THERAPEUTIC ADVANCES in

Review
Endocrine therapy plus HER2-targeted o

therapy, another favorable option for
HR+/HER2+ advanced breast cancer

patients

Yuehua Liang

, Xiaoran Liu, Zehui Yun, Kun Li and Huiping Li

Abstract: Advanced breast cancer (ABC) that is positive for hormone receptors (HRs) and
human epidermal growth factor receptor 2 (HER2) is a cancer subtype with distinctive
characteristics. The primary treatment guidelines suggest that a combination therapy
comprising anti-HER?2 therapy and chemotherapy should be administered as the initial
treatment for HR-positive/ HER2-positive [HR+/HER2+) ABC. However, crosstalk between
the HR and HER2 pathways can partially account for the resistance of HR+/HER2+ disease to
HER2-targeted therapy. This, in turn, provides a rationale for the concomitant administration
of HER2-targeted therapy and endocrine therapy (ET). Many clinical studies have confirmed
that the combination of HER2-targeted therapy and ET as a first-line treatment is not inferior
to the combination of HER2-targeted therapy and chemotherapy, and support its use as a first-
line treatment choice for HR+/HER2+ ABC. Other drugs, such as antibody-drug conjugates,
cyclin-dependent kinase 4/6 inhibitors, phosphatidylinositol 3-kinase-protein kinase B
(AKT)-mammalian target of rapamycin inhibitors, and programmed cell death protein 1 or
programmed cell death ligand 1 inhibitors, may also improve the prognosis of patients with
breast cancer by blocking signaling pathways associated with tumor proliferation and break
new ground for the treatment of HR+/HER2+ ABC.
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Introduction

Since 2020, breast cancer has become the most
prevalent cancer worldwide.> Among breast
cancers, 20% overexpress human epidermal
growth factor receptor 2 (HER2) and nearly 50%
overexpress hormone receptors (HRs), including
estrogen receptor (ER) and/or progesterone
receptor (PR).> Compared to HR-/HER2+
breast cancer, HR+/HER2+ disease is more
aggressive, leading to a lower first 5-year recur-
rence risk and poorer prognosis.* However, the
recurrence rate markedly increases after the 5th
year, resulting in similar long-term outcomes for
patients with HR+/HER2+ and HR-/HER2+

breast cancer.”> HR+/HER2+ breast cancer cells
that highly express ER have similar biological
characteristics and behaviors to those of HR—/
HER2+ cells.® Furthermore, luminal A or B sub-
types — which are hormone dependent with low
epidermal growth factor receptor (EGFR)/HER2
pathway activity but a high mutation rate of the
phosphatidylinositol-4,5-bisphosphate  3-kinase
catalytic subunit alpha — are less sensitive to
HER2-targeted therapy but have a favorable
prognosis.” However, 30% of patients present
with marked HER2 overexpression, strong
HER2/EGFR pathway activity, and a high tumor
cell proliferation rate. These features contribute
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Figure 1. Crosstalk between HER2 signaling pathway and ER signaling pathway and drugs for HR+/HER2+

advanced breast cancer patients.

HER, human epidermal growth factor receptor; HR, hormone receptor.

to the therapy responsiveness and prognostic dif-
ferences observed among HR+/HER2+ patients.
Most guidelines have established anti-HER2
therapy plus chemotherapy as the standard first-
line treatment for patients with HR+/HER2+
advanced breast cancer (ABC).8 We aimed to
investigate the optimal treatment regimen for
patients with HR+/HER2+ breast cancer while
also summarizing some innovative therapeutic
approaches tailored to this patient population, to
provide better guidance for clinical practice.

Molecular biological characteristics of
HER2+/HR+ breast cancer cells

HERZ regulates the development and growth of
tumor cells

HER2, a member of the HER family, consists of
three main components — an intracellular protein
tyrosine kinase domain, an extracellular ligand-
binding domain, and a single-chain transmembrane
domain — which are responsible for receiving extra-
cellular signals and activating downstream signaling
pathways.’ In the HER family, HER1, HER3, and
HERA4 all have high-affinity specific ligands, making
HER2 the only receptor in the family without a
known high-affinity specific ligand.!® HER2 primar-
ily undergoes heterodimerization with other

members of the HER family and binds to ligands to
form complexes. The formation of these complexes
triggers the phosphorylation of the tyrosine kinase
domain in the cytoplasm, activating the kinase and
downstream pathways.!! These pathways mainly
include the Ras—Raf-mitogen-activated protein
kinase (MAPK) pathway and the phosphatidylino-
sitol 3-kinase (PI3K)-AKT-mammalian targets of
rapamycin (mTOR) pathway (Figure 1), which are
closely related to the promotion of tumor cell growth
and proliferation, and the inhibition of apoptosis.

ER regulates the development and growth

of tumor cells

The growth of breast cancer cells is largely regu-
lated by the activation of ER by the steroid hor-
mone estrogen. The activation of the ERa and
ERp nuclear receptors promotes the proliferation
and survival of both normal and tumor tissues
through genomic regulation, by promoting gene
transcription, and non-genomic regulation, via
activation of related signaling pathways.!2
Estrogen binds the ER and regulates the cell cycle
by inducing the expression of the MYC gene and
the G,/S-specific cyclin D1.13 Upon binding of
estrogen to the nuclear receptor portion of ER,
the signal is transmitted to interact with transcrip-
tion factors (such as Fos and Jun) or the estrogen
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response elements of target genes. This interac-
tion leads to the activation of activating protein 1
or specificity protein 1 binding sites in the pro-
moter regions of target genes, followed by the ini-
tiation of the transcription and translation of
relevant genes.!* ER stimulation by estrogen also
upregulates the transcription of several growth
factors that are crucial for breast development,
including insulin-like growth factor-1 biphasic
proteins and epithelial growth factor.1516 The
estrogen—-ER axis that contributes to normal
breast development also plays a role in breast
hyperplasia and tumorigenesis. Due to the strong
dependence of breast tumor development on the
estrogen—ER axis, endocrine therapy (ET) has
become an important treatment modality for pre-
menopausal and postmenopausal patients with
ER-positive breast cancer.

Interaction between the HER2 and ER
signaling pathways

Activation of the HER signaling pathway

promotes endocrine resistance in tumor cells
Studies have confirmed that HER2 and its down-
stream signaling pathways promote endocrine
resistance in HR+/HER2+ breast cancer cells at
the cellular level. HER2 amplification activates
selective survival pathways, such as the PI3K-
AKT and MAPK pathways, reducing the sensi-
tivity of breast cancer cells to ET.!7 Laboratory
studies revealed that the application of HER2
inhibitors to HER2-amplified tamoxifen-resistant
MCF-7 cells could reverse tamoxifen resistance,
indicating that HER2 and its downstream signal-
ing pathways are involved in endocrine resistance
in breast cancer cells.!” In the tumor microenvi-
ronment, where estrogen levels are extremely low,
both heterodimers and homodimers can activate
downstream signaling pathways, including PI3K—
AKT and Ras—Raf-Mek-MAPK, through HER1
and HER2. This increases the sensitivity of breast
cancer cells to estrogen, promoting proliferation
and potentially leading to endocrine resistance.!®
In the absence of estrogen, HER2 can still regu-
late estrogen-related signaling pathways in two
distinct ways. First, the signaling pathway medi-
ated by HER2 can decrease the expression level
of ER while increasing ER phosphorylation,
thereby activating the downstream signaling path-
way initiated by ER (Figure 1).!1° Second, the
activation of the HER1 and HER?2 signaling path-
ways in low-estrogen conditions can recruit ER
co-activators and disrupt the interaction between

ER co-repressors and ER. This leads to the stim-
ulation of ER-mediated signaling pathways.20

Activation of ER-related signaling

pathways promotes tumor cell resistance

to HER2-targeted therapy

HER?2 overexpression is involved in the develop-
ment of endocrine resistance, and ER and associ-
ated downstream pathways can induce resistance
to anti-HER2 therapy in breast cancer cells by
interacting with HER?2 signaling pathways. ERa
activation is mainly responsible for breast malig-
nancies.?! Following ERa activation, growth fac-
tor receptors — such as the androgen receptor,
tumor growth factor o, and receptor tyrosine
kinases associated with its downstream pathways
— are also highly expressed. The elevated expres-
sion of these growth factor receptors simultane-
ously augments the activity of pathways
downstream of HER2, leading to resistance to
HER?2 therapy in HER2+ breast cancer.?22¢ ER
activation can activate EGFR, HER2, other
growth factor receptors, and HER2-targeted ther-
apy resistance-related kinase cascades, such as
PI3K-AKT, leading to cell migration and upreg-
ulation of the chemokine receptor CXCR4.25 A
study demonstrated that administration of HER2-
targeted therapy can upregulate the expression of
ERa and ER-related genes and fail to inhibit the
phosphorylation of AKT and ERK, leading to
tumor proliferation.?6 Meanwhile, AIB1, an
important ERa coactivator, is upregulated by
HER2-targeted therapy and causes the activation
of ER signaling and continuous growth of HER2-
targeted therapy-resistant breast cell lines.?® In
addition to promoting the activity of pathways
downstream of HER2, ERa can directly activate
HER?2 on the cell membrane and prompt the pro-
liferation of tumor cells.?7-28

