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A B S T R A C T   

Breast cancer is a heterogeneous disease, encompassing multiple different subtypes. Thanks to the increasing 
knowledge of the diverse biological features of each subtype, most patients receive personalized treatment based 
on known biomarkers. However, the role of some biomarkers in breast cancer evolution is still unknown, and 
their potential use as a therapeutic target is still underexplored. HER3 is a member of the human epidermal 
growth factors receptor family, overexpressed in 50%-70% of breast cancers. HER3 plays a key role in cancer 
progression, metastasis development, and drug resistance across all the breast cancer subtypes. Owing to its 
critical role in cancer progression, many HER3-targeting therapies have been developed over the past decade 
with conflicting findings. Next-generation antibody-drug conjugates have recently shown promising results in 
solid tumors expressing HER3, including breast cancer. In this review, we discuss the HER3 role in the patho
genesis of breast cancer and its relevance across all subtypes. We also explore the new anti-HER3 treatment 
strategies, calling into question the significance of HER3 detection as crucial information in breast cancer 
treatment.   

Introduction 

The epidermal growth factor receptor 3 (HER3) is a transmembrane 
receptor that belongs to the human epidermal receptor (HER) family and 
is overexpressed in several cancer types, such as melanoma, cervical, 
ovarian, colorectal, gastric, and breast cancer [1], which renders it a 
promising therapeutic target [2]. Its overexpression stimulates down
stream signalling pathways that enhance cell cycle progression, angio
genesis, survival, invasion, and metastasis [3,4]. In breast cancer, HER3 
is overexpressed in about 50–70 % of all subtypes [5], with the HR+/ 
HER2- subtype showing the highest expression (followed in order by 
HR+/HER2+ and HR-/HER2+ subtypes) [6]. It has long been assumed 
that HER3 upregulation is associated with acquired resistance to 
chemotherapy, endocrine therapy, and HER2- and PI3K/AKT/mTOR 
targeting therapy [7,8,9]. Hence, targeting HER3 appears to be a 
promising approach in breast cancer, especially following exposure to 
therapeutic agents [10]. However, several anti-HER3 therapies, mostly 
based on mono- and bispecific antibodies, have been integrated into 
preclinical and clinical development with unsatisfactory results 
[11,12,13,14,15] and only the anti HER3 antibody drug conjugates 

seem to have the most promising results [16,17,18,19,20]. In this re
view, we thoroughly examine the role of HER3 in the pathogenesis of 
breast cancer, with a focus on its relevance across all subtypes and in 
developing resistance to a spectrum of breast cancer therapies under 
selective treatment pressure. Last, we highlight the current landscape of 
anti-HER3 treatments and discuss future perspectives in therapeutic 
strategies and, thus, in HER3 assessment. 

HER3 unique characteristics 

HER3 structure 

HER3, first identified by Kraus et al. [21], is a member of the human 
epidermal growth factor receptors (HER) family, which is composed of 
four homologous receptors tyrosine kinases (RTKs): EGFR (ErbB1), 
HER2 (ErbB2), HER3 (ErbB3), and HER4 (ErbB4). Members of this 
family play essential roles in cell proliferation, survival, migration, and 
differentiation. HER3 is composed of an extracellular domain (ECD), an 
intracellular kinase domain (KD), and an intracellular c-terminal tail 
[22]. Ligands bind the ECD, leading to a conformational rearrangement 
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in the dimerization domain that constitutes the dimer interface with 
another receptor [23]. While EGFR, HER3, and HER4 have ligands, 
HER2 does not have a ligand and is always in a constitutively active 
conformation with its dimerization arm opening even without ligand 
binding [23]. The EGFR family members induce their activation through 
both homodimerization and heterodimerization. EGFR or HER4 mostly 
form homodimers, while HER3 mostly heterodimerizes with HER2, and 
the HER2-HER3 heterodimer is the most active signaling dimer in this 
family [24,25]. Indeed, HER3 KD is an allosteric activator of HER2 ki
nase, leading to greater HER2 autophosphorylation than HER2 homo
dimers [26]. HER3 has unique features in the ECD domain. The 
neuregulin (NRG), also called the heregulin (HRG) is the unique ligand 
of HER3 [27] that activate HER3-ECD [28]. Without ligand, HER3 keeps 
in a tethered conformation (Fig. 1). NRG does not promote HER3 
homodimerization at the cell surface, making it an obligate partner for 
heterodimerization [29]. To HER2, the most privileged hetero
dimerization partner is HER3 among all members of HER family [30]. 

HER3 pathways 

Dimerization induces transactivation of the tyrosine kinase domain 
[31], leading to the recruitment of signaling molecules, and the acti
vation of intracellular signaling pathways [32]. Members of the EGFR 
family all have powerful intrinsic kinase activity, with the exception of 
the HER3 member. Unlike the others, HER3 has only modest intrinsic 
kinase activity, which makes it unable to efficiently phosphorylate 
peptide substrates and trigger a signal through homodimerization. 
Therefore, it can activate signalling pathways upon ligand binding 
through heterodimerization with the other EGFR family members. The 
c-terminal tail of HER3 contains 14 phosphotyrosines: six sites bind the 
SH2 domain to interact with subunits of PI3K[33]. HER3 is a potent 
activator for PI3K/AKT signalling [33], and this evolution of HER3 ECD 

and KD into structures lacking the function of homodimerization, pro
tects the PI3K signaling pathway from premature activation[31]. 
Depending on heterodimerization with other RTKs, HER3 can also 
induce activation of different signaling pathways such as MEK/MAPK, 
PLCγ/PKC, Jak/Stat, and Src kinase, which have a crucial role in cellular 
growth, proliferation, and survival [34,35,36,37,38] (Fig. 2). 

