
Am J Cancer Res 2020;10(4):1045-1067
www.ajcr.us /ISSN:2156-6976/ajcr0109526

Review Article
The trastuzumab era: current and upcoming  
targeted HER2+ breast cancer therapies

Jordyn Kreutzfeldt1,2*, Brett Rozeboom1,2*, Nandini Dey1,2, Pradip De1,2,3

1Translation Oncology Laboratory, Avera Cancer Institute, Sioux Falls, SD 57105, USA; 2Department of Internal 
Medicine, University of South Dakota Sanford School of Medicine, Sioux Falls, SD 57105, USA; 3VieCure, 
Greenwood Village, CO, USA. *Equal contributors.

Received February 19, 2020; Accepted February 28, 2020; Epub April 1, 2020; Published April 15, 2020

Abstract: Human Epidermal Growth Factor Receptor 2-positive breast cancer (HER2+ BC) is defined by increased 
amplification of the ERBB2/neu oncogene and/or overexpression of its associated HER2 transmembrane receptor 
protein. HER2+ BC represents approximately 15-20% of breast cancer, and it is independently associated with a 
higher grade, more aggressive phenotype, and worse prognosis. With the advent of trastuzumab, the prognostic 
landscape for HER2+ BC patients has considerably improved. However, both de novo and acquired resistance to 
trastuzumab remain a significant obstacle for many patients, requiring novel therapies for further clinical benefit. 
Over the last two decades, there has been extraordinary progress in the development of HER2+ BC treatment regi-
mens, with extensions into HER2-amplified gastroesophageal junction cancer via the NCI-MATCH precision medi-
cine trial program (NCT02465060). Trastuzumab, pertuzumab, T-DM1, and lapatinib are commonly recommended 
as a single agent (along with chemotherapy) or in combinations of anti-HER2 agents in neoadjuvant, adjuvant and 
metastatic settings according to National Comprehensive Cancer Network (NCCN) guidelines. Currently, the com-
bination of trastuzumab, pertuzumab, and taxane chemotherapy are first-line for HER2+/HR- metastatic breast 
cancer with potential breakthrough therapies such as trastuzumab-deruxtecan (DS-8201a), margetuximab and 
tucatinib (ONT-380) on the horizon. Furthermore, recent clinical trials have demonstrated the potential utility of 
hormone receptor status, PAM-50 luminal intrinsic subtype, PD-L1, and TIL as predictive biomarkers for response 
to HER2+ therapies. We briefly introduce the origin of HER2, the invention of trastuzumab, and the classification of 
HER2+ BC. Each HER2-targeted therapy is then presented by indication, mechanism of action, and relevant clinical 
trials with subsequent elaboration and contextualization within clinical settings with an epilogue of potential future 
biomarkers for clinical use in HER2+ BC. We summarize the most significant and updated research in clinical prac-
tice relevant to HER2+ BC management and highlight the clinical status of upcoming anti-HER2 agents as well as 
immunotherapy drugs in combination with anti-HER2 agents. 
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Prologue

Origins of HER2 and the pre-trastuzumab era

The 2019 Lasker-DeBakey Clinical Medical Re- 
search Award honored Dennis J. Slamon, Axel 
Ullrich, and H. Michael Shepard for their para-
digm-shifting invention of trastuzumab (Herce- 
ptin®), the first monoclonal antibody targeted 
against the neoplastic HER2 protein, and its 
development as a life-changing therapy for 
women with HER2+ breast cancer (BC). Eigh- 
ty-five percent of HER2+ BC patients are now 
expected to survive for at least ten years, a 

spectacular improvement in the outcome of 
these patients [1]. Nevertheless, the journey 
continues, with new insights and innovations 
advancing the current Trastuzumab Era. 

In 1978, Cohen et al. discovered the epider- 
mal growth factor receptor (EGFR) through its 
ligand, the Epidermal Growth Factor (EGF), whi- 
ch had been shown to stimulate epithelial cell 
proliferation. EGFR was further found to have 
receptor tyrosine kinase (RTK) phosphorylating 
signal transduction properties, establishing the 
primary mechanism and relationship between 
ligand-receptor binding to cell proliferation [2]. 



Upcoming therapies in HER2+ BC

1046	 Am J Cancer Res 2020;10(4):1045-1067

In 1984, EGFR became the first receptor to be 
associated with an oncogene, v-ERBB, which 
was known to induce sarcomas and leukem- 
ias in chickens [3]. Soon after that, in 1985, 
Coussens et al. discovered another RTK highly 
similar (and likely related) to the human EGF 
receptor, naming it HER2 [4]. Interestingly, 
HER2 was later found to be synonymous with 
the human ERBB2 and mouse neu genes dis-
covered by other researchers at this time [4- 
6]. Despite these fascinating discoveries, their 
clinical significance to breast cancer was not 
fully evident until 1987, when Slamon et al. 
reported HER2/neu to be amplified in 30%  
of invasive breast cancers and established a 
significant clinical correlation between HER2 
amplification/overexpression and poor clinical 
outcome [6]. 

Before trastuzumab and other targeted thera-
pies, surgery and chemotherapy were the ma- 
instays of treatment for HER2+ BC. Chemoth- 
erapies of choice at this time were regimens 
that included cyclophosphamide (C), methotre- 
xate (M), 5-fluorouracil (F) and anthracyclines 
(A). However, not only was HER2+ BC usually 
more aggressive and found in later stages, but 
it also had a higher incidence of resistance  
to hormone therapy (tamoxifen) and CMF che-
motherapy [6-10]. CMF chemotherapy demon-
strated increased dose-dependent response  
in HER2+ BC, suggesting the potential benefit 
of high-dose chemotherapy in HER2+ patients 
[11]. In the mid-1990s, taxanes demonstrated 
promise in both single-agent and combination 
regimens with other chemotherapy agents, par-
ticularly anthracyclines [12]. Additionally, Paik 
et al. reported in 1998 that the addition of 
anthracycline to a chemotherapy regimen of 
L-phenylalanine mustard and 5-FU led to su- 
perior disease-free survival (DFS) in HER2/
ERBB2+ BC [13]. At this time, several different 
chemotherapy regimens demonstrated clinical 
benefit. Nonetheless, a cloud of uncertainty 
remained as to which regimen was the most 
superior in safety and efficacy. Before this 
could be ascertained, trastuzumab had arrived.

The advent of adjuvant trastuzumab and che-
motherapy combination in the early 21st cen- 
tury led to a significant improvement in the  
poor prognosis for early HER2+ BC patients by 
reducing the risk of recurrence of early-stage 
HER2+ BC by 46% and mortality by 33% [14]. 
During this same period, the combination of 

trastuzumab and anthracycline chemotherapy 
was found to have synergistic cardiotoxicity, 
leading to the predominant use of taxanes in 
substitution of anthracyclines as the chemo-
therapy agent [15]. Despite these successes, 
however, approximately 15% of HER2+ BC pa- 
tients relapse with adjuvant trastuzumab. Even 
more concerning is that the majority of those 
with the metastatic disease develop resistance 
to trastuzumab in the first year, requiring fur-
ther improved therapies for the continued clini-
cal benefit [16-18]. Since trastuzumab’s FDA 
approval in 1998, several molecular therapies 
have subsequently been approved, and promis-
ing novel agents are a possibility (Figure 1).

