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RESUMO

LEITE, Michel Lopes. AVALIAGAO DO MECANISMO ANTICANCER DO PEPTIDEO
BIOINSPIRADO CROTAMP14 CONTRA LINHAGEM DE CANCER DE MAMA
TRIPLO NEGATIVO. 2024. 320 paginas. Doutorado em Ciéncias Biolégicas (Biologia
Molecular) — Universidade de Brasilia, 2024.

O céncer de mama triplo negativo (CMTN) é a neoplasia com maior incidéncia em
mulheres em todo mundo, representando entre 10% e 20% dos diagndsticos. Embora
a quimioterapia seja a abordagem padrao para o tratamento de CMTN, ela gera efeitos
colaterais deletérios. Desse modo, novas terapias com menor potencial de gerar
efeitos colaterais precisam ser desenvolvidas. Atualmente, os peptideos
multifuncionais com atividade antitumoral (PACs) s&do moléculas promissoras para o
desenvolvimento de terapias alternativas contra o CMTN. PACs sdo mais seletivos
aos seus alvos, e com menor propensao a efeitos colaterais. No presente trabalho, o
peptideo crotAMP 14 foi escolhido para ter o seu mecanismo anticancer elucidado. Os
dados demonstraram que o crotAMP14 atua sobre a membrana plasmatica das
células de CMTN, aumentando a sua rigidez sem causar um processo oxidativo. Esta
€ a primeira vez que tal mecanismo de acao é descrito para um PAC. A interagao entre
peptideo e membrana ocorre por meio da regido N-terminal do crotAMP14 com os
oxigénios dos fosfolipidios da membrana plasmaticas. A elucidacéo desse possivel
novo mecanismo de agcao permite gerar conhecimento para o desenvolvimento de

novos farmacos a partir de peptideos bionspirados.

Palavras-chave: neoplasia, cancer de mama, CMTN, crotalicidina, ACP.



ABSTRACT

LEITE, Michel Lopes. EVALUATION OF THE ANTICANCER MECHANISM OF THE
BIOINSPIRED PEPTIDE CROTAMP14 AGAINST TRIPLE-NEGATIVE BREAST
CANCER LINE. 2024.

Triple-negative breast cancer (TNBC) is the most prevalent neoplasm in women
worldwide, accounting for 10% to 20% of diagnoses. Although chemotherapy is the
standard approach for TNBC treatment, it induces harmful side effects. Thus, new
therapies with fewer potential side effects need to be developed. Currently,
multifunctional peptides with antitumor activity (PACs) are promising molecules for the
development of alternative therapies against TNBC. PACs are more selective to their
targets and have a lower likelihood of causing side effects. In this study, the peptide
crotAMP14 was chosen to elucidate its anticancer mechanism. The data showed that
crotAMP14 acts on the plasma membrane of TNBC cells, increasing its stiffness
without causing oxidative stress. This is the first time such a mechanism of action has
been described for a PAC. The interaction between the peptide and the membrane
occurs through the N-terminal region of crotAMP14 with the oxygens of the plasma
membrane phospholipids. The elucidation of this potential new mechanism of action

provides valuable insights for developing new drugs based on bio-inspired peptides.

Keywords: Neoplasia, breast cancer, TNBC, crotalicidin, ACP.
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1 INTRODUGAO

Nas ultimas décadas, apesar dos esforgos voltados a criacdo de novas terapias
que seriam ao mesmo tempo mais eficazes e que apresentassem efeitos colaterais
minimos, o cancer permanece como uma das principais causar de mortandade em
todo o mundo, contabilizando quase uma em cada seis mortes (16,8%) e uma em
cada quatro mortes (22,8%) por doengas crénicas n&o transmissiveis (BRAY et al.,
2024). Além disso, neoplasias influenciam diretamente na reducao da expectativa de
vida em todos os paises do mundo (SUNG et al., 2021). Com base nas estimativas da
Agéncia Internacional de Pesquisa sobre Cancer (IARC), apenas no ano de 2022
foram cerca de 20 milhdes de novos casos (BRAY et al., 2024). Os tipos de cancer
mais comumente diagnosticados sdo o de pulmao, que representa 11,6% de todos os
casos, o de mama feminino (11,6%) e o de colorretal (10,2%) (WHO, 2020). Além
disso, em 2020, pessoas com 65 anos ou mais representaram aproximadamente
metade de dos novos casos (PILLERON et al., 2022).

Na Ameérica Latina e Caribe (ALC), desconsiderando o cancer de pele nao
melanoma, foram diagnosticados mais de 1,4 milhdo de novos casos, totalizando 600
mil ébitos, apenas no ano de 2020. Os tipos de neoplasias mais comuns foram o de
mama (15% dos casos), de prostata (14%), de colorretal (9%), de pulméo (7%) e de
estdbmago (5%) (BARRIOS et al., 2021). As proje¢cbes apontam para um aumento
gradual do numero de casos anualmente até atingir, em 2040, o patamar de 2,4
milhdes de novos diagndsticos, representando um acréscimo de 70% para a América
do Sul e 47% para o Caribe (WERUTSKY et al., 2022). Embora o cancer tenha impacto
em todas as populacdes, as consequéncias devem ser analisadas considerando as

importantes desigualdades observadas na saude em todo o mundo (BARRIOS, 2022).

Entre os principais tipos de canceres, o cancer de mama representa um desafio
de saude publica global significativo (WILKINSON; GATHANI, 2022), sendo o0 mais
prevalente entre mulheres no mundo todo, representando mais de 2 milhdes de
diagndsticos anualmente (TARI, 2024). A taxa de sobrevida, em 5 anos, de pacientes
com cancer de mama metastatico tem sido inferior a 30%, mesmo com quimioterapia
adjuvante (KASHYAP et al., 2022). Recentemente, a cada oito novos diagndsticos, um
é de cancer de mama, totalizando 2,3 milhbes de novos casos, em ambos 0S sexos

combinados, de modo que sua incidéncia ultrapassou 0 numero de novos casos de
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cancer de pulmao (ARNOLD et al., 2022). Dentre os subtipos moleculares, o cancer
de mama triplo negativo (CMTN) representa uma incidéncia entre 10% e 20% de todos
os casos de cancer de mama (LU et al., 2023; YIN et al., 2020), apresentando, na
maioria dos casos, comportamento agressivo, incluindo recorréncia precoce e
metastase (KEENAN; TOLANEY, 2020).

Nas ultimas décadas, o desenvolvimento de novas tecnologias proporcionou
um aumento na sobrevida, pois permitiu o rastreio de neoplasias mamarias, facilitando
o diagnéstico precoce, potencializando a eficacia das terapias sistémicas
(PEDERSEN et al., 2022). As estratégias terapéuticas atuais, incluindo cirurgia,
radioterapia, quimioterapia, ou a combinagao destes tratamentos, sdo capazes de
prolongar a expectativa de vida dos pacientes (JAFARI et al., 2022). Geralmente, a
quimioterapia tem sido estratégia adotada como método padrao. No entanto, ela exibe
efeitos colaterais graves, bem como pode gerar um fenétipo resistente a multiplas
drogas, levando a uma resposta insuficiente entre células neoplasicas e saudaveis
(GUO et al., 2022).

Portanto, esforgos voltados para o desenvolvimento de novos agentes
anticancerigenos capazes de eliminar eficientemente células neoplasicas, sem
ocasionar efeitos colaterais deletérios as células saudaveis do paciente, se fazem
necessarios (AGHAMIRI et al., 2021). Alguns dos candidatos promissores para o
desenvolvimento de terapias alternativas contra o cancer sdao os peptideos
antimicrobianos (PAMs) (BASHI; MADANCHI; YOUSEFI, 2024; GUO, F. et al., 2022).
Os PAMs sado moléculas curtas, anfifilicas e, na maioria dos casos, catibnicas que
possuem sequéncias altamente variaveis. Estes peptideos apresentam multiplas
atividades antimicrobianas, sendo efetivos contra bactérias Gram-negativas e Gram-
positivas, fungos e parasitas (LUO; SONG, 2021). No entanto, os PAMs também sao
capazes de erradicar células neoplasicas, os quais sdo denominados de peptideos
anticancerigenos (PACs) (KORDI et al., 2023).

Desse modo, os PACs podem ser utilizados no tratamento alternativo contra o
cancer, sozinhos ou em combinagdo com 0s quimioterapicos convencionalmente
administrados (AGHAMIRI et al., 2021). Além disso, compreender as diferengas
genéticas, bem como as diversas respostas aos tratamentos de cancer entre as
populagdes, certamente levara a melhores diagndsticos e terapias contra o cancer
(CAMACHO; PANIS, 2022). Desse modo, o presente trabalho tem como principal
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objetivo a elucidagdo do mecanismo de agao antitumoral do peptideo crotAMP14,

derivado da catelicidina ctn, contra células neoplasicas MDA-MB231.

2 REVISAO DA LITERATURA
2.1 CANCER: DEFINICAO E CARACTERISTICAS

Ao longo da vida, cada uma das células do corpo de um individuo acumula
mutagdes, algumas vezes a combinagao de varias delas desencadeia o surgimento e
a progressao de um cancer (CHEEK; NAXEROVA, 2022). Na maioria dos casos, estas
mutacdes podem ativar oncogenes e/ou silenciar genes supressores de tumor,
resultando no crescimento celular descontrolado e na inativagdo de mecanismos
apoptéticos, ou cancer (DAKAL et al., 2024). A origem etimoldgica da palavra cancer
deriva dos termos gregos kapkivoc (karkinos) e kapkivwua (karkinoma), utilizados pelo
médico Hipdcrates (460-370 a.C.) para descrever tumores (INCHINGOLO et al.,
2020). Atualmente, o termo cancer é utilizado para agrupar, em uma unica categoria,
mais de 270 tipos de doengas que acometem diferentes tecidos e tipos celulares
(HASSANPOUR; DEHGHANI, 2017), mas que compartilham caracteristicas que |Ihes
permitem o crescimento celular desordenado e a aquisicdo de propriedades
metastaticas (SARKAR et al., 2013).

No inicio dos anos 2000, Douglas Hanahan e Robert Weinberg propuseram um
conjunto de capacidades funcionais que as células humanas saudaveis precisam
adquirir, durante o processo de carcinogénese, para sustentar o desenvolvimento da
massa tumoral (HANAHAN, 2022). Nesta revisdo seminal, os pesquisadores
elencaram as seis alteragoes fisioldgicas essenciais que coordenam o surgimento da
maioria, ou mesmo totalidade, das neoplasias (HANAHAN; WEINBERG, 2000). De
acordo com as proposicdes aventadas por Hanahan e Weinberg, as células saudaveis
se tornam neoplasicas apenas quando sdo capazes de produzir seus proprios sinais
mitogénicos, de nao responder aos sinais inibitérios de crescimento, de escapar a
morte celular programada (apoptose), de possuir um potencial replicativo ilimitado, de
sustentar a produgdo de novos vasos (angiogénese) e de invadir outros tecidos
préximos ou distantes (metastase) (SENGA; GROSE, 2021).
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O crescente acumulo de evidéncias, associado a novas descobertas no campo
da oncologia permitiram que, onze anos apds a sua publicagdo seminal, Hanahan e
Weinberg revisitassem o seu trabalho e acrescentassem duas outras alteragdes, as
seis ja existentes, responsaveis pela formacao de um tumor (Figura 1) (HANAHAN;
WEINBERG, 2011). A primeira alteracao, que as células neoplasicas devem possuir,
€ a instabilidade genética, pois permite o acumulo de mutag¢des, herdadas ou
induzidas, auxiliando no desenvolvimento tumoral (GUO et al., 2023). A segunda, ¢ a
capacidade de evadir o sistema imune do hospedeiro por meio de diversos
mecanismos como restricdo do reconhecimento de antigeno, inibicdo do sistema

imunoldgico e indugdo da exaustao das células T (KIM; CHO, 2022).

Resistindo a
morte
celular

replicativa

Figura 1. Alterac6es e caracteristicas necessarias as células neoplasicas. As células neoplasicas necessitam
adquirir todas estas etapas para serem capazes de se proliferar, migrar e invadir outros tecidos. Adaptado de

(HANAHAN, 2022).
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Recentemente, Hanahan propés algumas caracteristicas, as quais denominou-
as de habilitantes (ou capacitadoras), que, associadas as oito alteragdes ja descritas,
sdo também responsaveis pela tumorogénese (HANAHAN, 2022) (Figura 1). A
capacidade de desbloquear a plasticidade fenotipica, € a primeira caracteristica
capacitadora, a qual permite que as ceélulas sejam capazes de passar pelo processo
de transdiferenciagdo. A segunda é a habilidade de reprogramacéao epigenética nao
mutacional, caracteristica que resulta na instabilidade genética. A terceira € a
existéncia de microbiomas polimorficos, pois a variedade polimoérfica entre individuos
de uma mesma populagao desempenha um importante papel nos fenétipos do cancer.
Por ultimo, a presenga de células senescentes que, embora possa atuar como
guardides, em certos contextos podem estimular variadamente o desenvolvimento do

tumor e a progressédo maligna (HANAHAN, 2022).

O desenvolvimento do cancer pode ser um processo que ocorre em varias
etapas, nas quais as células saudaveis aumentam em malignidade progressivamente,
por meio da aquisicdo de alteragbes no padrdo de marcagdes epigenéticas e
mutacdes em genes essenciais de controle (Figura 1) (BUDER et al., 2019). Os genes
supressores de tumor desempenham um papel central na manutencdo do
desenvolvimento celular normal, prevenindo a transformag¢édo maligna, mas quando
sofrem variagdes genéticas, estes genes promovem a tumorogénese (YAO et al.,
2022). O primeiro gene supressor de tumor molecularmente definido foi o gene de
susceptibilidade ao retinoblastoma (RB71) (HUANG, M.-F. et al., 2024; KNUDSON,
1971; MANDIGO et al., 2022). O RB1, localizado no cromossomo 13q14.2, possui 27
éxons, 26 introns e uma sequéncia promotora que codifica a proteina retinoblastoma

(pRb), composta por 928 residuos de aminoacidos (YAO et al., 2022).

A pRb é uma proteina associada a cromatina que limita a transcrigdo de genes
do ciclo celular, principalmente por meio da regulacéo do fator de transcricdo E2F
(CHANG et al., 2024). Sua via inclui os inibidores de quinases dependentes de ciclinas
(CDK) da familia das proteinas INK4, que regulam negativamente a proliferagéo
celular, bem como ciclinas do tipo D de acéo positiva, as quais formam complexos
quinases ativos em associagao com CDK4 e CDK6. As CDKs fosforilam a pRb,
inativando sua atividade de modo que, a atividade tanto das CDKs quanto da pRb é
regulada por fatores mitogénicos e anti-mitogénicos (MYERS et al., 2023). Desse

modo, a superexpressdo de pRb em diversos tipos de cancer resulta na perda da
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funcao supressora de tumor. Embora a relagao entre o aumento na expressao génica
e alteragbes no cancer nédo estejam completamente elucidada, varias possibilidades
podem existir (USMAN et al., 2021).

Outro exemplo de gene supressor de tumor importante é o TP53, que codifica
para a proteina p53 (HASSIN; OREN, 2023; TEMAJ et al., 2024). A p53 € um fator de
transcrigdo conhecido como o “guardido do genoma” devido ao seu papel crucial na
preservagao da integridade gen6mica. Sua importancia € tal que ele se encontra
mutado em, aproximadamente, metade dos tumores humanos, incluindo o cancer de
mama, colon, pulméao, figado, préstata, bexiga e pele (MAREI et al., 2021). Por meio
tanto da transativacdo quanto da transrepresséo de genes alvos, a p53 desempenha
papeis criticos em diversos processos bioldgicos importantes, incluindo apoptose,
parada do ciclo celular, senescéncia, reparo do acido desoxirribonucleico (DNA),
metabolismo celular e defesa antioxidante (ZHANG et al., 2020). A perda de fungao
do alelo selvagem da p53, por meio de mutagcbes e outros mecanismos como a
superexpressao de antagonistas (MDM2, MDM4 e PPM1D), pode estar diretamente
relacionada com o inicio e/ou progressao de diversos canceres (ZHANG et al., 2020).
Em pacientes de diferentes grupos étnicos com cancer de mama, especialmente o
tipo triplo-negativo, foram relatadas diferentes mutagdes no gene TP53, as quais
frequentemente ocorrem no éxon 4 e intron 3 (KAUR et al., 2018). Devido a relevancia
desse gene, diversas terapias direcionadas a p53/TP53 estdo sendo desenvolvidas
(KAUR et al., 2018).

Em um estudo recente, um nanosistema anticancer foi desenvolvido, utilizando
vesiculas extracelulares (VE) derivadas de tumores de cancer de mama vazias, que
atuam como nano-carreadores, realizando a entrega seletiva da p53 recombinante
exdgena, o que resulta na morte celular por apoptose (JIAO et al., 2022). Compostos
triciclicos-indol fundidos em 3,4 (TFI) podem ser utilizados como agentes seletivos da
p53. O composto sintético TFI-6D demonstrou ser citotdxico contra diversas linhagens
de cénceres humanos, induzindo a morte celular por meio da ativacdo da via
apoptética relacionada a mitocondria a jusante p53, proporcionando o aumento de
membros da familia Bcl-2 pro-apoptoticos em relagdo aos anti-apoptéticos (INOUE et
al., 2022).

Em relagdo a mudancas estruturais, a membrana plasmatica das células

neoplasicas podem passar por alteracbes em sua composigao lipidica (Figura 2)
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(LEITE; DACUNHA; COSTA, 2018). As células eucariotas saudaveis apresentam uma
membrana plasmatica altamente assimétrica. No folheto externo encontram-se a
maior parte de fosfatidilcolina (PC) e, provavelmente, todos os esfingolipidios,
enquanto os demais tipos como fosfatidilserina (PS), fosfatidiletanolamina (PE) e
fosfatidilinositol (Pl), estdo localizados no folheto interno (KUR; WEIGERT, 2024;
SKOTLAND; KAVALIAUSKIENE; SANDVIG, 2020). Por outro lado, em células
neoplasicas e apoptoticas, esta assimetria é perdida, parcial ou completamente,
devido a exposicdo de PS no folheto externo da membrana. No entanto, esta
caracteristica € conhecida como um importante marcador, o qual aciona os
macrofagos para a eliminagao de células danificadas, apoptoticas e cancerigenas
(LIRUSSI et al., 2023).

Membrana plasmatica de Membrana plasmatica de
células saudaveis células neoplasicas

Fosfatidiletanolamina  Fosfatidilinositol ~ Fosfatidilserina  Esfingomielina

Figura 2. Representacido esquematica da diferengca na composicao lipidica entre células saudaveis e
neoplasicas. No lado esquerdo do painel esta representada a membrana plasmatica de uma célula considerada
saudavel. A membrana plasmatica de células neoplasicas pode ser vista no lado direito do painel. E possivel
observar diferengas substanciais entre ambas como, por exemplo, na membrana plasmatica de tipos celulares
malignos ha uma maior quantidade de moléculas anidnicas, tais como glicoproteinas e glicolipidios, bem como
uma menor concentragdo de colesterol, quando comparado com a célula saudavel. Outra caracteristica importante
é a presenga do fosfolipidio fosfatidilserina na camada externa da bicamada. Todas essas caracteristicas
contribuem para a carga liquida negativa da membrana plasmatica de células neoplasicas. Abaixo no painel estdo
as legendas dos tipos de lipidios e componentes da bicamada.

E importante salientar que a composicdo lipidica também pode ser variavel
entre os diferentes tipos de cancer (SZLASA et al., 2020). No entanto, uma maior
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presenca de PS no folheto externo das células neoplasica € uma caracteristica que
pode ser explorada como um alvo efetivo para o tratamento do cancer (PRETA, 2020),
uma vez que a disposicao destes fosfolipidios anibnicos, associada com a exposicao
de glicoproteinas, contribui para a carga global negativa da membrana plasmatica
destas células (BAXTER et al., 2017). Esse rearranjo lipidico ocorre, em parte, devido
ao fendbmeno conhecido como glicélise aerdbica, no qual células neoplasicas
absorvem avidamente a glicose, convertendo-a em lactato por meio da via glicolitica,
independente da presenga de oxigénio. Estas alteragdes metabdlicas fornecem as
células além de energia, o carbono necessario para a sintese de blocos de construgao

celulares, incluindo nucleotideos e lipidios (BUTLER et al., 2020).

O metabolismo do colesterol também pode ser desregulado em células
neoplasicas, o que resulta em maior ou menor quantidade de colesterol na membrana
plasmatica dessas células, quando comparadas com as saudaveis, permitindo uma
variacdo na fluidez da membrana. Esta € uma caracteristica importante, pois
possibilita a deformacdo da membrana plasmatica, facilitando a entrada dessas
células nos vasos sanguineos, permitindo a ocorréncia de metastase (ZALBA; TEN
HAGEN, 2017). Além disso, as células neoplasicas possuem um grande numero de
residuos de acido sialico (SUN et al., 2024), proteoglicanas (LEE et al., 2015), mucinas
O-glicosiladas (PEDRAM et al., 2024), microvilosidades (HUANG et al., 2012) e a
glicosilacdo de proteinas e lipidios associados a membrana plasmatica (LIU et al.,
2015), bem como um aumento do nivel de expressao de alguns receptores de

membrana como, por exemplo, o receptor de acido folico (TANG et al., 2014).

Embora todas essas alteragbes possibilitem que células neoplasicas sejam
capazes de contornar os mecanismos de inibicdo, permitindo que elas se proliferem
indiscriminadamente, o aumento da massa tumoral induz a privagao crénica de
nutrientes e reduz as concentragcdes de oxigénio, pois apresenta uma vascularizagao
ineficiente. Para sobreviver e se adaptar a esses estresses ambientais severos, as
células neoplasicas podem modificar suas vias metabdlicas visando a captura de
metabdlitos externos e maximizar a eficiéncia das atividades das enzimas metabdlicas
(PARK; PYUN; PARK, 2020).

Além disso, outra estratégia para contornar essa limitagdo consiste na producao de
NOVOs vasos sanguineos, processo denominado de angiogénese (Ql et al., 2022).

Embora estes novos vasos apresentem uma arquitetura vascular anormal, eles
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permitem que o tumor possa aumentar a sua permeabilidade, diminuindo as limitagbes
nutricionais e aumentando as taxas de oxigenacgao e excreg¢ao de residuos, bem como
possibilita uma variagdo no pH e perfusdo (BYRNE; BETANCOURT, BRANNON-
PEPPAS, 2008; DANHIER; FERON; PREAT, 2010; DIGESU et al., 2016; MAEDA;
BHARATE; DARUWALLA, 2009). Todas estas caracteristicas fazem do cancer uma

doencga complexa e multifatorial, dificultando seu diagndstico e tratamento.

2.1.1 Cancer de mama

O cancer de mama é bastante heterogéneo, podendo ser divido clinicamente
em trés subtipos baseados na imuno-histoquimica de acordo com a expressao dos
receptores hormonais, estrogénio (ER) e progesterona (PR), e do receptor tipo 2 do
fator de crescimento epidérmico humano (HER2) (DING et al., 2024). Desse modo, 0s
subtipos podem ser classificados como luminal ER-positivo e PR-positivo (os quais
sao subdivididos em luminal A e B), HER2-positivo e CMTN (LOIBL et al., 2021). Os
tumores luminais A possuem um progndstico favoravel, podendo ser tratado com
opcgoes terapéuticas que incluem a terapia enddcrina isolada. Tumores luminais B
exibem uma baixa assinatura de proliferacdo e marcadores, além de uma menor
responsividade, devido aos baixos niveis de ER ou PR, altos niveis de Ki-67 e alta
carga tumoral, tornando a escolha terapéutica uma combinagao entre terapia
enddcrina e quimioterapia (ACOSTA-CASIQUE et al., 2023).

HERZ2 consiste em um receptor de tirosina quinase transmembrana em que o
seu gene € amplificado, ou superexpresso, em aproximadamente 20% das neoplasias
de mama, caracteristica que confere a estes tumores um comportamento agressivo
(NICOLO; TARANTINO; CURIGLIANO, 2023). Estratégias terapéuticas direcionadas
contra esse receptor, em tumores HER2+, tem sido bem-sucedidas na clinica
(ACOSTA-CASIQUE et al.,, 2023). Além disso, variantes patogénicas de TP53
possuem uma consistente associacdo com o cancer de mama HER2+, como
demonstrado por estudo, no qual dos 24 carcinomas, surgidos no contexto da
neurofibromatose tipo 1, houve uma maior prevaléncia de HER2+, quando comparado
com o controle da mesma idade (SOKOLOVA et al., 2023).

O céncer de mama ¢é o tipo de cancer ndo cutaneo mais diagnosticado em

pessoas do sexo feminino no mundo, contribuindo com, aproximadamente, 11,6% do
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numero total de casos (ROONEY; MILLER; PLICHTA, 2023; WU, Y.; ZHONG; MA,
2023). Em pessoas do sexo masculino, embora a incidéncias de novos casos tenha
aumentado em todo mundo, este tipo de cancer é considerado raro, representando
menos de 1% de todos os céanceres de mama (FOX; SPEIRS; SHAABAN, 2022). No
Brasil, o cancer de mama contribui atualmente com 29,5% de todas as neoplasias
entre mulheres (GOMES et al., 2022).

O sexo feminino constitui um dos principais fatores de risco associado ao
aumento de neoplasias mamarias, principalmente devido aos constantes ciclos de
aumento da estimulagdo hormonal (LUKASIEWICZ et al., 2021). Outro fator de risco
€ a obesidade, definida como um indice de massa corporal (IMC) =2 30 Kg/m?, a qual
esta associada com o alto risco de adenocarcinoma mamario (PICON-RUIZ et al.,
2017). A deposigdao de gordura ectopica, expansdo patologica do tecido adiposo
branco em areas que nao deveriam estar (como intra-hepatica, intra-abdominal,
intramiocelular), pode causar, por meio de multiplas vias, alteragbes metabdlicas,
inflamatdrias e imunolégicas que afetam o reparo de DNA, as fungdes génicas, a taxa
de mutacéo celular, bem como alteragdes epigenéticas que permitem a transformacéao
e progressao maligna (AVGERINOS et al., 2019).Individuos obesos correm um risco
maior de desenvolver diabetes melitus do tipo 2 (DM2), pois frequentemente sao
acometidos por sindrome metabdlica (KANG; LEROITH; GALLAGHER, 2018).

Diabetes € um fator de risco para diversos canceres sélidos, incluindo o de
mama (SHAHID et al., 2021). A resisténcia a insulina, a hiperinsulinemia e as
alteracgdes na sinalizagdo dos horménios de crescimento e esteroides, associadas a
diabetes podem aumentar as chances de desenvolver neoplasia mamaria
(ABUDAWOOD, 2019). O estilo de vida também pode representar um fator de risco,
uma vez que o consumo de bebidas alcoolicas aumenta a probabilidade do
surgimento de cancer de mama (BROWN et al., 2024; SARHANGI et al., 2022). Isso
ocorre devido ao metabolismo do etanol (EtOH), pois a alcool desidrogenase (ADH)
metaboliza o EtOH em acetaldeido, principal metabdlito carcinogénico em células de
cancer de mama, que se acumula nos tecidos mamarios apo6s o consumo de alcool
(SHIELD; SOERJOMATARAM; REHM, 2016).

A terapia de reposigdo hormonal (TRH), particularmente a combinagéo de
estrogénio com progestagénio, durante a menopausa representa um risco (SANDVEI

et al., 2019), pois a terapia hormonal da menopausa esta associada a um aumento de



21

23% do risco de desenvolvimento de um céancer de mama (WANG, X. et al., 2022). A
terapia hormonal é frequentemente prescrita para mulheres visando aliviar os
sintomas climatérios associados a menopausa (FAIT, VRABLIK, 2024). Os histéricos
pessoal e familiar de casos da doenca é outro fator importante, pois um estudo
demonstrou que mulheres com cancer de mama unilateral apresentam risco de cancer
de mama contralateral de, aproximadamente, 0,4% ao ano, persistindo ao longo do
periodo de acompanhamento de 25 anos (GIANNAKEAS; LIM; NAROD, 2021). Outros
fatores de risco, considerados ndo modificaveis, para pessoas do sexo feminino sao
a idade, a raga, a etnia, a densidade do tecido mamario (LUKASIEWICZ et al., 2021),
menarca precoce e a idade do primeiro parto (ROONEY; MILLER; PLICHTA, 2023).

Até o momento, ha uma escassez de literatura avaliando a relagao entre certas
comorbidades médicas e o risco do desenvolvimento de cancer em pessoas do sexo
masculino (SOGUNRO et al., 2023). No entanto, assim como nos demais tipos de
canceres, a idade € um fator de risco para o desenvolvimento de neoplasias de mama
neste grupo de individuos. Fatores como obesidade, sindrome de Klinefelter (47 XXY),
administracao de drogas e hormdnios exdgenos provocam um desequilibrio hormonal,
podendo resultar no desenvolvimento de cancer de mama. Outros fatores
relacionados s&o lesdes e tumores que prejudicam a fungao testicular, como caxumba,
criptorquidia e malignidades testiculares (FOX; SPEIRS; SHAABAN, 2022). Além
disso, elevados niveis de estrogénio também estido relacionados com neoplasias de

mama em pessoas do sexo masculino (KHAN; TIRONA, 2021).

A genética também pode desempenhar um papel importante para o
desenvolvimento de neoplasias mamarias. Entre 5% e 10% dos canceres de mama
sao hereditarios, com mutacdes germinativas nos genes supressor de tumor breast
cancer 1 (BRCA1) e breast cancer 2 (BRCAZ2) respondendo pela maioria dos casos
(ROONEY; MILLER; PLICHTA, 2023). No entanto, PALB2, CHEK2, ATM, CDH1,
PTEN, TP53 e STK11 sédo outros genes de susceptibilidade ao cancer de mama,
embora com menor grau de risco ao longo da vida, quando comparados ao BRCA1 e
BRCA2 (WEN; COLLINS, 2023). BRCA1/2 séao proteinas envolvidas no reparo de
quebras do DNA de fita dupla por meio da recombinagcdo homologa (SOKOLOVA et
al., 2023). As mutagdes germinativas mais comuns associadas ao cancer de mama
estdo nestes genes, com um risco cumulativo médio ao longo da vida de cerca de
70% (LOIBL et al., 2021).
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Cancer de mama possuindo variantes deletérias do BRCA7 tem uma maior
probabilidade de ser negativo para o receptor de progesterona, além de potencializar
o surgimento de CMTN a partir de progenitores luminais. BRCA1 pode inibir a
atividade transcricional do receptor de progesterona por meio da ubiquitinagéo,
levando a sua degradagao, bem como ao silenciamento epigenético de promotores-
alvo (LI et al., 2022). Além das mutagdes nestes genes terem um risco aumentado
(40% para BRCA1 e 26% para BRCAZ2) para o cancer de mama contralateral, elas
também estdo associadas a um risco vitalicio significativamente elevado para o
desenvolvimento de outros tipos de cancer como o de ovario (SOKOLOVA et al.,
2023).

Com relagao a alteragbes nestes genes em pessoas do sexo masculino, ha
uma associagao mais fraca entre o cancer de mama e mutagées no BRCA1, quando
comparado com os individuos portando mutagées no BRCA2 (KHAN; TIRONA, 2021).
Além disso, mutagdes somaticas no BRCAZ2, incluindo a perda da heterozigosidade,
representam 12% dos casos de cancer de mama masculino esporadicos (FOX;
SPEIRS; SHAABAN, 2022). O risco vitalicio de cancer de mama em individuos do
sexo masculino com as variantes patogenéticas do BRCAZ2 é de 8,9%, 80 a 100 vezes
maior do que na populacdo em geral (PENSABENE; VON ARX; DE LAURENTIIS,
2022). Outra consequéncia de mutagdes nesses genes € a susceptibilidade ao
desenvolvimento de outras malignidades, particularmente o cancer de préstata
(BRCA1/2) e o pancreatico (BRCA2) (SOKOLOVA et al., 2023).

2.1.2 Cancer de mama triplo negativo

O cancer de mama triplo-negativo (TNBC), responsavel por 15 a 20% dos
carcinomas de mama, esta associado a uma maior incidéncia de metastase visceral,
bem como a um alto grau de recorréncia precoce e mau prognostico. (LI, R. Q. et al.,
2024). Na América Latina, é alta a frequéncia de tumores de mama do tipo triplo
negativo em pacientes com cancer, representando um importante desafio no
tratamento para estas pessoas (AYALA et al., 2023). Outra caracteristica clinica
relevante é o fato de que, quando comparado com os demais subtipos, o CMTN
apresenta um prognostico desfavoravel devido a falta de terapias direcionadas
(PATEL; PRINCE; HARRIES, 2024). O CMTN é uma colegdo heterogénea de
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canceres de mama caracterizado pela auséncia, ou detecgdo em concentragées muito
baixas, de ER, PR e HER2, também conhecido como ERBB2 (BARANOVA et al.,
2022; Ll et al., 2022).

O CMTN é o subtipo mais comum em mulheres na pré-menopausa com menos
de 40 anos e, quando comparado com outros cancer de mama (ER+, PR+ e HER2+),
possui um maior potencial metastatico, bem como um desfecho clinico pior quando
iniciado em pessoas com idade mais precoce (LU et al., 2023). Além disso, este tipo
de neoplasia possui um elevado grau histolégico patolégico, bem como uma alta taxa
de proliferacdo celular, podendo ser destacados os carcinomas ductal invasivo,
metaplasico, apécrino e medular. Adicionalmente, pacientes com CMTN possuem
uma prevaléncia de mutagdes germinativas nos genes BRCA1/2 (CIPRIANO;
MESQUITA, 2021). Levando em consideracdo as diferentes caracteristicas
moleculares, o CMTN pode ser caracterizado em quatro subtipos, os quais sdao o
receptor de andrégeno Iluminal (LAR), o imunossupressor tipo basal (BLIS),
imunomodulador (IM) e subtipo mesenquimal (MES). Essa subdivisdo € importante,
pois auxilia na tomada de decisdes clinicas, visando o tratamento mais promissor para
cada um dos subtipos (HU et al.,, 2024; LEHMANN et al., 2016). Cada subtipo é
enriquecido em ontologias génicas distintas, bem como em diferengas no padrbes de
expressao génica (CIPRIANO; MESQUITA, 2021). Novas tentativas de caracterizagcao
vém sendo propostas como, por exemplo, a classificagdo molecular dos CMTN com
base em caracteristicas metabdlicas com o intuito de complementar o estadiamento
clinico atual (ZHOU et al., 2022). Um dos fatores que torna o CMTN tdo agressivo € a
sua capacidade de invadir outros tecidos. Recentemente, foi demonstrado (utilizando-
se de um modelo de camundongo geneticamente modificado com xenoenxertos de
CMTN humano) que a maior parte da populagdo de células in vitro epiteliais-
mesenquimais hibridas que levam a invasao ex vivo, expressam caracteristicas
epiteliais e mesenquimais. Além disso, os dados sugerem que a vimetina (Vim) é
importante para o processo de metastase por meio da transig¢ao epitélio/mesénquima
(GRASSET et al., 2022). Uma vez que as células tenham invadido outros tecidos,
estabelecendo a metastase, a doencga € incuravel, sendo a quimioterapia a principal

opgao terapéutica com sobrevida variando entre 2 e 3 anos (SO et al., 2022).

Novas estratégias para diagnostico e tratamento do CMTN estdao sendo

propostas. A ceritinibe, uma pequena molécula inibidora da tirosina quinase
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administrada em pacientes com cancer de pulmao de células nao pequenas, inibiu
eficientemente o crescimento de células LAR (DONG, S. et al.,, 2022). Outra
abordagem, em potencial, € a utilizagdo de inibidores de MEK/ERK para evitar a
migragéo celular, diminuindo a formacao de metastase (ACOSTA-CASIQUE et al.,
2023). No entanto, biomarcadores sensiveis e especificos ainda estédo faltando para
o CMTN, de modo que a busca por novos se faz urgente. Regides diferencialmente
metiladas no genoma de células de CMTN se configuram como um potencial
biomarcador (MANOOCHEHRI et al., 2023). Outro alvo epigenético que pode ser
explorado é a histona deacetilase, HDAC7, a qual inibe a proliferagao celular por meio
da modulacdo negativa da expressdao de GGH e NudCD1 (ZHU et al., 2022). No
entanto, compreender a complexidade genética, bem como a modulagdo da
expressao génica desse subtipo de cancer de mama apds a exposigao a potenciais
farmacos € de extrema importancia para o desenvolvimento de novos tratamentos. O
estudo do transcriptoma tem sido empregado para investigar biomarcadores putativos
e potenciais alvos terapéuticos para diversos cancer soélidos humanos. O uso de
microarranjos (microarray) possibilitou identificar uma variedade de genes
relacionados com o desenvolvimento do cancer de mama. A ampla utilizacdo de
tecnologias de sequenciamento de acido ribonucleico (RNA), RNA-seq, ampliou
drasticamente o conhecimento a respeito do cancer de mama, sendo possivel a

quantificagdo de genes expressos em niveis extremamente baixos (LI et al., 2022)

Embora avancgos significativos possibilitem um diagndstico mais confiavel,
sobretudo na classificacdo dos subtipos de cancer de mama, o desenvolvimento de
novas estratégias (mais seletivas e menos nocivas as células saudaveis), bem como
de novos alvos terapéuticos € urgente (LU et al., 2023). Atualmente, uma das classes
de biomoléculas que apresenta um maior potencial para o desenvolvimento de
terapias alternativas, sejam administradas sozinhas ou em combinagao adjuvante, sao
os PAMs (GUO et al., 2022). Estes peptideos possuem propriedades como alta
especificidade, um baixo potencial de provocar efeitos colaterais e penetracao tumoral
aceitavel, de modo que, podem ser utilizados na prevengao do cancer em diferentes
estagios como iniciagdo, promogao e progressao (NOROUZI; MIRMOHAMMADI;
HOUSHDAR TEHRANI, 2022).
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2.2 PEPTIDEOS MULTIFUNCIONAIS

Mais de oito década atras, em 1939, o microbiologista René Dubos isolou, de
uma cepa de Bacillus de solo, a gramicidina, molécula reconhecida como o primeiro
PAM descoberto (DUBOS, 1939). Em estudos posteriores, ficou demonstrada a
capacidade que a gramicidina tem em proteger camundongos contra infecgoes
causadas por pneumococos, além de ser eficaz no tratamento topico de feridas
(DUBOS; HOTCHKISS, 1941). Atualmente, ja foram descritos mais trés mil PAMs,
entre naturais e sintéticos, de acordo com o banco de dados de peptideos
antimicrobianos (APD3) (WANG; LI; WANG, 2016). Os PAMs sao oligopeptideos
curtos (entre 15 e 45 residuos de aminoacidos), com carga positiva, produzidos desde
bactéria a mamiferos como mecanismo de defesa contra patégenos (AHMED, A. et
al., 2019; CIUMAC et al., 2019; DONG, Z. et al., 2024; MAGANA et al., 2020).

Os PAMs apresentam amplo espectro antimicrobiano contra bactérias (Gram-
positivas e Gram-negativas), fungos, virus e diversos patogenos (LUONG; THANH,;
TRAN, 2020; MULUKUTLA et al., 2024). Embora sejam reconhecidos como farmacos
alternativos promissores para o tratamento de doencgas infecciosas, diversos PAMs
estdo sendo explorados como agentes antitumorais (NG; LEE, 2020), pois séo
considerados relativamente seguros, altamente seletivos, possuem boa tolerabilidade,
relativamente faceis de modificar e sintetizar, além de exibirem um perfil farmacoldgico
promissor (SCHADUANGRAT et al., 2019). Desse modo, peptideos que, além de
possuirem atividade antimicrobiana, também sao capazes de erradicar células
neoplasicas sdo denominados de PACs (KORDI et al., 2023).

