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RESUMO

DO CARMO, Fagner Santos. Estudo e desenvolvimento de nanorradiofdrmaco a base de
aptamero anti-MUC1 para diagnéstico precoce de processos carcinogénicos de mama. 2017.
74 f. Tese (Doutorado em Biociéncias) — Instituto de Biologia Roberto Alcantara Gomes,
Universidade do Estado do Rio de Janeiro, Rio de Janeiro, 2017.

O céancer de mama ¢ o tipo de neoplasia que mais causa mortes entre as mulheres em
todo 0 mundo. Um dos entraves mais prevalentes na area oncoldgica que correspondem a alta
taxa de morbidade é a auséncia de deteccdo precoce dos processos carcinogénicos,
especialmente em casos de cancer de mama triplo negativo (TNBC). A néo descoberta de um
cancer abaixo do nivel detectavel por testes de rastreios atuais, inclusive por meio de amostras
sanguineas, aponta para a real necessidade de ferramentas tecnoldgicas inovadoras, que sejam
direcionadas especificamente ao microambiente tumoral, com o minimo de perturbacGes aos
tecidos saudaveis. A utilizacdo de aptdmeros é uma evolucdo da terapia alvo-dirigida,
apresentando consideravel nivel de sensibilidade a substratos particulares, como a mucina 1
(MUC1). Neste estudo, o aptdmero anti-MUC1 foi o direcionador utilizado em
nanoparticulas poliméricas radioativas para geracao de imagem de TNBCs. Assim, as NPs de
poli (&cido lactico-co-glicolico) carregadas com o aptamero anti-MUCL1 e radiomarcadas com
tecnetium-99m foram utilizadas para realizacdo de estudo de biodistribuicdo e imagem de
TNBC. Os resultados confirmaram que as NPs foram obtidas com sucesso, com um tamanho
médio de 262 nm, de acordo com os dados dindmicos de dispersdo da luz. O teste de
biodistribuicdo em modelos animais induzidos com TNBC mostrou que, embora tenha havido
uma alta captura pelo intestino (30%), o sistema de entrega de farmaco (DDS) desenvolvido
apresentou uma alta absorcdo no tumor (5%) e excelentes propriedades de imagem in vivo,
corroborando a possibilidade de uso desse DDS como radiofarmaco para imagem em TNBC.

Palavras-chave: Aptdmero. Cancer de mama. Imagem. Medicina nuclear. Radiofarmécia.



ABSTRACT

DO CARMO, Fagner Santos. Estudo e desenvolvimento de nanorradiofarmaco a base de
aptédmero anti-MUCL para diagnostico precoce de processos carcinogénicos de mama. 2017.
74 f. Tese (Doutorado em Biociéncias) — Instituto de Biologia Roberto Alcantara Gomes,
Universidade do Estado do Rio de Janeiro, Rio de Janeiro, 2017.

Breast cancer and the type of neoplasia that causes more deaths among women around
the world. One of the most prevalent barriers in the oncology area that corresponds to the high
morbidity rate is the absence of early detection of the carcinogenic processes, especially in
cases of triple negative breast cancer. Non-discovery of a cancer below the level detectable by
current screening tests, including by means of blood samples, points to the real need for
innovative technological tools that are specifically targeted to the tumor microenvironment,
with minimal disruption to healthy tissues. The use of aptamers is an evolution of target-
directed therapy, presenting a considerable level of sensitivity to particular substrates, such as
mucin 1 (MUCL). In this study, the anti-MUC1 aptamer was used as a drug delivery system
(DDS) for a radioactive polymeric nanoparticle (NP) in the imaging of TNBCs. Thus,
poly(lactic-co-glycolic acid) NPs loaded with the anti-MUC1 aptamer and labeled with
technetium-99m were used for a biodistribution study and imaging of TNBC. The results
confirmed that the NP was successfully obtained, with a mean size of 262 nm, according to
the dynamic light scattering data. The biodistribution assay in induced animal models with
TNBC showed that although there was a high capture by intestine (30%), the DDS developed
had a high tumor uptake (5%) and with great in vivo imaging properties, corroborating the
possibility of use of this DDS as an imaging drug for TNBC.

Keywords: Aptamer. Breast cancer. Imaging, nuclear medicine. Rradiopharmacy.
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INTRODUCAO

O céncer de mama ¢é a principal causa de morte relacionada ao cancer entre as
mulheres em todo o0 mundo (FERLAY et al., 2015; SIEGEL et al. 2015). As taxas de
sobrevivéncia observadas em paises desenvolvidos e em desenvolvimento, quando h& acesso
a tratamentos eficazes e diagnosticos precoces, sdo elevadas, quando comparadas a outros
tipos de cancer (ALTEKRUSE et al., 2007; GLOBOCAN, 2012; KNOBF et al., 2012;
YOULDEN et al., 2012; KOCH et al., 2013). No entanto, estudos mais recentes relacionam
um aumento do numero de mortalidade a regiGes menos favorecidas socioeconomicamente
(DANFORTH, 2013; GOSS et al., 2013; JUSTO et al., 2013; TORRE et al., 2015; TORRE et
al., 2016).

Segundo os dados do Atlas de mortalidade por cancer no Brasil, entre os anos de 2004
a 2014 o cancer de mama causou cerca de 134.021 dbitos, concentrando mais que 50% dos
casos entre as idades de 40 anos a 69 (BRASIL, 2016). A estimativa é que o cancer de mama
sozinho respondera por 29% de todos o0s novos diagnosticos de cancer em mulheres no mundo
(SIEGEL, MILLER and JEMAL, 2016) e de acordo com Howlader et al. (2014) 12% da
populacdo feminina desenvolvera cancer de mama durante sua vida. Para os anos de 2016 e
2017, no Brasil, espera-se a incidéncia de 420 mil casos novos de cancer, sendo a neoplasia
mamaria mais frequente nas regides Sul, Sudeste e Centro-Oeste (BRASIL, 2015).

O cancer de mama € bem divergente com relacdo a clinica e a morfologia. Sendo
classificado em mais de 20 subtipos tumorais diferentes pela Organizacdo Mundial de Salde
(OMS) (BRASIL, 2015). Alguns trabalhos epidemioldgicos o associam ao avanco da idade
bioldgica e, de alguma forma, relacionam ao estilo de vida, ao ambiente e a dieta, sem
mencionar fatores genéticos, alta densidade do tecido mamario, etnia, horménios e a fatores
relacionados a vida reprodutiva da mulher, e exposicdo a radiagdo ionizante. (LAND et al.,
2003; HOLMES et al., 2005; CHLEBOWSKI et al., 2006; DALEY et al., 2007; PIERCE et
al., 2007; MARTIN andBOYD, 2008; NASIR et al., 2009; FEJERMAN et al., 2010; BOYD
et al., 2011; KUSHI et al., 2012; NAROD, 2012; BAE et al., 2016; CONROY et al., 2016;
RUNOWICZ, et al., 2016).

A ocorréncia de casos de cancer de mama em pacientes com idade inferior aos 50 anos
é bem alta, particularmente os agressivos, de crescimento rapido, com presenca de mutacoes
nos genes BRCA 1 e BRAC 2 (EASTON, 1999; PAL et al., 2005; CAMPEAU, FOULKES
and TISCHKOWITZ, 2008; NAROD, 2012; VILLARREAL-GARZA et al., 2013; REYNA
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and LEE, 2014). O que sugere a forte contribuicdo dos hormdénios femininos no
desenvolvimento da doenca (FERLAY et al., 2015).

O cancer de mama triplo negativo (TNBC - Triple-negative Breast Cancer) ocorre em
10% a 20% de todos os canceres de mama (MORRIS, et al., 2007; DIETZE et al., 2015),
afetando , proponderantemnete, pacientes mais jovens (ELEY et al., 1994; FURBERG et al.,
2001; PORTER et al., 2004; BAUER et al., 2007; MORRIS, et al., 2007; LARA-MEDINA,
et al. 2011; HUDIS AND GIANNI, 2011; LIEDTKE et al., 2013). E mais prevalente em
mulheres africanas (ELEY et al., 1994; FURBERG et al., 2001; PORTER et al., 2004;
BAUER et al., 2007; MORRIS, et al., 2007; BADVE et al., 2010; AMIRIKIA et al., 2011;
AGBOOLA et al., 2013; DANFORTH,. 2013; PARISE and CAGGIANO, 2015; DIETZE et
al., 2015; MOUH et al., 2016) e em hispanicas (ELEY et al., 1994; BAUER et al., 2007;
BANEGAS et al.,, 2014; SINESHAW et al., 2014). Muitos autores correlacionam a
incidéncia do TNBC a mulheres pertencentes a grupos socioecondmicos mais baixos (ELEY
et al.,, 1994; VONA-DAVIS and ROSE, 2009; ANDAYA et al., 2012; PARISE and
CAGGIANO, 2015; SINESHAW et al., 2014; AKINYEMIJU et al., 2015; DIETZE et al.,
2015; AUGUSTE et al., 2017).
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1 OBJETIVOS

1.1 Objetivo geral

Desenvolver e caracterizar nanoparticulas de PLGA modificadas com aptamero anti
MUC 1 e radiomarca-las com Tecnécio-99m, para obtencédo de agente diagnostico de tumores

de mama com superexpressdo do gene mucina 1.