The trastuzumab era

HER2+ BC and its classification

Breast cancer continues to be a significant 
cause of mortality among female cancer ty- 
pes, second only to lung cancer in the United 
States (Cancer Facts & Figures 2019. 2019, 
American Cancer Society: Atlanta, Georgia). 
Consequently, enormous efforts have been 
made to characterize breast cancer further  
and expand therapeutic decision-making to 
improve patient management in the clinic. Se- 
veral classifications, including histologic and 
intrinsic subtyping, have been developed [19-
21]. However, for this manuscript, the most 
practical classifications for molecular thera- 
pies include both TNM staging and biomar- 
ker subtyping. TNM staging classifies cancers 
clinically or pathologically using “T” for primary 
tumor size, “N” for number and location of 
lymph nodes containing cancer, and “M” for  
the presence of cancer in distant sites throu- 
ghout the body to help predict prognosis and 
facilitate clinical decision-making. Biomarker 
subtyping, in contrast, distinguishes between 3 
main clinical subtypes: Hormone Receptor-po- 
sitive (HR+), Human Epidermal Growth Factor 
Receptor-positive (HER2+) and Triple Negative 
(TN). 

Of these subtypes, HER2+ BC represents 
approximately 15-20% and is characterized  
by increased amplification/overexpression of 
ERBB2/neu [21-23]. Derived primarily from 
ductal breast tissue, HER2+ BC is associated 
with having a higher grade, more aggressive 
phenotype, and worse prognosis if untreated 
than its more prevalent HER2-/HR+ counter-
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part [24, 25]. Furthermore, subsets of HER2+ 
patients may resemble differing prognostic pa- 
ths when considering de novo versus recurrent 
metastatic disease or overlapping HER2+/HR+ 
tumor expressivity, which will be discussed la- 
ter [26]. Lastly, data is lacking, and further an- 
alysis is necessary to elucidate the influence  
of gender, age, race/ethnicity and geographical 
differences in HER2+ BC.

HER2 is a member of the HER family (EGFR/
HER1, HER2, HER3, HER4) of transmembrane 
receptor tyrosine kinases (RTK) involved in cell 
proliferation, motility, resistance to apoptosis, 
invasiveness, and angiogenesis [25]. A critical 
component and necessary distinction to its 
unique cell-signaling is the ligand-independ- 
ent auto-dimerization and phosphorylation of 
HER2 and ligand-dependent heterodimeriza-
tion and phosphorylation of HER2 with each of 
its other HER family members (Figure 2B). Of 
these dimerizations, three have demonstrated 
relevance to HER2+ BC: 1) EGFR/HER2 hetero- 
dimerization allows the EGFR to be recycled ra- 
ther than degraded (typically occurs on activa-
tion), promoting sustained signaling capability, 
2) HER2/HER2 homo-dimerization leads to do- 
wnstream oncogenic RAS/MAPK and indirect 

PI3K/AKT pathway activation, and 3) HER2/
HER3 heterodimerization promotes HER2 pho- 
sphorylation and activation of HER3 kinase 
domain, leading to extremely potent stimula-
tion of the downstream oncogenic PI3K/AKT 
pathway beyond that of HER2 autophosphory-
lation (Figure 2B and 2C) [25, 27]. 

It is well-known that breast cancer is a very het-
erogeneous disease, and the current clinical 
classifications of HR+, HER2+, and TN tumors 
help define important prognostic subsets of 
breast cancer patients and treatment options. 
Since its clinical distinction in the mid-1990s, 
HER2+ BC has been fervently researched and 
provided new therapeutic breakthroughs. How- 
ever, it wasn’t until the last decade research- 
ers and clinicians noted the prognostic differ-
ences and potential therapeutic significance  
to the HR status within HER2+ disease.

Multiple studies had observed a worse prog- 
nosis for HER2+/HR- patients compared to 
other, less aggressive forms of breast cancer. 
In 2010, Gomez et al. were the first to address 
and compare this HER2+/HR- subtype directly 
to its HER2+/HR+ counterpart. In their analy-
sis, they discovered that the HER2+/HR- sub-

Figure 1. Timeline of Key Events, FDA-Approved Therapies, Therapies on the Horizon, and Their Clinical Settings for 
HER2+ BC.
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type demonstrated a poorer differentiation and 
greater extracapsular extension than HER2+/
HR+ tumors, suggesting a more aggressive 
phenotype. Furthermore, the HER2+/HR- sub-
type demonstrated increased early recurrence 
rate, likelihood of relapse (hazard ratio [HR] 
1.707; 95% CI, 1.079-2.699) and decreased 
5-year DFS rates when compared to HER2+/
HR+ disease (65.0% and 74.6%; P = 0.045) in 
the adjuvant setting. Five-year overall survival 
(OS) rates, however, were not statistically sig-
nificant (75.5% and 82.4% for HER2+/HR- and 
HER2+/HR+ tumors, respectively (P = 0.140)) 
[28].

Clinical trials up to this point rarely distin-
guished the HR status when treating HER2+ BC 
patients. However, within the last decade, an 
increasing number of trials (ADAPT, ExteNET, 
ALTTO, SOLTI-PATRICIA, KATHERINE) are now 
making the distinction between these HR sub-
types in various clinical settings. For example, 
some neoadjuvant trials have observed dis-
tinctly superior pathological complete respon- 
se (pCR) rates in HER2+/HR- tumors treated 
with the combination of dual anti-HER2 and 
chemotherapy over HER2+/HR+ disease [29]. 
The data supports the initial observations by 
Gomez et al., demonstrating that the two po- 
pulations have distinct predictive and prognos-
tic values [28]. 

Currently-approved molecular therapies and 
their mechanism(s) of action

Trastuzumab (Herceptin®), FDA approved in 
1998 for metastatic HER2+ BC, was the first 
targeted anti-HER2 therapy available for this 
population and led to significant improvement 
in prognosis over the previous standard of care 
(SOC) chemotherapy regimens. It was also the 
first humanized monoclonal antibody approved 
for HER2+ BC, functioning through multiple 
impressive molecular mechanisms. The first of 
these mechanisms occur via HER2 receptor 
degradation. By binding to the extracellular 
domain of the transmembrane HER2 receptor 
(Figure 2A and 2B), trastuzumab induces inter-
nalization and degradation of the HER2 recep-
tor via a ubiquitin ligase, c-CBL (precise mecha-
nism unknown) [18]. 

Secondly, trastuzumab’s binding to the HER2 
receptor also functions to attract cytotoxic, in- 
nate immune cells to the tumor microenviron-
ment. Such an event occurs via trastuzumab’s 
IgG1 Fc region activating the FcγRIII/CD16 
found on natural killer (NK) cells, a concept 
commonly known as antibody-dependent ce- 
llular cytotoxicity (ADCC). Lastly, trastuzumab’s 
extracellular binding of HER2 leads to inhibi- 
tion of its downstream signaling via the RAS/
MAPK and PI3K/AKT pathways, ultimately sup-
pressing cellular growth and proliferation sig-
naling (Figure 2B and 2C). Despite significant 
prognostic improvement for HER2+ BC pati- 
ents, a subset of patients possesses either de 
novo resistance (≈35%) or acquired after tras- 
tuzumab therapy (≈70%), suggesting the need 
for additional therapies to provide further clini-
cal benefit for these patients [18].

Lapatinib (Tykerb®), a reversible, dual HER1/
HER2 kinase inhibitor, was first FDA appro- 
ved in 2007 in combination with capecitabine 
for metastatic breast cancer (mBC) that pro-
gressed on prior therapies. As a dual inhibitor 
of HER1/HER2 heterodimerization, it acts to 
decrease downstream cell-signaling of their 
associated growth and proliferative pathways 
of PI3K, MAPK, PLCγ, and STAT through de- 
creased phosphorylation of proteins within 
each of these pathways (Figure 2B and 2C). 
Furthermore, lapatinib’s benefits appear to be 
independent of HER1 status in HER1+/HER2+ 
tumors (thus active primarily via HER2 inhibi-
tion), effective against a trastuzumab-resistant 
p95HER2 phenotype (truncated extracellular 
binding site prevents trastuzumab binding), in- 
hibition of insulin-like growth factor 1 (IGF-1)-
HER2 cross-talk, and may even decrease phos-
phorylation and cell-signaling of the HER3 re- 
ceptor [30]. Unfortunately, its well-known diar-
rhea side effect limits some of its clinic use. 

