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Abstract: For decades, HER2-positive breast cancer was associated with poor outcomes and higher
mortality rates than other breast cancer subtypes. However, the advent of Trastuzumab (Herceptin)
has significantly changed the treatment paradigm of patients afflicted with HER2-positive breast
cancer. The discovery of newer HER2-targeted therapies, such as Pertuzumab (Perjeta), has further
added to the armamentarium of treating HER2-positive breast cancers. This review highlights
recent advancements in the treatment of HER2-positive diseases, including the newer HER2-targeted
therapies and immunotherapies in clinical trials, which have paved (and will further update) the
way for clinical practice, and become part of the standard of care in the neoadjuvant, adjuvant or
metastatic setting.
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1. Introduction

Breast cancer is categorized into four different molecular subtypes: Hormone receptor
(HR)-positive (+)/Human epidermal growth factor receptor 2 (HER2)-negative (−) (Luminal A);
HR+/HER2+ (Luminal B); HR−/HER2+ (HER2-enriched); and HR−/HER2− (triple negative).
The survival rate among patients differ based on the molecular subtype and stage. The survival rate at
four years among women with HR+/HER2− is estimated to be 92.5%, followed by HR+/HER2+ at
90.3%, HR−/HER2+ at 82.7%, and HR−/HER2− at 77.0% [1]. The HER2 (human epidermal growth
factor receptor 2) oncogene is positive in about 20% of primary invasive breast cancers [2]. It is well
known that HER2 overexpression is associated with higher rates of disease recurrence and mortality.
In addition, HER2+ breast cancers have a higher predilection to metastasize to the brain. However,
during the last two decades, the treatments and outcomes for patients with HER2+ disease have shifted
dramatically. Trastuzumab (Herceptin) was first approved in 1998 as the first anti-HER2 directed
therapy in metastatic HER2+ invasive breast cancer. Prior to trastuzumab, historically, patients with
metastatic HER2+ disease were treated with traditional chemotherapy regimens. A pivotal Phase
III trial [3] of 469 women showed that adding trastuzumab to standard chemotherapy (paclitaxel or
anthracycline/cyclophosphamide) resulted in improved response rates (50% versus 32%), extended
time to progression (7.4 months versus 4.6 months), and improvement in median overall survival
(25 versus 20 months) [3]. Relative risk of death was also reduced by 20% at a median follow up of 30
months. Since trastuzumab, multiple agents have been developed to treat patients with HER2+ disease.

The HER superfamily consists of four tyrosine kinase receptors: HER1 (epidermal growth
factor receptor), HER2 (neu, c-erbB2), HER3 and HER4. When activated, these receptors cause
epithelial cell growth and differentiation. The HER2 oncogene encodes for a glycoprotein receptor
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with intracellular tyrosine kinase activity, and has no known ligand [4]. On the other hand, the
other three HER receptors have known ligands, and form homodimers or heterodimers upon ligand
binding, with the HER2 receptor being the preferred dimerization partner. The HER2 receptor can
heterodimerize with the other receptors, which results in autophosphorylation of the tyrosine residues.
This autophosphosphorylation activates the MAPK (mitogen-activated protein kinase) pathway and
the PI3K (phosphatidylinositol 3-kinase) pathways. The HER2, or epidermal growth factor receptor 2,
is the target for many HER2-directed therapies.

Herceptin binds to subdomain IV of HER2 in order to disrupt HER2 signaling. HER2 testing is done
via immunohistochemistry (IHC), which tests for the overexpression of the HER2 gene product, and
fluorescence in situ hybridization (FISH) to test for HER2 gene amplification. The tumor is identified
as HER2+ if IHC is 3+ (intense staining within >10% of the tumor cells), or if the ratio of HER2 and
the chromosome 17 enumeration probe (HER2/CEP17) is ≥2 and the HER2 copy number signals/cell
equals is ≥ 4. It is important to note that those with non-HER2-overexpressing breast cancers do not
derive benefits from adjuvant trastuzumab. This was studied in a randomized trial of 3270 patients [5]
with invasive breast cancer, with IHC scores of 1+ or 2+ and with FISH <2 (or if the ratio was not
performed, HER2 gene copy number <4.0). The study found that adding trastuzumab to chemotherapy
(either docetaxel plus cyclophosphamide, or doxorubicin and cyclophosphamide, followed by weekly
paclitaxel for 12 weeks) did not improve disease-free survival, distant recurrence-free interval,
or overall survival.

This is in line with the updated 2018 ASCO/CAP (American Society of Clinical Oncology/College
of American Pathologists) guidelines. The 2018 ASCO/CAP guidelines [6] identify a testing algorithm
to address the less commonly found clinical scenarios, in order to address the infrequent HER2 results
that are of unclear significance. Another major revision in the 2018 guidelines includes the revision
of the definition of IHC 2+. IHC2+ is now defined as invasive breast cancer with weak to moderate
complete membrane staining observed in >10% of tumor cells.

Here, we will address the key trials that have led to a major change in how we treat HER2+

invasive breast cancer in the neoadjuvant, adjuvant and metastatic settings. In addition, we will also
discuss newer therapies, such as bispecific antibodies, and trials that are ongoing.

2. Neoadjuvant Treatment

Neoadjuvant HER2-based therapy is typically used (as in other subtypes) in locally advanced
breast cancer (Stage IIb with T3 disease, or Stage III), or in patients with an earlier stage HER2+ disease
who desire breast conserving therapy, have limited axillary nodal involvement (N1) (which could
potentially be converted to node-negative disease and therefore result in sentinel lymph node biopsy),
or have had surgery postponed (due to a variety of reasons). Given that pathologic complete response
is associated with improved event free survival (EFS) (HR (hazard ratio) of EFS 0.37, 95% CI (confidence
interval) 0.32–0.43) and overall survival (HR OS 0.34, 95% CI 0.26–0.42) [7], neoadjuvant therapy can
help us gauge which patients are at higher risk of relapse, and more aggressive therapy can be offered.
HER2-directed therapy is typically added to a chemotherapy backbone.

Several studies have demonstrated the efficacy of trastuzumab in improving event free survival,
pathologic complete response (pCR), and overall survival. Based on a 2012 meta-analysis, herceptin
increased pathologic complete response rates from 23% to 40% when added to neoadjuvant
chemotherapy [8]. In addition, in the Phase III NOAH (Neoadjuvant Herceptin) trial [9], the addition
of herceptin increased pCR rates from 19% to 38%, and improved event free survival (EFS) from 43% to
58% (HR 0.64, 95% CI 0.544–0.930). Given the improvement of event free survival at a median follow
up 5 years (from trastuzumab-containing neoadjuvant therapy followed by adjuvant trastuzumab,
in patients with locally advanced or inflammatory breast cancer), this trial highlights the association
between pathologic complete response and long-term outcomes of patients with HER2+ disease.

Despite the improvement in pathologic complete response and event free survival, 15% of
patients will relapse after therapy with trastuzumab due to a resistance to herceptin. The proposed
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mechanisms have included structural defects within the HER2 receptor [10], the constitutive activation
of downstream elements [11], the activation of the downstream pathways by other members of the
HER family [10,11], or intracellular alterations that affect the PI3K pathway [10]. Therefore, additional
therapeutic targets with different mechanisms of action have been extensively studied in combination
with trastuzumab, in order to evaluate whether these combination therapies prolong time to resistance
and treatment failure [4].

Pertuzumab (Perjeta) is another biological therapy that has been studied in patients with HER2+

breast cancer. Pertuzumab is a monoclonal antibody that binds to subdomain II of the HER2 receptor
and thereby blocks the heterodimerization with HER3, subsequently inhibiting downstream signaling.
Given that pertuzumab enhances locoregional responses, it was approved in 2013 for patients with
locally advanced, inflammatory, or early stage HER2+ invasive breast cancer (with size >2 cm or
node-positive disease). The addition of pertuzumab to herceptin in the neoadjuvant setting was
assessed in the NEOSPHERE Trial [12]. In the NEOSPHERE trial, the percentage of patients who
achieved pCR was significantly higher in the pertuzumab + herceptin + docetaxel arm (46%) versus
the herceptin + docetaxel arm (29%). The addition of pertuzumab led to increased diarrhea, however
rates of cardiotoxicity were not higher with the combination of herceptin and pertuzumab, as assessed
in the TRYPHAENA Trial [13]. Criticisms of the NEOSPHERE trial include the small sample size,
the lack of patients from the United States, the lack of a blinded pathology review and the chosen
chemotherapy backbone (which is not typically used in the United States).

If comorbidities preclude the addition of chemotherapy to targeted HER2 therapy, the other
options include herceptin + pertuzumab, based on one arm of the NEOSPHERE trial where pcR
rates were 16.8% (95% CI: 10.3–25.3, p = 0.0198) with pertuzumab + herceptin, versus herceptin +

docetaxel. Another option includes the addition of lapatinib + herceptin (given for 18 weeks) based on
the PAMELA trial [14]. Lapatinib is a small-molecule inhibitor of the tyrosine kinase inhibitors of both
HER1 and HER2. In this trial, pathologically complete response rates were seen in 30% of the patients
with previously untreated HER2+, or Stage I–IIIA breast cancer. Although this is an option for patients
not wanting chemotherapy, this approach has not been adapted into practice.

Several cytotoxic regimens have proved efficacious in the neoadjuvant/adjuvant setting, including
TCH +/− P (docetaxel, carboplatin, herceptin, pertuzumab), PCH +/− P (paclitaxel, carboplatin,
herceptin, pertuzumab) or an anthracycline-based regimen, such as AC-TH +/− P (doxorubicin,
cyclophosphamide followed by a taxane such as paclitaxel or docetaxel with herceptin +/− pertuzumab)
or FEC/EC-TH +/− P (fluoruracil, epirubicin, cyclophosphamide, herceptin, pertuzumab). It is
important to note that the safety of pertuzumab has not been established when combined with
a doxorubicin-containing regimen. In addition, the safety of pertuzumab for more than six cycles in
early-stage breast cancer has also not been established.