1.2 Objetivos especificos

» Producéo de nanoparticulas de PLGA;

A\

Modificacdo das nanoparticulas de PLGA com aptamero anti MUC 1;

» Marcacédo das nanoparticulas de PLGA vazias e modificadas com aptamero Anti MUC
1com o radionuclideo Tecnécio-99m;

» Avaliacdo da biodistribuicdo das nanpoarticulas de PLGA vazias e modificadas com

Anti MUC1 marcadas com Tecnécio-99m em camundongos fémeas BALB/c

saudaveis e com modelo xenografico de cancer de mama desenvolvido.
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2 METODOLOGIA CIENTIFICA

2.1 Anti-Mucl Nano-Aptamers for Triple-Negative Breast Cancer Imaging by Single-
Photon Emission Computed Tomography in Inducted Animals: Initial

Considerations (Artigo cientifico publicado)

Abstract: The early and specific detection of tumors remains a barrier in oncology,
especially in cases such as the triple-negative breast cancer (TNBC). To address this gap,
aptamers have found an important application in the recognition of tumor biomarkers such as
mucin 1 (MUC1). However, there are still some difficulties in the use of aptamer, as their
rapid biological clearance makes their use as drugs limited. In this study, the anti-MUC1
aptamer was used as a drug delivery system (DDS) for a radioactive polymeric nanoparticle
(NP) in the imaging of TNBCs. Thus, poly(lactic-co-glycolic acid) NPs loaded with the anti-
MUC1 aptamer and labeled with technetium-99m were used for a biodistribution study and
imaging of TNBC. The results confirmed that the NP was successfully obtained, with a mean
size of 262 nm, according to the dynamic light scattering data. The biodistribution assay in
induced animal models with TNBC showed that although there was a high capture by
intestine (30%), the DDS developed had a high tumor uptake (5%) and with great in vivo
imaging properties, corroborating the possibility of use of this DDS as an imaging drug for
TNBC.

Keywords: aptamer, cancer control, imaging, nuclear medicine, radiopharmacy.

INTRODUCTION

Breast cancer is one of the most common cancers and afflicts thousands of women
worldwide. The incidence rates vary greatly worldwide, from 19.3 per 100,000 women in
Eastern Africa to 89.7 per 100,000 women in Western Europe. In most of the developing
regions, the incidence rates are ,40 per 100,000 and it is estimated that over 508,000 women
died in 2011 because of breast cancer, worldwide.1,2

Triple-negative breast cancer (TNBC) is characterized by a low expression of the
estrogen receptor, progesterone receptor, and human epidermal growth factor receptor 2.
TNBC tends to behave more aggressively than the other breast cancer subtypes (has rapid
growth and higher chance of recurrence and metastasis). 3,4 TNBC accounts for ~20% of all
breast cancers and is more frequently diagnosed in women aged .40 years and particularly of

African descendancy.5—7 There is strong evidence that links TNBC with the mutation of
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BRCA gene.8 The diagnosis of TNBC is currently performed using a microarray
technique.9,10 However, both diagnosis and treatment remain a clinical challenge.

In recent years, TNBC has been linked to a specific immunologic response originating
from the large expression of the mucin 1 (MUC1) gene. MUC 1 belongs to the family of
genes that encodes transmembrane glycoproteins type I, with high molecular weight, 11,12
and is present ubiquitously in the apical surface of glandular epithelial cells, including
gastrointestinal, respiratory, urinary, and reproductive tract.12 Overexpression of MUCL1 has
been identified as a marker of malignancy in several primary tumors, such as breast, ovarian,
colon, lung, gastric, pancreatic, and prostate cancers.11,13-17 Normal tissue and tumor have
the same amino acid sequence, but only distinguished by MUC 1 overexpression by cancer
cells and its aberrant glycosylation pattern 16.

MUC1 has been the target for many therapeutic approaches, including antibodies,
vaccine therapies, and aptamers.18,19 Aptamers are synthetic oligonucleotides, such as
ribonucleic acid (RNA) and single-stranded deoxyribonucleic acid, which can bind to their
targets with high affinity and specificity because of their specific secondary and tertiary
structures.20 Compared with antibodies, they offer a great potential in targeting tumor
markers like MUC1 because of their small size, lack of immunogenicity, and superior tumor
penetration.21 In addition, they have been capable of detecting circulating MUCL1 in sandwich
enzyme-linked immunosorbent assays, improving current detection limits,19 and have been
extensively studied as radiopharmaceuticals for their potential in gamma-camera and single-
photon emission computed tomography (SPECT) imaging.21-23 Furthermore, they have
been shown to be particularly promising agents in photodynamic therapy as phototoxic agents
24 and delivery agents of standard chemotherapy such as doxorubicin.25 Finally, the MUC1
aptamers have been successfully used in nanoparticle (NP) formulation, described both from
our own group26 for silica NPs and from a different group for liposomal formulation in
conjunction with paclitaxel.27 The properties of high affinity and specificity toward their
targets make aptamers the molecules of choice to be used as delivery agents. Aptamers can be
designed as targeting ligands, 20 with their properties modified at demand.

The use of nanotechnology in cancer treatment and diagnosis is rapidly evolving. In
recent years, many research groups have been devoting their efforts to the development of
NPs to interrogate specific molecular targets (imaging probes) and to deliver systemic
radiotherapy to those targets, while minimizing the toxicity to normal cells, following what
has been called the “magic bullet” concept. In this fashion, NPs conjugated with unstable

radioisotopes for positron emission tomography and SPECT imaging have the highest
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potential for successful imaging because of their inherited high sensitivity. The same NPs can
be conjugated with beta-minus- or alpha-particle-emitting radioisotopes for targeted
radiotherapy. 28-32 In this study, unique nano-radiopharmaceuticals with polymeric NPs of
the anti-MUC-1 aptamer labeled with technetium-99m (99mTc) were developed for the early
diagnosis of MUCL1 overexpression in TNBC. These novel imaging compounds have the
potential to play an important role in the development of improved imaging strategies for
TNBC.

Aptamers

The aptamers used in this study have been those previously described by Ferreira et
al18 and used in various studies as radiopharmaceuticals alone or in multimeric and pegylated
complexes.21-23 These aptamers have been selected against the APDTRPAPG synthetic
peptide of the MUC1 tandem repeat sequence using traditional SELEX approaches. The
structure of this anti-MUC1 aptamer has also been studied by nuclear magnetic resonance 33

and deposited in Protein Data Bank.

Nanoparticles

Two NPs were prepared: the first one empty (no anti-MUC1) and the second one with
anti-MUCL1 aptamer.

Empty NP

Thirty milligrams of poly (lactic acid-co-L-acid) (PLGA) was dissolved in 2 mL of
CHCl; (solution A). Then 1 mL of solution of polyvinyl alcohol (PVA) 5% was dripped over
solution A and then ultrasonicated by 2 cycles of 30 seconds in a potency of 55 W, forming
an emulsion (solution B). The solution B was dropped into 40 mL of a solution of PVA 1%
and ultrasonicated by 2 cycles of 30 seconds in a potency of 55 W. The final product was a
PLGA emulsion system oil-in-water-in-oil (O/W/O). This final solution was dried under low

pressure at room temperature for 40 minutes to eliminate the excess of dichloromethane.
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Loaded NP with aptamer anti-MUCL1

Thirty milligrams of PLGA was dissolved in 2 mL of CH2Cl; (solution A). Then 1 mL
of a solution of PVA 5% and 100 pg of anti-MUC-1 aptamer was dripped over the solution A
and then ultrasonicated in 2 cycles of 30 seconds with a potency of 55 W, forming an
emulsion (solution B). The solution B was dropped into 40 mL of a solution of PVA 1% and
ultrasonicated in 2 cycles of 30 seconds with a potency of 55 W. The final product was a
PLGA emulsion system O/W/Q. This final solution was dried under lower pressure at room

temperature for 40 minutes to eliminate the excess of dichloromethane (Scheme 1).

Empty nanoparticles Loaded nanoparticles
Oil phase Oil phase

30 mg of PLGA +2 mL DCM
30 mg of PLGA +2 mL DCM (CH.CL)

'CH:C':l _
_ 1 mL of PVA 5%+100 ug

1 miL of PVA 59 ant-MUC1 aptamer

Scheme | Schematic process of the formation of nanoparticles.

Source: Prepared by the author.

Abbreviations: DCM, dichloromethane; MUC1, mucin 1; PLGA, poly(lactic-co-glycolic
acid); PVA, polyvinyl alcohol.