Pertuzumab (Perjeta®), a dual HER2/HER3 
monoclonal antibody, was first FDA approved  
in 2012 in combination with trastuzumab and 
docetaxel for first-line therapy in HER2+ mBC 
following results of the CLEOPATRA trial. Sub- 
sequently, the NeoSphere trial provided fur- 
ther evidence in the neoadjuvant setting. Af- 
ter results of the APHINITY trial, pertuzumab 

Figure 2. A. Binding Domains of the HER2 Receptor and Their Targeted Therapies. B. HER Family Members: Their 
Downstream Signaling Cascades and Targeted Therapies. C. HER Family Dimerization Combinations and Their 
Downstream Pathways.
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achieved full approval in the early-stage HER2+ 
BC setting as well. Its synergistic efficacy, in 
combination with trastuzumab, is supported by 
evidence of pertuzumab binding to a different 
epitope within the extracellular domain of HE- 
R2 than trastuzumab (Figure 2A). Once bound, 
the precise mechanism(s) by which pertuzum-
ab primarily acts are still under contention. 
However, many believe pertuzumab prevents 
potent ligand-dependent HER2/HER3 hetero- 
dimerization, suppressing downstream PI3K, 
and MAPK pathways (Figure 2B and 2C) [31, 
32]. Additionally, there is a very low chance of 
cross-reactivity since trastuzumab and pertu-
zumab bind at two different domains of the 
HER2 receptor (Figure 2A). 

Ado-trastuzumab emtansine (Kadcyla® or T- 
DM1) is an antibody-drug conjugate (ADC) of 
trastuzumab covalently linked to the chemo-
therapy agent emtansine (DM1). In 2013, the 
FDA approved T-DM1 for metastatic HER2+ BC, 
becoming the first ADC approved for HER2+ 
mBC patients. Recently in 2019, T-DM1 was 
also approved in the adjuvant setting for pati- 
ents with the residual invasive disease follow-
ing the neoadjuvant trastuzumab and chemo-
therapy after the results KATHERINE Trial [33]. 
T-DM1 combines the same anti-HER2 proper-
ties of trastuzumab with the anti-tubulin prop-
erties of concentrated, high-dose DM1 chemo-
therapy. Once T-DM1 binds to HER2, it is inter-
nalized into the cancer cell and undergoes pro-
teolytic cleavage, causing the release and acti-
vation of DM1 [34].

Neratinib (Nerlynx®) is an irreversible oral pan-
TK (tyrosine kinase) inhibitor of several mem-
bers of the HER family (EGFR/HER1, HER2, 
HER4). Following the results of the ExteNET 
trial, neratinib was FDA approved in 2017 for 
extended adjuvant treatment for early-stage 
HER2+ BC previously treated with adjuvant 
trastuzumab and is seeking approval for HE- 
R2+ mBC via the NALA trial. By decreasing 
phosphorylation of each HER’s intracellular TK 
domain, it inhibits downstream PI3K/AKT and 
RAS/MAPK pathways, which eventually decrea- 
ses both cyclin D1 expression and retinoblas-
toma (RB) phosphorylation (Figure 2B and 2C) 
[30]. 

Trastuzumab-deruxtecan (Enhertu® or DS-82- 
01a) is a novel ADC that connects the human-
ized monoclonal antibody, trastuzumab, via a 

tetrapeptide linkage to the topoisomerase 1 
inhibitor, deruxtecan. The peptide linkage is 
stable throughout the bloodstream and clea- 
ved selectively in HER2+ tumor cells that up- 
regulate lysosomal proteases, leading to the 
targeted distribution of chemotherapy within 
cells. In comparison to the previously-appro- 
ved ADC, T-DM1, DS-8201a offers a drug-to-
antibody ratio of 8 vs. 3-4 and a payload that 
more easily crosses the cell membrane for 
greater cytotoxic effect to neighboring cells 
within the tumor microenvironment [35]. Sin- 
ce its inception, DS-8201a has been granted 
Fast Track Designation in 2016 and Breakth- 
rough Therapy Designation in 2017 by the FDA 
for the treatment of patients with locally-
advanced or metastatic HER2+ BC previously 
treated with either trastuzumab or pertuzumab 
and resistance to T-DM1. Most recently, DS- 
8201a received FDA accelerated approval in 
December 2019 for unresectable or metasta- 
tic HER2+ BC, who have received two or more 
prior anti-HER therapies. 

Upcoming molecular therapies and their 
mechanism(s) of action

Margetuximab is a novel monoclonal antibody 
derivative of trastuzumab that binds to the sa- 
me epitope of the HER2 receptor with similar 
affinity and antiproliferative effects as trastu-
zumab (Figure 2A). In comparison to trastu-
zumab, it has an IgG1 Fc region that is geneti-
cally engineered to have up to 6.6x greater 
affinity for the stimulatory CD16A FcγRIIIA on 
NK cells and 8.4x less affinity for inhibitory 
CD32B FcγRIIB found on immune effector cells 
(NK cells and macrophages) within the innate 
immune system’s ADCC process [36]. There- 
fore, it theoretically enhances the host’s immu- 
ne recognition of cancer cells beyond that of 
trastuzumab. Margetuximab is currently under 
investigation in the SOPHIA trial, the first pro-
spective study analyzing the significance of the 
FcγR genotype in HER2+ BC. Following prelimi-
nary results, it has achieved the FDA’s Fast 
Track designation for locally advanced or meta-
static HER2+ BC patients previously treated 
with anti-HER2+ therapy. 

Tucatinib (ONT-380) is a potent, selective, and 
reversible oral HER2 agent that binds to and 
inhibits the intracellular TK domain of the HE- 
R2 receptor (Figure 2A). Consequently, it inhib-
its pro-proliferative downstream cell-signaling 
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pathways of HER2 receptor activation and dem-
onstrates promise crossing the blood-brain-
barrier as an option for trastuzumab-resistant 
HER2+ patients with brain metastases [37-39]. 
For a list of ongoing trials including DS-8201a, 
margetuximab, and tucatinib for HER2+ BC 
treatment, refer to Table 1. 

Pyrotinib, an irreversible pan-TK inhibitor of the 
HER family (HER1, HER2, HER4) of transmem-
brane TK-receptors works by inhibiting down-
stream pro-proliferative signaling. It has not  
yet achieved FDA approval in the US but has 
received conditional approval in China for use 
in combination with capecitabine in the treat-
ment of HER2+ mBC in patients previously 
treated with anthracycline or taxane chemo-
therapy regimens [40]. 

Cell cycle inhibitors (ribociclib, palbociclib, and 
abemaciclib), are small-molecule agents that 
prevent the interaction of cyclin D (D1,2,3)  
with their respective cyclin-dependent kinases 
(CDK4/6) in the G1-S checkpoint of the cell 
cycle (Figure 4) [41]. Without their inhibitory 
action, tumor cells can proceed through the  
cell cycle and maintain their proliferation. Fur- 
thermore, their importance to HER2+/HR+ BC 
is gaining appreciation within the scientific co- 
mmunity, originating both from common upreg-
ulation of the Cyclin D1/CDK4/6/RB pathway  
in this population and their potential benefit 
beyond the previously FDA approved setting of 
HR+/HER2- mBC [42]. 

