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KEYWORDS Abstract HER3, formally referred to as ERB-B2 receptor tyrosine kinase 3, is a member of the
Cancer; ErbB receptor tyrosine kinases (also known as EGFR) family. HER3 plays a significant pro-cancer
ErbB3; role in various types of cancer due to its overexpression and abnormal activation, which initi-
HER3; ates downstream signaling pathways crucial in cancer cell survival and progression. As a result,
Neuregulin; numerous monoclonal antibodies have been developed to block HER3 activation and subse-
Tumor quent signaling pathways. While pre-clinical investigations have effectively showcased signif-
microenvironment icant anti-cancer effects of HER3-targeted therapies, these therapies have had little impact on

cancer patient outcomes in the clinic, except for patients with rare NRG1 fusion mutations.
This review offers a comprehensive description of the oncogenic functions of HER3, encom-
passing its structure and mediating signaling pathways. More importantly, it provides an in-
depth exploration of past and ongoing clinical trials investigating HER3-targeted therapies
for distinct types of cancer and discusses the tumor microenvironment and other critical de-
terminants that may contribute to the observed suboptimal outcomes in most clinical studies
using HER3-targeted therapies. Lastly, we suggest alternative approaches and the exploration
of novel strategies to potentially improve the efficacy of targeting the pivotal oncogenic HER3
signaling pathway in future translational investigations.
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Introduction other ErbB receptors to form heterodimers (Fig. 1B).® EGFR

The ErbB family of receptors (also known as human
epidermal growth factor receptor family) is one of the most
extensively studied receptor tyrosine kinase (RTK) families.
It consists of four distinctive receptors: i) epidermal growth
factor receptor (EGFR, also known as HER1/ErbB1), ii) ERB-
B2 receptor tyrosine kinase 2 (ErbB2, also known as HER2),
iii) ERB-B2 receptor tyrosine kinase 3 (ErbB3, also known as
HER3), and iv) ERB-B2 receptor tyrosine kinase 4 (ErbB4,
also known as HER4)." ErbB family receptors are structur-
ally akin, being single-chain modular glycoproteins
featuring an extracellular ligand-binding domain, a singular
transmembrane domain, a juxta-membrane domain, and an
intracellular tyrosine kinase domain followed by C-terminal
regulatory regions (Fig. 1A).? ErbB receptors are expressed
in both mesenchymal and epithelial cells and are activated
by receptor-specific soluble ligands, following which they
undergo a conformational change, inducing homodimeri-
zation or heterodimerization (mainly at the juxta-mem-
brane domain regions),® leading to the activation of
downstream signaling intracellularly. Importantly, HER2
lacks a receptor domain while displaying robust tyrosine
kinase activity, and in contrast, HER3 encompasses a
ligand-binding domain but the kinase domain has weak
activity and is often considered as “kinase-dead”.* Conse-
quently, these two receptors often do not operate inde-
pendently and demonstrate receptor cooperativity,
wherein “kinase-dead” HER3 and HER2 often hetero-
dimerize with each other or other ErbB receptors, and oc-
casionally with other RTKs, to mediate downstream
signaling.” The binding of ligands to EGFR or HER4 induces
dimerization either with itself to form homodimers, or with
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exhibits binding affinity towards a minimum of seven li-
gands, including epidermal growth factor (EGF), trans-
forming growth factor-alpha (TGFa), heparin-binding EGF-
like growth factor, amphiregulin, epiregulin, betacellulin,
and epigen, whereas HER3 and HER4 are activated by
neuregulin 1/2 (NRG1/2) and neuregulin 3/4 (NRG3/4),
respectively.”® In contrast, HER2 lacks identified ligands
and remains persistently in an open conformation with an
exposed dimerization loop, necessitating a ligand-bound
heterodimerization partner for signaling to occur.?

The ErbB family downstream signaling pathways are
strongly associated with cell proliferation, survival, and
cancer development.”’ Mutation or up-regulation of EGFR
and HER2 are associated with the development of many
types of malignancies and have been reviewed extensively
by others.' The crosstalk between the ErbB family of re-
ceptors which enhance and diversify downstream signal
transduction is becoming a major survival mechanism of
cancer cells, and contexts such as the tumor microenvi-
ronment are critical for the activation of HER3 and other
ErbB family receptors. This review will focus on discussing
the pro-cancer role of HER3. HER3 overexpression has been
observed in various types of solid tumors, including breast
cancer,'" cervical cancer,’ colorectal cancer (CRC),"
gastric cancer,’ melanoma,’®> non-small cell lung cancer
(NSCLC),"® ovarian cancer,"” and pancreatic cancer.'® In
this review, we will discuss key aspects of HER3 signaling,
including the structure of HER3 and the involved down-
stream signaling axis, HER3 gene mutations, and more
importantly, focus on reviewing pro-cancer roles of HER3 in
various cancer types and associated pre-clinical and clinical
studies. We will also discuss recent developments in HER3-
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Schematic illustration of ErbB receptor structures and dimerization patterns. ErbB, ERB-B2 receptor tyrosine kinase.
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directed therapies and the new roles of HER3 in tumor
microenvironment-mediated signaling pathways. Lastly, we
will provide our take on the future directions of developing
novel HER3-targeted therapies.

