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Abstract

Breast cancer is the most common type of cancer found
in women and today represents a significant challenge
to public health. With the latest breakthroughs in
molecular biology and immunotherapy, very specific tar-
geted therapies have been tailored to the specific patho-
physiology of different types of breast cancers. These
recent developments have contributed to a more efficient
and specific treatment protocol in breast cancer patients.
However, the main challenge to be further investigated
still remains the emergence of therapeutic resistance
mechanisms, which develop soon after the onset of
therapy and need urgent attention and further elucidation.
What are the recent emerging molecular resistance
mechanisms in breast cancer targeted therapy and what
are the best strategies to apply in order to circumvent
this important obstacle? The main scope of this review
is to provide a thorough update of recent developments
in the field and discuss future prospects for preventing
resistance mechanisms in the quest to increase overall
survival of patients suffering from the disease.

Key words: Breast cancers; Resistance; Human epidermal
growth factor receptor 2; Angiogenesis; Triple negative;
Immune tolerance

© The Author(s) 2017. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: There are several reviews in the literature
dedicated to breasts cancers. However, our manuscript
is an updated review on the current knowledge and
particularly on the molecular mechanisms involved in the
relapse of patients on the current treatments. A summary
of ongoing clinical trials gives a perspective for future
therapeutic strategies. Our manuscript represents a
working document for researchers/oncologists in the field
of breast cancers.
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INTRODUCTION

Breast cancer targeted therapies involve substances or
drugs which block the growth of cancer by interfering
with the function of specific molecules responsible for
tumor cell proliferation and survival"?!, Breast cancer
cells may overexpress specific receptors which, when
activated can initiate downstream signaling resulting
in the expression of genes for cancer cell proliferation,
growth, survival, migration, angiogenesis and other vital
cell cycle pathways??>*,

There are various types of breast cancer, some have
hormone receptors like estrogen or progesterone (some
have both) and are called ER+ or PR+ breast cancer
respectively.

The estrogen receptor ER is a major driver of the
majority of breast cancers as it is expressed in 75% of
breast cancers overall. It is more frequently related with
postmenopausal women and there is a 99% survival
rate at ten years. Hormone sensitive breast cancer has
a strong correlation with lower tumor grade; lower levels
of amplification of the human epidermal growth factor
receptor 2 (HER2) oncogene and concomitant loss of
p53 tumor suppressor gene; expression of progesterone
receptor (PR), soft tissue and bone metastases and
slower rates of disease recurrence. In cases of hormone
positive breast cancer along with the expression of ER,
multigene tests may be carried out to make treatment
decisions particularly for adjuvant therapy and screen
those patients who would benefit more from combination
of endocrine plus chemotherapy™*2°.

The most common receptors that are overexpressed
in breast cancer cells are part of the epidermal growth
factor receptor (EGFR) family of receptor tyrosine kinases:
EGFR and HER2 are overexpressed in approximately
40% and 25% of breast cancers respectively and are
believed to be responsible for more aggressive tumor
behavior and poor prognosis®®’.

Triple negative breast cancer (TNBC) is defined by the
lack of expression of both estrogen and progesterone as
well as the HER2 protein and is often associated with an
unfavorable prognosis as no treatment is yet available for
this particular breast cancer subtype™.

The rapid acquisition of resistance in breast cancer
targeted therapies seems to limit the effectiveness of
treatment and even though some of the genetic mutations
and epigenetic changes in molecular pathways have
been understood, it is sometimes necessary to combine
several pathway blockades in order to achieve successful
treatment results’®®>*,
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The identification of new target molecules in breast
cancer and the use of combination therapies may have
improved the understanding of compensatory pathways
which lead to the emergence of resistance mechanisms,
nevertheless, breast cancer subtypes like TNBCs seem
to exploit alternative proliferative pathways which are
not yet fully understood and need urgent attention and
elucidation™" (Figure 1).

TARGETED THERAPIES IN BREAST
CANCER

Estrogen and estrogen receptors are key drivers in breast
cancer progression. This is the reason why targeting
estrogen has been used for many years to inhibit the
estrogen signaling pathway in women with estrogen
positive breast cancer. Selective estrogen receptor
modulators or SERM have been used to suppress tumor
growth in estrogen dependent breast cancers and tamo-
xifen was the first drug to be approved for estrogen
positive metastatic breast cancer reducing recurrences
by approximately 40%-50%"".

Aromatase inhibitors (anastrozole, letrozole, exe-
mestane) are also used as an alternative therapy to
treat estrogen dependent breast cancers as they block
the biosynthesis of androgens through inhibition of the
aromatase enzyme resulting in reduction of estrogen
levels in tumor cells®®®,

Other therapies are available for other forms of breast
cancer that are not hormone dependent. The HER2
protein represents the most common overexpressed
receptor signature in breast cancer and is considered a
relevant biomarker for treatment.

The recombinant antibody trastuzumab ( Herceptin)
targets HER2 and is the first drug that was approved
by the FDA in 1998 for the treatment of HER2 positive
breast cancers”"*.

Other agents that followed such as pertuzumab and
lapatinib have not shown immunity to the development
of resistance mechanisms with significant side effects for
the patients!’***%,

The conjugated monoclonal antibody TDM1 (tras-
tuzumab emtansine) may be used in HER2 positive
breast cancers as trastuzumab efficiently transports the
DM1 drug, a microtubule inhibitor, directly into the breast
cancer cells to inhibit growth.

Triple negative cancers lacking hormone receptors
and HER2 may respond to agents like PARP1 inhibitors
and may have HER1 as a potential target. The mono-
clonal antibody cetuximab combined with cisplatin
chemotherapy has shown promising results in a Phase 11
study, suggesting some subtypes of TNBC may be EGFR
inhibition sensitive™"!,

The conventional route to treat TNBC patients by taxol
derivatives and anthracycline chemotherapy is still widely
used until more “druggable” targets are identified™..
Recent studies suggest that the microtubule-stabilizing
agent ixabepilone in combination with capecitabine may
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(1) Mutation of the target (2) Activation of pathway(s)

upstream or downstream the target
RTK

RTK RTK

(3) Activation of alternative
pathway(s)

RTK-1 RTK-2

Target genes

Figure 1 A schematic diagram of the most common resistance mechanisms to targeted therapies. (1) Alteration of the drug target (Treat.): This type of
resistance involves mutations as well as amplifications of drug targets such as kinases; (2) Upstream and downstream pathway effect through the activation of
receptor tyrosine kinase (RTK) (a) and/or the mutation/amplification of upstream (b) or downstream (c) components; (3) Bypass mechanisms occur as a result of a
second receptor tyrosine kinase activation (a), through a mutation of a parallel kinase (b) or modulation of mRNA binding proteins (c). These alternative mechanisms
of resistance especially through kinases activation result in the modification of gene expression via the phosphorylation or transcription factors (TF).

be effective in TNBC that are resistant to anthracycline
and taxane drugs and the PACS08 Phase III trial is
evaluating this possible treatment strategy™®.