Atezolizumab is a monoclonal IgG1 antibody 
against PD-L1 (programmed death-ligand 1) 
with a genetically engineered FcγR that pre-
vents normal IgG1-mediated ADCC by the tu- 
mor cell. It was first approved by the FDA in 
2016 for urothelial carcinoma and is currently 
under early investigation for HER2+ mBC via 
the KATE2 trial. Its mechanism of action relies 
on inhibition of the immunosuppressive actions 
of PD-L1, an apoptosis-inducing ligand overex-
pressed on many tumor cells (including some 
HER2+ BC populations). Typically when PD-L1 
binds to the PD-1 (programmed death) recep- 
tor found on cytotoxic CD8+ T cells, the T cell 
undergoes apoptosis, and the ultimate result is 
a suppression of overall adaptive immune sur-
veillance in the tumor microenvironment and 
evasion of the cancer cell to immune recogni-
tion [43]. However, when this process is block- 
ed with PD-1 or PD-L1 inhibitors (such as ate- 

zolizumab), the CD8+ T cells are more likely to 
recognize and destroy the tumor cell (Figure 3). 

Molecular therapies by clinical setting

Neoadjuvant setting: For several years, chemo-
therapy remained the SOC for neoadjuvant 
HER2+ BC treatment. However, in the early 
2000s, trastuzumab transcended its use in  
the metastatic setting to demonstrate effica- 
cy in the neoadjuvant setting through several 
small studies of early-stage HER2+ disease 
[44-46]. Eventually, the NOAH trial became the 
first large-scale trial to show trastuzumab’s  
clinical benefit in the neoadjuvant setting. The 
authors reported the addition of both neoadju-
vant and adjuvant trastuzumab to neoadjuvant 
chemotherapy improved the preliminary 3-year 
DFS for the trastuzumab plus chemotherapy 
cohort over neoadjuvant chemotherapy only 
cohort (71% vs. 56%; HR 0.59; 95% CI, 0.38-
0.90; P = 0.013). In their 5-year follow-up, the 
respective DFS rates were 58% vs. 43% (HR 
0.64; 95% CI, 0.44-0.93; P = 0.016), suggest-
ing continued clinical benefit [47-49]. 

With the FDA approval of lapatinib in 2007  
for mBC, came the further study of its use in 
the neoadjuvant setting. In the NeoALTTO trial, 
Baselga et al. observed a near doubling of the 
pathological complete response (pCR) rate wh- 
en adding lapatinib to trastuzumab and chemo-
therapy over the trastuzumab and chemothera-
py combination alone (51.3% vs. 29.5%; P = 
0.0001) and did so with a tolerable side effect 
profile absent of noteworthy cardiac events. 
Although, no statistical significance in DFS was 
observed between either drug alone (29.5% 
with trastuzumab vs. 24.7% with lapatinib; P = 
0.34) [50]. 

The NeoSphere was the next landmark trial  
to demonstrate further clinical benefit in the 
neoadjuvant setting. In their primary analysis, 
Gianni et al. observed that patients given neo-
adjuvant trastuzumab and pertuzumab with do- 
cetaxel (PTD) had a superior pCR rate (45.8%) 
than other combinations of each anti-HER2 
drug with docetaxel (TD 29.0%; P = 0.014; PD 
24.0%) or the combination of pertuzumab and 
trastuzumab without docetaxel (PT, 16.8%) and 
similar tolerable side effect profiles between 
groups. On a 5-year follow-up, the progression-
free survival (PFS) rates were PTD 86%, TD 
81%, PD 73%, and PT 73%, with an overlap in 
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Table 1. Upcoming targeted therapies and their current clinical trials

Compound Phase Title ClinicalTrials.
gov Identifier

Margetuximab 2 Phase 2 Study of the Monoclonal Antibody MGAH22 (Margetuximab) in Patients with Relapsed or Refractory Advanced Breast Cancer NCT01828021

Margetuximab 3 Margetuximab Plus Chemotherapy vs. Trastuzumab Plus Chemotherapy in the Treatment of HER2+ Metastatic Breast Cancer (SOPHIA) NCT02492711

Margetuximab N/A Margetuximab Expanded Access Program NCT03133988

DS-8201a 2 DS-8201a in HER2+ Breast Cancer (DESTINY-Breast01) NCT03248492

DS-8201a 3 DS-8201a in Pretreated HER2+ Breast Cancer That Cannot be Surgically Removed or Has Spread (DESTINY-Breast02) NCT03523585

DS-8201a 3 DS-8201a Versus T-DM1 for HER2+, Unresectable and/or Metastatic Breast Cancer Previously Treated with Trastuzumab and Taxane (DESTINY-Breast03) NCT03529110

DS-8201a 3 Trastuzumab Deruxtecan (DS-8201a) Versus Investigator’s Choice for HER-Low Breast Cancer That Has Spread or Cannot Be Surgically Removed (DESTINY-Breast04) NCT03734029

DS-8201a 1 Phase 1 Study to Evaluate the Effect of DS-8201a on the QT/QTc Interval in HER2-Expressive Breast Cancer NCT03366428

DS-8201a 1 Trastuzumab Deruxtecan (DS-8201a) with Nivolumab in Advanced Breast and Urothelial Cancer NCT03523572

DS-8201a 1 DS-8201a in Patients with Cancer That Tests Positive for HER2 Protein NCT03368196

DS-8201a 1 DS-8201a and Pembrolizumab in Participants with Locally Advanced/Metastatic Breast Cancer or Non-Small Cell Lung Cancer NCT04042701

Tucatinib 1b/2 Tucatinib, Palbociclib, and Letrozole in Metastatic Hormone Receptor-Positive and HER2-Positive Breast Cancer NCT03054363

Tucatinib 1 A Study of Tucatinib (ONT-380) Combined with Capecitabine and/or Trastuzumab in HER2+ Metastatic Breast Cancer NCT02025192

Tucatinib 2 A Study of Tucatinib vs. Placebo in Combination with Capecitabine & Trastuzumab in Patients with Advanced HER2+ Breast Cancer (HER2CLIMB) NCT02614794

Tucatinib 3 A Study of Tucatinib vs. Placebo in Combination with Ado-Trastuzumab Emtansine (T-DM1) for Patients with Advanced or Metastatic HER2+ Breast Cancer NCT03975647

Tucatinib 1 Tucatinib + Abemaciclib + Herceptin for HER2+ MBC NCT03846583

Tucatinib 1 A Study of Tucatinib (ONT-380) Combined with Ado-Trastuzumab Emtansine (T-DM1) in Patients with HER2+ Breast Cancer NCT01983501

Tucatinib 2 Tucatinib, Trastuzumab, and Capecitabine for the Treatment of HER2+ Leptomeningeal Disease (LMD) NCT03501979

Tucatinib N/A Expanded Access Use of Tucatinib for HER2+ Metastatic Breast Cancer NCT03424473
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confidence intervals between groups. The data 
suggested the potential benefit of added pertu-
zumab to trastuzumab and docetaxel despite 
no longer-term statistical significance [48, 49]. 

WSG-ADAPT (NCT01745965) became the first 
trial to assess early HER2+/HR+ BC in the neo-
adjuvant setting by exploring T-DM1 with endo-
crine therapy. In their analysis, they observed 
that the arms of T-DM1 and endocrine therapy 
(ET; tamoxifen/AI) each demonstrated higher 
pCR rates (40.5% and 45.8%, respectively) th- 
an the trastuzumab plus ET control (6.7%; P < 
0.001) after only 12 weeks. Furthermore, pre-
menopausal patients had a distinctly more  
significant benefit from added ET to T-DM1 th- 
an the conjugate drug alone (pCR 47.6% vs. 
28.6%). In contrast, the difference in post-me- 
nopausal women was a pCR of 64.3% vs. 50% 
in the T-DM1 plus ET and T-DM1-only group, re- 
spectively [51]. In addition to this study, there 
are two trials currently investigating the neo- 
adjuvant HER2+/HR+ BC setting. Another ADA- 
PT trial (NCT03272477) is studying the use of 
pertuzumab and trastuzumab with either tax-

ane or endocrine therapy, and the HELEX trial 
(NCT00999804) is exploring the use of lapa-
tinib plus trastuzumab with or without endo-
crine therapy based on HR status in 12- or 
24-week regimens. 