Structure of HER3

HER3 was first discovered in 1989 by Kraus et al, with the
human encoding gene ERBB3 being identified on chromo-
some 12q13."” As mentioned earlier, HER3 consists of a large
extracellular ligand-binding ectodomain, a transmembrane
domain, and a short juxta membrane segment, followed by
an intracellular tyrosine kinase domain and a tyrosine-con-
taining carboxy-terminal tail (Fig. 2A).""?° The ectodomain is
further divided into four sub-domains (I-1V), comprising two
cysteine-rich regions (Il and IV) and two flanking domains (I
and 111).2" In the absence of a ligand, HER3 remains inactive
due to the binding between subdomains Il and IV.?? Upon
ligand binding at the binding pocket in domains | and IV,%"?
theinactive conformation is altered to expose these domains
for subsequent activation.?' Distinct from other RTKs, HER3
is considered a “kinase-dead” receptor with 1000-fold
weaker kinase activity than fully activated EGFR."?*>?4 As a
result, HER3 predominantly heterodimerizes with EGFR and
HER2, and to a lesser extent with HER4," which have signif-
icant kinase activity upon activation. However, it is worth
noting that Wang and colleagues have reported that K742 in
HER3 has weak but detectable pseudokinase activity and
leads to auto-phosphorylation activation without other
receptors.?*?2%:26

HER3 signaling pathways

Currently, three HER3 ligands have been identified: neu-
regulin 1/1b (NRG1/1b, also known as heregulins) and
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neuregulin 2 (NRG2).?” NRG-activated HER3 leads to acti-
vations of two downstream signaling pathways: the
mitogen-activated protein kinase (MAPK) and the phos-
phatidylinositol 3-kinase (PI3K) pathways (Fig. 2B).%
Signaling through the MAPK pathway begins with the acti-
vation of RAS by an RTK (in this case HER3), leading to the
phosphorylation and activation of RAF, MEK, and MAPK in
turn. MAPK regulates the activities of transcription factors
including AP-1 (activator protein 1), NF-kB (nuclear factor-
kappa B), and p53, all of which play critical roles in regu-
lating cellular functions including proliferation, differenti-
ation, apoptosis, and stress response.?’ Constitutively
activating mutations in RAS genes are commonly found in
cancer. These mutations lead to the activation of the MAPK
cascade signaling independently of HER3 and other RTKs,
promoting cancer development and progression.*° Howev-
er, a recent study reported that HER3 inhibition attenuates
cell and tumor growth in both RAS wild-type and mutant
CRC,*" suggesting HER3-targeted therapies may be used for
treating patients with RAS-mutant CRC who could not
receive EGFR-targeted therapies.

For activating the PI3K pathway, the C-terminal intra-
cellular domain of HER3 has six consensus phosphor-tyrosine
sites that bind to the regulatory p85 subunit of PI3K.*? This
interaction leads to the phosphorylation of membrane
phosphoinositides, which leads to the recruitment and
activation of Akt (protein kinase B) and PDK1 (pyruvate de-
hydrogenase kinase 1)."” Akt regulates a variety of protein
functions that are involved in cell survival, apoptosis, cell
cycle progression, and cell migration, all of which contribute
to cancer development and progression.>* Together, HER3 is
a key upstream effector of MAPK and PI3K signaling cascades
that are involved in cancer cell growth and survival. There-
fore, many HER3-targeted therapies aim to inhibit receptor
activation to attenuate these pro-cancer signaling cascades
to block cancer cell growth and survival."
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Schematics of HER3 structure and downstream signaling. (A) Full-length HER3 (amino acid residues 1—1342) with four

receptor domains (I-1V, yellow), a transmembrane and a short juxta membrane domain (TM and JM, respectively, gray), and a
pseudo kinase domain (Pseudo-K, green). Y104 and V333 are for ligand binding (red). Numbers indicate amino acid positions. (B)
Upon ligand binding with NRG, HER3 dimerizes with either EGFR or HER2, activating downstream MAPK and PI3K signaling pathways.
HER2/3, human epidermal growth factor receptor 2/3; NRG, neuregulin; EGFR, epidermal growth factor receptor; MAPK, mitogen-

activated protein kinase; PI3K, phosphatidylinositol 3-kinase.
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Mutations

Prior studies by Jaiswal et al found that HER3 mutations
were found in approximately 12% of gastric, 11% of colon,
4% of breast, 1% of NSCLC, and other types of cancer, pri-
marily occurring in the extracellular domain®* (summarized
in Table 1). For example, HER3 mutations such as V104M,
P262H, or G284R, promoted pro-tumor phenotypes
including migration and anchorage-independent growth in
colonic or breast non-neoplastic epithelial cell lines.>* 3¢
Additional studies showed that these mutations activated
downstream signaling pathways, particularly Akt, which led
to cell growth and survival.>”>*® Jaiswal and team also
investigated the oncogenic properties of these mutations
by screening cohorts with different tumor types for syn-
onymous mutations of HER3.>* Many of the mutations were
in regions that were conserved among HER3 orthologs,
suggesting functional relevance. Moreover, HER3 mutations
were also found to be ligand-independent and promote
tumor growth. The T355 to isoleucine (T355l) mutation was
particularly noteworthy, as it was associated with increased
levels of HER3 and ERK1/2 phosphorylation and down-
stream cyclin D1 activation in estrogen receptor-positive
and HER2-overexpressing breast cancer.?®3%° Other mu-
tations such as tyrosine kinase domain (TKD) mutations
were also found to have high oncogenicity.>* Collier et al
found that the E909G TKD mutation increased HER2/HER3
heterodimer kinase activity in vitro with purified proteins.
On the other hand, no frameshift, nonsense, or intronic
HER3 mutations were reported in cancer-related studies.*