In vitro studies found that breast cancer cell lines
resistant to lapatinib developed differential upreg-
ulation of ER-related genes compared with lines
that were not resistant, which indicates the
involvement of ER signaling in acquired HER2-
targeted therapy resistance.? Adding anti-estro-
gen therapy to lapatinib stopped ER+/HER2+
breast cancer cells from developing acquired
lapatinib resistance.?® In mice bearing xeno-
grafted HR—/HER2+ tumors, the tumors were
converted to ER+ after 2weeks of lapatinib neo-
adjuvant therapy, providing support for the use of
combination anti-HER2 and ET.25 Another study
found that patients with HER2+ metastatic
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breast cancer who developed primary resistance
to trastuzumab-derivative of maytansine (T-DM1)
were negative for HER2 gene overexpression and
positive for ER and/or PR by immunohistochem-
istry, highlighting that the ER pathway may con-
tribute to the development of resistance to
HER?2-targeted therapy.30

Anti-HER2 therapy

Anti-HER2 medications have emerged as crucial
elements of the therapeutic approach for patients
with HR+/HER2+ ABC. Several anti-HER2
drugs are commonly employed in clinical prac-
tice, as discussed below.

Monoclonal antibodies

Trastuzumab is the first humanized monoclonal
antibody targeting HER2; its main mechanisms
of action are binding to extracellular domain IV
of HER2 and suppressing the expression of down-
stream signals.3! Moreover, trastuzumab is capa-
ble of binding to HER2 expressed on the surface
of breast cancer cells, thereby stimulating non-
specific immune cells to elicit cytotoxic effects
through antibody-dependent cellular cytotoxic-
ity.32 Since its approval by the US Food and Drug
Administration in 1998, it has been extensively
and irreplaceably used in treating patients with
HER2+ breast cancer. However, for patients
with HER2+ ABC who received prior trastu-
zumab-based therapy, harboring a high HER2
gene copy number may be associated with a worse
prognosis.3> Pertuzumab binds to extracellular
domain II of HER2 and hinders the heterodimer-
ization of HER2 and HER3 to obstruct the down-
stream signaling pathways, ultimately impeding
tumor growth.3* Without affecting dimerization,
pertuzumab also demonstrated a complementary
mechanism to trastuzumab.?>

Tyrosine kinase inhibitors

Tyrosine kinase inhibitors (TKIs), such as lapat-
inib, pazopanib, and lenvatinib, are extensively uti-
lized in clinical practice. Lapatinib, asmall-molecule
TKI, binds reversibly to the HER1 and HER2
intracellular tyrosine kinase domain that contains
an ATP binding site. This suppresses phosphoryl-
ation and blocks downstream signaling, which
inhibits tumor growth and promotes tumor cell
apoptosis.>® Approximately 25% of patients with
HER2+ breast cancer treated with trastuzumab
experienced rapid recurrence.3” Lapatinib-based

treatment is effective in trastuzumab-pretreated
patients with HER2+ ABC.38 Pyrotinib is an irre-
versible pan-ErbB TKI that has been confirmed to
suppress the proliferation of HER2-overexpressing
breast cancer cells both i vive and m vitro.?° In
contrast to lapatinib, pyrotinib can broadly inhibit
the downstream signaling pathways of HERI,
HER2, and HER4.40 Neratinib, an irreversible
pan-ErbB TKI, produces the same pharmacologi-
cal effects as pyrotinib.4!

Antibody-drug conjugates

In addition to the widespread usage of monoclo-
nal antibodies and small-molecule TKIs, there
has been a gradual emergence of antibody—drug
conjugates (ADCs) in recent years. T-DMI1 and
trastuzumab deruxtecan (DS-8201) are notable
among these ADCs. T-DMI1 is a novel anti-
HER2 ADC in which trastuzumab is bound to
the microtubule inhibitor maytansine.#? The
combination mediates synergistic effects by
ensuring selective binding of the cytotoxic agent
to malignant breast cells, thereby increasing its
tumor cell cytotoxicity while reducing the occur-
rence of adverse events (AEs).43 DS-8201 belongs
to a novel class of anti-HER2 ADC that employs
an innovative conjugation strategy to link the
anti-HER2 monoclonal antibody and the topoi-
somerase I inhibitor DXd (an ixabepilone deriva-
tive). The anti-HER2 antibody component of
DS-8201 is a humanized monoclonal IgG1 with
an amino acid sequence that is identical to trastu-
zumab.#* In laboratory investigations, DS-8201
has demonstrated the ability to hinder the prolif-
eration of tumor cells with elevated or diminished
HER?2 expression, as well as that of cells that have
developed T-DM1 resistance.*>

ET drugs

Hormone therapy plays an important role in
treatment regimens for patients with HR+/
HER2+ ABC. Selective estrogen receptor modu-
lators (SERMs), selective estrogen receptor
downregulators (SERDs), and aromatase inhibi-
tors (Als) have gained approval for adjuvant ther-
apy in breast cancer patients with ER-positive
tumors.*® In premenopausal women, aromatase,
predominantly produced by the ovaries, is con-
verted into estrogen. In postmenopausal women,
however, estrogen is mainly synthesized in non-
glandular tissues (such as subcutaneous fat), and
its production markedly declines.*” This leads to
completely distinct hormonal therapy strategies
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for premenopausal and postmenopausal women
diagnosed with ABC.

Aromatase inhibitors

Als are typically categorized into non-steroidal
and steroidal types. Anastrozole and letrozole are
common examples of non-steroidal drugs,
whereas exemestane represents the most fre-
quently utilized steroidal variant.*® Als exert their
effects in postmenopausal women by inhibiting
the conversion of androgens to estrogens, leading
to reduced estrogen levels throughout the body.
This ultimately impedes the proliferation of estro-
gen-dependent tumor cells and contributes to
therapeutic efficacy.

Selective estrogen receptor modulators

SERMs, such as tamoxifen, competitively bind to
ERs and exhibit a dual agonist/antagonist capac-
ity. By blocking the binding of ligands to recep-
tors, SERMs effectively inhibit ER downstream
pathways. These drugs are primarily employed in
premenopausal patients.4?

Selective estrogen receptor downregulators
SERDs, such as fulvestrant, primarily function by
inducing the degradation of the ERa protein or
blocking ER transcriptional activity.5%-52 A recent
study suggested that fulvestrant and analogous
ER antagonists exert their inhibitory effects pre-
dominantly via reducing nuclear ER activity.>?
Currently, some orally administered SERDs with
pharmacological properties that may be superior
to fulvestrant are also under development.>*

Comparison of different treatment regimens
for patients with HR+/HER2+ ABC

Targeted therapy for HER2 used in conjunction
with chemotherapy has become an established
first-line treatment for patients with HER2+
ABC. The phase III clinical trial for H0648g veri-
fied the remarkable efficacy of combining
HER2-targeted therapy with chemotherapy,
demonstrating that patients receiving chemother-
apy and HER2-targeted therapy achieved longer
median progression-free survival (mPFS) than
patients receiving single-agent chemotherapy (7.4
versus 4.6 months, respectively; »p<<0.001).55 In
addition, the NCIC CTG MA.31 study com-
pared the efficacy of trastuzumab and the small-
molecule TKI lapatinib, both in combination

with paclitaxel. The trastuzumab group had a sig-
nificantly longer mPFS compared with the lapat-
inib group (11.3 wersus 9.0 months, respectively;
p»=0.001). Patients with higher continuous ER
expression values achieved longer PFS, indicating
that the subset of patients with HR+/HER2+
cancer had a better prognosis than those with
HR-/HER2+ cancer in the study. In terms of
overall survival (OS), the lapatinib group did not
show an advantage over the trastuzumab group
(p=0.03).5° For patients with HR+/HER2+
ABC, combining a targeted HER2 monoclonal
antibody with chemotherapy has yet to be estab-
lished as the superior choice for first-line treat-
ment. The advent of dual-targeted first-line
treatments was heralded by the CLEOPATRA
trial, which revealed a difference of 6.3 months
(18.7months for pertuzumab + trastuzumab +
docetaxel group wersus 12.4months for trastu-
zumab + docetaxel group) in mPFS between
patients receiving dual HER2-targeted therapy
versus trastuzumab plus chemotherapy, and a dif-
ference of 15.7 months in median OS (56.5 ver-
sus 40.8 months), for whose difference is larger
than the difference in mPFS.57 According to
subgroup analysis, the combination of dual-tar-
geted anti-HER2 therapy with chemotherapy
has clinical efficacy for patients bearing HR+/
HER2+ ABC [hazard ratio=0.74; 95% confi-
dence interval (CI), 0.58-0.96].57 The PUFFIN
(Y029296) study in Chinese patients revealed
that, compared with trastuzumab plus chemo-
therapy, dual-targeted anti-HER2 therapy plus
chemotherapy prolonged the mPFS of patients
with HER2+ ABC for 4months and that of
patients with HR+/HER2+ ABC for 5.4 months,
which is similar to the findings of
CLEOPATRA.5™5% Median OS was imma-
ture>8:59 (Table 1).