Size determination by dynamic light scattering

NP size distribution, mean size, and polydispersity index of the NPs were determined
by dynamic light scattering (DLS) using the equipment Zetasizer Nano ZS (Malvern
Instruments, Worcestershire, UK). The measurements were performed in triplicate at 25°C,
and the laser incidence angle in relation to the sample was 173° using a 12 mm2 quartz

cuvette. The mean + standard deviation was assessed.
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Labeling with 99mTc-nano-radiopharmaceuticals

The method used was the direct labeling process as described by Sa et al. 26 and
Albernaz et al. 34 The labeling process used 150 pL of NPs (empty and loaded), which were
incubated with SnCI2 solution (30 pL/mL) (Sigma-Aldrich, St Louis, MO, USA) for 20
minutes at room temperature. Then this solution was incubated with 2 mCi (~300 pL) of
99mTc (Instituto de Pesquisas Energeticas e Nucleares [IPEN/CNEN]) for 10 minutes, which
labeled the NPs with 99mTc.

To characterize the labeled NPs (empty and loaded), paper chromatography was
carried out using Whatman No 1 paper. The paper chromatography was performed using 2 pL
of the labeled NP in acetone (Sigma-Aldrich) as mobile phase. The radioactivity of the strips
was verified in a gamma counter (Perkin Elmer Wizard® 2470, Perkin Elmer, Shelton, CT,
USA). To confirm the efficacy of the labeling process of the NP (empty and loaded), paper
chromatography was performed at 8 hours (Table 1).

Table 1 Efficacy of the labeling process with technetium-99m of the PLGA nanoparticles

Nanoparticle type Efficacy of labeling at 8 hours
PLGA-nanoparticle (empty) 99.76+0.8
PLGA~aptamer-nanoparticle 99.83+0.7

Source: Prepared by the author.
Abbreviation: PLGA, poly(lactic-co-glycolic acid).

In vivo analysis

Tumor xenograft models

MDA-MB-231 cells (American Type Culture Collection, Manassas, VALLC) were
cultured in RPMI (Thermo Fisher Scientific, MA USA) supplemented with 10% of fetal
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bovine serum (Gibco) and 50 pg/mL of gentamicin (Gibco). Mycoplasma contamination in
cultured cells was excluded using Lonza Mycoplasma Detection Kit.

Tumors were established by subcutaneous (sc) injection of 2x106 MDA-MB-231 cells
at the back of 6-week-old female BALB/c nude mice. The tumor size was monitored for 3
weeks and measured by a caliper. The tumor size before imaging was about 2 cm in diameter.
The BALB/c nude mice were bred at the animal facility of the Nuclear Energy Research
Institute (IPEN). This study and the animal procedures were approved by the University of
Pernabuco Ethics Committee, under the number: 23076020578201327. All animal
experiments were done in accordance with the regulations and guidelines of Brazilian Law for
animal experiments (Law number 11.794/2008 and Decree 6.899/2009). These mice were
observed three times per week for evidence of distress, ascites, paralysis, or excessive weight

loss.

Biodistribution studies

Evaluation of the biodistribution of NPs was performed using two groups: 1) control
group using empty NPs (n=6) and 2) intervention group using NPs loaded with aptamer
(n=6), both labeled with 99mTc. The mice were anesthetized with mixed solution of 10%
ketamine and 2% xylazine in a volume of 15 pL and administered intramuscularly (thigh).
The nano-radiopharmaceuticals (3.7 MBq in volume of 0.2 mL) were administered retro-
orbitally.34 Both groups were killed by asphyxiation using a carbon dioxide gas chamber
after 2 hours (120 minutes) of radio-compound administration. Organs (brain, lungs, Kidneys,
stomach, small and large intestine, bladder, heart, and blood pool) were removed and
weighted and the activity in each organ and blood was counted by a gamma counter (Perkin

Elmer Wizard 2470). The results were expressed as uCi per organ 26,34.

SPECT imaging

Planar images were obtained at 90 minutes after injection of nano-
radiopharmaceuticals (3.7 MBq in volume of 0.2 mL) using a Millenium Gamma Camera
(GE Healthcare, Cleveland, OH, USA). Counts were acquired for 5 minutes in a 15% window

centered at 140 keV. The images were processed using OsiriXsoftware, and regions of interest
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(ROIs) over the tumor were selected for specific analysis. Three induced mice were imaged

separately.

Results and discussion

DLS size characterization

Figure 1 shows the mean size and size distribution of the NPs (empty and loaded).
According to the distribution profile it is possible to infer that NPs presented a monomodal
size distribution, with a mean size of 255 nm for the empty NPs and 262 nm for the aptamer—
NPs. These results were not statistically different when comparing the two NPs, indicating
that there is a slight increase in size for the NP containing the aptamer on its surface.
However, as the aptamer is a small molecule it does not seem to increase greatly the size of
the polymer NP (aptamers have a molecular weight ranging from 5 to 15 kDa). Narrow peaks

suggested homogeneous systems with sizes near to the mean.

Labeling process

All the PLGA NPs using 1) empty and 2) aptamer-loaded anti-MUC1 were

successfully labeled with 99mTc. The average of labeling efficacy was over 97% in all cases.

Tumor xenograft model

After 3 weeks of the sc injection of 2x106 MDA-MB-231 cells the tumor was palpable

and visible as in Figure 2.
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Biodistribution study

NP loaded with anti-MUC1 aptamer

The biodistribution data (Figure 3) demonstrated that the nano-aptamer has a high
hydrophilicity, and for that reason has a high uptake by the kidneys (X Kidneys 0.4131 uCi).
It means that 48.43% of the nano-radiopharmaceuticals were in the kidneys. This is important
for two reasons. First, it demonstrates the renal clearance of the nano-radiopharmaceutical,
which is a desirable property. Second, the reabsorption mechanism present in the kidneys will
probably help the biodistribution of the NP in the whole body 35,36.

The presence of MUCL in the intestines (large and small) 37,38 may, in some cases,
interfere in the biodistribution of the nano-aptamer labeled with 99mTc, because it is a pan-
epithelial mucin. 39-41 In this case, the nano-aptamer labeled with 99mTc showed an uptake
of 16.71% in the large intestine (0.13753 pCi) and 19.65% in the small intestine (0.16172
UCi). Furthermore, the size of the nano-aptamer labeled with 99mTc may interfere in the
biodistribution, because it may be trapped into the intestinal microvilli because of its higher
irrigation. However, as the labeled empty NP had a lower intestine uptake, this seems a less
plausible explanation, indicating a potential interaction of the MUC1 aptamer (see the
following text and Figure 4).

NPs suffer from the limitation of rapid clearance by the mononuclear phagocytic
system (MPS) located primarily in the liver and spleen, thereby limiting the dose available for
the disease site. 42,43 In this particular case the spleen uptake was very low (0.01504 uCi)
representing 1.82% of the total dose. The use of PLGA NP has demonstrated lower uptake by
the spleen, and, thus, an advantage in the use of this NP. In addition, the presence in the liver
was also low. The total amount was 0.11917 pCi, representing 14.48% of the total nano-
aptamer labeled with 99mTc, less than the uptake by the intestines, also representing an
advantage of this NP system.

The uptake by the lesion (tumor) showed a value of 0.0499 pCi (5%) of the nano-
aptamer labeled with 99mTc, which supports the use of the nano-aptamer as an imaging
agent, also corroborating the imaging results. Is is important to notice that the uptake in the

brain is negligible.
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Empty NP

The results of the biodistribution of the empty NP (Figure 4) showed renal clearance
with a total of 77% of the empty NP uptake by the kidneys (X Kidneys 1.9627 pCi).

The presence of MUCL in the intestines did not interfere in the biodistribution of the
empty NP, as expected. The values in the large intestine (0.7%) and small intestine (1.66%)
were quite different from that observed in the loaded NP, showing that the presence of the

aptamer in the NP was continuous throughout the biodistribution test.

207 | = Empty NPs
187 4+— Aptamer—-NPs

10 100 1,000 10,000
Diameter (nm)

Figure 1 Mean size and size distribution of the nanoparticles.
Notes: The empty NPs are in black and the aptamer—NPs are in red. Analyses were performed
at 25°C after preparation. Error bars indicate standard deviation for the triplicates.

Abbreviation: NPs, nanoparticles.
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Figure 2 Tumor growth after 3 weeks of injection of 2x106 MDA-MB-231 cells in the back

dorsal region of mice.
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Figure 3 Biodistribution of loaded nanoparticle in induced mice.
Note: Error bars were calculated using the mean + standard deviation.
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Figure 5 Comparison of biodistribution of empty (purple) and loaded (red) nanoparticle in

inducted mice.
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The small amount of NP in the stomach (0.07351 pCi) demonstrated no formation of
colloid with the 99mTc. It is important to note the presence of higher amount in spleen
(0.04189 puCi; 1.6%) and liver (0.1933 uCi; 7.6%), showing that the empty NP is taken up by
the MPS, although in low concentrations. These data are important because, when comparing
with the loaded NP, the uptake by the spleen is the same; however, the uptake by the liver is
twice as much in the loaded NP. This means that the presence of the anti-MUC1 aptamer in
the NP stimulates the MPS, especially in the liver. There was no uptake by the empty NP by
the lesion. The amounts in brain, blood, and other organs are negligible.