Role of HER3 in distinct cancer types and
related clinical studies

Breast cancer

Breast cancer affects one in eight women across the United
States and is associated with high mortality, metastasis,
and relapse. It often exhibits overexpression of estrogen,
progesterone, or HER2 receptors. Among these, triple-
negative breast cancer stands out as the most aggressive
phenotype, characterized by the absence of receptor
expression.”® Breast cancer is a heterogeneous disease,
with distinct receptor expression profiles in different pa-
tients.”* The overexpression of ErbB family receptors,
specifically HER3, is a strong indicator of worse patient
overall clinical outcomes, including metastasis, tumor
growth, and recurrence.’® >’ HER3 activation promotes cell
growth and survival of HER2-positive tumors and usually
leads to resistance to HER2-targeted therapy in patients
with breast cancer.’®°®% High expression of HER3 has
been shown to cause resistance to tamoxifen and trastu-
zumab therapies in HER2 overexpressing breast cancer
cells.®" To tackle this issue, therapeutic approaches tar-
geting HER3 have been created. These approaches involve
the use of monoclonal antibodies (mAbs) to inhibit the HER3
receptor, leading to its internalization and subsequent
degradation.?®®" Numerous clinical trials have been un-
dertaken to assess the effectiveness of HER3-targeted
therapies in the management of patients with breast can-
cer, and these investigations are discussed herein.

Table 1 HER3 and NRG1 gene alterations in distinct types of cancer.

Cancer type HER3 HER3 mutations NRG1 fusions Reference
amplification

Breast Yes E928G, V104L, G284R, T355I, ADAMY9, COX10-AS, AKAP13 34,40,41—43

T389K, M911, D297Y/A/H/N/V,

S8461, E1261A
Non-small cell lung cancer  Yes

Colorectal cancer Yes

E928G, A232V, V714M, E332K/
Q, D297Y/A/H/N/V, S846l

V104L/M, P262H/S, G284R,

CD74, SDC4, SLC3A2, TNC,
MDK, DIP2B, RBPMS, MRPL13,
ROCK1, DPYSL2, PARP8
POMK

34,40,41,43—46

34,40,41,43,45

A232V/T, G325R, D297Y, S846l,
E928G/K/Q, M60K, V295A,
T355A/1, M60R, R103G/H,

N126K, R475W

Pancreatic cancer Unknown Unknown ATP1B1, APP, CDH1, VTCN1 43,45

Gynecologic cancer (ovarian) Yes L536L, V104M, V438l, D1149E  SETD4, TSHZ2, ZYMYMZ2, 43,45,47
RAB3IL1

Head and neck cancer Unknown MI1I THBS1, PDE7A 45,48

Prostate cancer Unknown Unknown STMN2 49

Gastric cancer Yes A232V, E928G, P262H/S, Unknown 34,40,50—52

T389K, V104L, 1218delE,
A172P, D297Y, V654G, K926R,
L930W, Q809R, H228R, G284R,
D297Y/A/H/N/V, T3551/P,

R426W, S846l

Note: HER3, human epidermal growth factor receptor 3; NRG1, neuregulin 1.
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Trastuzumab is currently the standard of care for
treating patients with HER2-positive breast cancer. How-
ever, as discussed earlier, HER3 overexpression and ligand-
dependent HER2-HER3 interactions can lead to treatment
resistance and evasion of drug-induced apoptosis.®’ To
address this, a humanized HER3-specific mAb, patritumab
(U3-1287), was developed, which inhibits ligand binding and
triggers receptor internalization for degradation.®? Patri-
tumab blocked cancer cell growth in vitro and re-sensitized
tumors to trastuzumab therapy in HER2-positive breast
cancer in pre-clinical models.®"** However, findings from a
phase Ib/Il clinical trial evaluating the combination of
patritumab with trastuzumab and paclitaxel in patients
with HER2-positive metastatic breast cancer showed no
improvement compared with standard-of-care therapy
(NCT01512199). Alternatively, an antibody drug conjugate
(ADC) version of patritumab with a cytotoxic payload, U3-
1402 (also known as HER3-Dxd), is being assessed in com-
bination with DS-1062 (anti-TROP2 mAb) for treating pa-
tients with HER3-positive metastatic breast cancer
(NCT04699630). Additional discoveries in the anti-cancer
effects of this HER3-targeted ADC will be elaborated upon
later in this review.

Meanwhile, multiple other HER3-targeting mAbs were
developed and assessed in clinical studies for treating pa-
tients with breast cancer. Seribantumab (previously known
as MM-121) was developed to block the ligand neuregulin
and HER3 binding (NRG-HER3) and was developed as a full-
length IgG2 mAb to avoid toxicities in non-cancerous tis-
sues. It exhibited anti-proliferative effects in vitro and in
vivo in cells expressing HER2 and HER3.%%°> However, a
phase Il clinical trial (NCT01151046) used the combination
of seribantumab with exemestane (endocrine therapy) in
patients with HER2-negative metastatic breast cancer
showed negligible effect on progression-free survival (PFS).
Interestingly, a subset of patients in the trial with high
levels of NRGs in tumor tissues had increased PFS, sug-
gesting HER3-targeted therapies can be effective when the
targeted pathway is highly active.®® The effects of ser-
ibantumab and other specific antibodies in patients with
high levels of NRG-induced HER3 activation will be further
discussed in subsequent sections. Elgemtumab (LJM716) is
another HER3-specific mAb which blocks phosphorylation of
HER3/Akt. Investigated in patients with HER2-positive
metastatic breast cancer, its efficacy was limited when co-
administered with BYL719, a PI3K inhibitor (NCT02167854).
However, favorable outcomes were observed when com-
bined with trastuzumab.®®

