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ABSTRACT

Antimicrobial peptides present a broad spectrum of therapeutic applications, including their use
as anticancer peptides. These peptides have as a target microbial, normal and cancerous cells. In
this work we demonstrate for the first time the cytotoxic effects of the cationic alpha-helical
antimicrobial peptide LyeTx I-b on glioblastoma lineage U87-MG. The anticancer property of
this peptide was associated with a membranolytic mechanism in U87- MG. Loss of membrane
integrity occurred after incubation with the peptide for 15 minutes, as shown by trypan blue
uptake, reduction of calcein-AM conversion and LDH release. Morphological studies using
scanning electron microscopy demonstrated disruption of the plasma membrane from cells
treated with LyeTx I-b, including the formation of holes or pores. Transmission electron
microscopy analyses showed swollen nuclei with mild DNA condensation, cell volume increase
with an electron-lucent cytoplasm and organelle vacuolization, but without the rupture of nuclear
or plasmatic membranes. Morphometric analyses revealed a high percentage of cells in
necroptosis stage, followed by necrosis and apoptosis at lower levels. Necrostatin-1, a known
inhibitor of necroptosis, partially protected the cells from the toxicity of the peptide in a
concentration-dependent manner. Imaging flow cytometry confirmed that, 59% of the cells
underwent necroptosis after 3-hour incubation with the peptide. In addition, LyeTx I-b showed
cytotoxicity for non-tumor cell lines derived from kidney epithelial cells (Vero), Lung fibroblast
(GM637), brain (Luhmes), PBMC and hemolytic activity in human erythrocytes. Additionally,
other in vitro data also demonstrated cytotoxicity of this cationic peptide against human and
mouse breast cancer cell lines (MCF-7, MDA-MB-231 and 4T1, respectively), at low micro
molar concentration (<10 uM). The peptide induced death by apoptosis in 4T1 cells, observed by
the increase of DNA fragmentation and annexin-V labeling, besides to reducing the clonogenic
survival of this lineage. Considering this finding, all data pointed out the antitumor potential of
this peptide, which was evaluated using the 4T1 breast cancer model in mice regarding it toxicity
and antineoplastic effect. Sub-acute toxicity of LyeTx | b peptide in vivo was assessed, and
BALB/c mice treated with LyeTx |_b peptide showed no lesion or significant alterations in lung,
kidney, spleen, heart, brain, and liver conducted by histopathological analysis. Moreover, LyeTx
I-b peptide decreased tumor’s volume and weight, size and number of metastatic foci in the 4T1
tumor-bearing animals. In addition, the peptide reduced the circulating neutrophils, eosinophils
and monocytes. By using intravital microscopy, we found a remarkable increase of leukocytes
rolling and reduction of leukocytes adhesion after treating with LyeTx I-b peptide into the spinal
cord and tumor vessels in 4T1 tumor-bearing animals. Quantification of cytokines and tumor
growth factors by ELISA revealed that LyeTx I-b and carboplatin groups showed a significant
reduction in TGF-B expression in tumor and spleen, and suppression of IL-1  in the lung and
tumor. Further, LyeTx I-b peptide induced an increase of the anti-inflammatory IL-10 cytokine
in the tumor. In summary, our in vivo and in vitro data suggested that LyeTx-1-b peptide could be
an interesting prototype to develop an antitumor chemotherapeutic agent, with a potential
immunomodulatory effect.

Key words: LyeTx I-b peptide, Glioblastoma multiform, Breast cancer, Necroptosis and
Immunomodulation.



RESUMO

Os peptideos antimicrobianos apresentam um amplo espectro de aplicacdes terapéuticas,
incluindo seu uso como peptideos anticAncer. Estes peptideos tém como alvo células
microbianas, normais e cancerigenas. Neste trabalho, demonstramos pela primeira vez os efeitos
citotoxicos do peptideo antimicrobiano catiénico alfa-helicoidal, LyeTx I-b, sobre a linhagem de
glioblastoma U87-MG, que esta associado a um mecanismo membranolitico. A perda de
integridade da membrana ocorreu ap6s a incubagdo com o peptideo por 15 minutos, observado
pela captacdo de azul de tripan, reducdo da conversdo de calceina-AM e liberacdo de LDH.
Estudos morfoldgicos utilizando microscopia eletrénica de varredura demonstraram uma rapida
ruptura da membrana plasmatica de células tratadas com LyeTx I-b, incluindo a formacéo de
orificios ou poros. Andlises por microscopia eletronica de transmissdo mostraram nucleos
inchados com leve condensacdo de DNA, aumento do volume celular com citoplasma eletron-
lucente e vacuolizacdo de organelos, mas sem a ruptura de membranas nucleares ou plasmaticas.
Analises morfométricas revelaram uma alta porcentagem de células em estagios de necroptose,
seguidas de necrose e apoptose em niveis mais baixos. A necrostatina-1, um inibidor especifico
de necroptose, protegeu parcialmente as células da toxicidade do péptido de um modo
dependente da concentracdo. Estudos de citometria de fluxo por imagem confirmou que 59% das
células tratadas com o peptide estavam em necroptose ap6s 3 horas de incubacdo com o
peptideo. Ademais, o LyeTx I-b apresentou citotoxicidade para linhagens celulares ndo tumorais
derivadas de rim embrionario humano (HEK293), fibroblasto (GM637), cérebro (Luhmes),
PBMC e atividade hemolitica em eritrocitos humanos. Outros dados in vitro também
demonstraram a citotoxicidade deste peptideo catiénico contra linhagens de células de cancer de
mama de humanos e camundongos (MCF-7, MDA-MB-231 e 4T1, respectivamente) em baixa
concentragdo micromolar (<10 puM). O peptideo induziu morte por apoptose em células 4T1,
observado pelo aumento de fragmentacdo do DNA e marcacdo com anexina-V, além de reduzir a
sobrevivencia clonogenica das mesmas. Considerando estes achados, avaliou-se o efeito in vivo
deste peptideo utilizando o modelo de cancer de mama triplo-negativo 4T1 em camundongos,
quanto a toxicidade e potencial antineoplasico. Avaliou-se a toxicidade sub-aguda do péptido
LyeTx | _b in vivo, e os camundongos BALB/c tratados com o péptideo LyeTxl b néo
apresentaram lesdo ou alteragdes significativas no pulméo, rim, baco, coracdo, cérebro e figado,
apos andlise histopatoldgica. No entanto, o peptideo LyeTx I-b diminuiu o volume e o peso do
tumor, o tamanho e numero de focos metastaticos nos animais portadores de tumor 4T1.
Adicionalmente, ap6s tratamento dos animais com o péptideo LyeTx I-b foi observada uma
reducdo significativa de neutréfilos, eosinéfilos e mondcitos circulantes. Usando microscopia
intravital, encontramos um aumento notavel de leucdcitos rolando e reducdo da adesdo de
leucdcitos apos o tratamento com o peptideo LyeTx I-b na medula espinhal e vasos tumorais de
animais portadores de tumor 4T1. A quantificagcdo de citocinas e dos fatores de crescimento
tumoral por ELISA revelaram que o0s grupos tratados com LyeTx I-b e carboplatina
apresentaram uma reducéo significativa na expressao de TGF-f no tumor e no bago, e supressiao
de IL-1 B no pulmao e tumor. Além disso, o peptideo LyeTx I-b induziu um aumento da citocina
anti-inflamatoria 1L-10 no tumor. Em resumo, nossos dados in vitro e in vivo sugerem que o
peptideo LyeTx-I-b pode ser um protétipo interessante para o desenvolvimento de um
quimioterapico antitumoral, com um potencial imunomodulador.

Palavras-chave: peptideo LyeTx I-b, Glioblastoma multiforme, Cancer de mama, Necroptose e
Imunomodulacéo.
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1. Introduction

Cancer is currently in the spotlight due to their designation of death in both developed and non-
developing countries. It’s expected to rank as the main cause of mortality and decreasing life
expectancy around the world in the 21st century (Bray, F. et al., 2018). The number of cases and
deaths by cancer projected for the next 20 to 40 years will be the double of the current numbers,
although cancer incidence varies significantly from one continent to another. The incidence is fast
increasing in developing countries (Pillai and Jayasree. 2017). Precisely, the registration of cancer
cases in different regions around the world is necessary part of surveillance and plays vital role in
cancer prevention. Brazilian registers system informed that rate of cancer incidence and death are
lower than Western Europe and North America countries, while the rate is still similar to

developing countries (Barbosa, de Souza. et al., 2015).

Cancerous tumors are characterized by the uncontrolled growth of mutated stem cells or
undifferentiated pericytes, which can emigrate through the lymphatic and vascular circulation
systems, causing high morbidity and mortality rates. For this reasons, the cancer research becomes

a major focus of medical research (Kumar, V. et al., 2014).

Glioblastoma multiforme (GBM) becomes the most deadly brain cancers with poor survival rate,
less than one year because of drug resistance and tumor recurrence after surgery and radiotherapy
as well (Cheng, Zhao et al. 2014, Tivnan, H. et al., 2017). Regardless of powerful treatment with
surgery, radiotherapy and chemotherapy, tumors definitely recurred as an immediate finding of
the infiltrative way of GBM. In addition, poor prognosis of patients with GBM underscores the

clear and dire requirement for more precise and powerful treatments (Swartz, B. et al., 2015).

Breast cancer becomes the first cancer incidence in the women around the world because of many
factors, like changes in lifestyle, delayed first child born and the short time of breastfeeding
(Rivera-Franco & Leon-Rodriguez, 2018). Previous study using a World Health Organization
(WHO) database have analysed trends in breast cancer mortality over the period 1970-2014 for 37
European countries, and predicted a 10% decline in mortality to 2020 in the European Community.
According to National cancer institute (INCA) database in Brazil, breast cancer is the most
common type among women in Brazil, after non-melanoma skin, accounting for about 25% of
new cases each year. Estimation of 59,700 new cases of breast cancer is expected in Brazil. It is
the most frequent in women in the South, Southeast, Midwest and Northeast regions. Breast cancer

1



also affects men, but it is rare, accounting for only 1% of all cases of the disease (INCA, 2018).
The majority of breast cancer patients survived less 10 years due to metastasis and resistance to
chemotherapy and radiotherapy. The process of metastasis and sites of secondary tumors is
nowadays better understood, but the trigger mechanism associated to initial steps towards

metastasis is still unclear (Heerboth, S. et al., 2015).

Several of chemotherapeutic agents were accepted in clinical practices and their side effects were
commonly observed in cancer patients like neurological problems, including, loss of memory and
mood disorder, once these agents are able to induce hippocampal dysfunction and neuronal
damage (Yang and Moon. 2013). Neuropathy is a term that refers to general diseases or
malfunctions of the nerves, resulted in painful during patient’s chemotherapy with various
anticancer drugs like Taxol, Cisplatin, oxaliplatin, vincristine and vinblastine. Chemotherapy leads
to the chronic syndromes accompanied by neurological symptoms such as severing pain, tingling
and numbness. Thereby, pharmacological management of chemotherapy-induced neuropathy
remains largely ineffective. Subsequently, it is necessary to find out a new strategy for
optimization of novel anticancer drugs (Di Cesare Mannelli, L. et al. 2017).

In the last decades, anticancer drug discovery field presented many antitumor agents from different
natural sources like animals, microorganisms, plants and others (Xiao, M.N. et al., 2016). Human
innate immune system contains many natural antimicrobial peptides, which are able to fight
against infectious diseases and cancer cell, when used alone or in combination with other
anticancer agent. (Gaspar, V. et al. 2013). In addition, other antimicrobial peptides can be widely

found in the nature, such as animal venoms and plant toxins.

Cancer treatment based on peptides have been gained much attention due to their advantages, such
as affinity to bind with receptors, selectivity and specificity to tumor cells with low toxicity in
normal tissues. The structure of peptides developed for tumor targeting moieties and increasing of
cell penetration, binding, and permeability in malignant tissue, via targeting for specific cell
surface receptors (Lau, L. et al., 2018). In scenario thesis one antimicrobial cationic peptide
derived of spider venom was investigated regarding it potential as a prototype to develop new
drugs to treat glioblastoma and breast tumor.



2. Review of literature

2.1. Recent challenges of Glioblastoma Multiform (GBM) treatment:

Regardless, a great efforts extended, and also the knowledge about glioma
invasiveness molecular pathways, GBM still considered as a difficult challenge in clinical
oncology. Nowadays, novel drugs and techniques contributed to improve the quality of life
and surviving rate in the patients with GBM. For instance, the scientific progress in surgical
operations, clinical practices of radiotherapy and chemotherapy. Nevertheless, glioblastoma
(GBM) still remains as the most deadly cancer, and GBM patients usually cannot survive
more than one year after diagnosed with tumor grade 1V (Di Carlo, D. et al., 2017).

Currently, more significant strides are prerequisite to make positive outcomes, compared to
successful treatment seen in certain other cancers. To investigate the safety, efficacy and
toxicity of the anticancer agent, it is necessary a large cohort of patients which are difficult
to achieve with cancer disease. Preclinical studies in the neuro-oncology field require a great
effort from collaborators to make efficient of the novel drugs rapidly for improving clinical
outcomes in the patients (Mrugala, N. 2013). The dark side in glioblastoma treatment is the
unsuccessful drug test procedures during pre-clinical experiments and clinical trials due to
lack of drugs that able to cross through blood brain tumor barrier (BBTB). In addition,
extensive hypoxic regions in glioblastomas contribute to the highly malignant phenotype of
these tumors, in order to increase metabolic rate and angiogenesis, which enhances
migration, invasion and BBTB dysfunction. BBTB was viewed as ‘leaky’ membrane in the
core part of glioblastomas, in low tumor grade. Although, the BBTB more nearly look like
the intact blood brain barrier (BBB), however it bans efficient cross of cancer therapeutics,

such as small molecules and antibodies (Van Tellingen, Y.A. et al., 2015).
2.2. Promising approach of GBM therapy:

Novel therapeutic approaches are intensely being investigated. Glioblastoma
therapy based on targeting epidermal growth factor receptor EGFRvVIII, especially the
abundant active form, which leads to enhancing cell proliferation via PI3K-AKT pathway
(WEei, C. et al., 2017). Furthermore, at least 50% of high grade glioblastoma patients have

HER1/EGFR overexpression and irregular molecular pathway.Consequently, the



oncologists used different inhibitors such as tyrosine kinase (TK) inhibitors that makes
down-regulation of over-expressed EGFR receptor through these mechanisms as follow: (1)
the combination between EGFR inhibitor and anti-apoptotic agent might defeat cross-
resistance of high grade of gliomas. (2) Intra-tumoral diversity within GBM tumors may
drive resistance to single based anti-EGFR agents due to RTK co-activation, PTEN
deletion/mutations, and tumor cell-tumor cell interactions via secreted molecules. (3) Efflux
of EGFR TKIs and increased genetic stability may lead to tumor relapse. (4) Enhanced
immunosuppression mediated by circulating growth factors, cytokines and suppressor T
cells can antagonize the systemic immune responses generated by anti-EGFR
immunotherapies. Additionally, circulating IL-6 in the tumor microenvironment can
facilitate resistance intracellular via activation of the JAK/STAT3/Bcl, pathway (Taylor, F.
etal., 2012 & Karpel-Massler, S. et al., 2009).

Cyclic peptide (Cilengitide) showed anti-angiogenesis effect through targeting integrin’s
proteins avP3 and avp5 in different glioma models in vitro and in vivo. In addition,
evaluation of cilengitide in clinical trial phases demonstrated that peptide was effective in
recurrent glioma patients (Gilbert, M. R. et al., 2012). Chlorotoxin (CTX) is also cyclic
peptide, which consist of 36 amino-acid extracted and purified from venom of the scorpion
(Leiurus quinquestriatus) and has been used as a good agent to characterize chloride
channels. Recent studies showed that chlorotoxin was able to bind with chloride channels
and targeting malignant tissues, in particular glioma, medulloblastoma and neuroblastoma
(Dardevet, R. et al., 2015). Also, conjugated CTX-Onc (Chlorotoxin-Conjugated Onconase)
showed promising results in vivo, as a good model of drug delivery in clinical practice of
glioma because conjugated CTX-Onc can be injected through the cerebrospinal fluid,
avoiding blood-brain barrier (BBB), resulted in identification of malignant gliomas region
(Wang and Guo. 2015). Drug resistance still remains the main obstacle and redundant hurdle
to overcome, and therefore the development of anticancer agents required with unclassical
mechanisms of action. The peptides could be able to destroy and eliminate cancer cells
obviously because of positive charges that can bind with negative charges on the cell

membrane, causing cell membrane disruption (Liu, Q. et al., 2016).



For decades, it has been supposed that the most anticancer drugs could cross the blood—
brain barrier during glioblastoma chemotherapy regimen course using methotrexate, cisplatin,
carmustine, etoposide and paclitaxel. The recent studies reported that glioblastoma cells secrete
cytokines, which causing BBB disruption (Oberoi, R. K., et al. 2016). In addition, many studies
have suggested that nearly all chemotherapeutic agents can cause disorders of the central nervous
system (CNS), including encephalopathy, leukoencephalopathy, ototoxicity and cerebellar
symptoms (Verstappen, H. et al., 2003, Puduvalli, C. et al., 2017). Peptide-based drug delivery is
one of the best strategies to overcome drug failure during conventional therapy, once peptides are
able to deliver adequate and effective amounts of drugs to glioblastoma cells. For instance, the
AngioPep-2 peptide (ANG1005) increased significantly the delivery of paclitaxel in vivo and also
in recurrent malignant glioma clinical trials by targeting low-density lipoprotein receptor in glioma
cells (Drappatz, J., et al., 2013). In a similar study, SynB1 peptide conjugated with doxorubicin
increased cellular uptake in brain tumor compared with doxorubicin alone (Agarwal, S. et al.,
2013). BBB is composed of cell layer from endothelial cells, no fenestrated basal lamina,
pericytes, and astrocytes tied together. This complex barrier regulate and restrict passage of the
systemic drug delivery into the central nervous system (CNS). BBB and drug resistance are the
main obstacles for glioblastoma therapy, because of BBB limits drug transport to tumor region
(Bhowmik, A. et al., 2017). Drugs delivery of hydrophilic drugs or even macromolecules to CNS
is difficult, due to presence of tight junctions and microvessels that control drug diffusion, and also
the barrier integrity play a crucial role in efflux transportion into tumor cells (Agarwal, S. et al.,
2011).

2.3. The Cellular Origin of Breast Cancer:

One of the key questions in cancer cell biology is to recognize the mechanisms that control tumor
and to explore, which tumor heterogeneity effects on clinical outcome. Breast cancer is the most
frequent cancer type diagnosed in women over the world (Ghoncheh, M. et al., 2016). It is
characterized by neoplastic transformation which is caused by mutant genes such as BRCAL,
BRCA2, DNA repairing genes, AKT, FGFR, and PIK3CA, in mammary epithelial stem cells. The
mutations leading to uncontrolled cell division, invasiveness, and metastatic capability and
ultimately death, if not treated (Ghoncheh, M. et al., 2016 & Zhang, M. et al., 2017). In previous
study, Van Keymeulen and colleagues discovered that overexpression of oncogenic gene PIK3CA
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stimulates a multilineage differentiation program in adult stem cells, followed by induction of
luminal estrogen receptor (ER)-positive/progesterone receptor (PR), leading to tumor formation in
the primary breast cancer (Van Keymeulen, et al., 2015). Interestingly both mutations in
phosphatidylinositol-4, 5-bisphosphate 3-kinase catalytic subunit alpha (PI3KCA) and
Phosphatase and Tensin homolog (PTEN) are involved in the phosphoinositide 3-kinase (PI13K)
signaling axis suggesting dis-regulation of this pathway has a particularly strong role during
oncogenesis in breast carcinoma. Positioned downstream of both receptor tyrosine kinases (RTK)
and G-protein coupled receptors (GPCR), the PI3K lipid kinases act as major downstream effector
pathway in regulating multiple cellular processes, including proliferation (Kandula, M. et al.,
2013). In addition, the women who have certain gene mutations, such as a BRCA1 or BRCA2,

have an increased risk of breast cancer incidence (Girardi, F. et al., 2018).

Douglas Hanahan and Robert Weinberg have been described the biological hallmark of cancer in
a multi-step process including arising from evading growth suppressors, preventing immune
destruction, modifying cellular energetics regulation, inflammation, genetic alterations
(mutations), promoting angiogenesis, sustaining proliferative signaling, enhancing proliferation

metastasis, and increasing cell death resistance (Hanahan, & Weinberg, 2018).
2.4. Metastatic Breast Cancer

The process of metastasis is the final and fatal step during cancer progression and is defined as the
stage IV of cancer caused by spreading breast cancer cells into other organs, most often lung, liver,
bone and brain. The spread of breast cancer cells from primary tumor involves a multi-step process
known as the invasion metastasis cascade. This cascade of events includes the local invasion of
primary cancer cells into nearby normal cell or lymph nodes entrance and survival into blood
circulation and lymphatic system, arrest and extravasation through vascular wall, migration to
distant tissue, and eventually, the growing of new cells (colonization mechanism) to form
micrometastases (Inoue, K., & Fry, E., 2016 & Lambert, A W., 2017).

Metastatic breast cancer usually happens due to changing of estrogen receptor alpha (ERa),
progesterone receptor (PR), and epidermal growth factor receptor (EGFR or HER 2) status
(Schrijver, W. et al., 2018). HER 2 receptor has been extensively studied, about 20 to 30% of
breast cancer patients who exhibited HER 2 overexpression have a high prediction and prognostic

of tumor invasion, recurrence, and increased mortality rates (Mitri, Z. et al., 2012). In the other
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hand, find estrogen receptor (ER)-positive means an increased proliferation of progenitor cells in
breast tissues that facilitates the metastatic process (Zhang, M. et al., 2014) .The common types of
invasive breast cancer are ductal adenocarcinoma and lobular carcinoma. The etiology is
multifactorial, involves diet, reproductive factors, hormonal imbalance and genetic mutation
(BRCAL, BRCA2, BRCA3, CDH1, and TP53) (National Cancer Institute, 2016). Positive BRCA2
mutation in breast cancer patient associated with tumor recurrence and metastasis (Rizvi, W. et al.,
2017).

Stage IV Breast Cancer
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Figure 1. Stage IV breast cancer. The cancer has spread to other parts of the body, such as the brain, lung, liver, and
bone (National Cancer Institute, 2016).

Clinical data from breast cancer patients also support the metastasis concept that it is an inefficient
process throughout its progression since only a small percentage of breast cancer patients with
bone marrow micro-metastasis at the time of diagnosis eventually developed clinically detectable
macro-metastasis. However, cancer patients who underwent surgical resection of their primary
tumors presented recurrent metastatic disease many years after the initial diagnosis (Tjensvoll, K.
etal., 2012).



2.5. Angiogenesis: Physiological feature of Breast cancer

Angiogenesis is a natural event associated to embryonic development and wound healing.
Furthermore, angiogenesis occurs once breast tumor has formed and is more a tumor physiology
feature of cancer rather than a cellular feature. Breast tumors obviously contain areas of severe
hypoxia and in order for the residing cancer cells to receive nutrients and oxygen, angiogenesis
should initiate (Castafieda-Gill & Vishwanatha, J. 2016). The formation of new vessels in cancer
tissues is a process that involves also blood vessel maturation and survival via activation of
angiopoietin protein (Longatto, F. et al., 2010). Breast carcinoma cells initiate angiogenesis by
releasing different angiogenic factors, such as vascular endothelial growth factors (VEGF),
interleukins (IL-1p, IL-8, and IL-6), and matrix metalloproteinases (MMP-1, MMP-3, MMP9 and
MMP-12). Moreover, transforming growth factor like TGF-p also induces angiogenesis through

mediating signals of apoptosis cell death mechanism (Ferrari, G.et al., 2009).
2.6. Molecular mediators of Breast cancer
2.6.1. Vascular endothelial growth factors (VEGFs)

VEGFs have roused much interest because of their roles in various physiological process such as
endothelial and epidermal cell proliferation, macrophages migration and cancer cells progression.
The highly expressed VEGFR receptor (R1, R2 and R3 ligands) in breast tumor endothelial cells
is the key modulator of angiogenesis due to the vital role in development, invasiveness, and
aggressiveness. Consequently, targeting VEGF receptor is a proper therapy of breast cancer
patients due to its functional relevance in neovascularization process (Sa-nguanraksa, D., & O-
charoenrat, P., 2012). In addition, high expression of VEGFR receptor in hypoxic tumor lesions
leading to up-regulation of hypoxia-inducible factors (HIFla, that play a crucial role in
maintaining breast cancer stem cells, due its ability to avoid eradication by macrophages (Zhang,
H. etal., 2015).