Com base na composi¢cao de aminoacidos e suas posi¢oes, os PACs adquirem
diferentes estruturas secundarias (Figura 3) (JI et al., 2024; TRIPATHI;
VISHWANATHA, 2022). No entanto, os dois principais tipos de estruturas, importantes
para a atividade de PACs, sdo a-hélice e folha B-pregueada (folhas ) (NOROUZI,
MIRMOHAMMADI; HOUSHDAR TEHRANI, 2022). Além disso, os PACs podem ser
compostos por uma combinacado de ambas a-hélice e folha B, denominados de mistos
(LUONG; THANH; TRAN, 2020). Ha ainda peptideos lineares estendidos
(SCHADUANGRAT et al., 2019), que, devido ao seu alto teor de residuos de prolina
e/ou glicina, carecem de estruturas secundarias classicas (LUONG; THANH; TRAN,
2020).
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(a) a-hélice (b) Folha B (c) a-B (misto) (d) Linear

Figura 3. Representacdo esquematica das quatro classes estruturais dos PACs. Os peptideos podem ser do
tipo a-helicoidal, como a catelicidina humana LL-37 (PDB: 2K60), visto em (a); folha 3, como a potegrina-1 (PDB:
1PG1), visto em (b); de estrutura mista (a-B), como a defensina de planta (PDB: 1TI5), visto em (c); e linear
estendido, como a indolicidina (PDB: 1G89), visto em (d). A visualizagéo foi realizada no software PyMol v1.6.

Geralmente, a maioria dos PACs a-helicoidais € desestruturada em solugao
aquosa, formando estruturas anfifilicas apenas quando em contato com membranas
biolégicas (DRAYTON et al.,, 2021; JUNG et al.,, 2023), ou na presenca de
trifluoretanol, micelas de dodecil sulfato de sédio (SDS), vesiculas fosfolipidicas e
lipossomas (BLONDELLE; LOHNER; AGUILAR, 1999; BROGDEN, 2005; MWANGI et
al., 2019). Por outro lado, devido as ligagdes dissulfeto, os PACs em folha 3 parecem
ser mais estruturados em solugao, levando a menores alteragdes conformacionais ao
interagirem com as membranas lipidicas (DRAYTON et al., 2021; NGUYEN; HANEY;
VOGEL, 2011; ZHANG, L.; GALLO, 2016). A transigao entre desestruturados e
estruturados ocorre devido as interagdes eletrostaticas com a superficie da células
neoplasicas (CHIANGJONG; CHUTIPONGTANATE; HONGENG, 2020).

Este fenbmeno também pode contribuir para a seletividade dos PACs, pois eles
interagem, com maior afinidade, com a membrana anidnica das células neoplasicas
do que com a das células de mamiferos saudaveis, a qual possui uma carga liquida
neutra devido a maior presenca de lipidios zwitteribnicos (HADIANAMREI et al.,
2022a). Tal especificidade ocorre por causa do fato de que a maioria dos PACs é
frequentemente carregada positivamente, com cargas variando entre +2 e +9 (em pH
fisioldgico), devido a presenca de varios residuos de lisina e arginina ao longo da
estrutura primaria (HANEY; STRAUS; HANCOCK, 2019; KUMAR; KIZHAKKEDATHU;
STRAUS, 2018; MOOKHERGJEE et al., 2009). Além disso, os PACs também possuem
aproximadamente 50% de residuos hidrofébicos, favorecendo a formagao de uma
estrutura anfipatica quando interagem com as membranas-alvo (MANSOUR; PENA;
HANCOCK, 2014; WU, X. et al., 2024).
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Outra vantagem é que, embora a carga liquida positiva dos peptideos seja
responsavel por sua maior seletividade em relagdo a membranas especificas, seu
carater anfifilico permite sua interacdo com o nucleo hidrofébico da membrana
(KABELKA; VACHA, 2021). Esta é uma das caracteristicas principais dos peptideos
de penetracao celular (PPCs), os quais ap6s aderirem a membrana, se translocam
através da bicama lipidica para o interior da célula (LI, C. M. et al., 2021). Além disso,
dados demonstram que as proteinas transmembranares que possuem regides
hidrofilicas podem aumentar a translocacdo de PACs anfifilicos, estabilizando-os na
membrana. No entanto, ha uma anfifilicidade aparentemente étima, uma vez que o
peptideo pode ficar superestabilizado no estado transmembranar, no qual a
dissociacao peptideo-proteina é dificultada, limitando a translocacdo do peptideo
(BARTOS; KABELKA; VACHA, 2021).

Tanto as caracteristicas estruturais quanto as propriedades fisico-quimicas
desses peptideos influenciam diretamente nos seus mecanismos de acao (Figura 4)
(WU, X. et al, 2024). A ruptura da membrana induzida por PACs ocorre,
principalmente, por meio de trés modos: tipo carpete, formagao de barril e modelo de
poro toroidal (DONG, Z. et al.,, 2024). No modelo de carpete (Figura 4), os PACs
adsorvem paralelamente a bicamada lipidica, por meio de interacdes eletrostaticas,
até atingirem uma concentragao limiar, a qual permite cobrir a superficie da membrana
(formando um “tapete”), levando a formacao de micelas e a ruptura da bicama lipidica
(KUMAR; KIZHAKKEDATHU; STRAUS, 2018). Neste mecanismo de ag¢ao, ndo ha a
formacéo de canais nem a insergcdo dos PACs no centro hidrofébico da membrana
(ZHANG, Q.-Y. et al., 2021).

No modelo de barril (Figura 4), os PACs inicialmente se inserem
perpendicularmente (em orientagéo vertical) na por¢céo hidrofébica da membrana e,
em seguida, interagem uns com ou outros para formar uma estrutura em forma de
barril, semelhante a uma aduela. Os poros formados funcionam como canais iénicos,
causando o vazamento de materiais citoplasmaticos, bem como diminuindo o
potencial da membrana (NOROUZI; MIRMOHAMMADI; HOUSHDAR TEHRANI,
2022). No modelo de poro toroidal, os peptideos também se inserem
perpendicularmente na bicama lipidica, mas as interacdes peptideo-peptideo
especificas nao estdo presentes. Em vez disso, os peptideos, frouxamente

associados com o0s grupos polares dos lipidios, induzem a uma curvatura local da
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bicamada lipidica com os poros parcialmente formados por peptideos interdigitados e
as cabecgas dos fosfolipidios (KUMAR; KIZHAKKEDATHU; STRAUS, 2018). Em
contraste com o modelo de barril, os peptideos permanecem associados aos grupos
principais dos lipidios e ndo permeiam através das regides hidrofébicas da bicama
(ALGHALAYINI et al., 2019).

Mecanismos
| disruptivos

Translocagao Modelo carpete Modelo barril Poro toroidal

Apoptose

Liberagao
T de Cytc
M Parada do ciclo
= celular
Replicagdo do DNA l
\7 Transcrigdo de RNA
VDAC1 A
Indugéo da expresséo —
de genes apoptoticos ‘
Impedimento da ubiquitilagao
Nucleo da p53

a
Figura 4. Mecanismos de acdo dos PACs. Os peptideos possuem atividade disruptiva e ndo disruptiva. No
primeiro caso, os PACs interagem, por meio de interagdes eletrostaticas com a membrana plasmaticas das células
alvos, produzindo poros (toroidais e em forma de barril) ou desestruturando a membrana com um efeito semelhante
ao causado por moléculas surfactantes (modelo carpete). No mecanismo néo disruptivo, os PACs atravessam a
membrana, por meio do processo de translocagdo espontanea, e atuam em alvos intracelulares (mitocéndria,
inibicdo de replicacdo do DNA, transcricdo e tradugdo do RNA), induzindo a morte celular dependente de
mitocdndria. Adaptado de (Soon et al., 2020).

No entanto, como ja mencionado, alguns PACs sédo capazes de atravessar a
membrana plasmatica e atuarem em alvos intracelulares (Figura 4). Geralmente, uma
vez que estes peptideos entram no citoplasma, eles podem perturbar a integridade da
membrana da mitocéndria, liberando, consequentemente, o citocromo ¢ (Cyt c), o que
induz a apoptose dependente da mitocondria (DAl et al., 2016; HWANG et al., 2022).
A liberacao do Cyt c induz a oligomerizagao do fator de apoptose-protease 1 (apaf-1),
a ativagao da caspase 9 e a conversdo da pré-caspase 3 em caspase 3, a qual €
responsavel por muitos eventos apoptéticos (NOROUZI; MIRMOHAMMADI,
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HOUSHDAR TEHRANI, 2022). Em adigéo, os PACs também podem promover a morte
celular programada por meio da inibicdo da sintese de DNA e da formagéo de poros
na membrana da mitocondria (CHIANGJONG; CHUTIPONGTANATE; HONGENG,
2020).

O peptideo denominado poropeptideo BAX [106-134], desenvolvido a partir de
um segmento da proteina de membrana de BAX, pode induzir diretamente a liberagao
de fatores apoptogénicos residentes nas mitocéndrias, por meio da formagao de poros
na membrana dessa organela, levando as células neoplasicas a morte celular
programada dependente de caspase, de forma imediata e irreversivel (VALERO et al.,
2011). Por meio de uma abordagem semelhante, Sohn e colaboradores
desenvolveram o peptideo NAF14467 de um fragmento da proteina transmembrana
NAF1, contendo um segmento N-terminal hidrofébico, que esta embutido na
membrana mitocondrial, e uma parte C-terminal carregada que é encontrada em
solugéo aquosa. O NAF 14467 demonstrou atividade contra a linhagem de mama MDA-
MB-231, sem afetar as células saudaveis, perturbando a membrana da mitocéndria e
do reticulo endoplasmatico, desencadeando a morte celular com caracteristicas de

apoptose, ferroptose e necroptose (SOHN et al., 2022).

Outro alvo é a hexoquinase, enzima glicolitica chave ligada a mitocéndria,
envolvida na glicose aerdbica, que promove a tumorogénese, por meio da interagao
com a isoforma mais abundante do canal aniénico dependente de voltagem (VDAC),
denominado de VDAC1. Células neoplasicas evitam a apoptose superexpressando a
hexoquinase (SOON et al., 2020). Células B de leucemia linfocitica crénica tratadas
com o PPC Antp-LP4, baseado em VDAC1, apresentaram a perda do potencial de
membrana mitocondrial (Ay), levando a diminui¢gdo da produgcao de ATP, disfuncao
mitocondrial, oligomerizacdo de VDAC1 e liberacdo de Cyt c, eventos que levam a
morte celular por via apoptética. Isso ocorre devido ao fato de o Antp-LP4 interage
com a hexoquinase e a Bcl-2, dissociando-se de VDAC1 (PREZMA et al., 2013).

Os PACs também podem atuar em proteinas centrais no processo de
tumorogénese, como a p53 (LI, H. et al., 2023; YU et al., 2023). Em testes in vitro,
células A549 de adenocarcinoma pulmonar e células A431 de carcinoma epidermoide
vulvar tiveram seus crescimentos suprimidos pela agao da pB-defensina humana

recombinante (rec-hBD2). Esta defensina ocasionou a parada do ciclo celular em
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G1/S, em ambas as linhagens via desfosforilagdo de pRb, além de inibir a expressao
de ciclina D1, sem alterar a expressao de p53 (ZHURAVEL et al., 2011). Outro
exemplo é o peptideo a-helicoidal de 28 residuos de aminoacidos (p28), derivado da
azurina (uma proteina redox contendo cobre de 128 aminoacidos secretada de
Pseudomonas aeruginosa). O p28 se liga a p53, selvagem e mutante, inibindo sua
ubiquitinagcdo mediada pela proteina morfogénica constitucional 1 (Cop1), evitando a
degradagao da p53, parando o clico celular em G2/M e levando a uma eventual
apoptose (YAGHOUBI et al., 2020).

Entre as diversas classes de peptideos, as catelicidinas se destacam por serem
um grupo que apresentam atividade antitumoral. A catelicidina humana LL-37 é capaz
de ativar a apoptose independente de caspase em células de cancer de célon (REN
et al., 2012). Além disso, peptideo derivados do LL-37 também demonstraram
atividade contra neoplasias. O peptideo FF/CAP18 provoca a perda do potencial de
membrana mitocondrial no estagio inicial da apoptose, resultando em um efeito
antiproliferativo de células de cancer de colon HCT116. Outro peptideo derivado do
LL-37, o FK-16, além de induzir a apoptose independente de caspase, também induziu
morte celular autofagica em células neoplasicas (REN et al., 2013). Desse modo,
catelicidinas compdem uma classe de peptideos promissores para o desenvolvimento,
seja por meio do isolamento de novas moléculas ou desenho racional de peptideos

naturais, de novos farmacos para o tratamento do cancer.

2.2.1 Catelicidinas

As catelicidinas sdo uma das duas principais classes de peptideos expressas
endogenamente por células epiteliais e imunes de varios organismos e a expressao
demonstrou surgir em caso de infec¢cdo e inflamacéo (JAVED et al.,, 2024). As
catelicidinas sé&o peptideos pleiotropicos, filogeneticamente antigos (sendo
encontrados no peixe-bruxa sem mandibula, o que indica uma origem de, a0 menos,
400 milhdes de anos), expressos em diversas formas de vida como um mecanismo
de defesa da imunidade inata (FALCAO, C. B. et al., 2014). Assim como em outras
familias de PAMs, catelicidinas estruturalmente divergentes sao encontradas, mesmo
em uma unica espécie de mamifero. Existem ao menos sete catelicidinas em bovinos,

equinos, suinos, ovinos e caprinos. No entanto, ha algumas exce¢ées como humanos,
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macacos rhesus, camundongos, ratos e porquinhos-da-india que possuem apenas
um unico exemplar de catelicidina (WANG, Y. et al., 2008). Além de apresentam amplo
espectro de atividade microbicida contra bactérias, virus envelopados e fungos, as
catelicidinas também podem desencadear respostas de defesa especificas no
hospedeiro (KOSCIUCZUK et al., 2012).

As catelicidinas sdo moléculas curtas, catidnicas e anfipaticas (BALS; WILSON,
2003; DE BARROS et al, 2019), liberadas de seus precursores inativos
correspondentes por meio de clivagem proteolitica (WANG, Y. et al., 2008). Todos os
membros da familia catelicidina séo caracterizados pela presenga de um dominio
catelina (um inibidor da cisteina proteinase catepsina L) anibnico altamente
conservado (ZHAO et al., 2008). Nos precursores das catelicidinas, os dominios de
catelina altamente conservados, compostos por cerca de 100 residuos de
aminoacidos, sao flanqueados por um fragmento de peptideo sinal (aproximadamente
30 residuos de comprimento) em seu N-terminal e por uma regido de peptideo
antimicrobiano catiénico estruturalmente variavel em sua regido C-terminal (WANG,
Y. etal., 2008). Os dominios C-terminais, em algumas catelicidinas, podem apresentar
conformacgdes a-helicoidal ou folha-B e em alguns peptideos podem ser ricos em
prolina/arginina, com o peptideo maduro variando em tamanho de 12 a 80, ou mais,
residuos de aminoacidos (ZANETTI, 2005).

As catelicidinas sao produzidas na pele, tecidos epiteliais da mucosa, secre¢des
como saliva e suor (ALFORD et al., 2020; MURAKAMI et al., 2002), bem como nas
glandulas de veneno de serpentes (OGUIURA et al., 2023; PERUMAL SAMY et al.,
2017). Na classe Reptilia, os PAMs relacionados a catelicidina (CRAMPs) do veneno
natural de serpentes constituem uma importante familia envolvida na defesa do
sistema imunolégico, apresentando propriedades ndo apenas antibacterianas, mas
também imunomoduladoras (DE BARROS et al.,, 2019). At¢é o momento, 16
catelicidinas foram identificadas em serpentes pertencentes as familias Elapidae,
Viperidae e Boidae (WANG, A. et al., 2019). Entre elas podem ser citadas a
catelicidina-BF (WANG, Y. et al., 2008), a OH-CATH (ZHAO et al., 2008), a NA-CATH
(BLOWER; BARKSDALE; VAN HOEK, 2015) e a crotalicidina (Ctn) (FALCAOQO, C. B. et
al., 2014). A Cin (KRFKKFFKKVKKSVKKRLKKIFKKPMVIGVTIPF) foi identificada a
partir de bibliotecas de cDNA de glandulas de peconha da jararaca sul-americana
Crotalus durissus terrificus (FALCAO, Claudio Borges; RADIS-BAPTISTA, 2020). Por
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ser membro das catelicidinas, a Ctn possui o peptideo sinal, seguido do dominio
catelina, o qual encontra-se dobrado por duas pontes dissulfeto e a regidao C-terminal,
composta por uma fragao anidnica variavel rica em Glu (entre 25 e 27 residuos) e uma
porcao final catibnica, devido a presencga de residuos de Lys e Arg, responsavel pela
atividade antimicrobiana desse peptideo (FALCAO, C. B. et al., 2014). A Ctn € um
peptideo catibnico (+16) a-helicoidal na sua por¢gao N-terminal e apresenta-se nao
estruturado na regido C-terminal (PERUMAL SAMY et al, 2017). Testes
antimicrobianos demonstraram que a Ctn possui atividade contra bactérias
(principalmente Gram-negativas), fungos e células neoplasicas (DE AGUIAR et al.,
2020; PEREZ-PEINADO et al., 2018).

A partir da dissecagao in silico da Ctn, dois fragmentos (Ctn[1-14] e Ctn[15-34])
foram observados e realizados testes antimicrobianos (contra bactérias Gram-
negativas e Gram-positivas), antitumorais (carcinoma epitelial do colo do utero (HelLa
S3), leucemia Jurkat E6.1 (linhagem de células T), HL-60 (linhagem de promieldcitos),
U937, THP-1 e MM6 (linhagem de mondcitos-macréfagos)) e testes de citotoxicidade
contra células saudaveis (fibroblastos humanos 1BR3G) (FALCAO, Claudio Borges et
al., 2015). O Ctn[15-34] foi toxico paras as linhagens sensiveis a Ctn (IC50 igual a 1
MM, 6,25 pM e 25 pM para HelLa S3, U937 e THP-1, respectivamente). No entanto, o
outro fragmento (Ctn[1-14]) apresentou atividade apenas contra a linhagem de HelLa
S3, com valor acima de 10 uM, e praticamente ndo exerceu efeitos nas células
leucémicas (FALCAO, Claudio Borges et al., 2015). Portanto, o fragmento ativo
Ctn[15-34] pode ser um modelo simples de como os pro-peptideos modulam as
propriedades fisicas e bioldgicas de peptideos naturais mais longos (JUNIOR et al.,
2018).

2.2.1.1 CrotAMP14

Devido ao fato de a catelicidina Ctn ter demonstrado, em testes anteriores,
atividade antibacteriana tanto contra cepas sensiveis como isolados clinicos
multirresistentes, além de ndo apresentar efeitos hemoliticos ou citotoxicos para as
células saudaveis (OLIVEIRA-JUNIOR et al., 2018), ela foi escolhida para ter sua
atividade potencializada, originando o peptideo catiénico (+8) sintético crotAMP14.

Como o nome sugere, seu tamanho foi reduzido a 14 residuos de aminoacidos
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(KRLKKIFKKMIKIF-NHz), por meio da abordagem de desenho racional, na qual
Oliveira e colaboradores (2020) utilizaram a estratégia de design guiada por
propriedades fisico-quimicas (Figura 5), visando a redugcédo do tamanho, bem como
preservar (ou potencializar) a atividade antibacteriana e a baixa citotoxicidade do
peptideo parental (OLIVEIRA et al., 2020).

5' Exon 1 E2gmE 3 Exon 4 3

-----
-------
------

KKRLKKIFKKPMVIGVTIPF-NH, Cin[15-34]
KRLKKIFKK-M-I--KI-F-NH, CrotAMP14

Figura 5. Desenho racional do crotAMP14. (a) A partir de modificagdes de alguns residuos de aminoacidos da
regido antimicrobiana C-terminal da catelicidina crotalicidina (especificamente o fragmento Ctn[15-34]), foi obtido
0 peptideo sintético crotAMP14. Os residuos grafados em preto na estrutura do Ctn[15-34] foram removidos para
originar o crotAMP14. O residuo grafado em vermelho, representa a adi¢cdo de um residuo de lisina. (b) Andlise de
dicroismo circular demonstrando o arranjo dos residuos carregados positivamente (em azul) e os ndo polares e
aromaticos (em amarelo). Fonte: Autor. Adaptado de (OLIVEIRA et al., 2020).

O crotAMP14 possui atividade contra ambos microrganismos suscetiveis e
isolados clinicos, com concentragdes inibitdrias minimas (MIC) variando entre 1,5 yM
e 12,5 yM, além de ser pouco téxico contra células Caco-2 (OLIVEIRA et al., 2020).
Analises de dicroismo circular e de dinamica molecular indicaram que, em ambiente
analogo a de uma membrana, o crotAMP14 assume uma conformacéo estrutural a-
helicoidal a qual é capaz de interagir com fosfolipidios da bicamada lipidica, por meio
de ligacdes de hidrogénio e interagao eletrostatica, resultando na desestabilizagcédo da
membrana bacteriana, algo sugerido por microscopia (OLIVEIRA et al., 2020). Uma
vez que o peptideo parental, no qual o crotAMP14 foi obtido, apresenta atividade
antitumoral (PEREZ-PEINADO et al., 2018), o crotAMP14 foi escolhido para anélise
da modulagao da expressao génica em linhagem de cancer de mama triplo negativo,
MDA-MB-231 apos a triagem de varios PAMs.
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3 OBJETIVOS

3.1 OBJETIVO GERAL
Elucidar o mecanismo de agédo antitumoral do peptideo sintético crotAMP14

contra linhagem de cancer de mama triplo negativo, MDA-MB-231.

3.2 OBJETIVOS ESPECIFICOS

e Selecionar um peptideo candidato a antitumoral por meio de ensaio de
viabilidade celular;

e Definir o menor periodo em que o peptideo é ativo contra células neoplésicas.

¢ Realizar testes de citotoxicidade a fim de demonstrar que o crotAMP14 néo é
ativo contra células saudaveis;

e Avaliar se a morte celular das células expostas ao crotAMP14 ocorre por meio
de apoptose, utilizando analise de expressao génica por qPCR;

e Avaliar a ativacdo das caspases 3 e 7 nas células expostas ao crotAMP14;

e Elucidar a estrutura tridimensional do peptideo candidato (crotAMP14) por meio
de analises de Ressonancia Magnética Nuclear (RMN);

e Analisar uma possivel interacdo entre o crotAMP14 e a membrana plasmatica
das células de MDA-MB-231 por espectroscopia de EPR,;

e Avaliar o grau de rigidez da membrana plasmatica de células neoplasicas
(MDA-MB-231) e células de cultura primaria de fibroblastos humanos;

e Simular a interacdo do peptideo crotAMP14 em membranas de células
neoplasicas (MDA-MB-231) e saudaveis (hFib) por meio de ensaios de
dindmica molecular;

e Definir as interacdes eletrostaticas entre os residuos de aminoacidos do
crotAMP14 e os fosfolipidios carregados negativamente da membrana
plasmatica de células neoplasicas (MDA-MB-231).
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ABSTRACT

Triple-negative breast cancer (TNBC) is the most common female neoplasm
type, accounting for between 10% and 20% of all diagnoses. As TNBC does not
have estrogen, progesterone, and HERZ2 receptors, it presents a very aggressive
behavior with an unfavorable prognosis. Therefore, new, more effective
alternatives with reduced side effects are necessary to treat this neoplasia.
Anticancer peptides (ACPs) seem promising for cancer treatment due to their
greater affinity with their targets and low side effects. This study evaluated the
antitumor potential of 17 peptides of various origins. After the screening, we
chose crotAMP14 (14 aa), which is active against MDA-MB-231, PMC-42, and
MCF-7 cell lines, to elucidate the mechanism of antitumor action. CrotAMP14
alters the gene expression profile of both anti-apoptotic and apoptotic genes but
inhibits caspase activity. Gene expression analyses by gPCR demonstrated that
crotAMP14 alters the expression profile of genes involved in the cell cycle and
death by apoptosis. However, crotAMP 14 inhibits caspase activity by 100%. EPR
spectroscopy and molecular dynamics analyses revealed that the peptide acts
specifically on the plasma membrane of MDA-MB-231 cells neoplastic cells,
increasing its rigidity without increasing oxidation, demonstrating cell death by
necrosis. The data generated here shed some light on the crotAMP14 antitumor
mechanism of action and how this knowledge enables the development of new

therapeutic strategies against breast cancer.

Keywords: TNBC, crotalicidin, anticancer peptides, breast cancer.
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INTRODUCTION

Breast cancer (BC) is the most commonly diagnosed cancer, with 2.3
million cases in 2021 alone', and the second leading cause of death among
women worldwide?*. BC is a pretty heterogeneous disease, being clinically
divided into three subtypes based on immunohistochemistry according to the
expression of estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor type 2 receptor (ERBB2, also HER2)®. These subtypes
can be classified as luminal ER+/PR+ (which are subdivided into luminal A and
B), HER2+, and triple-negative breast cancer (TNBC)®. Among these subtypes,
TNBC is a highly aggressive tumor characterized by remarkable intra-tumoral
heterogeneity (ITH) and plasticity, representing the most lethal and treatment-

resistant breast cancer with limited treatment options and effectiveness’?.

TNBC is defined by the absence of both ER and PR and does not have
amplification of the HER2 gene or overexpression of the HER2 protein®". TNBC
is the most common subtype in premenopausal women under 40 years of age
and, when compared with other breast cancers (ER+, PR+, and HER2+), it has
more significant metastatic potential, as well as a worse clinical outcome when
initiated in people at an earlier age'?. Currently, chemotherapy is considered the
standard treatment against TNBC, which includes the administration of DNA
intercalating agents (doxorubicin, a member of the anthracycline class), alkylating
agents (cyclophosphamide), which prevent the formation of microtubules
(taxane) and a cellular antimetabolite (fluorouracil, 5-FU)'3. However, despite its
efficiency, chemotherapy causes a series of side effects such as nausea,

alopecia, vomiting, myelosuppression, and fatigue'.
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Given this scenario, it is urgent to search for new therapeutic molecules
that have a mechanism of action that is more specific to their targets and a lower
potential for generating resistance and side effects in patients with cancer.
Currently, multifunctional peptides, antimicrobial peptides (AMPs) with different
activities, such as antibacterial, antifungal, antiviral, immunomodulatory, and
anticancer, are considered plausible alternatives to traditional medicines for
cancer treatment’®. AMPs are short oligopeptides (5-45 amino acid residues),
usually presenting a net-positive charge, and produced by bacteria, fungi, plants,
and animals as their first line of defense against pathogens'®-'®. Some AMPs
have dual antibacterial and antitumor activity, being called anticancer peptides

(ACPs)'®, which can be explored as an alternative treatment for breast cancer?°.

Cathelicidins stand out as a group that exhibits anticancer activity and can
be classified, in some cases, as ACPs?'-24, All cathelicidin family members are
characterized by a highly conserved anionic cathelin domain (an inhibitor of the
cysteine proteinase cathepsin L)%, as well as highly conserved cathelin domains,
flanked by a signal peptide fragment (~30 aa) at their N-terminus, and by a
structurally variable cationic antimicrobial peptide at their C-terminal region?®.
Additionally, in some cathelicidins, the C-terminal domains may have a-helical or
B-sheet conformations and, in some cases, the peptides may be rich in
proline/arginine residues, with the mature peptide varying from 12 to 80 amino
acids in length?’. Cathelicidins isolated from snake venom have been pinpointed

for their potential as novel drugs in the context of breast cancer?®2°.

Crotalicidin (ctn), a peptide previously identified from cDNA libraries of
venom glands of the South American pit viper Crotalus durissus terrificus®, has

shown antitumor activity against numerous cancer types, including HeLa S3,
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U937, and THP-13'. Ctn is a cationic peptide (+16) that adopts a hybrid structural
scaffold comprised of an a-helical segment in its N-terminal portion and an
unstructured one in the C-terminal region32. The antitumor activity of this peptide
seems to be associated with the ctn[15-34] fragment, generated from the in silico
dissection of ctn, which was toxic to ctn-sensitive cell lines (ICso0 equal to 1 uM,
6.25 uM and 25 uM against HeLa S3, U937, and THP-1 cell lines, respectively)3'.
From the ctn[15-34] fragment, the synthetic peptide crotAMP14 used in the
present study was obtained through physicochemical properties-guide design
strategies, aiming at reducing the parental peptide’s size, as well as preserving
or enhancing the antibacterial activity and, finally, reducing possible cytotoxic
effects toward healthy mammalian cells3. Circular dichroism and molecular
dynamics analyses indicated that, in membrane-like environments, crotAMP14
assumes an a-helical structural conformation that is capable of interacting with
phospholipids of the lipid bilayer through hydrogen bonds and electrostatic

interaction, resulting in bacterial membrane destabilization33.

Herein, after screening 17 peptides from different sources (natural and
synthetic), we selected the synthetic peptide crotAMP 14 to evaluate its antitumor
potential against the triple-negative cell line MDA-MB-231. We performed several
analyses to elucidate the mechanism of antitumor action of crotAMP14. The data
demonstrate that the peptide interacts with the plasma membrane of neoplastic
cells through electrostatic interactions. Once in contact with the cells, crotAMP14
causes a disruption in the membrane in the first 15 min of exposure, leading to

cell death by mechanisms that are independent of caspase activation.



133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

RESULTS AND DISCUSSION
Screening for peptides with antitumor activity

All 17 peptides (Table S1), either from natural sources or rationally
designed, were chosen to screen for an anticancer candidate because they are
effective against Gram-negative bacteria4. The plasma membrane of Gram-
negative has a net negative charge due to the presence of phosphatidylglycerol
(PG) and cardiolipin (CL)%®. Similarly, the plasma membrane of neoplastic cells
also presents a negative net charge due to phosphatidylserines (PS) in the
membrane's outer layer3®. Otherwise, the outer leaflet of the plasma membrane
of healthy eukaryotic cells contains most of the phosphatidylcholine (PC) and
probably all of the sphingolipids, resulting in a neutral net charge®’. These
characteristics contribute to ACP selectivity since most are often positively
charged (+2 — +9) at physiological pH due to several lysine and arginine residues

throughout the primary structure38:3°,

To perform peptide screening, a cell viability (MTT) assay, by quantifying
the damage induced by an agent in cellular carbohydrate metabolism, by
evaluating the activity of mitochondrial dehydrogenases, was carried out using
different concentrations (64, 32, 16, 8, 4, 2, and 1 uM) of each of the peptides
(Figure 1a). The cells were initially exposed to the peptides for 24 hours. Except
for peptides LL-37 and IDR1021 (insufficient quantity for testing), all other
peptides were tested against the three mammary adenocarcinoma lines MDA-

MB-231 (ER-, PR- and HER2-), MCF-7 (ER+) and PMC-42 (ER+ and PR+).
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Figure 1. Screening of peptide with antitumor activity. a Seventeen peptides were evaluated at different concentrations (y-axis) against three breast cancer cell lines (x-axis).
Except for LL-37 and IDR1021, all other peptides were tested against the three cell lines. b Cells (MDA-MB-231) were exposed to crotAMP14 during different periods (within a
24-hour interval) of treatment. The plate was then read at a wavelength of 570 nm. The graphs represent the mean and standard error of the absorbance of three triplicate
biological replicates. ¢ Cells (MDA-MB-231) were exposed to crotAMP14 during treatment periods (within 60 min). The plate was then read at a wavelength of 570 nm. The
graphs represent the mean and standard error of the absorbance of three triplicate biological replicates. d Primary cultured human fibroblast cells were exposed to crotAMP14
during the 24-hour treatment period. The plate was then read at a wavelength of 570 nm. The graphs represent the mean and standard error of the absorbance of three triplicate
biological replicates. The one-way ANOVA test and Bonferroni post-test verified statistical differences. ****p < 0.0001.
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Although several peptides have been shown to have antitumor activity,
even against a single cell line (mastoparan-L, mastoparan-MO, mastoparan-R1,
mastoparan-15R8, and LL-37), or all of them (ctn), the ctn-derived crotAMP14
peptide was chosen for future testing. The choice of crotAMP14 met two criteria:
(i) the number of cell lines for which the peptide has activity and (ii) the size of
the molecule. Compared to the other peptides, crotAMP14 was effective against
the cell lines (even though for MCF-7, it was effective at 64 uM, Figure S1).
Compared to ctn, crotAMP 14 is smaller, reducing the production cost by chemical
synthesis. Ctn is a member of the cathelicidins found in the venom gland of the
South American pit viper3?. Cathelicidins from different species have been shown
to have antitumor activity*%#'. Evidence demonstrates that motifs present in these
peptides may be related to their activity*?, such as the FK-16 peptide, derived
from LL-37, which induces colon cancer cells to caspase-independent

apoptosis*3.

CrotAMP14 was effective against the triple-negative breast cancer cell line
MDA-MB231 at concentrations of 64, 32, and 16 uM (Fig. 1a—c and Figure S1).
Among all breast neoplasms, TNBC is the most diagnosed subtype, comprising
between 10% and 20% of cases*. Due to its complexity, treatment for breast
cancer is multidisciplinary, with conventional surgery associated with
radiotherapy or mastectomy being recommended in women with early-stage
disease*®. Thus, the success of curative therapy may be linked to its
administration within a defined period*¢. However, patients diagnosed with TNBC
have an unfavorable prognosis due to the lack of targeted therapies*’. Thus,
crotAMP14 can be explored as an alternative for developing unconventional

therapies, either alone or as an adjuvant.
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Compared to ctn (34 aa), the parental peptide, crotAMP14, is smaller (14
aa), reducing the production cost through chemical synthesis. This way,
strategies such as rational peptide design that reduce the peptide length while
maintaining the parental activity can be explored to create novel antitumor
peptides. Herein, we tested the croAMP14 peptide from the redesign of ctn[15-
34] through the physicochemical-guided design strategy, in which unfavorable
residues (K', P, V'3, G, V'8 T'7 and P'°) for the electrostatic surface were
excluded, maintaining alternation between positively charged and hydrophobic
residues. This strategy enhanced the crotAMP14 activity without showing an

increase in cytotoxicity against healthy mammalian cells33.

When the crotAMP14 was tested against the MCF-7 cell line, only 30% of
cells were killed at the highest concentration (64 uM). However, 80% of cells from
the triple-negative MDA-MB-231 cell line died when exposed to 32 uM of
crotAMP14. At a concentration of 16 uM, although there was a decrease in cell
death, the percentage of inhibition was 65% (similar was observed in PMC-42 at
concentrations of 32 and 16 uM). Due to this survival rate, the concentration of
16 uM was chosen for further testing. Cell viability tests were then performed to
assess the minimum interval necessary for crotAMP14 to induce cell death

(Figure 1b).

Tests were carried out at different intervals to assess the shortest time
required for crotAMP14 to be effective (0, 1, 2, 3, 4, 5, 6, 12, 18, and 24 h). Cells
were exposed to 16 yM of the peptide at these different intervals. The data
demonstrated that after one hour of exposure, it is possible to observe a death
rate of 90.1% (16 pM), 77.1% (8 uM), and 67.4% (4 uM) (Fig. 1b). The data

demonstrate that crotAMP 14 could cause cell death in the first 60 min of exposure
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at 16 and 8 uM. Over time (2 to 24 h), this result was maintained, indicating that
the activity of the peptide begins one hour after encountering the cells and
continues to be capable of eradicating part of the cells for 24 h, at least at the
highest concentrations tested. Further, we tried to identify how long it would take
for the crotAMP14 peptide to induce cell death. Therefore, another cell viability
test was conducted at 0-, 15-, 30-, 45-, and 60-min intervals. The results suggest
that cells begin cell death after 15 min of exposure to the peptide at 16 uM (Figure
1c¢). Over time, cell death is also visible at 8 uM at 30- and 45-minute intervals.
However, only at 16 uM, the percentage of cell death is 63.5% (15 min), 69.9%

(30 min), 84.2% (45 min), and 79.7% (60 min) (Fig. 1c).

The last stage of screening the crotAMP14 peptide consisted of carrying
out a cytotoxicity test against the primary culture of human fibroblasts (hFib)
(Figure 1d). The cells were exposed to 64, 32, 16, 8, 4, 2, and 1 uM of the
crotAMP14 peptide during 24 h. The results demonstrated that the crotAMP14
peptide was not toxic against the human fibroblasts at concentrations between
16 and 1 uM, being toxic only at the highest concentrations (32 and 64 puM).
Therefore, the concentration chosen for gene expression modulation analysis in
triple-negative mammary adenocarcinoma is not harmful to the primary hFib
culture and can still induce the cells to death, which can be explored in treatments

aimed at controlling the proliferation of tumor cells.

Relative expression analysis (qPCR)

During the screening, we noticed that the cells were detached and reduced

in size (Figure 2a, red arrows). Furthermore, flow cytometry analyses using
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forward scatter (FSC) and side scatter (SSC) showed a decrease in cell size after
exposure to crotAMP14 (data not shown). Cellular shrinkage is a morphological
change associated with the process of early apoptosis*®, and, in some cases, the
decrease in cell size can represent 38% of the average areas of cells that will die
by apoptosis*®. Thus, we selected 30 anti-apoptotic and apoptotic genes (Table
S2) to evaluate the relative gene expression of MDA-MB-231 cells after exposure
to 16 uM of the crotAMP14 peptide. Initially, cells were exposed to treatment with

crotAMP14 at 16 uM for 0, 15, 30, 45, and 60 min (Fig. 2a).

Cells from the treatment, both from the supernatant and those remaining
on the plate, were collected, and the total RNA was extracted (Figure 2b). Then,
the RNA was treated with DNAse, and cDNA was generated. To assess the
quality of the cDNA, a conventional PCR was performed using primers designed
for RNA28S, one of the reference genes (Figure 2c and Table S2). Analysis of
the relative expression of genes related to cell cycle and programmed cell death
revealed that cells in the supernatant, compared to the control (Figure 2d-f and
Tables S3-S5), showed an increase in apoptosis-related gene expression. Among
them, caspase 3, 8, and 9 can be highlighted, which are upregulated at 0 min. An
increase in the expression of the BID, BAK1, and BAX genes was also observed
at different exposure times. At the same time, genes related to the cell division
cycle (CDK4/6) were downregulated (15 min). Interestingly, genes related to cell

proliferation (JNK1, PIK3CA) also increased expression levels.



a

Untreated cells

Treated cells

b So To Si5s Tis Sso Tao Sus Tas Seo Teo + g

285
185

55

C S0 To Sis Tis Sao Tso Sas Tas Seo Teo + -

100 bp =

-6-5-4-3-2-10123456

[ VEGFA. ns

EGFRA ns ns ns

FGFR14 l ns
FGFR2

NF-kB+ ns ns
CDK4d ns ns
CDK6 .

JINK14
PIK3CAS ns -

ERBB21
PTEN- B -

Genes related to cell proliferation

Genes related to apoptosis

S & & & 8
& & & &
R O )

100

Caspase 3/7 assay
(%)

-e- Control
& CrotAMP14
—4— Ctn[15-34]

o

-6-5-4-3-2-10123456

VEGFA- L1

EGFR~ ns ns
FGFR1+
FGFR2=| ns ns
NF-kB=| ns ns
CDK4+ ns ns
CDK6= ns ns ns
JNK1+ ns

PIK3CA ns [
ERBB2 s

PTEN=| ns ns ns ns ns

P53 ns ns ns ns
MDM2+ ns ns
APAF1-1 ns ns ns ns
BIDS s
BAK1= ns ns ns ns
BAX= ns ns

DIABLO=| ns ns ns ns ns
CASP3=| ns ns ns ns
CASP8- ns ns ns
CASP9-] ns ns ns ns i

BCL-XL= ns ns ns ns ns

MCL1= ns ns ns ns

R

LI
0 6 12 18 24 30 36 42 48 54 60 66 72

Time (h)

L

f
T

-6-5-4-3-2-10123456

VEGFA- ns
EGFR ns ns
FGFR1+ 55
FGFR2- ns
NF-kB= ns ns
CDK4~ ns
CDK6 ns ns
INK14 ns
PIK3CA ns - N2
ERBB2- ns !*«‘w e
PTEN= ns - ns

P53= ns ns ns
MDM2_ ns  ns
APAF1- s

BID - -
BAK1+ ns ns ns

BAX~

DIABLO= ns ns ns ns
CASP3+ L2y "3
CASP8- ns
CASP9- ns
BCLXLs{ ns ns ns ns ns
MCL1+ ns ns

o o 5 o &

Figure 2. Total RNA extraction from cells treated with 16 uM crotAMP14 and heatmap of relative gene
expression analysis by gPCR. a Cells photographed during the experiment showed untreated cells (top,
untreated cells) and treated cells (bottom treated cells). Note that, as time passes, the cells become



detached from the bottom of the plate, remaining in suspension (globular cells pointed by red arrows). b 1%
(w/v) agarose gel electrophoresis of total RNA extracted from treated cells. ¢ 1% (w/v) agarose gel
electrophoresis of the amplicons generated by conventional PCR to verify the quality of the cDNA. d
Comparison between control (untreated cells) and dead cells collected in the supernatant. e Comparison
between control and live cells (adhered). f Comparison between dead and living cells. g Caspase 3/7 activity
assay. MDA-MB-231 cells were exposed to 16 pM at different intervals (1, 24, 48, and 72 h) to evaluate
caspase 3/7 activity (red squares). Untreated cells were used as a control (black dots), and cells treated with
the ctn[15-34] peptide were used as a negative control (green triangles) since this peptide was not active
against the MDA-MB-231 strain. ns stands for non-statistical significance. S stands for supernatant cells
(dead cells); T stands for attached cells (live cells); Subscript numbers mean the treatment time for each
sample. + stands for positive control, - stands for negative control (H20), and control (untreated cells).
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Regarding to the cells that remain attached, a reduction in the expression
of genes related to programmed cell death was generally observed (Fig. 2e).
However, most genes did not show statistically significant variations (ns).
Caspase 8 showed increased expression at 15- and 45-minute intervals and
caspases 3 and 9 showed increased expression at 60 min of peptide exposure.
BAX and BID were downregulated. By contrast, genes involved in the cell cycle
(CDK4/6) had their levels elevated in some intervals. Furthermore, VEGFA
showed an increase at all exposure times. The most significant difference in the
expression level of the evaluated genes was observed when comparing
supernatant and adherent cells (Fig. 2f). Caspase 8 expression was expressed
at intervals of 45- and 60-min. Caspase 3 and 9 showed an increase in
expression after 15 min of peptide exposure. Furthermore, P53 increased
expression at 15, 45, and 60 min. By contrast, there was also an increase in the

expression of CDK4/6, PIK3CA, FGFR2, and EGFR.