In contrast to the aforementioned mAbs, bispecific an-
tibodies simultaneously targeting HER3 and a different ErbB
receptor have also been developed. MM-111 is a novel
HER2/HER3 bispecific antibody that has demonstrated a
good safety profile in a phase | study but had little addi-
tional benefit when combined with standard-of-care
chemotherapy in treating patients with advanced HER2-
positive breast cancer (NCT01304784).%”-8 Zenocutuzumab
(MCLA-128) is another HER2/HER3 bispecific antibody that
has been used in combination with trastuzumab in patients
with HER2-positive breast cancer and in combination with
endocrine treatment in patients with ER-positive/low
HER2-expressing breast cancer (NCT03321981). Although
these treatments were well tolerated, their effects on

outcomes of patients with breast cancer remain limited or
unclear. Sapitinib (AZD8931), an EGFR/HER2/HER3 inhibi-
tor, was employed in conjunction with endocrine therapy to
address endocrine resistance in patients with hormone-
sensitive advanced breast cancer.®’ Nonetheless, it did not
augment endocrine responsiveness and was associated with
greater toxicity. It is worth mentioning that other than the
recent trial using HER3-ADC (NCT04699630), most prior
clinical studies in breast and other types of cancer did not
evaluate HER3 expression before recruiting participants,
potentially leading to unfavorable effects on the study
outcomes. This limitation observed in most clinical studies
concerning HER3-targeted therapy will be further discussed
in this review article.

Non-small cell lung cancer

Lung cancer is the leading cause of cancer-related death
worldwide, with NSCLC accounting for 82% of all cases.”®
Although HER3 expression has only been found in 30%—40%
of NSCLC tumors,*”"72 it is considered a key mediator of
the development of resistance to EGFR-targeted therapies
with tyrosine kinase inhibitors (TKls), partially via activa-
tion of the PI3K/Akt pathway.**’%>”3 Consequently, HER3-
targeted mAbs, such as patritumab, seribantumab, and
lumretuzumab have been assessed for treating patients
with NSCLC.

Patritumab blocked lung cancer cell growth in vitro and
in vivo, and in a phase Il clinical trial, combining the HER3
antibody patritumab with a pan-HER inhibitor erlotinib led
to increased PFS in patients with advanced NSCLC with high
NRG expression (NCT01211483).7* ¢ In a separate phase |
study, the use of patritumab and erlotinib combination in
patients with NSCLC also led to stable disease as the best
response without dose-limiting toxicities.”” However, as
this line of investigation continued in a phase Il clinical
trial (NCT02134015), the study was prematurely terminated
as it failed to reach the pre-defined criteria. Similar to
patritumab, seribantumab has exhibited robust anti-cancer
efficacy in pre-clinical studies of NSCLC.”® Furthermore,
the recent CRESTONE trial (NCT04383210) showcased an
objective response rate (ORR) of 36% in patients with
NSCLC. However, a phase Il study evaluating seribantumab
in combination with docetaxel was terminated due to the
lack of significant improvement in PFS (NCT02387216). In
contrast, another phase Il trial revealed a potential benefit
when employing seribantumab in conjunction with erloti-
nib. This observation was based on a prespecified retro-
spective subgroup analysis of patients whose tumors
exhibited high levels of NRG expression.”® This underscores
that elevated levels of NRG and the consequent activation
of HER3 represent a potential predictive biomarker for the
responsiveness of patients to HER3-targeted therapy.

In NSCLC, another HER3-targeted mAb, lumretuzumab
(RG7116), has also been used and demonstrated significant
antibody-dependent cell-mediated cytotoxicity.”” Howev-
er, the combination of lumretuzumab with carboplatin and
paclitaxel as first-line treatment of patients with NSCLC
showed limited effect and most patients discontinued the
treatment due to disease progression (NCT02204345).”°
Similarly, combining lumretuzumab with cetuximab (EGFR-
specific antibody) had little impact on patients with HER3-
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expressing NSCLC (NCT01482377), although the combina-
tion blocked NSCLC cell growth in pre-clinical studies.®
Similar to breast cancer, although HER3-specific antibodies
significantly blocked NSCLC cell growth and survival in pre-
clinical studies, findings from clinical trials suggest HER3-
targeted therapies have limited efficacy in patients, except
for patients with NRG-high and HER3-activated phenotypes.
While most HER3-targeted clinical trials have been unsuc-
cessful in NSCLC, it is crucial to acknowledge that, like
studies for breast cancer, HER3 expression levels in NSCLC
tumors were not examined and used for patient recruit-
ment, which is a major pitfall in the study design given that
only approximately 30%—40% of patients with NSCLC exhibit
HER3 expression.

