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Abstract Breast cancer (BC) is the most common cancer
in women worldwide, and has an undeniable negative
impact on public health. The advent of molecular biology
and immunotherapy has made targeted therapeutic inter-
ventions possible, providing treatments tailored to the indi-
vidual characteristics of the patient and the disease. The
over-expression of human epidermal growth factor receptor
(HER) 2 is implicated in the pathophysiology of BC and
represents a clinically relevant biomarker for its treatment.
Trastuzumab, a recombinant antibody targeting HER2, was
the first biological drug approved for the treatment of HER2-
positive BC. Although there are currently other anti-HER2
agents available (e.g. pertuzumab and lapatinib), trastuzu-
mab remains the gold standard for treatment of this disease
subtype. Nonetheless, concerns have been raised regarding
potential cardiotoxicity and treatment resistance. Moreover,
several other therapeutic issues remain unclear and have
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been addressed in an inconsistent way. The current literature
lacks a comprehensive review of trastuzumab providing
useful information for clinical practice, including pharma-
cokinetic and pharmacodynamic aspects, its clinical use,
existing controversies and future advances. This detailed
review of trastuzumab in the pharmacotherapy of BC
attempts to fill this gap.

Key Points

In line with the current evidence, trastuzumab is the
standard of care for human epidermal growth factor
receptor (HER) 2-positive breast cancer (BC).

Trastuzumab should be considered initially for early
and advanced stages of the disease, bearing in mind
that combination with taxanes seems advantageous
over its use as monotherapy.

When available, subcutaneous administration of
trastuzumab is preferable in terms of cost
effectiveness, patient convenience and satisfaction.

Trastuzumab—emtansine is now the first-line
therapeutic option for cases of advanced BC that are
resistant to trastuzumab.

1 Introduction

Breast cancer (BC) is by far the most common cancer and
is also the leading cause of cancer-related mortality in
women worldwide, representing a significant public health
concern [1-4]; it has therefore warranted special attention
from the scientific community [5]. Current treatment
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options for BC include surgery, radiotherapy and systemic
pharmacotherapy, namely chemotherapy, endocrine and
biological therapy. The treatment strategy is based on
several factors, including the status of specific biomarkers
such as human epidermal growth factor receptor (HER) 2
[5-7]. The over-expression of HER2 has been associated
with a more clinically aggressive tumour and a worse
prognosis [5, 7-9]. In such cases, trastuzumab has
assumed a key role in the therapeutic armamentarium for
BC; it is considered to be the standard of care for patients
with HER2-positive BC. In fact, its introduction in clin-
ical practice revolutionised the treatment and natural
history of this BC subtype, although not without short-
comings [5, 10]. Trastuzumab has been implicated in
cardiovascular adverse effects, limited therapeutic
response against brain metastases and treatment resistance
[11, 12]. Other topical issues include the disease stages at
which trastuzumab should be used, the most appropriate
treatment scheme (e.g. monotherapy or in combination
with chemotherapy drugs), the timing of the chemother-
apy regimen (concomitant or sequential administration),
the optimal treatment duration and the ideal administra-
tion route (intravenous or subcutaneous) [7, 9, 10, 13, 14].
Recent updates of international consensus guidelines for
the treatment of BC that encompass HER2-positive BC
have addressed these issues [15-17]. However, a com-
prehensive review of the pharmacokinetic and pharma-
codynamics aspects of trastuzumab, its clinical use,
existing controversies and future advances, which could
provide useful information for clinical practice, is still
lacking. The present article attempts to fill this gap by
offering a detailed review of trastuzumab in the phar-
macotherapy of BC.

2 Search Strategy

Clinical trials, case reports, review articles and other rel-
evant study designs published from 2005 onwards on the
use of trastuzumab in the treatment of HER2-positive BC
were identified by searching the MEDLINE, EMBASE and
Cochrane databases. Additionally, the bibliographies of
eligible papers were searched. Only articles published in
English and in peer-reviewed journals were included.
Combinations and iterations of the search terms “Breast
cancer”’, “HER2-positive”, “Trastuzumab”, “Herceptin”
and “Biological treatment” were used. Searches were last
updated on 26 December 2015. In line with our aim to
comprehensively map the literature on the topic, we
included a broad range of study designs, with the intention
of providing an overview of the sources of the available
evidence. Additional data were also obtained from the
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summary of product characteristics of trastuzumab, which
are available on the websites of the European Medicines
Agency (EMA) and US Food and Drug Administration
(FDA) [23, 43].