For those with low-risk disease, or patients with comorbidities, alternatives include weekly
paclitaxel with herceptin (+/− pertuzumab) or a combination of docetaxel with cyclophosphamide,
in addition to herceptin, every 3 weeks for four cycles [15], based on the results in the adjuvant setting.

3. Adjuvant Treatment

Adjuvant chemotherapy is given to patients with HER2+ disease that is a node-positive, or a
node-negative disease with tumors >1 cm in size. After completion of chemotherapy and herceptin
(given concurrently), the standard of care is to continue herceptin for a total of 52 weeks. Studies
have found an improvement in overall survival, with a hazard ratio of 0.67 (95% CI 0.57–0.80) [16],
when herceptin is administered for 12 months in the adjuvant setting. Extension to 2 years did not
improve the 10-year disease-free survival, as studied in the HERA trial [17]. There was no reported
difference in 10-year disease-free survival when herceptin was given for 1 year versus 2 years (HR 1.02,
95% CI 0.89–1.17). In addition, the study found that the incidence of cardiotoxicity was higher in the
group who received herceptin for 2 years (7.3% versus 4.4%).
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In contrast, a duration of less than 1 year of anti-HER2-directed therapy was proven to be more
detrimental in the PHARE trial [18], which showed that treating patients with herceptin for 6 months
resulted in more deaths, shorter 2-year disease-free survival rates, and more distant recurrences.

However, there is some data to support the shorter duration of HER2-directed therapy if patients
cannot tolerate 12 months. In the recently published PERSEPHONE trial [19], patients with early stage
HER2+ breast cancer were randomized to receive either 12 months or 6 months of adjuvant herceptin.
Patients who received herceptin for 6 months had 4-year DFS rates similar to those who received
adjuvant herceptin for 12 months (89.4% versus 89.8%, HR 1.07, 95% CI 0.93–1.24). It is important to
note that the absolute difference in the 4-year DFS was only 0.4%. The difference between the discordant
results between the PHARE and PERSEPHONE trials, despite a near equivalence of hazard ratios in
both studies, has been attributed to the chosen non-inferiority margin of each trial [20]. The PHARE
trial had a non-inferiority margin of 1.15. The upper bound of the two-sided 95% confidence interval
was less than 1.15 in the PHARE trial. However, in the PERSEPHONE trial, the non-inferiority margin
was defined as an absolute decrease in the 4-year DFS rate of 3%, which resulted in a non-inferiority
margin of 1.316. In addition, the two-sided confidence interval was 90% in the PERSEPHONE trial,
which thereby increasing the chance of concluding non-inferiority. Pondé et al. [20] note that if the
non-inferiority margin of 1.15 was used in the PERSEPHONE trial, then the non-inferiority goal would
not have been reached. In terms of safety, the PERSEPHONE trial demonstrated that patients who
received 6 months of adjuvant herceptin experienced less cardiotoxicity (3% versus 8%, p < 0.0001)
and fewer severe adverse events (19% in the 6-month group versus 24% in the 12-month group,
p < 0.0002). However, it is important to note that 90% of the patients in the PERSEPHONE trial received
anthracycline-based treatments. In addition, given that more non-anthracycline-based regimens are
used in the current climate, the benefit of shortening the duration of trastuzumab to 6 months, in terms
of cardiac safety, is not clear.

The KATHERINE trial evaluated the safety and efficacy of kadcyla (ado-trastuzumab emtansine
or T-DM1) for 14 cycles vs. herceptin in the adjuvant setting, in patients with residual disease after
neoadjuvant HER2-directed therapy [21]. Kadcyla is an antibody–drug conjugate of herceptin linked
to an antimicrotubule agent (DM1). Patients with HER2+ early breast cancer with residual disease
who received T-DM1 had an improved 3-year DFS, compared to receiving trastuzumab (88% versus
77%; HR 0.50, 95% CI 0.39–0.64). Although the number of serious adverse events was higher in the
T-DM1 group (13% versus 8%), switching to T-DM1 in the adjuvant setting is associated with a lower
risk of distant recurrence (HR 0.60, 95% CI 0.45–0.79).

The seven-year update of the single-arm, Phase II APT (adjuvant paclitaxel and trastuzumab) trial
continued to demonstrate excellent outcomes, with disease-free survival of 93% and a recurrence-free
interval (RFI) of 97.5% in small, node-negative HER2+ breast cancers. Based on these encouraging
results, herceptin and paclitaxel for 12 weeks, followed by herceptin alone to complete 1 year of
treatment, has emerged as a very tolerable and effective treatment option in this subset of patients [22].

Dual anti-HER2-directed therapy is recommended and approved for high-risk disease
(node-positive or node-negative, with tumor size >2cm) in the adjuvant setting. In the Phase III
APHINITY trial [23], adding pertuzumab to herceptin and chemotherapy led to an improvement in
3-year disease-free survival (94.1 versus 93.2%; HR 0.81, 95% CI 0.66–1.00), with subgroup analysis
showing improvement in the patients with node-positive disease (92 vs. 90.2%; HR 0.77, 95% CI
0.62–0.96) but no difference in those with node-negative disease.

Various options exist for the chemotherapy backbone in the adjuvant setting. If an
anthracycline-based regimen is used, the recommendation is to administer HER2-directed therapy
sequentially, given the increased risk of cardiotoxicity. For example, we administer dose-dense
doxorubicin + cyclophosphamide, followed by a taxane + herceptin (+/− pertuzumab). If a
nonanthracycline regimen is given, preference is given to chemotherapy and anti-HER2-directed
therapy concurrently.
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4. Extended Adjuvant Treatment

Another agent, neratinib (dual kinase inhibitor that irreversibly inhibits the pan-Her receptors),
was shown to improve recurrence rates when given after completion of 1 year of herceptin [24].
In the Phase III ExTENET trial, women with early-stage HER2+ disease were randomly assigned to
receive neratinib or a placebo after treatment with herceptin. There was an improvement in 5-year
invasive disease-free survival (90.2% vs. 87.7%; HR 0.73, 95% CI 0.57–0.92), with a subgroup analysis
showing a more pronounced benefit in patients with hormone receptor-positive disease. Diarrheal
prophylaxis is recommended, given the high frequency of grade 3–4 diarrhea. The role of neratinib in
the post-KATHERINE trial era is unknown.

5. Metastatic Disease

In patients with HER2+ metastatic breast cancer, four HER2-directed therapies are approved
(herceptin, pertuzumab, kadcyla or lapatinib). For patients who want to avoid chemotherapy, single
agent herceptin can be used, however with the caveat that with progression, chemotherapy should
be considered. For patients with hormone receptor-positive and HER2+ cancers, a combination of
endocrine therapy and HER2-directed therapy can be used. However, if the disease is rapidly
progressive or if there is visceral involvement, HER2-directed therapy plus chemotherapy is
typically recommended.

Patients are typically treated with herceptin and a taxane (docetaxel or paclitaxel) + pertuzumab.
Addition of pertuzumab was shown to improve overall response rates (80% versus 69%),
progression-free survival (median PFS 19 versus 12 months) and overall survival (medial OS 56.5 versus
40.8 months) in the CLEOPATRA trial [25]. However, the addition of pertuzumab to herceptin and
docetaxel led to an increased incidence of diarrhea, neutropenia, rash and serious febrile neutropenia,
without increasing the risk of cardiotoxicity.

Cytotoxic chemotherapy is usually discontinued after 6–12 months if patients achieve a response.
If patients progress six months after receiving herceptin, triple therapy with herceptin, pertuzumab and
a taxane can be re-introduced. However, if patients progress within six months of receiving herceptin,
kadcyla (ado-trastuzumab emtansine) is recommended. In the Phase III EMILIA trial [26], patients who
were previously treated with herceptin and a taxane were randomized to receive kadcyla or lapatinib +

capecitabine. There was an improvement in progression-free survival (10 months vs. 6 months, HR 0.65,
95% CI 0.55–0.77), overall survival (median OS 31 months vs. 25 months; HR 0.68, 95% CI 0.55–0.85)
and overall response rate (44% vs. 31%). Serious toxicities included thrombocytopenia (13% versus
0.2%) and a higher incidence of bleeding (30% versus 16% in the lapatinib + capecitabine arm). In the
TH3RESA trial [27], for patients with unresectable, locally advanced, metastatic or recurrent HER2+

breast cancer, who had progressed while on two HER2-directed therapies (herceptin and lapatinib),
kadcyla resulted in an improvement in progression-free survival (6.2 vs. 3.3 months; HR 0.53, 95% CI
0.42–0.66) and improvement in overall survival (22.7 vs. 15.8 months; HR 0.68, 95% 0.52–0.85). Given
the data, kadcyla is usually considered in the second line setting. The Phase III MARIANNE trial [28]
studied kadcyla in the first line setting. The study found that there was no significant difference
between herceptin with a taxane versus kadcyla with a placebo versus kadcyla with pertuzumab.
Upon progression while on kadcyla and trastuzumab-containing regimens, other options, such as
lapatinib + capecitabine (given the improvement in time to progression compared to capecitabine
alone), or a combination of anti-hormonal therapy along with anti HER2 therapy, can be considered.
In the metastatic setting, HER2-directed therapy is often continued even with disease progression.