Overexpression and gene alterations 

HER3 expression in breast cancer 
HER3 protein is overexpressed in about 50–70 % of breast cancers 

[3] and promotes carcinogenesis in all breast cancer subtypes. It should 
be noted that differences in expression are mainly related to the different 
methods and antibodies targeting HER3. The most used was RTJ1, a 
mouse monoclonal antibody directed against HER3 kinase. Luthala et al. 
compared 4 different anti-HER3 antibodies (DAK-H3-IC and RTJ1, 
rabbit monoclonal antibody clone SP71, and rabbit polyclonal antibody 
SAB4500793) to explain the differences found in the staining results in 
breast cancer studies. DAK-H3-IC targets the intracellular HER3 domain 
and appears to be the most suitable for detecting cell membrane and 
cytoplasmatic HER3 expression in breast cancer tissue samples [39]. 
Another variation among studies arises from the immunohistochemistry 
(IHC) scoring, as some studies considered 1+ as positive, along with 2+
and 3+. In addition, conflicting results have been reported when HER3 
mRNA and HER3 protein expression by IHC were compared. In luminal 
breast cancer, which present the highest mRNA HER3 levels [6], cor
relation between protein expression and mRNA level is still unclear. A 
study evaluating the concordance between protein and mRNA expres
sion across HER family receptors showed that HER3 mRNA correlates 
with HER3 IHC protein expression in ER-positive breast cancer [40]. 
Conversely, the recent SOLTI TOT HER3 study underlined the weak 
correlation between HER3 mRNA and HER3 protein expression in 

Fig. 1. HER3 structure and fuction: HER3 comprises an extracellular region (ECD), a transmembrane region, and an intracellular region (kinase domain, KD, and c- 
terminal tail).The ECD region, in turn, presents four parts: in the close conformation, domain II and domain IV are joined to prevent dimerization. When HER3 
ligands (NRG 1 or NRG2) bind domains I and III, the ECD region undergoes a conformational change that exposes the dimerization arm, suitable for hetero
dimerization with other RTK. When a heterodimer is active, kinase domains form a dimer that allosterically activates the other, activating signaling pathways. HER3- 
HER2 is the most active heterodimer in the EGFR family, while EGFR and HER4 mostly form homodimer. 
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patients with early ER + breast cancers undergoing preoperative treat
ment with patritumab-deruxtecan [16,41]. In an extensive analysis of 
The Cancer Genome Atlas (TCGA) and the Cancer Cell Line Encyclopedia 
(CCLE), all TNBC expressed HER3 mRNA but some with a lower corre
sponding protein expression [42]. Although HER3 expression in basal- 
like/triple-negative breast cancer is relatively low, it has been associ
ated with worse survival outcomes, as the NRG1β/HER3/HER2 axis 
supports tumor cell dissemination by promoting anchorage-independent 
cell growth [43]. 

HER3 gene alterations 
HER3 gene alterations have been reported in 5.6 % of breast cancers 

(cBioportal data). HER3 amplifications are infrequent, with a higher 
prevalence observed in lobular breast carcinomas, occurring in over 7 % 
of cases (cBioportal data). HER3–activating somatic mutations have 
been described in 2 % of all breast cancers. The most common mutations 
are E928G (kinase domain), V104L, G284R, and T355I (Extracellular 
domain) [30] (cBioportal data, Fig. 3). These activating mutations make 
HER3 receptor activation independent of ligand stimulation in breast 
cancer cell models, by increasing HER2-HER3 heterodimerization, and 
have been associated with resistance to lapatinib [44]. The ECD is the 
region primarily impacted by HER3 mutations, causing a shift in the 
equilibrium between tethered and untethered HER3 ECD toward an 

untethered conformation in a ligand-independent manner. Although KD 
of HER has modest activity, kinase domain mutation may alter the 
conformation of HER3 so that it becomes more permissive to form 
HER3/HER2 dimers in a ligand-independent way. Interestingly, it has 
been shown that the oncogenic activity of HER3 mutations depends on 
the expression of HER2; HER3mut alone can promote neither 
anchorage-independent growth nor downstream signaling [42]. 

HER3 oncogenesis and signaling 

HER3 plays a key role in the development and progression of all 
breast cancer subtypes. Indeed, it has been demonstrated that HER3 
drives the growth and survival of several ER-positive breast cancer cell 
lines using its signaling pathway [35]. In mouse mammary HER2 
amplified breast cancer tissue, HER3 expression contributes to cancer 
formation and takes part in the transition of ductal in situ carcinomas to 
malignant adenocarcinoma, while the loss of HER3 decreases the growth 
of HER2-overexpressing tumors and improves tumor response to the 
HER2 tyrosine kinase inhibition [45]. HER3 upregulation was found 
also in triple negative breast cancer (TNBC) clinical samples and cell 
lines, in which the genetic silencing led to suppression in tumor growth 
[46]. Nevertheless, the complete understanding of the mechanisms 
responsible for abnormal HER3 protein expression remains elusive. 

Fig. 2. HER3 signaling: The HER3 c-terminal tail contains 14 phosphotyrosines, 6 of which bind SH2 domains on the PI3K p85 regulatory subunit. SH2- 
phosphotyrosine interactions bring PI3K close to the plasma membrane, where the p110 PI3K subunit can convert PIP2 into PIP, activating the PI3K/Akt 
signaling pathway responsible for cell survival. HER3 is a direct activator of this pathway, and its particularities in ECD and KD domains prevent premature PI3K 
activation. HER3 can activate, through heterodimerization with other RTK, other signaling pathways such as MEK/MAPK, PLCγ/PKC, Jak/Stat, and Src kinase, which 
have a crucial role in cellular growth, proliferation, and survival. 
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Given that HER3 gene amplifications and mutations are rare in breast 
carcinogenesis, it has been assumed that increased HER3 expression 
might result from alterations in downstream signaling mechanisms that 
regulate HER3 membrane trafficking and degradation [39,47]. The E3 
ubiquitin ligase neuregulin receptor degradation protein-1 (NRDP-1, 
also known as FLRF and RNF41) regulates steady-state HER3 levels by 
marking the receptor for proteolytic degradation. Overexpression of 
NRDP1 suppresses cellular HER3 levels in human breast cancer cells, 
inhibiting cell growth motility and attenuating signal transduction 
pathways. In contrast, NRDP1 knockdown enhances HER3 levels and 
cellular proliferation in primary breast tumors [48]. NRDP1 protein 
levels are suppressed in 57 % of breast cancers [49,50]. Neural precursor 
cells said developmentally downregulated 4 (NEDD4) is also a ubiquitin 
E3 ligase of human HER3. NEDD4 interacts with the c-terminal tail of 
HER3 in a neuregulin-1-independent manner. Short hairpin RNA 
(ShRNA) knockdown of NEDD4 increases HER3, Akt, and ERK1/2 
phosphorylation, enhancing HER3 signaling and cancer cell prolifera
tion [51]. In breast cancer, also transmembrane mucin 4 (MUC4) pro
motes the recruitment of HER3 and HER2 at the plasma membrane, 
ultimately increasing their signaling functions. MUC4 increases 
expression of EGFR and HER3 in triple-negative breast cancer, whose 
activation induces Erk1/2, PKC, and FAK to drive cell proliferation, 
motility, and invasiveness in vitro, and increased tumor growth and 
metastasis in vivo [52]. HER3 is one of the most potent activators of the 
PI3K-AKT pathway, whose deregulation promotes cancer survival via 
alterations in various cellular processes, such as proliferation, growth, 
apoptosis, and cytoskeletal rearrangement [53]. While HER2 and EGFR 
can activate this pathway through the adaptor proteins GRB2 (growth 
factor receptor-bound 2) and GAB1 (GRB2-associated binding protein 1) 
HER3 c-terminal tail has six tyrosine residues whose bind directly the 
phosphotyrosine residues on the receptor and SRC-homology 2 (SH2) 
domains on the PI3K p85 regulatory subunit [53,54]. There is a tight 
interaction between the HER3 and PI3K-Akt pathways. The upregula
tion of PI3K/AKT signaling is thought to be involved in developing 
resistance to several chemotherapy regimens, as exhibited in breast 
cancer cell lines simultaneously expressing HER2 and HER3 [7]. Prior 
preclinical studies have revealed that inhibition of Akt induces HER3 
phosphorylation and expression, and reactivation of Akt phosphoryla
tion is associated with subsequent HER3 decrease [55]. 