Colorectal cancer

CRC is the second most common cause of cancer-related
death in the United States.®" HER3 overexpression has been
observed in a significant subset of patients with CRC and
has been associated with poor prognosis.®? % A preclinical
study analyzed patient samples and found that 80% of pri-
mary CRC tumors and 82% of CRC liver metastases had high
levels of HER3 proteins, determined by immunohisto-
chemistry.®> In another study, immunohistochemistry
analysis showed that HER3 expression was detected in 93%
of metastatic CRC tumors.®” These findings suggest that
HER3 may be a potential therapeutic target in treating
patients with CRC, particularly those with advanced dis-
ease. Our laboratory’s pre-clinical investigations have
shown that the inhibition of HER3 significantly attenuates
the survival of CRC cells.>"®® Several HER3-targeted mAbs,
including seribantumab, REGN1400, Av-203, and KTN3379
have been tested either alone or in combination with EGFR-
targeted therapies in phase | and phase Il trials in patients
with CRC, but the outcomes of these trials have shown
severe toxicities.’>%° Meanwhile, in a phase | clinical trial,
the use of patritumab resulted in stable disease as the best
response with no dose-limiting toxicities.’® Duligotuzumab,
a dual-action antibody targeting HER3/EGFR, was employed
in a phase Il trial (NCT01652482). However, this trial yielded
no PFS or overall survival (OS) advantages.’' Duligotuzumab
has also been tested in combination with cobimetinib (MEK
inhibitor) in patients with locally advanced or metastatic
CRC-harboring mutant KRAS (NCT01986166). Nevertheless,
this combination was associated with increased toxicity and
limited efficacy in comparison to cobimetinib or duligotu-
zumab monotherapy. A phase |/Il study examined the
toxicity and efficacy of the pan-HER inhibitor sapitinib
combined with standard-of-care chemotherapy in patients
with metastatic CRC (NCT01862003). Although sapitinib
showed a low toxicity profile, no improvement was seen in
the ORR.”

Pancreatic cancer

Pancreatic ductal adenocarcinoma (PDAC) presently ranks
as the third highest cause of cancer-related death in the
United States, and its incidence is projected to increase in
the next decade.”® Most patients with PDAC present with
metastasis at the time of diagnosis, and almost all patients

eventually develop distant metastasis.>* Unfortunately,
treatment options for patients with metastatic PDAC are
limited, and the 5-year survival is only 3%.* Recent research
suggests that NRG secreted by liver endothelial cells can
activate the HER3-Akt signaling pathway in metastatic
PDAC cells that express HER3. This suggests that HER3-
targeted therapies may be effective in treating patients
with HER3-positive metastatic PDAC.> Pre-clinical studies
have demonstrated that HER3-targeted therapies are
effective in attenuating tumor growth in PDAC. Based on
these findings, numerous clinical trials have been initiated
to further evaluate the efficacy of HER3-targeted therapies
in PDAC. As mentioned earlier, the CRESTONE phase Il
clinical trial is currently evaluating the safety and efficacy
of seribantumab in patients with advanced solid tumors
that have NRG1 gene fusion mutations (NCT04383210).
Preliminary data from the trial suggests that seribantumab
has a favorable safety profile and has demonstrated a du-
rable response in patients with NRG1 gene fusion, including
a 33% ORR in patients with PDAC. Another ongoing phase Il
clinical trial is investigating the efficacy of zenocutuzumab
(MCLA-128) in patients with solid tumors harboring an NRG1
gene fusion (eNRGy) (NCT02912949). Among the patients
with pancreatic cancer enrolled in the trial, an objective
response was observed in 39% of patients.”® The data
derived from these clinical trials substantiates the efficacy
of HER3-targeted therapies in treating patients with PDAC,
particularly those exhibiting HER3 expression or NRG1 gene
fusion. More information regarding NRG1 gene fusion in
HER3-targeted therapies will be discussed later in this
review.

Gynecologic cancer

Gynecologic cancers are a significant health concern for
women worldwide, with ovarian cancer ranking as the fifth
leading cause of cancer-related death in women, with a 5-
year relative survival rate of only 49%.%° In pre-clinical in-
vestigations, overexpression of HER3 is commonly observed
in gynecologic cancers.”®®” Up to 68% of ovarian tumors
have been detected with HER3 overexpression (either at
protein or mRNA levels), which is correlated with an unfa-
vorable patient prognosis and an increased prevalence of
metastasis.'”*>°*%” Similar to other types of cancer,
elevated HER3 expression is linked to the development of
acquired resistance to standard-of-care treatment in
ovarian cancer.”®%% Additional investigations examined
the correlation between HER3 expression and patient sur-
vival in cervical cancer and found that HER3 expression was
significantly associated with reduced disease-free survival
(DFS) and 0S.' For HER3-targeted therapies, ser-
ibantumab has been tested in gynecologic cancers in com-
bination with EGFR-targeted mAb, as well as other
chemotherapeutic agents such as gemcitabine, carbopla-
tin, and pemetrexed (NCT01447225, NCT02538627). These
studies have largely shown a lack of success.’>'°" Inter-
estingly, within a phase Il clinical trial, the addition of
seribantumab alongside paclitaxel demonstrated an
elevated median PFS in patients diagnosed with platinum-
resistant/refractory ovarian cancer exhibiting high NRG
levels (NCT01447706)."°? These results again imply that the
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assessment of NRG/HER3 expression could serve as a crucial
biomarker for identifying individuals with gynecologic
cancers who may derive benefits from HER3-targeted
therapies.

Head and neck cancers

Head and neck cancers account for 4% of all cancers in the
United States and have caused an estimated 277,597 deaths
worldwide in 2020."%% A few but significant studies in head
and neck squamous cell carcinoma (HNSCC) indicate that
positive HER3 expression is linked to worse outcomes. 9419
Meanwhile, pre-clinical studies using multiple HER3-tar-
geted mAbs (LMJ716, RG7116, REGN1400, and ser-
ibantumab) have shown potent inhibition of cancer cell and
tumor growth, but a clinical trial using LMJ716 failed to
provide conclusive information (NCT01598077).%%"% Simi-
larly, the EGFR/HER3 dual antibody, duligotuzumab, also
showed limited efficacy in a phase IB clinical trial when
used in combination with cisplatin/5-fluorouracil or carbo-
platin/paclitaxel for recurrent or metastatic HNSCC.'"”
Likewise, in another phase IB clinical trial of patients with
HNSCC, the combination of patritumab with cetuximab plus
a platinum-containing agent demonstrated a tumor
response rate of 47%, but 40% of patients discontinued
treatment due to disease progression or adverse events.'%®

