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Abstract

About 30% of human breast cancers are human epider-
mal growth factor receptor 2 (HER2)". This particular
biological portrait is characterized by the overexpression
of HER2 receptor with the subsequent deregulation of
downstream pathways, which control cellular survival
and proliferation. The most effective treatment for HER2*
cancer is represented by therapy with HER2-targeted
agents. Anti-HER2 therapy dramatically improves clini-
cal outcomes, although it shows some limitations in
achieving a proper treatment. These drawbacks of HER2-
targeted therapy may be overcome with the develop-
ment of HER2-targeted drug delivery nanodevices. These
nanoparticles possess an internal three-dimensional com-
partimentalization, which allows to combine the specific
target recognition with their capability to act as a drug
reservoir for the selective delivery of chemotherapics
to tumor sites. Moreover, nanoparticles useful in photo-
thermal ablation or in photodynamic therapy have been
functionalized in order to match specificity in tumor cell
recognition and suitable chemical properties. Here, we
summarize the state of the art concerning the HER2"
breast cancer and anti-HER2 therapy, in particular deep-
ening the contribution of the nanomedicine. Description
of preclinical studies performed with HER2-targeted na-
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noparticles for HER2" breast cancer therapy will be pre-
ceded by an overview on HER2-targeting molecules and
nano-conjugation strategies. Further investigation will be
necessary to introduce these nano-drugs in clinical prac-
tice; however promising results encourage an upcoming
translation of this research for the next future.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: About 30% of human breast cancers are char-
acterized by the overexpression of human epidermal
growth factor receptor 2 (HER2) receptor, which de-
termines the deregulation of cell survival and prolifera-
tion pathways. The HER2-targeted therapy is the most
effective treatment, despite some related limitations,
which could be bypassed with the development of
nanoparticles for HER2-targeted drug delivery, photo-
thermal ablation or photodynamic therapy. Here, we
describe HER2" breast cancer features and anti-HER2
therapy, and focus on the contribution of nanomedicine
in this context, by reporting HER2-targeted nanoparti-
cles under preclinical investigations. Promising results
suggest upcoming clinical application of these nano-
compounds in the next future.
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INTRODUCTION

The erythroblastic leukemia viral oncogene homolog (
ErbB) family of receptors and associated pathways main-
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Figure 1 Characteristic features of ErbB receptors family. A: Schematic
representation of HER1 and HER4 conformational change upon ligand interac-
tion; B: Schematic representation of HER2 heterodimers. HER: Human epi-
dermal growth factor receptor 2; ErbB: erythroblastic leukemia viral oncogene
homolog.

ly regulate cell survival and proliferation. They include
many actors, which cross-talk with each other and which
may have overlapping functions. The typical redundancy
of robust physiological processes, including the ErbB
pathways, is employed by normal cells to guarantee their
survival. However, it may also be highly dangerous dur-
ing the early stages of tumor development, since it con-
tributes to increase the proliferative potential of cancer
cells". Actually, the main goal in clinical practice is to
selectively kill the tumor cell before it can acquire the
capability of metastasizing and to reduce the onset of se-
vere side effects related to chemotherapics. Based on this
rationale, several nanotechnological devices have been
developed to target delivery of chemotherapeutic agents
toward cancer cells in order to minimize their toxic ef-
fects on healthy tissues while increasing the antitumor ef-
ficacy”. Although the number of nanoparticle strategies
developed for drug delivery is increasing rapidly, they can
be classified into two major groups: (1) particles contain-
ing organic molecules; and (2) particles that use inorganic
elements, usually metals, as a core.

In this review, we focus on the ErbB receptor human
epidermal growth factor receptor 2 (HER2) with the aim to
summarize the state of the art of HER2" breast cancer and
related targeted therapy. In particular, we wish to explore
the contribution of nanotechnology in the development of
HER2-targeted nanoparticles for therapeutic purpose.

HER2 AND THE ErbB FAMILY OF
PROTEINS

HER?2 is a cell membrane-bound tyrosine kinase recep-
tor that is overexpressed in 20%-30% of breast cancer
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in humans. It belongs to the ErbB family of proteins,
consisting of four different membrane receptors: epider-
mal growth factor receptor 1 (EGFR, HERI1, ErbB1),
2 (HER2, EtbB2), 3 (HER3, ErbB3) and 4 (HER4,
ErbB4)"!. Each receptor includes an extracellular do-
main recognized and bound by the ligand, an q-helical
transmembrane portion and an intracellular tyrosine-
kinase domain™, Within the ErbB family there are also
13 polypeptide ligands that share the conserved epider-
mal growth factor (EGF) domain. The EGF family of
polypeptides specifically binds the ErbB receptor and
generally include three classes of proteins. The first one
contains several EGFR ligands such as EGE, transform-
ing growth factor (T'GF)-a, amphiregulin and Epigen.
The second group is constituted of [-cellulin, heparin
binding EGF and epiregulin, which display dual specific-
ity toward EGFR and HER4. The last group contains
neuregulins (NRGs), which are divided into two sub-
classes depending on recognition of HER3 and HER4
(NRG-1 and NRG-2) or HER4 only (NRG-3 and
NRG-4)", Generally, ErbB receptors take on an inactive
conformation. The binding of the physiological ligand
determines and stabilizes a conformational change that
makes the dimerization domain within the extracellular
portion accessible to other receptors of the family (Fig-
ure 1A). The receptor dimerization is essential for ExrbB
function and for activating the downstream cascade of
signal transduction. Dimerization can take place between
two different ErbB receptors (heterodimetization) or be-
tween two identical ErbB molecules (homodimerization).
The receptor dimerization causes transactivation of the
tyrosine-kinase domain by phosphorylation, so that each
receptor activates its partner”. In the ErbB family, only
HER3 and HER2 are non-autonomous: the first one
does not have intrinsic kinase activity since it is unable to
bind adenosine triphosphate (ATP), whereas HER2 is an
orphan receptor, since it lacks a physiological ligand[3’4].

PHYSIOLOGICAL MECHANISM OF
ACTION: FROM THE RECEPTOR TO THE
PATHWAYS

Since it is an orphan receptor, HER2 is always in a con-
stitutively active conformation, which exposes the dimer-
ization domain to other receptors of the ErbB family.
Therefore, HER2 cannot homodimerize and needs to
be activated by heterodimerization with ligand-activated
HER1, HER3 or HER4 (Figure 1B)". After dimeriza-
tion, the cross-phosphorylation of dimer partner cre-
ates docking sites for the engagement of downstream
signaling actors. Depending on the type of ligand and
the type of ErbB receptor recruited by HER2, different
adaptor proteins are engaged and different pathways are
activated”. Two key pathways are activated by HER2:
the mitogen-activated protein kinase (MAPK) pathway
and the phosphoinositide 3-kinase (PI3K)/Akt pathway,
which promote proliferation and cell survival, respec-
tively. The activation of the MAPK pathway is due to
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Figure 2 Schematic representation of HER2 physiological pathways. Ras:
Rat sarcoma protein; Sos: Son of sevenless; PI3K: Phosphoinositide 3-kinase;
MAPK: Mitogen-activated protein kinase; HER: Human epidermal growth factor
receptor; ErbB: Erythroblastic leukemia viral oncogene homolog.

the recruitment and activation of the rat sarcoma protein
(Ras) by the transducer molecule son of sevenless, which
is in turn activated by growth-factor-receptor-bound-2
previously activated by Src-Homology-2 containing (Shc).
Shc is activated upon interaction with the phosphorylated
tyrosine residues within the HER2 intracellular domain.
Activation of Ras kinase triggers the activation of the
MAPK signaling cascade, which includes the phosphory-
lation of Raf, MEK and MAPK. Upon phosphorylation
by MEK, MAPK translocates into the nucleus, where it
regulates the transcription of genes involved in angiogen-
esis, proliferation and cell cycle control (Figure 2).
Differently, the PI3K pathway is activated through
interaction of the phosphorylated serine or threonine
residues of the receptor with the PI3K or with one of
its transducer proteins, such the ubiquitin ligase Cbl. The
activation of PI3K leads to the conversion of Phospha-
tidyl inositol 2 (PI) into PI3, with subsequent activation
by phosphorylation of the Akt kinase. Once phosphory-
lated, Akt interacts with several transcription factots
involved in cell cycle control, suppression of apoptosis
and cell survival, such as mTOR, p27, nuclear factor-xB,
glycogen synthase kinase-3f3, and modulates their activa-
tion/ inhibition™?. The formation of PI3 is antagonized
by the phosphatase PTEN, which acts reverting PI3 in
PI2. Interestingly, HER2 is also able to translocate into
the nucleus, where it interacts with the cyclooxygenase-2
promoter and directly activates the transcription of spe-

cific HER2-dependent genes (Figure 2)"".

MOLECULAR FEATURES AND
PATHOGENESIS OF HER2" BREAST

CANCERS

HER2" breast cancer is characterized by HER2 overex-
pression due to Her2 gene amplification or aneuploidy in
more than 90% of cases". In addition to gene amplifica-
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tion and aneuploidy, HER2 overexpression may derive
from transcriptional deregulation involving cis-acting
enhancer elements near Her2 promoter or overexpres-
sion of transcription factors that bind this region”. As a
result of HER2 overexpression, many intracellular signal-
ing proteins and physiological pathways are activated.
Moreover, the negative regulatory loops usually active in
normal cells are impaired, further contributing to pathol-
ogy onset". Frequently, in HER2" breast cancer the de-
regulation of the PI3K/Akt pathway takes place. Indeed,
the PI3K activity is maintained high by the preferred
interaction of HER2 with HER3. HER3 has impaired
kinase activity and is unable to form homodimers but it
contains six docking sites for the PI3K interaction that
makes it the major PI3K activating receptor of the ErbB
family. HER3 is the preferred partner of HER2 and the
HER3/HER?2 dimer functions as an oncogenic unit™,
The activation of PI3K leads to the phosphorylation and
subsequent activation of Akt, which determines, among
others, many important downstream effects in the on-
cogenic process, such as the downregulation of cyclin
D1 and p27, which increase tumor cell proliferation and
survival'. Another typical outcome of HER2 overex-
pression is the hyperactivation of the MAPK pathway
that results in the transcription of genes that drive cell
proliferation and migration, thus conferring to tumor

cells poor differentiation, invasiveness and metastatic be-
[1.11]

havior

Generally, HER2 overexpression is also combined
with increased angiogenesis, since HER2 is able to modu-
late the balance between pro- and anti-angiogenic factors.
In particular, high HER2 expression has been related to
high levels of the pro-angiogenic molecules VEGE, 1L-8
and angiopoietin—Zm.

It has to be noted that HER2 extracellular portion is
subjected to metalloproteinase cleavage, which generates
a kinase-active p95 fragment. At present, it is unknown
whether this activated fragment undergoes nuclear
translocation and regulates HER2-dependent genes ex-
pressionm]. Morteover, decreased levels of phosphatase
expression (e.g., PTEN), increased expression of ErbB
receptor partners and/or their ligandsm’ls], cross-talk with
other tyrosine-kinases (¢.g., IGF-IR) are alternative mech-
anisms leading to HER2 hyperactivation even in absence

of HER2 overexpression”’3’8’1 1

CLINICAL FEATURES OF HER2" BREAST
CANCER

As widely stated in literature, breast cancer is a heteroge-

neous disease and includes various subsets with distinct
biological portraits. HER2" breast cancer is characterized
by a poor clinical outcome when anti-HER2 therapy is
not administered. Notoriously, HER2 overexpression
is related to lower hormonal receptor (HR) positivity,
higher index of mitosis, and frequent p53 mutations.
Clinical implications of these features include shorter
metastasis-free and overall survival'™. A retrospective
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Figure 3 Schematic representation of mechanism of action of HER2-targeted drugs. PZ recognizes an epitope within the HER2 dimerization domain, thus
preventing interaction with other activated ErbB receptors. Moreover PZ recruits natural killer cells, which mediate ADCC. TKI act on HER2 tyrosine kinase activity, by
blocking intracellular signaling. TZ binds the juxtamembrane portion of HER2, thus preventing receptor cleavage and stimulating ADCC response and receptor degra-
dation after endocytosis of the HER2-TZ complex. PZ: Pertuzumab; TZ: Trastuzumab; TKI: Tyrosine kinase inhibitors; ADCC: Antibody dependent cellular cytotoxicity;
HER: Human epidermal growth factor receptor; ErbB: erythroblastic leukemia viral oncogene homolog.

study on 892 breast cancer patients showed a significantly
higher frequency of distant metastases for HER2" tu-
mors, together with a lower 9-year disease free survival
and a lower 7-year overall survival compared to the other
subgroupsm. However, the clinical behavior of HER2"
cancers may also depend on HR status' . A recent pro-
spective cohort study was conducted on 3394 HER2"
breast tumors: among these, HR™ cancers more likely
presented higher T' stage (T3 to T4 in 17% »s 10%, P <
0.001), nodal involvement (52% o5 45%, P < 0.001), and
higher histologic grade (81% vs 60%, P < 0.000)". Inter-
estingly, HER2"/HR’ cancers were associated with more
frequent brain recurrences (OR = 1.75, P = 0.033), and
less frequent bone metastases as a first distant recurrence
(OR = 0.53, P = 0.005), thus indicating a more aggressive
disease. Therefore, HER2" cancers may be divided into
two distinct clinical entities based on HR status, although
further studies are needed.

MANAGEMENT OF HER2" BREAST CAN-
CER

Among the different therapeutic strategies employed
for HER2" breast cancer, Trastuzumab (T'Z) is the most
widely used agent. TZ is a humanized monoclonal an-
tibody developed starting from the murine antibody
4D5 and constituted of two antigen-binding sites that
recognize the juxtamembrane portion of HER2 recep-
tor. It functions by blocking the downstream signaling
activity of HER2, thus causing cell cycle arrest and
reduced angiogenesis'. TZ inhibits the PI3K survival
pathway by increasing PTEN membrane localization and
activity, with resulting inhibition of proliferation”. The
inhibition of PI3K signaling may also result from HER2
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internalization and degradation upon TZ interaction.
However, it is still under debate whether HER2 may ef-
fectively be downregulated by TZ or not . Moreover,
there is evidence that TZ-HER?2 interaction activates
the immunological response mediated by the antibody-
dependent cellular cytotoxicity (ADCC), through recruit-
ment of natural killer (NK) cells. NK cells express on
their surface the Fey receptor 1la, which recognizes and
binds the Fc domain of TZ"*'?. In addition, the interac-
tion of TZ with HER2 prevents the proteolytic cleavage
of HER2 extracellular domain, its serum-release and the
production of the truncated p95 kinase active fragment
by masking the cleavage site to metalloproteinase (Fig-
ure 3)"*Y At present, it is still unknown if 'TZ can act
directly on HER? intracellular partners' *'; however TZ
likely inhibits signaling downstream HER2-HERT1 het-
erodimers'. Finally, TZ treatment blocks the cell cycle in
the G1 phase, leading to reduced proliferation. This event
is coupled to reduced expression of proteins involved in
the sequestration of the cyclin-dependent kinase inhibitor
p27KIP1, including cyclin D1. This results in increased
expression of p27KIP1 protein, which causes cell cycle
arrest in S phase!™'”.

The significant improvement in overall survival and
disease free survival achieved with TZ in HER2" breast
cancer may be considered a paradigm of the importance
of targeted therapy in clinical practice, since TZ-based
chemotherapy regimens have changed the clinical course
of the disease. A phase Il randomized clinical trial on
HER2" metastatic breast cancers showed that the addi-
tion of TZ resulted in a significantly improved overall re-
sponse rate (61% s 34%, P = 0.0002), and overall survival
(31.2 mo 25 22.7 mo, P = 0.0325)*. In a recent Cochrane
systematic review on a total of 1497 patients in which
TZ was administered in combination with chemotherapy,

December 9, 2014 | Volume 3 | Issue4 |



Mazzucchelli S et a/. Targeted approaches for HER2 breast cancer therapy: News from nanomedicine?

the efficacy of TZ was confirmed, with an improved
overall survival (HR = 0.82, P = 0.004), progression-free
survival (HR = 0.61, P < 0.00001), and overall response
rate (RR = 1.58, P < 0.00001), although an increased risk
in congestive heart failure was evident™. Because of the
great efficacy as a first-line and adjuvant treatment, TZ
has been successfully introduced also in the neoadjuvant
setting. Interestingly, the first phase Il randomized trial
on neoadjuvant TZ was prematurely stopped due to the
evident supetiority of TZ-based Chernotherapym. Other
more extensive trials, such as GeparQuattro and NOAH,
demonstrated similar results, with a substantial improve-
ment of pathologic complete response rates and 5-year
event-free survival in the TZ arm™"’.

Besides TZ, other antibodies against HER2 are cur-
rently under investigation. In particular, Pertuzumab (PZ)
is a humanized monoclonal antibody that recognizes
an epitope within the HER2 dimerization domain. It is
able to inhibit heregulin-induced activation of HER2
phosphorylation and cell growth. Differently from TZ,
PZ blocks the heterodimerization of HER2 with HER3,
which is extremely relevant in tumorigenesis. However,
PZ is not able to prevent the formation of EGFR-
HER2 dimers, thus limiting its therapeutic efficacy”*.
As observed for TZ, PZ efficacy is also mediated by the
recruitment of the ADCC system (Figure 3). Because of
its capability to inhibit HER2 dimerization with HER3,
PZ has been approved by FDA for clinical use in asso-
ciation with TZ, thus helping to overcome resistance to
anti-HER2 treatment. This approval has been obtained
on the basis of a phase IlI Clinical Evaluation of PZ and
TZ (CLEOPATRA) trial, in which placebo plus TZ plus
docetaxel was compared to PZ plus TZ plus docetaxel
for first-line treatment of 808 HER2" metastatic breast
cancer'”. Median progression-free survival was signifi-
cantly higher in PZ group (18.5 mo »s 12.4 mo), and
preliminary analysis showed also a favorable trend about
overall survival. Currently other studies are investigating
the role of PZ in HER2" breast cancer in progression
under TZ treatment, confirming a synergistic role be-
tween the two antibodies™.

In the last ten years, an antibody-drug conjugate,
named T-DM1 (Genentech), has been developed, and it
is constituted by a TZ molecule conjugated with the anti-
microtubule agent DM1. TZ-DM1 recognizes HER2,
is internalized and release DM-1 into the cytoplasm of
HER2" cells™. In February 2013, T-DM1 was approved
by FDA for treatment of metastatic HER2" breast cancer
previously treated with TZZ and taxanes. The efficacy of
T-DM1 in this setting has been assessed in comparison
with Lapatinib on 991 patients, with an overall survival of
30.9 mo »5 25.1 mo (P < 0.001): in particular, T-DM1 was
assoclated with a higher objective response rate (43.6% vs
30.8%, P < 0.001) and a lower toxicity profile”".

Another class of biological drugs for HER2-targeted
therapy is represented by tyrosine-kinase inhibitors (TKI).
They are small molecules that bind the ATP binding site
of ErbB receptors, and prevent the activation of both
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PI3K and MAPK signaling pathways, thus increasing
apoptosis and reducing proliferation (Figure 3)"". Among
them, the most clinically advanced is Lapatinib, a dual
inhibitor of HER2 and EGFR". Lapatinib has the ad-
vantage to act also on p95 activated fragment of HER2,
which strongly correlates with poor prognosis[33’34].
Lapatinib has gained a great interest for breast cancer
treatment mainly for two reasons: its orally available for-
mulation and its efficacy in the treatment of TZ-resistant
metastatic HER2-positive breast cancer, with a reduction
in risk of death by 26%". Moreover, Lapatinib has been
recently studied in the neoadjuvant setting in association
with TZ (NeoALTTO Trial), with a pathologic complete
response of 51.3% »s 29.5% with TZ alone. Other
TKIs, such as HKI-272, ARRY-334543 and BIBW-2992,
are under clinical investigation for breast cancer' ",

Finally, some inhibitors of the Heat Shock Protein 90
(Hsp90) have been developed for breast cancer therapy.
Indeed, Hsp90 has a role in controlling the stability of
nascent and mature forms of HER2. Inhibition of its ac-
tivity results in HER2 ubiquitination and subsequent pro-
teasomal degradation, thus blocking HER2 downstream
signaling pathwaym. A phase II trial has been conducted
on 31 patients with HER2" breast cancer in progression
after TZ treatment, subsequently treated with the Hsp90
inhibitor tanespimycin: the objective response rate was
22% with a progression-free survival of 6 mo, therefore
demonstrating the efficacy of the drug against this sub-

set of breast cancet””. However, tanespimycin has been
suspended for further clinical studies, and other novel

Hsp90 inhibitors are currently studied.

ONSET OF RESISTANCE

Frequently, HER2" cancers develop resistance to HER2-
targeted therapiesﬁg]. In particular, the development of
resistance toward the widely used TZ has been extensive-

ly examined. Generally, resistance to TZ occurs because
of three different mechanisms: (1) epitope masking; (2)
upregulation of HER2 signaling; and (3) alterations of
the immune responsem]. As regards to epitope masking,
two candidates have been identified: Mucin 4 (MUC4)
and the CD44/hyaluronan polymer complex. MUC4 is
an O-glycosylated membrane-associated protein, which
is upregulated in TZ-resistant JIMT-1 cells. Binding of
TZ to HER2 was reduced in JIMT-1, while it was re-
stored after knockdown of MUC4™. A similar result was
observed with the CD44/hyaluronan polymer complex,
where knockdown of CD44 or chemical inhibition of
hyaluronan synthesis restored TZ-HER2 recognition in
JIMT-1 cells. In both cases, the TZ-resistance is prob-
ably due to the steric hindrance of the complex that
prevents TZ binding and internalization, without altering
HER2 signaling™. Upregulation of HER2-signaling is
another mechanism found to bypass TZ hurdle. It results
from the overexpression of some ErBb family members
and the subsequent increase in heterodimer formation.
Indeed, in presence of an excess of ErbB ligands the
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resulting heterodimers drive cells towards proliferation
and inhibition of apoptosis, thus interfering with TZ ac-
tion™?, However, the HER2/HER1 complex may also
undergo antibody-induced internalization, ubiquitination,
and proteolysis, that disable its transforming activity'",
Moreover, up to 30% of HER2" breast cancers express
p95, an amino-terminal truncated form of HER2. Since
P95 is a constitutively active kinase lacking the TZ bind-
ing site, it is able to confer TZ resistance”. In this situa-
tion, treatment with PZ or with one of TKIs may replace
responsiveness to anti-HER2 therapym. Another mecha-
nism to bypass the TZ-mediated blockade of HER2
signaling is the activation of downstream effectors by
alternative routes, e.g., via the insulin-like growth factor 1
receptor (IGF-1R) or c-Met, often overexpressed in TZ-
resistant cells, and able to hyperactivate the PI3K/Akt
pathway. Treatments with inhibitors of IGF-1R or c-Met
may restore TZ sensitivity™. Decreased expression of
the Akt inhibitor PTEN is another crucial factor in TZ
resistance. TZ upregulates the microRNA miRNA-21,
a physiological inhibitor of PTEN phosphatasew. The
reduction of PTEN expression maintains Akt active, and
diminishes T7Z efficacy’ . Moreover, the hyperactivity of
the PI3K pathway causes epigenetic changes, which result
in the inhibition of FoxO, the transcription of antiapop-
totic genesm and the downregulation of p27KIP1[44].
Finally, the alteration of the immune response may
cause TZ resistance in tumor cells. It is well known that
TZ treatment induces ATCC, which triggers tumor cell
death™. Tt exists a FeyRIIIa polymorphism, which makes
it less effective at inducing ATCC. This mechanism of
resistance is common to both TZ and PZ treatments™”.

Besides these three main mechanisms, other minor
ones are involved in TZ resistance and have to be taken
into account. These concern the discovery of HER2 mu-
tants with modulated receptor activities, and subsequent
more aggressive tumor phenotype“(ﬂ, and the increased
activation of Notch receptors upon TZ or Lapatinib
treatment, which contributes to the development of re-
sistance™”'L.

To overcome the previously described mechanisms
of resistance to TZ a new agent against HER2" cancers,
called Neratinib, is being investigated for clinical use.
Neratinib is a pan-HER irreversible TKI, also available
for oral administration, and ErbB2 mutations were found
to be sensitive to Neratinib in some preclinical studies™.
In a phase II trial on patients with or without previous
treatment with TZ, Neratinib was administered daily at
240 mg dosage. The 16-wk progression-free survival rates
was 59% for patients with prior TZ and 78% for the oth-
er group of patients and the most common adverse event
was diarrhea™. Interestingly, Neratinib was recently ad-
ministered in combination with weekly paclitaxel and TZ
in a phase [ trial on metastatic HER2" positive cancers
previously treated with TZ, Lapatinib or T-DM1, with an
objective response in 38% of patients and a median time
to progression of 3.7 mo, therefore suggesting that dual
anti-HER blockade with Neratinib and TZ may be more
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effective than single-agent inhibition®™. Therefore Nera-
tinib represents a promising tool for HER2" TZ-resistant
breast tumors, and a phase Il trial comparing Neratinib
plus Capecitabine and Lapatinib plus Capecitabine in

metastatic HER2" breast cancer is ongoingb‘ﬂ.

THERAPEUTIC IMPROVEMENT FROM
NANOTECHNOLOGY

Over the last thirty years, we all have witnessed the great

development of nanotechnologies. In particular, nano-
medicine has shown promising scenarios for clinical
practice with the development of more effective, less
toxic and smart therapeuticsm]. The novel field of nano-
oncology was created and several nanodevices for tumors
treatment have been developed in order to overcome lim-
itations of conventional therapies. Indeed, chemotherapy
lacks of selectivity toward tumor cells and therefore it is
highly toxic toward healthy tissues. It has limited acces-
sibility to the tumor tissues, and requires high doses to be
efficient™. Moreover, conventional chemotherapics are
usually unable to cross biological barriers, thus bearing

limited efficacy at several metastatic sites’”

. Nanoparti-
cles possess physical and chemical properties suitable for
molecular and cellular interactions, partially due to their
high surface-to-volume ratio. Moreover, their capability
to form internal 3D nanostructures gives them the ap-
propriate flexibility to be exploited as drug delivery devic-
es able to overcome biological barriers, and to transport
hydrophobic and pootly water-soluble drugs. Nanopar-
ticles can be designed to have a large therapeutic payload
and to be applied in combinatorial therapy since they can
accommodate multiple drugs. Moreover, nanoparticles
protect embedded drugs, thus allowing in certain cases to
overcome drug resistance, which is crucial for effective-
ness of cancer treatment. Finally, nanoparticle surface
can be engineered with antibodies, peptides or other bio-
logically active molecules in order to achieve a selective
targeting of tumor malignancies™.

In the next paragraphs, we will overview the ligands
and the conjugation employed for the development of
HER2-targeted nanoparticles, and we will report some
nanotechnological approaches for the targeted-therapy
of HER2" breast cancer.

HER2-TARGETED LIGANDS FOR
NANOPARTICLES BIOENGINEERING

An active targeting strategy relies on the coupling of a

targeting moiety to the surface of nanoparticles, thus
providing specific binding to cancer biomarkers over-
expressed at the target site. Such a targeting mecha-
nism increases specific recognition of tumor cells and
internalization of the nanocomplex through receptor-

5% The influence of a targeting

mediated endocytosis
molecule on the pharmacokinetics, biodistribution and

tumor accumulation of nanoparticles depends on several
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factors, including the nature of the ligand, its density
on the surface of the nanoparticle and its activity®”,
Targeting moieties exploited for nanoparticle function-
alization include peptides, proteins, oligonucleotides,
aptamers, carbohydrates, lipids, and other biologically
active molecules. Among them monoclonal antibodies
and antibody-derived ligands, are widely used (Figure 4).
Indeed, antibody-based therapy has received wide atten-
tion because of its stability to selectively target tumor
cells through receptor-specific interactions” !, The
selective tumor targeting capability of antibodies can be
exploited in nanotechnology by covalently coupling anti-
bodies directed against HER2 to the surface of colloidal
nanoparticles, thus achieving higher cellular uptake and
improved antitumor efficacy of nanoformulated drugs.
In the context of HER2-targeted nano-therapy the most
studied example of nanoparticle-conjugated ligand is TZ,
a humanized monoclonal antibody already used as single
agent after chemotherapy or in combination with chemo-
therapy in HER2-overexpressing metastatic breast cancer
treatment. TZ has been used as a targeting moiety to be
conjugated onto the surface of different nanoparticles,
including quantum dots, magnetic and gold nanoparticles,
in order to achieve selective recognition of HER2" tu-
mor cells for both imaging and therapeutic applications,
with promising results obtained in preclinical studies on
HER2" breast cancer-bearing animal models. Differ-
ent kinds of TZ-functionalized nanoparticles have been
extensively reportedﬂ’“]. However, conjugating entire an-
tibodies onto nanoparticles may lead to increased immu-
nogenicity of the resulting nano-compound and reduced

. . . . . 64 .
circulation time and tissue penetratlon[ 1. Recombinant
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antibodies with small size have been developed in order
to overcome such problems. Nano-conjugation of the
half-chain of the monoclonal antibody TZ dramatically
improves the intracellular trafficking and the long-term
stability of the nano-compound in both 7 vitro and in vive
settings'”’. Anti-HER2 Fab fragment of the monoclonal
antibody TZ has also been shown to enhance tumor cell
uptake resulted from HER2-mediated internalization of
HER2-targeted liposomes' ™. Tnnovative and intrigu-
ing ligands, which have provided promising results, are
single-chain fragment variable antibodies (scFv), variable
Vi and Vi regions of antibodies connected through a
synthetic loop'. Anti-HER2 scFv immobilized onto
the surface of magnetic nanoparticles has proved to be
highly effective in selectively targeting HER2 " -breast
cancer cells, and has shown faster cellular interaction and
incorporation of nanoparticles when compared to entire
TZ ligandf(’ﬂ. A number of nanoparticles have also been
functionalized with HER2 affibody molecules, small pro-
teins mimicking the active portion of the Fab region of
TZ"M, Nanoparticle-affibody conjugates have shown
highly specific targeting and efficiency toward HER2'-
breast cancer, thus representing another promising class
of targeting ligands with simple, robust, and precise
structure and high affinity.

Besides antibodies and antibody-derived ligands,
other active molecules directed toward HER2 have been
proposed as interesting ligands for nano-formulation. In
particular, Lapatinib is a dual inhibitor of the tyrosine ki-
nase receptors EGFR and HER2 used to treat advanced
breast cancers, and its poor water solubility has been
overcome by conjugation with lipoprotein-like nanopar-
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ticles (LTNPs). Such nano-compounds could be taken
up by breast tumor cells by endosomes through clathrin-
dependent pinocytosis and macropinocytosis, with subse-
quent escape from endosomes to the cytoplasm. Within
tumor cells, LTNPs induce a significant cell arrest at Go/
G phase compared with equal concentrations of classical
lapatinib. They also could passively accumulate into the
tumor 7 vivo via the enhanced permeability and retention

effect where they induce elevate anti-tumor activity” >,

NANO-CONJUGATION OF HER2-
TARGETED LIGANDS

When designing nano-devices for targeted treatment,

a crucial issue concerns the optimization of function-
alization strategies to achieve an efficient and specific
targeting, The structural features of a nano-compound
may affect its biological functions; hence many efforts
have been focused on development of new strategies
for nanoparticle surface bioengineering (Figure 4). In
particular, fine control of positioning, spatial orienta-
tion and conservation of the activity of targeting bio-
molecules have reveled essential for the generation of
nano-compounds with well-defined and reproducible
properties[74
physical adsorption and formation of covalent chemical

"l Reliable conjugation strategies include

connections, often through coupling with appropriate
576 Physical adsorption is usually related
to protein ligands destabilization. Moreover, ligand oti-

crosslinkers

entation, number of immobilized molecules and bond
stability are completely out of control. Instead the co-
valent coupling between the ligand and the nanoparticle
gives some advantages in terms of stability of the ligand
conjugation and versatility of the conjugation strat-
egy. Indeed, chemical properties of nanoparticles have
sometimes to be modulated with different functionalities
depending on the functional groups found on the target-
ing ligands. Frequently superficial amino and carboxylic
groups on the surface of nanoparticles are employed for
amide coupling, thus obtaining covalent binding between
the ligand and the biocompatible polymers coating the
nanoparticles surface. Cysteine residues have also been
found as preferred conjugation sites on proteins in gen-
eral, and further exploited for HER2-targeted ligands
bioconjugation. Such cysteines, either naturally present
in the polypeptide sequence or introduced at specific
positions by site-directed mutagenesis in case of recom-
binant ligands, can be activated with reducing agents and
used to form disulfide bonds with properly modified
nanoparticles surface!”". Traditionally, poly ethylene
glycol (PEG) ot poly ethylene oxide molecules are used
to coat nanoparticles surface in order to reduce eventual
aspecific interactions of the nanoparticle with the cells
and function as spacer. Anti-HER2 antibodies have been
conjugated to PEGylated nanoparticles, by covalent at-
tachment to superficial amino and carboxylic groupsmgﬂ.
Polyvynil-pyrrolidone (PVP) and poly-D,L-lactic-co-gly-
colic acid (PLGA) are other clinically safe polymers used
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to coat nanoparticles, which can interact with a variety
of agents[sz‘. Vivek ez al™ have developed TZ-conjugated
PVP-PLGA nanoparticles for targeted delivery of drugs
to HER2-overexpressing breast cancer cells.
Optimization of nanoparticle functionalization has
lead to the development of smart conjugation tech-
niques, which allow fine-tuning of the orientation of
the targeting biomolecules, in order to maintain and/or
further exploit the targeting capability and the thera-
peutic efficacy of HER2-directed ligandsm’w. In several
cases both TZ and the nanoparticle surface have been
modified with heterobifunctional linkers, such as N-suc-
cinimidyl-3-(2-pyridyldithio)propionate, succinimidyl-
4-(N-maleimidomethyl)cyclohexane-1-carboxylate and
succinimidyl iodoacetate, commercially available and
widely used crosslinkers for bioconjugation. They al-
low to determine the exact number of reactive amines
on the nanoparticle surface, thus widely contributing in
controlling ligand density onto the surface of the result-
ing nano—compound”’84’8q. A classical approach, although
not applicable in medicine, is based on the strength of
streptavidin-biotin complex. Basically biothinylated TZ
reacts with streptavidin-modified nanoparticles, thus
generating HER2-targeted nano—compounds[sﬂ. Another
smart conjugation strategy consists in taking advantage
of spaBC3, a monodomain variant of protein A, a natu-
ral peptide linker endowed with high affinity for IgGs. It
has been used to bind iron oxide and gold nanoparticles
for tight TZ immobilization through the Fc fragment,
thus achieving an optimal presentation of the target-
directed Fab fragments and keeping full binding capacity
of the bound antibody[m. In several cases the use of a
protein biolinker is suited for a controlled site-specific
conjugation of HER2-targeted ligands and it also con-
tribute in stabilizing nanoparticle while producing,
Recombinant ligands offer an extremely desirable
versatility in terms of nanoparticle conjugation, since
their polypeptide sequence can be easily genetically en-
gineered leading to generation of useful functionalities
for nanoparticles conjugation. Anti HER2 scFv were
modified inserting a His-tag in N-terminal position lead-
ing to conjugation of NiNTA functionalized nanopar-
ticles. Otherwise, the mutation of a setine residue with a
cysteine within the Vu-Vi linker region or the insertion
of a N-terminal serine have been probed to nanopar-
ticle conjugation through disulphide bridges formation
nanoparticles or nitrone cycloaddition™. These different
chemical immobilization strategies of anti-HER2 scFv
have been developed and tested, thus leading to multiple
scEFv specific and uniform orientations on the surface of
nanoparticles and demonstrated subsequent effect on
the targeting efficiency of the nano-compound. Another
recently explored bioconjugation approach exploits the
genetic fusion between the scFv module and a small
enzyme (7.e., SNAP tag), which works as “capture” unit.
Nanoparticles have been functionalized with a suicide in-
hibitor of the enzyme, allowing covalent, irreversible and
specific immobilization of the scFv on the nanoparticle
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Table 1 Nanoparticles for breast cancer therapy

Delivered active molecule Activity on HER2 + breast cancer cells or tumors

Nanoparticle

TZ-polymeric NPs™ DOX
TZ-PLGA-PEG NPs"! DTX
anti-HER? affibody-PLA-PEG-Mal NPs””  Pxtl
rhuMADbHER?2 (Fab’)-PLGA NPs"” PE38KDEL
scFv-PEG-PLA NPs" siPIk1
Herceptin-PLA-TPGS+TPGS-COOH NPs”  DTX/IOs

anti HER2-PEG-gold NPs™ phthalocyanine

nuclear drug delivery and apoptotic effect (in vitro study)

HER2 specific targeting, cellular internalization and cytotoxic activity (in vitro
study)

HER2 specific targeting, cellular internalization and cytotoxic activity (in vitro

study)
HER2 specific targeting, cellular internalization and cytotoxic activity (in vitro

study); anti-tumor activity (in vivo study)

cellular internalization, PIk1 silencing, apoptotic effect (in vitro study); siPlk1
accumulation in tumors and anti-tumor activity (in vivo study)

cellular internalization and cytotoxic activity (in vitro study)

HER2 specific cytotoxic activity (in vitro study)

TZ: Trastuzumab; DOX: Doxorubicin; DTX: Docetaxel; PLGA: Poly-D,L-lactic-co-glycolic acid; PEG: Poly ethylene glycol; IOs: Iron oxides; HER2: Human

epidermal growth factor receptor 2.

sutface. In this case the immobilized molecules are fully

active since the bioconjugation reaction takes place in
mild conditions without affecting scFv stab1hty18 I

HER2-TARGETED NANOPARTICLES FOR
BREAST CANCER THERAPY

In breast cancer therapy, many studies have been devoted
to the development of HER2-targeted nanodevices as
delivery system for chemotherapics (anthracyclines and
taxanes) or other molecules exerting an anti-tumor ef-
fect (Table 1). Most of them are mainly focused on the
development and characterization of bioengineered NPs
for HER2" breast cancer cells targeting, and have dem-
onstrated their cytotoxic effect iz vitro. In 2009, Shi and
collaborators developed an amphiphilic copolymeric NP,
where surface furan groups were used to bind, by a sim-
ple diels-alder coupling chemistry, both an anti-HER2 an-
tibody and the chemotherapeutic doxorubicin DOX)™.
The DOX-conjugated immuno-NPs were able to ef-
ficiently deliver DOX into the cytoplasm, and then into
the nucleus of HER2" breast cancer cells, where DOX
exerts its function. This intracellular DOX accumulation
was significantly higher than that measured when DOX
was delivered by non-functionalized NPs. These results
demonstrated, for the first time, the great prospective of
a surface-conjugation strategy for the development of
nanoformulated DOX, which proved to be more efficient
than the conventional encapsulation for the nuclear deliv-
ery of this drug. The enhanced HER2-mediated intracel-
lular uptake of DOX also resulted in increased apoptosis
of HER2" breast cancer cells, when compared to non-
functionalized DOX-NPs.

In 2011, Koopaei ez a/’"" developed a copolymeric
immuno-nanocartier for the active delivery of docetaxel
(DTX) to human breast cancer cells. DTX was encapsu-
lated in PLGA-PEG nanoparticles functionalized with
TZ. A fast and over time sustained release of DTX from
NPs was first observed 7 vitro, together with a specific in-
teraction of DTX-PLGA-TZ with HER2 breast cancer
cells. Cytotoxicity of HER2-targeted DTX-PLGA was
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compared with that of free DTX and non-specifically
targeted nanoformulates. The greatest cytotoxic effect
was obtained with the immune NPs as results of their
specific interaction with HER2 receptors on cancer cell
surface.

Another taxane commonly used in clinical practice,
the paclitaxel (Ptxl), has been nanoformulated to be
actively delivered to breast cancer cells. An interesting
study of Alexis and colleagues'” addressed the numerous
drawbacks of the antibody-based approach for an effi-
cient drug delivery to tumors, mainly related to the large
hydrodynamic size of the ligand. Here, it was sponsored
the use of an anti-HER2 affibody, which shows several
advantages in comparison to the entire monoclonal anti-
body: (1) smaller size (15 kDa #s 150 kDa); (2) consider-
able distance between the functional end group and the
conjugation site; and (3) high 7 vitro and in vive stability.
Copolymeric NPs conjugated to the anti-HER2 affibody
(NPs-Aftb) efficiently bound HER2" cancer cells and
were internalized. The cytotoxic effect of Ptxl encapsu-
lated into targeted NP-Affb was then evaluated in com-
parison to that of nude NPs, non-targeted NPs (Pxtl),
NPs-Affb and free Pxtl. A significant decrease of cells vi-
ability was observed both with free Pxtl and non-targeted
NPs (Pxtl) after 2 h, but a further significant decrease in
cell viability was obtained with NP-Affb (Pxtl).

Despite the conspicuous literature about the 7 vitro
therapeutic potential of nanostructured chemothera-
pics, only few researchers have assessed the efficacy of
biofunctionalized nanodevices 7 vivo. In 2009, Gao and
collaborators decided to encapsulate the anti-cancer Pses-
domonas exotoxin A (PE)-based immunotoxin into PLGA
nanoparticlesm]. In particular, PE3SKDEL, a 38 kDa
mutant form of PE, was loaded into PLGA nanoparticles
targeting HER2 (PE-NP-HER), where the anti-HER2
portion was represented by a Fab’ fragment of a human-
ized anti-HER2 monoclonal antibody (thuMAbHER?2).
Once assessed that the integrity and the potent activity
of PE38KDEL were maintained after encapsulation in
PLGA particles, i vitro interaction of PE-NP-HER with
HER2" breast cancer was compared to that obtained with
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HER2-negative cells and the cytotoxic effect on the two
cell types was also evaluated. PE-NP-HER were exclusive-
ly internalized by HER2" cells and a strong cytotoxicity
occurred specifically in these cells. Iz vivo toxicity studies
were performed upon intravenous injection of PE-NP-
HER, PE-NP, PE-HER and PE38KDEL in mice. A 3-fold
lower LDso (mg/Kg) and no influence on hepatic func-
tionality were observed for PLGA-loaded PE, compared
to non-encapsulated toxins. A dose-dependent inhibition
of tumor growth was observed in mice injected both with
PE-HER and PE-NP-HER, even though a 2-fold higher
dose of the PE-HER was necessary to obtain the same
effects of the nanoformulated immunotoxin.

A recent nanotechological approach proposes the
employment of NPs for the delivery of small interfering
RNA (siRNA)™*, In the current year, it has been devel-
oped a nanocarrier for the delivery of siRNA targeting
the gene encoding polo-like kinase 1 (PIk1)". The siP/1
was encapsulated in a PEG-PLA shell functionalized
with the anti-HER2 scFv (ScFvhe-NPsirz1), to exert an
active targeting of HER2" breast cancer. ScFvre-NPsipas
were efficiently internalized by cancer cells and promoted
PIk1 silencing, inducing tumor cell apoptosis. Nano-
complex-mediated accumulation of siP/&7 in HER2"
breast tumors was also observed 7 vivo, in parallel with a
dose-dependent anti-tumor efficacy: ScFvhe-NPsipir sig-
nificantly increased the inhibition of tumor growth, when
compared to non-targeted NPsipzs, and allowed to reduce
the active dose of injected siRNA.

Nanotechnology has found a great application also in
thermal therapy where gold or magnetic NPs have proved
to be very useful in triggering ablation of cancer cells. In
2012, Mi and colleagues identified a multimodal strategy for
breast cancer treatment, where the chemotherapy DTX was
formulated with a PLA-tocopheryl-PEG-succinate and cat-
boxyl group-terminated TPGS (TPGS-COOH) copolymer,
containing iron oxides (IOs) for hyperthermia therapym.
TPGS-COOH molecules were conjugated with TZ for
HER? targeting. The 7 vitro therapeutic efficiency of these
multimodal NPs was tested on HER2" breast cancer cells.
A stronger cytotoxic activity was observed on cells incubat-
ed with TZ-IO-NPs under the exposure to an alternating
current field, or with TZ-DTX-NPs, in comparison to the
corresponding non-targeted NPs.

In photodynamic therapy of cancer, irradiation with
visible and/or neat-infrared light induces the activation
of photosensitiser drugs, able to generate reactive oxygen
species and trigger apoptotic or necrotic response of tat-
get cells, thus leading to cell death. Stuchinskaya and col-
laborators developed a PEG-gold NP conjugated to the
phthalocyanine and functionalized with an anti-HER2
antibody on PEG chains. Upon red laser irradiation a
strong cytotoxic effect of these NPs was observed on
HER2" cells and not on HER2-negative cells™

CONCLUSION

About 30% of breast cancers are associated with HER2
receptor overexpression, which strongly correlates with
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a poor prognosis. Indeed, HER2 regulates several highly
redundant pathways involved in cellular survival and
proliferation, which are deregulated in HER2" cancer.
At present, conventional therapy with biological drugs,
such as Trastuzumab, Pertuzumab or Lapatinib, has
provided satisfactory results, although still shows some
limitations in achieving a proper treatment. In this con-
text, the development of HER2-targeted nanoparticles
exploited as drug delivery systems may overcome these
drawbacks. Specific HER2 ligands have been conjugated
on the surface of nanoparticles, thus providing a specific
recognition of HER2" cancer cells. Their specific target
recognition is combined with the nanoparticles capability
to act as a drug reservoir for a selective delivery to tumor
sites. In addition, therapeutic efficiency can be reached
also by combining targeting molecules with nanopar-
ticle useful for photothermal ablation. In this review we
have extensively analysed HER2" breast cancer features
and related targeted therapy, particularly underlining the
precious contribution that nanomedicine may provide.
Moreover, we have described various molecules used to
target HER2 and related nano-conjugation strategies,
and provided a detailed overview of preclinical studies
performed with HER2-targeted nanoparticles developed
for cancer therapy. Further investigations and synergic
collaborations between nanotechnologists and physicians
will hopefully allow to achieve the introduction of these
nano-drugs in clinical.
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