3 The Role of Human Epidermal Growth Factor
Receptor (HER) 2 in the Pathophysiology
of Breast Cancer (BC)

HER?2 belongs to the tyrosine kinase receptor family and
mediates critical signalling functions both in normal and
malignant breast tissues, including cell proliferation and
differentiation. This receptor lacks ligand-binding activity
and is activated by the formation of homodimers and/or
heterodimers with other HER family members (HERI, 3
and 4), which are ligand activated [8, 14, 18]. These
mechanisms involving HER2 are shown in Fig. 1.

Typically, HER2 is expressed at a low level on the
surface of epithelial cells, but high levels of HER2 have
been found in approximately 15-30 % of BCs (HER2-
positive BC subtype), a factor that has been linked to
increased tumourigenicity [5, 7-9, 14, 18]. It has been
recognised that the overabundance of HER2 stimulates a
constitutive HER2 phosphorylation and the activation of
downstream signalling pathways, culminating in tumour
growth. Moreover, a further ligand-independent mecha-
nism of HER2 activation in HER2-positive tumours has
been proposed: a metalloprotease-mediated shedding of the
HER?2 extracellular domain, which produces a catalytically
active HER2 terminal fragment, known as p95HER2 [14,
18].

In other words, the increased levels of HER2 on BC
cells promote cell proliferation and angiogenesis, the
inhibition of apoptosis and the development of metastasis.
These aspects are clinically translated into a more
aggressive BC phenotype, with high-grade tumours,
increased growth rates, early systemic metastasis, and
decreased rates of disease-free (DFS) and overall survival
(OS) [5, 7-9]. Thus, targeting HER?2 is an attractive ther-
apeutic approach [11] and the assessment of its status has
become crucial in BC management. According to McKe-
age and Lyseng-Williamson [9], HER2 over-expression is
a prerequisite for the cytotoxic effect of trastuzumab and it
should only be used in this subtype of tumour. In this
respect, international guidelines recommend that screening
for the biomarker should be performed in all new diagnoses
of invasive BC through immunohistochemical (IHC)
analysis or in situ hybridisation (fluorescent, chromogenic
or silver in situ hybridisation); borderline IHC samples
(IHC 2+) should be retested by in situ hybridisation [8,
16].
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Fig. 1 Putative mechanism of action of trastuzumab [5, 7, 14, 18—
20]. ADCC antibody-dependent cellular cytotoxicity, Akt protein
kinase B, CDK cyclin-dependent kinase, ERK extracellular signal-
regulated kinase, HER human epidermal growth factor receptor, HIFo
hypoxia inducible factor o, MEK mitogen-activated protein kinase/
ERK kinase, mTOR mammalian target of rapamycin, p27 cyclin-

4 Trastuzumab: Pharmacodynamics
and Pharmacokinetics

4.1 Mechanism of Action

Trastuzumab binds with high affinity to the extracellular
domain of HER2, but the global mechanism underlying the
therapeutic effect is not yet completely understood. How-
ever, there is consensus that it results from the co-influence
of multiple actions [5, 7, 14, 18-20].

Recently, De et al. [14] reviewed the mechanism of
action of trastuzumab, proposing that it acts in a direct
manner on three main levels:

e By inhibiting the ligand-independent HER2-HER3
heterodimerisation that occurs under conditions of
HER?2 over-expression;

e By preventing the proteolytic cleavage of the HER2
extracellular domain and the formation of the active
p95ER? fragment; and

e By inducing the antibody-dependent cellular cytotox-
icity (ADCC) toward HER2-positive tumours by

Cell F

CYTOSOL
A Trastuzumab
NUCLEUS HER2
) HER3
@ Fc receptors
dependent kinase inhibitor, p95HER2 active terminal fragment of

human epidermal growth factor receptor 2, PI3K phosphatidylinositol
3-kinase, PIP2 phosphatidylinositol (4,5)-bisphosphate, PIP3 phos-
phatidylinositol (3,4,5)-triphosphate, PTEN phosphatase and tensin
homologue, RACI Ras-related C3 botulinum toxin substrate 1, RAF
kinases, VEGF vascular endothelial growth factor

engaging with Fc receptors on immune effector cells
[14].

As a result of these actions, downregulation of the sig-
nalling pathways, which involves phosphatidylinositol
3-kinase (PI3K)/protein kinase B (Akt) and mitogen-acti-
vated protein kinase (MAPK), is triggered. In turn, this
results in enhanced nuclear import, stabilisation of the
cyclin-dependent kinase (CDK) inhibitor p27, reduction of
the secretion of angiogenic factors and an impaired DNA
damage response [14].

Accordingly, several reviews have identified these
mechanisms as being responsible for the clinical efficacy of
trastuzumab [7, 18-21]. However, it should be noted that
the immunological mechanism of ADCC has also been
considered to be a key factor in the efficacy of trastuzu-
mab-based therapies [7, 14, 18, 19]. Numerous studies have
described the ability of trastuzumab to target immune cells
in tumour sites over-expressing HER2 [7, 14, 18, 22].
Furthermore, some authors have hypothesised that trastu-
zumab also triggers the degradation of HER2, although the
exact mechanism of this remains obscure [18-20].

A\ Adis



78

S. Maximiano et al.

The mechanism of action of trastuzumab is represented
in Fig. 1. Globally, the final result of the direct and indirect
actions discussed above is two-fold: increased cell cycle
arrest and apoptosis plus suppression of cell proliferation
and angiogenesis [18, 19].

4.2 Pharmacokinetic Properties

The pharmacokinetic profile of intravenous trastuzumab
has been extensively studied and, more recently, the
development of the subcutaneous formulation has driven
the comparison between these two administration routes
[10, 23, 24]. Table 1 summarises the pharmacokinetic
properties of trastuzumab and Table 2 compares intra-
venous and subcutaneous administration of the drug.

Trastuzumab is administered by intravenous perfusion
weekly or every 3 weeks, in body weight-adjusted doses
(Table 2). Garnock-Jones et al. [7] reported mean steady-
state concentrations of 60 mg/mL for the once a week
regimen and 65.47 mg/mL for the 3-weekly regimen [7].
The mean minimum concentrations (C,,;,) were about
20 % lower and the mean maximum concentrations (Cp,ay)
were about 70 % higher for the latter, indicating a higher
fluctuation index of drug concentrations in blood. Never-
theless, the average exposure at any time during trastuzu-
mab treatment was found to be similar in the two dosing
regimens [7].

The distribution of trastuzumab is limited (Table 1; low
distribution volume) and only minimal amounts of the drug
penetrate into the cerebrospinal fluid [7, 23, 24, 35]. This is
consistent with the observed development of brain metas-
tases in patients receiving the antibody [35].

The elimination pathways of trastuzumab are unknown.
However, its clearance does not appear to occur by
excretion and liver metabolism as in conventional drugs,
but rather by an analogue mechanism relating to the
homeostatic regulation of endogenous immunoglobulin G.
While binding of the trastuzumab variable region with its

target induces the ADCC, target destruction and the
destruction of the immunoglobulin itself (contributing to its
clearance), the constant region mediates a sophisticated
homeostatic mechanism of protection against lysosomal
proteolysis, which explains the long half-life of trastuzu-
mab [23, 24, 35].

A phase III open-label multicentre trial (HannaH
[enHANCced treatment with NeoAdjuvant Herceptin] study)
was recently performed to test the non-inferiority of the
new subcutaneous formulation and dosing scheme in
relation to the intravenous formulation, in terms of effi-
cacy, safety and pharmacokinetic profile [28]. A total of
596 HER2-positive BC patients with operable, locally
advanced or inflammatory tumours were randomized to
either a fixed dose of trastuzumab 600 mg subcutaneously
every 3 weeks or the 3-weekly intravenous schedule of
trastuzumab. The data from this study showed that the
subcutaneous formulation was non-inferior with respect to
the primary pharmacokinetics endpoint (mean C,;, mea-
sured after seven cycles). The trial also demonstrated a
similar therapeutic response and safety profile in both
groups (Table 2). However, more patients had adverse
effects in the subcutaneously treated group (21 vs. 12 %),
particularly infections and infestations, which are not easily
explained. It has been suggested that this could be
attributable to the open-label design of the study [10, 23,
25, 28, 32].

Other studies have assessed different forms of subcuta-
neous administration. For example, 114 healthy male vol-
unteers were randomly assigned to either subcutaneous
trastuzumab given by a self-administration device (cur-
rently not approved) or a normal syringe; similar pharma-
cokinetic profiles were observed [23, 25, 26, 36].

In summary, from a pharmacokinetic point of view, the
subcutaneous option represents a viable alternative to
intravenous trastuzumab. This issue is addressed again in
Sect. 8.

Table 1 Pharmacokinetic

Pharmacokinetic parameter Value
properties of trastuzumab [7,
23-29] Subcutaneous absorption 84 %*
Distribution volume 3.02 and 2.68 L (central and peripheral compartment)
Steady state 6-37 weeks
Half-life 28-38 days
Clearance 0.241 L/day
Washout period >27 weeks

Age, body weight and renal impairment do not seem to affect the pharmacokinetics of trastuzumab

? The subcutaneous formulation includes human recombinant hyaluronidase, an enzyme that is able to
release hyaluronic acid within the administration area, which produces facilitating channels for the

absorption of macromolecules
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Table 2 Intravenous versus
subcutaneous trastuzumab [23,
24, 26-34] v SC

Administration route

Maintenance dose 3-Weekly schedule: 6 mg/kg
Weekly schedule: 2 mg/kg
3-Weekly schedule: 8 mg/kg
Weekly schedule: 4 mg/kg

Loading dose: 90 min

Fixed dose of 600 mg every 3 weeks

Loading dose Not required

Time of administration 2-5 min
Following doses: 30 min
Pharmacokinetic profile Bioequivalent

Efficacy and safety profile Similar

1V intravenous, SC subcutaneous

S Therapeutic Indications for Trastuzumab
5.1 Early BC

There are two modalities of treatment for early BC: neo-
adjuvant/primary treatment and adjuvant treatment. All
therapeutic regimens used in the adjuvant setting, including
those with trastuzumab, may also be used preoperatively.
Nevertheless, if neo-adjuvant trastuzumab chemotherapy is
used, maintaining the planned treatment is recommended,
without dividing it into preoperative and postoperative
periods, independent of the magnitude of tumour response.
It should also be noted that treatment should be started
within 2-6 weeks after surgery in the adjuvant setting,
since administration more than 12 weeks after surgery has
been associated with a clinically relevant decrease in the
efficacy of systemic therapy [16].

Several large randomised, open-label, multicentre trials
have assessed the efficacy of trastuzumab as concurrent or
sequential treatment (in relation to chemotherapy) in
patients with HER2-positive early BC, both in neo-adju-
vant and adjuvant settings. These studies have been
extensively reviewed [7, 8, 10, 27, 37-40] and international
guidelines for the treatment of early BC have been pub-
lished [15, 16, 41, 42].

The approved therapeutic indications of trastuzumab in
the EU and USA for HER2-positive early and advanced
BC are presented in Table 3. In contrast to the EU, the
scope of utilisation of trastuzumab in the treatment of early
BC in the USA does not encompass the neo-adjuvant set-
ting and considers combination with an anthracycline
(doxorubicin) legitimate.

The benefit of adding trastuzumab to the chemotherapy
protocols in the treatment of patients with HER2-positive
early BC, in both neo-adjuvant and adjuvant regimens, is
clear. This therapeutic strategy provides better therapeutic
outcomes than chemotherapy alone, namely higher patho-
logical complete response (pCR) rates and a lower risk of
disease relapse and patient death [7, 16, 27, 39-41].

Two initial studies were seminal in establishing trastu-
zumab as a routine therapy for HER2-positive early BC,
specifically the NSABP (National Surgical Adjuvant Breast
and Bowel Project NSABP) B-31 and NCCTG (North
Central Cancer Treatment Group) N9831 trials [45, 46].
These studies investigated, in a joint analysis, the clinical
utility of adding 1 year of trastuzumab to adjuvant
chemotherapy. HER2-positive BC patients were ran-
domised to receive doxorubicin and cyclophosphamide
followed by paclitaxel plus trastuzumab during 1 year or
doxorubicin and cyclophosphamide followed by paclitaxel.
Overall, the combination of trastuzumab with paclitaxel
resulted in therapeutic benefit at all timepoints evaluated,
significantly improving DFS and OS [23, 45, 46]. The last
update of the results from this joint analysis at a mean
follow-up of 8.4 years reported a 37 % decrease in the risk
of death and an increase in the 10-year OS rate from 75.2 to
84 % with the addition of trastuzumab to chemotherapy.
Additionally, a 40 % improvement in DFS and an increase
in the 10-year DFS rate from 62.2 to 73.7 % were found
[46].

In turn, the NOAH (NeOAdjuvant Herceptin) trial also
found better therapeutic outcomes with the use of neoad-
juvant chemotherapy with trastuzumab followed by adju-
vant trastuzumab than with neoadjuvant chemotherapy
alone. Trastuzumab significantly improved event-free sur-
vival (3-year event-free survival 71 % with trastuzumab vs.
56 % without) and pCR rates (pCR in breast tissue 43 %
with trastuzumab vs. 22 % without; total pCR 38 % with
trastuzumab vs. 19 % without) in patients with HER2-
positive locally advanced BC [47].

The BCIRGO06 [12] and BO16348 [23] trials and a
recent meta-analysis of randomised controlled trials pub-
lished by the Cochrane Collaboration [37] further support
the role of trastuzumab in the treatment of early BC.

Moreover, pharmacoeconomic data support the cost
effectiveness of adjuvant trastuzumab in this group of
patients. When compared with chemotherapy alone, tras-
tuzumab administered subsequent to or concurrently with
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Table 3 Therapeutic indications for trastuzumab for human epidermal growth factor receptor 2-positive breast cancer in the EU and USA [12,

16, 23, 42-44]

EU

USA

Early BC

Following surgery, neo-adjuvant or adjuvant chemotherapy and radiotherapy
In combination with paclitaxel or docetaxel following adjuvant chemotherapy

with doxorubicin and cyclophosphamide

In combination with adjuvant chemotherapy consisting of docetaxel and

carboplatin

For locally advanced (including inflammatory) disease or tumours of >2 cm

As adjuvant treatment:

As part of a regimen that consists of doxorubicin,
cyclophosphamide and paclitaxel or docetaxel

With docetaxel and carboplatin

As a single agent following multi-modality anthracycline-
based therapy

diameter in combination with neo-adjuvant chemotherapy followed by adjuvant

TZ therapy
Advanced BC

As monotherapy for the treatment of those patients who have received at least 2
chemotherapy regimens for their metastatic disease (prior chemotherapy must

have included at least an anthracycline and a taxane)

In combination with paclitaxel or docetaxel for the treatment of those patients

As first-line option for HER2-positive metastatic BC:
In combination with paclitaxel

As a single agent in patients who have received at least 1
chemotherapy regimen for metastatic disease

who have not received chemotherapy for their metastatic disease and for whom

an anthracycline is not suitable

In combination with an aromatase inhibitor for the treatment of post-menopausal
patients with hormone-receptor positive metastatic BC not previously treated

with TZ

BC breast cancer, HER2 human epidermal growth factor receptor 2, TZ trastuzumab

chemotherapy was associated with favourable incremental
costs per quality-adjusted life-year or life-year gained in
several countries (Switzerland, Norway, Belgium, France,
Poland, the UK, Australia, Japan, Taiwan and Brazil) [9].

As previously noted, trastuzumab can be used con-
comitantly or sequentially with chemotherapeutic drugs.
Whether there are relevant therapeutic differences between
these combinations and, if so, which is the best approach, is
still under debate. Considering the data available presently,
there is a strong trend favouring concomitant administra-
tion in terms of therapeutic efficacy, including in early BC
[10, 16, 38-41].

However, recent European Society for Medical Oncol-
ogy guidelines regarding the diagnosis, treatment and fol-
low-up of primary BC subscribed to by the EMA warn that
while trastuzumab may routinely be co-administered with
non-anthracycline-based chemotherapy and with endocrine
therapy, concomitant use with anthracyclines is not rec-
ommended due to the risk of cardiotoxicity [16, 17, 23]. In
support of this recommendation, Du and co-workers [40]
concluded in a meta-analysis of clinical trials that there is
an increased risk of cardiac toxicity with concurrent
administration of anthracyclines and trastuzumab in both
neo-adjuvant and metastatic settings, even in a relatively
shorter period [40]. For instance, the BCIRGO006 clinical
trial observed fewer cardiac events in the group of patients
who received the docetaxel-carboplatin—trastuzumab
combination than in those who received the anthracycline
schedule [12, 41]. On the other hand, concurrent adminis-
tration of anthracyclines and trastuzumab in the ACOSOG
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(American College of Surgeons Oncology Group) 21041
trial did not result in a significant increase in cardiac
events, although it also did not show additional benefits in
relation to sequential administration [48, 49].

Although the combination of trastuzumab with anthra-
cycline therapy is approved by the FDA, the combination
with taxanes is safer and has been demonstrated to be more
effective than the sequential treatment [16, 23, 43]. A
meta-analysis of sequential and concomitant arms of six
trastuzumab adjuvant trials in BC demonstrated that con-
comitant adjuvant trastuzumab therapy offers a greater
benefit than sequential administration in both DFS and OS
[39]. For most patients, the use of an anthracycline-based
regimen followed by a taxane—trastuzumab-based regimen
is the preferred choice [16, 17]. This recommendation is
also applicable to the treatment of advanced BC.

In contrast, recommendations for the duration of treat-
ment with trastuzumab are distinct in the two main stages
of BC [15, 16]. Patients with early BC should be treated
with trastuzumab during 1 year or, in Europe, until disease
recurrence (whichever occurs first); extending treatment
beyond 1 year is not recommended (Table 3) [23, 43]. No
further benefits were demonstrated with the administration
of trastuzumab for 2 years and the risk of adverse effects
(mainly cardiotoxicity) can increase [16, 17]. The reduc-
tion of the duration of treatment of HER2-positive early
BC with trastuzumab has been evaluated: similar
improvements were obtained with only 9 weeks of treat-
ment, but the studies were unable to show non-inferiority at
6 months. Twelve months of treatment remains the
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standard of care [16, 17, 50, 51]. In contrast, the optimal
duration of trastuzumab treatment for advanced BC is
currently unknown.

Lastly, it is important to discuss efficacy data for adju-
vant trastuzumab treatment in specific groups, such as
patients with small BC and patients who are over 70 years
of age. Randomised and non-randomised trials support the
use of adjuvant therapy in tumours of 2 cm or less [52-54],
but trastuzumab use in clinical practice under these cir-
cumstances has not yet been approved [23, 43]. Never-
theless, due to a relatively high failure risk, international
guidelines have recommended that trastuzumab should also
be considered for this patient group, in particular in
estrogen receptor (ER)-negative disease [16, 17]. Likewise,
trastuzumab regimens should be considered for adjuvant
treatment in elderly women, particularly in those at higher
risk of relapse, with a lack of extra risk factors for trastu-
zumab-associated cardiotoxicity and with a prolonged
estimated life expectancy [16, 17, 52].

5.2 Advanced BC

Worldwide recommendations have advised that anti-HER2
treatment should be offered early to all patients with
HER2-positive metastatic BC [15, 42, 44]. The therapeutic
indications of trastuzumab for advanced BC are more
restrictive and objective in the EU than in the USA
(Table 3), in line with the conclusions reached through
extensive research for this stage of the disease [23, 43, 44].
Beyond the approved indications (Table 3), patients with
ER-/HER2-positive metastatic BC, for whom endocrine
therapy was chosen over chemotherapy, are also eligible to
initiate an anti-HER?2 agent such as trastuzumab. This is
based on the significant benefit that has been observed on
progression-free survival (PFS) with the combination of
anti-HER?2 therapy (either trastuzumab or lapatinib) and
endocrine therapy [15, 42]. The combination of
chemotherapy plus trastuzumab has shown superiority
versus chemotherapy plus lapatinib in terms of PFS and OS
as the first-line treatment for patients with HER2-positive
metastatic BC who have been previously treated (in the
adjuvant setting) or untreated with trastuzumab. Moreover,
it is now agreed that the combination of chemotherapy plus
trastuzumab and pertuzumab as first-line therapy is supe-
rior to chemotherapy plus trastuzumab in terms of OS,
primarily for previously untreated HER2-positive meta-
static BC [15]. Since this treatment option is preferable, it
is likely that the therapeutic indications for trastuzumab
will be updated to encompass dual HER2 blockade.

The place of other anti-HER2 options, such as trastu-
zumab—emtansine, has not been considered in the treatment
of advanced BC [15, 41].

Regarding the duration of trastuzumab treatment for
metastatic BC, the optimal interval is currently unknown
and patients are treated until disease progression [23, 42,
43].

Recent international consensus guidelines for advanced
BC recommend maintenance of HER2 pathway blockade,
even with progression of the disease, under a treatment
scheme using an anti-HER2 agent combined with a cyto-
toxic or endocrine agent [15].

While trastuzumab-based treatment is generally the first-
line treatment for advanced BC, a pertinent issue is the best
pharmacotherapy for patients whose BC has progressed
after a trastuzumab-based treatment. Until recently, there
were two viable options: continue trastuzumab in combi-
nation with another cytotoxic agent or change to lapatinib
in combination with capecitabine; the preferred option in
terms of the benefit/risk relationship was unknown [16]. In
2013, trastuzumab—emtansine was approved by the FDA
specifically for the treatment of patients with HER2-posi-
tive metastatic BC who had previously received trastuzu-
mab and a taxane [55, 56]. The regimen consists of an
antibody—drug conjugate that associates the anti-tumour
properties of trastuzumab with the cytotoxic effects of a
microtubule-disrupting chemotherapy drug (mertansine,
also known as DM1) [55, 56]. After first-line trastuzumab-
based therapy, trastuzumab—emtansine provides superior
efficacy as a second-line therapy over other HER2-based
therapies [15]. In the phase III clinical trial EMILIA
(Emtansine vs. Capecitabine plus Lapatinib in Patients with
HER2-Positive Locally Advanced or Metastatic Breast
Cancer), women with advanced HER2-positive BC that is
resistant to the combination of trastuzumab and a taxane
showed a significantly prolonged PFS and OS with less
toxicity when treated second-line with trastuzumab—em-
tansine than with lapatinib plus capecitabine [55, 56]. Thus,
trastuzumab—emtansine should be the preferred therapeutic
option in patients who have progressed through at least one
line of trastuzumab-based therapy [15]. Other clinical trials
are currently being carried out to advance the understand-
ing of the role of trastuzumab—emtansine in the treatment
of early and advanced BC [56]. Data on the treatment of
patients with HER2-positive advanced BC who relapse on
or shortly after adjuvant trastuzumab are scarce; further
studies, that take this population with a poor prognosis into
account, need to be undertaken.

6 Safety Profile of Trastuzumab
Trastuzumab is a relatively safe and usually well-tolerated

drug [16]. As an antibody, trastuzumab displays an atypical
pharmacokinetics, not modulated by the classic routes of
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drug elimination, and a targeted mode of action. Thus,
problems such as drug—drug interactions and interference
with unwanted targets (frequently one of the main causes
of drugs’ ‘adverse effects’) are unlikely. However, the
HER?2 receptor mediates multiple signalling pathways, not
only in tumour cells. HER2 also has a homeostatic function
in normal cells and the worrying safety issues seem to be
related to the lack of specificity of trastuzumab for the
tumour cells.

In more detail, the most common adverse reactions with
trastuzumab are infusion-related symptoms, such as fever
and chills. It is estimated that about 40 % of patients who
are treated with trastuzumab experience some form of
infusion-related reaction, although most are mild to mod-
erate and frequently occur with the first infusions [6, 23].

Other frequent adverse reactions are gastrointestinal
effects (nausea, vomiting, diarrthoea, constipation),
haematotoxicity (in particular neutropenia), infections,
rash, erythema, headaches, asthenia, arthralgia and myalgia
[6, 7, 23, 43, 57, 58]. Ishizuna et al. [59] warned that
although the development of hepatotoxicity is rare, peri-
odic monitoring of liver function is necessary during tras-
tuzumab therapy [59].

Cardiotoxicity and pulmonary toxicity are considered
the most clinically important adverse effects involving
trastuzumab. Severe, occasionally fatal, pulmonary toxicity
events have been documented. An important risk marker
for the development of pulmonary events is the presence of
dyspnoea at rest; patients with this clinical status should
not receive trastuzumab [23]. Cardiotoxicity, ranging from
left ventricular systolic dysfunction to congestive heart
failure, is the most extensively studied adverse effect.
Congestive heart failure is a common adverse reaction
(frequency of >1/100 to <1/10) and has been related to
fatal outcomes [23]. Interestingly, trastuzumab-associated
cardiac dysfunction is not dose related and is often rever-
sible, unlike that observed for anthracyclines [8]. As
already discussed, the combination of anthracyclines and
trastuzumab is not recommended, since anthracyclines can
induce cardiotoxicity and the concurrent administration
offers no additional benefit [6, 48]. Nevertheless, car-
diotoxic events have been observed equally in patients
receiving trastuzumab alone or in combination with tax-
anes after anthracycline-containing chemotherapy [8, 23,
60-62]. Although cardiac function should be monitored
during treatment [16, 23], the benefit of trastuzumab
treatment outweighs the cardiac risk in most instances.
Individual evaluation is nonetheless fundamental; cases
that deserve special attention are those of patients at lower-
risk stages of the disease (early stages) or those with
increased cardiovascular risk. Cardiac monitoring is par-
ticularly relevant in these subgroups [10]. Several risk
factors for the development of cardiotoxicity have been

A\ Adis

highlighted, such as anthracycline use, high body mass
index, hypertension, antihypertensive therapy, coronary
artery disease, congestive heart failure, left ventricular
ejection fraction lower than 55 % and older age [23, 62,
63]. The interruption or discontinuation of trastuzumab
treatment is generally required in cases of cardiotoxicity,
severe infusion reactions and pulmonary toxicity [6, 23, 43,
58].

The safety of trastuzumab in pregnancy and lactation
has not yet been established and therefore its use should be
avoided unless its benefit outweighs the risk to the fetus.
Women should not breastfeed during trastuzumab treat-
ment and for 7 months after the last dose. Furthermore,
trastuzumab is also contraindicated in patients with
hypersensitivity to murine proteins [6, 23].

7 Resistance to Trastuzumab

Although trastuzumab markedly improved outcomes for
HER2-positive BC, resistance to treatment remains a major
obstacle in the management of these patients. Approxi-
mately 65 % of patients with HER2-positive BC do not
respond to initial trastuzumab treatment and about 70 % of
those who initially responded experience progression of the
disease a year after the initial treatment. This means that
trastuzumab is subject to two kinds of treatment resistance:
a primary or inherent resistance and a secondary or
acquired resistance [18, 64, 65].

Resistance mechanisms have been hypothesised to have
three main levels: (1) steric effects; (2) alternative eleva-
tions of other tyrosine kinase receptors; and (3) intracel-
lular alterations in the HER2 downstream signalling [18,
19].

Steric effects are normally a result of structural modi-
fications in HER2 protein, which impede trastuzumab
binding. For example, HER2 can mutate into a truncated
receptor lacking the extracellular domain. This mutated
isoform promotes the continuous activation of oncogenic
signalling and avoids trastuzumab effects. Also, the ele-
vated expression of mucin-4 (a cell surface protein) can
yield a steric hindrance of HER2 and mask the trastuzumab
binding site [18-20].

Over-expression of other tyrosine kinase receptors, such
as insulin-like growth factor receptor 1 or hepatocyte
growth factor receptor (encoded by c¢-MET and the hepa-
tocyte growth factor receptor gene), promotes ectopic
activation of the PI3K pathway. This additional activation
of downstream signalling can compensate for the signalling
inhibition mediated by trastuzumab, resulting in resistance.
Notably, it has been reported that the over-expression of c-
MET and hepatocyte growth factor receptor in human BC
is correlated with poor prognosis. More importantly,
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trastuzumab up-regulates the c-MET expression in vitro
and, therefore, this over-expression of c-MET can represent
a critical mechanism involved in the acquired resistance to
trastuzumab [18, 19].

Lastly, intracellular alterations in the HER2 downstream
signalling, specifically the loss of phosphatase and tensin
homologue (PTEN) and activation of mutations in PI3K,
have been associated with a constitutive activation of the
PI3K/Akt pathway. In fact, clinical studies have shown that
tumours with a PTEN deficit and/or PI3K-activating
mutations achieve worse therapeutic outcomes with tras-
tuzumab, namely response rates and PFS [18, 66].

There are presently no validated, predictive biomarkers
of trastuzumab efficacy in HER2-positive BC that can be
used clinically. An Indian research group has developed
HerceptinR, the first database with mechanisms of trastu-
zumab resistance at the genetic level in BC patients [64]. It
is envisaged that HerceptinR will be seminal in designing
biomarkers to identify patients eligible for trastuzumab
treatment and in identifying effective chemotherapy for a
particular patient [64]. On the research front, efforts are
also focused on trastuzumab-based combinations targeting
multiple checkpoints within the same oncogenic pathway
or multiple sites across a signalling network, in order to
enhance the anti-proliferative effect of treatment and/or to
overcome the treatment resistance [65, 66]. These combi-
nations include inhibitors of multiple growth factor
receptors (e.g. pertuzumab, lapatinib, afatinib and nera-
tinib), blockage of HER2 downstream effectors (e.g.
everolimus, ridaforolimus, and current agents under
investigation [dactolisib, pictrelisib and buparlisib]), his-
tone deacetylase (e.g. panobinostat) and agents against
type I insulin-like growth factor receptor and angiogenesis
(e.g. bevacizumab, pazopanib and cixutumumab) [65, 66].
Multiple clinical trials have been performed and many are
ongoing [65, 66]. Hence, it is expected that some of these
approaches will be added to the therapeutic armamentar-
ium for BC in the near future.

8 Trastuzumab Administration

As previously mentioned, intravenous and subcutaneous
formulations of trastuzumab are now available for the
treatment of BC, although not in all countries (Table 2).
The two formulations have demonstrated comparable effi-
cacy and safety profiles; a pertinent issue is therefore to
establish which one is preferable.

Intravenous trastuzumab doses have been systematically
adjusted to body weight, while the subcutaneous formula-
tion consists of a fixed dose, irrespective of the patient’s
body weight [23]. Several studies suggest that body size
does not significantly influence the pharmacokinetics of

trastuzumab [24, 25, 35]. Additionally, subcutaneous
administration does not require a loading dose [24, 25, 32,
35]. Furthermore, patients prefer subcutaneous adminis-
tration, mainly due to the reduced administration time and
less pain and discomfort (Table 2) [10, 25, 29-31, 33, 34].
Taken together, these findings indicate that subcutaneous
administration should be the preferred option for trastu-
zumab in the treatment of HER2-positive BC. It is
expected that this administration route will become stan-
dard in the near future.

The intrathecal route has been studied recently to attain
adequate concentrations of trastuzumab in the central
nervous system, with the purpose of increasing the
response of tumours with brain metastasis [35]. Multiple
case reports have described the therapeutic success of
intrathecal trastuzumab in these cases [67-76]. However,
large clinical trials with an adequate design are urgently
needed to unequivocally prove the value of intrathecal
trastuzumab in the treatment of BC. In summary, although
this route is still experimental, it appears to be promising
for the management of patients with metastatic HER2-
positive BC. Since brain metastasis can develop in BC
patients treated with trastuzumab, we are of the opinion
that intrathecal trastuzumab may also be valuable in
combination with systemic trastuzumab in a non-metastatic
BC setting, with the aim of preventing the development of
metastasis. We believe that this unanswered issue deserves
future investigation.

9 Conclusion and Future Trends

Trastuzumab is an anti-HER2 agent available in intra-
venous and subcutaneous formulations, which have similar
efficacy and safety. Currently, trastuzumab remains the
first-line option for the treatment of early and advanced
HER2-positive BC, in mono- or combined therapy, due to
its established safety and efficacy profile.

The major challenge of trastuzumab-based treatment is
undoubtedly resistance to the drug. Further improvement of
clinical and therapeutic outcomes are expected in coming
years, building on the combination of drugs targeted to
different biologically relevant pathways, and associated
with the predictive use of therapeutic and disease
biomarkers. The molecular and immunotherapeutic para-
digm has changed the management of BC dramatically,
and further developments are expected in this area.
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