Prostate cancer

Prostate cancer is the most diagnosed cancer and the sec-
ond leading cause of cancer-related death in men.”® In a
study that examined the tumor samples of castration-
resistant prostate cancer, it was found that HER2 and HER3
were highly expressed.*’ Additionally, in vivo studies have
shown that activation of the NRG-HER3 signaling has been
linked to anti-androgen therapy resistance in prostate
cancer.'® Although blocking EGFR and HER2, which are
essential for HER3 activation, by afatinib did not improve
outcomes of patients with prostate cancer in the clinic,''® a
recent pre-clinical study using prostate cell lines showed
that direct inhibition of HER3 by patritumab (antibodies) or
U3-1402 (patritumab ADC) exhibited anti-tumor effects in
vitro, suggesting HER3 inhibition could impede tumor
growth in patients with prostate cancer.”’ As such, further
evaluation of HER3-targeting in patients with prostate
cancer is warranted in prospective clinical trials.

NRG1 gene fusion mutations

The identification of oncogenic gene fusions or rearrange-
ments has been observed in various solid tumors. This has
led to the successful identification and targeting of onco-
genic gene fusions as one of the most significant advance-
ments in oncology.”"""""? NRG1 fusion mutations were first
identified in NSCLC."" They are caused by DNA rearrange-
ments, resulting in the creation of a “chimera protein” by
the fusion of NRG1 domains with partner proteins (such as
ATP1B1 (ATPase Nat/K™ transporting subunit beta 1), APP
(amyloid beta precursor protein), CD74 (leukocyte differ-
entiation antigen 74), and SDC4 (syndecan 4); summarized
in Table 1).%>""* As a result, NRG1 fusion proteins are highly

expressed on the cell membrane and induce HER3 activa-
tion. Although the occurrence of NRG1 rearrangements is
rare, with the incidence of 0.5% in pancreatic cancer, 0.3%
in NSCLC, 0.2% in breast cancer, and 0.1% in colorectal
cancer,® multiple studies in distinct cancer types discussed
above have determined that the presence of NRG1 fusion
mutations is associated with enhanced anti-cancer effects
caused by HER3-targeted therapies.

In addition, the eNRGy1 global multicenter registry for
NRG1 gene fusions has shown an objective response rate of
25% in lung cancer patients treated by afatinib (clinically
available EGFR/HER2 inhibitors),""® and a pre-clinical study
demonstrated that NRG1 gene fusion and rearranged cancer
cell lines exhibited heightened sensitivity to tarloxotinib, a
prodrug of a potent irreversible inhibitor of EGFR/HER2.""®
In recent clinical studies, a phase Il clinical trial evaluating
the efficacy of zenocutuzumab (MCLA-128) in patients with
NRG1 gene fusion cancer showed an ORR of 34% and a
median duration of response of 9 months.”® In a study
analyzing patients with advanced PDAC, those with NRG1
gene fusion-positive tumors that were treated with afatinib
demonstrated a significant and rapid response while on
therapy.'"”

As a result, a phase Il clinical trial was initiated to spe-
cifically assess the safety and efficacy of seribantumab in
patients with advanced solid tumors harboring NRG1 gene
fusion mutations (NCT04383210, CRESTONE). Preliminary
data from this clinical trial indicates that seribantumab has
a favorable safety profile with few dose-limiting toxicities
and has produced a durable response in patients with NRG1
gene fusion, with an ORR of 36% in NSCLC and 33% in
PDAC.""® Also, another phase Il clinical trial is currently
underway to study the efficacy of afatinib in advanced
NRG1-rearranged malignancies (NCT04410653). These find-
ings emphasize the significance of NRG1 fusions as a pre-
dictive biomarker, suggesting their utility in identifying
patients likely to benefit from HER3-targeted therapy.
Together, these observations collectively suggest HER3-
targeted therapies can be effective when precisely
directed toward the specific population such as with NRG1
gene fusion mutations, or HER3 expression as discussed
above for lung cancer.

Antibody—drug conjugates

ADCs provide targeted delivery of cytotoxic drugs (referred
to as “payload”) to tumor cells via antibody carriers,
ensuring precision in drug delivery. Over the last decade,
more than ten ADCs have gained approval, with several
others in clinical development, reshaping the landscape of
cancer therapy.'” A notable example is U3-1402, a pio-
neering HER3-targeted ADC utilizing patritumab as the
carrier and DXd, a derivative of exatecan (topoisomerase |
inhibitor), as the payload. Early reports from a phase I/lI
clinical trial revealed promising anti-tumor efficacy in pa-
tients with HER3-expressing metastatic breast cancer,
boasting a 47% ORR and a disease control rate of 94%
(NCT02980341)."%° In a separate clinical study, the utiliza-
tion of HER3-DXd in patients with EGFR TKI-resistant NSCLC
exhibiting HER3 expression demonstrated clinical efficacy,
showcasing a 39% ORR and a median PFS of 8 months. '2"122
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Recent findings also indicate that HER3-DXd displayed in
vitro anti-tumor activity against HER3-positive cells,
regardless of clinically relevant HER3 mutations.'?
Furthermore, in a pre-clinical study using xenograft tumors,
co-administration of U3-1402 with a PD-L1/PD-1 antibody in
HER3-positive colorectal and lung cancer cell lines exhibi-
ted significantly enhanced anti-tumor immunity by sensi-
tizing tumors to PD-1 blockade.'™ In those studies, the
authors speculated that the de novo antigens caused by the
cytotoxic payload, Dxd, sensitized cancer cells to immu-
notherapies which had limited clinical impact as a mono-
therapy in solid tumors.'* Additionally, clinical analyses
revealed a high frequency of tumor-specific HER3 expres-
sion among patients with solid tumors resistant to PD-1
blockade.'?* These promising results suggest that exploring
the combination of HER3-targeted ADC with immune
checkpoint blockade could yield beneficial effects, war-
ranting further investigation in future clinical trials. More-
over, in pre-clinical models of multidrug-resistant triple-
mutant lung cancer and double-mutant CRC, a novel self-
immolation T moiety and exatecan ADC effectively over-
came chemoresistance and showed improved intra-tumoral
pharmacodynamic response.’?” These findings highlight the
potential of ADCs to broaden the spectrum of responsive
patient populations and applicable tumor types.