2.6.2. Interleukins

All interleukins have dual functions in tumor microenvironment, although their roles during
metastasis are not clear yet. Interleukins are secreted proteins and signal transduction molecules
expressed by T- lymphocytes, monocytes, macrophages and endothelial cells to regulate immune

response during inflammation, tumor initiation and malignant conversion (Grivennikov, S. et al.,
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2010). The majority of all cancers has been associated to inflammatory environment factors in
somatic cells, and, a dysregulation of interleukins in this chronic inflammatory context leading to
tumor progression and development. (Aggarwal, B. et al., 2009& Esquivel-Velazquez et al., 2015).
The inflammatory process in a tumor microenvironment encompasses the infiltrated and
circulating leukocytes, which lead to the increase of interleukins, and growth factors secretions
(Grivennikov, S. et al., 2010). IL-6, TNF-a, and IL-1p are critical inflammatory mediators for
breast cancer development and migration. Previous data showed that treatment with inhibitors of
these mediators could be increase breast cancer survive rate (Goldberg & Schwertfeger, 2010).

The high levels of IL-1 cytokine have been correlated with carcinogenesis and the maintenance
of tumor of microenvironments, it means, IL-1p level is a predictable biomarker of cancer risk and
prognosis (Idris, A. et al., 2015).The interleukin-6 (IL-6) levels in serum of breast cancer patients
related with tumor grade and poor surviving rate. In addition, it is well know that IL-6 induces
breast cancer metastasis due to impairment of E-cadherin expression and increasing epithelial-
mesenchymal transition (Sullivan, N. et al., 2009). Furthermore, the I1L-6 levels in ER- estrogen
negative breast cancer cells is lower than ER-alpha-positive human breast cancer (MDA-MB-231

and MCF-7), and may lead to enhance tumor cell growth and proliferation (Sasser, A.et al., 2007).

Tumor necrosis factor alpha (TNF-a) is an inflammatory cytokine plays a crucial role in breast
cancer by activation of nuclear factor kappa B (NF-kB transcript factor, resulting in enhancing
malignancies in the tumor microenvironment, formation of covalent protein-DNA adducts and
tumor invasion (Kamel, M. et al., 2012). By contrast, local administration of high doses of TNF-a
inhibitors have been demonstrated potent antitumor and antiangiogenic effects in early metastatic
breast cancer patients (Hamed, E. et al., 2012). In vitro study was showed that TNF alpha-induced
down-regulation of ER alpha, inhibited cell proliferation that mediated by a PI3K/Akt signaling
pathway in MCF-7 cells (Lee, S. & Nam, H., 2008).

Many studies suggested that IL-10 has dual functions in cancer pathogenesis, inhibition and
stimulation of breast tumor growth (Hamidullah, B. & Konwar, R., 2012). Although interleukin-
10 (IL-10) exhibits anti-inflammatory and immunosuppressive effects in breast cancer, it also
facilitates tumor escape against immune surveillance. The elevated serum levels of IL-10 in breast
cancer patients have been linked to immunosuppression (Bhattacharjee, H. et al., 2016). Tian and

his colleagues found that IL-10 associated with activation of tumor microenvironment factors leads



to breast cancer prognosis (Tian, K. et al., 2017). On the other hand, IL-10 and IL-6 overexpression
can inhibit migration and proliferation in early stage of breast cancer (Ahmad, N. et al., 2018).
Furthermore the high level of IL-10 in breast cancer tissues correlated with down regulation of
VEGF, TNF-a, IL-1B, and thereby IL-10 could be inhibits tumorgensis and angiogenesis
(Sheikhpour E et al., 2018).

2.6.3. Transforming growth factor-g (TGF-p)

The transforming growth factor-beta (TGFp) superfamily including more than 40 different family
members. Three distinct isoforms have been identified (TGFf-1, -2, -3) in the TGFp subfamily.
TGF-p is multifunctional and signaling cytokines secreted by leukocytes for differentiation,
chemotaxis, and TGF-B receptor binds to serine/threonine kinase complex (Massagué, J. 2012).
The importance of TGF-B in non-tumoral cells is blocking cell cycle (G1 phase) through the

signaling pathway that leads to apoptosis induction.

The role of TGF-B in breast cancer stages have been extensively studied. TGF-B plays dual
context-dependent roles in cancer: in the early stages of tumor development TGF-B primarily
functions as a tumor suppressor, while in the later stages of cancer TGF-f function as tumor
promoter of metastasis (Xie, F. et al, 2018). TGF-B to stimulate epithelial-to-mesenchymal
transition (EMT), through upregulation of a transcription factor of EMT morphology (TF3) and
dysregulation of Tight Junction Proteins claudin-3 and E-cadherin, that allows breast cancer stem
cells to migrate and invade (Yin, X. etal., 2010). In cancer cells, TGF-f receptor becomes mutated
(Zu, X. et al., 2012). Mutant signaling pathway enhances proliferation of epithelial, stromal and
immune cells leading to tumor progression and invasion (Hanahan, D. & Weinberg, R.
2000).Although TGF-p contributes to breast cancer metastasis, it is also able to inhibit proliferation
in the early stage of breast tumorigenesis caused by inhibiting cyclin-dependent kinases in G1
phase (Caja, F. & Vannucci, L. 2015).

2.7. Breast Cancer and the Immune System

Immune systems including innate and adaptive play vital role in breast cancer recurrence and
tumor relapse. Lymphocytes, natural Killer cells, monocytes, neutrophils, macrophages, and
dendritic cells activate the transcription of genes encoding inflammatory mediators, such as

cytokines and chemokines thus initiating the immune response (Standish, L. et al., 2008).
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Neutrophils or polymorphonuclear cells (PMNs) are the most abundant leukocyte in humans,
comprising 70% of the white blood cell compartment and also defined as multi-lobed nuclei and
ability to retain neutral dyes (Amulic, B. et al., 2012). Although it is apparent from the literature
that neutrophils actually play a key role in the efficacy of numerous immunotherapeutic agents,

their role in cancer is often overshadowed in favour of the lymphocytes (Carroll, C., 2016).

Neutropenia is a low neutrophil count in the blood. The occurrence of neutropenia in breast cancer
patients associated with adjuvant chemotherapy have been explained due to the influence of
antineoplastic drugs like etiposide to induce myelosuppression (Do Nascimento, T. et al., 2014).
Fifteen studies comprising 8563 patients have been proved that the high-level ratio between
neutrophils and lymphocytes correlated with increasing of breast cancer mortality rate in both early
and metastatic stage.Thus neutrophil/lymphocyte ratio could be used to determine the prognostic
value in breast cancer patients (Ethier, J. et al., 2017).NLR= (Neutrophil percent / lymphocyte
percent)X100.

Monocytes can differentiate into macrophages and dendritic cells. Macrophages are the main
cellular component of the tumor stroma used for breast cancer prognosis because macrophage can
be able to stimulate stem cell pro-tumorigenic activity. Macrophages are also able to infiltrate into
high-grade breast cancer tumors like MCF7 and MDA-MB-231, resulting from migration and
progression of cancer cells (Ward, R. et al., 2015). Monocytes contribute in breast cancer
aggressiveness via producing TNF-a in stromal cells, which is associated with inflammation
localized surround of the tumor, give rise to promote resistant towards the apoptotic action (Blot,
E. etal., 2003).

Eosinophils or arise from hematopoietic CD34" stem cells in the bone marrow and represented 1-
3% of the total count of leukocytes. Eosinophils are responsible for allergy and inflammation of
tumor stroma (Uhm, T. et al., 2012). Eosinophils could be able to infiltrate into tumor stroma and
induce tumor angiogenesis by activating heparin-like molecules that allow forming of

neovascularization (Amini, R. et al., 2007).

The lymphocyte is a type of white blood cell including natural killer cells (NK cells), T-cells, and
B-cells, located mainly in lymph nodes. NK functions are cytotoxic innate immunity, T-cells are
responsible for cytotoxic adaptive and Cell-mediated immunity, and B cells are responsible for

humoral, antibody-driven adaptive immunity (Golovichenko, A. & Raichvarg, D. 1975).The
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importance of the lymphocytes in breast cancer has been described in many studies. Tumor-

infiltrating lymphocytes are using as a predictive tool to determine the efficacy of adjuvant and

neoadjuvant chemotherapy. Despite, in early stage of breast cancer, immunosurveillance-related

lymphocytes CD8*, CD4", T-helper cells, and natural killer cells could able to recognize and

destroying malignant cells. Unfortunately, in late stage, lymphocytes couldn’t recognize cancer

cells, due to the decrease of surface cancer antigens expression and an overexpression of immune-

checkpoint molecules, such as programmed cell death ligand-1(PD-L1), giving rise to invisible

cancer cells (Ravelli, A. et al., 2017).

2.8. Chemotherapy induced Neurotoxicity:

Despite, chemotherapy is a common and the most basic therapeutic module for brain cancers
and is often administered concomitantly with radiotherapy. It is usually recommended for
children having disease progression after surgery included alkylating agents like
Temozolomide, derivatives of platinum, nitrosoureas, topoisomerases, angiogenesis
inhibitors and cytomegalovirus. However, chemotherapy leads to resistance, toxicity and
poor clinical outcome like low survival rate in pediatric glioma patients. Based on this
information, there is an urgent need to find out a novel high effective anticancer agent to
overcome nerve damage problems (Zhang, L. et al., 2017). Intrathecal administration of
methotrexate drug caused chronic leukoencephalopathy as the most common complaint
from chemotherapy of lymphoblastic leukemia in pediatric patients in order to it highly
penetrates in the central nervous system (Duffner, A. et al., 2014). Furthermore, posterior
reversible encephalopathy syndrome (PRES) has been developed and notified after the
adjusted dose (etoposide, prednisone, vincristine, cyclophosphamide, and doxorubicin) of
intrathecal chemotherapy regime. After treatment, neuroimaging requested by neurologists
for diagnosis, almost all cases had severe neurotoxicity, CNS infection and hypertension
(Floeter, P. et al., 2017). The intrathecal methotrexate becomes related to appearance of
clinical neurotoxicity in all documented cases with symptoms of leukoencephalopathy and
posterior reversible encephalopathy syndrome (Bhojwani, S. et al.,, 2014). Despite
chemotherapy agents are necessary to achieve cure often have undesirable toxicities, which
remain after treatment is over. In addition, a frequent side effect of pediatric cancer
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treatment, named chemotherapy-induced peripheral neuropathy (CIPN), may cause

functional impact and affect the quality of life of survivors (Gilchrist, T. et al., 2017).

Although etoposide is a potent chemotherapeutic agent act as inhibitor of topoisomerase
enzyme to induce apoptosis cascade in some childhood cancers, accumulative doses of
etoposide can cause peripheral neurotoxicity, predominantly sensory axonal neuropathy
(Grisold, C. et al., 2012). Furthermore a long-term adverse effect of vincristine has been
described. There was preferential involvement of motor nerves with relative sparing of

sensory nerves in the children exposed to vincristine (Jain, G. et al., 2014).

Cisplatin is always the first choice used in treatment of all most cancer types, it capable to
ameliorate levels of cleaved caspase-3, and pro-apoptotic Bax of p53, but it also can induce
neurotoxicity, thereby it’s necessary to limit dosage and usage (Huang, M. et al., 2017).
Doxorubicin (Adriamycin) is a successful drug in majority of cancerous tumors such as
gliomas and breast adenocarcinomas. Long-term use of this drug to treat breast cancer
patients resulting in cognitive and memory loss complications (Ramalingayya, C. et al.,
2017).

2.9. Current statues of therapeutic peptides in the pharmaceutical market:

Nowadays, therapeutic peptides are showing signs of future success to treat cancer diseases. In
order to their advantages like low toxicity, low accumulation in tissues, selectivity, and specificity,
but still there are some limitations to use therapeutic peptides in large scales, such as low stability
and rapid clearance (Marqus, S et al., 2017). Various therapeutic peptides alone or in combination
with other conventional chemotherapeutic agents have been shown well tolerance and high

efficacy in clinical trials to treat cancer patients (Le Joncour, V. & Laakkonen, P. 2017).

For last decades, 60 peptides have been produced by pharmaceutical companies. In addition, about
500 novel peptides still in clinical trial phases (Fosgerau and Hoffmann. 2015). According to the
drug market, several peptides have been used successfully due to their features like low toxicity
with high efficacy and specificity. The peptides research field focusing on chemical and physical
properties of these peptides via improving rational design and biotechnological tools. Furthermore,
therapeutic targeting peptides such as cell penetrating and dual target or multifunctional peptides

could be utilized in a lot of clinical applications. Also, Protein and peptides biotechnology could
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be overcome poor oral bioavailability and toxicity by synthetize conjugated peptide for drug

delivery purposes (Fosgerau and Hoffmann. 2015& Lau and Dunn, 2018).

2.10. Cationic Antimicrobial Peptides

Although Antimicrobial Peptides (AMPs) have been examined basically to inhibit or killing
the pathogenic microorganisms. In addition, they have been shown a potent cytotoxic effect
and selectivity against many types of malignant tumors like carcinoma, adenoma, sarcoma, and
leukemias. (Gaspar, V. et al., 2013). Four synthesized enantiomeric 9-mer peptides were
showed various extents of growth inhibitory activity against different cancer cell lines like U-
251 human glioma cells (lwasaki, 1. et al., 2009). Liu et al. reported in another study that
Magainin Il (MG2) is a potent anticancer cationic peptide with high selectivity toward glioma
cells (C6) and human skin malignant melanoma cells (A375) in vitro. Cationic anticancer
peptides induced rapid cell membrane disruption effect, thus might be reducing drug resistance
in cancer cells (Liu, Y. et al., 2013).

Transferrin receptor lytic hybrid peptide (TfR-lytic) showed cytotoxic activity in 12 cancer
cell lines such as SN-19, and U251 glioblastoma cell lines. In vitro and in vivo studies have
been demonstrated that TfR-lytic hybrid peptide was able to inhibit tumor progression, based
on the level of cell-surface TfR expression in cancer cells compared with normal cells
(Kawamoto, H. et al., 2011). The TfR-lytic peptide also exhibited ability to induce
mitochondrial collapse through activation of caspase 3 and 7. Lytic peptides disintegrated
the cell membrane like a detergent. Furthermore, high selectivity and specificity of the
peptide diastereoisomeros, in order to electrostatic attraction between their positive charges
and negative charges of phosphatidylserine (PS) and O-glycosylation of mucin on surface
of cell membrane (Papo and Shai. 2003& Kohno, H. et al., 2011).

2.11. Cytotoxic peptides and mechanism of Action:

(A) Disruption of plasma and mitochondrial membrane selectivity.

The cell surface content is different between cancer and healthy cells, represented in a high
level of negative charge in the cell membrane that leads to attraction with positive charge of

antimicrobial peptides, thereby showing their high selectivity to cancer cells. Furthermore,

14



the peptide positive charge could be bind to a high content of the negative charge of lipids
and phosphatidylserine, causing pore forming in mitochondria membrane and cytosol
translocation (Schweizer. 2009). Also, the cancer cells have susceptibility toward anticancer
peptide based on numbers of microvilli and amount of fluids found in cancer cells.
(Schweizer. 2009, Riedl, Z. et al., 2011). Chu et al reported that bacterial membrane is
similar to cancer cells membrane, due to negative charge of glycosaminoglicans and bulky
B-naphthylalanine residues. Therefore hydrophobic interaction between cationic peptide and
cancer cell membrane, its can penetrate deeper than normal cells, that might leads to cell
membrane disruption rapidly, followed by distortion of the mitochondrial membrane after
uptake into the cytoplasm (Chu, Y. et al., 2015 & Jéakel, C. E., et al., 2012).
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Figure 2. Effect of cationic antimicrobial peptides on cancer cell membrane and Bacterial membrane in vivo.
Jakel CE et al. (2012).

(B) Apoptosis.

One of the most important hallmarks of different types of cancers is their ability to evade cell death
and apoptosis. Apoptosis-programmed cell death has been typically characterized by DNA

fragmentation, chromatin condensation, and blebbing of the plasma membrane (Figure 3).

15



Step 1. Apoptotic Step 2. Formation of apoptotic
membrane blebbing membrane protrusions

Microtubule Beaded
f apoptopodia

Small surface spike (_J
membrane blebs s
Apoptopodia
\ Protrusion elongation
Q y L
Nuclear content . G5 _
s \||HY 7

) _

S

[ ommamnane—
Segmentation of
elongated protrusion
S
[esssonrasaseal
Beaded apoptopodia

-4
/ V

g

Apoptotic cell

Nuclear
fragmentation

Large dynamic
membrane blebs

Figure 3: Apoptotic cell death mechanism: a multistep cascade events. (Extracted from Smith, A. et al., 2017).

Through activation of apoptosis, a dying cell causes minimal damage to its surrounding
environment. However, many cancer cells have the ability to elude this process, because of
imbalance between pro-apoptotic and anti-apoptotic proteins and their corresponding signals
in cancer cells (Kandoth, C, et al., 2013). Apoptosis is a physiological mechanism occurred
in a wide range of human diseases. Thus, a deregulation of apoptosis can lead to an
accumulation of mutated or unwanted cells as well as an excessive depletion of a particular
cell type. Numerous pro-apoptotic signal transducing molecules and pathological stimuli
converge on mitochondria to induce mitochondrial outer membrane permeabilization
(MOMP), followed by activation of pro-apoptotic proteins like Bcl-2 for regulation of the
permeability transition pore leads to Apaf-1 activation and trigger the apoptotic caspases
(Bhatti, K. et al., 2017). Apoptosis divided into two pathways (intrinsic and extrinsic),
intrinsic pathway is initiated by the release of cytochrome C into the cytoplasm from the
mitochondria, followed by activation caspase 9 as a result of that activating caspase 3. While
the extrinsic pathway initiated by death receptors (DRs), followed by activation caspase 8
and 10 (Repsold, L. et al., 2017). Many anticancer peptides showed ability to induce
apoptosis via targeting mitochondria for apoptosis modulation (Jacotot, D. et al., 2006).
K4R-Nal2-SI peptide demonstrated apoptosis induction in different cancer cells and
apoptosis hallmarks have been confirmed in vitro and in vivo as well by using xenograft
mouse model (Chu, Y. et al., 2015).

Step 3. Cell fragmentation
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(C) Necroptosis.

Necroptosis is programmed or regulated necrosis cell death through activation of
independent caspase as a new strategy to treat cancer. The signaling pathway of necroptosis
based on the cooperation between (RIP1 and RIP3) receptor-interacting protein kinase and
MLKL, mixed lineage kinase domain-like protein to form necrosomes, which give rise to
caspase 8 inhibition (Su, Z. et al., 2016). Tumor necrosis factor (TNF) also mediates and
regulates necroptosis process through recruitment of RIP1, thus TNF can regulates signal
transduction to promote mitochondria generation followed by typical events of necrosis
(Galluzzi, L., et al., 2011). RIPK1 is an important kinase-dependent receptor, in order to it
can inhibits or stimulates necroptosis through scaffolding function. RIPK1 and RIPK3 are
able to make auto-transphosphorylation to each other in absence of active form of Caspase
8, resulted in eviction of cellular contents into the extracellular (Pasparakis, M. and
Vandenabeele, P. 2015).

Necroptosis is an alternative cell death mechanism induced after treatment with
chemotherapeutic agent to overcome obstacle of drug resistance (Chen, Y. et al., 2016).
TAT-RasGAP317-326 is a cell permeable peptide, inducing necroptosis in different
malignant cell lines in vitro and also showed the ability to prevent metastatic progression in
vivo (Heulot, C. et al., 2016). TAT-RasGAP317-326 cell death mechanism based on loss
integrity of cell membrane, because of the peptide could be a bind or interact with signaling

necroptosis proteins like RIP in the inner side of the membrane (Poon, B. et al., 2014).
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Figure 4. Necroptosis molecular pathway, Pasparakis and VVandenabeele (2015)

(D) Necrosis.
Necrosis is kind of cell death mechanism caused by toxins and pathogenic microorganisms
infection, which resulted in unregulated elimination of cell components and then leads to
immune response. Morphology of necrosis is characterized by cell membrane disruption
followed by swelling of organelles, and eventually release of intracellular signals to initiate
inflammation in the surrounding tissue (He, W. et al., 2009). AMPs were demonstrated
ability to induce necrosis cell death in many types of cancer cells via alteration membrane
fluidity and surface of cancer cell (Chu, Y. et al., 2015). DK6L9 is lytic peptide induced
necrosis and antiangiogenic effect through cell membrane disruption and diminished tumor
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vessels thickness (Papo, S. et al., 2006). MPI-1 peptide triggers to cancer cells, resulting in

a necrosis through swelling of cell membrane followed by rupture (Zhang, L. et al., 2010).

(E) Autophagy

Autophagy is self-eating process happens in almost organisms, also known as regulated and
destructive mechanism of unnecessary cellular components, caused by ATG proteins of
signaling cascades to form autophagosome, which surround unnecessary organelles for
degradation by acidic hydrolases released from lysosome. Autophagy plays a vital role in
starvation and cellular stress through utilizing degradable proteins for biosynthesis of
necessary and essential protein for bioenergetics, surviving and recovery process (Oberst,
A. 2013).

(F) Autophagy and Necroptosis.
Defects in necroptosis related genes contributed to the pathological process of human
malignancies. Deubiquitination of RIP1 by CYLD is important for the formation of complex
I, leading to either apoptosis or necroptosis (Alameda, J.P et al.,, 2010). Several
chemotherapeutic agents like alkylating agents induce necroptosis and DNA damage that
leads to overcome cancer cell resistance (Mourtada, R. et al., 2013). Naphthoquinone
compound (Shikonin) is a natural plant product that showed ability to induce necroptosis in

different cancer cells in vivo and in vitro (Han, W. et al., 2007).

The opposite correlation between both cell mechanisms, through inhibition of necroptosis
using necrostatin-1 leads to activation of caspase-8 and RIP1 cleavage, give rise to stimulate
autophagy process, which cause restoration of cell division and increased cancer cell
survival (Bell B.D. et al. 2008). Moreover, inhibition of autophagy process using 3-MA
inhibitor, leads to enhancing of necroptosis signaling RIP1 activity, resulting in cell death
(YuL. etal. 2004). TAT-RasGAP317-326 peptide is an antimicrobial peptide and also potent
anticancer peptide induced cytotoxic effect in different cancer cells. It was able to mediated
tumor cell death by autophagy activation in human neuroblastoma cells (NB1) and Burkitt’s
Lymphoma cells (Raji), followed by inhibition of apoptosis and necroptosis signaling
pathway (Heulot, M. et al., 2016). By contrast, FK-16 peptide demonstrated induction of

two cell mechanism in parallel in HCT116 colon carcinoma cells through autophagy
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induction by overexpression LC3 protein, and also activation of caspase-independent

apoptosis via p53-Bcl2/Bax pathway (Ren, S. et al., 2013).

2.12. Wolf spider venom as source of natural products to anticancer drug discovery

Spider venoms are a rich source for a novel antimicrobial peptides (Wang, Y. et al., 2016).
LyeTx I, an antimicrobial peptide identified and isolated from the venom of wolf spider
(Lycosa erythrognatha). LyeTx I has been shown to be an active antimicrobial agent against
pathogenic fungi and like C. krusei and C. neoformans and also pathogenic bacteria like E.
coli and S. aureus (Santos, D. M et al. 2010). The microbiological test exerted that N-
terminal modification did not affect on bacterial growth, while, the C-terminal modification
exhibited a high bacterial growth inhibition, with low MIC. For example, S. aureus MIC was
5.05 pmol.L* and E. coli MIC was10.10 pmol.L™* (Fuscaldi, L. et al., 2016). The secondary
structure of LyeTx | shows a small random-coil region at the N-terminus followed by an
alpha-helix that reached the imitated C-terminus, which might favor the peptide-membrane
interaction. The high activity against bacteria together with the moderate activity against
fungi and the low hemolytic activity have indicated LyeTx | as a good prototype for
developing new antibiotic peptides (Reis, P. et al., 2018).

LyeTx | _b is a potent antimicrobial effect against Gram-positive and Gram-negative
bacteria. LyeTx |_b exhibited more efficiency in killing of bacteria than the LyeTx I original
peptide formulated tested by Consuegra et al. (2013). In mouse septic arthritis’s model
induced by S. aureus, LyeTx |_b decreased the bacterial load compared to control and
Clindamycin groups, and also exhibited a high efficacy through decreasing the number of
mononuclear cells and neutrophils, accompanied by reducing of the cytokine IL-1 and
chemokine CXCL-1 levels and prevented cartilage damage as well in treated group (Dos
Reis, P.M.V. et al., 2018).

Cell penetrating peptides role in treatment of Glioblastoma:

Treatment of malignant tumors is usually followed by poor prognosis and relapse due to the
existence of extravascular core regions of the tumor. Cell-penetrating peptides (CPPs) have
gained interest because of promising properties in drug delivery field, which could be used

as a noninvasive method and targeting malignant tumor specifically in a tumor origin-
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dependent manner (Kondo, Saito et al. 2012). The importance of new strategies for
chemotherapy of glioma patients by crossing of various chemotherapeutic agents through

blood brain barrier (BBB) that leads to increase survival rate (Gao, Y. et al., 2014).