Another WSG-ADAPT trial (NCT01817452) ex- 
plored the need for chemotherapy in addition 
to dual HER2-targeted therapy of pertuzumab 
plus trastuzumab in the neoadjuvant early HE- 
R2+/HR- BC setting. The authors observed a 
pCR of 89.2% for combination with paclitaxel 
vs. 36.3% for the dual HER2 therapy-only gro- 
up, prompting early discontinuation of the trial 
for the superior clinical benefit [52]. Additional- 
ly, the KRISTINE trial explored the role of ne- 
oadjuvant systemic chemotherapy vs. targeted 
chemotherapy (T-DM1). Systemic chemothera-
py demonstrated significant utility for optimiz-
ing efficacy at the cost of increased risk of  
both moderate and severe side effects. In the 
trial, the authors observed a pCR 55.7% in the 
trastuzumab, pertuzumab, docetaxel, and car-
boplatin combination vs. 44.4% in the T-DM1 
plus pertuzumab combination (P = 0.016), al- 

Figure 3. The HER2+ BC Tumor Microenviron-
ment, Its Immune System Involvement, and 
Targeted Therapy Combinations.
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though grade 3-4 adverse events were 64%  
vs. 13% between the two arms. Interestingly, in 
HER2+/HR- patients, those who received che-
motherapy in their regimen had a pCR 73.2% 
vs. 54.2% in those who received the targeted 
therapy only (difference 19.0; 95% CI, 4.6-33.3) 
[53]. In summary, the inclusion of systemic che-
motherapy appears necessary in the neoadju-
vant setting of HER2+/HR- BC. 

Adjuvant setting: The SOC adjuvant treatment 
for HER2+ BC had been systemic chemothera-
py regimens, which were relatively adequate; 
however, their systemic toxicities (alopecia, my- 
elosuppression, etc.) suggested the need for 
healthier, targeted, and more efficacious thera-
pies. The development of trastuzumab and its 
success in the late-stage, metastatic setting 
led to its subsequent study in the early-stage, 
adjuvant setting. 

Several different groups sought the utility of 
trastuzumab in different durations, sequences, 
and therapy combinations. One of these trials, 
the HERA trial, observed that one year of tras- 
tuzumab sequentially after adjuvant chemoth- 
erapy led to improved PFS (HR 0.54; 95% CI, 
0.43-0.67; P < 0.0001) over adjuvant chemo-
therapy alone [54]. Next, an analysis of two  
trials (NCT00005970 and NCT00004067) by 

primary vs. synergistic cardiotoxicity when us- 
ed with anthracyclines [55].

The BCRIG-006 trial addressed this cardiotox-
icity by comparing the safety and efficacy of 
anthracycline (AT) vs. non-anthracycline based 
(NAT) chemotherapy concurrent with trastu-
zumab. Slamon et al. reported no significant 
difference between the AT and NAT in efficacy 
(5-yr DFS 84% vs. 81%; OS 92% vs. 91%); how-
ever, the rates of CHF were significantly higher 
in the AT group than the NAT group (2.0% vs. 
0.4%; P = 0.001). The results of this trial sug-
gest a non-inferiority of NAT efficacy alongside 
reduced cardiotoxicity, suggesting the NAT regi-
men to be superior in risk-benefit analysis for 
the treatment of adjuvant HER2+ BC [56]. Fol- 
lowing this study, in 2008, the FDA approved 
the NAT regimen (docetaxel, carboplatin, and 
trastuzumab) for the adjuvant HER2+ BC set-
ting [57].

Several trials evaluated the most efficacious 
duration of trastuzumab adjuvant therapy (6 
weeks, 9 months, 1 year, 2 years). However, the 
HERA trial was the only study to investigate the 
duration of adjuvant trastuzumab beyond the 
arbitrary 1 year of adjuvant therapy by com- 
paring 1 vs. 2 years. In their investigation, the 
authors found no difference in DFS rates and 

Figure 4. Crosstalk between ER and HER2/HER3 Cell-Signaling Pathways.

Romond and Perez, respec-
tively, observed that the addi-
tion of trastuzumab concur-
rently with adjuvant chemo-
therapy in operable HER2+ BC 
resulted in a higher 3-yr DFS 
rate of 87.1% for the trastu-
zumab cohort vs. 75.4% in the 
non-trastuzumab chemother-
apy cohort (HR 0.48; 95% CI, 
0.39-0.59; P < 0.0001). They 
also observed that the relative 
risk of death was reduced by 
33% in the trastuzumab group 
(P = 0.015). Regarding toxicity, 
however, the 3-year cumula-
tive incidence of class III or IV 
congestive heart failure (CHF) 
or death from cardiac causes 
in the trastuzumab group was 
4.1% in the B-31 trial and 
2.9% in the N9831 trial, sug-
gesting the importance of fu- 
ture studies in trastuzumab’s 
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OS between the two durations of therapy (HR 
0.99; 95% CI, 0.85-1.14; P = 0.86), closing the 
door on extended adjuvant trastuzumab be- 
yond 1 year [58]. 

Despite the lack of extended adjuvant tra- 
stuzumab benefit, the question remained as  
to whether shortening adjuvant trastuzumab 
would be beneficial. Several studies (SOLD, 
ShortHER, PHARE, Hellenic Oncology study, 
PERSEPHONE) sought to answer this quest- 
ion [24, 59-63]. All but the PERSEPHONE trial 
found that 1 year of trastuzumab had the most 
favorable outcomes. The PERSEPHONE report-
ed 6 months being non-superior and non-inferi-
or to 1 year of trastuzumab (4-yr DFS 89.8% for 
12 months vs. 89.4% for 6 months; HR 1.07; 
90% CI, 0.93-1.24; non-inferiority P = 0.011) 
[63]. Consequently, a shorter course may be 
considered for certain low-risk patients; how-
ever, 1 year of adjuvant trastuzumab remains 
the SOC for most early-stage HER2+ BC pati- 
ents. 

During this same period, lapatinib had been 
under investigation for potential benefit in the 
adjuvant setting as well. In the ALTTO trial, la- 
patinib and trastuzumab were each assessed 
alone and in combination with the goal of find-
ing the optimal adjuvant treatment. In their 
analysis, the authors observed that combina-
tion adjuvant lapatinib and trastuzumab trend-
ed toward improvement; however, it did not 
reach statistical significance for improvement 
of DFS or OS at a 5-year follow-up compared to 
trastuzumab alone. Furthermore, the adjuvant 
lapatinib alone arm was closed early for poor 
efficacy alongside an increased number of 
adverse events (predominantly diarrhea, rash, 
etc.). Interestingly, they also observed a po- 
tential for hormone receptor status to predict 
response to dual anti-HER therapy (L+T vs. T), 
with HER2+/ER- patients trending toward gre- 
ater benefit from the dual blockade than its 
HER2+/ER+ counterpart (6-yr DFS 84% vs. 
80%; HR 0.80; 95% CI, 0.64-1.00) [64].

The next of these trials to assess dual anti- 
HER therapy was the APHINITY trial. In this 
study, the authors compared combination ad- 
juvant pertuzumab and trastuzumab to SOC 
adjuvant trastuzumab in the early HER2+ BC 
setting. Von Minckwitz et al. observed border-
line statistically significant improvement in 3- 
year DFS rates with the dual therapy for the 
overall study population (94.1% vs. 93.2%; HR 

0.81; 95% CI, 0.66-1.00; P = 0.045) and clear 
benefit in a subset of node-positive patients 
(92.0% vs. 90.2%; HR 0.77; 95% CI, 0.62-0.96; 
P = 0.02). The results suggested a dispropor-
tionately greater benefit for higher-risk early 
HER2+ patients and may be a population to 
focus on for combination anti-HER therapy [65]. 