To better understand the results of both graphics, they are shown together (Figure 5). It
is possible to observe the higher uptake by the lesion and the better renal clearance by the

drug delivery system.

SPEC T imaging

In the SPECT (Figure 6) it is possible to observe the higher uptake in the lesion area.
The ROI showed that the increased uptake region (yellow) was because of the biodirection of
the anti-Mucl aptamer NP accumulation. It is also possible to observe the kidney uptake in
the image (lower region), corroborating the biodistribution result. The increased uptake region
is because of the retro-orbital injection and is the remaining radioactivity in the injection site.
The imaging findings, together with the results from the biodistribution assay, confirm the

possible use of this NP as an imaging agent.

Conclusion

The results confirmed that the nano-radiopharmaceuticals based on the anti-MUCL1
aptamer could be used as an imaging agent for TNBC. The results of the biodistribution study
aligned with the SPECT imaging results, suggesting that this drug delivery system may
represent a safe and alternative agent for the TNBC. The renal clearance and the low uptake

by the liver and spleen suggest its potential application in human beings.



Figure 6 Scintigraphy of anti-MUC1 nano-aptamer in animals induced with triplenegative

breast cancer.
Abbreviation: MUC1, mucin 1.
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2.2 Breast Cancer: Carcinogenesis, Diagnosing And Treatment (Artigo cientifico

publicado)

Marta de Souza Albernaz, Fagner Santos do Carmo, Edward Helal-Neto, Sofia dos Santos
Nascimento, Ralph Santos-Oliveira. Breast Cancer: Carcinogenesis, Diagnosing And
Treatment 2017. 53-64 f. Clinical case report

Summary. Breast cancer is the most common and deadly type of cancer that affects women
worldwide. A good anamnesis, allied with a highly accurate diagnosis and a correct
interpretation of the data acquired relies the best chance for the patient to receive the best
treatment and, in this direction, improve the chance of cure and/or better prognosis. In all the
cases, a good theoretical basis is fundamental. Thus, this update review intend to be a primary
source on Breast Cancer, paving and consolidating knowledge in the field of breast cancer
and helping physicians in their daily difficult task to deal with this disease.

Key words: oncology, education, cancer, female, disease

INTRODUCTION

Cancer

Cancer is generally defined by an uncontrolled, usually rapid cellular proliferation,
and therefore does not respond to the common mechanisms of cell cycle control. It is a highly
complex, heterogeneous, and multifactorial disease. In several types of tumors, some
malignant cells migrate to new sites (metastasis) forming secondary tumors that generally
have a large impact on patient’s survival. This process of invasion and metastasis begins by a
local invasion, extravasation of tumor cells into blood or lymphatic vessels, dissemination,
intravasion to distant organs, formation of small tumor cells nodules (micrometastasis) and,
growth of macroscopic tumors.

Although there are numerous barriers to the development of cancer, a tumor cell can
acquire characteristics that allow it to grow and spread such as sustaining proliferative

signaling, evading growth suppressors, resisting cell death, enabling replicative immortality,
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inducing angiogenesis, and activating invasion and metastasis. Moreover, tumors are
surrounded by a repertoire of “normal cells” that contributes to the acquisition of these
characteristics, creating a tumor microenvironment. Therefore, tumor growths rely on the
intrinsic contribution of intracellular signaling pathways and the complex interaction between
components of the tumor microenvironment (1, 2).

Tumors can be divided into benign and malignant according to their biological
behavior. Benign tumors do not invade adjacent tissues and grow locally resembling their
original tissue. They are rarely life threatening. Malignant tumors, on the other hand, are those
rapidly dividing that invade neighboring structures and give rise to metastasis (3).

Breast cancer is the most common cancer among women worldwide. A number of
recognized risk factors contribute to the development of breast cancer, including hormone
reproduction, age, obesity, alcohol, radiation, benign breast disease and lack of exercise.
According to Lv et al (2016), more than 240,000 women developed breast cancer and ~
40,000 died of the disease in the United States in 2016. Overall, about 1.7 million women
were diagnosed in 2012, emphasizing the urgent need for effective and safe therapeutic
approaches. Although most breast cancers are slow-growing or indolent, a subgroup acquires
an aggressive phenotype for a variety of reasons. Molecular, genotypic and phenotypic studies
clearly demonstrate the heterogeneity of breast cancer with multiple subtypes and

classifications (3, 4).

Carcinogenesis

Carcinogenesis is a multistep process characterized by genetic alterations that affect
key cellular pathways involved in growth and development (5, 6). Oncogenes refer to genes
whose alteration cause gainof-function effects. Activated oncogenes, for example, can cause
cells designated for apoptosis to survive and proliferate instead. Most oncogenes began as
protooncogenes, normal genes involved in cell growth and proliferation or inhibition of
apoptosis. When subjected to a genetic mutation, proto-oncogenes are upregulated and can
predispose cells to become cancerous. These genes are thus termed oncogenes (7, 8). On the
other hand, tumor suppressor genes cause loss-offunction effects that contribute to a
malignant phenotype. For example, a tumor suppressor gene can protect a cell from one step
to the path to cancer. When this gene is altered it causes a loss or a reduction in its function,

allowing the cell to progress to cancer. The effects of these alterations are very complex
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because of the high number of changes needed for a cell to become cancerous and the
interaction of the biological pathways involved.

Carcinogenesis can be conceptually divided into four stages: tumor initiation, tumor
promotion, malignant conversion and tumor progression. The activation of oncogenes and
inactivation of tumor suppressor genes are mutational events that result from permanent DNA
damage caused for example, by chemical exposures. The accumulation of mutations, and not
necessarily the order in which they occur, constitutes multistage carcinogenesis (5, 9).

Tumor initiation is the first stage in which the initial modifications are irreversible
genetic damage caused by carcinogens. A chemical carcinogen causes a genetic error,
modifying the molecular structure of deoxyribonucleic acid (DNA) that can lead to a mutation
during DNA synthesis. These irreversible changes can lead to the activation of oncogenes or
inactivation of tumor suppressor genes (7, 10).

Tumor promotion involves the selective clonal expansion of mutated cells. These cells
are non-mutagenic, requiring a metabolic activator (oncopromoters) to mediate their
biological effects (7, 11).

Malignant conversion is the transformation of the pre-neoplastic cell into one
expressing malignant phenotype. The promotion of the tumor contributes to the process of
carcinogenesis by the expansion of a population of initiated cells that converge to malignancy.
The conversion of a fraction of these cells to malignancy will be accelerated in proportion to
the rate of cell division and the amount of dividing cells in the benign tumor or pre-neoplastic
lesion. Some components of the diet and prolonged and excessive exposure to hormones are
examples of factors that promote the transformation of cells started into malignant ones. The
p53 gene located on chromosome 17p13.1 is the most common target of genetic changes in
human tumors, being altered in just over 50% of the cases. The homozygous loss of this gene
is notable because it can occur in virtually all types of cancer, partly explained by its
functional activities, which involve cell cycle arrest and the onset of apoptosis in response to
DNA damage (9, 10, 12).

Tumor progression comprises expression of the malignant phenotype and the tendency
of malignant cells to acquire more aggressive characteristics over time. In addition, metastasis
may involve the ability of tumor cells to secrete proteases that allow invasion beyond the site
of the immediate primary tumor (13). At this stage, the cancer is already established, evolving
the appearance of the first clinical manifestations of the disease (1, 6, 11, 14).

In all this process, other genetic changes may occur, including activation of oncogenes

and functional loss of tumor suppressor genes. Proto-oncogenes can be activated by two
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major mechanisms: for example, in the RAS gene family, point mutations are found in highly
specific regions of the gene and the MYC, RAF, HER2 and JUN genes may be
overexpressed, sometimes involving amplification of chromosomal segments containing these
genes. The loss of tumor suppressor gene function normally occurs in a bimodal fashion, and
more often involves point mutations in one allele and loss of the second allele by a deletion,
recombination event, or non-chromosomal disjunction (1, 15, 16).

The uncontrolled proliferation of cancer cells may lead to the formation of, new blood
vessels (angiogenesis), required to the adequate supply of oxygen and nutrients to
proliferating tumor cells. The formation of such new blood vessels is important not only in
supporting tumor growth, but also provide an opportunity to cancer cells to invade
neighboring tissues, enter the circulatory system and begin the metastatic process. When
present in the lymphatic and blood vessels, tumor cells can then reach distant organs and
proliferate in a secondary place completing the metastasis process (6, 16-18).

Cancer initiation and progression is considered as a multistep process which lately
drives malignant transformation of normal cells. However, nowadays, several evidences have
suggested that cancer stem cells (CSCs) contribute to the metastatic dissemination of solid
tumors. These cells, cancer stem cells (CSCs), are a small cell subpopulation with embryonic
characteristics such as self-renewal, high proliferation rate, and the ability to generate
heterogenic lineages of cancer cells, are key contributors to the development and progression
of the disease (19).