ET has been a crucial aspect of the treatment pro-
tocol for patients with HR+ tumors. In this sec-
tion, we aim to elucidate the pivotal role of ET in
the therapeutic approach for patients with breast
cancer and present the trial results in Table 1.

Trastuzumab plus ET versus trastuzumab

The TAnDEM study compared the effectiveness
of trastuzumab in conjunction with anastrozole
versus trastuzumab monotherapy as the first-line
treatment in patients with HR+/HER2+ breast
cancer.%0 It illustrated that the combination of ET
and anti-HER2 therapy provided greater clinical
benefit than monotherapy with trastuzumab

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

THERAPEUTIC ADVANCES in

Volume 16

(mPFS: 4.8 wersus 2.4months, respectively;
$»=0.0016). There was no significant difference
detected in the OS of the trastuzumab group and
ET plus trastuzumab group (18.5 wersus
23.9 months, respectively; p=0.325), but a pro-
longation of 4.6 months was achieved by trastu-
zumab plus ET.%0 Patients receiving anastrozole
alone were allowed to switch to another treatment
arm after disease progression, which may have
contributed to the reduction in OS benefit with
trastuzumab plus anastrozole, by prolonging OS
in the anastrozole alone group.®® Furthermore,
70% of the patients in the trastuzumab mono-
therapy group experienced disease progression
but still obtained clinical benefit after receiving a
combination therapy of trastuzumab with anas-
trozole.®® These findings further confirmed that
the combination use of anti-HER2 therapy and
ET can successfully reverse resistance to single-
agent anti-HER2 therapy. However, the inci-
dence of grade 3 or higher AEs in the trastuzumab
combined with anastrozole group was 28%
(involving mainly diarrhea, fatigue, and vomit-
ing), which was higher than that in the trastu-
zumab monotherapy group (16%). Taking into
account both the side effects and clinical survival
benefits, the combination of anti-HER2 therapy
and ET would still be the preferred first-line
treatment for this subset of patients (Table 1).

TKls plus ET versus ET

To determine whether the first-line treatment
choice for patients with HR+/HER2+ ABC can
eradicate the need for anti-HER2 therapy, the
phaseIllclinical trial EGF30008 (NCT00073528)
compared the survival benefits of letrozole plus
lapatinib and letrozole with placebo for the first-
line treatment of patients with HR+/HER2+
ABC.%1 The letrozole combined with the lapat-
inib group attained a longer mPFS (8.2 versus
3.0months, compared with letrozole with pla-
cebo; p=0.008). Furthermore, analysis of the
clinical benefit rates (28% wversus 15%, combina-
tion wersus placebo; p=0.021) and objective
response rates (48% wersus 29%, combination
versus placebo; p=0.003) revealed that the
patients in the combination therapy group
achieved better clinical benefits than those in the
letrozole with the placebo group. However, con-
sistent with the results of TAnDEM, the OS for
patients was not significantly improved by adding
lapatinib to letrozole, indicating that the efficacy
of lapatinib plus letrozole needs further valida-
tion.®%:61  Analysis of AEs revealed that the

incidence of grade 3 or higher AEs was higher in
the letrozole monotherapy group. Thus, based on
either the survival benefit or incidence of AEs,
letrozole combined with lapatinib may be the
superior first-line therapy choice for patients with
HR+/HER2+ ABC (Table 1). For patients in
the eLEcCTRA study, adding trastuzumab to
letrozole improved mPFS by 10.8 months. The
OS data were not provided, but no significant dif-
ference was found between the OS of the letro-
zole alone and trastuzumab plus letrozole
groups.%? Due to the relatively small sample size
of the study, the results of eLECTRA should be
interpreted with caution.

Anti-HERZ therapy plus ET versus anti-HERZ
therapy plus chemotherapy

A real-world study examined data from a data-
base encompassing 6234 patients diagnosed with
ABC ofthe HR+/HER2+ subtype (Supplemental
Table 1).93 The patients had undergone mono-
therapy chemotherapy, monotherapy ET, combi-
nation anti-HER?2 treatment with chemotherapy,
or combination anti-HER2 treatment with ET.
Multivariate analysis revealed that receiving ET
was an independent factor for improved patient
prognosis. The cohort that received combination
ET and anti-HER2 treatment exhibited the high-
est 5-year OS rate (47.5% wersus 39.8% for
patients receiving chemotherapy + anti-HER2
therapy) (Supplemental Table 1). Moreover, in
the multivariate subgroup analysis that controlled
for other prognostic factors, patients who received
ET plus anti-HER2 treatment had a lower risk of
mortality than those who received chemotherapy
and anti-HER2 treatment (hazard ratio: 0.74;
95% CI, 0.61-0.91; p=0.004).93

In a Chinese patient population, the SYSUC-002
(NCTO01950182) trial compared the clinical
advantages of trastuzumab in combination with
ET (group) and trastuzumab in combination with
chemotherapy therapy (CT group) as a first-line
treatment for individuals with HR+/HER2+
ABC.%* All patients with HR+ disease were
defined as having >10 ER+ and/or PR+ cells.
After a median follow-up period of 30.2 months,
the mPFS was 19.2months (95% CI, 16.7-21.7)
in the single-targeted anti-HER2 therapy with ET
group and 14.8 months (95% CI, 12.8-16.8) in
the single-targeted HER2 therapy combined with
chemotherapy group, resulting in a difference of
4.4months (hazard ratio=0.88; 95% CI, 0.71-
1.09; p<<0.0001) (Table 1). In addition,
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Table 1. Comparison of different treatment options from published articles.

Clinical trial Phase Treatment arm

Cohort (size)

mPFS (months)

mOS (months)

CT £ single anti-HER2 therapy

H0648g I Trastuzumab + CT versus CT

NCIC MA.31 ] Trastuzumab + taxane versus

lapatinib + taxane

CT = dual anti-HER2 therapy

CLEOPATRA 11 Pertuzumab + trastuzumab +
docetaxel versus
trastuzumab + docetaxel

PUFFIN I Pertuzumab + trastuzumab +

docetaxel versus trastuzumab +
docetaxel

ET £ single anti-HER2 therapy

TAnDEM M Trastuzumab + anastrozole versus
anastrozole

EGF30008 Il Lapatinib + letrozole versus letrozole

eLECTRA 1l Trastuzumab + letrozole versus

letrozole

ET = dual anti-HER2 therapy

PERTAIN Il Pertuzumab + trastuzumab +

Al versus trastuzumab + Al

ET/CT + single anti-HER2 therapy

SYSUCC-002 1l Trastuzumab + ET versus

trastuzumab + CT

HER2+ (234)

HER2+ (652)

HER2+ (808)

HR+/HER2+ (388)

HR-/HER2+ (408)

HER2+ (243)

HR-+/HER2+ (142)

HR-/HER2+ (101)

HR+/HER2+ (207)

HR+/HER2+ (219)

HR+/HER2+ (57)

HR+/HER2+ (258)

HR-+/HER2+ (392)

7.4 versus 4.6
(p<0.001)

11.3 versus 9.0
(p=0.03)

18.7 versus 12.4
(p<0.0001)

HR=0.73(0.58-0.91)

HR=0.64(0.51-0.81)

16.5 versus 12.5

18.0 versus 12.6

14.7 versus 8.4

4.8 versus 2.4
(p=0.0016)

8.2 versus 3.0
(p=0.019)

14.1 versus 3.3
(p=0.23)

18.9 versus 15.8
(p=0.007)

19.2 versus 14.8
(p<0.0001)

25.1 versus 20.3
(p<0.05)

NR

56.5 versus 40.8
(p<0.001)

NR, HR: 0.71
(0.53-0.96)

NR, HR: 0.61
(0.47-0.81)

NR, HR: 0.68
(0.45-1.03)

NR

NR

28.5 versus 23.9
(p=0.325)
33.3 versus 32.3

Data not shown

60.2 versus 57.2

33.9 versus 32.5
(p=0.094)

single-agent anti-HER2 therapy combined with
ET has a lower rate of AEs. The majority of AEs
in the ET group were grades 1-2. Joint pain
(16.8%), muscle pain (16.3%), and fatigue
(15.8%) were the most commonly reported AEs.
By contrast, alopecia (63.8%), leucopenia
(50.0%), and nausea (47.5%) were the most fre-
quently reported AEs in the CT group. Patients in
the ET group had a significantly lower prevalence
of grade 3—4 AEs compared to those in the CT

group [6 (3.1%) wversus 100 (51.0%); p<<0.01],
confirming that ET plus HER2-targeted therapy
can improve the quality of life of the patients.

