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Preface

We are honored to have been asked to edit this book entitled Cancer Management and Thera-
py. We aimed to find productive, knowledgeable, and well-known authors to help us pro-
vide integrated information about cancer management and therapy. We are grateful to all
the authors who have contributed to this book.

Cancer is undoubtedly a serious and potentially life-threatening illness. However, it is a
misconception to think that all forms of cancer are untreatable and deadly. The truth of the
matter is that there are multiple types of cancer, many of which can today be effectively
treated so as to eliminate, reduce, or slow the impact of the disease on patients’ lives. Recent
scientific advances in the field of molecular oncology have led to the identification of a large
number of potential targets for novel anticancer therapies. The chapters in this book will
help the readers to find out more about the different types of treatment there are, how they
work, and how to decide on a treatment.

Other advances include the advent of high-quality invasive diagnostic approaches guided
by radiologic imaging modalities; combination therapy with both chemotherapy and molec-
ularly targeted drugs, most commonly, protons; and better tumor targeting using intensity-
modulated radiotherapy (IMRT). Finally, the use of combinations of chemotherapy/
radiation and surgery to limit functional losses has become a guiding principle. All of these
advances have contributed to improvements in the multidisciplinary approach to cancer
management.

Itis also worth mentioning that this book will tackle state-of-the art research and fill in the holes
left by other literatures. Since both scientists and physicians have contributed to this book, this
cooperation will hopefully assist in bridging the gap between the bench and the clinic.

Many people can be cured of cancer, and those who cannot are living longer and have a
better quality of life than previously. New treatments are being developed all the time. We
hope that this book will be a valuable reference for researchers and health professionals and
a useful resource for educators and medical students.

Amal Hamza
Ain-Shams University, Cairo, Egypt
King Abdulaziz University, Jeddah, KSA

Neveen Salem
National Research Centre, Cairo, Egypt
King Abdulaziz University, Jeddah, KSA
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Chapter 1

Role of an Atomic-Level-Based Approach for Improving
Cancer Therapy

Santi Tofani
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.72324

Abstract

Looking at the atomic level of biological activity, the electron spin may be considered
a key parameter, governing fundamental biological processes. Spin states have a major
role in defining the structure, reactivity, magnetic and spectroscopic properties of a mol-
ecule. In the last decades, there has been a growing interest in the use of magnetic fields
(MF) to study their influence on different biological systems, considering their effect on
electron spin energy levels and consequently on redox-related cellular changes. Different
authors have studied the use of magnetic fields as potential antitumor agent as well as
an adjuvant agent to chemotherapy and radiotherapy with promising results. Overall,
the published data support the presence, in laboratory animals, of antitumor efficacy in
many types of cancer including adenocarcinoma, breast cancer, melanoma and neuro-
blastoma. Those antitumor effects seem to be associated with no observable side effects
or toxicity in animals or in humans. More studies are necessary, mainly at the clinical
level, to understand the real potential of this atomic approach in improving availability
of cancer therapy. In addition, this approach may contribute to fulfill a knowledge gap
facing biomedical science today, the one between the atomic level and the cellular level.

Keywords: magnetic fields, quantum biology, free radicals, cancer treatment, apoptosis,
atomic biology, spin state in biological systems, antitumor effects,
electromagnetic fields, biological effects, electron spin, p53

1. Introduction

Only 25 years ago, at the beginning of the 1990s, chemical biology was just an idea. Since then,
that idea evolved into a global community of scientists, dedicated to understanding science
at the interactions of chemistry and biology. The work of this community has greatly contrib-
uted to the development of medical science.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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Among these studies, the molecular studies (molecular biology branch) have traditionally
played a very important role in chemical biology research. From a panel of experts, the Nature
Chemical Biology editors [1], the need for covering the remaining greatest knowledge gap fac-
ing biology today has been underlined: the one between the atomic level and the cellular level.

In fact, since molecules are made of atoms, the new frontier should be to study the influence of
atomic structure on biological activity. This may be considered a natural evolution of medical
science development. This development has made impressive progresses through centuries,
moving from considering humans as an entire entity to considering organ system, organ, cell,
cell components and, nowadays, molecules (molecular biology). In this trend, the missing
additional part is the atom, and as a consequence, this new branch of medicine should be
based on what we could call “atomic biology” (Figure 1).

This opens a fascinating scientific adventure: we strongly believe that Physics has to play an
important role for the reasons better explained below. The development of a new branch of
medical science that, in analogy with Chemical Biology, we can call Physical Biology, can
have the main objective to study the influence of atomic structure on the characteristics of
the biochemical reactions influencing cell life. A most important contribution is requested to
elucidate phenomena at the base of biomolecular activity, influencing the genetic pathways
that regulate cell life in genetically based illnesses, like cancer.

For this typology of illnesses, in fact, Chemical Biology and its branch Molecular Biology
have been unable to help Medicine to obtain completely satisfactory therapeutic results. More
selective treatments to avoid important adverse effects are needed.
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Figure 1. Trend of medical science from its beginning to now. With time (see from right to left), medicine has been
developing considering first humans as unity and then made by organs, tissues, cells, until arriving to the present time
of molecular biology. Since molecules are made of atoms, the next frontier should be the connection between atomic and
biological levels.



Role of an Atomic-Level-Based Approach for Improving Cancer Therapy
http://dx.doi.org/10.5772/intechopen.72324

The fundamental laws of physics have the capability of describing the very tiny processes
that are at the core of life in matter. Because of this, we know for example that using magnetic
fields with specific characteristics we can influence spin energy levels. This, for example, gives
the possibility to medical doctors to use magnetic resonance imaging to have a very power-
ful clue of what happens at molecular/atomic levels of the biological structure and function,
having consequently the possibility of making diagnosis with an accuracy not possible before.

We know from chemistry that electron spin state has a pivotal role in all the reduction-oxida-
tion reactions that are at the core of the cellular metabolic pathway, governing the behavior of
the biological system, influencing genetic stability. The synthesis of many complex molecules
often requires the oxidation of their precursor, via the use of molecular oxygen. Availability of
electrons to transfer changes when electron spins assume specific energy levels. These energy
levels are known from quantum physics to be easily influenced by magnetic fields. Physics
allows the use of specific static magnetic fields like those used in magnetic resonance imag-
ing, but almost two/three order of magnitude (100-1000 times) less intense, not thermal, to
influence electron spin state.

Aim of this chapter is to analyze the scientific reasons why a more physics standpoint
approach to biological processes, or in other words an atomic-level-based approach to bio-
logical processes, may contribute to cancer therapy. We will consider biological processes
from an atomic-level prospective, analyzing first the correlation between the atomic structure,
its influence on availability of electrons, and key biological functions connected to cancer
genetics and consequently the available literature reporting results obtained in different labo-
ratories on the use of magnetic fields to influence cancer biology.

2. Atomic structure and fundamental role played by electron spin
in key biological processes

Considering the three particles (electron, proton and neutron) constituting the atomic structure,
the electron is the only elementary particle and it plays a pivotal role in chemical/biochemical
reactions. Electron exchange allows chemical reactions to take place and electron transfer reac-
tions are critical steps in diverse arrays of biological transformations, ranging from photosyn-
thesis to aerobic respiration. Electrons are classified inside all the elementary particles according
to their spin value that, being half integer, collocate them inside one of the two families of ele-
mentary particles, the fermions [2]. So, the spin has a fundamental role in the nature of matter’s
structure. Spin is an intrinsic property (form of angular momentum) of particles connected to
their behavior in the presence of magnetic fields, where they seem to act as small magnets. In
classical physics, a charged spinning object has magnetic properties that are very much like
those exhibited by these elementary particles (Figure 2). Similarly, physics describes elementary
particles in terms of their “spin.” Despite this, spin is a purely quantum-mechanical phenom-
enon; it does not have a counterpart in classical mechanics and obeys quantum physics laws.

Fermions and then electrons obey the Pauli exclusion principle, which states that two identi-
cal electrons cannot exist in the same state, that is, electrons paired in the atomic structure in
a way to have opposite spin value. Without Pauli exclusion principle, chemistry would not
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Figure 2. Electron while traveling around nuclei or between atoms/molecule rotates about its axis producing a magnetic
field (from physics in fact we know that any moving charge produces a magnetic field) called angular momentum or
spin. The electron spin value is +% depending on the direction of its rotation.

have the Periodic Table. For these reasons, spin is an essential property influencing the order
of electrons and nuclei in atoms and molecules, thus having great physical significance in
chemistry. Therefore, we may consider the spin a very important physical entity when study-
ing biomolecular processes. The spin, although being purely quantum-physical, has profound
implications for real-world, large-scale systems like, for example, living tissue. In most cases,
according to Pauli principle, electrons need to pair up to allow the system, to which they
belong, to reach a lower level of energy. This process of electron pairing up facilitates stabil-
ity in the system (i.e., chemical stability in a biological environment), but it is possible only
when, as above states, electron spins have opposite values. This favorable situation depends
on the electron origin as well as on the conditions of the chemical environment. When the
electron pairing up is not possible, the system accumulates an excess of unpaired electrons.
This process leads to the formation of different spin states of individual electrons as well as of
molecular species containing unpaired electrons.

Chemically, any molecule containing a single, unpaired electron is defined as free radical.
Free radicals are often highly unstable elements which in fact are chemically highly reactive
(Figure 3). In many cases, the spin state has been found to be a key factor governing the behav-
ior of the biological system since their influence in chemistry and bioinorganic chemistry [3].

The spin state has a pivotal role in all the reduction-oxidation (or redox) reactions that are at
the core of our metabolic machinery. Redox reactions involve the transfer of electrons from
one reactant to another. This kind of reactions is so important that our life depends on them.
The synthesis of many complex molecules often requires the oxidation of their precursor, via
the use of molecular oxygen. The utilization of molecular oxygen is vital in many biological
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Figure 3. Atoms that do have an unpaired electron, like the atom here presented with atomic number of 7 (nitrogen), are
called free radical. Because of their uncoupled spin, they have a not nulled magnetic moment and, in agreement with
Pauli principle, they look for a counterpart to reach physical/chemical stability. For these reasons, free radicals are highly
chemically reactive.

pathways. The ability of aerobic organisms to harness the power of molecular oxygen as a
terminal electron acceptor in their respiratory cycles has revolutionized the evolution of life.
Oxygen itself is a diradical: Oxygen-based radicals are also often referred to as radical reactive
oxygen species (ROS), such as superoxide anion (O2-) and hydroxyl radical (OH.). Electrons
constituting molecules generally have opposite spins. These electrons stay in different orbitals
and may take part to the bond formation. A peculiar characteristic of the oxygen structure is
that it has two electrons that are not spin-paired, lying in different orbitals, and each of them
is looking for an additional electron to pair up. In this case, the process of electron pairing-up,
making two pair per atoms or four pairs per molecule, is oriented to produce water molecules
to reach a state of lower free energy. Redox reactions are facilitated by enzymes since they
have binding sites that can keep oxygen in contact with oxidizable substrates for a long time.
This contact time, longer than that made possible only by collision, substantially improves
the chance of spin reversal and allows the two electrons to pair up, process that otherwise
would be not possible due to limited energy, below the kinetic barrier that would be provided
by only collisions. Another important aspect is that enzymes may have such characteristics
to catch and withhold available energy from oxidation processes, activity very useful and
important in ATP high-energy-related compounds. In addition to this, we know that redox
reactions affect signaling between molecules bound to DNA with potentially key effect on
cell cycle. It has been shown that oxidative stress conditions may control the very important
tumor suppressor protein p53 activity on different promoters using DNA-mediated electron
transport [4-6]. One of the most challenging endeavors from both experimental and theoreti-
cal point-of-view is to elucidate the role and effect of different spin states on the properties of a
biological system, even deciding which spin-state occurs naturally. There is in fact a growing
interest in spin states in biochemistry from a chemical standpoint [3]. It can be supposed that
a more physics-dependent approach may contribute significantly to this elucidation. In fact,
being the spin a purely physical entity (localized magnetic moment/field), its energy states
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can be theoretically better influenced by physical means than by chemical reactions. In fact,
starting from the 1980s, magnetic fields have been widely used to influence the free radical
chemistry, thanks to their influence on electron spin state energy levels [7].

3. Redox balance and metabolic processes in cancer

The maintenance of redox balance is considered a key factor for the cancer cell metabolism
[8-11]. Adaption requires for these cells to be able to respond to the proliferative signals that
are delivered by oncogenic signaling pathways. After malignant transformation, many cancer
cells show a sustained increase in intrinsic generation of ROS which maintains the oncogenic
phenotype and drives tumor progression throughout chemical reactions that are electron spin
state dependent. Redox adaption through upregulation of antiapoptotic and antioxidant mole-
cules allows cancer cells to promote survival and to develop resistance to anticancer drugs [12].

The dependence of tumor cells and cancer stem cells on their antioxidant capacity makes
them vulnerable to agents that dampen antioxidant systems. There is a realistic prospect for
treatments aimed to dramatically increase intracellular ROS to kill cancer cells by decreasing
their antioxidant capacity. This may be obtained using compounds that inhibit antioxidant
systems or through inhibition of specific signaling pathways that upregulate antioxidants
in cancer cells. The resulting increase in reactive oxygen species may then induce tumor cell
death either through random damaging functions of ROS or by specific induction of apopto-
sis via death signaling pathways. The advantage of such a strategy is that normal cells are not
significantly affected since they have lower basal ROS levels and therefore are less dependent
on up—/downregulation of oxidative stress [13]. A supposedly more simpler strategy would
be to selectively influence the ROS concentration and then redox activity in cancer cell by
directly influencing the spin state energy levels by using appropriate magnetic fields.

It is important to note that dealing with ROS concentration we have to consider the dou-
ble-edge sword of ROS action. In fact, for example, a chemopreventive and an antitumor
action have been reported by the use of nutraceuticals derived from fruits, vegetables, spices,
and other natural products used in traditional medicine that show antioxidant efficacy. This
lasts in agreement with observations [14, 15], suggesting that antioxidant enzymes like the
mitochondrial antioxidant manganese superoxide dismutase (MnSOD) may function as new
type of tumor-suppressor gene. The above suggest both “upside” (cancer-suppressing) and
“downside” (cancer-promoting) actions of the ROS. Thus, similar to tumor necrosis factor-a,
inflammation, and NF-kB, ROS act as a double-edged sword.

4. How magnetic fields can influence biological chemistry through
spin state

The fascinating aspect of spin states is that the formation of spin-correlated radical pair
states between enzyme and oxygen radicals is magnetic field sensitive. In fact, the use of
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appropriate magnetic fields is capable of changing the spin states of radical pairs modifying
the rate of conversion between singlet (S) and triplet (T) and consequently influencing the
free radical recombination rate and finally their concentration with downstream biological
consequences [16].

Let us now see more in detail the mechanism through which magnetic fields influence spin
states and consequently free radical chemistry. Radical pairs are typically formed by electron
transfer or photolytic bond cleavage from a molecular precursor. The radical characteristics
and then their chemical reactivity depend on their spin states of their unpaired electrons that,
like all electrons, present an intrinsic spin angular momentum (quantum number s = %2) char-
acterized by two states, known as spin up and spin down. These two states are labeled by the
magnetic quantum numbers ms =+ (ms specifies the projection of the spin angular momen-
tum on a fixed axis). Spin-correlated radical pairs are generated according to the physical
law that implies the conservation of total spin angular momentum, a singlet molecular pre-
cursor leads to a singlet born radical pair, while a triplet precursor leads to a triplet born
radical pair. The correspondent two spins of the born radicals will be aligned antiparallel
and parallel for the singled and triplet born, respectively. S is generally used for the singlet
state, its total spin quantum number S is zero as well as its overall spin angular momentum,
so their energy is independent of any applied magnetic fields. Vice versa, the three triplet
states T, T, and T_are defined by a total spin S =1 and spin projection numbers equal to 0, +1
and -1, respectively. In the presence of an applied static magnetic field, the energy of the T
state is therefore also field independent, whereas how the energies of the T, and T_ states are
shifted by the Zeeman interaction is proportional to the strength of the external applied static
magnetic field (Figure 4). In the absence of an external static magnetic field, interconversion
between the singlet and triplet states of the radical pair is driven by internal electron-nuclear
hyperfine interactions.

The use of an external static magnetic field influences the interconversion between singlet
and triplet states (see circle in Figure 4), influencing the rate of recombination of radical pair
and consequently influencing free radical concentration. Even if the energy released by the
magnetic field to the electron spin is significantly less than the thermal energy, the interesting
aspect is that the spin-correlated radical pair, being in a nonequilibrium state, allows a kinetic
effect if subsequent radical reactions are spin selective.

The frequency, amplitude and orientation of the magnetic field that perturbs the radical pair
dynamics depend significantly on the local enzymatic chemical environment [17]. Specifically,
the use of magnetic fields of moderate intensity (milli Tesla, or mT, range), static and/or at
extremely low frequency, (frequency up to 300 Hz, down to 3.3 milliseconds) acts through
the Zeeman effect removing the degenerative triplet energy levels. Considering the very short
life span of a free radical (from microseconds to nanoseconds), it sees the extremely low-
frequency magnetic fields as static, which intensity is time dependent.

It results, as discussed above, in the splitting of three levels of different energies, decreasing
the probability of transaction from triplet to singlet spin states. The rate of free radical recom-
bination, at a frequency from low to zero, depends on the intensity of magnetic fields that
regulates the conversion from triplet to singlet state (Figure 4 crossing between T_and S ).
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Figure 4. Effect of the Zeeman splitting on the singlet (S)) and triplet (T, T, and T ) states. As we can see, increasing
magnetic field intensity, the degenerative energy levels of triplet separate to reach a value (circle) at which we observe
the crossing between T_and S

Magnetic fields at much higher frequency (a mega Hz, or MHz, order of magnitude) used
in combination with static magnetic fields can also have importance in influencing the spin
states and then the correspondent chemical reactions. There are in fact multiple interactions
in which weak magnetic fields (intensity on the order micro Tesla, or uT) at higher frequency
can change the population distribution in the various spin states, among them the electron-
nuclear hyperfine interaction. External static in combination with high frequency magnetic
fields can alter radical pair spin dynamics by Zeeman and HFI resonance effects and thereby
change the relative yields of reaction products that derive, alternatively, from singlet and trip-
let radical pair states [18-20]. Many biological molecules exhibit hyperfine splitting constant
that ranges from 0.1 to 35 MHz [20-22], so fields of this frequency may be used to influence
hyperfine coupling resonance. Magnetic fields at this higher frequency and very low inten-
sity have been used, together with static magnetic fields, to influence hyperfine resonance,
decreasing the intracellular superoxide concentration to selectively increase rat pulmonary
arterial smooth muscle cell proliferation [23].

One can then suppose that appropriate magnetic fields may be used to perturb spin energy
levels influencing the singlet-triplet and vice versa transaction probability and therefore con-
trolling specific biochemical reactions and metabolic pathways. Different experimental data
support the above hypothesis that magnetic fields, mainly static and extremely low-frequency
fields, influence the ROS chemistry. This hypothesis is in agreement with the conclusion of a
survey conducted, considering 41 scientific original publications showing that the use of this
type of fields is capable of influencing the ROS chemistry in biology [24].

In addition, data coming from one multiannual, multicenter, multidisciplinary cancer research
project have been reviewed [25]. In this project, static and extremely low-frequency magnetic
fields having intensity on the mT range were used to influence electron spin energy levels and



Role of an Atomic-Level-Based Approach for Improving Cancer Therapy
http://dx.doi.org/10.5772/intechopen.72324

consequently ROS chemistry and related redox cellular signals showing promising results.
In fact, important anticancer effects have been reported in vitro as well as in vivo through an
influence on the genetic pathway that increases apoptosis via the p53 protein with no adverse
effects in different human cancer models.

5. Magnetic fields as a new potential effective antitumor agent acting
through the electron spin

In the last decades, there has been a growing interest in the use of magnetic fields, in studying
their influence on different biological systems, considering their effect on electron spin energy
levels and consequently on redox-related cellular changes and on genetic instability [25].

Different authors have studied the use of static and extremely low-frequency magnetic fields
as a potential antitumor agent as well as an adjuvant agent to chemotherapy and radiother-
apy with promising results. Overall, the published data support the presence of antitumor
efficacy in many types of cancers including adenocarcinoma, breast cancer, melanoma and
neuroblastoma.

Different Italian Health Institutions and Universities have realized the importance of this poten-
tial new approach to cancer treatment by starting, years ago, a multiannual, multidisciplinary,
multicenter research project, conducted, for the laboratory part, mainly in a GLP-certified labo-
ratory. The project aim was to validate the hypothesis that an atomic-level-based approach to
biological processes may help to improve cancer therapy. The project has produced a variety
of results published in different Journals. Later, the research activity, which can be considered
a continuation of the project, restarted in the Medical School of a Chinese University.

Different from other projects, the considered one provides an entire set of data obtained from
a series of multiple in vitro and in vivo laboratory trials, as well as a pilot study conducted
on humans. Project carried out with this logic have yielded a corpus of data, organized and
linked together in a logical fashion to allow organic and more complete, articulated analysis
than with those coming from a single study. These characteristics are even more important in
the fields of bioelectromagnetisms, where different authors have been using different mag-
netic fields and different biological means, providing a huge set of data difficult to correlate
and then to interpret. These are the reasons why in analyzing the published data, supporting
the efficacy of magnetic fields to induce antitumor effects, in agreement with the hypothesis
that an atomic-level-based approach to biological processes may contribute to improve cancer
therapy, we start with those coming from the above-cited project. Analysis of data coming
from other project will follow (see the paragraph “Scientific consensus on the anticancer effi-
cacy of magnetic fields”).

5.1. Connecting atomic structure to biological activity

The multicenter project first objective was to find a connection between the fundamental law
regulating the structure of matter and key biological function(s) regulating the stability of
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genetic machinery and the conservation of the species. First the atomic structure was ana-
lyzed, realizing that the key parameter governing the formation of matter as well as its stabil-
ity is the (electron) spin state as above reported.

In fact, let us consider the biological processes at the base of our life. The human body is con-
stituted by almost 37,000 billion cells, and as an average, billion cells replicate every day; for
each replica, almost a thousand billion of DNA bases replicate for every cell division. These
incredible numbers tell us how complex and at the same time fascinating is the biological life
as we know it. Which incredible organization Nature has set up to avoid as much as possible
diseases due to the inevitable mistake during such huge number of copies of DNA basis. This
organization allows that most of these errors will remain silent, but also minor errors can have
a serious impact. In addition, despite its essential role in storing genetic information, the DNA
molecule has limited chemical stability and is subject to spontaneous decay [26].

Processes such as hydrolysis and oxidation occur at significant levels in vivo, in part due to
reactive metabolites continuously generated in various physiological processes. In addition,
external factors like radiation and genotoxic chemicals will further stimulate DNA damage
formation. The inherent instability of DNA constitutes both an opportunity and a threat.
DNA lesions can block important cellular processes such as DNA replication and transcrip-
tion, cause genome instability and impair gene expression. Lesions can also be mutagenic
and change the coding capacity of the genome, which can lead to devastating diseases and
conditions associated with genome instability, including cancer, neurodegenerative disorders
and biological aging. At the same time, without mutations, Darwinian evolution would not
be possible.

Cells use different biological processes like DNA repair, apoptosis and others like autophagy
working in a well-defined and coordinated manner to contrast genome instability and pre-
vent much as possible the onset of serious diseases.

Analyzing these processes, apoptosis appeared the most interesting one to be connected with
the key physical parameter governing the stability of matter, that is, electron spin. In fact,
apoptosis is the process set by cells to control genetic machinery in order to avoid replication
of cell having an altered DNA. Thousands of proteins take part in a well-organized manner
into this process that will send to death the cell with altered DNA before replication. In case
of cancer, among thousands of proteins, the p53 protein, called the “DNA guardian,” seems
to have a key role since, in mutated form, it is present in most cases of human cancers. This
protein is considered so important that its encoding genes taken together are the most studied
protein and genes in literature, with a total of more than 80,000 entries in PubMed [27].

5.2. Magnetic field characteristics, cell culture results and tumor growth inhibition

As seen before, different papers relate to p53 activity with redox machinery and ROS forma-
tion [4-6]. Accordingly, an intriguing hypothesis is to consider the possibility of selectively
affected tumor cell growth using appropriate magnetic fields such as to influence redox sig-
naling via an effect on electron spin state energy levels of ROS/enzymes that are connected
with p53 activity/status (scheme of Figure 5) [28].
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Figure 5. Biophysical model used to produce antitumor effects. Magnetic fields’ effect on free radical recombination rate,
activating redox signaling that influence mutant p53 activity and inhibit tumor growth via apoptosis.

According to the above-reported effect on the influence of magnetic fields on electron spin
state, characteristics of the fields that are more suitable to influence cancer cell redox activity
and p53-dependent apoptosis should result in agreement with known theory [7, 16, 28-30]. A
series of about 100 in vitro trials exposing three different cell lines (MCF-7 human breast adeno-
carcinoma, WiDr human colon adenocarcinoma and MRC-5 human embryonal lung fibroblast)
have been performed and apoptosis as a function of magnetic field exposure characteristics
(intensity and frequency) has been assessed [31]. The magnetic field characteristics that gave
best results were constituted by a combination of static and extremely low frequency, to form
an extremely low-frequency modulated static magnetic field with intensity varying between 1
and 8 mT, as shown in Figure 6. The total time average intensity of this magnetic field was 5.5
mT. The characteristics of this field, experimentally selected, were in agreement with what was
predicted by theory. The efficacy of this field has been confirmed in an animal trial exposing
different group of nude mice bearing a WiDr human colon adenocarcinoma, each group with
different magnetic field exposure regime, assessing tumor growth inhibition and apoptosis [31].

The in vitro results, obtained using different magnetic field frequency as well as intensity,
show that magnetic fields are able to induce apoptosis like death, only in the considered
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Figure 6. Magnetic field treatment characteristics. The magnetic fields were obtained with superimposition of a static
magnetic field with an alternating 50-Hz (0.02 s) magnetic field forming an intensity-modulated magnetic fields which
total intensity ranges from 1 to 8 mT with a time total average of 5.5 mT. The total treatment time for daily session is
70 min.
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tumor cells, when their intensity is higher than 1 mT and this does not depend upon mag-
netic field frequency in the studied frequency range (0-300 Hz). This suggested to the
authors that, in agreement with the theory at the base of the entire project, the biophysi-
cal mechanism connected to the apoptosis like death induction may be more related to
free radical recombination processes than to ion resonance like mechanisms. Free radical
recombination processes are activated by a direct action of magnetic fields on electron spin
energy state levels of atoms and molecules with unpaired electrons. It was in fact known
that free radical recombination processes occur in a timescale of nanoseconds to microsec-
onds, and in this timescale, the extremely low-frequency (0-300 Hz) magnetic fields are
seen as static [32, 33]. In addition, the authors noted that the need for amplitude-modulated
fields (the one that gave the best tumor growth inhibition) to increase the effect otherwise
obtained using only static or extremely low-frequency magnetic fields observed in vitro
and in vivo [31] is in agreement with the need for establishing optimal condition(s) for the
singlet-triplet spin state conversion required for the free radical recombination processes
[34]. Safety analysis, in agreement with the theoretical biophysical mechanism, shows no
toxic morphological changes induced by the magnetic field exposure in renewing, slowly
proliferating, or static normal cells.

Treatment time may exert also an important role: a 70 min per day treatment for 5 days a week
for 4 weeks has shown an inhibition of tumor growth of about 50%. The same 70-min treat-
ment used two times a day gave a tumor growth inhibition of almost 70%, suggesting that
in analogy with a chemical treatment this type of physical treatment exerts a form of dose-
response efficacy, considering the time treatment connected to dose response.

5.3. Survival, apoptosis and p53 studies

In another animal trial using the same tumor model, nude mice were exposed, once a day,
5 days a week for the entire life to study survival, tumor growth inhibition and immune-reactive
p53 [35]. After almost 1 year of treatment, the treated mice improved significantly their life span
and the correspondent Survival Index was 1.31, that is, 31% survival time increase (Figure 7).

Specimens from each experimental mouse (magnetic fields exposed and not magnetic fields
exposed) after weighted underwent histopathology, immunohistochemistry and transmis-
sion electron microscopy analysis. The results show that exposure to magnetic fields inhibits
tumor growth of mice bearing a subcutaneous WiDr human colon adenocarcinoma, in agree-
ment with the previous study. In addition, significant variation (by about 50%) in mitotic
index (decrease), apoptosis (increase) and mutant p53 protein (decrease) (Figure 8) in tumor
tissue is analyzed at the end of exposure time.

The observed tumor growth inhibition appears to be associated with morphological changes
only in transformed cells. No morphological changes in renewing (i.e., bone marrow cells),
slowly proliferating (i.e., hepatocytes) and static (i.e., terminally differentiated neurons) nor-
mal cells were observed. In addition, no significant differences in the number and morphology
of blood corpuscular elements, emunctory function of liver and kidney, and bone metabo-
lism were detected, between the exposed and not-exposed animals. Authors’ comments were
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Figure 7. Survival time (days) of nude mice bearing human adenocarcinoma cancer and magnetic field treated (continue
line) versus survival time (days) of nude mice bearing human tumor and not magnetic fields treated (dotted line). The
magnetic field increases significantly the life span of nude mice bearing human cancer.

that the lack of adverse responses in normal cells and tissues suggests that the safety of this
physical treatment may be related to its ability to interfere preferentially selectively with
transformed cells. About p53 results they commented that from literature it is known that a
loss of p53 functional status, due to either lack of gene expression or overexpression of its
mutant form, leads to genomic instability and cancer [36]. The most frequently encountered
mutations of p53 reduce its thermodynamic stability, determining the loss of the DNA bind-
ing conformation indispensable to the transcription regulation and tumor suppressor activity
[37]. Pharmacological rescue of mutant p53 conformation and function has been also reported
[38]. Others demonstrated that metal ions play a regulatory role in the control of p53 fold-
ing and DNA binding activity [39]. Specific DNA binding is influenced by redox regulation
of p53, and binding of metal ions may directly affect p53 redox potential, either at the zinc
binding cysteine residues or at other cysteine residue on the protein surface [40]. Thus, based
on these data, authors suggest that the observed decrease of mutant p53 after magnetic field
exposure, together with the increased apoptotic index and the slower growth of experimental
tumors, could be explained by a rescue of wild-type p53. This phenomenon could be related
to the effect of magnetic field exposure redox chemistry connected with metal ions.

5.4. Inhibition of metastatic spread and growth

Another important parameter to be evaluated in the assessment of potential antitumor efficacy
of a treatment is its capability to inhibit the metastatic process. For this reason, a subsequent
animal trial was conducted to evaluate the influence of the magnetic field treatment in the inhi-
bition of metastatic spread and growth in a breast cancer model [41]. More specifically, a highly
metastatic (in the lung) human cancer (MDA-MB-435) model, transplanted in nude mice, was
used. Mice were exposed at the same magnetic field treatment regime (70 min a day for 5 days a
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Figure 8. Influence of the magnetic field treatment on mutant p53 concentration (A) that markedly decreases, and on
apoptosis (B) that markedly increases.

week) for 6 consecutive weeks. To allow a more complete evaluation of the potential antitumor
efficacy of the magnetic field treatment, a positive control group treated with a chemothera-
peutic agent (cyclophosphamide) was also used. At the end of the experiment, separate sections
from each lung were examined at the microscope to determine the incidence of the different
treatments (magnetic fields and cyclophosphamide) on number and sizes of metastases. Lung
metastases were histologically counted, and each one was scored on the basis of the number
of tumor cells. The size of each metastasis was evaluated by classifying the metastases in three
categories (<10, 10-100, and >100) according to the total number of cells contained. As shown
in Figure 9, both magnetic fields and cyclophosphamide treatments significantly decreased the
number of lung metastases, classified according to the number of cell contained. In addition,
the magnetic field treatment performed significantly better than cyclophosphamide.
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Figure 9. Effect of magnetic field (MF) in spread and growth of lung metastasis in nude mice bearing human metastatic
breast cancer. Results are compared with those coming from the same experiment where the other group, of the same
nude mice bearing the same human cancer, was treated with cyclophosphamide, a known chemotherapeutic agent.
Results, in terms of small-size metastasis (black bars), medium-size metastasis (white bars) and large-size metastasis
(black and white bars), show that the magnetic field treatment is more efficient than cyclophosphamide in inhibiting
spread and growth of metastasis.

In fact, while magnetic field treatment and cyclophosphamide-treated mice reported almost
the same number of metastases in the lowest cell content category (<10 cells), magnetic field-
treated and cyclophosphamide-treated mice in the medium cell-content category (10-100
cells) reported 98% and 50% reduction in the number of metastases, respectively, while in the
high cell-content category (>100 cells) was 100% and 90% for the magnetic field treated and
cyclophosphamide-treated mice, respectively, compared to the control mice. Safety analysis
was performed in all experimental animals. Results were in agreement with those observed
in the previous trials confirming the safety of the treatment. In fact, gross pathology at necros-
copy, hematoclinical/hematological, and histological examination did not show any toxic or
abnormal effects.

5.5. Synergism with chemotherapeutic agent atomic biology

The following trial was conducted to enquire about the possible synergism between magnetic
field treatment and chemotherapeutic agents in terms of their influence on survival time [42].
Two animal models were tested, and immune-competent mice bearing murine Lewis Lung
Carcinoma (LLCs) or B16 melanotic melanoma were exposed to magnetic fields treated with
two commonly used anticancer drugs. The chemotherapeutic agents under investigation were
cis-platin and cyclophosphamide, for the first and second models, respectively. The mice were
exposed to the same magnetic fields used in the previous trials (static with the superimposi-
tion of extremely low-frequency magnetic field having a total time average intensity of 5.5
mT), provided daily (7 days a week) for the entire life. Synergistic activity was found only with
cis-platin. In fact, the cis-platin antitumor efficacy was increased by magnetic field exposure,
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leading to significantly prolonged animal survival. The magnetic field treatment almost tri-
pled the efficacy of cis-platin since the effect of cis-platin low dose (3 mg/Kg) used in combina-
tion with magnetic field exposure was similar to that of cis-platin high dose (10 mg/Kg) alone.
Unfortunately, it is not possible to make a direct comparison between the presence/absence of
synergism between magnetic fields and the anticancer activity of cis-platin and cyclophospha-
mide because the two drugs were tested on two completely different animal models (different
mouse strains and tumors). The authors’ comments were that the synergistic activity observed
between magnetic field exposure and cis-platin can be explained by the hypothesized ability
to influence free radical chemistry exerted by the magnetic field treatment [28]. Two mecha-
nisms, alone or combined, may be at the base of the observed results. First the platinum ion
stimulates superoxide radical production [43, 44], and the magnetic field exposure enhances
active oxygen production. When this production occurs at the cell membranes, the respective
permeability changes, influencing the cell drug intake [44]. Second, it has been shown that the
rate of conversion of cis-platin to reactive species, able to bind to DNA, is increased by local-
ized production (in our case possibly due to the magnetic field exposure) of free radicals [45].

5.6. Safety of the treatment and considerations on efficacy

This magnetic fields treatment was then used in a pilot study where, according with the
authorization of the Ethical Committee instituted by law, patients with advanced neoplasm
were exposed to magnetic fields to assess safety and acute toxicity [46]. Eleven patients were
treated with the same magnetic field characteristics we used in animal trials (static with the
superimposition of extremely low-frequency magnetic field having a total time average inten-
sity of 5-5 mT). Treatment included neck, thoracic and abdomen areas. Two treatment pro-
tocols that differed in the length of daily exposure to magnetic fields were set. In the first,
patients were treated for 20 min/day, 5 days a week, over 4 weeks; in the second, patients were
treated for 70 min/day, 5 days/week, over 4 weeks. A minimum of two patients was intro-
duced in each treatment plan; if intolerable toxicity was not observed, two to five additional
were treated. The reported results show that human exposure to the used magnetic fields
treatment is not associated with important toxic and adverse side effects. Different expo-
sure regimes, exposing 20-70 min daily, respectively, appear to be associated only to small
changes in some laboratory parameters. Authors of the study conclude that the overall data of
this clinical study on safety in humans seem to be in agreement with safety and toxicity data
from animal trials, showing no toxic or abnormal effects when gross pathology at necroscopy,
blood and histological examination were performed [28, 31, 35, 41, 42]. In conclusion, the find-
ings of this pilot study carried out in a small number of cancer patients support the possibility
that the human exposure to magnetic fields with specific physical characteristics is associated
with a favorable safety profile and good tolerability.

Based on all above-reported laboratory studies, it has been possible to confirm the antitumor
efficacy of this new physical treatment that uses specific magnetic field characteristics. In
fact, the reported data confirm the capability by magnetic fields to exert significant antitumor
effects in different laboratory animal models as well as synergistic activity with chemother-
apy without significant adverse effects. This may support the validity of this new approach
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to biological processes. More studies are necessary, mainly at the clinical level, to understand
the real potential of this atomic approach in improving availability of cancer therapy. In addi-
tion, this approach may contribute to fulfill a knowledge gap facing biomedical science today,
the one between the atomic level and the cellular level.

5.7. Result confirmation

The antitumor efficacy reported in the above illustrated papers was confirmed, years later, in
a different laboratory, located within the Medical School of the Zhejiang University, China.
This replica performed in a different laboratory located in a different continent, using the
same exposure machine as well as the same magnetic field characteristics, gives to the old/
previous project results the necessary scientific validity, scientific validity that is confirmed
when the same results are reported in different laboratory using the same methodology. In
this university, the antitumor efficacy of magnetic fields treatment has been studied in two
pediatric tumors, nephroblastoma and neuroblastoma [47]. The antitumor efficacy exerted
by this magnetic field treatment as well as its combined effect with cis-platin was studied
in vitro and in vivo. In this Chinese study, the time-average intensity of the magnetic fields
was slightly different from the previous studies, 5.1 mT instead of 5.5 mT. This is due to the
modification of the time duration of each of the eight rounds constituting, as in the old project,
one magnetic fields treatment session. In the old project, each round lasted different times
[48]. Now, each round lasted 3.5 min, and consequently each exposure session of treatment
lasted 28 min. One or more treatment sessions (up to 4) were administered daily. In addition
to the use of the standard static with the superimposition of extremely low-frequency mag-
netic field having a total time average intensity of 5.1 mT, alternatively, only static magnetic
fields were used, while the total time-average field intensity was kept to 5.1 mT to help under-
standing the biophysical mechanisms.

For the in vivo part of the study in China, mice magnetic field exposure was based on the
same exposure system and with the same protocol except that each round lasted 10 min; thus,
each session lasted 80 min instead of 70 min as in the old project. Mice received one session
of treatment daily for 15 consecutive days. In vitro results show that after daily exposure
of 2 h the cell number of nephroblastoma and neuroblastoma cell lines (G401, CHLA255,
N2a) decreased significantly from day 2, and the inhibition rate reached to about 20% after
3 days of exposure. The inhibitory effect was positively associated with exposure time, and
subtraction of the AC field decreased the inhibition rate. Furthermore, it was found that the
field decreased cell proliferation and induced apoptosis. Combining of the field with chemo-
therapeutic cisplatin further increased the inhibition rate compared with single use of either
cisplatin or MF. In G401 nephroblastoma tumor model in nude mice, daily exposure of 80 min
per day combined with cisplatin resulted in significant decrease of the tumor mass. The side
effect of combinational treatment was limited to mild liver injury (an increase in aminotrans-
ferase levels), while magnetic field exposure did not hamper liver and kidney functions by
itself. In conclusion, this 50 Hz, static modulated magnetic field exhibited antitumor effect on
neuroblastoma and nephroblastoma and had the potential to be used in combination with
cis-platin for increased efficacy and reduced side effects in these two childhood malignancies.
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These results from Zhejiang University are completely in agreement with the previous results
of the multiannual, multi-disciplinary, multicenter research project, confirming the antitumor
efficacy of the magnetic field treatment exerted in two new human cancers (nephroblastoma
and neuroblastoma), its synergistic activity with the studied chemotherapeutic agent cis-
platin, with no induction or trivial induction of adverse effects. This agreement confirms the
scientific validity of the potential antitumor efficacy of this new physical treatment that uses
magnetic fields (electromagnetic energy) and that comes from a new approach of biological
processes based on quantum physics, and such approach considers the atomic structure as a
key aspect in studying the biological activity possibly introducing to a new additional branch
of medical science that might be called atomic biology in analogy with molecular biology.

5.8. Scientific consensus on the anticancer efficacy of magnetic fields

There has been a growing scientific consensus on the anticancer activity of static and extremely
low-frequency magnetic fields. In the last decade, many authors have published different
papers, reporting results that are in agreement with those analyzed above. We now will shortly
analyze the content of these papers.