Although these data are relevant, the cell expression profile observed after
exposure to the peptide does not correlate with that found in the literature. The
opposite is generally true, as demonstrated in a study in which crotalicidin BMAP-
27 reduces colon cancer cell proliferation by upregulating tumor suppressor
genes (CASPASE3, BAX, TP53, AXIN1) while downregulating oncogene
expression (BCL-2, CDK-6, PCNA, WNT11, and CTNNB1)%. On the other hand,
the present study showed simultaneous upregulation of caspase genes and
genes involved in the cell cycle (CDK4/6). Due to this discrepant gene expression
profile, we evaluated the activation caspases-3/7 to identify whether cell death

occurs through apoptosis mechanisms.
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Caspase activity assay

The caspase activation tests (Figure 2g) data demonstrated that, although
there is an increase in gene transcription, this does not reflect the activation of
these proteins since crotAMP14 inhibits the activity of caspases 3 and 7 by 39%
in the first hour of incubation. After 24h of exposure, the crotAMP14 peptide
inhibited the activity of caspases 3 and 7 by 83.9%, increasing to more than 90%
in 48h, remaining until the end of the experiment (72h). We used the parental
peptide ctn[15-34] as a control since it has no activity against the triple-negative
strain MDA-MB-231 (Figure 1a). Ctn[15-34] neither increased nor decreased

caspase activation compared to the control (Fig. 29).

Caspase-3/7 are cysteine-aspartic acid proteases responsible for directly
triggering cell death by apoptosis followed by sequential activation of other
caspases (8 and 9)°'. Interestingly, crotAMP14 inhibited caspase-3/7 activity in
MDA-MB-231 cells by approximately 100% after 48 h of exposure. Although
previous data suggested a possible apoptotic cell death, caspase inhibition by
crotAMP14 demonstrated that cell death can occur by another caspase-
independent mechanism, such as necrosis. Thus, we began considering other
targets on which the peptide could act directly. Since most of the peptides interact
with the plasma membranes of cells®?, we focused on this as a possible target
that could explain the observed response. Further evidence supporting this claim
is that crotAMP 14 showed similarities with the oncolytic peptide chemokinestatin-
1 (CKS1)%. CKS1 is a 24-mer peptide derived from the chemokine CXCL1 that,
when in contact with 4T1 cells, results in the detachment of these cells and rapid
cell death (30 min). It has been shown that CKS1 causes severe damage to the

plasma membrane, inducing cell death by necrosis®3. To evaluate a possible
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interaction between the crotAMP14 peptide and the plasma membrane of triple-
negative breast cancer cells, we elucidated the three-dimensional structure of the

peptide using nuclear magnetic resonance.

Elucidation of the 3D structure of crotamp14 by NMR

The NOE correlation data indicated medium and week intra-residues and
sequential Hn-Ha connectivities across all residues, with specific Hn-Hs
interactions observed between the final three residues 12Lys-13lle-14Phe. Both,
short distances (HN-HN, i,i+2; HN-Haq, i,i+2), and medium distances (Hn-Ha,
i,i+3), and long-range connectivities (Hn-Hq, i,i+4) connectivity were identified.
The crotAMP14 chemical shifts are present in Table S6. In the experimental
conditions, the carbon alpha and carbon beta of the 1Lys, 3Leu, 6lle, 7Phe, 11lle,
13lle, and 14Phe were not identified, but this did not impair the identification of
the chemical shifts of other carbons and the not-mentioned residues. The three-
dimensional structures were calculated using distance restraints derived from
NOE intensities and dihedral angles calculated in the DANGLE software (Figure

3a and Figure S4).

As shown in Fig. S4, the residues are disposed of in the structure in an
amphipathic configuration, except for 11lle, which is disposed of in the hydrophilic
region. The summary of the structural statistics of crotAMP14 in the presence of
SDS-d2>s micelles is presented in Table S7. Notably, the RMSD of the
superimposed peptide backbone's secondary structures shows little deviation
(0.14 +/- 0.5), indicating the stability of the crotAMP14 structure under the studied

conditions. The Ramachandran plot analysis (Figure S5) indicates that most
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residues (93.6%) are in the most favored region, and 6.44% are in the additionally

allowed region.

The biological function of AMPs is influenced by key physicochemical
properties such as charge, helicity, hydrophobicity, sequence length,
amphipathicity, and solubility.>* Understanding the structure-function relationship
is crucial for drug development.>* Our NMR findings demonstrate that crotAMP14
adopts an a-helical conformation in SDS, aligning with molecular dynamics
simulations published by our group.®® Cationic a-helical ACPs, including
crotAMP14, are known for their anticancer properties, typically acting on
neoplastic cells through electrostatic interactions with cell membranes, leading to
lysis.>>=57 CrotAMP14, a short cationic a-helical peptide (+8), exhibits potential
antitumor activity, as it interacts with bacterial cell membranes.3® Spectroscopy
data further demonstrate crotAMP14's interaction with the plasma membrane of

triple-negative breast cancer cells.
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Figure 3. CrotAMP14 3D structure elucidation and membrane interaction analysis. a CrotAMP14
peptide NMR structure; the lowest energy structure in cartoon representation. b Representative EPR spectra
of spin label 5-DSA incorporated into the plasma membranes of MDA-MB-231 and hFib for untreated



samples (control) and treated with the crotAMP14 peptide at indicated concentrations. The treatment was
conducted with 24 h and 20 min incubation periods using 6 x 10° cells. The values of the EPR parameter
2A (outer hyperfine splitting) are indicated for each EPR spectrum. 2Ay is given by the magnetic field
separation between the first peak and the last inverted peak (indicated by dotted vertical lines). The
estimated experimental error of 2A; is 0.5 G. The intensity of the spectra is in arbitrary units (Y-axis), and
the total scan range of the magnetic field in each EPR spectrum was 100 G (X-axis). MDA = MDA-MB-231.
¢, d MD simulations of the crotAMP14 peptide in lipid bilayer systems, including POPC/Chol (70:30),
mimicking the healthy membrane (¢) and POPC/POPE/POPS (60:20:20), mimicking the cancer membrane
(d). The simulations were performed with 75 A2 bilayers during 200 ns and represented at 50 ns intervals.
e—l MD simulation analyzes crotAMP14 in lipid bilayer systems, including POPC/Chol (70:30) and
POPC/POPS/POPE (60:20:20). The RMSD (e) and RMSF (f) of crotAMP14 were calculated for each
simulated system. Moreover, the influence of crotAMP14 on the mean square lipid shift (MSD) was also
evaluated for each lipid individually (g). Partial density maps are also shown for the crotAMP14-
POPC/POPS/POPE (h) and crotAMP14-POPC/Chol (i) molecular complexes. j-n Mapped atomic
interactions between the molecular complex crotAMP14-POPC/POPS/POPE. Structural snapshots at 0 ns
(), 50 ns (k), 100 ns (1), 150 ns (m) and 200 ns (n).
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Electron paramagnetic resonance (EPR) spectroscopy of labeled MDA-MB-

231 membranes

EPR spectra of 5-doxyl stearic acid (5-DSA) inserted into the plasma
membranes of MDA-MB-231 and hFib cells for samples treated with different
concentrations of crotAMP14 (Figure 3b). Treatment of the MDA-MB-231 cell with
the crotAMP14 caused membrane rigidity from a concentration of 8 yM with a
pronounced increase of ~2 G in the 2A/ parameter value. For concentrations of

16 and 32 uM, the rise in 2A;; was ~3 G.

On the other hand, treatment of the hFib cell with the peptide caused a
reduction in fluidity only at the concentration of 32 yM, with a modest increase in
2A of 1.3 G. Therefore, as shown in Fig. 1d, cell death does not occur with 16
MM of crotAMP14 since this concentration is not sufficient to increase the rigidity
of the plasma membrane of the hFib primary culture (Fig. 3b). Furthermore, even
though at 32 uM there was cell death (Fig. 1d), the EPR data demonstrate that

there was a minimal increase in stiffness.

EPR spectra indicated that the membranes of MDA-MB-231 cells have
fluidity similar to that of the J774.A1 macrophage and the Leishmania parasite
with 2Ay values of approximately 53 G%5°. Membrane rigidity associated with
oxidative stress has been observed in the Leishmania amazonensis parasite.
Several compounds that promote increased ROS formation, such as
chalcone®®%9, B-carboline®, and isoxazole derivatives®', caused membrane
rigidity after 24 h of treatment at concentrations of their respective ICso values.
However, unlike these compounds, the crotAMP14 showed increased rigidity in

the MDA-MB-231 cell membrane for a short incubation period. This result
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indicates that the crotAMP14 causes rigidity due to its physical presence in the
membrane instead of triggering oxidative processes that require a longer period.
Furthermore, it was found that the peptide can cause rigidity in isolated MDA-
MB231 membranes shortly after treatment (EPR spectra not shown), indicating

its interaction directly with the membrane.

In the cell membrane, it has been shown that the 5-DSA spin label behaves
like annular or boundary lipids that preferentially surround the hydrophobic
surface of membrane proteins and this effect restricts the mobility of the spin
probe®?. Thus, the greater the protein content of the membrane, the lower its
fluidity. For instance, in the erythrocyte membrane that has a protein content of
approximately 50%, the 2A; value is greater than 56 G®. Based on these
findings, it is expected that the presence of the crotAMP14 in a possible a-helix
structure may restrict the mobility of cell membrane lipids. Furthermore, it is also
likely that the peptide may hinder the packaging of lipid chains and thus increase
the probability of pore formation in the cell membrane. The crotAMP14 also
caused a reduction in membrane fluidity in fibroblast cells, but the effect was only
observed at a concentration of 32 yM. The fact that there is a lesser effect on the

fibroblast may be related to the lower entry of the peptide into the cell membrane.

CrotAMP14 effect on membrane bilayers

MD simulations were performed to investigate the interactions of
crotAMP14/membranes at the atomic level using the lowest free energy
crotAMP14 NMR structure as input for all simulations. Figures 3c and d show the

peptide/bilayer structural snapshots during 200 ns, at 50 ns intervals. As depicted



386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

22

in Figure 3c, the crotAMP 14 peptide detaches from the membrane and loses its
a-helical secondary structure during the MD simulations. At 200 ns, the peptide
slightly re-attaches to the membrane through its termini regions. However, no
evident insertion in the membrane is observed. By contrast, when in contact with
a cancer lipid bilayer, the crotAMP14 peptide conserves its structure throughout
the simulations and preserves its interactions with this anionic membrane system

through the N-terminus positively charged region.

As observed in Figure 3e, the RMSD reveals that crotAMP14 presents a
lower deviation in its trajectory when in contact with cancer membranes than
zwitterionic membranes. By contrast, the crotAMP14 peptide displayed similar
RMSF profiles when evaluated in both membrane systems for 200 ns of MD
simulations (Figure 3f). Interestingly, the MSD (Fig. 3g) data show that the
crotAMP 14 peptide may induce more significant lipid displacement in POPC/Chol
compared to the POPC/POPE/POPS membrane system. This data supports our
in vitro findings in which the crotAMP14 peptide triggers rigidity in cancer cell
membranes. Finally, the partial density maps in POPC/Chol (Fig. 3h) and
POPC/POPE/POPS (Fig. 3i) indicate that the peptide is more deeply inserted in
the cancer membrane than the zwitterionic membrane. In the latter, most of the
peptide is in the water interface in the POPC/Chol system (Fig. 3i). It is also worth
noting that the crotAMP14 peptide mainly interacts with the POPC/POPE/POPS
membrane through hydrogen and saline bonds involving positively charged
residues from the N-terminus (Fig. 3j-n; Table S8). As depicted in Table S8, from
50 ns to 200 ns of MD simulations, more than ten atomic interactions were
mapped for each point evaluated, responsible for the peptide/membrane complex

stabilization throughout the dynamics.
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The MD simulations corroborated the data from other experiments. In the
cytotoxicity tests, the crotAMP14 peptide was not effective at concentrations 16,
8, 4, 2, and 1 uyM (Fig. 1d). Furthermore, MD simulations (Fig. 3c and d)
corroborated the fact that the peptide assumes the 3D structure only when in
contact with plasma membranes, something demonstrated by NMR (Fig. 3a). As
mentioned previously, this phenomenon occurs due to the difference in the lipid
composition of healthy and neoplastic cells. In a study investigating the in situ
mass spectrometry profile of different breast cancer cell lines, it was
demonstrated that the levels of phosphatidylinositol (PI(36:1)), PC(36:1), and
PC(36:2) are increased in MDA-MB-231 cells when compared with other five cell
lines®. This variation in the profile with significantly elevated levels of
monounsaturated lipids may be associated with the degree of malignancy of
these neoplasms®. Furthermore, lipid profile changes in cancer may occur at

different stages of progression®.

Although crotAMP14 has a relatively high net positive charge (+8),
experiments have shown that in silico production of ACPs with improved
anticancer activity does not necessarily require a maximal increase in charge and
hydrophobicity®®. Rather, these properties constrain and influence each other
untii a balance is reached that achieves improved anticancer activity®®.
Something similar was adopted in the redesign of crotAMP1433. The data
presented here demonstrate that crotAMP14 can be explored as a potential
antitumor agent since, being cationic and in a-helix, it acts specifically on the

plasma membrane of MDA-MB-231 triple-negative breast cancer cells.

In summary, although the crotAMP14 peptide altered the gene expression

profile of MDA-MB-231 cells, the expression did not result in apoptotic cell death,
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as seen in caspase activation assays. CrotAMP14 acts on the plasma membrane,
increasing its rigidity and leading to cell death within a few minutes of exposure.
This interaction is likely due to electrostatic interactions between the positively
charged peptide and the negatively charged plasma membrane of the target cell.
This is the first time a study attempting to evaluate the mechanism of action has
been performed for crotAMP14. The investigation of the potential antitumor
activity of AMPs allows the development of new drugs, including peptide
derivatives, to treat breast cancer. Such treatments may be more effective and
have fewer side effects for patients with breast cancer. In addition, understanding
the mechanism of action of ACPs is crucial because it sheds light on new
pharmacological targets and allows the development of new molecules capable

of eradicating cells through electrostatic interactions.

METHODS
Peptide synthesis and purity degree

The fluorenylmethoxycarbonyl protecting group (Fmoc) strategy
synthesized all peptides used in this work by Peptide 2.0 (Purity >95%). The mass
of the peptides was confirmed by Matrix Assisted Laser Desorption lonization —
Time of Flight (MALDI-ToF) on mass spectrometer Ultraflex MALDI-ToF |li
(Bruker Daltonics). The synthetic peptide concentrations were determined using
measurements of UV-spectroscopy at 205, 215, and 225 wavelengths.
Afterward, the peptides were resuspended in ultrapure water (milli-Q grade) at a
stock concentration of between 1 and 4 mg.mL™" at a ratio of 1:1 (w:v), filtered

with 0.22 ym pore filter membranes and stored at -80 °C.
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Cell culture

Human adenocarcinoma cell lines (MDA-MB-231, MCF-7, and PMC-42)
and the primary fibroblast culture isolated from donor abdominal tissue were used
in the present study to determine the activity of the peptides against neoplastic
cells as well as cytotoxicity of these molecules against healthy cells. All human
adenocarcinoma cell lines were grown in Roswell Park Memorial Institute (RPMI)-
1640 medium supplemented with 10% fetal bovine serum (FBS). The human
fibroblast cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM)
medium supplemented with 10% FBS. The cells were incubated at 37 °C in 5%

CO2 and humidity from 85 to 95%.67

Cell cytotoxic assay

The cells were placed in 96-well plates (Kasvi, Brazil) at 1 x 10 cells per
well and incubated for 24 h to allow the cells to adhere to the bottom of the wells.
Then, cell viability tests were carried out after a 24-h incubation period. All tests
were performed in technical replications (n=9) at different peptide concentrations
(64, 32, 16, 8, 4, 2, and 1 uM). Wells containing only culture medium and cells
were positive controls and represented 100% cell viability. Those containing cells
in culture medium and adding 50 uL of lysis solution (10 mM Tris, 1 mM EDTA,
and 0.1% Triton X-100, pH 7.4) correspond to the negative control and represent
0% cell viability. Triplicates containing only culture medium represented the blank
of the experiment. After 24 h of incubation, the medium from each well was

removed and 90 pL of fresh medium plus 10 pL of 3-(4, 5-dimethylthiazol-2-yl)-2,
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5-diphenyltetrazolium bromide (MTT, 50 pg) per well and the plates were
incubated again at 37°C, at a concentration of 5% CO2 and 95% humidity for an
interval of 4h. After the incubation period, 100 uL of dimethyl sulfoxide (DMSOQO)
(Sigma-Aldrich, USA) was added to each of the wells, and homogenization was
carried out so that the crystals were completely solubilized. Finally, the
absorbance reading was performed on a microplate reader, Eon Microplate

(BioTek, USA), at a wavelength of 570 nm®8.

RNA isolation and real-time polymerase chain reaction (qQPCR)

Total RNA was extracted using the phenol/hot acid method®®.
Complementary DNA (cDNA) was subsequently synthesized from 5 g of total
RNA using GoScript™ Reverse Transcriptase (#A5000; Promega Corporation).
gPCR was performed with GoTaqg gPCR Master Mix (#A6002; Promega
Corporation) using the 7300 Real-Time PCR System thermocycler (Applied
Biosystems). The reaction parameters were: 95°C for 10 min for activation of the
Tag DNA polymerase enzyme (hot start)), DNA amplification for 40 cycles
(comprising denaturation at 95°C for 15 s, annealing of primers and extension of
the new strand at 60°C for 60 s) and a final cycle of extension at 72°C for 5 min.
The sense and antisense sequences of the primers used in this study are shown

in Table S2.

Caspase activity assay

Measurements of caspase activities in cells were performed using the

commercially available Caspase-Glo 3/7 Assay (Promega, Madison, WI). Briefly,
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1 x 10* cells per well were treated with 16 uM of crotAMP14 or 16 uM ctn[15-34]
for 1, 24,48, and 72 h at 37°C. After the peptide’s incubation, 100 pl of the reagent
Caspase-Glo 3/7 was added to each well, and after homogenization, the plate
was incubated for 3 h at room temperature. Caspase 3/7 activity was determined

by luminescence (Multimode Plate Reader, PerkinElmer, Waltham, MA, USA).

Nuclear magnetic resonance (NMR)

The structural analysis of crotAMP14 was performed using NMR
spectroscopy, specifically ['\H-1H] TOCSY, [*H-'H] NOESY, and [*H-13C] HSQC,
in SDS-d»s micelles. The spin systems were assigned based on the TOCSY
contour map and sequential assignment was carried out using the amide region
of the NOESY contour map. Verification of the spin systems was achieved
through a hydrogen-carbon chemical shiftin HSQC. The spin system correlations
were identified in the NOESY spectrum, and the dihedral angles were predicted
from the chemical shifts of Ha, Hg, Ca, and Cp. (Figures S2 and S3). NMR spectra
of 1.5 mM crotAMP14 (pH 6.5) in the presence of 75 mM of SDS-d2s micelles
were acquired at 25°C on a Bruker Avance Ill 500 spectrometer (Bruker BioSpin
GmbH, Rheinstetten, Germany). The sample contained 0.5% sodium
trimethylsilylpropionate (TMSP) and 10% D20 for internal reference. [*H-1H]
TOCSY experiments were acquired with 4096 x 1024 points, 48 scans, and a
mixing time of 70 ms. [*H-'H] NOESY experiments were acquired with 4096 x
1024 points, 40 scans, and a mixing time of 200 ms. [*H-13C] HSQC spectra were
recorded with 4 k x 512 points and 50 scans. All the spectra were processed

using Bruker TopSpin 4.0.7 and analyzed using CcpNMR Analysis 2.4.27°, The
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three-dimensional structures were calculated using distance and dihedral angle
restraints. The NOE correlations were converted into distance restraint using 1.72
A as the lower distance limit, 3.2 A as the reference distance, and 8.0 A as the
upper distance limit. Dihedral angle restraints were determined from the chemical
shifts of Ha, *Hp, 3Cq, and *3Cp by using the DANGLE software’® from the
CcpNMR platform. The ARIA 2.3 software’? was used for structure calculation
with the CCPN data as input. A protocol of 8 iterations, with 200 structures in
each step, was performed, besides a final step of water refinement, which
generated 20 structures. The 10 structures with the lowest energy were selected.
ARIA software integrated package PROCHECK” was used for structural
analysis. Structures were visualized using the UCSF Chimera program?’4. The
Ramachandran plot was obtained using PYyRAMA code

(https://github.com/gerdos/PyRAMA). The structure analysis and structure

calculation were performed in NMRBox, a resource filled with biomolecular

software’>.

Spin labeling and EPR spectroscopy.

The triple-negative breast cancer line MDA-MB-231 was incubated for 24h
with the crotAMP14 peptide at different concentrations 1, 2, 4, 8, 16, and 64 uM.
After exposure, the cells were incubated for 5 min with 1X trypsin in PBS,
collected and centrifuged at 25,000 x g for 5 min, and washed once more in 1X
PBS. After removing the supernatant, cells were suspended in 50 uL of PBS, and
spin labeling was performed. To incorporate the spin label into the plasma

membranes, a 1 pL aliquot of ethanolic solution containing the spin label 5-DSA


https://github.com/gerdos/PyRAMA

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

29

(Sigma-Aldrich, St. Louis, MO, USA) diluted at a rate of 2 mg/ml was added to
each sample. Alternatively, untreated cells washed in PBS were treated with the
crotAMP14 peptide and then spin-labeled with 5-DSA to perform the EPR
measurement for approximately 20 min after treatment. After spin labeling, the
cells were transferred to a 1-mm-i.d. capillary tube, which was flame-sealed on
one side. The capillary was centrifuged at 25,000 x g for 5 min, and the
approximately 2 mm cell pellet was placed in the center of the resonance cavity
of a Bruker EMXplus EPR spectrometer (Bruker BioSpin GmbH, Rheinstetten,
Germany). The instrumental settings were microwave power, 10 mW; microwave
frequency, 9.45 GHz; modulation amplitude, 1.0 G; magnetic field sweep, 100 G;

scan time, 168 s; and sample temperature, 25 £ 1°C.

Molecular dynamics in lipid bilayers

The lowest free energy NMR structure for crotAMP14 was used for
molecular dynamics in lipid bilayers. Membrane systems were constructed using
the CHARMM-GUI server, including 60% 1- palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), 20% 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-
serine (POPS), and 20% 1-palmitoyl-2-oleoyl-phosphatidylehtanolamine (POPE)
for cancer cells; and POPC/cholesterol (Chol) (70:30) for healthy mammalian
cells’®. The CHARMMS36 force field was used, and the crotAMP14 peptide was
positioned approximately 0.27 nm from the lipid bilayers. Simulations were
conducted using GROMACS version 5.0.4, under 0.15 M NaCl ionic strength.
The geometry of the water molecules was maintained using the SETTLE
algorithm’’, whereas the LINCS algorithm’® was employed to preserve the atomic

bond lengths. For electrostatic corrections, the Particle Mesh Ewald (PME)
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method was applied with a cutoff radius of 1 nm, aiming at minimizing the
computational simulation time. The exact cutoff value was used for van der Waals
interactions. The neighbor list for each atom was updated every 10 simulation
steps, each lasting 2 fs. Energy minimization was performed using the steepest
descent algorithm for 50,000 steps. Subsequently, the systems underwent
temperature and pressure normalization, stabilizing at 310 K and 1 bar through
the velocity rescaling thermostat (NVT) (Bussi, 2007) and the Parrinello-Rahman
barostat (NPT) for a duration of 100 ps. After reaching minimized energy and
equilibrated temperature and pressure, molecular dynamics (MD) simulations
were performed for 200 ns. The data were analyzed using root mean square
deviation (RMSD), root mean square fluctuation (RMSF), mean square
displacement (MSD), partial density maps, and a structural snapshot of the

peptide/membrane molecular complexes at 50 ns intervals.
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Figure S1. In vitro cell viability tests using crotAMP14. The strains (MDA-MB-231, MCF-7, and PMC-42)
were exposed to the peptide during a 24-hour treatment period. The plate was then read at a wavelength of
570 nm. The graphs represent the mean and standard error of the absorbance of three triplicate biological
replicates. The one-way ANOVA test and Bonferroni post-test verified statistical differences. *p < 0.05, ***p
< 0.001 and ****p < 0.0001.
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Figure S2. CrotAMP-14 Hn-Hq correlation peaks. The TOCSY experiment (navy blue) was superimposed
with the NOESY experiment (orange) to highlight the identified spin systems and their correlations. Partial
sequential assignment Hn-Haq (i,i+1) is demonstrated by dashed arrows.
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Figure S3. Summary of the sequential and medium range NOE connectivities for CrotAMP-14 in SDS-dz2s
micelles. The peptide sequence is described at the top with the one-letter code. The chart presents the NOE
connectivity, the secondary chemical shifts, and the predicted three-dimensional structure.
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Figure S4. CrotAMP14 peptide NMR structures. Superposition of the 10 lowest energy structures of the
peptide in the presence of SDS-d2s micelles as stick (A) and cartoon (B). Surface representation of the lowest
energy structure (C). Side chains of cartoon structure are colored by polarity (viridis color scheme). Surface
representation is colored by KyteDoolittle's hydrophobicity color scheme, from hydrophobic (blue) to
hydrophilic (orange).
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Figure S5. Ramachandran plot of the 10 lowest-energy solution NMR structures of CrotAMP-14 in 75mM

of SDS-d2s.



Tables

Table S1. List of peptides used in the present study. The remaining peptides were developed through rational redesign except for LL-37 (isolated from humans).

Peptide name aa sequence Number of aa Mass (Da)
LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 37 4493,32
Crotalicidin KRFKKFFKKVKKSVKKRLKKIFKKPMVIGVTIPF 34 4152.37
Ctn[15-34] KKRLKKIFKKPMVIGVTIPF 20 2372,09
CrotAMP14 KRLKKIFKKMIKIF-NH2 14 1821,43
PcDBS1R1 PKLAIRITCKIHKKVAISV 19 2118,70
PcDBS1R5 PMNAIKLLCRVHKKIAISV 19 2134,72
PcDBS1R9 PMNAINFTCKLLKKVAIKI 19 2145,74
DJK6 VQWRRIRVWVIR (D-aa) 12 1667,04
IDR1002 VOQRWLIVWRIRK-NH2 12 1653,05
IDR1004 RFWKVRVKYIRF 12 1698,09
IDR1018 VRLIVAVRIWRR-NH2 12 1536,93
IDR1021 VRLRIRVAV 9 1081,37
Mastoparan-L INLKALAALAKKIL 14 1479,91
Mastoparan-MO FLPIINLKALAALAKKIL 19 2063,68
Mastoparan-R1 KILKRLAAKIKKIL 14 1636,19
Mastoparan-R4 INLKKLAARIKKKI 14 1637,13
Mastoparan-I5R8 INLKILARLAKKIL 14 1607,10




Table S2. General information on the primers used to evaluate gene expression of the triple-negative breast cancer line MDA-MB-231.

Access number (NCBI)  Primer names Sequences Bases Tm (°C) Amplicon (bp)
BAK1 F ACGACATCAACCGACGCTAT 20 60.5
NM_001188.4 101
- BAK1 R GGTGGCAATCTTGGTGAAGT 20 60.0
BAX F AACATGGAGCTGCAGAGGAT 20 59.8
NM_138761.4 = 104
- BAX_R CAGTTGAAGTTGCCGTCAGA 20 60.0
BID_F AAGAAGGTGGCCAGTCACAC 20 60.2
NM_001196.4 = 117
- BID_R GTCCATCCCATTTCTGGCTA 20 59.9
BCL2_F GAGGATTGTGGCCTTCTTTG 20 59.7
XM_047437733.1 = 116
- BCL2_R GCCGGTTCAGGTACTCAGTC 20 59.7
Bel-xL_F GGAGCTGGTGGTTGACTTTC 20 59.7
NM_138578.3:382-1083 = 115
Bel-xL_R CTCCGATTCAGTCCCTTCTG 20 59.8
Mcll_F TGGGTTTGTGGAGTTCTTCC 20 59.9
NM_021960.5 = 100
- Mcll R TGCCAAACCAGCTCCTACTC 20 60.4
MDM2_F CTTCGTGAGAATTGGCTTCC 20 59.8
NM_002392.6 = 100
- MDM2_R CAAAGCCCTCTTCAGCTTGT 20 59.6
CASP8_F AAGCAAACCTCGGGGATACT 20 60.0
NM_001372051.1 = 115
- CASP8_R TGCATCCAAGTGTGTTCCAT 20 60.0
CASP9 F CTAGTTTGCCCACACCCAGT 20 60.0
NM_001229.5 = 112
- CASP9 R ATGTCGTCCAGGGTCTCAAC 20 60.0
NM_004346.4 CASP3_F GGTTCATCCAGTCGCTTTGT 20 60.1 100




CASP3_R AATTCTGTTGCCACCTTTCG 20 60.1
DIABLO_F TATCAAACTGGCGCAGATCA 20 60.4

NM_001371333.1 = 112
- DIABLO_R CCAGCTTGGTTTCTGCTTTC 20 60.0
ASK1_F CACATCACAACCCTCATTGC 20 60.0

NM_005923.4 = 103
- ASK1_R CGAAGTCCAGCTCCAGTTTC 20 60.0
JINK1_F ACTACAGAGCACCCGAGGTC 20 59.3

NM_001323329.2 118
- JNK1_R TCCCTTCCTGGAAAGAGGAT 20 60.0
APAF1_F GCCCTGCTCATCTGATTCAT 20 60.2

NM_181861.2 = 118
- APAF1_R CGTCCAAGAAGGTGTCCATT 20 60.0
p53_F GTTCCGAGAGCTGAATGAGG 20 60.0

NM_000546.6 123
- p5S3_R TTATGGCGGGAGGTAGACTG 20 60.1
PTEM_F AGTTCCCTCAGCCGTTACCT 20 60

NM_000314.8 135
- PTEM_R AGGTTTCCTCTGGTCCTGGT 20 60.0
EGFR_F GGCTGGGTAGGGTAGAGATT 20 57.2

NM_005228.5 = 114
- EGFR_R TGAACTGCTGGTGAGGATGA 20 60.4
FGFR1_F CACTTCATCCCCTCCCAGA 19 61.0

NM_023110.3 = 140
- FGFR1_R CAAAACAGACCAAACCGACA 20 59.6
FGFR2_F GCTGGGGTCGTTTCATCTG 19 61.6

NM_000141.5 = 120
- FGFR2_R GGTATTTGGTTGGTGGCTCT 20 58.9
VEGFA_F ACTCGCCCTCATCCTCTTC 19 59.3

NM_003376.6 = 127
- VEGFA_R TCAACCACTCACACACACACA 21 59.6

NM_006218.4 PIK3CA_F GCAAGAAAATACCCCCTCCA 20 61.2 130




PIK3CA R GAAAAAGCCGAAGGTCACAA 20 60.2
ERBB2_F CCCTCATCCACCATAACACC 20 60.0

NM_004448.4 = 121
- ERBB2_R CCCACACACTCGTCCTCTG 19 60.3
CDK4_F CTGGACACTGAGAGGGCAAT 20 60.3

NM_000075.4 = 141
- CDK4_R TGGGAAGGAGAAGGAGAAGC 20 60.8
CDK6_F GTGAACCAGCCCAAGATGAC 20 60.5

NM_001145306.2 133
- CDK6_R GTGGAGGAAGATGGAGAGCA 20 60.3
NFKB1_F GCCTCTAGATATGGCCACCA 20 60.1

NM_003998.4 = 117
- NFKB1 R TCAGCCAGCTGTTTCATGTC 20 60.0

Reference genes

GAPDH_F TCAAGAAGGTGGTGAAGCAG 20 59.1

NM_002046.7 = 113
- GAPDH_R AAAGGTGGAGGAGTGGGTGT 20 59.1
RNA28S F TCATCAGACCCCAGAAAAGG 20 60.0

XR_007090869.1 = 102
RNA28S_R GATTCGGCAGGTGAGTTGTT 20 60.1
CCSER2_F GCCACCCTGACCACTATCAT 20 59.8

NM_001284240.2 = 122
- CCSER2_R CTTCTGAGCCTGGAAAAAGG 20 59.0
PCBP1 F GGTTACTATCACTGGCTCTGCT 22 57.7

NM_006196.4 = 125
- PCBP1 R GAAAGGGGTTATTGAGGGAAC 21 58.8




Table S3. Relative expression of selected genes between supernatant cells and control (untread cells). The relative gene expression and statistics analyses were performed
using REST software, employing genes CCSER2 and PCBP1 as internal control. p < 0.05.
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VEGFA | 3,192 0362 0414 UP 0,399 0,392 0,364 up -0,208 0,379 0,390 ns 0,904 0,390 0,422 UP 0,751 0,345 0,392 up
EGRF 1,025 0,677 0,543 up -0,824 0,654 0,441 DOWN | 0,092 0,716 0,525 ns 0,603 1,149 1,882 ns -0,317 0,638 0,476 ns
FGFR1 1,236 0,333 0,268 up -2,608 2,148 1,329 DOWN | -1,373 0,266 0,299 DOWN | -0,829 1,177 1,673 ns -1,086 0,356 0,298 DOWN

FGFR2 1,907 0,298 0,385 up -4,158 0,450 0,441 DOWN |-1,311 0,288 0,433 DOWN | -0,308 0,348 0,417 DOWN| -0,317 0,368 0,394 DOWN

NF-kB 0,001 0,830 0,729 ns -0,991 0,804 0,785 DOWN | 0,058 0,771 0,743 ns 1,324 2,033 2,093 ns 0,684 0,768 0,748 up
CDK4 0,274 0,386 0,365 ns -3,000 0,442 0,435 DOWN | 0,795 0,346 0,369 up -0,308 0,664 0,624 ns 0,888 0,407 0,366 up
CDK6 -0,554 0,680 0,660 DOWN|-2,358 0,774 0,696 DOWN | -0,448 0,644 0,720 DOWN | 0,596 2,022 1,873 ns -0,219 0,735 0,883 ns

INK1 1,060 0215 00202 UP |-1,404 0,438 0,389 DOWN | 0,439 0,302 0,267 UP | 2,512 0,188 0238 UP 0,346 0,473 0,561 ns
PIK3CA |-0398 0685 0438 ns [-3047 0,749 0,532 DOWN | 0,545 0,748 0497 UP | 0,696 0,731 0,482 UP 1,831 0,738 0,575 up
ERBB2 |-0642 0466 0,354 DOWN [-0,806 0,333 0,285 DOWN | -1,423 0,208 0,215 DOWN | -0,173 1,106 1,321 ns -1,283 0,199 0,215 DOWN
PTEN |[-0593 0,203 0,231 DOWN [-0,644 0,283 0,298 DOWN | -2,191 0,267 0,334 DOWN | -1,032 0,268 0,238 DOWN| -0,680 1,928 1,498 ns
P53 0050 0,313 0,302 ns |[-1,932 0,292 0,289 DOWN |-0,671 0,312 0,313 DOWN | -0,613 0,268 0,262 DOWN| -0,417 0,277 0,265 DOWN
MDM?2 | 2518 0,597 0,423 UP |-3644 0,594 0,472 DOWN | -0,400 0,597 0,387 DOWN | 1,145 0,581 0,451  UP 0279 0,592 0,490 ns
APAF1 | 3,136 049 0515 UP |-1,276 0,581 0,548 DOWN | -1,089 0,510 0,518 DOWN | -0,003 1,813 1,930 ns -0,531 0,543 0,558 DOWN

BID 3,316 1,016 0,596 UpP 0,064 0,839 0,848 ns 0,938 1,052 0,605 up 1,916 0,932 0,654 UP 0,572 1,343 1,778 ns
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Table S4. Relative expression of selected genes between adherent cells and control (untread cells). The relative gene expression and statistics analyses were performed
using REST software, employing genes CCSER2 and PCBP1 as internal control. p < 0.05.
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VEGFA | 1,160 0,373 0,419 UP 0,853 0,360 0,410 UP 0,493 -0,770 -0,371 up 1,766 1,276 1,297 UP 1,166 0,784 0,623 up
EGRF 0,726 0,729 0,608  UP 0,638 0,682 0,441 UP -0,044 -1,123 -0,221 ns -0,523 1,536 2,030 ns -1,732 0,758 1,097 DOWN
FGFR1 | -1,146 0,381 0,451 DOWN | -1,012 0,206 0,228 DOWN | -1,218 -0,434 -0,252 DOWN | -2,388 0,948 1,615 DOWN| -0,900 0,891 0,665 DOWN
FGFR2 | -0,653 1,449 1,593 ns -1,059 0,431 0,420 DOWN | -1,490 -0,851 -0,209 DOWN /| -0,417 1,521 2,024 ns -1,388 1,177 0,900 DOWN
NF-kB 0,487 1,412 1,284 ns 1,241 0,789 0,772 up 0,452 -1,561 -0,262 up 0,875 1,317 1,536 ns 1,578 1,184 1,151 UP
CDK4 1,236 0,474 0,469  UP 0,481 0,324 0,367 UP 0,157 -0,692 -0,200 DOWN| 0,279 2,565 1,823 ns -0,144 0,839 1,254 ns
CDK6 -0,003 0,639 0,836 ns 0,257 0,678 0,638 ns -0,421 -1,315 -0,214 DOWN/| 0,594 0,554 0,745 up 0,103 1,274 1,198 ns
JNK1 1,201 1,266 1,754  UP 0,014 0,324 0,288 ns -0,309 -0,612 -0,189 DOWN| 0,818 0,989 1,427 up 1,206 1,155 0,729 UP
PIK3CA | -0,250 1,531 2,215 ns 1,261 0,807 0,567 UP 0,454 -1,374 -0,450 up 1950 1,765 1,484 UP 1,701 0,766 0,836  UP
ERBB2 0,397 1,397 1,729 ns -0,486 0,222 0,198 DOWN | -0,708 -0,420 -0,126 DOWN| -3,059 0,930 1,490 DOWN| -0,747 1,169 0,685 DOWN
PTEN 0,138 1,325 0,791 ns -0,051 0,337 0,317 ns -0,318 0,993 0,968 ns -0,050 1,444 1,618 ns -1,020 2,302 1,311 ns
P53 -0,010 0,647 0,811 ns -0,550 0,279 0,342 DOWN| -0,829 -0,621 -0,270 ns 0,750 1,438 1,474 ns 0,606 1,121 0,843 ns
MDM?2 | -1,071 1,340 1,646 DOWN| 0,329 0,594 0,390 ns -0,265 -0,984 -0,297 DOWN| 0,736 1,831 1,391 ns 0,806 0,889 0,876 UP
APAF1 0,781 1,231 1,742 ns -0,573 0,559 0,470 DOWN | -1,133 -1,030 -0,182 ns -1,068 1,422 2,044 ns -0,803 1,374 1,068 ns
BID 0,787 0,991 0,630 UP -1,293 0,958 0,650 DOWN [ -2,252 -1,608 -0,271 DOWN| -3,989 1,585 1,804 DOWN /| -0,394 2,268 1,933 ns

BAK1 1,017 1,345 2,031 ns -0,494 0,598 0,452 DOWN | -1,092 -1,050 -0,386 ns -0,199 2,291 1,770 ns -0,335 1,092 1,370 ns




BAX
DIABLO
CASP3
CASP8
CASP9S
BCL-XL
MCL1

0,098
0,648
-0,886
0,059
0,507
0,682

-0,286

1,398
1,521
1,414
1,325
1,423
1,523

0,901

1,718
1,736
2,086
2,012
1,842
1,697

0,904

ns

ns

ns

ns

ns

ns

ns

-0,860
0,076
0,483
1,265
0,107
-0,196

0,336

0,517
0,560
1,040
0,876
0,424
0,501

1,082

0,398
0,794
0,663
0,598
0,430
0,670

0,779

DOWN

ns

ns

up

ns

ns

ns

-1,377
-0,484
-0,556
0,390
-0,317
-0,697

-0,747

-0,915
-1,354
-1,703
-1,474
-0,854
1,171

-1,862

-0,101
-0,332
-0,296
-0,333
-0,257
-0,166

-0,425

DOWN

ns

ns

ns

ns

ns

DOWN

-0,241
-0,624
-0,826
1,320
0,352
-0,486

-0,381

2,349
1,038
1,540
0,986
1,091
1,246

1,492

2,091
1,246
1,899
1,432
1,558
1,404

1,774

ns

ns

ns

up

ns

ns

ns

-1,032
-0,635
1,247
0,872
1,654
-0,016

0,076

0,974
0,930
1,650
1,498
0,454
1,172

1,645

0,882
0,980
1,616
1,353
0,509
0,896

1,697

DOWN

ns

up

ns

up

ns

ns




Table S5. Relative expression of selected genes between supernatant cells and adherent cells. The analyses of relative gene expression and statistics were performed
employing REST software, employing the CCSER2 and PCBP1 as internal control. p < 0.05.