Tumor microenvironment and HER3 signaling

In recent years, extensive research has been conducted to
characterize the effects of the tumor microenvironment
on cancer cells. The tumor microenvironment consists of
cellular components such as the tumor cells and non-
neoplastic stromal cells including immune cells, fibro-
blasts, endothelial cells, and a non-cellular component of
the extracellular matrix.'?® In addition to oncogenic al-
terations in cancer cells, crosstalk between cancer and
stromal cells in the tumor microenvironment has also been
identified as a key factor in activating HER3 for the
development and progression of cancer (Fig. 3). For
example, fibroblasts express and secrete NRGs to activate
the HER2-HER3 pathway in breast cancer.'?” Moreover, our
recent studies suggest that HER3 is a key mediator of the
pro-survival effects of the surrounding microenvironment.
With a focus on liver metastases, which occur in over 80%
of advanced CRC and PDAC cases, we collectively discov-
ered that the surrounding liver microenvironment acti-
vates cancer-associated HER3, promoting cell growth and
chemoresistance in CRC and PDAC cells.®® 273" Specif-
ically, we determined that the liver-specific endothelial
cell-rich microenvironment secretes soluble factors to
activate HER3 in a paracrine fashion, and we found that
blocking HER3 activity effectively blocked liver endothe-
lial cell-induced CRC tumor growth. Interestingly, we
found that although liver endothelial cells secrete NRGs,
the canonical HER3 ligands are not the primary mediator
of endothelial cell-induced HER3 activation.®® Based on
these findings it is also noteworthy that the efficacy of
HER3-targeted therapy relies on the HER3 expression in
cancer cells, suggesting future clinical trials should
employ HER3 expression as a key predictive marker for
HER3-targeted therapy efficacy.

Fibroblast

Endothelium

Cancer cell
Survival

Figure 3 Schematic illustration of cancer-associated HER3
activated by the microenvironment components. HER3, human
epidermal growth factor receptor 3.

Aside from endothelial cells and cancer-associated fi-
broblasts,'?®'32 HER3 also plays a role in immune cell
biology and functions. Breast cancer cell-secreted NRGs
activate macrophage-associated HER3 which in turn pro-
motes the expression of JAG1 (jagged 1) and increases
cancer cell invasion."** Similarly, HER3 signaling regulates
MHC | (major histocompatibility complex class I)-related
chains A and B (MICA and MICB) in breast cancer cells and
leads to natural killer-mediated toxicity in breast cancer."**
Moreover, studies in cervical cancer suggest that HER3
methylation in cancer cells is associated with the presence
of macrophages, effector memory CD8 T-cells, activated
CD8 T-cells, regulatory T cells, immature B cells, T helper
1 cells, and myeloid-derived suppressor cells but the
mechanism remains unclear.”*®> Meanwhile, as HER3
expression is commonly detected in cancer, it has been
assessed as a potential antigen for engineered CD4 T tar-
geting in breast cancer and head and neck cancer, 3%’
and the HER3 vaccine is being assessed as a potential
strategy for cancer treatment/prevention either alone or in
combination with immunotherapies.’*® Together, these
studies suggest HER3 mediates immune cell functions in
various types of cancer, although much work is needed to
further elucidate the involved mechanisms.

Discussion

The role of HER3 overexpression and oncogenic mutations
in various solid tumor types is well documented. Both pre-
clinical and clinical studies have shown that overexpression
of HER3 is associated with tumor cell proliferation, che-
moresistance, and overall worse survival. Most pre-clinical
investigations employed either subcutaneous xenografts or
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primary orthotopic models and demonstrated the anti-
cancer effects of HER3 inhibition principally on primary
tumors, as described above for each cancer type. On the
other hand, clinical trials investigating HER3-targeted
therapies were mostly conducted in patients with advanced
metastatic tumors that failed to respond to prior standard-
of-care therapies. For instance, in breast cancer, the HER3-
specific antibody patritumab demonstrated significant anti-
cancer effects on xenografts and primary tumors in pre-
clinical studies and in patients with metastatic breast
cancer in clinical trials.®™"*° However, there is no infor-
mation on the effects of the antibodies on primary tumors
in those patients or in patients only with primary tumors.
Meanwhile, based on the preclinical studies from our lab-
oratory that demonstrated that the liver microenvironment
secretes soluble factors to activate cancer-associated
HER3, we hypothesize that HER3 is highly active in liver
metastases compared with primary tumors, suggesting that
therapeutic interventions may yield greater efficacy in
patients with liver metastases.®'%8