6. Brain Metastasis in HER2+ Disease

HER2-targeted therapies could be considered instead of locally directed therapies, such as
radiation, in patients with brain metastasis from HER2+ breast cancer. After progression while on
trastuzumab (with or without pertuzumab) with a taxane, trastuzumab-emtansine is typically utilized,
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based on the retrospective exploratory analysis from the EMILIA trial [29]. Among patients with CNS
(central nervous system) metastasis, there was significant improvement in overall survival in the T-DM1
arm, compared to the lapatinib + capecitabine arm (hazard ratio of 0.38, p = 0.008, 26.8 months versus
12.9 months). The efficacy of capecitabine + lapatinib was studied in the LANDSCAPE trial [30]. In this
trial, 66% of the patients (29 patients out of 44 patients) were found to have a partial response, with a
median time to progression of 5.5 months. The 6-month overall survival was 90%. The combination of
lapatinib and capecitabine is typically utilized as a later-line therapy.

The next line of therapy for patients with HER2+ CNS metastasis, after progression while on
kadcyla, is typically a combination of tucatinib, capecitabine and trastuzumab [31]. Specifically in
relation to brain metastases, 25% of the patients with brain metastases had a one-year PFS when
treated with tucatinib with capecitabine and trastuzumab, compared to 0% in the trastuzumab +

capecitabine arm (HR 0.48, 95% CI 0.34–0.69). The median PFS in the tucatinib arm was 7.6 months
versus 5.4 months in the capecitabine + trastuzumab arm.

Another option for patients with HER2+ metastases is neratinib + capecitabine, based on the
Phase II trial [32] that studied 49 patients with HER2+ brain metastasis. Among the lapatinib naïve
patients, the objective response rate was 49%, with a median PFS of 5.5 months and overall survival
13.3 months. Among patients who received lapatinib previously, the objective response rate was 33%,
with a median PFS of 3.1 months and overall survival of 15.1 months.

Bevacizumab, a monoclonal antibody against vascular endothelial growth factor A, is a systemic
therapy option that has been studied in single-arm, Phase II studies [33], with reported response rates
of >50% when added to a platinum-based regimen with cisplatin and etoposide.

7. Mechanism of Action of HER2-Directed Therapies and Resistance Mechanisms

As discussed above, the HER2 receptor is a transmembrane tyrosine kinase receptor that belongs
to the human epidermal growth factor receptors (EGFR). It is expressed at a low level on the surface
of epithelial cells, and is needed for development in several tissue types, such as the breast, ovary,
central nervous system, lung, liver and kidney [10]. It is overexpressed in 25–30% of breast cancer
cells. As shown in Figure 1, HER2 forms homodimers (binding of same receptor) or heterodimers
(binding of different receptors) with other members of the human epidermal growth factor receptors.
The HER2 protein can exist in an inactivated state, and dimerize independent of the binding of a ligand.
The binding of a ligand induces phosphorylation of the receptors, which in turn activates the MAPK
(mitogen-activated protein kinase) pathway and the PI3K (phosphatidylinositol 3-kinase) pathways.

The development of trastuzumab revolutionized the treatment of HER2+ breast cancer by
introducing a monoclonal antibody that specifically targeted breast cancer cells that overexpressed
aberrant HER2 receptors. Trastuzumab binds to the domain IV region of the extracellular site of the
HER2 protein, thereby preventing dimerization, and subsequently signal transduction and cell survival.
Pertuzumab is a monoclonal antibody that binds to domain II of the extracellular component of HER2,
thereby preventing dimerization with Her1 and HER3. Ado-trastuzumab-DM1 (T-DM1, Kadcyla)
combines the antibody (trastuzumab) with DM1 (anti-microtubule agent derived from maytansine),
which then delivers the drug in the intracellular compartment [34]. Trastuzumab, pertuzumab and
T-DM1 utilize antibody-dependent cellular cytotoxicity. Lapatinib is a dual tyrosine kinase inhibitor
that reversibly binds to the tyrosine kinase receptors (EGFR or Erb1, and HER2 or ErbB2), thereby
blocking the phosphorylation and activation of ERK (extracellular signal-regulated kinase) and AKT
(protein kinase B). Neratinib, on the other hand, is an irreversible tyrosine kinase inhibitor of HER1,
HER2 and HER4, thereby preventing the downstream signaling of the MAP kinase pathway and the
AKT signaling pathways.

Although these HER2-targeted therapies have been proven to be efficacious in the various studies
previously mentioned, studies have found that less than 35% of patients with HER2+ breast cancer
initially respond to trastuzumab [10]. On the other hand, some patients acquire resistance after being
on HER2-targeted therapies for several months after initial response. Several mechanisms of resistance
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to the trastuzumab-based therapy have been proposed [10]. Dr. Vu and colleagues [10] have shown
that defects within the HER2 receptor, such as a truncated extracellular domain, prohibits the binding
of trastuzumab to the receptor. For example, HER2 can mutate in a fashion that results in a truncated
p95HER2 isoform, which inhibits the binding of trastuzumab due to the lack of the extracellular
domain [35]. Studies have found that those who acquired the p95HER2 mutation were less likely to
respond to trastuzumab as this mutated isoform results in constitutive kinase activity [36]. One way
to overcome this form of resistance is to add lapatinib to trastuzumab, given that lapatinib acts
intracellularly [37].

Another broad category in the different mechanisms of resistance includes elevations of other
tyrosine kinase inhibitors. For example, studies have found that the cross-signaling between Insulin-like
Growth factor-1 receptor (IGF-IR) and HER2 induces phosphorylation of HER2, and thereby activates
signaling transduction [38]. Overexpression of c-met (tyrosine protein kinase met or hepatocyte growth
factor receptor) has been found to confer resistance to trastuzumab [39].

Intracellular alterations can also cause resistance to HER2-targeted therapy. One such alteration
involves the hyperactivation of the PI3K pathway by mutations or loss of PTEN (phosphatase and
tensin homolog deleted on chromosome 10), which is a tumor suppressor gene that normally inhibits
the PI3K pathway [35]. Patients with PTEN-deficient tumors had lower overall response rates to
trastuzumab than patients with wild type PTEN [40]. Clinical trials, incorporating different drugs and
combination strategies to overcome these mechanisms of resistance, are in progress.
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Figure 1. HER2 signaling pathway, mechanism of action of targeted therapies, and resistance
mechanisms. 1. The truncated P95HER2 isoform results in the loss of the extracellular binding site
for trastuzumab. 2.–3. Overexpression of other tyrosine kinase receptors, such as IGF1-R and C-met,
can continue to trigger downstream signaling despite blockade by trastuzumab. 4. Mutations or loss of
PTEN constitutively activates the PI3K signaling pathway.
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Not much is known about the mechanisms of resistance to pertuzumab. However, one theory that
has been proposed is the suppression of microRNA-150, which are small, noncoding, single-stranded
RNAs, that negatively regulate the PI3K-AKT pathways. Studies in ovarian cancer [41,42] have found
that the suppression of miRNA-150 resulted in decreased sensitivity to pertuzumab.

Given that combining trastuzumab with lapatinib targets both the intracellular and extracellular
HER2 domains [37], combining these two drugs is an attractive strategy. However, acquired mechanisms
of resistance to lapatinib often develop after chronic exposure to lapatinib. One theory is that lapatinib
promotes the transcription of estrogen-positive genes, and therefore switches cell survival dependence
from HER2 to estrogen receptors [43]. Another proposed mechanism involves the activation of AXL,
a membrane-bound tyrosine kinase [44]. AXL has been associated with activation of the AKT/MTOR
pathway [37].

The proposed theories concerning resistance to T-DM1 (kadcyla) include low tumor HER2
expression, poor internalization of the HER2-T-DM1 complexes, defective intracellular trafficking of
the HER2-T-DM1 complex, and defective lysosomal degradation of T-DM1. These result in inadequate
drug concentrations, and therefore cell death is halted [45]. Another proposed mechanism of resistance
to T-DM1 is the presence of neuregulin b1 (NRG), which suppresses the cytotoxic activity of T-DM1
by triggering the formation of HER2-HER3 heterodimers. This heteromization activates the PI3K
pathway, and thus leads to cell cycle proliferation independently of kadcyla [46,47]. SYD985, another
HER2-targeting antibody-drug conjugate [48], is currently being studied in patients who develop
resistance to T-DM1.

8. Newer HER2-targeted Therapies

Although trastuzumab (herceptin), pertuzumab (perjeta), Lapatinib (tykerb) and ado-trastuzumab
emtansine (kadcyla) remain the most used HER2-targeted therapies in practice, other new HER2
therapies are being studied in clinical trials.

In the Phase III SOPHIA trial [49], margetuximab was compared to trastuzumab in patients with
metastatic HER2+ breast cancer after progression while on the first, second or third line of therapy
including kadcyla. In the study, the median age of the patients was 55 years. The backbone chemotherapy
was of the investigator’s choosing, between four systemic cytotoxic therapies (capecitabine—27% in
each arm; eribulin—25% in each arm; gemcitabine—12% in each arm; vinorelbine—33% in each arm).
Of note, more than 90% of the patients received kadcyla.

Margetuximab is a novel Fc-engineered monoclonal antibody that targets the HER2 oncoprotein.
The Fc portion enhances the immune system in order to provide an added benefit. Of the patients
in the study, 85% carried the CD16A 158F allele, which is shown to have a diminished response
to trastuzumab. The patients who were homozygous for the CD16A-F allele appeared to attain
longer progression-free survival with margetuximab compared to trastuzumab. Patients treated with
margetuximab had a higher median PFS and higher overall response rates. The adverse reactions were
similar between the two groups.

In the ALTERNATIVE trial [50], the addition of lapatinib to the trastuzumab and endocrine therapy
(aromatase inhibitor) was studied in postmenopausal women with HER2+, hormone receptor-positive
metastatic breast cancer. The addition of lapatinib to trastuzumab led to higher median progression-free
survival (primary end point) and overall survival (see Table 1) rates.
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Table 1. Trials of Newer HER2 Targeted Therapies.