Metastasis development 
HER3 expression also plays a key role in developing metastases in 

specific organs, such as bone and brain. It has been reported that NGR1 
triggers a HER3-ROR1 (Receptor Tyrosine Kinase-Like Orphan Receptor 
1) –long non-coding RNA (lncRNA) axis that leads osteoclast differen
tiation and resorption, responsible for breast cancer bone metastases 
[56]. In addition, HER3 has a unique role in cancer cell migration to the 
brain. Preclinical evidence showed that in co-expressed HER2-HER3 
breast cancer, neuregulin-1, which is exceptionally high in the brain 
being secreted by microglial and neuronal cells, binds HER3 and lead to 
the heterodimer activation and signaling that can promote the matrix 
metalloproteinase–dependent trans-endothelial migration of cancer cells 
through the blood–brain barrier, contributing to the establishment of 
brain metastasis [57]. Consistently, a retrospective study of 44 breast 
cancer patients with brain metastasis evaluated the HER3 expression by 
immunohistochemistry. The results showed that HER3 2+/3+ was 
expressed in 91% of brain metastasis, higher than in primary tumors (59 
%) and HER3 was observed in brain metastases for 75 % for TNBC, 89% 
for HR + HER2-, 100% for HR + HER2+, and 100 % for HR-HER2+
[58]. 

Resistance to breast cancer treatments 

HER3 plays a critical role in driving resistance to therapy across the 
different breast cancer subtypes [5]. In HER2-positive breast cancer, 
HER3 is known to confer resistance to HER2-target therapies such as 
trastuzumab and lapatinib. The activation of downstream signaling 
pathways, such as the phosphoinositide 3-kinase (PI3K)/Akt signaling, 
is a major determinant of trastuzumab resistance [59,60]; It has been 
demonstrated that in trastuzumab-resistant breast cancer cell lines 
coexpressing HER2, HER3, and IGF1R (Insulin-like growth factor 1 re
ceptor), HER3 forms a heterotrimer with HER2 and IGF1R. This heter
odimerization induces the activation of PI3K/AKT and SRC pathways 
[36]. Likewise, prolonged exposure to lapatinib leads to acquired 
resistance, characterized by the activation of HER3:EGFR dimerization 
rather than HER2:HER3 signaling. This resistance is facilitated by an 
autocrine feedback loop mechanism involving membrane-bound NRG-1, 
promoting an EGFR-HER3-PI3K-PDK1 signaling axis, despite lapatinib 
targeting of HER2 [61]. Elevated expression of HER3 also induces 
paclitaxel resistance in HER2-overexpressing breast cancer cells by 

Fig. 3. ErbB3 gene mutation focus: cBioportal ErbB3 gene mutations in breast cancer: The most common HER3 gene mutations in breast cancer are highlighted. 
E928G, V104L, G284R, and T355I are missense mutations type. E928G is located in the tyrosine kinase domain, and V104L, G284R, and T355I are in the extracellular 
ligand-binding domain. 
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upregulating Survivin, a key apoptosis inhibitor, by activating PI-3K/ 
Akt signaling pathway [62,63]. In luminal breast cancer, HER3 
expression contributes to hormonal therapy resistance. There is a bidi
rectional crosstalk between HERs (human epidermal growth factor re
ceptors) and ERs (estrogen receptors), where the HER2:HER3 
heterodimer induces phosphorylation of the ER independently of es
trogen. This independent phosphorylation subsequently reduces the 
effectiveness of endocrine therapies [15] Fulvestrant inhibits cell 
growth in ER-positive breast cancer by significantly reducing Estrogen- 
Receptor protein expression. However, it induces the expression of 
HER3 protein and enhances NRG-1β sensitivity, increasing the magni
tude of its response [64]. Fulvestrant-resistant human breast cancer lines 
showed an increased EGFR, HER2, and HER3 expression, with high 
upregulation of HER3. Consistently, the downregulation of HER3 
appeared to restore the activity of tamoxifen in human breast cancer cell 
lines [65]. In vitro, TNBC cell lines that express both HER3 and EGFR, 
treated with an AKT inhibitor or a PI3K inhibitor, showed an increased 
activation and phosphorylation of HER3 as an acquired drug resistance. 
Simultaneous inhibition of the PI3K-AKT pathway and both EGFR and 
HER3 phosphorylation substantially decreased cell proliferation 
compared with inhibition of the PI3K-AKT pathway alone [66]. In TNBC 
pretreated tumor samples, high HER3-EGFR heterodimerization was 
associated with worse 10-year breast-cancer specific survival (BCSS) 
(83.1% vs 69.2%, log-rank p = 0.017) and distant-metastases free sur
vival DMFS (80.8% vs 70.4%, log-rank p = 0.05) after adjuvant 
chemotherapy. This dimer led to EGFR- and PARP1-signaling activation 

and could result in therapeutic resistance [67] These findings suggest 
that developing new target combinations for HER3, EGFR, PARP-1, and 
PI3K-Akt pathways should be investigated in this clinical setting. 