Although cell penetrating peptides are used broadly for neoplasm drug delivery, but there is
a limit application, due to the non-selectivity between tumor and healthy cells (Guo, Z. et
al., 2016). R8-dGR is an effective cell penetrating and dual target peptide trigger to glioma
tissues by intratumoral diffusion route of administration (Liu, M. et al., 2016). In a similar
study, cell penetrating transferrin peptide is multifunctional peptide conjugated with
liposome contain doxorubicin anticancer agent for delivery (Transferrin/TAT-Liposome-
DOX) this formulation increased cellular uptake from doxorubicin in the brain through
blood brain barrier in C6 glioma rat model. Transferrin/TAT-Liposome-DOX formula also
showed potent anti-proliferative effect against glioma cells and besides a good bio-
distribution. Thus, Transferrin/TAT-Liposome could be used as a promising anticancer drug
delivery during glioma treatment (Zheng, M. et al., 2015). The R3V6 peptide is a cell
penetrating peptide that can carry antisense oligodeoxynucleotide into glioma cells in animal
C6 glioma model. It was induced apoptosis cell death, in order to the peptide and antisense
were able to inhibit miR-21 gene expression of tumor-promoting genes in glioma cells.
Subsequently, the R3V6 peptide might be efficient to deliver of antisense into glioma cells
(Oh, S. et al., 2017). Using peptides in targeted personalized therapy would be one step

forward and may offer new avenues for glioma therapeutics (Wanjale and Kumar. 2016).
2.13. Therapeutic peptides for breast cancer treatment

Chemotherapy is based on cytotoxic drugs use, which may be administered in both advanced and
early-stage breast cancer, and can be useful after or before surgery (Hassan, M. et al., 2010). The
most common drugs used after or before surgery (adjuvant and neoadjuvant) are paclitaxel,
doxorubicin, cyclophosphamide, 5-fluorouracil, carboplatin and cisplatin to kill cancer cells that
might have been left behind (Ejlertsen, B. 2016). Even though, chemotherapy outcomes continue
to improve, but still there are long side effects of chemotherapy for many patients like menstrual
changes, cardiotoxicity, neuropathy, neurotoxicity, cognitive function and eventually increasing
of leukemia risk. It is relevant to identify the patients who may get benefit from cytotoxic drugs

(Tao, J. et al., 2015). Although hormonal therapy based on estrogen receptor (ER) inhibitors such
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as Tamoxifen, raloxifene and aromatase inhibitors might be effective to prevent breast cancer, it

also has shown serious side effects like stroke and pulmonary embolism (Jordan, V. C., 1993).

Immunotherapy has emerged as an important strategy to treat breast cancer in the last decades, due
to their benefits like tolerable toxicity profile and selectivity. For instance, passive immunotherapy
using anti-HER2 monoclonal antibody (Herceptin or trastuzumab), which targeting tumor-specific
protein associated with forming of micrometastases, resulted in great clinical outcome in
metastatic breast cancer patients (Schneble, E et al., 2015). Moreover, immunotherapy may
blockade immune checkpoint via inhibiting T lymphocyte-associated protein 4 (CTLA- 4),
modulates cell motility and signaling AKT/P13 pathway (Knieke, K. et al., 2012). Monoclonal
antibodies (mADb) used for programmed death-ligand 1 (PD-L1) blockade is an important strategy
to fight breast cancer through suppressing T-cell inflammatory activity (Vonderheide, R. et al.,
2017). On the other hand, passive immunotherapy can be causing autoimmune diseases and

anaphylactic shock by activation of the host’s immune system (Verma, S. et al., 2012).

There is an urgent need to find out novel chemotherapeutic agents to overcome adverse effects of
conventional anticancer drugs. For instance, doxorubicin and paclitaxel are widely used to treat
breast cancer but they cause cardiotoxicity, neurotoxicity and renal injury (Ponnusamy, L. et al.,
2016). Moreover, drug resistance occurs in 30% of the women diagnosed with metastatic breast

cancer stage, and its overcoming is still a challenge (Rivera, E., & Gomez, H. 2010).

Survivin is an inhibitor of apoptosis protein and plays a crucial role in breast cancer drug
resistance, particularly late metastatic stage. It plays a role inhibiting activation of caspases and
thus it can be able to downregulate cell programmable death and promotes mitosis process by
interacting with tubulin (Sah, N. etal., 2018). SU18 and SU22 synthetic peptides are novel helper
epitope peptides which binding with survivin protein in order to enhance apoptosis, cellular and
humoral immune responses in breast cancer patients (Ohtake, J. et al., 2014).

Somatostatin (SST) is mainly localized in the central nervous system but overexpressed in breast
cancer tissue, thereby targeting SST receptor gives rise to inhibiting of cell growth and
proliferation by inducing apoptosis (Watt, H. et al., 2008). In addition, SST peptides are utilizing
for tumor visualization of breast, bone and prostate metastatic lesions by PET/CT imaging (Cook,

G. 2010). Octreotide peptide has been shown a high affinity towards the somatostatin receptor and
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inhibits tumor regression in human primary colon tumor and breast tumor xenografts in vivo
(Prasad, S. et al., 2006).

LyP-1 is a cyclic 9-amino-acid peptide, which is able to recognize lymph nodes contain breast
cancer cells without recognizing lymph nodes in normal tissues. In addition, LyP-1 can bind with
breast cancer cells effectively in triple-negative breast cancer patients, whose cells not produce or
express HER-2, estrogen, and progesterone. LyP-1 peptide could be used as a contrast agent in

magnetic resonance imaging (Abulrob, A. et al., 2017).
2.14. The 4T1 mammary adenocarcinoma model in drug discovery process

Murine models are a useful tool for researchers and oncologists in order to mimic the pathology
and understand the spread of breast cancer. 4T1 murine mammary carcinoma model have been
used as a non-surgical model that induces tumor metastasis spontaneously in the animal with
similar human kinetics (Paschall, A. & Liu, K. 2016). Moreover, it is relevant to highlight that in
4T1 model, animals develop mammary carcinoma, which corresponds to stage IV human breast
cancer (Kocatlrk, B. & Versteeg, H. 2015), and making it a good model of human metastatic breast

cancer.

Currently, many spontaneous breast metastatic models have been studied to understand the
molecular mechanism of tumor invasion and progression for developing new anticancer agents
(Kocatirk, B. & Versteeg, H. 2015). The 4T1 model is aggressive transplantable mammary
adenocarcinoma induced by inoculation of 4T1 cancer cell line into BALB/c mice. It is the best
model to study breast cancer metastasis, in order to similarity to lymph node drainage of human
breast cancer. In addition, in this model, metastasis can be progress spontaneously and rapidly
from a primary tumor to different distant organs like lung, brain, liver, kidney and lymph node
(Pulaski, B. & Ostrand-Rosenberg, S. 2001). Furthermore, 4T1 model is very sensitive in
quantifying proliferation and spreading of breast cancer cells to distant organs. Subsequently, it is
considered an excellent model for testing anti-metastasis drugs and immunotherapeutic agents in
vivo (Paschall, A. & Liu, K. 2016).

Although, many transgenic mouse models of human mammary cancer like C3(1)/Tag and c-myc
are considered the best models to study mechanisms associated to metastasis in vivo, however

these models are not suitable for testing anti-metastatic drugs due to high cost of long-term of drug
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administration and also its take months for metastasis (Khanna, C. & Hunter, K. 2005). By
contrast, 4T1 a transplanted breast cancer model has high capacity to metastasize efficiently in few
days to get micrometastasis. Moreover, 4T1 allows tracking and quantitation of the cells in vivo
easier than other models (Tao, K. et al., 2008).

2.15. Immunogenicity of 4T1 model

It has been reported that mammary carcinoma is an immunogenic tumor. In this immunogenic
tumor the breast cancer cells could escape from immunity by down-regulation of tumor recognition
or inhibiting immune surveillance process, e.g. inhibition or deletion of MHC and tumor-
associated antigens. The lack of susceptibility to immune attack and immune dysfunction to
promote localized immunosuppression in the tumour microenvironment (Stewart, T. & Abrams, S
2008). The overexpression of regulatory T cells (Treg), transforming growth factor (TGF-p),
cytotoxic T-lymphocyte antigen (CTLA-4) and programmed death ligand (PDL-1) play an
important role in tumor immunogenicity via inhibition of immune surveillance (Garcia-Lora, A.
et al, 2003 & Lechner, M. et al., 2013). 4T1 transplantable tumor model has been shown a highly
successful response to an immunotherapeutic agent associated with high tumor immunogenicity

and enlargement of draining lymph nodes during metastasis (Abe, H. et al., 2016).
2.16. Leukocytosis in 4T1 model

Leukocytosis means a rising count of circulating white blood cells (neutrophils, monocytes,
eosinophils, and lymphocytes) above the normal range. . Leukocytosis usually happens during
infection and cancer (Rogers, K. 2011). 4T1 considered as high immunogenic mammary
carcinoma model because of aggressive cancer cell growth, followed by expansion of all leukocyte
populations, resulting in leukocytosis accompanying with splenomegaly due to granulocytic
hyperplasia from bone marrow (Dupre, S., & Hunter, K. 2007). It has been shown undesirable side
effects such as leukocytosis, thrombosis, and peripheral neuropathy via increasing of circulating
leukocytes in the 4T1 murine model (Reis, D. et al., 2014).
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2.17. Extravasation of leukocytes in tumor model

Extravasation is also known as diapedesis, a multistep process of migration of leukocytes or/and
tumor cells from bloodstream into tissues through interaction between leukocytes and vascular
endothelium. This process enables tumor cells to cross basement membranes, and to reach tissue
parenchyma due to alterations of endothelial integrity and architecture damage (Strell, C. et al.,
2008 & Madsen, C. D. et al., 2010).

The recruitment of leukocyte from microcirculation to endothelial interface is the hallmark
feature of inflammatory process. It is well know that the recruitment of circulating leukocytes is
a multistep cascade of events involving adhesion molecules. Leukocyte-endothelium interaction
starts with leukocyte tethering and rolling along the venule before they can firmly adhere and
emigrate out of the vasculature (Carvalho-Tavares, J. et al., 1999, 2000). Although, there is an
equilibrium between rolling and adhered leukocytes in normal conditions, during pathological
conditions, like tumorigenesis, and metastasis, the ratio of these steps is altered (ladocicco, K. et
al., 2002).

The bloodstream represents a hostile environment for CTCs, exposing them to rapid clearance by
natural killer (NK) cells. Carcinoma cells gain protection through the actions of platelets, which
coat CTCs. Neutrophils provide protection from NK cell attacks and contribute to extravasation of
CTCs. Once into a capillary, activated platelets and carcinoma cells secrete mediators that can act
on monocytes, endothelial cells, and the carcinoma cells themselves. All interactions promote the
migration of tumor cells (Lambert, A. W., et al 2016). Then, metastasis is facilitated by leukocytes
extravasation, since interactions between cancer cells and leukocytes/platelets lead to cancer cell
adhesion. This interaction is mediated by selectin (CD62) cell adhesion glycoprotein family, which
promotes tumor metastasis. In addition, P-selectin and E-selectin molecules over-expression

became an indicator for poor prognosis in cancer patients (Laubli, H., & Borsig, L. 2010).
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Figure 5: Intravascular interactions between circulating tumor cells (CTCs), neutrophils, endothelial cells and platelets
(extracted from Lambert, A. W., et al 2016).

2.18. Imaging of 4T1 primary tumor and metastatic lesions by intravital microscopy

Intravital microscopy is an important experimental imaging technique, which can be able to
identify various pathophysiological processes in all organs and vessels in living animals. For
instance, examination of leukocytes recruitment and interactions after inducing inflammation in
animal models such as experimental autoimmune encephalomyelitis (EAE) and inflammatory
bowel disease (Herr, N. et al, 2015). In addition, many benefits of intravital microscopy has been
demonstrated like quantifying of drug delivery and clearance, visualization of drug uptake and
distribution, monitoring of tumor neovascularization, tracking of tumor progression in a live
animal (Van de Ven, A. et al., 2013). Currently, targeting of primary breast tumor remains became
an important goal during breast cancer treatment after resection of this tumor, resulting in an
increased chance of patient survival. To achieve this goal, the intravital can be used for tracking
remains of the primary tumor or even metastatic lesion through navigation of rolling leukocytes
into tumor vasculature endothelium (Palomba, R. et al., 2016). On the other hand, to identify the
underlying mechanism of tumor invasion might help in controlling and prevention of breast cancer

metastasis. Intravital microscope provides high resolution and time-lapse images of breast tumor
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microenvironment. This technique could be used to detect glycolysis in breast cancer remaining
lesions, increased glucose uptake, decreased ATP production, and also oxygenated hemoglobin
saturation in tumor vessels (Rasul, R. et al., 2018). Furthermore, intravital microscopy is using for
measurement of mitochondria membrane potential in living 4T1 tumor-bearing mice. (Zhu, C. et
al., 2017).

Figure 6. Intravital vascular images of hemoglobin oxygen saturation of 4T1 metastatic tumors on days 3 and 10 in
thin and thick vessels (Rasul, R. et al., 2018).

2.19. Therapeutic peptides absorption by Subcutaneous Administration

Subcutaneous injection is a method to delivering bio pharmaceutics. Usually, subcutaneous
injection is applied into the fatty layer beneath the skin. As subcutaneous tissue has few blood
vessels, the injected drug is diffused very slowly at a sustained rate of absorption, i.e. distributing
the drug over a long period of time (Kim, H. et al., 2017). Currently, subcutaneous route is a viable
and favored method to deliver drugs alternative to intravenous administration. For example,

subcutaneous injection achieved a successful outcome in the oncology field (Jones, G. etal., 2017).

In the last decades, the subcutaneous (SC) route of administration gained much interest for several
biotherapeutics treatment like immunoglobulins, insulin, erythropoietin, growth hormone and
fusion proteins, because the increaseof the bioavailability, voiding degradation by proteases
(Richter, W. et al., 2012). Subcutaneous injection is an important route to deliver therapeutic
proteins and peptide into systemic circulation by lymphatic system and blood capillaries depended
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on molecular size and weight.For example, peptide presenting low molecular size or weight may
cross through blood capillaries, whereas the high molecular size may be absorbed by lymphatic

vessels and lymph nodes (Kagan, L. 2014).

Subcutaneous injection of anticancer drugs demonstrated low absorption and high bioavailability
more than intravenous injection. For example, methotrexate, cladribine, omacetaxine, cytarabine,

and bleomycin have been approved to inject subcutaneously in Europe (Leveque, D. 2014).

The chemotherapeutic agents administered subcutaneously and distributed by lymphatic vessels,
lymph nodes, and blood circulation, have been shown efficacy and less toxicity than administered
intravenously because of the crucial role of the lymphatic system in tumor microenvironment.
Subsequently, anticancer drug delivery by targeting lymphatic tissues might be able to prevent

migration of cancer cell and lymphatic metastasis (Zhang, X. & Lu, W. 2014).
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Figure 7. Protein size determines the choice of subcutaneous injection of drugs (Jones, G. et al., 2017).
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2.20. Cationic peptide and selective for breast cancer cells

The cationic peptides are a type of s broad-spectrum antimicrobial peptides produced by different
organisms. The relationship between structure and function of cationic peptide have been studied
through the influence of peptide on mammalian and bacterial subcellular structures. Cationic
peptides can interact with phospholipid bilayer to form pores or membrane disruption, resulted in
cell lysis as shown in figure 4 (Huang, Y. et al., 2010).
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Figure 8. Anticancer mechanisms of cationic antimicrobial peptides (Deslouches, B. & Di, Y. 2017).

Breast cancer cell membrane surface contains a high proportion of negative charges from
phospholipids  (phosphatidylethanolamine and  phosphatidylserine).  Cationic  peptides
characterized by net positive charges from amino acids residues, and the attraction between
positive and negative charges make electrostatic interactions, that facilitates penetration and
membranolytic effects (Deslouches, B. & Di, Y. 2017).

K6L9 peptide is a cationic peptide induce cell membrane disruption in several cancer cell line in
vitro. In addition, intratumoral injection of K6L9 peptide into B16-F10 murine melanoma and
C26 colon carcinoma tumors, inhibited tumor growth and tumor reoccurrence in different in vivo

models by necrosis induction (Cichon, T. et al., 2014). Similar study showed that cationic peptide
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LTX-315 induced cell membrane disruption and permeabilized mitochondrial membranes in the
human osteosarcoma U20S cell line. Furthermore, LTX-315 injected intratumorally into B16-F10
murine melanoma, stimulated an immune response by increasing of tumor-specific antigens,

cytotoxic T-lymphocytes and large necrosis area in melanoma tissues (Zhou, H. et al., 2016).

A magainin 11 (MG2B) peptide is a cationic peptide isolated from skin secretion of African frog,
which has been shown high affinity and selectivity toward several cancer cells with mild effect on
normal cells in vitro. MG2B have been tested in MCF-7 breast cancer xenograft model, and have
induced a remarkable reduction in tumor volume and weight, after intratumoral injection (Liu, S.
etal., 2011).
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3. Rationale of research:

Despite significant advances in the discovery of new strategies for cancer treatment, drug
resistance is the second of the leading causes of death worldwide. There is an urgent need for the
development of novel anticancer strategies. Among cancers, glioblastoma comprises the most
common malignant brain tumor and patients presenting such tumor survive for less than two years
(Mellinghoff, L. etal., 2017). Surgery, radiotherapy and chemotherapy are the main treatments but
many patients are not cured and suffer with incapacitating pain. Therefore, new drugs to treat this
class of tumors still are very important. Besides brain tumors, breast cancer is the most common
women cancer over the world and the second leading cause of female cancer-related deaths. Long-
term survival rates for patients with breast cancer are rising. Several studies have reported that
increasing of survival rate in young women diagnosed with metastatic breast cancer than old ages,
because of chemo and immunotherapy improvements (Mariotto, AB. et al., 2017). However, the
fundamental issue is the challenge that patients with breast cancer have to deal with multiple long-
term side effects of treatment protocol.

Nowadays peptides drugs emerge as a new class of promising anticancer reagents owing to their
Iytic nature and ability to avoid drug resistance (Szczepanski, C. et al., 2014). Peptides are an
important class of therapeutics, with over 60 peptide drugs now approved in the US and other
major markets (Fosgerau and Hoffmann. 2015). Cationic antimicrobial peptides also exhibit
anticancer function, displaying advantages such as low toxicity (Dalzini, A. et al., 2016). These
anticancer peptides have many features such as mild toxicity without accumulation in different
tissues and eventually a possible selectivity and specificity for cancer targets and receptors.
However, peptides have some limitations to apply in clinical scale like poor oral bio-availability
and metabolism, fast clearance, besides value of manufacturing process is still very costly. Thus it
IS necessary to find new strategies to overcome these limitations through increasing of therapeutic
activity compared to other conventional chemotherapy (Marqus, S. et al., 2017).

In this context, our group synthetized a cationic peptide named LyeTx-I, first isolated from the
venom of the spider Lycosa erythrognatha that displayed an interesting antimicrobial activity
(REIS, P. 2015). The peptide consists of 25 amino acid residues and carries a natural
carboxylterminal (C-terminal) carboxyamide (HIWLTALKFLGKNLGKHLAKQQLAKL-NH2).
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Considering the great challenge to treat tumors in the central nervous system (CNS), as well to
treat metastatic breast cancer, we hypothesize that LyeTx I-b antimicrobial synthetic peptide is a
potential prototype to develop a new anticancer agent. To verify this hypothesis, we performed an
initial screening to evaluate the cytotoxicity of this peptide against human cancer cells
representative of solid tumors and leukemia. Cells from brain and breast tumors were used
(including the murine 4T1) to predict antitumor potential in vitro. Unspecific cytotoxicity was
evaluated using non-tumoral cells. Once we focused in brain tumors, the human Glioblastoma
lineage U87 MG was selected to study the type of cell death triggered by peptide to get insights
regarding probable cellular targets, in vitro. Neurotoxicity using the lineage Luhmes was also
investigated. Once the in vivo model of brain tumor was not available, studies to confirm the in

vitro findings with U87 MG cells were not performed.

The second focus was to investigate the anticancer potential of peptide in vivo using the 4T1
metastatic murine model of triple-negative breast cancer to evaluate the potential of LyeTx-I to be
used to develop new chemotherapic to treat tumors. For that, subacude toxicity, assessment of
tumor growth and volume, animal weight, immunological parameters and growth factors were
investigated. All these strategies allowed to propose the potential of LyeTx-1 as a prototype useful

to develop drugs to glioblastoma and metastatic breast cancer treatment.

For a better understanding, this thesis was divided into three chapters:

Chapter 1: Cytotoxicity studies evaluating the effect of peptide on viability of some tumor and
non tumoral cell lines, including cells from brain and breast tumors. In this chapter some
insights on the cytotoxic effect of peptide against murine 4T1 breast cancer cells were

performed to predict the prospective efficacy in vivo.

Chapter 2: Characterization of the type of cell death induced by peptide against glioblastoma
cells, U87 MG, through biochemical and morphological studies. These studies were carried out

considering the importance to discover new drugs to treat brain tumors.

Chapter 3: in vivo studies to evaluate the safety of the peptide by assessment of sub-acute

toxicity and antitumor activity using the 4T1 triple-negative breast cancer mouse model.
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4. General objective:

The overall aim is to evaluate the in vitro cytotoxic cellular mechanism of a synthetic

cationic peptide LyeTx |_b and its potential anticancer effect in vivo.

Specific objectives:

I. To evaluate the cytotoxicity of synthetic peptide (LyeTx I_b) against tumor cell lines from
brain tumors (glioblastoma, astrocytoma, and neuroblastoma), breast (MCF-7, MDA-MB-
231,and 4T1), colon (HT-29), leukemia (HL60, Jurkat and THP-1), as well as against non-
tumor cells (Vero, GM637 and human PBMC).

I1. To evaluate the neurotoxicity of the peptide using as a model the Human Mesencephalic

(LUHMES) cell line comparing it with other anticancer agent used in clinic.

I1l. To investigate if the cytotoxicity of peptide against glioblastoma lineage U87-MG is
associated with alteration in cell cycle and induction of cell death by apoptosis, autophagy,

necrosis and necroptosis.

IV. To investigate the cell death induced by the peptide in U87-MG cells through

determination of molecular, biochemical and morphological alterations.

V. To verify whether the cytotoxicity of LyeTx I-b is associated with the induction of
apoptosis in 4T1 cells and its effect on the clonogenic survival of these cells to expect the

possible efficacy during in vivo studies.

VI. Evaluate the systemic sub-acute toxicity and tolerance of LyeTx I-b peptide in BALB/c mice.

VII. To assess the antitumor effect of LyeTx I-b peptide using the murine model of triple negative
breast cancer 4T1, after administration intra-tumor and subcutaneous, through evaluation of:
- Growth of tumor (weight and volume) and metastasis in lung.

- Impact in immune cells (neutrophils, lymphocytes, monocytes and eosinophils).
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VII1I. Investigate the role of LyeTx I-b peptide on inflammation specifically leukocyte recruitment
(rolling and adhesion) and production of their cytokines and growth factors such as VEGF, TGF-
B, TNF-a, IL-1p, IL-10 and 1L-6 .
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Chapter 1

Cytotoxic effect of the cationic peptide LyeTx | b
against tumoral and non tumoral cell lines.
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Hypothesis

The cationic antimicrobial peptide LyeTx I-b peptide possess cytotoxicity against tumoral and

non-tumoral human cell lines from human and mice.

1. Materials and Methods
1.1. Peptide

Peptide LyeTX I_b sequence is (IWLTALKFLGKNLGKLAKQQLAKL), it was synthesized by
GenOne (Rio de Janeiro, RJ, Brazil) and purification grade by using HPLC was 98%. The samples
were maintained at -80° C and solubilized in PBS immediately before the experiments.

1.2. Cell lines

Human glioblastoma U-87 MG, Neuroblastoma SHSY5Y and Colorectal Adenocarcinoma HT29
cells were kindly donated by Dr. Marcel Leist/University of Konstanz, Germany. Astrocytoma U-
373 cells were donated by Dr. Rodrigo Resende/ICB/UFMG. Cells were maintained in culture in
DMEM high glucose medium, supplemented with 10% fetal bovine serum and incubated at 37°C
in atmosphere of 5% CO2 enriched with 2 mM L-Glutamine (GIBCO UK, Grand Island, NY), 1%
antibiotic solution (100 IU / ml penicillin and 100 pg / ml streptomycin (GIBCO BRL, Grand
Island, NY). The GM-637cells (donated by Dr. Adriana Abalen, ICB/UFMG) were used a model
of normal human lung fibroblasts cells from School of Medicine, New York University. USA.
This lineage was maintained in the logarithmic phase of growth in DMEM supplemented with 100
IU/mL penicillin and 100 pg/mL streptomycin (GIBCO BRL, Grand Island, NY) enriched with
10% fetal bovine serum. VERO (African green monkey kidney cells) lineage was used as a model
of normal cells and was kindly provided by Dr. Erna Kroon (Universidade Federal de Minas
Gerais, UFMG). This lineage was maintained in the logarithmic phase of growth in DMEM
supplemented with 100 IU/mL penicillin and 100 pg/mL streptomycin (GIBCO BRL, Grand
Island, NY) enriched with 5% fetal bovine serum. VERO cells were maintained at 37 °C in a
humidified incubator with 5% CO2 and 95% air. Leukemia cells HL60 (human promyelocytic
leukemia) THP-1 (human monocytic leukemia) and Jurkat (human lymphocytic leukemia) were
donated by Dr. Gustavo Amarante-Mendes (University of S&o Paulo). The MCF-7 and MDA-MB-

231 (human breast carcinoma) lineages were kindly donated by Prof. Dr. Alfredo Goes
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(Department of Biochemistry - UFMG). Leukemia cells were maintained in RPMI medium (Sigma
Aldrich, USA), containing 10% fetal bovine serum (GIBCO BRL, Grand Island, NY), enriched
with 2 mM L-Glutamine (GIBCO UK, Grand Island, NY), 1% antibiotic solution (100 1U / ml
penicillin and 100ug / ml streptomycin (GIBCO BRL, Grand Island, NY). For all lineages, cells

were splitting twice weekly, and the cells were regularly examined and used until 15 passages.