Dual anti-HERZ2 therapy plus ET versus
single-agent trastuzumab plus ET

The CLEOPATRA trial demonstrated, via sub-
group analysis, a survival advantage when utiliz-
ing dual-targeted combination chemotherapy in
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patients with HR+/HER2+ ABC. That finding
prompted the PERTAIN (NCT01491737) study
to compare the efficacy of trastuzumab plus per-
tuzumab and Al with trastuzumab plus Al to
investigate whether dual-targeted anti-HER2
therapy could provide more distinct clinical ben-
efit than single-targeted anti-HER2 therapy in this
patient population.®3-¢ Chemotherapy was added
at the discretion of the clinician. The results of the
study revealed that dual-targeted anti-HER2 ther-
apy coupled with ET had greater survival advan-
tages than single-targeted therapy combined with
ET, with a mPFS of 18.89 months compared to
15.8 months, respectively (p=0.0070). No deaths
due to severe side effects were reported in either
of the two experimental groups. However, the
rates of grade 3 or higher side effects were 50.8%
and 38%, respectively. The primary side effects of
dual-targeted anti-HER2 therapy were nausea,
diarrhea, and alopecia. Based on the findings of
this study, dual-targeted therapy with pertu-
zumab and trastuzumab would be the preferred
first-line treatment for patients in the HR+/
HER2+ group in combination with ET.

Dual anti-HERZ therapy plus ET and
chemotherapy versus dual anti-HERZ2 therapy
plus chemotherapy

RegistHER was a real-world clinical trial that
tested the efficacy of various treatment strategies,
including trastuzumab plus chemotherapy with
and without ET (T+ CT/T+ CT+HT) for
HR+/HER2+ ABC.%7 The mPFS was 20.4 ver-
sus 9.5 months in the groups with ET and without
ET, respectively. Adding ET to trastuzumab +
chemotherapy prolonged patients’ mPFS for
10.9 months, which is longer than 6.3 months in
the CLEOPATRA trial. The median OS for
patients in the T+ CT group was 36.7 months,
while not reached for patientsinthe T+ CT + HT
group, p<<0.001. The administration of ET
improved the outcomes of patients with HR+/
HER2+ ABC when combined with trastuzumab-
based therapy, although further wvalidation is
needed.

Possible new options for patients

with HR+/HER2+ ABC

Numerous novel therapeutic drugs or treatment
strategies are currently being developed with the
aim of improved efficacy in patients with HR+/
HER2+ tumors. The following summarizes pub-
lished clinical trials with available data and more

details are presented in Table 2. In addition,
Table 3 outlines information regarding ongoing
clinical trials to better illustrate cutting-edge
research directions.

DS-8201

DS-8201, a type of ADC, is composed of an anti-
HER?2 antibody, a cleavable tetrapeptide-based
linker, and a cytotoxic topoisomerase I inhibi-
tor.** DESTINY-BreastO1 evaluated the efficacy
of DS-8201 in patients with HER2+ ABC who
had previously received T-DMI1 treatment.%8
With a median of six previous treatments, the
patients achieved a mPFS of 16.4months, nota-
bly longer than the 8.8 months for the heavily pre-
treated patients with ABC receiving neratinib plus
capecitabine and 9.6 months for the patients who
previously received trastuzumab plus a taxane and
received T-DMI1 as a second-line therapy.®%70
The impressive efficacy of DS-8201 in patients
with HER2+ cancer has brought it into the lime-
light. Compared with the standard treatment
strategy of anti-HER2 therapy plus chemother-
apy, DS-8201 extended the mPFS of patients
with HER2+ ABC by almost 11months in
DESTINY-Breast02.7! In addition, in DESTINY-
Breast03, the DS-8201 group achieved a mPFS
of 28.8 months, whereas the T-DM1 group
achieved only 6.8months.”? In the HR+/
HER2+ subgroup, the mPFS was 26.2 months
for DS-8201-treated patients and 6.9 months for
T-DMl-treated patients, demonstrating the
potent therapeutic effect of DS-8201 in the HR+/
HER2+ cohort. The incidence of grade 3 or
higher treatment-related AEs remained similar
between the DS-8201 and T-DMI1 groups. A
greater incidence of drug-related interstitial lung
disease or pneumonia was observed in the
DS-8201 group. Neither group experienced any
AEs of grade 4 or 5, suggesting that DS-8201 is a
safe option for patients with ABC. Breast cancer
cells pathologically documented as HER2+ or
HER2++ with a negative result by fluorescence
in situ hybridization (HER2-low tumor) did not
show significant responses to traditional anti-
HER2 therapy. DESTINY-Breast04 recruited
HER2-low patients to compare the efficacy of
DS-8201 and chemotherapy in this patient popu-
lation. Patients treated with DS-8201 achieved a
longer mPFS than those treated with chemother-
apy (10.1 wersus 5.4months, respectively;
$»<<0.001), indicating that DS-8201 may be a
new option for the treatment of HR+/HER2-low
patients.”> DESTINY-Breast09 is comparing
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Table 2. New option for HR+/HER2+ ABC patients.

Clinical trial

Phase

Treatments arm

Cohort (size)

mPFS (months)

mOS (months)

DS8201
DESTINY-Breast01 I

DESTINY-Breast02 1

DESTINY-Breast03 11

DESTINY-Breast04 I

CDK4/6 inhibitors

NCT02657343; |

monarcHER I

PATRICIA Il

PI3K/AKT/mTOR inhibitors

BOLERO-1 1

BOLERO-3 I

PD-L1 inhibitors
KATE?2 1

DS8201

DS8201 versus

capecitabine + trastuzumab/lapatinib

DS8201 versus T-DM1

DS8201 versus chemotherapy

ribociclib + T-DM

group A: abemaciclib +
trastuzumab + fulvestrant
group B: abemaciclib +
trastuzumab

group C: chemotherapy +
trastuzumab

Palbociclib + trastuzumab

Everolimus /

placebo + trastuzumab + paclitaxel

Everolimus/

placebo + trastuzumab + vinorelbine

T-DM1 + atezolizumab/placebo

HER2+ (184)

HER2+ (608)

HER2+ (699)

HER2-low (494)

HR+/HER2+ (12)

HR+/HER2+
(325)

Cohort A: ER- (15)
cohort B1: ER+
(28)

cohort B2: ER+
with letrozole (28)

HER2+ (719)
HR-/HER2+ (311)

HER2+ (569)

HER2 + (202)

16.4

17.8 versus 6.9

HER2+: 28.8 versus 6.8
(p<0.0001)
HR+/HER2+: 26.2 versus
6.9

HR-/HER2+: 37.3 versus
6.8

HER2-low: 9.9 versus 5.1
(p<0.001)
HR-+/HER2-low: 10.1
versus 5.4 (p<0.001)
HR-/HER2-low: 8.5
versus 2.9

10.4

Group A versus group C:
8.3 versus 5.7 (p=0.051)
Group B versus group
C: 5.7 versus 5.7 (no
significant]

Luminal A: 10.6

Luminal B: 8.3
HER2-enriched: 4.3
Normal-like tumors: 3.7
PFS rate at 6 months:
Cohort A versus B1 versus
B2: 33.3% versus 42.8%
versus 46.4%

HER2+: 14.95 versus
14.49 (p=0.1166)
HR-/HER2+: 20.27 versus
13.08 (p=0.0049)

7.00 versus 5.78
(p=0.0067)

HER2+: 8.2 versus 6.3
(p=0.33)

HR+/HER2+: 6.8 versus
8.5

HR-/HER2+: 8.4 versus
4.1

39.2 versus 26.5

HER2+: NR
HR+/HER2+: 37.7
HR-/HER2+: NR

HER2-low: 23.4
versus 16.8
(p=0.001)
HR+/HER2-low:
23.9 versus 17.5
(p=0.003)
HR-/HER2-low:
18.2 versus 8.3

ABC, advanced breast cancer; CDK4/6, cyclin-dependent kinase 4/6; ER, estrogen receptor; HER2, human epidermal growth factor 2; HR, hormone
receptor; mOS, median overall survival; mPFS, median progression-free survival; mTOR, mammalian target of rapamycin; NR, not reached; PD-L1,
programmed cell death ligand 1; PI3K, phosphatidylinositol 3-kinase; T-DM1, trastuzumab-derivative of maytansine.
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Table 3. Ongoing clinical trials on treatment for HR+/HER2+ ABC patients.