Log:
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VEGFA | -2,029 0,337 0,385 DOWN| 0,453 0,345 0,313

C
<

0,108 -0,658 -0,316 U

O

0,862 1,225 1,323 up 0,416 0,727 0,548 ns
EGRF -0,299 0,393 0,399 ns 1,461 0,242 0,196 UP 1,219 -0,438 -0,348 DOWN | -1,127 2,482 2,289 ns -1,419 1,047 0,800 DOWN
FGFR1 | -2,381 0,405 0,421 DOWN]| 1,599 1,322 2,206 UP 0,277 -3,528 -0,218 DOWN| -1,561 2,297 2,132 DOWN| 0,187 0,909 0,673 ns
FGFR2 | -2,556 1,432 1,659 DOWN/| 3,098 0,434 0,394 UP 2,665 -0,828 -0,182 ns -0,108 1,440 1,942 ns -1,074 1,110 0,826 DOWN
NF-kB 0,485 1,307 0,970 ns 2,232 0,221 0,226 UP 2,011 -0,447 -0,442 up -0,450 2,597 1,635 ns 0,893 1,229 0,778 UP
CDK4 0,962 0,426 0,467 UP 3,483 0,425 0,378 UP 3,058 -0,804 -0,199 DOWN| 0,586 2,563 1,791 ns -1,032 0,804 1,246 DOWN
CDK6 0,550 0,440 0,449 UP 2,618 0,308 0,277 UP 2,310 -0,584 -0,168 DOWN| -0,001 1,765 2,129 ns 0,323 1,524 1,245 ns
JNK1 0,140 1,286 1,782 ns 1,418 0,448 0,478 UP 0,971 -0,926 -0,350 DOWN| -1,694 0,986 1,401 DOWN| 0,860 1,110 0,921 UP
PIK3CA | 0,147 1,782 1,932 ns 4,305 0,457 0,429 UP 3,848 -0,886 -0,361 up 1,255 2,110 1,297 UP -0,130 0,709 0,614 ns
ERBB2 1,038 1,543 1,732 UP 0,321 0,253 0,275 up 0,068 -0,528 -0,231 ns -2,889 1,791 1,743 DOWN| 0,536 1,237 0,687 ns
PTEN 0,732 1,336 0,797 ns 0,593 0,318 0,364 UP 1,873 1,095 0,921 up 0,983 1,453 1,626 ns -0,338 2,721 3,001 ns
P53 -0,059 0,652 0,758 ns 1,385 0,220 0,255 up 1,165 -0,475 -0,249 ns 1,362 1,430 1,417 UP 1,023 1,135 0,760 UP
MDM?2 | -3,591 1,468 1,445 DOWN/| 3,977 0,281 0,231 up 3,697 -0,512 -0,224 ns -0,409 2,010 1,335 ns 0,527 1,088 0,683 ns
APAF1 | -2,358 1,181 1,770 DOWN| 0,703 0,455 0,384  UP 0,249 -0,838 -0,367 up -1,065 2,508 2,336 ns -0,274 1,379 0,941 ns

BID -2,531 0,265 0,216 DOWN| -1,358 0,418 0,407 DOWN | -1,776 -0,824 -0,247 DOWN | -5878 1,087 1,527 DOWN/| -0,966 2,328 2,247 ns




BAK1
BAX
DIABLO
CASP3
CASP8
CASPS
BCL-XL
MCL1

-0,786
-1,639
0,037
-1,648
-2,718
-2,548
0,758

0,550

1,412
1,545
1,425
1,352
1,341
1,330
1,406

0,566

1,787
1,573
1,728
1,705
1,712
1,926
1,766

0,455

ns

DOWN

ns

DOWN

DOWN

DOWN

ns

up

-0,405
0,497
0,675
1,354
1,097
3,239
0,169

1,317

0,465
0,289
0,234
0,625
0,366
0,342
0,220

0,382

0,344
0,298
0,228
0,448
0,310
0,356
0,248

0,383

DOWN

up

up

up

up

up

ns

up

-0,870
0,208
0,441
0,729
0,731
2,898
-0,051

0,935

-0,808
-0,587
-0,462
-1,073
-0,676
-0,698
-0,468

-0,764

-0,272
-0,496
-0,290
-0,182
-0,221
-0,222
-0,242

-0,313

DOWN

DOWN

ns

up

ns

ns

ns

DOWN

-0,747
-1,916
-0,730
0,325
2,834
-0,281
0,208

-0,806

2,374
2,406
0,919
1,077
1,912
0,933
1,065

2,820

1,488
1,952
1,325
1,676
1,664
1,658
1,500

2,096

ns

DOWN

ns

ns

up

ns

ns

ns

0,399
-0,751
-0,438
0,088
3,327
1,417
0,236

0,289

1,627
1,101
0,884
1,769
1,691
0,422
1,096

2,168

1,113
0,733
0,907
2,499
1,033
0,348
0,916

2,171

ns

DOWN

ns

ns

up

up

ns

ns




Table S6. Chemical shifts ("H and '3C) in parts per million (ppm) of the synthetic peptide crotAMP14. A solution of 1.5 mM crotAMP14 was made in 75 mM SDS-d25 micelles
and analyzed at 25°C.

Position  Residue H HA HB HG HD HE HZ CA CB CD CE Cz
L Lys ' a4 | | ' | |
2 ‘ Arg ‘ 8.56 ‘ 4.47 | 1.83,1.92 | 1.68,1.68 | 3.12,3.12 | | | 57.30 | 30.80 ' 43.77
3 les 793 364 190190 1.71 0.791.04
4 | Lys | 7.52 | 3.98 | 1.88,1.88 | 1.52,1.52 I1.69,1.69I 2.97,2.97 | | 58.16 I32.35I 29.24 | 42.14
5 | Lys | 7.58 | 4.04 | 1.87,1.87 | 1.47,1.47 I1.68,1.68I 3.12,3.12 | | 58.87 I32.25I 29.07 | 42.12
6 | lle | 7.71 | 3.70 | 1.93 | 1.55,0.69 | 0.30 | | | | | 16.77
7 | Phe | 7.80 | 4.43 | 2.82,3.24 | | 7.33 | 7.18 | 7.06 | | | 131.77 | 131.14 | 129.21 |
8 | Lys | 8.20 | 3.84 | 1.90,1.90 | 1.47,1.47 I1.69,1.69I 3.12,3.12 | | 59.70 I32.35I 29.57 | 42.15 | |
| 9 | Lys | 7.58 ' 3.99 | 1.91,1.91 | 1.48,1.48 I1.67,1.67I 3.12,3.12 | | 59.19 I33.02' 28.71 | 42.16 | |
| 10 | Met | 8.17 | 4.05 | 2.06,2.28 | 2.68,2.48 | | | | 58.27 I32.77' | | |
11 | lle | 7.97 | 3.75 | 1.89 | | 0.74 | | | | | 13.5
12 | Lys | 7.45 | 4.04 | 1.92,1.92 | 1.51,1.51 I1.66,1.66I 2.96,2.96 | | 58.55 I32.32I 29.14 | 42.17
13 | lle | 7.77 | 3.70 | 1.92 | 0.70,1.54,1.54 | 0.29 | | | | | 16.66
| 14 | Phe | 7.85 | 4.43 | 2.83,3.25 | | 7.33 | 7.18 | 7.06 | | | 132.03 | 130.91 | 129.12 |

15 Nh2 7.38,6.92




Table S7. Summary of structural statistics of CrotAMP14 in SDS-d25 micelles.

Distance and dihedral restraints

NOEs

Intra Residue 88
ISequentiaI 30
Short range 9

IMedium range 1

ILong range 1

ITotaI unambiguous 129
IAmbiguous 73
ITotaI NOE-derived 202
IDihedraI angles (psi + phi) 38

Structural statistics

Ramachandran Plot (%) value error min max
IMost favored I 93.6 I 5.16 I 83.3 ' 100
IAdditionaIIy allowed I 6.44 I 5.16 I 0 ' 16.7
IGeneroust allowed I 0 I 0 I 0 ' 0
IDisaIIowed regions I 0 I 0 I 0 ' 0

Structural precision

RMSD Backbone (secondary structure/all) 0.139599 (+/- 4.903223E-02 ) / 1.32994 (+/- 0.454047 )

RMSD Heavyatom (secondary structure/all) 0.824521 (+/- 0.142518 ) / 2.12025 (+/- 0.494964 )

NOE violations

>0.1A 0




Table S8. Atomic interactions involving the lowest free energy solution NMR structures determined for crotAMP14 and POPC/POPE/POPS (60:20:20) membrane bilayer during
200 ns of MD simulations at 50 ns intervals.

crotAMP14 -0 ns Distance (A) Membrane — Ons Interactions
Residue Position Atom Residue Position Atom

Arg 2 NE 3.4 POPS 20 0O13B HB
Arg 2 NH2 2.6 POPS 20 013B HB
Lys 5 NZ 3.0 POPS 16 013B HB
Lys 8 NZ 2.8 POPS 15 0o14 SB
Lys 9 NZ 2.7 POPS 19 013 SB
Lys 12 NZ 2.6 POPS 18 0o14 SB
Lys 12 NZ 2.7 POPC 57 0o14 HB

crotAMP14 - 50 ns Membrane — 50ns
Lys 1 N 2.8 POPS 15 O13A HB
Lys 1 N 2.9 POPS 15 0O13B HB
Lys 1 N 3.0 POPS 16 O13A HB
Lys 1 NZ 2.5 POPS 17 O13A HB
Lys 1 NZ 2.7 POPS 15 O13A HB
Lys 1 NZ 2.7 POPS 15 O13A HB
Lys 1 NZ 2.7 POPE 175 014 SB
Arg 2 NH2 2.5 POPS 20 013B HB
Arg 2 NH1 2.6 POPS 20 O13A HB




Arg 2 NH1 2.8 POPS 16 013B HB
Lys 4 NZ 2.7 POPS 17 013 SB
Lys 4 NZ 2.8 POPS 21 0O13B HB
Lys 4 NZ 3.0 POPS 21 O13A HB
crotAMP14 - 100 ns Membrane — 100ns
Lys 1 N 2.7 POPS 15 O13B HB
Lys 1 N 2.8 POPC 76 013 HB
Lys 1 NZ 2.6 POPS 15 O13A HB
Lys 1 NZ 2.9 POPS 17 O13A HB
Arg 2 NH1 2.7 POPS 16 O13A HB
Arg 2 NH1 2.8 POPS 20 O13A HB
Arg 2 NH2 2.7 POPS 20 013B HB
Arg 2 NH2 3.1 POPS 20 O13A HB
Lys 4 NZ 2.6 POPS 15 014 SB
Lys 4 NZ 2.6 POPS 21 014 SB
Lys 5 NZ 2.7 POPS 19 014 SB
Lys 5 NZ 3.0 POPS 16 013 SB
Lys 8 NZ 2.5 POPS 19 O13A HB
Lys 8 NZ 2.8 POPS 21 013 SB
Lys 12 NZ 2.7 POPS 31 O13A HB
Lys 12 NZ 2.7 POPS 21 O13A HB




Lys 12 NZ 2.8 POPS 21 013B HB
crotAMP14 - 150 ns Membrane — 150ns
Lys 1 O 3.3 POPS 16 013 HB
Lys 1 N 2.7 POPC 76 013 HB
Lys 1 NZ 2.7 POPS 16 0O13B HB
Lys 1 NZ 3.5 POPS 16 O13A HB
Arg 2 NE 2.7 POPS 16 014 HB
Arg 2 NH1 2.8 POPS 20 O13A HB
Arg 2 NH1 3.2 POPS 20 013B HB
Arg 2 NH2 2.8 POPS 16 014 SB
Lys 5 NZ 2.8 POPS 20 013B HB
Lys 9 NZ 2.7 POPS 19 013 SB
Lys 9 NZ 2.7 POPS 20 014 SB
Lys 9 NZ 3.0 POPC 61 013 HB
crotAMP14 - 200 ns Membrane — 200ns
Lys 1 N 2.5 POPS 15 0O13B HB
Lys 1 N 3.0 POPC 60 013 HB
Lys 1 N 3.2 POPS 15 O13A HB
Lys 1 NZ 3.1 POPC 76 032 HB
Arg 2 NH1 2.7 POPS 23 013B HB
Arg 2 NH1 3.5 POPS 23 O13A HB




Arg 2 NH2 2.8 POPS 23 O13A HB
Arg 2 NH2 3.4 POPS 23 O13B HB
Arg 2 NH2 3.6 POPC 60 014 HB
Lys 4 NZ 2.6 POPS 17 O13A HB

HB: Hydrogen bond; SB: saline bonds (electrostatic interaction).



95

7 DISCUSSAO

Embora a humanidade tenha testemunhado, nos ultimos anos, notaveis
avancgos cientificos no tratamento do cancer, esta doenga continua sendo uma das
maiores causas de morbidade e mortalidade em todo o mundo (TIAN et al., 2022). O
cancer € uma doencga caracterizada pela alteragéo na sinalizagdo e no metabolismo
celular que gera divisdo descontrolada, sobrevivéncia de células transformadas e
invasao de outros tecidos (UPADHYAY, 2021). Além disso, em tumores solidos, células
nao neoplasicas como as estromais e as do sistema imune também desempenham
papeis criticos na progressao tumoral, impactando a resposta terapéuticas dos
pacientes com cancer (XIAO; YU, 2021).

Entre os individuos do sexo feminino, o cancer de mama € o tipo de neoplasia
mais comumente diagnosticado, em que o CMTN corresponde por cerca de 10% a
20% de todos os casos (WOJTUKIEWICZ; POGORZELSKA; POLITYNSKA, 2022).
Devido a sua complexidade, o tratamento para o cancer de mama € multidisciplinar,
sendo aconselhada cirurgia convencional, associada a radioterapia ou mastectomia
em mulheres com estagio inicial da doenga (MOO et al., 2018). Desse modo, o
sucesso da terapia curativa pode estar atrelado a sua administracdo dentro de um
periodo definido (MUTEBI et al., 2020). No entanto, pacientes diagnosticados com
CMTN apresentam um prognoéstico desfavoravel devido a falta de terapias
direcionadas (KANG; LEROITH; GALLAGHER, 2018).

Atualmente, a quimioterapia € considerada o tratamento padrdo contra o
CMTN, a qual inclui a administracdo de agentes intercaladores de DNA (doxorrubicina,
membro da classe das antraciclinas), alquilantes (ciclofosamida), que impedem a
formagao dos microtubulos (taxano) e a inibigdo da timidilato sintase, enzima que
catalisa a sintese de pirimidinas (fluorouracil, 5-FU) (WON; SPRUCK, 2020). Embora
seja a abordagem mais utilizada, a quimioterapia causa uma série de efeitos colaterais
nos pacientes oncoldégicos como nauseas, alopecia, vOmitos, mielossupressao e
fadiga. Além disso, a quimioterapia pode ocasionar mucosites, oral e/ou
gastrointestinal, resultando em ulceragdes, dor, anorexia, perda de peso, anemia e
chances de formacao de sepse (PRADHAN et al., 2023).

Diante de tais limitacdes, novas terapias precisam ser desenvolvidas de modo

a tornar o tratamento mais especifico e menos nocivo as células saudaveis que
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apresentam a mesma taxa de replicagdo que as neoplasicas (LU et al., 2023). Uma
dessas novas estratégias foi apresentada em um estudo clinico ndo randomizado de
fase 1, no qual foi testada uma vacina de DNA plasmidial, que codifica para o dominio
intracelular de ERBB2 (HERZ2), visando aumentar as células T auxiliares, podendo
induzir a imunidade a ERBB2 na maioria dos pacientes (DISIS et al., 2023). Os
resultados demonstraram que a imunizagcdo com a dose de 100 pyg da vacina foi
associada a geragao de células T tipo 1 que reconhecem especificamente ERBB2 na
maioria dos pacientes com cancer de mama que expressa ERBB2, podendo ser

utilizada como um tratamento alternativo (DISIS et al., 2023).

No entanto, como citado anteriormente, as neoplasias de mama que nao
expressam os receptores ER, PR e ERBB2 apresentam um quadro bastante agressivo
com um prognostico desfavoravel, de modo que terapias enddcrinas ou anti-HER2
nao sao efetivas para estes pacientes (CHOI; KIM, 2023). Desse modo, alternativas
que independam do reconhecimento de receptores transmembranares e que gerem
pouco ou nenhum efeito colateral precisam ser exploradas. Atualmente, peptideos
com atividade antitumoral vém sendo estudados como moléculas alternativas
promissoras para o tratamento do cancer, incluindo o de mama (GUO, F. et al., 2022;
LI, K.; LIU; ZHANG, 2020). No presente trabalho, ap6és uma triagem com 17 peptideos
de diferentes fontes, naturais e sintéticos, selecionamos o crotAMP14 para avaliar o
seu mecanismo de acao. Os critérios de selecao se basearam no numero de linhagens

em que o peptideo € ativo e a menor quantidade de residuos de aminoacidos.

O crotAMP14 ¢ derivado da ctn, um membro das catelicidinas encontrada na
glandula de peconha da jararaca sul-americana (FALCAO, Claudio Borges; RADIS-
BAPTISTA, 2020), que possui atividade antibacteriana, antifungica e antitumoral (DE
AGUIAR et al., 2020; PEREZ-PEINADO et al., 2018). As catelicidinas além de
proeminente familia de PAMs, também desempenham papéis importantes no sistema
imune inato de praticamente todas as espécies de vertebrados (KLUBTHAWEE et al.,
2020). Em humanos, a LL-37 é constitutivamente expressa em diferentes células de
defesa do hospedeiro, incluindo macrofagos, neutréfilos, células epiteliais e células
endoteliais, desempenhando papéis importantes ndo apenas no combate a bactérias,
fungos, virus e parasitas, mas também na regulacao de varias fungdes imunes, como
reagdes inflamatdrias, proliferagdo celular, apoptose, parada do ciclo celular,

angiogénese e liberacao de citocinas (CHEN, J. et al., 2020).
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Catelicidinas de diversas espécies possuem atividade antitumoral como as de
frango CATH-(1, 2 e 3), as quais foram efetivas contra linhagem de cancer de mama
MCF-7 nas concentragdes de 10, 20 e 40 pug.ml”' (MAHMOUD et al., 2022). Outro
exemplo € a catelicidina humana LL-37, a qual também demonstrou atividade
antitumoral contra células de carcinoma espinocelular oral por meio do mecanismo
subjacente que pode incluir a indugéo de apoptose dependente de caspase-3 (via
P53-Bcl) via de sinalizagdo -2/BAX (CHEN, X. et al., 2020). Além disso, o estudo
estrutural das catelicidinas pode indicar motivos capazes de apresentar atividade com
uma reducgao de tamanho, algo observado no peptideo FK-16, derivado do LL-37, o
qual induz células de cancer de coélon a apoptose independente de caspase (REN et
al., 2013). Desse modo, as catelicidinas se configuram como uma fonte de peptideos

que podem ser explorados para o tratamento de neoplasias.

O crotAMP14 foi obtido a partir do redesenho da ctn, mais especificamente do
seu fragmento compreendendo do 15° aa ao 34° aa, o ctn[15-34]. Por meio de uma
estratégia de design fisico-quimicamente guiada, foram excluido residuos
considerados desfavoraveis para a superficie eletrostatica do peptideo crotAMP14,
mantendo uma alternancia entre residuos carregados positivamente e hidrofébicos
(OLIVEIRA et al., 2020). Além disso, outra modificacdo foi a exclusdo de varios
residuos (K', P", V13, G15, V16, T'7 e P'9), bem como a adigao de lisina (K) na posigéo
12 do crotAMP14. Tais modificagdes resultaram em um peptideo menor (14 aa),
quando comparado com a ctn (34 aa), seu parental, com a atividade antimicrobiana
aumentada, no entanto, sem causa citotoxicidade contra células saudaveis (OLIVEIRA
et al., 2020). Dessa forma, estratégias como o design racional de peptideos,
permitindo a reducdo do tamanho de peptideo parental, associado ao aumento da
atividade sem comprometer a citotoxicidade podem ser exploradas para o
desenvolvimento de novos PACs. Por meio de um redesenho, Tzitzilis e colaboradores
(2020) desenvolveram novos peptideos analogos do segmento da catelicidina de 13
aminoacidos 17-29 (F'7KRIV?'QR?IK?°DF?’LR-NH2). Entre estes peptideos, o
peptideo 1 apresentou atividade contra a linhagem de cancer epitelial brénquico A549
(IC50 20,13 ug.mL") sem ser toxico para eritrocitos (TZITZILIS et al., 2020),
demonstrando a eficiéncia da estratégia de redesenho funcional de peptideos para

aplicagdes terapéuticas contra o cancer.
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O crotAMP14 foi efetivo contra linhagem triplo-negativa de cancer de mama
(MDA-MB-231) nas concentragdes de 64, 32, 16 e 8 uM. Apds 24 horas de exposig¢ao
aproximadamente 100% das células morreram em 64 e 32 yM e 45% em 16 pM.
Devido ao fato de que para realizar a analise de expressao génica das células apds a
exposicao ao peptideo, adotamos a concentracdo de 16 uM para os futures testes
uma vez que néo ha 100% de morte celular, permitindo a coleta do RNAm. Além disso,
foi demonstrado que o peptideo € ativo contra a linhagem de adenocarcinoma nos
primeiros 15 minutos de exposig¢ao. Durante os testes de citotoxicidade, foi observado
que as células se desprendem diminuem de e ficam em suspensao no meio. Analises
de citometria de fluxo (FSC e SSC) indicaram que as células diminuem em tamanho
consideravelmente ao ponto de gerar duas populagdes nos histogramas (dados nao

mostrados).

A diminuigdo no tamanho das células € uma alteragao morfolégica fortemente
associada ao processo de morte celular por apoptoses (OLANDER; HANDIN;
ARTURSSON, 2019). Em alguns casos, a reduc¢ao de tamanho representa 38% da
area media das células que irdo disparar os mecanismos de morte celular programada
(CACHOUX et al.,, 2023). Desse modo, um possivel mecanismo de acdo do
crotAMP14 por apoptose foi avaliado. Para tal, 30 genes pré-apoptoticos e
antiapoptoticos foram selecionados e tiveram a sua expressao génica avaliada por
meio de qPCR. De modo geral, nas comparagdes entre os tratamentos (células do
sobrenadante versus controle, células aderidas versus controle e células do
sobrenadante versus células aderidas) houve um aumento na expressao tanto de
genes apoptoticos (caspases 3, 8 e 9) quanto de genes envolvidos no ciclo celular
(CDK4/6).

Embora os dados gerados pela andlise da expresséo relativa destes genes
sejam relevantes, o perfil de expressao das células observado n&o corresponde com
os descritos na literatura cientifica. E comumente observado um aumento na
expressao de genes pré-apoptoticos concomitantemente com a diminuicdo da
expressdo de genes antiapoptéticos, induzindo a célula a morte programada.
Recentemente, foi demonstrado que a crotalicidina BMAP-27 reduz a proliferacédo de
células de cancer de cdlon por meio da regulacéo positiva de genes supressores de
tumor (CASPASE3, BAX, TP53, AXIN1) enquanto regula negativamente a expressao
de oncogenes (BCL-2, CDK-6, PCNA, WNT11 e CTNNB1) (DAS et al., 2023). No



99

entanto, ndo foi possivel observar essa correlagdo nas células expostas ao
crotAMP14.

Embora as analises de citometria de fluxo utilizando anexina-V e iodeto de
propidio indicaram morte celular por apoptose (dados ndo mostrados), os dados de
expressao génica nao foram conclusivos para corroborar a hipétese de morte celular
programada. Desse modo, foram feitos testes de ativagdo de caspases 3 e 7 para
avaliar o aumento da expressdo dos genes das caspases foi acompanhado da
ativacdo dessas proteinas. Interessantemente, o crotAMP14 inibi a ativagcdo das
caspases em aproximadamente 80% nas primeiras 24 horas chegando a 100% apds
48 horas.

Caspase-3/7 sao proteases de acido cisteina-aspartico responsaveis por
desencadear diretamente a morte celular por apoptose seguida pela ativagao
sequencial de outras caspases (8 e 9) (SHIM et al., 2017). Curiosamente, o crotAMP14
inibiu a atividade da caspase-3/7 em células MDA-MB-231 em aproximadamente
100% apds 48 h de exposicao. Embora dados anteriores sugerissem uma possivel
morte celular apoptdtica, a inibicado da caspase pelo crotAMP14 demonstrou que a
morte celular pode ocorrer por outro mecanismo independente da caspase, como a
necrose. Desse modo, a hipétese de que o peptideo atua formando poros na
membrana foi levantada, pois os dados de citometria podem ter acusado um falso
positivo, uma vez que ao formar poros na membrana plasmatica, a anexina-V pode
entrar na célula e se ligar as fosfatidilserinas presentes na camada interna da

membrana plasmatica.

Outra evidéncia que apoia essa hipotese ¢é o fato de que o crotAMP 14 mostrou
semelhangas com o peptideo oncolitico quimiocinestatina-1 (CKS1) (FURUKAWA et
al., 2024). CKS1 é um peptideo 24-mer derivado da quimiocina CXCL1 que, quando
em contato com células 4T1, resulta no desprendimento dessas células do fundo do
poco e morte celular rapida (30 min). Foi demonstrado que CKS1 causa danos severos
a membrana plasmatica, induzindo morte celular por meio de necrose (FURUKAWA
et al., 2024). Além disso, a maioria dos interage com as membranas plasmaticas das
células (XIE; LIU; YANG, 2020). Desse modo, foram feitos testes para avaliar uma
possivel interagao entre o crotAMP14 e a membrana plasmatica das células de MDA-
MB-231. O primeiro deles consistiu na elucidacao estrutural do peptideo por meio de

ressonancia magnética nuclear.
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A atividade biologica dos AMPs depende, em grande parte, de determinantes
fisico-quimicos cruciais, incluindo carga, grau de helicidade, hidrofobicidade,
comprimento de sequéncia, anfipaticidade e solubilidade (AHMED, T. A. E,;
HAMMAMI, 2019). Portanto, entender a relagdo entre a estrutura e a fungédo dessas
biomoléculas é essencial para o desenvolvimento do novo farmaco (AHMED, T. A. E.;
HAMMAMI, 2019). Os dados de RMN demonstraram que o crotAMP14 adota uma
estrutura a-helicoidal, quando em contato com membranas miméticas, corroborando
dados publicados anteriormente (OLIVEIRA et al., 2020).

Os ACPs a-helicoidais catidnicos sdao uma classe essencial de peptideos
antitumorais (HUANG, Y. et al., 2015), geralmente atuando em células neoplasicas por
meio de interac&o eletrostatica com a membrana dessas células (ABD EL-AAL et al.,
2023), causando lise celular (GHALY et al., 2023). Conforme demonstrado
recentemente, a atividade anticancer pode estar relacionada ao seu conteudo
helicoidal e hidrofobicidade (HADIANAMREI et al., 2022b). O crotAMP14 é um
peptideo curto sintético a-helicoidal catiénico (+8), o que pode explicar sua atividade
antitumoral demonstrada aqui. Além disso, como foi reportado anteriormente, o
crotAMP 14 interage com a membrana plasmatica de células bacterianas (OLIVEIRA
et al., 2020). Dados de espectroscopia de EPR gerados aqui demonstraram o que
crotAMP14 atua na membrana plasmatica das células neoplasica, aumento a sua
rigidez sem, no entanto, aumento a oxidagdo da membrana plasmatica o que indica

uma provavelmente morte celular por necrose.

As analises de EPR também demonstraram que o peptideo ndo causa redugao
na fluidez da membrana plasmatica de cultura primaria de fibroblastos humanos,
corroborando dados observados nos testes de viabilidade celular, nos quais as células
apenas nas concentragdes mais elevadas (32 e 64 yM) houve morte celular. Um
pequeno aumento em 2A// de 1,3 G foi observado na concentragdo de 32 uyM. O
crotAMP14 aumentou a rigidez na membrana celular de MDA-MB-231 em um curto
periodo de incubacédo. Este resultado indica que o crotAMP14 causa rigidez devido a
sua presenca fisica na membrana em vez de desencadear processos oxidativos que
exigem mais tempo. Além disso, foi descoberto que o peptideo pode causar rigidez
em membranas MDA-MB231 isoladas logo apds o tratamento indicando sua interagao

diretamente com a membrana.
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Na membrana celular, foi demonstrado que o marcador de spin 5-DSA se
comporta como lipidios anulares ou de limite que circundam preferencialmente a
superficie hidrofébica das proteinas da membrana e que esse efeito restringe a
mobilidade da sonda de spin (MARSH, 2010). Assim, quanto maior o conteudo de
proteina da membrana, menor sua fluidez. Por exemplo, na membrana do eritrécito
que tem um conteudo de proteina de aproximadamente 50%, o valor 2A// é maior que
56 G (ALONSO et al.,, 2019). Com base nessas descobertas, espera-se que a
presencga do crotAMP14 em uma estrutura de a-hélice possa restringir a mobilidade
dos lipidios da membrana celular. Além disso, também ¢é provavel que o peptideo
possa dificultar o empacotamento de cadeias lipidicas e, assim, aumentar a
probabilidade de formag¢ao de poros na membrana celular. O fato de haver menor
efeito no fibroblasto pode estar relacionado a menor entrada do peptideo na

membrana celular.

Embora os dados de EPR s&o gerados por testes empiricos, foram feitas
simulagdes in silico para avaliar as interagdes entre o peptideo crotAMP14 e a
membrana plasmatica das células alvos. Os dados obtidos por meio de dinamica
molecular corroboraram os dados obtidos nos outros experimentos. O fato de
praticamente nao haver reduc¢ao na fluidez da membrana de fibroblastos por parte do
crotAMP14 esta associado com a perda de sua estrutura a-helicoidal devido a menor
entrada do peptideo na membrana plasmatica dessas células. Por outro lado, quando
em contato com uma bicamada lipidica de células neoplasicas, o peptideo crotAMP14
conserva sua estrutura durante as simulagdes e preserva suas interagdes com esse
sistema de membrana anibnica por meio de sua regido N-terminal carregada

positivamente.

Esses dados dao suporte as nossas descobertas in vitro nas quais o peptideo
crotAMP14 desencadeia rigidez nas membranas das células cancerigenas. Além
disso, os mapas de densidade parcial em POPC/Chol e POPC/POPE/POPS indicam
que o peptideo é inserido mais profundamente na membrana cancerigena do que a
membrana zwitteribnica. Nesta ultima, a maior parte do peptideo esta na interface de
agua no sistema POPC/Chol. Também vale a pena notar que o peptideo crotAMP14
interage principalmente com a membrana POPC/POPE/POPS por meio de ligagbes
de hidrogénio e salinas envolvendo residuos carregados positivamente da regiao N-

terminal. O principal mecanismo de acdo dos PACs ocorre por meio de suas
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interagbes com os lipidios das membranas celulares, ocasionado a ruptura celular
(GHALY et al., 2023).

Em um estudo que investigou o perfil de espectrometria de massa in situ de
diferentes linhagens de células de cancer de mama, foi demonstrado que os niveis de
fosfatidilinositol (P1(36:1)), PC(36:1) e PC(36:2) estdo aumentados em células MDA-
MB-231 quando comparados com outras cinco linhagens de células (HE; GUO; LI,
2015). Essa variagdo no perfil com niveis significativamente elevados de lipidios
monoinsaturados podem estar associada ao grau de malignidade dessas neoplasias
(HE; GUO; LI, 2015). Além disso, alteragdes no perfil lipidico no cancer podem ocorrer
em diferentes estagios de progressdo (DADHICH; KAPOOR, 2022). Embora o
crotAMP14 tenha uma carga liquida positiva relativamente alta (+8), experimentos
mostraram que a producao in silico de ACPs com atividade anticAncer melhorada nao
requer necessariamente um aumento maximo na carga e hidrofobicidade (MA et al.,
2020). Em vez disso, essas propriedades restringem e influenciam umas as outras até
que um equilibrio seja alcangado que alcance uma atividade anticancer melhorada
(MA et al.,, 2020). Algo semelhante foi adotado no processo redesenho fisico-
quimicamente guiado do crotAMP14 (OLIVEIRA et al., 2020).

8 CONCLUSOES

Os dados aqui apresentados lancam luz sobre como os peptideos com
atividade antimicrobiana, principalmente contra bactérias Gram-negativas, podem ser
explorados como agentes antitumorais. Embora o peptideo crotAMP14 tenha alterado
o perfil de expressao génica das células MDA-MB-231, a expresséo nao resultou em
morte celular por apoptose, como visto em ensaios de ativagcdao de caspase. O
crotAMP14, por ser um peptideo catidbnico a-helicoidal, se insere na membrana
plasmatica de células neoplasicas por meio de interagcbes eletrostaticas, devido a
diferengcas de cargas positivas (peptideo) e negativas (membrana celular). Como
resultado dessa interagdo, ha um aumento na rigidez da membrana plasmatica, sem
aumento da oxidacgao, indicando a possivel formagao de poros e morte celular por
necrose. Em células saudaveis essa interagdo nao ocorre devido ao fato de que a
membrana plasmatica das células saudaveis possuir uma carga liquida neutra, devido

a presencga de fosfolipidios zwiteribnicos. Desse modo, o crotAMP14 nao consegue
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assumir sua estrutura 3D e, consequentemente, perturbar a membrana plasmatica
dessas células. A investigagdo da atividade antitumoral em potencial dos AMPs
catibnicos a-helicoidais permite o desenvolvimento de novos medicamentos, incluindo
derivados de peptideos, para tratar o cancer de mama. Esses tratamentos podem ser
mais eficazes e ter menos efeitos colaterais para pacientes com cancer de mama.
Além disso, entender o mecanismo de agao dos ACPs é crucial porque langa luz sobre
novos alvos farmacologicos e permite o desenvolvimento de novas moléculas capazes

de erradicar células por meio de interacdes eletrostaticas.

9 PERSPECTIVAS

A elucidagcdo do mecanismo de acgao antitumoral do crotAMP14 contra células
neoplasicas de cancer de mama triplo negativo gerou mais perguntas do que resposta
(e perguntas foram e sempre serdo a locomotiva do processo cientifico). Entre essas
perguntas podemos destacar algumas como “o crotAMP14 também atua do mesmo
modo em outras linhagens de cancer de mama e de outros tipos?”, “em modelos in
vivo o crotAMP14 ainda é capaz de erradicar células neoplasicas?” e “como o peptideo
se comporta em modelos 3D tumorais como organoides?” Todas as respostas para
essas perguntas podem ser respondidas futuramente por todos aqueles que, assim
como eu, se interessam por essa seara microscopica e os dados aqui gerados
poderdo fornecer algumas pistas para a compreensdo do mecanismo de agao

antitumoral de peptideos antimicrobianos.

As proximas etapas do projeto consistirdo na realizagdo de microscopia
eletrénica de transmissdo (MET) para avaliar como o peptideo se organiza
estruturalmente na membrana plasmatica das células-alvo. Avaliar se o mecanismo
antitumoral do crotAMP14 é semelhante para outras linhagens de cancer de mama
com graus de agressividade variados. Além disso, uma ultima proposi¢cao deste
trabalho sera a investigagdo da atividade desse peptideo em organoides a fim de
avaliar se a morte celular se mantém, bem como se o crotAMP14 pode alterar algumas
propriedades do microambiente tumoral mimetizados pelas estruturas 3D, produzidas
com células de MDA-MB-231 e fibroblastos humanos.
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Abstract: Skin wound healing is coordinated by a delicate balance between proinflammatory and anti-
inflammatory responses, which can be affected by opportunistic pathogens and metabolic or vascular
diseases. Several antimicrobial peptides (AMPs) possess immunomodulatory properties, suggesting
their potential to support skin wound healing. Here, we evaluated the proregenerative activity of
three recently described AMPs (Clavanin A, Clavanin-MO, and Mastoparan-MO). Human primary
dermal fibroblasts (hFibs) were used to determine peptide toxicity and their capacity to induce cell
proliferation and migration. Furthermore, mRNA analysis was used to investigate the modulation
of genes associated with skin regeneration. Subsequently, the regenerative potential of the peptides
was further confirmed using an ex vivo organotypic model of human skin (hOSEC)-based lesion.
Our results indicate that the three molecules evaluated in this study have regenerative potential at
nontoxic doses (i.e., 200 uM for Clavanin-A and Clavanin-MO, and 6.25 pM for Mastoparan-MO).
At these concentrations, all peptides promoted the proliferation and migration of hFibs during
in vitro assays. Such processes were accompanied by gene expression signatures related to skin
regenerative processes, including significantly higher KI67, HAS2 and CXCR4 mRNA levels induced
by Clavanin A and Mastoparan-MO. Such findings translated into significantly accelerated wound
healing promoted by both Clavanin A and Mastoparan-MO in hOSEC-based lesions. Overall, the
data demonstrate the proregenerative properties of these peptides using human experimental skin
models, with Mastoparan-MO and Clavanin A showing much greater potential for inducing wound
healing compared to Clavanin-MO.

Keywords: antimicrobial peptides; Clavanin A; Clavanin-MO; Mastoparan-MO; skin regeneration

1. Introduction

Normal wound healing involves coordination between the immune response and the
processes of cellular migration, proliferation, matrix deposition, and tissue remodeling [1].
During skin wound healing, an excessive inflammatory response induced by opportunistic
pathogens, and metabolic, or chronic diseases can lead to nonhealing wounds [2,3]. For
instance, an increase in the proinflammatory response, resulting from the deregulation
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of several key proinflammatory cytokines, such as IL-1f3 and tumor necrosis factor—o
(TNF«), prolongs the inflammatory phase, and has been related to elevated activity of
metalloproteinases that impair cell migration and proliferation process, thus delaying the
wound repair [3,4]. This deterioration in healing conditions and the presence of nonhealing
wounds increases treatment costs, causes aesthetic damage, or even puts the lives of patients
at risk, which makes it necessary to search for new therapeutic options that favor skin
tissue regeneration [1,4].