Trial Patients and Key Inclusion
Criteria Study Design Results Adverse Events

Phase III SOPHIA trial [49]
n = 536

Pre-treated (lines 1–3) HER2+
metastatic BC

MARG 15 mg/kg q3weeks vs. TRAS
8 mg/kg loading dose followed by 6

mg/kg q3w
+ investigator’s choice

(capecitabine, eribulin, gemcitabine
or vinorelbine)

PFS: (HR 0.76, p = 0.033)-higher PFS
if homozygous for CD16A-F allele

Median PFS: 5.8 mo (MARG) vs. 4.9
months (TRAS)

ORR: 22.1% (MARG) vs. 16.0%
(TRAS); p = 0.060

Infusion reaction: 12.9%
(MARG) vs. 3.8% (TRAS)

Adverse events of any grade
were similar between MARG

and TRAS

Phase III ALTERNATIVE Trial,
adding lapatinib to herceptin
and aromatase inhibitor [50]

n = 355
Postmenopausal women with

HER2+, HR+ MBC (had
received prior ET and prior

neoadjuvant or first line
TRAS + chemo)

1:1 randomization
LAP 1000 mg/d + TRAS (n = 120) +

AI vs. LAP 1500 mg/d + AI
(n = 118) vs. TRAS + AI (n = 120)
AI: letrozole 2.5 mg/d, anastrozole

1 mg/d or exemestane 25 mg/d

Median PFS: 11.0 mo (LAP + TRAS
+ AI) vs. 5.7 mo (TRAS + AI)

(HR = 0.62, p = 0.0064) vs. 8.3 mo
(LAP + AI) (HR = 0.71, p = 0.361)

ORR: 31.7% (LAP + TRAS + AI) vs.
13.7% (TRAS + AI) vs. 18.6%

(LAP + AI)

Phase IB HER2 CLIMB (TUC)
trial [51]

n = 60
HER2+ metastatic BC,

including patients with
untreated or progressive brain

metastasis

Not randomized
TUC (300 mg bid) + CAP vs. TUC +

TRAS vs. TUC +CAP + TRAS

RR: 42% (5/12) in patients with
brain mets (TUC + CAP +TRAS)

ORR: 61% (14/23) in the triple
regimen

Median duration of response: 11.0
(range, 2.9–18.6) in triplet regimen

Grade 1–2 in triplet regimen:
diarrhea (33%), nausea (26%)

and fatigue (15%)
Dose-limiting toxicity: grade 4

cerebral edema in a patient with
untreated brain metastasis who

was not on steroids

BC, breast cancer; MARG, margetuximab; TRAS, trastuzumab; HR, hormone receptor; MBC, metastatic breast cancer; ET, endocrine therapy; LAP, lapatinib; AI, aromatase inhibitor; ORR,
overall response rate; OS, overall survival; PFS, progressive free survival; TUC, tucatinib; CAP, capecitabine; RR, response rates.
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The median progression-free survival associated with the combination of lapatinib with
trastuzumab was 11 months, versus 5.7 months in the trastuzumab arm (HR 0.62, 95% CI 0.45–0.88).
The data for overall survival was immature in the trial. The addition of lapatinib (and removal of
pertuzumab) could be considered in patients who progressed after receiving trastuzumab, pertuzumab
and an AI, if the disease is not rapidly progressive or if there is not a visceral crisis.

As of May 2020, there are two novel agents approved for the treatment of patients with advanced
HER2+ breast cancer, and who have previously been treated.

In December 2019, the FDA approved trastuzumab deruxtecan-nxki (DS-8201a/Enhertu) in patients
who have been previously treated with two or more prior anti-HER2 therapies in the metastatic setting.
This approval was based on the results of an open-label, single group, phase 2 study with 184 patients
who had previously received a median of six lines of therapy [52]. The primary end point of the
DESTINY- Breast01trial (Available online: https://clinicaltrials.gov/ct2/show/NCT03248492, identifier
NCT03248492, last accessed 7/12/2020) was an overall response rate observed to be 60.9%, with patients
achieving a disease control rate of 97.3%, median progression-free survival of 16.4 months and a median
duration of response of 14.8 months. The median overall survival has not been reached. DS-8201 is
an antibody–drug conjugate like kadcyla, but with a topoisomerase I inhibitor payload linked to a
humanized monoclonal antibody, and to HER2, by a cleavable tetrapeptide linker. The most common
adverse events noted were neutropenia, interstitial lung disease, anemia, nausea and alopecia. Death
due to interstitial lung disease was reported in 2.2% of patients. Currently, ongoing trials are evaluating
the effectiveness of DS-8201a against kadcyla in a randomized control trial (DESTINY-Breast03 trial;
NCT03529110), as well as the effectiveness of capecitabine and herceptin or lapatinib (DESTINY-Breast02
trial; NCT03523585).

Based on the results of the HER2CLIMB trial [31], another novel HER2-targeted agent, tucatinib,
was approved in April 2020 [31]. Tucatinib is an orally bioavailable, highly selective small-molecule
HER2 tyrosine kinase inhibitor, which binds to the internal domain of the HER2 protein. Given the
small size of the molecule, tucatinib is believed to cross the blood–brain barrier. It causes minimal
EGFR inhibition, and hence is relatively well tolerated. Patients with previously treated, unresectable,
locally advanced or metastatic HER2+ breast cancer were treated with either tucatinib + trastuzumab +

capecitabine or with placebo + trastuzumab + capecitabine. The study allowed patients with untreated
but asymptomatic brain metastasis to participate. Tucatinib combination therapy showed statistically
significant improvements in progression-free survival at 1 year (primary end point), as well as in the
overall survival at 2 years, in the overall population.

Given the high response rate, tucatinib combination is a promising therapy for previously treated
HER2+ metastatic breast cancer patients, and could emerge as the go-to option, especially in patients
with central nervous system involvement.

Neratinib is a pan-HER inhibitor, which has been recently approved in the metastatic setting, based
on the NALA trial [53] and the TBCRC 022 [32]. In the Phase III NALA trial, neratinib plus capecitabine
improved progression-free survival compared to lapatinib with capecitabine (12-month PFS was 29%,
versus 15%). [53]. However, patients who received neratinib with capecitabine experienced more
diarrhea. 25% of the patients in the neratinib plus capecitabine group experienced grade > 3 diarrhea
compared to 13% of the patients receiving lapatinib with capecitabine.

Pyrotinib and poziotinib are both irreversible pan-HER inhibitors. Pyrotinib has already received
conditional approval in China, based on a Phase II trial which showed improved PFS in combination
with capecitabine, with tolerable side effects [54]. A Phase III trial is currently ongoing (NCT03080895).

9. Novel Antibody Drug Conjugates (ADCs)

Following the success and FDA approval of two Antibody Drug Conjugates (ADCs), there are
multiple other agents currently in clinical trials. Like DS-8201, these newer ADCs have a cleavable
linker that accounts for what is called the “bystander effect”. Bystander effect is responsible for the

https://clinicaltrials.gov/ct2/show/NCT03248492
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death of antigen-negative cells (both cancer cells and normal cells), hence it is important in both the
efficacy and safety of the drug. Here we discuss a few ADCs with published clinical trial results.

These second-generation ADCs are thought to overcome the resistance of HER2+ cells to
T-DM1. One of the ADCs currently in clinical trial, SYD985 (Trastuzumab Duocarmazine), was
shown to be effective in T-DM1-resistant patient-derived tumor models [55]. Results of the
dose-escalation/dose-expansion study with this agent demonstrated clinical activity in heavily
pre-treated HER2+ patients, with a partial response of 33% and a median PFS of 7.6 months [55].
Currently, the Phase III randomized TULIP trial (NCT03262935) is evaluating the drug SYD985 against
other standard of care options for previously treated HER2+ breast cancer patients.

Another ADC currently in Phase III trial is BAT8001 (Bio-Thera; NCT04185649), which uses a novel
non-cleavable linker between trastuzumab and the maytansine payload. A phase I dose-escalation
study (NCT04189211) revealed the drug to be safe, and it also showed efficacy in heavily pre-treated
HER2+ patients. A randomized multi-center Phase III trial is ongoing in China [56].

RC48-ADC, or Distamab vedotin (RemeGen), is another antibody–drug conjugate with a cleavable
cathepsin linker attached to the monomethyl auristatin E (MMAE) payload. In the Phase Ib/II trial,
RC48 demonstrated good tolerability and efficacy. The disease control rate was seen to be 96.7%, with a
46.7% clinical benefit rate (CBR) [57]. A Phase II study is ongoing (NCT03500380).

DHES0815A (Genentech) is an engineered ADC, in which trastuzumab is conjugated with a stable
linker to a highly toxic payload, pyrrolobenzodiazepine, and is the subject of an ongoing Phase I study
(NCT03451162).

10. Bispecific Antibodies

These are molecules that recognize two different epitopes of the HER2 protein, and there are
several of these currently in trials. In addition to these antibodies blocking tumor signaling pathways,
they also engage immune cells and deliver payloads to destroy tumor cells [58].

ZW49 (Zymeworks) is a bispecific, biparatopic antibody, with an auristatin payload of an
anti-HER2 biparatopic antibody, ZW25, which binds the same domains as trastuzumab (ECD2) and
pertuzumab (ECD4). In pre-clinical breast cancer cell lines and PDX models, ZW49 has demonstrated
anti-tumor activity [59]. A Phase I, dose-finding, multicenter, open-label trial is ongoing to assess the
safety and tolerability of the drug (NCT03821233).

ZW25 increases tumor cell binding, improves receptor internalization and downregulates HER2
expression. A Phase I study showed a partial response rate of 33%, with a disease control rate of
50% [60].

BTRC4017A (Genentech) is currently being explored in a Phase Ia/b clinical trial (NCT03448042).
It has a T-cell-dependent bispecific monoclonal antibody with two antigen recognition sites, one for
HER2 and another one for the CD3 complex, which leads to the cross linking of HER2-expressing
tumor cells and cytotoxic T lymphocytes.

TrasGex or Timigutuzumab is a glyco-optimized antibody, which has shown efficacy in a
dose-escalation Phase I study by enhancing the antibody-dependent cell-mediated cytotoxicity [61].
However, it is unknown if the molecule is still being developed or not.

The experimental drug, NJH395 (Novartis), an immunoconjugate immune stimulator antibody
conjugate (ISAC) consisting of a monoclonal anti-ErbB2 antibody conjugated to a TLR7 (Toll-like receptor 7)
agonist, is another drug currently being studied in clinical trials (NCT0369771). No pre-clinical data is
available yet.

11. Immunotherapy in HER2+ Disease

In addition to newer anti-HER2-targeted therapies, immunotherapy is being extensively studied
given the ability of cancers to evade the immune system [62]. Different modalities are being utilized in
immunotherapy to boost the patient’s immune system so as to attack the cancerous cells. Immune
checkpoint inhibitors, such as cytotoxic T-lymphocyte antigen-4 (CTLA-4) antibodies and programmed
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cell death-1 (PD-1)/programmed cell death-1 ligand (PD-L1) antibodies, are being studied in clinical
trials. The expression of PDL-1 has been shown to be associated with unfavorable characteristics,
such as HER2+ status in addition to large tumor sizes and high tumor grades [63]. Although PDL-1
therapy is approved for triple negative breast cancers [64], there is no approved PD-1/PDL-1 agent for
the treatment of HER2+ breast cancers. In the Javelin Solid Tumor study (Phase Ib) [65], avelumab
had an overall response rate of 3% (of the 168 patients in the study; 26 (15.5%) patients were HER2+),
but a higher activity was seen if they exhibited PDL-1 expression. Most recently, in the single-arm,
multicenter PANACEA trial [66], pembrolizumab was studied in patients with advanced HER2+ breast
cancer, who progressed while on the trastuzumab or T-DM1 therapy in this Phase Ib/II trial. While
six patients were enrolled in the phase Ib trial (all PDL-1-positive), 52 patients were enrolled in the
phase II trial. Patients were tested for PDL-1 expression. Of the 52 patients in the phase II trial, 40 had
PDL-1-positive tumors, and the remaining patients had PDL-1-negative tumors. Although no objective
responses were seen in the PDL-1-negative patients, the disease control rate was 24% in PD-L1-positive
patients, and the overall response rate was 39%. The most common adverse reaction that was noted
was fatigue (21%).

12. Future Directions

Although patients do relatively well on the therapies previously mentioned, a subset of HER2+

breast cancer patients experienced relapse after neoadjuvant and adjuvant therapy, as well as resistance
to existing therapies. A dual-targeted HER2 approach is typically used if there are no contraindications.
However, what remains to be determined is whether adding a newer HER2-targeted therapy would
increase progression-free survival, or whether immunotherapy would help in overcoming the resistance
to HER2-targeted therapies. In addition, many trials did not utilize the updated 2018 ASCO (American
Society of Clinical Oncology)/CAP (College of American Pathologists) guidelines on HER2 interpretation
in breast cancer [6], which generated an increase in negative cases due to the more rigorous algorithm
for identifying HER2+ patients. This algorithm helped to reclassify equivocal cases as either HER2+ or
HER2−. Treatment of HER2 equivocal cases was not standardized, given the lack of data surrounding
the clinical benefits of HER2-targeted therapies in this subset of patients. Since the 2018 guidelines
reclassify these patients as either HER2+ or HER2−, the overtreatment of patients can be avoided,
and costs can be saved.

There is still an unmet need for treatment of metastatic HER2+ breast cancer. Whether adding or
utilizing immunotherapy upfront, like in other subtypes of breast cancer, can improve patient outcomes
remains unknown. Different strategies are being employed to improve the efficacy of anti-HER2
therapy by combining existing approved therapies and exploring next-generation sequencing to target
potential biomarkers, so as to overcome resistance and reduce side effects. There is much more to be
studied in HER2+ breast cancer.

13. Conclusions

The discovery and implementation of new HER2-directed therapies in clinical practice has
significantly changed how patients with HER2+ diseases are being treated. Although major strides
have been made in treating patients with HER2+ diseases, studies are ongoing concerning the continued
improvement of the outcomes for this subset of patients. Whether it is a combination of multiple
HER2-directed therapies in the various settings, or the invention of immunotherapy, the treatment of
HER2+ disease has resulted in better outcomes, including in progression-free survival and overall
survival, compared to the outcomes of previous decades, and these will continue to evolve.

Funding: This research received no external funding.

Conflicts of Interest: Nisha Unni declares is serving on the advisory board of Eisai Inc. The other authors do not
have a conflict of interest.



Cancers 2020, 12, 2081 13 of 17

References

1. Howlader, N.; Cronin, K.A.; Kurian, A.W.; Andridge, R. Differences in Breast Cancer Survival by Molecular
Subtypes in the United States. Cancer Epidemiol. Biomark. Prev. 2018, 27, 619–626. [CrossRef] [PubMed]

2. Slamon, D.J.; Clark, G.M.; Wong, S.G.; Levin, W.J.; Ullrich, A.; McGuire, W.L. Human breast cancer:
Correlation of relapse and survival with amplification of the HER-2/neu oncogene. Science 1987, 235, 177–182.
[CrossRef] [PubMed]

3. Slamon, D.J.; Leyland-Jones, B.; Shak, S.; Fuchs, H.; Paton, V.; Baiamonde, A.; Fleming, T.; Eiermann, W.;
Wolter, J.; Pegram, M.; et al. Use of chemotherapy plus a monoclonal antibody against HER2 for metastatic
breast cancer that overexpresses HER2. N. Engl. J. Med. 2001, 344, 783–792. [CrossRef] [PubMed]

4. Browne, B.C.; O’Brien, N.; Duffy, M.J.; Crown, J.; O’Donovan, N. Her-2 signaling and inhibition in breast
cancer. Curr. Cancer Drug Targets 2009, 9, 419–438. [CrossRef] [PubMed]

5. Fehrenbacher, L.; Cecchini, R.S.; Geyer, C.E.; Rastogi, P.; Costantino, J.; Atkins, J.N.; Crown, J.P.; Polikoff, J.;
Boileau, J.F.; Provencher, L.; et al. NSABP B-47/NRG Oncology Phase III Randomized Trial Comparing
Adjuvant Chemotherapy With or Without Trastuzumab in High-Risk Invasive Breast Cancer Negative for
HER2 by FISH and With IHC 1+ or 2. J. Clin. Oncol. 2020, 38, 444. [CrossRef]

6. Wolff, A.C.; Hammond, M.E.H.; Allison, K.H.; Harvey, B.E.; Mangu, P.B.; Bartlett, J.M.S.; Bilous, M.; Ellis, I.O.;
Fitzgibbons, P.; Hanna, W.; et al. Human Epidermal Growth Factor Receptor 2 Testing in Breast Cancer:
American Society of Clinical Oncology/College of American Pathologists Clinical Practice Guideline Focused
Update. J. Clin. Oncol. 2018, 36, 2105–2122. [CrossRef]

7. Broglio, K.R.; Quintana, M.; Foster, M.; Olinger, M.; McGlothlin, A.; Berry, S.M.; Boileau, J.F.;
Brezden-Masley, C.; Chia, S.; Dent, S.; et al. Association of Pathologic Complete Response to Neoadjuvant
Therapy in HER2-Positive Breast Cancer With Long-Term Outcomes: A Meta-Analysis. JAMA Oncol. 2016,
2, 751–760. [CrossRef]

8. Cortazar, P.; Zhang, L.; Untch, M.; Mehta, K.; Costantino, J.P.; Wolmark, N.; Bonnefoi, H.; Cameron, D.;
Gianni, L.; Valagussa, P.; et al. Pathological complete response and long-term clinical benefit in breast cancer:
The CTNeoBC pooled analysis. Lancet 2014, 384, 164–172. [CrossRef]

9. Gianni, L.; Eiermann, W.; Semiglazov, V.; Lluch, A.; Tjulandin, S.; Zambetti, M.; Moliterni, A.; Vazquez, F.;
Byakhov, M.J.; Lichinitser, M.; et al. Neoadjuvant and adjuvant trastuzumab in patients with HER2-positive
locally advanced breast cancer (NOAH): Follow-up of a randomised controlled superiority trial with a
parallel HER2-negative cohort. Lancet Oncol. 2014, 15, 640–647. [CrossRef]

10. Vu, T.; Claret, F.X. Trastuzumab: Updated mechanisms of action and resistance in breast cancer. Front Oncol.
2012, 2, 62. [CrossRef]

11. Nahta, R.; Esteva, F.J. Herceptin: Mechanisms of action and resistance. Cancer Lett. 2006, 232, 123–138.
[CrossRef]

12. Gianni, L.; Pienkowski, T.; Im, Y.H.; Tseng, L.M.; Liu, M.C.; Lluch, A.; Starosławska, E.;
de la Haba-Rodriguez, J.; Im, S.A.; Pedrini, J.L.; et al. 5-year analysis of neoadjuvant pertuzumab and
trastuzumab in patients with locally advanced, inflammatory, or early-stage HER2-positive breast cancer
(NEOSPHERE): A multicentre, open-label, phase 2 randomised trial. Lancet Oncol. 2016, 17, 791–800.
[CrossRef]

13. Schneeweiss, A.; Chia, S.; Hickish, T.; Harvey, V.; Eniu, A.; Hegg, R.; Tausch, C.; Seo, J.H.;
Tsai, Y.F.; Ratnayake, J.; et al. Pertuzumab plus trastuzumab in combination with standard neoadjuvant
anthracycline-containing and anthracycline-free chemotherapy regimens in patients with HER2-positive
early breast cancer: A randomized phase II cardiac safety study (TRYPHAENA). Ann. Oncol. 2013, 24,
2278–2284. [CrossRef]

14. Llombart-Cussac, A.; Cortés, J.; Paré, L.; Galván, P.; Bermejo, B.; Martínez, N.; Vidal, M.; Pernas, S.; López, R.;
Muñoz, M.; et al. HER2-enriched subtype as a predictor of pathological complete response following
trastuzumab and lapatinib without chemotherapy in early-stage HER2-positive breast cancer (PAMELA):
An open-label, single-group, multicentre, phase 2 trial. Lancet Oncol. 2017, 18, 545. [CrossRef]

15. Jones, S.E.; Collea, R.; Paul, D.; Sedlacek, S.; Favret, A.M.; Gore, I., Jr.; Lindquist, D.L.; Holmes, F.A.;
Allison, M.A.K.; Brooks, B.D.; et al. Adjuvant docetaxel and cyclophosphamide plus trastuzumab in patients
with HER2-amplified early stage breast cancer: A single-group, open-label, phase 2 study. Lancet Oncol.
2013, 14, 1121–1128. [CrossRef]

http://dx.doi.org/10.1158/1055-9965.EPI-17-0627
http://www.ncbi.nlm.nih.gov/pubmed/29593010
http://dx.doi.org/10.1126/science.3798106
http://www.ncbi.nlm.nih.gov/pubmed/3798106
http://dx.doi.org/10.1056/NEJM200103153441101
http://www.ncbi.nlm.nih.gov/pubmed/11248153
http://dx.doi.org/10.2174/156800909788166484
http://www.ncbi.nlm.nih.gov/pubmed/19442060
http://dx.doi.org/10.1200/JCO.19.01455
http://dx.doi.org/10.1200/JCO.2018.77.8738
http://dx.doi.org/10.1001/jamaoncol.2015.6113
http://dx.doi.org/10.1016/S0140-6736(13)62422-8
http://dx.doi.org/10.1016/S1470-2045(14)70080-4
http://dx.doi.org/10.3389/fonc.2012.00062
http://dx.doi.org/10.1016/j.canlet.2005.01.041
http://dx.doi.org/10.1016/S1470-2045(16)00163-7
http://dx.doi.org/10.1093/annonc/mdt182
http://dx.doi.org/10.1016/S1470-2045(17)30021-9
http://dx.doi.org/10.1016/S1470-2045(13)70384-X


Cancers 2020, 12, 2081 14 of 17

16. Moja, L.; Tagliabue, L.; Balduzzi, S.; Balduzzi, S.; Parmelli, E.; Pistotti, V.; Guarneri, V.; D’Amico, R.
Trastuzumab containing regimens for early breast cancer. Cochrane Database Syst. Rev. 2012, 2012. [CrossRef]
[PubMed]

17. Cameron, D.; Piccart-Gebhart, M.J.; Gelber, R.D.; Procter, M.; Goldhirsch, A.; de Azambuja, E.; Castro, G., Jr.;
Untch, M.; Smith, I.; Gianni, L.; et al. Herceptin Adjuvant (HERA) Trial Study Team. 11 years’ follow-up
of trastuzumab after adjuvant chemotherapy in HER2-positive early breast cancer: Final analysis of the
HERceptin Adjuvant (HERA) trial. Lancet 2017, 389, 1195. [CrossRef]

18. Pivot, X.; Romieu, G.; Debled, M.; Pierga, J.Y.; Kerbrat, P.; Bachelot, T.; Lortholary, A.; Espié, M.; Fumoleau, P.;
Serin, D.; et al. PHARE trial investigators. 6 months versus 12 months of adjuvant trastuzumab for patients
with HER2-positive early breast cancer (PHARE): A randomised phase 3 trial. Lancet Oncol. 2013, 14, 741.
[CrossRef]

19. Earl, H.M.; Hiller, L.; Vallier, A.L.; Loi, S.; McAdam, K.; Hughes-Davies, L.; Harnett, A.N.; Ah-See, M.L.;
Simcock, R.; Rea, D.; et al. PERSEPHONE Steering Committee and Trial Investigators. 6 versus 12 months
of adjuvant trastuzumab for HER2 positive (+) early breast cancer (PERSEPHONE): 4-year disease-free
survival results of a randomised phase 3 non-inferiority trial. Lancet 2019, 393, 2599. [CrossRef]

20. Pondé, N.; Gelber, R.D.; Piccart, M. PERSEPHONE: Are we ready to de-escalate adjuvant trastuzumab for
HER2-positive breast cancer? NPJ Breast Cancer 2019, 5, 1. [CrossRef] [PubMed]

21. Von Minckwitz, G.; Huang, C.S.; Mano, M.S.; Loibl, S.; Mamounas, E.P.; Untch, M.; Wolmark, N.; Rastogi, P.;
Schneeweiss, A.; Redondo, A.; et al. KATHERINE Investigators. Trastuzumab Emtansine for Residual
Invasive HER2-Positive Breast Cancer. N. Engl. J. Med. 2019, 380, 617. [CrossRef] [PubMed]

22. Tolaney, S.M.; Barry, W.T.; Dang, C.T.; Yardley, D.A.; Moy, B.; Marcom, P.K.; Albain, K.S.; Rugo, H.S.; Ellis, M.;
Shapira, I.; et al. Adjuvant paclitaxel and trastuzumab for node-negative, HER2-positive breast cancer.
N. Engl. J. Med. 2015, 372, 134. [CrossRef] [PubMed]

23. von Minckwitz, G.; Procter, M.; de Azambuja, E.; Zardavas, D.; Benyunes, M.; Viale, G.; Suter, T.; Arahmani, A.;
Rouchet, N.; Clark, E.; et al. APHINITY Steering Committee and Investigators Adjuvant Pertuzumab and
Trastuzumab in Early HER2-Positive Breast Cancer. N. Engl. J. Med. 2017, 377, 122. [CrossRef] [PubMed]

24. Martin, M.; Holmes, F.A.; Ejlertsen, B.; Delaloge, S.; Moy, B.; Iwata, H.; von Minckwitz, G.; Chia, S.K.L.;
Mansi, J.; Barrios, C.H.; et al. ExteNET Study Group. Neratinib after trastuzumab-based adjuvant therapy in
HER2-positive breast cancer (ExteNET): 5-year analysis of a randomised, double-blind, placebo-controlled,
phase 3 trial. Lancet Oncol. 2017, 18, 1688. [CrossRef]

25. Swain, S.M.; Baselga, J.; Kim, S.B.; Ro, J.; Semiglazov, V.; Campone, M.; Ciruelos, E.; Ferrero, J.M.;
Schneeweiss, A.; Heeson, S.; et al. CLEOPATRA Study Group. Pertuzumab, trastuzumab, and docetaxel in
HER2-positive metastatic breast cancer. N. Engl. J. Med. 2015, 372, 724. [CrossRef]

26. Diéras, V.; Miles, D.; Verma, S.; Pegram, M.; Welslau, M.; Baselga, J.; Krop, I.E.; Blackwell, K.; Hoersch, S.;
Xu, J.; et al. Trastuzumab emtansine versus capecitabine plus lapatinib in patients with previously treated
HER2-positive advanced breast cancer (EMILIA): A descriptive analysis of final overall survival results from
a randomised, open-label, phase 3 trial. Lancet Oncol. 2017, 18, 732. [CrossRef]

27. Krop, I.E.; Kim, S.B.; Martin, A.G.; LoRusso, P.M.; Ferrero, J.M.; Badovinac-Crnjevic, T.; Hoersch, S.; Smitt, M.;
Wildiers, H. Trastuzumab emtansine versus treatment of physician’s choice in patients with previously
treated HER2-positive metastatic breast cancer (TH3RESA): Final overall survival results from a randomised
open-label phase 3 trial. Lancet Oncol 2017, 18, 743. [CrossRef]

28. Perez, E.A.; Barrios, C.; Eiermann, W.; Toi, M.; Im, Y.H.; Conte, P.; Martin, M.; Pienkowski, T.; Pivot, X.;
Burris, H.A.; et al. Trastuzumab Emtansine With or Without Pertuzumab Versus Trastuzumab Plus Taxane
for Human Epidermal Growth Factor Receptor 2-Positive, Advanced Breast Cancer: Primary Results From
the Phase III MARIANNE Study. J. Clin. Oncol. 2017, 35, 141. [CrossRef]

29. Krop, I.E.; Lin, N.U.; Blackwell, K.; Guardino, E.; Huober, J.; Lu, M.; Miles, D.; Samant, M.; Welslau, M.;
Diéras, V. Trastuzumab emtansine (T-DM1) versus lapatinib plus capecitabine in patients with HER2-positive
metastatic breast cancer and central nervous system metastases: A retrospective, exploratory analysis in
EMILIA. Ann. Oncol. 2015, 26, 113–119. [CrossRef]

30. Bachelot, T.; Romieu, G.; Campone, M.; Diéras, V.; Cropet, C.; Dalenc, F.; Jimenez, M.; Rhun, E.L.; Pierga, J.Y.;
Gonçalves, A.; et al. Lapatinib plus capecitabine in patients with previously untreated brain metastases from
HER2-positive metastatic breast cancer (LANDSCAPE): A single-group phase 2 study. Lancet Oncol. 2013,
14, 64–71. [CrossRef]

http://dx.doi.org/10.1002/14651858.CD006243.pub2
http://www.ncbi.nlm.nih.gov/pubmed/22513938
http://dx.doi.org/10.1016/S0140-6736(16)32616-2
http://dx.doi.org/10.1016/S1470-2045(13)70225-0
http://dx.doi.org/10.1016/S0140-6736(19)30650-6
http://dx.doi.org/10.1038/s41523-018-0098-y
http://www.ncbi.nlm.nih.gov/pubmed/30675511
http://dx.doi.org/10.1056/NEJMoa1814017
http://www.ncbi.nlm.nih.gov/pubmed/30516102
http://dx.doi.org/10.1056/NEJMoa1406281
http://www.ncbi.nlm.nih.gov/pubmed/25564897
http://dx.doi.org/10.1056/NEJMoa1703643
http://www.ncbi.nlm.nih.gov/pubmed/28581356
http://dx.doi.org/10.1016/S1470-2045(17)30717-9
http://dx.doi.org/10.1056/NEJMoa1413513
http://dx.doi.org/10.1016/S1470-2045(17)30312-1
http://dx.doi.org/10.1016/S1470-2045(17)30313-3
http://dx.doi.org/10.1200/JCO.2016.67.4887
http://dx.doi.org/10.1093/annonc/mdu486
http://dx.doi.org/10.1016/S1470-2045(12)70432-1


Cancers 2020, 12, 2081 15 of 17

31. Murthy, R.K.; Loi, S.; Okines, A.; Paplomata, E.; Hamilton, E.; Hurvitz, S.A.; Lin, N.U.; Borges, V.; Abramson, V.;
Anders, C.; et al. Tucatinib, Trastuzumab, and Capecitabine for HER2-Positive Metastatic Breast Cancer.
N. Engl. J. Med. 2020, 382, 597–609. [CrossRef] [PubMed]

32. Freedman, R.A.; Gelman, R.S.; Anders, C.K.; Melisko, M.E.; Parsons, H.A.; Cropp, A.M.; Silvestri, K.;
Cotter, C.M.; Componeschi, K.P.; Marte, J.M.; et al. TBCRC 022: A Phase II Trial of Neratinib and Capecitabine
for Patients With Human Epidermal Growth Factor Receptor 2-Positive Breast Cancer and Brain Metastases.
J. Clin. Oncol. 2019, 37, 1081–1089. [CrossRef] [PubMed]

33. Lu, Y.S.; Chen, T.W.; Lin, C.H.; Yeh, D.C.; Tseng, L.M.; Wu, P.F.; Rau, K.M.; Chen, B.B.; Chao, T.C.; Huang, S.M.;
et al. Taiwan Breast Cancer Consortium. Bevacizumab preconditioning followed by Etoposide and Cisplatin
is highly effective in treating brain metastases of breast cancer progressing from whole-brain radiotherapy.
Clin. Cancer Res. 2015, 21, 1851. [CrossRef] [PubMed]

34. Singh, J.C.; Jhaveri, K.; Esteva, F.J. HER2-positive advanced breast cancer: Optimizing patient outcomes and
opportunities for drug development. Br. J. Cancer 2014, 111, 1888–1898. [CrossRef]

35. Scott, G.K.; Robles, R.; Park, J.W.; Montgomery, P.A.; Daniel, J.; Holmes, W.E.; Lee, J.; Keller, G.A.; Li, W.L.;
Fendly, B.M. A truncated intracellular HER2/neu receptor produced by alternative RNA processing affects
growth of human carcinoma cells. Mol. Cell Biol. 1993, 13, 2247–2257. [CrossRef]

36. Scaltriti, M.; Rojo, F.; Ocana, A.; Anido, J.; Guzman, M.; Cortes, J.; Di Cosimo, S.; Matias-Guiu, X.; Ramon y
Cajal, S.; Arribas, J.; et al. Expression of p95HER2, a truncated form of the HER2 receptor, and response to
anti-HER2 therapies in breast cancer. J. Natl. Cancer Inst. 2007, 99, 628–638. [CrossRef]

37. de Melo Gagliato, D.; Jardim, D.L.; Marchesi, M.S.; Hortobagyi, G.N. Mechanisms of resistance and sensitivity
to anti-HER2 therapies in HER2+ breast cancer. Oncotarget 2016, 7, 64431–64446. [CrossRef]

38. Lu, Y.; Zi, X.; Zhao, Y.; Mascarenhas, D.; Pollak, M. Insulin-like growth factor-I receptor signaling and
resistance to trastuzumab (Herceptin). J. Natl. Cancer Inst. 2001, 93, 1852–1857. [CrossRef]

39. Shattuck, D.L.; Miller, J.K.; Carraway, K.L. III.; Sweeney, C. Met receptor contributes to trastuzumab resistance
of HER2-overexpressing breast cancer cells. Cancer Res. 2008, 68, 1471–1477. [CrossRef]

40. Nagata, Y.; Lan, K.H.; Zhou, X.; Tan, M.; Esteva, F.J.; Sahin, A.A.; Klos, K.S.; Li, P.; Monia, B.P.; Nguyen, N.T.;
et al. PTEN activation contributes to tumor inhibition by trastuzumab, and loss of PTEN predicts trastuzumab
resistance in patients. Cancer Cell 2004, 6, 1117–1127. [CrossRef]

41. Wuerkenbieke, D.; Wang, J.; Li, Y.; Ma, C. miRNA-150 downregulation promotes pertuzumab resistance in
ovarian cancer cells via AKT activation. Arch. Gynecol. Obstet. 2015. [CrossRef] [PubMed]

42. He, L.; Hannon, G.J. MicroRNAs: Small RNAs with a big role in gene regulation. Nat. Rev. Genet. 2004, 5,
522–531. [CrossRef] [PubMed]

43. Xia, W.; Bacus, S.; Hegde, P.; Husain, I.; Strum, J.; Liu, L.; Paulazzo, G.; Lyass, L.; Trusk, P.; Hill, J.; et al.
A model of acquired autoresistance to a potent ErbB2 tyrosine kinase inhibitor and a therapeutic strategy to
prevent its onset in breast cancer. Proc. Natl. Acad. Sci. USA 2006, 103, 7795–7800. [CrossRef] [PubMed]

44. Hafizi, S.; Dahlback, B. Signalling and functional diversity within the Axl subfamily of receptor tyrosine
kinases. Cytokine Growth Factor Rev. 2006, 17, 295–304. [CrossRef]

45. Barok, M.; Joensuu, H.; Isola, J. Trastuzumab emtansine: Mechanisms of action and drug resistance.
Breast Cancer Res. 2014, 16, 209. [CrossRef]

46. Holmes, W.E.; Sliwkowski, M.X.; Akita, R.W.; Henzel, W.J.; Lee, J.; Park, J.W.; Yansura, D.; Abadi, N.; Raab, H.;
Lewis, G.D.; et al. Identification of heregulin, a specific activator of p185erbB2. Science 1992, 256, 1205–1210.
[CrossRef]

47. Holbro, T.; Beerli, R.R.; Maurer, F.; Koziczak, M.; Barbas, C.F.; Hynes, N.E. The ErbB2/ErbB3 heterodimer
functions as an oncogenic unit: ErbB2 requires ErbB3 to drive breast tumor cell proliferation. Proc. Natl.
Acad. Sci. USA 2003, 100, 8933–8938. [CrossRef]

48. Nadal-Serrano, M.; Morancho, B.; Escrivá-de-Romaní, S.; Bernadó Morales, C.; Luque, A.; Escorihuela, M.;
Espinosa Bravo, M.; Peg, V.; Dijcks, F.A.; Dokter, W.H.; et al. The Second Generation Antibody-Drug
Conjugate SYD985 Overcomes Resistances to T-DM1. Cancers 2020, 12, 670. [CrossRef]

49. Rugo, H.S.; Im, S.-A.; Wright, G.L.S.; Escriva-de-Romani, S.; DeLaurentiis, M.; Cortes, J.; Bahadur, S.W.;
Haley, B.B.; Oyola, R.H.; Riseberg, D.A.; et al. SOPHIA primary analysis: A phase 3 (P3) study of
margetuximab (M) + chemotherapy (C) versus trastuzumab (T) + C in patients (pts) with HER2+ metastatic
(met) breast cancer (MBC) after prior anti-HER2 therapies (Tx). J. Clin. Oncol. 2019, 37, 1000. [CrossRef]

http://dx.doi.org/10.1056/NEJMoa1914609
http://www.ncbi.nlm.nih.gov/pubmed/31825569
http://dx.doi.org/10.1200/JCO.18.01511
http://www.ncbi.nlm.nih.gov/pubmed/30860945
http://dx.doi.org/10.1158/1078-0432.CCR-14-2075
http://www.ncbi.nlm.nih.gov/pubmed/25700303
http://dx.doi.org/10.1038/bjc.2014.388
http://dx.doi.org/10.1128/MCB.13.4.2247
http://dx.doi.org/10.1093/jnci/djk134
http://dx.doi.org/10.18632/oncotarget.7043
http://dx.doi.org/10.1093/jnci/93.24.1852
http://dx.doi.org/10.1158/0008-5472.CAN-07-5962
http://dx.doi.org/10.1016/j.ccr.2004.06.022
http://dx.doi.org/10.1007/s00404-015-3742-x
http://www.ncbi.nlm.nih.gov/pubmed/25986891
http://dx.doi.org/10.1038/nrg1379
http://www.ncbi.nlm.nih.gov/pubmed/15211354
http://dx.doi.org/10.1073/pnas.0602468103
http://www.ncbi.nlm.nih.gov/pubmed/16682622
http://dx.doi.org/10.1016/j.cytogfr.2006.04.004
http://dx.doi.org/10.1186/bcr3621
http://dx.doi.org/10.1126/science.256.5060.1205
http://dx.doi.org/10.1073/pnas.1537685100
http://dx.doi.org/10.3390/cancers12030670
http://dx.doi.org/10.1200/JCO.2019.37.15_suppl.1000


Cancers 2020, 12, 2081 16 of 17

50. Johnston, S.R.D.; Hegg, R.; Im, S.A.; Park, I.H.; Burdaeva, O.; Kurteva, G.; Press, M.F.; Tjulandin, S.;
Iwata, H.; Simon, S.D.; et al. Phase III, randomized study of dual human epidermal growth factor
receptor 2 (HER2) blockade with lapatinib plus trastuzumab in combination with an aromatase inhibitor
in postmenopausal women with HER2-Positive, hormone receptor-positive metastatic breast cancer:
ALTERNATIVE. J. Clin. Oncol. 2018, 36, 741.

51. Murthy, R.; Borges, V.F.; Conlin, A.; Chaves, J.; Chamberlain, M.; Gray, T.; Vo, A.; Hamilton, E. Tucatinib with
capecitabine and trastuzumab in advanced HER2-positive metastatic breast cancer with and without brain
metastases: A non-randomised, open-label, phase 1b study. Lancet Oncol. 2018, 19, 880–888. [CrossRef]

52. Modi, S.; Saura, C.; Yamshita, T.; Park, Y.H.; Kim, S.; Tamura, K.; Andre, F.; Iwata, H.; Ito, Y.; Tsurutani, J.;
et al. Trastuzumab Deruxtecan in Previously Treated HER2-Positive Breast Cancer. N. Engl. J. Med. 2020,
382, 610–621. [CrossRef] [PubMed]

53. Saura, C.; Oliveira, M.; Feng, Y.H.; Dai, M.S.; Hurvitz, S.A.; Kim, S.B.; Moy, B.; Delaloge, S.; Gradishar, W.J.;
Masuda, N.; et al. Neratinib plus Capecitabine versus lapatinib plus capecitabine in patients with HER2+

metastatic breast cancer previously treated with >2 HER-2 directed regimens: Findings from the multinational,
randomized, Phase III NALA trial. J. Clin. Oncol. 2019, 37, 1002. [CrossRef]

54. Ma, F.; Ouyang, Q.; Li, W.; Jiang, Z.; Tong, Z.; Liu, Y.; Li, H.; Yu, S.; Feng, J.; Wang, S.; et al. Pyrotinib or
Lapatinib Combined With Capecitabine in HER2-Positive Metastatic Breast Cancer With Prior Taxanes,
Anthracyclines, and/or Trastuzumab: A Randomized, Phase II Study. J. Clin. Oncol. 2019, 37, 2610–2619.
[CrossRef]

55. Banerji, U.; van Herpen, C.M.L.; Saura, C.; Thistlehwaite, S.; Moreno, V.; Macpherson, I.; Boni, V.; Rolfo, C.;
Ede Vries, E.G.; Rottey, S.; et al. Trastuzumab duocarmazine in locally advanced and metastatic solid tumours
and HER2-expressing breast cancer: A phase 1 dose-escalation and dose-expansion study. Lancet Oncol.
2019, 20, 1124–1135. [CrossRef]

56. Wang, S.; Xu, F.; Hong, R.; Xia, W.; Yu, J.C.; Tang, W.; Wei, J.; Song, S.; Wang, Z.; Zhang, L.; et al. Abstract
CT053: BAT8001, a potent anti-HER2 antibody drug conjugate with a novel uncleavable linker to reduce
toxicity for patients with HER2-positive tumor. Cancer Res. 2019, 79. [CrossRef]

57. Xu, B.; Wang, J.; Zhang, Q.; Liu, Y.; Ji, F.F.; Wang, W.; Fang, J. An open-label, multicenter, phase Ib study to
evaluate RC48-ADC in patients with HER2-positive metastatic breast cancer. J. Clin. Oncol. 2018, 36, 1028.
[CrossRef]

58. Suurs, F.; Lub-de Hooge, M.N.; deVries, E.; Groot, D. A review of bispecific antibodies and antibody constructs
in oncology and clinical challenges. Pharmacol. Ther. 2019, 201, 103–119. [CrossRef]

59. Hamblett, K.J.; Barnscher, S.D.; Davies, R.H.; Hammond, P.W.; Hernandez, A.; Wickman, G.R.; Fung, V.K.;
Ding, T.; Garnett, G.; Galey, A.S.; et al. Abstract P6-17-13: ZW49, a HER2 targeted biparatopic antibody drug
conjugate for the treatment of HER2 expressing cancers. Cancer Res. 2019, 79. [CrossRef]

60. Meric-Bernstam, F.; Beeram, M.; Mayordomo, J.I.; Hanna, D.L.; Ajani, J.A.; Murphy, M.A.B.; Murthy, R.K.;
Piha-Paul, S.A.; Bauer, T.M.; Bendell, J.C.; et al. Single agent activity of ZW25, a HER2-targeted bispecific
antibody, in heavily pretreated HER2-expressing cancers. J. Clin. Oncol. 2018, 36, 2500. [CrossRef]

61. Forero-Torres, A.; Shah, J.; Wood, T.; Posey, J.; Carlisle, R.; Copigneaux, C.; Luo, F.R.; Wojtowicz-Praga, S.;
Percent, I.; Saleh, M. Phase I trial of weekly tigatuzumab, an agonistic humanized monoclonal antibody
targeting death receptor 5 (DR5). Cancer Biother Radiopharm. 2010, 25, 13–19. [CrossRef] [PubMed]

62. Ayoub, N.M.; Al-Shami, K.M.; Yaghan, R.J. Immunotherapy for HER2-positive breast cancer: Recent
advances and combination therapeutic approaches. Breast Cancer (Dove Med. Press) 2019, 11, 53–69.
[CrossRef] [PubMed]

63. Ghebeh, H.; Mohammed, S.; Al-Omair, A.; Qattan, A.; Lehe, C.; Al-Qudaihi, G.; Elkum, N.; Alshabanah, M.;
Bin Amer, S.; Tulbah, A.; et al. The B7-H1 (PD-L1) T lymphocyte-inhibitory molecule is expressed in breast
cancer patients with infiltrating ductal carcinoma: Correlation with important high-risk prognostic factors.
Neoplasia 2006, 8, 190–198. [CrossRef] [PubMed]

64. Schmid, P.; Adams, S.; Rugo, H.S.; Schneeweiss, A.; Barrios, C.H.; Iwata, H.; Diéras, V.; Hegg, R.; Im, S.A.;
Shaw Wright, G.; et al. Impassion130 Trial Investigators. Atezolizumab and Nab-Paclitaxel in Advanced
Triple-Negative Breast Cancer. N. Engl. J. Med. 2018, 379, 2108–2121. [CrossRef]

http://dx.doi.org/10.1016/S1470-2045(18)30256-0
http://dx.doi.org/10.1056/NEJMoa1914510
http://www.ncbi.nlm.nih.gov/pubmed/31825192
http://dx.doi.org/10.1200/JCO.2019.37.15_suppl.1002
http://dx.doi.org/10.1200/JCO.19.00108
http://dx.doi.org/10.1016/S1470-2045(19)30328-6
http://dx.doi.org/10.1158/1538-7445.AM2019-CT053
http://dx.doi.org/10.1200/JCO.2018.36.15_suppl.1028
http://dx.doi.org/10.1016/j.pharmthera.2019.04.006
http://dx.doi.org/10.1158/1538-7445.SABCS18-P6-17-13
http://dx.doi.org/10.1200/JCO.2018.36.15_suppl.2500
http://dx.doi.org/10.1089/cbr.2009.0673
http://www.ncbi.nlm.nih.gov/pubmed/20187792
http://dx.doi.org/10.2147/BCTT.S175360
http://www.ncbi.nlm.nih.gov/pubmed/30697064
http://dx.doi.org/10.1593/neo.05733
http://www.ncbi.nlm.nih.gov/pubmed/16611412
http://dx.doi.org/10.1056/NEJMoa1809615


Cancers 2020, 12, 2081 17 of 17

65. Dirix, L.Y.; Takacs, I.; Jerusalem, G.; Nikolinakos, P.; Arkenau, H.T.; Forero-Torres, A.; Boccia, R.;
Lippman, M.E.; Somer, R.; Smakal, M.; et al. Avelumab, an anti-PD-L1 antibody, in patients with locally
advanced or metastatic breast cancer: A phase 1b JAVELIN solid tumor study. Breast Cancer Res. Treat. 2018,
167, 671–686. [CrossRef]

66. Loi, S.; Giobbie-Hurder, A.; Gombos, A.; Bachelot, T.; Hui, R.; Curigliano, G.; Campone, M.; Biganzoli, L.;
Bonnefoi, H.; Jerusalem, G.; et al. International Breast Cancer Study Group and the Breast International
Group. Pembrolizumab in trastuzumab-resistant, advanced, HER2-positive breast cancer (PANACEA):
A single-arm, multicenter, phase 1b-2 trial. Lancet 2019, 20, 371–382. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s10549-017-4537-5
http://dx.doi.org/10.1016/S1470-2045(18)30812-X
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Neoadjuvant Treatment 
	Adjuvant Treatment 
	Extended Adjuvant Treatment 
	Metastatic Disease 
	Brain Metastasis in HER2+ Disease 
	Mechanism of Action of HER2-Directed Therapies and Resistance Mechanisms 
	Newer HER2-targeted Therapies 
	Novel Antibody Drug Conjugates (ADCs) 
	Bispecific Antibodies 
	Immunotherapy in HER2+ Disease 
	Future Directions 
	Conclusions 
	References