1D Title Phase Status Intervention
Chemotherapy + ET + anti-HER2 therapy
NCT04941885 Inetetamab plus cyclophosphamide metronomic Il Recruiting Inetetamab + cyclophosphamide
chemotherapy plus Al in metastatic HER2+/HR+ breast metronomic chemotherapy + Al
cancer
Chemotherapy/ET + anti-HER2 therapy
NCT04646759 Fulvestrant or capecitabine combined with pyrotinib in 1] Recruiting Pyrotinib + fulvestrant/capecitabine
HR+/HER2+ metastatic breast cancer
NCT04337658 Anti-HER2 therapy + fulvestrant/capecitabine in women Il Not yet Pertuzumab + trastuzumab +
with HR+, HER2+, non-visceral metastases stage IV recruiting fulvestrant/capecitabine
breast cancer
ET + anti-HER2 therapy
NCT03910712 Pyrotinib combined with trastuzumab and Al in the first- 1l Not yet Pyrotinib +
line treatment of HER2-positive/HR-positive MBC recruiting trastuzumab + Al
CDK4/6 inhibitors + ET + anti-HER2 therapy
NCT05574881 Dalpiciclib, fulvestrant, trastuzumab and pertuzumab in /Il Active, not Dalpiciclib + fulvestrant +
HR-positive, HER2-positive metastatic breast cancer recruiting pertuzumab + trastuzumab
NCT05167643 H (trastuzumab or biosimilar) combined with CDK4/6 NA (Real Recruiting Enituzumab injection +
inhibitor + Al = OFS in the treatment of HR + HER2+ World abesili tablets +
ABC efficacy and safety: a Chinese Multi-Center Real- Study) anastrozole tablets
World Study
NCT05577442 Trastuzumab, pyrotinib combined with dalpiciclib and ET I Not yet Trastuzumab + pyrotinib +
for HR +/HER2 + ABC recruiting dalpiciclib + ET
NCT04224272 A study of ZW25 (zanidatamab) with palbociclib plus Il Active, not ZW?25 (zanidatamab) +
fulvestrant in patients with HER2+/HR+ ABC recruiting palbociclib + fulvestrant
NCT03913234 Phase IB and Il study of ribociclib with trastuzumab plus  1/II Recruiting Ribociclib +
letrozole in postmenopausal HR+, HER2+ ABC patients trastuzumab + letrozole
NCT03304080 Anastrozole, palbociclib, trastuzumab, and pertuzumab  1/Il Active, not Anastrozole + palbociclib +
in HR-positive, HER2-positive metastatic breast recruiting trastuzumab + pertuzumab
CDK4/6 inhibitor + ET 4+ chemotherapy + anti-HER2 therapy
NCT02675231 A study of abemaciclib (LY2835219) in women with HR+, Il Active, not Abemaciclib + trastuzumab +
HER2+ locally advanced or metastatic breast cancer recruiting fulvestrant + standard of care
single agent chemotherapy
PI3K inhibitor + ET + anti-HER2 therapy
NCT05230810 Clinical trial of alpelisb and tucatinib in patients with /1l Recruiting Alpelisib + tucatinib + fulvestrant
PIK3CA-mutant HER2+ metastatic breast cancer
T-Dxd + pertuzumab
NCTO04784715 T-DXd with or without pertuzumab versus taxane, 1l Recruiting T-Dxd + placebo/pertuzumab

trastuzumab, and pertuzumab in HER2-positive
metastatic breast cancer (DESTINY-Breast09)

versus taxane + trastuzumab +
pertuzumab

ABC, advanced breast cancer; Al, aromatase inhibitors; CDK4/6, cyclin-dependent kinase 4/6; ET, endocrine therapy; HER2, human epidermal growth factor receptor 2;

HR, hormone receptor; OFS, overian function suppression; T-DXd, trastuzumab deruxtecan.
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T-Dxd with or without pertuzumab with the
standard of care (taxane, trastuzumab, and pertu-
zumab) as a potential first-line treatment for
patients with HER2+ ABC, which may change
the standard first-line treatment for HER2+
breast cancer (Table 3).

Cyclin-dependent kinase 4/6 inhibitors

In addition to the interaction between the HR
and HER2 pathways, factors that regulate the cell
cycle also contribute to resistance to HER2-
targeted therapy and ET for HR+/HER2+ breast
cancer.”* In physiological conditions, cyclin-
dependent kinases (CDKs) and cyclins interact to
ensure the proper progression of the cell cycle.
CDK:Ss 4/6 bind with cyclin D, resulting in the for-
mation of the cyclin D-CDK4/6 complex. The
complex phosphorylates retinoblastoma protein,
which releases the E2F transcription factor and
promotes the transition of the cell cycle from
phase G, to S.” In ER+ breast cancer cells, over-
activation of cyclin D-CDK4/6 often leads to a
loss of cell cycle control, resulting in the limitless
proliferation of tumor cells (Figure 1).7¢
Currently, CDK4/6 inhibitors are being employed
as a standard first-line treatment for patients with
HR+ ABC.7778 For HR+/HER2+ breast cancer,
a preclinical study demonstrated that overexpres-
sion of cyclin D contributed to resistance to
HER2-targeted therapy. Cells that survived anti-
HER?2 therapy showed nuclear overexpression of
cyclin D1 and CDK4, suggesting hyperactivity of
the cyclin D1-CDK4/6—phosphorylated retino-
blastoma protein axis in anti-HER2 therapy-
treated cell lines.”” HER2 ligand interaction
activates the PI3K-AKT pathway and cyclin D1,
leading to resistance to trastuzumab and other
kinds of anti-HER2 therapy.”® Palbociclib effec-
tively inhibited the growth of ER+/HER2+ and
ER-/HER2+ breast cancer cell lines as a single
agent in a dose-dependent manner.8% These pre-
clinical results provided biological evidence for
the combination use of a CDK4/6 inhibitor plus
HER2-targeted therapy.

A phase Ib clinical trial enrolled patients with
advanced/metastatic HER2+ breast cancer who
had previously been treated with trastuzumab
and a taxane in any setting to analyze the safety
and efficacy of ribociclib conjugated with T-DM1.
The mPFS for patients with HR+/HER2+ was
10.8months (95% CI, 1.3-19.3months).
Ribociclib in combination with T-DM1 was well
tolerated in patients with HR-+/HER2+.8!

Designed as a randomized study of a CDK4/6
inhibitor in combination with ET and anti-HER2
therapy compared with standard chemotherapy
in patients pretreated with at least two HER2-
targeted treatments, MonarcHER first reported
the positive result of an improved mPFS in group
A (abemaciclib, trastuzumab, and fulvestrant)
compared with group C (chemotherapy and tras-
tuzumab).82 The adverse effects reported in group
A were more pronounced (nausea, vomiting, and
diarrhea) than in group C, but the adverse effects
were typically transient and controllable.
PATINA validated the value of adding palboci-
clib to trastuzumab and ET for maintenance after
induction therapy in the first-line setting in
patients with HER2+ ABC with two to four prior
lines of anti-HER?2 therapy.®3 For the luminal B
and luminal A subgroups, the mPFS figures were
10.6 and 8.3 months, respectively. The AEs were
all clinically manageable. Adding CDK4/6 inhibi-
tors and ET to anti-HER2 drug-based treatments
could be established as a novel chemotherapy-
free option with tolerable side effects for HR+/
HER2+ ABC after further validation.

PI3K-AKT-mTOR inhibitors

As described above, both the ER and HER2 path-
ways interact with the PI3K-AKT-mTOR path-
way. To explore the possibility of reversing
resistance to HER2-targeted therapy, investiga-
tors conducted the BOLERO-3 study to examine
the effectiveness of the combination of trastu-
zumab, vinorelbine, and everolimus or placebo in
patients with HER2+ ABC.8% The overall popu-
lation reported a mPFS of 7.00 months for the
everolimus group and 5.78 months for the pla-
cebo group (p=0.0067). However, the efficacy of
everolimus for the HR+ cohort was not as pro-
nounced as for the HR— cohort. Serious AEs
occurred in 117 (42%) patients in the everolimus
group and 55 (20%) patients in the placebo
group. For patients with HR+ disease, physicians
should consider the potential benefits and risks of
everolimus on an individual basis and closely
monitor patients for any side effects during
everolimus administration. In the first-line set-
ting, BOLERO-1 tested the efficacy of adding
everolimus to trastuzumab and paclitaxel for
patients with HER2+ ABC.85 The overall popu-
lation achieved a mPFS of 14.95months in the
everolimus group and 14.49months in the pla-
cebo group (p=0.1166). In the subgroup analy-
sis, a mPFS of 20.27 was achieved in the
everolimus group wversus 13.08 months in
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the placebo group (p=0.0049, significance
threshold=0.0044). Based on the results of
BOLERO-1, a subgroup analysis for the HR+
population was not formally conducted. The
safety profile was generally consistent with the
results previously reported in BOLERO-3.85
Although studies suggested that patients with
HR+ breast cancer may not benefit from treat-
ment containing everolimus, given the heteroge-
neity of the tumors, more biomarkers should be
explored and more trials should be designed to
identify patients who may benefit from everoli-
mus-containing treatments.

Programmed cell death protein 1/programmed
cell death ligand 1 inhibitors

Programmed cell death protein 1 (PD-1)/pro-
grammed cell death ligand 1 (PD-L1) inhibitors
can obstruct the interaction between PD-1 and
PD-L1 molecules, thereby reversing T-cell exhaus-
tion and augmenting the cytotoxic anti-tumor
effects of CD8+ T cells.?% Research on the thera-
peutic effectiveness of PD-1 and PD-L1 inhibitors
has mainly been conducted in patients with triple-
negative breast cancer.8” Nevertheless, attempts
are currently being made to explore the efficacy of
PD-1 and PD-L1 inhibitors in patients with HR+/
HER2+ ABC. The combination of T-DM1 and
atezolizumab has the potential to enhance the tox-
icity of anti-HER2 drugs and simultaneously
strengthen anti-tumor immunity. Based on this
premise, the KATE?2 study explored the efficacy of
combining T-DMI1 and atezolizumab for the treat-
ment of patients with HER+ ABC who had previ-
ously been treated with trastuzumab and a taxane
and experienced disease progression.®® The ate-
zolizumab group had a mPFS of 8.2months, as
compared with 6.3months in the placebo group
(»p=0.33). However, in the subgroup analysis,
patients receiving T-DM1 plus atezolizumab had a
mPFS of only 6.8 months, which did not exceed
the 8.5 months in the placebo group. Although the
T-DMI1 and atezolizumab combination therapy
did not yield positive results in the study, it did
uncover a novel treatment regimen for patients
with HR+/HER2+ ABC. The efficacy of combin-
ing a HER2-targeted therapy with PD-1 or PD-L1
inhibitors requires further validation.

Summary

Together, the trial results indicate that, for patients
with HR+/HER2+ ABC, adding ET to a dual
anti-HER?2 therapy-based treatment regimen may

be a favorable option. By reducing the develop-
ment of resistance to HER2-targeted and endo-
crine therapies, and delaying the wuse of
chemotherapy, the combination of anti-HER2
and ET not only provides clinical benefit but also
improves the quality of life of patients with ABC.
The combination of CDK4/6 inhibitors, ET, and
HER?2-targeted therapy has also achieved remark-
able efficacy in patients with HR+/HER2+ ABC,
and numerous clinical studies are underway to
further confirm its clinical effectiveness.
Considering that no positive results have been
achieved in studies on adding PI3K-AKT-mTOR
inhibitors and PD-1 or PD-L1 inhibitors to the
regimens, it will be necessary to explore new com-
bination therapies and further validate treatment
options to fully unleash the potential of the drugs.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors consent to the publication of this
review.

Author contributions
Yuehua Liang: Formal analysis; Writing —
original draft.

Xiaoran Liu: Project administration; Writing —
review & editing.

Zehui Yun:
original draft.

Conceptualization; Writing -—

Kun Li: Data curation; Writing — review &
editing.

Huiping Li: Project administration; Writing —
review & editing.

Acknowledgements

We thank Amanda Holland, PhD, from Liwen
Bianji (Edanz) (www.liwenbianji.cn) for editing
the English text of a draft of this manuscript.

Funding

The authors received no financial support for the
research, authorship, and/or publication of this
article.

Competing interests
The authors declare that there is no conflict of
interest.

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam
www.liwenbianji.cn

Y Liang, X Liu et al.

Availability of data and materials
All data and material are available.

ORCID iD
Yuehua Liang
0003-4702-1071

https://orcid.org/0000-

Supplemental material
Supplemental material for this article is available
online.

References
1. Sung H, Ferlay J, Siegel RL, ez al. Global Cancer
Statistics 2020: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers
in 185 countries. CA Cancer ¥ Clin 2021; 71:
209-249.

2. The National Health Commission of the People’s
Republic of China. National guidelines for
diagnosis and treatment of breast cancer 2022 in
China (English version). Chin ¥ Cancer Res 2022;
34: 151-175.

3. Vici P, Pizzuti L, Natoli C, ez al. Triple positive
breast cancer: a distinct subtype? Cancer Treat
Rev 2015; 41: 69-76.

4. Zhou P, Jiang YZ, Hu X, ez al.
Clinicopathological characteristics of patients
with HER2-positive breast cancer and the efficacy
of trastuzumab in the People’s Republic of China.
Onco Targets Ther 20165 9: 2287-2295.

5. Colleoni M, Sun Z, Price KN, et al. Annual
hazard rates of recurrence for breast cancer
during 24 years of follow-up: results from the
International Breast Cancer Study Group trials I
to V. ¥ Clin Oncol 2016; 34: 927-935.

6. Nahta R and O’Regan RM. Therapeutic
implications of estrogen receptor signaling in
HER2-positive breast cancers. Breast Cancer Res
Trear 20125 135: 39-48.

7. Brandao M, Caparica R, Malorni L, ez al. What
is the real impact of estrogen receptor status on
the prognosis and treatment of HER2-positive
early breast cancer? Clin Cancer Res 20205 26:
2783-2788.

8. Gradishar W], Moran MS, Abraham J, ez al.
Breast cancer, Version 3.2022, NCCN clinical
practice guidelines in oncology. ¥ Natl Compr
Canc Nerw 20223 20: 691-722.

9. Elster N, Collins DM, Toomey S, et al.
HER2-family signalling mechanisms, clinical
implications and targeting in breast cancer. Breast
Cancer Res Trear 2015; 149: 5-15.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Riese DJ 2nd and Stern DF. Specificity within
the EGF family/ErbB receptor family signaling
network. Bioessays 1998; 20: 41-48.

Roh H, Pippin J and Drebin JA. Down-regulation
of HER2/neu expression induces apoptosis in
human cancer cells that overexpress HER2/neu.
Cancer Res 2000; 60: 560-565.

Nilsson S, Mikeld S, Treuter E, er al.
Mechanisms of estrogen action. Physiol Rev 2001;
81: 1535-1565.

Prall OW, Rogan EM, Musgrove EA, er al. c-Myc
or cyclin D1 mimics estrogen effects on cyclin
E-Cdk2 activation and cell cycle reentry. Mol Cell
Biol 1998; 18: 4499-4508.

Dasgupta S, Lonard DM and O’Malley BW.
Nuclear receptor coactivators: master regulators
of human health and disease. Annu Rev Med
2014; 65: 279-292.

Bocchinfuso WP and Korach KS. Mammary
gland development and tumorigenesis in estrogen
receptor knockout mice. ¥ Mammary Gland Biol
Neoplasia 1997; 2: 323-334.

Levin ER. Extranuclear estrogen receptor’s roles
in physiology: lessons from mouse models. Am ¥
Physiol Endocrinol Metab 2014; 307: E133-E140.

Kurokawa H, Lenferink AE, Simpson JF, ez al.
Inhibition of HER2/neu (erbB-2) and mitogen-
activated protein kinases enhances tamoxifen
action against HER2-overexpressing, tamoxifen-
resistant breast cancer cells. Cancer Res 2000; 60:
5887-5894.

Giuliano M, Trivedi MV and Schiff R.
Bidirectional crosstalk between the estrogen
receptor and human epidermal growth factor
receptor 2 signaling pathways in breast cancer:
molecular basis and clinical implications. Breast
Care (Basel) 2013; 8: 256-262.

Kato S, Endoh H, Masuhiro Y, et al. Activation
of the estrogen receptor through phosphorylation
by mitogen-activated protein kinase. Science
1995; 270: 1491-1494.

Lee H, Jiang F, Wang Q, ez al. MEKK1
activation of human estrogen receptor alpha
and stimulation of the agonistic activity of
4-hydroxytamoxifen in endometrial and ovarian
cancer cells. Mol Endocrinol 2000; 14: 1882—
1896.

Nass N and Kalinski T. Tamoxifen resistance:
from cell culture experiments towards novel
biomarkers. Pathol Res Pract 2015; 211: 189—
197.

Saeki T, Cristiano A, Lynch M], er al. Regulation
by estrogen through the 5’-flanking region of

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam
https://orcid.org/0000-0003-4702-1071
https://orcid.org/0000-0003-4702-1071

THERAPEUTIC ADVANCES in

Volume 16

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

the transforming growth factor alpha gene. Mol
Endocrinol 1991; 5: 1955-1963.

Lee AV, Cui X and Oesterreich S. Cross-talk
among estrogen receptor, epidermal growth
factor, and insulin-like growth factor signaling
in breast cancer. Clin Cancer Res 20015 7:
4429s-4435s; discussion 4411s—4412s.

Bates SE, Davidson NE, Valverius EM, ez al.
Expression of transforming growth factor alpha
and its messenger ribonucleic acid in human
breast cancer: its regulation by estrogen and its
possible functional significance. Mol Endocrinol
1988; 2: 543-555.

Giuliano M, Hu H, Wang YC, ez al. Upregulation
of ER signaling as an adaptive mechanism of cell
survival in HER2-positive breast tumors treated
with anti-HER2 therapy. Clin Cancer Res 2015;
21: 3995-4003.

Wang YC, Morrison G, Gillihan R, ez al.
Different mechanisms for resistance to
trastuzumab versus lapatinib in HER2-positive
breast cancers — role of estrogen receptor and
HER?2 reactivation. Breast Cancer Res 2011; 13:
R121.

Pedram A, Razandi M and Levin ER. Nature
of functional estrogen receptors at the plasma
membrane. Mol Endocrinol 20065 20: 1996—2009.

Shou J, Massarweh S, Osborne CK, ez al.
Mechanisms of tamoxifen resistance: increased
estrogen receptor-HER2/neu cross-talk in ER/
HER2-positive breast cancer. ¥ Nail Cancer Inst
2004; 96: 926-935.

Xia W, Bacus S, Hegde P, 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 U S A 20065 103: 7795-7800.

Sakai H, Tsurutani J, Iwasa T, ez al. HER2
genomic amplification in circulating tumor DNA
and estrogen receptor positivity predict primary
resistance to trastuzumab emtansine (T-DM1)
in patients with HER2-positive metastatic breast
cancer. Breast Cancer 2018; 25: 605-613.

Smith I, Procter M, Gelber RD, et al. 2-year
follow-up of trastuzumab after adjuvant
chemotherapy in HER2-positive breast cancer:
a randomised controlled trial. Lancer 2007; 369:
29-36.

Lan KH, Lu CH and Yu D. Mechanisms
of trastuzumab resistance and their clinical
implications. Ann N Y Acad Sci 2005; 1059:
70-75.

Ran R, Huang W, Liu Y, ez al. Prognostic value
of plasma HER2 gene copy number in HER2-

34.

35.

36.

37.

38.

39.

40.

41.

43.

44.

positive metastatic breast cancer treated with
first-line trastuzumab. Onco Targets Ther 2020,
13: 4385-4395.

Scheuer W, Friess T, Burtscher H, ez al. Strongly
enhanced antitumor activity of trastuzumab and
pertuzumab combination treatment on HER2-
positive human xenograft tumor models. Cancer
Res 2009; 69: 9330-9336.

Barthélémy P, Leblanc J, Goldbarg V, ez al.
Pertuzumab: development beyond breast cancer.
Anticancer Res 2014; 34: 1483-1491.

Ryan Q, Ibrahim A, Cohen MH, ez al. FDA drug
approval summary: lapatinib in combination with
capecitabine for previously treated metastatic
breast cancer that overexpresses HER-2.
Oncologist 2008; 13: 1114-1119.

Ling Y, Liang G, Lin Q, ez al. circCDYL2
promotes trastuzumab resistance via sustaining
HER?2 downstream signaling in breast cancer.
Mol Cancer 2022; 21: 8.

Gui X, Li H, Yan Y, ez al. Efficacy of lapatinib
combined with capecitabine in patients with
HER2-positive metastatic breast cancer in a real-
world study. Oncol Lett 20205 20: 378.

Zhu Y, Li L, Zhang G, et al. Metabolic
characterization of pyrotinib in humans by ultra-
performance liquid chromatography/quadrupole
time-of-flight mass spectrometry. ¥ Chromatogr B
Analyt Technol Biomed Life Sci 20165 1033—-1034:
117-127.

Gourd E. Pyrotinib shows activity in metastatic
breast cancer. Lancet Oncol 2017; 18: e643.

Chan A, Delaloge S, Holmes FA, er al. Neratinib
after trastuzumab-based adjuvant therapy in
patients with HER2-positive breast cancer
(ExteNET): a multicentre, randomised, double-
blind, placebo-controlled, phase 3 trial. Lancer
Oncol 2016; 17: 367-377.

. Liao H, Huang W, Liu Y, ez al. Efficacy and

safety of pyrotinib versus T-DM1 in HER2+
metastatic breast cancer patients pre-treated with
trastuzumab and a taxane: a Bayesian network
meta-analysis. Front Oncol 20215 11: 608781.

Barginear MF, John V and Budman DR.
Trastuzumab-DMI1: a clinical update of the
novel antibody—drug conjugate for HER2-
overexpressing breast cancer. Mol Med 2013; 18:
1473-1479.

Ogitani Y, Aida T, Hagihara K, et al. DS-8201a,
a novel HER2-targeting ADC with a novel
DNA topoisomerase I inhibitor, demonstrates a
promising antitumor efficacy with differentiation
from T-DM1. Chn Cancer Res 20165 22: 5097—
5108.

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

Y Liang, X Liu et al.

45. Doi T, Shitara K, Naito Y, er al. Safety,
pharmacokinetics, and antitumour activity of
trastuzumab deruxtecan (DS-8201), a HER2-
targeting antibody—drug conjugate, in patients
with advanced breast and gastric or gastro-
oesophageal tumours: a phase 1 dose-escalation
study. Lancet Oncol 2017; 18: 1512-1522.

46. Aggelis V and Johnston SRD. Advances in
endocrine-based therapies for estrogen receptor-
positive metastatic breast cancer. Drugs 2019; 79:
1849-1866.

47. Mauriac L and Smith I. Aromatase inhibitors in
early breast cancer treatment. Semin Oncol 2003;
30: 46-57.

48. Johnston SR and Dowsett M. Aromatase
inhibitors for breast cancer: lessons from the
laboratory. Nat Rev Cancer 2003; 3: 821-831.

49. Frasor ], Stossi F, Danes JM, er al. Selective
estrogen receptor modulators: discrimination of
agonistic versus antagonistic activities by gene
expression profiling in breast cancer cells. Cancer
Res 2004; 64: 1522-1533.

50. Wardell SE, Marks JR and McDonnell DP. The
turnover of estrogen receptor o by the selective
estrogen receptor degrader (SERD) fulvestrant
is a saturable process that is not required for
antagonist efficacy. Biochem Pharmacol 2011; 82:
122-130.

51. Wittmann BM, Sherk A and McDonnell DP.
Definition of functionally important mechanistic
differences among selective estrogen receptor
down-regulators. Cancer Res 2007; 67: 9549—
9560.

52. Woode DR, Aiyer HS, Sie N, er al. Effect of berry
extracts and bioactive compounds on fulvestrant
(ICI 182,780) sensitive and resistant cell lines. Inz
J Breast Cancer 2012; 2012: 147828.

53. Guan J, Zhou W, Hafner M, er al. Therapeutic
ligands antagonize estrogen receptor function by
impairing its mobility. Cell 2019; 178: 949-963.
e918.

54. Fanning SW and Greene GL. Next-generation
ERa inhibitors for endocrine-resistant ER+
breast cancer. Endocrinology 2019; 160: 759-769.

55. Smith IE. Efficacy and safety of herceptin in
women with metastatic breast cancer: results
from pivotal clinical studies. Anticancer Drugs
2001; 12(Suppl. 4): S3-S10.

56. Gelmon KA, Boyle FM, Kaufman B, ez al.
Lapatinib or trastuzumab plus taxane therapy
for human epidermal growth factor receptor
2-positive advanced breast cancer: final results

57.

58.

59.

of NCIC CTG MA.31. ¥ Clin Oncol 2015; 33:
1574-1583.

Swain SM, Miles D, Kim SB, ez al. Pertuzumab,
trastuzumab, and docetaxel for HER2-positive
metastatic breast cancer (CLEOPATRA): end-of-
study results from a double-blind, randomised,
placebo-controlled, phase 3 study. Lancer Oncol
2020; 21: 519-530.

Xu B, Li W, Zhang Q, et al. A phase

III, randomized, double-blind, placebo
(Pla)-controlled study of pertuzumab

(P) + trastuzumab (H) + docetaxel (D) versus
Pla + H + D in previously untreated HER2-
positive locally recurrent/metastatic breast cancer
(LR/MBC) (PUFFIN). ¥ Clin Oncol 2019; 37:
1026-1026.

Xu B, Li W, Zhang Q, et al. Pertuzumab,
trastuzumab, and docetaxel for Chinese patients
with previously untreated HER2-positive locally
recurrent or metastatic breast cancer (PUFFIN):
a phase III, randomized, double-blind, placebo-
controlled study. Breast Cancer Res Treat 2020;
182: 689-697.

60. Kaufman B, Mackey JR, Clemens MR, ez al.

63.

64.