In the search for new proregenerative treatments, antimicrobial peptides (AMPs) arise
as a group of molecules that present a broad spectrum of antimicrobial activity, accompa-
nied by immunomodulatory and regenerative properties that promote cell proliferation,
and angiogenesis, which favors the wound healing process [5,6]. The AMPs Clavanin
A (VFQFLGKIIHHVGNFVHGFSHVF-NH?2) and its synthetic derivative Clavanin-MO
(FLPIIVFQFLGKIIHHVGNFVHGFSHVF-NH2) present strong activity against both Gram-
negative and Gram-positive bacteria and can modify the expression of immune system
components that regulate the inflammatory response [7-9]. Clavanin-MO can modulate
innate immunity by stimulating leukocyte recruitment and the production of immune
mediators such as GM-CSF, IFN-y, and MCP-1, favoring an increase in the levels of anti-
inflammatory cytokines (IL-10) and repressing the expression of proinflaimmatory cytokines
(IL-12 and TNF-«x), which suppresses the damage caused by an excessive inflammatory
response [9]. Likewise, the peptide Mastoparan-MO (FLPIIINLKALAAALAKKIL), a less
toxic synthetic variant of the natural AMP Mastoparan-L, can increase leukocyte migration
while suppressing the expression of proinflammatory factors such as TNF-«, and IL-6.
These immunomodulatory properties enhance the immune responses required to eliminate
infections and reduce the damage caused by an excessive inflammatory response [10,11].

In the present study, we examined the ability of three antimicrobial peptides (Clavanin
A, Clavanin-MO, and Mastoparan-MO,) to stimulate cell proliferation, and migration, as
well as encourage the activation of genes associated with tissue regeneration in a model of
primary human dermal fibroblasts (hFibs). Likewise, using an organotypic human ex vivo
skin model (hOSEC), we analyzed the possible induction of wound healing generated by
these antimicrobial peptides.

Our results indicate that treatment with Clavanin A, Clavanin-MO, or Mastoparan-MO
peptides did not generate changes in the cellular viability of primary skin cells, suggesting
low cytotoxicity of these molecules. Likewise, treatment with these AMPs can increase
cell proliferation, migratory capabilities, and the induction of gene expression related to
tissue repair processes in hFibs. Finally, using an ex vivo human skin culture system,
we determined that Clavanin-MO and Mastoparan-MO can potentially facilitate wound
healing. These results suggest that these antimicrobial and immunomodulatory peptides
have skin-regenerative potential, constituting an exciting alternative for the development
of further treatments for skin injuries.

2. Results
2.1. Cytotoxicity Screening of AMPs

We analyzed the cytotoxic potential on skin cells of three well-characterized antimicro-
bial peptides (Table 1). At 24 h of exposure, the peptides Clavanin A and Clavanin-MO
did not produce any significant change in cell viability compared to control when the
cells were exposed to doses as high as 200 uM (Figure 1A,B). However, Mastoparan-MO
induced a significant and progressive reduction in cell viability, observed starting from
25 uM (p < 0.001), and reaching more than 50% at 100 pM (p < 0.001) (Figure 1C).
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Table 1. List of antimicrobial peptides used during this study and their immunomodulatory properties.

Name Immunomodulatory Activity References

Clavanin A and Clavanin-MO present
anti-inflammatory activities in murine macrophage-like [7-9]
cells stimulated with LPS
Clavanin A and Clavanin-MO can increase the
production of IL-10 and reduce the expression of
Clavanin-MO proinflammatory IL-12 and TNF-«
Clavanin-MO can induce the migration of leukocytes
In mice, treatment with Clavanin-MO increased the

expression of GM-CSF, IFN-y, and MCP-1 during the

early stages of infection with E. coli and S. aureus
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Mastoparans can inhibit expression of Toll-like receptor
4 (TLR4), TNF-«, and interleukin-6 (IL-6)
Mastoparan-MO can induce leukocyte migration to the
site of infection in an in vivo model
Treatment with Mastoparan-MO caused a decrease in
proinflammatory cytokines IL-12, TNF-«, and IL-6
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Figure 1. Cytotoxicity screening of AMPs. Cytotoxic potential of Clavanin A and Clavanin-MO
at 200, 100, 50, and 25 pM ((A,B) respectively), and Mastoparan-MO at 100, 50, 25, 6.25, 3.12, and
1.56 uM (C), was tested in human primary dermal fibroblasts (hFibs). The mean + SD of three
independent experiments is presented. Effects on cell proliferation of Clavanin A and Clavanin-MO
at 200 or 100 uM ((D,E), respectively) and Mastoparan-MO at 6.25 or 3.12 uM (F), were determined
at1, 4, and 7 days by MTT assay. The mean, along with the standard deviation, is shown for three
independent experiments. In both cases, the statistical analysis was carried out through one-way
ANOVA and Tukey post hoc tests. Asterisks indicate significant differences (** p < 0.01; *** p < 0.001)
relative to the control.
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This peptide, however, did not generate a significant change in cell viability when the
cells were exposed to concentrations below 25 uM. As cytotoxicity controls, we evaluated
the peptides Polybia-MPII and EcDBS1R6, which induced a significant reduction in cell
viability (p < 0.05) at all concentrations tested (Figure S1). Based on these results, for
further experiments, we used Clavanin A and Clavanin-MO at 100 and 200 uM, while
Mastoparan-MO was used at 6.25 and 3.12 uM.

2.2. Proliferative Potential

At 7 days of treatment, both Clavanin A (100 uM and 200 uM) and Clavanin-MO
(100 uM) were able to induce a significant increase in cell proliferation compared to the
control of the solvent vehicle (p < 0.01 compared to the untreated control; Figure 1D,E).
This trend can also be observed on days 1 and 4 of the treatment with Clavanin-MO at
200 uM. Likewise, the treatment with Mastoparan-MO at 3.12 and 6.25 uM induces a
significant increase in cell proliferation (compared to the control of the solvent vehicle)
at 4 and 7 days of treatment (p < 0.001; Figure 1F). After seven days of treatment, it is
possible to observe that the Mastoparan-MO treatment at 6.25 pM can induce a significant
increase in cell proliferation compared to the positive control (supplemented with 10%
FBS) (p < 0.001; Figure 1F). The analysis of the proliferation kinetics (Figure 2A-C) reveals
that at 4 days, the treatment with Clavanin A or with Mastoparan-MO at any of the tested
concentrations produces a significant increase in cell replication rate compared with the
control of the solvent vehicle (Clavanin A at 100 uM or 200 puM, p <0.05; Mastoparan-MO
at3.12, p < 0.05 and at 6.25 uM, p < 0.01). In the same way, the analysis of the proliferative
potential (Figure 2D-F) that was carried out by calculating the population doubling time
(PDT) shows that except for cells treated with Clavanin-MO at 100 uM, all treatments
generated a significant reduction in the population doubling time compared to the vehicle
control (Clavanin A at 100, 200 uM, and Clavanin-MO at 200 uM, p < 0.05; Mastoparan-MO
at 3.12 uM, p < 0.01, and Mastoparan-MO at 6.25 uM, p < 0.05).
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Figure 2. Analysis of proliferation kinetics. Human primary dermal fibroblast (hFibs) were incubated
with Clavanin A ((A,D); 200 or 100 pM), Clavanin-MO ((B,E); 200 or 100 pM), or Mastoparan-MO
((CF); 6.25 or 3.12 uM). Proliferation kinetics (A—C) were determined at 1, 4, and 7 days by counting
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the total number of cells. To determine the proliferative potential of the cells, the population doubling
time (PDT) was calculated at 4 days (D-F) of peptide treatment. The statistical analysis was carried
out by means of a one-way ANOVA and Tukey post hoc tests. Significant differences regarding the
control are marked with asterisks (* p < 0.05; ** p < 0.01).

2.3. Gene Expression Profile

Using qRT-PCR, we analyzed potential changes in gene expression of proregenerative
factors in cells treated with the peptides (Figure 3). This analysis was conducted with cells
treated with the peptides at concentrations of 200 uM for Clavanin A and Clavanin-MO, and
6.25 uM for Mastoparan-MO, as at these concentrations, the peptides showed a significant
increase in cell proliferation and a significant reduction in population doubling time (PDT),
which suggests a possible proregenerative effect of these molecules. The obtained results
revealed that the treatment with Mastoparan-MO generated significant upregulation in
expression levels of FGF2, KI67, ELN, HAS2, and CXCR4 transcripts compared to the
vehicle control (p < 0.01; Figure 3A-C,E F). Likewise, treatment with Clavanin A can induce
a significant upregulation in the expression levels of KI67, HAS2, CXCR4, CXCR7, and
BCL2 (p < 0.01; Figure 3B,E-H). In contrast, treatment with Clavanin A also generated a
trend towards downregulation of FGF2 and MMP1 expression (Figure 3A,D). Clavanin-MO
treatment promoted a significant upregulation in the expression of FGF2 (p < 0.05 compared
to the vehicle control), ELN, MMP1, HAS2, and CXCR7 (p < 0.01 compared to the vehicle
control; Figure 3A,C-E,G).
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Figure 3. Changes in the expression of proregenerative genes. Relative mRNA expression profile of
Human primary dermal fibroblasts (hFibs), that were treated with Clavanin A (200 uM), Clavanin-
MO (200 uM), or Mastoparan-MO (6.25 pM), was analyzed. The mRNAs assessed correspond to
(A) fibroblast growth factor 2 (FGF2), (B) marker of proliferation Ki-67 (KI67), (C) elastin (ELN),
(D) matrix metalloproteinase 1 (MMP1), (E) hyaluronic acid synthase 2 (HAS2), (F) C-X-C chemokine
receptor type 4 (CXCR4), (G) C-X-C chemokine receptor type 7 (CXCR7), and (H) B-cell lymphoma
2 protein (BCL2). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a ubiquitous
control. Analysis of the mean =+ SD of three independent experiments is presented. Statistical analysis
was carried out by means of a one-way ANOVA and Tukey post hoc tests. Significant differences
regarding the control are marked with asterisks (* p < 0.05; ** p < 0.01).
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2.4. Cellular Migration

The treatment with both Clavanin A and Clavanin-MO at 200 uM for 24 and 48 h
can induce a significant increase in the percentage of cell migration compared to the
control of the solvent vehicle without FBS (p < 0.01 compared to the untreated control)
(Figure 4A,B,D). Likewise, Mastoparan-MO treatment at 6.25 uM (Figure 4C,D) induced
a significant increase in cell migration regarding the solvent vehicle control at both 24
and 48 h. At 48 h of treatment, the cells treated with Mastoparan-MO at 6.25 uM show
an increase in cell migration that is greater than that observed in the positive control
supplemented with FBS (p < 0.01; Figure 4C,D).
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Figure 4. Analysis of fibroblast migration and wound healing in an ex vivo skin model. Human
primary dermal fibroblasts (hFibs) were incubated with (A) Clavanin A at 200 uM, (B) Clavanin-MO
at 200 uM, or (C) Mastoparan-MO at 6.25 uM, and the cell migration percentage was determined by
image analysis. As controls, basal medium supplemented with FBS (positive control, black bars),
and basal medium without FSB (negative control, light gray bars). In (A-C), the dark gray bars
correspond to the cells exposed to each of the corresponding peptides. The mean & SD of the
percentage of cells that migrated in three independent experiments at 0, 24, and 48 h is presented.
The statistical analysis was carried out by means of one-way ANOVA and Tukey post hoc tests.
Significant differences regarding the control are marked with asterisks (** p < 0.01). In (D), it is
possible to observe representative images of hFib migration at 24 and 48 h of peptide treatment
(Clavanin A and Clavanin-MO at 200 pM, Mastoparan-MO at 6.25 uM), yellow dots represent the
cells that invaded the scratched area. Wound healing assay in human skin explants exposed to:
Clavanin A (200 uM), Clavanin-MO (200 uM), or Mastoparan-MO (6.25 uM) (E,F). Quantification
of the area of re-epithelialization and lesion closure in the skin explants at 7 days of treatment was
quantified using the Image]J software (version 1.53 i). The analysis of the mean £ SD of the wound
area of three independent experiments is represented (E). The statistical analysis was carried out
through one-way ANOVA and Tukey post hoc tests. Significant differences regarding the control
are marked with asterisks (** p < 0.01). In (F), it is possible to observe representative images of the
closure of the wounds in the human skin explants at 7 days of treatment.



Int. J. Mol. Sci. 2024, 25, 6851

7 of 14

2.5. Wound Healing in hOSEC

The effect of the three AMPs on the wound healing process was analyzed using an
ex vivo organotypic model of human skin (hOSEC) (Figure 4E,F). The results indicate that
treatment with Clavanin A and Mastoparan-MO at 200 and 6.25 puM, respectively, could
induce a significant reduction in the lesion area relative to the negative control of minimal
regeneration, treated with the medium supplemented only with FBS (Figure 4E,F) (p < 0.01).
In contrast, skin explants treated with Clavanin-MO at 200 uM did not show a significant
reduction in the lesion area compared to either of the two controls in this experiment.

3. Discussion

Growing evidence indicates that several AMPs can generate an immunomodulatory
effect that promotes cell attachment, proliferation, and infiltration, thereby facilitating
tissue regeneration and wound healing. This suggests that these types of antimicrobial
molecules may have the potential to develop proregenerative treatments [12-14]. In this
work, using both a culture system of primary human fibroblasts (hFibs) and an ex vivo
organotypic model of human skin (hOSEC), we analyzed the proregenerative potential of
three antimicrobial peptides (Clavanin A, Clavanin-MO, and Mastoparan-MO).

Although Clavanin A and Clavanin-MO have been previously reported to exhibit
moderate cytotoxicity against monocyte/macrophage-like cells (EC50 < 50 uM) [15], our
results indicate that in hFibs, the treatment with these two calvanins did not generate
any significant cytotoxic effect, even at the 200 uM dose. Likewise, even though in RAW
264.7 cells, Mastoparan-MO does not present cytotoxicity at doses of up to 200 uM [10], the
absence of cytotoxicity in hFibs could only be observed when the cells were treated with
this peptide at concentrations below 25 uM, suggesting that cytotoxicity may depend on
the cell type tested [16].

Other peptides that present immunomodulatory properties, such as human beta-
defensins 2 and 3 (hBD-2 and hBD-3), can stimulate skin cell proliferation, possibly through
the expression of fibroblast growth factor receptor 1 (FGFR1), and the enhancement in
the phosphorylation of FGFR1, JAK2, and STAT3, which are proregenerative factors that
promote wound healing, angiogenesis, and fibroblast activation [12,17-19]. Our results
indicate that the three AMPs (Clavanin A, Clavanin-MO, and Mastoparan-MO) can induce
an increase in the cell proliferation rate of hFibs, which indicates that these peptides,
especially Mastoparan-MO, may have properties that facilitate tissue repair through the
induction of key genes for cell proliferation such as FGF2 and K167 [20,21].

In this sense, it has also been observed that some antimicrobial peptides, such as the
synthetic A-hBD-2 or the LL-37 peptide (the only member of the human cathelicidin family),
have the ability to facilitate the wound healing process by stimulating cell migration in
both skin cells and mesenchymal stem cells [14,22]. Likewise, Synoeca-MP, an AMP with
a broad antimicrobial spectrum, has also been shown to be useful in skin repair when
combined with host-defense peptides IDR-1018 [23].

Although the three antimicrobial peptides tested in this study have the potential to
induce an increase in cell migration, treatment with Mastoparan-MO can induce a greater
increase in the cell migration rate of hFibs. Likewise, upregulation of the CXCR4 chemokine
receptor suggests that the peptides tested can accelerate the migration of epidermal cells
through signaling mediated by CXCL12, a signaling pathway that has been implicated in
the process of wound repair and regeneration [24-26].

Other bioactive peptides, such as Crotalus adamanteus toxin-1I (CaTx-1I) and the PR-
39 peptide, can induce cell proliferation, which is accompanied by the synthesis of key
constituents of the extracellular matrix such as collagen and proteoglycans [27,28]. In this
study, we showed that the three peptides tested during this study can generate upregulation
of HAS2, while Clavanin-MO and Mastoparan-MO induce an increase in the expression of
the ELN gene, suggesting that these AMPs can facilitate the remodeling of the extracellular
matrix (ECM), which is a crucial step in regeneration and wound repair [29,30].
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The hOSEC model stands out as an ex vivo system that closely mimics the physiolog-
ical conditions of human skin. Currently, this alternative model for analyzing the safety
and efficacy of various compounds for wound treatment, avoiding the use of animals, is a
valuable tool in the validation of compounds for topical and transdermal applications [31].
Ex vivo models that use human skin explants from elective plastic surgery provide a valu-
able tool to analyze the effect of various molecules in the early stages of the healing process.
These models consistently allow for the maintenance of the cell populations present in
native skin for at least 7 days of culture. Furthermore, hOSEC models preserve the struc-
ture of the extracellular matrix, which contains collagen, elastin, glycosaminoglycans, and
other molecules. This enables the results to be more easily extrapolated to the effects of
substances on in vivo human skin [32]. hOSEC models have been used to show that specific
collagen peptides of fish and porcine origin have the potential to increase collagen and
glycosaminoglycan content in the skin, which favors tissue regeneration processes [33].
Similarly, several ex vivo skin models have been used to evaluate the antimicrobial activity
and potential skin irritation effects of the AMPs PXL150 and DPK-060. In these models,
these AMPs have shown the potential to reduce the colonization of S. aureus, highlighting
the value of ex vivo models for assessing the effects of peptides on tissue regeneration and
skin repair [34,35].

Here, we used lesioned hOSEC models to determine the wound healing potential of
Clavanin A, Clavanin-MO, and Mastoparan-MO. Our results showed that Clavanin A and
Mastoparan-MO have significantly accelerated wound closure, compared to the non-treated
control. Such results are partly explained by the direct effects of both peptides on fibroblasts,
which presented higher proliferation and migration upon Clavanin A and Mastoparan-
MO treatments. The modulation of genes related to regenerative processes, such as KI67,
HAS2 and CXCR4 might also be involved, since such genes were significantly increased by
both peptides. For Clavanin A, the modulation of CXCR7 and BCL2 might complement
the underlying mechanism of action, while the mechanism of action of Mastoparan-MO
involves FGF2 and ELN modulation. Despite promoting fibroblast migration and reducing
fibroblast doubling time, Clavanin-MO only promoted a trend towards wound closure
acceleration in lesioned hOSEC samples.

The proregenerative potential of various AMPs is associated with their ability to mod-
ulate the inflammation process, which is key in the restoration of normal tissue architecture
during wound repair [36]. Peptides such as IDR-1018, which exert their action through
regulation of the inflammatory response, can induce the repair of skin wounds [13,23,37].
It has been observed that both Clavanin A and Mastoparan-MO are capable of modulating
innate immunity by stimulating leukocyte recruitment to the site of infection and pro-
duction of immune mediators GM-CSF, IFN-y, and MCP-1 while suppressing excessive
inflammatory response by increasing the synthesis of anti-inflammatory cytokines such as
IL-10 and repressing the levels of proinflammatory cytokines IL-6, IL-12, and TNF-«. This
suggests that the ability of Clavanin A and Mastoparan-MO to modulate inflammation can
be related to the proregenerative properties observed during the ex vivo assay [7-11,38].

It has been observed that combining antimicrobial peptides with immunomodulatory
peptides can stimulate proregenerative processes in both monolayer models of human skin
cells and 3D culture models of skin equivalents, through the modulation of the inflam-
matory process [23]. Additionally, it has been observed that the combination of various
collagen peptides isolated from Salmo salar and Tilapia nilotica skin, which have an im-
munomodulatory effect on the innate immune response, has the potential to accelerate
wound healing [39]. Clavanin A and Mastoparan-MO share similar properties of promot-
ing fibroblast migration and proliferation, in addition to modulating common transcripts,
such as KI67 and HAS2. Nevertheless, the peptides also presented complementary prop-
erties, such as the modulation of CXCR7 and BCL2 by Clavanin A, and FGF2 and ELN
by Mastoparan-MO. It is possible that such peptides, when combined, could have a dual
antibacterial, regenerative, and immunomodulatory effect, like that observed in analyses
conducted with the combination of platelet-rich plasma with (3-lactams, which simultane-
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ously reduce MRSA infection in skin wounds while facilitating the regeneration process in
the skin [40].

Another interesting perspective for Clavanin A and Mastoparan-MO peptides as
potential molecules that promote tissue regeneration in skin wounds is their incorporation
into nanomaterials. This can enhance their stability and activity by protecting them against
degradation and controlling their release [41]. Nanoparticles or nanofiber membranes can
also improve the solubility of the peptides and provide targeted delivery specificity. In
this context, the use of biomaterials based on natural polymers such as collagen, chitosan,
and hyaluronic acid offers controlled release aligned with the wound healing process. The
effective development of new biomaterials containing these AMPs must consider solubility,
stability, and controlled release, as well as the development of biodegradable formulations
to promote immunomodulation, reduce toxicity, and improve re-epithelialization, which is
crucial for optimal wound healing outcomes [41,42].

4. Materials and Methods
4.1. Peptide Obtention and Quantification

Synthetic peptides used in this work were provided by Peptide 2.0 Inc. (Chantilly, VA,
USA). The molecular mass and purity of all peptides were analyzed by matrix assisted
laser desorption/ionization time of flight mass spectrometry (MALDI-ToF MS) on an
AutoFlex Speed instrument (BrukerDaltonics, Billerica, MA, USA). Briefly, each peptide
was diluted in deionized water, and 1 pL of each solution was mixed with 10 mg/mL
x-cyano-4-hydroxycinnamicacid saturated matrix solution, prepared in H20:ACN:TFA
(50:50:0.3, v:v:v). Peptides were plated and dried on a MALDI target plate, and their
monoisotopic masses were determined using the reflector mode with external calibration,
using the Protein Calibration Standard II for mass spectrometry (Bruker Daltonics, Billerica,
MA, USA).

4.2. Cell Culture

Human primary dermal fibroblasts (hFibs) were obtained from healthy donors, and
provided by CellSeq Solutions (Belo Horizonte, MG, Brazil). The cells were cultured
in a controlled environment (5% CO,, 37 °C, and 95% humidity). The growth medium
employed was DMEM (Gibco, USA), supplemented with 10% v/v. fetal bovine serum (FBS)
(Gibco, Waltham, MA, USA) and 1% v/v. penicillin/streptomycin solution (1000 U/mL)
(Invitrogen, Grand Island, NY, USA).

4.3. Peptide Treatments

Cytotoxicity was evaluated in hFibs that were treated with 200, 100, 50, and 25 pM
Clavanin A or Clavanin-MO for 48 h. In the case of Mastoparan-MO treatment, the cells
were treated at 100, 50, 25, 6.25, 3.12, and 1.56 uM. In all experiments, fresh aliquots of
the peptides were prepared in deionized water immediately before use. As cytotoxicity
controls, the cells were treated under the same conditions using the peptides Polybia-MPII
(INWLKLGKMVIDAL-NH?2) and EcDBS1R6 (PMKKLFKLLARIAVKIPVW) at concentra-
tions of 100, 50, 25, and 12.5 uM. Regarding the assessment of cell proliferation, population
doubling time, and cell motility, the experimental design includes a positive control group
(DMEM plus 10% FBS) and control of the utilized solvent vehicle (basal media without
FBS). The treatment with the peptides was carried out in the solvent vehicle. All assays
were conducted independently in triplicate.

4.4. Cell Viability and Cell Proliferation

Cell viability and proliferation were assessed using an MTT assay kit (Sigma Chem-
icals Co., St. Louis, MO, USA). Briefly, 1 x 10? cells were seeded in 96-well plates and
incubated for 24 h for cell attachment, presenting approximately 30% of cell confluence.
This guaranteed that cells would not reach 100% confluency until 7 days, which was the
longest period of observation. Cell viability was determined at 48 h of peptide treatment,
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while cell proliferation was indirectly assessed at 1, 4, and 7 days of treatment. For this,
10 pL per well of MTT solution (5 mg/mL) was added to the cultures, and the plates were
incubated for 4 h in the dark. Subsequently, DMSO (200 pL per well) was added and
incubated for 30 min. A microplate reader (Bio-Tec PowerWave, Santa Clara, CA, USA)
was used to determine the optical density at 595 nm. Reference wavelength was taken at
630 nm.

4.5. Proliferation Kinetics and Population Doubling Time

Monitoring of cell proliferation rate was performed in a 6-well plate with a density of
1 x 10* per well. The culture medium was changed every 2 days. The growth curve of cells
was obtained by harvesting and counting the number of cells per well at 1, 4, and 7 days of
treatment. The population doubling time (PDT) during the logarithmic growth phase was
calculated according to Diez et al. (2015), using the following formula [43]:

PDT = Culture Time (in hours)/Population doubling number (PDN)

PDN = Log N/No x 3.31

where N is the number of harvested cells at the end of the growth period, and No is the
number of seeded cells.

4.6. Cell Migration Assay

The effect of peptides on the migratory capability of hFibs was determined by the
wound scratch assay according to Liang et al. (2007) [44]. Briefly, cells were seeded in
6-well plates and cultured until confluence. Scratches were made with 200 pL tips, and
cell debris was removed by PBS washing before peptide treatments. Wound closure was
photo-documented at time 0 and every 24 h using a Zeiss Primo Vert microscope (Carl
Zeiss, Heidelberg, Germany), until the scratch was visually closed by any experimental
group. The cells that invaded the scratched area were counted using the Image] software
(National Institutes of Health, Bethesda, MD, USA). Positive migration control at 48 h was
used for data normalization. Samples were analyzed as independent triplicates.

4.7. Gene Expression Analysis

Gene expression profiles of peptide-treated cells and controls were evaluated by qRT-
PCR after 4 days of treatment. Target gene sequences were obtained from Genbank (https://
www.ncbinlm.nih.gov/genbank/ (accessed on 15 January 2022)), and the primer sets and
probes were designed following the standard criteria defined by the SYBRTM using Primer
Express® Software v3.0.1 (Thermo Fisher Scientific, Waltham, MA, USA). Information about
the primers used for qRT-PCR analysis is shown in Table S1. Genes assessed were BCL2,
CXCR4, CXCR?7, Elastin (EL), BFGF, Ki67, MMP1, and VEGF. The GAPDH gene was used
as a control. Total RNA isolation was performed using TRIzolTM Reagent (Thermofisher,
USA) following the manufacturer’s instructions, and the amount and quality of RNA
were determined using a NanoDrop 1000 spectrophotometer (NanoDrop, Wilmington,
DE, USA). Reverse transcription was performed using a High-Capacity cDNA Reverse
Transcription Kit (Thermofisher, USA). Amplification reactions were performed on StepOne
Plus equipment (Applied Biosystems, Waltham, MA, USA) using standardized reagents
for real-time PCR (SYBR™ Green Master Mix, Thermofisher, USA) added from primer
sets specific to each gene, or using Taqman probes (TagMan™ Universal PCR Master Mix,
Thermofisher, USA). StepOne Software v2.3 was used to determine the Ct values, and the
results were analyzed by the 2-AACT analysis method.

4.8. Ex vivo Organotypic Model of Human Skin (hOSEC) Culture and Wound Healing Assay
Skin explants were obtained during routine elective cosmetic surgery performed on

healthy patients. Ethical approval of this research was granted by the University of Brasilia
Research Ethics Committee (protocol number 30175020.0.0000.5558). Tissue samples were
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collected following informed consent. Explants were washed in phosphate buffer solution
(PBS, Thermo Fisher Scientific, USA), supplemented with 1% v/v. of 10,000 U/mL of
penicillin/streptomycin solution (Invitrogen, Grand Island, NY, USA), and the hypodermis
was removed. Skin explants were cut with a 6 mm full-thickness punch biopsy, and kept
in air-liquid interface at 37 °C, 5% CO;, and 95% humidity in DMEM supplemented
with 10% v/v. fetal bovine serum (FBS) (Gibco, USA), and 1% v/v. of 10,000 U/mL
of penicillin/streptomycin solution. The wounds were then created within the punch
biopsy (2 mm circular biopsy punch). The lesioned skin fragments were placed in metallic
support systems and treated with basal medium supplemented with 10% FBS. Control
samples were treated with either PBS (negative control), or fibrin gel (positive control for
regeneration), prepared by mixing 2.5 puL of fibrinogen at 40 ug/mL, 7.5 puL of water, and
10 uL of thrombin at 25 U/mL. The experimental group samples were treated with the
peptides dissolved in the tissue culture medium. Wound healing was observed for 7 days
using a Zeiss Primo Vert microscope (Carl Zeiss, Heidelberg, Germany). The change in the
lesion area was determined using the Image] software (National Institutes of Health, USA).

4.9. Statistical Analysis

The experiments were conducted across a minimum of three separate biological
replicates and at least two technical replicates. Data analysis was performed with GraphPad
Prism® Software, version 7.02 (San Diego, CA, USA, 2017). A p-value of less than 0.05 was
considered significant.

5. Conclusions

In the present study, we analyzed the proregenerative potential of three antimicrobial
peptides (Clavanin A, Clavanin-MO, and Mastoparan-MO). The three peptides analyzed
showed relatively low toxicity for hFibs and demonstrated the ability to induce cell prolifer-
ation and migration in this kind of cell. Interestingly, the Mastoparan-MO peptide exhibited
the greatest proregenerative potential among the three molecules analyzed, inducing cell
proliferation and migration events that exceeded those observed in the positive control used
in this study. Additionally, our molecular analysis revealed a proreparative gene expression
profile induced by treatment with these peptides. The use of an hOSEC model of lesioned
skin demonstrated that both Clavanin A and Mastoparan-MO could induce a significant
reduction in the lesion area compared to the minimal regeneration control. Taken together,
the obtained results suggest that the AMPs used in this study have the potential to facilitate
skin regeneration. Thanks to their antibacterial and immunomodulatory properties, these
molecules could serve as the basis for developing new pharmacological approaches for
treating difficult-to-manage wounds.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms25136851/s1, Figure S1: Cytotoxicity controls.; Table S1: Primer
sequences used for gene expression analyses by quantitative real-time PCR.
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N-capping (N-cap) and C-capping (C-cap) in biologically active peptides,
including specific amino acids or unconventional group motifs, have been
shown to modulate activity against pharmacological targets by interfering
with the peptide’'s secondary structure, thus generating unusual scaffolds.
The insertion of capping motifs in linear peptides has been shown to prevent
peptide degradation by reducing its susceptibility to proteolytic cleavage, and
the replacement of some functional groups by unusual groups in N- or
C-capping regions in linear peptides has led to optimized peptide variants
with improved secondary structure and enhanced activity. Furthermore,
some essential amino acid residues that, when placed in antimicrobial
peptide (AMP) capping regions, are capable of complexing metals such as
Cu?*, Ni?*, and Zn?*, give rise to the family known as metallo-AMPs, which are
capable of boosting antimicrobial efficacy, as well as other activities.
Therefore, this review presents and discusses the different strategies for
creating N- and C-cap motifs in AMPs, aiming at fine-tuning this class of
antimicrobials.

KEYWORDS

capping motif, antimicrobial peptides, metallo-AMPs, amino acid motifs,
secondary structure

1 Introduction

The affinity of antimicrobial peptides (AMPs) to the microorganism’s membrane have
been associated with the net charge and amphiphilicity (Tossi et al., 2000). In most cases,
short AMPs sequences with cationic and hydrophobic side chains undergo a coil-to-helix
transition from aqueous environments to membrane-like condition (e.g., bilayer
phospholipids) (Li et al, 2022). These cationic a-helix AMPs usually as stable or
unstable pore formers. The unstable pores can generate a reorganization of the
membrane surface and consequently reorient proteins and receptors, resulting in a
change in the transmembrane potential, causing an imbalance and cell death (Loboda
et al., 2018; Donaghy et al., 2023). However, just as helices can be formed and incorporated
within the membrane to form pores, so can several different types of amphipathic structures
be formed, not necessarily imposed by a strict primary or secondary structural organization
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(Tossi et al., 2000). As well as helical amphipathic, resulting in part
from punctual interactions of the residues within a given sequence,
other environmental factors such as pH conditions, ionic strength,
and the presence of divalent cations are responsible for AMP activity
effectiveness (Donaghy et al., 2023).

In addition to their membranolytic activity on microbes, a-
helix peptides can cross the plasma membrane, through the
spontaneous translocation mechanism. They engage with
intracellular targets, including nucleic acids such as DNA and
RNA, preventing protein synthesis, and bind to other molecules,
such as enzymes and proteases, affecting important cellular
functions (Loboda et al., 2018). Simultaneously, they exhibit
minimal side effects in mammalian cells (Alexander et al,
2017; Li et al,, 2022). Implementing strategies to ensure that
AMPs establish a-helices to improve their interaction with
biological targets, particularly microbes, is crucial in the
development of active peptides. The stability of the secondary
a-helix is maintained by intramolecular hydrogen bonds formed
between the amide hydrogen and carbonyl oxygen atoms in the
peptide backbone at positions i and i+4 (Kanbayashi et al., 2022).
The emergence of helicity stems from the amino acid residues’
primary sequence and their interaction with the surrounding
environment (dos Santos Cabrera et al., 2019). The capping
motifs, which have a propensity to generate a-helices in a
peptide backbone, are well-documented features present in the
secondary structures of proteins and peptides (Kier et al., 2010).
These strategies have been a starting point and are used to
improve AMPs’ biological activities.

Capping motifs are extremely important for the stabilization
of the structure and, consequently, for the activity of AMPs (Park
etal., 2004). Specifically, peptides that form a-helices, N-cap, and
C-cap motifs, formed by a set of amino acids in sequence located
in the terminal parts of the secondary structure, influence the
stability of the helical structure. This stabilization results from
additional and unconventional hydrogen bonds, as they present
dihedral angles different from those found inside the helix (De
Rosa et al., 2022). In other words, the capping phenomenon
occurs through the contributions of hydrogen donor and
acceptor groups, accompanied by hydrophobic interactions at
the ends of the helix, as well as polar residues in the helix (Aurora
and Rose, 1998). The participating amino acids experience a loss
of free energy, favoring the folding and stability of the helical
structure (Serrano and Fersht, 1989).

For example, the presence of a Lys residue at the C-terminus
is responsible for stabilizing helix formation in polyalanine
peptides with seven or more residues (Zabuga and Rizzo,
2015). N-capping motifs have been shown to promote
amphipathic helical peptides’ interaction with hydrophobic
surfaces,  dramatically  altering  the  hydrophobicity
characteristics of individual amino acid residues (Spicer et al.,
2014). Recently, an unusual N-capping motif was identified and
formed by an asparagine-lysine-proline (Asn-Lys-Pro) motif.
This motif is present in the PaDBS1R7 peptide and has a role
in the hybrid
contributing to a diverse range of biological activities (Cardoso
et al., 2022).

Therefore, in the following topics, we will address the

structural formation (coil/N-cap/a-helix),

importance of the capping motifs for the stabilization of the
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secondary structures of AMPs, as well as how it can influence
the activity of these molecules. Furthermore, we will discuss
motifs composed of amino acid sequences and explore
unusual modifications on terminal regions that facilitate
helical structuring and enhance activity. Additionally, the
capping effects due to unusual groups that initiate the
nucleation of peptides as helices will be explored. We will also
cover coordination interactions between AMPs and metals,
resulting in macrostructures that enhance peptide activity.
Employing these motifs is a promising approach for the
development of more effective AMPs.

2 Improving the structure of AMPs to
enhance their activity

In spite of recent progress, the translational clinical development
of AMPs faces challenges, leading to delays in current design
strategies (Jiang et al., 2021). A key strategy involves introducing
capping motifs, taking advantage of changes in structural features
within peptides to promote nucleation and stabilization of a-helix
structures. This approach is crucial because helices play a pivotal role
as secondary structures, influencing the activity of AMPs through
molecular recognition.

The importance of helical structure allows AMPs to be
continuously exploited for potential individual use or in
combination with established antibiotics, especially in the new
era of treating multidrug resistant bacteria affecting both human
and animal health (Lei et al., 2019; Fu et al., 2023). Highlighting their
advantages, AMPs offer a slower emergence of resistance, rapid
lethal action, and effective control of biofilms, positioning them as
optimal candidates for treatment of drug-resistant pathogens
(Magana et al., 2020). Furthermore, these peptides have shown
immunomodulatory  effects, either by diminishing the
inflammatory response triggered by endotoxins, inducing the
synthesis of pro-inflammatory factors, or eliciting the secretion of
cytokines (Lei et al., 2019).

Different
substitutions and/or residue additions to the primary AMP

chemical modifications, including specific
sequence can be used, along with computational approaches to
analyze physicochemical and structural properties from the
combinatorial library, thus providing analogs with improved
activity (Ong et al,, 2014; de Oliveira et al., 2023). Among the
possible strategies, we can cite the substitution of specific
residues, total or specific change of the stereochemistry of
amino acids, as well as N- and C-terminal modification,
cyclization, and stapling (de Oliveira et al., 2023). Other
classic ways to improve the activity and performance of AMPs
are the insertion of unusual amino acids, tricyclic groups, and
modifications on the scaffold to generate peptidomimetics (Petri
et al., 2022). Hybrid computational methods, such as the
combination of different experimental data with molecular
dynamics simulations (Mondal et al., 2023), can be employed
to predict information to improve secondary structures in
peptides. Additionally, artificial intelligence algorithms, such
as machine and deep learning (Jiang et al., 2023; Yue et al,
2024), as well as geometric deep learning (Fernandes et al., 2023),
contribute to this advancement. This approach has recently
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TABLE 1 Structure, capping type and interaction of some unusual groups described in the literature for AMP optimization.

Template/ Structures Capping Interactions Cap/ i References
group/name type Function
N-monosubstitutions O C-cap Resistance to proteases - Svenson et al.
into C-terminal (2008)

amidations
Peptide X\)ﬁ\©

1 (benzyl); 2 (phenethyl)

N,N-disubstitutions into (0] C-cap Resistance to proteases - Svenson et al.
C-terminal amidations (2008)

Peptide)J\T
R

R= 'CH3; 'CHons; -CGH5

Chem (0] N-cap Resistance to proteases, as hybrid Pasupuleti et al.
NH2 well as induction of helix 30-a (2009)
formation by chair helices
NH-Pyrrhocoricin(2—20)-COOH conformation due to the

cyclohexane structure

Dap (Ac) C-cap Resistance to proteases - Pasupuleti et al.
2009
NH,-Pyrrhocoricin(1-19)- HNj)l\ (2009)

HN
O
Two prolines linked by a (Ala)n-OtBu (n=1 -6) N-cap H-Bond between NH(Ala- hybrid Kemp et al.
thiomethylene unit | 1) and C=0* (acetamide) (i, 30-a (1991)
(-CH,-S-) i+3); C=0 in the C-3 and helices

NH(Ala-2) (i, i+2) and
NH(Ala-3) (i, i+3).
Observed by NOE and
ROESY experiments

Three prolines linked by (A|a)n-OH (n=1 -6) N-cap H-Bonds between: NH(Ala- hybrid Kemp and
two thiomethylene units | 1) and C=0* (Pro) (i, i+3); 310 Rothman (1995)
(-CH>-S-) Oxygen in the C-3 and helices

NH(Ala-2) (i, i+2) and
NH(Ala-3) (i, i+3).
Observed by NOE and
ROESY experiments

“lH

(Continued on following page)
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TABLE 1 (Continued) Structure, capping type and interaction of some unusual groups described in the literature for AMP optimization.

Structures

Template/

group/name

Interactions Cap/  Helix  References

Function

Capping

ProM-5 Peptide

type type
H-Bonds between: NH
(Gly) and carboxylate; C=O
of N-acetyl-B-homo-Asp
and NH(amino acid-1) (i,
i+4); C=0 in the first
proline and NH(amino
acid-2) (i, i+3). Observed by
CD and 2D NMR
experiments

N-cap a-helix | Hacketal. (2013)

$,5-9-0

Peptide

0 NH
Ty
Nio o}

Complex bicyclic

Dap (Ac): N-acetyl-2, 3-diamino propionic acid; Chem: 1-amino-cyclohexane-carboxylic acid.

become a valuable tool to understand the structure-activity
relationship of AMPs and to design the next-generation of
peptides with improved properties.

With these strategies, it is possible to solve problems such as
susceptibility to proteases, but also in specific cases, three-
dimensional structuring can be favored, such as o-helix,
seeking to improve molecular interactions of AMPs with
biological targets such as proteins, receptors, nucleic acids,
infectious

and other biomolecules of interest related to

diseases caused by microbes.

3 Capping motif effects due to unusual
groups for AMP optimization

The insertion of specific amino acid motifs into N-cap or
C-cap regions has been observed to induce the formation of AMP
helices, consequently enhancing their activity against molecular
targets. This phenomenon is attributed to the intramolecular
interactions among the residues within the peptide backbone
(Aurora and Rose, 1998), which provide the necessary balance of
rigidity and flexibility to facilitate the structural conformation of
a helix (Babii et al., 2017). Natural amino acids play a significant
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Austin et al.
(1997)

Induction to a-helical a-helix
conformation (between
50% and 75% helicity).

