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Abstract

Breast cancer (BC) is the most common malignancy in women and one of the leading causes of cancer mortality, despite
significant treatment advancements over the last decades. Human epidermal growth factor receptor-2 (HER2) is a member
of the ERBB family of receptor tyrosine kinases which have long been known to mediate cancer cell growth and invasion
through constitutive activation of oncogenic downstream signaling, such as PI3K/Akt/mTOR and MAPK. Overexpression/
amplification of HER?2 in various tumors, especially BC, offers the possible therapeutic potential for target therapies. HER2-
targeted therapies, either with a combination of chemotherapy or through multi-anti-HER?2 therapies without chemotherapy,
have significantly improved the prognosis of HER2-positive tumors. In recent years, novel anti-HER?2 agents and combination
therapies have garnered much attention, especially for heavily treated advanced or metastatic BCs. HER2-positive BC is
biologically a heterogeneous group depending on HER?2 activation mechanisms, hormone receptor status, genome variations,
tumor heterogeneity, and treatment resistance, which affect the treatment benefit and patients’ outcomes. This review will
discuss HER?2 alternations (gene amplification or receptor overexpression) in BC, their correlation with clinicopathological
characteristics and molecular characteristics, and HER2-based therapies in tumors with HER2 overexpression/amplification.
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Introduction the years, and this decrease is mainly attributable to early

diagnosis and more efficient systemic therapies [2, 3].

Breast cancer (BC) is the most common malignancy and the
most common cause of death from cancer in women [1]. BC
mortality has decreased in more developed countries over
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ERBB?2 (Erythroblastosis oncogene B) gene is an onco-
gene encoding a tyrosine kinase receptor, human epidermal
growth factor receptor-2 (HER?2), that activates oncogenic
pathways related to increased cell proliferation, tumor
angiogenesis, and invasiveness [4]. HER?2 is overexpressed
or amplified in 15-30% of BC cases [5]. HER2-positive
BC (HER2 +BC) is defined as evidence of HER2 protein
overexpression measured by immunohistochemistry (IHC)
or fluorescence in situ hybridization (FISH) [6]. Tradition-
ally, HER2 +BC was known to be associated with a poor
prognosis and outcome with a high rate of recurrence and
mortality [7]. However, over the past years, the introduc-
tion of anti-HER?2 therapies and several therapeutic advances
has dramatically improved patients’ survival, especially for
metastatic BC.

Several anti-HER?2 agents targeting the HER2 family,
intracellularly and extracellularly, are available treatments
for HER2 + BC. However, HER2 4+ BC is a heterogeneous
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group with different clinical courses and treatment
responses, and a better understanding of the differences in
clinically significant characteristics, including HER?2 sign-
aling, molecular classification, hormone receptor (HR) sta-
tus, intramural heterogeneity, and treatment resistance, has
led to the development and approval of new HER2-targeted
agents and combination therapies. This review will discuss
HER?2 alternations (amplification/overexpression) in BC,
their correlation with clinicopathological characteristics and
molecular diversity, and HER2-based therapies in tumors
with HER2 overexpression or amplification.

Materials and methods

In this study, we searched the literature thoroughly with
the keywords HER2, ERBB2/ERBB-2, amplification,
overexpression, breast cancer*/malignan®*/tumor¥*,
treatment, and therap* in Web of Science, Scopus,
Cochrane, ScienceDirect, Springer, PubMed, and Clinical
Key databases from 2000 to 2021. We reviewed the included
studies precisely and reported the following results.

Overview of the HER2 receptor

HER2/neu or ErbB2 gene is a proto-oncogene located on
chromosome 17g21, encoding a 185,000-molecular mass
transmembrane glycoprotein receptor with tyrosine kinase
activity. This receptor is the second member of the epider-
mal growth factor receptor (EGFR or ERBB) family, which
is involved in the signal transduction pathway that regulates
cell growth and differentiation [8]. The four human EGFR
homologs are known as HER (HER1, HER2, HER3, and
HER4) and ErbB (ErbB1, ErbB2, ErbB3, and ErbB4) fami-
lies. EGFR is commonly used for HER1/ErbB1. EGFR and
HER?2 share 40-45% sequence identity, but each receptor
has a specialized function. EGFR and ErbB2 have a greater
than three-fold higher incidence of somatic alterations than
other members of the EGFR family [9, 10]. At least 11 dif-
ferent EGF family ligands have been recognized that bind to
HER receptors, including epidermal growth factor (EGF),
transforming growth factor a (TGF-a), and neuregulins
(NRGs) [11]. Each member of the EGFR family is com-
posed of an extracellular ligand-binding domain, a trans-
membrane domain, and an intracellular domain, including
the tyrosine kinase (TK) domain. The EGFR family signal-
ing is typically initiated when ligands bind the extracellu-
lar domain, leading to conformational changes that induce
homo or heterodimerization with other EGFR family mem-
bers [12]. HER2 does not have a ligand, and its function
depends on heterodimerization with another family mem-
ber or homodimerization with itself, which is increased by
HER?2 overexpression through amplification of the HER2
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gene. HER2 overexpression induces tumorigenesis by creat-
ing spontaneous receptor homodimers or heterodimers with
other ERBB family members (HER1 and HER3), resulting
in oncogenic downstream signaling activation, such as PI3K/
AKT/mTOR, RAS/MEK/MAPK, and STATs [13]. Activa-
tion of these kinase cascades, which transmit signals from
the receptor to the nucleus, alters the expression of genes,
regulating cellular proliferation, survival, angiogenesis, and
metastases [14, 15] (Fig. 1).

Over 12% of all cancers evaluated in the GENIE data set
harbor somatic alterations in one or more members of the
ERBB family [16]. HER2 receptor overexpression is usually
due to gene amplification. Assays for gene copy number,
mRNA quantity, and protein level generally give similar
results, and gene amplification is associated with protein
overexpression in about 95% of all tumors harboring HER2
gene alterations. In a small subset of carcinomas, protein
overexpression may occur through different mechanisms [6].

In addition to HER2 amplification and overexpression,
recognition of HER2 mutations with potential therapeutic
aspects also increased [17, 18]. Most mutations primarily
localize within the extracellular domain and the kinase
domain. Missense mutations and in-frame insertions
increase kinase activity and promote tumorigenesis [19, 20].
Although rare, HER2 gene fusions have also been reported
as another potential therapeutic target [16]. Fusions, such
as NOS-HER2 and ZNF207-HER2, were characterized
and found to develop auto-phosphorylation and cellular
transformation [21].

Amplification of the HER2 gene is well characterized
in BC, in which HER2 overexpression is associated with
increased sensitivity to anti-HER?2 drugs. Several therapies
have been approved for HER2 + BCs [22], which can
improve patients’ outcomes.

HER2 alterations in breast cancer

The most commonly examined markers in BC include
estrogen receptor (ER), progesterone receptor (PR), and
HER2 [23]. HER2 gene amplification, and subsequently
HER?2 receptor overexpression, occurs in 15-30% of all
breast tumors, known as HER2 + BC [6, 24], over 50% of
which co-express HR [25]. It is worth noting that HER2
protein overexpression may also be found in the absence of
gene amplification [26]. HER2 amplification is probably an
early event in BC tumorigenesis, occurring in about 50% of
in situ carcinomas [27]. Almost similar HER2 amplification
and overexpression in intraductal and invasive components
of the same tumor indicate that HER?2 status is maintained
during progression to invasive disease [27, 28] and during
metastasis to regional lymph nodes and distant organs [29].
HER2 + BCs have higher rates of proliferation (mitotic
count, Ki67 index) [30] and aneuploidy [31]. Increased
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Fig. 1 Signaling pathways of the ErbB receptor family in carcinogenesis. EGF: Epidermal growth factor, TGF-o:: Transforming growth factor-a,
EP: Epigen, AR: Amphiregulin, HB-EGF': Heparin-binding EGF, NRG: Neuregulins, BTC: Betacellulin

sensitivity to cytotoxic agents, such as doxorubicin has been
reported in HER2-amplified tumors [32].

Evidence from the published literature suggests that
HER2 gene amplification or overexpression in BC is
associated with higher histologic grade and stage, increased
metastatic potential, poor outcomes, and decreased overall
survival [33-35]. HER2 somatic mutations in HER2-
negative (non-amplified) BC might also correlate with
treatment resistance and poor survival [36].

HER2 detection in breast cancer patients

As HER2-targeted therapy is exclusively effective in
HER2-overexpressed and/or HER2-amplified BC, precise
assessment of HER2 status is an essential step toward
diagnosis and treatment of HER2 + BC. Initial HER2
testing for BC is usually performed on biopsy samples,
which provides the possibility of neoadjuvant therapy, and
repeat HER?2 testing on the excision samples is advised
[6]. HER2 gene amplification assessed by FISH or protein
overexpression assessed by IHC remains the primary
predictor of sensitivity to HER2-targeted therapies in BC.
The recommendations for the HER2 testing expert panel
were first developed in 2007 [37], then updated in 2013 [38]

and 2018 by the American Society of Clinical Oncology
(ASCO)/College of American Pathologists (CAP) [6]. These
recommendations for HER2 status evaluation improved the
analytic validity of HER?2 testing and the clinical utility of
HER? as a predictive biomarker for potential responsiveness
to HER2-targeted therapies.

The results of THC and FISH studies on the same
tumor should be correlated. The most likely reason for
discrepancies in results is performing the IHC or FISH
assay incorrectly, but in a small number of cases, protein
overexpression without amplification, amplification
without protein overexpression, or marked intratumoral
heterogeneity can be found. There are no normal internal
controls for HER2 expression by IHC. So, external controls
are required for the IHC studies. FISH identifies the number
of HER?2 gene copies related to the chromosome number
17 centromere (CEP17) and is a very sensitive and specific
method. Although 10% to 50% of BCs have more than 2
CEP17 copies, only 1% to 2% of tumors show true polysomy
(i.e., duplication of the entire chromosome) [6].

Results of HER?2 testing by IHC studies are reported
as negative (score 0 or score 1+), equivocal (score 2 +),
or positive (score 3 +) (Table 1), and the results of FISH
studies are reported as negative (not amplified) or positive
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Table 1 Recommendations of ASCO/CAP for reporting the results of HER2 immunohistochemistry assay

Result Criteria

Negative (Score 0)
cells

Negative (Score 1+)

Equivocal (Score 2+)
but within < 10% of tumor cells

Positive (Score 3 +)

No staining observed or membrane stating that is incomplete and is faint/barely perceptible and within <10% of tumor

Incomplete membrane staining that is faint/barely perceptible and within> 10% of tumor cells
Weak to moderate complete membrane staining in> 10% of tumor cells or Complete membrane staining that is intense

Complete membrane staining that is intense and > 10% of tumor cells

(amplified). FISH is performed only on tumors with a
2 4+ IHC score directly correlates with the HER2 immu-
nostained slide, and a HER2/CEP17 FISH ratio of >2.0
is considered amplified. Finally, according to both THC
and FISH results, tumor samples are classified as follows
(based on the ASCO/CAP Clinical Practice Guideline
Focused Update 2018) [6]:

- If the IHC result is 3 +, the diagnosis is HER2
positive.

- If the THC result is 2+ and the FISH result is positive
(amplified), the diagnosis is HER2 positive.

- If the IHC result is 2+ and the FISH result is negative
(not amplified), the diagnosis is HER2 negative.

- If the IHC result is O or 1+, the diagnosis is HER2
negative.

Recent studies also have introduced a new subtype of
BC as HER2 low-positive; which is identified with IHC
1 +/2+ and negative FISH, and THC 0 BCs are considered
as HER2-zero, based on recent clinical cohorts [39]. We will
further discuss these new subtypes later in this manuscript.

HER?2 receptor overexpression and gene amplification
may also show intratumoral heterogeneity, resulting in
discordance between IHC and FISH results [40]. The
prevalence of HER2 genetic heterogeneity in HER2 +BC
has been described in the range of 1-34% [41]. HER2
heterogeneity is more often observed with 2 + /equivocal
results of IHC [42]. Some studies evaluated the impact of
intratumoral HER2 heterogeneity on the responsiveness
to anti-HER2 neoadjuvant therapy and patients’ survival,
which demonstrated that patients with HER2 intratumoral
heterogeneity achieved significantly lower pathological
complete response (PCR) rates and higher progression
compared to patients without heterogeneity [43—45].
Kurozumi et al. also showed that among the HER2-
negative BC patients, the HER2 heterogeneous group
had significantly worse survival than the HER2 non-
heterogeneous group [46].

Loss of HER2 expression following treatment with tras-
tuzumab has been identified in some BC cases, which was
significantly correlated with better survival [47]. Conversely,
HER2 may become positive in some initially negative
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tumors over time, especially in tamoxifen-resistant tumors
after endocrine therapy [48].

Molecular classification of HER2-positive breast
cancer

Tumors classified as HER2 4+ based on ASCO-CAP
guidelines (through ITHC and FISH studies) belong to
very heterogeneous molecular subtypes [49]. These
molecular subtypes have been identified based solely on
gene expression and named “intrinsic subtypes of breast
cancer.” In 2009, Parker et al. introduced a gene expression
profile-based test by examining the expression of 50 genes
in formalin-fixed paraffin embedded tumor tissues named
PAMS50 (Prediction Analysis of Microarray). Based on their
results, four main intrinsic subtypes, including luminal A,
luminal B, HER2-enriched (HER2-E), and basal-like,
have been defined (Table 2) [50]. Any HER2 + BC can
be included in the luminal A/B, HER2-E, or basal-like
molecular subtype, which affects significantly the patients’
biological behavior and therapeutic outcome [51, 52].
The HER2-E subtype, as defined by PAMS50, has a higher
HER2/neu mRNA expression than the other subtypes
and is associated with increased expression of the tumor
proliferation-related genes [31]. The distribution of the
PAMS50 intrinsic subtypes within each IHC-based group of
BC was assessed in a combined analysis of 15,339 patients
across 29 studies. Among HR-negative/HER2 + BC, around
75% of cases were HER2-E, 15% basal-like, and 10%
luminal A or B. In HR-positive/HER2 + BC, about 35% of
the cases were luminal A, 31% luminal B, 30% HER2-E,
and 3% Basal-like [53]. The HER2-E subtype has the best
clinical and therapeutic outcome, which benefits from anti-
HER?2 therapies, with or without chemotherapy, in both
adjuvant and neoadjuvant settings, regardless of the clinical
status of HER2 [54, 55].

Anti-HER2-targeted therapies
Several anti-HER?2 agents targeting the HER2 family intra-

cellularly or extracellularly are now available as a treatment
for HER2 4+ BC. These agents mainly inhibit downstream
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Table 2 Intrinsic molecular subtypes of breast cancer: gene expression profiling and correlation with clinical and biologic features

Molecular Subtype

Luminal A Luminal B

HER2-Enriched Basal-Like

Expression of luminal
(Low-molecular-weight)
cytokeratins

Gene expression
pattern
cytokeratins

High expression of hormone
receptors and associated

Expression of luminal
(Low-molecular-weight)

Moderate to weak expression
of progesterone receptor and

High expression of HER2 and
other genes in amplicon on
17q12

High expression of basal
epithelial genes, basal
cytokeratins

Low expression of ER and
associated genes

Low expression of ER and
associated genes

Low expression of HER2
related genes

genes associated genes
Clinical and ~60% of invasive BCs ~10% of invasive BCs ~15% of invasive BCs ~15% of invasive BCs
biologic ER/PR positive and HER2 ER positive, PR low positive, ER/PR negative and HER2 ~ Mainly ER/PR and HER2
features negative and variable HER2 positive negative (“triple negative™)

expression (positive or

negative)

Low proliferation rate
(Ki67 < 14%)

Intermediate or high

high)

Higher histologic grade than

luminal A

High proliferation rate High proliferation rate

proliferation rate (Ki67

TP53 mutation common TP53 mutation common

More likely to be high grade
and node positive

BRCAL dysfunction

BC breast cancer; HER2 human epidermal growth factor receptor 2; EP epigen; PR progesterone receptor; ER estrogen receptor; BRCAI: breast

cancer gene 1

signals of the EGFR family, especially PI3K/Akt and MAPK
pathways, which induce proliferation, survival, migration,
angiogenesis, and suppress apoptosis of cancer cells. Over
the past three decades, five anti-HER2 drugs have been
approved by the US Food and Drug Administration (FDA)
for treating HER2 + BC [56]. These drugs can be divided
into three categories: (i) human recombinant monoclo-
nal antibodies, trastuzumab (Herceptin) and pertuzumab
(Omnitarg, 2C4, Perjeta), which target different extracel-
lular regions of the HER2 receptor [57], (ii) trastuzumab
emtansine (T-DM1, Kadcyla), which is an antibody—drug
conjugate (ADC) consisting of the humanized monoclonal
antibody trastuzumab linked to the cytotoxic microtubule
agent DM 1—the ADC binds to the surface of HER?2 recep-
tor and enters the cell via receptor-mediated endocytosis,
then the DM is released after proteolytic degradation of the
antibody [58], and (iii) the small-molecule tyrosine kinase
inhibitors (TKIs), lapatinib (Tykerb/Tyverb), neratinib (Ner-
lynx), and tucatinib (Tukysa), which reversibly block the
HERI1 and HER2 receptors’ capacity, restrict phosphoryla-
tion of HER1 and HER?2 by reversibly and competitively
inhibiting ATP-binding sites of the intracellular kinase
region, and subsequently disrupt the downstream signals
[59] (Fig. 2).

Anti-HER2 agents and combinations with chemotherapy
in the neoadjuvant setting

Combination of anti-HER2 drugs with chemotherapy has
significantly improved the prognosis of HER2 + BC patients,
particularly in the neoadjuvant and adjuvant settings.
Preoperative (neoadjuvant) chemotherapy is especially
recommended in patients with HER2 +early BC [60]. A
high rate of PCR (60% or more) in these cases, particularly
HR-negative BCs, has been reported, which is associated
with the long-term outcome [60, 61]. The Collaborative
Trials in Neoadjuvant Breast Cancer (CTNeoBC) pooled
analysis confirmed that patients with HER2-overexpressing
tumors who achieve a PCR have significantly higher disease-
free survival and overall survival than patients with residual
disease after preoperative chemotherapy [60]. Among
patients who achieved a PCR, disease-free survival was
significantly higher following the addition of trastuzumab
to chemotherapy [62, 63]. The combination of the two anti-
HER?2 antibodies, trastuzumab and pertuzumab, received
conditional approval by the US FDA and the European
Medicines Agency (EMA) based on the results from the
NeoSphere trial for HER2 4 early BC in the neoadjuvant
setting. Of note, the PCR rate following neoadjuvant
pertuzumab and trastuzumab was higher in HR-negative
tumors than in HR-positive tumors [63]. However, one
meta-analysis demonstrated that the proportional benefit
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from adjuvant trastuzumab was almost similar in patients
with HR-positive and HR-negative disease [64]. A high
PCR rate was also reported following treatment with
pertuzumab and trastuzumab combined with any other
chemotherapy regimens [65]. Although the NeoALTTO trial
reported significantly higher rates of PCR after HER2 dual
targeting by addition of lapatinib (a TKI) to trastuzumab
[66], no statistically significant PCR was reported in the
NSABP B-41 [67], CALGB 40,601 [68] and ALTTO [69]
trials. Small-sized (<2 cm), node-negative HER2 + tumors
benefited substantially from adjuvant trastuzumab with
excellent disease-free and overall survival [64, 70]. The
addition of endocrine therapy to the combination of anti-
HER?2-targeted agents and chemotherapy as a neoadjuvant
treatment in HER2 + and HR-positive BC was associated
with an increased PCR [71].

Several studies have confirmed the role of intrinsic
molecular subtype as a predictor of PCR in the neoadjuvant
setting for HER2 + BCs. Results of the CALGB 40,601 trial
showed that PCR rates were significantly higher (70%) in the
HERZ2-E subtype than the others [68], concordant with the
combined analysis results of TBCRC006/023 and PAMELA
trials [72]. HER2 gene copy number and mRNA expression
are also associated with sensitivity to HER2-targeted
therapy [54, 72-74]. Several studies have shown a positive
correlation between rates of PCR and a higher HER2
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amplification, increased HER2 mRNA levels, or HER2
protein overexpression in the neoadjuvant context [75, 76].
Recently, Horisawa. et al. showed HER2- low expression
BC (IHC score 1+ or IHC score 2+ /not amplified FISH)
did not have a significantly different prognosis than HER2
IHC score 0 BC, regardless of HR status [77].

Novel HER2-targeted therapies

In recent years, novel HER2-targeted therapies have
been developed, particularly for metastatic or advanced
HER2 4+ BCs with treatment failure, including new ADCs
(DS-8201 or Trastuzumab-Deruxtecan, SYD985 or
Trastuzumab—Duocarmazine, and XMT-1522) and bispecific
or biparatopic recombinant monoclonal antibodies,
including Zanidatamab (ZW25), which simultaneously
binds to the extracellular trastuzumab-binding domains, and
Zenocutuzumab (MCLA-128), which targets both HER2 and
HERS3.

The development of new ADCs has added a new potential
therapeutic option for patients with advanced/metastatic
HER2 + BC. Recent published and ongoing trials have
demonstrated the efficacy of these novel therapies with
encouraging results in patients’ survival and disease
control [78-80]. Current up-to-date preclinical and clinical
studies investigating ADCs demonstrated a statistically
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significant improvement in survival and outcomes of
advanced/metastatic HER2 4+ BCs with failed treatment
following therapy with Trastuzumab-Deruxtecan (derivate
of a topoisomerase I inhibitor) [8§1-83], Trastuzumab-
Duocarmazine [84, 85], or XMT-1522 (human IgG1 anti-
HER?2 monoclonal antibody HT-19) [86, 87] in different
clinical trials.

Novel small-molecule HER2 TKIs are highly selective
for HER2 receptors and have the potential to penetrate the
brain more effectively [59]. These agents demonstrated
anti-tumor activity and significant improvement in survival
alone or in combination with other HER2-targeting drugs in
patients with HER2 + advanced/metastatic BC, especially
with brain metastasis [88-90]. In 2020, based on results of
clinical trials [88, 89, 91], the FDA and EMA approved TKIs
(Tucatinib and Neratinib) in combination with anti-HER2
therapies for patients with advanced previously treated
unresectable or metastatic HER2 + BC.

Despite receiving neoadjuvant chemotherapy plus
anti-HER2-targeted therapies, some patients might still
have residual invasive BC, which appear to have a worse
prognosis than patients with no residual cancer. In a phase
3, open-label trial, Von Minckwitz et al. investigated the
effect of adjuvant therapy with trastuzumab emtansine
(T-DM1) in patients with residual invasive HER2 + BC
following neoadjuvant therapy containing a taxane (with or
without anthracycline) and trastuzumab. This study found
that among these patients who received adjuvant T-DM1
had a 50% lower risk of recurrence or mortality compared
with patients who received adjuvant trastuzumab alone [92]

Resistance to anti-HER2-targeted therapies

Several studies have suggested that HER2 mutations are
associated with treatment failures and resistance [93, 94].
Bose et al. showed that although many amplification-
negative tumors harboring activating HER2 mutations
are resistant to HER2 inhibitor lapatinib, but sensitive
to irreversible inhibitor neratinib. They suggested that
patients with HER2 amplification-negative, HER2
mutation-positive BC could benefit from existing HER2-
targeted drugs [17].

Primary or acquired resistance to anti-HER?2 therapies
is responsible for most treatment failures, decreased
overall survival, and poor prognosis. Potential mechanisms
of resistance to HER2-targeted therapy in BC include
activation of downstream signaling pathways, such as the
PI3K/AKT pathway, increased RANK signaling, impaired
drug binding to the HER?2 receptor, upregulation of ERBB
ligands, activation of other receptor tyrosine kinases (RTKs)
and metabolic reprogramming or reduced immune system
activation [95]. The presence of PIK3CA mutations and

PTEN loss have been related to trastuzumab resistance in
HER2 + BC [96-98].

HER2-low-positive breast cancer

Recent studies suggest that HER2-low-positive tumors
(IHC 1+ /2 + with negative FISH) could be categorized
as a new subtype distinct from HER2-zero tumors (IHC
0) since HER2-low-positive tumors have been found in
some clinical cohorts that have specific biology and show
a different prognosis and response to treatment compared
to HER2-zero tumors [39]. The recent pooled analysis by
Denkert et al. investigated four prospective, neoadjuvant
clinical trials, registered as NCT01583426 (GeparSepto),
NCTO02125344 (GeparOcto), NCT02682693 (GeparX), and
NCT01690702 (Gain2) at https://clinicaltrials.gov. Results
of this study revealed that there are critical differences
between HER2-low-positive and HER2-zero tumors
regarding clinicopathological characteristics, HR positivity,
prognosis, PCR rate in HR-positive tumors, and survival
rate in HR-negative tumors resistant to therapy, highlighting
the importance of categorizing and investigating HER2-low-
positive tumors as a distinct subtype. Based on this study, a
significantly higher number of HER2-low-positive tumors
vs. HER2-zero were found in HR-positive BCs, which
appeared to be associated with a reduced aggressiveness
and a reduced PCR rate following neoadjuvant therapy.
However, the higher PCR rate in HR-positive HER2-zero
BC did not show differences in survival in the HR-positive
BC subgroup. The most remarkable differences in survival
were found in the HR-negative subgroup, in which patients
with HER2-low-positive tumors had significantly improved
survival, particularly in patients without PCR. It is also
worth noting that the first clinical results exploring the
efficacy of ADCs targeting HER?2 receptors suggested that
a low to moderate expression level of HER2 in tumor cells
might be sufficient to show response to therapy [39, 99].
All these findings necessitate considering HER2 low to
moderate expression along with HR positivity status and
categorizing HER2-low-positive BC distinct from HER2-
zero BC as a critical therapeutic approach in the clinical
setting.

HER2-positive metastatic breast cancer

Before new therapeutic agents, HER2 + metastatic BC
(MBC) had a poor prognosis [7]. Brain metastasis is
a common complication of HER2 + BC [100]. The
combination of HER2-targeted therapies lapatinib
and trastuzumab is the only treatment approved for
HER2 + MBC, specifically in HR-negative disease [101].
The addition of anti-HER2-targeted therapies to the
chemotherapy regimen also improved the overall survival
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of HER2 + MBC patients [102, 103]. The comparison of
HER2-targeted therapy among HER2 + MBC based on
HER?2 expression level shows that treatment performance
worsened in low compared to high HER2 expressed tumors
[104, 105]. It should be considered that tumor phenotype
may change during progression from the primary tumor
to metastasis. If clinically practicable, a biopsy of the
first metastatic site is recommended to determine the
tumor biology and phenotype again (ER, PR, and HER?2),
especially in an unexpected disease course for a known
primary tumor phenotype [106]. According to the Advanced
Breast Cancer Four International Consensus Conference,
consideration of HER2-targeted therapy is recommended
when receptors are positive in at least one biopsy from
the metastatic tumor [107]. Several studies have assessed
the HER?2 receptor conversion during disease progression.
HER?2 loss occurred in 21.3% of cases with a HER2-positive
primary tumor, and HER2 gain in HER2-negative primary
tumor was rare, occurring in 9.5% of cases [108, 109]. Dieci
et al. reported that receptor loss leading to a triple-negative
phenotype on metastatic tumors was associated with worse
survival [110].

Moreover, intrinsic molecular subtype and gene
expression can change from primary tumor to metastasis.
Based on gene profiling results, the frequency of HER2-E
molecular subtype, defined by PAMS0, in primary tumor
and metastasis was 11.4% and 22%, respectively [111, 112].
HER2-E subtype of MBC had a higher response rate and
longer progression-free and overall survival similar to early
BC [113]. According to the results of trials indicating the
benefits of adding trastuzumab or lapatinib to an aromatase
inhibitor, the combination of endocrine therapies with anti-
HER?2 drugs represents an option for selected HR-positive/
HER2 +MBC patients [114-116]. Recently, based on the
preliminary results of the phase Two DESTINY-BreastO1
trial (https://clinicaltrials.gov; identifier: NCT03248492),
trastuzumab deruxtecan (DS-8201a), a HER2-directed
antibody with DNA topoisomerase I inhibitor conjugate
was approved in the USA for the treatment of unresectable
or metastatic HER2 4+ BC which are resistant to prior anti-
HER2-based regimens [117]. Trials evaluating the efficacy
of immunotherapy in combination with HER2-targeted
therapy in MBC cases reported an objective response with
improved patients’ survival, especially in the PD-L1-positive
cohort [118-120].

@ Springer

Development of other novel agents
for the treatment of breast cancer

Alpha-specific phosphoinositide 3-kinase (PI3K)
inhibitors

Mutations of the PIK3CA gene, as a part of down streaming
HER2-mediated signals, are frequent in HER2 + BC in about
20-30% of patients [72], which have been proposed as a
potential resistance mechanism to anti-HER?2 therapies and
as a poor prognostic factor [121, 122]. HER2-amplified
BCs are strongly dependent on PI3K/AKT signaling since
blockade of this pathway appears to be required for the
best anti-tumor effect of anti-HER?2 drugs [123]. Results
from neoadjuvant therapy in patients with HER2 + early-
stage BC showed that PIK3CA mutations were related
to a reduced PCR [124, 125], whereas TP53 mutation,
which is frequently mutated in BC [126], was associated
with high rates of PCR [127]. It should be noted that such
molecular classifications and markers are of little value in
clinical practice for HER2 4+ BC, as no alternative treatment
approach is currently available. Mutations in the tumor
suppressor gene BRCA (BReast CAncer) are believed to be
responsible for most hereditary BCs [128]. Several studies
showed that BRCA-related tumors were mostly HER2
negative [129, 130]. Most recent studies revealed the clinical
efficacy of PI3K inhibitors, especially in combination with
endocrine therapy, for treating HR-positive/HER2-negative
BC [131, 132]. Then in 2019, the FDA approved Alpelisib
(alpha-specific PI3K inhibitor) for treating patients with
advanced PIK3CA mutant HR-positive/HER2-negative BC.
In the setting of HER2 + BC, few clinical trials studying the
PI3K inhibitor drugs demonstrated lower PCR and limited
efficacy in patients with either early-stage or advanced BC
[133, 134]. However, one phase I study demonstrated the
safety and efficacy of Alpelisib in combination with T-DM1
for the treatment of trastuzumab- and taxane-resistant
HER?2 + metastatic/advanced BC, suggesting that PIK3CA
inhibition targets an important resistance pathway in anti-
HER?2 therapy [135]. Ongoing phase Ib B-PRECISE-01
clinical trial also investigates MEN1611 (a novel alpha-
selective PI3K inhibitor) in combination with trastuzumab
with or without fulvestrant in patients with PIK3CA-
mutated, HER2 + advanced/metastatic BC who have failed
anti-HER?2 therapy (https://clinicaltrials.gov; identifier:
NCT03767335).
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Immune checkpoint inhibitors

HER?2 + BCs contain a higher number of tumor-infiltrating
lymphocytes (TILs) and higher expression of programmed
cell death protein 1 (PD-1), programmed cell death-ligand
1 (PD-L1), and other checkpoint molecules [136, 137].
Previous preclinical and clinical data suggested that the
immune system and TILs are related to chemotherapy
response and prognosis [138, 139]. Some studies showed that
higher TILs in early HER2 + BC have been associated with
both increased PCR after neoadjuvant therapy and improved
prognosis [140-142]. Immunotherapy strategies targeting
cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4),
PD-1, and PD-L1 are investigated as immune checkpoint
inhibitors for treating BC [143]. Limited past studies have
shown that CTLA-4 inhibitors can increase immune activity
in BC patients [144, 145], but the clinical benefit of CTLA-4
inhibition in BC needs further trials. In mouse models,
combination therapy with ADC and an anti-PD-1 antibody
was more effective than monotherapy [146]. The phase II
PANACEA/KEYNOTE-014 trial examining pembrolizumab
(anti-PD-1 therapy) in patients with advanced trastuzumab-
resistant HER2 + BC showed a progression-free survival
of 12% and 12-month overall survival of 65% [118]. In
an ongoing phase 1b study, 16 patients with treatment-
refractory BC were treated with the combination of T-Dxd
and the anti-PD-1, nivolumab. Based on the first reports, the
disease control rate was 90.6% and 75.0% in the HER2 + and
HER2- low cohorts, respectively [147]. Trials investigating
PD-1 inhibitor pembrolizumab in combination with anti-
HER?2 therapies in HER2 + BC (https://clinicaltrials.
gov; identifier: NCT03988036, NCT03632941) are also
ongoing. Although significant results have been achieved
in PD-L1 inhibition in triple-negative BC, less promising
results have been reported for HER2 + BC. The JAVELIN
trial evaluating a HER2 +locally advanced/metastatic BC
cohort (n=26) demonstrated that none of the patients had
a response to PD-1 inhibitor Avelumab [148]. However,
ongoing clinical trials will assess the efficacy of PD-L1
inhibitors, including Atezolizumab (https://clinicaltrials.gov;
identifier: NCT03199885, NCT02924883, NCT02605915,
NCT03726879), Durvalumab (https://clinicaltrials.gov;
identifier: NCT02649686), and Avelumab (https://clinicaltr
ials.gov; identifier: NCT03414658) in HER2 + BC.

Cyclin-dependent kinases 4 and 6 (CDK4/6)
inhibitors

CDK4/6 inhibitors (palbociclib, abemaciclib, palbociclib)
target specific proteins known as the cyclin-dependent
kinases 4 and 6 (CDK4/6), which regulate the progression
of the cell cycle [149]. Clinical trials led to the approval of
CDK4/6 inhibitors in combination with endocrine therapy

by FDA and EMA for treating HR-positive BC. Several
systematic reviews and meta-analyses showed that CDK4/6
inhibitors for the treatment of HR-positive, HER2-negative
advanced/metastatic BC are associated with improved
outcomes [150—-152]. However, drug resistance leading to
treatment failure and cancer progression have also been
reported [153—-155].

Conclusions

Although HER?2 gene amplification or protein overexpression
has been identified in various tumor types, this oncogene
has been studied mainly in BC, and therapeutic aspects of
HER2-based strategies have been documented in the man-
agement of BC patients. Trastuzumab, the first anti-HER2
drug, and other HER2-directed therapies, such as lapatinib,
pertuzumab, and T-DM1, were approved by the FDA to treat
HER?2 + BCs [56]. Although various HER2-directed thera-
pies have profoundly improved the course of HER2 +BC
over the last decades, a vast number of patients still die
from BC. Therefore, the identification and investigation of
newer effective therapies are certainly needed, particularly
for MBC. Further studies could examine the combinations
of the already available anti-HER?2 agents with PI3K inhibi-
tors, mTOR-targeting agents, CDK4 and CDKG6 inhibitors, or
immunotherapies (e.g., anti-PD-L1 antibodies).

The main limitation of current BC classifications is the
variability in therapeutic response and clinical outcomes,
even for tumors with similar clinical and histopathological
features. It should also be noted that germline variants and
somatic alterations have been reported in BC and found to
be linked with different gene expressions and copy num-
ber aberrations and clinical characteristics and survival
outcomes [156, 157]. This extensive heterogeneity causes
variability and unpredictability in patients’ responsiveness
to treatments. Developing new HER2-targeted therapies will
likely be able to truly personalize treatment modalities, pro-
viding specific targeted therapies with the most remarkable
expected efficacy and lower adverse events, failures, and
resistance to treatment, based on mutation types and expres-
sion status of tissue markers in each patient. It is hoped that
these genomic-based targeted therapies will be the central
part of personalized medicine and patient management in
the future.
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