Different theories have been proposed about the origin of CSCs and several
hypotheses have been described. One of them states that CSCs arise from stem cells. In fact,
stem cells can divide to produce copies of themselves, or self-renew and, are pluripotent (able
to differentiate into most mature cell types). Therefore, an unsuitable mutation may lead to
transformation of dormant normal stem cells to cancer stem cells (CSCs) (20, 21). According
to another, CSCs may arise from progenitor cells. Indeed, the differentiation pathway from a
stem cell to a differentiated cell usually involves intermediate cells types, called progenitor
cells that are more abundant in adult tissue than are stem cells. Progenitor cells usually divide
to produce mature cells and retain a partial capacity for selfrenewal. Thus, this property has
led to the theory that mutations in progenitor cells could lead to a source of CSCs (22, 23).

Some researchers have suggested that CSCs could arise from mature, fully
differentiated cells. In this theory, a adult somatic cell could undergo several mutations and

de-differentiate to become in a more stem-like state. The genetic mutations would need to
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drive not only the de-differentiation process, but also the self-renewal of proliferating cells
(24, 25).

Because most deaths from cancer patients are from metastasis, a better understanding
of the mechanisms of tumor metastasis is important for developing more effective therapeutic

strategies.

Breast cancer

Breast cancer is the most common cancer among women worldwide (both in
developing and developed countries). In 2012, about 1.67 million new cases breast cancer
were detected worldwide, accounting for approximately 25% of all cancers diagnosed in
women. Still in 2012, 522,000 deaths from breast cancer were recorded in women worldwide.
These deaths account for 15% of all cancer deaths in women. Breast cancer is the second
leading cause of cancer death in developed countries (198,000 deaths) behind only lung
cancer (26, 27). Women with breast cancers can be successfully treated if diagnosed in an

early stage of the disease.

Histological classification of breast tumors

Breast cancers usually are epithelial tumors of ductal or lobular origin and are
classified as follows: Ductal carcinoma in situ (DCIS), Lobular carcinoma in situ, Invasive
ductal carcinoma (ductal breast cancer), Invasive lobular carcinoma, Medullary carcinoma,
Mucinous (colloid) carcinoma, Tubular carcinoma, Papillary carcinoma, Metaplastic breast
cancer (MBC), Phyllodes tumors, Mammary Paget disease (MPD), Inflammatory breast

cancer.

Invasive ductal carcinoma

Most breast tumors originate in the ductal epithelium (about 80%) and are known as

invasive ductal carcinoma. The “invasive ductal carcinoma” refers to cancer that has broken

through the wall of the milk duct and begun to invade the adipose tissue of the breast. Over
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time, invasive ductal carcinoma can spread to the lymph nodes and possibly to other areas of
the body. The diagnosis of invasive ductal carcinoma is made by the exclusion of recognized
specific breast cancer. When the lesion does not fulfill the diagnostic criteria for any other
special types of mammary carcinoma, tumor has been classified as invasive ductal carcinoma
without other specification. The tumor is formed by the proliferation of epithelial elements
with relatively high cytological atypia, which is characterized by the presence of many
epithelial cells in the cytoplasm with a variable tendency to form pseudo-glandular or ductlike
structures, and with variable mitotic activity (28, 29). The cytological characteristics vary
widely and can be found from small cells with homogeneous nuclei to large cells with
irregular and hyperchromatic nuclei. On the margins of the tumor mass, neoplastic cells
infiltrate into the stroma and fibro-adiposal tissue, and there is often an invasion of the

perivascular and perineural spaces, as well as of the blood and lymphatic vessels (30, 31).

Lobular carcinoma

Lobular carcinoma, often called, invasive lobular carcinoma, is the second most
common type of breast cancer after invasive ductal carcinoma. It occurs in the breast lobules
of the mammary gland, and can broke through the wall of the lobes and invade the tissue of
the breast (10% of the cases).This type of cancer has a good prognosis, with a 10-years
overall survival in 80-90% of the women. It is characterized by a risk of bilaterality and high
rate of late systemic recurrence. They are often distinguished by their molecular physiology,
since they often have E-cadherin loss and are typically positive for estrogen and progesterone
receptors. In addition, several distinctive genomic alterations were observed in lobular
tumors, including 1g gain and chromosome 16g20. A large study of lobular characteristics
also categorized several mutations in the PTEN, TBX3 and FOXAL genes that typify lobular
carcinomas (31, 32).

Tubular carcinomas

Tubular adenomas are rare benign neoplasms, representing 0.13-1.7% of benign breast

lesions. Tubular adenomas are circumscribed, unencapsulated, slowgrowing, firm, movable,

and small to medium-sized female breast lesions consisting of densely packed regular round
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tubules. Young women of reproductive age (15-49 years) are commonly affected. The upper
and outer quadrant of the breast is the most preferred site. Recurrence or increased risk of

cancer is not reported from cases of tubular adenoma (33).

Mucinosis carcinoma

This type of cancer represents 1-4% of all cases of breast cancers. It usually manifests
in postmenopausal women, has a good prognosis, with a 10-year survival rate in 80% to 90%
of cases, often associated with mutations in the BRCA1 gene (34).

Marrow carcinoma

This type represents less than 5% of all invasive breast cancers. It is more common in
young women and is associated with abnormalities in the BRCAL gene. It has a better

prognosis than ductal carcinomas (12).

Micropapillary carcinoma

It is a distinct form of mammary carcinoma characterized by the proliferation of
malignant cells in micropapillary arrays within cystic spaces in the breast stroma, without
epithelial or endothelial lining, with frequent metastasis in the diagnostic phase (35). The
incidence of IMPC ranges from 3 to 6 % of all primary breast cancers. It is an important
subtype due to its unique features such as high proclivity to lymphovascular invasion, lymph
node metastasis, local recurrence, and distant metastasis, thus exhibiting a more aggressive

behavior with a poorer prognosis than invasive ductal carcinoma (36, 37).

Carcinoma papillaryis

With an incidence ranging from 1.1% to 1.7% of all malignant tumors of the breast, is

considered a rare type. In most cases, these types of tumors are diagnosed in older women

who have already been through menopause. Histopathological features include low grade
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cellular atypia, intracellular or extracellular mucin deposition, and solid papillary growth
pattern, as well as neuroendocrine differentiation (38, 39).

Metaplastic carcinoma

Due to the great heterogeneity and the different evolutionary profile, this group was
sub classified. The fibromatosis-simile subtype presents a differential diagnosis with lesions
and benign fusocellular tumors, especially in needle biopsies with limited samples or when
they occur associated with sclerosing lesions, radial scars or papillomas.
Immunohistochemically study for cytokeratins (CK), especially those of high molecular
weight (34p E-12, CK-5 or CK-5/6), and p63 aids in the differential diagnosis and positively
affects tumor spindle cells. Differential diagnoses include benign fusocellular lesions
(fibromatosis, nodular fasciitis, myofibroblastoma and needle biopsies after needle biopsy)
and low-grade fusocellular sarcomas (40, 41).

The spread of mammary carcinomas is by local invasion (skin, nipple, muscle or chest
wall), lymphatic or hematogenous. In 30% to 50% of the cases there is axillary lymph node
involvement at the time of diagnosis, and regional metastases indicate distant and systemic
metastatic potential. Women with 1-3 compromised lymph nodes have 60% survival at 10
years; this rate reduces to 20% in women who had 3-4 or more lymph nodes with metastases
at the time of diagnosis. Systemic metastases generally occur in the lungs, bones, liver,
adrenal glands, ovaries, and the central nervous system. About 30% of women without
axillary metastases develop systemic metastasis later, indicating that a large proportion of

breast carcinomas are already systemic diseases at the time of diagnosis (32, 42).

Molecular classification of breast tumors

There are 6 intrinsic subtypes according to their gene expression pattern: luminal A,

luminal B, HER-2, basal-like, normal-like, and claudin-low overexpression tumors.
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Luminal

Approximately 75% of breast cancers are positive for Estrogen receptor (ER) and/or
Progesterone receptor (PR). This type of tumor encodes typical proteins of luminal epithelial
cells so they are termed the luminal group. The luminal tumor cells look the most like cells of
breast cancers that start in the inner (luminal) cells lining the mammary ducts. Two main
luminal-like subclasses corresponding to Luminal A and Luminal B have been described so
far (3, 8, 43).

Luminal A

About 30-70 percent of breast cancers are luminal A tumors. These tumors frequently
have low histological grade, low degree of nuclear pleomorphism, low mitotic activity and
include special histological types (i.e., tubular, invasive cribriform, mucinous and lobular)
with good prognosis. They areoriginatedin epithelial cells differentiated from ducto-lobular
lumens, presenting overexpression of estrogen receptor (ER) and progesterone (PR), and
genes that are activated by hormonal binding, such as the BCL2 gene, which regulates
apoptosis, and the GATA-3 transcription factor, and absence of HER2. The Ki67 evaluation

shows a low proliferation rate (<14%). Because luminal A tumors tend to be ER-
positive, treatment for these tumors often includes hormone therapy. Patients with luminal-A
breast cancer have a good prognosis and the relapse rate is significantly lower than the other
subtypes (3, 43).

Luminal B

Luminal-B tumors comprise 15%-20% of breast cancers and have a more aggressive
phenotype in comparison to Luminal A. They present higher histological grade, proliferative
index and a worse prognosis. Luminal B tumors have a higher recurrence rate and lower
survival rates after relapse compared to luminal-A subtype. Luminal B tumors tend to be ER-
positive. They may be HER2-negative or HER2-positive. Approximately 30% of HER2-

positive tumors defined by immunohistochemistry are assigned to the luminal-B subtype. This
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tumor is also sensitive to hormone therapy, although to a lesser extent, and Trastuzumab
(TZB) can be used successfully if it is HER2 positive (3, 43).

HER2

The human epidermal growth factor receptor-2 is a member of the family of four
membrane tyrosine kinases. The HER2 receptor is encoded by the HER2 gene, which is a
proto-oncogene mapped in chromosome 17921. HER-2 is amplified in 15-20% of breast
carcinomas. Its overexpression is associated with a more aggressive tumor phenotype, but
more responsive to monoclonal targeted therapy (Herceptin). HER2 positivity confers a more
aggressive biological and clinical behavior. Morphologically, these tumors are highly
proliferative, 75% have a high histological and nuclear grade and more than 40% have p53
mutations. Nearly half of HER2-positive breast cancers are positive for ER but they generally

express lower ER levels (44-46).

Basal-Like

The basal-like subtype is highly aggressive and, therefore, of particular clinical
relevance (3, 43). Basallike breast cancers are more likely to occur in younger women, and
are associated with mutations in the breast cancer susceptibility gene (BRCA1). They are
characterized by high tumor rate, proliferation rate, frequency of recurrence and the presence
of p53 mutations. Morphologically, it is characterized by a high histological grade, by a high
mitotic index, by the presence of central necrotic areas and by the prominent lymphocytic
infiltrate (8). It is estimated that 15 to 20% of breast carcinomas are basal-like. They are
undifferentiated or undifferentiated lesions with high proliferation rates. For the most part
(70-80%), they are triple-negative tumors by immunohistochemically reaction, with negativity
of ER, PR and HER2.

It is important to notice that despite the similarity, basal-like and triple-negative breast
cancer terms are not synonymous: the first one is defined by gene expression in DNA
microarrays, and the second one, by immunohistochemically criteria. The panel of markers
proposed for the classification of the basallike type would be the absence of expression of RE,

PR and HER2, expression of high molecular weight/basal cytokeratin’s, CK5/6, 14 or 17, and
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expression of EGFR (HERZL). Triple negative breast cancer with basal-like features lack
expression of the biomarkers ER, PR, and HER2, but commonly express high molecular-
weight ‘basal’ cytokeratin (CK56, CK14, and CK17) epidermal growth factor receptor
(EGFR), vimentin, p-cadherin, aB-crystallin, fascin, and caveolins 1 and 2 (47).

Basal-like tumors, despite being more aggressive, are more responsive to neoadjuvant
chemotherapy (8, 48). BRCAL dysfunction, seems to represent a mechanism that generates
basal-like and triple-negative tumors; Thus, it may be inferred that at least a part of these are
incompetent in the DNA repair mechanism involved in the homologous recombination
pathway; this makes these cells more dependent on repair pathways by the enzymes of poly
ADP-ribose polymerase (PARP) (3, 43).

Normal-like

The existence of the normal-like subtype is controversial. The term was used because
the genes expressed therein are usually shared with normal epithelial tissue. However, it is not
clear whether this subtype even exists or whether its determination was simply due to
contamination with normal tissue samples (49, 50).

Claudin-low

Recognized in 2007, they are also triple-negative tumors, with low expression of
claudin genes 3, 4 and 7, and loss of E-cadherin. Its frequency is estimated to be 5% of all
breast carcinomas and its origin is linked to cells very close to the primitive stem-mammary
cells (49, 51). Claudins are transmembrane proteins involved in adhesion between cells, and
the regulation of some of them is associated with breast cancer, apparently by epigenetic
silencing, facilitating cell migration and tissue invasion (50, 51).

In claudin-low carcinomas there are no markers of luminal differentiation; on the
contrary, these forms are rich in markers of stem cells, cancer initiating cells, epithelial-
mesenchymal transition, and genes associated with the immune response. It is the tumor
whose cells most resemble stem cells (49, 52). They have a high histological grade, little

differentiation and show a marked lymphocytic infiltration (52).
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Risk factors

Breast cancer is a type of cancer considered multifactorial, involving biological-
endocrine factors, reproductive life, behavior and lifestyle, aging, factors related to women’s
reproductive life, family history, high density of breast tissue (ratio between glandular tissue
and adipose tissue of the breast) are the most wellknown risk factors for the development of
breast cancer. In addition, alcohol consumption, excess weight (due to IGF-1 genes, such as
IGF-1, as well as changes in serum levels of hormones such as insulin and leptin), sedentary
lifestyle, and exposure to ionizing radiation are also considered as potential agents for the
development of this cancer (53).

However, breast cancer observed in young women has very different clinical and
epidemiological characteristics than those seen in older women. They are generally more
aggressive, have a high rate of BRCA1 and BRCA2 gene mutations, and overexpress the
human epidermal growth factor receptor 2 (HER2) genes (54-56).

Changes in genes, such as the BRCA family, increase the risk of developing breast
cancer (57, 58). Factors related to women’s reproductive life are also linked to the risk of
developing this type of neoplasia. Early menarche (age at first menstruation less than 12
years), late menopause (after age 55), nulliparity, and having the first child after the age of 30
contribute to an increased risk of breast cancer. On the other hand, breastfeeding is associated
with a lower risk of developing this type of cancer (57).

The practice of physical activity and healthy eating with maintenance of body weight
are associated with an approximately 30% reduction in the risk of developing breast cancer.
Postmenopausal obesity is also considered a risk factor, but this risk decreases with the
practice of regular physical activity (59-61).

Early detection aims to identify cancer in the early stages, in which the disease may
have a better prognosis. Is important to notice that early detection of breast cancer do not
reduce incidence but may reduce the mortality (62, 63). To solve this problem, different non-
invasive imaging technologies are researched for both early diagnosis and to monitor the
onset of metastasis. These techniques include, Positron Emission Tomography (PET) or
Single-Photon Emission Computed Tomography (SPECT), Magnetic Resonance Imaging
(MRI), Mammaography, Ultrasonography (US), Computerized Tomography (CT), and Optical

Imaging (bioluminescence and/or fluorescence imaging) (62, 64-67).
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Mammography

Mammography is considered the standard method of early detection of breast cancer
and diagnosis, but it has limitations, such as low sensitivity in dense breasts. Breast cancer is
a heterogeneous disease, with variation of biological behavior, different growth rates and
different metastatic potential (62). Slow-growing tumors are more easily detected in the
tracing, but there may be no benefit in their early detection. In more aggressive cancers, early
detection with mammography, in addition to being more difficult, may not be effective due
the rapid growth rate and the potential to generate metastases in a short time, even when the
primary tumors are still small (64-66, 68).

Ultrasonography

Ultrasonography is, alongside mammaography, the most important imaging method in
the diagnostic investigation of suspected mammary alterations, and the two methods are seen
as complementary in the approach of different clinical situations. Ultrasonography is used to
detect, characterize and guide the biopsy of breast lesions. It presents two important
advantages on mammaography: the absence of the use of ionizing radiation and the fact that its
diagnostic acuity does not depend on the mammary density (66. 69). The US has known
limitations that compromise its potential as a screening method for breast cancer. Among
these limitations, there is the dependence on the presence and experience of the attending
physician, the greater difficulty in standardizing examination techniques and interpretation

criteria, and the difficulty in detecting micro-calcifications (70).

Magnetic Resonance

Magnetic resonance imaging is effective for the screening of dense breasts and
identification of addi tional occult lesions in the ipsilateral or contralateral region of the
breast. It may also help to determine if lumpectomy or mastectomy (unilateral or bilateral) is
the best treatment. Although MRI is highly sensitive (94% to 100%), specificity is low (37%

to 97%). It is suggest that the combination of MRI and mammography screening could
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improve the chances of early detection of breast cancer. However, magnetic resonance

imaging is not routinely used in screening due the price of the exam (63, 66, 71).

Nuclear Medicine

Nuclear Medicine has been used in the last 40 years as in diagnostic imaging,
decision-making regarding the treatment or monitoring the response to treatment. Imaging
radiopharmaceutical could evaluate organ physiology, distinguishing between normal and
neoplastic tissue (62, 66).

The most commonly used radiopharmaceutical breast imaging is 99mTc-sestamibi.
This radiopharmaceutical enters the cell by passive diffusion of the extracellular compartment
into the cytoplasm and accumulates into the mitochondria, considering that most of the
malignant cells have a higher mitochondrial intracellular, it accumulation indicates the tumor
presence (66, 72-75). Studies on the sensitivity and specificity of MIBI for detection of breast
cancer demonstrated a sensitivity of 96% in detection, but showed a moderate specificity
(59%) (66, 76).