Observed by CD

N-cap

Mahon and
Arora (2012)

H-Bond between NH (first a-helix
amino acid) and the last of

the carbonyls

N-cap

role in enhancing the performance of AMPs, as the side chains
within peptides and proteins contribute to molecular recognition
through steric and electronic effects (King et al., 2021), but other
modifications involving unusual groups can also contribute to
their performance.

The capping motif phenomenon in linear peptides also
encompasses  terminal  modifications  (Table 1).  These
modifications can prevent chain degradation by reducing the
vulnerability of peptide bonds to proteolytic cleavage (Behrouz
2023; 2023).
modifications at the ends of sequences employ unconventional

et al, Ding et al, Furthermore, specific
conformational motifs, forming intramolecular H-bond pairs to
enhance both the structural characteristics and activity of AMPs
(Aurora and Rose, 1998).

Among the most commonly employed modifications are
N-terminal acetylation and C-terminal amidation strategies,
aimed at enhancing the conformational stability and availability
of active AMPs, while maintaining or enhancing their antimicrobial
potency (Mura et al., 2016; Mwangi et al., 2023). These are crucial,
especially considering the susceptibility of AMPs to degradation by
exopeptidases (Magana et al., 2020). For instance, the N-terminal
acetylation can facilitate helix nucleation through interactions with

the side chain or backbone hydrogen donor of Arg in Ac-Leu-Leu-
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Arg motifs (Chang et al., 2000); as well as the N-terminal amidation
in modelin-5 (Lys-Leu-Ala-Lys-Lys-Leu-Ala-Lys-Leu-Ala-Lys-Leu-
Ala-Lys-Ala-Leu), contributes to stabilizing helix formation, leading
to enhanced levels of amphiphilic helix at a lipid interface, and
increasing the efficacy approximately 10-fold in tests against
Enterococcus coli when compared to peptide not amidated
(Dennison and Phoenix, 2011).

In short peptides (of the type Arg-X-Arg-Y, where X is the 4-
phenylphenylalanine residue), stability and resistance against
trypsin increase when N-monosubstitutions (N-benzyl and
N-phenethyl) and N,N-disubstitutions (N-methyl-N-benzyl;
N-ethyl-N-benzyl, and N,N-dibenzyl) are introduced into
C-terminal (in Y). It should be noted that
monosubstituted derivatives with N-phenethylamide groups
presented good stabilities in various peptides that have X with

amidations

different aromatic residues (Svenson et al., 2008).

Pyrrocoricin is an AMP from insects that excels against gram-
negative bacteria. The peptide has the sequence Val-Asp-Lys-Gly-
Ser-Tyr-Leu-Pro-Arg-Pro-Thr(X)-Pro-Pro-Arg-Pro-Ile-Tyr-Asn-
Arg-Asn, where X is the disaccharide radical 2-(acetylamino)-2-
deoxy-3-0-B-D-galactopyranosyl-a-D-galactopyranosyl anchored
to the oxygen of Thr-11. Pyrrocoricin analogues were synthesized
by Otvos et al. (2000) using the linear sequence without the
disaccharide moiety and making changes to the N- and
C-termini to improve its resistance to proteases. Additional
amino acids were added at the N-terminus, along with
acetylation (Ac-Lys-, Ac-Lys-Val-Asp-Lys-, Ac-Arg-), as well
as the addition of the Chem group (1-amino-cyclohexane-
carboxylic acid). At the C-terminus, the Dap (Ac) group
(N-acetyl-2,3-diamino propionic acid) was added. The results
indicate that modification at either end of the termini resulted in
a decrease in the antibacterial efficacy of the parent pyrrocoricin.
Among the peptides modified at the N- or C-termini, those with
the Chem group at the N-terminal and the Dap (Ac) group at the
C-terminal appear to retain some of the antibacterial activity of
the parental pyrrocoricin. An analogue with both modifications
showed high potency against bacteria and a lack of toxicity in
vivo. The effects of protecting groups at the N- and C-termini
play a crucial role in the stability of the peptide in the presence of
proteases (Otvos et al., 2000). Peptides containing unusual
N-terminal amino acids, such as 1-aminocyclopentane-1-
carboxylic acid (Acc5) and 1-aminocyclohexane-1-carboxylic
acid (Chem group), necessarily adopt folded structural
310/a-helical of the
conformational space (Santini et al., 1988; Valle et al., 1988).

conformations, in the regions
In the case of the Chem residue, the cyclohexane structure
provides a perfect chair conformation, with the amino group
in the peptidic bond located axially and the carboxylate group in
the equatorial position. This arrangement favors interactions at
the beginning of the N-terminus and promotes a helical structure
in the backbone (Paul et al., 1986; Valle et al., 1988).

To enhance their resistance to high salt concentrations, Chu
etal. (2013) incorporated 1 to 3 repeats of B-naphthylalanine (NaI)
at the C-terminus of the Trp-rich synthetic S1 AMP (Ac-Lys-Lys-
Trp-Arg-Lys-Trp-Leu-Ala-Lys-Lys-NH,). They observed that all
three peptides (S1-Nal, S1-Nal-Nal, and S1-Nal-Nal-Nal) were
more potent than the unmodified peptide, and the ones with two
and three Nal residues still retained their antibacterial activities
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even with the addition of 300 mM NaCl. Moreover, the peptide
with three Nal residues maintained almost 100% integrity after 8 h
in bovine calf serum (Chu et al., 2013). Previously, the insertion of
motifs containing 2 and 5 Trp into the C-terminus of kininogen-
derived AMPs, including Lys-Asn-Lys-Gly-Lys-Lys-Asn-Gly-Lys-
His (KNK10), Gly-Lys-His-Lys-Asn-Lys-Gly-Lys-Lys-Asn-Gly-
Lys-His-Asn-Gly-Trp-Lys (GKH17), and His-Lys-His-Gly-His-
Gly-His-Gly-Lys-His-Lys-Asn-Lys-Gly-Lys-Lys-Asn ~ (HKH17),
resulted in an enhanced antimicrobial effect against microbes
(S. aureus, E. coli, and C. albicans). Additionally, the modified
peptides exhibited robust stability against proteolytic degradation
by staphylococcal aureolysin V8 proteinase and human leukocyte
elastase (Pasupuleti et al, 2009; Schmidtchen et al., 2009).
Hydrophobic residues, such as Trp, Phe or P-naphthylalanine,
are compelling choices for the terminal positions in AMPs due to
their bulky, aromatic, and polarizable nature. These residues
interact with the phospholipid membrane, serving as anchors
for the peptide. When incorporated into highly cationic AMP
sequences, this anchoring effect promotes the formation of
membrane defects and facilitates rupture (Pasupuleti et al.,
2009; Chu et al., 2013).

Although some unusual groups located at the peptide’s
termini can prevent this degradation, their insertion can also
favor helicity, as is the case of cyclic proline mimetic motifs,
which can favor the nucleation of the a-helix when inserted in the
N-terminal region. As examples, there are templates with two and
three prolines, each linked to the other by a thiomethylene unit
(-CH,-S-) in the N-terminus of polyalanine peptides. Both
bicyclic templates serve as powerful motifs for initiating helix
formation. These motifs form an H-bond (i, i+3) between the
NH(Ala-1) group and the carbonyl group of acetamide (for the
template with two prolines) and the Pro (in the template with
three prolines); as well as two additional H-bonds formed
between the C=0 group of the first Pro and the NH groups of
Ala-2 (i, i+2) and Ala-3 (i, i+3) (Kemp et al., 1991; Kemp and
Rothman, 1995).

A synthetic tricyclic motif, denominated ProM-5 was
through the
vinylidene bridge into a diproline unit. ProM-5 acts as a

synthesized stereoselective  introduction of a
powerful structure for the nucleation of a-helix formation in a
linear polypeptide chain when incorporated as an N-cap. The
vinylidene bridge restricts the flexibility of the 8-membered ring
to adopt a favorable conformation by the addition of an N-acetyl-p-
homo-Asp residue located in the N-terminus in the last proline. This
conformation allows and induces the formation of intermolecular
interactions throughout the peptide chain (H-bonds: NH (Gly) and
carboxylate; C=0 of N-acetyl-f-homo-Asp and NH (amino acid-1)
(i, i+4); C=0 in the first proline and NH (amino acid-2) (i, i+3))
(Hack et al., 2013).

Another case involves using semi-rigid structures such as
hexahydroindol-4-one (3S,65)-diacid (S,S-9-0), which exhibits
an unusually induced (between 50% and 70%) a-helix formation,
as observed by circular dichroism (CD) when the ester-linked
attached peptide chain is present. By contrast, the helix did
not form when the peptide chain is coupled through an amide
linker, since a 3jo-type hydrogen-bonding pattern (i, i+3)
is expected in the structure in this condition (Austin
et al., 1997).
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Alternative approaches involve template motifs designed to
elongate and replicate spacing by incorporating groups of atoms
containing carbonyls, thus resembling the arrangement found in
other amino acid sequences. For instance, we can cite only one
enantiomer of a complex bicyclic structure, with three carbonyl
groups, which presents an increase in the peptides’ helicity anchored
at the N-terminus (Mahon and Arora, 2012).

Other strategies are post-translational modifications, for
example, N-methylation and N-alkylation (Petri et al., 2022),
sulfonation, and the addition of phosphate groups, which can be
carried out using known amino acid residues to gain chemical
diversity, but also to improve activity or availability (King et al.,
2021). The bioconjugation strategy is employed making use of
natural amino acids with nucleophilic chains such as lysine and
cysteine (Hoyt et al., 2019), but also non-canonical amino acids
with bioorthogonal groups, such as azides, ketones, and alkynes,
which allow subsequent chemical modification (Lang and
Chin, 2014).

Stapling has been designed to establish a connection between
side chains of natural or non-natural amino acids, forming at a
certain space a cyclic structure that stabilizes the molecule,
preserving a certain conformation and structure, while
limiting its flexibility (Chu et al., 2015; Fairlie and Dantas de
Araujo, 2016). This strategy has used modified amino acids
containing side chains with terminal vinyl groups that allow,
through Ru catalysts, a cyclic structure containing the new double
bond, a bridge produced by olefin metathesis reactions. These
cross-links can be added at positions i, i+3, and i, i+4 to obtain
one helical turn, but also between positions i, i+7, bridging two
helical turns (Chu et al., 2015; Cromm et al., 2015). To favor
helical structures using olefins side chains, bridges are installed at
positions 7, i+3 (with six or eight carbon atoms connector); and
another at position i, i+7, involving a cross-link with 11 carbon
atoms. In order to achieve this, it is necessary that the building
blocks have an R configuration at position i and an S
configuration at position i + n. For the i, i+4 bridge, the most
used architecture involves an eight-carbon cross-link derived
from two S-configured building blocks (Chu et al., 2015). The
bioconjugation of cysteines into peptides has also been used for
the optimization of them as well as proteins. The sulfhydryl
groups from cysteines and an appropriate bifunctional linker
allow the cross-link, carried out in solution with unprotected
peptides, through two steps. The first step involves one cysteine
reacting with the linker to form a linear mono thioether
intermediate, followed by an intramolecular ring closure
involving the second cysteine and the linker to give the
stapling. The advantage of using cysteines for stapling, in
relation to amino acids with vinyl groups as radicals, is their
easy incorporation into heterologously produced peptide
sequences (Fairlie and Dantas de Araujo, 2016). While this
strategy is commonly used to establish peptide sequences as
helices for enhancing protein-protein interactions (Timmerman
et al., 2005; Verdine and Hilinski, 2012; Cromm et al., 2015),
stapling insertion can also serve as initiators and stabilizers,
creating capping effects, when positioned at the beginning and
end of a given peptide sequence. Several studies describing the
introduction of staple have found an improvement in some
properties, such as providing high levels of helical, strong
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protection from proteolytic degradation (Shi et al., 2013),
improves the bioavailability (Bird et al., 2010), robust cell-
penetration and increase in target affinity (Verdine and
Hilinski, 2012; Findeisen et al., 2017; Verhoork et al., 2019).

As well as in defensins and other cysteine-rich peptides,
which have motifs such as a-helices and antiparallel p-sheets
typically stabilized by disulfide bonds (Cociancich et al., 1993;
Ehret-Sabatier et al., 1996; Zhu and Gao, 2013), it is possible to
generate cyclic and synthetic peptidomimetics, with cysteines
and form disulfide bonds to link the sequence through sites,
either head-to-tail or head-to-center, favoring or not a specific
structure. Cyclization generally helps stabilize the secondary
structure and preserve a specific bioactive conformation due
to confinement within a rigid structure. However, in certain
cases such as some grafted peptides, this constraint may lead
to a reduction in antimicrobial activity as it hinders their ability
to interact and insert into pathogen membranes or intracellular
targets (Rezende et al., 2021). Therefore, the design of this type of
peptide can include some intrinsic variables found in the
sequences of AMPs with disulfide bonds. The function of such
bridges is to maintain different stable motifs within the tertiary
structures, since it is believed that these conformations are
important to perform a certain recognition function in specific
receptors, playing a beneficial role for the organism that produces
them (Hogg, 2009).

The exchange of some functional groups for bioisosteres in
N- or C-capping regions in linear peptides also leads to improved
molecules that can both improve physicochemical characteristics
and enhance activity (Ding et al., 2023; Zhan et al., 2023).
Furthermore, non-peptide coupled to N-cap
tripeptides are active against viral serine proteases, which

fractions

result in excellent inhibitors of the aforementioned enzyme
(Nitsche et al., 2012; 2013).

4 Modulation of a-helix structures I?Iy
amino acid motif interactions into N-
and C-terminus

According to data in the Protein Data Bank (PDB), a-helices
constitute 57% of experimentally identified proteins, as reported
on the RCSB PDB website (https://www.rcsb.org/). These helices
are a predominant secondary structure commonly found in
globular proteins (Wang et al., 2022), and play a pivotal role
in molecular recognition (Bajpayee et al., 2023). In many
proteins, the a-helix motif serves as a recognition domain by
directly binding to other macromolecules (Guharoy and
Chakrabarti, 2007). Using these helical structures as a basis
for optimizing AMPs could serve as an additional feature,
because this approach might potentially broaden its impact by
influencing intracellular receptors, thereby improving its
efficacy. This is particularly significant since numerous AMPs
appear to operate
membranes, and not through protein-like receptors.

through interaction with microbial

The motivation to comprehend the process of a-helix formation
stems from the aspiration to design and develop stable and uniquely
folded a-helices, demonstrating novel biological functions and/or
therapeutic applications (Acharyya et al., 2019). In a short peptide
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sequence, nucleation is a higher energy step and involves the
organization of the initial three amino acids into a helical turn,
facilitated by specific (Mahon and
Arora, 2012).

Other non-covalent interactions such as metal-ligand,
salt

interactions, and m-7 stacking are important to the a-helix

stabilizing interactions

designed host-guest interactions, bridges, cation-m
stabilization, which can be achieved due to the presence of
appropriately spaced residues in the peptide chain (Yin, 2012).
The spatial distribution of amino acid residues along the folded
peptide can form discrete portions, which have hydrophobic or
hydrophilic properties (Kabelka and Vacha, 2021). In addition to
the fact that helical structures are often established in solution for
many peptides, a significant portion of them present the a-helical
structure and are enhanced in contact with target membranes
(Koehbach and Craik, 2019).

A study investigating the influence of salt bridges on helix
formation found that the polyalanine peptide AEP ((Ala)o-Arg-
(Ala);-Glu-(Ala),-Arg-(Ala),) stabilizes its a-helix structure
through a salt bridge between the side chains of residues Arg-
10 and Glu-14 at i and i+4 positions, respectively (Hong et al,,
2011). However, the replacement of Glu-14 with Arg in AP
((Ala)g-Arg-(Ala),-Arg-(Ala)4-Arg-(Ala),) did not increase the
stability of the a-helix, as it remained similar to the a-helix of the
original AEP, but with some different contributions (Hong et al.,
2011). The difference between the helices shows that in the a-
helix length distribution AEP is exposed to more numerous but
shorter length a-helix segments, which means that AEP has an
increased concentration of a-helix-turn-a-helix conformations
(Hong et al.,, 2011).

In addition, certain motifs are crucial for AMPs  secondary
structure formation, such as the nucleolin Thr-Pro-Ala-Lys-Lys
motif, in the peptides TP1 (Ac-Gly-Ala-Thr-Pro-Ala-Lys-Lys-Ala-
Ala-Gly-NH,) and TP2 (Ac-Gly-Ala-Thr-Pro-Ala-Lys-Lys-Ala-Ala-
Ala-Thr-Pro-Ala-Lys-Lys-Ala-Ala-Gly-NH,). At high pH and in the
presence of trifluoroethanol, both peptides adopt a helical structure,
likely stabilized via N-capping, with the threonine and proline sequence
initiating short helical segments in the motif. Analysis of the nuclear
Overhauser effect (NOE) spectra indicates that the helix starts from Pro.
However, Thr interacts with the side chain of the first Lys through two
NOE interactions at (i, i+2): NH(Thr) to H-p (Lys), and NH(Thr) to
NH(Lys). Consequently, the rest of the structure is stabilized by the
uncharged side chain of Lys (Xu et al., 1995).

Recently, we reported the effect of the Asn-Lys-Pro motif as
an N-cap in the peptide PADBS1R7 (Pro-Met-Ala-Arg-Asn-Lys-
Pro-Lys-Ile-Leu-Lys-Arg-Ile-Leu-Ala-Lys-Ile-Phe-Lys). It was
observed from nuclear magnetic resonance (NMR) data that
Asn-5 has a crucial role in stabilizing the a-helix, as a coil/
N-cap/a-helix structural scaffold, through hydrogen bonds
formed between the side chain of Asn and amino acid in the
main chain (Lys6, Pro7, Ile9 and Leul0). The N-cap effect is
mainly driven through Asn-5(NH in the side chain)/Lys-6(NH),
(i, i+1), and Asn-5(NH in the side chain)/Leu-10(NH), (i, i+5).
This peptide eradicated Pseudomonas aeruginosa biofilms as well
as showing decreased bacterial counts by 100-1000-fold in vivo
using a skin abscess mouse model (Cardoso et al., 2022).

Examination of both the */NHaH coupling constant and the
NOE experiments demonstrated that the X-Leu-Leu-Arg-Ala motif,
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originating from the N-terminal segment of the leucine zipper (LZ)-
like domain of the HIV envelope gp4l glycoprotein—where X
denotes a group or amino acid residue capable of forming in van
der Waals interactions, hydrophobic interactions and/or hydrogen
bond with an arginine—functions as the nucleating core for the helix
in four synthetic decapeptides (Chang et al., 2000). Understanding
the role of amino acid residues in the N-terminal region is important
for the development of a-helical peptides. Asparagine is considered
the best residue for the N-terminal region to stabilize the helix, while
glycine is good, and glutamine is the worst residue for this position
(Chakrabartty et al, 1993). In fact, researchers suggest using
helicogenic residues to stabilize helical conformations, such as the
introduction of Asp and Lys to form lactam bridges (i, i+4) (Barazza
et al., 2005; Mimna et al., 2007).

In particular cases, stereochemical aspects also play a significant
role in the ability to form a-helical peptides. For example, the
replacement of N-terminal capping amino acid residues Lys-Leu-
Thr of peptide QK (Ac-Lys-Leu-Thr-Trp-Gln-Glu-Leu-Tyr-Gln-
Leu-Lys-Tyr-Lys-Gly-Ile-NH,), a vascular endothelial growth
(VEGF) short helical peptide, with the
corresponding D  enantiomers ("Lys-"Leu-"Thr) negatively
affected its ability to structure into an a-helix, which is

factor mimetic

fundamental to its biological activity (De Rosa et al., 2022).

Another important factor for helix formation is the size of the
side chain of amino acid residues such as Arg, for example,. Tests
over Ala-based peptides with N-terminal acetylation and C-terminal
amidation were conducted to evaluate the effect of side chain length
of Arg and Arg analogues ((S)-2-amino-6-guanidinohexanoic acid
(Agh), (S)-2-amino-4-guanidinobutyric acid (Agb) and (S)-2-
amino-3-guanidinopropionic acid (Agp)), as N-cap and C-cap.
The results demonstrated that all four peptides were unfavorable
for N-capping. The C-capping parameter followed the trend Agp <
Agb < Arg < Agh, showing more favorable C-cap energetics with
increasing side chain length (Cheng et al., 2012). By contrast, the
propensity for helix formation showed a tendency Agp < Agb >
Arg > Agh, highlighting the singularity and importance of the Arg
side chain and analogs for helix formation, in the C-cap region
(Cheng et al., 2012).

Various peptides were synthesized based on repetitions of the
sequence (Arg-Leu-Leu-Arg),, (n = 2-5), because this motif is
considerate a a-helix former. Among these, the peptide (Arg-
Leu-Leu-Arg)s exhibits this characteristic and has minimum
inhibitory concentrations (MICs) between 1 and 4 mM against
microorganisms (gram-negative bacteria, gram-positive bacteria,
and fungi); however, its effectiveness is reduced 32-fold in high
salt conditions (100 or 200 mM NaCl). Posteriorly, the Ala-Pro-Lys-
Ala-Met and Leu-Gln-Lys-Lys-Gly-Ile motifs were added to the
repetitions, in the N- and C-terminals, respectively. These last motifs
have amphipathic characteristics, a positive net charge, and show
interactions between the residues that allow nucleation peptides.
The (Ala-Pro-Lys-Ala-Met)
hydrophobic interaction between the side chains of Ala and Met
(i, i+4). Meanwhile, the C-terminal Leu-Gln-Lys-Lys-Gly-Ile motif
forms two H-bonds: one between the Leu amide group and the Ile

N-terminal motif presents a

carbonyl group (i, i+5), and another between the amide of the Gln
side chain and the carbonyl group of Gly (i, i+3). Interestingly, with
the addition of two capping motifs into the two peptide repetitions
(Ala-Pro-Lys-Ala-Met-Arg-Leu-Leu-Arg-Arg-Leu-Leu-Arg-Leu-
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Gln-Lys-Lys-Gly), the integrity of the MIC values (0.5 and 2 pg.mL™
for gram negative, gram-positive bacteria, and yeast) was observed at
NaCl concentrations equal to 200 mM, and its helicity was not
compromised. These motifs have the property of stabilizing the
helix, maintaining the structural integrity and antimicrobial activity
of the peptide at high salt concentrations (Park et al., 2004).

The synthetic peptide (Leu-Leu-Lys-Lys),-NH, was modified by
insertion of a Cys residue at the C-terminus and in both terminal
regions. Those modifications resulted in an enhanced a-helix
structure and significantly increased antibacterial activity against
B. subtilis (125 mg.L™* for both), compared to the parental peptide
(500 mg.L™"). Additionally, the presence of thiol groups in the
modified peptide enhances its antimicrobial potency against
gram-positive bacteria and yeast. Moreover, it broadened its
activity spectrum to include gram-negative bacteria, exhibiting
potency levels of >500mg.L™' against E. coli and 63 mgL™"
against P. aeruginosa for (Leu-Leu-Lys-Lys),Cys, and 225 mg.L™
against E. coli and 125 mg.L™" against P. aeruginosa for Cys-(Leu-
Leu-Lys-Lys),-Cys. Notably, the latter peptide exhibited enhanced
pore formation (Wiradharma et al., 2011). Furthermore, this peptide
effectively eradicated clinically isolated carbapenem-resistant
Acinetobacter baumannii in mouse models of peritonitis and
pneumonia infections (Huang et al, 2012), and it also exhibited
activity in vitro against susceptible and multidrug-resistant clinical
isolates of M. tuberculosis (Khara et al., 2014).

The C-terminal region is also important for stabilizing the a-
helix and, consequently, maintaining activity, particularly when a
polar side chain may be taking place. In a study by Kallenbach and
Gong, peptides (based on the parental sequence Tyr-Met-Ser-Glu-
Asp-Glu-Leu-Lys-Ala-Ala-Glu-Ala-Ala-Phe-Lys- Arg-His-Gly-Pro-
Thr) were stabilized with an N-terminal region containing a classical
Ser-X-X-Glu capping box (Ser-Glu-Asp-Glu motif), while several
different capping motifs were tested near the C-terminal region to
evaluate stabilization capacity (Kallenbach and Gong, 1999). The
capping box, Ser-X-X-Glu, was identified by Harper and Rose, as a
helix initiator component in the N-terminus of proteins (Harper and
Rose, 1993). This motif involves two hydrogen-bonding interactions
between the side chain and the main chain: (i, i+3). The first occurs
between the Ser side chain and the amide of Glu, and the second
occurs between the Glu side chain and the amide of Ser (Harper and
Rose, 1993). Among substitutions in the three last amino acids at the
C-terminus, an exceptionally strong interaction occurs when an
Asn-18 residue is present in the Asn-Pro-Thr motif, interacting
through its amide group in the side chain with the carbonyl group of
the Phe-14 three residues away, forming a 3;,-helix. This interaction
(i, i+4) produces a greater propensity for helicity in this case. By
contrast, the side chain of Gly-18 in the Gly-Val-Pro motif, also in
the C-terminus, forms a double main chain-main chain H-bond
with Phe-14 (Gly-18/Phe-14; (i, i+4)) and Lys15 (Gly-18/Lys-15; (i,
i+3)). Here, the Pro-20 enhances the structure through nonpolar
interaction of its side chain by interacting with the aromatic ring of
Phe-14, collectively stabilizing the N-terminal capping box
(Kallenbach and Gong, 1999).

The C-terminal Lys can structure a peptide with three amino
acids as a helix. This was demonstrated by Zabuga and Rizzo (2015),
when they detected a helix in the sequence Ac-Phe-Ala-LysH". In
this case, the Lys side chain forms three hydrogen bonds, where each
hydrogen of the ammonia group bonds to the carbonyls of the main
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chain, similar to what occurs in polyalanine helices (Zabuga and
Rizzo, 2015).

Evidence suggests that edge-face, offset-stacked or face-to-face
stacked aromatic interaction also plays a crucial role in the a-helical
monomeric structure. Edge-face and offset-stacked geometric
interactions are preferred between two phenylalanine residues
located i and i+4, respectively, whereas fully stacked geometry is
observed when phenylalanine - pentafluorophenylalanine are in a
similar position. In both cases, the interactions can stabilize helix
formation in a prototype polyalanine peptide, but the interactions
are stronger when the residues, in the same positions, are more
towards the C-terminal region. The prevalence of helical structures
and, consequently the diverse activities observed in AMPs, is
significantly influenced by the interaction between rotamer
populations of the aromatic chains. The interaction, particularly
at the C-terminal region, enhances the motif’s effectiveness in
promoting a-helices through the C-capping effect (Butterfield
et al., 2002; Koehbach and Craik, 2019).

Although capping motifs can give us answers about the
nucleation of the formation of a-helical structures, there are
other factors that influence the stability of these conformations
so that the role of complexes formed by interactions with metal ions
can also generate another part of this answer.

5 Modulation of activity of AMPs by
formation complexes with divalent ions

The role of metal ions cannot be underestimated, since studies
with different peptides, proteins, and non-peptide molecules
demonstrate their activity in intermolecular interactions within
cellular physiological processes. Additionally, they play a role in
enhancing the activity of molecules in the immune system. In the
last decade, several studies of complexes formed by motifs of AMPs
with divalent metal ions, such as Zn** and Cu** (Loboda et al., 2018),
have demonstrated the role of these ions in boosting the
antimicrobial activity of these substances. This subfamily within
the AMPs is called metallo-AMPs and has attracted attention
because it has allowed the importance of this complex in the
immune system to be demonstrated. Such potentiation may be
related to the fact that the binding of an AMP to the metal
removes the availability of the microbe to the ion, causing it to
suffer due to the deficit of the metal. Alternatively, this complexation
could improve the structure or charge of the peptide (Loboda
et al.,, 2018).

The classification of the relationships between metal cations and
AMPs has been described as falling into three classes, explaining the
modes of action. However, it is essential to note that this
classification is not unique, and there may be other forms. The
system was primarily based on Zn**, as the relationship between
Zn**-AMPs has provided sufficient information to establish their
synergistic relationship. Hence, class I is distinguished by the
modulation of AMP activity through metal ion binding. In this
class, cations can act as a cofactor that either enhances or inhibits the
antimicrobial activity of AMPs. In class II, AMPs may regulate
cation availability within the host. This implies that AMPs can either
enable the availability of ions if the host restricts them from the
microbe or increase the concentration of the cation within the
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pathogen, leading to toxicity. In class III, cations may indirectly
influence the activity of an AMP, and the existence of an ion-AMP
complex is not a requirement. In this scenario, the cation enhances
the activity of an AMP by inhibiting the microbe’s responses
(Donaghy et al., 2023).

Among the mechanisms mentioned earlier, we can highlight
class I, which is the most commonly observed in certain AMPs and
Zn** jons. Dermcidin-derived peptides belong to a family resulting
from the proteolysis processes of dermcidin (DCD), a protein
expressed by sweat glands. These peptides play a role in the
skin’s immune defense system, and within them, DCD-1 and
DCD-I1L are the major ones. Both peptides have demonstrated
efficacy against both gram negative and gram-positive bacteria
(E. coli, Enterococcus faecalis, and S. aureus), as well as yeasts like
C. albicans, in buffer solutions with conditions of pH, ionic strength,
and sodium, potassium, magnesium and chlorine ions, which
(Schittek et al., 2001).
Structurally, these two peptides present a wide range of residues
with polar groups (-OH) and donors of protons (-COOH), the latter
being acidic groups that confer a total charge of -2 at neutral pH.

simulate human sweat conditions

Both peptides adopt an undefined random conformation in aqueous
solution; however, DCD-1L adopts an a-helix structure in the
presence of surfactants that mimic the cell membrane of gram-
negative bacteria (Steffen et al., 2006; Paulmann et al., 2012). The
mechanism of action of dermcidin-derived peptides is attributed to
the formation of oligomerization (composed of dimers and trimers),
a structure believed to be important in antibacterial activity. This
oligomerization structuring has been observed in an in vitro
experiment involving DCD-1L in human sweat, and it seems that
Zn*" jons play a crucial role in stabilizing the oligomeric structure
and in the boosting activity. Activity reduction becomes apparent
upon the addition of a chelating agent, such as EDTA (Paulmann
et al.,, 2012).

Dermcidin-derived peptides, with DCD-1L (Ser-Ser-Leu-Leu-Glu-
Lys-Gly-Leu-Asp-Gly-Ala-Lys-Lys-Ala-Val-Gly-Gly-Leu-Gly-Lys-
Leu-Gly-Lys-Asp-Ala-Val-Glu-Asp-Leu-Glu-Ser-Val-Gly-Lys-Gly-
Ala-Val-His-Asp-Val-Lys-Asp-Val-Leu-Asp-Ser-Val-Leu) as  a
significant constituent, exhibit a mechanism of action attributed to
class L. In this process, Zn** ions play a crucial role in structuring
oligomers, forming “ion channels” or pores in bacterial membranes
(Paulmann et al.,, 2012). The structuring was carried out in a solution of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine ~ (POPE)/1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho (1'-rac-glycerol) (POPG) in
amolar ratio 3:1. The elucidation by X-ray diffraction (XRD), solid-state
nuclear magnetic resonance (ssNMR), and molecular dynamics (MD)
shows that DCD-1L forms a trimer of Zn®* bridge dimers. Each dimer is
formed by paired peptide helices oriented in head-to-tail directions and
coordinated to Zn** ions as the central atom via Glu-5, Asp-9 (i, i+4 and
i, i+9 motifs at N-terminus), and His-38' and Asp-42’ (i, i+38' together
with 7, i+42' in C-terminal). For the formation of trimers, stabilization of
the dimers occurs through the pairs Asp-24/Asp-28 and Asp-24"/Asp-
28" in the center of the helix, which coordinate with Zn*". In total, six
polypeptide chains form a hexameric channel that creates a pore
resembling a barrel inside the membrane. The Zn**:DCD-1L
complex was observed to form in a 1:1 ratio, where all Zn** ions
neutralize the charge of the hexamer (Figure 1) (Song et al., 2013).

Likewise, certain motifs in AMPs that exhibit binding to
transition metals have been reported. Generally, such interactions
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are attributed to residues with neutral, basic, or acidic polar side
chains in AMPs, which contain heteroatoms capable of coordinating
with these metals. As an example, we can cite the His-Gly-Phe-Ser-
His motif found at the C-terminus, between amino acids 17-21 of
the peptide clavanin A (Clav-A: Val-Phe-Gln-Phe-Leu-Gly-Lys-Ile-
Ile-His-His-Val-Gly-Asn-Phe-Val-His-Gly-Phe-Ser-His-Val-Phe-

NH,) (Duay et al., 2019). Clav-A is a representative within the group
of peptides known as clavanins, isolated from the tunicate Styela
clava. Cationic, amphipathic and rich in His, it is an a-helix-forming
peptide, and has a broad spectrum of antimicrobial action against
bacteria and fungi. It distinguishes itself by its wide-ranging efficacy
against methicillin-resistant Staphylococcus aureus (MRSA) at
pH 5.5. At physiological pH (pH 7.4), it shows less effectiveness,
but it also exhibits activity under high salt conditions. These data
suggest that Clav-A has different modes of action under different
pH and salt conditions (Lee et al., 1997). In the presence of Zn** ions,
the activity of Clav-A is increased 16-fold, and it seems that this
increase is derived from the stabilization of this ion in the His-Gly-
Phe-Ser-His motif, where His-17 and His-21 are located (i, i+4) and
each one is responsible for coordination. Molecular modeling on the
Zn**-Clav-A system in membrane environments demonstrates that
the mechanism of action may be attributed to the coordination,
providing strong electrostatic interactions between the complex
(His-Gly-Phe-Ser-His motif at the C-terminus of Clav-A) and the
lipid layer, leading to membrane dissociation (Duay et al., 2019).

At physiological pH, Clav-A can independently engage with the
membrane of gram-negative bacteria, subsequently leading to
membrane distortion and changes in cellular functionality, such
as the inhibition of division in E. coli (Juliano et al., 2020). In
contrast, at acidic pH, Clav-A seems to exhibit two mechanisms of
action. The first involves binding to ionophores, deactivating their
function, and facilitating the transfer of ions between the cytoplasm
and the extracellular environment. This enables Zn** ions to enter
the cell, causing Clav-A to act similarly to indolicin, which inhibits
DNA synthesis. Additionally, there may be a translocation of the
peptide, Zn**, and/or Zn**-Clav-A complex across the membrane
(Juliano et al., 2017). In the latter case, the Zn**-Clav-A complex
may influence cytoplasmic DNA through a mechanism proposed by
Juliano et al. (2020). The mechanism, investigated through quantum
mechanics/molecular mechanics (QM/MM) calculations, suggested
that Zn*', in the Zn**-Clav-A complex, acts as a Lewis acid,
activating the P-O bonds in DNA. A hydroxyl group from water
then nucleophilically attacks the electrophytic phosphorus, cleaving
the P-O bond activated by Zn>". The breakage of the phosphoester
bond hydrolyzes bacterial DNA (Juliano et al., 2020).

A complex of divalent copper (Cu®") and nickel (Ni**) ions in
amino-terminal motifs, called (ATCUN), has been found in specific
AMPs. These motifs are thought to be essential in boosting the
oxidative action mechanism (Alexander et al., 2017). One such
examples is ixosine, a peptide isolated from the tick Ixodes
sinensis, which exhibits a similar effect on the lipid membranes
of bacteria. The mechanism also appears to be class I, according to
the classification by Donaghy et al. (2023), through a strategy
employed by the tick in using Cu®* ions as part of the activation
of its immune defense against bacterial infections. In the case of
ixosine (Gly-Leu-His-Lys-Val-Met-Arg-Glu-Val-Leu-Gly-Tyr-Glu-
Arg-Asn-Ser-Tyr-Lys-Lys-Phe-Phe-Leu-Arg), the first three amino
acids (Gly-Leu-His) are the motif responsible and that can
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Trimers, a hexameric channel
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DCD-1L forming a trimer of Zn?* bridge dimers, a hexameric channel. Dimers are formed by paired peptide helices (2X) oriented in head-to-tail
directions and coordinated to two Zn?* ions through Glu-5, Asp-9 (;, i+4 and i, i+9 motifs at N-terminus) and His-38' and Asp-42’ (j, i+38’ together with j,
i+42" in C-terminal). The formation of trimers occurs through the Asp-24/Asp-28 and Asp-24'/Asp-28' in the center of the helix, which coordinate with
one Zn**ion. This last interaction stabilizes each dimer in the trimer. This figure was created using Inkscape, version 1.3.0.

coordinate to Cu®* and Ni**. Similar motifs like NH,-AA;-AA,-His,
are found in proteins such as albumins and protamines, which
coordinate these two metals through the terminal amino group, the
-NH- group of AA,, and the imidazole ring of histidine (Melino
et al.,, 1999; Libardo et al., 2016). In ticks, it seems that the Cu®*-
ixosine complex plays a role in mediating molecular oxygen-
dependent lipid peroxidation of phospholipids to produce
reactive oxygen species (ROS). The authors theorize that these
ROS leads to the intramolecular formation of aldehyde-type
carbonyl compounds, derivatives capable of reacting with amino
groups of other AMPs, such as ixosine B, for example, to form Schiff
bases. This allows the binding of AMPs in the membrane, forming
helices as they interact closely with the membrane to create pores
(Figure 2) (Libardo et al., 2016).

Using an in silico approach, our group previously redesigned the
AMPs, CM15 (Lys-Trp-Lys-Leu-Phe-Lys-Lys-Ile-Gly-Ala-Val-Leu-
Lys-Val-Leu-NH,), and citropinl.l1 (Gly-Leu-Phe-Asp-Val-Ile-Lys-
Lys-Val-Ala-Ser-Val-Ile-Gly-Gly-Leu-NH,), by the addition of
ATCUN motifs (Gly-Gly-His or Val-Ile-His) at their N-terminus. It
is noteworthy that both motifs, when inserted into CM15, were shown
to enhance activity against carbapenem-resistant Klebsiella pneumoniae
(KpC+ 1,825,971) by 4-fold for Gly-Gly-His-CM15 and 8-fold for His-
Ile-Val-CM15. By contrast, modification of both ATCUN motifs in
citropinl.1 resulted in a 3-fold decrease in antimicrobial activity when
tested against both gram negative and gram-positive bacteria. CD
spectra for CM15 peptides containing both ATCUN motifs showed
an increase in helicity in the absence of Cu® (Agbale et al,, 2019).

Frontiers in Chemistry

Histatins are small peptides released by the parotid and sub-
mandibular salivary gland in both humans and primates. These
peptides are generally cationic and rich in histidine, playing a key
role in antimicrobial activity against bacteria and fungi, wound
healing and the buccal immune system (Tay et al., 2009; Puri and
Edgerton, 2014). Among the most potent is Histatin 5 (Hst-5: Asp-
Ser-His-Ala-Lys-Arg-His-His-Gly-Tyr-Lys-Arg-Lys-Phe-His-Glu-
Lys-His-His-Ser-His-Arg-Gly-Tyr), resulting from the proteolytic
degradation of histatin 1 and 3. Hst-5 is active against Cryptococcus
neoformans, Aspergillus fumigatu, Candida albicans and other yeasts
(Helmerhorst et al., 1999). It also exhibits activity against multiple-
drug-resistant pathogens (ESKAPE: Enterococcus faecium, S. aureus,
K. pneumoniae, A. baumannii, Pseudomonas aeruginosa, and
Enterobacter species), causing hospital or nosocomial infections
(Du et al,, 2017). Hst-5 presents part of an ACTUN motif (Asp-
Ser-His) in its N-terminal as well as the His-X-X-X-His-His motif in
its N-terminal and the His-Glu-X-X-His motif in its C-terminal for
Zn** coordination. Apparently, the union of Zn** and Cu®* in the
respective motifs confers stabilization on the a-helix structure
(Cragnell et al, 2019; McCaslin et al, 2019), and data from
several studies on the metal-Hst-5 complex suggest significant
consequences for increased activity. In the work by Melino et al.
(1999), it was observed that the Zn*'-Hst-5 complex exhibits a
catalytic effect on the fusion of negatively charged lipid vesicles via a
mechanism of action that involves electrostatic interactions
mediated by the formation of dimers (Melino et al, 1999).
Additionally, 7Zn** ions have shown to increase the bactericidal
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FIGURE 2

Interaction between antimicrobial peptides (AMPs) and metal

ions (M). In class | interactions, certain cations can either enhance or

inhibit the antimicrobial activity of AMPs by acting as a cofactor. (A)

Some metallic ions bind to AMPs through specific amino acids,

resulting in the formation of dimers. (B) The M-AMP complex can then

interact with the cell membrane, forming pores or evolving into more
(Continued)
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complex structures by joining dimers to create channels.
Additionally, certain complexes like Cu®* ions and AMPs with the
ATCUN motif can lead to the production of reactive oxygen species
(ROS) through oxygen-dependent lipid peroxidation of
phospholipids, ultimately causing cell membrane disintegration. (C)
These channels formed allow the passage of AMPs and/or metal ions
into the cell, where they can interact with intracellular targets. (D) If
AMPs fail to interact with intracellular targets, pore and channel
formation can destabilize the cell membrane, resulting in cell death
and the leakage of cellular material. This figure was created using
Inkscape, version 1.3.0.

activity of histidine-rich peptides against E. faecalis (Rydengard
et al., 2006).