The phase III ExteNET trial became the first 
study to assess the utility of a pan-HER tyro- 
sine kinase inhibitor, neratinib, in the adjuvant 
setting of HER2+ BC. In the trial, the authors 
reported an improved DFS of adjuvant trastu-
zumab SOC therapy with an additional 1 year  
of neratinib. At 5-year follow-up, the authors 
observed DFS rates of 90.2% and 87.7% for  
the neratinib-extension cohort and trastuzum-
ab-only cohort, respectively (HR 0.73; 95% CI, 
0.57-0.92; P = 0.0083) with the added benefit 
of a tolerable long-term safety profile [66, 67]. 
Consequently, the FDA approved the use of 
extended adjuvant treatment of early HER2+ 
BC with neratinib following trastuzumab thera-
py in July 2017. Of note, retrospective data 
analyses of this trial demonstrated a distinct 
benefit of adjuvant neratinib in the HER2+/ 
HR+ subpopulation as well [68, 69] and are  
discussed later. 

The KATHERINE trial is the most recent major 
trial in the adjuvant setting. In their study, the 
authors focused on patients with residual dis-
ease at the time of surgery despite neoadju-
vant trastuzumab (or other anti-HER therapy) 
plus chemotherapy. They specifically analyzed 
patient response to different adjuvant thera-
pies (T-DM1 vs. trastuzumab), finding that ad- 
juvant T-DM1 led to decreased risk of inva- 
sive disease or death (12.2% vs. 22.2%), a sig-
nificantly higher 3-year DFS rate (88.3% vs. 
77.0%; HR 0.50; 95% CI, 0.39-0.64; P < 0.001), 
but greater toxicity profile when compared to 
trastuzumab [70]. This suggests the efficacy of 
T-DM1 for the treatment of subclinical micro-
metastases, leading to its FDA approval in the 
adjuvant setting. Of note, 93.8% of patients 
who had received dual anti-HER2 neoadjuvant 
therapy were given pertuzumab as the second 
anti-HER2 agent. Considering the previous re- 
port that prior treatment with pertuzumab was 
not clinically beneficial in T-DM1 therapy in the 
metastatic setting, this result of clinical benefit 
of T-DM1 with prior exposure to pertuzumab in 
the adjuvant setting is interesting and needs 
further exploration [71, 72]. 
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Metastatic setting: In 1998, trastuzumab beca- 
me the first FDA approved molecular therapy in 
the setting of HER2+ mBC, after phase II trial 
results published by Baselga et al. in 1996 and 
Pegram et al. in 1998 demonstrated significant 
clinical response in patients who progressed 
on chemotherapy [73, 74]. Of note, Baselga et 
al. only compared trastuzumab to chemothe- 
rapy control; whereas, Pegram et al. compared 
combination trastuzumab and chemotherapy 
to each alone. They found significantly improved 
clinical response rates than previous reports 
with the combination of either therapy alone. 
However, neither study appeared to cite dis-
tinct cardiotoxicity beyond that expected of 
chemotherapy explicitly. Instead, Cobleigh et 
al. were the first to publish the specific con- 
cern for trastuzumab to have potential cardio-
toxicity side effects, noting dysfunction in 4.7% 
of patients [75]. 

In 2001, Slamon et al. published the first large 
phase III trial to confirm the numerous benefits 
of combination trastuzumab and chemothera-
py in the setting of HER2+ mBC. In their study, 
they observed longer DFS (7.4 vs. 4.6 months; 
P < 0.001), improved objective response rate 
(ORR 50% vs. 32%; P < 0.001), and greater 
duration of response (9.1 vs. 6.1 months; P < 
0.001), greater 1-year survival rates (78% vs. 
67%; P = 0.008), longer OS (25.1 vs. 20.3 
months; P = 0.046), and 20% risk reduction in 
death (HR 0.8; P = 0.046). Furthermore, 1.36% 
had cardiac dysfunction, with greatest repre-
sentation by those receiving anthracycline, cy- 
clophosphamide, and trastuzumab combina-
tion (27% of the subgroup) [76].

Despite the vast clinical benefits experienced 
by many HER2+ mBC patients, resistance to 
trastuzumab eventually occurs in the majority 
of patients, requiring the use of other novel 
therapies [16, 17]. Initially, the resistance was 
thought to occur downstream or in parallel to 
the HER2 receptor via HER family heterodimer-
ization of HER2 with HER1/3, PI3K, MAPK, IGF-
IR, and/or other pathways [77, 78]. However, 
the most important and clinically relevant to 
these pathways became the downstream PI3K 
cell-signaling pathway [79]. In their BOLERO-3 
trial, Andre et al. reported an improved PFS 
benefit with added everolimus to trastuzumab 
and chemotherapy (median 7.0 vs. 5.8 mon- 
ths; HR 0.78; 95% CI, 0.65-0.95; P = 0.0067)  
in patients who had progressed on trastuzum-

ab and chemotherapy, albeit with prevalent 
grade 3-4 bone marrow suppression [80]. Un- 
fortunately, however, BOLERO-1 failed to dem-
onstrate the improved PFS benefit with added 
everolimus in the first-line metastatic setting 
for the overall study population. Importantly, 
the HER2+/HR- subpopulation given everolim-
us demonstrated an improved PFS of 20.3 
months vs. 13.1 months in the placebo cohort 
(HR 0.66; 95% CI, 0.48-0.91; P = 0.0049) [81]. 

Another treatment proposed to overcome tras- 
tuzumab resistance was the HER2/3 heterodi-
merization inhibitor, pertuzumab. However, the 
PHEREXA trial, which added pertuzumab to 
trastuzumab and capecitabine did not signifi-
cantly improve PFS at 2-year follow up in com-
parison to either trastuzumab or capecitabine 
alone (PFS 9.0 vs. 11.1 months; HR 0.82; 95% 
CI, 0.65-1.02; P = .0731) for patients who had 
become resistant to trastuzumab. Interesting- 
ly, however, pertuzumab used alongside trastu-
zumab and docetaxel in the first-line setting  
did show significant benefit in the CLEOPATRA 
trial. In the trial, Baselga and group reported a 
significantly improved PFS over SOC trastuzum-
ab and docetaxel (18.5 vs. 12.4 months; HR 
0.62; 95% CI, 0.51-0.75; P < 0.001) [82]. These 
results led to the eventual FDA approval of  
pertuzumab, trastuzumab, and docetaxel com-
bination as first-line therapy in HER2+ mBC in 
2012.

The next therapeutic approach to make waves 
in HER2+ mBC came via a breakthrough in mo- 
lecular biomanufacturing technology. The anti-
body-drug conjugate (ADC) of trastuzumab and 
chemotherapy agent DM1 (emtansine), T-DM1, 
demonstrated better PFS (9.6 vs. 6.4 months; 
HR 0.65; 95% CI, 0.55-0.77; P < 0.0001), OS 
(29.9 vs. 25.9 months; HR 0.75; 95% CI, 0.64-
0.88), and fewer side effects than lapatinib and 
chemotherapy in trastuzumab-resistant pati- 
ents via the EMILIA trial. These results led to  
its approval in 2013 for the HER2+ mBC set- 
ting [83]. The next step for T-DM1 was to show 
superiority in safety and efficacy over first-line 
therapy at the time, trastuzumab plus taxane. 
In the MARIANNE trial, Perez et al. observed no 
superiority but rather a non-inferiority in effica-
cy between each of the SOC trastuzumab plus 
taxane (T+T), T-DM1 (TD) alone, and T-DM1 plus 
pertuzumab (TD+P) arms (PFS 13.7, 14.1, 15.2 
months in T+T, TD, TD+P, respectively). However, 
T-DM1 possessed a better safety profile than 
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trastuzumab plus taxane therapy. Therefore, 
T-DM1 may be an optional first-line treatment 
approach for patients who may have a contra- 
indication to taxane therapy [84].