Specifically, tumor growth inhibition has been studied on nude mice bearing metastatic
mouse breast tumor cells exposed to 100 mT, 1 Hz magnetic fields for different times a day
(60, 180, and 360 min/day) for 4 weeks, observing a tumor growth inhibition as a function of
the exposure time reaching the suppression of tumor growth when exposure was 360 min/
day [49]. Tumor growth inhibition as well as metastasis inhibition was observed in mice
bearing hepatocarcinoma cells exposed to 400 mT, 7.5 Hz magnetic fields, 120 min/day for
30 days, observing an inhibitory effect on tumor growth [50]. In another study, the applica-
tion of 4.5 mT, 120 Hz magnetic fields, 50 min/day for 32 days inhibited preneoplastic lesions
chemically induced in the liver of male rats by reducing cell proliferation [51]. The synergistic
effect with anticancer drugs has been studied in vivo and in vitro by different authors. In vivo,
El- Bialy et al. [52] studied female mice bearing an ascites carcinoma treated with 3 mg/Kg
i.p. cis-platin and exposed to 10 mT, 50 Hz magnetic fields 60 min/day for 2 weeks, show-
ing that extremely low-frequency magnetic fields enhanced the cytotoxic activity of cisplatin
and potentiate the benefit of using a combination of low-dose cisplatin and extremely low-
frequency magnetic fields in the treatment of ascites carcinoma. Chen W.F. et al. [53] studied
human leukemic cells (K562) exposed in vitro to 8.8 mT static magnetic fields, treated with
cis-platin at concentrations from 20 to 10 microg/ml, and the results suggest that the mecha-
nism is correlated with the DNA damage model. Hao Q. et al. [54] reported results showing
that an 8.8 mT static magnetic fields enhanced the cytotoxic potency of adriamycin (25 ng/ml)
on K562 cells, and a decrease in P-gp expression may be one reason underlying this effect.
Kakikawa M. et al. [55] reported results showing that 50 mT, 60 Hz magnetic fields enhanced
the cytotoxicity both of mitomycin C and of cis-platin on E. coli bacterium; these results sug-
gest that magnetic fields change the permeability of the cell membrane and affect drug intake.
Results of a clinical trial devoted to studying the effects on palliation of general symptoms as
well as survival were reported by C. Sun et al. [56] in 13 advanced nonsmall cell lung cancer
(NSCLC) patients treated with 400 mT, 0-50 Hz magnetic fields 120 min/day for 6-10 weeks.
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The authors observed prolonged survival and moderately improved general symptoms with-
out any severe toxicity or side effects. More recently other three studies have been published
enlarging the above scenario. Two hours of treatment with 50 Hz, 20 mT magnetic fields
makes resistant cells of human ovarian carcinoma sensitive to cisplatin via p53 activation [57].
A metastatic melanoma mouse model exposed 400 mT, 7.5 Hz magnetic fields, 120 min/day
for 27 days reported a significant growth inhibition of metastatic tumor burden of lung, show-
ing that extremely low-frequency magnetic field exposure promoted the inhibitory effect of
ROS on AKT pathway and decreased Foxp3 expression [58]. Three-hour exposure to 1 mT
50 Hz magnetic fields induces apoptosis on osteosarcoma cells via oxidative stress [59].

Part of the above-cited studies has been also considered in two reviews published in 2013, one
devoted to analyze if radiotherapy could be enhanced by electromagnetic field treatment [60].
The first review concludes that the analyzed studies reflect encouraging results and corrobo-
rate the hypothesis that combined exposure to some chemical agents ionizing radiation should
be used to increase DNA damage and help cancer treatment. The other review covers three
areas of investigation connected to the use of magnetic fields, in particular free radical genera-
tion and oxidative stress, apoptosis, genotoxicity and cancer [61], concluding that magnetic
field causes oxidative stress and, as a result, damages ion channels, leading to changes in cell
morphology and expression of different genes and proteins and also changes in apoptosis and
proliferation. In addition, about the use of magnetic fields in combination with other external
factors, such as ionizing radiation and some chemicals, there is evidence strongly suggest-
ing that magnetic fields modify their effects, improving cancer treatment. Finally, the authors
stated that the analyzed studies provide valuable insight into the phenomenon of biomagne-
tism and open new avenues for the development of new medical applications. More recently,
L. Montagnier, the 2008 Nobel Prize for Medicine assignee, has stressed, also on the base of the
above scientific scenario, the importance of the use of magnetic fields in cancer treatment [62].

6. Comments and conclusions

All the reported reviews conclude that additional studies are necessary to better clarifying
the biomolecular mechanism(s) and understand the real potential of this new possible medi-
cal treatment. The call for additional studies, included clinical ones, has been also suggested
by the more recent review dealing with the capability of magnetic fields to influence genetic
stability and the potentiality of their use in cancer treatment [25]. This last concludes that
a number of papers reports on the correlation between static and extremely low-frequency
magnetic fields and genetic instability. This correlation has been found in studies on gene
expression and DNA damage due to oxidative stress, including double-strand breaks, chro-
mosomal aberrations and micronucleus induction. This review also underlines that the ana-
lyzed literature makes it plausible to apply an atomic-level approach to biological processes
(atomic biology approach) using electromagnetic energy as a bridge between the atomic level
(spin energy levels) and the cellular level (oxidative stress, DNA damage, genetic instability,
p53 status and apoptosis).
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The content of present chapter, together with the consensus among the analyzed literature, sup-
ports the capability by magnetic fields to exert significant antitumor effects in different labora-
tory animal models as well as synergistic activity with chemotherapy. This, without significant
adverse effects observed in the laboratory animal trials as well as in the limited human studies,
highlights the potential validity of this new atomic based approach to biological processes.

We are only at the beginning of a scientific adventure of this new potential branch on bio-
logical/medical research that may be called atomic biology. The atomic (electron spin) based
approach to cancer treatment has given promising results to foresee great potentiality of this
approach to open new frontiers of biomolecular research and medical application, since mag-
netic fields, different from chemical products, have the capability of influencing in a very
selective way only the desired spin state of a given biomolecule. The expected clinical results
for this type of approach would hopefully be more selective, that is, with less adverse effects.
More studies are necessary, mainly at the clinical level, to understand the real potential of this
atomic approach in improving availability of cancer therapy.
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Abstract

Aptamers are small and specific oligonucleotides [RNA or single-strand DNA
(ssDNA)] with a high binding affinity against target protein. In vitro selection process
of aptamer by selective evolution of ligands by exponential enrichment (SELEX) has
been invented in 1990 by Larry Gold and Jack Szostak. SELEX is a random amplification
of target protein with combined oligonucleotide libraries and selection of synthesized
aptamer by magnetic beads, affinity chromatography, and capillary electrophoresis-
based methods. According to their low molecular weight, non-immunogenic feature
in vivo, low production cost, high thermal stability, increase in production potential,
and ample of modification capacities, aptamers are becoming essential medical tools
for diagnosis and treatment of diseases such as macular degeneration, hemophilia,
heart disease, and various cancer types. The therapeutic potential of aptamers, with
high binding affinity against carcinogenesis-associated growth factors, receptors, or
proteins frequently overexpressed in specific cancers such as prostate, breast, colon,
lung, leukemia, hepatocellular, and cervical carcinoma. The strategies for aptamer-
based drugs in cancer therapy design/modify aptamers against cancer biomarkers,
accelerate immunotherapy targeting immune system, and increase the drug delivery
in cancer cells. In conclusion, aptamers are promising candidate drugs due to their
antiproliferative effect on cancer cells and the drug delivery systems during cancer
chemotherapy.

Keywords: aptamer, SELEX, cancer, therapy

1. Introduction

Aptamer is derived from one Latin and one Greek word combinations: “aptus,” which
means “fit,” and “meros” meaning “particle” [1]. As a DNA or RNA oligonucleotide, aptamer
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has low molecular weight (5-40 kDa) and three-dimensional (3D) structure with a high
binding affinity against target protein. Synthesis of aptamers by selective evolution of
ligands by exponential enrichment (SELEX) has been invented in 1990 by Larry Gold and
Jack Szostak and the other laboratories concomitantly [2]. SELEX is a consecutive processes
starting with binding of target with random sequence of oligonucleotide library, wash-
ing and elution of unbound oligonucleotides, amplification of 3D structure oligonucle-
otides against the target epitope via polymerase chain reaction (PCR), selection of aptamers
with high binding affinity and specificity, and finally modifications of novel aptamers to
increase stability and function [3]. Through SELEX, an aptamer against various targets
can be synthesized such as amino acids, peptides, protein, phospholipids, carbohydrates,
nucleic acids, antibiotics, metal ions, and whole cell (bacteria, viruses). Although aptamers
are similar to antibodies due to their binding affinity to target molecule, they have a num-
ber of advantages such as small and low complexity with low immunogenic activity, high
stability, high affinity and specificity for their targets, and easy to synthesize and modify
in vitro [4].

1.1. SELEX method

The determination of oligonucleotides from a random ssDNA/RNA sequence pool is
accomplished through in vitro selection referred as SELEX. SELEX method is composed
of following various steps: (i) design and synthesis of oligonucleotide library (DNA or
RNA), (ii) hybridization of target with oligonucleotide library, (iii) elimination of aptam-
ers unbounded to target, (iv) selection of aptamers that are highly specific against target
(4-20 rounds), (v) amplification of selected aptamers by PCR (ssDNA library) or RT-PCR
(RNA library) in order to increase aptamer efficacy, (vi) cloning of selected and ampli-
fied aptamers in vector (TOPO cloning vector), (vii) sequence determination of cloned
aptamers, and (viii) discriminate and identify the novel aptamer from aptamer database
tools [5].

Oligonucleotide libraries are the major nucleic acid-based tool to generate aptamer via using
SELEX method. Classical SELEX libraries are generally 10-10" molecules with 20-80 nucleo-
tides long and usually amount of 10®-107* M. They are arranged in order of sequences with
three parts: 5’ sense primer sequence, random nucleotide, and 3" antisense primer sequence
parts, respectively. 5'- sense or 3'-antisense sequence part of the oligonucleotide libraries are
18-22 base long, and the random sequence between 5’ and 3' sequences ranges from 20 to 40
nucleotides (Figure 1) [6].

Besides classical libraries, different featured libraries can be used for SELEX method such
as structurally modified, based on a known sequence, free of fixed sequences or genomic
sequences. In structurally modified libraries, between two fixed sequences, a random region
constructed to form a secondary structure (G-quartets, hairpin, vs) in order to select more
stable aptamer against target molecule [7]. A library used for SELEX is constructed with 4-6
nucleotide-fixed regions in both sides called a free of fixed sequence oligonucleotide library
(tailored SELEX) [8].
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Figure 1. Schematic representation of SELEX method.

In addition, to investigate for sequences such as transcription factors, translation regulators,
and splicing sequences, genomic sequence-based libraries are used for genomic SELEX. In
genomic SELEX, the oligonucleotide libraries are composed of 50-500 nucleotides long with
fixed sequences on each region [9]. In order to protect aptamers from nucleases, chemical
modifications such as L-form of nucleotides (L-ribose or L-deoxyribose); 5-iodo-, 4-thiouri-
dine, 5-bromo oligonucleotides; or 5’ fluorescein isothiocyanate (FITC) dye and/or 3'- biotin
labeling can be performed [10].

Since SELEX method is composed of generation of aptamer against target molecule by using
a rich random nucleotide sequence of oligonucleotide libraries, there are modifications on
SELEX method according to research aim such as nitrocellulose membrane filtration-based
SELEX, affinity chromatography and magnetic bead-based SELEX, capillary electrophore-
sis-based SELEX, microfluidic-based SELEX, cell SELEX, and others [electromobility shift
assay (EMSA), surface plasmon resonance (SPR)]. In nitrocellulose membrane filtration-
based SELEX, following at least 12 SELEX selection rounds, aptamers are separated via
the nitrocellulose membrane [11]. The strategy of affinity chromatography-based SELEX
method is depending on the selection of aptamers generated against target protein that is
tagged with glutathione-S-transferase (GST) or His-tag and immobilized on beads such as
agarose [12]. By using affinity column containing target-immobilized beads to select the
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SELEX-generated aptamers, however, the disadvantages of this technique because of untagged
proteins or protein functional group unbeaded could not be accomplished. However, with-
out bounding process for target protein, successful and specific aptamers can be selected
by using magnetic bead technology [13]. In capillary electrophoresis-based SELEX, aptamer
can be selected by electromobility difference of target, library, and target-library complex
mixture under electroosmotic flow within few rounds such as 2—4. Theoretically, separation
potential of aptamers depends on the speed, sample dilution, resolution, and ionic charge of
each analyte under the influence of electric field within the capillary [14]. In order to decline
the SELEX rounds, microfluidic-based SELEX is generated to increase the effective capacity
of aptamer selection under the influence of microfluidic system principle on microchips.
The most essential advantage of this method is rapid and automatically aptamer selection
procedure [15]. Although SELEX is generally used for selection of aptamer against proteins,
a whole cell can also be used as a target for SELEX method. In cell SELEX, extracellular
proteins expressing on cell surface are generally regarded as a target for cell SELEX and,
following round of SELEX method with whole cell and the oligonucleotide library, genera-
tion of aptamers against surface proteins on target cells. As the target cell expressing various
extracellular receptors, ligands, etc. on cell surface, the aptamer selected from cell SELEX can
be a mixture of aptamers targeting different surface proteins. However, aptamers generated
by cell SELEX can be used for cell-specific diagnosis and therapy, targeting cell drug delivery
(Figure 2) [16].

The investigation of potential chemotherapeutic effect of selected aptamers generated by
SELEX is identified for their novelty in various bioinformatics tools given below [17]:

http://www.cas.org/SCIFINDER/scicover2.html
https://www.hsls.pitt.edu/obrc/index.php?page=URL1096043955
http://connection.ebscohost.com/c/articles/45243053/aptamer-database

By these different and multifunctional SELEX methods, a number of aptamers can be gener-
ated and selected. Subsequently, these aptamers can be used for aptamer-based sensors, new
drugs, and drug delivery systems. Until now, various aptamers against target proteins are gen-
erated and investigated for preclinical studies, and some are under clinical trials such as Phases
I'and II (Table 1) [18]. Macugen (EYE001), FDA-approved modified RNA aptamer, phase II/III
completed for the treatment of age-related macular degeneration (AMD). This RNA aptamer
is referred as Pegaptanib (Pfizer, NY, USA), and it targets vascular endothelial growth fac-
tor (VEGF) [19]. Zimura (ARC1905) is an anti-C5 aptamer that targets essential inflammatory
mediator, complement component. Phase I study of zimura and monoclonal antibody frag-
ment for angiogenesis factor VEGF combination treatment was completed in AMD patients
[20]. Another RNA aptamer against factor IXa is REG1 that acts as an anticoagulation system,
and phase I and phase II trials are successfully accomplished to prevent thrombotic and isch-
emic complications [21]. Fovista is referred to as E10030, an aptamer against platelet-derived
growth factor (PDGF). The phase I and phase II studies of fovista in neovascular AMD have
been accomplished. In addition, fovista with anti-VEGF therapy combined treatment is tried in



Applications of Aptamers in Cancer Therapy
http://dx.doi.org/10.5772/intechopen.75603

Shsense  random 3 '-anti-sense
SEQUENCE sequence  SEquEnce

WWAAAAANA

WAWAAAMAM e
VWAVAAAAAVA L mr

WAWWAAAAANNA

RMNAS ssDMA Agtamer Librany (10058 10
Incubation Cell
SELEX

N VAV
T WNMAAAARAAA

/' Wash Unbound sequences

Target cells

Binding of aptamers on target
cell surface

Aptamers bound on cell surface

Determination of _ Amplification of aptamers by RT-PCR from RNA library
Aptamer Sequence PCR Amplification for aptamers from DNA Bbrary

Figure 2. Steps of cell SELEX.

recruited participants [22]. AS1411 is a 26-nucleotide-long guanine-rich oligodeoxynucleotide
aptamer that targets nucleolin-1, a phosphoprotein expression on various cancer cell surfaces.
Phase Il trials of AS1411 in treatment of myeloid leukemia and metastatic renal cell carcinoma
have been accomplished. In addition, the treatment potential of AS1411 is inclined by combi-
nation of aptamer with chemotherapeutic drugs such as doxorubicin [23]. The AR19499 is a
DNA aptamer with high binding affinity against tissue factors Xa and VIla and leads to tissue
factor pathway inhibition. Thus, AR19499 DNA aptamer is used in hemophilia which is a
blood clotting deficiency due to improper clotting factor activity [24].
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Aptamer Target Disease Trial number Phase References
Zimura Complement 5 (C5) Idiopathic polypoidal NCT02397954 I [20]
choroidal vasculopathy
EYE001 VEGF Neovascular age-related NCT00021736 TI/11L [19]
macular degeneration
E10030 PDGF Neovascular age-related ~ NCT00569140 I [22]
macular degeneration
REG1 Coagulation factor IXa ~ Coronary and heart NCT00113997 I [21]

disease
AS1411 Nucleolin Acute myeloid leukemia ~ NCT01034410 I 23]
AR19499 Tissue factor pathway Hemophilia NCT01191372 I [24]
inhibitor (TFPI)

Table 1. Aptamers in the treatment of different diseases.
2. Aptamer-based drugs for cancer therapy

Drugs for the cancer treatment are generally focused on the inhibition of molecular signal-
ing pathways, cell cycle inhibition, and induction of apoptosis. Chemotherapy is one of the
major categories for the treatment of cancer; however, its success remains limited due to the
ineffective accessibility of drugs to tumor cells. Furthermore, high doses of drugs are used
to overcome this handicap causing intolerable toxicity and multidrug resistance. Drug resis-
tance is the major obstacle in cancer therapy; thus the development of new technologies and
agents needs to be investigated to overcome drug resistance and prevention of cancer invasion,
or metastasis [25]. Because of their high binding affinity and specificity, aptamers become an
essential target for cancer drug development. Aptamer-based drug design depends on target-
ing the cancer-specific biomarker proteins and increases the immunomodulatory functions by
aptamers, using aptamers as a drug delivery system in cancer treatment [26].

2.1. Cell-specific targets for aptamer-based therapeutic strategies

New strategies for cancer treatment have been developed on the microarray analysis of cancer tis-
sue samples compared to normal tissue’s expression profiles. According to microarray analysis,
the significant upregulation of specific genes compared to normal tissue samples is shown with
their biomarker potential. Therefore, the development of stable and selective inhibitors for these
targets has been analyzed for cancer therapy [27]. One of the essential potential inhibitor for these
target molecules are aptamers that are more sensitive and specific to their target via high affinity.
Thus, aptamer-based drugs are designed and synthesized by SELEX method to investigate first
for their binding affinity and potential chemotherapeutic potential in specific cancer types.

2.1.1. Pegaptanib

One of the essential molecules for induction of angiogenesis and to increase vascular per-
meability is vascular endothelial growth factor (VEGF). The isoforms of VEGF are 206, 189,
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165, 145, or 121 amino acids long; one of these isoform VEGF165 overexpression in ovarian
cancer cells has been demonstrated. In xenograft mice models, inclined levels of VEGF165
triggered ovarian cancer metastasis, and macrophage infiltration is also determined [28]. The
successful designed aptamers against VEGF also put forward a clinical potential in the treat-
ment of metastatic tumors [29]. 0.75-1.4 nm Pegaptanib, RNA aptamer against VEGF-165,
inhibited VEGF-associated tumor vascularity, VEGF signaling via blocking phosphoryla-
tion of VEGFR2 receptor and phospholipase Cy, and calcium mobilization [30]. Similar to
Pegaptanib, SL(2)-B/RNV66, DNA aptamer is used to inhibit VEGF-mediated tumor neovas-
cularization in hepatic and breast cancer cells [31].

2.1.2. A9¢ RNA aptamer

Prostate-specific membrane antigen (PSMA), as a prostate cancer marker when overexpressed,
is a type Il membrane-associated metallopeptidase. Many other solid tumors exhibited PSMA
expression in their vasculature. Elevated expression of PSMA on the surface of prostate can-
cer cell membrane leads scientific focus on PSMA antigen to synthesize aptamer against it.
A9g PSMA aptamer is used to target PSMA, which is poorly expressed in normal cells, and
it is a transmembrane glycosylated protein (100 kDa), which exerts NAALADase/glutamate
carboxypeptidase II activity on surface of the cells [32]. According to previous reports, block
PSMA activity was obtained following A9g aptamer, a 2'-F modified RNA treatment. This
modification increased the aptamer stability in serum. Although two different modifications
were done during the experiments as 2' F and 2’ O-Me adducts, 2" O-Methylation did not
increase stability. Treating animals with A9g by systemic administration prevented metastatic
potential of prostate cells. The therapeutic efficiency of aptamer was high because only 10%
mice models showed bone metastasis. When authors checked the safety of aptamer, animals
did not exert any change for their weight, blood chemistry, or behavior within 4 weeks [33].

2.1.3. HPV16 E6 (F5) aptamer

Human papillomaviruses (HPVs) are DNA tumor viruses that infect epithelial cells, and they
are known widely as causality factors of cervical, head, and neck cancers. Although there are
more than 100 different types of HPV strains identified, one of the most common malignancy-
associated HPV stain (HPV 16) causes the transformation of viral oncoprotein E6 and E7 in the
cervical cells, which leads to inhibition of key tumor suppressors [34]. Postsynaptic density
protein (PDZ) domain is discovered as Drosophila disk large tumor suppressor and is found
in E6 targeting proteins (e.g., Magi, Dlg), which maintains interaction via short C-terminal
PDZ-domain-binding motif (ETQV). The designed and selected RNA aptamer (F2) against
HPV16 E6 was tested in cervical carcinoma cells, which express HPV16 E6 and E7 leading
to induction of apoptosis through inhibiting interaction between E6 and the PDZ1 domains
from Magi-1 in p53-independent manner [35].

2.1.4. ErbB targeting aptamers

The EGFR/ErbB family of receptor tyrosine kinases (RTK) comprises four members—
EGFR (also known as HER1 or ErbB1), ErbB2 (Neu, HER2), ErbB3 (HER3), and ErbB4
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(HER4)—containing an extracellular ligand binding region, a single membrane-spanning
region, and an intracellular tyrosine kinase-containing domain [36]. Amplification and over-
expression of ErbB2 have been also reported in numerous cancers, including breast, ovarian,
stomach, bladder, salivary, and lung cancers. One of the promising RNA aptamers is devel-
oped against ErbB2, which overexpressed in majority of breast cancer cells. The designed
RNA aptamer showed high affinity and specificity against extracellular domain of ErbB2
protein [37]. EGFR is a critical target, and FDA-approved two monoclonal antibodies (cetux-
imab, panitumumab) and three tyrosine kinase inhibitors (erlotinib, gefitinib, and lapatinib)
are effective in the treatment of lung cancer patients [38]. However, the presence of increasing
refractory cases is the major obstacle in the treatment of lung cancer. Thereby, more potent or
synergizing therapeutically options gain researcher’s interest in cancer field. One of suggested
therapeutic tools is CL4, a nuclease-resistant RNA aptamer. It is able to bind at high affinity
to EGFR (ErbB1, Her1) on the surface of different cancer cells and to block EGFR downstream
signaling via dimerization of receptors. The apoptotic effect of CL4 was shown in in vitro and
in vivo experimental models. One of the other promising EGFR targeting RNA aptamers is
E0727/CL428/KD11 30/TuTu2231, which blocks EGFR phosphorylation and EGFR-mediated
PI3K/AKT and MAPK signaling, which led to increased apoptotic ratio in glioblastoma [39]
and breast [40] and squamous cell carcinoma [41].

2.1.5. A30 aptamer

One of the members of receptor tyrosine kinase family member type I is human epidermal
growth factor receptor-3 (HER3), and upregulation of HER3 expression has been dem-
onstrated in various cancer types. Although the expression of HER3 is not high when
compared to HER?2 in cancer tissue samples and/or cancer cell lines, increase HER3 levels
are evaluated to accelerate the drug resistance. RNA aptamers are selected for the extra-
cellular domain of HER3 (82 kDa domain) by SELEX. One of the RNA aptamers with
high binding affinity against HER3ECD is A30 aptamer, which has an inhibitive effect on
heregulin-mediated HER2 phosphorylation and MAPK signaling in MCE-7 breast cancer
cells [42].

2.1.6. OPN aptamer

Osteopontin (OPN) is a secreted phosphoprotein that induced tumorigenesis, local growth,
and metastasis in a variety of cancers. It is a potential therapeutic target for the regulation of
cancer metastasis. OPN is also referred to as cell attachment protein and cytokine that signals
through two cell adhesion molecules: av33-integrin and CD44 [43]. The selected RNA aptamer
against OPN was effective to block cell migration and invasion in metastatic MDA-MB-231
breast cancer cells. The similar findings were confirmed in vivo through xenograft model of
MDA-MB-231 cell-mediated tumor formation. OPN-R3 with 2"-O-methyl-substituted nucleo-
tides, 5'-cholesterol modification, and 3"-inverted deoxy thymidine modifications were effec-
tive to decrease tumor volume. Therefore it was suggested that small RNA aptamers have
potential in the treatment of cancers [44].
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2.1.7. NAS-24 aptamer

Vimentin, one of the essential intermediate filamentous protein, play a role during cell adhesions
play a role during cell adhesion, migration, and apoptotic cellular processes. Overexpression
of vimentin in various cancer cells such as prostate cancer, malignant melanoma, lung cancer,
breast cancer, and gastrointestinal tumor is demonstrated [45]. Increased vimentin expression
is shown to be linked with cancer invasion and low prognosis potential. NAS-24, an 80-nucle-
otide-long DNA aptamer, targeting vimentin molecule has been investigated for its apoptotic
potential in mouse ascites” adenocarcinoma cells in vivo [46]. In order to increase the delivery of
NAS-24, additional arabinogalactan (AG) and NAS-24 aptamer complex has been investigated
in mice models with exposure of 1.6 ug/kg for 5 days, and treatment significantly triggered
twofold apoptotic cell death compared to control mice group [47].

2.1.8. YJ-1 aptamer

According to cancer tissue microarray analysis, ample of tumor antigen is demonstrated in
cancer progression, metastasis, and invasion. Overexpression of one of essential antigens,
carcinoembryonic antigen (CEA), is associated with cell adhesion, cancer cell migration to
the liver, and induction of hepatic metastasis of colon cancer cells. Aptamer against CEA is
Y]1 aptamer, which is investigated for potential anticancer agent in colon cancer cells in mice
models and revealed inhibition of metastasis of colon cancer to hepatocellular localization.
However utilization of CEA aptamers is more potent to monitor disease progression [48].

2.1.9. A-P50 aptamer

A-P50 is a 31-nucleotide RNA aptamer against NF-«B molecule with a high binding affinity
against DNA-binding domain of NF-«B p50. As a transcription factor, NF-xB activates various
cytokine expressions and takes role in blocking the effect of radiotherapy and chemotherapy in
cancer cells. Since NF-«B is a major key molecule in carcinogenesis or cancer drug resistance,
potential therapeutic effect of aptamer against NF-xB has been investigated in hepatocellular
carcinoma [49]. A-P50 aptamer targeting NF-xB p50 activation inhibition overcomes the doxo-
rubicin-dependent drug resistance in lung cancer in vitro and in vivo mice models. Therapeutic
effect of A-P50 aptamer is increased by Dox combined drug delivery, and this drug delivery
system induced apoptotic cell death in A549 and H1299 in non-small cell lung cancer [50].

2.1.10. AP273 AFP aptamer

Hepatic cell proliferation, growth, and differentiation leading to development of hepatocel-
lular carcinoma are associated with alpha fetoprotein (AFP). Active AFP signaling triggered
oncogenic mRNA production, which results in investigation of the potential anti-carcinogenic
effect of aptamer against AFP [51]. AP273, a DNA aptamer selected by capillary SELEX method,
inhibited invasion and migration of HepG2 and SMMC7721 hepatocellular carcinoma cells.
Microfluidic chips with magnetic bead bound AFP aptamer are constructed to determine and
measure the circulating cancer cells as a diagnosis [52].
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As we discussed above, there are a number of DNA or RNA aptamers with increased stability
and function which are promising drug candidates in future cancer therapy models. When we
checked the patents displaying this potential, aptamers are the important subjects for intellec-
tual property rights. One of pancreatic ductal carcinoma treatment options with aptamers was
shown with different functions, as synergistic drug with current therapeutic modalities for pan-
creatic cancer, single agent, and labeling of cancer cells. The selectivity of designed and selected
aptamers for targeted cells, not normal epithelial cells, is one of the most important successful
parts of aptamer therapy. Studies on severe combined immunodeficiency (SCID) mice models
increased the potential therapeutic advantage of proposed aptamers for the next-term clinical
trials. In the treatment of prostate cancer, one of the other promising DNA aptamers is DML-7,
which binds to DU145 prostate cancer cells with high affinity in temperature-dependent man-
ner. It is well established that the selectivity of DML-7 against metastatic cell lines was high due
to the lack of interaction affinity to LNCaP or 22Rv1 prostate cancer cells [53].

2.2. Immunomodulatory aptamers in the treatment of different solid tumors

Tumor immunity is one of the important subjects in the current cancer therapy understand-
ing. The approval of the immunomodulatory monoclonal antibodies in the treatment of dif-
ferent cancer types highlighted the role of effector T cells in antitumor immunity [54]. The
activation of T cells via antigen-presenting cells (APCs) is proceeded due to T-cell receptor-
triggered antigen-specific signals or co-stimulatory (COS) molecules (such as 4-1BB, CD28,
and OX40). Although a number of attempts were done with antibody-based molecules to
alter these interactions for COS molecules, the immunogenic properties of antibody-based
options are found with limited effectiveness [55]. The designed and selected aptamer against
4-1BB (a COS receptor that is responsible for the activation and expansion of CD8+ T cells)
was the first agonistic immunomodulatory aptamer. It is an artificial ligand with high simi-
larity to anti-CTLA that initiates COS signals to boost T-cell survival. The aptamers against
tumor necrosis factor receptor family members, OX40 and CD28, potentiated T-cell-mediated
tumor immunity in mice models [56]. OX40 RNA aptamer could exert therapeutic potential
in melanoma patients. Antagonist effect of Del 60 aptamer (against CTL4) on T-cell prolif-
eration has been demonstrated in vitro studies. This RNA aptamer was found effective in
in vivo tumor growth in melanoma and bladder tumors. In addition, programmed death-1
(PD-1) and PDL1 axis against DNA aptamer (MP7) was reported to inhibit PD-L1-induced
apoptosis of tumor-specific T cells and IL-2 secretion [57]. Due to Treg activation following
PD-1/PDL1 axis, MP7 aptamer may mediate the Tregs in antitumor immunity [58]. In order to
deregulate the immunological functions of tumor microenvironment, inhibition of IL-10 and
IL-4Ra-STAT6 signaling with RNA aptamers 5A1 and CL-42 was found effective to decrease
tumor growth of colorectal and breast cancer cells. Similar to these achievements, DNA-based
aptamers against IL-6 and VR11 prevented IL-6 or TNF-a receptor activation in myeloma
cases [59]. In addition, the angiogenesis and invasion inhibition potential of aptamer bind-
ing IL-4Ra are demonstrated in myeloid-derived suppressor cells, and also IL4Ra aptamer
induced the migration of T lymphocytes in tumor microenvironment in order to decline the
cancer volume and size [60]. According to Spiegelmer technology, 2'-Fluoro- or 2'-amino
pyrimidines or 2'-O-methyl nucleotides modified L-RNA aptamer generated that are resistant
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against nucleases. One of the Spiegelmer (L-RNA aptamer, Noxxon Pharma, Germany) forms
of L-RNA aptamer is Nox-E36, which is normally used to inhibit monocyte chemoattractant
protein-1 (MCP-1) (CCL2). It is suggested to treat glioblastoma multiform patients, which dis-
play high MCP-1 expression profile [61]. Potential inhibition effect of Nox-E36 DNA aptamer
on MCP-1 molecule revealed the use of Nox-E36 as an immunomodulatory cancer therapy
agent in different cancer types. Similar to Nox-E36, Nox-A12 is an anti-chemokine suggested
in the treatment of different malignancies. 45-mer L-RNA and PEG-derived formula of Nox-
A12 is effective on stromal cell-derived factor-la (SDE-1a). SDF-1a attracts and activates
immune and nonimmune cells that bind to chemokine receptors CXCR4 and CXCR?. The
immunological vulnerability potential of cancer cells increased the experimental success of
L-RNA aptamers in hematological and solid tumors [62].

2.3. Targeted drug delivery in cancer therapy via aptamers

Recently, new targeted drug delivery approaches have been explored such as nanosystems
and bio-conjugates leading to successful therapy. Targeted drug delivery systems enable drug
accumulation within a target zone and usually catalyze the interaction between a drug and its
receptor via four key steps: retain, evade, target, and release. The system selection depends on
the specific site of the body. New strategies include the use of aptamers with their high affin-
ity and specificity for targets, easy synthesis, modification, and tissue penetration. In addi-
tion, they are even integrated with a number of nanomaterials including gold nanoparticles,
carbon nanotubes, DNA micelles, and hydrogels. Such specific approaches are expected to
enhance the effect of chemotherapeutics with greater selectivity. In this section of the chapter,
anumber of aptamers used as effective drug delivery systems were discussed. Aptamer-based
drugs for cancer therapy were listed in Table 2.

2.3.1. Prostate-specific membrane antigen

Two specific nuclease-stabilized aptamers, xPSM-A9 and xPSM-A10, able to inhibit the enzy-
matic activity of PSMA, were designed by Lupold et al. in LNCaP cells [63]. The study was
the first of its kind that RNA aptamers were evaluated for prostate cancer. The truncated
version of xPSM-A10 was highly selective to PSMA, showing strong affinity to LNCaP cells
(PSMA+), but not PC3 cells (PSMA-) [64]. The high specificity of the aptamer was further
used for silencing RNA (siRNA) delivery to cells. siRNA-aptamer complex knockdown was
comparable to the positive control where siRNA-liposomal transfection reagent protocol was
used [65, 66]. The study showed the decreasing cell proliferation and apoptosis ratios as a
consequence of silencing polo-like kinase (PLK1) and B-cell lymphoma 2 (Bcl-2) genes via
PSMA aptamer-siRNA complexes in LNCaP cells [67]. In addition, authors also delivered the
siRNA-aptamer complex to the LNCaP cell-bearing mice, obtained tumor size and volume
reduction, whereas no effect was observed in PC3 (PSMA-) cells. More importantly, siRNA-
aptamer delivery overcame the cytotoxicity and immune response problem in vitro and in vivo
experiments associated with the liposomal agent-mediated delivery. Anti-PSMA aptamer-
conjugated siRNA strategy was also evaluated for other targets such as eukaryotic elonga-
tion factor 2 (EEF2) [68]. Due to the success of anti-PSMA aptamer-siRNA delivery system,
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researches have also investigated its potential for drug delivery. The first drug used for this
purpose was gelonin which is a ribosomal toxin and protein synthesis inhibitor [69]. Studies
with gelonin suggested that the effective doses are highly toxic due to its low membrane per-
meability. Chu et al. exposed LNCaP cells to anti-PSMA aptamer conjugated with gelonin in
order to induce cell death [69].

Aptamer direct conjugation with drugs has a major limitation since drug concentration has
a direct proportion with aptamer size and binding capacity. To enhance the efficacy of the
drug delivery using aptamers, recent approaches focused on the conjugation of aptamers
with functional polymers or nanoparticles. Dhar et al. used anti-PSMA aptamer conjugated
with poly D, L-lactic-co-glycolic acid (PLGA), and polyethylene glycol (PEG) nanoparticles to
deliver cisplatin to LNCaP prostate cancer cells [70]. The success of the entry of the aptamer-
nanoparticle-drug complex to the cells was confirmed by fluorescence microscopy through
green fluorescent-labeled encapsulation of the nanoparticles. Finally, authors were able to
diminish the effective dose of free cisplatin which has a dose-limiting toxicity and acquired
resistance problems, with the increase of the drug bioavailability. The same approach was
also tested for docetaxel on mice with LNCaP tumor cell [70]. Results were promising in
terms of tumor size/volume and survival. xPSM-A10-doxorubicin complex was used for drug
delivery studies. The results from these studies increased the efficiency of doxorubicin in
LNCaP prostate cancer cells. The aptamer-doxorubicin complex was further conjugated to a
fluorescent quantum dot (QD) to provide high targeting potential. The same study revealed
that PMSA-mediated endocytosis caused the release of doxorubicin [71]. However, aptamer-
QD-doxorubicin complex was as toxic as free doxorubicin. Other anti-PSMA aptamers are the
polyethylenimine (PEI)- or polyethylene glycol (PEG)-conjugated ones which were co-deliv-
ered with small hairpin RNA (shRNA) against Bcl-x,, the anti-apoptotic gene. These combina-
tions were also succeeded to selectively and potently kill LNCaP cells in vitro [72]. Therefore,
all these studies demonstrated that aptamer-conjugated nanoparticles with chemotherapeutic
drugs can be a powerful approach for targeted drug delivery with minimal side effects.

2.3.2. Tenascin-C

Tenascin-C (TN-C) as an extracellular matrix (ECM) protein having role in tissue remodeling
is expressed during embryonic development, tissue repair, and pathological conditions such
as chronic inflammation and cancer. It is highly expressed in tumor stroma in glioma and
breast cancer [73]. TN-C affects several signaling molecules, Dickkopf-1 (DKK1) and Wnt, e.g.,
involved in survival, proliferation, invasion, angiogenesis, and metastasis [74]. Researches
have designed a single-stranded DNA aptamer via SELEX technology to target TN-C in U251
glioblastoma cells and modified them with a metal chelator MAG2 for an ideal binding affinity
[75]. While they injected the final radiolabeled MAG2 aptamer to mouse bearing glioblastoma
and breast cancer xenografts, resulting positron emission tomography (PET) imaging studies
showed that the aptamer was localized in tumors. Recently, it was shown that the modified
TN-C aptamer was uptaken by TN-C-positive US7MG glioblastoma and H460 lung cancer cells
compared to Sc aptamer, the negative control [76]. In addition, the same study also showed that
the aptamer has a fast clearance from the blood stream and kidneys. Further evaluations were
obtained in terms of engineering a multimodal nanoparticle-based Simultaneously Multiple
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Aptamers and RGD Targeting (SMART) probe that targets TN-C, integrin av(33, and nucleolin
at the same time. The SMART probe had a better affinity and specificity to several tumors
like glioma, prostate cancer, cervical cancer, and lung cancer cells [77]. The next generation of
TN-C aptamer was GBI-10 and shown that it can bind several TN-C peptides in vitro [75, 78].
The most important part of the fact that GBI-10 can target several binding sites of TN-C is the
ability to address multiple splice variants at the same time. GBI-10 aptamer was also suggested
for the diagnosis of tumor during MRI when subjected to gadolinium; a contrast agent helps
to determine tumor localization, in a liposome capsule [79]. Therefore, TN-C aptamers due to
target specificity, small size, and rapid tissue penetration has potential clinical advantages and
is still tested for targeted drug delivery to the ECM of tumors.

2.3.3. Nucleolin

Nucleolin is an abundant nucleolar protein found in eukaryotic organisms including yeast,
plants, and mammals. It has several structural domains which help the interaction of nucleo-
lin with various proteins and RNAs, playing role in rDNA transcription and maturation, ribo-
some biogenesis, and nucleocytoplasmic transport. Although it was first described in 1973 by
Orrick et al., its genomic and proteomic organization was clarified by the end of the 1990s [80].
It was elucidated that nucleolin is not only a nucleus resident protein but also is expressed at
the cell surface of dividing cells, especially in tumor cells and angiogenic blood vessels in cor-
relation with cell proliferation [81, 82]. The membrane-associated nucleolin has been shown to
function as a growth factor receptor [83]. Human gastric cell lines express cell surface nucleo-
lin which functions as receptors for TNF-a-inducing protein (Tipa) of Helicobacter pylori. Tipa
upon nucleolin binding induced tumor progression via the activation of TNFa and NF-«B in
human gastric adenocarcinoma cell lines MKN-1 [83]. Nucleolin silencing, by siRNA, resulted
in the reduction of cell proliferation and migration. Therefore, studies put forward the cell
surface nucleolin as a potential target for anticancer therapies.

AS1411, the first designed anti-nucleolin aptamer, is a 26-nucleotide-long guanosine-rich
DNA sequence having antiproliferative activity [84]. It forms a G-quartet-containing struc-
ture which is resistant to nuclease degradation and remarkably stable in serum. AS1411
treatment caused the inhibition of NF-«B signaling, DNA replication, cell cycle arrest, and
apoptotic induction. In addition, it was shown that AS1411 can bind Bcl-2 mRNA resulting
its destabilization and consequent downregulation in breast cancer cells [85]. In vivo preclini-
cal studies demonstrated the antitumor effect of AS1411 in mice bearing tumor xenografts
with breast and lung cancer cells [86]. AS1411 was also tested in Phase II clinical trials on
five patients with renal carcinoma and leukemia. The response against the aptamer was very
promising in one renal cell carcinoma patient with 84% tumor size reduction and 2-year
tumor-free progression. The patient whole exome sequencing revealed that AS1411 caused
missense mutation in mammalian target of rapamycin (mTOR) and fibroblast growth factor
receptor 2 (FGFR2) genes [23].

Besides the direct anticancer strategy using aptamers acting on nucleolin, cargo delivery into
cancer cells was tested due to the fact that nucleolin shuttles between the cell surface, cyto-
plasm, and nucleus in dividing cells. Before aptamer strategy, F3, a 34-amino acid peptide
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able to recognize nucleolin on the cell surface of angiogenic cells, has been used to target
cancer cells [81]. Radio-labeled F3 peptide was used to deliver a-particle resulting tumor vol-
ume reduction in mouse xenograft models [87]. Aptamers are potentially better over peptides
due to their high serum stability and immune tolerance. Therefore, AS1411 has been used
for imaging and drug delivery systems in conjunction with nanoparticles. AS1411-human
serum albumin (HSA) nanoparticles was used as drug carrier, and the uptake of the complex
is increased compared to only-aptamer condition in MCF-7 breast cancer cells, but not in
MCF-10A normal breast epithelial cells. This simple complex by modified HSA nanoparticles
has been used for paclitaxel delivery and suggested as a way to overcome the limitations
of paclitaxel toxicity [88]. A similar strategy was followed in gastric cancer. Behrooz et al.
designed a single-stranded AS1411 together with polyamidoamine (PAMAM)-polyethylene
glycol (PEG) complex. PAMAM-PEG-AS1411 complex dramatically increased the uptake of
5-FU by MKN45 gastric cancer cells without toxic effects [89]. PEG conjugated to AS1411
complex was also used to deliver Bcl-x, -specific ShRNA and doxorubicin in AGS gastric ade-
nocarcinoma which inhibited the cell growth and enhanced tumoricidal effect of doxorubi-
cin [89]. AS1411 aptamer was conjugated to multimodal nanoparticles also (MFR-AS1411).
MFR-AS1411-injected mouse bearing C6 rat glioma cell line was observed for the nanopar-
ticle uptake. Authors suggested that aptamer-nanoparticle complex is a candidate for cancer
diagnosis with MR imaging [90]. All these findings concluded that AS1411 is a particularly
promising agent for targeted delivery approaches.

2.3.4. Mucin-1

Mucin-1 is a glycoprotein modified by O-glycosylation expressed on epithelial cell surfaces.
Its expression is increased tenfold in malignancies such as breast, lung, and colon cancer [91].
Altschuler et al. showed that glycosylated MUC-1 is subjected to clathrin-coated endocytosis as
well [92]. Since MUC-1 is a membrane protein and overexpressed in cancer cells with relatively
low expression in normal tissue, it is an attractive tumor marker for targeted therapy. Therefore,
MUC-1 aptamer, MA3, was developed to selectively deliver anticancer agents to cancer cells
such as doxorubicin in vitro. Eighty six base DNA aptamer MA3 was applied to MUC1-positive
A549 lung cancer and MUCI-negative HepG2 hepatocellular carcinoma cells [93]. The study
showed that MA3-doxorubicin complex selectively delivered doxorubicin to MUC1-positive
cells with minimal cross reactivity to albumin. Unlike free doxorubicin which enters cells by
passive diffusion, aptamer-doxorubicin chooses receptor-mediated endocytosis in A549 cells
[94]. In addition, three more anti-MUC-1 DNA aptamers were selected by Ferreira et al. that
can selectively bind breast and pancreatic cancer cells [95]. The efficacy of the aptamer was also
tested on ovarian cancer cells in a quantum dot-MUC-1-doxorubicin (QD-MUC-1-Dox) com-
bination. In vivo imaging studies revealed that QD-MUC-1-Dox conjugate in a lower concen-
tration was highly cytotoxic than free doxorubicin even in multidrug-resistant ovarian cancer
cells [96]. MUC-1 aptamer was also conjugated to other nanoparticle structures such as meso-
porous silica nanoparticles (MSNs). Confocal microscopy studies showed that MDA-MB-231
breast cancer cells that overexpress MUC-1 and MDA-MB-231 tumor-bearing Balb/c mice
showed increased MSN-MUC-1 aptamer, but not the same scenario for non-tumorigenic MCF-
10A breast epithelial cells. The complex was also used for a successful delivery of doxorubicin
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to MCF-7 cells [97]. Another MUC-1-targeted aptamer L3 was combined with doxorubicin and
exhibited selective toxicity to MCF-7 breast cancer cells. Most importantly, L3 aptamer was
able to evade macrophages [98]. All these results indicated that anti-MUC-1 aptamers have
potential for targeted drug delivery, diagnosis, and staging of cancer.

2.3.5. Protein tyrosine kinase 7

Protein tyrosine kinase 7 (PTK?) is one of the members of receptor tyrosine kinase family,
also known as colon carcinoma-4 (CCK-4). PTK7 is highly expressed not only in colon but
in various human malignancies inducing cell proliferation and metastasis. The first DNA
aptamer targeting PTK7 was developed in 2006 by Shangguan et al. as the consequence of
a cell SELEX protocol used in cancer biomarker search for acute lymphoblastic leukemia
[99]. Forty-one-nucleotide-long aptamer called sgc8c was found selectively bound to PTK?.
Subsequent studies are performed by other research groups with sgc8c internalized into
PTKY? overexpressing cells [100, 101]. Sgc8c was conjugated with viral capsid protein MS2
linked to AlexaFluor488 in Jurkat T leukemia cells, and its efficient binding was determined
by confocal microscopy [102]. Liposomal nanoparticles were also used for PTK7 aptamer
delivery into CEM-CCREF cells with low molecular weight dextran as a simulation of drug
delivery [103]. Next, researchers have conjugated sgc8 to various chemotherapeutics such as
anthracycline for drug delivery experiments. Huang et al. were able to design the aptamer
suitable for internalization and transportation to endosome in order to drug release in CCRF-
CEM cancer cells [100]. Other anthracyclines were also combined with sgc8 such as daunoru-
bicin which was highly effective to kill PTK7-expressing cancer cells but not PTK7 negative
cells [104, 105]. More recently Sgc8 was labeled with a radiochemical, F-18 (**F-fluorobenzyl
azide). Sgc8-F18 showed high affinity to PTK7 expressing HCT 116 colon cancer and US7MG
glioblastoma cell lines. The aptamer was rapidly cleared from the blood through kidneys. The
study suggested that this complex may be suitable for aptamer targeting and drug delivery
tracking in cancer cells [106]. Consequently, PTK7 targeting aptamers were suggested an
effective strategy for the specific uptake of chemotherapeutic drugs and minimize their toxic
effects on normal cells.

2.3.6. Epidermal growth factor receptor

Epidermal growth factor receptor (EGFR) is a transmembrane receptor tyrosine kinase which
belongs to the ErbB family of receptor tyrosine kinases. EGFR is also considered as the pro-
totype for receptor-mediated endocytosis. Upon binding with growth factors of EGF fam-
ily, EGFR dimerization and autophosphorylation occur. Overexpression or mutant receptor
expression lead a mitogen signals in various cancer types [107]. The inhibition of EGFR by
monoclonal antibodies or small molecules such as cetuximab or erlotinib, respectively, has
been shown as an effective strategy in the combat against cancer; however, it is not the case
for all tumor types. The ability of ligand binding and endocytosis makes EGFR an ideal target
for aptamer-mediated drug delivery. First experiments performed by Li et al. evaluated the
EGFR aptamer conjugation with gold nanoparticles targeting human epithelial carcinoma
cells line, A431 [108]. EGFR-overexpressing A431 cells were able to internalize the aptamer,
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however MDA-MB-453 cells with low level of EGFR expression. Li et al. also suggested the
aptamer has high in vivo stability [109]. Although the strategy is promising, currently there is
only limited information for EGFR aptamer-mediated targeting.

In conclusion, a number of SELEX method-based aptamers have clinical potential to treat dif-
ferent malignancies as single agents or combination with another classical chemotherapeutics.
In addition, the novel drug delivery methods enhanced the target-specific therapeutic poten-
tial of aptamers. Although early versions of aptamers exerted stability problems, chemical
modifications increased their physiological availability. However, limited number of clinical
trials for the treatment of malignancies with specific aptamers is an obstacle for near-future
clinical modalities based on aptamers. Due to high specificity with increased stability, aptam-
ers are more potent than monoclonal antibody-based drugs with low cost in cancer therapy.
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Abstract

Brain metastases (BM) are most common intracranial tumors in adults. Recently, signifi-
cant progress has been shown in diagnosing, prognosis, and treating patients with BM of
various malignant tumors. The treatment decisions must be based on the disease progno-
sis and include radiation therapy, surgery, systemic antitumor therapy, or a combination
thereof. Systemic therapy capable of preventing BM or which affects both intracranial
and extracranial disease is of paramount importance in the treatment of BM patients. The
purpose of this chapter is to consider important prognostic factors that can determine
treatment decisions, review the role of blood-brain barrier (BBB), and systemic anticancer
treatment to manage BM from solid tumors.

Keywords: brain metastases, solid tumors, prognostic scores, blood-brain barrier,
systemic anticancer treatment

1. Introduction

Brain tumors constitute for 85-90% of all tumors of the central nervous system (CNS) [1]. Brain
metastases (BM) are ten times more prevalent than primary tumors of the central nervous sys-
tem (CNS) and are diagnosed in 10-20% of all cancer patients. The frequency of detection of
BM is steadily increasing, which can be explained by such causes. First, this may be due to the
increased availability and improvement of diagnostic methods for brain tumors. Second, the
use of screening brain examinations of patients with tumors has a high incidence of the CNS
metastases. Third, the improved effectiveness of anticancer treatment leads to increased over-
all survival rates of patients and increased risk of developing BM [2]. All malignant tumors
have the potential to provide distant metastasis to the brain. Approximately 75% of all cases
of brain metastases are due to patients with lung cancer (40-50%), breast cancer (15-25%),

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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and melanoma (5-20%) [1]. Among the remaining 25%, BM is more predominant in patients
with renal cell cancer (4-17%) and gastrointestinal cancer (0.6-3%) [3, 4]. At autopsy, BM are
found to be 1.5-3 times more frequent and are detected in more than 65% of patients with lung
cancer, 30—40% of patients with malignant melanoma (MM), and 30% of patients with breast
cancer (BC). About 85% of metastatic lesions are located in the brain hemispheres, 15% in the
cerebellum, and 5% in the brain stem [5].

The aim of this review is to consider important prognostic factors that can determine the treat-
ment decisions and to review the role of blood-brain barrier (BBB) and systemic anticancer
treatment (SAT) to manage BM from solid tumors.

2. Determination of prognosis of patients with brain metastases

The BM patients have significantly worsened the prognosis because the median overall sur-
vival (OS) in BM cases varies from 2.79 to 25.3 months. The disease prognosis depends on
a number of factors that must be taken into account when determining the treatment algo-
rithm of patients with BM. Table 1 presents prognostic scales assessment of the prognosis in
patients with cerebral metastases [6].

Table 1 presents the assessment scales of the overall survival prognosis of brain metastases
patients have a number of limitations who restrict their use in routine clinical practice and
clinical trials. The Recursive partitioning analysis (RPA) scale can be used only if the patient
is shown to be carrying out the whole brain radiotherapy (WBRT). RPA cannot be used on
patients who underwent palliative surgery, stereotactic radiosurgery (SRS), and/or systemic
anticancer therapy, but this treatment option has significant effect on BM patient’s survival.
Another limiting factor of the RPA score system is that it does not take into account the size
and number of BM. The drawbacks of the Rotterdam score system are the lack of consideration
of the patient’s age, number, and size of BM. The most complete predictive system is the Score

Prognostic factors RPA Rotterdam score  SIR BSBM GPA DS-GPA
Age + — + — + +
Performance status KPS ECOG KPS KPS KPS KPS
Extracranial metastases + + + + + +
Control of primary tumor + — + + — —
Number of BM — — + — + +
Volume of BM — — + — — —
Response to steroids — + — — — —
Number of classes 3 3 3 4 4 4

RPA: Recursive partitioning analysis; SIR: Score Index for Radiosurgery; BSBM: Basic Score for Brain Metastases; GPA:
Graded Prognostic Assessment; DS-GPA: Disease specific Graded Prognostic Assessment; KPS: Karnofsky performance
status; ECOG: Eastern Cooperative Oncology Group Score.

Table 1. Prognostic scores for brain metastasis patients.
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Index for Radiosurgery (SIR) scale, but it has not been widely used in clinical practice since it
does not take into account systemic influence to disease. The Basic Score for Brain Metastases
(BSBM) scale is an analogue of RPA scale and takes into account the impact of SRS on the
survival of BM patients, but it does not take into account the patient’s age and the effective-
ness of systemic drug therapy. In 2007, the Graded Prognostic Assessment (GPA) scoring sys-
tem was proposed, which took into account four factors: age, Karnofsky performance status
(KPS), availability of extracranial metastases, and the number of BM. A number of studies have
proved the prognostic significance of these indicators, and the GPA scale is recognized as the
most objective and most commonly used scoring system for survival prognosis of BM patients.
However, GPA system does not consider the influence of primary tumor type for prognosis of
BM, which has different sensitivity to the drug and radiation therapy. To account the influence
of the prognostic value of the histological and molecular type of the primary tumor, a Disease
Specific Graded Prognostic Assessment (DS-GPA) system was developed. Table 2 presents the
factors and prognosis of overall survival rates of patients with BM from lung cancer, MM, BC,
renal cell (RCC), and gastrointestinal cancer (GI) [7].

Prognostic factor GPA scale score Total  Median of overall
score survival, months (95%
(@)
0 0.5 1.0 - —

Lung cancer

Age (years) >60 50-60 <50 — — NSCLC SCLC

KPS <70 70-80 90-100 - — 0-1 3.02 2.79
(2.63-3.84) (1.83-3.12)

Extracranial metastases  Yes n/a No — — 1.5-2.0 549 490
(4.83-6.40) (4.04-6.51)

- — 25-3.0 943 7.67

(8.38-10.80) (6.27-9.13)

Number of BM >3 2-3 1 - - 3.5-4.0 14.78 17.05
(11.80- (4.70-27.43)
18.80)

Malignant melanoma

Prognostic factor GPA scale score Total Median of overall
score survival, months (95%
0 1.0 2.0 - -
CI)
KPS <70 70-80 90-100 - - 0-1 3.38 (2.53-4.27)
Number of BM >3 2-3 1 — — 1.5-2.0 4.7 (4.07-5.39)

2.5-3.0 8.77(6.74-10.77)
3.5-4.0 13.23(9.13-15.64)

Breast cancer

Prognostic factor GPA scale score Total Median of overall
score survival, months (95%
0 0.5 1.0 1.5 2.0 an

Age (years) > 60 <60 - - - 0-1 3.35 (3.13-3.78)
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Prognostic factor GPA scale score Total  Median of overall
score survival, months (95%
(@]
0 0.5 1.0 - -
KPS <50 60 70-80 90-100 — 1.5-2.0 7.70 (5.62-8.74)
Molecular type Triple — Lum A HER2- LumB 25-3.0 15.07(12.94-15.87)
negative type

3.5-4.0 25.30(23.10-26.51)

Renal cell cancer

Prognostic factor GPA scale score Total ~ Median of overall
; o
0 10 20 _ _ score sctngal, months (95%
KPS <70 70-80 90-100 0-1 3.27 (2.04-5.10)
Number of BM >3 2-3 1 1.5-20 7.29(3.73-10.91)

2.5-3.0 11.27(8.80-14.80)
3.5-4.0 14.77(9.73-19.79)

Gastrointestinal cancer

Prognostic factor GPA scale score Total ~ Median of overall
0 10 20 30 40 score survival, months (95%
(@)
KPS <70 70 80 90 100 0-1 3.13 (2.37-4.57)

1.5-2.0 4.40 (3.37-6.53)
2.5-3.0 6.87 (4.86-11.63)
3.5-4.0 13.54(9.76-27.12)

NSCLC: non-small cell lung cancer; SCLC: small cell lung cancer; KPS: Karnofsky performance status; n/a: not applicable;
ER: estrogen receptors; PR: progesterone receptors; Her2/neu (ErbB2): human epidermal growth factor receptor 2; Triple
negative: ER-negative, PR-negative, Her2/neu-negative; Lum A: ER-positive and/or PR-positive, Her2/neu-negative;
HER2-type: ER-negative, PR-negative, Her2/neu-overexpression/amplification; Lum B: ER-positive and/or PR-positive,
Her2/neu-overexpression/amplification.

Table 2. Median of overall patient survival with BM from solid tumors according to the DS-GPA scale prognosis indices.

Prognostic scores are very important to take decisions on the most appropriate treatment
options for patients with BM in each case. The need for palliative treatment for patients with
poor prognosis is controversial, but patients with good prognosis must receive multidisciplinary
palliative therapy to increase overall survival rates [8]. Moreover, prognostic score systems can
be used to increase the applicability, objectivity, and validity of the clinical trial results that
investigate the effectiveness of treatment in patients with BM from various malignant tumors.

3. Role of the blood-brain barrier in the formation of brain
metastases

The blood-brain barrier (BBB) plays a prominent role in the brain colonization by malignant
tumor cells and determines the effectiveness of drug therapy. BBB is a natural obstacle for the
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penetration of malignant tumor cells within the brain parenchyma. Endothelial cells of brain
vessels serve as a mechanical barrier, and astrocytes and microglia are capable of destroying
tumor cells. However, after brain colonization, the cerebral endothelial cells, astrocytes, and
microglia provide crucial support in the growth and proliferation of tumor cells, and BBB
protects cancer cells from influencing the immune system and most anticancer drugs [9].

The penetration of the BBB depends on its functional condition, as well as on the morphologi-
cal, molecular, and genetic characteristics of tumor cells, that may explain the opportunity of
some malignant cells to easily overcome this highly selective barrier relatively. For example, the
compound density reduction of the cerebral endothelial cells, which increase the permeability
of BBB, was detected in severe CNS diseases such as Alzheimer’s disease, multiple sclerosis, and
primary and metastatic brain tumors [10]. The expression CDH2 (N-cadherin), KIFC1, and FALZ
genes in a primary tumor in lung cancer patients with BM determine the high cerebral metastatic
potential of lung cancer cells. The CDH2 gene encoded N-cadherin (cadherin-2 or neural cad-
herin (NCAD)) is involved in tumor progression, such as migration and invasion of tumor cells,
including in the CNS. Also, in non-small cell lung cancer, patients’ expression of DCUN1D1
squamous cell carcinoma-associated oncogene may promote the tumor cell migration through
the BBB and development of BM. High KLF6-SV1 expression in prostate cancer cells associated
with poor patient’s survival predict a high risk of lymph nodes, brain, and bones metastasis
[11]. Several factors have been identified in breast cancer cells that promote the BC cell migra-
tion through the BBB, such as cyclooxygenase-2 (COX2), heparin-binding epidermal growth
factor-like growth factor (HB-EGF), and ST6GALNACS5 ((alpha-N-acetyl-neuraminyl-2,3-beta-
galactosyl-1,3)-N-acetylgalactosaminide-alpha-2,6-sialyltransferase 5 ST6). The ST6OGALNACS
gene expression is recognized as a tumor cells BBB migration specific marker because COX2 and
HB-EGEF are associated with the brain and lung metastases. In vitro studies of melanoma cells
were shown to increase the BBB permeability by reduce transendothelial electrical resistance of
endothelial cells. Expression of melanotransferrin (MELTF, CD228, MAP97, MTF1, MTf, MFI2)
and signal transducer and transcriptional activator 3 (STAT3) can serve as potential markers of
cerebral metastases in patients with melanoma. The availability of MELTF on the melanoma cell
membrane determines their ability to penetrate through the BBB. High levels of STAT3 in mela-
noma BM compared to primary tumor cells indicate a relationship between STAT3 expression
and tumor cell migration to the brain [9]. Thus, the identification of tumor cells specific markers
of penetration through the BBB can be a basis for the development of specific methods for the
prevention of BM. The main factor of the BM treatment resistance is BBB efflux transporters
which prevent the drug’s penetration into the brain parenchyma. Table 3 shows the main drug
efflux transporters of the BBB and their substrates and inhibitors [12].

P-glycoprotein (Pgp, gp170) is a protein encoded by the gene MDR1 (multidrug resistance 1)
whose main function is the active removal of many different substances, including some
drugs, from the cell cytoplasm to the intercellular environment. Pgp molecules are found in
the proximity of the apical membrane of the choroid plexus secretory cells and at the luminal
membrane of the brain capillary, which allows transferring most of the Pgp substrates from
the endothelium and parenchyma of the BM to the cerebrospinal fluid and blood. The role
of Pgp in the maintenance of BBB was investigated through in vivo studies. Studies con-
ducted on MDR1 gene knockout mice revealed an increased effect on brain parenchyma of
parenterally administered P-glycoprotein substrates compared with wild-type mice. The use
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Efflux transporter Substrates Inhibitors
P-glycoprotein Doxorubicin, daunorubicin, docetaxel, Verapamil, cyclosporine A, quinidine, valspodar,
paclitaxel, epirubicin, idarubicin, elacridar, biricodar, zosuquidar, tariquidar

vinblastine, vincristine, etoposide

MRP1 Etoposide, teniposide, daunorubicin, Probenecid, sulfinpyrazone, MK-571, cyclosporin
doxorubicin, epirubicin, melphalan, A, verapamil, valspodar
vincristine, vinblastine
MRP2 Probenecid, MK-571, leukotriene C4
MRP3 Sulfinpyrazone, indomethacin, probenecid
MRP4 Methotrexate, 6-mercaptopurine, Probenecid
thioguanine
MRP5 6-Mercaptopurine, thioguanine Probenecid, sildenafil
MRP6 Actinomycin D, cisplatin, daunorubicin, Probenecid, indomethacin

doxorubicin, etoposide

BCRP Mitoxantrone, methotrexate, SN-38, Elacridar, fumitremorgin C
topotecan, imatinib, erlotinib, gefitinib

Table 3. Substrates and inhibitors of the main drug efflux transporters of the BBB.

of Pgp-inhibitors in wild-type animals was accompanied by an increase in the brain penetra-
tion of Pgp substrates including anticancer drugs (vincristine, paclitaxel, daunorubicin, etc.).
Similar results were obtained on using P-glycoprotein inhibitors (verapamil and cyclosporin
A) to increase the BBB penetration [7].

Multidrug resistance-associated proteins (MRP) are the ABCC family of transporter (ATP-binding
cassette subfamily C) proteins, which are an important component determining the selective
permeability of the BBB for different drugs [13]. In vivo studies performed on mice with
knockout of the MRP1 gene were found to have higher accumulation of MRP1 substrates,
including etoposide versus wild-type mice. And after the use of the inhibitor MRP1 (proben-
ecid), a double increase in the concentration of fluorescein in the brain was observed [7].

Breast cancer-resistant protein (BCRP, ABCG2). ABCG2 (ATP-binding cassette subfamily G
member 2) is an efflux transporter called the breast cancer resistance protein, since it was first
detected in the drug-resistant MCF-7 human breast cancer cells [14]. BCRP is an important
component in determining BBB permeability, and its concentration in the CNS endothelium is
greater than the P-glycoprotein and MRP1 concentrations. In mice with BCRP1 gene knockout,
the imatinib concentration in the brain parenchyma was increased 2.5-fold in knockout versus
control mice. The administration of a BCRP inhibitor (elacridar) in wild-type mice results in an
increase in the penetration of imatinib 4.2 times, while in knockout MDR1 gene mice, elacridar
increases cerebral cells absorption of BCRP substrates such as prazosin and mitoxantrone [15].

The structure of BBB in brain metastatic tumors has some features. In contrast to the normal
cerebral vascular network, the brain metastases have an increased perivascular space, number,
and activity of pinocytotic vacuoles in endothelial cells; these features are more typical for tumor
vessels than for the CNS vessels. Thus, metastatic tumor BBB is more permeable than in the
normal CNS parenchyma and is more likely to be a capillary barrier than a performed BBB [7].
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3.1. Influence of radiation therapy on the BBB permeability

Brain radiotherapy is the standard of palliative care as per the guidelines of clinical prac-
tice for patients with BM. In several in vivo studies in rats after brain radiation were such
changes observed: dilation and thickening of the blood vessel wall, increase of endothelial
cell nuclei, astrocyte hypertrophy, and 60% decrease the P- glycoprotein concentration [7].
These changes in the brain of rats were a prerequisite for a hypothesis about influence of
radiation to the BBB permeability and increase in the clinical effectiveness of chemotherapy
in patients with BM, because radiation could raise the penetration of anticancer drugs into
the brain parenchyma. Murrell D.H.,, et al. (2016) did not found changes in BBB permeability
at the 1st and 11th days after radiation in mice after WBRT therapeutically relevant doses
to human equivalent doses. The results of clinical studies have not revealed an increase in
clinical effectiveness in the concurrent use of radiation and chemotherapy [16]. The BBB
permeability modification under the influence of radiation on the BM at the moment is con-
troversial and needs further study.

3.2. Increasing of drug’s penetrations through the BBB

The ideal compound to treat BM must have the following physicochemical properties such as low
molecular weight, lipophilicity, and absence of ionization at physiological pH. Physicochemical
properties of most anticancer drugs not match the above specifications, that limit BBB perme-
ability of drugs, and was a basis for developing ways to deliver drugs to the brain. There are
several ways to improve the delivery of substances to the central nervous system, for exam-
ple, the BBB opening under conditions of temporary osmotic shock, the use of chemical vec-
tors (transporters), increasing the dose and the frequency of drug administration, the use of
implants from biodegradable materials, and so on. All methods of increasing drug delivery to
the CNS can be attributed to one or more of the three main approaches: change in the chemical
structure and/or physicochemical properties, and/or drug dose (concentration), increasing the
BBB permeability, and using alternative routes of administration. The low efficiency of most
approaches, with the need for performing technically complex manipulations that are accom-
panied by pronounced side effects and complications, limits their use in everyday clinical prac-
tice [17].

The most available methods for improving the drug delivery to BM in routine clinical prac-
tice are the use of nanoparticles and efflux transporters inhibitors (Table 3). Application of
nanoparticles for targeted drug delivery has several advantages: overcoming chemoresis-
tance, increasing the drug bioavailability and specificity, dose reduction without loss of effi-
cacy, and reduction in adverse reactions. The clinical studies performed on the effectiveness
of the nanoparticle application with anticancer drugs served as a basis for the use of these
drugs as standard therapy for BM patients. Table 4 shows chemotherapeutic drugs with
nanoparticles, the use of which has been approved by the US Food and Drug Administration
(FDA) for the treatment BM patients [18].

The clinical trial results of the efficacy of anticancer nanomedicines and efflux transporter
inhibitors in BM patients are encouraging, but further trials are needed to study biodistribu-
tion, pharmacokinetics, toxicity, and side effects for inclusion of this drug practice guidelines
for the management of CNS tumors.
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Name Description Indication

DaunoXome Liposomal daunorubicin First-line therapy against advanced
Kaposi’s sarcoma associated with HIV

DepoCyt Liposomal cytarabine Lymphomatous meningitis

Oncaspar L-asparaginase conjugated with Acute lymphoblastic leukemia
monomethoxypolyethylene glycol (mPEG)

Abraxane Albumin-bound paclitaxel nanospheres Pancreatic cancer, NSCLC, breast
cancer

Myocet Liposomal doxorubicin Breast cancer

Marqibo Liposomal vincristine Acute lymphoblastic leukemia

Genexol Paclitaxel-loaded polymeric micelle Breast cancer, NSCLC, ovarian cancer

Onivyde Liposomal irinotecan Pancreatic cancer

Table 4. Anticancer nanomedicines approved by the FDA.

4. Decision-making of palliative care options of BM patients

The decision-making of BM patient’s treatment must rely on some factors such as: the patient
Karnofsky performance status; the number, size, and location of BM; the primary tumor type;
and the presence and control of extracranial metastases. Table 5 presents palliative treatment
options of BM patients depending on the set of predictive factors listed above [7].

Type of palliative treatment Indications

Systemic anticancer therapy - BM from systemic anticancer therapy-sensitive primary tumor;
- Asymptomatic BM, detected during planning of systemic anticancer therapy;
- BM from PT with identified molecular alteration amenable to targeted therapy;

- Poor effect of other treatment options in case presence of potentially effective
systemic anticancer agents.

Whole brain radiotherapy - Multiple MGM (> 3-10), especially if the primary tumor is sensitive to radiation
therapy;

- Large (4 cm) BM;

- After surgical resection of a dominant large metastatic tumor and the presence of
multiple BM (> 3-10);

- BM disease progression during systemic drug therapy;

- Salvage therapy for recurrent BM after SRS or WBRT failure.

SRS - Oligo-BM or multi-BM (<3), especially if primary tumor is known to be
radiotherapy resistant;

- After surgical resection of a single BM if it diameter >3 cm and/or BM localized in
the posterior cranial fossa;

- Local recurrence after surgical resection of a single BM;

- Salvage therapy for recurrent oligo-BM or multi-BM (< 3) after WBRT failure.
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Type of palliative treatment Indications

Surgical resection - BM localized (or most of it) in the brain critical structures (eyes, optical tracts,
brainstem, etc.);

- Oligo-BM (1-2), especially when associated with extensive brain swelling;

- If morphological examination of CNS lesions is necessary.

Supportive care alone - Systemic disease progression after several types of palliative therapy in patients
with poor performance status.

SACT: systemic anticancer therapy, WBRT: whole brain radiotherapy, SRS: stereotactic radiosurgery.

Table 5. Decision-making of palliative treatment options of BM patients.

According to Table 5, patients with brain metastases are not receiving anticancer therapy only
if they have progression of the disease after receiving several types of anticancer therapy and
them performance status stay poor after adequate supportive care [19].

5. Systemic anticancer therapy for BM patients

The evidence of the effectiveness of systemic anticancer therapy in patients with BM is con-
tradictory. Nevertheless, SACT may be an effective treatment option for patients with BM,
because it prolongs overall survival, especially in patients with metastatic lesions in other
organs, since the progression of extracranial metastases is a common cause of death of most
patients [20]. The BBB is a natural barrier for most anticancer drugs, and it is the primary
mechanism responsible for BM resistance to systemic therapy. Several retrospective clinical
studies determined that the chemotherapy was effective in 4-38% of patients with BM having
various solid tumors [21]. Results are found to be limited on randomized trials on the effec-
tiveness of anticancer drugs, which hinder the development of a generally accepted strategy
for effective SACT of BM, especially in patients without extracranial metastases and/or pro-
gression after BM local therapy (surgery, radiotherapy). Table 6 presents the effectiveness of
chemotherapy in patients with brain metastases from NSCLC, melanoma, and breast cancer.

In a study performed by Franciosi et al. (1999), 107 patients with BM received a combination
of cisplatin 100 mg/m? (IV day 1) + etoposide 100 mg/m? (IV on days 1, 3, and 5 or on days 4,
6, and 8) every 21 days, was continued to a maximum of 6 cycles. The distribution according
to the primary tumor site was non-small cell lung cancer in 43 (40%) patients, breast cancer
in 56 patients (52%), and malignant melanoma in 8 (8%). Among the 107 patients with BM,
7 BC patients achieved complete response (CR) (13%), 3 NSCLC patients achieved CR (7%),
and none of the 8 MM patients achieved an objective response. The objective response rate
(ORR) of the chemotherapy (CR + partial response (PR)) was recorded in 37.5% of patients
with BC and in 30% of patients with NSCLC. The median survival was 7.5 months (range
0-91.5+ months) for patients with NSCLC, 7.2 months (range 0-67 months) for patients with
BC, and 4.0 months (range 0.5-11.2 months) for patients with MM. This chemotherapy regime
is effective for patients with BM from BC and NSCLC [22].
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In open-label, multicentre, randomised phase 3 study (BEACON; BrEAst Cancer Outcomes
with NKTR-102), was study the effectiveness of etirinotecan pegol 145 mg/m? (IV day 1 every
3 weeks) monotherapy in 32 BC patients with BM previously treated with an anthracyclines, a
taxanes, and capecitabine. In this study, there were no recorded cases of CR, partial response
was detected only in 5 (15.6%), and 14 (43.8%) patients had disease progression. With a median
follow-up of 21.1 months, the progression-free survival (PFS) for 32 patients was 3.1 months
(range 1.8-4.0 months), and the median OS 10 months (range 7.8-15.7 months). The efficacy
of etirinotecan pegol in BM patients depended on the BC molecular type and median OS was:
16.1 months in HER2-type, 12.2 months in luminal A and B types, and 7.6 months in patients
with triple negative BC. The results of the BEACON study recommend the etirinotecan pegol
for treatment in BM patients with HER2-type and luminal breast cancer types [23].

Siena and co-workers (2010) reported on a nonrandomized multicenter phase II study of 157
patients with cerebral metastases of NSCLC 53 (34%), BC 51 (32%), and melanoma 53 (34%)
who received temozolomide 150 mg/m? per day (oral administration for 1-7 and 15-21 days
every 28 or 35 days). The BM complete response was recorded in one (<1%) patient with
NSCLC. Among 157 patients, 9 (6%) had PR, and stabilization of disease (SD) was detected
in 31 (20%) of 157 patients. The PFS was 66, 58, and 56 days for NSCLC, breast cancer, and
melanoma BM patients, respectively. The median OS for patients with NSCLC was 172 days,
melanoma was 100 days, and was not applicable in the breast cancer group. The results of this
study indicate a low effectiveness of high dose-dense temozolomide regimen for the treat-
ment of brain metastases from NSCLC, BC, and melanoma [24].

At randomized phase 3 clinical trial comparing 3 chemotherapy regimens in 194 patients with
clinically stable BM from NSCLC, all patients were randomized into 3 groups: group 1 (1 = 66)
received the gemcitabine 1000 mg/m? (on days 1 and 8) + carboplatin AUC 5.5 (on day 1),
group 2 (n = 64) received gemcitabine 1000 mg/m? (on days 1 and 8) + paclitaxel 200 mg/m? (on
day 1), and group 3 (1 = 64) received carboplatin AUC 5.5 (on day 1) + paclitaxel 225 mg/m?
(on day 1) IV every 3 weeks, was continued to a maximum of 6 cycles. The study results
showed the same clinical efficacy for all three regimens. Median OS was 7.6 months (range
6.3-10.1 months) for patients from group 1, 8.2 months (range 4.6-10.5 months) for group 2,
and 7.7 months (range 6.1-10.2 months) for group 3 [25].

Two studies evaluated the efficacy of BM patients from BC treatment with cisplatin + gem-
citabine chemotherapy regimen. Naskhletashvili and colleagues reported results of treatment
in 30 patients with BC brain metastases who received cisplatin 50 mg/m?* (on days 1 and
8) + gemcitabine 1000 mg/m? (on days 1 and 8) IV every 3-4 weeks. ORR for chemotherapy
was recorded in 6 (53.3%) patients, and the median OS was 10 months [26]. Similar results
were obtained by Erten et al. [27]. In this study, 18 BC patients with BM who were treated
with cisplatin 30 mg/m? (on days 1 and 8) + gemcitabine 1000 mg/m? (on days 1 and 8) IV
every 21 days. The ORR depended on the primary tumor molecular type and was 33.4% for
all BC molecular types, 66.6% for triple-negative BC, 25% for luminal types, and 12.5% for
patients with HER2- type. The overall survival rates of these study patients have not been
reported. Median PFS also depended on the type of breast cancer and was greatest in patients
with triple-negative breast cancer at 7.4 months (range 2.4-12.3 months); in patients with
HER2-type at 5 months, with luminal types at 3.6 and 5.6 months (range 2.6-8.8 months) for
all breast cancer molecular types [27].
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Jacot and co-workers reported on 48 breast cancer patients treated with carmustine 100 mg/m?
(on day 1) + methotrexate 600 mg/m? (on days 1 and 15) IV of a 28-day cycle. Patients with
Her2/neu overexpression and/or amplification received trastuzumab 4 mg/kg (on days 1 and
15) IV during each cycle of chemotherapy. The ORR was detected in 11 (23%) patients. The
PFS was 4.2 months (range 2.8-5.3 months), and the median OS at 6.9 months (range 4.2-10.7
months) for all BC molecular type. The median OS was different in patients with the Her2/neu
overexpression and/or amplification tumors (14.1 months) and without Her2/neu overexpres-
sion and/or amplification BC (5.9 months) [28].

The efficacy of pemetrexed in NSCLC patients with BM was evaluated in several studies.
Bearz et al. (2009) reported about clinically significant efficacy monotherapy of pemetrexed
500 mg/m* IV (on day 1) every 3 weeks as a 2- or 3-line chemotherapy. ORR was detected in 15
(38.4%) from 39 patients with BM from NSCLC, and median OS was 10 months. Barlesi et al.
(2011) evaluated the efficacy of the regimen pemetrexed 500 mg/m? + cisplatin 75 mg/m? (IV
on day 1) every 3 weeks for 6 cycles. The ORR was recorded in 18 (41.9%) of 43 patients with
BM from NSCLC, and the median OS was 7.4 months (range 5.8-9.6 months). The concurrent
administration of WBRT with chemotherapy pemetrexed + cisplatin significantly increases the
treatment effectiveness according to the results obtained by Dinglin et al. (2013). The ORR of
the pemetrexed + cisplatin + WBRT regimen was detected in 28 (68.3%) of 41 NSCLC patients
with BM, and median OS was 12.6 months [29].

The efficacy of combination capecitabine and lapatinib for the treatment of Her2/neu overex-
pression on BC patients with BM has been investigated in several studies. A systematic review
and meta-analysis of 12 studies, for total 799 patients with BM from Her2/neu-positive breast
cancer, was show revealed ORR was 21.4% (range 11.7-35.9). After excluding from the analy-
sis patients who received lapatinib alone, the ORR was 29.2% (range 18.5-42.7). The median
OS of patients with BM from Her2/neu-positive BC was 11.2 months (range 8.9-14.1 months),
and PFS was 4.1 months (range 3.1-6.7 months) [30].

The targeted therapies and immunotherapies that have the significant efficacy for treatment
on patients with BM from various malignant tumors are presented in Table 7.

Tuchi et al. [31] reported on 41 patients with BM from epidermal growth factor receptors (EGFR)
mutant lung adenocarcinoma treated with gefitinib. Patients were assigned gefitinib 250 mg/
day until the disease progression or development of unacceptable toxicity. The ORR was 87.8%,
and the median OS and PFR were 21.9 months (range 18.5-30.3 months) 14.5 months (range
10.2-18.3 months), respectively [31].

Gerber and associates [32] presented the results of treatment on 110 patients with BM EGFR-
mutated lung adenocarcinoma. Depending on the treatment regimen, all patients were
divided into 3 groups: group 1 (n = 63) patients who received erlotinib day until the disease
progression or development of unacceptable toxicity, group 2 (n = 32) was treated only WBRT,
group 3 (n = 15) was treated only SRS. The median OS of all 110 patients was 33 months:
26 months in group 1 and 35 and 63 months in groups 2 and 3, respectively [32].

An open-label, single-arm, phase 2, multicenter study was performed to investigate the effi-
cacy of vemurafenib in 146 patients with BM from BRAFV600-mutated melanoma. Patients
were divided into two cohorts: cohort 1 (1 = 90) patients who had not previously received BM
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Name Primary tumor Number of Response rate Median overall survival
type patients (months)
Gefitinib NSCLC 41 36 (87.8%) 21.9 (18.5-30.3)
Erlotinib 63 n/a 26
Vemurafenib MM cohort 1-90 16 (18%) 8.9 (0.6-34.5)
cohort 2-56 10 (18%) 9.6 (0.7-34.3)
Dabrafenib cohort 1-89 cohort 1 cohort 1
cohort 2-83 V600E-39% V600E-7.6;
V600 K-31% V600K-3.7;
cohort 2 cohort 2
V600E-7% V600E-7.2;
V600 K-22% V600 K-5.0;
Crizotinib NSCLC 20 3 (15%) 10.3
Ceritinib NSCLC 124 (ASCEND-1) 10" (36%) n/a
140 (ASCEND-2) 54 (38.6%) n/a
50 (ASCEND-3) 29 (58%) n/a
Alectinib NSCLC 136 (100%) 32" (64%) n/a
50" (37%) 37" (43%)
86™ (63%)
Bevacizumab + carboplatin + 67 42 (62.7%) 16
paclitaxel
Trastuzumab BC 56 n/a 10.5 (8.3-17.7)
Lapatinib 30 n/a 214 (12.5-27.1)
Trastuzumab + lapatinib 28 n/a 25.9 (18.5-30.1)
Ipilimumab MM cohort A-51 cohort A cohort A
cohort B-21 9 (18%) 7 (4.1-10.8)
cohort B cohort B
1 (5%) 3.7 (1.6-7.3)
Ipilimumab + fotemustine MM 20 1 (5%) 12.7 (2.7-22.7)
Pembrolizumab NSCLC, MM 18 6 (33%) 7.7
18 4 (22%) n/a

n/a, not applicable. Patients with measurable target brain lesions.

“Patients without measurable target brain lesions.

Table 7. The efficacy targeted therapy and immunotherapy in patients with brain metastasis.

local therapy (radiation therapy or surgery), and previous systemic therapy did not include
BRAF or MEK inhibitors; cohort 2 (n = 6) patients with progression of melanoma BM after
previous local therapy. ORR was 18% in both cohorts (16 and 10 patients in cohort 1 and 2,



Management of Brain Metastases from Solid Tumors
http://dx.doi.org/10.5772/intechopen.75447

respectively). The PFS was 3.7 months (range 0.03-33.4 months) in cohort 1 and 4.0 months
(range 0.3-27.4 months) in cohort 2. The median OS was 8.9 months (range 0.6-34.5 months)
and 9.6 months (range 0.7-34.3 months) in cohort 1 and 2, respectively [33].

An open-label, phase 2, multicenter study (BREAK-MB) was evaluated to observe the effec-
tiveness of oral administration of dabrafenib 150 mg twice daily in 172 patients with brain
parenchyma metastases from melanoma with a mutation of BRAF V600E (139 patients) and
V600E (33 patients). Patients were divided into two cohorts: cohort 1 (1 = 89) patients who
had not previously received BM local therapy (radiotherapy or surgery), cohort 2 (n = 83)
patients with intracranial progression of melanoma after previous BM local therapy. The
ORR in cohort 1 was 39% and 31% in patients with mutations V600E and V600K, respec-
tively, and in cohort 2 in 7% of patients with mutation V600E and 22% with mutation
V600K. The median OS in patients with the V600E mutation was 7.6 and 7.2 months, and
3.7 and 5.0 months in patients with V600K mutation in cohort 1 and 2, respectively. The PFS
was 3.7 months in patients with mutations BRAF V600E and V600K in cohort 1 and 2, respec-
tively, and 1.8 months in patients with BRAF V600K mutation in cohort 1, and 3.8 months
in patients with BRAF V600K mutation in cohort 2 [34]. Xing P. and associates (2016) pre-
sented the results of crizotinib treatment on 20 advanced ALK-rearranged NSCLC patients
with baseline brain metastases in Chinese population. The median OS of patients was 10,3
months and PFS was 21,2 months [35].

The efficacy of ceritinib for the treatment of BM in patients with ALK-positive NSCLC was
evaluated in the ASCEND-1, ASCEND-2, and ASCEND-3 trials. In the ASCEND-1 study, 124
patients with ALK-positive NSCLC were diagnosed with BM, 98 of the 124 patients had previ-
ously received ALK (crizotinib) inhibitor therapy prior to progression, and 26 patients with-
out previously ALK inhibitors treatment. Only 14 patients (10 patients had received crizotinib
before and 4 had not received ALK inhibitors before) had investigator-assessed brain lesions
selected as target lesions at baseline. In seven of them (four patients after previous therapy
with ALK inhibitors and three without previous therapy) was detected PR and in three
patients discovered SD (all after previous crizotinib therapy). The PFS was 6.9 months (range
5.4-8.4 months) for all patients or 6.7 months (range 4.9-8.4 months) for patients previously
treated with ALK inhibitors and 8.3 months (range 4.6-not applicable) for patients who have
not previously received ALK inhibitors [36] .

Crino and co-workers [37] reported a single-arm, open-label, multicenter, phase 2 study
of ceritinib in a heavily pretreated patient population with ALK-rearranged NSCLC
(ASCEND-2) in 140 patients who received at least two lines of therapy including platinum-
based chemotherapy and crizotinib. The ORR was 38.6% (range 30.5%—47.2). The median
of follow-up time 8.8 months (range, 0.1-19.4 months) and the median PFS was 5.7 months
(range 5.4-7.6 months) [37].

In ASCEND-3 trial, efficacy of ceritinib was investigated in 124 ALK-positive NSCLC patients
who had not previously received therapy with ALK inhibitors. Among 124 patients included
in this study, 50 patients (40%) had BM, and radiation was performed on 27 (54%) patients for
brain metastatic lesions. The median PFS was 10.8 months (range 7.3—not available), and ORR
was detected in 27 (54%) patients [38].
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Gadgeel and assistants analyzed the results of two studies (NP28761 and NP28673) to inves-
tigate the efficacy and safety of the use of alectinib for treating patients with BM from ALK-
positive NSCLC with disease progression after previous treatment with crizotinib. Measurable
target brain lesions were detected in 50 (37%) patients and in 86 (63%)—without measurable
target brain lesions. The disease control rate (DCR) was detected in 32 (64%) patients with
measurable target brain lesions (PR =22%) and in 37 (43%) patients without measurable target
brain lesions (PR =27%). In patients who underwent radiation therapy of BM (n = 95) before
started alectinib therapy intracranial response rate (ICRR) was 35.8% versus 58.5% in patients
(n =41) who did not receive previously radiation therapy [39].

At phase II prospective, noncomparative BRAIN study investigated efficacy and safety of
combination bevacizumab (15 mg/kg) + carboplatin (AUC 6) + paclitaxel (200 mg/m?) IV every
3 weeks as the first line of treatment of non-squamous NSCLC patients (1 = 67) with asymp-
tomatic, previously untreated BM. PR and SD of intracranial metastases was recorded in 42
(62.7%) and 18 (26.9%), respectively. Median PFS was 6.7 months. (5.7-7.1), and the median
OS was 16 months [40].

In the retrospective multicenter study, Yap and co-workers [41] evaluated the efficacy of anti-
Her2/neu therapy in patients with BM from Her2/neu overexpression BC. Among 280 patients
with BM Her2/neu-positive BC, 260 (92.9%) patients underwent radiation therapy, 160 (57.1%)
patients underwent chemotherapy, and 114 (40.7%) anti-Her2/neu therapy. Of the 114 patients
receiving anti-Her2/neu therapy, 56 (49.1%) patients receive trastuzumab, 30 (26.3%)—lapa-
tinib and 28 (24.6%) trastuzumab plus lapatinib combination. The median OS was significantly
higher in patients receiving combined anti-Her2/neu therapy and was 10.5 months (range 8.3—
17.7 months) in the trastuzumab group, 21.4 months (range 12.5-27.1 months) in the lapatinib
group, and 25.9 months (range 18.5-30.1 months) in patients from the trastuzumab + lapatinib
group [41].

An open-label, phase 2 trial investigated efficacy of ipilimumab for the treatment of patients
with BM from melanoma. A total of 72 melanoma patients with BM were divided into 2 cohorts:
cohort A (1 =51)—patients with asymptomatic BM, cohort B (n =21) —patients with symptom-
atic BM and received glucocorticoids. All patients received ipilimumab at 10 mg/kg IV every
3 weeks for a total of 4 cycles. The DCR was 18% in cohort A and 5% in cohort B. Overall
survival for 1 year was 31% and 19% with a median OS 7 months (range 4.1-10.8 months) and
3.7 months (range 1.6-7.3 months) in the cohort A and B, respectively [42].

In the NIBIT-M1 study Di Giacomo and co-workers [43] reported on 20 patients with asymp-
tomatic BM from melanoma who received combined systemic therapy of ipilimumab (10 mg/kg
IV every 3 weeks for a total of 4 injections) and fotemustine (100 mg/m? IV weekly total 3 injec-
tions). Maintenance therapy was carried out according to the regiment: fotemustine every
3 weeks from 9 weeks of therapy and ipilimumab every 12 weeks from 24 weeks from the
onset of systemic therapy to disease progression or patient failure, or to the occurrence of
excessive toxicity. Maintenance therapy was carried out according to the regiment: fotemus-
tine every 3 weeks from 9 weeks of therapy and ipilimumab every 12 weeks from 24 weeks
from the onset of systemic therapy to disease progression or patient failure, or to the occur-
rence of excessive toxicity. Seven patients (35%) before systemic treatment were radiotherapy.
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The ORR was 5% at an immunological response rate was 50%. With median follow-up of
39.9 months, the 3-year OS was 27.8%, and the median OS was 12.7 months.

Goldberg et al. [44] in non-randomized, open-label, phase 2 trial was investigated effectiveness
of pembolizumab in 36 patients with asymptomatic BM from NSCLC (n = 18) and melanoma
(n =18). The PD-L1 expression in primary tumor was detected in patients with NSCLC only.
All patients received pembolizumab 10 mg/kg IV every 2 weeks before disease progression.
The ICRR was 33% for NSCLC and 22% for melanoma. The median follow-up was 11.6 months
(range 8.5-13.9 months) and median OS was not achieved (NA) in the patients with mela-
noma BM. The median follow-up was 6.8 months (range 3.1-7.8 months) and median OS was
7.7 months (range 3,5-ND) in the NSCLC patients with BM [44].

6. Conclusions

In recent decades, significant progress has been made in diagnosing, predicting, and treatment
of patients with BM of various malignant tumors. Nevertheless, the successes achieved are not
sufficient, since the overall survival rates of patients remain low. Further studies of the mecha-
nisms of metastasis of malignant tumors in the brain can serve as a basis for the development
of methods for the prevention of BM, and the study of the role of BBB in the development of
resistance to systemic therapy will help develop methods that overcome this natural barrier
and increase the effectiveness of antitumor drugs. Applying a multidisciplinary approach to
developing patient treatment, tactics using the current flow forecast scales will lead to a more
valid appointment of radiation therapy, surgery, systemic antitumor and symptomatic therapy
to preserve the neurological and neurocognitive function, and the quality of life of patients.
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Abstract

Despite the increase in effectiveness of systemic therapy, cure for colorectal cancer
with liver metastases (CRLM) is rarely achieved without surgical resection, with
less than 20% of patients initially suitable for surgery. Liver-directed therapies are
continually being investigated in the hope of improving cure rates in patients with
unresectable liver metastases. These modalities include selective internal radiation
therapy (SIRT), radiofrequency ablation (RFA), transarterial chemoembolization
(TACE) and hepatic artery infusion (HAI) chemotherapy. While there is evidence of
activity for all these treatments, they are somewhat lacking in high level randomized,
controlled trial evidence (RCT) with appropriate control arms relevant to current
standard of care. This review examines the efficacy and safety of these treatments in
unresectable CRLM.

Keywords: colorectal cancer, SIRT, RFA, HAI, TACE, liver metastases

1. Introduction

Colorectal cancer is the fourth most common cancer and third leading cause of cancer death
worldwide [1]. Approximately 20% of patients have stage 4 disease at diagnosis with 5 year
overall survival rate traditionally not exceeding 13% [2, 3] or 20% in more recent clinical trial
populations on multi-agent chemotherapy [4]. The venous drainage of the intestinal tract is
through the portal system and hence the first site of dissemination is usually the liver. Up to
25% of patients present with synchronous hepatic metastases with a further 50% developing
liver metastases during the course of their illness [5]. This is the most common site for metas-
tases in colorectal cancer and the leading cause of death [6].
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Surgical resection of liver metastases remains the only potentially curative treatment modality
in patients with colorectal liver metastases (CRLM). Resection of liver metastases can result
in 3 year survival rates of 76% [7] and an average 5 year overall survival of 40-45% [8, 9]. At
the time of diagnosis, fewer than 20% of patients are considered suitable for resection due to
tumor size and location, inadequate hepatic reserve or presence of extra-hepatic metastases
[5, 10, 11].

Patients with unresectable disease and best supportive care alone have a median overall
survival of less than 10 months [10]. This significantly increases with the use of multiagent
chemotherapy of fluoropyrimidine and oxaliplatin or irinotecan [12-14]. The additional use
of biological agents such as bevacizumab (VEGF inhibitor) or cetuximab and pantimumab
(EGFR inhibitors) have further improved response rates and duration of survival. Further dis-
covery of predictive and prognostic biomarkers such as activating RAS mutation and BRAF
mutations are also helping to assist in personalizing treatment decisions and improve sur-
vival (EGFR inhibitors in RAS wild type). More recently, the location (left versus right) of the
primary colorectal tumor has been found to have prognostic and predictive significance with
left sided tumors having an improved prognosis versus right side, as well as predicting for
improved efficacy of first-line cetuximab [15]. Despite these advances, systemic therapy alone
still does not offer a meaningful chance of cure.

The use of systemic therapy including chemotherapy and biological agents (VEGF and
EGEFR inhibitors) can be used to downstage liver metastases to allow for subsequent resec-
tion in a small proportion of patients, with 5 year survival rates of these patients 33%
[16-19].

The low rates of resectable liver metastases combined with the limitations of systemic therapy
alone has led to multiple trials of a number of different loco-regional therapies to achieve bet-
ter control of liver metastases and improve long term outcomes for those with unresectable
disease. These therapies utilize the predominant hepatic arterial perfusion of liver metastases
compared to portal venous supply of non-cancerous liver parenchymal tissue. Locoregional
therapies include selective internal radiation therapy (SIRT), radio-frequency ablation (RFA),
trans-arterial chemoembolization (TACE) and hepatic artery infusion (HAI) chemotherapy.
With multiple treatment options now available for metastatic colorectal cancer, and their
potential for sequential use, it is unclear how and when locoregional therapies should be
utilized. The magnitude of clinical benefit of these therapies must be weighed against cost,
toxicity and inconvenience. This chapter will examine the efficacy and toxicity of some of
these therapies, with particular focus on the use of SIRT and concentrating on results from the
small number of randomized controlled trials that have been conducted for these treatment
modalities.

2. Selective internal radiation therapy

Normal liver parenchyma has an inherently low radiation threshold of approximately
30-40 Gy before developing the clinical syndrome of radiation induced liver dysfunction [20].
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This has limited the utility and efficacy of external beam radiation in those with liver
metastases.

SIRT involves the embolization of radiolabelled spheres into the hepatic artery, preferentially
lodging in vasculature surrounding tumor deposits and delivering high doses of radiation to
these specific sites. Yttrium-90 (Y90) is a high energy beta emitting radioisotope which can be
incorporated into glass or resin microspheres. The mean and maximum tissue penetration
of radiation from Y90 is 2.5 and 11 mm respectively, resulting in delivery of effective doses
of radiation (200-300 Gy) to tumor tissue without significant toxicity to surrounding normal
liver tissue [21-23].

The commercially available product for use in colorectal cancer with liver metastases is
the SIR-Sphere (SIRTex Medical, Sydney, Australia), which is a resin microsphere of 32 um
diameter, embedded with Y90. Given the small mean diameter, absolute contraindica-
tions include excessive (>20%) hepatopulmonary shunting or shunting to the gastroin-
testinal tract due to the risks of radiation pneumonitis and gastrointestinal ulceration.
Prior to the use of SIRT, angiography is performed to ensure arterial anatomy is favorable
to proceed. Macroaggregated albumin labeled Technetium 99 m is subsequently injected
into the hepatic artery to determine the degree of shunting with the option of occlusion
of potential enteric channels such as the gastroduodenal artery. Further adverse effects
include abdominal pain, liver function abnormalities and fatigue [22, 24, 25]. As well as
excessive shunting, other relative contraindications include significant synthetic liver dys-
function, high extrahepatic burden predicting short-term mortality and extensive portal
vein thrombosis [26].

2.1. Efficacy

A phase 3 randomized, controlled trial from Gray et al. [27], demonstrating the activity of
SIRT in combination with HAI chemotherapy, led to SIR-Spheres obtaining FDA approval
in treatment of colorectal cancer live metastases in 2002. In this trial, 74 patients with unre-
sectable liver metastases from colorectal cancer were randomized to HAI chemotherapy
using floxuridine alone versus HAI floxuridine with the addition of SIRT. Treatment proto-
col excluded those with extra-hepatic metastases at time of trial entry; however, 41 patients
were found to have extra-hepatic disease post randomization. Patients were treatment naive,
except for 11 patients (15%) who had previously received chemotherapy, with trial treatment
either commencing for progressive disease after first-line chemotherapy or post a short course
of bridging chemotherapy. For the total study population, the addition of SIRT resulted in a
higher response rate (44 versus 18%) and time to progression of disease in the liver (12.0 ver-
sus 7.6 months) compared to HAI alone. No statistically significant difference was found in
median overall survival (OS) between the two groups (17 months versus 15.9 months, p=0.18).
Five-year OS was 6% in SIRT + HAI group and 0% in HAI alone group. Those receiving HAI
alone were 3.1 times more likely to die from progression of liver metastases. Exploratory Cox
regression analysis found a survival advantage for SIRT + HAI in those patients who sur-
vived at least 15 months, with a possible explanation that those who did not rapidly develop
extra-hepatic metastases benefited more from the improved locoregional control of additional
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SIRT. Only two patients had liver metastases resected after treatment, one from each group.
Significant numbers of patients in both groups received extra off-protocol chemotherapy,
adding further limitation to the analysis.

Using individual patient data, analysis was performed on only those patients who had not had
any prior chemotherapy (excluding 11 patients). In the 63 first-line therapy patients, response
rate was 37 versus 14% (p = 0.051). There was no significant improvement in median progres-
sion free survival (PFS) when SIRT was added to HAI (7.3 months versus 5.9 months, HR 0.72,
p =0.21). Median OS also was not significantly different (17.6 months versus 15.9 months, HR
0.62, p = 0.07). In the 22 patients with no extra-hepatic disease, there was also no significant
benefit on median progression free or overall survival although 2 year overall survival was
50% with SIRT + HAI versus 21% with HAI alone.

How generalizable these findings are in today’s treatment of colorectal cancer is debateable
given the more widespread use of systemic rather than regional chemotherapy, particularly
in the first-line setting. Since this trial, there have been numerous trials demonstrating activity
in various lines of treatment, with and without the use of systemic therapy.

2.1.1. Refractory setting

In the setting of colorectal cancer with liver metastases refractory to systemic chemotherapy,
SIRT has shown significant activity in numerous single arm trials. Kennedy et al. treated 208
patients with liver metastases, refractory to oxaliplatin and irinotecan, with unimodality SIRT
achieving response rates (RR) of 35% by RECIST, 91% RR by PET scanning and 70% RR by
CEA. Response was a predictor of survival with median OS 10.5 months in RECIST respond-
ers and only 4.5 months in non-responders [28]. Mulcahy et al. administered SIRT to 72 pre-
treated patients with liver metastases and minimal extra-hepatic disease with a response rate
of 40.3% and median overall survival of 14.5 months, with significant differences in survival
in those with and without extra-hepatic disease (7.9 versus 21 months) [29]. A phase 2 trial
by Cosimelli et al. used SIRT also in the population with disease refractory to oxaliplatin and
irinotecan, with most having at least 4 lines of prior treatment and high volume liver metas-
tases. Response rate was 24 with 2% complete response (CR) and 24% stable disease. Once
again, response predicted improvement in overall survival with a median OS of 16 months in
responders versus 8 months in non-responders. Two year OS for all participants was 19.6%
[30]. Further phase 1 and 2 trials of SIRT alone or with chemotherapy in second line or later
settings, achieved response rates of 17-32% with consistent findings of improved survival
being associated with radiological and CEA response and lack of extrahepatic disease [31-33].

The only prospective randomized controlled trial of the use of SIRT in chemotherapy refrac-
tory CRLM was from Hendlisz et al., who enrolled 44 patients progressing on standard
chemotherapy of fluorouracil (5FU), oxaliplatin and irinotecan and randomized them to
protracted 5FU infusion alone versus SIRT + protracted 5FU infusion. All patients had no
extrahepatic disease at randomization. Response rate was low with no significant difference
found between groups (10 versus 0%, p = 0.22) although stabilization rate (PR + stable disease)
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was significantly higher in the SIRT +5FU group (86 versus 35%, p = 0.001). One patient who
gained a response underwent resection of hepatic metastasis. PFS was significantly increased
in the SIRT +5FU group compared to 5FU alone, with median PFS of 4.5 versus 2.1 months
(HR 0.51, p = 0.03). Median time to progression in liver was similar at 5.5 versus 2.1 months,
suggesting systemic control was not a major factor in this population of liver limited disease.
Despite the PFS benefit, there was no significant overall survival benefit with the addition of
SIRT (median OS 10 months versus 7.3 months, p = 0.80). Potential reasons for this include
small study numbers as well as the high number of subsequent treatments in chemotherapy
alone arm with 70% (16/23) of patients in chemotherapy alone arm treated with further thera-
pies, and 10 of those 16 treated with radioembolization. This compared to only 39% of the
SIRT group receiving further lines of treatment [34].

Although this randomized trial examined only a small number of participants, PFS and OS
figures of the experimental arm were similar to some of the single arm trials of SIRT in refrac-
tory disease previously described [29, 30, 33], suggesting there is activity in selected patients
with CRLM refractory to standard treatments. A meta-analysis of patients with unresectable,
chemorefractory CRLM patients, including 20 studies of 979 patients prior to 2012, showed
an average response rate of 31% and disease control rate of 71.5% with median time to intra-
hepatic progression at 9 months. Median overall survival was 12 months [35]. Poorer overall
survival was associated with multiple previous lines of chemotherapy, lack of radiological
response, extra-hepatic disease and extensive liver disease >25%. There was a very wide range
of delivered radioactivity, treatment volume, extrahepatic disease and concurrent use of che-
motherapy between included trials, compromising the ability to interpret results to a wider
population.

There is still no definitive evidence that the activity described in this refractory group of
patients results in an overall survival benefit compared to other available systemic treatments.
Although EGFR antagonists were used in a number of patients prior to randomization and
post progression, they were not routinely available and RAS testing was not commonplace
as part of patient selection for these agents. With EGFR antagonists now used much more
frequently in RAS wild-type disease, including as single agents in refractory disease, further
randomized, controlled trials assessing the benefit of SIRT in those refractory to all standard
treatments, including EGFR inhibitors and bevacizumab, are required to better understand
the efficacy, patient selection and sequence of use of SIRT. These potential trials may be inhib-
ited by poor recruitment given the development and study of newer systemic agents such as
TAS-102 and regorafenib in the refractory setting [36, 37].

2.1.2. First-line combination with chemotherapy

After Gray et al. showed improved response rate and time to progression in the liver when
SIRT was used with HAI chemotherapy as first-line treatment [27], numerous studies have
been conducted to assess the benefit of SIRT in combination with systemic chemotherapy in
the first-line setting.

81



82 Cancer Management and Therapy

A small randomized, controlled phase 2 study by van Hazel et al. compared SIRT in addition
to fluorouracil and leucovorin (5FU/LV) with 5FU/LV alone in 21 patients with unresectable
liver metastases and no previous treatment [38]. Six of the twenty-one patients had extra-
hepatic disease present at randomization and the data for these patients were not reported
separately. Response rate was significantly increased with the addition of SIRT (73 versus
0%) as well as median time to progression (18.6 months versus 3.6 months, p = 0.004). Median
overall survival was also significantly increased with SIRT (29.4 months versus 12.8 months).
Similar to Gray’s earlier trial in 2001 [27], the application of these results to standard clinical
practice is limited by small numbers as well as the superseded nature of the control arm of
5FU/LV alone as a standard chemotherapy regime in first-line metastatic colorectal cancer.
For that reason, a planned phase 3 trial of these groups was abandoned with further trials set
up to examine the addition of SIRT to combination chemotherapy such as FOLFOX.

A phase 1 trial from Sharma et al. combined SIRT with FOLFOX4 systemic therapy in 20
treatment-naive patients with unresectable CRLM. Overall response rate was 90% with stable
disease in the remaining 10%. Median PFS was 9.3 months and median time to progression in
the liver was 12.3 months. Two patients underwent resection of liver metastases at completion
of protocol treatment [39].

Larger phase 3 trials have since been carried out adding SIRT to more modern conventional
chemotherapy regimes, first in the SIRFLOX trial by van Hazel et al. published in 2016 [40],
followed by a combined analysis of SIRFLOX, FOXFIRE and FOXFIRE-Global from Wasan
et al. published in 2017 [41].

The SIRFLOX trial enrolled 530 patients with colorectal cancer with unresectable liver metas-
tases who had no prior systemic treatment [40]. Liver only metastases or limited extrahe-
patic metastases (fewer than 5 lung nodules of <1 cm diameter or a single nodule of <1.7 cm
diameter, and/or lymph node involvement with a single anatomic area of <2 cm diameter)
were included. Patients were randomized to receive mFOLFOX6 + bevacizumab (physi-
cian’s choice) and SIRT (with cycle 1) or mFOLFOX6 + bevacizumab alone. The SIRT arm
received lower doses of oxaliplatin and no bevacizumab for the first 3 cycles based on toxic-
ity seen in the previous phase 1 trial [39]. Primary end point was progression free survival
and secondary endpoints included PFS in liver, response rate at any site, response rate in
liver, liver resection rate and overall survival. Both arms had 40% of participants with extra-
hepatic metastases. There was no difference between the groups in primary endpoint with
median PFS 10.7 months in SIRT + chemotherapy versus 10.2 months in chemotherapy alone
(p = 0.43). Difference in overall response rate did not reach statistical significance (76.4 versus
68.0%, p = 0.113). Despite lack of overall response or PES benefit when including all sites of
metastases, SIRT did lead to an improvement in response rates in liver (78.7 versus 68.8%,
p =0.042) as well as liver-specific progression free survival (20.5 months versus 12.6 months).
This did not lead to a significant difference in liver resection rates (13.7 versus 14.2%). This
trial was underpowered to meaningfully assess overall survival and thus was not published
in this original paper, with survival data reported and published in the combined analysis of
SIRFLOX with FOXFIRE and FOXFIRE-Global. The site of first disease progression appeared
to explain the discrepancy between PFS at all sites and PFS in the liver with 77% of the control
arm progressing first in the liver compared to 52.4% of SIRT arm, while the SIRT arm had a
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higher rate of first progression at non-liver sites (27.7 versus 7.9%). Other proposed factors for
lack of PFS benefit were the 8% of patients assigned SIRT who did not undergo the procedure,
8% of patients with bilobar liver disease who received SIRT to only one lobe and the large
proportion (45%) of patients who had an intact primary tumor.

Prior to publication of the combined analysis, the authors postulated that liver-specific PFS
and response could translate into an overall survival benefit in this population of patients.
Liver PFS was a new endpoint used in this trial and interpreting across trials was difficult. If
the extra-hepatic disease at diagnosis and progression was more indolent in nature, such as
is often seen in lung metastases in colorectal cancer [42], then liver PFS may be more impor-
tant to survival in the liver-dominant metastatic colorectal cancer setting. This hypothesis is
also the premise behind increasing rates of hepatic resection in the setting of coexistent low
volume lung metastases [43]. A similar hypothesis was used in explaining the improved over-
all survival of RFA when combined with chemotherapy in metastatic colorectal cancer with
metastases confined to liver in the CLOCC study [44]. The authors of that trial postulated the
lower incidence of liver metastases as the first site of recurrence (45 versus 76%) contributed to
the median overall survival benefit (45.6 months in RFA + chemotherapy versus 40.5 months
in chemotherapy alone). However, that population also had an improved overall PFS with
the addition of RFA as well as an increased hepatic resection rate of 45 versus 10% with RFA,
limiting the ability to directly compare these studies and assign meaningful benefit to liver-
specific PFS as an endpoint.

Wasan et al. published a combined analysis of three multicentre, randomized phase 3 trials
evaluating the addition of SIRT to standard chemotherapy in the first-line setting for patients
with unresectable colorectal liver metastases [41]. Limited extra-hepatic metastases were per-
mitted. 1103 patients were recruited in total across 14 countries. The three individual trials
each had very similar designs to allow for this pre-planned combined analysis, randomizing
patients to FOLFOX chemotherapy with SIRT or FOLFOX chemotherapy alone. Use of beva-
cizumab or cetuximab (in RAS wild-type tumors) was permitted and overall survival was
the primary endpoint. There was no significant difference in patient characteristics between
the two groups with 35.9% of SIRT group and 34.8% of control arm having extra-hepatic
metastases; 50.2 versus 55% having primary tumor in situ and 32.3 versus 30.6% having >25%
liver involvement of metastatic disease. There was a significant difference in the number of
patients receiving bevacizumab with 35.6% receiving bevacizumab in the SIRT group com-
pared to 46.6% in the control arm. Only 0.6 versus 1.7% received cetuximab.

There was no difference in overall survival between those receiving SIRT + chemotherapy
versus those receiving chemotherapy alone (median OS 22.6 versus 23.3 months, p = 0.61)
with no difference found in the liver-metastasis only subgroup. Median PFS was also not
significantly impacted (11.0 versus 10.3 months, p = 0.11). Compared to the SIRFLOX trial,
increase in overall response rate reached statistical significance in the SIRT group (72 versus
63%, p = 0.001) with no impact on hepatic resection rate (17 versus 16%). Liver specific pro-
gression free survival was increased in the SIRT + FOLFOX group with first progression in the
liver occurring in 31 versus 49% in FOLFOX alone (HR 0.51, p <0.0001). Non-liver progression
and death without liver progression occurred in 54% of SIRT + FOLFOX group versus 36% in
FOLFOX alone (HR 1.76, p <0.0001).
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There are a number of potential factors to explain the improved response and liver specific
PFS not translating to an overall survival or PES benefit, even in liver only metastatic disease.
These include reduced oxaliplatin dose and reduced and delayed bevacizumab usage in SIRT
patients, as well as fewer patients from SIRT group receiving subsequent systemic therapy
compared to chemotherapy alone group (67.9 versus 74%). Eight percent of patients assigned
to SIRT did not receive the treatment while 3% of patients in FOLFOX alone group crossed
over to SIRT, and 12% received it as a later line of therapy. Likely to be of more significance
is the high proportion of patients developing extra-hepatic progression in the SIRT group
and the impact this may have had on liver resection rates, which was equal between groups
despite a higher liver response rate with SIRT. The low overall survival rates in both groups
compared to other more recent trials likely reflects the relative lack of use of bevacizumab and
EGEFR inhibitors [4].

An unplanned subgroup analysis did show a significant PFS and OS advantage for SIRT +
FOLFOX versus FOLFOX alone in those with right sided primary tumors (overall survival
HR 0.67, p = 0.007) [45]. Right sided tumors have recently been shown to be predictive of
poorer response and prognosis compared to left sided tumors when systemic chemotherapy
is used [15]. The use of SIRT in this population appears to overcome this intrinsic resistance
to chemotherapy, although this is hypothesis generating only given the unplanned, post-hoc
nature of this subgroup analysis. Further research into this patient group and analysis of
various other biological subtypes (RAS and BRAF mutant disease) is required to aid patient
selection.

The results of these large phase 3 trials do not currently support the use of SIRT in combina-
tion with chemotherapy for liver-only or liver-dominant unresectable metastatic colorectal
cancer in the first-line setting.

A summary of the completed RCT’s in SIRT is provided in Table 1.

2.2. Toxicity and quality of life

SIRT has been demonstrated to be a relatively safe procedure when the appropriate pre-treat-
ment investigations are carried out correctly. Recognized toxicities include post-radioembo-
lization syndrome with transient liver toxicity characterized by elevation of ALP, ALT and
bilirubin [46], although the severity of this syndrome in SIRT is milder than the post-emboli-
zation syndrome in TACE [47]. Other radioembolization specific complications include gas-
tric ulceration, pancreatitis, portal hypertension from liver fibrosis, radiation induced liver
disease and radiation pneumonitis. In meta-analysis in 2009, the rates of all of these complica-
tions were <1% with the exception of gastric ulceration which was <5% [46]. There is a lack of
reporting of delayed radiation toxicity such as liver dysfunction and gastric ulceration with
rates reported in the range of 4-10% in a small number of phase 2 and observational trials
[30, 33, 48, 49] and interpreting etiology of liver dysfunction (treatment related versus disease
related) is difficult.

There is increased toxicity with the addition of SIRT to systemic chemotherapy compared
to chemotherapy alone in the first-line setting. The addition of SIRT to 5FU/LV in the small
trial of 21 patients by Van hazel [38] led to increase in grade 3/4 toxicities compared to
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Study Response rate Liver resection Median progression Median overall survival
rate free survival
Gray [27] All patients (n=74)  All patients All patients (n=74) All patients (n=74)
HAI floxuridine + SIRT 44 versus 17.6% (n=74) 12 versus 7.6 months 17 versus 15.9 months
versus HAI floxuridine (p=0.01) 29 versus 2.8% (p=0.04) (p=0.18)
74 patients, 11 with prior First line (n=63) (1in each First line (n=63) First line (n=63)
systemic treatment 37 versus 14% group) 7.3 versus 5.9 months  17.6 versus 15.6 months
(p=0.051) (p=0.21) (p=0.07)
(L’;'v:erzgijly disease (Lingg};ly disease Liver only disease (n=22)
25 versus 14% 2.7 versus 4.3 months 14.2 versus 15.6 months
(p=0.60) HR 0.72 (C10.27-190) HR 0.54 (CI 0.20-1.44)
van Hazel [38] All patients (n=21)  All patients All patients (n=21) All patients (n=21)
FU/LV + SIRT versus FU/LV 73 versus 0% (n=21) 11.5 versus 29.4 versus 11.8 months
0 versus 0% 4.6 months

21 patients, previously
untreated

Hendlisz [34]

5FU infusion + SIRT versus
5FU infusion

44 patients, refractory to
chemotherapy, liver only
disease

van Hazel [40]

mFOLFOX6 + SIRT versus
mFOLFOX6

530 patients, previously
untreated, liver dominant
disease

Wasan [41]

mFOLFOX6 + bev + SIRT
versus mFOLFOX6 + bev

1103 patients from three
trials, previously untreated,
liver dominant disease

(p =0.001)

Liver only disease
(n=15)

78 versus 0%

(p =0.007)

All patients (n=44)

10 versus 0%
(p=022)

All patients (n = 530)

76.4 versus 68.1%
(p=0.113)

Liver specific
response

78.7 versus 68.8%
(p=0.042)

All patients
(n=1103)

72.4 versus 62.8%
(p=0.0012)

Liver specific
response

Not available

All patients
(n=44)

0 versus 4.7%
(1 patient)

All patients
(n=>530)

14.2 versus
13.7% (p = 0.86)

All patients
(n=>530)

17 versus 16%
(p=0.67)

HR 0.23 (CI 0.08-0.68)

Liver only disease
(n=15)

19.1 versus
4.9 months

HR 0.23 (CI 0.06-0.96)

All patients (n=44)

4.5 versus 2.1 months

(p=0.09)

All patients (n=530)

10.7 versus
10.2 months

HR 0.93; (CI
0.77-1.12)

Liver only disease
(n=318)

Not published

HR 0.9 (0.70-1.15)

All patients (n=1103)
11.0 v 10.3 months

HR 0.90; (CI
0.79-1.02)

No extrahepatic disease

(n=713)
Not reported

HR 0.22 (CI 0.07-0.74)
Liver only disease (n = 15)
31.9 versus 13.8 months

HR 0.24 (CI 0.06-0.99)

All patients (n =44)
10.0 versus 7.3 months

(p=080)

Not published

All patients (n=1103)
22.6 versus 23.3 months
HR 1.04; (CI, 0.90-1.19)

No extrahepatic disease
(n=713)

24.5 versus 24.6 months
HR 1.00; (CI 0.85-1.19)

Table 1. Outcomes of randomized trials in SIRT.
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chemotherapy alone (13 versus 4 events), including nausea, abdominal pain, radiation hepa-
titis and hematological abnormalities. In the combination group, there was one death due
to neutropenic sepsis, one liver abscess and one episode of radiation induced cirrhosis in a
group of only 11 patients. In the much larger and more recent trial population of SIRFLOX,
FOXFIRE and FOXFIRE-Global [41], there also was an increase in grade 3/4 adverse effects
with the addition of SIRT (74 versus 66.5%) including neutropenia (36.7 versus 24.2%), febrile
neutropenia (6.5 versus 2.8%), thrombocytopenia (7.7 versus 1.2%), fatigue (8.5 versus 4.9%)
and abdominal pain (6.1 versus 2.3%). Only 0.8% of SIRT patients developed radiation hep-
atitis. Adverse events leading to treatment discontinuation were higher in the SIRT group
in FOXFIRE population (14 versus 8%) with data not fully available for the other two tri-
als. There were eight treatment related deaths in FOLFOX + SIRT group and three treatment
related deaths in FOLFOX alone group. Of the eight deaths in the SIRT group, three were due
to radiation induced liver disease, two due to complications from surgery, one due to liver
failure, one due to radiation pneumonitis and one due to off-target delivery of microspheres.
Long-term toxicity data showed two deaths due to hepatic failure after the end of the main
safety window. Any potential use of SIRT in the first-line setting where overall survival is
often over 2 years, would require close monitoring for long-term toxicity that may not be well
described in trials.

Perhaps surprisingly by contrast, there was no significant increase in toxicity in the random-
ized controlled trial conducted in the chemotherapy refractory setting, albeit with a very
small patient population [34]. There was one reported grade 3 event in SIRT + chemotherapy
group compared to 6 in chemotherapy alone. Grade 1-2 nausea was more common in the
combination group (5 events versus 0). Addition of SIRT to HAI also was not shown to have
higher grade 3 or 4 events compared to HAI alone in the trial by Gray et al. [27], with a slight
increase in grade 1-2 nausea and diarrhea.

Given the palliative nature of these treatments, quality of life is an important consideration
when assessing the utility of SIRT. Despite this, there is a relatively limited amount of data
on SIRT's impact on quality of life. The most recent analysis by Wasan et al. [41] incorpo-
rated quality of life analysis into their study using a EuroQol-5D three level questionnaire
to measure health in five dimensions and summarized as utility score between 0 (death) and
1 (full health). This was done at baseline, 2-3 months, 6 months and 12 months followed by
annually. The average unadjusted utility scores were not significantly different between treat-
ment groups at any time except at 2-3 months (0.828 in SIRT + chemotherapy versus 0.846 in
chemotherapy alone), although this was by a magnitude that would not be considered clini-
cally meaningful. Lack of analysis during the first six weeks of treatment, the period where
SIRT was administered, may have potentially missed a period of time where quality of life
suffered due to the invasive nature of the procedure. Van Hazel et al. [38] used a Functional
Living Index-Cancer questionnaire which found no change from baseline but did not report
the impact of treatment.

In the refractory setting, Cosimelli et al. collected quality of life data, however only 28% of
patients completed questionnaires with potentially biased results [30]. Further trials did not
report quality of life data [34, 35], an unfortunate omission in a chemotherapy refractory pop-
ulation in whom any measurement of treatment effectiveness should include quality of life.
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2.3. Summary

The lack of definite PFS and OS benefit and lack of increased hepatic resection rates, as well
as increased toxicity and no improvement on quality of life, suggests there is no strong evi-
dence to recommend SIRT’s routine use with chemotherapy in the first-line setting in those
with unresectable CRLM. Particular subgroups of patients who may be predisposed to resis-
tance to chemotherapy (right sided tumors, BRAF mutant) need further trials exploring any
potential benefits specific to them. SIRT has activity and improves PES in the chemotherapy
refractory setting with tolerable toxicity in small trials, although its impact on quality of life is
unknown and has no proven benefit on overall survival. The potential benefit of SIRT needs
to be weighed against the invasive nature, costs and risks of toxicity of the procedure, with
assessment for treatment based on individual patient factors.

3. Radiofrequency ablation

Over the recent years, RFA has become a widely accepted liver-directed option for the treat-
ment of hepatocellular carcinomas (HCC) and liver metastases, especially from colorectal
cancers. Unlike other liver-targeted modalities for unresectable colorectal liver metastases,
such as SIRT or TACE, RFA can be used with curative intent [50, 51].

A high-frequency alternating electric current is delivered through metal probes which are
conveniently inserted into the target lesion. These needle electrodes can be placed percutane-
ously using imaging guidance, via laparoscopy or during abdominal laparotomy. When this
electrical current is applied, heat is generated (with temperatures ranging from 60-100°C),
which causes localized coagulative necrosis and protein denaturation within the tumor along
with a margin of healthy tissue [52, 53].

3.1. Efficacy

In current clinical practice, RFA is being used as an alternative to liver resection in patients
ineligible for surgery due to comorbidities or poor performance status or for those colorec-
tal cancer patients with unresectable liver metastases. For patients with cirrhosis, poor
liver reserve or chemotherapy-associated steatohepatitis or for those with recurrences
posthepatectomy with minimal hepatic reserve, RFA may also be beneficial since it mini-
mizes the destruction of the surrounding healthy hepatic tissue [54]. However, all of these
theoretical indications are conditioned by the fact that liver metastases have to be limited
in number (usually less than 5) and size (generally no more than 5 cm) [55]. Although
there are no randomized clinical trials data demonstrating survival equivalence between
hepatectomy and RFA for colorectal cancer liver metastases, some retrospective studies
have shown that RFA may provide similar outcomes to those of liver surgery when the
lesions are completely ablated and clear margins are achieved [56-58]. However there is
no consensus on this with other authors suggesting alternate views [59-61]. Therefore
prospective trials comparing RFA and liver surgery are necessary to definitively answer
this question [62, 63].
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Among several cohort studies looking at RFA as primary treatment for liver metastases, the
5-year survival and local tumor recurrence rates reported vary widely, mainly due to vari-
able patient selection, imbalance in the baseline patients’ characteristics and different tech-
niques and probes used over time. The 5-year survival reported in the literature ranges from
15-50% after RFA for liver-only metastatic colorectal cancers [55, 63-66]. As mentioned, the
local recurrence rates reported also vary widely (2-40%), although there is the suggestion
from these studies that the smaller the treated lesion is (<3 cm) and the longer the distance
from major vessels, the better the outcome [55, 57, 67].

In order to select the most suitable liver-only metastatic colorectal cancer patients for RFA, as
well as systemic chemotherapy, to attempt to achieve long-term disease control, Stang et al.
proposed a score based on four clinical variables: response to systemic therapy, <3 liver metas-
tases, <3 cm in size and low carcinoembryonic antigen (CEA) value [68]. In this retrospective
study, patients who fulfilled all four criteria (score 4) had significantly higher probabilities for
overall survival and recurrence-free survival at 5 years after RFA (39 and 22%, respectively)
compared to those patients who scored <3 (0-27 and 0-9%, respectively). As discussed by the
authors in the paper, the clinical significance of this proposed score needs to be validated in
a prospective manner.

