancer
therapy.

AP-2y

Activator protein-2 (AP-2), a transcriptional regulating factor, is composed of five members: AP-2a, AP-2p,
AP-2y, AP-25, and AP-2¢. AP-2 is not only required for normal development but has also been linked to
tumorigenesis'’. In human mammary epithelial and fibroblast cell lines, AP-2y was positively linked to
endogenous ErbB3 mRNA levels instead of AP-2a and AP-2p. In addition, the AP-2a deletion mutant,
which can saliently interfere with the transcriptional activation function of each AP-2 member, not only
inhibited the ErbB3 promoter activity but also suppressed ErbB3 transcription in the ErbB3-overexpression
breast cancer cell lines"””..

CONCLUSION

HERS3 is upregulated in numerous cancers, and many studies have shown that HER3 promotes cancer
progression and drug resistance. Due to its interaction with PI3K, HER3 is crucial in developing drug
resistance via the PI3K/AKT signaling pathway. HER3 antibodies can be involved in cancer treatment in
combination with compounds targeting EGFR and HER2, endocrine therapeutic agents, and
chemotherapeutic agents, but led to resistance to some therapies, including targeted therapy, chemotherapy,
radiotherapy, and hormone therapy'®”*. The primary mechanism of drug resistance is that different agents
can activate EGFR, HER2, and HER3. The activated HER3 can form heterodimers with EGFR and HER2,
allowing HER3 to activate PI3K/AKT and MEK/MAPK pathways. As a result, finding the mechanism of
drug resistance and developing new drugs are crucial for conquering resistance and improving treatment
efficacy.

Over the years, much of the research on HER3-targeted therapies mainly focuses on the development of
antibodies. Monoclonal antibodies are the most abundant agents binding to HER3-ECD, and some have
undergone clinical phase I/II/III evaluation, such as patritumab, seribantumab, and lumretuzumab.
Although the safety profile of these antibodies in clinical trials is acceptable, their effectiveness is
unsatisfactory, and the development of most of them is halted in clinical trials. In order to increase the
effectiveness of treatment, bispecific antibodies, antibody-drug conjugates, pan-HER strategies, and HER3
vaccinations have been created and measured in phase I/II trials in a variety of cancers. In addition, other
novel approaches, including siRNA, antisense oligonucleotide EZN-3920"", and bispecific ligand trap
RB200"*, exerted effective anticancer efficacy in human cancers. Some molecules, including E3 ubiquitin
ligases, miRNAs, and transcription factors, can serve as potential targets for drug design of HER3.
According to a number of studies, cancers with high levels of NRG1 expression before antibody treatment
may respond better to HER3 antibodies that do not compete with the NRG binding site!****. Therefore,
NRG, as a biomarker, could be utilized to predict HER3 mAbs response in the future.
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