Treatment

Surgery

Surgery is a common treatment for breast cancer, and its main purpose is to remove as
much of the cancer as possible. There are two main types of surgery to remove breast cancer.
In the breast-conserving surgery (also called a lumpectomy, quadrantectomy, partial
mastectomy, or segmental mastectomy) only the part of the breast containing the cancer is
removed. The aim of this type of surgery is to remove the cancer as well as some surrounding
normal tissue. How much of the breast is removed depends on the size and location of the
tumor and other factors. The mastectomy on the other hand, is a kind of surgery where the
entire breast is removed, including all of the breast tissue and sometimes other nearby tissues.
There are several different types of mastectomies. Some women may also get a double

mastectomy, in which both breasts are removed (77, 78).
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Radiotherapy

Radiation after BCS (Breast Conserving Surgery) for early as well as locally advanced
tumor after neoadjuvant chemotherapy (NACT) is now considered as an integral part of BCT
(Breast Conserving Therapy) whereas post mastectomy radiation (PMRT) to chest wall and or
regional area is considered beneficial for a select group of high risk patients (79).

Radiation therapy is a treatment with high-energy rays (such as x-rays) or particles
that will kill tumor cells. Two main types of radiation therapy are conventionally used to treat
breast cancer: the external beam radiation (a type of radiation coming from a machine outside
the body), and brachytherapy (a radioactive source put inside the body). The external beam
radiation is the most common type of radiation therapy to treat breast cancer. The radiation
beam is usually generated by a linear accelerator capable of producing high-energy X-rays
and electrons. Different types of external beam therapy are used for specific types of cancer.
For example, Three-Dimensional Conformal Radiation Therapy (3D-CRT) is used when
tumors are not regular (different shapes and sizes) and uses special imaging techniques to
show the size, shape and location of the tumor. This technique precisely tailors the radiation
beams to the size and shape of the tumor allowing nearby normal tissue to receive less
radiation. The Intensity Modulated Radiation Therapy (IMRT) is a specialized form of 3D-
CRT in which the beam can be broken up into many “beamlets” and the intensity of each
beamlet can be adjusted individually. This allows the radiation to be more exactly shaped to
fit the tumor and limits the amount of radiation that is received by healthy tissue near the
tumor. The Proton Beam Therapy uses protons rather than X-rays to treat cancer and more
effectively reduces the radiation dose to nearby healthy tissue. In the Neutron Beam Therapy,
a neutron beam is often used to treat cancers radioresistants to the conventional X-ray radia
tion therapy. The Image Guided Radiation Therapy uses imaging techniques (CT, ultrasound
or X-rays) to increase the delivery of radiation to the tumor site in cases were tumors can
move between treatments because of differences in organ filling or movements while
breathing. Still, which areas need radiation depends on whether mastectomy or breast-
conserving surgery (BCS) was done and whether the cancer has reached nearby lymph nodes
(81, 82).

Although radiation provides significant benefit to many women with breast cancer, it
is also associated with risks of toxicity, including cardiac and pulmonary toxicity,

lymphedema, and secondary malignancy.
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Chemotherapy

Chemotherapy is a type of cancer treatment that uses one or more anti-cancer drugs
(chemotherapeutic agents) as part of a standardized chemotherapy regimen. Chemotherapy
may be given before surgery, after surgery or for the main treatment of advanced breast
cancers. The main purpose of the neoadjuvant therapy, also referred to as preoperative or
primary chemotherapy, is to reduce the size of the primary tumor, eventually allowing radical
or more conservative surgical interventions. The adjuvant chemotherapy (after surgery) on the
other hand is used after surgery to try to kill any cancer cells that may have been left behind
or spread but can’t be seen, even on imaging tests. Chemotherapy can also be used as the
main treatment for metastatic breast cancer and cannot be surgically removed (83-86).

The most commonly used drugs for adjuvant and neoadjuvant chemotherapy include:
Anthracyclines such as doxorubicin (Adriamycin) and epirubicin (Ellence); Taxanes, such as
paclitaxel (Taxol) and docetaxel (Taxotere); 5-fluorouracil (5-FU); Cyclophosphamide
(Cytoxan) and; Carboplatin (Paraplatin).

Most often combinations of two or three of these drugs are used. For advanced breast
cancer on the other hand, a single combination is usually utilized and chemotherapeutic drugs
include: Docetaxel, Paclitaxel, Platinum agents (cisplatin, carboplatin), Vinorelbine
(Navelbine), Capecitabine (Xeloda), Liposomal doxorubicin (Doxil), Gemcitabine (Gemzar),
Mitoxantrone (Novantrone), Ixabepilone (Ixempra), Albumin-bound paclitaxel (nab-

paclitaxel or Abraxane) or Eribulin (Halaven) (83-86).

Hormone therapy

Hormone therapy, such as anti-estrogen therapy and estrogen ablation, is the treatment
of choice for patients with breast cancer expressing estrogen receptors (ER) and/or
progesterone receptors (PR). The clinical usefulness of hormone therapy has been proven in
the prevention and used after surgery (as adjuvant therapy) and sometimes before surgery (as
neoadjuvant therapy) as well (87).

The ER and PR were the first predictive biomarkers recommended for routine clinical
use in breast cancer. They are used to distinguish patients who have little or no chance of
benefiting from hormone therapy from those who do have some reasonable chance. Once a

tumor has been defined as having ER and/or PR expression, a number of potential strategies
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to target the hormonal pathway can be used. For example, tamoxifen acts as an antagonist of
the ER (by interrupting the transcription of estrogen-regulated genes) and disrupts the
proliferative effects of estrogen in the breast. The fulvestrant, similarly acts at the level of the
estrogen receptor, but in contrast to tamoxifen only has antagonist activities because it leads
to the degradation of the ER protein with loss of ER and subsequent PR expression. Several
strategies to produce estrogen deprivation are also used to treat breast cancer such as
suppression of ovarian estrogen production in premenopausal women or the use of aromatase
inhibitors in postmenopausal women. Moreover, high dose steroids (including estrogen or
progesterone) can paradoxically also has an antibreast cancer effect. Therefore, the selection
of hormonal therapy is typically based on several factors including menopausal status and side
effect profile (88, 89).

Targeted therapies

Clinical trials investigating new drugs and therapeutic combinations have led to
promising advances in breast cancer therapy.

The epidermal growth factor receptor 2 (ErbB2, HER2), a member of the growth
factor receptor family (HER1/2/3/4), has been one of the most success ful targets discovered
in breast cancer. HER2-targeted therapy using the humanized monoclonal antibody
trastuzumab has significantly improved disease-free and overall survival in early stage HER2-
positive breast cancer. Nowadays, trastuzumab is considered a first-line treatment for
advanced HER2-positive breast cancers (90).

In addition to hormone and HER2-targeted therapies recent preclinical studies have
shown several targetable pathways that overcome resistance and are currently being used in
the clinical setting. The mTOR inhibitor everolimus and the CDK4/6 inhibitor palbociclib
have been approved in HER2-positive metastatic breast cancer and improved disease-free
survival. The combination of pertuzumab with Trastuzumab and taxanes further improved
disease free survival in HER2-positive breast cancer. However, patient selection and
predictive biomarker development remains a big challenge for targeted therapy development
in breast cancer (91-93).
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3 MATERIAIS E EQUIPAMENTOS

3.1 Materiais

Para realizacdo deste trabalho foram utilizados os materiais descritos a seguir:

v

SN

NG USRS

«

Aptamero Anti MUC 1, gentilmente sintetizado e doado pelo prof. Dr. Sotiris
Missailidis do Instituto de Tecnologia em Imunobiolégicos (Biomanguinhos),
Fundacao Oswaldo Cruz.