Trastuzumab plus anastrozole versus anastrozole
alone for the treatment of postmenopausal
women with human epidermal growth factor
receptor 2-positive, hormone receptor-positive
metastatic breast cancer: results from the
randomized phase III TAnDEM study. ¥ Clin
Oncol 2009; 27: 5529-5537.

. Schwartzberg LS, Franco SX, Florance A, er al.

Lapatinib plus letrozole as first-line therapy for
HER-2+ hormone receptor-positive metastatic
breast cancer. Oncologist 20105 15: 122—-129.

. Huober J, Fasching PA, Barsoum M, er al.

Higher efficacy of letrozole in combination with
trastuzumab compared to letrozole monotherapy
as first-line treatment in patients with HER2-
positive, hormone-receptor-positive metastatic
breast cancer — results of the eLECTRA trial.
Breast 2012; 21: 27-33.

Statler AB, Hobbs BP, Wei W, er al. Real-world
treatment patterns and outcomes in HR+/
HER2+ metastatic breast cancer patients: a
national cancer database analysis. Scz Rep 2019;
9: 18126.

Hua X, Bi XW, Zhao JL, et al. Trastuzumab plus
endocrine therapy or chemotherapy as first-line
treatment for patients with hormone receptor-
positive and HER2-positive metastatic breast
cancer (SYSUCC-002). Clin Cancer Res 2022;
28: 637-645.

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

THERAPEUTIC ADVANCES in

Volume 16

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Rimawi M, Ferrero JM, de la Haba-Rodriguez

], er al. First-line trastuzumab plus an aromatase
inhibitor, with or without pertuzumab, in human
epidermal growth factor receptor 2-positive

and hormone receptor-positive metastatic or
locally advanced breast cancer (PERTAIN):

a randomized, open-label phase II trial. ¥ Clin
Oncol 2018; 36: 2826-2835.

Arpino G, de la Haba Rodriguez J, Ferrero

JM, et al. Pertuzumab, trastuzumab, and an
aromatase inhibitor for HER2-positive and
hormone receptor-positive metastatic or locally
advanced breast cancer: PERTAIN final analysis.
Clin Cancer Res 2023; 29: 1468-1476.

Tripathy D, Kaufman PA, Brufsky AM, ez al.
First-line treatment patterns and clinical outcomes
in patients with HER2-positive and hormone
receptor-positive metastatic breast cancer from
registHER. Oncologist 2013; 18: 501-510.

Modi S, Saura C, Yamashita T, et al.
Trastuzumab deruxtecan in previously treated
HER2-positive breast cancer. N Engl ¥ Med 2020;
382: 610-621.

Saura C, Oliveira M, Feng YH, er al. Neratinib
plus capecitabine versus lapatinib plus
capecitabine in HER2-positive metastatic breast
cancer previously treated with =2 HER2-directed
regimens: phase III NALA trial. ¥ Clin Oncol
2020; 38: 3138-3149.

Rugo HS, Im SA, Cardoso F, ez al. Efficacy of
margetuximab vs trastuzumab in patients with
pretreated ERBB2-positive advanced breast
cancer: a phase 3 randomized clinical trial. JAMA
Omncol 2021; 7: 573-584.

Darisipudi S. DESTINY-Breast02 confirms
benefit of trastuzumab deruxtecan in previously
treated patients with HER2+ metastatic breast
cancer, https://www.oncnursingnews.com/
view/destiny-breast02-confirms-benefit-of-
trastuzumab-deruxtecan-in-previously-treated-
patients-with-her2-metastatic-breast-cancer
(accessed 10 December 2022).

Cortés J, Kim SB, Chung WP, ez al. Trastuzumab
deruxtecan versus trastuzumab emtansine for
breast cancer. N Engl ¥ Med 2022; 386: 1143—
1154.

Modi S, Jacot W, Yamashita T, ez al.
Trastuzumab deruxtecan in previously treated
HER2-low advanced breast cancer. N Engl ¥ Med
2022; 387: 9-20.

Dickson MA. Molecular pathways: CDK4
inhibitors for cancer therapy. Clin Cancer Res
2014; 20: 3379-3383.

75.

76.

117.

78.

79.

80.

81.

82.

83.

84.

85.

Finn RS, Dering J, Conklin D, ez al. PD

0332991, a selective cyclin D kinase 4/6 inhibitor,
preferentially inhibits proliferation of luminal
estrogen receptor-positive human breast cancer
cell lines in vitro. Breast Cancer Res 2009; 11: R77.

Pandey K, An HJ, Kim SK, ez al. Molecular
mechanisms of resistance to CDK4/6 inhibitors
in breast cancer: a review. Int ¥ Cancer 2019; 145:
1179-1188.

Zhang L, Song G, Shao B, et al. The efficacy and
safety of palbociclib combined with endocrine
therapy in patients with hormone receptor-
positive HER2-negative advanced breast cancer:
a multi-center retrospective analysis. Anticancer
Drugs 2022; 33: e635-¢643.

O’Sullivan CC, Suman V] and Goetz MP. The
emerging role of CDK4/6i in HER2-positive
breast cancer. Ther Adv Med Oncol 2019; 11:
1758835919887665.

Goel S, Wang Q, Watt AC, et al. Overcoming
therapeutic resistance in HER2-positive breast
cancers with CDK4/6 inhibitors. Cancer Cell
2016; 29: 255-269.

ElChaarani B, Stires H, Pohlmann PR, ez al.
Pre-clinical analysis of the CDK4/6 inhibitor
palbociclib in HER2-positive breast cancer. ¥ Clin
Oncol 2017; 35: e12520-e12520.

Spring LM, Clark SL, Li T, ez al. Phase 1b
clinical trial of ado-trastuzumab emtansine and
ribociclib for HER2-positive metastatic breast
cancer. NP¥ Breast Cancer 20215 7: 103.

Tolaney SM, Wardley AM, Zambelli S, ez al.
Abemaciclib plus trastuzumab with or without
fulvestrant versus trastuzumab plus standard-
of-care chemotherapy in women with hormone
receptor-positive, HER2-positive advanced
breast cancer (monarcHER): a randomised,
open-label, phase 2 trial. Lancet Oncol 2020; 21:
763-775.

Ciruelos E, Villagrasa P, Pascual T, ez al.
Palbociclib and trastuzumab in HER2-positive
advanced breast cancer: results from the phase II
SOLTI-1303 PATRICIA trial. Clin Cancer Res
2020; 26: 5820-5829.

André F, O’Regan R, Ozguroglu M, ez al.
Everolimus for women with trastuzumab-
resistant, HER2-positive, advanced breast cancer
(BOLERO-3): a randomised, double-blind,
placebo-controlled phase 3 trial. Lancer Oncol
2014; 15: 580-591.

Hurvitz SA, Andre F, Jiang Z, et al. Combination
of everolimus with trastuzumab plus paclitaxel
as first-line treatment for patients with HER2-

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam
https://www.oncnursingnews.com/view/destiny-breast02-confirms-benefit-of-trastuzumab-deruxtecan-in-previously-treated-patients-with-her2-metastatic-breast-cancer
https://www.oncnursingnews.com/view/destiny-breast02-confirms-benefit-of-trastuzumab-deruxtecan-in-previously-treated-patients-with-her2-metastatic-breast-cancer
https://www.oncnursingnews.com/view/destiny-breast02-confirms-benefit-of-trastuzumab-deruxtecan-in-previously-treated-patients-with-her2-metastatic-breast-cancer
https://www.oncnursingnews.com/view/destiny-breast02-confirms-benefit-of-trastuzumab-deruxtecan-in-previously-treated-patients-with-her2-metastatic-breast-cancer

Y Liang, X Liu et al.

positive advanced breast cancer (BOLERO-1): a and fuzuloparib in patients with recurrent or
phase 3, randomised, double-blind, multicentre metastatic triple-negative breast cancer. BMC
trial. Lancet Oncol 2015; 16: 816-829. Med 2022; 20: 321.

86. Liang Y, Liu X, Li K, ez al. Current situation of 88. Emens LA, Esteva FJ, Beresford M, ez al.
programmed cell death protein 1/programmed
cell death ligand 1 inhibitors in advanced triple-
negative breast cancer. Chin ¥ Cancer Res 2022;

Trastuzumab emtansine plus atezolizumab versus
trastuzumab emtansine plus placebo in previously
treated, HER2-positive advanced breast cancer

. Visit Sage journals online
34: 117-130. (KATE2): a phase 2, multicentre, randomised, journals.sagepub.com/
87. Zhang Q, Shao B, Tong Z, ez al. A phase Ib study double-blind trial. Lancer Oncol 20205 21: home/tam
of camrelizumab in combination with apatinib 1283-1295. S Sage journals

journals.sagepub.com/home/tam 17


https://journals.sagepub.com/home/tam
https://journals.sagepub.com/home/tam
https://journals.sagepub.com/home/tam