Neratinib, a pan-HER tyrosine kinase inhibitor, 
became the latest of these molecular therapi- 
es to achieve FDA approval in 2017 for HER2+ 
mBC. In the NALA trial, the authors reported 
that patients who had received neratinib and 
capecitabine had significantly improved 12- 
month PFS over lapatinib and capecitabine 
(28.8% vs. 14.8%; P = 0.059) in heavily pre-
treated patients (> 2 prior anti-HER therapies). 
Additionally, tolerability was similar between 
arms, clinical benefit rate (CBR; P = 0.0328), 
and duration of response (DoR; P = 0.0004) 
were significantly improved. Of note, the 6 and 
12-month OS trended toward improvement as 
well; however, they were not statistically signifi-
cant [85]. Interestingly, Neratinib plus T-DM1 
combination has shown positive preliminary 
results in a recent phase 1b trial of HER2+  
mBC patients whose disease had progressed 
on the first-line trastuzumab and pertuzumab 
therapy. Of the 19 patients eligible for evalua-
tion in the trial, 16% demonstrated complete 
response (CR), 47% partial response (PR), 11% 
stable disease (SD), and 26% progressed. Fur- 
thermore, a correlation between amplified ER- 
BB2 in cell-free DNA (cfDNA) and clinical be- 
nefit was evident. Seventy-percent of ERBB2-
amplified patients had CR or PR; whereas, only 
24% of non-ERBB2-amplified patients had PR 
and none had CR [86].

Each of the current FDA approved therapies 
mentioned above have provided a unique con-
tribution to HER2+ metastatic disease, wheth-
er it be through improved efficacy or fewer side 
effects. In spite of that, none have demonstrat-
ed a paradigm shift in treatment. Moreover, 
patients with HER2+ BC do not respond unifor- 
mly to HER2-based targeted therapies. Novel 
therapies are currently on the horizon, hoping 
to transform prognosis for HER2+ BC in a simi-
lar way that trastuzumab did in the late 20th 
century. Whether any of the following therapies 
fulfill this endeavor remains to be seen, alth- 
ough their preliminary results show promise as 
additional means to fight against HER2+ BC.

The next ADC to become relevant in HER2+ 
mBC was DS-8201a, a conjugate of trastuzu- 
mab and deruxtecan. This compound has re- 

cently achieved accelerated FDA approval in 
December 2019 for unresectable or metastatic 
HER2+ mBC patients who have received two or 
more prior anti-HER therapies in the metastatic 
setting after the results of phase II DESTINY-
Breast01 trial. In their phase II analysis, Modi 
et al. observed an ORR of 60.3% (95% CI,  
52.9-67.4), with a 4.3% CR and 56% PR, DoR of 
14.8 months (95% CI, 13.8-16.9), and PFS of 
16.4 months (95% CI, 12.7-not reached) which 
demonstrate validation of a previously-report-
ed phase 1 ORR of 59.5% (95% CI, 49.7-68.7) 
in a similar patient population treated with 
DS-8201a [35, 87]. Importantly, DS-8201a led 
to an incidence of interstitial lung disease  
(ILD) incidence in 13.6% and grade 3 or higher 
adverse events in 57.1% of the study popula-
tion, leading to a Boxed Warning for ILD. 

In a separate large phase 1 study of DS-8201a, 
Modi et al. reported an ORR of 50.0%, DCR of 
85.3%, time to response (TTR) of 2.8 months, 
DoR of 11.0 months, and PFS of 12.9 months 
for the overall population, regardless of HR sta-
tus in heavily-pretreated HER2-low (IHC 1+ or 
2+/ISH-) expressing BC patients [88]. These 
results suggest a promising clinical benefit for 
the heavily-pretreated HER2+ mBC population 
overall and preliminary hope for a subset of 
HER2-low expressing population, which repre-
sents approximately 40% of BC and for which 
there is no present FDA approved HER2 thera-
pies currently in existence. Consequently, the 
phase III DESTINY-Breast04 trial (NCT03734- 
029) was initiated to determine the utility of 
DS-8201a in heavily pretreated and surgical 
unresectable/metastatic HER2-low expressing 
BC patients (Table 1). 

Tucatinib (ONT-380), an oral and highly potent 
selective HER2 tyrosine kinase inhibitor, is the 
first of these hopeful therapies. In a recent 
phase 1b study of heavily pretreated HER2+ 
mBC patients, Hamilton et al. assessed tuca-
tinib and capecitabine ± trastuzumab. They re- 
ported encouraging initial findings of improved 
PFS of 6.3 months, CBR 67%, ORR 58%, and a 
low toxicity profile for the triple therapy in com-
parison to other HER2 therapies [89]. Later 
results of that small phase 1b trial were diffi- 
cult to interpret with ORR of 83% in the com- 
bination of tucatinib plus capecitabine (T+C), 
40% in the combination of tucatinib plus tras- 
tuzumab (T+T), and 61% in the combination of 
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tucatinib plus capecitabine plus trastuzumab 
(T+C+T). Although efficacy for the combinations 
appeared acceptable, the sample size was 
small in all arms of the trial [39]. 

Its subsequent phase II trial, HER2CLIMB (NCT- 
02614794), Murthy et al. reported encourag- 
ing findings in heavily pretreated HER2+ mBC 
patients both with and without brain metasta-
ses randomized to either tucatinib or placebo, 
in combination with trastuzumab and capeci- 
tabine. They reported a 1-year PFS of 33.1% in 
the tucatinib-combination group vs. 12.3% in 
the placebo-combination group (HR 0.54; 95% 
CI, 0.42-0.71; P < 0.001) [90]. Furthermore, the 
2-year OS was 44.9% vs. 26.6% in the tuca-
tinib-combination and placebo-combination gr- 
oup, respectively (HR 0.66; 95% CI, 0.50-0.88; 
P = 0.005). Importantly, a subset population 
with brain metastases demonstrated a 1-year 
PFS of 24.9% in the tucatinib-combination gr- 
oup vs. 0% in the placebo-combination group 
(HR 0.48; 95% CI, 0.34-0.69; P < 0.001) [90]. 

Another study of tucatinib by Borges et al. dem-
onstrated its combination with T-DM1 had a 
primary PFS benefit of 8.2 months for pretre- 
ated HER2+ mBC patients, ORR of 47% at the 
maximum-tolerated dose, a CBR of 58%, and 
DoR of 6.9 months. Of note, 60% of patients 
had been previously treated with trastuzumab 
and contained brain metastases. In this sub-
population (47% had the measurable disease), 
the combination treatment arm led to a PFS of 
6.7-months, DoR of 6.9 months, and brain-spe-
cific ORR of 36% [91]. The importance of this 
result becomes more relevant when an esti-
mated 25% of patients treated with trastuzum-
ab develop symptomatic brain metastases, and 
little literature exists regarding proven treat-
ment options to address this issue [92, 93]. 

Pyrotinib, an irreversible pan-HER kinase inhibi-
tor, became the next novel oral agent introdu- 
ced to HER2+ mBC. In their phase II trial, Xu et 
al. assessed pyrotinib plus capecitabine (P+C) 
vs. lapatinib plus capecitabine (L+C) in heavily 
pretreated patients. At 15-month follow-up, the 
pyrotinib arm had a significantly prolonged PFS 
(18 vs. 7 months; HR 0.36; P < 0.0001), im- 
proved ORR of (78.5% vs. 57.1%; P = 0.01), and 
had a tolerable toxicity profile with no major 
increased toxicities [94]. A phase III PHOEBE 
(NCT03080805) trial is ongoing.