Targeted therapies have also been approved against
the vascular endothelial growth factor (VEGF) and the
drug bevacizumab has proven effective in the treatment
of advanced metastatic breast cancer when used in as-
sociation with paclitaxel or docetaxel**,

Inhibitors of downstream pathways like PI3K/AKT/
mMTOR and RAS/MEK/ERK are also available for ther-
apeutic purpose as well as agents directed against other
tyrosine kinases like SRC, insulin-like-growth-factor
[IGF/1GF-receptor (IGFR)], poly-ADP ribose polymerase
(PARP) Inhibitors and also matrix metalloproteases
(MMPs) which are involved in cancer cell invasion and
metastasis®>>" 48],

Compensatory survival pathways, increased phos-
phatydil-inositol-3-kinase (PI3K)***? signaling, receptor
tyrosine kinase signaling outside the ErbB/HER family
and involvement of other HER receptors™, may all play
a key role in the development of alternative molecular
pathways responsible for the development of therapeutic
resistance in breast cancer cells.

Indications of breast cancer targeted therapies

Breast cancer targeted therapies are used to treat patients
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whose breast cancer cells overexpress certain characteristic
proteins on their surface allowing an abnormal growth
pattern. Antibodies are sometimes used as they work in a
similar way as the human immune system.

The most efficient breast cancer targeted therapy
today is the one targeting the HER2 protein overexpression
on the surface of breast cancer cells. At present, there are
seven widely used breast cancer targeted therapies which
are effective in blocking several molecular pathways:
Afinitor or everolimus, an m-TOR inhibitor, stops cancer
cells from getting energy supplies®*"’; Avastin or beva-
cizumab inhibits the growth of new blood vessels which
supply oxygen and nutrients to cancer cells for growth
and function™*®!; Herceptin or trastuzumab blocks the
ability of cancer cells to receive signals which tell them
to grow!**; Kadcyla or T-DM1 is a combination of
Herceptin and emtansine”®”, In this case Herceptin is
used as a transport method to deliver the emtansine
chemotherapy to cancer cells; Perjita or pertuzumab
works by stopping cancer cells from receiving growth
signals™*®!; Tykerb or lapatinib is a HER2 inhibitor that
blocks signals of cell growth™*,

The HER2 protein
The HER2 proto-oncogene is overexpressed in 10%-12%
of over 2500 cases of human breast cancers and this
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is associated with malignant transformation and poorer
overall survival rates particularly in breast tumors with
lymph node metastasis™?.

The HER2 or neu oncogene (erbB2) is part of the EGFR
family of tyrosine kinases and is located on chromosome 17
(17912). It represents the most common overexpressed
receptor in breast cancers and is considered a relevant
therapeutic target™%*,

The EGFR family is composed of four receptors:
EGFR/HER1, ErbB2/HER2, ErbB3/HER3 and ErbB4/
HER4. These receptors share common domains: an extra-
cellular region characterized by leucine-rich repeats;
cysteine rich repeats in the intracellular domain; a single
transmembrane spanning region; a short juxtamembrane
region; a kinase region and a cytoplasmic tail with various
tyrosine phosphorylation sites™'?. Binding of ligands to
the extracellular domain of EGFR, HER3 and HER4 allows
for the formation of kinase active homo- and hetero-
dimers to which HER2 is recruited as a preferential partner.
Heterodimer formation between HER2/HER3 is the most
common occurrence in these receptors’ preferences. HER3
is often responsible for the activation of the PI3K/AKT
signaling pathway via six docking sites for the p85 adaptor
subunit of PI3K. The HER3/PI3K axis plays a key role in
the survival of HER2-dependent cells as the loss of HER3
inhibits the survival of HER2-overexpressing breast cancer
cells™”®™,

Trastuzumab resistance mechanisms

The first recombinant antibody approved by the FDA to
target HER2-positive breast cancers was trastuzumab or
Herceptin followed by other agents like pertuzumab and
lapatinib.

Trastuzumab binds to the juxtamembrane region
of the HER2 receptor tyrosine kinase resulting in the
uncoupling of the HER2/HER3 heterodimers and con-
sequent inhibition of downstream signaling and cyto-
toxicity.

Resistance mechanisms to trastuzumab develop
often as a result of HER2 gene amplification and RNA/
protein overexpression. HER2 overexpressing tumor cells
continue to depend on the HER2 oncogene even after
bypassing trastuzumab action possibly due to signaling
from receptor tyrosine kinases (RTK) outside the ErbB
family, increased PI3K signaling and the presence of
alternative forms of HER2 which are not detected by
trastuzumab. Also, the modulation of Cdk inhibitor p27
by IGF-1 may be a key player in resistance to trastu-
zumab as overexpressed IGF-1 is responsible for the
activation of the PI3K downstream signaling pathway
and further effects on Akt>”*, One of the key players
in trastuzumab-resistance in HER2 positive breast
cancer was the inhibition of expression of miR-375, a
tumor suppressor gene which targets IGF1R". Also,
molecular pathway crosstalk may have resulted in
increased cell survival and division by interference with
HER2 accessibility, independent downstream signaling
activation as well as HER2 mutations, particularly the
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expression of p95HER2, an active truncated form of
HER2. Blocking IGFR1 completely resulted in restored
sensitivity of HER2 positive cancer cells to trastuzumab
in vitro. The loss of miR-375 with consequent epigenetic
changes such as DNA methylation and histone deace-
tylation may drive the upregulation of IGFR1 and hence
the development of trastuzumab-resistant cancer cells;
in this case, targeting miR-375 may prove to be worthy
of further investigation as a potential therapeutic target
to restore trastuzumab sensitivity in HER2 positive breast
cancer cells”.