The formation of ROS has been proven through several
experiments where the complex is formed between Cu’* and
peptides containing ATCUN, such as those of Hst-5. For
example, by mass spectrometry, oxidized derivatives of a peptide
analogue of Hst-5 (P1: Asp-Ser-His-Ala-Lys-Arg-Ala-His-Gly-Tyr)
were detected after the addition of ascorbic acid to a 1:
1 stoichiometry solution of Cu**:P1 complex. After 5min of
exposure to the reductant, it was possible to identify the presence
of adduct ions with an increase of 16 and 32 Da in the mass of P1
(Cabras et al.,, 2007). Additionally, the same copper complex, using
Hst-5 or Hst-8 (Lys-Phe-His-Glu-Lys-His-His-Ser-His-Arg-Gly-
Tyr), revealed an increase in ROS production, including
hydrogen peroxide, at physiological concentrations of ascorbic
acid in vitro experiments. Here, Houghton and Nicholas (2009)
observed the production of hydrogen peroxide using the Amplex
Red assay, by incubating at 20°C for 60 min the peptide stock
solutions (Hst-5 or Hst-8) containing copper chloride and
buffered ascorbate. The Amplex Red assay is based on the
oxidation of 10-acetyl-3,7-dihydroxypenoxazine, —which is
catalyzed by horseradish peroxidase (HRP) in the presence of
H,0, to produce a red fluorescent oxidation product, which is
monitored at 570 nm (Houghton and Nicholas, 2009). This finding
further supports the effects of ROS production on bacteria killing
(Libardo et al., 2016), and control of the metal-peptide complex in
candidiasis infections. In C. albicans, mitochondria produce
superoxide dismutase (Sod5) dependent on Cu/Zn/Mn, which is
induced under conditions of oxidative stress. The enzymatic activity
of yeast can be a target due to the transmetalation of such ions
mediated by Hst-5 (Martchenko et al., 2004). The complex between
Zn**-Hst-5 is similar to that formed by DCD-1L and ClavA, with 2:
2 stoichiometry, where each Zn*" ion coordinates with four histidine
residues, two of which are in a polypeptide chain of Hst-5. Some
studies suggest that Hst-5 activity in Candida species is dependent
on Zn** concentration since the low ratio (0.5:1 or less) of the metal
in the complex has been shown to have improved antifungal activity
in comparison with the peptide alone. This improvement can be
attributed to cellular reorganization induced by Zn**, decreasing the
ability to adhere to the cell wall of the host (Norris et al.,, 2020).
Nevertheless, at higher ratios (1:1 or higher), Zn>* ions seem to
impede the antifungal activity of Hst-5 against C. albicans
(Campbell et al., 2022). According to Stewart et al. (2023), both
higher and lower proportions of Zn>" in the Zn**-Hst-5 complex do
not exert an effect on improving or suppressing the effect on
multiple species of Streptococcus, which normally colonize the
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oral cavity. Additionally, Hst-5 does not cause Zn>* starvation in this
genus, as it does not compete for Zn>* binding with the Zn** uptake
protein AdcAI (Stewart et al., 2023). The above study, along with
others, suggests that Hst-5 may play a role in the development of
certain species of oral cavity microorganisms, exerting selective
antimicrobial activity and maintaining microbial communities
regulated through Zn*' ion concentrations (Norris et al., 2021;
Campbell et al, 2022; Stewart et al, 2023). With all this
evidence, Hst-5 cannot be classified as belonging to class II;
instead, it appears to be able to act in class I or III.

Calcitermin ~ (Val-Ala-Ile-Ala-Leu-Lys-Ala- Ala-His-Tyr-His-Thr-
His-Lys-Glu) corresponds to the last 15 residues at the C-terminus
of calgranulin C, a member of the S100 family of antibacterial proteins
produced by neutrophils, monocytes, and keratinocytes (Gottsch et al.,
1999; D’Accolti et al., 2023). This AMP shows activity against several
pathogens (E. coli, P. aeruginosa, S. aureus, S. epidermidis, E. faecalis, C.
albicans, and L. monocytogenes), depending on the conditions (Cole
et al,, 2001). For example, at neutral pH (7.4), it does not show activity,
but at acidic pH (5.4), it is active against E. coli, P. aeruginosa, E. faecalis,
and C. albicans (Cole et al., 2001; Bellotti et al., 2019). In the presence of
Zn®" jons, its activity increases against E. coli and is effective against L.
monocytogenes (Cole et al., 2001). Coordination of two metals, 7Zn*" and
Cu™, occurs effectively at acidic pH, using His-9, His-11, His-13, and
different amino acid residues for each metal. In the case of the Zn*
complex, the carboxylate group of the side chain of Glu-15 participates,
but with Cu, the other ligand is the N-terminal group of Val-1. This
coordination improves the activity of the peptide against C. albicans, as
the MIC decreases to 1 pg.mL™" for both complexes. Meanwhile, the
complex with Cu** maintains activity against S. aureus in the same way
as non-complexed calcitermin. CD experiments for the Cu*'-
Calcitermin and Cu* with three other analogs
(substitution of each His with an Ala in the parental Calcitermin),

complex,

reveal that the metal in all complexes helps to adopt a helical-like
structure in the presence of membrane-mimicking sodium dodecyl
sulfate (SDS) (Bellotti et al., 2019).

Another peptide that relies on the presence of divalent ions is
Bacitracin. Isolated as a mixture of cyclic dodecapeptides from
Bacillus species, it contains both D- and L-amino acids and is
synthesized by nonribosomal peptide synthases (Economou et al.,
2013). Among these peptides, bacitracin A is the main constituent,
exhibiting the highest effectiveness against bacteria. It is selective for
gram-positive bacteria and shows limited activity against gram-
negative bacteria. It has been classified as class I according to
Donaghy et al. (2023) due to its binding with Zn*" ions, forming
a complex that enhances the activity of the cyclopeptide (Donaghy
et al, 2023). The Zn*'-Bacitracin complex binds to a lipid
intermediate  (undecaprenyl pyrophosphate),
transporter in the biosynthesis of the bacterial cell wall. The

an important
binding of the complex to the intermediate interrupts the flow of
peptidoglycan precursors, leading to the inhibition of cell wall
formation and, consequently, negatively affecting bacterial
development (Economou et al., 2013). The stoichiometry of the
complex  formed  between  Zn’'-bacitracin-undecaprenyl
pyrophosphate has been reported as 1:1:1. These data were
suggested by crystallization experiments performed on the Zn>'-
bacitracin-geranyl pyrophosphate complex. In this complex, Zn**
coordinates mainly with the N-terminal region of this AMP, and

geranyl pyrophosphate is also involved. Specifically, bacitracin
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engages both geranyl pyrophosphate and Zn®* ions in the
coordination process. In this coordination, bacitracin employs the
terminal amino group, the nitrogen on the thiazoline ring, and the
carboxylate of Glu-4. By contrast, the lipid participates use the
oxygens of the pyrophosphate group, which, together with a water
molecule, assume an octahedral geometry. In this case, unlike the
previous examples, the coordination of Zn*" by the His present in
the bacitracin macrocycle is not observed (Economou et al.,, 2013).
(106-169) the  non-glycosylated
phosphorylated form of the caseinomacropeptide (CMP) derived

Kappacin is and
from bovine milk k-casein (the C-terminal fragment between
residues 106 and 169). This AMP exhibits activity against the
oral opportunistic ~pathogen  Streptococcus mutans and
demonstrates a membranolytic effect observed in experiments
with artificial liposomes, exhibiting pH-dependent behavior. At
acidic pH (6.5), it has the ability to permeabilize liposomes;
however, at neutral pH (7.2), it exhibits little effect on them, as
evidenced by the lack of antibacterial activity. However, the addition
of a metal: Kappacin (106-169) ratio (2:1) for Ca®" or (1:1) for Zn**
results in improved antibacterial activity at neutral pH. Divalent
metal cation binding assays and Scatchard analyses indicated that
Kappacin (106-169) has two binding sites for the metal. Proton
nuclear magnetic resonance ('H-NMR) experiments on the
Kappacin (138-158) fragment, conducted in the presence of Ca**
ions and 30% tetrafluoroethylene (TFE), suggest that the peptide
adopts a specific conformation in this environment (Dashper et al.,
2005). The sequence Kappacin (138-158) (Ala-Val-Glu-Ser-Thr-
Val-Ala-Thr-Leu-Glu-Asn-Ser-Pro-Glu-Val-Ile-Glu-Ser-Pro-Pro-
Glu) is rich in Glu spaced (i, i+4) at the C-terminus, which may
explain the coordination with divalent ions, thus potentially
modulating the peptide structuration.

A new field, known as metallo-AMPs, has emerged from the
interaction between divalent metal ions and specific residues within
AMPs, warranting further exploration. As mentioned in the observed
cases, this interaction acts by increasing effectiveness against
microorganisms and arises from the coordination of divalent ions
along the structure of AMPs, enhancing the secondary structure and
performing various functions in the face of microbial targets. This
interaction is expected, as both metallic ions and AMPs are considered

essential components of the immune system in various organisms.

6 Concluding remarks and prospects

Capping motifs play an important role in modulating the
antimicrobial activity, selectivity, and protease resistance in
AMPs. Beyond direct antimicrobial properties, presumably by
promoting the structuring of peptide sequences in the a-helix,
such as specific sequences and divalent cations, capping motifs
may influence other desirable properties, such as in vivo stability
and biocompatibility. Cationic amino acids, such as Lys and Arg,
have demonstrated efficacy as capping motifs because charge at the
N- or C-terminus helps enhance interactions with negatively
charged microbial membranes while reducing cytotoxicity against
mammalian cells. Some internal interactions of the side chains of
these residues, as well as unique and unusually structured motifs,
within the peptide chain, contribute to the nucleation and
structuring of a-helices, which are crucial for biological activity.
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However, further research is needed to fully elucidate the structure-
activity relationships between capping motifs and the AMP’s
mechanism of action. The results from studies of molecular
dynamics simulations and biophysical techniques, in which it was
explored how specific capping motifs alter AMP secondary
structure, oligomerization, membrane perturbation abilities, and the
capping motifs’ performance against a wider range of clinically relevant
and multidrug-resistant pathogens, can be used in new approaches
based on artificial intelligence and deep machine learning, to generate
new structural data, as well as new active peptides.

Through continued progress in understanding capping motif-
mediated effects, it may be possible to customize AMPs for specific
infection types or drug delivery applications, helping to address the
pressing need for novel anti-infectives, particularly in the face of
escalating antimicrobial resistance crises worldwide. Capping motifs
offer a promising design element for to developing next-generation
AMP with
pharmacological profiles.

therapeutics improved efficacy, safety, and
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ARTICLE INFO ABSTRACT

Keywords: Host defense peptides (HDPs) are naturally occurring polypeptide sequences that, in addition to being active
HDPs against bacteria, fungi, viruses, and other parasites, may stimulate immunomodulatory responses. Cathelicidins,

Cathelicidins a family of HDPs, are produced by diverse animal species, such as mammals, fish, birds, amphibians, and reptiles,

I(J:II?Z;S to protect them against pathogen infections. These peptides have variable C-terminal domains responsible for
their antimicrobial and immunomodulatory activities and a highly conserved N-terminal pre-pro region ho-
Immunomodulators

mologous to cathelin. Although cathelicidins are the major components of innate immunity, the molecular basis
by which they induce an immune response is still unclear. In this review, we will address the role of the LL-37
domain and its SK-24, IV-20, FK-13 and LL-37 fragments in the immunity response. Other cathelicidins also share
structural and functional characteristics with the LL-37 domain, suggesting that these fragments may be
responsible for interaction between these peptides and receptors in humans. Fragments of the LL-37 domain can

give us clues about how homologous cathelicidins, in general, induce an immune response.

1. Introduction

Although it is a crucial mechanism during rapid bacterial replication
events, adaptive immunity requires considerable time to initiate a
response to attack by pathogens [1]. However, organisms that do not
have an adaptive system or that require a rapid response protect
themselves through non-specific response mechanisms, which occur
through the production of host defense peptides (HDPs), initiating
infection control [1]. HDPs are widely recognized for their antimicrobial
activity, being active against infectious bacteria (Gram-positive and
Gram-negative, including bacterial biofilm), fungi, viruses, and other
parasites. In recent decades, these peptides have been explored as im-
munomodulators due to their ability to induce an immune response
[2-6] (Fig. 1).

HDPs are short bioactive polypeptides found in virtually all living
beings as part of the first line of defense [7-11]. Among the various ways
to modulate an immune response, the following can be mentioned: (i)
the production of anti- and pro-inflammatory cytokines; increased

expression of chemokines; (ii) the neutralization of lipopolysaccharides
(LPS) and endotoxins; (iii) the regulation of the production of reactive
oxygen (ROS) and nitrogen (NOS) species; (iv) antigen presentation
stimulus; and (v) activation of leukocyte differentiation [12]. Further-
more, in addition to modulating the host’s immune and inflammatory
responses, HDPs act concomitantly as antimicrobials, eradicating bac-
teria and other pathogens that cause infections [13-15].

Cathelicidins and defensins are the two subgroups of HDPs produced
by mammals as part of the innate immune system. Humans synthesize
many classes of defensins but, interestingly, only a single one of the
cathelicidins [16]. Cathelicidins are short-cationic peptides that play a
role in host responses toward several highly conserved
microbe-associated molecular patterns (MAMPs) [17]. Cathelicidins are
mainly found at high concentrations in neutrophil-specific granules,
which can be released upon neutrophil activation [18]. Among the
cathelicidins produced by mammalians, human LL-37 (4.5 kDa), which
is composed of 37 amino acid residues with diLeucine at the N-terminus,
is the most well-characterized peptide [19,20]. LL-37 plays an important
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role in the human innate immune system, being produced against bac-
terial (both Gram-positive and Gram-negative) and viral infections [21,
22].

LL-37 was initially described in 1995 by three independent research
groups through deduction from the myeloid bone marrow cDNA library
and isolated from neutrophils [23,24]. The hCAP18 N-terminal consists
of a 37 amino acid-long peptide, called LL-37, which in addition to
having bactericidal activity against several microorganisms, also
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prevents immunostimulatory effects of bacterial wall molecules (e.g.,
LPS), protecting against lethal endotoxemia [25]. To control inflam-
mation, LL-37 acts as both a pro- and anti-inflammatory factor. In the
first case, it includes the negative regulation of interleukin (IL)-10, the
positive regulation of IL-8, IL-12p40, and IL-1, the induction of type I
interferons (IFNs) in plasmacytoid dendritic cells (pDCs) and keratino-
cytes and mast cell degranulation and the release of inflammatory me-
diators. As an anti-inflammatory, LL-37 inhibits the formation of the
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Fig. 1. Representation of antimicrobial and immunomodulatory activities of host defense peptides. In addition to acting directly on the plasma membrane of
bacteria, these peptides can trigger a series of immune responses in the host. They can induce the migration of epithelial cells, facilitating healing, as well as inducing
or suppressing the production of pro-inflammatory cytokines, and recruiting cells of the immune system.
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AIM2 inflammasome, as well as suppressing IFN-y, tumor necrosis factor
(TNF)-a, IL-4, and IL-12 [26].

In recent decades, evidence has been growing regarding the immu-
nomodulatory activity of HDP LL-37. However, the properties that make
it a host defense peptide, capable of inducing an immune response, are
still unclear. Therefore, in this review we will try to shed light on the
possible structural characteristics of LL-37 that are responsible for its
immunomodulatory activity. The most likely factor is the presence of a
domain responsible for the immunomodulatory response. To clarify this
question, we will try to define what makes LL-37 a host defense peptide.
We will examine which intrinsic characteristics, such as primary struc-
ture and physicochemical properties, could result in the mechanism of
action capable of inducing a response from the host’s immune system.

2. The human cathelicidin LL-37

Human-produced LL-37 is a member of a group of peptides called
cathelicidins [27]. Cathelicidins are one of the most important groups of
mammalian HDPs [28], produced by humans and other vertebrates as a
major part of their immune system [29]. These HDPs consist of large
precursors (94-114 amino acids), a highly conserved N-terminal region,
which contains a signal peptide and a pro-domain called cathelin
(cathepsin L inhibitor)-like domain (CLD), while the C-terminal region
exhibits a highly variable antimicrobial domain [30-32]. These peptides
can be stored in the secretory granules of neutrophils and macrophages
as inactive precursors (pre-propeptides) and released extracellularly as
mature peptides, after being cleaved by neutrophil elastase [33].

The 18 kDa human cationic antimicrobial protein (hCAP18) is
encoded by the cAMP gene on chromosome 3 and has several functions
in controlling an invading pathogen by directly targeting the microbial
membrane in addition to playing important roles in the innate immune
system [34-37] (Fig. 1). hCAP18 is initially expressed as an inactive
precursor protein, which is processed by proteolytic cleavage to the
bioactive peptide LL-37 by exposure to specific serine proteases like
proteinase 3, kallikrein 5, and kallikrein 7 [38,39]. LL-37
(NH-LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES-COOH) is a
positively charged peptide (+6), at neutral pH, with high content of
basic and hydrophobic amino acid residues [40]. In water solution,
LL-37 shows disordered conformation, but in contact with salt (HCOs",
SO?;‘ or CF3COs7), pH variation, and peptide concentration induce LL-37
to adopt a helical structure [41].

LL-37 is produced in several cell types, including macrophages,
neutrophils, natural killer cells, and epithelial cells from the skin, in-
testine, airways, and ocular surface [42]. In vitro and in vivo studies have
evaluated the capacity of cathelicidin to cause the immune response.
According to these, LL-37 and its synthetic derivatives (IDR-1 and
IDR-1002) proved able to repress the synthesis of pro-inflammatory
cytokines (IL-1, IL-6, IL-8, and TNF-a) by peripheral blood mono-
nuclear cells (PBMC) [43-45]. Besides that, LL-37 also acts in the
pro-inflammatory responses induced by LPS, TLR2/4, and TLR9, pre-
venting the release of TNF to activated downstream pathways.
Currently, the role of LL-37 in ATP-dependent P2X7R ion channels is
highlighted, as this is a key component in the neuroinflammatory
cascade [46]. Further, LL37 also prevents the translocation of subunits
NF-kB p50 and p65, which are pro-inflammatory gene expression factors
[45]. In addition, LL-37 can act, directly or indirectly, to promote the
attraction of a variety of leukocytes, including neutrophils, eosinophils
[47], monocytes and CD4 + T cells via the FPRL1 receptor [48].

The use of LL-37 in the wound healing process has demonstrated an
increase in angiogenesis, stimulating the expression of IL-18 by kerati-
nocytes, and also inducing the production of IFN-y [49]. This peptide
activates the production of the chemokine stromal cell-derived factor
1-a (SDF-1a) and vascular endothelial growth factor-oa (VEGFa), which
improve wound healing and epithelial cell migration [50]. After the
activation of SDF-1a and VEGFa, the endosomal dsRNA uptake is started
by a TLR-3-mediated mechanism that raises the expression of
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heparin-binding EGF-like growth factor (HBEGF) and fibroblast growth
factor (FGF2) by dermal keratinocytes and fibroblasts [51].

Regarding LL-37 bactericidal activity, a combinatorial analysis,
involving microbiological, spectroscopic, biophysical, and computa-
tional approaches, has demonstrated that the C-terminal VPRTES tail of
LL-37 is important to the mode of attachment to the lipid bilayer, and
residues 17-29 are responsible for killing bacteria through membrane
disruption [52]. Currently, a study suggests the notable role of LL-37 in
protecting patients against SARS-CoV-2. This molecule has showed
direct interaction with the receptor binding motif (RBM) fragment
responsible for angiotensin converting enzyme 2 (ACE2) contact, as
LL-37 has high structural similarity to the ACE2 N-terminal helix [53]. In
the same way that a motif may be related to the antimicrobial activity of
LL-37, other domains/motifs (Fig. 1) may be responsible for the
immunomodulatory activity of this peptide.

In the next sections, we will try to discuss what exactly makes the LL-
37 peptide a host defense peptide. We will discuss the relationship be-
tween structure and function, as well as the presence of domains present
in this peptide that can give us clues about its immunomodulatory ac-
tivity. In addition, these reflections can point us towards the develop-
ment of new synthetic peptides capable of inducing an immune response
while causing bacterial death through membrane lysis.

3. Structural and functional analyses of LL-37-related HDPs

The biological activity of HDPs is directly related to several features,
including the degree of helicity, charge, hydrophobicity, molecule size,
amphipathicity, and solubility [54]. All these features are the result of
the arrangement of amino acid residues in the primary structure of
HDPs. The study of the relationship between structure and function is
complex, so that the presence of some amino acid residues arranged, for
example, in the N-terminal region of HDPs may be related to their po-
tential activities [55]. In addition, another study suggests that different
degrees of helix adopted by LL-37, in the presence or absence of poly-
sorbate 20, in physiological buffer, can differentially modulate the
antiviral and antibacterial activity, which may be greater or lesser for
viruses or bacteria [56].

LL-37 can be considered as a model peptide to elucidate the rela-
tionship between structure and function of primate homologous cath-
elicidins. The KR-12 (corresponding to residues 18-29 of LL-37),
exhibited antibacterial activity without being toxic to human cells [57].
In a later study, it was demonstrated that the substitution of certain
residues (GIn5—Lys; Asp9—Ala or Asp9—1lys) of KR-12 increased, by up
to 8-fold, the spectrum of antibacterial activity, without being toxic to
healthy human cells [58]. Another intermediate region (13-31 residues)
of LL-37 was identified, through libraries of overlapping sequences,
which acts as an active domain that modulates the immune response
through TLR. The data suggest that physical-chemical properties such as
cationicity and hydrophobicity are essential for the response of this
domain [59].

Through the use of a systematic scan allowed alanine residues, of a
bioequivalent version of LL-37, to be substituted in order to elucidate
which residues are essential for the immunological recognition of Ul
dsRNA. From this study, Kulkarni and co-workers (2021) coined the
term "innate immune ventting", in which the presence of LL-37 in tissue
or even cell culture allows non-inflammatory nucleic acid fragments to
become innately pro-inflammatory [60]. These examples cited above
demonstrate the potential that HDP LL-37 has for the development of
new drugs. However, studies linking activity and function of LL-37 itself
and its domains may provide clues regarding the essential (structural)
elements for its immunomodulatory activity. In the next topics, several
examples will be discussed.

3.1. Structural and functional analyses of LL-37

The enormous structural and functional diversity of cathelicidins
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represents a challenging task in understanding the relationship between
the structure and function of these HDPs [61]. However, in some recent
studies, a domain shared by several o-helical cathelicidins has been re-
ported [62]. Since the discovery of CAP18, from rabbit leukocytes [63],
an analogous domain of human LL-37 was detected by oligonucleotides
designed from rabbit CAP18 c¢DNA [24]. This functional domain is a
portion of 20 amino acid residues (106—125) from the C-terminal region
of rabbit LL-37, recognized as an AMP for binding to LPS [63], and
although not all cathelicidins have this domain, it is shared by the su-
perfamily member pfam12153 (Fig. 2), in combination with pfam00666
[62].

LL-37, the most studied cathelicidin [64], was submitted to primary
structure modifications for activity identification. Studies performed
with LL-37 demonstrated that its known activities were completely or
partly impaired or altered when the elucidation of another activity is
attempted by specific mutations [65]. Something similar was observed
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for the synthetic peptides IDR-1002 and IDR-HH2, derived from LL-37,
when their primary structure was altered [65]. From the substitution of
specific residues, the overlapping of fragments of LL-37 was created,
which resulted in favoring the immunomodulatory and antibiofilm ac-
tivity, or vice versa, depending on the fragment [66]. In the same way,
some of the multiple activities of LL-37 were altered when its fragments
were investigated in order to identify the active regions [64].

The challenge of studying cathelicidins is predicted when the struc-
tural diversity is analyzed [67]. Particularly, LL-37 is a molecule
involved in numerous physiological processes such as immunomodula-
tory [68], antibacterial and antibiofilm [16], antiviral [69], antifungal
[64], and autoimmune diseases [70], among others [12], leading to
tissue homeostasis by regenerative processes, regulating proin-
flammatory responses, or acting as an inhibitor of cancer progression
[71]. It is a molecule able to cause opposing effects simultaneously in
different microenvironments in the host organism and resident
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M.L. Leite et al.

microorganisms; it has inflammatory and anti-inflammatory activities
[68]; it is a molecule that facilitates virulence [72], and simultaneously,
it has an antibiofilm capacity [73].

Due to its multifunctional potential, LL-37 could be cataloged as a
molecule with diverse capacities in which biological activities are not
structurally superimposed. For example, structurally, there is no corre-
lation between antimicrobial and immunomodulating activities [74].
This fact will be hypothesized by the primary structure composition
named “chemical space” as a way to explain that the activity landscapes
are both independent and overlapping in this molecule type [65]. This is
a chemical space that could be determined by a window of some more
frequent, but not less outstanding residues (Ala, Arg, Gly, Ile, Leu, Lys,
Phe, Trp, Tyr, and Val) among the amino acids.

The challenge is that this amino acid group is shared with the rele-
vant amino acids for antimicrobial activity [75], for example. Particu-
larly, for LL-37, several of these residues are necessary to target bacterial
structures [76]. When the primary sequence of LL-37 is analyzed, two
principal patterns of structure/function relationship are observed,
which are: structural overlapping of activity with the possibility of
enhancing one of them by contiguous amino acid substitution; and,
when the activities do not structurally overlap [65]. It is therefore not
surprising that it is difficult to study the structure/function of
cathelicidins.

3.2. LL-37’s physicochemical features shared between
immunomodulatory and antimicrobial activities

Some studies indicate physicochemical parameters that are impor-
tant for cathelicidins, such as hydrophobicity, amphipathicity, and
cationicity [61,77]. Hydrophobicity, for example, was determinant in
LL-37 when it interacted on the receptor. Some points localized on the
hydrophobic face of a-helical LL-37 were crucial for scavenger receptor
(SR) B1 interaction, but not for the pathogenic Ul RNA ligand [60].
However, the aforementioned cathelicidin features are shared with the
general properties of AMPs [78], even with the features of the LL-37
domain [59,64]. The structural conformation of cathelicidins has key
features necessary for their diverse activity. The rabbit CAP18 domain,
for example, showed a rigid a-helical conformation when interacting by
coulombic and hydrophobic forces with diphosphoryl groups and with
fatty acyl chains from lipid 2, respectively [79]. Similarly, LL-37 adopts
an o-helical conformation and a random C-terminal when in contact
with hydrophobic environments [64]. This cathelicidin has its hydro-
phobic path divided by a serine in the ninth position, which is respon-
sible for LL-37/LPS oligomerization [80]. This serine showed to be
relevant for LL-37 activity against E. coli [81]. Even so, as previously
mentioned, LL-37 can adopt helix structuration when in contact with a
salt solution [41]. This fact could be responsible for helping the mo-
lecular oligomerization between these molecules in physiological con-
ditions. Nonetheless, this advantage could affect both antimicrobial and
immunomodulatory activities, as helicoidal structures favor
LL-37/LL-37 oligomerization by hydrophobic interactions [82].

Recently, an LL-37 fragment (SK-24) showed a stabilized a-helical
conformation with potent antimicrobial activity, superior to that of LL-
37. This fragment, included in the LL-37 domain, showed to be the
minimal portion of LL-37 for effective oligomerization in PBS [83].
Interestingly, it could be responsible for the ability of
LPS-oligomerization, detected in LL-37 [84], to interfere in the immune
response. LL-37 interacts with membranes by aromatic (F5, F6, F17, and
F27) and cationic residues, which are localized in an amphipathic
manner [80]. Specifically, arginine in the 23rd position interacts with
phosphatidylglycerols [57,85]. However, the amphipathic o-helical
characteristic in LL-37 is not restricted to membrane contact or LPS
interaction. A simulation, by docking experiments, of the (IV-20) frag-
ment interacting on FPR-2 receptors showed that it held the helical
structure and hydrophobic interactions when contacting the FPR-2 re-
ceptor [86].
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3.3. LL-37 domain and fragments with immunomodulatory properties

The LL-37 domain has 27 residues and a link to LPSs [24,62]. Usu-
ally, cathelicidins are known for acting on several pathogenic ligands
such as lipooligosaccharides (LOS), capsular polysaccharides (CPS),
lipoteichoic acid (LTA), and ssDNA molecules CpG-ODN, viruses (dsSRNA
and ssRNA) [77], and host ligands (deleterious DNA) [17], affecting the
host immunomodulatory activity. The association between these mole-
cules (LOS, CPS, LTA, dsRNA, ssRNA, and deleterious DNA) and cath-
elicidins can inhibit or facilitate the interaction of these complexes with
cognate cathelicidin receptors [87]. However, it has been well charac-
terized that cathelicidins interact with a wide number of host receptors
responsible for immunomodulation [12,77,88,89]. It is surprising that
the LL-37 domain can harbor most LL-37 activities. A study detected a
minor fragment (IV-20) in LL-37, which is the minimum for FPR-2 re-
ceptor interaction [86]. This fragment is a portion located at 13 and 32
residues from LL-37. Previously, this LL-37 portion had been shown to
suppress the TLR2/1 and TLR4 receptors’ pro-inflammatory activity
[59].

Although TLR2/1, TLR4 and FPR-2 receptors were responsible for
preventing pro-inflammatory cytokine release and mediating neutrophil
activation, respectively [86], those activities are only one part of the
functional repertory produced by LL-37 [68]. Nevertheless, IV-20 frag-
ment integrity seems to be the key for LL-37/receptor interaction. In
another study, the KR18-37 fragment showed null signaling by TLR3
receptors [90] . Similarly, a minor portion of IV-20, the 17-29 (FK-13)
fragment, also lost its immunomodulatory activity [91]. However, the
FK-13 fragment was sufficient to interact with MRGX2 receptors, pro-
ducing degranulation and Ca?t mobilization in human mast cells [91]
(Fig. 3). FK-13 showed to be the minimal fragment for inhibiting
anti-human immunodeficiency virus type 1 [92]. The 18-29 (KR-12)
fragment also showed to be sufficient for antimicrobial activity on E. coli
[57], and antimicrobial activity with anti-inflammatory activities in
vivo [93]. These findings show that most LL-37 activities are contained
in the same portion (4-32 residues), as previously explained in the
structure/function section.

Interestingly, all fragments with activity on the receptors mentioned
are part of the LL-37 domain responsible for interacting with LPS [24,
62]. Although studies showed a balance between antimicrobial and
immunomodulatory activities of LL-37 and its fragments [74], a com-
mon mixture of features of LL-37 govern its diverse activities. Indeed,
the antimicrobial activity of LL-37 was maintained, even by the FK-13
fragment [91], and another number of LL-37 fragments [64]. Even so,
the activity of LL-37 could be superimposed. It was identified that LL-37
modulates anti-inflammatory responses via TLR4 by membrane inter-
action [94]. LL-37 could promote the reorganization of host
cholesterol-containing membrane domains to prevent TLR4/MD-2 from
assembling and later activating the TLR4 receptor [84].

4. LL-37’s role in skin diseases

The skin is the first barrier for pathogen invaders. The cutaneous
barrier is divided by both structure and function: the epidermis includes
the microbiome and chemical and physical barriers; while the dermis
shares the physical and the immune barriers [95]. The microbiome
barrier is the outermost layer, wherein a diverse community of patho-
gens predominate [96]. Several skin diseases affect human health, such
as acne vulgaris, atopic dermatitis, psoriasis, rosacea, and wound heal-
ing. Each one has its molecular disorder particularities, but all HDPs
play a role in pros or cons in disease development [26].

Acne vulgaris is a chronic inflammatory disease in the pilosebaceous
unit, which is characterized by inflammation, increased sebum pro-
duction, abnormal keratinization, and colonization with Propionibacte-
rium acnes [97]. LL-37, like other HDPs, can aggravate this disease by
immune cell recruitment and activation and by the release of proin-
flammatory cytokines [98]. However, these peptides can kill P. acnes
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Fig. 3. Schematic representation of the immunomodulatory, pro-inflammatory and LPS-binding activity of domains IV-20, FK-13 and SK-24 derived from LL-37.

and inhibit inflammatory activities stimulated by bacterial ligands [99,
100]. Thus, HDPs were proposed as prominent candidates for acne
vulgaris [26].

Atopic dermatitis is a chronic inflammatory disorder caused by both
immune dysregulation and constant skin alteration [101]. In this dis-
ease, LL-37 levels are observed to decrease noticeably [102]. It is
noteworthy that LL-37 has relevant functions, such as controlling
pathogenic microorganisms. So, the lack of LL-37 could explain the
recurrent infections in wound healing related to this disease [26]. Spe-
cifically, in atopic dermatitis, LL-37 appears to be a promising candidate
because it promotes a reduction in itching, restores the tight junction
barrier, and suppresses Th2-mediated inflammation [95]. Unfortu-
nately, LL-37 stimulates inflammatory mediators released from mast
cells, which make that molecule disadvantageous for patients with
atopic dermatitis if overexpressed [26]. LL-37 interacts with MRGX2
receptors [103].

Psoriasis is a T-cell mediated disease characterized by chronic in-
flammatory disorder [104]. In psoriasis, LL-37 is over-expressed by
keratinocytes after stimulation by pro-inflammatory cytokines [105]. If,
on the one hand, LL-37 inhibits the release of inflammatory IL-1p by
blocking inflammasome activation [106,107], on the other, it produces
inflammation responses promoted by IFN-a production from plasma-
cytoid dendritic cells [108]. Similarly, LL-37 promotes keratinocyte
proliferation [109] and increases type I IFNs in them [107]. Also, LL-37
stimulates immune cell migration [110]. These are multiple activities
that lead to disease disorders.

Rosacea is a chronic inflammatory cutaneous disease manifested
mainly on the face, which exhibits inflammatory lesions, erythema, and
telangiectasia [111]. Unfortunately, the altered and massive expression
of LL-37 in this disorder [112] prevents it from being a promising
candidate [26]. In this disease, LL-37 and its fragments, generated by
kallikrein 5 proteolytic activity [113], have been seen to be relevant to
the disease’s progress [26].

Wound healing is a complex process of tissue remodeling and
repairing, which includes factors such as angiogenesis, granulation tis-
sue formation, hemostasis, inflammation, matrix remodeling, re-
epithelialization, and wound contraction [114,115]. In wound heal-
ing, LL-37 promotes angiogenesis and vascularization and stimulates the
proliferation and migration of immune cells [116]. So, this peptide

could favor the wound healing process for patient recuperation, pin-
pointing LL-37 as promising pharmacological tool [26].

As observed among diverse diseases, LL-37 plays a role in the pros
and cons of their development. However, the design of LL-37 fragments
could be a determinant for solving some challenges. In particular, to
overcome the proinflammatory nature of LL-37, appropriate fragments
could be designed. LL-37 fragments that allow an anti-inflammatory and
specific antimicrobial activity on P. acnes could be a solution to treat
acne vulgaris. For atopic dermatitis, a solution could be the use of
designed LL-37 fragments, but not FK-13, as previously mentioned,
because FK-13 acts on MRGX2 receptors. Meanwhile, for wound healing,
due to the pro-inflammatory nature of LL-37, the fragments designed
with only anti-inflammatory features are suggested. On the other hand,
for psoriasis and rosacea diseases, it is not possible to address any
prominent fragment. In psoriasis, this event is due to a lack of clarifi-
cation about the pro- or anti-inflammatory role of LL-37 [26]. For ro-
sacea, both LL-37 and naturally synthetized fragments favor the
disease’s progress.

5. Conclusions

The literature highlights the role of cathelicidins interacting on a
wide number of targets, but until now, key portions of LL-37 responsible
for the LPS ligand and some receptors/interactions can be identified.
That LL-37 fragment, whose activities were identified, belongs to the
domain initially identified in rabbit CAP18. Although this domain ap-
pears to be shared with other cathelicidins, structural and functional
features could serve as a basis to understand/research these cath-
elicidins only in the human receptors researched. The literature shows
that there have been intense efforts to identify complex molecular
mechanisms that involve immunomodulation by cathelicidins. Howev-
er, there is a lack of SARs studies to identify these ligand/(pathogenic
ligand/receptor) interactions. Exhaustive research will be necessary
because of the multiple activities versus complex features found in
cathelicidins and the great variety of receptor features. LL-37 has been
shown to be a molecule with multifunctional properties allowing its
regulatory capacity. It can act directly or indirectly to reach the objec-
tive; it shows contrary activities when it activates the pro-inflammatory/
anti-inflammatory  action and induces virulence/antibiofilm
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mechanisms for maintaining homeostasis. Understanding the role of the
LL-37 domain in the immunity response is crucial for the clinical
application of cathelicidins to treat patients. Identifying, enhancing, or
modulating specific activity in LL-37 by specific mutations is chal-
lenging, but possible. This, together with the analyses of LL-37 frag-
ments, will allow them to be site-directed to the specific targets,
avoiding unwanted activities to treat diseases involved with the immune
system.

Conflict of interest

The authors declare that there are no conflicts of interest.

Data Availability

No data was used for the research described in the article.

Acknowledgements

Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior
(CAPES), Conselho Nacional de Desenvolvimento Cientifico e Tec-
noldgico (CNPq), Fundacao de Apoio a Pesquisa do Distrito Federal
(FAPDF) and Fundacao de Apoio ao Desenvolvimento do Ensino, Ciéncia
e Tecnologia do Estado de Mato Grosso do Sul (Fundect).

References

[1]

[2]

[3]

[4]

[5]

[6]

71

[8]

[91

[10]

[11]

[12]

[13]

[14]

J.R. Shartouny, J. Jacob, Mining the tree of life: Host defense peptides as antiviral
therapeutics, Semin. Cell Dev. Biol. 88 (2019) 147-155, https://doi.org/
10.1016/j.semcdb.2018.03.001.

A. Moretta, C. Scieuzo, A.M. Petrone, R. Salvia, M.D. Manniello, A. Franco,

D. Lucchetti, A. Vassallo, H. Vogel, A. Sgambato, P. Falabella, Antimicrobial
peptides: a new hope in biomedical and pharmaceutical fields, Front. Cell. Infect.
Microbiol. 11 (2021) 1-26, https://doi.org/10.3389/fcimb.2021.668632.

M. Fernandez de Ullivarri, S. Arbulu, E. Garcia-Gutierrez, P.D. Cotter, Antifungal
peptides as therapeutic agents, Front. Cell. Infect. Microbiol. 10 (2020), https://
doi.org/10.3389/fcimb.2020.00105.

L.C.P. Vilas Boas, M.L. Campos, R.L.A. Berlanda, N. de Carvalho Neves, O.

L. Franco, Antiviral peptides as promising therapeutic drugs, Cell. Mol. Life Sci.
76 (2019) 3525-3542, https://doi.org/10.1007/s00018-019-03138-w.

R.E.W. Hancock, M.A. Alford, E.F. Haney, Antibiofilm activity of host defence
peptides: complexity provides opportunities, Nat. Rev. Microbiol. 19 (2021)
786-797, https://doi.org/10.1038/541579-021-00585-w.

S.C. Mansour, O.M. Pena, R.E.W. Hancock, Host defense peptides: Front-line
immunomodulators, Trends Immunol. 35 (2014) 443-450, https://doi.org/
10.1016/j.it.2014.07.004.

S.A. Salger, K.R. Cassady, B.J. Reading, E.J. Noga, A diverse family of host-
defense peptides (piscidins) exhibit specialized anti-bacterial and anti-protozoal
activities in fishes, PLoS One 11 (2016) 1-25, https://doi.org/10.1371/journal.
pone.0159423.

A. Ahmed, G. Siman-Tov, G. Hall, N. Bhalla, A. Narayanan, Human antimicrobial
peptides as therapeutics for viral infections, Viruses 11 (2019) 1-26, https://doi.
org/10.3390/v11080704.

D. Ciumac, H. Gong, X. Hu, J.R. Lu, Membrane targeting cationic antimicrobial
peptides, J. Colloid Interface Sci. 537 (2019) 163-185, https://doi.org/10.1016/
j.jcis.2018.10.103.

M. Magana, M. Pushpanathan, A.L. Santos, L. Leanse, M. Fernandez, A. Ioannidis,
M.A. Giulianotti, Y. Apidianakis, S. Bradfute, A.L. Ferguson, A. Cherkasov, M.
N. Seleem, C. Pinilla, C. de la Fuente-Nunez, T. Lazaridis, T. Dai, R.A. Houghten,
R.E.W. Hancock, G.P. Tegos, The value of antimicrobial peptides in the age of
resistance, Lancet Infect. Dis. 20 (2020) e216-e230, https://doi.org/10.1016/
S$1473-3099(20)30327-3.

A. Nijnik, R. Hancock, Host defence peptides: antimicrobial and
immunomodulatory activity and potential applications for tackling antibiotic-
resistant infections., el, Emerg. Health Threats J. 2 (2009), https://doi.org/
10.3134/€htj.09.001.

E.M. Martell, M. Gonzalez-Garcia, L. Standker, A.J. Otero-Gonzalez, Host defense
peptides as immunomodulators: The other side of the coin, Peptides 146 (2021),
170644, https://doi.org/10.1016/j.peptides.2021.170644.

R.M. van Harten, E.J.A. Veldhuizen, H.P. Haagsman, M.R. Scheenstra, The
cathelicidin CATH-2 efficiently neutralizes LPS- and E. coli-induced activation of
porcine bone marrow derived macrophages, Vet. Immunol. Immunopathol. 244
(2022), 110369, https://doi.org/10.1016/j.vetimm.2021.110369.

R.E.W. Hancock, E.F. Haney, E.E. Gill, The immunology of host defence peptides:
beyond antimicrobial activity, Nat. Rev. Immunol. 16 (2016) 321-334, https://
doi.org/10.1038/nri.2016.29.

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Peptides 165 (2023) 171011

C.D. Fjell, J.A. Hiss, R.E.W. Hancock, G. Schneider, Designing antimicrobial
peptides: form follows function, Nat. Rev. Drug Discov. 11 (2012) 37-51, https://
doi.org/10.1038/NRD3591.

K.E. Ridyard, J. Overhage, The potential of human peptide LL-37 as an
antimicrobial and anti-biofilm agent, Antibiotics 10 (2021) 650, https://doi.org/
10.3390/antibiotics10060650.

M.R. Scheenstra, R.M. van Harten, E.J.A. Veldhuizen, H.P. Haagsman,

M. Coorens, Cathelicidins modulate TLR-activation and inflammation, Front.
Immunol. 11 (2020) 1-16, https://doi.org/10.3389/fimmu.2020.01137.

M. Coorens, V.A.F. Schneider, A.M. de Groot, A. van Dijk, M. Meijerink, J.

M. Wells, M.R. Scheenstra, E.J.A. Veldhuizen, H.P. Haagsman, Cathelicidins
inhibit escherichia coli —induced TLR2 and TLR4 activation in a viability-
dependent manner, J. Immunol. 199 (2017) 1418-1428, https://doi.org/
10.4049/jimmunol.1602164.

D. Wu, L. Fu, W. Wen, N. Dong, The dual antimicrobial and immunomodulatory
roles of host defense peptides and their applications in animal production,

J. Anim. Sci. Biotechnol. 13 (2022) 141, https://doi.org/10.1186/s40104-022-
00796-y.

S. Al Dekwer, N. Goncalves-Mendes, R. Bingula, G. Martinroche, K. Lanchais,

S. Rougé, M.C. Farges, A. Rossary, M. Diab-Assaf, M.P. Vasson, J. Talvas, 25-
Hydroxyvitamin D potentializes extracellular cathelicidin release from human
PBMC stimulated ex vivo with either bacterial (LPS) or viral (P: IC) mimetics,
J. Physiol. Biochem. 25 (2022), https://doi.org/10.1007/s13105-021-00868-z.
E. Bankell, X. Liu, M. Lundqvist, D. Svensson, K. Sward, E. Sparr, B.O. Nilsson,
The antimicrobial peptide LL-37 triggers release of apoptosis-inducing factor and
shows direct effects on mitochondria, Biochem. Biophys. Rep. 29 (2022), https://
doi.org/10.1016/j.bbrep.2021.101192.

H. Zhang, J. Zhen, R. Zhang, Y. Wanyan, K. Liu, X. Yuan, L. Tao, Y. Chen,
Cathelicidin hCAP18/LL-37 promotes cell proliferation and suppresses antitumor
activity of 1,25(OH)2D3 in hepatocellular carcinoma, Cell Death Discov. 8 (2022)
27, https://doi.org/10.1038/541420-022-00816-w.

P. Méndez-Samperio, The human cathelicidin hCAP18/LL-37: A multifunctional
peptide involved in mycobacterial infections, Peptides 31 (2010) 1791-1798,
https://doi.org/10.1016/j.peptides.2010.06.016.

J.W. Larrick, M. Hirata, R.F. Balint, J. Lee, J. Zhong, S.C. Wright, Human CAP18:
a novel antimicrobial lipopolysaccharide-binding protein, Infect. Immun. 63
(1995) 1291-1297, https://doi.org/10.1128/1ai.63.4.1291-1297.1995.

R. Bucki, K. Leszczynska, A. Namiot, W. Sokotowski, Cathelicidin LL-37: A
MULTITASK ANTIMICROBIAL PEPTide, Arch. Immunol. Ther. Exp. 58 (2010)
15-25, https://doi.org/10.1007,/500005-009-0057-2.

F. Niyonsaba, C. Kiatsurayanon, P. Chieosilapatham, H. Ogawa, Friends or Foes?
Host defense (antimicrobial) peptides and proteins in human skin diseases, Exp.
Dermatol. 26 (2017) 989-998, https://doi.org/10.1111/exd.13314.

K. Majewski, E. Koztowska, P. Zelechowska, E. Brzezifiska-Btaszczyk, Serum
concentrations of antimicrobial peptide cathelicidin LL-37 in patients with
bacterial lung infections, Cent. Eur. J. Immunol. 43 (2018) 453-457, https://doi.
org/10.5114/ceji.2018.81355.

G. Zhong, J. Cheng, Z. Chang Liang, L. Xu, W. Lou, C. Bao, Z. Yuin Ong, H. Dong,
Y. Yan Yang, W. Fan, G. Zhong, J. Cheng, L. Xu, W. Lou, C. Bao, H. Dong, W. Fan,
Z.C. Liang, Y.Y. Yang, Z.Y. Ong, Short synthetic f-sheet antimicrobial peptides for
the treatment of multidrug-resistant pseudomonas aeruginosa burn wound
infections, Wiley Online Libr 6 (2017), https://doi.org/10.1002/
adhm.201601134.

R. Bals, J.M. Wilson, Cathelicidins - a family of multifunctional antimicrobial
peptides, Cell. Mol. Life Sci. 60 (2003) 711-720, https://doi.org/10.1007/
s00018-003-2186-9.

M. Zanetti, R. Gennaro, D. Romeo, Cathelicidins: a novel protein family with a
common proregion and a variable C-terminal antimicrobial domain, FEBS Lett.
374 (1995) 1-5, https://doi.org/10.1016,/0014-5793(95)01050-0.

M.R. Scheenstra, M. van den Belt, J.L.M. Tjeerdsma-van Bokhoven, V.A.

F. Schneider, S.R. Ordonez, A. van Dijk, E.J.A. Veldhuizen, H.P. Haagsman,
Cathelicidins PMAP-36, LL-37 and CATH-2 are similar peptides with different
modes of action, Sci. Rep. 9 (2019) 4780, https://doi.org/10.1038/s41598-019-
41246-6.

M. Pazgier, B. Ericksen, M. Ling, E. Toth, J. Shi, X. Li, A. Galliher-Beckley, L. Lan,
G. Zou, C. Zhan, W. Yuan, E. Pozharski, W. Lu, Structural and functional analysis
of the pro-domain of human cathelicidin, LL-37, Biochemistry 52 (2013)
1547-1558, https://doi.org/10.1021/bi301008r.

C. Treffers, L. Chen, R.C. Anderson, P.L. Yu, Isolation and characterisation of
antimicrobial peptides from deer neutrophils, Int. J. Antimicrob. Agents 26
(2005) 165-169, https://doi.org/10.1016/j.ijantimicag.2005.05.001.

C.N. LaRock, S. Dohrmann, J. Todd, R. Corriden, J. Olson, T. Johannssen,

B. Lepenies, R.L. Gallo, P. Ghosh, V. Nizet, Group A Streptococcal M1 Protein
Sequesters Cathelicidin to Evade Innate Immune Killing, Cell Host Microbe 18
(2015) 471-477, https://doi.org/10.1016/j.chom.2015.09.004.

K. Fujita, Y. Ito, T. Oguma, T. Mio, A. Niimi, T. Hirai, Association between
Mycobacterium avium complex lung disease and serum Vitamin D status,
antimicrobial peptide levels, and bone mineral density, Medicine 97 (2018) 1-6,
https://doi.org/10.1097/MD.0000000000012463.

A. Aidoukovitch, E. Bankell, J.R. Davies, B.O. Nilsson, Exogenous LL-37 but not
homogenates of desquamated oral epithelial cells shows activity against
Streptococcus mutans, Acta Odontol. Scand. 79 (2021) 466-472, https://doi.org/
10.1080,/00016357.2021.1892180.

A. Moreno-Angarita, C.C. Aragén, G.J. Tobdn, Cathelicidin LL-37: A new
important molecule in the pathophysiology of systemic lupus erythematosus,

J. Transl. Autoimmun. 3 (2020), https://doi.org/10.1016/j.jtauto.2019.100029.


https://doi.org/10.1016/j.semcdb.2018.03.001
https://doi.org/10.1016/j.semcdb.2018.03.001
https://doi.org/10.3389/fcimb.2021.668632
https://doi.org/10.3389/fcimb.2020.00105
https://doi.org/10.3389/fcimb.2020.00105
https://doi.org/10.1007/s00018-019-03138-w
https://doi.org/10.1038/s41579-021-00585-w
https://doi.org/10.1016/j.it.2014.07.004
https://doi.org/10.1016/j.it.2014.07.004
https://doi.org/10.1371/journal.pone.0159423
https://doi.org/10.1371/journal.pone.0159423
https://doi.org/10.3390/v11080704
https://doi.org/10.3390/v11080704
https://doi.org/10.1016/j.jcis.2018.10.103
https://doi.org/10.1016/j.jcis.2018.10.103
https://doi.org/10.1016/S1473-3099(20)30327-3
https://doi.org/10.1016/S1473-3099(20)30327-3
https://doi.org/10.3134/ehtj.09.001
https://doi.org/10.3134/ehtj.09.001
https://doi.org/10.1016/j.peptides.2021.170644
https://doi.org/10.1016/j.vetimm.2021.110369
https://doi.org/10.1038/nri.2016.29
https://doi.org/10.1038/nri.2016.29
https://doi.org/10.1038/NRD3591
https://doi.org/10.1038/NRD3591
https://doi.org/10.3390/antibiotics10060650
https://doi.org/10.3390/antibiotics10060650
https://doi.org/10.3389/fimmu.2020.01137
https://doi.org/10.4049/jimmunol.1602164
https://doi.org/10.4049/jimmunol.1602164
https://doi.org/10.1186/s40104-022-00796-y
https://doi.org/10.1186/s40104-022-00796-y
https://doi.org/10.1007/s13105-021-00868-z
https://doi.org/10.1016/j.bbrep.2021.101192
https://doi.org/10.1016/j.bbrep.2021.101192
https://doi.org/10.1038/s41420-022-00816-w
https://doi.org/10.1016/j.peptides.2010.06.016
https://doi.org/10.1128/iai.63.4.1291-1297.1995
https://doi.org/10.1007/s00005-009-0057-2
https://doi.org/10.1111/exd.13314
https://doi.org/10.5114/ceji.2018.81355
https://doi.org/10.5114/ceji.2018.81355
https://doi.org/10.1002/adhm.201601134
https://doi.org/10.1002/adhm.201601134
https://doi.org/10.1007/s00018-003-2186-9
https://doi.org/10.1007/s00018-003-2186-9
https://doi.org/10.1016/0014-5793(95)01050-O
https://doi.org/10.1038/s41598-019-41246-6
https://doi.org/10.1038/s41598-019-41246-6
https://doi.org/10.1021/bi301008r
https://doi.org/10.1016/j.ijantimicag.2005.05.001
https://doi.org/10.1016/j.chom.2015.09.004
https://doi.org/10.1097/MD.0000000000012463
https://doi.org/10.1080/00016357.2021.1892180
https://doi.org/10.1080/00016357.2021.1892180
https://doi.org/10.1016/j.jtauto.2019.100029

M.L. Leite et al.

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

X. Chen, X. Zou, G. Qi, Y. Tang, Y. Guo, J. Si, L. Liang, Roles and mechanisms of
human cathelicidin LL-37 in cancer, Cell. Physiol. Biochem. 47 (2018)
1060-1073, https://doi.org/10.1159/000490183.

C. Guttmann-Gruber, B. Tockner, C. Scharler, C. Hiittner, J.E. Common, A.S.

L. Tay, S.L.LJ. Denil, A. Klausegger, A. Trost, J. Breitenbach, P. Schnitzhofer,

P. Hofbauer, M. Wolkersdorfer, A. Diem, M. Laimer, D. Strunk, J.W. Bauer,

J. Reichelt, R. Lang, J. Pinén Hofbauer, Low-dose calcipotriol can elicit wound
closure, anti-microbial, and anti-neoplastic effects in epidermolysis bullosa
keratinocytes, Sci. Rep. 8 (2018) 1-14, https://doi.org/10.1038/541598-018-
31823-6.

A. Fabisiak, N. Murawska, J. Fichna, LL-37: cathelicidin-related antimicrobial
peptide with pleiotropic activity, Pharmacol. Rep. 68 (2016) 802-808, https://
doi.org/10.1016/j.pharep.2016.03.015.

J. Johansson, G.H. Gudmundsson, M.E. Rottenberg, K.D. Berndt, B. Agerberth,
Conformation-dependent antibacterial activity of the naturally occurring human
peptide LL-37, J. Biol. Chem. 273 (1998) 3718-3724, https://doi.org/10.1074/
jbc.273.6.3718.

F. Pinheiro da Silva, M.C.C. Machado, The dual role of cathelicidins in systemic
inflammation, Immunol. Lett. 182 (2017) 57-60, https://doi.org/10.1016/j.
imlet.2017.01.004.

M. Scott, E. Dullaghan, N. Mookherjee, ... N.G.-N., undefined 2007, An anti-
infective peptide that selectively modulates the innate immune response, Nature.
Com. (2007). https://doi.org/10.1038/nbt1288.

N. Mookherjee, P. Hamill, J. Gardy, D. Blimkie, R. Falsafi, A. Chikatamarla, D.
J. Arenillas, S. Doria, T.R. Kollmann, R.E.W. Hancock, Systems biology evaluation
of immune responses induced by human host defence peptide LL-37 in
mononuclear cells, Mol. Biosyst. 5 (2009) 483, https://doi.org/10.1039/
b813787k.

R.E.W. Hancock Pistolic, J.-P. Powers, J. Bryan, F.S.L. Fiona, M. Roche, R. Mu, G.
H. Doho, J. Bowdish, S. Doria, R. Falsafi, K. Hokamp, N. Mookherjee, K.L. Brown,
D.M. E, Modulation of the TLR-mediated inflammatory response by the
endogenous human host defense peptide LL-37, Am. Assoc. Immunol. (2006),
https://doi.org/10.4049/jimmunol.176.4.2455.

A. Jackson, E.L. Werry, J. O’Brien-Brown, P. Schiavini, S. Wilkinson, E.C.

N. Wong, A.D.J. McKenzie, A. Maximova, M. Kassiou, Pharmacological
characterization of a structural hybrid P2X7R antagonist using ATP and LL-37,
Eur. J. Pharm. 914 (2022), 174667, https://doi.org/10.1016/].
ejphar.2021.174667.

G. Sandra Tjabringa, D.K. Ninaber, J.W. Drijthout, K.F. Rabe, P.S. Hiemstra,
Human cathelicidin LL-37 is a chemoattractant for eosinophils and neutrophils
that acts via formyl-peptide receptors, Karger Com. 140 (2006) 103-112, https://
doi.org/10.1159/000092305.

B. De Yang, Q. Chen, A.P. Schmidt, G.M. Anderson, J.M. Wang, J. Wooters, J.
J. Oppenheim, O. Chertov, LL-37, the neutrophil granule- and epithelial cell-
derived cathelicidin, utilizes formyl peptide receptor-like 1 (FPRL1) as a receptor
to chemoattract human peripheral blood neutrophils, monocytes, and T cells,

J. Exp. Med. 192 (2000) 1069-1074, https://doi.org/10.1084/jem.192.7.1069.
F. Niyonsaba, H. Ushio, I. Nagaoka, The human f-defensins (-1,-2,-3,-4) and
cathelicidin LL-37 induce IL-18 secretion through p38 and ERK MAPK activation
in primary human keratinocytes, Am. Assoc. Immunol. 175 (2005) 1776-1784,
https://doi.org/10.4049/jimmunol.175.3.1776.

L. Steinstraesser, M.C. Lam, F. Jacobsen, P.E. Porporato, K.K. Chereddy,

M. Becerikli, I. Stricker, R.E. Hancock, M. Lehnhardt, P. Sonveaux, V. Préat,

G. Vandermeulen, Skin electroporation of a plasmid encoding hCAP-18/LL-37
host defense peptide promotes wound healing, Mol. Ther. 22 (2014) 734-742,
https://doi.org/10.1038/mt.2013.258.

C.A. Adase, A.W. Borkowski, L.J. Zhang, M.R. Williams, E. Sato, J.A. Sanford, R.
L. Gallo, Non-coding double-stranded RNA and antimicrobial peptide LL-37
induce growth factor expression from keratinocytes and endothelial cells, J. Biol.
Chem. 291 (2016) 11635-11646, https://doi.org/10.1074/jbc.M116.725317.
A. De Miguel Catalina, E. Forbrig, J. Kozuch, C. Nehls, L. Paulowski, T. Gutsmann,
P. Hildebrandt, M.A. Mroginski, The C-terminal VPRTES tail of LL-37 influences
the mode of attachment to a lipid bilayer and antimicrobial activity, Biochemistry
58 (2019) 2447-2462, https://doi.org/10.1021/acs.biochem.8b01297.

K.B. Lokhande, T. Banerjee, K.V. Swamy, P. Ghosh, M. Deshpande, An in silico
scientific basis for <scp>LL</scp> -37 as a therapeutic for Covid-19, Proteins
Struct. Funct. Bioinform. 90 (2022) 1029-1043, https://doi.org/10.1002/
prot.26198.

T.A.E. Ahmed, R. Hammami, Recent insights into structure-function relationships
of antimicrobial peptides, J. Food Biochem 43 (2019), e12546, https://doi.org/
10.1111/jfbe.12546.

Y. Zhang, H. Zhao, G.-Y. Yu, X.-D. Liu, J.-H. Shen, W.-H. Lee, Y. Zhang,
Structure—function relationship of king cobra cathelicidin, Peptides 31 (2010)
1488-1493, https://doi.org/10.1016/j.peptides.2010.05.005.

D.O. Ulaeto, C.J. Morris, M.A. Fox, M. Gumbleton, K. Beck, Destabilization of
a-helical structure in solution improves bactericidal activity of antimicrobial
peptides: opposite effects on bacterial and viral targets, Antimicrob. Agents
Chemother. 60 (2016) 1984-1991, https://doi.org/10.1128/AAC.02146-15.

G. Wang, Structures of human host defense cathelicidin LL-37 and its smallest
antimicrobial peptide KR-12 in lipid micelles, J. Biol. Chem. 283 (2008)
32637-32643, https://doi.org/10.1074/jbc.M805533200.

S. Gunasekera, T. Muhammad, A.A. Stromstedt, K.J. Rosengren, U. Goransson,
Alanine and lysine scans of the LL-37-derived peptide fragment KR-12 reveal key
residues for antimicrobial activity, ChemBioChem 19 (2018) 931-939, https://
doi.org/10.1002/cbic.201700599.

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

Peptides 165 (2023) 171011

E.M. Molhoek, A.L. den Hertog, A.-M.B.C. de Vries, K. Nazmi, E.C.I. Veerman, F.
C. Hartgers, M. Yazdanbakhsh, F.J. Bikker, D. van der Kleij, Structure-function
relationship of the human antimicrobial peptide LL-37 and LL-37 fragments in the
modulation of TLR responses, Biol. Chem. 390 (2009) 295-303, https://doi.org/
10.1515/BC.2009.037.

N.N. Kulkarni, A.M. O’Neill, T. Dokoshi, E.W.C. Luo, G.C.L. Wong, R.L. Gallo,
Sequence determinants in the cathelicidin LL-37 that promote inflammation via
presentation of RNA to scavenger receptors, J. Biol. Chem. 297 (2021), 100828,
https://doi.org/10.1016/j.jbc.2021.100828.

N.Y. Yount, D.C. Weaver, E.Y. Lee, M.W. Lee, H. Wang, L.C. Chan, G.C.L. Wong,
M.R. Yeaman, Unifying structural signature of eukaryotic a-helical host defense
peptides, Proc. Natl. Acad. Sci. U.S.A. 116 (2019) 6944-6953, https://doi.org/
10.1073/pnas.1819250116.

J.M. Pérez de la Lastra, P. Asensio-Calavia, S. Gonzalez-Acosta, V. Baca-Gonzadlez,
A. Morales-Delanuez, Bioinformatic analysis of genome-predicted bat
cathelicidins, Molecules 26 (2021) 1-16, https://doi.org/10.3390/
molecules26061811.

A. Tossi, M. Scocchi, B. Skerlavaj, R. Gennaro, Identification and characterization
of a primary antibacterial domain in CAP18, a lipopolysaccharide binding protein
from rabbit leukocytes, FEBS Lett. 339 (1994) 108-112, https://doi.org/
10.1016/0014-5793(94)80395-1.

G. Wang, J.L. Narayana, B. Mishra, Y. Zhang, F. Wang, C. Wang, D. Zarena, T.
Lushnikova, X. Wang, Design of Antimicrobial Peptides: Progress Made with
Human Cathelicidin LL-37, in: Adv. Exp. Med. Biol., 2019: pp. 215-240. https://
doi.org/10.1007/978-981-13-3588-4_12.

E.F. Haney, S.K. Straus, R.E.W. Hancock, Reassessing the host defense peptide
landscape, Front. Chem. 7 (2019) 1-22, https://doi.org/10.3389/
fchem.2019.00043.

E.F. Haney, S.C. Mansour, A.L. Hilchie, C. de la Fuente-Ntnez, R.E.W. Hancock,
High throughput screening methods for assessing antibiofilm and
immunomodulatory activities of synthetic peptides, Peptides 71 (2015) 276-285,
https://doi.org/10.1016/].peptides.2015.03.015.

M.A. Alford, B. Baquir, F.L. Santana, E.F. Haney, R.E.W. Hancock, Cathelicidin
host defense peptides and inflammatory signaling: striking a balance, Front.
Microbiol. 11 (2020) 1-18, https://doi.org/10.3389/fmicb.2020.01902.

B. Yang, D. Good, T. Mosaiab, W. Liu, G. Ni, J. Kaur, X. Liu, C. Jessop, L. Yang,
R. Fadhil, Z. Yi, M.Q. Wei, Significance of LL-37 on immunomodulation and
disease outcome, Biomed. Res. Int 2020 (2020) 1-16, https://doi.org/10.1155/
2020/8349712.

D.C. Brice, G. Diamond, Antiviral activities of human host defense peptides, Curr.
Med. Chem. 27 (2020) 1420-1443, https://doi.org/10.2174/
0929867326666190805151654.

B. Pahar, S. Madonna, A. Das, C. Albanesi, G. Girolomoni, Inmunomodulatory
role of the antimicrobial LL-37 peptide in autoimmune diseases and viral
infections, Vaccines 8 (2020) 517, https://doi.org/10.3390/vaccines8030517.
K. Chen, W. Gong, J. Huang, T. Yoshimura, J.M. Wang, The potentials of short
fragments of human anti-microbial peptide LL-37 as a novel therapeutic modality
for diseases, Front. Biosci. 26 (2021) 1362, https://doi.org/10.52586,/5029.

J.J. Velarde, M. Ashbaugh, M.R. Wessels, The human antimicrobial peptide LL-37
binds directly to CsrS, a sensor histidine kinase of group a streptococcus, to
activate expression of virulence factors, J. Biol. Chem. 289 (2014) 36315-36324,
https://doi.org/10.1074/jbc.M114.605394.

A.S. Jacobsen, H. Jenssen, Human cathelicidin LL-37 prevents bacterial biofilm
formation, Future Med. Chem. 4 (2012) 1587-1599, https://doi.org/10.4155/
fmc.12.97.

M.H. Braff, M.A. Hawkins, A. Di Nardo, B. Lopez-Garcia, M.D. Howell, C. Wong,
K. Lin, J.E. Streib, R. Dorschner, D.Y.M. Leung, R.L. Gallo, Structure-function
relationships among human cathelicidin peptides: dissociation of antimicrobial
properties from host immunostimulatory activities, J. Inmunol. 174 (2005)
4271-4278, https://doi.org/10.4049/jimmunol.174.7.4271.

H.M. Duque, G. Rodrigues, L.S. Santos, O.L. Franco, The biological role of charge
distribution in linear antimicrobial peptides, Expert Opin. Drug Disco 18 (2023)
287-302, https://doi.org/10.1080/17460441.2023.2173736.

K. Zeth, E. Sancho-Vaello, Structural Plasticity of LL-37 Indicates Elaborate
Functional Adaptation Mechanisms to Bacterial Target Structures, Int. J. Mol. Sci.
22 (2021) 5200, https://doi.org/10.3390/ijms22105200.

N. Mookherjee, M.A. Anderson, H.P. Haagsman, D.J. Davidson, Antimicrobial
host defence peptides: functions and clinical potential, Nat. Rev. Drug Discov. 19
(2020) 311-332, https://doi.org/10.1038/s41573-019-0058-8.

K. Kardani, A. Bolhassani, Antimicrobial/anticancer peptides: bioactive
molecules and therapeutic agents, Inmunotherapy 13 (2021) 669-684, https://
doi.org/10.2217/imt-2020-0312.

C. Chen, R. Brock, F. Luh, P.-J. Chou, J.W. Larrick, R.-F. Huang, T. Huang, The
solution structure of the active domain of CAP18 - a lipopolysaccharide binding
protein from rabbit leukocytes, FEBS Lett. 370 (1995) 46-52, https://doi.org/
10.1016/0014-5793(95)00792-8.

G. Wang, B. Mishra, R.F. Epand, R.M. Epand, High-quality 3D structures shine
light on antibacterial, anti-biofilm and antiviral activities of human cathelicidin
LL-37 and its fragments, Biochim. Biophys. Acta - Biomembr. 1838 (2014)
2160-2172, https://doi.org/10.1016/j.bbamem.2014.01.016.

G. Wang, M. Elliott, A.L. Cogen, E.L. Ezell, R.L. Gallo, R.E.W. Hancock, Structure,
dynamics, and antimicrobial and immune modulatory activities of human LL-23
and its single-residue variants mutated on the basis of homologous primate
cathelicidins, Biochemistry 51 (2012) 653-664, https://doi.org/10.1021/
bi2016266.


https://doi.org/10.1159/000490183
https://doi.org/10.1038/s41598-018-31823-6
https://doi.org/10.1038/s41598-018-31823-6
https://doi.org/10.1016/j.pharep.2016.03.015
https://doi.org/10.1016/j.pharep.2016.03.015
https://doi.org/10.1074/jbc.273.6.3718
https://doi.org/10.1074/jbc.273.6.3718
https://doi.org/10.1016/j.imlet.2017.01.004
https://doi.org/10.1016/j.imlet.2017.01.004
https://doi.org/10.1039/b813787k
https://doi.org/10.1039/b813787k
https://doi.org/10.4049/jimmunol.176.4.2455
https://doi.org/10.1016/j.ejphar.2021.174667
https://doi.org/10.1016/j.ejphar.2021.174667
https://doi.org/10.1159/000092305
https://doi.org/10.1159/000092305
https://doi.org/10.1084/jem.192.7.1069
https://doi.org/10.4049/jimmunol.175.3.1776
https://doi.org/10.1038/mt.2013.258
https://doi.org/10.1074/jbc.M116.725317
https://doi.org/10.1021/acs.biochem.8b01297
https://doi.org/10.1002/prot.26198
https://doi.org/10.1002/prot.26198
https://doi.org/10.1111/jfbc.12546
https://doi.org/10.1111/jfbc.12546
https://doi.org/10.1016/j.peptides.2010.05.005
https://doi.org/10.1128/AAC.02146-15
https://doi.org/10.1074/jbc.M805533200
https://doi.org/10.1002/cbic.201700599
https://doi.org/10.1002/cbic.201700599
https://doi.org/10.1515/BC.2009.037
https://doi.org/10.1515/BC.2009.037
https://doi.org/10.1016/j.jbc.2021.100828
https://doi.org/10.1073/pnas.1819250116
https://doi.org/10.1073/pnas.1819250116
https://doi.org/10.3390/molecules26061811
https://doi.org/10.3390/molecules26061811
https://doi.org/10.1016/0014-5793(94)80395-1
https://doi.org/10.1016/0014-5793(94)80395-1
https://doi.org/10.3389/fchem.2019.00043
https://doi.org/10.3389/fchem.2019.00043
https://doi.org/10.1016/j.peptides.2015.03.015
https://doi.org/10.3389/fmicb.2020.01902
https://doi.org/10.1155/2020/8349712
https://doi.org/10.1155/2020/8349712
https://doi.org/10.2174/0929867326666190805151654
https://doi.org/10.2174/0929867326666190805151654
https://doi.org/10.3390/vaccines8030517
https://doi.org/10.52586/5029
https://doi.org/10.1074/jbc.M114.605394
https://doi.org/10.4155/fmc.12.97
https://doi.org/10.4155/fmc.12.97
https://doi.org/10.4049/jimmunol.174.7.4271
https://doi.org/10.1080/17460441.2023.2173736
https://doi.org/10.3390/ijms22105200
https://doi.org/10.1038/s41573-019-0058-8
https://doi.org/10.2217/imt-2020-0312
https://doi.org/10.2217/imt-2020-0312
https://doi.org/10.1016/0014-5793(95)00792-8
https://doi.org/10.1016/0014-5793(95)00792-8
https://doi.org/10.1016/j.bbamem.2014.01.016
https://doi.org/10.1021/bi2016266
https://doi.org/10.1021/bi2016266

M.L. Leite et al.

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

D. Xhindoli, S. Pacor, M. Benincasa, M. Scocchi, R. Gennaro, A. Tossi, The human
cathelicidin LL-37 — A pore-forming antibacterial peptide and host-cell
modulator, Biochim. Biophys. Acta - Biomembr. 1858 (2016) 546-566, https://
doi.org/10.1016/j.bbamem.2015.11.003.

Y. Zhang, J. Lakshmaiah Narayana, Q. Wu, X. Dang, G. Wang, Structure and
Activity of a Selective Antibiofilm Peptide SK-24 Derived from the NMR Structure
of Human Cathelicidin LL-37, Pharmaceuticals 14 (2021) 1245, https://doi.org/
10.3390/ph14121245.

A.B. Schromm, L. Paulowski, Y. Kaconis, F. Kopp, M. Koistinen, A. Donoghue, S.
Keese, C. Nehls, J. Wernecke, P. Garidel, E. Sevcsik, K. Lohner, S. Sanchez-Gomez,
G. Martinez-de-Tejada, K. Brandenburg, M. Brameshuber, G.J. Schiitz, J. André,
T. Gutsmann, Cathelicidin and PMB neutralize endotoxins by multifactorial
mechanisms including LPS interaction and targeting of host cell membranes,
Proc. Natl. Acad. Sci. 118 (2021) €2101721118. https://doi.org/10.1073/
pnas.2101721118.

G. Wang, Determination of solution structure and lipid micelle location of an
engineered membrane peptide by using one NMR experiment and one sample,
Biochim. Biophys. Acta - Biomembr. 1768 (2007) 3271-3281, https://doi.org/
10.1016/j.bbamem.2007.08.005.

S. Tripathi, G. Wang, M. White, M. Rynkiewicz, B. Seaton, K. Hartshorn,
Identifying the critical domain of LL-37 involved in mediating neutrophil
activation in the presence of influenza virus: functional and structural analysis,
PLoS One 10 (2015) 1-15, https://doi.org/10.1371/journal.pone.0133454.

E.Y. Lee, M.W. Lee, G.C.L. Wong, Modulation of toll-like receptor signaling by
antimicrobial peptides, Semin. Cell Dev. Biol. 88 (2019) 173-184, https://doi.
org/10.1016/j.semcdb.2018.02.002.

A.M. van der Does, P.S. Hiemstra, N. Mookherjee, Antimicrobial host defence
peptides: immunomodulatory functions and translational prospects, Adv. Exp.
Med. Biol. (2019) 149-171, https://doi.org/10.1007/978-981-13-3588-4_10.

J. Cai, X. Li, H. Du, C. Jiang, S. Xu, Y. Cao, Immunomodulatory significance of
natural peptides in mammalians: Promising agents for medical application,
Immunobiology 225 (2020), 151936, https://doi.org/10.1016/j.
imbio.2020.151936.

Y. Lai, S. Adhikarakunnathu, K. Bhardwaj, C.T. Ranjith-Kumar, Y. Wen, J.

L. Jordan, L.H. Wu, B. Dragnea, L.S. Mateo, C.C. Kao, L137 and cationic peptides
enhance TLR3 signaling by viral double-stranded RNAs, PLoS One 6 (2011),
https://doi.org/10.1371/journal.pone.0026632.

K. Gupta, H. Subramanian, H. Ali, Modulation of host defense peptide-mediated
human mast cell activation by LPS, Innate Immun. 22 (2016) 21-30, https://doi.
org/10.1177/1753425915610643.

G. Wang, K.M. Watson, R.W. Buckheit, Anti-human immunodeficiency virus type
1 activities of antimicrobial peptides derived from human and bovine
cathelicidins, Antimicrob. Agents Chemother. 52 (2008) 3438-3440, https://doi.
org/10.1128/AAC.00452-08.

N. Fabisiak, A. Fabisiak, A. Chmielowiec-Korzeniowska, L. Tymczyna, W. Kamysz,
R. Kordek, M. Bauer, E. Kamysz, J. Fichna, Anti-inflammatory and antibacterial
effects of human cathelicidin active fragment KR-12 in the mouse models of
colitis: a novel potential therapy of inflammatory bowel diseases, Pharmacol.
Rep. 73 (2021) 163-171, https://doi.org/10.1007/s43440-020-00190-3.

A. Di Nardo, M.H. Braff, K.R. Taylor, C. Na, R.D. Granstein, J.E. McInturff,

S. Krutzik, R.L. Modlin, R.L. Gallo, Cathelicidin antimicrobial peptides block
dendritic cell TLR4 activation and allergic contact sensitization, J. Inmunol. 178
(2007) 1829-1834, https://doi.org/10.4049/jimmunol.178.3.1829.

H.L.T. Nguyen, J.V. Trujillo-Paez, Y. Umehara, H. Yue, G. Peng, C. Kiatsurayanon,
P. Chieosilapatham, P. Song, K. Okumura, H. Ogawa, S. Ikeda, F. Niyonsaba, Role
of antimicrobial peptides in skin barrier repair in individuals with atopic
dermatitis, Int. J. Mol. Sci. 21 (2020) 7607, https://doi.org/10.3390/
ijms21207607.

J.A. Sanford, R.L. Gallo, Functions of the skin microbiota in health and disease,
Semin. Immunol. 25 (2013) 370-377, https://doi.org/10.1016/j.
smim.2013.09.005.

D.M. Thiboutot, B. Dréno, A. Abanmi, A.F. Alexis, E. Araviiskaia, M.I. Barona
Cabal, V. Bettoli, F. Casintahan, S. Chow, A. da Costa, T. El Ouazzani, C.-L. Goh,
H.P.M. Gollnick, M. Gomez, N. Hayashi, M.I. Herane, J. Honeyman, S. Kang,

L. Kemeny, R. Kubba, J. Lambert, A.M. Layton, J.J. Leyden, J.L. Lopez-
Estebaranz, N. Noppakun, F. Ochsendorf, C. Oprica, B. Orozco, M. Perez,

J. Piquero-Martin, J.-A. See, D.H. Suh, J. Tan, V.T. Lozada, P. Troielli, L.F. Xiang,
Practical management of acne for clinicians: an international consensus from the

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]
[112]

[113]

[114]

[115]

[116]

Peptides 165 (2023) 171011

global alliance to improve outcomes in acne, el, J. Am. Acad. Dermatol. 78
(2018) S1-823, https://doi.org/10.1016/j.jaad.2017.09.078.

J. Harder, D. Tsuruta, M. Murakami, I. Kurokawa, What is the role of
antimicrobial peptides (AMP) in acne vulgaris, Exp. Dermatol. 22 (2013)
386-391, https://doi.org/10.1111/exd.12159.

F. Niyonsaba, I. Nagaoka, H. Ogawa, K. Okumura, Multifunctional antimicrobial
proteins and peptides: natural activators of immune systems, Curr. Pharm. Des.
15 (2009) 2393-2413, https://doi.org/10.2174/138161209788682271.

F. Niyonsaba, 1. Nagaoka, H. Ogawa, Human defensins and cathelicidins in the
skin: Beyond direct antimicrobial properties, Crit. Rev. Immunol. 26 (2006)
545-576, https://doi.org/10.1615/critrevimmunol.v26.i6.60.

M. Fujii, Current understanding of pathophysiological mechanisms of atopic
dermatitis: interactions among skin barrier dysfunction, immune abnormalities
and pruritus, Biol. Pharm. Bull. 43 (2020) 12-19, https://doi.org/10.1248/bpb.
b19-00088.

G.J. de Jongh, P.L.J.M. Zeeuwen, M. Kucharekova, R. Pfundt, P.G. van der Valk,
W. Blokx, A. Dogan, P.S. Hiemstra, P.C. van de Kerkhof, J. Schalkwijk, High
expression levels of keratinocyte antimicrobial proteins in psoriasis compared
with atopic dermatitis, J. Investig. Dermatol. 125 (2005) 1163-1173, https://doi.
org/10.1111/j.0022-202X.2005.23935.x.

H. Subramanian, K. Gupta, Q. Guo, R. Price, H. Ali, Mas-related Gene X2 (MrgX2)
Is a novel G protein-coupled receptor for the antimicrobial peptide LL-37 in
human mast cells, J. Biol. Chem. 286 (2011) 44739-44749, https://doi.org/
10.1074/jbc.M111.277152.

S. Neema, S. Sandhu, A. Gupta, S. Jagadeesan, B. Vasudevan, Unconventional
treatment options in psoriasis: a review, Indian J. Dermatol. Venereol. Leprol. 88
(2021) 137, https://doi.org/10.25259/1JDVL 22 2021.

F.O. Nestle, D.H. Kaplan, J. Barker, Psoriasis, New Engl. J. Med. 361 (2009)
496-509, https://doi.org/10.1056/NEJMra0804595.

Y. Dombrowski, M. Peric, S. Koglin, C. Kammerbauer, C. G68, D. Anz,

M. Simanski, R. Glaser, J. Harder, V. Hornung, R.L. Gallo, T. Ruzicka, R. Besch,
J. Schauber, Cytosolic DNA triggers inflammasome activation in keratinocytes in
psoriatic lesions, Sci. Transl. Med. 3 (2011), https://doi.org/10.1126/
scitranslmed.3002001.

S. Morizane, K. Yamasaki, B. Miihleisen, P.F. Kotol, M. Murakami, Y. Aoyama,
K. Iwatsuki, T. Hata, R.L. Gallo, Cathelicidin antimicrobial peptide LL-37 in
psoriasis enables keratinocyte reactivity against TLR9 ligands, J. Investig.
Dermatol. 132 (2012) 135-143, https://doi.org/10.1038/jid.2011.259.

R. Lande, J. Gregorio, V. Facchinetti, B. Chatterjee, Y.-H. Wang, B. Homey,

W. Cao, Y.-H. Wang, B. Su, F.O. Nestle, T. Zal, I. Mellman, J.-M. Schroder, Y.-
J. