
Contents lists available at ScienceDirect

Cancer Treatment Reviews

journal homepage: www.elsevier.com/locate/ctrv

Laboratory-Clinic Interface

Biomarkers for HER2-positive metastatic breast cancer: Beyond hormone
receptors

Maria Vittoria Diecia,b,⁎, Federica Migliettaa, Gaia Griguoloa,b, Valentina Guarneria,b

a Department of Surgery, Oncology and Gastroenterology, University of Padova, Padova, Italy
bMedical Oncology 2, Istituto Oncologico Veneto IOV-IRCCS, Padova, Italy

A R T I C L E I N F O

Keywords:
HER2-positive breast cancer
Biomarkers
Metastatic breast cancer
Targeted therapy

A B S T R A C T

The overexpression of human epidermal growth factor receptor-2 (HER2) results in a biologically and clinically
aggressive breast cancer (BC) subtype. Since the introduction of anti-HER2 targeted agents, survival rates of
patients with HER2-positive metastatic BC have dramatically improved. Currently, although the treatment de-
cision process in metastatic BC is primarily based on HER2 and hormone-receptor (HR) status, a rapidly growing
body of data suggests that several other sources of biological heterogeneity may characterize HER2-positive
metastatic BC. Moreover, pivotal clinical trials of new anti-HER2 antibody-drug conjugates showed encouraging
results in HER2-low metastatic BC, thus leading to the possibility, in the near future, to expand the pool of
patients suitable for HER2-targeted treatments. The present review summarizes and puts in perspective available
evidence on biomarkers that hold the greatest promise to become potentially useful tools for optimizing HER2-
positive metastatic BC patients' prognostic stratification and treatment in the next future. These biomarkers
include HER2 levels and heterogeneity, HER3, intrinsic molecular subtypes by PAM50 analysis, DNA mutations,
and immune-related factors. Molecular discordance between primary and metastatic tumors is also discussed.

Introduction

Human epidermal growth factor receptor-2 (HER2) is overexpressed
in 15–20% of breast cancer (BC) cases, resulting in an aggressive clin-
ical behaviour [1]. The introduction of trastuzumab has contributed to
revert the poor prognosis of HER2-positive metastatic BC patients [2,3].
In Europe, at present, the pool of approved drugs for the treatment of
HER2-positive metastatic BC includes trastuzumab, lapatinib, pertu-
zumab and T-DM1. Thanks to these therapeutic advances the overall
survival of HER2-positive metastatic BC patients now exceeds
50 months from the diagnosis of advanced disease, with data from the
real-world setting matching the results of clinical trials [4,5].

The current therapeutic algorithms can be further personalized ac-
cording to hormone receptors (HR) co-expression. The only treatment
specifically approved for HR−/HER2+ disease is the combination of
lapatinib and trastuzumab [6]. More options are available for the subset
of HR+/HER2+ patients. Combinations of endocrine therapy with
single agent anti-HER2 drug represent an option for selected HR
+/HER2+ patients according to the results of randomized trials
showing benefit from the addition of trastuzumab or lapatinib to an
aromatase inhibitor [7-9]. More recently, two randomized studies

evaluated the role of dual blockade combined with endocrine therapy
for HR+/HER2+. The PERTAIN trial [10] randomized 129 patients to
first line trastuzumab and pertuzumab or trastuzumab, in combination
with an aromatase inhibitor. Patients could receive induction che-
motherapy with taxane according to physician’s decision. The study
demonstrated a significant progression-free survival (PFS) benefit for
the dual blockade arm in the overall cohort (median 18.89 vs
15.80 months, HR 0.65 95%CI 0.48–0.89, p = 0.007) and in the cohort
of patients who did not receive induction chemotherapy (median 21.72
vs 12.45 months, HR 0.55 95%CI 0.34–0.88, p = 0.0111). The ALTE-
RNATIVE trial [11] randomly assigned patients in the≥2 line setting to
receive: trastuzumab + lapatinib + aromatase inhibitor or trastu-
zumab + aromatase inhibitor or lapatinib + aromatase inhibitor. The
dual blockade arm showed a significant improvement in PFS as com-
pared to the trastuzumab arm (median 11 vs 5.7 months, HR = 0.62,
p = 0.0064).

Although for therapeutic decisions, at present, we dichotomize
HER2-positive BC in HR+ and HR−, there are many other sources of
biologic heterogeneity including: gene expression, DNA mutations and
the immune microenvironment (Fig. 1). None of these new potential
biomarkers is ready for clinical application, however research in the
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field is moving rapidly also fostered by the development of new anti-
HER2 treatments. This review summarizes the updated evidence on
biomarkers that hold the greatest promise to become potentially useful
tools for optimizing HER2-positive metastatic BC patients' prognostic
stratification and treatment in the next future.

Change of tumor phenotype from primary to metastasis

Since in clinical practice we base our decisions on HER2 and HR
status, it is important to highlight that tumor phenotype may change
from primary tumor to metastasis. A recent systematic review and
metanalysis has collected the evidence from multiple studies assessing
the receptor conversion during disease progression. For estrogen re-
ceptor, conversion rate was 22.5% from positive to negative and 21.5%
from negative to positive. For progesterone receptor, conversion rate
was 49.4% from positive to negative and 15.9% from negative to po-
sitive. HER2 loss occurred in 21.3% of cases with a HER2-positive
primary tumor, HER2 acquisition was rare, occurring in 9.5% of cases
with a HER2-negative primary tumor [12]. In some cases these changes
may be due to technical issues, therefore it is recommended, whenever
possible, to simultaneously re-assess the matched samples [13]. How-
ever, there are evidence also supporting a true change in tumor biology.
Receptor loss leading to a triple-negative phenotype on metastasis has
been associated with a worse survival [14]. Moreover, molecular in-
trinsic subtype can shift from primary tumor to metastasis. According to
an analysis of 123 patients, the distribution of molecular intrinsic
subtype in primary tumor vs metastasis was 39% vs 26% for Luminal A
(p = 0.029), 26% vs 35.8% for Luminal B (p = 0.097), 11.4% vs 22%
for HER2-enriched (p = 0.026) and 9.8% vs 12.2% for Basal-like
(p = 0.540) [15]. In the same study, metastases were enriched for
proliferation-related genes. Data from a prospective cohort of patients
showed that clonal remodeling is associated to phenotype conversion
from primary to metastasis. The cancer cell fraction of the different
mutations of each sample was evaluated by deep sequencing in order to
obtain a measure of tumor clonal heterogeneity. The authors reported a
higher clonal heterogeneity (lower cancer cell fraction) for primary
tumors as compared to metastases; moreover, significant changes in the
cancer cell fraction were confined to matched samples that showed a
conversion in tumor phenotype [16].

Metastasis biopsy is now endorsed by international guidelines
whenever possible, especially when the disease course is unusual for the
known phenotype of the primary tumor [17–19]. However, it is un-
known which result should be used to drive therapeutic choices. Ac-
cording to the Advanced Breast Cancer 4 International Consensus

Conference, the recommendation is to consider the use of targeted
therapy when receptors are positive in at least one biopsy, regardless of
timing [19]. Nevertheless, the therapeutic scenario for metastatic BC
patients is becoming more and more personalized and diversified ac-
cording to tumor phenotype. Therefore, it should be encouraged to
integrate the results of metastasis biopsy with clinical judgement, in
order not to miss the opportunity of a more personalized treatment and
the possibility to enroll patients in clinical trials.

HER2 and HER3

HER2 levels

One possible source of heterogeneity in HER2+ disease is the target
itself. Although for therapeutic decisions HER2 status is commonly di-
chotomized in positive and negative according to im-
munohistochemistry (IHC) and fluorescent in situ hybridization (FISH),
HER2 expression is a continuum. The levels of ERBB2 mRNA progres-
sively increase across samples classified as IHC score 0, IHC score 1+,
IHC score 2+ non amplified by FISH, IHC score 2+ amplified by FISH
and IHC score 3+ [20]. These considerations lead to two main ques-
tions:

1. What is the impact of HER2 levels in HER2-positive metastatic BC
patients treated with standard therapy?

2. Is there room for targeting HER2-negative tumors with low HER2
expression (meaning cases with IHC score 1+ or 2+ not amplified by
FISH)?

Starting from the first question, the level of HER2 expression eval-
uated either by IHC or mRNA has been shown to be prognostic for
metastatic BC patients treated with chemotherapy and anti-HER2
monoclonal antibodies in the CLEOPATRA trial. Patients from this
study showed a worse PFS in case of low HER2 levels (HR 0.77, 95% CI
0.63–0.93, p = 0.0080 for high vs low ERBB2 mRNA; HR 0.83, 95% CI
0.69–1.00, p = 0.0502 for high vs low HER2 by IHC). In the same
study, HER2 levels were not predictive for the benefit of dual blockade
(trastuzumab and pertuzumab) over single blockade (trastuzumab) in
combination with docetaxel [21].

Intuitively, the impact of HER2 levels in HER2-positive disease may
be more relevant when dealing with chemotherapy-free regimens or in
case of treatment with T-DM1 that specifically delivers the cytotoxic to
those tumor cells expressing the target. Table 1 summarizes the median
PFS according to level of HER2 expression for patients treated with T-
DM1 or chemotherapy combined with anti-HER2 drugs in randomized
clinical trials [22–24]. According to absolute median PFS, the

Fig. 1. Sources of heterogeneity in HER2-positive breast cancer.
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performance of T-DM1 was worse in those patients with a low HER2
expression as compared to patients with a high HER2 expression.
Moreover, in each trial, the difference in absolute median PFS between
the T-DM1 and the chemotherapy + anti-HER2 arms was reduced in
patients with low HER2 expression as compared to patients with high
HER2 expression. However, the relative effect of T-DM1 was not or only
marginally affected, therefore no interaction between HER2 levels and
treatment can be claimed.

New anti-HER2 antibody-drug conjugates (trastuzumab deruxtecan
- already approved by Food and Drug Administration for HER2-positive
metastatic BC patients based on the phase II DESTINY-Breast01 trial
[25] - and trastuzumab duocarmazine) have demonstrated clinical ac-
tivity in patients presenting a low HER2 expression although categor-
ized as HER2-negative as per standard definition (IHC score 1+ or 2+/
not amplified) [26]. These new antibody-drug conjugates present
structural differences as compared to T-DM1 that may account for a
distinct activity profile. trastuzumab deruxtecan shows a higher drug to
antibody ratio (7.7) as compared to T-DM1 (3.5) that allows to effec-
tively deliver a higher amount of drug to targeted cells without negative
implications on the structure of the molecule. Both trastuzumab der-
uxtecan and trastuzumab duocarmazine present a cleavable linker be-
tween the cytotoxic and the antibody that confers a more pronounced
ability to kill bystander cells as compared to T-DM1 (non-cleavable
linker). Moreover, the payload of T-DM1, being an inhibitor of micro-
tubules assembly, is active in specific phases of the cell cycle, whereas
the payloads of trastuzumab deruxtecan (topoisomerase I inhibitor) and
trastuzumab duocarmazine (duocarmycin analogue with alkylating
activity) may have a broader effect on tumor cells [27].

In early phase clinical trials the objective response rate with tras-
tuzumab deruxtecan [25] and trastuzumab duocarmazine [26] in
HER2-low pretreated patients was> 30% (37% for trastuzumab der-
uxtecanand 32% for trastuzumab duocarmazine). With trastuzumab
deruxtecan, the median PFS was 11.1 months and the median duration
of response was 10.4 months, which is remarkable for a heavily pre-
treated population (median number of prior regimens: 7.5). The DES-
TINY-Breast04 phase III trial, comparing trastuzumab deruxtecan vs
treatment of physician’s choice in HER2-low metastatic BC patients is
currently ongoing (NCT03734029). The results of this trial, if positive,
will open the opportunity to expand the pool of patients that could
benefit from anti-HER2 therapies. Indeed, HER2-low tumors represent a
high proportion of BC cases, estimated around 45–55% [28]. In a series
of 534 metastatic BC patients from our Institution, the prevalence of
HER2-low cases is 32% (36% in the HR+ and 34% in the HR− sub-
group; unpublished personal data). The biology, clinical landscape and
therapeutic implications of HER2-low tumors have been recently re-
viewed in detail [28].

HER2 heterogeneity

HER2 expression and amplification may also show intratumoral
heterogeneity. This heterogeneity may present in three main patterns:
the “clustered” type, with two distinct areas of the same tumor showing
different HER2 status; the “mosaic”type, displaying either diffuse in-
termingling of cells with different HER2 statuses; the “scattered type”,
with positive and/or amplified cells dispersed within a negative tumor
area [29]. The prevalence of HER2 genetic heterogeneity has been
described in the range of 1–34% [30–39]. The majority of data on the
impact of intratumoral HER2 heterogeneity on response to anti-HER2
therapy comes from the neoadjuvant setting. In a retrospective series of
64 cases of HER2-positive BC patients treated with neoadjuvant che-
motherapy and anti-HER2 monoclonal antibodies (either trastuzumab
or trastuzumab and pertuzumab), significantly more cases with HER2
intratumoral heterogeneity were found in patients not achieving a pa-
thological complete response (pCR) as compared to the pCR group
(56% vs 13%, p < 0.001). The presence of HER2 intratumoral het-
erogeneity was independently associated with non-pCR (OR 0.21,
p = 0.021) [38]. A recent study has prospectively evaluated the impact
of HER2 heterogeneity on the efficacy of neoadjuvant treatment with T-
DM1 and pertuzumab for 6 cycles. Among 157 patients with centrally
confirmed HER2-positive BC, 10% showed HER2 heterogeneity (most
were HR+) defined as either FISH amplified in> 5% and<50% of
tumor cells or an area of tumor that tested HER2-negative. None of the
patients in the heterogeneous group achieved a pCR as compared to
55% of patients with non heterogeneous tumors (p < 0.001) [40].
Interestingly, there was a partial overlap between heterogeneous cases
and tumors with HER2 IHC score 2+: of the 16 heterogeneous tumors,
12 (75%) had a IHC score 2+ and 4 an IHC score 3+. Patients with a
HER2 2+ IHC score achieved significantly lower pCR rates vs patients
with HER2 3+ tumors (27% vs 56%, p = 0.002), however the statis-
tical significance was lost when heterogeneous tumors were excluded
(pCR 40% vs 58%, p = 0.10), suggesting that HER2 heterogeneity is a
major driver of reduced sensitivity to T-DM1 and pertuzumab.

HER2 heterogeneity was also evaluated in the KRISTINE trial. This
study randomized patients to receive neoadjuvant T-DM1 and pertu-
zumab vs trastuzumab, pertuzumab, docetaxel and carboplatin. In the
T-DM1 and pertuzumab arm, patients who experienced a locoregional
progression before surgery were enriched for cases with heterogeneous
HER2 IHC expression (80%), whereas 85% of patients without locor-
egional progression had a homogeneous HER2 IHC expression [41].

In the metastatic setting, a post-hoc analysis of the MARIANNE trial
evaluated the impact of HER2 heterogeneity. The performance of the
TDM1 containing arms was poorer in those patients with a hetero-
geneous HER2 expression (< 80% of IHC 2+/3+ tumor cells) as
compared to patients with a homogeneous HER2 expression (≥80% of
IHC 2+/3+ tumor cells). Patients with HER2 heterogeneity achieved a
median PFS < 10 months with T-DM1 and T-DM1 and pertuzumab

Table 1
PFS according to HER2 expression level in patients treated with T-DM1 or chemotherapy + anti-HER2 agent for HER2-positive metastatic BC (data from randomized
phase III trials).

EMILIA [22] HER2 level T-DM1, mPFS (months) CL, mPFS (months) Δ mPFS (months) HR (95% CI)

ERBB2 mRNA High 10.6 6.9 +3.1 0.65 (0.50–0.85)
Low 8.2 6.4 +1.8 0.64 (0.50–0.82)

TH3RESA [24] HER2 level T-DM1, mPFS (months) TPC, mPFS (months) Δ mPFS (months) HR (95% CI)
ERBB2 mRNA High 7.2 3.4 +3.8 0.40 (0.28–0.59)

Low 5.5 3.9 +1.3 0.68 (0.49–0.92)
MARIANNE [23] HER2 level T-DM1, mPFS (months) T + Tax, mPFS (months) Δ mPFS (months) HR (95% CI)
ERBB2 mRNA High 18.6 15.9 +2.7 0.90 (0.65–1.25)

Low 10.2 12.4 −2.2 1.00 (0.74–1.34)
HER2 IHC IHC 3+ 14.6 14.4 +0.2 0.93 (0.75–1.16)

IHC 2+ 7.3 12.6 −5.3 1.13 (0.55–2.32)

Abbreviations: mPFS, median progression-free survival; HR, hazard ratio; CI, confidence interval; CL, capecitabine and lapatinib; TPC, treatment of physician’s
choice; T, trastuzumab; Tax, taxane; IHC, immunohistochemistry.
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whereas patients with homogeneous HER2 IHC expression achieved
median PFS of 14.7 months with T-DM1 and 17.8 months with T-DM1
and pertuzumab. The outcome of patients in the taxane + trastuzumab
arm was less affected by HER2 heterogeneity [23].

These data do not support at the moment the choice to discard T-
DM1 treatment for metastatic BC patients in case of HER2 intratumoral
heterogeneity. Although neoadjuvant data strongly suggest that T-DM1
may be less effective in these patients, such data cannot be directly
transferred to the metastatic setting. Indeed, it is unknown how HER2
intratumor heterogeneity may evolve during progression and which is
the role of intermetastases heterogeneity. The only data in the meta-
static setting are based on few events from a post-hoc analysis of a
randomized trial conducted in a setting that is not the current indica-
tion for T-DM1. Nevertheless, it is likely that reporting the proportion of
positive cells within a HER2-positive tumor will be required in the next
future if HER2 heterogeneity will be confirmed as a negative predictive
factor for T-DM1. Functional imaging may also play a role in this
context: according to the ZEPHIR study, the presence of intrapatient
heterogeneity by HER2-PET/CT (positron emission tomography/com-
puted tomography scan) combined with a poor early metabolic re-
sponse was able to discriminate metastatic HER2-positive patients not
responding to T-DM1 [42]. Moreover, the role of new anti-HER2 anti-
body-drug conjugates in HER2 heterogeneous tumors needs to be
clarified in order to define the best treatment option for these patients.

HER3

HER3, another member of the EGFR receptor family, has been
shown to play a crucial role in driving oncogenic cellular proliferation
in several human tumors [43]. The HER2–HER3 dimer is crucial for
HER2-mediated signalling in tumours containing amplifications of
HER2 and, in fact, HER2–HER3 is considered the most active signalling
dimer [43]. In preclinical studies, HER3 has been reported to play a
pathophysiological role in resistance to anti‐HER therapies [44–46].
However, the evaluation of HER3 mRNA levels in patients enrolled in
recent randomized clinical trials led to inconsistent results in terms of
association with prognosis. The expression of HER3 was not prognostic
according to translational analyses of the EMILIA, TH3RESA and
MARIANNE trials [22–24]. In the CLEOPATRA trial, high HER3 ex-
pression was independently associated with improved prognosis [21].
In the same trial HER3 did not predict for the benefit of trastu-
zumab + pertuzumab vs trastuzumab combined with docetaxel [21].

It is possible that the evaluation of HER3 expression may not fully
recapitulate the biology and state of activation of the receptor. Indeed,
a secreted isoform of HER3 able to capture circulated neuregulins, thus
preventing their binding with transmembrane receptors, has been de-
scribed [47]. Moreover, recent evidence suggests that the biological
activity of HER3 depends on its subcellular distribution. The re-locali-
zation from the intracellular compartment to the plasma membrane
may depend on the phosphorylation level and the presence of ligands
[48]. Interesting anti-HER3 drugs are under development. U3-1402 is a
novel HER3-targeted antibody-drug conjugate carrying a topoisomerase
I inhibitor payload, with a high drug-to-antibody ratio (~8:1). An on-
going phase 1/2, multicenter, open-label, first-in-human study is eval-
uating the safety and efficacy of U3-1402 in HER2-negative, HER3-
expressing advanced breast cancer (NCT02980341/JapicCTI-163401).
In the dose-escalation and dose-findings parts of the trial, among 41
evaluable patients, the objective response rate was 46.3% and the dis-
ease control rate was 90.2% [49]. The maximum tolerated dose was not
reached and dose limiting toxicities included thrombocytopenia and
transaminase increase [49]. The phase 2, dose expansion part of this
trial is currently ongoing [50]. MCLA-128 is a bi-specific antibody di-
rected against HER2 and HER3 that is undergoing evaluation in a phase
II study (NCT03321981) after encouraging data from a phase I/II trial
[51].

Gene expression

We now know that all the four main intrinsic subtypes (PAM50) are
represented within HER2-positive disease, with a distribution that
varies according to HR co-expression. Among HR−/HER2+ BC,
around 75% pf cases are HER2-enriched, 15% basal-like and 10%
Luminal A or B; in HR+ /HER2+ positive BC around 35% of the cases
are Luminal A, 31% Luminal B, 30% HER-2 enriched, and 3% Basal-like
[52,53].

A number of studies have established the role of intrinsic molecular
subtype as a biomarker in the neoadjuvant setting for HER2-positive BC
[54–57]. There is also evidence that PAM50 subtypes may have im-
plication on prognosis and treatment for metastatic HER2-positive BC
patients.

The EGF3008 randomized trial compared letrozole-placebo vs le-
trozole-lapatinib for HR-positive metastatic BC patients. In HR
+/HER2+ patients (n = 219), addition of lapatinib to letrozole sig-
nificantly reduced the risk of disease progression versus letrozole-pla-
cebo (median PFS 8.2 vs 3.0 months, HR 0.71; 95%CI, 0.53–0.96;
p = 0.019) [9]. PAM50 subtype was evaluated for 157 HR+/HER2+
patients, showing that those patients with a Luminal A tumor experi-
enced the longest PFS among other subtypes (both arms combined).
Median PFS was: 11.07 months for Luminal A, 5.55 months for Luminal
B, 4.37 months for HER2-enriched and 3.58 months for basal-like
(p < 0.001). Similar results were obtained for overall survival. No
interaction between treatment and molecular subtype was observed
[58].

A major interest is the evaluation of treatment regimens including
CDK4/6 inhibitors for HR+/HER2+ patients. In the phase II rando-
mized MonarcHER trial 237 patients with metastatic HR+/HER2+
patient metastatic BC were randomized to abemaciclib + trastu-
zumab + fulvestrant vs abemaciclib + trastuzumab vs trastu-
zumab + chemotherapy of physician’s choice. Patients receiving abe-
maciclib + fulvestrant + trastuzumab showed a PFS improvement over
patients treated with trastuzumab + chemotherapy (median PFS 8.3 vs
5.7 months, HR 0.67, p = 0.0506) [59].

The phase II PATRICIA trial enrolled 45 postmenopausal pre-treated
HER2-positive metastatic patients in 3 cohorts: HR− receiving trastu-
zumab + palbociclib; HR+ receiving trastuzumab + palbociclib; HR+
receiving trastuzumab + palbociclib + letrozole. The analysis of PFS
according to PAM50 subtype (n = 40, all cohorts combined) showed
that patients with a Luminal profile had a better outcome as compared
to non-Luminal patients (median 12.4 vs 4.1 months, HR 0.37, 95%CI
0.14–1.00, p = 0.052) [60]. These results are mainly driven by HR
+/HER2+ patients since no Luminal case was detected within the
HR− group. Based on these results, the PATRICIA II study was in-
itiated, enrolling patients with HR+/HER2+ and a Luminal profile by
PAM50. Patients are allocated 1:1 to palbociclib + trastuzumab + en-
docrine therapy vs treatment of physician’s choice (NCT02448420).

We know from the neoadjuvant setting that HER2-enriched tumors
are the most sensitive to anti-HER2-based treatments [61]. Moreover, a
high expression of ERBB2 is able to discriminate among HER2-eriched
tumors those that are the most HER2-addicted. Indeed, HER2-enriched/
ERBB2 high patients can achieve rates of pCR of 45% with dual HER2
blockade without chemotherapy [57]. This combined biomarker has
been also evaluated in the metastatic setting in the context of the phase
III EGF104900 trial comparing lapatinib vs lapatinib + trastuzumab for
HER2-positive patients. The final overall survival analysis showed an
improvement in PFS for the combination of lapatinib and trastuzumab
in the intention-to-treat population (n = 291; HR 0.74, 95%CI
0.57–0.97, p = 0.026). According to HR status, the significant im-
provement in overall survival was limited to HR− patients [6]. Ana-
lysis according to PAM50 subtype showed that those patients with
HER2-enriched subtype and ERBB2 high who were randomized to la-
patinib + trastuzumab achieved the best overall survival (p = 0.007).
The benefit of lapatinib + trastuzumab was maintained in both HER2-
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enriched/ERRB-high and other patients [57]. These results suggest that
this combined biomarker could indicate a population of patients that
may be suitable from effective chemotherapy-free anti-HER2 regimens,
a hypothesis that needs further validation.

DNA mutations

PIK3CA mutations

PIK3CA gene mutations are frequent in HER2+ breast cancer, oc-
curring in 20% to 30% of patients [55,56,62–4], with a similar rate
according to HR status [55,56,62,63]. In HER2+ disease, exon 20
mutations occur more frequently than exon 9 [63,64]. According to
PAM50 subtypes, PIK3CA mutations are mainly present in Luminal and
HER2-enriched subtypes [62].

PIK3CA mutations have been proposed as a potential mechanism of
resistance to anti-HER2 therapies [65]. Indeed, in the neoadjuvant
setting, the presence of a PIK3CA mutation is associated with a lower
rate of pCR after chemotherapy and anti-HER2 treatment [63].

In the metastatic setting, data from phase III studies show that
PIK3CA mutations are associated with a worse prognosis as compared
to PIK3CA wild-type status in patients treated with standard treatment
regimens [21–24] (Table 2). However, in the same trials, the presence
of a PIK3CA mutation was not predictive for treatment benefit. There
was a trend from the EMILIA study for a larger magnitude of benefit
from T-DM1 over capecitabine and lapatinib in PIK3CA mutated pa-
tients; the interaction test was p = 0.22 for PFS and p = 0.05 for
overall survival [22].

The main interest is to evaluate PIK3CA mutation in relation with
treatments targeting the Pi3k/Akt/mTOR pathway. The addition of
everolimus to chemotherapy and trastuzumab has been evaluated in
two phase III trials. In BOLERO-1, patients were randomized to receive
trastuzumab + paclitaxel vs trastuzumab + paclitaxel + everolimus as
first-line treatment [66]; in BOLERO-3 patients progressing on prior
trastuzumab and taxane were randomized to receive trastuzumab + vi-
norelbine vs trastuzumab + vinorelbine + everolimus [67]. The results
of BOLERO-1 showed no benefit for the everolimus-containing arm
(median PFS 15.0 vs 14.5 months in the standard arm) [66]. In BO-
LERO-3 a modest absolute improvement in PFS that resulted statisti-
cally significant was observed for the everolimus-containing arm

(median PFS 7.0 vs 5.8 months, p = 0.0067) [67]. The safety profile
and the availability of more effective options for patients resistant to
trastuzumab and taxane precluded the implementation of this regimen
in clinical practice. In terms of biomarkers, a pooled analysis of these
two trials demonstrated that the benefit of adding everolimus was
confined to patients with a PIK3CA mutation, whereas no effect was
seen in PIK3CA wild type patients [68]. In PIK3CA mutated patients,
median PFS with everolimus was 12.0 months vs 7.6 months in the
control group for BOLERO-1 and 6.9 vs 5.7 months in BOLERO-3
(pooled analysis HR 0.67, 95%CI 0.45–1.00, p = 0.05). Similar results
were obtained for PTEN loss and Pi3k pathway activation [68].

These data, together with the efficacy of alpelisib in PIK3CA mu-
tated HR+/HER2- metastatic BC demonstrated by the SOLAR-1 trial
(randomized phase III trial of fulvestrant + alpelisib vs fulves-
trant + placebo in HR−positive/HER2-positive advanced BC patients
previously treated with endocrine therapy [69]), constitute the ratio-
nale to evaluate Pi3k inhibitors in PIK3CA mutated HER2-positive
metastatic BC. A summary of the results of early phase clinical trials of
Pi3k inhibitors conducted mostly in PIK3CA-unselected HER2-positive
patients is provided in Table 3.

ERBB2 mutations

Mutations in the ERBB2 gene have been described in 2–3% of BC,
mostly occurring in HER2-negative tumors [70]. These mutations
generally affect the kinase domain and harbor an oncogenic potential
[70].

Patients with pretreated, ERBB2 mutant, non-amplified BC were
enrolled in the phase II SUMMIT trial and received neratinib mono-
therapy (if HR−) or neratinib and fulvestrant (if HR+) [71,72]. Results
showed an objective response rate of around 30% in both groups
[71,72]. Thanks to these results, ERBB2 hot-spot activating missense
mutations and in-frame insertions (exon 20) are classified as Tier IIB by
the European Society of Medical Oncology Scale for Clinical Action-
ability of molecular Targets (ESCAT) [73]. Studies with other tyrosine
kinase inhibitors are currently ongoing (NCT02544997,
NCT03412383).

BRCA1/2 germline mutations

It is recognized that the majority of BC diagnosed in BRCA1 muta-
tion carriers are triple negative, whereas BRCA2 mutations are fre-
quently associated with HR+/HER2- BC [74,75]. However, a small
proportion of BRCA-associated BC are HER2-positive: 10% for BRCA1-
associated BC and 13% for BRCA2 associated BC [74]. In the absence of
family history, genetic testing in young patients (< 41 years) diagnosed
with HER2-positive BC patients found a 4% rate of BRCA1/2 mutations
[76].

Unfortunately, HER2-positive patients with a germline BRCA mu-
tation have been excluded from large phase III trials testing PARP in-
hibitors [77–79]. In the phase II BROCADE trial 15 HER2-positive pa-
tients were enrolled but no data was specifically reported for this group.
In the phase II ABRAZO study of talazoparib in non-platinum resistant
advanced BC patients with germline BRCA1/2mutation, 6 patients with
HER2-positive disease considered refractory to previous HER2-targeted
therapies were enrolled. All HER2-positive patients were also HR+. In
these patients, an objective response was confirmed in 2 of 6 patients by
the independent radiology facility [80].

Although the placement of PARP inhibitors in the treatment algo-
rithm of HER2-positive BC patients would be complicated, this reason
should not preclude their evaluation in HER2-positive, BRCA-associated
BC.

Table 2
Impact of PIK3CA mutations on PFS in randomized phase III trials of current
standard therapies for HER2-positive metastatic BC patients.

Trial PIK3CA mut PIK3CA wt

CLEOPATRA [21]
T + P + D, mPFS 8.6 13.8
T + D, mPFS 12.5 21.6
HR (95%CI) for T + P + D vs T + D 0.64 (0.43–0.93) 0.67 (0.50–0.89)
EMILIA [22]
T-DM1, mPFS 10.9 9.8
C + L, mPFS 4.3 6.4
HR (95%CI) for T-DM1 vs C + L 0.45 (0.25–0.82) 0.74 (0.40–1.10)
TH3RESA [24]
T-DM1, mPFS 6.2 6.8
TPC, mPFS 3.1 3.4
HR (95%CI) for T-DM1 vs TPC 0.44 (0.26–0.73) 0.47 (0.33–0.67)
MARIANNE [23]
T-DM1 + P, mPFS 11.0 18.8
T-DM1, mPFS 8.3 16.6
T + Tax, mPFS 12.4 14.6
HR (95%CI) for T-DM1 vs T + Tax 1.12 (0.75–1.66) 0.90 (0.69–1.17)
HR (95%CI) for T-DM1 + P vs T + Tax 0.88 (0.58–1.32) 0.85 (0.62–1.11)
HR (95%CI) for T-DM1 + P vs T-DM1 0.80 (0.54–1.17) 0.94 (0.72–1.24)

Abbreviations: T, trastuzumab; P, pertuzumab; D, docetaxel; C, capecitabine, L,
lapatinib; TPC; treatment of physician’s choice; Tax, taxane; mPFS, median
progression-free survival; HR, hazard ratio; CI, confidence interval; mut, mu-
tated; wt, wild type.
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Immune biomarkers

Tumor immune microenvironment

Another important source of heterogeneity in HER2-positive disease
is the tumor immune microenvironment. Triple negative and HER2-
positive BC present the highest levels of tumor infiltrating lymphocytes
(TILs) [81,82]. In triple negative early BC, stromal TILs (located in the
tumor stroma and described as the percentage of tumor stroma area
occupied by mononuclear inflammatory cells) have reached level of
evidence 1b as prognostic marker [83,84] and their evaluation is now
endorsed by the 2019 St Gallen recommendations [85].

Within HER2-positive BC, the level of TILs varies according to the
molecular intrinsic subtype, being higher in basal-like and HER2-en-
riched tumors [86].

In early HER2-positive BC, higher TILs have been associated with
both increased likelihood of pCR after neoadjuvant therapy [84] and
with improved prognosis [87]. TILs have also been shown a significant
positive correlation with PD-L1 expression in both early and metastatic
HER2-positive BC samples [86,88].

TILs have been evaluated on samples collected from 678 patients
enrolled in the CLEOPATRA trial. In multivariate analysis, higher
stromal TILs were associated with longer overall survival (HR 0.89,
95%CI 0.83–0.96, p = 0.0014). Patients with>20% TILs had a
median overall survival of 56.6 months vs 44.5 months for patients with
lower TILs (log-rank p = 0.021). No significant association with PFS
was observed. Benefit of trastuzumab + pertuzumab + docetaxel over
trastuzumab + docetaxel was similar in high- and low-TILs patients
[89].

The knowledge on the role of the immune microenvironment in
HER2-positive BC, coupled with the immune-mediated mechanism of
action of anti-HER2 monoclonal antibodies, has prompted the evalua-
tion of the efficacy of immune checkpoint inhibitors for these patients.
The PANACEA phase II study enrolled 48 HER2-positive metastatic BC
patients with documented progression on trastuzumab or T-DM1.
Patients received pembrolizumab combined with trastuzumab. PD-L1
was evaluated by the 22C3 assay (cut-off for positivity: combined po-
sitive score≥1). Objective responses were reported only in the group of
patients with a PD-L1+ tumor (15%) [90]. Although there was no
difference in PFS according to PD-L1 status, PD-L1+ patients showed a
longer overall survival as compared to PD-L1- patients (median not
reached vs 7.0 months). The evaluation of TILs revealed a positive as-
sociation between PD-L1 status and TILs level, with PD-L1+ cases
showing significantly higher TILs vs PD-L1- patients (p = 0.0004).
Higher TILs were also found in patients achieving an objective response
(p = 0.006) or disease control (p = 0.0006) [90]. Moreover, when PD-
L1 and TILs were combined, results showed that, within the PD-L1+
cohort, patients who achieved a response were enriched for cases with
TILs ≥ 5% [91].

Another phase II study (KATE2) randomized 202 patients resistant
to prior taxane and trastuzumab to receive T-DM1+ placebo or T-
DM1+ atezolizumab. In this study, 42% of pts resulted PD-L1 positive
by the SP142 assay, according to the cut-off of at least 1% of positively
stained immune cells. In the intention-to-treat population there was no
substantial difference in PFS between the two arms (HR 0.82, 95%CI
0.55–1.23). When the analysis was limited to the PD-L1+ population,
there was a signal for a numerical benefit from T-DM1+ atezolizumab
over T-DM1+ placebo both in PFS (median PFS 8.5 vs 4.1 months, HR
0.60, 95%CI 0.32–1.11) and in overall survival (1-year rate 94.3% vs
87.9%, HR 0.55, 95%CI 0.22–1.38) [92]. TILs were also evaluated and
the results confirmed higher TILs in PD-L1+ patients. In subgroup
analysis, patients with high TILs derived a non significant PFS benefit
from T-DM1+ atezolizumab (HR 0.55, 95%CI 0.26–1.12) [93].

Overall, data from PANACEA and KATE2 show that immunotherapy
warrants further evaluation in advanced HER2-positive BC especially in
patients with PD-L1+ and/or high TILs. The results also claim for aTa
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combined evaluation of both biomarkers in prospective clinical trials.
An issue that should be taken into account is that the tumor immune

microenvironment may change from primary to metastasis. An analysis
of 20 patients from the CLEOPATRA study with matched primary and
metastatic samples showed lower level of TILs in the metastases [89]. In
another series of samples from HER2-positive metastases, CD8+ cells
were significantly lower in case of prior treatment for metastatic disease
as compared to samples collected at the time of first diagnosis of ad-
vanced BC (p = 0.011) [88]. Moreover, TILs and PD-L1 levels in me-
tastatic samples show variability according to anatomical site, with
higher TILs in lung samples and lower TILs in liver and skin samples
[89,90,95]. Although the most recent sample may be more re-
presentative of the actual immune microenvironment, data from the
IMPASSION130 trial for triple negative breast cancer have demon-
strated that PD-L1 expression (> 1% of total tumor area occupied by
positive immune cells) on either primary breast or metastatic samples
was predictive of benefit from atezolizumab+ nab-paclitaxel [94]. All
these considerations should encourage a broad collection of tumor
samples from both primary tumor and metastasis in trials of im-
munotherapy for HER2-positive BC.

Host immune factors

Finally, heterogeneity in host immune factors may affect the effi-
cacy of anti-HER2 therapies. All currently approved monoclonal anti-
HER2 antibodies are of the IgG isotype, comprising a crystalline frag-
ment (Fc) linked to the antigen-binding fragments. The Fc domain in-
teracts with Fc gamma receptors (FcγRs) expressed on a variety of
immune cells. FcγRIIa and FcγRIIIa are activating FcγRs that mediate
antibody-dependent cell-mediated cytotoxicity (ADCC) [95]. Some
single nucleotide polymorphisms in the extracellular component of
FcγRIIa and FcγRIIIa have been associated with differential antibody-
binding affinity and ADCC [95]. In particular, the FcγRIIIa- 158 V allele
showed high antibody-binding affinity and higher trastuzumab-medi-
ated ADCC as compared to other genotypes. An analysis conducted in
the adjuvant NSABP B-31 trial showed that patients with the low affi-
nity 158 F/F genotype received less benefit from trastuzumab in com-
parison with patients with 158 V/F or 158 V/V [96].

Margetuximab is a Fc-engineered anti-HER2 antibody with a higher
affinity for FcγRIIIa; in particular, the binding to the low-affinity
FcγRIIIa- 158 F is increased [97]. In the phase III SOPHIA trial, mar-
getuximab + chemotherapy was compared to trastuzumab + che-
motherapy in pre-treated metastatic HER2-positive patients. Marge-
tuximab was associated with better PFS (HR 0.76, 95%CI 0.59–0.98,
p = 0.033) especially in those patients carrying the FcγRIIIa-158 F
allele (HR 0.68, 95%CI 0.52–0.90, p = 0.005) [98].

Conclusions

In conclusions, treatment decisions for metastatic BC patients re-
main based on HER2 and HR status. However, even though not ready
for clinical implementation at this time, novel potentially useful bio-
markers for anti-HER2 therapies are emerging. Moreover, in terms of
clinical feasibility, most of the discussed biomarkers require testing
methods that are already part of the current routine practice (such as
HER2-low or HER2 heterogeneity, PIK3CA mutation currently used to
select HR-positive/HER2-negative patients for alpelisib, PD-L1 and TILs
for triple negative BC, BRCA1/2 mutations) or have the potential to be
implemented in clinical practice (such as ERBB2 mutation and PAM50
subtypes).

The efficacy of new antibody-drug conjugates in HER2-negative
patients with low HER2 expression and the encouraging results with
neratinib in patients with ERBB2-mutation may contribute to expand, in
the next future, the pool of patients suitable for anti-HER2 therapies.
PAM50 molecular subtypes refine the HER2 classification and should be
used to stratify patients in clinical trials. In particular, HER2+/HR+

patients are the ideal population for the development of more effective
endocrine-based combinations and HER2-enriched/ERRB2-high pa-
tients are the ideal setting to focus on chemotherapy-free regimens.
PIK3CA mutations are frequently detected in HER2-positive disease and
data from trial exploring Pi3k inhibitors in this subset of patients are
highly awaited. Finally, immunotherapy is promising for advanced
HER2-positive BC patients and will probably be of more value in earlier
lines of treatment, since the tumor immune microenvironment of
heavily pretreated patients may be less favorable. PD-L1+ and high-
TILs patients seem to derive the greatest benefit and the combined
evaluation of both biomarkers in clinical trials is recommended.

Author contribution

Concept and design (MVD, VG); acquisition of data (FM, GG); article
draft and revision (all authors); final approval (all authors).

Financial support

None.

Declaration of Competing Interest

VG reports grants (Institution) and personal fees from Roche, per-
sonal fees from Novartis, personal fees from Eli Lilly, outside the sub-
mitted work. MVD reports personal fees from Genomic Health, personal
fees from Eli Lilly, personal fees from Celgene, outside the submitted
work. All other authors have nothing to disclose.

References

[1] Guarneri V, Barbieri E, Dieci MV, Piacentini F, Conte P. Anti-HER2 neoadjuvant
and adjuvant therapies in HER2 positive breast cancer. Cancer Treat Rev
2010;36(Suppl 3):S62–6.

[2] Dawood S, Broglio K, Buzdar AU, Hortobagyi GN, Giordano SH. Prognosis of
women with metastatic breast cancer by HER2 status and trastuzumab treatment:
an institutional-based review. J Clin Oncol 2010;28:92–8.

[3] Balduzzi S, Mantarro S, Guarneri V, Tagliabue L, Pistotti V, Moja L, et al.
Trastuzumab-containing regimens for metastatic breast cancer. Cochrane Database
Syst Rev 2014;(6):CD006242. doi:CD006242.

[4] Swain SM, Baselga J, Kim SB, Ro J, Semiglazov V, Campone M, et al. Pertuzumab,
trastuzumab, and docetaxel in HER2-positive metastatic breast cancer. N Engl J
Med 2015;372:724–34.

[5] Deluche E, Antoine A, Bachelot T, Lardy-Cleaud A, Dieras V, Brain E, et al.
Contemporary outcomes of metastatic breast cancer among 22,000 women from
the multicentre ESME cohort 2008–2016. Eur J Cancer 2020;129:60–70.

[6] Blackwell KL, Burstein HJ, Storniolo AM, Rugo H, Sledge G, Koehler M, et al.
Randomized study of Lapatinib alone or in combination with trastuzumab in
women with ErbB2-positive, trastuzumab-refractory metastatic breast cancer. J
Clin Oncol 2010;28:1124–30.

[7] Kaufman B, Mackey JR, Clemens MR, Bapsy PP, Vaid A, Wardley A, et al.
Trastuzumab plus anastrozole versus anastrozole alone for the treatment of post-
menopausal women with human epidermal growth factor receptor 2-positive,
hormone receptor-positive metastatic breast cancer: results from the randomized
phase III TAnDEM study. J Clin Oncol 2009;27:5529–37.

[8] Huober J, Fasching PA, Barsoum M, Petruzelka L, Wallwiener D, Thomssen C, et al.
Higher efficacy of letrozole in combination with trastuzumab compared to le-
trozole monotherapy as first-line treatment in patients with HER2-positive, hor-
mone-receptor-positive metastatic breast cancer - results of the eLEcTRA trial.
Breast 2012;21:27–33.

[9] Johnston S, Pippen Jr J, Pivot X, Lichinitser M, Sadeghi S, Dieras V, et al. Lapatinib
combined with letrozole versus letrozole and placebo as first-line therapy for
postmenopausal hormone receptor-positive metastatic breast cancer. J Clin Oncol
2009;27:5538–46.

[10] Rimawi M, Ferrero JM, de la Haba-Rodriguez J, Poole C, De Placido S, Osborne CK,
et al. First-line trastuzumab plus an aromatase inhibitor, with or without pertu-
zumab, in human epidermal growth factor receptor 2-positive and hormone re-
ceptor-positive metastatic or locally advanced breast cancer (PERTAIN): A ran-
domized, open-label phase II trial. J Clin Oncol 2018;36:2826–35.

[11] Johnston SRD, Hegg R, Im SA, Park IH, Burdaeva O, Kurteva G, et al. Phase III,
randomized study of dual human epidermal growth factor receptor 2 (HER2)
blockade with lapatinib plus trastuzumab in combination with an aromatase in-
hibitor in postmenopausal women with HER2-positive, hormone receptor-positive
metastatic breast cancer: ALTERNATIVE. J Clin Oncol 2018;36:741–8.

[12] Schrijver WAME, Suijkerbuijk KPM, van Gils CH, van der Wall E, Moelans CB, van
Diest PJ. Receptor conversion in distant breast cancer metastases: A systematic

M.V. Dieci, et al. Cancer Treatment Reviews 88 (2020) 102064

7

http://refhub.elsevier.com/S0305-7372(20)30102-X/h0005
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0005
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0005
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0010
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0010
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0010
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0020
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0020
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0020
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0025
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0025
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0025
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0030
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0030
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0030
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0030
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0035
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0035
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0035
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0035
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0035
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0040
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0040
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0040
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0040
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0040
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0045
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0045
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0045
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0045
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0050
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0050
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0050
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0050
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0050
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0055
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0055
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0055
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0055
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0055
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0060
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0060


review and meta-analysis. J Natl Cancer Inst 2018;110:568–80.
[13] Pusztai L, Viale G, Kelly CM, Hudis CA. Estrogen and HER-2 receptor discordance

between primary breast cancer and metastasis. Oncologist 2010;15:1164–8.
[14] Dieci MV, Barbieri E, Piacentini F, Ficarra G, Bettelli S, Dominici M, et al.

Discordance in receptor status between primary and recurrent breast cancer has a
prognostic impact: a single-institution analysis. Ann Oncol 2013;24:101–8.

[15] Cejalvo JM, Martinez de Duenas E, Galvan P, Garcia-Recio S, Burgues Gasion O,
Pare L, et al. Intrinsic subtypes and gene expression profiles in primary and me-
tastatic breast cancer. Cancer Res 2017;77:2213–21.

[16] Lluch A, Gonzalez-Angulo AM, Casadevall D, Eterovic AK, Martinez de Duenas E,
Zheng X, et al. Dynamic clonal remodelling in breast cancer metastases is asso-
ciated with subtype conversion. Eur J Cancer 2019;120:54–64.

[17] Van Poznak C, Somerfield MR, Bast RC, Cristofanilli M, Goetz MP, Gonzalez-
Angulo AM, et al. Use of biomarkers to guide decisions on systemic therapy for
women with metastatic breast cancer: American society of clinical oncology
clinical practice guideline. J Clin Oncol 2015;33:2695–704.

[18] NCCN Clinical Practice Guidelines in Oncoogy - Breast Cancer. Version 3.2019 -
September 6 - 2019 (https://www.nccn.org/professionals/physician_gls/pdf/
breast.pdf).

[19] Cardoso F, Senkus E, Costa A, Papadopoulos E, Aapro M, Andre F, et al. 4th ESO-
ESMO international consensus guidelines for advanced breast cancer (ABC 4)
dagger. Ann Oncol 2018;29:1634–57.

[20] Griguolo G, Brasò-Maristany F, Pascual T, Chic N, Vidal M, Adamo B, et al. ERBB2
mRNA as predictor of response to anti-HER2 antibody-drug conjugates (ADC) in
breast cancer (BC). Abstract 20P - Presented at ESMO Breast Cancer, Berlin, 2-4
May 2019.

[21] Baselga J, Cortes J, Im SA, Clark E, Ross G, Kiermaier A, et al. Biomarker analyses
in CLEOPATRA: a phase III, placebo-controlled study of pertuzumab in human
epidermal growth factor receptor 2-positive, first-line metastatic breast cancer. J
Clin Oncol 2014;32:3753–61.

[22] Baselga J, Lewis Phillips GD, Verma S, Ro J, Huober J, Guardino AE, et al.
Relationship between tumor biomarkers and efficacy in EMILIA, a Phase III study
of trastuzumab emtansine in HER2-positive metastatic breast cancer. Clin Cancer
Res 2016;22:3755–63.

[23] Perez EA, de Haas SL, Eiermann W, Barrios CH, Toi M, Im YH, et al. Relationship
between tumor biomarkers and efficacy in MARIANNE, a phase III study of tras-
tuzumab emtansine +/- pertuzumab versus trastuzumab plus taxane in HER2-
positive advanced breast cancer. BMC Cancer 2019;19(517). 019-5687-0.

[24] Kim SB, Wildiers H, Krop IE, Smitt M, Yu R, Lysbet de Haas S, et al. Relationship
between tumor biomarkers and efficacy in TH3RESA, a phase III study of trastu-
zumab emtansine (T-DM1) vs. treatment of physician's choice in previously treated
HER2-positive advanced breast cancer. Int J Cancer 2016;139:2336–42.

[25] Modi S, Saura C, Yamashita T, Park YH, Kim SB, Tamura K, et al. Trastuzumab
deruxtecan in previously treated HER2-positive breast cancer. N Engl J Med
2020;382:610–21.

[26] Banerji U, van Herpen CML, Saura C, Thistlethwaite F, Lord S, Moreno V, et al.
Trastuzumab duocarmazine in locally advanced and metastatic solid tumours and
HER2-expressing breast cancer: a phase 1 dose-escalation and dose-expansion
study. Lancet Oncol 2019;20:1124–35.

[27] Trail PA, Dubowchik GM, Lowinger TB. Antibody drug conjugates for treatment of
breast cancer: Novel targets and diverse approaches in ADC design. Pharmacol
Ther 2018;181:126–42.

[28] Tarantino P, Hamilton E, Tolaney SM, Cortes J, Morganti S, Ferraro E, et al. HER2-
low breast cancer: pathological and clinical landscape. J Clin Oncol
2020::JCO1902488.

[29] Marchio C, Annaratone L, Marques A, Casorzo L, Berrino E, Sapino A. Evolving
concepts in HER2 evaluation in breast cancer: Heterogeneity, HER2-low carci-
nomas and beyond. Semin Cancer Biol 2020.

[30] Allison KH, Dintzis SM, Schmidt RA. Frequency of HER2 heterogeneity by fluor-
escence in situ hybridization according to CAP expert panel recommendations:
time for a new look at how to report heterogeneity. Am J Clin Pathol
2011;136:864–71.

[31] Lee HJ, Kim JY, Park SY, Park IA, Song IH, Yu JH, et al. Clinicopathologic sig-
nificance of the intratumoral heterogeneity of HER2 gene amplification in HER2-
positive breast cancer patients treated with adjuvant trastuzumab. Am J Clin
Pathol 2015;144:570–8.

[32] Chang MC, Malowany JI, Mazurkiewicz J, Wood M. 'Genetic heterogeneity' in
HER2/neu testing by fluorescence in situ hybridization: a study of 2,522 cases.
Mod Pathol 2012;25:683–8.

[33] Lee HJ, Seo AN, Kim EJ, Jang MH, Suh KJ, Ryu HS, et al. HER2 heterogeneity
affects trastuzumab responses and survival in patients with HER2-positive meta-
static breast cancer. Am J Clin Pathol 2014;142:755–66.

[34] Hanna W, Nofech-Mozes S, Kahn HJ. Intratumoral heterogeneity of HER2/neu in
breast cancer–a rare event. Breast J 2007;13:122–9.

[35] Bartlett AI, Starcyznski J, Robson T, Maclellan A, Campbell FM, van de Velde CJ,
et al. Heterogeneous HER2 gene amplification: impact on patient outcome and a
clinically relevant definition. Am J Clin Pathol 2011;136:266–74.

[36] Seol H, Lee HJ, Choi Y, Lee HE, Kim YJ, Kim JH, et al. Intratumoral heterogeneity
of HER2 gene amplification in breast cancer: its clinicopathological significance.
Mod Pathol 2012;25:938–48.

[37] Ohlschlegel C, Zahel K, Kradolfer D, Hell M, Jochum W. HER2 genetic hetero-
geneity in breast carcinoma. J Clin Pathol 2011;64:1112–6.

[38] Hou Y, Nitta H, Wei L, Banks PM, Portier B, Parwani AV, et al. HER2 intratumoral
heterogeneity is independently associated with incomplete response to anti-HER2
neoadjuvant chemotherapy in HER2-positive breast carcinoma. Breast Cancer Res
Treat 2017;166:447–57.

[39] Yang YL, Fan Y, Lang RG, Gu F, Ren MJ, Zhang XM, et al. Genetic heterogeneity of
HER2 in breast cancer: impact on HER2 testing and its clinicopathologic sig-
nificance. Breast Cancer Res Treat 2012;134:1095–102.

[40] Metzger Filho O, Viale G, Trippa L, Li T, Yardley D, Mayer I, et al. HER2 hetero-
geneity as a predictor of response to neoadjuvant T-DM1 plus pertuzumab: Results
from a prospective clinical trial. Abstract 502. Presented at 2019 ASCO Annual
Meeting, Chigago, US, June 3, 2019.

[41] Hurvitz SA, Martin M, Jung KH, Huang CS, Harbeck N, Valero V, et al.
Neoadjuvant trastuzumab emtansine and pertuzumab in human epidermal growth
factor receptor 2-positive breast cancer: three-year outcomes from the phase III
KRISTINE study. J Clin Oncol 2019;37:2206–16.

[42] Gebhart G, Lamberts LE, Wimana Z, Garcia C, Emonts P, Ameye L, et al. Molecular
imaging as a tool to investigate heterogeneity of advanced HER2-positive breast
cancer and to predict patient outcome under trastuzumab emtansine (T-DM1): the
ZEPHIR trial. Ann Oncol 2016;27:619–24.

[43] Baselga J, Swain SM. Novel anticancer targets: revisiting ERBB2 and discovering
ERBB3. Nat Rev Cancer 2009;9:463–75.

[44] Sergina NV, Rausch M, Wang D, Blair J, Hann B, Shokat KM, et al. Escape from
HER-family tyrosine kinase inhibitor therapy by the kinase-inactive HER3. Nature
2007;445:437–41.

[45] Narayan M, Wilken JA, Harris LN, Baron AT, Kimbler KD, Maihle NJ.
Trastuzumab-induced HER reprogramming in “resistant” breast carcinoma cells.
Cancer Res 2009;69:2191–4.

[46] Garrett JT, Sutton CR, Kuba MG, Cook RS, Arteaga CL. Dual blockade of HER2 in
HER2-overexpressing tumor cells does not completely eliminate HER3 function.
Clin Cancer Res 2013;19:610–9.

[47] Lee H, Akita RW, Sliwkowski MX, Maihle NJ. A naturally occurring secreted
human ErbB3 receptor isoform inhibits heregulin-stimulated activation of ErbB2,
ErbB3, and ErbB4. Cancer Res 2001;61:4467–73.

[48] Offterdinger M, Schofer C, Weipoltshammer K, Grunt TW. c-erbB-3: a nuclear
protein in mammary epithelial cells. J Cell Biol 2002;157:929–39.

[49] Masuda N, Yonemori K, Takahashi S, Kogawa T, Nakayama T, Iwase H, et al.
Single agent activity of U3-1402, a HER3-targeting antibody-drug conjugate. In:
HER3-overexpressing metastatic breast cancer: Updated results of a phase 1/2 trial
. Abstract PD1-03; Presented at SABCS 2018, December 4-8, 2018.

[50] Krop I, Masuda N, Kogawa T, Takahashi S, Yonemori K, Inoue K, et al. Phase 1/2
first-in-human study of U3-1402, an anti-human epidermal growth factor receptor
3 (HER3) antibody-drug conjugate. In: HER3-expressing advanced/unresectable or
metastatic breast cancer, including those with triple negative breast cancer (TNBC)
or HER3-low disease. Abstract OT1-07-06; Presented at SABCS 2019 10-14
December 2019 February 2020.

[51] Alsina M, Boni V, Schellens J, Moreno V, Bol K, Westendorp M, et al. First-in-
human phase 1/2 study of MCLA-128, a full lenght IgG1 bispecific antibody tar-
geting HER2 and HER3: Final phase 1 and preliminary activity in HER2+ meta-
static breast cancer (MBC). J Clin Oncol 2017:35(15_suppl); 2522–22. doi: 10.
1200/JCO.2017.35.15_suppl.2522.

[52] Cejalvo JM, Pascual T, Fernandez-Martinez A, Braso-Maristany F, Gomis RR, Perou
CM, et al. Clinical implications of the non-luminal intrinsic subtypes in hormone
receptor-positive breast cancer. Cancer Treat Rev 2018;67:63–70.

[53] Cejalvo L, Pascual T, Fernandez-Martinez B, Adamo B, Chic N, Vidal M, et al.
Distribution of the PAM50 breast cancer subtypes within each pathology-based
group: a combined analysis of 15,339 patients across 29 studies. Ann Oncol
2017;28(suppl_5):v595–604. https://doi.org/10.1093/annonc/mdx391.

[54] Llombart-Cussac A, Cortes J, Pare L, Galvan P, Bermejo B, Martinez N, et al. HER2-
enriched subtype as a predictor of pathological complete response following
trastuzumab and lapatinib without chemotherapy in early-stage HER2-positive
breast cancer (PAMELA): an open-label, single-group, multicentre, phase 2 trial.
Lancet Oncol 2017;18:545–54.

[55] Guarneri V, Dieci MV, Bisagni G, Frassoldati A, Bianchi GV, De Salvo GL, et al. De-
escalated therapy for HR+/HER2+ breast cancer patients with Ki67 response
after 2-week letrozole: results of the PerELISA neoadjuvant study. Ann Oncol
2019;30:921–6.

[56] Dieci MV, Prat A, Tagliafico E, Pare L, Ficarra G, Bisagni G, et al. Integrated
evaluation of PAM50 subtypes and immune modulation of pCR in HER2-positive
breast cancer patients treated with chemotherapy and HER2-targeted agents in the
CherLOB trial. Ann Oncol 2016;27:1867–73.

[57] Prat A, Pascual T, De Angelis C, Gutierrez C, Llombart-Cussac A, Wang T, et al.
HER2-enriched subtype and ERBB2 expression in HER2-positive breast cancer
treated with dual HER2 blockade. J Natl Cancer Inst 2020;112:46–54.

[58] Prat A, Cheang MC, Galvan P, Nuciforo P, Pare L, Adamo B, et al. Prognostic value
of intrinsic subtypes in hormone receptor-positive metastatic breast cancer treated
with letrozole with or without lapatinib. JAMA Oncol 2016;2:1287–94.

[59] Tolaney S, Wardley A, Zambelli S, Hilton J, Troso-Sandoval T, Ricci F, et al.
MonarcHER: a randomized phase 2 study of Abemaciclib plus Trastuzumab with or
without Fulvestrant versus Trastuzumab plus standard-of-care chemotherapy in
women with HR+, HER2+ advanced breast cancer (BC). Ann Oncol
2019;30(suppl_5):v851–934. https://doi.org/10.1093/annonc/mdz394.

[60] Ciruelos E, Villagrasa P, Oliveira M, Pernas S, Cortes J, Varquez S, et al. Palbociclib
in combination with trastuzumab and endocrine therapy (ET) versus treatment of
physician's choice (TPC) in metastatic HER2-positive and hormone-receptor-posi-
tive (HER2+/HR+) breast cancer with PAM50 luminal intrinsic subtype (SOLTI-
1303 PATRICIA II): a multi-center, randomized, open-label, phase II trial. Abstract
OT2-02-06: 2019 San Antonio Breast Cancer Symposium; December 10-14, 2019;
San Antonio, Texas.

[61] Schettini F, Pascual T, Conte B, Chic N, Braso-Maristany F, Galvan P, et al. HER2-
enriched subtype and pathological complete response in HER2-positive breast

M.V. Dieci, et al. Cancer Treatment Reviews 88 (2020) 102064

8

http://refhub.elsevier.com/S0305-7372(20)30102-X/h0060
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0065
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0065
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0070
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0070
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0070
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0075
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0075
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0075
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0080
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0080
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0080
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0085
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0085
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0085
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0085
https://www.nccn.org/professionals/physician_gls/pdf/breast.pdf
https://www.nccn.org/professionals/physician_gls/pdf/breast.pdf
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0095
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0095
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0095
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0105
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0105
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0105
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0105
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0110
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0110
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0110
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0110
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0115
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0115
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0115
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0115
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0120
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0120
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0120
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0120
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0125
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0125
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0125
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0130
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0130
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0130
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0130
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0135
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0135
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0135
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0140
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0140
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0140
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0145
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0145
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0145
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0150
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0150
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0150
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0150
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0155
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0155
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0155
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0155
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0160
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0160
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0160
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0165
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0165
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0165
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0170
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0170
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0175
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0175
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0175
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0180
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0180
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0180
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0185
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0185
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0190
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0190
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0190
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0190
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0195
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0195
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0195
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0205
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0205
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0205
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0205
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0210
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0210
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0210
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0210
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0215
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0215
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0220
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0220
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0220
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0225
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0225
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0225
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0230
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0230
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0230
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0235
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0235
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0235
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0240
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0240
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0260
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0260
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0260
https://doi.org/10.1093/annonc/mdx391
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0270
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0270
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0270
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0270
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0270
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0275
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0275
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0275
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0275
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0280
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0280
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0280
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0280
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0285
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0285
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0285
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0290
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0290
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0290
https://doi.org/10.1093/annonc/mdz394
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0305
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0305


cancer: A systematic review and meta-analysis. Cancer Treat Rev 2020;84:101965.
[62] Guarneri V, Dieci M, Bisagni G, Brandes A, Frassoldati A, Cavanna L, et al. PIK3CA

mutations in HER2-positive breast cancer patients enrolled in the adjuvant ran-
domized Short-HER trial. Abstract 19P. Presented at ASMo Breast Cancer, Virtual
Meeting, 23-24 May 2020.

[63] Loibl S, Majewski I, Guarneri V, Nekljudova V, Holmes E, Bria E, et al. PIK3CA
mutations are associated with reduced pathological complete response rates in
primary HER2-positive breast cancer: pooled analysis of 967 patients from five
prospective trials investigating lapatinib and trastuzumab. Ann Oncol
2016;27:1519–25.

[64] Martinez-Saez O, Chic N, Pascual T, Adamo B, Vidal M, Gonzalez-Farre B, et al.
Frequency and spectrum of PIK3CA somatic mutations in breast cancer. Breast
Cancer Res 2020;22(45). 020-01284-9.

[65] Dieci M, Guarneri V. PIK3CA: a target or a marker in breast cancers. Curr Breast
Cancer Rep 2015;7:161–9. https://doi.org/10.1007/s12609-015-0184-1.

[66] Hurvitz SA, Andre F, Jiang Z, Shao Z, Mano MS, Neciosup SP, et al. Combination of
everolimus with trastuzumab plus paclitaxel as first-line treatment for patients
with HER2-positive advanced breast cancer (BOLERO-1): a phase 3, randomised,
double-blind, multicentre trial. Lancet Oncol 2015;16:816–29.

[67] Andre F, O'Regan R, Ozguroglu M, Toi M, Xu B, Jerusalem G, et al. Everolimus for
women with trastuzumab-resistant, HER2-positive, advanced breast cancer
(BOLERO-3): a randomised, double-blind, placebo-controlled phase 3 trial. Lancet
Oncol 2014;15:580–91.

[68] Andre F, Hurvitz S, Fasolo A, Tseng LM, Jerusalem G, Wilks S, et al. Molecular
alterations and everolimus efficacy in human epidermal growth factor receptor 2-
overexpressing metastatic breast cancers: combined exploratory biomarker ana-
lysis from BOLERO-1 and BOLERO-3. J Clin Oncol 2016;34:2115–24.

[69] Andre F, Ciruelos E, Rubovszky G, Campone M, Loibl S, Rugo HS, et al. Alpelisib
for PIK3CA-mutated, hormone receptor-positive advanced breast cancer. N Engl J
Med 2019;380:1929–40.

[70] Bose R, Kavuri SM, Searleman AC, Shen W, Shen D, Koboldt DC, et al. Activating
HER2 mutations in HER2 gene amplification negative breast cancer. Cancer Discov
2013;3:224–37.

[71] Hyman DM, Piha-Paul SA, Won H, Rodon J, Saura C, Shapiro GI, et al. HER kinase
inhibition in patients with HER2- and HER3-mutant cancers. Nature
2018;554:189–94.

[72] Smyth L, Saura C, Piha-Paul S, Lu J, Brufksy A, Spanggaard I, et al. Update on the
phase II SUMMIT trial: Neratinib + fulvestrant for HER2-mutant, HR-positive,
metastatic breast cancer. Ann Oncol. 2019;30(suppl 3).

[73] Condorelli R, Mosele F, Verret B, Bachelot T, Bedard PL, Cortes J, et al. Genomic
alterations in breast cancer: level of evidence for actionability according to ESMO
Scale for Clinical Actionability of molecular Targets (ESCAT). Ann Oncol
2019;30:365–73.

[74] Mavaddat N, Barrowdale D, Andrulis IL, Domchek SM, Eccles D, Nevanlinna H,
et al. Pathology of breast and ovarian cancers among BRCA1 and BRCA2 mutation
carriers: results from the Consortium of Investigators of Modifiers of BRCA1/2
(CIMBA). Cancer Epidemiol Biomarkers Prev 2012;21:134–47.

[75] Krammer J, Pinker-Domenig K, Robson ME, Gonen M, Bernard-Davila B, Morris
EA, et al. Breast cancer detection and tumor characteristics in BRCA1 and BRCA2
mutation carriers. Breast Cancer Res Treat 2017;163:565–71.

[76] Eccles DM, Mitchell G, Monteiro AN, Schmutzler R, Couch FJ, Spurdle AB, et al.
BRCA1 and BRCA2 genetic testing-pitfalls and recommendations for managing
variants of uncertain clinical significance. Ann Oncol 2015;26:2057–65.

[77] Robson M, Im SA, Senkus E, Xu B, Domchek SM, Masuda N, et al. Olaparib for
metastatic breast cancer in patients with a germline BRCA mutation. N Engl J Med
2017;377:523–33.

[78] Litton JK, Rugo HS, Ettl J, Hurvitz SA, Goncalves A, Lee KH, et al. Talazoparib in
patients with advanced breast cancer and a germline BRCA mutation. N Engl J
Med 2018;379:753–63.

[79] Dieras V, Han H, Kaufman B, Wildiers H, Friedlander M, Ayoub J, et al. Phase 3
study of Veliparib with carboplatin and paclitaxel in HER2-negative advanced/
metastatic gBRCA-associated breast cancer. Ann Oncol
2019;30(suppl_5):v851–934. https://doi.org/10.1093/annonc/mdz394.

[80] Turner NC, Telli ML, Rugo HS, Mailliez A, Ettl J, Grischke EM, et al. A Phase II
study of talazoparib after platinum or cytotoxic nonplatinum regimens in patients
with advanced breast cancer and germline BRCA1/2 mutations (ABRAZO). Clin
Cancer Res 2019;25:2717–24.

[81] Loi S, Sirtaine N, Piette F, Salgado R, Viale G, Van Eenoo F, et al. Prognostic and
predictive value of tumor-infiltrating lymphocytes in a phase III randomized ad-
juvant breast cancer trial in node-positive breast cancer comparing the addition of
docetaxel to doxorubicin with doxorubicin-based chemotherapy: BIG 02–98. J Clin
Oncol 2013;31:860–7.

[82] Dieci MV, Mathieu MC, Guarneri V, Conte P, Delaloge S, Andre F, et al. Prognostic
and predictive value of tumor-infiltrating lymphocytes in two phase III rando-
mized adjuvant breast cancer trials. Ann Oncol 2015;26:1698–704.

[83] Loi S, Drubay D, Adams S, Pruneri G, Francis PA, Lacroix-Triki M, et al. Tumor-
infiltrating lymphocytes and prognosis: A pooled individual patient analysis of
early-stage triple-negative breast cancers. J Clin Oncol 2019;37:559–69.

[84] Denkert C, von Minckwitz G, Darb-Esfahani S, Lederer B, Heppner BI, Weber KE,
et al. Tumour-infiltrating lymphocytes and prognosis in different subtypes of
breast cancer: a pooled analysis of 3771 patients treated with neoadjuvant
therapy. Lancet Oncol 2018;19:40–50.

[85] Burstein HJ, Curigliano G, Loibl S, Dubsky P, Gnant M, Poortmans P, et al.

Estimating the benefits of therapy for early-stage breast cancer: the St. Gallen
International Consensus Guidelines for the primary therapy of early breast cancer
2019. Ann Oncol 2019;30:1541–57.

[86] Barroso-Sousa R, Barry WT, Guo H, Dillon D, Tan YB, Fuhrman K, et al. The im-
mune profile of small HER2-positive breast cancers: a secondary analysis from the
APT trial. Ann Oncol 2019;30:575–81.

[87] Dieci MV, Conte P, Bisagni G, Brandes AA, Frassoldati A, Cavanna L, et al.
Association of tumor-infiltrating lymphocytes with distant disease-free survival in
the ShortHER randomized adjuvant trial for patients with early HER2+ breast
cancer. Ann Oncol 2019;30:418–23.

[88] Dieci MV, Tsvetkova V, Orvieto E, Piacentini F, Ficarra G, Griguolo G, et al.
Immune characterization of breast cancer metastases: prognostic implications.
Breast Cancer Res 2018;20(62). 018-1003-1.

[89] Luen SJ, Salgado R, Fox S, Savas P, Eng-Wong J, Clark E, et al. Tumour-infiltrating
lymphocytes in advanced HER2-positive breast cancer treated with pertuzumab or
placebo in addition to trastuzumab and docetaxel: a retrospective analysis of the
CLEOPATRA study. Lancet Oncol 2017;18:52–62.

[90] Loi S, Giobbie-Hurder A, Gombos A, Bachelot T, Hui R, Curigliano G, et al.
Pembrolizumab plus trastuzumab in trastuzumab-resistant, advanced, HER2-po-
sitive breast cancer (PANACEA): a single-arm, multicentre, phase 1b–2 trial.
Lancet Oncol 2019;20:371–82.

[91] Loi s, Giobbe-Hurder A, Gombos A, Bachelot T, Hui R, Curigliano G, et al. Phase
Ib/II study evaluating safety and efficacy of pembrolizumab and trastuzumab in
patients with trastuzumab-resistant HER2-positive metastatic breast cancer:
Results from the PANACEA (IBCSG 45-13/BIG 4-13/KEYNOTE-014) study.
Abstract GS2-06 - Presented at San Antonio Breast Cancer Symposium; December
5-9, 2017; San Antonio, Texas.

[92] Emens A, Esteva F, Beresford M, Saura C, De Laurentiis M, Kim S, et al. Results
from KATE2, a randomized phase 2 study of atezolizumab (atezo)+trastuzumab
emtansine (T-DM1) vs placebo (pbo)+T-DM1 in previously treated HER2+ ad-
vanced breast cancer (BC). Abstract PD3-01 - Presented at 2018 San Antonio
Breast Cancer Symposium; December 4-8, 2018; San Antonio, Texas.

[93] Emens L, Esteva F, Beresford M, Saura C, De Laurentiis M, Kim S, et al. Survival
(OS) in KATE2, a phase 2 study of programmed death ligand 1 (PD-L1) inhibitor
Atezolizumab (Atezo) + Trastuzumab Emtansine (T-DM1) vs placebo (PBO) in
previously treated HER2+ advanced breast cancer. Ann Oncol
2019;30(suppl_5):v104–42. https://doi.org/10.1093/annonc/mdz242.

[94] Rugo H, Loi S, Adams S, Schmid P, Schneeweiss A, Barrios C, et al. Performance of
PD-L1 immunoistochemistry (IHC) assay in unresectable locally advanced or me-
tastatic triple-negative breast cancer (MTNBC): post-hoc analysis of Impassion130.
Ann Oncol 2019;30(suppl_5):v851–934. https://doi.org/10.1093/annonc/
mdz394.

[95] Musolino A, Boggiani D, Pellegrino B, Zanoni D, Sikokis A, Missale G, et al. Role of
innate and adaptive immunity in the efficacy of anti-HER2 monoclonal antibodies
for HER2-positive breast cancer. Crit Rev Oncol Hematol 2020;149:102927.

[96] Gavin PG, Song N, Kim SR, Lipchik C, Johnson NL, Bandos H, et al. Association of
polymorphisms in FCGR2A and FCGR3A With degree of trastuzumab benefit in the
adjuvant treatment of ERBB2/HER2-positive breast cancer: analysis of the NSABP
B-31 Trial. JAMA Oncol 2017;3:335–41.

[97] Nordstrom JL, Gorlatov S, Zhang W, Yang Y, Huang L, Burke S, et al. Anti-tumor
activity and toxicokinetics analysis of MGAH22, an anti-HER2 monoclonal anti-
body with enhanced Fcgamma receptor binding properties. Breast Cancer Res
2011;13:R123.

[98] Rugo H, Im S, Lynch G, Wright S, Escriva-de-Romani S, DeLaurentiis M, et al.
SOPHIA primary analysis: A phase 3 (P3) study of margetuximab (M) + che-
motherapy (C) versus trastuzumab (T) + C in patients (pts) with HER2+ meta-
static (met) breast cancer (MBC) after prior anti-HER2 therapies (Tx). Abstract
1000 - Presented at 2019 ASCO Annual Meeting, Chicago 4 June 2019.

[99] Pistilli B, Pluard T, Urruticoechea A, Farci D, Kong A, Bachelot T, et al. Phase II
study of buparlisib (BKM120) and trastuzumab in patients with HER2+ locally
advanced or metastatic breast cancer resistant to trastuzumab-based therapy.
Breast Cancer Res Treat 2018;168:357–64.

[100] Guerin M, Rezai K, Isambert N, Campone M, Autret A, Pakradouni J, et al.
PIKHER2: A phase IB study evaluating buparlisib in combination with lapatinib in
trastuzumab-resistant HER2-positive advanced breast cancer. Eur J Cancer
2017;86:28–36.

[101] Tolaney S, Burris H, Gartner E, Mayer IA, Saura C, Maurer M, et al. Phase I/II study
of pilaralisib (SAR245408) in combination with trastuzumab or trastuzumab plus
paclitaxel in trastuzumab-refractory HER2-positive metastatic breast cancer.
Breast Cancer Res Treat 2015;149:151–61.

[102] Jain S, Shah AN, Santa-Maria CA, Siziopikou K, Rademaker A, Helenowski I, et al.
Phase I study of alpelisib (BYL-719) and trastuzumab emtansine (T-DM1) in HER2-
positive metastatic breast cancer (MBC) after trastuzumab and taxane therapy.
Breast Cancer Res Treat 2018;171:371–81.

[103] Shah P, Chandarlapaty S, Dickler M, Ulaner G, Zamora S, Sterlin V, et al. Phase I
study of LJM716, BYL719, and trastuzumab in patients (pts) with HER2-amplified
(HER2+) metastatic breast cancer (MBC). J Clin Oncol. 2015:33(15_suppl);
590–590. doi: 10.1200/jco.2015.33.15_suppl.590.

[104] Metzger Filho O, Goel S, Barry W, Hamilton E, Tolaney S, Yardley D, et al. A
mouse-human phase I co-clinical trial of taselisib in combination with TDM1 in
advanced HER2-positive breast cancer (MBC). J. Clin Oncol. 2017;35(15_
suppl):1030–1030. doi: 10.1200/JCO.2017.35.15_suppl.1030.

M.V. Dieci, et al. Cancer Treatment Reviews 88 (2020) 102064

9

http://refhub.elsevier.com/S0305-7372(20)30102-X/h0305
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0315
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0315
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0315
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0315
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0315
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0320
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0320
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0320
https://doi.org/10.1007/s12609-015-0184-1
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0330
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0330
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0330
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0330
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0335
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0335
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0335
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0335
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0340
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0340
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0340
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0340
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0345
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0345
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0345
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0350
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0350
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0350
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0355
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0355
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0355
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0365
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0365
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0365
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0365
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0370
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0370
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0370
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0370
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0375
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0375
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0375
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0380
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0380
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0380
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0385
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0385
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0385
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0390
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0390
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0390
https://doi.org/10.1093/annonc/mdz394
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0400
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0400
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0400
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0400
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0405
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0405
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0405
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0405
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0405
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0410
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0410
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0410
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0415
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0415
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0415
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0420
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0420
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0420
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0420
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0430
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0430
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0430
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0435
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0435
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0435
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0435
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0440
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0440
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0440
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0445
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0445
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0445
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0445
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0450
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0450
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0450
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0450
https://doi.org/10.1093/annonc/mdz242
https://doi.org/10.1093/annonc/mdz394
https://doi.org/10.1093/annonc/mdz394
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0475
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0475
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0475
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0480
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0480
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0480
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0480
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0485
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0485
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0485
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0485
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0495
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0495
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0495
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0495
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0500
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0500
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0500
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0500
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0505
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0505
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0505
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0505
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0510
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0510
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0510
http://refhub.elsevier.com/S0305-7372(20)30102-X/h0510

	Biomarkers for HER2-positive metastatic breast cancer: Beyond hormone receptors
	Introduction
	Change of tumor phenotype from primary to metastasis
	HER2 and HER3
	HER2 levels
	HER2 heterogeneity
	HER3

	Gene expression
	DNA mutations
	PIK3CA mutations
	ERBB2 mutations
	BRCA1/2 germline mutations

	Immune biomarkers
	Tumor immune microenvironment
	Host immune factors

	Conclusions
	Author contribution
	Financial support
	Declaration of Competing Interest
	References