In contrast, most clinical studies assessing HER3 inhibitors
and antibodies, mostly in patients with metastatic tumors,
showed limited impact in improving patient survival. One
potential key reason for the failed outcomes is that, in most
trials, HER3 expression in patients was not assessed and used
as a selection criterion for patient recruitment. Our labora-
tory has shown that HER3-targeted therapies are only
effective in cells and tumors that express HER3, 2% implying
that previous clinical trials failed potentially because a
substantial number of enrolled patients had HER3-negative
tumors, especially the patients with lung cancer wherein
only 30%—40% tumors are HER3-positive.**”"”? Thus, the
results of those “negative clinical trial results” are debatable
and call for further investigation. The significance of incor-
porating relevant biomarkers into HER3-targeted therapies is
further supported by the consistent finding across various
studies that individuals with NRG1 gene fusion mutations
exhibit notable positive responses to HER3-targeted
treatments.”""">~""7 While significant studies used cancer
cell lines and retrospectively analyzed archived patient
tumor tissues and detected HER3 overexpression at mRNA
levels (either by quantitative PCR or RNA sequencing), most
clinical trials overlooked the assessment of HER3 expression.
Among those few clinical studies in metastatic breast cancer,
NSCLC, and HNSCC, HER3 expression was assessed by
immunohistochemistry staining using biopsy tissues, fol-
lowed by established histological scoring of staining intensity
and distribution across tumor samples (e.g., 0 for no staining
or membrane staining in <10%, 1+ for faint or barely
perceptible incomplete membrane staining in >10%, 2+ for
weak-to-moderate complete membrane staining in >10%,
and 3+ for circumferential membrane staining that is com-
plete, intense, and in >10%).'4°"'*> Despite that, deter-
mining HER3 expression in clinical studies remains a
challenge partially due to variations in antibody specificity
for immunohistochemistry staining and potential spatial
heterogeneity in HER3 cell surface localization. Hence,
establishing HER3 expression as a predictive biomarker for
patient response to HER3-targeted therapies and developing
reliable and rapid methods for assessing HER3 expression in
cancer will have significant implications in future clinical
trials for treating patients with solid tumors.

Within the scientific community, a prevailing belief is
emerging that resistance to established HER3-targeted
therapies could stem from alternative mechanisms of HER3
activation. In our laboratory, we identified that soluble
factors released by the tumor microenvironment could
activate HER3 independently of NRG1, and the subsequent
HER3 activation does not rely on the conventional hetero-
dimerization of HER3 with other ErbB receptors such as
EGFR and HER2.%8'78 Recent preliminary unpublished data
from our laboratory indicates that leucine-rich a-2-glyco-
protein 1 (LRG1), secreted by the EC microenvironment,
can directly bind to and activate HER3 as a novel ligand,
distinct from NRGs.'** While the precise mechanism of
LRG1-HER3 binding remains unknown, our findings suggest
alternative activation mechanisms of HER3, which may
contribute to the development of resistance to HER3 anti-
bodies, and warrant further investigations for developing
strategies to block HER3 activation.

Lastly, significant findings from pre-clinical and clinical
investigations indicate that cancer cells may counteract
ErbB receptor inhibitions by up-regulating other RTKs (non-
targeted ErbB receptors or others) as adaptive resistance
mechanisms. For example, lung cancer develops resistance
to EGFR inhibitors by over-activation of HER3.' As a
result, combining EGFR and HER3 inhibitions had superior
anti-cancer effects compared with EGFR inhibitors alone.
Similarly, in breast cancer, developed resistance to tras-
tuzumab is associated with increased HER3 expression. '
According to this paradigm, when exposed to HER3-tar-
geted antibodies and inhibitors, cancer cells may activate
alternative survival pathways to sustain proliferation in a
HER3-independent manner. Concurrent inhibition of multi-
ple ErbB family receptors has been attempted through the
administration of sapitinib, a pan-HER inhibitor, in clinical
trials for patients with breast cancer and CRC, but the in-
terventions did not yield improvements in patient out-
comes.®”? This implies that sapitinib may not be effective,
necessitating the development of a novel drug with com-
parable action, or unidentified resistance mechanisms may
contribute to this outcome. Notably, in contrast to previous
unsuccessful clinical trials, the assessment of HER3
expression/activation emerges as a pivotal predictive
biomarker for identifying patients who could derive bene-
fits from combination therapies in future clinical trials.

Conclusion

As outlined in this review, HER3 plays a critical role in the
oncogenesis of various cancer types. The tumor microen-
vironment significantly influences the activation of HER3
and the promotion of cancer cell survival. While HER3 as a
therapeutic target holds promise, the way it has been
addressed in prior clinical trials was suboptimal. The lack of
a predictive biomarker for patient selection in these trials
could be a contributing factor. Additionally, alternative
mechanisms of HER3 activation, such as by a new ligand,
LRG1, and the potential involvement of other acquired
resistance mechanisms, could also contribute to this phe-
nomenon. Therefore, identifying HER3 expression as a
predictive biomarker, developing reliable and feasible as-
says to evaluate HER3 expression, and elucidating
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alternative HER3 activation mechanisms will improve the
effectiveness of current HER3-targeted therapies.
Furthermore, improving existing therapies by developing
novel ADCs and combining HER3-targeted therapies with
other standard-of-care regimens may enhance patient
outcomes in future clinical trials. In summary, HER3 stands
out as a pivotal target in cutting-edge cancer therapies,
offering the potential for enhanced outcomes through a
deeper comprehension of the tumor microenvironment and
the molecular mechanisms underlying cancer progression.
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