The mice 4T1 mammary adenocarcinoma cells were kindly donated by Dr Miriam Teresa Paz
Lopes, from Department of Pharmacology, Federal University of Minas Gerais (UFMG. The cells
lines were cultured in DMEM medium supplemented with 10% fetal bovine serum, 1% antibiotic
solution (100 1U/ml penicillin and 100 pg/ml streptomycin) (GIBCO BRL, Grand Island, NY),
and incubated at 37°C, in 5% CO..

All of the cell lines used were examined by PCR to check mycoplasma, the experiments were done
between 5 to 15 passages for avoiding changes of the phenotype. All cells were cryogenically
preserved using 45% of fetal bovine serum plus 45% DMEM or RPMI and 10% DMSO.

1.3. Human Peripheral Blood Cells

Human peripheral blood mononuclear cells (PBMC) were obtained from six healthy donors. About
30 mL of blood was collected from each individual and added in heparinized tubes. This project
was approved by COEP, under protocol number 666.658/2016. All healthy donors provided

written consent.

1.4. Cytotoxicity of LyeTx |_b peptide in tumoral and non-tumoral cell lines

1.4.1. Screening using tumor and non-tumor cell lines.

Nine human lineages including: U-87 MG, U373, GM637, SHSY5Y, MCF-7, MDA-MB-231,
HT29, VERO, GM-637 and one murine breast cancer (4T1 cells) were used at the density of
10.000 Cells per well (96-well plate) the viability of cells was checked by exclusion with Trypan
blue (> 90% viable), which stains only dead cells. The viable cells number was determined by
using a Newbauer chamber. Leukemia cells were seeded at densities of 50,000 (HL60) and
100.000 cells/well (Jurkat and THP-1). All lineages were incubated overnight for recovery and
adherence in order to reach exponential growth phase. After stabilization, all cells were incubated

for 48 hours in presence of different concentrations of the peptide (1.5 to 100uM), in order to
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determine the concentration that inhibits 50% of viability (IC50), for each lineage. Three
experiments in triplicate were performed and solvent PBS diluted in culture medium was used as

a control.

1.4.2. Evaluation of cell viability and proliferation assay, MTT method.

MTT assay is a standard colorimetric assay, in which mitochondrial activity is measured based on
the metabolic reduction of 3- (4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bromide (MTT)
to formazan by mitochondrial dehydrogenases in viable cells only and allows to evaluate both cell
proliferation and viability as described by Monks, S. et al. 1991 and Mosmann, L. 1983, with
modifications. After treatment of the various lineages for 48h in presence of the peptide, 2.5
mg/mL of MTT (Sigma® Co., USA) (30ul/well) were added. The plates were incubated for 4 h at
37 °C with an atmosphere of 5% CO2 until getting formazan crystals, the supernatant was removed
by syringe needle coupled with suction pump to preserve crystals, 200ul from solution of 0.04
HCL isopropanol were added. Stringing gently for 5 min at room temperature, absorbance of
solubilized MTT formazan product was spectrophotometrically measured at 595 nm, on an ELISA
reader (Spectramax-Molecular Devices®). The results were expressed as percentage of the viable
cell and the y-axis values relative to the control (PBS) considered as having 100% viability. The
IC50 values were calculated by nonlinear or linear regression using GraphPad Prism® Version
5.01 software (GraphPad Software Inc., La Jolla, CA, USA) and data were analyzed with
sigmoidal dose response. The results were expressed as percent of inhibition of cell viability over

the negative control (PBS or DMSO), calculated as follows:
Inhibition of cell viability = 100- [(sample x100)/ PBS]

Interactions between peptide and medium were estimated based on the differences between the
medium containing the peptide and the medium free of substances to avoid false-positive and false

negative. No interference was observed.
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1.5. Evaluation of cytotoxic activity in human peripheral blood mononuclear cells.

PBMC from 6 healthy individuals (4 females and 2 men) were isolated by Ficoll paque (sodium
diatriazoate) gradient separation solution centrifugation (LSM; Organon Teknica, Charlesnton,
S.C.) as previously described (Gomes, B. et al., 2003). The cells were washed in RPMI 1640
medium and cultured in flatbottom 96-well plates (Nunc Brand Products). Proliferative responses
were evaluated by incubating 2.5 x105 cells/well in presence or not of the peptide or
phytohemaglutinin (2.5pug/mL), to stimulate the cells in a final volume of 200 uL of complete
RPMI-1640 (10% FBS, 2mM L-glutamine, 100 IU / ml penicillin and 100 pug / ml streptomycin).
Incubation was carried out in a humidified 5 % CO2 incubator at 37 °C for 3 days for PHA-
stimulated cultures. Peptide was evaluated using eight serial dilutions 1: 2 (100-1.56 pM) for
determination of the 1C50.The cell viability was evaluated by the resazurin assay (O'Brien, W. et
al., 2000).The concentration-response curves were obtained through non-linear regression using

GraphPad Prism® Version 5.01 software.
1.6. Evaluation of cell viability of human PBMC by the resazurin assay.

The cell viability assay was performed according to (O'Brien, W. et al., 2000) with modifications.
The resazurin is blue and when added to the cell culture is converted to the reduced form called
resofurin, pink and fluorescent, which can be measured by colorimetric or fluorimetric. In the
experiment, in each well, after treatment time, 20 puL of 0.6 mM resazurin solution. The plates
were incubated in a CO2 incubator at 37 © C for 48 hours. The spectrophotometric reading of the
absorbance was performed in two wavelengths 570 and 600nm in the plate reader (Spectramax-
Molecular Devices®). The number of viable cells correlated with the percentage reduction of

resazurin and were expressed as % inhibition as follows:

% inhibition = 100 — (Abs of Samples 570nm — Abs of samples 600nm)

(Abs of Control 570nm — Abs of Control 600nm)

In this formula, all absorbance values must all be decreased by the absorbance value of the
corresponding blank.
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1.7. Determination of hemolytic activity.

The effect of LyeTx1_b peptide on human red blood cells (RBCs) was evaluated by a hemolysis
assay (Yu, M. et al., 2011). Briefly, 1ml of fresh peripheral blood from 5 healthy volunteers was
added with 400l of heparin (5000 IU/ml) and centrifuged at 1200 rpm for 10 minutes at room
temperature. The RBCs were further washed three times with sterile PBS and prepared in 1% (v/v)
suspension of erythrocytes in PBS. 190 ul of diluted RBCs were seeded in a 96-well plate with
10pl of LyeTx |_b peptide in range of 100 to 1.56 uM in the experimental groups, with 100ul of
2% (v/v) Triton X-100 in positive control group, or with 10ul of PBS in negative control group.
After incubation at 37 °C for 1 hour, samples were centrifuged at 1200 rpm for 5 minutes, and
then 150 pL were transferred from each well to new 96 well/ plate and the absorbance was
measured at 450 nm using a microplate reader (Spectramax-Molecular Devices®). The percent of

hemolysis was calculated as:

Hemolysis %= [(Sample absorbance — negative control)/ (positive control — negative control)]
X100.

The scheme below summarizes the methodological strategies used in cytotoxicity studies for tumor

and non-tumor cells and hemolysis.
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Scheme 1. Methodological strategy for the cytotoxicity assays using tumoral and non
tumoral cell lines: (A) studies with all lineages and PBMC; (B) studies with 4T1 cells and
(C) evaluation of hemolysis. Three independent experiments were performed in triplicate.

1.8. Evaluation of the clonogenic survival of 4T1 cells after treatment with peptide

Clonogenic assays were used to evaluate a potential efficacy of peptide in vitro that can correlate
with a potential anticancer activity in vivo. 4T1 model used for those studies as a murine breast
cancer model. The 4T1 cells were seeded at density of 200 cells/well (6 well plates, SARSTED,
Germany) and incubated for 24h. Then cells were treated with 6.5 uM (ICsp) and 25 uM (ICsgo) of
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LyeTxI-b peptide for 12 hours at 37 ° C, 5% CO.. In the next day, the medium was removed,
rinsed carefully with PBS and fresh medium was added and the cells kept to grow for 10 days at
37 ° C, 5% CO:.. Plates were fixed with ethanol 70% for 40 minutes and stained with 0.5% crystal
violet for 15 minutes. The ethanol and crystal violet mixture removed carefully and rinsed with
water (Rafehi, et al. 2011). The plating efficiency surviving fraction was calculated. The I1Cso and

ICso values were calculated using Prism 5.0® (GraphPad Software Inc.).

1.9. Quantitation of cell death using Annexin V and PI after treatment of 4T1 cells with

peptide

Detection of Apoptosis and Necrosis by Annexin V Binding and Propidium lodide uptake,
according to the specifications of the supplier. Briefly, the 4T1 cells were maintained in the
DMEM culture medium, supplemented with 10% fetal bovine serum. Cells were harvested and
seeded in 24-well plates (SARSTED, Germany) at density of 200.000 and incubated overnight at
37 ° C, 5% CO: for stabilization. Then 4T1 cells were incubated with 6.5 pM LyeTxI-b for 24
hours. Next day, the cells were transferred into 1 ml tubes and centrifuged at 10,000 rpm for 5 min
(Denver Instrument Company, USA). The supernatant was discharged, treated and untreated cells
were stained with 2.5 pL from Annexin V and Propidium lodide (BD Biosciences) for 15 minutes
in a dark place at room temperature. Then the samples were submitted to the FACS Calibur flow
cytometry analysis. The values of FSC-H, SSC-H, were acquired for histograms and statistics

analyzes in the FlowJo 7.6.4® program (Tree Star, Inc).

1.10. Evaluation of the neurotoxic impact of peptide through the neurite growth assay

using Human neuronal precursor cells (LUHMES), LDH release, ATP and glutathione.

Scheme 2 below represents the methodologic strategies for the studies of neurotoxicity using
LUHMES cells.
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Scheme 2. Methodological strategy of evaluation of neurotoxicity.

The neurotoxic potential of the peptide was evaluated as recently described (Delp, J. et al.,
2018). Lund Human Mesencephalic cells (LUHMES) were kept in proliferation medium
(AdvDMEM/F12 containing 2 mM L-glutamine, 1x N2 supplement) enriched with 40 ng miIt
recombinant human basic fibroblast growth factor (bFGF) and cultured in 5% CO2 at 37°C.
Cell culture dishes and flasks were coated with 50 pg mI? poly-L-ornithine (PLO) and 1 pg
ml* fibronectin. Differentiation to post-mitotic neurons was performed by seeding the cells at
a density of 45,000 cells cm™, culturing them in proliferation medium for 24 h, and then
changing to differentiation medium (AdvDMEM/F12 supplemented with 2 mM L-glutamine,
1x N2 supplement, 1 mM dibutyryl 3,5-cyclic adenosine monophosphate (CAMP), 1 pg ml*
tetracycline, and 2 ng ml-1 recombinant human glial cell-derived neurotrophic factor (GDNF).
After 48 h of differentiation (day 2), cells were detached with 0.05% Trypsin/EDTA and seeded
into a 96 well plates at a density of 100,000 cells cm. For the assessment of developmental
neurotoxicity, these cells were treated with the peptide 1 h after seeding and then incubated for
24 h. To measure neurite stability (mature neurites), cells were allowed to grow neurites for 72
h after seeding (i.e., d5 of differentiation) and subsequently treated with the peptide for 24h
[37]. LyeTx I-b was added in a concentration range of 0.09 to 100 uM with 1:4 dilution steps

18
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in DMSO added to the medium. Image acquisition was performed 22-26 h after starting peptide
treatment (Stiegler, K. et al., 2011).

1.10.1. Image acquisition and quantification

The acquisition was performed as described previously by Stiegler, K. et al. 2011. Briefly,
cells were live-stained with Hoechst H-33342 and calcein-AM for image acquisition. The
neurite area was calculated as the total calcein positive area corrected for the somatic area,
i.e. the Hoechst positive area, expanded by a surrounding ring of 3.2 um representing the
neuronal body. The images were used simultaneously to assess viability. Double positive
cells were counted as viable; Hoechst positive objects without calcein stain were counted as

dead cells. Viability was expressed as (viable cells / total cells) X 100.

Three independent experiments were performed in technical triplicates. First, data of the
technical replicates were expressed as percent of solvent-treated. After that, technical
replicates were averaged to reduce technical variability. Subsequently, the mean of three
biological replicates was determined for neurite area and viability relative to solvent-control.
Fits were calculated using a 4 parameter Hill model with constraining the baseline to max.
Hundred of solvent-treated signal. The equation of the Hill model was solved for f(x) = 50
% to determine the ECS50, i.e. concentration at which the neurite growth

inhibiting/destabilizing effect was at 50% of the solvent control.

Evaluation of the LyeTx |_b peptide in the neurite outgrows assay was performed in three

independent experiments in triplicate.

1.10.2. Impact of peptide in the release of Lactate dehydrogenase (LDH) in Luhmes cells,

ATP assay and Glutathione determination.

LDH activity was detected separately in the supernatant and cell homogenate of LUHMES
cells, treated as described in 2.6 and cells were lysed with PBS /0.5% Triton X-100 for 20
min. 10 pl of sample were added to 200 ul of reaction buffer containing NADH (100 uM)
and sodium pyruvate (600 uM) in sodium phosphate buffer adjusted to pH 7.4 with 40.24
mM K2HPO4 and 9.7 mM KH2PO4 buffer. Absorption at 340 nm was detected at 37°C in

1 min intervals over a period of 20 min [39]. LDH release was expressed in percentage LDH



supernatant/LDH total. To evaluate ATP content, LUHMES cells grown in 24-well plates
were lysed in PBS-buffer containing 0.5% phosphatase inhibitor cocktail 2 (Sigma) and
boiled at 95°C for 10 min. Following centrifugation at 10,000 xg for 5 min for the removal
of cell debris, the protein content in the supernatant was measured and adjusted to equal
amounts. Samples were then diluted 1:10 in PBS/0.5% phosphatase-inhibitor buffer. For the
detection of ATP levels, a commercially available ATP assay reaction mixture (Sigma),
containing luciferin and luciferase, was used. 50 pL of adjusted sample and 100 pL of assay
mix were added to a white half-area 96-well plate. Standards were prepared by serial
dilutions of ATP disodium salt hydrate (Sigma) to obtain concentrations ranging from 1000
nM to 7.8 nM (Stiegler, K. et al., 2011). LUMES Cells were washed twice with PBS and
lysed in 200 pl of 1% sulfosalicylic acid (w/v) on ice. The lysates were collected, sonicated
3-4 times on ice and centrifuged at 12,000 xg for 5 min at 4°C to remove cell debris. Total
glutathione content (GSH and GSSG) was determined by a DTNB (5, 5'-Dithiobis (2-
nitrobenzoic acid)) reduction assay. After supernatants were diluted 1:10 in H20, a 100 pl
sample was mixed with 100 pl assay mixture containing 300 uM DTNB, 1 U/ml glutathione-
reductase, 400 uM NADPH, 1 mM EDTA in 100 mM sodium phosphate buffer, pH 7.5 (all
reagent from Sigma). DTNB reduction was measured photometrically at 405 nm in 5 min
intervals over 30 min. Total protein content of each sample was detected after neutralization
of the precipitated protein pellet with 100 mM NaOH by BCA reagent (Pierce, Thermo
Scientific, Rockford, IL). Oxidized glutathione (GSSG) was detected by scavenging GSH
with 2-vinylpyridine for 1 h and revealed intracellular levels between 1 and 5% of total
glutathione content in controls. GSH and GSSG standard curves (Sigma) were performed
by serial dilutions ranging from 1000 nM to 7.8 nM (Schildknecht, P. et al., 2009).0One

experiment in triplicates was performed in triplicate.
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2. Results

2.1. Cytotoxicity effects of LyeTx |_b peptide against tumoral and non-tumoral cell lines.

The LyeTx-1_b peptide was investigated regarding it cytotoxity against nine human tumoral
cell lines, two non-tumoral and one murine mammary carcinoma lineage. LyeTx-1_b peptide
showed moderate cytotoxicity against malignant tumor cells, The ICso values of LyeTx-1_b
peptide for each cell line are shown in the table and representative dose-response curves in
figurel. The aim of this experiment was to explore if LyeTx-1_b could affect cell survival
of cancer cell lines compared to non-tumoral cell lines. For that, the toxicity of this new
peptide was evaluated against representative models of immune cells (human PBMC,
erythrocytes), neuronal precursors cells (Luhmes), fibroblast (GM637) and kidney cells
(Vero). LyeTx-1_b has been demonstrated different potency against several lineages such as
breast cancer cells and leukemia (except Jurkat cells) which are more susceptible (ICso
values in the lower micromolar range, i.e, <10uM), comparing with glioma and
neuroblastoma lineages (>20uM). LyeTx-1_b peptide exhibited cytotoxic effect against
breast cancer cells (from human or mice), colon and two leukemic lineages (HL60 and THP-
1) at lower micromolar range (<10 uM), compared with carboplatin (>100uM, data not
shown) as a standard drug used in clinic. Regarding non-tumoral cells such as GMS637 and
Vero cells, the peptide showed higher values of ICso (>100uM), differently that observed to
PBMC ICso value was at the lower micromolar range, similar to those of the most of the
tumoral cell lines, demonstrating cytotoxicity (Table 1, figure 9). Standard drugs used in
clinics such as cisplatin and etoposide presented ICso values of 29, 78 and 116 uM,

respectively (data not shown).
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Figure 9. Representative dose-response curves of the effect of LyeTx-1_b peptide on viability of different cell lines.
Tumoral and non tumoral cells were treated with LyeTx-I_b peptide at various concentrations for 48 hours and cell
viability was determined by MTT assay. IC50 is the concentration of compound that inhibits cell growth by 50 % and
values represent mean + SD of three independent experiments in triplicates. IC50 values determinates to non-tumoral

cells after analysis of cell viability evaluated by resazurin assay.
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Table 1. ICso value of LyeTxI_b cytotoxicity against cancer and normal cell lines

Human cell line LyeTx I-b I1Cso (UM)
U-87 MG (Glioblastoma) 29.20+7.96
U-373 MG (Astrocytoma) 20.94+5.18
SHSY5Y (Neuroblastoma) 93.80+2.17
MDA-MB-231 (human breast 7.34+3.09
adenocarcinoma)

MCF-7 (human breast adenocarcinoma) 5.77+0.83
HT-29 (human colorectal cancer) 3.86+0.47
HL60 (Human promyelocytic leukemia) 4.21+0.35
JURKAT (Acute T-cell Leukemia 25.44+3.45
Lymphocyte)

THP-1(human Leukemic monocyte) 5.71+4.70
Non-tumor

GM637 (human lung fibroblasts). >100
Vero (African green monkey kidney) >100
PBMC (Peripheral Blood Mononuclear Cells) 4.161+1.94
Mouse line

4T1 (murine breast cancer) 6.5 £5.30

I1Cso values were calculated from the linear regression of the dose-log response curves after 48 h exposure to peptide,

determined by the MTT and resazurin assays. Values are mean + S.D. of at least 3 experiments.

2.2. LyeTx I-b induced mild hemolytic activity.

Cytotoxicity of the peptide was also evaluated against human erythrocytes (RBCs). As
observed in figure 9, the rate of hemolysis of human RBCs did not reach to 40% of hemolysis,

even at higher concentration of peptide (L00uM), ICso was 155+13.04 pM.
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Figure 10. Relative rate of hemolysis in human RBCs upon incubation with LyeTx-l_b peptide at increased
concentrations compared with the control group. Peptide was tested in erytrocytes of peripheral blood of five
different donors.
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2.3. LyeTx I-b peptide reduces neurite outgrowth, integrity and LUHMES cells
viability

Since our focus was to evaluate the antitumor potential of this peptide for the treatment of
tumors, it was necessary to evaluate if the peptide displayed any adverse neurotoxic effect,
as often observed with chemotherapy treatments. We used neuronal precursor cells (Lund
Human Mesencephalic cells, LUHMES) as a predictive model. The effect of LyeTx I-b on
LUHMES cells was evaluated during different stages of differentiation as previously
described by Krug et al. (2013). This methodology allows to separate compounds with
unspecific toxicity against neurons (ratio between ECsp values for viability and neurite area
of <4 (ECso (V/NA)) from compounds with specific neurotoxic hazard (ECso (V/NA) ratio
>4), meaning that the neurite area was adversely affected at compound concentrations that
did not trigger cell death. As shown in Figure 11A, LyeTx I-b demonstrated unspecific
cytotoxicity against neurons (at lower micro molar range) both during development (d2-3)
and after maturation (d5-6), with ECso ratios of less than 4. Figure 11B shows representative
of LUHMES cells with the neurite network, and LUHMES cells with developing (d2-3) and
mature neurites (d5-6) treated with two concentrations (0.3 and 1.25uM) close to the ECso
values of peptide. It possible observes reduction of the neurite area in a concentration-

dependent way.

To further explore the relationship between neurite growth and the neurotoxicity of LyeTx
I-b in LUHMES cells, general cytotoxicity was evaluated by measuring the LDH release
into the medium. The effect on viability was confirmed using the resazurin viability assay.
In addition, GSH and ATP concentrations were determined in cell lysates. LUHMES cells
which were exposed to LyeTx I-b for 24 h (d2-3), clearly demonstrated that their viability
was reduced in a concentration-dependent fashion. There was a simultaneous liberation of
LDH, demonstrating loss of membrane integrity. Moreover, the intracellular ATP and GSH
levels decreased in a dose-dependent manner (Figure 12).
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Figure 11. Effect of LyeTx |_b peptide on differentiating (d2-3) and differentiated (d5-6) LUHMES cells. Cells were
seeded at day 2 (d2) into 96-well plates, and the peptide was added, either 1 h after seeding or on day 5 (d5). After 24
hours of exposure, images were acquired after staining with Hoechst H-33342 and calcein-AM to calculate the neurite
area (NA) and viability (V). A) Concentration response curves and EC50 values of differentiating and differentiated
LUHMES cells treated for 24 h with LyeTx |_b peptide. B) Exemplification of how the image analysis was conducted.
Nuclei were identified through the Hoechst signal. Cells with calcein-positive nuclei were counted as living cells, and
only Hoechst-positive cells were counted as dead cells. Neurite areas were derived by subtracting the Hoechst-positive
area plus an enlargement (somatic area) from the total calcein-positive area (red). C) Representative images of
LUHMES cells treated with either DMSO control, 0.3 pM or 1.25 uM of LyeTx |_b peptide (4™ and 3™ highest

concentration, respectively). In the merge, Hoechst was colored gray and calcein green. Image size is always 330 pm.
Representative data of three experiments performed in triplicate.
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Figure 12. Toxicity assessment in LUHMES cells. LUHMES cells during day 2-3 of differentiation were treated with
LyeTx I-b for 24 h. (A) Cell viability was assessed by the resazurin reduction and by lactate dehydrogenase (LDH)
release assay. (B) Additional measurements of cell viability, the levels of intracellular ATP and glutathione (GSH),
were also determined. Two independent experiments in triplicates were performed.

2.4. The LyeTx I-b peptide reduced the clonogenic survival of triple-negative 4T1 cells

Experiments to evaluate antitumor efficacy of peptide in vitro were performed with murine breast
cancer lineage 4T1, once this cell line was used in the murine breast cancer model to investigate
the anticancer potential in vivo. Clonogenic assays are used in drug discovery programs as a
predictive model to evaluate efficacy in vivo (Zip, D. et al., 2005). LyeTx I-b demonstrated ability
to reduce the clonogenic survival of 4T1 cells, observed by a decrease of the number of colonies,
comparing with control. LyeTx I-b peptide prevented the capacity of clonogenic cells to proliferate

in vitro, suggesting that LyeTx I-b peptide has tumoricidal activity (Figure 13).
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Figure 13. Quantification of 4T1 single cell survival colonies untreated (control), or treated with 6.5 uM (IC so), or 25
UM (ICgo) of LyeTx I-b peptide. Data represent means +SD of three independent experiments in duplicates, One-way
ANOVA followed by Dunnett's comparison test, P< 0.001.
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2.5. The LyeTx-1_b peptide increases sub-diploid DNA content in 4T1 cells

Apoptosis is a wanted mechanism to be triggered by a substance with a potential anticancer effect.
To gain insights regarding in vitro potential of peptide to induce apoptosis in 4T1 cells, the sub-
diploid DNA content was determined. Cells undergoing apoptotic cell death display an increase of
sub-diploid DNA content that can be correlated with DNA fragmentation and can be evaluated by
flow cytometry. After treatment of 4T1 cells for 48h with the 1Cso concentration of LyeTx I-b
peptide and carboplatin a significant increase of sub-diploid (sub-G1) DNA content was observed

(figure 14), when compared with with control (PBS), suggesting apoptosis or necrosis induction.
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Figure 14. Representative histograms of cell cycle analysis after exposure to LyeTx-l_b peptide and carboplatin 1Csp
values, for 48 hours. Data showed significant differences between the negative-control and the treated cells in terms
of the GO/G1 (sub-diploid) population. Statistical analysis was One-way ANOVA followed by Dunnett's comparison
test, P< 0.001.
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2.6. LyeTx I-b peptide induces early events of apoptosis in 4T1 cells

To distinguish between apoptosis and necrosis, labelling with anexin-V and propidium iodide (P1)
was performed using flow cytometry. After 24h treatment, an increase of cells labelled with
annexin-V, an early event of apoptosis associated with the phosphatidylserine translocation from
the internal to external leaflet of membrane, was observed. The flow cytometric data also
demonstrated that majority of the 4T1 cells were in early apoptosis, observed by the labelling with
Annexin-V only (quadrant Q3). Double positive cells (Q2, Pl +ve /Annexin VV+ve) were observed
in minor proportion, demonstrating cells in late apoptosis. Only few cells were labelled with PI,

indicating necrotic cells (Q1, figure 15).
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Figure 15. lllustrative histogram representing quantification of the dead and live cells proportions after 4T1 cells
exposed to 6.5 uM of LyeTx I-b peptide for 24 hours and stained with Annexin V/PI. The population number of
individual cells in quadrant (Q) gates can be quantified in each one as follows: Q4 = live cells (PI-ve/Annexin V—ve);
Q3 =apoptotic cells (PI-ve/Annexin V+ve); Q2 = necrotic or late apoptotic cells = PI+ve/Annexin V+ve) and
eventually Q1 = nuclei without plasma membrane = (PI+ve/Annexin V—ve). Three independent experiments in
triplicate and unpaired t-test was performed, P<0.001.

These data suggested that LyeTx I-b induced apoptosis in 4T1 cells, besides reduce the survival of
clonogenic cells, showing the potential of this peptide to display an anticancer effect in vivo.
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3. Discussion
To characterize the cytotoxicity of LyeTx I-b peptide and it anticancer potential, we used as a
predictive models tumor cells derived from nine types of tumor and non-tumoral cells (human
PBMC, human fibroblast, monkey kidney cells) and human neuronal lineage (LUHMES), in order
to measure the neurotoxic hazard. We found that LyeTx I-b peptide effectively inhibits the growth
of some cells derived of brain cancers in a dose-dependent manner (Table 1), whereas
neuroblastoma cells (SHSY5Y, ICso =93M) were less susceptible, comparing with glioma cells
(ICs0 = 29 and 20 pM, respectively to U-87 MG and U373-MG). The LyeTx I-b peptide induced
cytotoxicity against breast cancer cells from murine mammary carcinoma (4T1) and also from
human (MCF-7, MDA-MB-23). This effect was compared with carboplatin, an anticancer drug
used in clinic. The ICso values of LyeTx I-b peptide obtained to 4T1, MCF-7 and MDA-MB-231
cells were at lower micromolar range (6.5 pM, 5.77uM and 7.34 puM, respectively), comparing
with carboplatin (>100 uM). In drug discovery program, compounds considering as promising
compounds are in the order of lower micromolar range (1-10 uM) up to 40 uM (Hughes, J. et al.,
2011). Data obtained to carboplatin in our conditions are in agreement with Lakomska and
colleagues (2014), they tested carboplatin toward 4T1 and T47D (human ductal breast carcinoma)

by using MTT assay, the 1Cso values were 84 uM and 134 uM respectively.

The most of the chemotherapeutic agents in clinics also induce adverse effects such as
myelosuppression, cardiotoxicity, ototoxicity, neurotoxicity and malignancies (Swartz, A.M., et
al., 2015). When evaluated against representative models of non-tumoral cells, the peptide showed
more cytotoxicity against human PBMC, a representative model of immunotoxicity (ICso = 4 uM),
comparing with human fibroblast GM-637 cells and monkey kidney cells Vero (1C50>100 pM).
Fluidity of PBMC membranes play a crucial role in drug sensitivity due to high content of lipids
like eicosanoid (Hon, G. et al., 2012).Considering the hemolytic effect of AMPs, we also evaluated
it effect against human erythrocytes (IC50>100 uM), indicating disruption of RBC membrane
(Figure 10), similar to the hemolytic effects of others alpha-helix peptides as described by Huang
and co-workers (2011). Hydrophobicity is a key factor of AMPs cytotoxic efficacy against cancer
cells and less hemolytic activity because of the presences of alanine residue in a-helical peptides
that might help to penetrate and accumulate in cancer cell membrane, leading to disrupt cell
membrane rapidly than red blood cells. V13K, K4R2-Nal2-S1 and D-K6L9 are cationic peptides,
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which have been demonstrated high specificity to kill various cancer cells with less hemolytic
effect (Huang, Y.P etal., 2011 & Chu, H.L. et al., 2015).

As mentioned previously, in order to investigate the anticancer effect of peptide in vivo, the 4T1
murine breast cancer model was selected for this purpose considering the importance of new drugs
for breast cancer treatment. Viability data demonstrated that peptide was active against murine
breast cancer lineage at lower concentration (< 10 pM).The MTT method is able to estimate total
of surviving cells, but it is not able to determine the assessment of surviving fraction of clonogenic
cells, it also predict antitumor in vivo. One of the goals of anticancer drugs is to kill cell death or
inducing the loss of clonogenic cells (Zip, D. et al., 2005). Clonogenic assays is a predictive and
an informative methology to determine effectiveness of anticancer agents and radiation (Rafehi,
H. et al., 2011). We performed this assay to predict the potential tumoricidal effect of the peptide
in vitro and make decision to go further to in vivo experiments. The LyeTx I-b peptide significantly
inhibited the clonogenic survival of 4T1 cells (figure 13) at ICso (6.51M), suggesting anticancer
potential in vivo. A complete inhibition was observed at ICgo concentration (25uM). Several
studies reported that cationic peptides could be reducing colonies survival of breast cancer cells
through blocking transformation of the single cell into colonies (Douglas, S. et al., 2014). In fact,
reduction in viability and clonogenic survival of 4T1 cells after treatment with LyeTx I-b seems
to be associated apoptosis induction and this is a desired effect to potential anticancer candidate.
These data was supported by the increase of sub-diploid DNA content in treated cells with peptide
or carboplatin (figure 14) and by the labelling with Annexin-V observed by flow cytometric
analysis. Carboplatin is an alkylating agent, which induced and increase of sub-diploid DNA that
related to apoptosis in various cancer cell lines, after 48 h of exposure (Wang, S. et al., 2010 &
Darzynkiewicz, Z. 2010). Overexpression of Protein kinas C in metastatic cells like 4T1 resulting

in resistance to apoptosis and enhancing cell survival (Hong, S. et al., 2012).

Cultures of 4T1 cells treated with LyeTx I-b peptide showed the majority of cells stained only with
by Annexin-V comparing with control (figure 15), demonstrating the exposure of
phosphatidylserine, an early event of apoptosis. Cells in late apoptosis (Annexin/PI positives) or
necrotic (Pl positive cells) were negligible in both groups, control and treated cell populations.
Our data is in agreement with those observed to Temporin-1CEa antimicrobial peptide, that
induced apoptosis in MCF-7 and MDA-MB-231 breast cell lines through phosphatidylserine
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externalization of cell surface confirmed by FITC-annexin V positive (Wang, E. et al, 2013).
Similarity, LL-37 cationic peptide-induced apoptosis in Jurkat T leukemia cells characterized by
DNA sub-diploid and internal cell surface reflection resulted in increasing of Annexin V staining
(Mader, J. et al., 2009).

Neurotoxic risks can be evaluated using some cellular models in high throughput screening to
evaluate cytotoxicity to neurons, such as SH-SY5Y neuroblastoma cells, LUHMES cells and
Neural Stem Cells (from human fetal brain). These lineages display high sensitivity to identify
toxicants, as previously described by Tong and collaborators (2017). The authors demonstrated
that among these lineages, LUHMES cells exhibit a more favorable genetic profile and sensitivity
for neurotoxicity detection. They tested several drugs, including doxorubicin that demonstrated
cytotoxicity at a lower micro molar range. In a previous work, Krug and co-workers (2014) using
neurite growth to compare toxicity of several chemicals to developing versus developed neurites
found ECso values of a low micro molar range of anticancer drugs such as etoposide, cisplatin, and
vincristine. LyeTx |_b peptide reduced the neurite growth and cell viability (Figure 11), and this
effect resulted in LDH release and depletion of ATP and GSH (Figure 12) in consequence of the
damage to the cell membrane. Despite those effect induced by peptide, the neurotoxic hazard to
LUHMES was similar to some anticancer drugs used in clinics. Moreover, taxol, cisplatin,
etoposide and methotrexate have all been implicated to have a percentage late-stage of safety-
related clinical failures due to neurological side effects (Ivanov, D. P. et al., 2016 & James, S.E.
etal., 2008).Therefore, the in vitro data demonstrated that the cationic antimicrobial peptide LyeTx
I-b presents cytotoxicity against cancers cells. In addition, the peptide showed undesirable
cytotoxicity such as neurotoxicity and immunotoxicity, but this was similar to other anticancer
drugs used in clinic. Consequently, this deleterious effect cannot be considered as a restrictive

reason to invalidate the antitumor potential of this peptide.
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Chapter 2

Study of cell death mechanism induced by
LyeTxI-b peptide in U-87 MG glioblastoma cells.
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Hypothesis
LyeTx I-b peptide possess cytotoxicity against glioblastoma U87 MG cells inducing a
specific mechanism of cell death and could confer to it an anticancer potential as a prototype

to develop a drug to treat Glioblastoma.

1. Material and Methods
The scheme 1A below summarizes the methodological strategies used to study the cell death

triggered by LyeTx I-b in glioblastoma lineage U87 MG. In scheme 1B and C,

morphological and biochemical studies strategies were also represented.
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Scheme 3A. Methodological strategies for evaluation of the type of cell death induced by peptide. (A) Different
assays to evaluate apoptosis, autophagy and necrosis
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Scheme 3B and C. Methodological strategies for evaluation of the type of cell death induced by peptide. (B)
morphological studies; (C) biochemical investigation of necroptosis. Two (morphological studies) or three
independent experiments were performed in triplicate.
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1.1.Evaluation of sub-diploid DNA content of U887 MG after treatment with peptde

using flow cytometry.

Quantification of the DNA content and cell cycle analysis were performed by flow
cytometry according to the method described by Nicolleti and co-workers (Nicoletti,
Migliorati et al. 1991). U-87 MG cells were seeded in 24-well plates at confluence 200,000
cells/well and incubated overnight at 37 ° C for stabilization. Then U-87 MG cells were
incubated with 30uM LyeTx |_b for 24 h. After treatment, the cells were transferred into 1
ml tubes and centrifuged at 10,000 rpm for 5 min in a microcentrifuge (Denver Instrument
Company, USA). The supernatant was discarded and 300 pL of a Hypotonic Fluorochromic
Solution (HFS) containing 50 pg / ml of Propidium lodide - IP (Sigma, Saint Louis, Missouri
USA) and 0.1% of Triton X-100 (Sigma, Saint Louis, Missouri USA) in 0.1% sodium citrate
(Sigma, Saint Louis, Missouri USA). Plates were incubated for 4 h at 4° C. After incubation
the samples were submitted to flow cytometry analysis. The FL2 voltage was adjusted so
that the GO / G1 and G2 / M phases formed peaks of values of 200 and 400, respectively, in
FL2-A, The values of FSC-H, SSC-H, FL2-A and FL2-W were acquired for histograms and
statistics analyzes in the FlowJo 7.6.4® program (Tree Star, Inc). At least, three independent

experiments were performed in duplicate.

1.2.Profile of nuclear fragmentation of U87 MG cells after treatment with peptide

by agarose gel electrophoresis
Profile of DNA fragmentation was verified by 1.5% agarose gel electrophoresis to
observe the typical apoptosis profile with the formation of bands containing multiples of
180-200 ("ladder standard™ or ladder) as prescribed by (Wlodkowic, S. et al. 2011). U-87
MG cells were grown in 6 well plate at 300,000 cells / well for 24 hours. 30uM LyeTx-1 b
were added and the plate incubated again for 24 hours in a CO2 incubator at 37 °© C. DNA
extraction was performed after this treatment period as described in the well-established
protocol (Grimberg, N. et al., 1989) and the DNA quantity was determined by reading
absorbance at 260 nm in NanoDrop apparatus (Thermo Scientific). The electrophoresis was
conducted in TAE-1X buffer at 100V and 500 mA and subsequently, the gel was stained
with ethidium bromide solution (0.5 pug / mL) and photographed by trans-illuminator. At

least three independent experiments were performed.
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1.3.Quantification of acidic vesicles organelles (AVO) through staining with
acridine orange
To evaluate autophagy induction, U-87 MG cells were labelled with acridine orange
dye. Vital dyes such as acridine orange is commonly used to study autophagy. Acridine
orange is a lysotropic dye that accumulates in acidic organelles in a pH-dependent manner.
At a neutral pH, acridine orange is a hydrophobic green fluorescent molecule (FL1 in the
histogram). However, within acidic vesicles, acridine orange becomes protonated and
trapped within the organelle and forms aggregates that emit bright red fluorescence (FL3)
and is associated with autophagy. The U-87 cells were plated at the density of 200,000 cells
/ well in 24-well plates and incubated at 37 ° C in an overnight CO2 incubator. After this
period, treatment with substances or negative control (PBS in medium) was performed for
24 h.

The Cells were washed with ice-cold PBS, then labelled with 10 pg / ml acridine orange
solution (Sigma Aldrich) prepared in Milli-Q water. After 10 minutes of incubation at room
temperature, the cells were taken for reading on a flow cytometer (FASCan, Becton
Dickson). The cells were analyzed by FlowJo 7.6.4® program (Tree Star, Inc) (Kanematsu,

U. et al., 2010).Three independent experiments in triplicates were performed

1.4. Evaluation of necrosis induced by LyeTx-1_b peptide in U-87 MG cells using

lactate dehydrogenase enzyme activity.

U-87 MG cells were plated and the effect of the LyeTx I-b on the release of LDH
enzyme was evaluated at 15, 30 and 60 minutes after treatment. Lactate production was
determined by assaying the formation of NADH and pyruvate from lactate in the presence
of excess NAD+ (Meira, M.C. et al., 2005). The reaction is catalyzed by lactate
dehydrogenase, the lactate concentration being calculated from the extinction coefficient of
NADH at 340 nm. 50 mM sodium phosphate buffer (pH 7.4) was prepared with 0.6 mM
sodium pyruvate. 6.3 mM NADH solution was prepared at the time of use and protected
from light and added immediately prior to reading. The LDH reaction was monitored after
30 minutes of reaction with reading absorbance at 340 nm in a Varioskan TM Flash
spectrophotometer (Thermo Scientific). As a positive control, Triton X-100 (0.5%) was

used, and ultra-pure water was as the negative control. For the calculation of the percentage
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of lysis, cells treated with Triton X-100 were considered as 100% lysis (Chan, M/ et al.,
2013).

1.5.Investigation of necroptosis mediated cytotoxicity of LyeTx-1_b peptide against U-
87 cells

1.5.1. Quantification of the effect of Necrostatin-1 inhibitor on the viability of U-87
MG treated with the peptide.

Briefly, U-87 cells (5 x 10%well) were seeded onto 96-well plates and pre-incubated
with (100 uM) Necrostatin-1 for 1 hour. The peptide was added in different concentrations
and Triton X-100 (0.1; 0.05 and 0.025% v/v), was used as a positive control (that induces
necrosis). After 24 hours of treatment, cell viability was evaluated by Resazurin metabolism
assay, as previously described by Gartlon et al. (2006). Three independent experiments were

performed, in triplicate.
1.5.2. Cell death analysis with Imaging Flow Cytometry.

U-87 MG cells (3 x 10° cells) were seeded into each well of a 6well/plate and cultured
until reaching 80% confluence. Cell death was induced by adding LyeTx I-b for 3, 6 and 12
hours. Cells were trypsinized, carefully suspended in the medium, transferred to microfuge
tubes, centrifuged at 1200 xg for 5 min at 4°C and the supernatant then aspirated. Cells were
washed with 1 ml PBS and resuspended in 100 pl staining buffer (BD Annexin V FITC
Assay) by mixing 2.5 pl of Annexin-V and 2.5 pl propidium iodide (PI) in the incubation
buffer according to manufacturer's instructions. The cells were incubated for 15 min at room
temperature and protected from light. Samples were immediately analyzed by Amnis®
Imaging Flow Cytometry according to Analysis of Apoptosis and Necroptosis by
Fluorescence-Activated Cell Sorting (Wallberg, F. et al., 2016 & Pietkiewicz, M. et al.,

2015).Three independent experiments were performed, in triplicate.

1.5.3. Evaluation of U-87 MG cell membrane integrity after treatment with the

peptide using trypan blue exclusion.



Trypan blue is a dye that does not interact with cell unless the cell membrane is damaged.
Healthy, undamaged cells exclude the dye. Damaged cells absorb the dye and become
clearly visible under the microscope. After 15, 30, 60, 120 and 180 minutes of incubation
with 30uM LyeTx-1_b, 20 pl of 0.2% trypan blue in PBS was added to the 96 well plate
containing 1 x 104 cells per well and incubated for 5 min at room temperature. Then cells
were examined under a microscope. Only dead cells would take up the dye and appear as
darkly stained cells under the microscope as described by Simon (2003).Three independent

experiments in triplicates were performed with count 20 to 50 cells per field.

1.6. Morphological studies

1.6.1. Time-course using high-content automated imaging microscopy (Cellomics) to

evaluate early events

The 24 h treatment period, cells were imaged using an Axio Observer.Z1 microscope
(Zeiss, Oberkochen, Germany), equipped with an Axiocam MRm camera and an incubation
system for constant temperature and CO.. Phase contrast images of the migration zone were
acquired every 10 min using a 20x objective. One experiment in triplicate was performed.

1.6.2. Morphological alteration analysis using time lapse microscopy

Calcein/AM is a permeant dye can be used to determine cell viability in most
eukaryotic cells. In live cells, the non-fluorescent calcein AM is converted to a green-
fluorescent calcein after acetoxymethyl ester hydrolysis by intracellular esterase. U-87 cells
were treated with peptide (10uM and 30uM) or Triton 0.1% (positive control of necrosis)
for 15 minutes and, following labelled with Calcein/AM and Hoechst 3342 and analysis at

Cellomics.

1.6.3. Detection of nuclear and cytoskeleton alterations using confocal microscopy
after labelling with TO-Pro-3 and Fluor 488 phalloidin

Using confocal microscopy LSM 510. The U-87 cells were stained with Fluor 488
phalloidin (Invitrogen) and TO-PRO-3 (Invitrogen), for F-actin and the nucleus, respectively
According to Sung, Y. etal. (2011), 200.000 U-87 cells / well in 24-well plates and incubated



at 37 ° C in an overnight CO; incubator, After this period, treatment with 30uM of peptide
substances or negative control was performed for 3h, 6h and overnight Then medium was
removed and cells washed with PBS. U-87 cells were fixed with Paraformaldehyde and
stained for actin and nucleic acid, with Alexa Fluor 488 phalloidin (green) and TO-PRO-3
(blue), respectively and analysed using a confocal microscopy (Zeiss, M510). Cell nuclei
were classified as normal or condensed and/or fragmented and cell cytoskeleton as well.

Two independent experiments in triplicates.

1.7.Ultra structure analysis of U-87 after treatment with LyeTx I_b peptide.
1.7.1. Electron microscopic ultrastructural analysis of cryofixed, freeze-substituted
cells

In order to U-87 MG detachment after peptide treatment, the control and treated cells

were trypsinized, centrifuged at 960 xg at room temperature for 5 min, resuspended in DMEM
medium supplemented with 0.1% FBS in microfuge tubes and then allowed to recover in the
incubator for 2 h. The cells were centrifuged, resuspended in DMEM medium without serum
and the cell count determined using a hemocytometer. The suspension was divided into 4
groups: one control, untreated group and three groups treated with LyeTx I-b for 30 min, 1 h
and 3 h, respectively, in a water bath at 37°C. After each incubation period, cells were
centrifuged at 960 xg at room temperature for 5 min, the supernatant was discarded, and 5 pL
(~9000 cells) from the pellet of each group were immediately mixed with sterile PBS or cryo-
protectant (20% dextran) and cryofixed by high-pressure freezing (HPF) in a Leica EM
HPM100 (Leica Microsystems, Wetzlar, Germany). Ultra-rapid cryofixation methods were
used in order to preserve the plasma membrane in as close to the native state as possible.
Samples were also evaluated using standard EM fixatives and similar results were obtained
(data not shown). Cryofixed samples were stored in liquid nitrogen (196°C) overnight and then
transferred to 2.0 ml cryo-tubes containing liquid nitrogen above a 1.0 ml frozen mixture of
1% osmium tetroxide in anhydrous acetone. Freeze substitution was carried out in a Leica EM
AFS2, starting at -90°C and slowly warming up to 20°C over a 4 day period. During freeze-
substitution, frozen water was removed from the samples by anhydrous acetone at a
temperature low enough to prevent the cellular water from recrystallizing (Thompson, R.F. et
al., 2016& Zabeo, D. et al., 2017). Samples were brought to room temperature and then

processed for light, transmission and scanning electron microscopy using standard techniques.
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1.7.2. Quantitative analyses of internal cell structures by high-resolution Light-
field microscope (HRLM).

High-resolution images of 300-nm thick sections of cryo-fixed cells were captured
at 1,000X using a Zeiss Axio Imager Z2 with Zen 2 Blue Edition V1.0 software (Carl Zeiss
Microscopy GmbH, Jena, Germany). Images from different experiments (n=4) were
randomly collected to distinguish the different cell death processes and then subjected to
morphometric analyses. For each group, a total of 200 cells were counted. The identification
of glioblastoma cells was based on the presence of typical cell features such as normal round
euchromatic nucleus as well as intact plasma and nuclear membranes. Cell death processes
were characterized as: a) apoptosis: clearly identified by its high toluidine blue affinity and
morphological changes such as cell and nuclear shrinkage, chromatin condensation,
membrane budding and apoptotic bodies formation; b) necroptosis: low toluidine blue
affinity, swollen nucleus, increased cell volume, with intact or disarranged plasma and
nuclear membranes; and c¢) necrosis: loss of plasma membrane integrity and consequent

cytoplasmic content leakage.

1.7.3. Scanning Electron Microscope (SEM) Quantitative Analyses

Scanning electron micrographs of U-87 MG cells ranging in magnification from
10,000X to 20,000X and showing most of the cell surface were randomly taken from cryofixed,

freeze-substituted samples and membrane structure alterations like slits, pores, or hole

formations were analyzed.

1.7.4. Transmission electron microscopy (TEM) Quantitative Analyses

To study the cytoplasmic ultrastructural features of U-87 MG glioma cells and of the
different cell death processes, a total of 80 U-87 MG electron micrographs ranging from
4,200X to 26,500X and showing the cell profile and nucleus were randomly taken from the
cryofixed cells. The same characteristics as visualized in the high resolution light microscopy

images were analyzed at the ultrastructural level, including the organelles organization within

glioma cells.
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1.8.Statistical analysis
The results were expressed as the mean * standard deviation. Statistically significant or non-
significant differences between the treatments and the controls were evaluated using
Student's T-test or analysis of variance (ANOVA) and Turkey post-test using GraphPad
Prism® program. P<0.05 were considered statistically significant. 1Cso values were
determined by non-linear regression analysis of dose/response curves using GraphPad Prism

5.0. Data were expressed as geometric mean 1Cso plus 95% confidence interval.
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2. Results

2.1. The increase of sub-diploid DNA content in glioblastoma cells, U87 MG, after
exposed to LyeTx I-b peptide is not associated with apoptosis.

To gain insights into the mechanism of cell death induced by the peptide against U87
MG cells, different types of cell death mechanisms were investigated, including apoptosis,
autophagy, necrosis and necroptosis. Despite the good cytotoxicity of peptide against the
most of tumoral cell lines, the cell death mechanism was investigated in one cell lineage
representative of brain tumor (U-87-MG), since this is common and very aggressive of
human brain tumors, with few treatment options. Glioblastoma Multiform (GBM) is the most
central nerve system malignant tumor with a high mortality (Wang, Y., et al., 2017). Cell
death mechanisms involved in the cytotoxicity of many anticancer drugs include apoptosis,
autophagy, necrosis and necroptosis among others. Then, apoptosis was the first mechanism

that was addressed to investigate.

To understand the mechanism of cytotoxicity induced by LyeTx I-b against brain tumor cells
in vitro, we investigated the effect of the peptide on U-87 MG cells. Cell death mechanisms
involved in the cytotoxicity of many anticancer drugs include apoptosis, autophagy, necrosis
and necroptosis among others. To evaluate if apoptosis was involved, the sub-diploid DNA
content of U-87 MG cells treated with their IC25 and 1Cso concentrations of peptide (10 and
30uM, respectively) was measured by flow cytometry after a 24h treatment. Cells
undergoing apoptotic cell death display an increase of sub-diploid DNA content, which can
be associated with the DNA fragmentation induced during late apoptosis or necrosis. The
histograms in Figure 16A show a significant, concentration-dependent, increase in the
percentage of sub-diploid (Sub-G1) content in U-87 MG cells after treatment with 1Cso
concentrations of LyeTx I-b as compared with control (PBS). To confirm if the increase of
the Sub-G1 DNA content correlated with DNA fragmentation, agarose gel electrophoresis
was performed to evaluate genomic DNA. Results in Figure 16B display the profile of
genomic DNA of U-87 MG cells after treatment with the ICso concentration (30 uM) of
LyeTx I-b, and no DNA fragmentation ladder pattern was observed for treated or untreated

control cells (i.e., DNA ladders of 180- to 200-bp oligomers are usually displayed in
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apoptotic cells). This observation indicates that the DNA fragmentation observed in U-87

MG cells after treatment with LyeTx I-b was not associated to apoptosis.
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Figure 16. The increase of subdiploid DNA content in U-87 MG cells treated with LyeTx I-b is not associated with
DNA fragmentation. Illustrative histograms showing cell cycle changes 24 hours after exposure to LyeTx I-b at I1Czs
and 1Cso concentrations (10 and 30M, respectively). Statistical analysis of independent triplicate experiments showed
significant differences between the negative -control and the treated cells in terms of the subG1 (sub-diploid)
population. (B) Analysis of U-87 MG cells genomic DNA treated with 30uM LyeTx I-b.. Note, no DNA fragmentation
ladder laddering formation was obviously viewed on ethidium bromide-stained gels (2%) and photographed by UV
illumination, when treated cells were compared with control (without treatment). Data shown are representative of
three independent experiments.

2.2. Evaluation of autophagy induction by LyeTx I-b in U-87 MG cells by labelling with

acridine orange

To identify if autophagy was involved in the toxicity of the peptide, the autophagic
acidic cellular compartments were evaluated by FACS using acridine orange staining dye.
The U-87 MG cells were treated with the same concentrations used to quantify the DNA
content 10 and 30 uM LyeTx I-b. Flow cytometric analysis of untreated U-87 MG cells after
acridine orange staining showed that most of the cells were labeled with green fluorescence,
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and a minimal red fluorescence (8.1 %). Similarly, after treatment with the peptide, the cells
still exhibited a green fluorescence comparable to the control, and showed a discreet increase
in red fluorescence (12.7%), indicating presence of acidic vesicle organelles (AVO), which
characterizes autophagy. These data suggest that this cell death is not the principal mechanism
that contributes to the cytotoxicity of LyeTx I-b on U-87 MG cells (Figure 17).
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Figure 17. Representative images showing flow cytometric measurement of U-87 MG cells after exposed to
LyeTx-1_b peptide for 24 hours and labeled with acridine orange. FL1-H indicates green color intensity, while
FL3-H shows red color intensity (autophagy cells, AVO). Three independent experiments performed in
duplicate.
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2.3. LyeTx I-b peptide induces rapid loss of cell membrane integrity of U-87 MG cells
associated with morphological alterations.

Since the results up to this point demonstrated that LyeTx I-b peptide does not induce
apoptosis or autophagy on U-87 MG cells, we investigated the involvement of necrosis, in
cell membrane integrity and cell morphology. For that, time kinetics experiments were
performed by using MTT with ICso (30uM). The results in Figure 18A indicate that U-87 MG
cells lose cell viability very quickly in the presence of 30uM LyeTx I-b (i.e., only after 15
min of treatment), as observed by LDH release. The increase in extracellular LDH levels
indicates of cell membrane damage, and a reduction in cell viability was observed after 15
minutes, upon labeling with calcein-AM and Hoechst, as shown in Figure 18B. In control
cultures, viable cells were labeled with both green calcein-AM and blue Hoechst after
treatment with the peptide, the number of cells displaying green fluorescence decreased, while
the number of blue nuclei became evident upon staining with Hoechst. Therefore, LyeTx I-b
peptide induces damage in cell membrane integrity and concomitantly reduces the viability of

U-87 MG cells in a time dependent-manner.
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Triton 0.1%

Figure 18. Effect of LyeTx I-b on LDH release and on the morphology of U-87 MG cells. (A) U-87 MG cells
were treated with peptide (30uM) for 15, 30 and 60 min and LDH levels were evaluated (n=3). Triton X-100
(0.1%), a nonionic surfactant, was used as a positive control of cell membrane disruption. Relative LDH
concentration was calculated as a % of the positive control. (B) U-87 MG cells were treated with peptide (30uM)
for 15 minutes and then labelled with Calcein-AM and Hoeschst 3342. Double positive cells (green and blue)
were counted as viable. The number of viable cells per field was detected using a high-content screening
microscope (Scale bar, 50um). At least 3 independent experiments were performed.
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The morphological alterations were identified by light microscopy after stain with trypan blue
(Figure 19A). Phase contrast microscopy confirmed the time-dependent morphological
alterations observed with Calcein-AM and Hoechst labeling. Representative images of time-
lapse analysis (Figure 19B) are corroborate with our previous findings, and show
morphological alterations, including changes in cell shape, and reduction in cell size, probably
due to depletion of intracellular constituents after plasma membrane damage (Figure 19B,
arrows). The loss of membrane integrity was confirmed by scanning microscopy studies
(Figure 20). Electron micrographs of control, untreated U-87 MG cells exhibited plasma
membranes with a continuous, smooth, morphology, while cells exposed to 30 uM LyeTx I-
b for 30, 60 and 180 minutes exhibited significant alterations in the cell membrane (Figure
19), including numerous cell membrane pores, holes and slits (Figure 5). These observations
demonstrate that LyeTx I-b peptide is able to disrupt the plasma membrane, and suggests that

necrotic cell death is the mechanism involved in the toxicity of peptide against U-87 MG cells.
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Figure 19. Partial disintegration of U-87 MG cell membranes after exposure to 30 uM LyeTx I-b. Control or

treated cells were treated with the peptide for 0, 15, 30, 60, and 180 minutes, stained with trypan blue (A) and

during time-lapse analysis (B). Red and black arrows represent alterations in both cells. Scale bars: (A) = 50 um;
(B) = 100 pum. Three independent experiments were done in duplicate for trypan blue, and time-lapse two

experiments performed in triplicates.
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Control

30 min 60 min 180 min

30uM LyeTx I_b

Figure 20. Ultrastructural changes on the U-87 MG cell surface exposed to 30 uM LyeTx I-b. (A, B) Control
cells at 0 min and after 180 min of incubation respectively, displaying a smooth and homogeneous surface, with
few membrane disruptions. (C, D, Di and E) After 30, 60 and 180 minutes of treatment with LyeTx I-b slits (C),
pores (arrows) (Di) and hole (arrowheads) were detected in the plama membrane. (Di) is a higher magnification
view of the white-boxed area in D. U-87 MG cells were cultured, fixed using high-pressure freezing (HPF),
freeze-substituted and then processed for scanning electron microscopy (SEM). A total of 165 electron
micrographs was randomly taken and analyzed at magnifications ranging from 10,000 to 20,000X. Bars: (A, B,
C, D, E) =5 um; (Di) = 2 pm. Three independent experiments were performed, N=3.

All data presented until here suggested the induction of cell death by necrosis in U-87
after treatment with LyeTx-1_b peptide, and since was observed disruption of cell membrane,
probably by pore formation. To evaluate other intracellular alterations at nuclei level, Topro-
3 staining was used to detect possible nuclear alterations in the cells treated with peptide, after
confocal analysis (figure 21). The nuclei of control stained uniformly with To-pro-3 whereas

nuclei morphology of treated cells altered, showing the presence of chromatin condensation
and swollen nucleus.
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TOPRO-3

Control 3 hours 6 hours

Figure 21. Confocal analysis of U-87 cells stained with TOPRO-3 was used for nuclear staining and Alexa Fluor 488
Phalloidin for cytoskeleton arrangements after exposure of U-87 to 30uM LyeTX-1_b peptide for 3 and 6 hours.
Pictures were taken with Carl Zeiss LSM510 META confocal microscopy using 630 objective lens. Two independent
experiments were performed.

Analysis of nuclear shape clearly demonstrated that no evidence for cell apoptosis occurred.
However, it was observed DNA condensation that might result not only in necrosis, it may
necroptosis effect due to nuclear translocation. In addition to Alexa flour 488 Phalloidin staining
indicated that the F-actin filaments and cytoskeleton arranged regularly in the cytoplasm of normal
cells. Whereas the cytoskeleton F-actin structure was disturbed in treated cells with peptide after
exposure to 30 UM LyTx-1_b peptide for 3 and 6 hours (figure 21).

2.4. Pre-treatment with necrostatin-1 reduces loss of viability induced by the peptide on U-
87 MG cells

To further confirm that necroptosis was involved in the cytotoxicity of the peptide against U-87
MG cells, assays with necrostatin-1, a specific inhibitor of necroptosis were performed. Triton-X
100 was used as a positive control. Pre-treatment of U87 cells with necrostatin-1 partially protected
the cells from the toxicity of the peptide at 12.5, 25 and 50 uM, as observed by the higher values
of resorufin fluorescence intensity, compared to the same treatment without necrostatin-1 (Figure
22).
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Figure 22. Effect of LyeTx I-b in cell membrane integrity and viability in the presence of necrostatin -1, a
specific inhibitor of necroptosis. U-87 MG cells were pre-treated or not with 100 uM necrostatin -1 (nec-1) for
1h, followed by incubation with various concentrations of the peptide or Triton X100. Cell viability was
measured by resazurin assay. The data shown here are representative of two experiments performed in
triplicate. ***P <0.01, one-way ANOVA followed by Tukey Multiple Comparison test.

2.5. Electron microscopy studies displayed necrosis and regulated necrosis
(necroptosis) as possible cell death processes involved with the LyeTx I-b peptide

toxicity against U-87 MG cells.

To confirm that necrosis is induced by LyeTx I-b, a detailed ultrastructure study of
cryofixed U-87 MG cells was carried out using transmission electron microscopy. Morphological
structure alterations, indicating various cell death processes, were evaluated after 30, 60 and 180
min of 30uM peptide treatment. Transmission electron micrographs consistently displayed
ultrastructure features that indicating a regulated necrosis process such as necroptosis as the
principal findings in most of the observed fields. These characteristics include nuclei with mild
DNA condensation, an increased cell volume with an electron-lucent nucleus and cytoplasm, and
organelle vacuolization, but without rupture of nuclear or cell membranes (Figure 23C). In
addition, a progression of the necroptotic process was clearly observed after 30 minutes of
treatment, no plasmatic membrane alterations could be observed in the early stage (Figure 23C),
and progressive enlargement of membrane pores could be observed from the intermediate late
stages (Figure 23D, E). These findings suggest that the aggressive action of LyeTx I-b at 30uM
concentration precludes these cells from undergoing a regulated apoptotic cell death process.

Moreover, ultrastructural studies showed no morphological alterations indicating autophagy such
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as presence of autophagosomes with intracellular organelles and disappearance of some

cytoplasmic organelles, corroborating with the flow cytometry analysis.

Considering these data, the percentages of cells undergoing necroptosis, necrosis and apoptosis
after treatment with LyeTx I-b were determined using high-resolution light microscopy (HRLM)
morphometric analysis. The results confirmed necroptosis as the main cell death process while
necrosis was measured as a minor proportion. The percentage of cells under apoptosis was similar
to the control cells as shown in table 2. Apoptosis was identified by the chromatin condensation
levels followed by nuclear and organelles shrinkage and the formation of apoptotic bodies
(supplementary Figure 1A). Necrosis was best characterized by the huge plasma membrane rupture
with extravasation of intracellular contents and organelles to the extracellular medium

(supplementary Figure 1B).

Control

30uM LyeTx |_b

Figure 23. Intracellular ultrastructure of U-87 MG cells treated with 30 uM LyeTx I-b. (A, B) Control cells
showing ultrastructural characteristics indicative of cellular activation such as the presence of a well round and
central euchromatic nucleus (N) with fine distinction from the nuclear envelope (arrows). A higher magnification
in (Bi) shows a prominent Golgi apparatus (G) and mitochondria (*). (C, D, E) Cells after 30 minutes of treatment,
in different stages (early, intermediate, and late) of the necroptosis process, identified by the increase in the cell
volume, swelling of the nucleus and cytoplasmic organelles (arrowheads), and electron lucent nucleus and
cytoplasm. Differences in plasma membrane alterations ranging from membrane integrity maintenance (early
stage) to the progressive membrane ruptures (middle to late stages) were detected. Human glioblastoma cells were
cultivated and processed for transmission electron microscopy using high-pressure freezing and freeze-
substitution. A total of 80 electron micrographs showing the entire cell profile and nucleus was randomly taken
and analyzed at magnifications ranging from 4,200X to 26,500X. Bars: (A, B, C, D, E) =2 um; (Bi) = 500 nm.
The micrographs shown here are representative of three experiments performed in triplicate.
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Table 2. Morphometric analysis of transmission electron micrograph (TEM) of U-87 MG cell line

after exposure to 30 uM LyeTx I-b for 30, 60 and 180 minutes.

% Normal Apoptosis Necroptosis Necrosis
Control 89.7 2.6 3.9 3.9

30 Minutes 24.4 6.5 53.6 155

1 Hour 5.7 1.9 64.2 28.3

3 Hours 4.7 1.7 63.3 30.3

Note. The total count was at least 200 cells for each group.

2.6. LyeTx I-b peptide induction of necroptosis confirmed by Imaging Stream Flow
Cytometry

Experiments using flow cytometric analyses were performed to differentiate between apoptosis,
late apoptosis and necroptosis after treatment of U-87 MG with the peptide. Microscopy was
combined with flow cytometry in one measurement to analyze morphological and biochemical
features of cell death in a quantitative way, using classical annexin V/PI iodine staining to identify
cells with phospholipids exposure and loss of membrane integrity. This strategy allowed
classification of cells only labelled with annexin-V in early apoptosis, double positive cells
(annexin-V and PI) in late apoptosis or necroptosis, and cells labelled only with PI in necrotic
cells. To evaluate necroptotic cells, an image-based analysis was used to measure nuclear
morphology, distinguishing cells with secondary necrosis due to late apoptosis and necroptosis,
simultaneously (Pietkiewicz, S. et al., 2015). The results demonstrated that LyeTx I-b induced
necroptotic death in U-87 MG cells after a 3 h treatment, observed by double positive staining with
annexin V and P, differently than observed in control cells. Control cells maintained a round shape
and staining for either Annexin V or P1 could not be detected (Figure 24A). Moreover, the number
of double positive cells increased in correlation with increasing peptide concentration and time of
incubation as observed in Figure 24B. After 3 hours of treatment with 30 uM LyeTx I-b, the
percentage of double positive cells was 59.09 %, while after 6 hours it was 80.9% (Figure 24 C).
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Figure 24. Imaging Stream Flow Cytometry of U-87 MG cells treated or not with LyeTx I-b. U-87 MG cells were
treated with 30 uM peptide for 3 and 6 hours and labelled with Annexin-V (An) and propidium iodide (PI) and
classified as live (double negative), early apopotic (An positive), late apoptotic (double positive) or necroptotic (double
positive). Dots were constructed displaying intensity of Annexin, MC-Ch02; aspect ratio of Pl stained nucleus ,
intensity of MC-Ch-05 and contrast morphology of PI, contrast MC_Ch04. (A) Representative images of U-87 MG,
treated or not, acquired simultaneously with double negative and positive labelling (An+/PI+), as well as in bright
field. (B) Percentage of necroptotic cells treated with 30 pM LyeTx I-b for 3 and 6h in two independent experiments.
Graphs represent a different quantitative parameter that distinguishes between necroptosis and apoptosis.
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3. Discussion

Cationic Antimicrobial Peptides (AMPs) are antimicrobial peptides that are able to stimulate
innate immunity to fight against infections and have dual activities as anticancer and antimicrobial
agent (Verano-Braga, T. etal., 2010 & Pane, K. et al., 2017). Glioma cell membrane contains high
level from phospholipids like phosphatidylserine, sphingomyelin and phosphatidylethanolamine,
which confers negative charges that allow them bind with the positive charges present in cationic
peptides, increasing the selectivity of these peptides for cancer cells (Llado, V. etal., 2014 & Chen,
C. etal., 2014). Furthermore, anticancer cationic peptides have many features such as mild toxicity
without accumulation in different tissues and eventually selectivity and specificity for cancer
targets and receptors (Deslouches, B. and Di, Y.P. 2017& Perez-Pitarch, A. et al., 2017). In this
work, we focused on brain cancer cells, specifically in one representative lineage of glioblastoma
multiform, U-87 MG cells as a model to understand the cytotoxic mechanism of LyeTx I-b peptide
and evaluate it anticancer potential. This peptide displayed an excellent antimicrobial activities in
vitro and in vivo (Dos Reis et al., 2018). The aggressive nature of this class of tumor and the poor
prognosis of patients with GBM underscore the clear requirement for more precise and powerful
treatments (Marqus, S. et al., 2017). U-87 MG, along with SK-MG-1 and U251-MG, cells were
used by Bubien and coworkers (2004) to evaluate the activity and selectivity of Psalmotoxin 1
(PcTX-1), a peptide found in the venom of a West Indies tarantula that is able to inhibit the acid-
sensing ion channels (ASIC). Authors have found that GBM cells have a unique profile of
expressed cation channel that is different in normal human astrocytes, increasing the selectivity of
Psalmotoxin 1 towards these tumor cells. PcTX-1 was also able to inhibit migration and
proliferation in U87-MG and D54-MG cells, by inhibiting also the Deg/epithelial sodium channel
(ENaC), along with ASIC. These authors concluded that cell migration and cycle progression
processes in GBM cells seem to be regulated by cation conductance evoked by both acid-sensing
ion channels and ENaC subunits (Rooj, A.K. et al., 2012). Also from arthropods, four mastoparan
peptides isolated from wasps venoms (Anoplin and the mastoparans MP1, MPX, and HR1) were
tested against T98G glioblastoma multiforme cells, an able to induce necrosis, most likely by
membranolytic activity.

To elucidate the mechanism of cell death involved in the cytotoxic activity of LyeTx I-b against
U-87 MG, classical cell death mechanisms such as apoptosis, necrosis and autophagy were
investigated using flow cytometry and morphological studies. To evaluate apoptosis, cell cycle
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analyses demonstrated an increase in the content of subdiploid DNA in U-87 MG cells after
treatment with 30uM peptide (Figure 16A). Although this result indicates DNA fragmentation,
agarose gel analyses clearly showed that the treatment of U-87 MG cells with the peptide did not
induce apoptotic pattern of apoptosis, since no ladder was observed (Figure 16B). The cells
undergoing apoptotic cell death exhibit different morphological and biochemical alterations such
as DNA fragmentation due to endonucleases enzymes like caspase-3, that cleave the chromatin
into fragments with 180 bp that appear after running the DNA in agarose gel, similarly to a “ladder”
(Matassov, D. et al., 2004). These results were also supported by FACS analyses of one early
apoptotic phenomena such as phosphatidylserine exposure since less than 15% of apoptotic cells,

were detected in different times of incubation of U-87 MG cells with the peptide.

Furthermore, ultrastructural studies, this type of cell death usually demonstrates sequestration of

cytoplasmic components within a double membrane structure called the autophagosome, followed
by delivery to lysosomes for degradation. These lysosomes can be detected with acridine orange
that can be quantified by flow cytometry (Gewirtz, D.A. et al., 2014) there was no indication of
cells in autophagic process, since the presence of AVO was lower than 14%, comparing with the
control (figure 17). Even considering that other markers of autophagy have not been investigated
here, such as microtubule-associated protein LC3, which plays a key role for the formation of
autophagosomes (Eum, M. and Lee, M. 2011 & Brauchle, B. et al., 2014). Morphological analysis
using MET clearly demonstrated no signs of autophagy alterations such as the presence of double-
membrane structure with undigested cytoplasmic organelles including mitochondria or
endoplasmic reticulum as described by Mizushima and co-workers (2010). These results
demonstrated that neither apoptosis nor autophagy were the main mechanisms triggered by the
peptide on U-87 MG cells.

Most of the data presented here indicated that LyeTx I-b induced necrosis or a programmed
necrosis through rapid cell membrane damage. Trypan blue uptake in U-87 MG cells occurred
after 15 minutes incubation with 30uM LyeTx I-b, as well as, time-lapse studies showed cell
membrane disruption (figure 19). This effect was in a concentration-dependents, confirmed by
measurement of LDH release and calcein-AM (figure 18). Comparable data were observed by
Burns and co-workers, who described the effect of pHLIP-KLAKLAK antimicrobial peptide on
the integrity of MDA-MB-231 cell membrane (Burns, K. et al., 2016). They also showed trypan
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blue uptake after treating with the toxic peptide, disruption and permeabilization of the cell

membrane as a result of pore formation (Tran, S. et al., 2011).

Disruption of U-87 MG membrane after treatment with the peptide was confirmed herein by
scanning microscopy studies. Our data suggest that LyeTx I-b was able to cause damage to the cell
membrane after 30 minutes of treatment, forming “holes” after 180 minutes, leading to membrane
destruction as shown in Figure 20. These findings suggested that LyeTx I-b can induce pores
formation in the membrane of U-87 MG cells, in a time and dose-dependent way, leading to plasma
membrane permeabilization and consequent cell degeneration. Scanning microscopy analyses of
U-87 MG cells after treatment with the cationic anticancer peptide bacteriocin LS10 demonstrated
cell membrane disintegration, similarly to our findings (Baindara, P. Et al., 2017). Lytic activities
of peptides isolated from other venoms have been described. ABH3 peptide is a BCL-2 homologue
artificial lytic peptide, which exhibits the ability to rapidly disrupt the cell membrane in different
cancer cell lines HCT116, HeLa, U937, MCF-7 and MDA-MB-231 (Liu, Q. etal., 2016). A similar
study, antimicrobial peptide temporin-1CEa, extracted from skin secretions of the Chinese brown
frog demonstrated that temporin-1CEa able to disrupt cancer cell membranes, causing loss of
membrane integrity due to the formation of transmembrane pores that allow an uptake of the
peptide into the cytoplasmic compartment of the cancer cell (Wang, C. et al., 2013). However, we
did not evaluate how the pores and were formed and their size in U-87 MG cells after treatment

with the peptide in this approach.

Interesting finding observed after transmission electronic microscopy (TEM) and Ultra-structural
analysis, suggested that the peptide at 30uM induced a regulated type of necrotic cell death in U-
87 MG. Necrotic cells at the light of TEM studies have unique morphological features, such as
swollen organelles, nuclear membrane dilatation, little chromatin condensation and breakdown of
the plasma membrane due to oncosis, increasing the volume of cell membranes (Vandenabeele, P.
et al., 2010). Necroptosis or regulated necrosis were frequently identified in most of the fields,
characterized by swollen nuclei, vacuolization, increase of cell volume and integrity of cell
membrane (Figure 8), in agreement with previously morphological alterations described this cell
death process, like swollen nucleus, increased cell volume and mild chromatin condensation (Sun,
Y. et al., 2018). We not only found cells with a necroptotic profile but also few cells in necrosis

and apoptosis (nuclei with condensed chromatin and reduction of cell volume), at lower
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frequencies. Morphometric analyses (table 2) demonstrated that after 30min, more than 50% of
the cells were necroptotic, less than 20% were necrotic and less than 3% were apoptotic. These
findings were time-dependent. TEM analysis characterize necroptotic cell death has been
described in literature (Sun, W. et al., 2016). Our data demonstrated morphological necroptosis
signs in U-87 MG cells after treating with 30uM LyeTx I-b, characterized by the swelling of
nucleus and mitochondria, increase in cytoplasm volume, membrane disruption, cytoplasm
vacuoles, and release of cellular content (figure 23). Other studies using TEM showed necroptosis
signs after treatment with natural alkaloid compounds (martine) in cholangiocarcinoma cells
(CCA) characterized by cytoplasmic vacuolation and extensive swelling of organelle and loss of
plasma membrane integrity (Zhao, H. et al., 2016). As a consequence of cellular swelling and
rupture of the plasma membrane, they also observed an extravasation of cellular components and
increase in LDH, as observed in the present study (Tian, F. et al., 2016).

To better characterize the necroptotic death triggered by LyeTx I-b on U-87 MG, cells were pre-
treated the cells with necrostatin-1 (Nec-1), which is a specific inhibitor of necroptosis (Xu, B. et
al., 2017 & Melo-Lima, S. et al., 2014). As observed in figure 22, pre-treatment of U-87 MG cells
with Nec-1 protected U-87 MG cells against the cytotoxicity induced by the peptide, observed by
an increase in the number of viable cells, comparing with control. Flow cytometric studies (Figure
24) corroborate with these data, showing an increase in the number of necroptotic cells after 3h
treatment, in a time and dose-dependent manner, 59.9% of cells were necroptotic, and after 6h,
this number increasing to 80.9%. These data were in agreement with those observed after the
morphometric analysis by TEM (table 2). Although other direct molecular markers of necroptosis
(TNF-alpha receptor activation; MLKL phosphorylation, RIP3 involvement) have not been
evaluated in this study, the use of the specific necroptosis inhibitor necrostatin, flow cytometry
assays and ultrastructural studies clearly demonstrate that necroptosis is the main type of cell death

induced by the peptide

In summary, we reported that the cationic antimicrobial peptide LyeTx I-b presents cytotoxicity
against glioblastoma cells. This effect involves induction of necroptosis as the main cell death

process.
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Chapter 3

Anticancer potential of cationic antimicrobial peptide
LyeTxI-b derived from Lycosa erythrognatha spider
venom using the metastatic 4T1 triple-negative breast
cancer murine model.
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Hypothesis

LyeTx I-b peptide possess lower toxicity in healthy mice and reduces neoplastic
development and migration by inhibiting the proliferation and inflammation processes in the

metastatic 4T1 murine mammary carcinoma model, potential to confer anticancer drug.

1. Materials and Methods

Considering the cytotoxicity in vitro of peptide against breast cancer cells from human and
mice, the in vivo experiments were performed using the metastatic 4T1 murine triple-negative

breast cancer model, that mimetize this pathological process in human.
1.1. Animals

Females Balb/c mice (9-10 weeks old) were obtained from the animal housing facility from
Universidade Federal de Minas Gerais (UFMG). The animals were housed in cages in temperature-
controlled room, maintained on a 12 h light/dark cycle, and were provided with food and water ad
libitum. Efforts were made to avoid any unnecessary distress to the animals. Animal procedures
were conducted in accordance with the internationally accepted principles for Care and Use of
Laboratory Animals and were approved by the Animal Ethics Committee of UFMG (CEUA
protocol # 39/2018).

1.1.1. Experimental tumor model

4T1 cells were detached from the T75 flask surface by 3 ml trypsin solution (0.05%), suspended
in sufficient volume of DMEM medium to neutralize trypsin enzyme and then cells were
centrifuged at 300 g for 5 minutes. After counting, the cells resuspended in PBS 1.5 x106 /100pL.
To obtain the solid tumor, one-hundred microliters were injected subcutaneously in the posterior
left flank of all animals (Paschall, A. & Liu, K. 2016).

1.2. In Vivo treatment design of Sub- acute toxicity:

Balb/c mice were randomly assigned to 2 groups: control (n=6) and treated (n=6). Animals were
treated via i.p. with 100 pL of saline or peptide (5 mg/kg/day) (seven doses, 48 hours/apart) and
were monitored for 15 days. The body animals weight were monitored three times a week and
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tissues were collected for histopathological assess. Experimental strategy is represented below in
scheme 4.

Subacute toxicity (intraperitoneal)

N
=F L
- | =

I

A\
Female Balb/c mice
Weight: 18-20 grams Pepti
_ . ptide
Age: 10 to 12 weeks. Control _(3&“”8) 7 doses (5mg/kg)
CEUA protocol # 39/2018 N=6 N=6
| 14 days |

Histological evaluation:
Brain, liver, kidney, lung, spleen, heart ‘ Hematological parameters ‘

‘ Weight evaluation ‘

Scheme 4. Experimental design to evaluate the subacute toxicity of LyeTx I-b peptide in Balb/c
mice.

1.3. Evaluation of antitumor effect of LyeTxI-b in murine 4T1 mestastatic triplo-negative

breast cancer.

In order to study the potential anticancer effect of peptide, two strategies of administration

(intratumoral and subcutaneous) were used as described in scheme 5.

In vivo investigation of anticancer potential of LyeTxI b
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Scheme 5. Routes of administration to evaluate the anticancer potential of LyeTx I-b peptide using
murine 4T1 breast cancer model.
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1.3.1. Intratumoral drug administration

Female BALB/c mice (n = 21) were injected via Subcutaneous with 4T1 cells in the posterior left
flank. After 10 days, when the tumor volume reached approximately 1.0 cm?®, animals were
assigned to three groups: Control (treated with saline) (n =7), carboplatin (5mg/Kg), and LyeTxI-
b peptide (5mg/kg) intratumorally. All animals received treatments for five subsequent times, 72

hours. Methodology is represented below in scheme 6.

Intratumoral treatment with LyeTx I-b peptide
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Scheme 6. Strategy used to evaluate the anticancer potential of the peptide in murine 4T1 breast
cancer model using an intratumoral administration.

1.3.2. Subcutaneous drug administration

Eighteen females BALB/c mice were injected subcutaneously with 4T1 cells in the posterior left
flank, after 5 days, when the tumor volume reached approximately 0,25 cm3, all animal were
randomly assigned to main 3 groups: : saline (s.c.) (n = 6), carboplatin (s.c., 5 mg/Kg) (n =6) and
LyeTxI-b peptide (s.c.; 5mg/kg)( n = 6). All animals received treatments for five subsequent times,
every 72 hours. The body animal’s weights and tumor volume were monitored every 3days. Signs
of distress and pain were monitored daily (Szczepanski, C. et al., 2014). The measurement of tumor
volume was calculated using the following equation: tumor volume (mm?) = (length x width?)/2,
the length and width were expressed in mm (Fulzele, S. et al., 2006). Methodology is represented

below in scheme 7.
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Subcutaneous treatment with LyeTx I-b peptide
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liver functions, leukocyte counting, growth factors
and cytokines by ELISA. ”

Scheme 7. Strategy used to evaluate the anticancer potential of the peptide in murine 4T1 breast
cancer model using a subcutaneous administration.

1.4. LyeTx |_b peptide toxicity and tolerability

To examine LyeTx |_b peptide toxicity an tolerability on tissue, mice were anesthetized with a
mixture of ketamine (150 mg/Kg) and xylazyne (10 mg/Kg), and perfused through the heart with
10% formalin. The tumor, spleen, lung, brain, kidney, and liver were quickly removed and fixed
in 10% formalin for 48 h until subsequent histological analysis. Eighteen females BALB/c mice

were used for this evaluation.
1.5. Histological analysis of tissue sections

According to tissue preparation for conventional histology protocol, after tumor and tissues
fixation, transverse sections were obtained, embedded in paraffin, cut into 4pum sections and then
stained with hematoxylin and eosin (H&E). The images were captured using light microscopy
(Olympus), (plan apochromatic objective, 20x) (Hewitson, T. et al., 2010). All images were
digitized by Spot Insight Color (SPOT® version 3.4.5.) A micro camera (Olympus Microscope,
BX-40) mounted on the microscopy project the images to a monitor and images were analyzed by
software. In order to evaluate the metastatic nodules, morphometric image analysis were

performed using 40x objective (Dutra, A et al., 2008).
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1.6. Evaluation of liver functions, glutamate-oxalacetic transaminase (GOT) and glutamate-

pyruvic transaminase (GPT)

Acute and chronic hepatic impairment resulting an increase in serum aminotransferases enzymes
activities. GPT, also known as alanine Aminotransferase (ALT), is an enzyme of predominantly
hepatic origin, considered as sensitive marker of liver cell injury. GPT is often found in small
amounts in the heart and skeletal muscles. GOT, also known as Aspartate Amino Transferase
(AST), can be located in the liver, heart muscle, skeletal muscles, kidneys, pancreas, erythrocytes,
and brain. In the context of tissues damage, GOT is released into the blood immediately (Giannini,
E. et al., 2005). GOT and GPT are intracellular enzymes that catalyze the transfer of amine and

alpha amino acid groups to alpha acetoacids, as demonstrated in the scheme below:
L- alanine + o-ketoglutarate ——» L-Glutamate + Pyruvate
L-aspartate + a-ketoglutarate —» L - Glutamate + Oxalacetate

The pyruvate and oxalacetate amounts are proportional to the enzymatic activity and are

quantified by formation of hydrazones, which are stained in an alkaline medium.

The quantification of GOT and GPT transaminases activity was performed by using the
commercial colorimetric kit (Oliveira-Lima, O. et al., 2013). Mice were euthanized, blood samples
were collected in a heparinized tube, and then centrifugated (5000 rpm / 10 min) in order to
separate serum. For each sample, was prepared 200 pl of GOT substrate (0.2M L-aspartate,
0.002M alpha-ketoglutarate, and 0.1M phosphate buffer, pH 7.4), and 200ul GPT substrate (L-
alanine O, 2M, 0.002M alpha-ketoglutarate, and 0.1M phosphate buffer pH7.4). After here, 25 pl
of each sample was added to the GPT substrate, and 50 pl of each sample was added to the GOT
substrate. The tubes were incubated in the dark at 37° C for 40 minutes. In the next step, 200 ul of
the color reagent (0.001M 2, 4 Dinitrophenylhydrazine solution) was added to each tube at room
temperature, for 20 minutes, and eventually, 2 ml of 0.4M sodium hydroxide was added to the
tubes, for 2 minutes at room temperature. The absorbance measurement (540 nm) was performedt
using spectrophotometer (BioTek, model Epoch). The zero was adjusted with distilled water. A
calibration curve was used in order to calculate the values of GPT and GOT activities, expressed

as unit per liter (U/mL).
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1.7. Determination of Complete blood count (CBC).

A complete blood count (CBC) is a blood test used to measure several components and features
of blood including, red blood cells, hematocrit, white blood cell, haemoglobin, platelets. Mice
were euthanized, blood samples were collected in a heparinized tube, 100 pl of whole blood was
submitted to ABCVet automatic blood analyzer for counting of red blood cells (RBC), hematocrit,
hemoglobin, platelets, White blood cells (WBC), and also RBC parameters, mean cell volume
(MCV), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concentration
(MCHC).

1.8. Quantification of differential circulating peripheral leukocytes populations.

Differential leukocytes counting determines a percentage of each type of white blood cell
populations (Neutrophils, lymphocytes, monocytes, eosinophil, and basophil). Blood smears were
made immediately after whole blood collection in 0.5 M sodium ethylenediaminetetraacetic acid
(EDTA). EDTA was used in order to avoid plasma coagulation and platelet aggregation. In
summary, two microscopic slides were used, one of them being used as a spreader slide. The edge
of the slide spreader had been placing against the surface of the first blade at an angle of 30 to 45
degrees. After slide spreader contacted the drop of blood (30pl), using a smooth even motion, the
slide spreader had been pushing forward. The blood had been spreading very quickly by capillary
action within several millimeters of the edges of the slide. Blood film was stained with May-
Griinwald's eosin methylene blue and Giemsa's azure eosin methylene blue, pH 6.4-7. Upon the
coloration of differential leukocyte populations, the cells were counted by using a light
microscope, 100 or 200 cells were counted either manually (Koepke, J. 1980). Santos and his
collaborators have been described the normal hematological values of BALB/c mice using blood
smear (Santos, E. et al., 2016).

1.9. ELISA: Quantification of cytokines and growth factors

Sandwich ELISA (enzyme-linked immunosorbent assay) is an efficient and sensitive technique to
evaluate inflammatory cytokines and growth factor protein expressions in tumor tissues
(Mathonnet, M. et al., 2006, Oliveira-Lima, O. et al., 2015). Cytokines and growth factors in the
primary tumor, lung, spleen, and brain were determined using ELISA. Mice were anaesthetized

and tissues were collected and preserved in -80° C until analysis. Each tissue (100 mg) was

88



homogenized in an extraction solution (containining 0.4 mol/L NaCl, 0.5% BSA, 0.1 mmol/L
PMSF,, 0,1 mmol/L benzethonium chloride, 10 mmol/L EDTA and 20 KI aprotinin) using ultra-
turrax machine of 1 ml contains 100 mg of tissue. The homogenates were centrifuged 3000 x g
for 10 minutes at 4° C for 10 minutes, and supernatant (50 pl) was collected and stored at - 20° C.
Samples were analyzed for VEGF, TGF-B, TNF-a, IL-1p, IL-10 and IL-6 using murine DuoSet
ELISA kit (R&D Systems, USA). According to manufacturer’s protocol, a capture murine
monoclonal antibody against VEGF, TGF-B, TNF-a, IL-1p, IL-10 and IL-6 was added into 96-
well polyvinylchloride microtiter plates and incubated overnight at room temperature. In the next
day, plates were washed 3 times with washing buffer (phosphate buffered saline with Tween 20).
A solution of 2% bovine serum albumin (BSA; 150 pL ) dissolved in PBS was added for 2 h at
room temperature to block any nonspecific binding sites on the surface. Plates were rinsed twice
with 0.1% BSA in PBS and 50 pL of the antigen solution (samples or standard) was added to the
wells and incubated at least 2 h at room temperature. Next, 25 pL from detection antibody was
added and incubated again for 2h at room temperature. After rinsing 3 times, 50 pL streptavidin
conjugated to horseradish-peroxidase solution was added to each well and plates were incubated
for 20 minutes at room temperature. Plates were washed and the substrate solution, OPD
(ophenylendiamine, Sigma) diluted in 0.03M citrate buffer (pH 5.0) containing 0.02% H20, was
added, followed by incubation in dark place at room temperature for 30 minutes. The reaction was
stopped by adding 2N sulfuric acid (25 pl/ well) and the optical density of the color was measured
immediately at 490 nm using ELISA reader (Spectramax-Molecular Devices®).The concentration
of each molecule was calculated using a standard curve (range from 15 — 2000 pg/ml) and was

expressed as pg/ml.
1.10. Evaluation of leukocyte-endothelial interactions by intravital microscopy

Intravital microscopy was used to evaluate leukocyte recruitment (rolling and adhesion steps) in
vivo as previously described (dos Santos et al., 2008; Bernardes et al., 2013). Briefly, after 4T1
mammary carcinoma model induction, twenty four females BALB/c mice (9-10 weeks old) were
randomly assigned to 4 groups: control (saline s.c.), 4T1 tumor-bearing treated withsaline, 4T1
tumor-bearing treated with LyeTxI-b peptide (5mg/kg), and LyeTxI-b peptide alone (5mg/kg). All
animals received treatments for five subsequent times, every 72 hours. After 21 days from tumor

inoculation, animals were anesthetized and hair of flank and back were removed and the body
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sterilized with 70% alcohol. Next, retro-orbitall injection of rhodamine 6G (1 mg/ml) was
performed for labelling platelets and leukocytes. Microvasculature of spinal cord (by
laminectomy), flank and tumor were exposed to analyze in vivo leukocyte recruitment by
intravital. After microcirculation exposure, animals were transferred to the microscope stage, and
maintained at 37° C using a heating pad (Fine Sciences Tools Inc., Canada). To assess the
leukocyte-recruitment interactions, fluorescent leukocytes were visualized under a fluorescence
microscopy Zeiss Imager M.2 (20X long-distance objective lens; Gottingen, Germany) equipped
with a fluorescent light source (epi-illumination at 510-560 nm, using 590 nm emission
filter).Rolling leukocytes were defined as white cells moving at velocity less than erythrocytes.
Cells were considered adherent when they remained stationary for at least 20 seconds, and results
were expressed as leukocytes number leukocytes/20 seconds. The scheme 8 describes the resumed

strategy of intravital studies.

Female Balb/c mice

\' » Weight :18-20 grams
Age: 10 to 12 weeks.
—
Control Peptide Control Peptide e ,
N=6 N=6 Tumor Tumor bearing —=
"Sg\ - bearing N=6 N=6 =
P N _ Subcutaneous  injection
. A 0 day Growing of tumor 55 days R 21 days
*or commen ces (five doses 5mg/kg, 72 hours/apart)
1.5 x 108 4T1cells
injected in the left flank

Intravital microscopy
Spinal cord and tumor

Scheme 8. Representative strategy used for the intravital studies to evaluate leukocyte recruitment.

90



2. Results
2.1. Sub-acute toxicity of LyeTx |_b peptide in vivo

In order to investigate in vivo sub-acute toxicity of LyeTx |_b peptide, female BALB/c mice were
injected i.p. with of LyeTx |I_b peptide (5 mg/kg) (seven doses, 48 hours/apart) and all animals
were monitored for 14 days. Mortality, no signs of toxicity, skin ulcer, and diarrhea were not

observed along time period assessed.

Body weight was evaluated along 14 days in animals treated with saline (control group) or treated
with peptide (5 mg/Kg). No difference was observed in body weight between control and treated

groups along time period assesses (figure 25A).
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Figure 25A. Toxicity and tolerability of LyeTx I-b peptide (A) Effect of the peptide (5 mg/kg) on body weight
Balb/C mice, along 14 days.

Histopathological and macroscopic analysis (lung, kidney, spleen, heart, brain, and liver)
demonstrated that LyeTx |_b peptide did not reveal lesion or significant alterations in each organ.
For instance, the examination of the renal cortex, the area of the Bowman’s capsule, glomerulus
and tubules were showed normal pattern compared to control. The lung histopathology was also
preserved, without changes in alveoli, alveolar air spaces. The liver components i.e. parenchyma,
hepatocytes, central vein, bile duct morphology were displayed normal pattern except that

infiltrated mononuclear cells were noticed in one animal from treated group. The
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histomorphometric parameters of spleen revealed well preserved white pulp, red pulp, central
artery, and capsule. Moreover, the heart muscle fiber, intercalated disc and nuclei morphology

were normal as well (Figures 25B and 25C).

(B) Control Treated

Brain

Liver

Kideny

Figure 25B. Toxicity and tolerability of LyeTx I-b peptide. (B) Morphological analysis of brain, liver and kidney.
Tissues were stained with hematoxylin and eosin. Objective 40X.
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Figure 25C. Toxicity and tolerability of LyeTx I-b peptide. (C) Murine histopathological analyses after treatment
with LyeTx |_b peptide (5mg/kg). Morphological analysis of Lung, spleen and heart. Tissues were stained with
hematoxylin and eosin. Objective 40X.
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Blood hematological values of control and treated groups did not show abnormal patterns generally
including morphology and counts related to the age and sex, except the treated group with peptide
displayed a mild reduction in platelets counts or thrombocytopenia. The white blood cells fractions
exhibited an increase in lymphocytes counts related to the reduction of segmented neutrophils were

included in both groups control and treated animals (table 3).

Table 3. Hematological values of Healthy BALB/C animals after systemic administration of

5mg/kg LyeTx I-b peptide (7 doses, 5mg/kg/ 48h in apart)

Hematological parameter Control LyeTx |_b peptide Reference Value
RBC (xlOG/mmS) 6.32 £0.667 7.46 £0.965 6.1-9.5
Hb (g/dL) 10.8 £ 2.66 12.9 £ 0.680 11.6-15.8
Hematocrit 38.9 +8.66 39.4 £2.56 37.4-517
MCV(fL) 61 £7.57 48 £4.50 415-574
MCH (Pg) 16.7 £0.458 16.0 £0.11 15.1-16
MCHC % 28.5 £3.06 31.6£1.34 30.5-34.2
WBC (x103/mm3) 2.312.26 4.1 £0.70 1.5-48
Lymphocytes 91.7 £5.13 89.2 +4.03 55.5-83.82
Monocytes 4.3 £1.556 4.1+1.553 3.75-7.26
Neutrophils 4 +£3.59 6.7 £2.66 10.39-17.8

Platelets (x10%/mm?3)

443+73.6

278+80.0"

325 — 888

RBC: erythrocytes, Hb: hemoglobin, WBC: leukocytes, MCV: mean cell volume, MCH: mean corpuscular
Hemoglobin, and MCHC: mean corpuscular hemoglobin concentration. The results relate to average + standard
deviation. * Significant reduction. Santos et al., 2016.

2.2. Intratumoral administration of LyeTx I-b peptide decreases tumor volume in vivo

To assess antitumor activity of LyeTx I-b peptide, all animals were injected subcutaneously with

1.5 x 10° 4T1 cells in the posterior left flank. On day 10 post-tumour inoculation when tumor

volume reached 1000 mm? approximately, the animals were intratumorally injected with of LyeTx
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I-b (100 ul) peptide, or carboplatin (5mg/kg), or saline (control group) (5 doses/72 h apart). Tumor
volume analysis demonstrated that LyeTx I-b peptide could inhibit tumor growth significantly
compared with aggressive tumor growth in carboplatin and control groups. At day 25 the animals
treated with peptide, reached a mean inferred tumor volume of approximately1945 mm?3, while
carboplatin and control groups reached 3309 and 4119 mm?, respectively, as shown in figure 26
A. In addition, LyeTxI-b showed ability to reduce the weights of tumors (figure 26B). The mean
tumor weight in the LyeTx I-b group was 2.14 g compared to control 3.07 g, and carboplatin 3.15
g. No difference was observed in the body weigh between control, LyeTx I-b and carboplatin
groups (Figures 26C). Representative images of control animal and treated are shown in Figure
26D.
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Figure 26. Effects of LyeTx I-b and carboplatin treatment of 4T1 murine mammary carcinoma with LyeTx I-b peptide
on tumor volume, tumor weigh, and body volume. (A) LyeTx I-b peptide decreased tumor volume compared to control
and Carboplatin groups. (B) No body weight differences along 25 days post-inoculation of 4T1 tumor, in control,
LyeTx I-b peptide and carboplatin groups. (C) LyeTx I-b peptide reduced tumor weight. (D) representative images
demonstrating reduction on size of tumor after treatment with peptide. Data represent means +SD, One-way ANOVA
followed by Tukey's multiple comparisons test, P< 0.001.
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Qualitative histopathological analysis showed apparently that primary tumor from control group,
presents an increase of infiltrated mononuclear inflammatory cells (lymphocytes and
macrophages), which are associated with high growth of neoplastic cells and forming necrotic area
(Figure 27). Moreover, extensive necrotic area was observed in a treated primary tumor.

Control

LyeTx I-b

Carboplatin

Figure 27. Morphological aspects of 4T1 murine primary tumor. Representative HE histology of low magnification,
(5X) showed large necrosis area in LyeTx I-b peptide treated group compared with untreated group. In control group,
infiltrated inflammatory, necrosis area and viable tumor cells, whereas the extensive necrotic area in treated group
was characterized by the presence nucleus chromatin condensation accompanied by fragmented nuclei into various
segments (karyorrhexis) H&E staining. Objectives 20X and 5X, Scale bars were 200 um and 40 pm.

96



2.3. LyeTx I-b reduces the size and number of lung metastatic foci

The assessment of lung metastasis after 4T1 murine primary tumor induction has been done in
control and carboplatin-treated groups. The total number of metastatic lesions were detected in
control and treated group. LyeTx I-b diminished the number of metastatic foci significantly
compared to carboplatin and control. The mean number of metastatic foci for peptide group was
1.66, carboplatin was 4.33 and control was 3.66. Moreover, LyeTx I-b peptide could be able to

reduce the area of lesions (Figure 28).

Control

Number of lung nodules
H

Control Carboplatin LyeTx I-b

Figure 28. 4T1 metastasis in lung parenchyma. The significant reduction in the number of metastatic lesions of
LyeTx I-b peptide group compared with carboplatin and control groups. Data represent mean +SEM (*p<0.005,
ANOVA one-way).

2.4. Subcutaneous administration of LyeTx I-b peptide reduces tumor volume in 4T1 tumor

model

The subcutaneous administration of LyeTx I-b peptide was used in order to evaluate the efficacy

of the peptide through lymphatic and vascular circulatory system. At day 5 post-tumour
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inoculation, when tumor volume reached approximately 400 mm?, animals received subcutaneous
injections of LyeTx I-b peptide (100 pl), or carboplatin (5mg/kg), or saline (control group) (5
doses /72 hours in a part). The results demonstrated that LyeTx I-b peptide was able to reduce
tumor volume and tumor weight significantly compared with control and carboplatin groups
(figure 5 A and B). The average tumor weights of untreated, and carboplatin groups were 2.92¢g
and 2.38g, respectively, while in the peptide group was 1.6 g. Furthermore, the average of tumor
volume of LyeTx I-b peptide group was 1383 mm? while in the control group was 3236 mm?, and
carboplatin was 2513 mm?3 (Figure 29A). No difference was observed in the body weigh between
control, LyeTx I-b and carboplatin groups (Figures 29C). Representative images of control animal

and treated are shown in Figure 29D.
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Figure 29. Effects of subcutaneous LyeTx I-b peptide treatment on tumor volume, tumor weight, and body weight
after 4T1 murine mammary carcinoma induction. (A) LyeTx I-b peptide decreased tumor volume significantly
compared to control and Carboplatin. (B) LyeTx I-b peptide reduced tumor weight compared to control and
Carboplatin groups. (C) Influence of tumor induction and drug treatment on BALB/c body weight along 21 days post-
inoculation of 4T1 tumor. . (D) representative images demonstrating reduction on size of tumor after treatment with
peptide. Data represent means +SD, One-way ANOVA followed by Tukey's multiple comparisons test, P< 0.001.
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2.5. No liver function alteration induced by LyeTx I-b peptide treatment.

We further tested whether LyeTx I-b peptide could alter liver functions in 4T1 tumor-bearing
animals. There was no alterations in serum ALT (alanine aminotransferase) level among all
groups, whereas there was elevated serum AST (aspartate transaminase) level significantly
associated with carboplatin treatment but not in animals treated with peptide (figure 30). Together,
our data suggested that LyeTx I-b peptide treatment induced mild hepatotoxicity as 4T1 murine
mammary carcinoma control group. The reference value of ALT enzymes in healthy females of
Balb/c mice strain is 29.72 + 4.40 U/ml, while the normal range of AST value is 71.32 + 28.12
(Barbosa B.S. et al., 2017).
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Figure 30. Liver functions in the serum of 4T1 tumor-bearing mice. Balb/c mice were injected subcutaneously 5 times
during 15 days, with saline, LyeTx I-b peptide or carboplatin. Serum AST and ALT levels in control (saline),
carboplatin and LyeTx I-b peptide groups were measured by using the colorimeter testing kit in triplicate, n=5. Data
represent means £SD, One-way ANOVA followed by Tukey's multiple comparisons test, P< 0.005.

2.6. LyeTx I-b peptide and carboplatin reduce total and differential Leukocyte Counts

Previous immunological studies have been carried out in order to evaluate the immunomodulation
effects of chemotherapeutic agents. In fact, the aggressive 4T1 tumor growth and migration of
tumor cells into spleen and liver resulted in increasing hematopoiesis activity, thus elevated
circulating white blood cells (Tao, K. et al., 2008). Post-inoculation of 4T1 cells into Balb/c mice
increased 3 fold of total leukocytes count at day 14, i.e. the beginning of the metastasis process
corresponding with multiplying numbers of granulocytes, especially neutrophil and eosinophil
counts due to changes of natural and acquired immunity during metastasis process (Jackson, W.
etal., 2017).

In this study, we collected blood samples by cardiac puncture from anesthetized 4T1 tumor-
bearing mice to determine counts of total and differential leukocytes count (Neutrophils,
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lymphocytes, monocytes and eosinophils). We found that both drugs treatment, carboplatin, and
LyeTx I-b peptide were able to decrease significantly total and differential number of peripheral
blood leukocytes count compared with control group (Figure 31 A). Currently, the attractive target
in the breast cancer murine models is depletion of tumor-infiltrating cells like neutrophils and
monocytes that differentiate into metastasis-associated macrophages (Kitamura, T. et al., 2017).
Our results showed that neutrophils and monocytes counts were reduced dramatically after
treatment with LyeTx I-b peptide and carboplatin (Figure 31B). Eosinophils Peripheral blood
count in breast cancer patients became an important indicator of primary tumor progress and
prognosis, due eosinophil’s crucial role in lung metastasis. (Szalayova, G. et al., 2016). We found

that carboplatin and LyeTx I-b peptide diminished counts of eosinophil (figure 31B).
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Figure 31. Leukogram of peripheral blood counts in 4T1 tumor-bearing mice, in control, carboplatin and LyeTx I-b
(5mg/kg) groups. (A) Total leukocytes counts x 10° (B) Differential leukocytes counts x 104, monocytes, lymphocytes,
eosinophils, neutrophils. LyeTx I-b and carboplatin induced leukopenia significantly in treated groups. Data are
presented as mean £ SEM, ** P <0.001 compared with control group, n = 6 animals. Statistical analysis: One-way
ANOVA followed by Newman-Keuls multiple comparison test.

2.7. LyeTx I-b peptide alters the amount of rolling and adhering leukocytes in 4T1 tumor-

bearing mice by using the intravital microscopy in vivo.

Intravital microscopy is a technique used to visualize leukocyte-endothelial interaction in vivo. In

order to quantify in vivo leukocyte recruitment (rolling and adhesion) in the spinal cord, tumor and
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flank vessels during a metastatic stage, we have used intravital microscopy. Our results
emphasized the remarkable increase of rolling leukocytes after treating with LyeTx I-b peptide in
the spinal cord and tumor vessels compared to control group. In addition, we also observed a
reduction in leukocyte adhesion into spinal cord and tumor microvessels from 4T1 tumor-bearing

mice treated with the 4T1 tumor-bearing mice (Figure 32A, B, C, D).

(A) (B)

Spinal cord

'r—ﬂﬁ_

Control LyeTXI|-b Control LyeTXI-b

Control LyeTx I-b peptide

-
o
1

w
o
1

-
o
1

o

Adhered leukocytes / 20sec
N
o

Tumor bearing Healthy mice
Control (tumor bearing) Peptide (tumor bearing)

Spinal cord

o 8+

[

7]

o

o~ *%

< 6-

7]

S

g 4

8 4-

5 | T

2

> 2 -

£

3

o

Control LyeTXI-b Control LyeTXI-b

Tumor bearing Healthy mice

Figure 32 A and B. Intravital microscopy at 22 days post-inoculation of 4T1 tumor cells. (A) Number of leukocytes
rolling and adherence. (B) Representative images of central venules from spinal cord showing the effect of LyeTx I-
b treatment on leukocyte-endothelial interactions. Tumor vessels images. Statistical analysis: Data are presented as
mean + SD, ** P <0.001 compared with control group, n = 6 animals. One-way ANOVA followed by Tukey's multiple
comparisons test.
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Figure 32 C and D. Intravital microscopy at 22 days post-inoculation of 4T1 tumor cells. (C) Number of leukocytes
rolling and adhesion into tumor and normal flank vessels. (D). Tumor vessels images. Statistical analysis: Data are
presented as mean + SD, ** P <0.001 compared with control group, n = 6 animals. One-way ANOVA followed by
Tukey's multiple comparisons test.

2.8. LyeTx I-b peptide changes protein expression of cancer receptor VEGF, TGF-g, and

TNF-0 in primary tumor and spleen.

Breast tumor microenvironment plays a critical role in invasion and metastasis. Overexpression of
TGF-B (transforming growth factor), VEGF (Vascular endothelial growth factor), and TNF-a
(Tumor necrosis factor) have been detected in murine 4T1 metastatic model and breast cancer
patients as well, thus targeting these proteins leading reduces of metastasis incidence and increase
patient survival rate (Buenrostro, D. et al., 2018). Several studies showed the proportional
correlation between high levels of TGF- B and VEGF and early appearance of metastatic lesions.

Moreover blocking of TGF- B and VEGF resulted in improves efficiency of chemotherapeutic
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agents in 4T1 mammary tumor model and breast cancer patients through recruitment and
normalizing of extracellular matrix, in particular, collagen coated matrices (Liu, J et al., 2012
&McEarchern, J. A. et al., 2001). Although TNF-a is utilizing cancer immunotherapy since last
decades due to intratumoral injection of TNF-ainduced tumor regression, however recently several
studies emphasized the ability of TNF-a to promote tumor progression and metastasis in many
types of cancers through enhancing Treg cells and upregulation of VEGF receptor. In addition,

TNF-a facilitating the proliferation of cancer cells in the immune microenvironment (Sheng, Y. et
al., 2018 & Sasi, S. P. et al., 2014).

It is worthy to determine the expression of cytokines and tumor growth factors like VEGF, TGF-
B, and TNF-a within the tumor microenvironment due to their roles in the regulation of tumor
growth, tumorigenesis and metastasis. No statistically significant difference was found in VEGF
concentration (Pg/ ml) from primary tumor and lung tissues comparing with LyeTx I-b peptide
and carboplatin. (Figure 33A). In other hand, LyeTx I-b and carboplatin groups showed a
significant reduction in TGF-p expression level in primary tumor and spleen compared with
control (figure 33 B). Furthermore non-significant differences of TNF-a expression in primary
tumor, whereas significant reduction in spleen was observed in both groups LyeTx I-b and

carboplatin treated groups (Figure 33C).

Inflammatory cytokines have a dual role in tumor microenvironment based on the plasticity of
immune cells. Our results displayed that LyeTx I-b and carboplatin treatments have suppressed
proinflammatory IL-1  expression in lung and primary tumor significantly (34 A). Moreover, the
expression of anti-inflammatory IL-10 was increased in the primary tumor of LyeTx I-b group
only (34 B) In the other hand, the proinflammatory IL-6 was elevated significantly in brain and

spleen in peptide treated group (34 C).
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Figure 33. LyeTx I-b peptide attenuated VEGF, TGF-B and TNF-o expression in the tumor microenvironment. Individual values
of mice (Pg/ml) presented in a dot plot with an average of each group (n=6). (A) Data correspond to VEGF levels in primary tumor
and lung. (B, C) TGF-B and TNF-a levels in the primary tumor, brain, spleen, and lung. Statistical variation among groups was
carried out in 6 animals of each group in duplicate using one-way ANOVA followed by Dunn's multiple comparisons test.
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Figure 34. Expression IL-1f, IL-6 and 1L-10 levels in the tumor microenvironment. Individual values of mice (Pg/ml)
presented in a dot plot with an average of each group (n=6). (A) Data correspond to IL-1p found in the primary tumor,
brain, spleen, and lung. (B, C) IL-10 and IL-6 values respectively. Statistical variation among using one-way ANOVA,
followed by Dunn's multiple comparisons test. (n=6/group).
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3. Discussion

Nowadays, chemotherapy based on biopharmaceutics like peptides became one of the favorable
strategies to treat breast metastatic patients due to efficiency and mild adverse effects. To confirm
the toxicity of LyeTx I-b cationic peptide in vivo, the systemic administration of peptide did not
show signs of toxicity and no significant alterations were observed by histopathological and
hematological analysis. These results corroborated findings of PFR peptide, which displayed the

ability to inhibit tumor growth without toxic side effects (Lu, Y. et al., 2016).

The anticancer activity of LyeTx I-b peptide was examined in 4T1 metastatic breast cancer model.
The intratumoral injection of LyeTx I-b peptide was able to suppress 52% of tumor growth (figure
26). Furthermore, we found a 61% reduction of pulmonary metastatic foci in comparison to control
group. In a similar study, GK-1 peptide decreased tumor growth and a total number of metastatic
nodules in the 4T1 murine model (Torres-Garcia, D. et al., 2017). In order to confirm primary
tumor death, the qualitative analysis of H&E stained images from tumor section has been done.
The images showed a large necrosis area and pyknosis area in the treated group characterized by
the occurrence of nuclei irreversible chromatin condensation and fragmentation (figure 27).
Szczepanski and his colleagues (2014) reported that intratumoral administration of Cypep-1
peptide has induced tumor regression in the 4T1 murine model, as consequence of necrosis in a
large area of the treated primary tumor. Moreover, local injection of L-K6 peptide induced nuclear
fragmentation in the primary tumor of MCF-7 breast cancer xenograft model (Wang, C. et al.,
2017). Furthermore, D-K6L9 peptide injected intratumorally, has inhibited tumor growth and
recurrence in B16-F10 murine melanoma model, via necrosis in treated primary tumor (Cichon’,
T. etal., 2014).

Currently, the subcutaneous (SC) is one of the favorable route of administration for
biotherapeutics, due the ability to increase bioavailability of huge molecular weights (Richter, W.
etal., 2012). It is an important route to deliver therapeutic peptide into the systemic circulation by
the lymphatic system and blood capillaries depended on the molecular size and weight (Kagan, L.
2014). LyeTx I-b peptide was administered subcutaneously along 14 days, and our findings
displayed a significant reduction of tumor growth by 58% compared to tumor-bearing control
group (figure 29). Previous data showed that subcutaneous injection of Crotamine peptide delayed

tumor growth significantly in the B16-F10 melanoma model (Pereira, A. et al., 2011).
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Tumor cells in metastatic lesions utilize adhering leukocytes for extravasation into endothelium.
The intravital microscope has been used for tracking remained primary tumor or metastatic lesion
through visualization of rolling leukocytes on tumor vasculature endothelium (Palomba, R. et al.,
2016). In our study, using intravital microscopy, we visualized rodhamine 6G fluorescent
leukocyte rolling and adhesion into spinal cord and tumor microvessels after induction of
metastatic 4T1 murine mammary carcinoma model. Our study evidenced that LyeTx I-b peptide
treatment induced an increase of leukocytes rolling into spinal cord and tumor vessels from 4T1
tumor-bearing mice (figure 32A, B, C, D). Previous data have been showed that P-selectin
expression on tumor cells correlated with cancer metastasis (Strell, C., & Entschladen, F. 2008).
Rolling leukocytes is also mediated by L-selectin adhesion molecule, which is a key regulator of
naive T-lymphocytes trafficking (Borsig, L. 2017). It is possible that LyeTx I-b peptide could be
downregulated P-selectin expression on the surface of endothelial cells and tumor cells, or
upregulating L-selectin on the surface of leukocytes. After quantified number of leukocyte
adherent, we found that LyeTx I-b peptide promoted a decrease in leukocyte adhesion in the spinal
cord and tumor microcirculation. We may speculate that LyeTx I-b peptide could be modulating
integrins molecules on the surface of leukocytes, which are responsible for interaction with
endothelium cells. Other mechanism that may decreasing leukocyte adhesion is the occurrence of
a high and fast migration of leukocytes to surround parenchyma or distant organs. In order to
elucidate potential mechanisms underline LyeTx I-b peptide effects, additional experiments will

be necessary.

Innate immune systems during breast cancer play a vital role in tumor recurrence and relapse
through activating transcription of genes encoding cytokines and chemokines (Standish, L. et al.,
2008). Considering the aggressive tumor growth of 4T1 murine mammary carcinoma, previous
studies reported that 4T1 is highly immunogenic model characterized by leukocytosis due to
granulocytic hyperplasia of bone marrow (Dupre, S., & Hunter, K. 2007). All solid tumors
including breast tumor contain large numbers of leukocytes that promote tumor migration and
splenomegaly induced by tumor-infiltrating monocytes and neutrophils.Targeting spleen during
cancer treatment is an urgent need for controlling tumor migration (Shand, F. et al., 2014). Some
studies reported that immunosuppression caused by chemotherapy is beneficial because
chemotherapeutic agent are killing immune cells like cytotoxic T-lymphocyte—associated antigen
4, and monocytes or macrophages , that promotes cancer metastasis (Janssen, L. et al., 2017 &
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Naito, T. et al., 2015). Conventional chemotherapeutic agent not only induces cytotoxic effect but
also prevent tumor development through a depletion of tumor-infiltrating immune cells (Galluzzi,
L. etal., 2015). LyeTx I-b peptide revealed an immunomodulatory effect by attenuating counts of

monocytes, lymphocytes, neutrophils, and eosinophil’s in the 4T1 metastatic model (figure 31).

The role of TGF-p in breast cancer stages have been extensively studied, TGF-f contributes to
breast cancer metastasis (Caja, F. & Vannucci, L. 2015). In addition, TGF-p is able to stimulate
epithelial-to-mesenchymal transition (EMT), through upregulation of a transcription factor of
EMT and E-cadherin that allows to breast cancer stem cells migration and invasion (Yin, X. et al.,
2010). Using ELISA, our results demonstrated that LyeTx I-b peptide inhibited expression of TGF-
B in primary tumor and spleen (figure 33). ). Tumor necrosis factor alpha (TNF-a) is an important
inflammatory cytokine in breast cancer. It can activate nuclear factor kappa B (NF-xB) followed
by promoting tumor microenvironment, that leading to tumor invasion and progression (Kamel,
M. et al., 2012). Previous studies were indicated that TNF-a was promoted tumor progression and
metastasis in the 4T1 murine model. The treatment of 4T1 tumor-bearing mice with carboplatin
and thalidomide were able to decrease the level of TNF-a in the primary tumor (Souza, C et al.,
2013 & De Souza, C. et al., 2014). Our findings in figure 33 showed that Carboplatin and LyeTx
I-b peptide decreased production of TNF-a in the spleen, which is able to accumulate tumor-

promoting immune cells responsible for metastatic process.

Immune cells and their inflammatory mediators such as cytokine and chemokine interfering with
tumor microenvironment, give rise to tumor growth or regression depending on the type of
inflammatory molecule produced by neutrophils, lymphocytes, and monocytes (Shrihari, T. 2017).
Previous clinical study has been shown the dual role of cytokines in breast cancer
microenvironment during tumor progression. VEGF, TNF-a, IL-1B, and IL-6 expression level
have been increased in the biopsies tissues collected from breast cancer patients (Eftekhari, R. et
al., 2017).

IL-1pB expression plays an important role in tumor progression and metastasis as well. The IL-18
levels are associated with bad prognoses in several types of cancers such as breast, lung, prostate,
neck, and head. It is worth mentioning that in our study LyeTx I-b peptide decreased significantly
the expression of IL-1p in tumor and lung tissues (figure 34 A). Previous data demonstrated that

inhibition of IL-1 receptor resulted in tumor regression of solid malignancies (Lewis, A. et al.,
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2006). Similarity, blocking of the IL-1 receptor by Anakinra antagonist was demonstrated a
significant reduction in breast cancer progression and bone metastasis in MCF-7 and MDA-MB-

231 breast cancers model (Holen, I. et al., 2016).

The IL-10 is a cytokine that regulates angiogenesis and inhibits tumor migration and progression
in early stage of breast cancer (Ahmed, N. et al., 2018). It is well known that overexpression IL-
10 protected from carcinogenic and enhanced tumor immune surveillance through activation of
intratumoral antigen-presenting molecules (APC), Cytotoxic CD8+ and IFN-y (Mumm, J. et al.,
2011). Interestingly, our data demonstrated that LyeTx I-b peptide has increased IL-10 anti-
inflammatory cytokines level in primary tumor (figure 34 B). In contrast, LyeTx I-b peptide
induced elevated levels of IL-6 proinflammatory cytokine in the brain, spleen and tumor. These
results were consistent with previous study that LyeTxI-b decreased IL-1p level in the mice joint
of septic arthritis model (Reis, P. et al., 2018). Interestingly, IL-6 production increased in tumor,
spleen and brain (figure 34C), we assume that LyeTx I-b peptide does not induced sever
inflammation in brain tissues. Despite, tumor inoculation of 4T1 cell line has generated greater
levels of TNF-a, IL-1B, IL-6 in spleen, serum, primary tumor and liver, the IL-1p cytokine has
increased only in cortex and hippocampus (Walker Il, W.H. et al., 2017). Several studies have
been shown that chemotherapy can activate toll-like receptors 4 (TLR4) which displayed
increasing of proinflammatory IL-6 cytokine in blood and distant organs of tumor bearing animals
and even breast cancer patients (Stojanovska, V. et al., 2018). Subsequently, widely used cytotoxic
drugs such as 5-fluorouracil, doxorubicin and paclitaxel could be causing fatigue, cachexia and
also may facilitating tumor progression in cancer survivors (Elsea, C. et al., 2015& Volk-Draper,
L. et al., 2014& Stojanovska, V. et al., 2018 ).

In summary, our data suggested that one possible effect immunomodulatory effect of peptide was
related with an increase of IL10 and decrease of TGF-p and IL1-B that can be associated with
inhibiton of tumor invaniviness and cell migration as demonstrated in the model 1 of figure 35

below.
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Potential immunomodulatory effect of peptide

LyeTx I-b f\

Monocyte

Correlated with inhibition of tumor invasiveness and cell migration

Figure 35. lllustrative model of the possible immunomodulatory effect of peptide on immune cells
of 4T1 tumour-bearing mice.

Altogether, our data described for the first time the in vitro and in vivo effects of LyeTx I-b peptide
in 4T1 mammary carcinoma model. In vitro evaluations showed that LyeTx I-b peptide was able
to induce cytotoxicity and loss of viability of murine triple-negative 4T1 cell line. One possible
mechanism can be apoptosis. In addition, LyeTx I-b was effective to suppress tumor growth and
reduced lung metastasis in 4T1 highly aggressive and metastatic model through alterations in the
cellular and molecular composition of tumor microenvironment, modulating neutrophils,
lymphocytes, monocytes as well as production of TGF-p, TNF-a, IL-1p, IL-10 and IL-6.
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4. Conclusion

In vitro data point out LyeTx I-b displayed cytotoxicity against human tumoral cells from solid
tumor and leukemia, but with undesirable effect such as neurotoxicity and immunotoxicity. The
cytotoxic effect against glioblastoma cells, resistant to anticancer drugs used in clinic, involves
triggering cell death through necroptosis that is a promising strategy to overcome apoptosis
resistance in cancer. The in vivo findings demonstrated that LyeTx I-b peptide reduced tumor
growth, with anti-metastatic and immunomodulatory effects in 4T1 triple negative breast cancer
murine model. Therefore, all results pointed out that this cationic antimicrobial peptide could be a
potential immunomodulatory prototype to develop drugs for brain and breast cancer therapy to

improve clinical outcome.
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SUPPLEMENTARY

Supplementary Figure 1. Intracellular ultrastructure of the human Glioblastoma multiform (GBM) cells
treated with 30 uM LyeTx I b. (A, B, C) Cells after 30 minutes of treatment, in different stages (early,
intermediate, and late) of the necroptosis process, identified by the increase in the cell volume, swelling of
the nucleus and cytoplasmic organelles (arrowheads), and electron lucent nucleus and cytoplasm.
Differencs in plasma membrane alterations ranging from membrane integrity maintenance (early stage) to
the progressive membrane ruptures (middle to late stages) were detected. Human glioblastoma cells were
cultivated and processed by high-pressure freezing (HPF) and transmission electron microscopy (TEM). A
total of 80 electron micrographs showing the entire cell profile and nucleus was randomly taken and
analyzed at a magnification ranging from 4,200X to 26,500X. Bars: (A) = 1 um; (B) =2 um

o

Supplementary Figure 2. Intracellul tructure of human Glio

with 30 uM LyeTx I_b. (A) Apoptosis was identified by the chromatin condensation levels followed by
nuclear and organelle shrinkage and the formation of apoptotic bodies (B) Necrosis was best characterized
by the huge plasma membrane rupture with extravasation of intracellular contents and organelles to the
extracellular medium.
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Supplementary Figure 3. MTiOpenScreen interactive results, Moleucular docking of Human RIP1 Kinase
domain protein structure (PDB ID: 4ITH) in Complex with LyeTx |_b Peptide. Ligand correspond to the
PubChem SID name was accepted with energy equal -8.390 and High-quality prediction, RMSD < 1.5 A..

As mentioned previously that Nec-1 was able to significantly increase cell survival, in presence of 50 uM
LyeTx I-b peptide, the next step was to investigate the protein and LyeTx I-b peptide interaction, in silico.
For this purpose, we used free virtual screening web server MTiOpenScreen (http://bioserv.rpbs.univ-paris-
diderot.fr/services/MTiOpenScreen/). According to the protocol of protein-peptide docking, the prediction
of output through using autodock vina, the results displayed ability of LyeTx I-b peptide to interact with
Human RIP1 Kinase domain protein, in high quality with energy equal -8.390, and the docking performance
RMSD was less than 1.5 A ° as shown in supplementary figure 5 (Labbe, C.M. et al., 2015& de Vries, S.J.
etal., 2017).
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Supplementary Figure 6. Cell cycle changes after exposure MCF-7 breast adenocarcinoma cells to 1.25and
5uM LyeTx-1_b peptide. An illustrative case showing cell cycle changes 24 hours after exposure to LyeTx-
I_b peptide. Two independent experiments were performed.
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Abstract

Antimicrobial peptides present a broad spectrum of therapeutic applications, including their use as anticancer peptides. These
Wl peptides have as target microbial, normal, and cancerous cells. The oncological properties of these peptides may occur by
membranolytic mechanisms or non-membranolytics. In this work, we demonstrate for the first time the cytotoxic effects of
the cationic alpha-helical antimicrobial peptide LyeTx I-b on glioblastoma lineage U87-MG. The anticancer property of this
peptide was associated with a membranolytic mechanism. Loss of membrane integrity occurred after incubation with the
peptlde for 15 min, as shown by trypan blue uptake, reduction of calcein-AM conversion, and LDH release. Morphological
studies using scanning electron microscopy demonstrated disruption of the plasma membrane from cells treated with LyeTx
I-b, including the formation of holes or pores. Transmission electron microscopy analyses showed swollen nuclei with mild
DNA condensation, cell volume increase with an electron-lucent cytoplasm and organelle vacuolization, but without the [{El]
rupture of nuclear or plasmatic membranes. Morphometric analyses revealed a high percentage of cells in necroptosis stages,
followed by necrosis and apoptosis at lower levels. Necrostatin-1, a known inhibitor of necroptosis, partially protected the
cells from the toxicity of the peptide in a concentration-dependent manner. Imaging flow cytometry confirmed that 59%
of the cells underwent necroptosis after 3-h incubation with the peptide. It is noteworthy that LyeTx I-b showed only mild
cytotoxicity against normal fibroblasts of human and monkey cell lines and low hemolytic activity in human erythrocytes.

All data together point out the anticancer potential of this peptide.
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Abbreviations

Cryo-EM  Cryo-electron microscopy
TEM
SEM
Nec-1
GBM

Transmission electron microscope
Scanning electron microscope
Necrostatin
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