The new antibody-drug conjugate trastuzumab-
DM1 (TDM1) which has been recently developed for the
treatment of HER2 positive cancer has proved to be ef-
fective in inhibiting trastuzumab sensitive and resistant
HER2 positive breast cancer cell lines in vitro. TDM1 drives
both apoptosis and mitotic catastrophe in the trastuzumab
resistant breast cancer cell line Jimt-1, acting as a
potent inhibitor of microtubule assembly. These cells are
characterized for having several co-existing trastuzumab
resistance mechanisms like a mutation in the PIK3CA
gene, low PTEN expression, overexpression of NRG1 and a
moderate expression of the HER2 receptor. Interestingly, in
the T-DM1 treated Jimt-1 cell line model, an accumulation
of HER2 was observed in organelles which resembled
enlarged lysosomes, suggesting sequestration of the
protein in these intracellular granules”.

The integrin av6, involved in promoting migration,
invasion and cancer cell survival, seems to play a signi-
ficant role in the development of trastuzumab resistance
mechanisms. Targeting avp6 with the 264RAD antibody
in HER2 positive breast cancer cell lines expressing both
HER2 and the integrin seems to slow down the growth of
trastuzumab resistant tumors'®,

Resistance of breast cancer cells to trastuzumab
mediated cytotoxicity has been implicated in the se-
cretion of soluble factors by adipocytes and preadipo-
cytes in adipose tissue proximal to breast cancer cells.
The development of resistance mechanisms in this case
occurs by inhibition of trastuzumab-mediated tumor
lysis by natural killer cells in vitro and by adipose tissue
in vivo. A reduced antitumor effect was observed in
mice which had tumors in close proximity to a lipoma,
while in another group of mice which had tumors located
distant to the lipoma, the trastuzumab anti-tumor effects
were enhanced. The inhibition of antitumor activity was
enhanced when the adipocytes were in hypoxic conditions,
these factors might suggest a link between patient
obesity and development of trastuzumab resistance
mechanisms®.

The dual targeting of HER family receptors with
antibody therapy may prove to be a strategy to over-
come acquired resistance mechanisms by cancer
cells to cetuximab. When both HER3 and EGFR were
neutralized by cetuximab and the anti HER3 monoclonal
antibody U3-1287, cetuximab sensitive tumor cells
showed a significant decrease in proliferation possibly
due to inhibition of both MAPK and AKT pathways
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and a diminished signaling from all three HER family
receptors””.

The efficacy of trastuzumab in inhibiting proliferation
of breast cancer cells might be dependent on the pre-
sence of endogenous HER-receptor activating ligands
EGF and heregulin-B1; the receptor density of HER-family
members and growth ligands are key players in the
development of resistance mechanisms to trastuzumab
therapy, which interfers with cell cycle kinetics by in-
ducing a G1 accumulation in HER-2 positive breast adeno-
carcinomas’®.

An unexpected mechanism of resistance is associated
with down-stream mutations especially those targeting
the mRNA binding protein tristetraprolin (TTP). ttp gene
germinal mutation generates a form of TTP mRNA which
is inefficiently translated in protein. The lack of TTP and
the general increase of the TTP competitor the ELAV-
like protein 1 (HuR) results in the increase of the half-
life of MRNAs encoding oncogenes, inflammatory and
angiogenic factors. The mutation of TTP is predictive
of trastuzumab resistance””. Hence TTP is considered
as a tumor suppressor for breast cancers®®™®, TTP
and HuR are phosphorylated by the same kinases
and phosphorylation has antagonistic effects on both
proteins (inactivation/degradation for TTP and activation/
stabilization for HuR). Hence, activation of intracellular
signaling pathways results in a general increase of pro-
teins associated with oncogenic properties’® (Figure 1).

The main drawback in trastuzumab therapy is re-
presented by the emergence of serious cardiac side
effects resulting from administration of this monoclonal
antibody. Analysis of HER2 specific mutation may predict
cardiac toxic effect™.

HER-2 is expressed in the adult human myocardium
and trastuzumab therapy unfortunately carries the risk of
inducing cardiac dysfunction and congestive heart failure.
When adjacent chemotherapy is applied in addition to
trastuzumab, one has to take into consideration anthr-
acyclin-associated cardiotoxicity following the inhibition of
the HER-2/erbB2 receptor to ensure safety for patients.
Some of the cardiotoxicity side effects of trastuzumab
may be reversible over time and in some cases, admini-
stering the monoclonal antibody after chemotherapy or
radiotherapy may decrease the risk of potential cardiac
side effects. Trastuzumab therapy seems to represent
clear overall benefits for patients in the long run, therefore,
should be still considered as an appropriate standard
choice of treatment as a HER-2/erbB2 inhibitor as long as
care is taken to minimize its side effects™.

Endocrine therapy resistance mechanisms

Resistance to hormone therapy is a major challenge
within hormone sensitive breast cancers even though ER
and PR targeted therapy has proven to be very effective,
improving the quality of life of hormone sensitive breast
cancer patients. The major pathways responsible for
endocrine resistance mechanisms might be several:
The HER tyrosine kinase receptor family; receptors for
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insulin/IGF1, FGF and VEGF, Src, AKT, stress related
kinases, might each play a pivotal role in contributing to
endocrine therapy resistance when their cognate ligands
are amplified or overexpressed.

Cross-talk between the estrogen receptor (ER) and
growth factor receptor signaling with hyperactivation
of the PI3K pathway have also been associated the
development of endocrine resistance!®®,

Nuclear receptors and the androgen receptors may
also act as alterative growth stimulators by post trans-
lational modification, enabling the bypass of ER inhibition.
Co-targeting the EGFR and HER2 pathway simultaneously
seems to be the most promising way forward in circum-
venting endocrine resistance as these two seem to be
the most important factors responsible in this particular
resistance scenario'*®’.

The mTOR pathway

The mTOR pathway seems to be a master regulator of
cell physiology and may be a key player in the targeted
therapy of cancer™’. When the natural product rapamycin
was discovered in the early 1970’s as an antifungal
agent, it emerged in later studies that the molecule
could halt growth in many types of eukaryotic cells and
have a powerful immunosuppressive function. In 1999
the FDA approved sirolimus as a drug used against
rejection of transplanted organs particularly the kidneys.
Rapamycin binds to another molecule, FKBP12 and once
this complex is formed it associates with a protein called
mTOR™®®: a serine/threonine kinase, resembling the
kinase domain of PI3 kinase and its related enzymes.
The circuitry of the mTOR pathway is of interest as it
represents a key element of the mammalian cell cycle
integrating incoming signals and vital mechanisms
such as glucose import and protein synthesis, as well
as phosphorylating two kinases involved in translation:
S6 kinase (S6KI) and 4E-BP1®°*°!, The activation of
S6KI is followed by the activation of the small 40-S
ribosomal subunit which can initiate protein synthesis
after associating to the large ribosomal subunit. mTOR
is also a key upstream regulator which controls the AKT
signaling pathway for the regulation of apoptosis and
proliferation; inhibiting the mTOR complex results in a
shutdown of the AKT signaling stream resulting in an
hyperactivated PI3K/loss of PTEN expression®"®?,

The PI3K/AKT/mTOR pathway is overactivated in
70% of breast cancers and the protein kinases found
along these pathways may be potential drug targets for
breast cancer therapy. Due to the large scale involvement
of this pathway the cell cycle regulation, selectively
silencing of the PI3K/AKT/mTOR pathway represents an
attractive approach for patients who might have shown
resistance mechanisms to previous types of therapy.
The combination of mTOR inhibitors with other targeted
therapies might be a winning formula to circumvent
resistance mechanisms of breast cancer patients.

Inhibition of the mTOR pathway by the drug evero-
limus in combination with HER-2 or estrogen receptor
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inhibitors may be a promising future strategy to apply,
in order to reinstate sensitivity of breast cancer cells to
traditional therapies and overcome resistance mechanisms
which seem to emerge when the mTOR pathway is
functioning in hyperactive mode™®. Molecular alterations
like mutations in EGFR, BRAF, AKT, or PI3K are associated
with activation of downstream signaling pathways resulting
in unrestricted proliferation in cancer cells.

Glaysher et af*"! have shown that targeting a breast
epithelial cell line after having knocked-in mutations and
using EGFR and mTOR inhibitors, there was an increased
sensitivity to therapeutic drugs. As development of
resistance in breast cancer cells may be a result of the
activation of the PI3K/AKT/mTOR pathway, Glaysher
et al®¥ studied the effects of inhibiting both mTOR and
EGFR by combined drug action of ZSTK474/sirolimus and
erlotinib/gefitinib, observing a more effective signaling
blockade, as opposed to use of single agents on the
parental cell line and irrespective of the knocked-in mut-
ations in EGFR,KRAS,PI3K,BRAF or AKT®",

Receptor tyrosine kinase inhibitors resistance
mechanisms

Lapatinib is a dual EGFR/HER2 tyrosine kinase inhibitor
which acts as an ATP competitor. It is used as a first line
monotherapy in patients with HER2 positive metastatic
breast cancer in addition to conventional chemotherapy
like paclitaxel.

Unfortunately, the activation of compensatory path-
ways after onset of therapy with lapatinib seems to be
responsible for the emergence of resistance mechanisms,
particularly when inhibition of AKT phosphorylation leads to
increased estrogen receptor-a transcription and estrogen
receptor signaling. This mechanism of resistance can be
circumvented by administering an ER-down-regulator
fulvestrant, which can prevent the proliferation of lapatinib
resistant cells. In addition, mutations in the HER2 protein,
particularly a YVMA insertion at G776 in exon 20, seems
to be responsible for mechanisms of de novo resistance to
lapatinib as well as trastuzumab?,

The inhibitory effects of lapatinib may be bypassed
as downstream signaling is amplified and upregulation of
activated HER3 becomes responsible for compromising
the inhibitory effects of tyrosine kinases.

Activation of the PI3K/AKT pathway results from
HER3 upregulation with a subsequent nuclear increase
in FoxO3A family of transcription factors responsible
for control of cell cycle, neoplastic transformation and
epithelial-to-mesenchymal transition®”.

Targeting erb-B3 (HER3) with an antibody has proven
to be quite effective in both preclinical and clinical studies
although tumor cells eventually develop resistance as
the antibody is only active in inhibiting signaling without
altering the actual expression of the erb-B3 receptors.
New strategies which aim at reducing erb-B3 levels are
being investigated such as the HDAC inhibitor entinostat
and the antisense oligonucleotide EZN-3920",

The hepatocyte growth factor receptor HGFR/
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c-Met tyrosine kinase responsible for cell proliferation,
protection from apoptosis and cell invasion, seems to be
implicated in the emergence of resistance to targeted
therapies particularly lapatinib and trastuzumab and
recent preclinical studies suggested that inhibition of
c-MET in gastric cancer cell lines circumvented resistance
mechanisms as well as restored growth inhibition™®.

The overexpression of the receptor tyrosine kinase
AXL is associated with poor prognosis and a more agg-
ressive phenotype in ovarian, breast colon, esophageal,
thyroid and lung cancers and may be implicated in the
emergence of lapatinib acquired resistance in in vitro
models of preclinical breast cancer studies.

Lapatinib resistance has been also associated with
SRC tyrosine kinase activity; overexpression of SRC in
breast cancer cell lines seems to result in an increased
interaction with EGFR rather than HER2. According to
Formisano et al®”!, when EGFR was inhibited with the
monoclonal antibody cetuximab and SRC was inhibited
by the small molecule saracatinib, lapatinib resistant
breast cancer cells would not survive and sensitivity
was restored. The combined treatment of lapatinib
with cetuximab both in vitro and in vivo resulted in the
reduction of EGFR/HER2 signaling and proved to be
effective’®,

As observed by Wilson et af*®!, autocrine tumor cell
production might be responsible for increased levels
of receptor tyrosine kinase-ligand levels and in breast
cancer cell lines the HER3 ligand neuregulin-1 seems to
induce complete rescue from lapatinib.

An additional mechanism of resistance to lapatinib
may occur as a result of crosstalk between the estrogen
receptor and the HER2 pathway. Lapatinib induced upre-
gulation of ER by inhibition of the PI3K/AKT signaling
pathway results in overexpression of the anti-apoptotic
protein Bcl-2 leading to the emergence of lapatinib
resistance and cell death escape™”.

The VEGF

The VEGF and its cell surface receptors represent the main
modulators in the emergence of tumor angiogenesis.
Avastin or bevacizumab, a humanized anti-VEGF antibody,
has played a key role in anti-angiogenic therapy for cancer
treatment in concomitance with small molecule VEGF
receptor kinase inhibitors'?,

The VEGF ligand presents itself as an antiparallel
homodimeric structure in which each monomer is made
mostly of B strands stabilized by a disulfide knot and two
symmetrically disposed intermolecular disulfide bridges
that are responsible for linking the monomers together.
On the extracellular domain of each of the three VEGF
receptors (VEGF-1, VEGF-2, VEGF-3) there are seven
immunoglobulin-like structures (Ig domain)™%**",

All four members of the VEGF family and the placenta
growth factor bind to three endothelial cell tyrosine
kinase receptors which have each different functions.
VEGFR1 is responsible for promoting differentiation and
vascular maintenance, VEGFR2 induction of endothelial
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cell proliferation and vascular permeability, VEGFR3
stimulation of lynphangiogenesis. Isoform specific rece-
ptors neuropilin-1 and neuropilin-2 may bind to class
3 semaphorins involved in axonal growth and also to
some isoforms of VEGF1 as co-receptors which results in
additional VEGF binding to VEGFR2!'%,

Several other pathways are implicated by the function
of VEGF as proteolytic and heparin activation further
modulates receptor sites resulting in various cellular effects
like the increase of vascular permeability, endothelial cell
proliferation, survival and tubular formation. The VEGFR
are usually endothelial in origin but in some instances they
may be located in the stroma as macrophages and tumor
cells themselves. Under abnormally low oxygen conditions
(hypoxia), the hypoxia-inducible factor (HIF) plays a
central role in transcription of genes like VEGF.

In normoxic conditions, the alpha-subunit of the HIF
heterodimer (alpha, beta) is degraded by ubiquitylation
as HIF-alpha binds to the von Hippel-Lindau tumor
suppressor protein (p-VHL) forming the E3 ubiquitin ligase
complex, a recognition component leading to proteasome-
dependent degradation. In hypoxic conditions, as the
HIF-alpha subunit is stabilized by heterodimerization
with HIF-beta and hypoxia response elements (HRE),
regulatory elements of HIF target genes are activated
including VEGF, genes controlling cell proliferation and cell
metabolism!!**%4,

VEGF is one of the genes that is upregulated in
hypoxia microenvironments eliciting a particular vascular
phenotype; the high expression of VEGF is a common
prognostic factor in human breast cancer malignancies
representing an important therapeutic target. Other
family members though play a role in angiogenesis even
when VEGF is not expressed, in addition to the function of
these homologues, the switching of angiogenic pathways
may represent an area for further investigation to be
possibly circumvented by multiple pathway inhibition™®.

Emerging patient data suggests that the combination
of the anti-angiogenic drug bevacizumab with chemo-
therapy agents such as paclitaxel has proven to be a very
dangerous therapeutic choice in terms of fatal side effects
including hemorrhage, neutropenia, perforations of the
gastrointestinal tract, blockage of arteries and stroke™®.

VEGF resistance mechanisms

Several mechanisms are implicated in the emergence of
resistance mechanisms to anti-angiogenic therapy (Figure
2). The most prominent one relates to the promiscuity of
cancer cells to produce many types of alternative angio-
genic signals which limit drug efficacy. The rescue of
tumor vascularization may occur as escape mechanisms
are induced by anti-angiogenic therapy and hypoxia of
tumor tissue.

Cancer cells may amplify angiogenic genes which in
return do not respond to low doses of anti-angiogenic
drugs; they may switch from vessel sprouting to vessel
co-option, vasculogenesis or vascular mimicry in order to
ensure tumor nutrients. The recruitment of bone-marrow
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derived cells by cancer cells may result in the secretion
of pro-angiogenic factors like angiopoietin, fibroblast
growth factor or ephrins. The VEGF receptors may induce
the release of a cytokine cascade which results in an
inflamed microenvironment allowing for the emergence
of tumor extravasation and metastasis.

Some of the alternative targets to overcome drug
resistance to anti-angiogenesis therapies might be to target
the placental growth factor and Bv8 (Bombina variegata)
to reduce tumor inflammation, reduce leakiness of vessels,
moderate hypoxia and reduce angiogenesis; the Notch
pathway by anti-delta like ligands 4 (DII4) and secretase
inhibitors to reduce excessive sprouting and reduce
leaky dysfunctional vessels. Vessel normalization may be
achieved by PHD2 inhibition improving vessel function and
reducing metastasis and hypoxia. Lymphangiogenesis
may be targeted by inhibiting neuropilin-2 (Npn2) and by
targeting neuropilin-1, tumor growth and angiogenesis can
be significantly reduced™®”,

Several alternative pathways may take over as
resistance develops to anti-angiogenic therapy through
intrinsic tumor resistance or acquired resistance: angio-
genic redundancy involves the production of redundant
pro-angiogenic factors like the fibroblast growth factors
(FGFs), platelet derived growth factors (PDGFs), placenta
growth factor (PIGF), tumor necrosis factor-o. (TNF-o.).
As these pro-angiogenic factors allow for the growth
of tumor vasculature despite the VEGF pathway being
inhibited it would be appropriate to target several of them
synergistically.

The increase of tumor hypoxia as a result of anti-
angiogenic therapy is often implicated in angiogenic
redundancy: The overexpression of the hypoxia-induced
factor-1 (HIF-1) is correlated with chemotherapy resi-
stance and selection of aggressive cancer cells as it is
directly involved in the induction of transcription of genes
involved in angiogenesis. The important role of activating
the membrane tyrosine kinase receptor c-MET by the
hepatocyte growth factor during angiogenesis, allows
for downstream activation of SRC, AKT, MEK, STAT3
with an increased expression of VEGF and its receptor
by endothelial cells. The HGF/c-MET collaboration is
often associated with invasive cancer phenotypes and
increased metastasis. In these cases, the selection
of more invasive tumor cells may occur as hypoxic
environments pressure cancer cells to move rapidly
toward normoxic locations. The recruitment of bone
marrow derived pro-angiogenic cells and inflammatory
cell invasion may contribute to adaptive mechanisms of
resistance as low oxygen concentrations induce these
cells to release large amounts of pro-angiogenic factors.
As alterations in endothelial cells and pericytes may be
responsible for crosstalk between angiogenic pathways
resulting in the emergence of anti-angiogenesis therapy
resistance, inhibiting the VEGF pathway and the platelet
derived growth factor receptor with a tyrosine kinase
inhibitor simultaneously might be a promising strategy
to enhance treatment efficacy. The process of vessel co-
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Figure 2 Resistance mechanisms to anti-angiogenic therapy. During the initial development, tumor cells that are in the core of the tumor, become hypoxic and
secrete pro-angiogenic factors (a); Proangiogenic factors are also produced by immune cells (b) and bone marrow cell participate in tumor vascularization (c); The
amplification of cancer cell genome stimulates high gene expression levels, consequently, requiring an increased anti-angiogenic drug concentration (d); Tumors have
evolved to switch from various modes of vascularization, in order to ensure a sufficient supply of nutrients, such as sprouting angiogenesis, vasculogenesis, vessel
co-option as well as vascular mimicry (e); Various pro-angiogenic factors that are redundant of VEGF are secreted by tumor and stromal cells in malignant cancers
(); In response to the treatments, blood vessels regress (g) and tumor cell produced alternative proangiogenic prolymphangiogenic factors with the development of a
lymphatic network (h); Tumor cells also express immune checkpoints proteins resulting in immune tolerance (i).

option may result in cancer cells displaying a normal About 80% of breast tumors which lack the over-
looking vasculature which is less sensitive to anti- expression of the HER-2/erbB2 protein, the estrogen
angiogenic therapy and early stage tumors may escape receptor (ER) and the progesterone receptor (PgR) fall
inhibition as they grow in an angiogenesis independent under the category of TNBC. They may be characterized
fashion™®, by elevated levels of PARP enzymes and often originate

The future of anti-angiogenic therapy seems to from basal-like cell types. TNBC represent the most
depend on how different tumors become vascularized aggressive phenotype of the disease with no specific
and by what alternative pathways these manage to targeted therapies available for treatment. Twelve percent
escape therapeutic effects. Elucidation of the complexity of TNBC are characterized by a claudin-low subtype;
of the biology of angiogenesis, coupled with the function these can be identified by DNA microarray expression
of key biomarkers, may prove to be a promising way profiling, a method slowly emerging in clinical practice
forward to enhance the function of anti-angiogenic for the detection of this rare form of breast cancer. These
therapy to achieve vascular normalization and increase tumors seem to respond to molecules which target DNA

the effects of complementary chemotherapy. repair systems to induce synthetic lethality if used in
combination with other drugs. PARP inhibitors are an
TNBC and PARP inhibitors example of therapeutic choice when one of the genes in

TNBC represent 10%-20% of invasive breast cancers in a synthetic lethal pair, with one gene already defective, is
the general population and have been associated with the targeted resulting in cell death. PARP iso-enzymes include
African-American ethnic group where a clear prevalence a group of 18 molecules which are central to base-
of the disease affects up to 28% of all patients within excision repair pathways of single strand DNA breaks. An
that group™®. example is the BRCA1-2 mutation in breast cancer, this
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scenario allows for PARP inhibitors to target and block the
only functioning DNA repair system, hence, the selective
killing of tumor cells while sparing healthy ones and
limiting toxicity for the patient™'”. Nuclear basic fibroblast
growth factor (bFGF) is a protein found in a subset of
TNBC which contributes to the emergence of resistance
following chemotherapy™™. In vitro studies have shown
that a residual TNBC subpopulation remains after short-
term chemotherapy and this resumes proliferation over
time. When bFGF was knocked down in these residual
cancer cells using short hairpin RNA, the number of
residual TNBC cells decreased. This phenomenon is
linked to a down-regulation of DNA-dependent protein
kinase (DNA-PK) responsible for accelerated DNA repair.
This study might suggest that expression of bFGF in
TNBC cells could be a prognostic predictor of incomplete
chemotherapy response and future tumor recurrence in
TNBC patients™".

The main challenge of circumventing treatment in-
duced resistance mechanisms and the emergence of alter-
native escape pathways, significantly lowers the overall
survival rate of breast cancer patients belonging to this
particular subtype as they often exhibit an incomplete
pathological response™®.

Sunitinib seems to suppress angiogenesis, tumor
proliferation, migration and growth of basal like breast
cancer cells; xenograft models indicate that tumor
volumes decrease under sunitinib action but due to its
effects on the Notch-1 protein expression and hypoxia
through HIF-1, there was an increase in proliferation
of breast cancer stem cells. The use of a y-secretase
inhibitor in addition to sunitinib may represent a promising
treatment option for TNBC while simultaneously targeting
cancer stem cells and angiogenesis''*?.

Sunitinib may prove to be an effective treatment
choice for patients with TNBC as this breast cancer
subtype may express increased levels of VEGF. High
levels of VEGF may act as a potential prognostic factor
in TNBC as the vascular pathway is a key component
when targeting this particularly rare subtype of breast
cancert',

As targeted therapies have not yet been discovered
for TNBC, the conventional route is to treat patients with
chemotherapy particularly anthracycline and taxane.
The multitude of pathways which drive proliferation of
this particular breast cancer subtype need to be further
investigated in order to isolate potential therapeutic targets.
Patients with BRCA1 and BRCA2 gene mutations which are
present in 20% of TNBC, may be sensitive to the function
of PARP inhibitors in addition to chemotherapy™®.

In a Phase II clinical trial carried out to evaluate the
combined administration of the PARP1 inhibitor iniparib
with cisplatin and gemcitabine on patients with TNBC,
iniparib seemed to show significant anticancer activity
enhancing the antiproliferative and cytotoxic effects of
cisplatin and gemcitabine!**!, Combination therapy of
cisplatin, gemcitabine and iniparib is currently under
Phase III clinical trial to see if this association could

Roishidenge ~ WJCO | www.wjgnet.com

128

represent the new standard of care for the treatment of
TNBC (ClinicalTrials.gov No.NCT00938652).

Immunotherapy for breast cancer

Breast cancer has been considered non-immunogenic for
quite a long time and only recently, data has suggested
that TNBC and HER2 positive types are characterized
by an immune infiltrate, which might prove to be a
promising target to complement the function of other
synergistic drugs. Solid tumors like melanoma and lung
cancer have already responded to immunotherapeutic
agents like ipilimumab and sipuleucel-T has proven a
successful vaccine against castration-resistant prostate
cancers. Ongoing studies are also evaluating to what
extent immune response is correlated to prognosis in
breast cancer (Table 1).

The aim of immunotherapy is that of activating the
human immune response to recognize tumors as a
foreign entity and eventually kill the tumor cells. The
tumor microenvironment (TME) including T-regulatory
cells (T-Reg) involves a complex structure of intercellular
communication which represent a very promising area
of research aiming at the isolation of key immunogenic
targets which may enhance the function of existing
therapies™*!.

The immune-checkpoint receptor PD-1 is expressed
on tumor-infiltrating lymphocytes (TILs) with the role
of inhibiting the activity of effector T-cells, preventing
autoimmunity and inflammatory response; it is often
upregulated on tumor cell surface in many types of solid
tumors. The PD-1 ligand PDL1 engages with T-cells
resulting in upregulation of the receptor followed by an
immunosuppressive signal, which inhibits kinases involved
in the activation of the immune response™®!, Clinical
blockade of the PD-1/PDL1 axis should enhance antibody
function in cancer patients underlining the importance
of further investigation in this particular area of breast
cancer research (Table 2). Pro-inflammatory cytokines
and the overexpression of PDL1 inhibitory ligand may
play a key role in the development of cancer immune
resistance mechanisms, resulting in a state of exhausted
or tolerant immune T-cell response hence the importance
of studying the possible role of PDL1 expression as a
resistance biomarker. Overall, main role of PD-1 blockade
results in the reversal of chronic antigen response which
is often found in cancer and viral infection scenarios!''”.
The anti PD-1 antibody nivolumab has shown successful
activity in melanoma and lung cancer patients targeting
these immunoregulatory proteins and enhancing tumor
response. There are several other ligands being inves-
tigated at present which might be potential targets like:
CD80, CD86, PDL2, ICOS-L, B7-H3, B7-H4 and B7-H6
and future directions in cancer immunotherapy research
point towards the effects of combined checkpoint blockade
to maximize clinical response™'®,

Future direction: Breast cancer combination therapy
Over the last few years, new agents have been intro-
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Table 1 Recapitulative breast cancer targeted therapy scheme cited in this article

Target pathway Current therapy

Combination therapy

HER?2 (HER2-positive breast Trastuzumab/herceptin

cancer) Pertuzumab lapatinib
m-TOR pathway Everolimus
Angiogenesis (VEGF) Bevacizumab paclitaxel

Docetaxel

DNA repair mechanisms
(TNBC)
Notch-1 protein over-expression/

Parp inhibitors/anthracyclins and
taxanes

breast cancer stem cells
proliferation (TNBC)
Immune system response Immunotherapeutic agents
Antibodies against PD-1 T-cell
inhibitory molecule or its ligand

PD-L1

Cell cycle checkpoints

Combination trastuzumab/lapatinib (EPHOS-B trial) trastuzumab/264RAD

Possible combination everolimus/HER?2 inhibitor

Targeting the placental growth factor and Bv8/Targeting the Notch
pathway by anti-delta like ligands 4 and secretase inhibitors inhibiting
simultaneously the VEGF pathway and the platelet derived growth factor
receptor with a TK inhibitor

Possible combination cisplatin/ gemcitabine/iniparib

Possible combination of g-secretase inhibitor in addition to sunitinib

Nelipepimut-S(human leukocyte antigen)/ GM-CSF Pembrolizumab in
TNBC/PD-L1 positive (KEYNOTE-086 trial)

HER2: Human epidermal growth factor receptor 2; DII4: Delta like ligands 4; TNBC: Triple negative breast cancer; GM-CSF: Granulocyte-macrophage

colony stimulating factor; VEGF: Vascular endothelial growth factor.

Table 2 Some of the current clinical trials in breast cancer targeted immunotherapy (http://www.cancerresearch.org./cancer-

immunotherapy/impacting-all-cancers/breast-cancer)

Title of clinical trial

Type of breast cancer

Phase Il clinical trial: NEUVAX: nelipepimut-S or HER1+ HER2+
E75NCT01479244
Phase II clinical trial: NEUVAX NCTO1570036 Node positive or TNBC

Phase I clinical trial: Pembrolizumab PD1 antibody + dendritic
cell vaccine NCTO2479230

Metastatic breast cancer

Phase I trial: Pembrolizumab PD1 antibody + HDAC inhibitor =~ Breast cancer
and anti-estrogen therapy NCT02395627

Phase 1I first line neo adjuvant trial: Atezolizumab + TNBC
chemotherapy NCTO2530489

Phase 1 clinical trial: Atezolizumab and HER2 inhibitors HER2+

NCTO2605915

Phase I / II clinical trial: PDR001(PD1 antibody)

Phase 1 / II clinical trial: MEDI6469 anti OX40 antibody
NCTO1642290

Pilot study of QBX258 targeting IL-4 and IL-13 NTCO2494206

Advanced breast cancer, TNBC
Stage 4 breast cancer (patients with prior failure of hormone or chemotherapy)

Advanced TNBC whose cancer cells make a protein called glycoprotein NMB to

which CDX-011 binds

IL: Interleukin; HER2: Human epidermal growth factor receptor 2; TNBC: Triple negative breast cancer.

duced in breast cancer targeted therapy resulting
in overall improved treatments and greater patient
overall survival rates. Some of the most widely used
combination therapies involve the use of agents which
target the PI3K/AKT/mTOR pathways such as everolimus
combined to exemestane. The everolimus-FKBP12
complex that forms when the m-TOR inhibitor binds with
high affinity to the intracellular receptor FKBP12, is very
effective in inhibiting down strem signaling in cancer
cells. The BOLERO study has demonstrated the efficacy
of the m-TOR inhibitor everolimus used in combination
with exemestane (endocrine therapy) to restore hor-
monal sensitivity in breast cancer patients®®. Palbocib
has been combined with letrozole in treating women
with ER positive (estrogen positive), HER2 negative,
advanced breast cancers as a first line endocrine therapy
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in metastatic cases. Trastuzumab and lapatinib have
been used successfully in combination to treat metastatic
breast cancers that overexpress HER2™®, Trastuzumab
and pertuzumab have been used in combination for the
treatment of HER2 positive metastatic breast cancers
and have shown a statistically significant increase in
overall survival of patients’®. The trastuzumaby/lapatinib/
hormonal therapy combination has proven to be effective
in cases of hormonal receptor positive and overexpressed
HER2 protein breast cancers like the luminal B/HER2
enriched type. Iniparib, a PARP1 inhibitor; in combination
with gemcitabine and carboplatin chemotherapy have
been evaluated in a Phase I clinical trial for the treatment
of metastatic TNBCs and a clinical benefit of 56% was
observed in the combined therapy arm, compared to the
gemcitabine/carboplatin arm which had a 34% clinical
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Table 3 Some of the current clinical trials in breast cancer targeted therapy (http://www.breastcancertrials.org)

Title of clinical trial

Type of cancer

Randomized open label Phase II trial: Kadcyla, tykerb and abraxane vs herceptin, tykerb and HER2+

taxol before Surgery for HER2+ tumors NCT02073487

Phase IIl randomised, placebo controlled clinical trial: Chemotherapy and a PARP-inhibitor

for BRCA1/2+, HER2- advanced breast cancer NCTO2163694

Phase II, multicenter, randomized clinical trial: Alisertib with taxol for advanced ER+/

HER2- or TNBC NCTO2187991

Phase II Clinical trial: Gemzar, herceptin and perjeta for HER2+ metastatic breast cancer

NCTO2252887

Phase I clinical trial: CD-839 for advanced breast tumors NCTO2071862
Phase 1 clinical trial: Saracatinib and anastrozole for ER-positive disease
NCTO1216176

Randomised Phase III clinical trial:

HER2-, BRCA1/2+ metastatic or locally advanced
unresectable breast cancer

ER+/HER2-

TNBC

HER2+ metastatic breast cancer

Advanced breast cancer and solid tumors
ER+

HR+, HER2-

Hormone therapy with or without ibrance for HR+, HER2- stage II-III breast cancer

NCTO2513394

Phase I clinical trial: CDK-inhibitor for previously treated metastatic disease NCTO1037790
Phase I clinical trial: GS-5745 in metastatic HER2- breast cancer and other solid tumors

NCTO1813282

Previously treated metastatic breast cancer
Metastatic HER2- breast cancer not responding to
other treatments

benefit™,

A promising area of clinical research for breast cancer
targeted therapy involves the use of immune checkpoints
inhibitors or immune checkpoint stimulatory molecules. In
order to unleash anti-cancer immune responses, inhibitory
molecules are blocked or stimulatory molecules are
activated to allow the immune system to attack directly
cancer cells as foreign invaders. An example would be
the anti PD1 antibody pembrolizumab (Keytruda), anti
CTLA antibodies, the anti PD-L1 antibody atezolizumab,
anti CD73 antibodies or anti OX40 antibodies being tested
currently in Phase I/1I clinical trials (Table 2).

As the importance of the TME is being discovered
with its potential contribution to cancer therapy, novel
agents are being developed to target the non-malignant
tumor stroma like trabectedin which inhibits macrophage
differentiation; other drugs target the tumor necrosis
factor-related apoptosis inducing ligand (TRAIL) pathway
such as mapatumumab and dulanermin; immunomodu-
lators used alone or in combination to cytotoxic agents
should be also investigated as a strategy to decrease
the immunosuppression caused by T-effector cell
upregulation in the quest to increase the innate immune
response against cancer cells, keeping the right balance as
immune over-stimulation could be potentially harmful to
patients™,

The main future challenge for breast cancer com-
bination therapy is to design a winning formula that is
simultaneously effective against the many subtypes of
breast cancers like luminal A, luminal B, basal-like and
overexpressing HER2. This approach would represent
a hopeful avenue to explore in the quest to inhibit the
multitude of pathways being exploited by the various
breast cancer subtypes. The phenotype of each breast
cancer subtype should be thoroughly investigated as
well, to allow researchers to gather a general picture
describing in detail the different mechanisms of action
for cell survival. Only then, more precise targets can be
identified allowing for the discovery of more inclusive
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breast cancer combination therapies. A more precise
and personalized characterization of each cancer as well
as the identification of factors involved in resistance for
each patient may provide useful improvements in current
therapeutic approaches.

CONCLUSION

Decoding of the human genome has allowed for the
isolation of key gene signatures for many types of known
cancers; unfortunately, targeted therapies to inhibit the
function of these genes have proven quite elusive as the
quest to circumvent the emergence of resistance mech-
anisms continues. Breast cancer subtypes, particularly
TNBCs, still represent a major challenge; future studies
should revolve around the discovery of new prognostic
biomarkers as no targets for these rare types of breast
cancer have yet been identified.

The EPHOS-B trial carried out by researchers in The
Institute of Cancer Research, London, the University of
Manchester and University Hospital of South Manchester
NHS Foundation Trust investigating the response of HER2
positive breast cancer to dual lapatinib and trastuzumab
therapy shortly after diagnosis and surgery to remove
the tumors, has released very promising data in which
of 257 women who were administered the two drugs
synergistically 11 d before surgery, 17% had only
minimal residual disease with invasive tumor smaller
than 5 mm in size, 11% had a pathological complete
response with no biological invasive tumor present in the
breast and 3% had a complete response. This dramatic
response after only 11 d suggests that combination
anti-HER?2 targeted therapy prior surgery may reduce
the number of breast cancer patients requiring chemo-
therapy in the future and significantly eliminate long term
chemotherapy associated side effectst***,

Resistance mechanisms in breast cancer targeted
therapies represent the main challenge to current research;
the combination of different molecules used to target
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different levels of signaling pathways by synergistically
blocking cancer cell escape routes and minimizing the
emergence of survival mechanisms, could prove to be
a promising way forward, keeping in mind that specific
molecular profiling particularly for metastatic relapses
should be carried out to elucidate further resistance
phenotypes and allow for the design of specific new targets.
Several dlinical trials are underway to try to improve survival
of the worse cases (Table 3).
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