Linhagem celulares MDA-MB-231 obtidas a partir da American Type Culture
Collection (Manassas, VALLC), em cultura por RPMI pelo Thermo Fisher
Scientific, MA USA;

FBS (Fetal Bovine Serum — Soro Fetal Bovino) — Gibco, Life Technologies, MD,
USA,

Gentamicina — Gibco, Life technologies, MD, EUA;

Diclorometano adquirido da VETEC®, grau de pureza P.A.;

9MTc (Tecnécio 99 metaestavel) do IPEN/CNEN, fornecido pela Universidade
Estadual do Rio de Janeiro (UERJ);

SnCl; (Cloreto Estanoso) adquirido da Sigma Aldrich®, St Louis, MO, USA;
Alcool polivinilico hidrolisado adquirido da Merck, grau de pureza P.A.;

Acetona adquirido da Merck, grau de pureza P.A;

Alcool etilico adquirido da Merck, grau de pureza P.A.;

Papel de Whatmam n° 1;

Camundongos fémeas BALB/c adquiridas do Biotério da Universidade de S&o
Paulo (USP);

Cetamina 10 g / 100 mL, comercializado pela Syntec®;

Xilazina 2 g / 100 mL, comercializado pela Syntec®



57

3.2 Equipamentos

No desenvolvimento deste trabalho foram utilizados os seguintes equipamentos:

v' Balanga Ay220, Shimadzu;

v’ Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK) — Laborat6rio de
Desenvolvimento Galénico (LADEG) — Farméacia Universitaria — Universidade
Federal do Rio de Janeiro (UFRJ);

v Ultrasonicator UP100H (100 W, 30 kHz) (Hielscher, Teltow, Germany) —
Laboratdrio de Desenvolvimento Galénico (LADEG) — Farmacia Universitaria —
Universidade Federal do Rio de Janeiro (UFRJ);

v" Rotaevaporador (Heidolph, Schwabach, Germany) — Laborat6rio de
Desenvolvimento Galénico (LADEG) — Farmécia Universitaria — Universidade
Federal do Rio de Janeiro (UFRJ);

v' Contador gamma (Perkin Elmer Wizard® 2470, Perkin Elmer, Shelton, CT, USA)
— Laboratdrio de Nanorradiofarmacos — Associacdo Brasileira de Radiofarmacia;

v/ Camara gamma Millenium (GE Healthcare, Cleveland, OH, USA) — Universidade
Federal do Rio de Janeiro (UFRJ);

v/ Camara de gas carbonico

v' Cilindro de gas carb6nico
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CONSIDERACOES FINAIS

A expressao aberrante de mucina pode estar associado ao crescimento do cancer,
diferenciacédo, transformacédo e invasdo (HOLLINGSWORTH and SWANSON, 2004). No
cancer de mama, a maioria dos tumores expressam MUC1 e MUCS3, diferente da expressédo
das isoformas MUC2, MUC4, MUC5AC e MUC6 que sao variaveis ou limitadas (RAKHA
et al., 2005).

KIM et al. (2009) descreveram duas estratégias bésicas de sistemas de direcionamento
a um alvo: 1) sinalizacdo passiva, que age em consonancia com o efeito de evidenciada
permeabilidade e retencdo (EPR) e 2) sinalizacdo ativa, que emprega vetores ou ligantes
direcionais. Utilizando-se desses conceitos, exploramos o aumento da permeabilidade
vascular e a formacgdo de espacos endoteliais para a drenagem de macromoléculas com
tamanhos caracteristicos (na faixa de 10 a 500 nm) para o interior dos tecidos (efeito EPR) em
carcinogénese e aumentamos a eficiéncia do sistema de liberacdo ao associa-lo a ligantes
alvo, no caso, a presenca do anti-MUC1.

A incorporacdo de ligantes ativos, vetorizacdo especifica, na superficie de
nanoparticulas pode fomentar a interacdo dessas com células tumorais por um periodo de
tempo apreciavel, proporcionando o direcionamento e o reconhecimento de tumores ou
revascularizacdes de forma ativa, o que pode melhor significativamente o indice terapéutico
pela reducdo da toxicidade (MURPHY et al.; TIAN et al., 2011).

A técnica de polimerizacdo por dupla emulsificacdo possibilitou sintetizar
nanoparticulas de PLGA de maneira satisfatoria quanto a composicao, possuindo distribuicéo
de tamanho uniforme, perfil monomodal e baixo indice de polidispersividade. Também
mostrou-se adequada para a preparacdo de nanoparticulas com tamanho médio em torno dos
250nm.

As medidas de espalhamento dindmico de luz na solugdo de NPs —AntiMUC1 foram
utilizadas para medir o tamanho médio das nanoparticulas, logo apés a sintese, e também em
funcdo do tempo decorrido apés a sintese. O ensaio foi realizado com cubeta de quartzo de
12mm2, em triplicata a 25°C e em angulo de 173°. Nesta analise foi possivel perceber discreto
aumento no tamanho da nanoparticula que contém o aptdmero na sua superficie, porém essa
dimensao ndo proporciona interferéncias negativas ao proposto.

O processo de marcagdo das nanoparticulas de PLGA sem aptdmero e as contendo

anti MUC 1 foi viabilizado pelo meétodo direto da nanoparticula vazia e com o
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oligonucleotideo com o radionuclideo **™Tc. Posteriormente, por cromatografia de camada
delgada associada a contagem de energia gama foram avaliadas as estabilidades das NPs
vazias (sem aptamero) e cheias (com aptdmero) ligadas ao radionuclideo, ambas
apresentando, percentual superior a 99% em 8h de avaliacéo.

O modelo xenogréfico de cancer de mama foi idealizado de maneira satisfatoria pela
injecédo subcutanea da linhagem celular MDA-MB-231 no dorso de camundongos BALB/c. O
crescimento de 2 cm da massa tumoral se deu apos o periodo de 3 semanas e ndo foram
evidenciados quadros clinicos de angustia, ascite, paralisia ou perda excessiva de peso nos
camundongos, 0 que viabiliza-os para serem avaliados neste estudo.

O desempenho das Nps-PLGA-ANntiMUC1-99mTc e Nps-PLGA-99mTc in vivo foram
avaliadas a partir da injecdo intraocular em camundongos BALB/c fémeas (n=6 para cada
grupo) para gercdo de imagens cintilograficas em gama-camara. Transcorridas 2h, os animais
foram anestesiados e sacrificados, retirando-se sangue, cérebro, pulmdes, estbmago, figado,
coracdo, baco, rins, bexiga e lesdo para a determinacdo da radioatividade em contador de radiacéo
gama.

As nanoparticulas de PLGA vazias mostraram alto grau hidrofilico, apresentando o
clearence renal com taxa maior que 75% de toda atividade inicial. A contagem no figado pode
ser referenciada pelo efeito de opsonizacdo ou eliminacédo répida das nanoparticulas presentes
na circulacdo sanguinea pelo sistema fogocitico mononuclear (SFM), representado pelas
células Kupffer do figado e macrofagos do baco, conceito ja explorado por autores como
MOSQUEIRA et al.,, 2001 e SIBATA et al.,, 2004. No entanto, vale ressaltar que néo
houveram niveis detectaveis de radiacdo gama na lesdo tumoral dos camundongos quando
foram utilizadas as nanoparticulas sem o aptamero anti MUC 1.

Baseando-se no proposito de direcionamento das nanoparticulas para a lesdo, foi possivel
concluir que a atividade bioldgica apresentada pelas nanoparticulas carregadas com
oligonucleotideo, anti-MUC1, e radiomarcadas com 99mTc foi altamente interativa com a
superexpressdo de MUC 1 na superficie da linhagem celular MDA-MB-231 presentes na
lesdo de cancer de mama no modelo xenografico desenvolvido. Com isso, as Nps-PLGA-
AntiMUC1-99mTc foram suficientemente encontradas no intersticio do tumor solido de
mama por meio de imagens SPECT, com alta precisdo do processo tumoral localizado no
dorso dos camundongos BALB/c avaliados, ndo interagindo com tecidos ndo afetados pela
tumorogénese ou apresentando niveis infimos de detecgdo, que ndo comprometem o estudo.
Comparadas as nanoparticulas vazias, as com o aptdmero mostram uma significativa deteccao

da radiacdo gama no tecido tumoral, mostrando as vantagens do uso da vetorizagéo especifica
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e determinando o potencial uso do aptdmero anti-MUC1 radiomarcado ao radioisdtopo
emissor de radiagdo B, 99mTc, como agente de imagiologia molecular na area da medicina.
Todos os resultados acima descritos, além de se fazerem necessarios para 0
desenvolvimento e aplicagcdo de novos farmacos com fim diagnostico, foram suficientes para a
continuidade dos estudos in vivo. Diante do exposto, pode-se concluir que a nanotecnologia
aplicada no desenvolvimento de nanoparticulas modificadas por aptdmero anti MUC 1 e
radiomarcadas pelo 99mTc torna-se uma alternativa diagnostica vidvel e de consideravel
importancia, uma vez que se apresenta mais eficaz que a formula convencional de diagndstico por
estar associada a detecgdo em nivel molecular, além de reduzir de maneira significativa o tempo
para a introducdo do tratamento. Portanto, os dados acima fornecem bases cientificas suficientes
para o desenvolvimento de novos estudos clinicos que possibilitardo a entrada no mercado dessa

formulacéo nanoestruturada.

Sugestdes para trabalhos futuros

Sugerimos como continuidade deste trabalho um estudo detalhado do processo de
viabilidade celular, ensaios in vitro, para determinacdo da ocorréncia ou ndo da toxicidade
sobre linhagens tumorais, testadas para fins exclusivamente diagnésticos.

Propostas que avaliem o perfil de concentracdo plasmatica das solucdes
farmacoldgicas de NPs utilizadas nos camundongos também sdo desejadas.

Estudos que extrapolem o tempo de geracdo de imagens SPECT nos camundongos
resultando em 6tima qualidade de analise.

Avaliar as caracteristicas de outros polimeros, como PLA, associados ao aptamero anti
MUC 1e 99mTc.
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