Current and future HER3-therapies 

In the initial development of therapies, mainly monoclonal anti
bodies and TKIs, targeting the EGFR family members, HER3 was 
neglected due to its impaired kinase activity. Lately, the technological 
advances in drug development and the understanding of HER3′s role in 
cancer progression and treatment resistance across different breast 
cancer subtypes have paved the way to novel strategies against HER3. 
(Fig. 4) (Table 1 and 2). 

Monoclonal antibodies 
Lumretuzumab, an anti-HER3 humanized glycoengineered IgG1 

monoclonal antibody binding the subdomain I of the HER3 ECD, was 
evaluated in patients with HER3-positive (any membrane staining 
assessed by Ventana IHC assay) /HER2-low (as defined by IHC 1+ to 2+
and in-situ hybridization negative) metastatic breast cancer, together 
with paclitaxel and pertuzumab in a phase Ib trial. This trial included the 
dose-escalation part (lumretuzumab dose 1000 mg IV every 21 days) 
and the two extension phase cohorts: Cohort 1 (lumretuzumab dose 
1000 mg IV every 21 days) and Cohort 2 (lumretuzumab 2000 mg IV 
every 21 days). Despite the initial antitumor activity observed with the 
combination (ORR in the Cohort 2 was 30%, 55% in pts in first line who 

Fig. 4. Anti-HER3 therapies. A: HER3 monoclonal antibodies target the extracellular domain (ECD) to prevent neuregulin (NRG) binding, dimerization with other 
receptor tyrosine kinases (RTKs), and the subsequent activation of signalling pathways involved in cancer cell proliferation and survival. B: HER3 bispecific anti
bodies have two distinct binding domains that can simultaneously target two antigens or two epitopes of the same antigen. An example is a bispecific antibody that 
can bind both HER3 and another RTK. C: HER3 antibody-drug conjugates consist of a HER3 antibody linked to a cytotoxic payload through a peptide-cleavable 
linker. After binding to HER3, the ADC is internalized, and within lysosomes, the payload is released. This payload exerts cytotoxic effects on the cancer cell and 
can also affect neighbouring cancer cells through its efflux into the extracellular space, known as the bystander effect. D: A dendritic cell vaccine presents the HER3 
antigen to T-cells in two ways. First, dendritic cells (DCs) can present the antigen to T-cell receptors via peptide–MHC complexes (pMHC), leading to T-cell activation. 
Additionally, HER3 antigens can strongly activate DCs through co-stimulation of Toll-like receptors (TLRs), resulting in the upregulation of co-stimulatory molecules 
such as CD80 or CD86 on the DC surface. This intensifies and prolongs the TCR-driven activation of antigen-specific T-cells. Moreover, cytokines like IL-1β, IL-12, IL- 
6, IFN-γ, and TNF-α, released by both DCs and T-cells, further shape the antigen-induced T-cell response. 
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had not received chemotherapy for mBC), a significant number of pa
tients experienced grade 3 diarrhea (100% in the cohort 1, 50% in the 
cohort 2 and 30.2 % in the cohort 3) and hypokalemia (100% in the 
cohort 1, 65% in the cohort 2 and 38.5% in the cohort 3), even with 
loperamide prophylaxis and dose adjustments. Consequently, the 
development of lumretuzumab in this context has been discontinued 
[68]. Seribantumab (MM-121) is an anti-HER3 human monoclonal 
antibody IgG2 that competes with NRG for binding to HER3. It blocks 
HER3 dimerization and induces its internalization and degradation. In a 
phase II clinical trial, seribantumab or placebo was evaluated in com
bination with exemestane in postmenopausal women with ER/PR+
HER2-negative mBC. Adding seribantumab to exemestane did not 
significantly prolong progression-free survival (PFS) in this unselected 
population (mPFS 15.9 weeks vs. 10.7 weeks of placebo + exemestane, 
HR 0.772, 95% CI [0.496––1.201], p = 0.249) [69]. Conversely, 

seribantumab was tested also in combination with fulvestrant to eval
uate the PFS in patients with NRG+, ER/PR+ HER2-negative mBC 
(seribantumab administered at 3000 mg intravenously IV on day 1 and 
15 of each 28-day cycle), but the study was premature closed [70]. 
Seribantumab activity was also explored in the neoadjuvant setting in 
patients with HR+/HER2- and TNBC, combined with paclitaxel, fol
lowed by doxorubicin and cyclophosphamide and surgery. The primary 
endpoint of this study was pCR rate. Although a potential benefit was 
observed in the HR+ group (pCR rate 10.6% vs 3.3%), this was not the 
case in the TNBC group (41.1% vs 48.3%) [71]. Seribantumab is still 
being evaluated in an ongoing, active, but not recruiting phase II trial 
which included recurrent, locally-advanced or metastatic solid tumors, 
which harbor the NRG1 gene fusion (NCT04383210). No results have 
been published yet. 

Elgemtumab (LJM716) is a fully human IgG1 mAb that binds to an 

Table 1 
Anti-HER3 therapies and trials in breast cancer. AEs: adverse events, CBR: clinical benefit rate, DTL: dose-limiting toxicity, mBC: metastatic breast cancer, MTD: 
maximum tolerated dose, PFS: progression-free survival, pCR: pathological complete response, ORR: objective response rate, ORR-IC: intra-cranial objective response 
rate, OS: overall survival. RDE: the recommended dose for expansion.  

Anti-HER3 therapies in Breast Cancer 
Drug type Name Trial Phase Trial Status Study population Drugs Primary endpoint Results 

Monoclonal 
Antibodies      

Lumretuzumab NCT01918254 Ib Completed HER3+/HER2low 
mBC 

Lumretuzumab +
Pertuzumab +
Paclitaxel 

Percentage of 
patients with DLTs, 
AE’s and HAHAs to 
lumretuzumab, 
Pharmacokinetics 

Diarrhea G3 DLT for 
Cohort 1. Most frequent 
AEs: diarrhea, nausea, 
hypokalaemia and weigh 
loss. 

Seribantumab 
(MM-121) 

NCT01151046 II Completed Postmenopausal 
HR+/HER2- 
locally advanced 
or mBC 

Exemestane +/- 
Seribantumab 

PFS mPFS 15.9 weeks vs. 10.7 
weeks (placebo +
exemestane), HR 0.772 
(95 % CI 
[0.496––1.201]), p =
0.249)  

NCT03241810 II Terminated NRG+, ER/PR +
HER2-negative 
mBC 

Fulvestrant +/- 
Seribantumab 

PFS Primary endopoint 
analysis not done for 
small sample size 
available at the premature 
study closure.  

NCT01421472 II Completed Neoadjuvant 
HR+/HER2- or 
TNBC 

Paclitaxel +/- 
Seribantumab 

pCR pCR HR+/HER2- group: 
10 % (7/66 pts) vs 3.3 % 
(1/30 pts) in the control 
arm; pCR TNBC group:: 
41 % (23/56 pts) vs 48.3 
% (12/29 pts) in the 
control arm. 

Elgemtumab 
(LJM716) 

NCT02167854 I Completed PIK3CA-m HER2 
+ mBC 

Elgemtumab +
Trastuzumab +
Alpelisib 
(BYL719) 

MTD of BYL719, RDE MTD arm A: alpelisib 250 
mg daily; MTD arm B: 
350 mg 4 days on, three 
days off. Dose expansion 
was not pursued based on 
toxicity profile (diarrhea), 
and the RDE was not 
formally declared. 

Patritumab (U3- 
1287) 

NCT01512199 I/II Terminated HER2 + mBC 
newly diagnosed 

Patritumab +
Trastuzumab +
Paclitaxel 

MTD, PFS (only II 
phase) 

Terminated, no results 
posted. 

Bispecific 
Antibodies  

Zenocutuzumab 
(MCLA-128) 

NCT03321981 II Active, not 
recruiting 

HER2 + mBC and 
HR+/HER2 low 
mBC 

Zenocutuzumab +
Trastuzumab +/- 
Vinorelbina, 
Zenocutuzumab +
ET 

CBR at 24 weeks HR+/HER2low mBC CBR 
was 45 % (90 % CI 32–59; 
2 pts PR and 19 SD); 
HER2 + mBC CBR: DCR 
was 77 % (90 %CI: 60–89; 
1 CR and 4 PR) 

MM-111 NCT01097460 I Completed HER2+/NGR +
mBC 

MM-111 +
Trastuzumab 

Incidence of AE’s 100 % pts AEs, most 
frequent: anemia, 
diarreha, fatigue, 
decreased appetite, 
headache, insomnia, 
dyspnoea 

BL-B01D1 NCT05470348 I Recruiting mBC BL-B01D1 DLT, RP2D, MTD No results still available  
NCT06042894 II Not yet 

recruiting 
HER2- mBC BL-B01D1 + SI- 

B003 
ORR, RP2D No results still available 

Dendritic 
cell (DC) 
vaccines 

Anti-HER2/3 DC 
Vaccine 

NCT04348747 II Recruiting TNBC or HER2 +
mBC with BM 

Anti-HER2/3 DC 
Vaccine +
Pembrolizumab 

CNS-RR No results still available  
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Table 2 
HER3 Antibody-drug conjugates under clinical development in breast cancer. AEs: adverse events, CBR: clinical benefit rate, DTL: dose-limiting toxicity, mBC: metastatic breast cancer, MTD: maximum tolerated 
dose, PFS: progression-free survival, pCR: pathological complete response, ORR: objective response rate, ORR-IC: intra-cranial objective response rate, OS: overall survival. RDE: the recommended dose for expansion.  

HER3 Antibody-drug conjugates in Breast cancer 
Name Trial Phase Trial Status Study population Drugs Primary endpoint Results 

Patritumab −
Deruxtecan 

NCT04610528 I Active, not 
recruiting 

Neoadjuvant HR+/HER2- 
negative BC 

Patritumab − Deruxtecan 
monotherapy 

Change in CelTIL score CelTIL score change median increase from baseline of 3.5 
(interquartile range, 3.8 to 12.7; P ¼ 0.003). Increase in CelTIL 
score among responders compared with non-responders (mean 
difference, þ11.9 
versus þ1.9)  

NCT05569811 II Active, not 
recruiting 

Neoadjuvant HR+/HER2- BC, 
ki67 > 20 %, high genomic 
risk 

Patritumab − Deruxtecan +/- 
Letrozole 

pCR (ypT0/is ypN0) at surgery No results still available  

NCT04965766 II Recruiting HR+/HER2- mBC Patritumab − Deruxtecan 
monotherapy 

ORR The 3 m-RR was 28.6 % [95 %CI: 18.4–41.5]. Analysis from 56 pts 
16 PR 30 SD 10 PD.  

NCT04699630 II Recruiting mBC Patritumab − Deruxtecan 
monotherapy 

ORR, 6 m-PFS, association 
with HER3 expression ORR 
and 6 m-PFS. 

Part A ORR: 35 % (95 % Cis 23.1, 48.1). Pts with ≥ 75 % HER3 
expression ORR of 33 %, pts with HER3 25–74 % expression had an 
ORR of 46 %, pts with HER3 < 25 % expression, limiting efficacy 
assessment. The PFS6months was 60 % for all pts, 50 % for pts with 
HER3 ≥ 75 %, and 70 % for pts with HER3 25–74 %.  

NCT02980341 I/II Active, not 
recruiting 

HER3-positive mBC Patritumab − Deruxtecan 
monotherapy 

Number of patients with AEs 
and tumor response by RECIST 
v 1.1 

HR+/HER2− , HER3 high and low ORR: 30.1 %; TNBC/HER3 high 
ORR:22.6 %; HER2+/HER3 high ORR 42.9 %. 71.4 % of pts had 
grade ≥ 3 TEAEs; the most common (≥15 %) were: decreased 
neutrophil count (39.6 %), decreased platelet count (30.8 %), 
anemia (18.7 %), and decreased white blood cell count (18.1 %)  

NCT05865990 II Recruiting mBC and mNSCLC with brain 
mts and solid tumors with 
leptomeningeal mts 

Patritumab − Deruxtecan 
monotherapy 

ORR-IC, OS No results still available 

DB-1310 NCT05785741 I/Iia Recruiting Advanced/metastatic solid 
tumors, including HER2- 
positive breast cancer 

DB-1310 safety, tolerability, 
pharmacokinetics, ORR 

No results still available 

BL-B01D1 NCT05470348 I Recruiting Unresectable locally advanced 
BC or mBC 

BL-B01D1 DLT, RP2D, MTD No results still available 

SHR-A2009 NCT06222879 I Not yet 
recruiting 

Unresectable locally advanced 
BC or mBC 

SHR-A1811 (anti-HER2 ADC): 
HRS-8080 (SERD); SHR-A2009 
(anti-HER3 ADC); SHR-1316 (anti- 
PD-L1 Ab) 

DLT, RP2D, MTD, ORR, 
incidence of AEs and SAEs. 

No results still available  
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epitope located between domains II and IV of the ECD of HER3, keeping 
it in a closed conformation and preventing the signaling activation. In a 
phase I clinical trial, elgemtumab (dose fixed at 20 mg/Kg weekly every 
28 days) was given in combination with trastuzumab and alpelisib in 
patients with PIK3CA-mutant HER2-positive (HER2 + ) metastatic 
breast cancer (mBC). The best response was stable disease (SD) in 31% of 
patients, with no complete response or partial response observed. The 
median PFS for patients treated was 1.64 months (95% CI: 1.64–1.81 
months). Due to the modest activity and the high proportion of gastro
intestinal toxicity (diarrhea 52%), with 59% of patients requiring dose 
adjustment or interruption, this combination was discontinued [72]. 

Patritumab (U3‑1287) is a fully human IgG1 mAb that inhibits ligand 
binding to HER3 and induces receptor internalization and degradation. 
In cell lines derived from a variety of tumors (including breast cancer), 
patritumab caused inhibition in cell proliferation [27]. In a phase I study 
was evaluated in combination with trastuzumab and paclitaxel in 
HER2+ mBC (patients received patritumab 9 mg/kg or 18 mg/kg; it 
showed an overall response rate of 38.9% and a median progression-free 
survival of 274 days [73]. 

Despite the encouraging preclinical data, anti-HER3 monoclonal 
antibodies (MoAbs) failed to show significant efficacy in breast cancer as 
single agents or in combination. 

Bispecific antibodies 
Bispecific antibodies (BsAbs) are recombinant molecules with two 

distinct binding domains that simultaneously target two antigens or two 
epitopes of the same antigen. HER3 BsAbs were engineered to bind both 
HER3 and EGFR or HER2 or IGF-1. Bispecific antibodies showed 
promising results, but still depending on NRG-1 levels [74]. 

Zenocutuzumab (MCLA-128) is a humanized bispecific IgG1 anti
body that inhibits HER3 from interacting with NRG1 and targets HER2 
blocking HER2/HER3 dimerization. It also presents ADCC activity [75]. 
A phase I trial demonstrated a well-tolerated safety profile (infusion 
related reactions were the most common AEs, followed by diarrhea, rash 
and fatigue) and antitumor activity in heavily pretreated MBC patients 
with documented NRG1 fusion, progressing on HER2 therapies (8 mBC 
patients: 1 had a confirmed PR, 7 had SD; the clinical benefit rate, CBR, 
was 70%) [74]. In combination with trastuzumab and vinorelbine, 
zenocutuzumab (750 mg, 2 h IV) was active in heavily pretreated pa
tients with HER2-positive MBC, having received up to 5 anti-HER2 lines, 
including trastuzumab, pertuzumab,[13]. Zenocutuzumab (750 mg, 2 h 
IV, flat dose, q3w) in combination with endocrine therapy also showed 
preliminary antitumor activity in patients with HR+, HER2 low (IHC 
1+/IHC 2+ with negative FISH) MBC, who had progressed on a CDK4/ 
6i and multiple prior lines of endocrine therapy and chemotherapy [14]. 

MM-111 is a HER2/HER3 bispecific antibody, which, through the 
anti-HER2 arm, recognizes and targets the HER2+ tumor cells, and the 
anti-HER3 arm blocks NRG binding. In a phase I study, 16 patients with 
HER2+/HRG + mBC were enrolled to receive MM-111 plus trastuzu
mab. The main adverse events were anemia (25%), diarreha (43.75%), 
fatigue (50%), decreased appetite (25%), headache (25%), insomnia 
(25%), dyspnoea (37.5 %) (NCT01097460). 

Antibody-drug conjugates 
The targeting of HER3 has found new strength in recent years thanks 

to the development of the new ADC technology (TAB. 2). The most 
promising results have been observed with Patritumab-deruxtecan 
(HER3-DXd). A peptide-cleavable linker links Patritumab to topoisom
erase I inhibitor payload, an exatecan derivative [11]. The phase I/II 
U31402-A-J101 trial was the first study to evaluate HER3-DXd in 
heavily pretreated patients with HER3-expressing metastatic breast 
cancer, of any subtype: either HR+ or HER2-positive or triple negative. 
The dose-escalation and dose-finding parts included patients with HER3- 
high breast cancer (2+ or 3+ at IHC) while the dose-expansion part 
included patients with HER3-high– or low (either membrane positivity 
of ≥ 75% or and HER3-low was set at ≥ 25% to < 75% at 10x 

magnification, respectively) HR+ or HER2-positive breast cancer or 
HER3-high TNBC. Durable antitumor activity was obtained across a 
wide range of HER3 expression and throughout different BC subsets: HR- 
positive/HER2-negative BC (ORR 30.1%; median progression-free sur
vival [mPFS], 7.4 months), TNBC (ORR, 22.6%; mPFS, 5.5 months), and 
HER2-positive breast cancer (ORR, 42.9%; mPFS, 11.0 months) [17,18]. 
Median OS 14.6 months for HR+/HER2- (11.3 to 19.5) 14.6 months 
(11.2 to 17.2) for TNBC 19.5 months (12.2 to NE) for HER2-positive. The 
safety profile showed that 130 pts (71.4%) had grade ≥ 3 TEAEs and the 
most common grade 3 or 4 TEAEs were: decreased neutrophil count 
(grade 3, 26.9%; grade 4, 12.6%), decreased platelet count (grade 3, 
12.1 %; grade 4, 18.7%), anemia (grade 3, 18.1%; grade 4, 0.5 %), and 
decreased WBC count (grade 3, 15.9 %; grade 4, 2.2%) [18]. Recently, 
the phase II BRE345 study confirmed the clinical activity of HER3-DXd 
(5.6 mg/kg Q3W) in patients with HER2-negative metastatic breast 
cancer, with an ORR of 35% and overall clinical benefit rate (CBR) of 
43%, regardless of HER3 membrane expression, yet very few patients 
presented tumors with HER3 membrane expression < 25 % (4 patients 
out of 60) [76]. In the advanced breast cancer setting, the ongoing 
ICARUS-BREAST01 multi-center, single-arm, phase II study is evalu
ating clinical activity and biomarkers of response and resistance to 
HER3-DXd in patients with HR+ and HER2- breast cancer who pro
gressed on CDK 4/6-inhibitors and were mostly unselected for HER3 
expression (HER3-expression pre-screening population was removed by 
amendment). The first results confirmed the HER3-DXd manageable 
safety profile (fatigue 89.3%, nausea 76.8%; grade ≥ 3 AEs was fatigue 
14.0% and 1 G1 ILD 1.8%) and reported a three months-RR of 28.6% 
(95 %CI: 18.4–41.5), so underpinning its clinical activity in this setting. 
(NCT04965766) [19]. The SOLTI TOT-HER3 study evaluated the bio
logical and clinical activity of a single dose of HER3-DXd (6.4 mg/kg or 
5.6 mg/kg) in untreated patients with early HR+/HER2-negative or 
triple-negative breast cancer patients. The primary objective was to 
assess change from baseline in a combined score based on tumor 
cellularity and tumor-infiltrating lymphocytes (CelTIL score). In patients 
with HR+/HER2- breast cancer, a clinical overall response rate of 45% 
was observed, with a trend toward an increase in CelTIL score among 
responders compared with non-responders. Change in CelTIL score was 
independent of baseline HERB3 mRNA and HER3 protein levels[16]. 
Interestingly, in patients with TNBC, a single dose of HER3-DXd was 
associated with increased CelTIL score and clinical response and with 
preliminary evidence of PAM50 switch towards less aggressive biolog
ical subtype [77]. VALENTINE trial (NCT05569811) is an ongoing, non- 
comparative, three-arm, randomized 1:2:2 open-label, multicenter, 
study that evaluates the clinical benefit and biological effects of HER3- 
DXd with/without letrozole as a neoadjuvant treatment regimen in 
primary operable HR+/HER2-negative breast cancer patients, with 
ki67 ≥ 20 % and/or high genomic risk. The primary endpoint is the rate 
of pCR (ypT0/is ypN0) at surgery. In this phase II study, the experi
mental arm was Patritumab-Deruxtecan +/- letrozole, and the active 
comparator arm was the chemotherapy. Results are not available yet. 
Baseline, on-treatment, and surgical specimens will be collected for 
molecular characterization and evaluation of response (HER3 gene 
expression, HER3 IHC; CelTIL change, PAM50 subtypes)[20]. Finally, 
the TUXEDO-3 (NCT05865990) is a new ongoing phase II, single-arm, 
multicohort trial which is evaluating the efficacy of HER3-DXd in pa
tients with metastatic breast cancer (cohort 1) or advanced non-small 
cell lung cancer (cohort 2) with active brain metastases after at least 
one line of systemic therapy in the advanced setting and patients with 
advanced solid tumors with leptomeningeal metastasis (cohort 3). The 
dual primary endpoints are the IC-ORR (intracranial-ORR) in cohorts 1 
and 2 and the OS at three months in cohort 3. BL-B01D1 is a first-in-class 
bispecific antibody-drug conjugate with an EGFRxHER3 bispecific 
antibody linked to a novel topoisomerase-I inhibitor payload via a 
cleavable linker. In the first-in-human phase I study (NCT05470348), 
BL-B01D1 at the tested doses of 2.5, 3.0, and 3.5 mg/kg D1D8Q3W, or 
5.0 and 6.0 mg/kg D1Q3W, demonstrated promising activity in heavily 
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pretreated patients with solid tumors, especially in EGFRm NSCLC: ORR 
63.2% (46.0–78.2) in EGFRmut NSCLC and 44.0 % (30.0–58.7) in 
EGFRwt NSCLC [78]. The most common TRAEs (>10 %, all grade/≥ G3) 
were anemia (59%/25%), leukopenia (59%/28%), neutropenia (51%/ 
32%), thrombocytopenia (48%/23%). Early signs of clinical activity 
were also observed in heavily pretreated patients with metastatic breast 
cancer of any subtype: ORR was 31.4% (16.9–49.3) in TNBC, 44.7% 
(28.6–61.7) in HR+/HER2-negative and 39.1% (19.7–61.5) in HER2- 
positive [79]. DB-1310 is a new ADC composed of a novel humanized 
IgG1 HER3 monoclonal antibody linked to DNA topoisomerase I inhib
itor via a cleavable linker. DB-1310 exhibited antitumor activity in vivo 
and in vitro lung and breast cancer models [80]. These data led to the 
development of an ongoing phase 1/2a, non-randomized first-in-human 
study to assess the safety, tolerability, pharmacokinetics, and pre
liminary antitumor activity of DB-1310 in subjects with advanced/ 
metastatic solid tumors (NCT05785741), including HER2-positive 
breast cancer. 

Cancer vaccines and cell therapies 
Dendritic cell (DC) vaccines are based on isolated DCs loaded with 

tumor antigen ex vivo and administered as a cellular vaccine, capable of 
inducing protective and therapeutic anti-tumor immunity[81]. An 
ongoing phase IIa trial (NCT04348747) is exploring how dendritic cell 
vaccines against Her2/Her3 and pembrolizumab work for the treatment 
of triple-negative breast cancer or HER2+ breast cancer with brain 
metastasis. The primary endpoint is the overall central nervous system 
(CNS) response. New therapeutic strategies are emerging that can 
inhibit HER3 indirectly, by enhancing immune response. A recombinant 
adenoviral vector expressing full-length human HER3 (Ad-HER3-FL) is a 
cancer vaccine that, in vivo and in vitro breast cancer models, stimulates 
the production of HER3-specific T cells and can generate polyclonal 
antibodies with multiple functions, including antibody-dependent 
cellular cytotoxicity, complement-mediated cytotoxicity. The combina
tion of Ad-HER3-FL with an anti-PD1, showed enhanced response 
compared to the vaccine alone [82]. Clinical studies are not yet avail
able, but it is reasonable to think about combination trials destined to 
HER2-positive breast cancers showing an HER3-mediated resistance and 
above TNBC patients where checkpoint blockade is clinically active but 
with a limited treatment response rate [83]. 

Future directions and challenges 

Although its expression has a controversial prognostic value, HER3 
has a crucial role among all three breast cancer subtypes in cancer 
progression, metastases development, and escape from anti-tumor 
treatments. At the same time, HER3-targeting by monoclonal anti
bodies failed to show substantial clinical impact. HER3-monoclonal 
antibodies should be able to inhibit dimerization and, therefore, its 
activating pathways, but HER3 is unable to homodimerize and lacks 
potent kinase activity, suggesting that HER3 could be used as a cancer 
cell driver instead of a cancer cell target. Only recently, with the 
introduction of mono- or bispecific ADCs, which have been showing 
promising activity, research on HER3 has reinvigorated the exploration 
of new drugs. Like TROP2 and HER2 [84,85], HER3-ADCs exert anti
tumor activity by modulating the signals emanating from HER3 path
ways and through Fc-mediated effector functions. However, through 
internalization and the action of lysosomes, they release the payload, 
which is responsible for its action in the targeted cancer cell as well as 
for the bystander effect, exerting its activity in the neighbouring cells 
regardless of their expression of HER3. However, many questions 
remain unaddressed. First, whether or not HER3 membrane expression 
is predictive of the efficacy of HER3-targeting therapies and particularly 
of HER3-targeting ADCs. HER3-DXd demonstrated significant clinical 
and biologic activity across a broad range of HER3 membrane expres
sion, both in metastatic and early breast cancer [17,20,76]. Hamilton 
et al. demonstrated that across patients with different HER3 expression 

levels, the ORR and CBR values were similar, indicating that HER3 does 
not appear to be predictive of HER3-Dxd efficacy. Patients with ≥75 % 
HER3 expression had an ORR of 33%, a CBR of 50%, and a 6-month PFS 
of 50%. Patients with 25–74% HER3 expression had an ORR of 46%, a 
CBR of 54%, and a 6-month PFS of 70% [76]. In the SOLTI-1805 TOT- 
HER3 study, the first analysis showed that changes in the CelTIL score 
after Patritumab-deruxtecan exposure were not correlated with HER3 
expression, either in IHC or mRNA [16]. Nevertheless, it is hard to draw 
any conclusion on the activity of HER3-DXd in HER3-low or HER3- 
negative tumors, because on the one hand, no antitumor activity of 
HER3-DXd was observed in HER3-low expressing tumor xenografts 
[11], on the other, in most of the studies with HER3-DXd, only a few of 
patients presented HER3-low or HER3-neg tumors. Second, no validated 
assays exist so far for measuring HER3 membrane expression and 
different methods have been applied across several studies and HER3- 
targeting treatments. In addition, in contrast to HER2, which is mainly 
found in the plasma membrane, HER3 is primarily located within 
intracellular compartments[86], and present a rapid internalization, 
mostly clathrin-mediated [87]. Therefore, it is still unclear whether both 
cell surface and intracellular expression of HER3 affect treatment ac
tivity and, ultimately, if a minimal threshold can be established for 
predicting the efficacy of HER3-targeting therapies. Third, HER3 
expression is highly dynamic and can change over time with exposure to 
prior endocrine therapy or many TKIs. Therefore, it is still unclear which 
time point, in the natural history of metastatic breast cancer, is optimal 
to assess HER3 expression and whether the dynamic changes of HER3 
expression could be better monitored by less invasive technologies such 
as circulating tumor cells (CTCs) and molecular imaging, which are also 
able to capture intratumor heterogeneity [88,89]. Given that the most 
promising anti-HER3 therapy currently is ADC, the question of 
sequencing ADCs arises. The primary resistance mechanisms to ADCs 
include internalization and trafficking, drug efflux, payload and tumor 
microenvironment resistance, and antigen modulation. For example, in 
a preclinical model, long-term exposure to an ADC targeting HER2 re
duces HER2 receptor expression in breast cancer cell lines [90]. 
Switching targets and using an anti-HER3 ADC in the treatment 
sequence would be the best choice in this resistance scenario. 
Conversely, in cases of resistance to payload targets or mutations in 
drug-metabolizing enzymes, using an ADC with the same payload, such 
as deruxtecan, may lead to poor outcomes due to cross-resistance. More 
data are needed to address these questions. Currently, two trials are 
evaluating the efficacy of patritumab-deruxtecan after ADCs: a phase Ib/ 
II trial of patritumab-deruxtecan monotherapy and combination therapy 
in patients with inoperable advanced breast cancer post-progression on 
T-DXd (ICARUS-BREAST 02, NCT06298084), and a phase II trial of 
patritumab-deruxtecan in locally advanced or metastatic breast cancer, 
including HR+, HER2-, and mTNBC patients (part B) who have received 
trastuzumab deruxtecan, sacituzumab govitecan, and/or datopotamab 
deruxtecan (NCT04699630). 

Conclusions 

In this review, we examined the distinctive characteristics and the 
pivotal oncogenic function of HER3 within various breast cancer sub
types. Additionally, we elucidated its involvement in promoting resis
tance to various treatments for breast cancer. Despite the great rationale, 
nowadays, no treatment explicitly targeting HER3 has been approved 
for clinical use in breast cancer. Still, the promising results of patritu
mab–deruxtecan are paving the way to new therapeutic directions, and 
the development of new immune-modulating technologies is laying the 
groundwork for new treatment strategies. These future therapeutic ap
proaches may likely render the detection of HER3 indispensable 
throughout the breast cancer diagnosis and therapeutic journey, influ
encing the treatment algorithms. 
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