Evrard et al. investigated in a phase II prospective study (EORTC 40004) whether the use of
intraoperative RFA in conjunction with hepatic resection could increase the cure rate in colorec-
tal cancer patients with unresectable liver metastases [69]. Fifty-two patients were included
in the analysis. The primary endpoint was complete hepatic response at 3 months which was
reached in a total of 39 patients. The 5-year overall survival rate was 43%. Karanicolas et al.
reached the same conclusion in their study that combining liver resection and ablation may
increase the cure for selected patients with bilateral hepatic colorectal metastases [70]. A total
of 141 patients were treated with bilateral resection and 95 underwent ablation in this study.
Long-term outcome was not significantly different between groups (5-year overall survival
rate with ablation was 56% versus resection: 49%; p = 0.16).

Another interesting study was conducted by Ruers et al., which prospectively evaluated long-
term outcomes of combining RFA plus chemotherapy versus chemotherapy alone. This study
was originally designed as a randomized phase III study to detect a difference in survival
between both arms; however, due to slow recruitment, the study was downsized to a random-
ized phase II trial with 10 year overall survival results reported in 2015 [44, 71]. The EORTC-
NCRI-CCSG-ALM Intergroup 40,004 (CLOCC) study included 119 patients randomized to
either chemotherapy alone (n=>59) or RFA plus chemotherapy (n=60). At a median follow-up
of 9.7 years, the median progression-free survival was 16.8 months for the combined arm
compared with 9.9 months for the chemotherapy-only arm (hazard ratio [HR] = 0.57; 95%
confidence interval [CI], 0.38-0.85; p = 0.005). The median overall survival was 45.6 months
for the combined arm compared with 40.54 months for the chemotherapy arm (HR = 0.58;
95% CI, 0.38-0.88; p = 0.010). These results suggest that combining RFA with chemotherapy
for unresectable liver metastases in colorectal cancer patients can considerably change the
outcome for some patients, improving overall survival. However, these results require care-
ful interpretation and indeed, have been questioned on the basis of the imbalance of patient
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characteristics between treatment arms, as well as the fact that some of the ablated patients
included in the study underwent further liver resection following RFA.

3.2. Toxicity and quality of life

RFA is a minimally invasive liver-targeted modality with a favorable safety profile with
low rate of major complications and deaths (around 1-3 and <1%, respectively) [56, 59, 67].
Information regarding tolerability and quality of life is scarce given the retrospective nature
of the vast majority of evidence around RFA for liver-only metastatic colorectal cancers.
Solbiati et al., for instance, reported major adverse events incidence in 1.3% of the patients
(one bowel perforation and one intrahepatic hematoma) although no deaths occurred [72].
Minor adverse event rate was 10% and fever was the most common complication reported
(8 of a total of 156 patients). On the other hand, Ruers included in his study health-related
quality of life questionnaires (EORTC QLQ-C30) at baseline and every 6 weeks afterwards.
Quality of life after REFA showed only a short decline with recovery to baseline levels within
2 months after RFA [44].

3.3. Summary

RFA is a reasonable option for metastatic colorectal cancer patients with unresectable liver
metastases or for those with recurrent disease after hepatectomy with small liver metastases
providing that adequate margins are thought to be achievable. Given the lack of randomized
controlled trial data, liver resection remains the standard treatment for the local treatment of
resectable liver metastases. More prospective clinical trials looking at RFA in different settings
(for example, RFA + resection, RFA + adjuvant systemic chemotherapy, etc.) are needed.

4, Trans-arterial chemo-embolization

TACE is a locoregional therapy, which uses hepatic artery catheterization to deliver chemo-
therapy locally followed by embolization with vessel occlusion, delivering high doses of che-
motherapy to the target lesion. Combinations of doxorubicin, mitomycin-C and cisplatin are
most commonly used as the chemotherapeutic agents in what is known as conventional TACE
(cTACE) [73]. For a number of years, TACE has been used in the treatment of unresectable
hepatocellular carcinoma (HCC) and is now the standard of care for particular subgroups of
HCC after showing survival benefit over best supportive care [74, 75].

4.1. Conventional TACE (cTACE)

In the setting of metastatic colorectal cancer with liver metastases, the use of cTACE has been
limited by a paucity of standardized data, with evidence limited to heterogenous single arm
trials, to the extent that consensus guidelines are unable to provide recommendation for its
use [50]. Initial non-randomized, single arm trials in the 1990s using cTACE in first and second
line of treatment showed modest response rates of 17-25% [76, 77]. Two more recent trials have
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examined the effectiveness of cTACE across multiple lines of therapy. Vogl et al. administered
repeated cycles of cTACE to 463 patients with unresectable liver metastases not responding to
chemotherapy [78]. Response rate was 14.7% with stable disease rate of 48.2% and 12 month
survival of 62%. Retrospective analysis of cTACE in patients refractory to 1st-5th line chemo-
therapy by Albert et al., showed only a 2% response rate and 43% disease stability rate with a
9 month median overall survival from the time of cTACE [79]. The lack of control arms in these
trials significantly limits any interpretation of the efficacy of cTACE and its possible role among
multiple other locoregional and systemic therapies in colorectal cancer.

Furthermore, toxicity is a significant issue in those undergoing cTACE. Post-embolization
syndrome (PES) due to ischaemia induced inflammation occurs in 30-80% of patients with
symptoms including abdominal pain, fever, nausea and vomiting and deranged liver func-
tion tests [47, 80]. Other complications can include liver abscess, pancreatitis and biliary scle-
rosis [77, 81].

The lack of evidence showing response or survival rates comparable or superior to current
standard treatments, in addition to the toxicity of PES and other complications, leaves cTACE
without a clear role in treating colorectal cancer liver metastases.

4.2. Drug-eluting bead TACE (DEB-TACE)

More recent developments have focused on TACE with the use of drug eluting polyvinyl alco-
hol beads (DEB-TACE), which allow a sustained release of chemotherapy agents, in particular
irinotecan, to the vascular supply of the tumor. Embolization with these beads reduces flow
in vessels feeding the tumor, hence increasing dwell time and reducing washout of the active
drug [82]. Despite a similar toxicity profile to cTACE, DEB-TACE appears to have fewer drug-
related adverse events.

Single arm phase 2 trials showed promising results with response rates between 48 and 75%
and downstaging of liver metastases to allow surgical resection or ablation in 7-20% [83, 84].

A small phase 3 trial from Fiorentini et al. has been the only randomized, controlled trial to
show a survival benefit from TACE in metastatic colorectal cancer [85]. This study enrolled
74 patients with liver limited disease occupying <50% of parenchyma, having progressed on
at least 2 lines of therapy. They were randomized to receive two treatments of TACE with
drug eluting beads containing irinotecan (DEBIRI) or FOLFIRI systemic chemotherapy for
4 months. No cross-over was allowed. Primary end point of overall survival was found to
be significantly increased in the DEBIRI group compared to FOLFIRI group (median OS
22 versus 15 months, p = 0.031). Overall response rates were 69 versus 20%. PFS was also sig-
nificantly increased in DEBIRI group (7 versus 4 months). Interestingly time to extra-hepatic
progression was higher in DEBIRI group (13 versus 9 months) although this did not reach sta-
tistical significance, potentially suggesting some activity outside of the liver. Poor prognostic
indicators for survival included high percentage of liver involvement, low albumin, high ALP
and high LDH. As expected, hematological toxicity and mucositis were higher in the FOLFIRI
group, with LFT and bilirubin derangement higher in DEBIRI group and PES occurring in
approximately 30% of patients. Quality of life analysis showed significantly higher scores at
both 1 and 3 months in those receiving DEBIRI.
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Another randomized, controlled phase 2 trial by Martin et al. investigated the use of DEBIRI
in combination with chemotherapy in the first-line setting [86]. Seventy patients with liver
dominant disease and no prior chemotherapy were randomized to FOLFOX + bevacizumab
+ DEBIRI versus FOLFOX + bevacizumab alone. There were some imbalances in treatment
groups with DEBIRI combination arm having a higher proportion of patients ECOG 1-2 and
a higher proportion of patients with extra-hepatic disease. Response rate was higher in the
DEBIRI combination group compared to chemotherapy alone with 4 month response rate 95
versus 70%. Downstaging of liver metastases to resection occurred in 35% in DEBIRI combi-
nation arm versus 16% in chemotherapy alone. Despite the improved response and resection
rate in DEBIRI group, it was the chemotherapy alone control arm which showed a trend
toward improvement in PFS with median PFS 12 months in DEBIRI arm versus 15 months in
control arm (p = 0.18). There was significantly higher serious adverse event rate in the DEBIRI
combination group. Overall survival data was not published.

4.3. Summary

Both trials show promising results, particularly in Fiorentini’s trial in the refractory setting,
given the overall survival advantage occurred without any crossover of groups and with
similar rates of post-progression chemotherapy [85]. Quality of life improvement was also
an important endpoint. The first-line trial from Martin et al., was unable to show a significant
PFS benefit with overall survival data not yet known [86].

This would suggest that the role of DEB TACE is more likely to be in later lines of therapy
based on current evidence. Replication of these results in a larger population, with control
arms using more active chemotherapy regimens including bevacizumab or EGFR inhib-
itors, is required to better define the role of DEB-TACE in the sequence of treatments for
CRLM. This is already underway with a recent publication of a prospective single arm trial
treating patients with DEBIRI and cetuximab concurrently with encouraging median PFS and
OS data (9.8 months and 24 months) [87].

5. Hepatic artery infusion chemotherapy

Liver metastases from colorectal cancer generally receive the majority of their blood supply
through the hepatic artery, while conversely, the portal vein supplies irrigation to the normal
hepatic tissue. Taking advantage of this dual hepatic blood supply, HAI was developed with
the aim of delivering high chemotherapy concentrations within hepatic metastases, while
minimizing systemic toxicity [88, 89]. HAI can be administered either through a surgically
implanted port or via percutaneous catheter connected to a pump. Multiple agents have been
tested to be infused via hepatic artery, although Floxuridine (FUDR) is the most widely used
drug, thanks to its short half-life and high first-pass metabolism rate which allow the intram-
etastatic drug concentrations to be increased without significant systemic side effects [88]. On
that basis, HAI has been investigated as a treatment for heavily treated metastatic colorectal
cancer with liver metastases, as well as in the perioperative liver resection setting [90, 91]. In
the following paragraphs, we will review the evidence for HAI in these different categories.
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5.1. Unresectable liver metastases

In the literature, three meta-analyses [92-94] have undertaken comparisons of FUDR or
5-FU HAI versus systemic chemotherapy for the treatment of unresectable colorectal liver
metastases. Their results have been contradictory. In all three, the response rate has univer-
sally reported to be in favor of the loco-regional modality comparing to (currently obsolete)
systemic chemotherapy regimens. Moreover, while the two earlier meta-analyses [93, 94]
detected a survival advantage for HAI, the more recent one by Mocellin et al. failed to dem-
onstrate statistical survival superiority (15.9 versus 12.4 months, HR = 0.90, p = 0.24) [92].
However, these results should be interpreted with caution due to limitations in the studies’
designs, the use of old-fashioned chemotherapy regimens and selection bias.

Since these initial studies of HAI-FUDR/5-FU alone were reported, other treatment strategies
combining HAI and modern systemic chemotherapy have been tested in order to improve
long-term outcomes for patients with liver metastases in different settings. Along with the
improvement in systemic chemotherapy, HAI in combination with systemic chemotherapy
agents has been tested with some success in single-arm single institutional trials [95, 96]. In
the refractory setting for instance, Fazio et al. recruited 45 heavily treated colorectal cancer
patients with liver-only or liver-dominant metastases who were then exposed to HIA with
5-FU, cisplatin and mitomycin C using a temporary subclavian catheter [97]. Of the 44 patients
evaluable, 68% showed response to treatment (35% had a partial response and 33% stable dis-
ease). However, this strategy was not exempt from serious complications: grades 3—4 neutro-
penia and thrombocytopenia were reported in 22 and 15% of patients, respectively, and 20%
of the patients developed gastro-duodenal ulcers. Also in the pretreated setting, Boige et al.
conducted a retrospective study using HAI-oxaliplatin plus systemic 5-FU/ leucovorin (LV) in
44 patients after failure of prior systemic chemotherapy [98]. The authors reported an impres-
sive median overall survival and progression-free survival of 16 and 7 months, respectively.
Toxicity included grade 3—4 neutropenia (43%), grade 2-3 neuropathy (43%), and grade 3—4
abdominal pain (14%). Neyns et al. explored the combination of HAI and systemic cetuximab
for the treatment of colorectal cancer patients with liver metastases who failed at least one line
of treatment [99]. Although theirs’ was a very small early study (only eight patients included),
it showed that this combination may warrant further investigation.

HALI has also been investigated in patients with a priori unresectable liver metastases. One of
the first randomized studies comparing HAI plus systemic bolus 5-FU/LV (n = 40) versus HAI
alone (n=36) for patients with non-resectable liver metastases demonstrated an increase in sur-
vival in the combined group (20 versus 14 months, p =0.0033), although no significant increase
in response rate was seen [100]. With the introduction of better systemic chemotherapy, such as
oxaliplatin- or irinotecan-based regimens associated with HAI, the liver metastases conversion
rates seem to improve. There are several examples in the literature of prospective (although
small) trials combining HAI and systemic oxaliplatin- or irinotecan-based chemotherapy
showing encouraging conversion rates of approximately 25-50% [98, 101-103]. Kemeny et al.,
for instance, achieved a liver metastases conversion rate of 47% (and noted an even higher per-
centage, 57%, in chemotherapy-naive patients) in metastatic colorectal cancer patients treated
with HAI-FUDR plus systemic oxaliplatin and irinotecan [104]. Ninety-two percent of the total
49 patients had either complete (8%) or partial response (84%) leading to a median overall
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survival from the commencement of HAI therapy of 50.8 and 35 months for chemotherapy-
naive and previously treated patients, respectively. Ammori et al. also shared their 10-year
experience at the Memorial Sloan-Kettering Cancer Center using HAI and systemic chemo-
therapy for treating unresectable colorectal liver metastases, focusing on conversion to com-
plete hepatic resection (noted ablation was also permitted) [105]. A total of 373 patients were
retrospectively analyzed; 93 of them (25%) subsequently underwent complete liver resection/
ablation. Median overall survival for the patients who converted to complete resection was
59 months against 16 months among those who did not undergo surgery (p <0.001).

The literature also reveals several small studies which have combined HAI with systemic chemo-
therapy and monoclonal antibodies in attempts to further increase the liver metastases conversion
rates mentioned above. Although the results of these studies are promising, there is not enough
evidence to recommend this approach in current practice. In one such case, D’ Angelica et al.
found that 47% of their 49 patients treated with HAI-FUDR and systemic therapy (irinotecan,
bevacizumab and either oxaliplatin or 5FU/LV depending on existing baseline residual neuropa-
thy) were able to undergo complete resection [106]. Malka et al. investigated the efficacy and tol-
erability of HAI-oxaliplatin and 5-FU/LV and cetuximab in patients with unresectable colorectal
liver metastases in a phase II trial [107]. Approximately one-third of the patients (11 out of 36)
underwent subsequently complete liver resection and/or ablation. More recently, Lévi et al. also
examined the role of HAI and systemic cetuximab in unresectable liver metastases from wild-type
KRAS colorectal cancer in order to increase the conversion rate of curative liver resection [108].
Almost 30% of the patients in this phase II study were able to undergo RO/R1 resection achieving
median overall survival of 35.2 months and survival rate at 4 years of 37.4%.

5.2. Post resection of liver metastases

The role of postoperative HAI following complete liver resection has also been tested in sev-
eral randomized clinical trials comparing adjuvant HAI plus systemic chemotherapy versus
chemotherapy alone [109, 110]. A Cochrane review of seven randomized controlled trials did
not show significant long-term survival benefit for HAI (either FUDR or 5-FU) and systemic
chemotherapy (5-FU/LV) versus 5-FU/LV alone as an adjuvant treatment [111]. Subsequently,
the addition of newer (and improved) adjuvant chemotherapy regimens, such as FOLFOX,
FOLFIRI or capecitabine-oxaliplatin (CapOx) to a HAI pump has been also examined with
some promising results in early phase studies. Alberts et al., in a recent phase II study, inves-
tigated the combination of alternating HAI-FUDR and systemic CapOx following hepatic
resection for colorectal liver metastases [112]. These authors reported a two-year overall sur-
vival rate of 85%. Similarly in another phase I/II study, Kemeny et al. found a 2-year survival
rate of 89% among their 96 colon cancer patients treated with HAI-FUDR plus systemic irino-
tecan following complete hepatic resection [113]. We would like to mention two retrospective
comparative studies looking at the efficacy of adjuvant HAI-FUDR and systemic oxalipla-
tin- or irinotecan-containing-regimens versus systemic chemotherapy alone. These studies
suggest that patients who received HAI had better long-term outcomes compared with those
patients treated without HAIL With a median follow-up of 43 months, House et al. found a
higher 5-year survival among patients treated with HAI compared to patients treated with
systemic chemotherapy alone (72 versus 52%, respectively; p = 0.004) [114]. The 5-year hepatic
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recurrence-free survival was also improved (79 versus 55%, respectively; p < 0.001). More
recently, Koerkamp et al. reached the same conclusions after analyzing the outcomes of 1442
patients treated with adjuvant HAI in conjunction with oxaliplatin- or irinotecan-containing-
regimens following liver resection [115]. With a median follow-up of 55 months, the median
overall survival was 67 months with HAI versus 47 months without HAI (p < .001). It is
important to underline that just as in the adjuvant chemotherapy setting, not all chemothera-
peutic agents and targeted therapies have shown benefit following liver resection for hepatic
metastatic disease. Kemeny et al. tested the adjuvant combination of HAI plus oxaliplatin-
based therapy with/without bevacizumab [116]. In terms of efficacy, in this phase II study the
results were disappointing. Moreover, this strategy was also associated with an increase in
biliary toxicity leading to an early termination of the trial.

Several limitations exist on the use of HAI therapy for liver metastases. These include the lack of
standardized systemic chemotherapeutic regimens, the requirement of specific technical exper-
tise, and the potential for complications related either to the catheter (estimated at about 10% of
cases in experienced centers) and extrahepatic infusion (5-10%) [117, 118] or to drug-related tox-
icity (biliary sclerosis 5% with FUDR alone, and 10-20% in polychemotherapy and gastritis and
gastroduodenal ulcers in 15-20% of the patients according to some reported studies) [119, 120].

5.3. Summary

In summary, although there are prospective single arm studies showing promising results
with the combination of HAI and systemic chemotherapy in both postoperative treatment
after liver resection and conversion therapy for liver metastases, randomized phase III trials
are needed before HAI can feasibly become standard practice in the treatment of colorectal
liver metastases. At present, HAI therapy should only be considered as an option for rigor-
ously selected patients and only under the care of physicians and institutions with extensive
experience using this technique.

6. Conclusion

Alltreatment modalities have shown activity in differentlines of treatmentin CRLM. Consistent
across all treatments is the heterogenous nature of trials and the relative lack of randomized,
controlled trials with control arms which reflect current standard of care. SIRT and DEB-
TACE currently only have evidence that would support their use in patients with progression
after systemic therapy, with no survival benefit seen in first-line trials. RFA has shown evi-
dence of survival benefit in one RCT, however this has been criticized for imbalances in treat-
ment groups potentially confounding results. HAI has shown evidence of high response rates
and conversion of liver metastases to resection, however it lacks comparison to highly active
triplet chemotherapy which is current standard of care in this setting. All modalities are also
lacking in data on their effects on quality of life, which should always remain a consideration
in a mostly palliative population with not insignificant rates of serious toxicities observed for
all of these treatments. While further trials are developed to fill these gaps in knowledge, the
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use of local therapies needs to continue to be assessed on a case by case basis, weighing up
potential efficacy with costs, toxicity and quality of life of the patient.
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Abstract

Lung cancer is the biggest oncologic problem for global health, as it is the most deadly
and prevalent pathology after skin cancer. Two million patients are diagnosed every
year, and around 80% of them die due to the disease. Radiotherapy has been practiced for
decades to treat these patients, but recently, there has been important advances on this
treatment on early stages (I and II), as stereotactic radiation therapy is becoming crucial.
There has also been an increase on the importance of this treatment on more advanced
stages (III), since intensity-modulated radiation therapy has achieved the reduction of
undesirable side effects. The performance of stereotactic radiation at metastasis stages on
patients with oligometastasis has accomplished great results. Likewise, hypofractionated
treatments on polymetastatic patients have increased their quality of life.

Keywords: lung cancer, radiotherapy, IMRT, SBRT

1. Introduction

Lung cancer (LC) is the main cause of oncologic death in the world. It is a very important
public health problem, having over two million new cases diagnosed every year in the world
and almost 60% of them on undeveloped countries [1].

Rates vary around the world, Europe has the highest (53.5/100 thousand inhabitants) and
Africa the lowest (2/100 thousand inhabitants). In Uruguay, sadly, the incidence on men is
similar to that on Eastern Europe (50.11/100 thousand inhabitants). However, incidence on

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIEN
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Advances on diagnosis ® Timely diagnosis: screening with low-intensity scanner

® Precise staging: PET-CT on lung cancer. Fiber optic bronchoscopy on EBUS

Advances on staging ¢ New TNM classification
® Molecular classification of lung cancer (study of mutation EGFR, ALK, PD-L1, etc.)
Advances on surgical ® Less invasive surgery. Video-assisted thoracoscopic surgery (VATS), video-assisted

procedures mediastinoscopic lymphadenectomy (VAMLA), transcervical extended mediastinal
lymphadenectomy (TEMNLA)

Advances on * New chemotherapy drugs
systematic treatments Targeted treatments:
* Tumors with EGFR gene mutations—ITKS drugs (gefitinib, afatinib, erlotinib)
* Tumors with ALK gene changes (crizotinib)
* Antiangiogenesis agent (bevacizumab)
¢ Immunotherapy: PD-L1 tumors (nivolumab)
Advances on * Stereotactic body radiation therapy on patients with early tumors, stage I-IIA
radiotherapy treatment Radiosurgery on patients with oligometastasis

¢ Intensity-modulated radiation therapy for stage II and III patients

* Breathing control techniques. Four-dimensional computed tomography

Table 1. Advances on diagnosis and treatment of lung cancer.

women is significantly lower (9.95/100 thousand inhabitants), although with a tendency to
grow [2]. Even though the incidence and death rate for lung cancer on women is lower than
men, it has been acknowledged to be higher than breast cancer in some countries [3].

Usually, lung cancer patients are diagnosed at advanced stages, due to the fact that most of
the disease’s natural history develops asymptomatically. In these cases, the treatments have
not been sufficiently effective, and the death rate remains very high. However, in the last
decades, multiple advances have been made, which include diagnosis, assignation of sub-
groups, surgical treatments, systematic treatments (chemotherapy and targeted therapies),
and radiotherapy. All of these facts have helped lung cancer to become the main subject of
discussion in recent scientific meetings and oncologic congresses.

In Table 1, we will describe the main recent advances on the diagnosis and treatment of lung
cancer.

Radiotherapy is the most used treatment for lung cancer patients, because of its role on
both early (used exclusively or combined with chemotherapy, process of curative aim) and
advanced stages (palliative treatment). It is estimated that 80% of patients with lung cancer
diagnosis will receive radiotherapy at some point on their treatment [4, 5].

In this study, we will explain the new advances of radiotherapy on non-small cell lung cancer.



Radiation Therapy for Non-Small Cell Lung Cancer in the Twenty-First Century
http://dx.doi.org/10.5772/intechopen.76513

2. Radiotherapy on the treatment of lung cancer

Nowadays, radiotherapy plays an essential role in every stage of lung cancer treatment. On
each of these stages, advances have been made that enhance the results. These advances thanks
to better protection of the normal tissues, better definition of the tumors’ therapeutic target, that
moves normally with breathing, as well as an effective association with different drugs (chemo-
therapy, targeted drugs, and immunotherapy). In Table 2, we will explain the standard treat-
ments and the new advances of radiotherapy according to the different stages of AJCC [6, 7].

Stage Standard treatment Advances (advantages)

Stage I-1IA (tumors <5 cm) 1.Surgical resection SBRT (1-5 fractions, less death rate,

higher local control)
2.Traditional radiotherapy (60-66 Gy/30-

33 Fr)
Stage IIB-1II (big-sized tumors  1.Surgical resection IMRT
or with enlarged lymph nodes
gec ymp ) 23DcRT+ QT VMAT
4DCRT (better tolerance, higher local
control, unpleasant side effects reduced)
Stage IV (brain metastasis) 1.Surgical resection Stereotactic radiotherapy (SRT).

Stereotactic radiosurgery (SRS)
2.Whole brain and spinal cord radiation
therapy Hippocampus protection in

radiotherapy treatment

(noninvasive treatment, higher local
control, unpleasant side effects reduced)

Stage IV (oligometastasis) 1.Chemotherapy SBRT on oligometastasis

2.Targeted cancer therapies SBRT + immunotherapy

(better control on the disease, higher

3.Palliative radiotherapy survival rate)
urviv

Table 2. Standard radiotherapy treatments and advances on each stage of lung cancer.

3. Advances on the treatment of early LC (stereotactic body radiation
therapy, SBRT)

In most countries, the standard treatment for patients with early LC (I-IIA, less than 5 cm
size tumors, with absence of nodal involvement) remains to be surgery (lobectomy plus hilar
and ipsilateral mediastinal lymph node dissection) [6-12] (Figure 1). With this treatment, the
5-year survival rate is between 60-80% for patients at stage I and 30-50% for patients at stage
II. For those not apt for surgery, the standard treatment, until a couple years ago, was fraction-
ated radiotherapy for 6-7 weeks, with control rates of 30-70% [13].

109



110 Cancer Management and Therapy

TZhND
4 <Sem JF

20 NO
A T2a,,, . NO

1 T2a NO
(=3 =4 ¢cm)

TumoretTts

Figure 1. SBRT indications according to the stages of TNM UICC 8th edition (I-11A).

In the last decade, a new technique has been developed, called stereotactic body radiation ther-
apy (SBRT). After being used in malignant and benign intracranial injuries, it was extended
to other physical wounds. SBRT consists of the delivery of extremely high doses of radiation,
in little fractions, but with a precise delimitation of the treatment’s targets. This technique has
the potential of accomplishing similar results to those obtained with surgery but with very
low morbidity and mortality rates. It is performed on an outpatient basis and in 1-5 fractions
of 1 h each, during approximately a week. In Figure 2, it is clearly illustrated the difference
between three-dimensional radiation therapy (3D-CRT) and SBRT in the distribution of doses.

This technique was first used for treating lung cancer in 1995, and the results obtained so far
have been very encouraging [14]. In the past years, an increasing number of papers showing
similar results to those obtained with surgery have been published. This has coined the con-
cept of “conservatory lung cancer treatment,” similar to what happened with breast cancer
in the 1980s [15]. Nowadays, not only is this technique the most adequate to LC patients that
are not candidates to surgery, but it is also considered by some authors as a second “Gold
Standard” [16]. Recently, on a revision of the participant centers in the elaboration of the
NCCN (National Comprehensive Cancer Network) Guidelines, the existence of a wide varia-
tion in the local treatment of these patients was proved, which confirms a clear lack of level I

evidence to decide which treatment, surgery or SBRT, is the most adequate [17].

Around the same time, various studies that prove how important of a role does the low-
intensity scanner plays in the early diagnose of lung cancer have been published [18]. In most
clinical guidelines, there is a clear indication and a precise group of patients who are benefited
from this screening study; therefore, we hope that in our country, as well as in the rest of Latin
America, this procedure will become usual so that we can treat more patients at an early stage
of the disease. The upcoming situation will determine a challenge for the health authorities,
so an outpatient treatment of one to five applications with almost no death rate is perceived

as utterly interesting [19, 20].

The SBRT has permitted an increase in the number of patients who are treated with a cura-
tive aim, and the undesired effect rates are very low (especially pneumonitis, 3-6%), even for
those patients whose lung function is compromised, compared to radiotherapy in its three

dimensions [21-24].
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Figure 2. (A) Dose distribution and treatment beam on lung cancer T1bc (2.1 mm) NO MO treated with SBRT. (B) Same
case, with radiotherapy planning conformed of 3D. Note the difference and volume of the treated lung.

Recently, Stenan et al. have analyzed the advantages and disadvantages of both surgery and
SBRT that are explained in Table 3 [20].

To date, there are various retrospective studies that demonstrate tumor control rates higher
than 80%, with morbidity and mortality rates at a minimum (Table 4). A recent revision at SEER
(Surveillance, Epidemiology, and End Results Program) by Yale University’s group was pub-
lished by Yu et al. It includes a group of patients over age 67, treated between 2007 and 2009 with
LC at an early stage [30]. More than 1000 patients were checked, 367 treated with SBRT and 711
treated with surgery. The acute toxicity (0-1 month) was 7.9% for SBRT and 54.9% for surgery
(p <0.001). At 24 months, the difference in toxicity was not that significative (69% against 73.9%
p=0.31). The IRR of toxicity for SBRT against surgery was 0.74 (95% CI of 0.64-0.87). The mortal-
ity rate was lower for SBRT (23.3% vs. 40.1% p < 0.001). The main complications carried by sur-
gery in this study were, besides the pain caused to the patient, IAM, cardiac arrhythmias, TVP,
PTE, and pneumonia that are not registered at surgical operations. Every patient that was sub-
jected to surgery needed a hospitalization of at least 3 days in case no complications occurred.
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Surgery (lobectomy + hilum and mediastinal SRBT
lymphadenectomy)
Advantages: Advantages:
* Definite pathological diagnosis * Five-year survival rate of 90%
e Allows the diagnosis of lymph node involvement, ¢ OQutpatient treatment
which is redundant for selecting patients for adjuvant e Lung function and quality of life are preserved
treatment
* Minimal morbidity, almost no mortality
Disadvantages: Disadvantages:
* Procedure of high morbidity and mortality * No definitive pathological verification. Local fibro-

¢ Invasive procedure on patients who frequently suffer sis for RT may conceal a local recurrence

from associated comorbidities

Table 3. Advantages and disadvantages of SBRT and surgery on patients with lung cancer at early stages (I and IIA).

Initially, the selected patients had tumors at a peripheral level, due to the fact that, at first,
the analysis of the side effects seemed to be more important on the central injury [31-33].
Even at RTOG’s (Radiation Therapy Oncology Group) team, there was a denominated zone
of exclusion called “no fly zone.” However, this restriction is not that strong anymore, owing
to the fact that the fractionation must be adjusted and the restrictions of the organs at risk
maintained within the established limits [34]. In the first studies where some patients with
central tumors were included, some cases of high toxicity at a long run were described [35,
36]. Nevertheless, in most recent publications, where the number of fractions is higher and
the doses for each one are slightly reduced, similar results to those from peripheral tumors are
obtained. Table 5 presents in detail works that include patients with central tumors [37-42].
Baba et al. made a revision of 20 studies on more than 500 patients with central injuries treated
with SBRT. The toxicity levels III and IV were 8.6% and the death rate of the treatment was
2%, a bit higher than those patients with peripheral tumors. The 3-year local control rate was
60-100% and the survival rate was 50-75% [43].

Study No.of  Treatment Result Drawbacks
patients
Brown et al. [25] 59 15-67 Gy on 1-5 Fr  Five-year survival rate, free from  Pneumonitis G3, 7%
disease, of 90%
Negata et al. [26] 104 12Gyon1-14Fr  Three-year survival rate, free of =~ Dyspnea G3, 9%
progression, of 70% Preumonitis, 7%
Pain, 2%
Onishi et al. [27] 257 30-84 Gy on1-14  Five-year survival rate of 84% Lung complications G3,
Fr 5.4%
Esophageal
complications, 1%
Senthi et al. [28] 676 3-8 Fr (54-60 Gy)  Five-year survival rate of 89% No significant drawbacks
Ven der Voort et al. [29] 70 12-15 Gy x 3 Fr Two-year survival rate of 92% Late toxicity G3, 10%

Table 4. Initial retrospective studies. Fragmentation and results. SRBT on patients with lung cancer on stages I and IIA.
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Author No. of Tumor characteristics ~ Dosage Local control Survival rate

patients

Chang et al. [27] 27 48% T1-T2 40-50 Gy/5 Fr 3 patients
52% recurrence (40 Gy)

Milano et al. [38] 53 66% T1-T2 20-55 Gy/1-18 Fr 73%to 3 years  72% to 2 years
36% NSCLC with (T1-T2)
metastasis

Haasbeek et al. [39] 63 No T1-T3 60 Gy/8 Fr 92.5% to 5 years DFS 71%

SR 49.7%

Rowe et al. [40] 47 59% T1-T2 50 Gy/4 Fr Two local PFS 24% to 2 years
41% NSCLC failures

Oshiro et al. [41] 21 95% recurrence of 25-39 Gy/1-10 Fr  60% to 2 years ~ SR 62.2% to 2 years
NSCLC

Unger et al. [42] 20 85% NSCLC with 30-40 Gy/5 Fr 63% to 1 year SR 54% to 2 years
metastasis

Table 5. SBRT results on patients with non-small cell lung cancer (NSCLC) with focal injuries.

Table 6 describes the recommended treatment schemes for SBRT according to NCCN's
Clinical Guidelines. It also details the differences between the doses for each fraction on cen-
tral and peripheral tumors [9].

To date, it has not been published any randomized study that compares surgery to SBRT on
patients eligible for surgery, so the recommendations are based on retrospective works or
on a series of cases which mainly include noncandidate patients due to their comorbidity.
Mahmood et al. revised 19 works where high-risk surgery patients were submitted to subop-
timal resection (sublobar or wedge resection) or SBRT [44]. In this revision, it was proved a
local control of 90% with SBRT, similar results to those obtained with lobectomy on patients
with low risk but very much superior to the results obtained with suboptimal surgery. The
rate of local recurrence was 4% for SBRT and 20% for surgery (p = 0.07).

Most of the results obtained with SBRT on patients with low surgical risk come from informa-
tion given by patients who rejected surgery. To date at least three different studies have been
published that add a total of 260 cases. In these, the local control rate was 93% for T1 and 73%

Doses No. of Indication
fractions
25-34Gy 1 Small (<2 cm) peripheral tumors. More than 2 cm between chest wall
45-60Gy 3 Small peripheral tumors. Less than 2 cm between the chest wall
48-50Gy 4 Central or peripheral tumors, smaller than 4-5 cm, and less than 1 cm between the chest wall
50-55Gy 5 Central or peripheral tumors less than 1 cm between the chest wall
60-70Gy  8-10 Central tumors

Table 6. Fractioning on SBRT. Modified from NCCN [7].
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for T2. The 5-year survival rate was 72 and 62%, respectively, and the local and distant recur-
rence rate was 20% [45-47].

Zheng et al. published a meta-analysis in 2014 that includes every study published on non-small
cell lung cancer’s treatment between 2000 and 2012 [48]. Forty publications regarding SBRT are
included, from which 30 were retrospective (4800 patients) and 23 on surgery. The average age
was 74 years old for SBRT and 66 years old for surgery. The 1-year survival rate was 83.4% against
92.5%, 2-year survival rate was 56.6% against 77%, and 5-year survival rate was 41.2% against
66.1%. These results seemed to show a slight advantage for surgery patients. Nevertheless, when
the operable patients are studied and the data are organized by age, the chance of survival and
nonrecurrence is similar. These prove that the selection of treatments depends on the patients’
age; the youngers are usually treated with surgery and the older with SBRT.

To compare these two procedures directly, some randomized works have been developed,
among them, the “STAR” protocol, directed by MD Anderson’s team; the “ROSEL” protocol,
directed by a Dutch and German team; and, lastly, one by RTOG [46, 49, 50]. All of them include
patients with non-small cell lung cancer at stage I and tried to compare standard surgery, lobec-
tomy, and lymphoganglionar hilar-mediastinal dissection with SBRT. The three studies were
finished before time due to the difficulty in the inclusion of the patients, most of them rejected
the randomization to evaluate both treatments, of which none was better than the other, but
one implied a surgical intervention that the other did not. Chang et al. analyzed patients who
were included in two of these frustrated protocols, they were randomized, and the results were
published as a whole [51, 52]. Only 58 patients were included (31 for SBRT and 27 for surgery),
the average follow-up was 40.2 months, and the 3-year survival rate was 95% for SBRT and 79%
for surgery (p = 0.54). In the group conformed by patients on SBRT, 10% (three individuals)
presented some type of minimal adverse effect (chest pain 10%, dyspnea or cough 6%, and only
one patient presented rib fracture). On the other hand, in the group conformed by those who
were treated with surgery, one patient passed owing to complications during surgery (4%), and
44% (12 patients) presented some complications regarding G3-4 (RTOG's Toxicity Scale). This
author concludes that even though the quantity of patients is low and requires more complex
work, the SBRT is a clear valid option for treating non-small cell lung cancer patients at an
early stage. Other authors who reanalyzed the results obtained by these three studies wonder
whether the failure of inclusion of patients maintains the question or if it is an answer by itself.

Rusthoven et al. proposed that these results prove that similar changes to those occurred to
breast cancer’s conservatory treatments during the 1980s will happen to non-small cell lung
cancer’s treatments. It could be compared as well to localized and low-risk prostate cancer,
where radiotherapy and surgery are valid alternatives with very little difference between
them, even though there are no randomized works that compare them directly [53, 54]. This
situation in concern with the implementation of the low-intensity scanner on risk groups will
absolutely change the epidemiology, so a higher number of patients with Iung cancer will be
treated with a curative aim at the radiotherapy units.

Nowadays, there are various works in course: the RTOG 013 that analyzes a dose escalation on
focal tumors, smaller than 5 cm; the RTOG 0915 that compares different treatment schemes,
34Gy/1 fraction against 48 Gy in 4 fractions; the VALOR (Veterans Affair Lung Cancer Surgery
Or Stereotactic Radiotherapy) protocol from the USA; and the SABRTooth in the UK that tries
to answer various current questions [55, 56].
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Finally, studies have begun to question the necessity of a histological confirmation previous
to SBRT on patients with a suspicious lump on their lung and at high risk. In this sense, for
those who are submitted to lung cancer screening with a low-intensity scanner (older than
50-55 years old, younger than 74, and tobacco use exceeding 30 pack-years) and are as well
discovered a suspicious lung lump and submitted to surgery, many authors do not perform a
histological confirmation before the thoracotomy, due to the fact that the probability of malig-
nancy is higher than 65% and also the complication rate from the needle biopsy is high [57].
The importance of this situation increases for those patients who are SBRT candidates, as they
usually have higher comorbidity rates [58, 59]. Therefore, in recent publications, the necessity
of previous biopsy to SBRT is analyzed. The performance of algorithms that employ at least
two serial scans to evaluate the evolution of the patient, added to the use of PET-CT, benefits
the achievement of a high positive predictive factor. Recent studies show that the long-term
survival results from patients treated with SBRT with or without the previous biopsy are
similar, contrary to the popular belief that one may hope a higher survival rate for those not
confirmed for inclusion in this group without an oncologic pathology [60].

To sum up, we could say that patients with localized lung cancer, T1 and T2, without lymph
node involvement, conform a growing group due to the implementation of screening studies.
Radiotherapy with SBRT technique is one of the electable treatments, with encouraging
results and a low morbidity and mortality rate.

4. Advances on the treatment of advanced local nonmetastatic non-
small cell lung cancer: stages II and III

4.1. Intensity-modulated radiotherapy (IMRT)

4.1.1. Volumetric arc therapy (VMAT)

The standard treatment for patients with locally advanced NSCLC, on stages II and I1I, is sur-
gery. For those who are not eligible for it, the preferred treatment is combined chemotherapy
and radiotherapy [9, 61]. The most used drugs are explained in Table 7, but the analysis of the
different schemes is beyond the scope of this paper.

Chemotherapy schemes combined with radiotherapy, recommended by NCCN

Cisplatin 50 mg/m? days 1, 8, 29, and 36 + etoposide 50 mg/m? days 1-5, 29-33

Cisplatin 100 mg/m?* days 1 and 29 + vinblastine 5 mg/m?/weekly x 5

Carboplatin AUC 5 day 1 + pemetrexed 500 mg/m? day 1 every 21 days x 4 cycles (nonsquamous cancer)

Cisplatin 75 mg/m? day 1 + pemetrexed 500 mg/m? day 1 every 21 days x 3 cycles (nonsquamous cancer) + 4 cycles
of pemetrexed 500 mg/m?

Paclitaxel 45-50 mg/m?* weekly + carboplatin AUC 2 + 2 additional cycles of paclitaxel 200 mg/m?* and carboplatin
AUC6

Table 7. Schemes and drugs used on combined radiotherapy and chemotherapy on patients with non-small cell lung cancer.
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Radiotherapy is typically delivered in 30-35 fractions, five times a week until reaching a total
dose of 60-66 Gy [62-64]. Distant metastases are the main cause of failure on the treatment,
but 45% of the patients also present a persistence or local failure [64]. SBRT is not feasible for
this group of patients due to its volume.

For these patients, intensity-modulated radiotherapy (IMRT) and, more recently, volumetric
arc therapy (VMAT) have been established as electable techniques, due to its possibility to
improve tolerance, fundamentally by limiting the doses delivered to the esophagus (acute
toxicity) and to the lung parenchyma (late toxicity) [65] (Figure 3).

The combination of these treatment planning techniques added to the improvements on the
delimitation of volumes like scanner simulation on 4D, or the guided RT with images with
cone beam CT (a scanner in the same machine of treatment), allows to decrease the toxicity
and ensure a better distribution of doses on the treatment’s volumes [66].

Various studies that compare the different treatments, more precisely 3D-CRT (radiotherapy
conformed in three dimensions) vs. IMRT or VMAT*(VMAT, sophisticated RT IMRT tech-
nique characterized for the use of at least one dynamic arc that allows the quick delivery of
doses on irregular volumes), clearly show the advantages of the modern techniques in terms
of the medium dose on a healthy lung, lung V20, dose on the spinal cord, and dose on the
esophagus and heart [67, 68]. These modern techniques have spread very quickly to most of
the centers of reference. Most of the clinical comparisons between IMRT and 3DCRT are retro-
spective studies from separate institutions, with the limitations entailed to that notion [66]. An
analysis from the National Cancer Database from the USA shows that, with the use of 3DCRT
or IMRT, an improvement on the survival rate is obtained, compared to 2D techniques [69].
However, when we compare the 3D with IMRT in a separate way, the differences are not so
clear. On an analysis of the subgroups on patients at T3 and T4, the differences on favor to
IMRT are more evident [70].

Figure 3. IMRT. Volumes of treatment with IMRT-VMAT on a patient with lung cancer diagnosis T3 N1 M.
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In this respect, on a recent study on the protocol of the dose escalation for RTOG 0617,
where patients treated with IMRT and 3DCRT are included, it can be concluded that,
although the patients treated with IMRT had a PTV (Planning Treatment Volume) of
15% more and a higher percentage of stage IIIB tumors, the G3 pneumonitis rate was cut
from 7.9 to 3.5%. Moreover, the group treated with IMRT presented a larger number of
patients who were able to receive consolidated chemotherapy and reported lower cases
of impaired quality of life [67]. This paper shows as well that patients treated on larger
centers, where IMRT is used more frequently on treatments, have a higher 2-year survival
rate (10% more).

Currently, a group of investigators is analyzing the possibility of delivering a higher dose
on zones that are most metabolically active, detected by the PET-CT with [18] fluorodeoxy-
glucose, with IMRT techniques. These protocols that are based on the metabolic activity are
positively correlated with areas where developing a recurrence or lack of control is more
frequent [66].

5. Strategies for the handling of breathing movements

5.1.4DCT

An important challenge for lung cancer radiotherapy treatment is the management of the
physiological movements related to breathing. The lung tumors move during the breath-
ing, especially those closer to the diaphragmatic cupolas. Usually, to ensure the adequate
dose delivery to the tumor, a margin is left around it. For tumors that move, this procedure
presents some particular characteristics. For example, caudal skull movement is higher than
latero-lateral and anteroposterior movement.

Four-dimensional computed tomography (4DCT)isatechniquethatallowstheusertocharacter-
izeand quantify theinjury’smovement duringbreathing (Figures 4and5). Itisessential formore
sophisticated radiotherapy techniques such as SBRT, IMRT, or VMAT, where great precision
isneeded, as it allows to reduce the geographical miss (parts of the injury remains outside the
treatment’s range) and the volume of the healthy tissue surrounding the tumor [71].

With images obtained by 4DCT and the precise knowledge of the tumor’s movement, we
could make advances in many senses [72]:
1. Determine a margin around the tumor according to the movement, usually denominated

ITV (internal tumor volume).

2. Operate instruments that attempt to reduce the breathing movement (abdominal
compressor).

3. Use techniques that allow to perform the treatment during breathing, at a certain stage
called gating.

4. Operate radiotherapy robotic equipment that moves synchronized with breathing, “real
time tumor tracking” (CyberKnife).
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Figure 4. A 4DCT, appreciated on synchronized reconstructions with breathing signal (red curve on the bottom edge).
The top left image corresponds to movement of the tumor at inhalation (reconstruction of the images on point A of the
breathing signal). The top right image corresponds to the movement of the tumor at exhalation (reconstruction of images
on point B of the breathing signal).
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Figure 5. Device used to quantify the breathing movement on 4D scanner.
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5.2. Gating

On this technique, radiotherapy is practiced on a specific stage of the breathing cycle, usually
exhalation, and stops irradiating at the next stage, leaving the tumor out of the irradiation
area. It requires the adequate technology, collaboration from the patient, and training, so
that the cycle remains harmonious and stable [73, 74]. The election of one or another method
depends on each case’s preference and access.

6. Stereotactic radiotherapy on brain metastasis and hippocampus
protection

Approximately 20% of non-small cell lung cancer patients develop brain metastasis, and as
in small cell lung cancer, prophylactic cerebral irradiation is sometimes recommended [75].
This percentage increases as staging studies are performed on asymptomatic patients, also
when the systematic disease’s control is increased with new therapeutic means, such as che-
motherapy or targeted drugs. Brain metastasis’ prognosis varies based on the patient’s age,
overall health, the size and number of the metastasis, and the systematic control (or not) of the
disease [76, 77]. The standard treatment for patients with multiple metastases used to be, until
recently, whole brain radiotherapy, which achieved an average of 4- to 8-month survival.

On a group of patients with good prognosis, a limited number of injuries, young, overall
healthy, and with a relatively controlled systematic disease, the most aggressive metastasis
treatment, either surgery or radiosurgery, obtains an improvement on the survival rate as
well as on the quality of life [78, 79].

Radiosurgery for patients with brain metastasis must only be considered for those whose
injuries are not bigger than 3 cm. It consists of delivering only one fraction of radiation with
high doses and highest precision (1 mm). To date, there are no randomized studies that com-
pare radiosurgery to surgery, although it is believed that the second should be saved for big-
ger injuries, while radiosurgery is recommended when the metastases are multiple.

Even though the addition of whole brain radiotherapy benefits the raise of neurocognitive
alterations, it is not clear if it also improves the local disease control on patients undergoing
radiosurgery [80, 81].

Despite what was discussed before, for some patients who present a larger number of metastasis,
whole brain treatment cannot be avoided. Some preclinical studies proposed that the neurocog-
nitive deleterious effects are partly caused by the irradiation of the neuronal stem cells, located
on the lateral ventricles” subventricular zone and also on the hippocampus and the dentate gyrus
(both related to memory). These structures can be protected with the implementation of IMRT,
which has proved to decrease the decay of memory to 7%, compared to a previous 30% [82, 83].

7. Radiotherapy on oligometastasis

As we mentioned before, a large number of patients present metastasis at the time of their
diagnosis or during the evolution of the disease [84]. They receive a poor prognosis; however,
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those who present a limited number of injuries (for some authors up to six), seem to have a
less aggressive behavior and a better prognosis [85]. This group of patients suffers from oligo-
metastasis and could be benefitted from a more aggressive local treatment [9]. Just as a group
of patients with hepatic metastases from colorectal cancer has been established, there is also
a group of lung cancer patients who are benefited from a local control of the metastasis. In
this sense, SBRT, as previously mentioned, is a noninvasive treatment with little undesirable
effects. It has been successfully practiced, having controlled an 80% of the metastasis [86].

Recently, Iyengar et al. published the results of a randomized study that compares radiother-
apy on the primary tumor and metastasis (less than six) to combined chemotherapy against
only chemotherapy. These prove there is a difference in the progression-free survival (PFS)
of 9.7 against 3.5 months, respectively (p <0.01). This difference is also extremely higher than
that found on different chemotherapy schedules [87].

Other authors have also proved that the use of targeted drugs (erlotinib) added to SBRT for
patients with oligometastasis raises the PFS and the survival rate in relation to controls [88].

Certainly, big changes are occurring on the traditional concepts regarding this field and
patients with metastasis. In the near future, enormous advances are expected to be underway
on the field of combining radiotherapy with immunotherapy.

8. Radioimmunotherapy

For many years, radiotherapy has been known to be related to tumor immunotherapy, even
the abscopal effect, also known as bystander, was descripted 30 years ago. This effect refers to
the radiation’s impact outside the irradiated area, when a tumor injury is treated with radio-
therapy and another injury outside the irradiated area is reduced or disappears [89-91]. Ten
years ago, Formetti et al. related the bystander effect to immunity [92].

Nowadays it is known that the traditional paradigm that stated that the damage caused by
radiation was exclusively due to the effects on the irradiated cells’ DNA has become more
complex. Radiation causes a series of effects on the cells (tumors or not): inflammation, chain
activation, and complex metabolic steps [93]. A bigger number of inhibitors, signal transduc-
tion, related to DNA’s damage reparation have been described. These present a tremendous
opportunity to be used as interesting targets in new forms of treatments.

Recently, it has been proven that high doses of radiation, like those used on SBRT, cause
various immunomodulating effects, similar to those on vaccines [93]. It has been established,
for example, that performing a combination of radiotherapy and antibodies to treat some
antigens associated with T cytotoxic lymphocytes like CTLA-4 (which suppresses its activity)
results on a regression of the tumors that are not included in the volumes of radiation, pro-
ducing the bystander effect [94].

The basic mechanisms used on radiotherapy to interact with the immune system are extremely
complex and only partially known. The damage produced by radiotherapy when used on high
doses, like SBRT, happens on the intra-tumor blood vessels. Changes on the membrane-spanning
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molecule and the release of soluble mediators have been discovered, so that the dendritic cells are
stimulated, which also causes the stimulation of the T lymphocytes [92]. Radiotherapy induces
multiple immunological changes, such as the tumor cell’s death, thanks to the ionizing radia-
tion, the overregulation of immunogenic surface markers like MHC-1, and discharge of danger
signals or cytokine such as TNF-alfa. It also induces immunological death via calreticulin and
other reticulins, simultaneously to the tumor DNA’s exit and ATP, just as HMGB1 (high mobil-
ity group box 1 protein). These proteins are associated with chromatin and seem to have a big
impact on the triggering of immune response through the incentive of dendritic cells. It has also
been described the arrival of immunocompetent cells like cytotoxic T lymphocytes or the raise of
tumor antigens from dendritic cells, the transformation of macrophages activated by M1 or M2,
and the overregulation of surface antigen such as PD-L1 and other endless events [95] (Figure 6).

However, these effects get complex when the usual effects on traditional radiotherapy treat-
ment are studied, when low doses are used on big volumes. The effects may be different on
these treatments and also counterproductive from an immunological perspective, because of
the possible implementation of other mediators (e.g., TGF-3), added to the phenotypic alteration
of macrophages that are infiltrative tumors (M2 to M1). These would explain the nonstimula-
tion of immunological effects contemplated on high doses and small volumes, which is clearly
evidenced on immunosuppressive effects of radiotherapy on low doses and small volumes.

Therefore, this interaction of radiotherapy with different immunomodulating molecules is
being thoroughly studied. Various teams are working on the combination of SBRT and immu-
notherapy, which is one of the most advantageous treatments for different tumors, lung can-
cer among them [96-99].
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Figure 6. Molecular and cell effects that occur after the application of high doses of radiotherapy.
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9. Conclusion

Certainly, radiotherapy still plays an important role on lung cancer treatment. In recent years,
new sophisticated techniques have been developed and propelled themselves into different
stages of the treatment. SBRT is a valid mean for treating patients with located tumors, as it
presents surprising results and minimal side effects. This technique has been implemented on
groups of patients suffering from oligometastasis and has showed great improvements on the
survival rate. As previously mentioned, Iyengar et al. presented on the last ASTRO congress,
September of 2017, an even higher survival rate of 3.5-9.7 with the addition of SBRT on
patients suffering from oligometastasis. This kind of improvement has hardly been found on
other new drugs for chemotherapy.

Lastly, we have begun to understand the molecular mechanisms triggered by radiotherapy
with high doses, as the involved molecules are more familiar. These studies are the beginning
of a new treatment, the combination of SBRT and immunotherapy.
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Abstract

Objective: to review the most recent data on the impact of the primary treatment and
individual factors on ovarian cancer patient survival and to study it in a real world
population. Methods/materials: retrospective analysis of 147 consecutive ovarian cancer
patients treated with platin-based chemotherapy, either after primary debulking sur-
gery (PDS) (n = 94, 64%) or as neoadjuvant (NACT) treatment (53, 36%). Results: NACT
patients were older (64.3 vs. 58.2 years), with radiologically unresectable disease (74%)
and/or comorbidities (26%). Fifty-five percent of pts. submitted to PDS were staged III/
IV. Serous carcinomas were equally distributed (PDS-57% vs. NACT-60%) but endome-
trioid (20 vs. 4%) and carcinomas not otherwise specified (6 vs. 30%) were more fre-
quently diagnosed in the PDS and NACT group, respectively. Genetic diagnosis (24.4%):
11 BRCA1/2 and 1 RAD51C carriers identified. Residual disease after surgery was the
only significant prognostic factor for both relapse (HR = 2267) and death (HR = 1847).
Primary debulking surgery was associated with a significantly better PFS (HR = 0.541;
p =0.012) and with a trend to a better OS (HR = 0.714; p = 0.296). For pts. with III/IV dis-
ease OS was significantly superior in the PDS group. Conclusion: residual disease was
the only significant prognostic factor. Primary surgery was associated with a significantly
better PFS. The difference in OS was significant in stage III/IV patients. This reinforces the
importance of maximal cytoreduction.

Keywords: epithelial ovarian cancer, neoadjuvant therapy, primary surgery

1. Introduction

Ovarian cancer (OC) is the most lethal gynaecological malignancy in developed coun-
tries, with over 225.000 new cases and more than 140.000 deaths every year worldwide [1].
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Epithelial OC is currently divided into seven main subtypes: serous, endometrioid, clear
cell, mucinous, transitional cell, mixed and undifferentiated and unclassified OC [2]. Due to
inadequate screening and a lack of early clinical symptoms, 70% of women with OC present
with advanced disease, associated with high morbidity and mortality [1, 3]. The standard of
care for OC treatment comprises maximal cytoreductive resection aiming to remove all vis-
ible tumour tissue, followed by platinum-taxane chemotherapy [4]. However, most patients
relapse within the first 5 years after diagnosis, with a median progression-free survival (PFS)
of 11 to 18 months and a median overall survival (OS) of 24 to 38 months [5, 6]. Data from
the EUROCARE show a 5-year age-standardised relative survival of 37.6% [7]. Data from the
National Cancer Institute show a 5-year survival of 46.2% [8].

Many OC patient characteristics are associated with survival, like stage [9, 10], histology
[10-14], residual disease and debulking status after cytoreductive surgery [10, 12, 14, 15], type
of chemotherapy [6, 10, 13, 16] and BRCA status [17, 18]. Maximal surgery, even when total
absence of residual disease cannot be obtained, seems to relate to survival advantage [19]. The
expertise of the surgical team is important in providing optimal cytoreduction without com-
promising post-operative morbidity [20].

A subgroup of OC patients is found to have surgically unresectable cancer and prediction
criteria for suboptimal cytoreduction are important in treatment decisions. Studies using
computed tomography (CT) suggested that the presence of an omental cake extending to
the spleen, a diaphragm coated by tumour or lesions >2 cm in the suprarenal, para-aortic
lymph-nodes and porta hepatis, among others [21], were predictors of unresectable disease.
Other features predicting the outcome of cytoreduction correspond to traditionally difficult
anatomic locations, such as extensive upper abdominal disease [22]. Recently, the Society of
Gynecologic Oncology and the American Society of Clinical Oncology published the latest
guidelines on neoadjuvant chemotherapy (NACT), stating the predictors of suboptimal cyto-
reduction. These include radiological predictors, such as retroperitoneal lymph-nodes above
the renal hilum >1 cm, diffuse small bowel adhesions or thickening, small bowel mesentery
lesions >1 cm, root of the superior mesenteric artery lesions >1 cm, perisplenic lesions >1 cm,
lesser sac lesions >1 cm, and ascites on at least two-thirds of CT scan slices; and clinical predic-
tors such as age > 60 years and CA-125 > 500 U/mL [23].

Interval debulking surgery (IDS) after NACT for patients with unresectable disease criteria is
still controversial. A meta-analysis [24] suggested that NACT was associated with a worse out-
come, butin 2010 a study concluded that it was not inferior to primary debulking surgery (PDS)
in bulky stage IIIC or IV OC [25]. Moreover, it was associated to significantly lower adverse
effects, such as postoperative infections, venous complications, fistula and haemorrhage, as
well as lower postoperative mortality rates [25-27]. Other studies, such as the SCORPION
and the JCOGO0602 trials, seem to confirm these findings [23]. Some phase III trials suggested
that NACT would also lead to improved quality of life [28-30]. Preoperative predictors for
complete cytoreduction and outcomes from NACT are needed and subject of research [31].

The decision of treating advanced OC patients with NACT became more frequent [32], but
there are still unsolved issues. Staging is surgical and based on laparotomy findings. Residual
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disease after surgery is a major prognostic factor for survival [14, 25] and visual evaluation
by the surgeon is critical to conclude about intra-abdominal tumour spread. Whether the
surgeons’ statement of complete tumour resection is equal in primary surgery and in IDS
remains unclear. Microscopically carcinomatous areas may have a benign visual appearance
after NACT [33] interfering with the visual evaluation of tumour extension and potentially
leading to incomplete cytoreduction. Also, the possibility that NACT may induce platinum
resistance [34, 35] remains unclear. A recent study revealed that although the proportion of
platinum-resistant recurrence after NACT and IDS was superior, this difference was not sig-
nificant. A significant difference was only observed when women who had a recurrence were
retreated with platinum-based chemotherapy [36].

The highest risk associated with NACT may be that patients with significant side effects
and refractory disease will lose the opportunity for debulking surgery [37], although it
has been suggested that these patients have a poor prognosis and should be encouraged
to participate in clinical trials or to discontinue active cancer therapy [23]. Another limita-
tion of NACT is the insufficient data supporting the use of intraperitoneal (IP)/intravenous
(IV) chemotherapy as adjuvant treatment after NACT [23]. Recent results from the OV21/
PETROC trial seem to support that a carboplatin-based IP regimen, after NACT and deb-
ulking surgery, is well tolerated and associated with a higher PFS compared to IV therapy
(immature data) [38].

Besides patient characteristics, survival depends on treatment decisions and questions remain
about the reproducibility of study data in routine clinical practice. We tried to review the most
recent data on the primary treatment of OC and the factors that have impact on the survival of
these patients. Therefore, our objective was to characterise a consecutive series of OC patients
treated in our centre and to analyse the effect of patient variables and decision criteria on effi-
cacy outcomes for patients treated with either PDS or primary NACT.

2. Material and methods

This study is a retrospective analysis. It includes all patients with epithelial OC observed
in the Gynaecological Oncology multidisciplinary group of our centre and registered in the
South Portuguese Cancer Registry (ROR-Sul), between January 2006 and December 2011.
Medical records were reviewed, and demographic, clinical, surgical, pathologic, molecular
and follow-up information obtained. Optimal cytoreduction was defined as no macroscopic
residual disease at the end of surgery. Pathology data were collected from the pathology
report after citoreductive surgery. The chemotherapy regimen used was the doublet of carbo-
platin (AUC = 6) and paclitaxel (175 mg/m? of body surface). Progression data were obtained
from clinical notes: most were confirmed by CT scan and CA125 measurement criteria. In less
than 5% of cases, progression was assumed by CA125 measurement and clinical examina-
tion. Information concerning molecular testing was obtained from patients previously coun-
selled and given informed consent through procedures and forms approved by the Ethics
Committee.
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2.1. Statistics

Statistical analysis was performed with IBM SPSS Statistics software (version 23). Continuous
data (presented as the means + SD) that were normally distributed were analysed using
Student’s t-test, while data that were not normally distributed were analysed using the Mann-
Whitney U test. The Pearson’s exact chi-square or Fisher’s exact test were used to compare
the proportions between groups. Progression-free survival was defined as the time interval
between the end of primary treatment and the date of progression. If there was no docu-
mented recurrence, PFS was calculated from the end of primary treatment to the date of last
follow-up or death. Platinum-resistant relapse was defined as recurrence within 6 months of
primary treatment. Overall survival was defined as the time interval between date of diagno-
sis and date of death or last follow-up. Progression free survival and OS were analysed by the
log-rank test and the results were expressed as Kaplan-Meier plots. A Cox proportional haz-
ards model was estimated to assess the impact of different prognostic variables on survival. A
p value <0.05 was defined as statistically significant.

3. Results

3.1. Cases

Two hundred and fifty-seven patients were registered in the ROR-Sul database and 147 (58%)
of those received systemic treatment and were included in this analysis. Excluded patients
either were not submitted to surgery or chemotherapy in our centre, died without any spe-
cific treatment, had non-eligible neoplasia after surgery (3 mucinous adenocarcinomas of the
appendix) or were diagnosed with early stage disease with low-risk features (Figure 1).

Demographic and clinical characteristics are summarised in Table 1. All 147 patients were
treated with platin-based chemotherapy: either following primary surgery (n = 94, 64%) or
in the neoadjuvant setting (n = 53, 36%). The mean age at diagnosis was 60.4 years (25-89;
IC95% = [58.4-62.4]); patients in NACT group were older (64.3 vs. 58.2; p = 0.002) and we did
not observe age differences between advanced versus non-advanced stages, different histo-
logic subtypes or between platinum-resistant versus platinum-sensitive patients (p = 0.318;
p = 0.108; p = 0.774, respectively). More cases of advanced disease were treated with NACT
(6% stages IIIB, 83% IIIC-IV) as compared with primary surgery (27% stages IA-IC, 36% IIA-
B, 37% HIC-1V). The median number of chemotherapy cycles was superior in the NACT
group (8 vs. 6; p = 0.000). Macroscopic residual disease after debulking surgery (PDS or
IDS) was present in 46% of all cases (IC95% = [37%; 54%]) and was not associated with the
treatment modality (Pearson X2 = 0.001; p = 1.000). Most cases were serous, endometrioid or
carcinomas not otherwise specified (NOS) (58.5, 14.3 and 15%, respectively); 9 patients (6%)
had cancers with mucinous/clear cell histology. The proportion of serous carcinomas was
similar between groups. In the PDS group, a significantly higher proportion of endometrioid
tumours was observed (20 vs. 2%; p = 0.021) while carcinomas NOS were more frequent in the
NACT group (16 vs. 6%; p = 0.021). Thirty-six patients (24.4%) had information of molecular
testing: 23 in the PDS (7 BRCA carriers) and 13 in the NACT (4 BRCA carriers and 1 RAD51C
carrier) groups.
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Figure 1. Study design. OC: Ovarian cancer; PDS: Primary debulking surgery; NACT: Neoadjuvant chemotherapy; IDS:

Interval debulking surgery.

PDS (N =94) NACT-IDS (N =53) P
Age (mean, years) 58 (+12) 64 (+10) 0.002
Histology [N(%)]
Serous 54 (57.4) 32 (60.4) 0.021
Endometrioid 19 (20.4) 2(3.8)
Mucinous 3(3.2) 1(1.9)
Clear cell 4(4.3) 1(1.9)
Mixed 2(2.1) 0(0)
Poorly differentiated 6 (6.4) 1(1.9)
Carcinoma NOS 6(6.4) 16 (30.2)
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PDS (N =94) NACT-IDS (N =53) P
FIGO Stage [N(%)]
IA-IC 25 (26.6) — 0.000
ITA-IIC 17 (18.1) —
1A 5(5.3) —
111B 12 (12.8) 3(5.7)
1IC 21 (22.3) 15 (28.3)
v 14 (14.9) 29 (54.7)
Unknown — 6(11.3)
Nr of cycles (median) 6 (x1.3) 8 (x2.7) 0.000
Residual disease after debulking 60 (64) 29 (55) 1.000

surgery [N(%)]

Table 1. Demographic and clinical characteristics of the study population. PDS: Primary debulking surgery; NACT-
IDS: Neoadjuvant chemotherapy and interval debulking surgery; NOS: Not otherwise specified; Values for continuous
measurements are means, unless otherwise specified; FIGO: International Federation of Gynecology and Obstetrics.

3.2. Treatment decision

The decision for NACT was due mainly to radiological criteria: implants >2 cm outside the pelvis
(18 pts; 34%), lymphadenopathies above renal hilum (12 pts; 23%), subcapsular or Parenchymal
liver metastasis (8; 15%) or pre-sacred retroperitoneal disease (1 pt; 2%). In 14 pts (26%), comor-
bidities that contraindicated upfront surgery were also considered in the decision for NACT.

3.3. Efficacy analysis

For the total cohort, the median PFS and OS were 13.4 (IC95%= [9,3-17,5]) and 44.0
(IC95% = [29.7-58.3]) months, respectively. In the PDS group, PFS was significantly superior
(23.4 vs. 13.8 months; p = 0.010), even when restricting analysis to advanced stages (21.4 vs. 12.5
months; p =0.040). Patients with no macroscopic residual disease after debulking surgery had
superior PFS (27.0 vs. 14.0 months; p = 0.000).

For patients treated with PDS, OS was significantly superior (48.4 vs. 30.9 months; p = 0.001),
even when restricting the analysis to advanced stages (44.4 vs. 28.2 months; p=0.014) (Figure 2).

Patients with no macroscopic residual disease after debulking surgery had superior OS (52.7
vs. 36.0 months; p = 0.002) (Figure 3), as well as those with non-advanced stage disease (52.5
vs. 37.1 months; p = 0.009). Moreover, patients with platinum-sensitive relapse (>6 months)
had significantly superior OS (56.0 vs. 12.3 months; p = 0.000) (Figure 4), as compared to plati-
num resistant patients.

The Cox proportional hazards model (Table 2) allowed estimating the impact in survival
of factors such as age at diagnosis, histology, stage, platinum free interval, residual dis-
ease after debulking surgery and therapeutic modality. Adjusting for these variables, the
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Figure 2. Kaplan-Meier survival curves showing the PFS and OS rates of patients in the NACT/IDS vs. PDS groups (only
advanced stages) (7.3 vs. 13.4 months; p = 0.010 and 21.0 vs. 55.1 months; p = 0.001, respectively).
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Figure 3. Kaplan-Meier survival curves showing the PES and OS rates of patients with vs. without macroscopic residual
disease after debulking surgery (PFS: 9.9 vs. 25.1 months, p =0.000; as it did not fall below 50% at the time of the analysis,
it is not possible to estimate median OS, p = 0.002).

only statistically significant prognostic factor for both relapse and death was the presence
of macroscopic residual disease after surgery, with more than 2-fold higher risk of relapse
(HR =2267; p = 0.000) and 80% higher risk of death (HR = 1847; p = 0.036). Primary debulking
surgery was associated to a significantly better outcome, but only in terms of PFS (HR = 0.541;
p = 0.012), with no significant gain in OS compared to NACT, although there is a trend to a
better outcome (HR = 0.714; p = 0.296). Other factors, such as age, histology or advanced stage
did not have a significant effect on relapse. Platinum-resistant disease was associated with a
9-fold higher risk of death (HR = 8964; p = 0.000). There is a trend towards a worse prognosis
of advanced stage disease (HR =1293; p = 0.468) and towards a better outcome of serous his-
tology (HR = 0.847; p = 0.560).
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Figure 4. Kaplan—-Meier survival curves showing OS rates of patients with platinum-sensitive vs. platinum-resistant
relapse after primary treatment (63.0 vs. 8.0 months, p = 0.000).

(05 PFS
Coefficient ~ SE P HR (95% Coefficient  SE P HR (95% CI)
CD
Age 0.021 0.012 0.097 1021 0.004 0.008 0.559 1004
(0.996-1046) (0.990-1020)
Serous histology  -0.166 0.285 0.560 0.847 0.323 0.194 0.096 1381
(vs nonserous) (0.484-1481) (0.944-2020)
Advanced stage  0.257 0.354 0.468 1293 -0.315 0.243 0.195 0.730
(stage III-IV vs. (0.646-2590) (0.453-1176)
I-11)
Residual disease  0.603 0.293 0.036 1847 0.818 0.219 0.000 2267
(1040-3278) (1504-3416)
PDS (vs NACT)  -0.337 0.322 0.296 0.714 -0.615 0.244 0.012 0.541
(0.380-1344) (0.335-0.873)
Platinum 2193 0.300 0.000 8964 (4976~ — — — —
resistant disease 16.147)

Table 2. Multivariate Cox regression model. OS: overall survival; PFS: progression-free survival; SE: standard error;
HR: hazard ratio; CI: confidence interval; PDS (vs NACT): primary debulking surgery (vs neoadjuvant chemotherapy).



Treatment Decisions and Survival in Ovarian Cancer
http://dx.doi.org/10.5772/intechopen.75718

Ninety seven percent (97%) of patients relapsed and almost 1/3 of these (46 pts) had platinum-
resistant disease (31%; IC95% = [23%; 39%]). The treatment strategy (NACT vs. PDS) and
residual disease after debulking surgery were not associated with the occurrence of relapse
(Pearson X2 = 2318 and p = 0.297; Pearson X2 = 0.708 and p = 0.625, respectively).

At the time of this analysis, all BRCA carriers (7/7) in the PDS and 75% of BRCA carriers in the
NACT (3/4) group were alive as compared to 54 and 36% of patients with unknown BRCA
status, respectively.

4. Discussion

Between 2006 and 2011, NACT was decided as primary approach for advanced OC, mostly
for patients with radiologically determined unresectable disease and for older patients
with comorbidities. Independently of the therapeutic modality, non-advanced stage at
diagnosis and absence of residual disease after surgery were associated with progres-
sion free survival. Adjusting for age at diagnosis, histology, stage, platinum free inter-
val, residual disease after surgery and therapeutic modality (either NACT or PDS), the
only statistically significant prognostic factor for both relapse and death was the presence
of macroscopic residual disease after surgery. Primary debulking surgery was associated
with a significantly better outcome only in terms of PFS, although a trend to a better OS
was also observed. When analysis was restricted to stages IIIl and IV OS was significantly
superior in the PDS group, as compared with the NACT group. BRCA status was known
for a small proportion of patients in both groups, which limits statistical analysis and con-
clusions. However, it’s interesting to note that all known BRCA carriers in the PDS group
were alive at the time of this analysis, compared to only 75% after NACT-IDS. That hap-
pens for unknown BRCA status patients as well, but with a smaller difference between
groups (54 vs. 36%). Recent observations suggest a selection of tumour cell clones without
somatic loss of heterozygosity (LOH) for the wild-type allele of BRCA genes, during neo-
adjuvant therapy [39].

Patients treated with PDS had better outcome in terms of PES. This is not unexpected since
this group included patients with less advanced disease, but suggests that the cytotoxic treat-
ment before primary surgery in the NACT group could not counteract the bad prognosis asso-
ciated with advanced stage. This was observed even if patients in the NACT group received
a higher number of chemotherapy cycles (8 vs. 6; p = 0.000). Some authors have expressed
concern about the selection of resistant clones in patients submitted to NACT [34-36] but
we did not observe an association between the platinum free interval and the chosen treat-
ment approach (Pearson X2 = 3955 and p = 0.058). Patients with platinum-sensitive relapse
(>6 months) had significantly superior OS (56.0 vs. 12.3 months; p = 0.000), as compared to
platinum resistant patients. This was confirmed in the multivariate survival analysis, with
Cox model showing that platinum-resistant disease was associated with a 9-fold higher risk of
death (HR =8964; p =0.000). These findings should be carefully interpreted, since further lines
of treatment widely vary between platinum-sensitive and platinum-resistant populations.
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There is evidence that longer platinum-chemotherapy-free interval is associated with better
survival (especially PFS after further lines of treatment) [40], but although the platinum-free
interval is defined as the period of time from the last date of platinum dose until progressive
disease is documented, it does not take into account how progression is defined (CA125 alone,
radiological and symptomatic recurrence) [41].

The PDS group had a significantly higher number of patients with endometrioid histology.
This factor and more advanced cases in the NACT group, may have contributed to the better
outcomes in patients submitted to upfront surgery. The higher proportion of carcinoma NOS
in NACT group (16 vs. 6%; p = 0.021) is a limitation of our study, since consecutive pathology
review was not done. However, this finding is not unexpected in pathology reports of surgical
specimens after NACT.

We did not observe an improvement of optimal debulking rates with NACT, as macroscopic
residual disease after debulking surgery (PDS or IDS) was not associated with the treat-
ment strategy (Pearson X2 = 0.001; p = 1.000). In the 2010 EORTC-NCIC trial, no gross resid-
ual tumour after PDS was achieved in 19% of patients and after IDS in 51% of patients [25].
Progression-free survival and OS for both arms were 12 and 30 months, respectively. In our
cohort, cytoreduction was higher (36%) in the PDS group, as well as PES and OS (13.4 and
55.1 months, respectively). Cytoreduction rate for our NACT group (45%) was closer to the
rate described in the EORTC trial but our observations for PFS and OS were lower (7.3 and
21.0 months, respectively). Besides the expected differences between a randomised trial and
an observational study, stage IV patients were well-balanced between arms in the EORTC trial
but predominated in the NACT group (55 vs. 15%) of our study. In the CHORUS trial the com-
plete cytoreduction rate was inferior to the one in our cohort, both in PDS and NACT groups
(15 vs. 35%) but PFS and OS outcomes with NACT were better (10 and 23 months, respec-
tively) than with PDS (12 and 25 months, respectively) [42]. However, a recent observational
trial [32] showed NACT to be inferior to PDS in stage IIIC but superior in stage IV. It is impor-
tant to remember that, for this analysis, we considered complete cytoreduction as the absence
of macroscopic residual disease, even if, this was not the case for other studies [25, 32, 42].

Although retrospective, our study reflects how decisional criteria for both modalities were
applied in a group of consecutive, non-selected OC patients. Statistical methodologies were
selected according to the retrospective nature of the study: univariate analysis first identified
factors influencing the outcomes of these patients (other than primary treatment); these factors
were then integrated in the multivariate analysis (Cox regression model), to ascertain the effi-
cacy of each strategy, adjusting to variables previously identified as an influence to prognosis.
Limitations to this study are possible selection and recall bias, as well as unknown confounding
variables that may have a negative impact on the accuracy of the results. One example is the lim-
ited accuracy in determining performance status and comorbidities as criteria for the decision of
upfront treatment, although notes from multidisciplinary meetings were carefully reviewed. As
for the assessment of residual disease after debulking surgery, heterogeneity was observed due to
changing criteria for the classification of ideal resection during the period covered by our study.

In conclusion, the only significant prognostic factor for both relapse and death was the
presence of macroscopic residual disease after surgery, which enhances the importance of
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maximal cytoreduction in the primary treatment. As for the influence of treatment modality
on outcomes, PDS was associated to a significantly better PFS and a non-significant trend to
a better OS. Other factors, such as age, histology or advanced stage did not have a significant
effect on relapse. Our findings are in agreement with other studies [19, 20, 25, 32, 42, 43]
about the impact of optimal debulking surgery in survival of OC patients. This is observed
whether complete debulking is attained with easily resectable disease or extensive surgery.
It has also been shown that the impact of potentially negative biologic factors such as grade
and histology can be overcome by surgical debulking [43]. This is why surgical expertise plus
supportive management (antibiotics, blood banking, and intensive care) should parallel the
development of better systemic therapies.
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Abstract

Platinum-resistant ovarian cancer (OC) is one of the most lethal gynecological malignan-
cies that has shown minimal improvement in 5 year overall survival rates for the past
15 years. This chapter discusses the current targeted therapies that are being used or
evaluated as monotherapy and/or adjuvants to chemotherapeutic regimens in platinum-
resistant ovarian cancer. These therapeutics include focal adhesion kinase inhibitors
(FAK) such as defactinib, anti-angiogenic agents such as bevacizumab, poly(adenosine
diphosphate [ADP] ribose) polymerase (PARP) inhibitors such as olaparib, epidermal
growth factor receptor family targeting agents such as erlotinib, folate receptor antago-
nists such as farletuzumab, and insulin growth factor receptor inhibitors such as lin-
sitinib. The rationale for using immunotherapeutic agents will also be discussed. The
importance of combination strategies utilizing immunotherapies will be highlighted
with specific focus on immune checkpoint inhibitors that are currently in multiple clini-
cal trials assessing synergistic effects with targeted agents such as PARP inhibitors in
platinum-resistant OC. These therapeutic combinations have the potential to produce
substantial improvements in platinum-resistant OC treatment outcomes in the future.
Finally, the major challenges and limitation associated with these combination therapies
and strategies to overcome them will be explored.

Keywords: ovarian cancer, platinum resistance, targeted therapy, immunotherapy,
combination strategies

1. Introduction

Ovarian cancer (OC) is the leading cause of death from gynecologic malignancies in the
United States [1]. It is estimated that 22,240 women will be diagnosed with OC, and 14,080
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women will die of the disease in 2017 [1]. Ovarian malignancies can be primary (arising
from normal structures within the ovary) or secondary (arising from non-ovarian tissue).
Approximately 90% of all primary OC are epithelial carcinomas [2]. Epithelial ovarian
cancer (EOC) is sensitive to many chemotherapeutic agents, and the current standard
treatment consists of cytoreductive surgery followed by chemotherapy with platinum
compounds such as cisplatin or carboplatin and a taxane agent such as paclitaxel [3]. A
high percentage of patients with advanced EOC however, eventually develop recurrent
disease within 3 years and only 10-30% of patients presenting with stage III or IV disease
survive 5 years following initial diagnosis [3, 4]. This poor survival rate is mainly due to
the development of chemotherapy resistance following several rounds of treatment. In
many cases, initial recurrences are platinum-sensitive but the disease eventually becomes
platinum-resistant; which is defined as disease progressing within 6 months of platinum-
based therapy [4, 5]. Platinum-resistant patients are subsequently limited to non-plati-
num and non-taxane chemotherapy treatment options such as topotecan, gemcitabine,
and pegylated liposomal doxorubicin which have shown moderate therapeutic success
[6]. Alternative treatment options for platinum-resistant disease are, therefore, constantly
being explored and immunotherapy and targeted agents are increasingly undergoing clin-
ical trials which are showing positive results.

2. Platinum compounds and mechanisms of resistance

The serendipitous discovery that platinum coordination complexes blocked bacterial replica-
tion led to the hypothesis that these complexes could be of great clinical value as anti-tumor
agents [7]. Cis-diamminedichloroplatinum II (cisplatin) was the first drug in its class success-
fully marketed followed by carboplatin and oxaliplatin. All three drugs have similar mecha-
nisms of action. Cisplatin and carboplatin are approved for the treatment of OC; while tumor
cell resistance mechanisms to both drugs are similar they differ in their pharmacokinetic and
toxicity profiles [8]. Oxaliplatin is highly effective in colorectal cancers because it's mecha-
nism of action (MOA) is not limited to that of the other platinum compounds [8].

Cisplatin, the prototype platinum compound, is taken up into cells by passive diffusion or via
the active copper transporter 1 (CTR1) [9]. The subsequent activation of cisplatin is mediated
by the displacement of chloride atoms by water to form a highly reactive electrophile that tar-
gets nucleophilic sites on DNA and DNA-associated proteins. The N-7 guanine base is most
susceptible, although the O-6 guanine, N1, N3 adenine, and N3 cytosine are also targeted.
Cisplatin DNA interactions result in the formation of both mono- and bifunctional adducts
with the latter forming cis-Pt (NH3)2-d(GpG) at twice the rate of cis-Pt (NH3)2-d(ApG).
Interstrand crosslinks are not as common. The bulky adducts between DNA and cisplatin can
bend the helix and unwind DNA. The critical importance is the recognition of DNA-cisplatin
adducts by proteins that either initiate DNA repair by nucleotide excision repair (NER) or
inhibit repair through high mobility group (HMG) proteins. Platinum compounds are cell
cycle non-specific (CCNS) causing arrest in S5/G2 [9].
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Multiple mechanisms are thought to play a role in tumor cell resistance to cisplatin due to
the heterogeneity of the disease. Resistance to cisplatin typically confers resistance to carbo-
platin, but not to oxaliplatin. Some common mechanisms of tumor cell resistance to cisplatin
in OC includes increased repair to damaged DNA [10], drug efflux by copper efflux trans-
porters ATP7A [11] and ATP7B [12], reduced uptake by CTR1 [13], and increased expression
of glutathione and GSH-S-transferase, which are electron donors forming conjugates with
cisplatin and rendering it inactive [10]. Both increased efflux and reduced uptake result in
reduced drug accumulation. Overexpression of epidermal growth factor (EGF) and its recep-
tor (EGFR) in cancer cells are critical for growth and survival and EGFR overactivity using
autocrine and/or paracrine signals is associated with platinum resistance [14]. The overex-
pression of the tyrosine kinase; focal adhesion kinase, has also been linked to platinum resis-
tance in OC through several mechanisms including increased expression of the transcription
factor OCT4 and the cell surface protein N-cadherin, as well as increased aldehyde dehydro-
genase (ALDH) activity [15, 16].

3. Targeted therapies in platinum-resistant ovarian cancer

Although there are many chemotherapeutic agents available, the level of response of plati-
num-resistant ovarian cancer (OC-Pt) to these drugs is increasingly diminished as the disease
progresses [17]. In the past decade, this has fueled a consistent increase in the development of
targeted therapies aimed at either supplementing chemotherapeutic regimens or providing
novel monotherapy in OC-Pt [17]. Categories of targeted drugs that are undergoing clinical
trials or have received FDA approval for OC-Pt include focal adhesion kinase (FAK) inhibi-
tors, poly(adenosine diphosphate [ADP] ribose) polymerase (PARP) inhibitors, anti-angio-
genic agents, epidermal growth factor receptor targeting agents, folate receptor antagonists,
and insulin growth factor receptor inhibitors.

3.1. PARP inhibitors

PARP inhibitors are a group of targeted drugs that have been at the forefront of emerg-
ing OC-Pt therapeutics over the past decade [18, 19]. Human PARPs comprise a total of
17 enzymes [20]. The PARP-1 isoform was the first member of the family to be described
and it is the major active PARP enzyme in human cells with the remainder of activity
mainly attributed to the PARP-2 isoform [21]. Both PARP-1 and PARP-2 are DNA damage
repair enzymes [21]. Human PARP-1 (113 kDa) is a nuclear protein/enzyme which binds
with DNA and promotes DNA repair by releasing PARP-1 from DNA and allows recruit-
ment of proteins involved in both base excisional repair (BER) and homologous recom-
bination [22]. Human PARP-2 (62 kDa) is a nuclear protein that binds less efficiently to
DNA single-strand breaks but instead recognizes gaps and flap structures [23]. These DNA
repair properties of PARPs have made them important anticancer targets in a variety of
cancers including OC.
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The inhibition of PARP enzymes, especially PARP-1, results in an excess of single-strand
breaks, which subsequently causes double-strand breaks to occur as DNA replicates [24].
Under normal circumstances, defects such as double-strand breaks are usually repaired by
the homologous recombination process that involves breast cancer type susceptibility (BRCA)
proteins. Tumors with defective homologous recombination, including BRCA1/2-mutated
OCs, are therefore very sensitive to PARP inhibition [25].

PARP inhibitor drugs are able to cause cancer cell death by inhibiting repair of single-
strand breaks and subsequently trapping PARP on DNA, forming cytotoxic PARP-DNA
complexes [25]. Several small molecular PARP inhibitor drugs are now undergoing clinical
trials and two of them (olaparib and rucaparib) have already been approved by the FDA
for use in OC-Pt.

Olaparib (Lynparza), a product of AstraZeneca, received approval from the U.S. Food and
Drug Administration (FDA) in December 2014. Olaparib is an inhibitor of several PARP
enzymes, including PARP1, PARP2, and PARP3 [26]. The orally administered drug is used for
monotherapy in patients with germline BRCA-mutated advanced recurrent OC-Pt [26]. Phase
IT clinical trials have shown that olaparib significantly improves progression-free survival
(PES) in OC-Pt with similar rates of response reported in patients with BRCA1- and BRCA2-
mutated disease [26]. The most common side effects observed with olaparib were mild gas-
trointestinal irritation, anemia, and severe fatigue.

Rucaparib (Rubraca), a product of Clovis Oncology, was granted accelerated approval from
the FDA on December 19, 2016 for the treatment of patients with deleterious BRCA mutation
(germline and/or somatic) associated with advanced OC, which had been treated with two
or more chemotherapies that included those with OC-Pt. Rucaparib is also a non-specific
inhibitor of several PARP enzymes, including PARP1, PARP2, and PARP3 [27]. The ARIEL2
and Study 10 clinical trials produced critical integrated efficacy and safety data in OC-Pt
patients which showed that the average response rate was approximately 25% with minimal
differences between patients who harbored a BRCA1 mutation, and those who harbored a
BRCA2 mutation [27]. Adverse reactions to the drug included fatigue, anemia, dysgeusia, and
decreased appetite [27].

A third PARP inhibitor niraparib (Zejula), a product of Tesaro, was approved on March
27, 2017 to maintain treatment of adult patients with recurrent epithelial ovarian and fal-
lopian tube cancer that is completely or partially responsive to platinum-based chemother-
apy. Niraparib inhibits both PARP1 and PARP2 and currently has no specific indications in
OC-Pt [28].

It is generally accepted that the major categories of cancers that are sensitive to PARP inhibi-
tors are BRCA-mutated cancers. Interestingly, drug resistance to PARP inhibitors have been
linked to the development of secondary mutations in the BRCA gene themselves [29]. These
secondary mutations can restore functional BRCA1 or BRCA2 genes leading to deleterious
consequences in patients with cancer [29]. Other mechanisms of resistance to PARP inhibitors
include increased multi drug resistance protein-1 (MDR-1) activity, which leads to increased
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drug efflux from cancer cells as well as reduced expression of tumor suppressor p53-binding
protein 1 (TP53BP1), which is required for non-homologous end-joining DNA repair [30].
Many of these resistance mechanisms are active in OC-Pt [10-16] and therefore can poten-
tially circumvent the therapeutic effects of PARP inhibitors. Nonetheless, PARP inhibitors
show much promise in OC-Pt therapeutics.

3.2. Anti-angiogenic therapies

Solid tumors rely on neovascularization for growth and survival in hypoxic environments.
The process of angiogenesis is critical for normal ovarian function and for growth, devel-
opment, and metastasis of OC cells [31]. The hypoxic environment drives angiogenesis in
solid tumors which requires continual and persistent growth of new blood vessels [32]. Data
strongly suggest a close correlation between increased levels of hypoxia-inducible factor 1-a
(HIF 1-at); a transcription factor stabilized during hypoxia and vascular endothelial growth
factor (VEGF) in EOC [33]. VEGF is a potent pro-angiogenic growth factor that is upregu-
lated during hypoxia and is elevated in epithelial ovarian neoplasms [33]. VEGEF-A is a major
pro-angiogenic growth factor that binds to VEGF receptor-1 (VEGFR-1) and VEGF receptor-2
(VEGFR-2), although VEGFR2 is considered the major target. The VEGF-A/VEGFR-2 inter-
action activates the RAF/MAPK and PI3K/AKT signaling pathways favoring both prolifera-
tion and survival of endothelial cells. Intratumoral protein levels of VEGFR-2 were found
to be significantly higher in platinum-resistant OC compared to platinum-sensitive OC
patient tumors [34]. Many agents targeting angiogenesis have been developed and several
have shown some degree of clinical efficacy in OC-Pt. The anti-angiogenic group of drugs
include bevacizumab, aflibercept, nintedanib, trebananib, pazopanib, sunitinib, sorafenib,
and cediranib.

Bevacizumab (Avastin), a monoclonal antibody that binds to the vascular endothelial growth
factor (VEGF)-receptor ligand VEGF-A, is the most extensively investigated anti-angiogenic
agent in clinical OC research. Currently, it is the only anti-angiogenic drug that is FDA
approved for the treatment of OC as monotherapy or in combination regimens with pacli-
taxel, topotecan, doxorubicin (pegylated), carboplatin, or gemcitabine for recurrent OC-Pt
[35]. Bevacizumab potentiates the cytotoxic effect of chemotherapeutic agents by reducing
interstitial fluid pressure and vascular permeability to increase delivery of cytotoxic drugs to
cancer cells [35].

A phase Il trial of bevacizumab as a single agent in OC-Pt reported that 40.3% of these patients
survived progression free for at least 6 months while median PFS and overall survival were
4.7 and 17 months, respectively [36]. Common adverse effects related to bevacizumab were
hematologic and gastrointestinal [36].

Subsequent randomized phase III clinical trials focused on the use of bevacizumab with
standard chemotherapeutic regimens as first-line treatment in both platinum-sensitive
and platinum-resistant OC. AURELIA was the first randomized phase III trial (Study ID#:
NCT00976911) to evaluate combined bevacizumab with chemotherapy in OC-Pt [37]. All
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patients received standard chemotherapy with either paclitaxel or topotecan or liposomal
doxorubicin. Patients randomized to arm 2 of the study received bevacizumab (10 mg/kg
IV every 2 weeks or 15 mg/kg IV every 3 weeks) concomitantly. The study showed
improved PFS and overall response rate with no new safety concerns. The percentage
of adverse events associated with chemotherapy + bevacizumab was 57.0% versus 40.3%
(chemotherapy alone). Proteinuria and hypertension had the highest incidence rate,
whereas gastrointestinal perforations were comparable 2% (bevacizumab) versus 0%
(bevacizumab + chemotherapy). Treatment arms that consisted of a higher exposure to
chemotherapy in the bevacizumab + chemotherapy combined study group, had a higher
incidence rate of hand-foot syndrome and peripheral sensory neuropathy.

The topoisomerase I inhibitor Irinotecan (Camptosar), in combination with bevacizumab
was evaluated in recurrent OC in an open-label randomized phase III trial (Study ID#:
NCT01091259) [38]. This cohort included 19 patients with OC-Pt. The objective response rate
for all patients entered was 27.6% and the clinical benefit rate was 72.4%. Adverse events with
the addition of bevacizumab relative to GI toxicity was limited to <3% and considered accept-
able [38]. These studies show that it is clinically proven that bevacizumab + chemotherapy
demonstrate efficacy in OC-Pt and that safety can be achieved with the right dose and com-
bination of drugs.

Pazopanib (Votrient) is an oral anti-angiogenic multi-targeted tyrosine kinase inhibitor with
activity against VEGFR-1, 2, and 3. Pazopanib is currently FDA approved for advanced renal
cell carcinoma and soft tissue carcinoma. The PACOVAR study (Study ID#: NCT01238770)
evaluated pazopanib in combination with metronomic cyclophosphamide in 16 patients with
platinum-resistant EOC [39]. Metronomic chemotherapy is the close, regular administration
of chemotherapy drugs at low, minimally toxic doses, with no prolonged break periods. In
the PACOVAR study, median PFS and overall survival were 8.35 and 24.95 months, respec-
tively. The most common adverse events were elevation of liver enzymes, leukopenia, diar-
rhea, and fatigue. Altogether, five serious adverse events developed in four patients. The
study concluded that pazopanib + metronomic cyclophosphamide was a feasible regimen for
patients with recurrent OC-Pt.

Pazopanib has also shown promising results in mice injected with a highly aggressive cis-
platin-resistant SKOV-3 clone of OC cells in combination with metronomic oral topotecan
(toperisomerase I inhibitor) [40].

Aflibercept (Ziv-aflibercept/VEGEF-trap) mimics the VEGF receptor and has similar ligand
binding components to VEGFR-1 and VEGFR-2 [41]. Aflibercept binds to circulating VEGFs
and acts like a “VEGF trap” [42]. This primarily results in suppression of VEGF-A and
VEGE-B activity and subsequently inhibits the growth of new blood vessels in tumors [42].
Aflibercept was administered at two doses in a randomized, double-blind, phase II trial that
assessed response evaluation criteria in solid tumor response rates, as a single agent treat-
ment in recurrent OC-Pt (Study ID#: NCT00327171). The study concluded that the treat-
ment was well tolerated by the patients but the required objective response rate endpoint
was not achieved [43]. The participants in this study had received 3-4 prior chemotherapy
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lines and were resistant to liposomal doxorubicin or topotecan. Hypertension was the most
common toxicity observed.

3.3. Focal adhesion kinase (FAK) inhibitors

Focal adhesion kinase (FAK) is a non-receptor cytoplasmic tyrosine kinase that is encoded by
the protein tyrosine kinase 2 (PTK2) gene, and is found in most tissues in the human body
[44]. PTK2 gene amplification with subsequent increased activation through phosphoryla-
tion occurs in many OCs, where it is involved in promoting cancer cell migration, invasion,
adhesion, proliferation, and survival [45-47]. High FAK activity is generally associated with
worse overall cancer patient survival [48, 49]. Several studies have shown that FAK expres-
sion is significantly increased in OC-Pt, and that this platinum resistance is associated with
increased tumor-associated aldehyde dehydrogenase (ALDH) activity, as well as overexpres-
sion of X-linked inhibitor of apoptosis (XIAP) [16, 50]. We have also demonstrated in our
studies that platinum-resistant OC cells are resensitized to cisplatin when co-treated with a
FAK inhibitor [15].

Several FAK inhibitors have been developed to prevent FAK activation by blocking its phos-
phorylation sites; which halts its downstream signaling pathways with subsequent reduc-
tion in ovarian tumorigenesis and cancer progression. A few of these drugs are now in
clinical trials. The FAK inhibitor defactinib from Verastem was evaluated in a phase I study
(Study ID#: NCT00787033) which found that OC-Pt patients achieved a prolonged PFS [51].
Defactinib produced grade 1-2 adverse events that were easily managed and reversible,
even with continued dosing [51]. A phase I/Ib, open-label (Study ID#: NCT01778803) multi-
center, dose-escalation trial of paclitaxel in combination with defactinib was subsequently
initiated in OC-Pt patients with advanced cancers [52]. The combination was found to be
efficacious with no apparent increase in the severity and incidence of paclitaxel-related
toxicities.

A phase I/Ib, open-label, multi-center, dose-escalation, and dose expansion trial (Study ID#:
NCT02943317) to evaluate the safety, efficacy, pharmacokinetics, and pharmacodynamics of
defactinib in combination with the human monoclonal PD-L1 antibody avelumab in recurrent
or refractory stage III-IV OC is currently ongoing, and is expected to enroll approximately
100 patients at up to 15 sites across the United States. The FAK inhibitor GSK2256098 was also
evaluated in a phase I clinical trial (Study ID#: NCT01138033) in patients with advanced solid
tumors including OC-Pt [53]. GSK2256098 significantly reduced FAK activity in tumors of
patients that received the drug at a dose of 750 mg twice daily.

FAK inhibition is still an emerging area in OC-Pt therapeutics and many clinical trials are
underway that will provide more insight into their efficacy in different histological types of OC.

3.4. Folate receptor antagonists

Folate receptors (FRs) are proteins that bind folate with high affinity. The FR-a and FR-3
isoforms are well characterized as membrane-bound receptors that facilitate the binding
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and subsequent internalization of folate compounds and their chemical derivatives [54].
The FR-a receptor is significantly overexpressed in EOC where it promotes tumor growth
by either an aberrant folate uptake mechanism or dysregulated signaling pathways [55]. The
FR-a receptor can also induce platinum resistance by regulating the expression of apopto-
sis-related molecules; Bcl-2 and Bax and a higher expression of FR-a level has been linked
to poor prognosis in OC patients [56]. These properties of the FR-a receptor makes it a
prime therapeutic target for OC. In recent years, two drugs (vintafolide and farletuzumab)
have gained relevance as FR-a receptor antagonist applicable in OC-Pt. Farletuzumab
(MORADb-003), a monoclonal antibody to FR-a was evaluated in a phase III trial (Study ID#:
NCT00738699) in combination with paclitaxel for advanced OC-Pt patients [57]. The drug
was developed by Morphotek and the study was unfortunately discontinued because of
minimal changes in PFS and the occurrence of serious adverse events including neutropenia
and atrial fibrillation [57].

Vintafolide (originally known as EC145), is a water-soluble derivative of folic acid that is
conjugated to the vinca alkaloid ‘desacetylvinblastine hydrazide’ [58]. The combination of
vintafolide with pegylated liposomal doxorubicin (PLD) produced a statistically significant
increase in PFS for OC-Pt patients [59]. This result was the outcome of the PRECEDENT
trial; a randomized phase Il study, that compared the combination of vintafolide + PLD with
PLD alone [59]. Patients with FR positive cancer showed improved PFS compared to no PFS
benefits in FR negative patients. After this successful phase Il trial, a phase III trial called the
PROCEED study was initiated (Study ID#: NCT01170650) to further evaluate the efficacy
and safety of the vintafolide + PLD (Doxil) combination in OC-Pt patients. The main goal of
the study is to determine PFS using version 1.1 of the response evaluation criteria in solid
tumor (RECIST), and etarfolatide imaging to determine patients FR status [55]. Etarfolatide
is a non-invasive, folate receptor-targeting companion imaging agent, which consists of a
small molecule targeting the folate receptor and an imaging agent, which is based on tech-
netium-99 m [55].

The targeting of the FR receptor appears to be promising strategy for OC-Pt cancer subsets
that significantly overexpress these receptors. New folate conjugates are in development and
this area of therapeutics is expected to consistently improve.

3.5. Insulin-like growth factor receptor inhibitors

The insulin-like growth factor (IGF) system consists of IGF-I, IGF-1I, their target receptors
(IGF-IR, IGF-IIR, insulin receptor (IR), and the insulin-related receptor (IRR)) as well as a
family of six different IGF-binding proteins (IGFBPs) [60]. Upon binding of IGFs to IGF-1R
and IR (but not IRR and IGF-2R), many signaling pathways can be activated. These down-
stream signaling mechanisms include the Ras-Raf-MAPK and PI3K-Akt transduction path-
ways. These transduction mechanisms result in stimulation of cell proliferation, motility, and
inhibition of apoptosis [60]. All IGF-signaling system components are expressed in OC and
likewise stimulate cell proliferation, invasive, and angiogenic activity of OC cells [61]. More
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importantly, IGF-IR/IR inhibition in platinum-resistant ovarian cancer cells resensitizes
them to the cytotoxic effects of cisplatin; indicating a role of the IGF system in OC-Pt [62].
This highlights a therapeutic opportunity for insulin and insulin-like growth factor receptor
inhibition.

In the past few years, a number of inhibitors targeting the IGFR/IR have been developed,
including antibodies against the receptors and small molecule receptor kinase inhibitors [63].
A trial (Study ID#: NCT01708161) with ganitumab (developed by Amgen), a human mono-
clonal antibody against IGF-IR, has been completed in patients with solid tumors including
OC-Pts. This was a multi-center, open-label, phase Ib/II study. The aim of the phase Ib arm,
was to estimate the median toxic doses and/or identify the recommended phase II dose(s)
for the combination of BYL719 (a PI3K inhibitor) and ganitumab [64]. The phase II arm
assessed the clinical efficacy and safety of the combination in OC patient populations includ-
ing PIK3CA-mutated or -amplified OCs [64]. Data from this study are yet to be released, but
will provide insight on the effect of ganitumab in OC-Pt.

A phase I/II trial (Study ID#: NCT00889382) with the small molecule, dual IGF-1R/IR tyro-
sine kinase inhibitor linsitinib (OSI-906) has also been completed [65]. The study evaluated
intermittent and continuous linsitinib dosing and weekly paclitaxel in patients with recurrent
EOCs including OC-Pts as well as other solid cancer types (endometrial and primary perito-
neal) [65]. Of the 58 patients treated in the study, 3 OC patients showed a partial response, and
stable disease was achieved in 10 OC patients. Pharmacokinetic studies showed no significant
interactions when linsitinib was administered 2 h prior to paclitaxel. The most common drug-
related toxicities were fatigue, nausea, hyperglycemia and drug eruption. Other details of the
study outcomes related to PFS have not yet been published.

Many compounds are constantly being screened for IGF-IR inhibitory activity, but the simi-
larity between the IGF-IR and the IR receptor presents a challenge for developing selective
inhibitors for the IGF-IR. The main concern with this lack of selectivity is that dual inhibitors
of IR and IGF-IR, has resulted in hyperglycemia in many clinical trials. This is a major hurdle
to overcome in this area of OC therapeutics.

3.6. Epidermal growth factor receptor/human epidermal growth factor receptor
family

The epidermal growth factor receptor (EGFR) is a member of the tyrosine kinase family of
growth factor receptors. These receptors play a direct role in regulating cell proliferation,
apoptosis, survival, cell differentiation, and migration [14]. The ERbB family of receptor
tyrosine kinases includes EGFR (also known as HER1/ErbB1), EGFR2 (HER2/neu/ERbB2),
HER3/ErbB3, and HER4/ErbB4 [66]. Dysregulation of the EGFR function has been linked
to the pathology of OC [14] but evidence is conflicting; as other studies have not found
strong evidence of a direct link between EGFR expression and function and OC progres-
sion. Many factors have been suggested for the mixed results; these include variability in
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experimental methods, detection procedures, and scoring metrics. Despite the variable
study outcomes in OC, evidence supports dysregulated EGFR ligand and receptor expres-
sion, heterologous regulation by GPCR ligands, and other non-ligand stimuli initiating
chronic activation of EGFRs [14]. This chronic stimulation favors tumor development and
progression [14].

The current therapeutic strategy is to inhibit EGFR activity using small molecule tyrosine kinase
inhibitors or monoclonal antibodies [67]. Clinical trials have been conducted using the following
agents alone and in combination: cetuximab, gefitinib, erlotinib, trastuzumab, and pertuzumab.
These treatment regimens were evaluated in patients with recurrent or progressive disease,
platinum-sensitive disease, and platinum-resistant/refractory disease among others [67].

Of note, the PENELOPE phase III trial investigated the efficacy of pertuzumab in combination
with chemotherapy (single-agent topotecan, weekly paclitaxel, or gemcitabine) for treatment
of platinum-resistant patients with downregulated human epidermal growth factor 3 (HER3)
mRNA expression [68]. The results showed no significant improvement in PFS for the primary
analysis (stratified hazard ratio, 0.74; 95% CI, 0.50-1.11; P = 0.14; median PFS, 4.3 months for
pertuzumab plus chemotherapy versus 2.6 months for placebo plus chemotherapy). The study
concluded that pertuzumab has the potential to be investigated further despite the lack of sig-
nificance. To date, clinical trials evaluating anti-EGFR and HER therapies have shown minimal
improvement in OC-Pt treatment outcome. Further studies evaluating inhibitors of downstream
signaling and simultaneous antagonism of the EGFR and HER have been recommended [66].

4. Inmunotherapy and advances in immunotherapeutic combination
strategies in ovarian cancer

Current chemotherapeutic regimens for OC-Pt patients whether monotherapy or combinato-
rial are inadequate. Immunotherapeutic approaches are now being increasingly explored for
these patients where a therapeutic ceiling has been reached with standard chemotherapy.
Immunotherapy in OC-Pt patients is just emerging and is currently restricted to clinical trials
that have shown promising results. The American Cancer Society defines cancer immuno-
therapy as ‘treatment that uses your body's own immune system to help fight cancer’. Within
the tumor microenvironment, the pathological interactions between cancer cells and immune
cells is complex and most events spiral into an immunosuppression that causes tumor cells
to proliferate and evade immune system attack [69]. There are several categories of immu-
notherapeutic agents that either stimulate the body’s immune system’s ability to eradicate
cancer cells (e.g. cancer vaccines and adoptive T cell transfer), target proteins on the surface
of T cells that prevent them from attacking cancer cells (e.g. immune checkpoint inhibitors),
or identify specific abnormalities on the surface of cancer cells that render them susceptible to
targeted agents (e.g. monoclonal antibodies) [69]. Many of these drugs are being evaluated in
OC-Pt patients and are discussed below.
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4.1. Immune checkpoint inhibitors

Checkpoint proteins are molecules found on the surface of T cells that prevent them from
attacking cancer cells [70]. Two such proteins are cytotoxic T lymphocyte antigen-4 (CTLA-4)
and programmed death-1 (PD-1) [71]. PD-1 is expressed on the surface of activated T cells
and its ligands, PD-L1 and PD-L2 are found on the surface of dendritic cells or macrophages
[70]. Interaction of PD-1 with either PD-L1 or PD-L2 results in inhibition of T cell signaling,
reduction in T cell numbers, and increased susceptibility of T cells to apoptosis [71]. CTLA-4
regulates T cell priming and activation in the initiation phase of the immune response [71].
The high expression of PD-L1 and PD-L2 on OC cells is associated with shorter PFS [72].
Similarly, evidence suggests that OC patients with low CTLA-4-mediated signals have a bet-
ter prognosis than patients with high CTLA-4 activity [73].

4.1.1. Anti-PD-1/PD-L1 antibodies

Several antibodies directed against PD-1 (pembrolizumab, nivolumab, and avelumab),
PD-L1 (atezolizumab and durvalumab), and CTLA-4 (ipilimumab) have been evaluated
in OC. Nivolumab (Opdivo) is a fully humanized IgG4 antibody that blocks the engage-
ment of PD-1-by-PD-1 ligands [74]. Nivolumab was administered every 2 weeks to patients
with advanced or relapsed OC-Pt and response rate was assessed by RECIST [74]. The
study included 15 OC-Pt patients and the drug showed encouraging clinical efficacy. Some
adverse drug reactions including fever, disorientation, and gait disturbance were observed.
A dose escalation study (Study ID#: UMIN000005714) is now under way as a second arm
of this trial.

Avelumab (Bavencio) is a fully human monoclonal antibody of isotype IgG1 that targets
PD-L1. It was evaluated in a phase Ib (Study ID#: NCT01772004) expansion study in 75
patients with recurrent/refractory OC which included OC-Pt [75]. Of this cohort, 8 patients
showed a partial response and 33 patients displayed stable disease, which was reported as a
disease control rate of 54.7%.

One other phase Ib study (KEYNOTE-028/Study ID#: NCT02054806) evaluated the anti-
tumor activity and safety of pembrolizumab (Keytruda) in patients with PD-L1 positive
advanced OC which included patients refractory to platinum therapy [76]. Pembrolizumab
is a humanized antibody that binds to and blocks PD-1. PD-1 blockade with pembroli-
zumab was well tolerated and displayed anti-tumor activity. Of the 26 patients enrolled
in the study, 1 achieved complete response, 2 partial response, and 6 had stable disease.
The most common adverse events were fatigue (42.3%), anemia (30.8%), and decreased
appetite (30.8%).

The role of the PD-1/PD-L1 axis is continuously been studied and characterized in OC and
with new information on OC-Pt immunogenicity emerging consistently, this disease is
expected to remain a focused target of PD-1/PD-L1 based therapeutics.

157



158 Cancer Management and Therapy

4.1.2. Anti-CTLA4 antibodies

Inhibition of CTLA-4 during the T cell priming/activation step leads to dysregulated expan-
sion of auto-reactive T cells, including tumor-specific T cells [73]. The anti-CTLA 4 monoclo-
nal antibody ipilimumab (Yervoy) has shown anti-tumor effect in stage IV OC. Ipilimumab
is a recombinant human monoclonal antibody (IgG1 kappa immunoglobin) that antagonizes
the CTLA-4 immune checkpoint. The administration of ipilimumab to 11 stage IV OC patients
previously vaccinated with granulocyte-macrophage colony-stimulating factor (GM-CSF)-
modified irradiated autologous tumor cells showed promising results [77]. Ipilimumab
caused a reduction or stabilization of CA-125 levels in these patients and no serious toxicities
directly attributable to the antibody were observed.

Tremelimumab is a fully human IgG2 monoclonal antibody to CTLA-4. The combination
of tremelimumab with the immunotherapeutic agent durvalumab is currently undergoing
a phase I trial (Study ID#: NCT01975831) which includes OC-Pt patients [78]. The primary
endpoints of this study are to evaluate safety and identify the maximum tolerated dose of
the combination. The secondary objectives are to determine effects on tumor response and
PES. Preliminary data show that the combination has a manageable safety profile, with evi-
dence of clinical activity. Trials with anti-CTLA-4 inhibitors in other cancer types have been
associated with significant immune-related toxicities [79], and this might be the major limita-
tion in terms of advancing their application in OC-Pt. More clinical trials are needed in this
area of OC-Pt therapeutics.

4.2. Cancer vaccines

The aim of vaccinations in cancer patients is to sensitize the immune system to recognize,
target, and eradicate tumor cells in an approach that employs both adaptive and innate
immunity [80]. Vaccines aim to provoke a tumor-specific immune response by increasing
tumor-associated antigen (TAA) presentation by antigen-presenting cells (APCs) which sub-
sequently generates tumor-antigen specific cytotoxic T lymphocytes [80].

Dendritic cell, peptide, and recombinant viral vaccines are the main types currently undergo-
ing clinical trials for OC. One promising TAA for dendritic cell vaccines is mucin 1 (MUC-
1). MUC-1 is a heavily glycosylated, type 1 transmembrane protein that is overexpressed in
a large number of cancers including OCs [81]. While multiple MUC-1 vaccines are now in
development, CVac (developed by Prima BioMed) is the leading candidate for OC. In the
CAN-003 phase II study, 63 confirmed Stage III or IV OC patients received CVac [82]. While
the study cohort did not disclose if the patient cohort included OC-Pts, CVac demonstrated
positive trends in progression free survival and immune responses and further studies in
OC-Pt patients are warranted.

A dendritic cell vaccine pulsed with autologous hypochlorous acid-oxidized OC lysate was
also evaluated in a pilot study (Study ID#: NCT01132014) of five subjects with recurrent OC
[83]. Of the five patients who received the DC vaccine, two had PFS of 24 months or more.
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Peptide vaccines rely primarily on the immunogenicity of the injected peptides to stimulate
an immune response. In the cancer setting, the peptides chosen for the vaccine are TAAs.

A phase I trial of the NY-ESO-1 OLP vaccine showed promising results in advanced OC
patients that initially received chemotherapy with at least one platinum-based chemotherapy
regimen [84]. NY-ESO-1 OLP contains synthetic overlapping long peptides (OLP) from the
cancer-testis antigen NY-ESO-1 [84]. The vaccine was found to be safe and rapidly induced
consistent integrated immune responses in nearly all vaccinated patients. A phase I/IIb multi-
center study was also conducted to evaluate the safety and immunogenicity of the anti-idio-
typic antibody vaccine ACA125 in 119 patients with advanced ovarian carcinoma (including
OC-Pt patients) [85]. ACA125 functionally imitates the tumor antigen CA125. Preliminary
evidence demonstrated safety and immunogenicity of the vaccine. The study data has not
reveal conclusions regarding OC-Pt subgroups and this requires further evaluation.

Recombinant viral vaccines utilize genetically modified viruses as vectors for introducing
TAA-encoding DNA into cells within the body. PANVAC is a vaccine with payload delivered
through two viral vectors: recombinant vaccinia and recombinant fowlpox [86]. The vectors
contain transgenes for the tumor-associated antigens epithelial mucin 1 (MUC-1) and carci-
noembryonic antigen (CEA). Overexpression of MUC-1 and CEA is seen in OC [87, 88]. In a
pilot study of PANVAC in 14 OC patients (including OC-Pt), median time to progression was
2 months and median OS was 15.0 months [86].

4.3. Adoptive cell therapy

Adoptive cell therapy (ACT) involves the infusion of tumor antigen cells to stimulate innate
anti-tumor immunity and induce cancer regression [89]. A pilot study in which seven patients
with recurrent local OC were given multiple cycles of intraperitoneal infusions of autologous
MUCI1 peptide-stimulated cytotoxic T lymphocytes has been completed [90]. Clinical benefit
was seen in only one patient who was disease free >12 years. While it is difficult to interpret
this information in the context of OC-Pt, the study is worth mentioning as at least one patient
had received prior platinum therapy.

A phase I clinical trial of adoptive transfer of folate receptor-alpha-redirected autologous
T cells for recurrent OC cancer was initiated to establish the safety and proof of concept of
autologous FRa-redirected T cells administered intravenously, in subjects with recurrent
stage II to IV FRa-positive epithelial ovarian carcinoma (including OC-Pt subgroups) [91]. It
is also possible that ACT can be used in combination strategies but the challenge with solid
tumors such as OCs; is that tumor microenvironment immunity can cause immunosuppres-
sion and render ACT ineffective.

4.4. Toll-like receptors agonists (TLRs)

Toll-like receptors (TLRs) comprise a family of 13 receptors found on hematopoietic and non-
hematopoietic cells [92]. The TLRS subtype is mainly found in monocytes and dendritic cells
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and it plays an important role in the immune response by recognizing single-stranded RNAs
as its natural ligand. Motolimod (Motolid/formerly known as VTX2337) is a synthetic, small
molecule, selective agonist of TLRS that stimulates natural killer cell activity and enhances
antibody-dependent cellular cytotoxicity [92]. A phase Il randomized, double-blind, placebo-
controlled study (Study ID#: NCT01294293), evaluated chemo-immunotherapy combination
using motolimod with PLD in recurrent or persistent OC [92]. While the addition of moto-
limod to PLD did not significantly improve overall survival or PFS, the combination was
well tolerated, with no synergistic or unexpected serious toxicity. Another phase II study is
also now underway (Study ID#: NCT01666444) in patients with recurrent or persistent epi-
thelial ovarian, fallopian tube, or primary peritoneal cancer. The purpose of this study is to
compare the overall survival of patients treated with motolimod + PLD versus those treated
with PLD alone in women with recurrent or persistent, epithelial ovarian, fallopian tube, or
primary peritoneal cancer. This study will provide further insight on the future of motolimod
in OC-Pt.

5. Combination strategies with immunotherapy

Over the past decade we have learned that OC in general responds poorly (11-25% over-
all) to single-agent immunotherapy; especially checkpoint blocking strategies [93]. There
is very limited data regarding response rates of OC-Pt subgroups specifically, but in most
cases these cohorts of patients are integrated in general OC study data, suggesting similar
patterns of response. When reviewed collectively, the data suggest that efficient anti-tumor
immune response is likely to require combinatorial therapeutic strategies that simultaneously
target different stages of tumor escape. Combinations involving immune checkpoint inhibi-
tors, anti-angiogenic agents, and PARP inhibitors are gaining momentum in clinical OC-Pt
research and are highlighted below.

5.1. Checkpoint inhibitor + PARP inhibitor

Currently, several trials combining PARP and immune checkpoint inhibitors are ongoing [94].
An open-label dose escalation study (Study ID#: NCT02485990) of tremelimumab alone or
combined with olaparib for recurrent or persistent OC is currently recruiting participants.
This study is aimed at determining what dose of tremelimumab and olaparib is safe and effec-
tive in patients with persistent OC including those with OC-Pt.

A phase I/II Study (Study ID#: NCT02484404) of durvalumab in combination with olaparib
and/or cediranib for advanced solid tumors including OC-Pt is currently recruiting. The
aim of the phase I arm is to determine the safety of the combination of durvalumab with
olaparib or cediranib. Phase II studies will determine the efficacy of these combination in
treating OC.

The TOPACIO trial (Study ID#: NCT02657889) will evaluate niraparib in combination
with pembrolizumab in patients with triple-negative breast cancer or OC-Pt. The primary
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outcome measures are to determine dose-limiting toxicities of combination treatment
with niraparib and pembrolizumab and to determine the objective response rate using
RECISTv1.1.

5.2. PARP inhibitor + anti-angiogenic agent

The OCTOVA study (Study ID#: NCT03117933), is currently recruiting participants for a
randomized phase 1II trial investigating the efficacy of chemotherapy plus olaparib and
cediranib combination therapy in patients with BRCA-mutated OC-Pt. Patients will be
randomized to one of three treatment groups: olaparib only, olaparib and cediranib, and
the control group paclitaxel. The aim is to compare efficacy and tolerability of the three
treatments.

5.3. Checkpoint inhibitor + anti-angiogenic agent

A phase II study (Study ID#: NCT02659384) to evaluate the combination of atezolizumab plus
bevacizumab and acetylsalicylic acid in recurrent OC-Pt is currently recruiting. The primary
aim is to determine PFS at 6 months by RECIST.

5.4. Checkpoint inhibitors + cancer vaccine

The administration of ipilimumab in 11 patients with metastatic ovarian carcinoma after
vaccination with irradiated autologous tumor cells engineered to secrete GM-CSF (GVAX),
showed promising results [95]. Three patients achieved stable disease as measured by CA-125
levels, and one patient achieved an objective response by radiographic criteria and main-
tained disease control over 4 years with regular infusions of anti-CTLA-4 antibody.

6. Challenges and future perspectives

There are still many hurdles to overcome in the treatment of OC-Pt but some progress has
been made in recent years, especially with the development of new immunotherapeutic
agents. The good news is that OC cancer is a targetable tumor and although the OC-Pt
subgroup of patients have biologically distinct tumors, both targeted therapies and immu-
notherapy offer an opportunity to uniquely address these differences. As new agents are
developed in these categories, the main challenge with existing and future clinical trials will
be the risk of adverse events and toxicities, especially with combination immunotherapeutic
regimens, where there is an elevated risk for adverse immune events. A second challenge
is the optimization of the dose and schedule of immunotherapeutic combinations in order
to maximize the overall risk-benefit profile of a given combination. This requires multiple
clinical trials with dose escalation studies that can be expensive. This approach is necessary
however, especially in the setting of platinum-resistant OC cancer where much research is
still needed.
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Abstract

Ductal carcinoma in situ (DCIS) represents a challenge for the breast unit team, begin-
ning from its difficult radiological detection and continuing with its controversial
multimodal treatment and management. With the introduction of the mammographic
screening, DCIS has become a common diagnosis. In fact, today DCIS is mostly identi-
fied by mammography or magnetic resonance imaging (MRI). The increased prevalence
of DCIS diagnosis, in the past, raised the problem of the therapeutic management. In
this chapter, the breast and axillary surgery in case of DCIS and the most controversial
aspects regarding DCIS management are reviewed based on international guidelines and
on the current literature.

Keywords: ductal carcinoma in situ, ductal intraepithelial neoplasia, breast-conserving
surgery, sentinel lymph node biopsy, breast cancer, breast surgery

1. Introduction

Ductal carcinoma in situ (DCIS) represents a current challenge for the breast specialists,
beginning from its difficult radiological detection and continuing with its controversial surgi-
cal and nonsurgical management. In this chapter, breast surgery and axillary surgery in case
of DCIS are reviewed, as well as some aspects of its preoperative evaluation, based on the
more recent international guidelines, and the controversial issues are discussed.
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2. Histopathological aspects

The breast gland contains a ductal system that, with successive branches, ends distally in the
terminal ductal-lobular units. Ducts and lobules are coated with two types of cells: luminal
epithelial cells and myoepithelial cells. The myoepithelial cells contain myofilaments, have con-
tractile capacity, and form a network structure located on the basal membrane. Histologically,
the retention of the myoepithelial cell layer helps to distinguish in situ forms from invasive ones.

DCIS is a neoplastic breast lesion, characterized by the presence in the ductal-lobular terminal
unit of a malignant epithelial cell clone that does not exceed the basal membrane. DCIS includes
a spectrum of different lesions from the histological point of view, with different architecture,
nuclear morphology, degree, and the eventual presence of necrosis and calcifications.

DCIS has been historically divided into five histological subtypes, based on the tumor cell
growth modality: comedogenic, solid, cribriform, papillary, and micropapillary; however, in
most cases the appearance is composite.

Comedogenic DCIS is characterized by a solid proliferation of large pleomorphic cells, with
abundant eosinophilic cytoplasm and high-grade hyperchromatic nuclei. A peculiar aspect of
this DCIS is the presence of central necrosis which may give place to dystrophic calcifications,
which are usually detected by mammography as clustered microcalcifications. Frequently, these
lesions contain periductal fibrosis, due to the fibroblast response in the surrounding stroma, and
a chronic inflammation component which may sometimes make these lesions clinically palpable.

Noncomedogenic DCIS consists of a population of smaller and monomorphic neoplastic cells,
with variable nuclear grading. Necrosis is minimal or absent and the periductal fibrosis is
unfrequent. In the cribriform subtype, neoformed glandular spaces are uniformly distributed
and have a regular shape. In the solid DCIS, neoplastic cells completely fill in the interested
tissue. The papillary subtype grows, giving rise to papillary formations with the fibrovas-
cular axis missing in the micropapillary DCIS, also characterized by interstitial papillary
protrusions.

The importance of this morphological classification has been downsized in recent years since
this distinction does not take into account important prognostic factors such as nuclear grading,
necrosis, and architecture [1, 2]. However, a distinction between comedogenic and noncomedo-
genic DCIS remains very significant, because of the poorer prognosis of the comedogenic type,
which is at higher risk of evolution toward invasive carcinoma and of local recurrence [3].

Several classifications were subsequently proposed [1], taking into consideration nuclear
grading, presence of necrosis, histological architecture and pattern, lesion size, number of
involved ducts, cell polarization, and positivity for some receptors. The most used classifica-
tion systems are those endowed with prognostic power.

2.1. Natural history

Several recent studies have shown that invasive breast cancer results from a progression of
in situ cancer that proliferates and increases to overcome the basal membrane of the ductal
epithelium, thus becoming infiltrating. However, the probability that all invasive carcinomas



Breast and Axilla Treatment in Ductal Carcinoma In Situ
http://dx.doi.org/10.5772/intechopen.74340

originate from in situ forms is difficult to demonstrate, despite the many studies that have
tried different approaches to achieve this. In particular, some studies focused on women with
untreated DCIS, and some others used animals, as well as genomic studies of expression of
cellular markers.

DCIS greatly differs from benign proliferative breast lesions for its biological and clinical fea-
tures. Alterations in the normal number of chromosomes occur in the evolution of breast
lesions from benign hyperplasia to preinvasive malignant forms [4]. Heterozygosis lost occurs
in more than 70% of high-grade DCIS, in 35-40% of atypical ductal hyperplasia, and in 0% of
normal mammary tissue samples [5-7]. The p53 oncosuppressor gene is mutated in 25% of
DCIS and only rarely in benign breast lesions [8]. Genomic analyses identified some genetic
alterations related to the nuclear grading of DCIS [9]: loss of genetic material in the chro-
mosome 16q resulted associated with well or moderately differentiated DCIS, while DNA
amplifications were related to a poorer differentiation. Thereafter, the genetic characteristics
of DCIS were also compared with those of the adjacent invasive cell carcinomas, showing
almost identical patterns.

Several other studies reported genetic similarities between invasive carcinoma and DCIS,
especially high-grade DCIS, supporting the hypothesis that invasive carcinomas derive from
the progression of preexisting DCIS [4, 10, 11]. The first step might be the abnormal response
to growth factors, for example, mediated by estrogen receptors, which let the benign cells lose
their ability to respond to normal apoptosis signals. Then, there would be the loss of function
of some oncosuppressor genes as p53, the acquisition of some genetic instability with the
loss of heterozygosity, and the onset of abnormal oncogenes such as HER2/neu. Finally, also
changes in the surrounding stroma and neoangiogenesis occur, so that the preinvasive lesion
becomes capable of invading the surrounding tissues for an imbalance between the gain of
function by malignant cells and loss of function by the surrounding normal cells.

Many of the typical molecular characteristics of invasive lesions are already present in DCIS,
such as genetic mutations, oncogenic expression, and loss of normal cell cycle regulation abil-
ity. The expression of molecular markers seems to have many points in common between in
situ and invasive ductal carcinoma, supporting again the evolution of invasive carcinoma
from DCIS. In the following section, these markers are discussed.

2.2. Biomolecular markers

The estrogen receptor is expressed in about 60% of DCIS [1] especially in those that exhibit
less aggressive histological features such as low grading of differentiation and necrosis. The
progesterone receptor expression seems to be consensual to that of the estrogen receptor.

HER2/neu is a member of the epidermal growth factor receptor (EGFR) family and is rou-
tinely studied in invasive carcinomas. It seems to be expressed by more than 40% of DCIS,
especially by high-grade or comedogenic ones [12], so it would appear to be expressed in
these lesions with a much higher frequency than that of invasive forms.

The expression of markers differs according to the nuclear grading of DCIS. In fact, consid-
ering only low-grade DCIS, some studies showed that in over 90% of cases it expresses the
estrogen receptor, while in less than 20% of cases, it overexpresses HER2/neu or presents p53
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mutations. In contrast, HER2/neu overexpression and p53 mutations are found in two thirds
of high-grade DCIS, which expresses the estrogen receptor in only the 25% of cases.

2.3. Multifocal and multicentric disease

For its ability to spread within the ductal system, DCIS frequently presents with multiple out-
breaks within the same quadrant (multifocality) or in different quadrants (multicentricity).
Multifocality occurs in two thirds of patients with low- or intermediate-grade DCIS, charac-
terized by a discontinuous growth. On the other hand, high-grade lesions tend to be continu-
ous, with neoplastic cell outbreaks usually not farer than 5 mm [4, 13, 14]. Other reports, albeit
with lower incidence, show a higher frequency of multifocality and multicentricity in DCIS,
and many authors highlighted how mammography is less sensitive than magnetic resonance
imaging in such cases and underestimates the extent of the disease [4, 15].

In a very old study, Lagios and colleagues found that the incidence of multicentricity increases
with the lesion size [16]. In addition, DCIS can spread through the ducts within the ductal sys-
tem to reach the nipple, without ever overcoming the basal membrane. This mode of growth
characterizes Paget’s disease of the nipple, a rare manifestation of breast cancer that occurs
with crusty and pruriginous nipple erythema.

3. Diagnosis and imaging

In the past, DCIS was clinically identified by objective examination by the presence of nipple
discharge, Paget’s disease, or a palpable mass. Today, clinical finding is rare, and DCIS is
mostly identified by mammography or magnetic resonance imaging.

3.1. Mammography

The sensitivity of mammography in detecting DCIS varies in the literature between 87 and
95% [17-19]. In a comparative study of mammographic and anatomopathological findings,
the number of high-grade lesions not detected in mammography was significantly low [18].
Microcalcifications are the expression of cellular debris and calcified secretions within the
intraductal lumen; can be extremely variable in size, shape, and appearance; and account for
about 60-75% of all mammographic abnormalities in case of DCIS [20-25].

The diagnostic approach to breast microcalcifications is the analysis of morphology, distribu-
tion, and eventual modifications over time. According to the terminology of BI-RADS, the
morphology can be classified as “pleomorphic,” “linear,” “branched linear,” “amorphous,”
or “indistinct.” The distribution of calcifications can be widespread or scattered throughout
the breast, regional or distributed within a large volume of breast tissue (>2 cc), clustered if
there are at least five calcifications in a small breast volume, segmental in the case where cal-
cific deposits lie in ducts or branches of a lobe or breast segment.

Considering the changes in microcalcifications over time, in the presence of doubtful but
probably benign mammographic findings, the absence of modifications after a certain period
of time is reassuring. On the other hand, as underlined in a retrospective study, in the case
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of suspicious microcalcifications, the morphological aspect stability is not enough to exclude
malignancy [26]. In this study, 25% of patients with malignancy finding at biopsy had micro-
calcifications with a stable appearance for 8-63 months. It is thus evident that morphology
and distribution of microcalcifications are much more relevant in the decision-making pro-
cess of clinicians.

Several studies attempted to correlate the appearance of microcalcifications and other DCIS
mammographic findings with the biology of these lesions [13, 20, 21, 26-34]. The layout of cal-
cifications reflects the localization of DCIS in the ductal system. Calcifications in a subareolar
major duct may appear as a bundle of calcifications oriented toward the nipple. Calcifications
in smaller ducts may have a branched appearance that reflects the extralobular endpoints,
where most of the carcinomas originate. A branched radial pattern of calcifications means that
intralobular endpoints are involved [21].

In several studies, most DCIS presented with granular microcalcifications [20, 27-31], but a
radio-pathological correlation study showed that the histological type of DCIS cannot be accu-
rately determined on the basis of the morphological aspect of microcalcifications found in mam-
mography [31]. However, in this study, almost 80% of linear microcalcifications were associated
with the comedogenic subtype, while granular microcalcifications were associated with non-
comedogenic DCIS subtypes in more than half cases [31]. Fine pleomorphic or linear-branching
calcifications were significantly associated with high-grade DCIS and necrosis [25, 31], whereas
round calcifications were significantly associated with low-grade DCIS [25]. Similarly, other
mammographic studies showed that linear calcifications are most frequently expression of
high-grade DCIS, while fine granular ones are more typical of well-differentiated DCIS [32-35].

Although microcalcifications are the most frequent mammographic finding in the diagnosis
of DCIS, this may assume less commonly other radiological aspects. Various studies in the
literature report more than 10% of DCIS presenting with solid mass aspect, usually with well-
defined margins [20, 21, 25]. This percentage rises if narrowing the survey to low-grade DCIS
[17]. A mass-like aspect of DCIS may be the direct manifestation of a soft tissue mass or may
be the result of periductal fibrosis, causing in this latter case an irregular or a bulging aspect
of the mass [36].

Further mammographic manifestations include architectural distortion and focal asymme-
tries. Architectural distortion may also be determined by the sclerosis of the interstitial tissue
surrounding the DCIS [21] or the tumor invasion of Cooper’s ligament [37]. Many low-grade
DCIS appear to be mammographic masses or asymmetries [25] and, as a result, appear more
frequently to be noncalcific lesions [34, 36]. Finally, Tabar et al. reported that the survival of
women with masses or linear and linear-branching calcifications is considerably worse than
women with other types of microcalcifications [38].

3.2. Magnetic resonance imaging

The use of magnetic resonance imaging (MRI) in the diagnosis of DCIS remains still an argu-
ment of great debate. The interest in using this tool for DCIS has grown following the brilliant
results of its use in the invasive carcinoma. Initially, due to the different appearance of the
two pathologies, this instrument was not considered adequate alone for the study of in situ
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lesions. A fundamental factor which led MRI to become an important tool in the preopera-
tive diagnosis and evaluation of DCIS was the transition from high time resolution to high
spatial resolution [39]. Another important factor is that MRI was used to study patients who
had already been diagnosed with cancer by mammography, and only when MRI began to be
used as a tool for screening on high-risk patients allowed more data to be compared about the
accuracy of the two different diagnostic tools.

Several studies have been conducted to find out the multiple manifestations of DCIS by MRI
and to correlate these with the biological characteristics of the disease. The superiority of MRI
in the diagnosis of DCIS has been demonstrated in numerous studies with sensitivity rang-
ing from 86 to 92% [15, 40-43]. MRI sensitivity is higher for high-grade lesions, regardless
of whether or not there is necrosis, which instead affects the sensitivity of mammography in
identifying high-grade DCIS [41, 42, 44, 45]. The pattern of breast lesion enhancement corre-
lates with the biological profile of DCIS [46], because the diagnosis is based on tissue enhance-
ment after administration of a contrast medium and to the hyperdensity of neoplastic lesions
due to vascular permeability [47].

Angiogenesis in DCIS may be partly due to the destruction of the cellular myoepithelial cell
surrounding the ducts [48]. Myoepithelial cells tend to be more preserved in low-grade DCIS
while being lost or significantly absent in high-grade DCIS or with comedic necrosis. Recent
studies also show that focal damage to the myoepithelial layer could trigger tumor invasion.
The tumor cells adjacent to the point of damage tend to be more frequently associated with
genetic and phenotypic alterations, such as loss of estrogen receptors, reduced expression of
oncosuppressors, and increased expression of genes related to the cell cycle, angiogenesis,
and invasive capacity [49].

The terminology of BI-RADS includes three types of responses to breast MRI: “mass-like
enhancement” defined as a three-dimensional injury occupying a generally rounded area of
oval or irregular shape, “focal enhancement” defined as a small enhancement spot <56 mm
that does not allow a further morphological description, and “non-mass-like enhancement”
described as enhancement of an area without forming a mass. This last manifestation is most
common in DCIS, present in 60-80% of cases [15, 24, 39, 41], while invasive or mixed ductal
lesions appear in over 75% of cases as “mass-like enhancement” [41].

Non-mass-like enhancement lesions are distinguished on the basis of the distribution pattern
as segmental, linear, ductal, focal, regional, multiregional, and diffuse. Segmental means a
triangular enhancement area with the apex toward the nipple suggesting the distribution of
a duct and its branches. Linear is defined as an enhancement area that may not correspond to
a duct, while ductal indicates a linear enhancement zone with ramifications like a duct. The
regional pattern has a large volume of enhancement that cannot be assimilated to a duct, and
the focal enhancement is confined to a smaller area than 25% of a quadrant. The segmental
distribution is the most common non-mass-like DCIS presentation [15, 24, 41].

On the basis of the internal enhancement pattern, non-mass-like enhancement lesions are
distinguished also as clumped, heterogeneous, and homogeneous. The internal enhancement
pattern can be clumped if it takes a cobbled appearance with occasional confluence areas.
It may be homogeneous or otherwise heterogeneous when it is or not uniform. The most
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common internal enhancement pattern is the clumped one (51.5%), followed by the heteroge-
neous (21%) and homogeneous ones (15%) [41].

Evaluation of kinetics in DCIS is less significant compared to invasive lesions, and in fact the
extent of perfusion increases with the progression of lesions from benign to in situ and even
more invasive lesions [47]. Based on the BI-RADS classification, the kinetic aspect of DCIS has
been standardized, and two phases of the enhancement can be recognized: an initial phase,
within the first 2 minutes after administration of the contrast medium, and a delayed phase
after 2 minutes. The initial phase can be rapid, intermediate, or slow; the delayed phase can be
classified as persistent (the signal continues to increase), plateau (the signal density does not
change after the initial increase), or washout (the signal decreases after the initial climb). DCIS
is usually characterized by the fast initial phase and a washout in the delayed phase [24, 50].
Moreover, there is no statistically significant difference in the kinetic characteristics between
DCIS of different grading [24, 51].

Despite the superiority of MRI in terms of sensitivity, its role in the management of in situ
disease remains still controversial. According to recent studies, the routine use of MRI in
DCIS does not change the clinical management in 99% of patients and lead to more unneces-
sary reexamination and longer time interval before surgery [52]. In a recent meta-analysis, the
proportion of patients who changed the treatment based on MRI findings results about 15%
[53]. Available evidence suggests that the percentage of patients with noninvasive cancer who
may benefit from a preoperative MRI assessment is not very high and should be weighed with
the economic availability and the delay in definitive treatment resulting from the increase in
preoperative investigations.

Patients undergoing MRI do not show a significant reduction in the re-intervention rate
for positive margins after conservative surgery [53]. Several studies also show that the
routine use of preoperative MRI is associated with a greater incidence of mastectomy
for invasive carcinoma and the trend seems to be the same for DCIS [43, 53-56]. On the
contrary, conservative surgery rates are higher among women who do not undergo pre-
operative MRI [53], and this probably reflects the MRI ability to detect multifocal and
multicentric disease and results in a greater number of women who are not candidates
for conservative surgery.

The identification of a subgroup of patients with DCIS that could benefit from preoperative
MRI needs further studies on DCIS biology, in particular on its potential to progress and
recur. In fact, as outlined in the literature, only 30-50% of cases of DCIS evolve to invasive dis-
ease if untreated [57, 58], and consequently many patients who undergo mastectomy for DCIS
would receive an overtreatment; whether preoperative MRI results an advantage in terms of
local control of disease and survival in patients with DCIS is still unclear.

However, many agree that there is definitely an improvement of surgical outcomes [52-54,
59], and a study on DCIS and early invasive breast cancer does not reveal, after 4.6 years of
median follow-up, significant differences in terms of recurrence, metastasis occurrence, mor-
tality, or contralateral lesions rate between patients undergoing or not preoperative MRI [60].
The use of MRI in addition to mammography could help in defining the exact extension of
DCIS, although MRI often overestimates the size of the primitive tumor [59].
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3.3. Screening

Mammography is considered to be the most effective screening test for the detection of early
breast cancer. In Italy, biennial mammography is recommended in women aged between 50
and 69 [61, 62]. In women aged between 40 and 49, it should be performed only based on the
familiar history, individual risk, and breast density, possibly accompanied by an ultrasound
examination. In women aged over 70, there is no evidence of the effectiveness of mammo-
graphic screening, but the possibility of extending it to 75 years is considered. The relative
reduction in mortality for breast cancer is 14% in women aged between 50 and 59 and 32%
in the 60-69 range, reflecting the direct correlation of mammography sensitivity with age,
related to the reduction in breast density [63].

MRI is not recommended as a screening survey in the general population [64] due to its
low specificity and hence its higher number of false positives. The use of MRI as a screen-
ing method, in addition to mammography and clinical examination, is justified in high- and
moderate-risk women, who include women with BRCA1 or BRCA2 mutations; previous
chest wall radiotherapy between 10 and 30 years of age; Li-Fraumeni, Cowden, or Bannayan-
Riley-Ruvalcaba syndrome; personal history of DCIS; atypical ductal hyperplasia; and lobu-
lar intraepithelial neoplasia.

Tomosynthesis, which combines conventional, two-dimensional images with three-dimen-
sional, multilayer images, appears to be particularly effective in case of dense breasts, where
the volumetric overlap of traditional mammography images prevents some lesions from
being identified. In a study of 9672 women, the combination of mammography and tomosyn-
thesis increased not only the cancer detection rate but also the number of false positives [65].

The incidence of screen-detected DCIS varies between 15 and 30% [66-70]. It is greater in
women aged between 40 and 49 (28.2%) than in older women (16-20.5%). The age-adjusted
incidence rate increased from 2.4 to 27.7 per 100,000 women between 1981 and 2001 [36]. In line
with these data, some studies reported an estimated annual DCIS incidence of 32.5 per 100,000
women [71]. The overall screen-detected DCIS rate results 0.78 per 1000 mammograms, indi-
cating that one DCIS is approximately identified every 1300 screening mammograms [66].

The mammographic screening resulted in a mortality reduction of about 20-30% [72-74], but
screening value remains uncertain in the case of DCIS. Some authors argue that it prevents
the incidence of a large number of invasive tumors and contributes substantially to survival
improvement. Others claim that this type of injury does not always progress to invasive can-
cer and in those cases it would not lead to death, and indeed, its response to screening would
be a source of overdiagnosis, resulting in more harm than good [75]. The epidemiological
definition of overdiagnosis is the difference between observed and expected incidences [70].

A study estimated that, of the 141 screened deaths, 17 were determined by the progression
of DCIS to invasive carcinoma and therefore concluded that the detection of DCIS at screen-
ing prevented 12% of the overall avoided deaths with screening [75]. Another interesting
evidence is that the majority of screen-detected DCIS are of high-grade and have a more pro-
nounced tendency to present necrosis, suggesting that screen-detected lesions have a higher
risk of progression [76].
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The main objection to the screen detection of DCIS comes from the observation that misdi-
agnosed DCIS is much less likely than invasive tumors to become clinically evident [66]. In
fact, it is evident that there are breast cancers that will never become lethal and that many
women receive systemic therapies without knowing who will benefit from it, but the risk of
overdiagnosis is lower than the benefits [70]. From a clinical point of view, the best and most
prudent way to deal with DCIS is to consider it as a potential future invasive carcinoma [71].

4. Surgical treatment

The uncertainty about the natural history of DCIS and the impossibility to determine predic-
tive factors for which lesions will progress to invasive forms make the therapeutic choice
extremely difficult. Initially, standard therapy was the simple mastectomy in 98-99% of
patients [77]. Subsequently, with the introduction of always more conservative treatments
for invasive carcinomas, the breast-conserving surgery (BCS) became progressively the most
frequently used surgery for DCIS. There are, however, no randomized studies comparing
outcomes after mastectomy and BCS [12, 64].

The currently recommended therapeutic options of the National Comprehensive Cancer
Network (NCCN) include mastectomy and lumpectomy with or without radiotherapy and
with the possible addition of tamoxifen in the case of hormone-positive DCIS. Randomized
trials indicate that lumpectomy associated with radiotherapy results in the lowest recurrence
rate but does not show any difference in overall and disease-free survival [78].

According to a recent article by Worni and colleagues, among 121,080 women with DCIS
diagnosed from 1991 to 2010, most patients received radiotherapy (43%) after lumpectomy,
followed by lumpectomy alone (26.5%), unilateral mastectomy (23.8%), bilateral mastectomy
(4.5%), and ultimately no treatment (2.3%) [78]. In the 20 years of study, trends in the treat-
ment choice have changed, with a considerable increase in lumpectomy with radiotherapy
(100% increase). Also, the significant increase in the number of bilateral mastectomies, a trend
that seems to be driven more by the choice of bilateral prophylactic mastectomy than by the
need to treat bilateral disease, is interesting.

4.1. Conservative breast surgery

Breast-conserving surgery (BCS) in the treatment of invasive breast cancer has gone affirm-
ing over the years, thanks to studies that demonstrated no significant difference in survival
rates compared to mastectomy. However, this evidence has not yet been reached in the case
of DCIS, and to date there are no randomized comparisons of mastectomy and BCS in women
with DCIS. However, retrospective studies did not show any difference in the overall and
disease-free survival between the two strategies [79, 80].

Several studies have been conducted in the attempt to determine the magnitude of the recur-
rence risk in patients with DCIS, in order to use this information to improve the therapeutic
approach, but there are no definitive results on the effectiveness of BCS without radiotherapy,
which, according to Worni et al,, is still used today in about a quarter of cases [78].

179



180 Cancer Management and Therapy

BCS consists in the excision of the lesion surrounded by about 1 centimeter of macroscopically
health tissue. It may be a simple wide excision of breast parenchyma, also called lumpectomy,
or a cylindrical excision of breast tissue including the overlying skin and the underlying mus-
cle fascia, also known as quadrantectomy [81]. In case of nonpalpable breast lesions, many
different techniques can be used in order to intraoperatively guide the surgical resection, such
as the preoperative placement of a wire hook or a radioactive tracer [82].

The specimen is then oriented with some stitched in order to facilitate the margin evaluation
by the pathologist [83]. In particular, a negative margin greater than 2 mm represents nowa-
days the adequate margin for DCIS [84]. Moreover, in some cases also a cavity shaving may
be performed, although there is no evidence that this procedure will significantly reduce re-
interventions for margin positivity.

4.2. Mastectomy

Mastectomy consists in the complete mammary gland excision together with the overlying
skin and the nipple-areola complex, as well as the underlying muscle fascia. Nowadays, even
more conservative techniques have been developed, so that it is possible to spare the skin with
or without the nipple-areola complex by performing the so-called nipple-sparing mastectomy
or skin-sparing mastectomy [85-91].

For what concerns these two last procedures, there are still controversies about the long-term
oncological results, as, for example, the nipple includes the terminal portion of the breast
ducts and may then represent a place at risk of recurrence. However, the esthetic results are
undiscussed, and these kinds of techniques result in an essential improvement in the psycho-
physical wellness of women undergoing breast demolition.

Mastectomy is a healing process in 98-99% of patients with DCIS. The relapses after this
intervention may be in situ but also invasive and can occur both as a local recurrence and a
distant metastasis [77]. After mastectomy, the reported recurrence rate is less than 1.5% in
most studies [92, 93]. The use of skin-sparing mastectomy does not correlate with a significant
increase in local recurrences [93].

Recurrence after mastectomy for DCIS could be due to the lack of sampling or recognition of
an invasive component or incomplete removal of the involved breast tissue. However, the fact
that the majority of recurrences after mastectomy occur in the first 5 years suggests that most
of these are due to the lack of recognition of an invasive carcinoma rather than the malignant
transformation of the residual breast tissue [77].

Finally, mastectomy is an effective treatment for DCIS, but its use should be carefully evalu-
ated in the light of a pathology that does not present the risk of remote metastasis, typical of
infiltrating forms, which will not necessarily become invasive.

5. Adjuvant treatments

Although DCIS is a local disease, the use of both local and systemic adjuvant therapies
is widespread. In particular, adjuvant radiotherapy after BCS and the use of tamoxifen or
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aromatase inhibitors are considered, while no evidence supports the use of adjuvant chemo-
therapy in the treatment of DCIS [64].

5.1. Radiation therapy

With the introduction of adjuvant radiotherapy after BCS for invasive breast carcinoma, the
interest in radiotherapy application for DCIS has also greatly increased. A lot of studies in the
literature evaluated the efficacy of this treatment in DCIS patients, and according to the current
guidelines, radiotherapy after BCS results is strongly recommended in patients with DCIS [64].

Breast irradiation usually includes all the residual breast (whole breast irradiation), is classi-
cally performed within 6 months after surgery, and usually consists in 25 sessions, even if also
shorter hypofractionated protocols are described. Anyway, radiation therapy may be also
limited to the area surrounding the tumor (partial breast irradiation) and be performed intra-
operatively immediately after the tumor excision, as happens for the intraoperative radio-
therapy (IORT) [94].

A recent meta-analysis of the Early Breast Cancer Trialists” Collaborative Group (EBCTCG) on
individual data from four randomized studies showed that adjuvant radiotherapy reduces 15.2%
of the absolute risk of 10-year ipsilateral invasive relapse after surgery for DCIS, anyway without
any significant effect on survival [95]. These data confirm the findings of previous international
randomized trials that generally showed a reduction by about 50-60% in ipsilateral breast recur-
rences in patients who received radiotherapy after BCS compared to BCS alone [96-99].

Recurrences after BCS for DCIS are usually half invasive and half in situ. With the addition of
radiotherapy to BCS, the annual invasive recurrence rate results about 0.5-1%. The possible
benefits of this therapeutic choice on survival would be the reduction of invasive recurrences
and the consequent reduction of mortality [77, 98].

According to recent reports, most patients are subjected to lumpectomy followed by radio-
therapy, and this therapeutic option raised from the 25% of treatments in 1991 to the 50% in
2010 [78]. Patients who refuse radiotherapy after BCS should be properly informed of the
potential for greater local recurrence risk, although a survival benefit may not yet be evi-
denced by studies due to the insufficient number of patients examined and to the very low
mortality rate for this disease [71].

5.2. Hormonal therapy

Given the important role of the estrogenic pathway in the pathogenesis of breast carcinomas,
many strategies have been developed which can control estrogen-sensible tissues. The first
experimented drug was tamoxifen, a selective estrogen receptor modulator (SERM), which
has the ability to act as an estrogenic agonist in certain tissues such as bone and endometrium,
while it acts as a powerful estrogenic antagonist in others including the breast. For these prop-
erties it is widely used in the treatment of invasive breast cancer, where it has been shown to
reduce the risk of relapse and death after surgical treatment [100].

The role of adjuvant therapy with tamoxifen for DCIS was analyzed in two major randomized
trials. The NSABP B-24 study randomized 1804 women with DCIS between BCS followed by
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radiotherapy and tamoxifen for 5 years versus BCS followed by radiotherapy and placebo for
5 years [101]. This study demonstrated a significant reduction of events after 5 years in the
tamoxifen group compared to the placebo one. In particular, a reduction was observed in the
risk of invasive relapse in both the ipsilateral and the contralateral breasts. However, for what
concerns noninvasive relapses, the addition of tamoxifen was not proven to be significant.

The benefit in women treated with tamoxifen was also significant after 163 months of follow-
up [95], and over 15 years of follow-up, adjuvant tamoxifen reduced the risk of recurrence
of ipsilateral breast cancer by 31% [99]. A retrospective analysis, conducted on 41% of the
original study population, evaluated the relationship between estrogen receptor expression
and tamoxifen benefit. It has been shown that treatment with tamoxifen significantly reduced
the risk of subsequent breast cancer at 10 and 14.5 years, while in patients without expression
of estrogen receptors, no benefit was observed. Finally, there were no differences in survival
between the two arms of the NSABP B-24 trial.

The randomized phase II trial UK/ANZ DCIS93 evaluated the role of radiotherapy and
tamoxifen in the treatment of patients undergoing BCS for DCIS, enrolling 1701 patients [102].
It analyzed the following therapeutic approaches: surgery alone, surgery followed by radio-
therapy, surgery followed by tamoxifen for 5 years, and surgery followed by both radiother-
apy and tamoxifen for 5 years. As for the use of tamoxifen, at 12 years of median follow-up,
the study showed a reduction of ipsilateral in situ relapses, while there seemed to be no effect
on the invasive ipsilateral recurrence.

Considering these two trials as a whole, it emerges that adjuvant tamoxifen, associated with
radiotherapy, reduces the risk of in situ ipsilateral recurrences in the case of DCIS which
expresses hormonal receptor, independently by the patient’s age [48, 64]. Thereafter, the deci-
sion whether to propose tamoxifen as adjuvant treatment should be based on the evaluation
of its side effects and potential benefits.

In postmenopausal women with invasive breast cancer, the aromatase inhibitors have been
shown to be more effective than tamoxifen in reducing recurrences and preventing new con-
tralateral cancers after surgery [100]. The second International Breast Cancer Intervention
Study (IBIS-II) had the aim of studying the role of aromatase inhibitors in both primary pre-
vention and adjuvant therapy in women with DCIS [102]. The NSABP B-35 study had simi-
lar objectives and compared tamoxifen with anastrozole for 5 years in 3000 postmenopausal
women who underwent surgery and radiotherapy for DCIS, and, at a median follow-up of
8.6 years of treatment, anastrozole significantly improved the disease-free survival [103].

5.3. Other medical therapies

HER-2/neu is overexpressed in a variable number of DCIS [100] and appears to be related to
an increase in local recurrences [104]. A retrospective analysis of 10,853 women enrolled in
the EORTC trial showed that, of the 31 local relapses occurring in patients with DCIS, 24 were
associated with in situ lesions that overexpressed HER-2/neu. The real meaning of HER-2/
neu overexpression in DCIS is currently the object of the study, given its importance as a
prognostic and predictive factor in the invasive cancer. The use of trastuzumab, a monoclonal
antibody targeting HER-2/neu, is interesting given the relative frequency of its presence in
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the DCIS and the lack of effective medical therapies for DCIS which does not express estrogen
receptors. These considerations have led to the development of two studies on the role of
trastuzumab in DCIS. The first study, conducted by Gonzalez et al. with not yet conclusive
results, evaluated the benefit of neoadjuvant trastuzumab in DCIS of less than 1 cm. The sec-
ond one, conducted from the NSBP, has not yet been completed.

6. The microinvasive component

In agreement with the American Joint Committee on Cancer, microinvasive breast cancer
is defined as a DCIS where the invasive component is microscopic and does not exceed the
size of 1 mm [105]. In the current literature, microinvasive cancer prevalence accounts for
about 10-20% of DCIS cases, and it does not represent more than 1% of all breast cancers
[1, 106-110].

The natural history of these lesions is unclear; however, DCIS with microinvasion could be an
intermediate stage in the invasive evolution. As a proof of this, the microinvasive carcinoma
is often associated with DCIS, particularly large and with comedonecrosis [1, 64], and may
be formed by small foci of tumor cells that, after crossing the basal membrane, infiltrate the
surrounding stroma [64]. The age of presentation does not seem to be significantly different
from that of invasive or in situ forms [106].

Almost all DCIS with microinvasion are identified by the presence of microcalcifications
at mammography [111]. Occasionally, the microinvasive carcinoma appears as a palpable
mass with serum or blood vessel secretions from the nipple or as Paget’s disease [112-114].
Microinvasive lesions tend to be larger in size and therefore more often palpable than purely
in situ lesions. The detection of a microinvasion within a DCIS can be extremely difficult for
the pathologist because of the many patterns with which the lesion can invade the stroma [77].
Usually, the microinvasion foci tend to be accompanied by a stromal response characterized
by inflammatory cells scattered in one neoformed connective matrix [115]. Moreover, the use
of immunohistochemical markers specific for the basal membrane or myoepithelial cells can
help identify microinvasion in doubtful cases [115].

Concerning the therapeutic implications, data is not uniform. Surgical treatment can be both
conservative and radical. According to recent reports, the use of mastectomy is significantly
less frequent for this type of lesion than for invasive carcinomas, and the same happens for
adjuvant therapies, generally reserved only for patients with triple-negative carcinomas,
HER2-positive breast cancer, or with lymph node involvement [106]. The use of adjuvant
radiotherapy is even higher in the group of microinvasive carcinoma than in that of invasive
one, possibly due to the higher prevalence of conservative surgery.

According to the AIOM guidelines, mastectomy is indicated in these tumors in the presence of
large intraductal component, particularly unfavorable histological characteristics (high-grade
and comedonecrosis), or when it is not possible to obtain an adequate resection margin with
a conservative resection [64]. BCS is also contraindicated after previous chest wall irradiation,
during pregnancy, or in the case of multicentric lesions or diffused microcalcifications [110].
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Regarding the use of adjuvant systemic treatments, endocrine therapies may be administered
in the case of hormone receptor expression, while chemotherapy is not indicated, except in
patients with axillary lymph node metastases [64, 106]. There are currently no prospective
randomized studies comparing BCS followed by radiotherapy with mastectomy in the subset
of patients with microinvasive carcinoma [105].

Prior to the spread of the sentinel lymph node technique, due to its significant morbidity
and poor clinical benefits, axillary dissection was not recommended in the management of
noninvasive or microinvasive lesions [109]. With the introduction of the sentinel lymph node
biopsy, burdened with much minor complications, axillary surgery has extended also to DCIS
in the case of mastectomy, as the technique would not be reliable in the second time if needed
[116, 117]. However, in the literature there is insufficient evidence of the efficacy of the senti-
nel lymph node biopsy for the microinvasive cancer, mainly because the studies are mostly
retrospective and based on small sample sizes.

The detection of microinvasive foci at the definitive histological examination of specimen of
women initially diagnosed with DCIS is quite frequent. In particular, the upstaging rate to
invasive carcinoma varies in the literature about 10-20% of in situ or microinvasive lesions
[118]. In the case of unexpected microinvasive carcinoma, the sentinel lymph node biopsy can
be performed both in conjunction with the primary lesion excision and later on.

In the literature, the sentinel lymph node metastasis rates reported in the case of microinvasive
carcinomas are about 6~10%, and about half of these are micrometastasis [77]. In a recent meta-
analysis, Gojon et al. studied the role of the lymph node biopsy in 968 patients with microinva-
sive carcinoma [116]. It emerged that the macrometastasis rate in the sentinel lymph nodes was
3.2% (CI (95%): 2.1-4.6%) without significant differences between the data of the various con-
sidered studies. Patients with macrometastatic sentinel nodes would have a risk of almost 30%
of having more non-sentinel lymph node metastases, but, due to the rarity of nodal macrome-
tastases, the global incidence of non-sentinel metastases in microinvasive carcinoma resulted
less than 1%. Thereafter, given the low rates of nodal positivity, this meta-analysis does not
justify the routine use of sentinel lymph node biopsy in patients with microinvasive carcinoma.

Several studies have tried to identify predictive factors for lymph node involvement but
with contrasting results [116]. In addition, many studies have reported excellent prognosis
in patients with microinvasive carcinoma, irrespective of the eventual asynchronous lymph
node involvement [116]. Some authors reported a similar local or distant recurrence risk in
patients with in situ or microinvasive carcinomas and positivity for sentinel lymph biopsy
[119]. Then, despite the absence of clear scientific evidence, in the case of microinvasive can-
cer, the use of the sentinel lymph node biopsy is still recommended, especially given the low
morbidity of this practice [77].

The survival of patients with microinvasive carcinoma seems to be a halfway between that
of pure DCIS and that of early invasive carcinoma [77]. Some dated studies reported no
recurrence after average follow-up of 57 and 47 months, respectively [112, 113]. Kinne et al.
reported a disease-free survival of about 94% at a median follow-up of 11.5 years [120]. Solin
et al. compared the outcomes of invasive carcinoma with those of DCIS and microinvasive
carcinoma treated in the same period [114] and found that patients with microinvasive cancer
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had a higher local recurrence rate than those with pure DCIS, as well as an intermediate sur-
vival rate between in situ and frankly invasive carcinomas. In contrast, Silverstein and Lagios
did not detect differences between patients with microinvasive carcinoma and DCIS in terms
of overall and disease-free survival [121].

In a review of Adamovich and Simmons, the median time of appearance of a local relapse
resulted in 42 months, most of the local recurrences of microinvasive carcinoma were inva-
sive recurrences, and only the 7% were distant ones [110]. A study by Parikh et al. on 393
women with breast cancer treated with BCS and radiotherapy suggested that microinvasion
is not predictive of a significant worsening of local recurrence and distant metastasis-free
survival, overall survival, and disease-free survival [122]. This study concluded that, despite
the greater aggressiveness in treating patients with microinvasion, clinical and pathological
characteristics and outcome did not differ for DCIS with and without microinvasion. Even
more recent data emerging from Fang et al.’s work confirmed that disease-free survival of
over 2 years in patients with microinvasive carcinoma was significantly worse than that of
pure DCIS and similar to that of invasive carcinoma smaller than 5 mm [106].

In conclusion, clinical and pathological features and outcomes do not significantly differ
between DCIS with and without microinvasion [106]. Overall survival do not differ signifi-
cantly in the two groups, which altogether have a good prognosis overall. The prevalence of
lymph node metastases in the microinvasive carcinomas is low and does not associate with a
prognosis worsening, as it does not lead to an increased risk of recurrence, either local or dis-
tant [119]. According with the ASCO guidelines published in 2016, a 6-month clinical follow-
up together with annual instrumental examinations should be recommended [123].

7. The role of sentinel lymph node biopsy

Complete axillary dissection was the only possible approach in surgery until the early 1990s of
the last century. Nowadays, the sentinel lymph node biopsy represents the standard in most
centers that deal with mammary surgery [64, 82, 124-127] and significantly reduced the com-
plications associated with axillary surgery [128] while providing high levels of accuracy in the
staging [129-131]. The multicentric NSABP B-32 trial randomized 5611 women with clinically
negative axillary nodes to the sentinel lymph node biopsy alone or followed by axillary dis-
section [131]. No significant differences in disease-free and overall survival and locoregional
recurrences were observed between the two groups at a median follow-up of 96 months.

The concept of sentinel lymph node was born in the 1970s and completely developed
20 years later, based on the principle that tumors are drained from a lymphatic channel
through the first sentinel node of that region. In 1991 Giuliano and colleagues first applied
the method of sentinel lymph node biopsy at the John Wayne Cancer Institute in the context
of breast surgery. They reached 100% accuracy in predicting axillary nodal status in a few
years [125, 132, 133], opening the way to the spread of the method.

In a recent work, analyzing data from the Surveillance, Epidemiology, and End Results
(SEER) registers, Worni and colleagues reported that in 2010 the sentinel lymph node biopsy
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was performed in over 70% of mastectomies for DCIS and in at least 20% of lumpectomies.
The indications of the sentinel lymph node biopsy for DCIS are not always supported by sci-
entific evidence and are sometimes the result of a consensus of experts, leading to a significant
variability among the various centers dealing with breast surgery.

8. Local recurrences

The local recurrence rate after surgery for DCIS, associated or not with subsequent radio-
therapy, ranges from 0 to 10% at 5 years and from 8 to 23% at 10 years [77]. A study on a large
number of patients undergoing conservative surgical excision and radiotherapy, conducted
by an international group, described a recurrence rate at 5, 10, and 15 years of, respectively,
6, 11, and 16% [134]. The cumulative annual local recurrence rate found in this study was
approximately 1% and was thus lower than that reported by the NSABP trial, which is 1.8%.
This value is similar to that found for invasive carcinoma treated in the same way [77].

Many prognostic factors of local recurrence have been hypothesized in patients with DCIS
treated with BCS, associated or not with complementary radiation therapy. In almost all stud-
ies, the margin involvement was correlated with a higher local recurrence rate. On the other
hand, the local recurrence rate is lower after radical excision with negative margins. However,
the adequate distance of the excision margin from the lesion is not precisely defined [77].

In some studies, negative margins of 0 mm (also defined “no ink on tumor”) were compared
with negative margins up to 10 mm from the lesion, concluding that wider margins give more
protection against recurrences [135]. In a meta-analysis conducted by Dunne et al., consider-
ing the effect of the state of margins after BCS and radiotherapy, the highest recurrence rate
was observed among women with excision margins of less than 2 mm, whereas for margins
greater than 2 mm, no further benefits were observed in comparison to margins of 5 mm or
more [136]. Therefore, these data imply that for women receiving BCS and radiotherapy, 2 mm
margins can be considered adequate to reduce as much as possible the risk of recurrences.

However, without the addition of radiotherapy, conservative surgery with margins lower
than 10 mm results in a greater recurrence risk (of more than fivefold), while with the addition
of radiation therapy, there seems to be no additional benefit for larger margins [137]. Anyway,
no successful study has been performed to compare women with greater or lesser margins,
which may conclude for a benefit of a certain margin distance [71].

Young patients show a consistently higher risk of local recurrence than older patients. The
reasons for this difference are not clear, but a study found that younger patients tend to have
smaller excision volumes, higher prevalence of high-grade tumors, and higher frequency of
necrosis [138, 139]. On the other hand, another study did not confirm these differences in
terms of pathological characteristics between the two groups of patients and identified in
younger women a higher rate of HER2/neu overexpression [140].

Histological features have been evaluated in several studies with different results. From the
EORTCS87 trial, the local recurrence rate at 5.4 years of follow-up proportionally increased
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together with the increase of high-grade tumor (8, 14, and 18%, respectively, for low-, inter-
mediate-, and high-grade lesions). This data is confirmed by the NSABP B-17.89 trial, which
also revealed a difference between low-grade tumors with or without necrosis in terms of local
recurrences. Between groups of patients with tumors of different grading, but both involving
necrosis, recurrence rates did not seem to substantially differ. Moreover, necrosis has been
identified as a risk factor for recurrence in many other studies, and comedonecrosis is strongly
associated with worse outcome and increased risk of invasive recurrences [98, 140, 141].

The size of DCIS was evaluated in several studies but without definitive responses, also due
to the difficulty and lack of uniformity in measuring this kind of lesions [77]. In general, larger
tumors have been associated with higher rates of recurrence, both in situ and invasive [93, 142].

A further step forward in the prediction of relapse could be the evaluation of the biomolecu-
lar profile, through the study of molecular marker expression. In fact, the positivity for the
estrogen receptor has been reported to be associated with a reduction in the risk of recurrence,
while the HER2/neu overexpression seems to be associated with an increased incidence of
local recurrences [143]. The frequency of expression of HER2/neu in DCIS in some reports
exceeds the 40%.

In an attempt to summarize all these predictive factors of recurrence, Silverstein and col-
leagues developed the Van Nuys Prognostic Index that considers four important variables,
each of which is assigned a score from 1 to 3, generating a total score ranging from a score of
4 (predicting the best prognosis) to 12 (predicting the worst prognosis) [144, 145]. The ana-
lyzed variables are the size of the lesion, the margin amplitude, the pathological classification
including the nuclear grading and the eventual presence of comedonecrosis, and the patient
age. The prognostic utility of this score was confirmed by NSABP B-17 trial, and, since half of
the local recurrences after BCS were invasive carcinomas, it is very important to evaluate the
outcome of the rescue treatment in these patients [146].

Solin et al. studied 41 cases of local relapse in 422 women with DCIS treated with BCS followed
by radiotherapy [134]. The median time to local relapse was 4.8 years. In 22 of these 41 patients,
the relapse was invasive. Among these lasts, after 4 years from the local recurrence, in 19% of
cases, a distant metastasis occurred, and 13% died as a consequence. On the other hand, none
of the patients with a noninvasive local relapse experienced metastasis or died due to cancer.

Another study presented similar data, with a 15% of distance metastasis rate after 12 years
from invasive local relapse and a 12% mortality rate in this group of women [92]. These stud-
ies show how important it is, in the field of BCS, to minimize the risk of invasive local recur-
rence and consequently the risk of distant metastasis, which are associated with a significantly
higher risk of death for cancer-related causes.
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There are many different types of cancer. Some are very common; others are rare.
Having some similar features, each cancer has its own characteristics and symptoms,
which vary according to the type of cancer and where it is in the body. The treatment

selected may be influenced by the patient’s age, concurrent health problems, life
expectancy, characteristics of the individual’s cancer, the patient’s goals of treatment,
and the bias of the treating physician.

In preparing this book, we have considered and reflected on the concept of the recent
advances in cancer management and therapy as well as molecular applications in
cancer therapy. The readers can find detailed information about the treatment and
management of specific cancers in these book chapters.
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