The phase III SOPHIA trial has recently provid- 
ed evidence for a new monoclonal antibody to 
HER2, margetuximab that may transcend previ-
ous efficacy provided by trastuzumab. As men-
tioned previously, margetuximab possesses an 
engineered Fc to achieve higher immune res- 
ponse than presently approved HER2-target- 
ed antibodies, achieving the FDA’s Fast Track 
designation for locally advanced or metasta- 
tic HER2+ BC patients previously treated with 
anti-HER2+ therapy. The authors have reported 
significantly improved PFS with margetuximab 
plus chemotherapy over trastuzumab plus che-
motherapy (5.8 vs. 4.9 months; HR 0.76; P = 
0.033), a potentially greater (but statistically 
insignificant) ORR of 22% vs. 16%, and a com-
parable safety profile. Of note, treatment effe- 
cts were more pronounced in patients with the 
CD16A genotypes containing a lower-affinity 
158F allele (PFS 6.9 vs. 5.1 months; HR 0.68; 
95% CI, 0.52-0.90; P = 0.005) which is found in 
approximately 85% of the general population 
and is known to diminish clinical response to 
trastuzumab [95]. 

In 2019, published results from phase II KATE2 
demonstrated the potential for integration of 
immunotherapy into the realm of HER2+ mBC. 
In the trial, Emens et al. investigated the combi-
nation of atezolizumab, a PD-L1 inhibitor, plus 
T-DM1 vs. placebo plus T-DM1. Unfortunately, 
the atezolizumab arm did not show evidence of 
improved PFS for the overall study population 
(HR 0.82; P = 0.3332). It did, however, show a 
benefit independently for the subsets of pati- 
ents that were PD-L1+ and had high tumor-infil-
trating lymphocytes (TIL+); PD-L1+ patients had 
PFS of 8.5 vs. 4.1 months comparing the ate- 
zolizumab vs. placebo arms, respectively, and 
the TIL+ patients had PFS 8.5 vs. 5.3 months 
comparing the atezolizumab vs. placebo arms, 
respectively [96]. The data suggest a potential 
use of TILs and PD-L1 status as predictive bio-
markers in HER2+ mBC patients for response 
to the addition of PD-1 and PD-L1 inhibitors. 

The phase Ib/II PANACEA trial reported a cle- 
arly superior clinical response and tolerable 
safety profile with combined pembrolizumab 
(PD-1 inhibitor) plus trastuzumab in trastuzum-
ab-resistant HER2+ mBC patients when asse- 
ssing for PD-L1 status. The median OS was 
16.1 vs. 7 months for PD-L1+ and PD-L1- pa- 
tients, respectively (P = 0.006). At 12-months, 
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the OS rate was 65% vs. 12% and PFS were 
12% vs. 0% in the PD-L1+ and PD-L1- cohorts, 
respectively [97, 98]. In support of previous lit-
erature, these results suggest the potential for 
preferential benefit of immunotherapy in PD- 
L1+ and high TIL subgroups and the relevance 
of PD-L1 and TIL status in future HER2+ BC 
treatment algorithms [98]. 

Epilogue

Future biomarkers in HER2+ BC?

Several new biomarkers have the potential to 
be integrated into future treatment algorithms 
for HER2+ BC. As stated above, the KATE2 and 
PANACEA trials demonstrate that PD-L1 and TIL 
biomarkers may predict utility for immunother-
apy agents such as pembrolizumab, nivolumab, 
atezolizumab, etc. While research is quickly ga- 
ining traction in this area, its use in early-phase 
clinical trials has only scratched the surface. 

Another important discovery in HER2+ BC ca- 
me via the adjuvant ExteNET trial. In their sec-
ondary analysis, the authors pointed out the 
potential for classifying and treating HER2+  
BC based on HR status due to differences  
in patients’ responses to current therapies. 
Such a result was explained by the fact that  
the observation in the secondary analysis that 
HER2+/ER+ BC responded significantly better 
to extended adjuvant fulvestrant and neratinib 
compared to HER2+/ER- patients, suggesting 
its use as a potential biomarker [66]. A subse-
quent analysis by Sudhan et al. was undertak-
en to investigate the mechanisms behind this 
observation. Their data demonstrated signifi-
cant findings of crosstalk in the HER2+/ER+ 
subpopulation (Figure 4). The crosstalk betw- 
een HER2 and ER signaling has been postulat-
ed to be reciprocal, such that inhibition of either 
pathway may result in upregulation/activation 
of the other. Indeed, neratinib treatment induc-
es ER-dependent gene transcription in HER2+ 
BC cells [99]. Furthermore, the combination of 
neratinib and fulvestrant was the only arm that 
reduced cyclin D1 mRNA and protein levels and 
induced cell cycle arrest. Ultimately, it appears 
dual HER and ER blockade is necessary mech-
anistically for durable clinical outcomes in pa- 
tients with HER2+/ER+ BC [68].

Interestingly, crosstalk between the ER and the 
HER/GFR signaling was observed prior to the 
20th century [100]. The cell signaling mecha-

nisms of the ER pathway upregulation with HER 
inhibition and HER upregulation with ER inhibi-
tion were known for some time prior to the dif-
ferential clinical responses observed in the 
ExteNET trial [100-102]. The work by Chan et 
al. and Sudhan et al. essentially revived its im- 
portance both preclinically and clinically, spur-
ring clinical trials and successful treatment of 
HER2+/ER+ BC with dual anti-HER and anti-
estrogen therapy [66, 68, 103, 104]. 

One such clinical trial is the phase II SOLTI-
1303 PATRICIA trial that is exploring the im- 
portance of HR status with the use of a cell 
cycle inhibitor, palbociclib, with trastuzumab ± 
letrozole in postmenopausal HER2+ mBC pati- 
ents previously treated with anti-HER2 thera-
pies. In their preliminary results, they observed 
that the PAM-50 luminal subtype might predict 
the response to combination palbociclib and 
trastuzumab therapy, leading to the addition of 
two treatment arms to their study [105]. 

Another is the ALTERNATIVE trial, which is an 
ongoing phase III trial taking this dual path- 
way inhibition (anti-HER and anti-estrogen) one 
step further. Johnston et al. have reported a 
superior PFS (11 vs. 5.7 months; HR 0.62; 95% 
CI, 0.45-0.88; P = 0.0064) with additional ORR, 
CBR, and OS benefit using triple therapy of 
lapatinib, trastuzumab, and letrozole over the 
dual trastuzumab and letrozole therapy in post-
menopausal HER2+/HR+ mBC patients previ-
ously treated with endocrine and trastuzumab 
therapy in various settings [106]. Additionally, 
the phase II PERTAIN trial has also demonstrat-
ed a tolerable safety profile and significant im- 
provement in the efficacy of this triple therapy 
combination over the dual therapy (PFS 18.89 
vs. 15.80 months; 95% CI, 11.04-18.56; HR 
0.65; P = 0.007), this time in the first-line set-
ting of metastatic HER2+/HR+ BC [107]. Logi- 
cally, the next step for this HER2+/HR+ popula-
tion is quadruple therapy of a cell cycle inhibi-
tor, anti-estrogen, and dual anti-HER2 therapy. 
A phase I trial, NCT03304080, is currently un- 
der recruitment to assess preliminary safety 
and efficacy of palbociclib, anastrozole, trastu-
zumab, and pertuzumab combination therapy 
[108].  

Conclusion

The discovery of ERBB2/HER2 and the subse-
quent development of its transmembrane re- 
ceptor inhibitor, trastuzumab, have drastically 
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changed the landscape of HER2+ BC treatment 
and prognosis. Trastuzumab’s success has led 
to a paradigm shift toward the use of target- 
ed molecular therapies beyond the standard, 
systemic chemotherapy. Notably, twenty years 
after trastuzumab’s approval, new insights con-
tinue to emerge, including immune-based bio-
markers and therapies like margetuximab and 
trastuzumab-deruxtecan (DS-8201a). Only th- 
rough these insights can we forge a new fron-
tier, transcending our current Trastuzumab Era 
in HER2+ BC. 
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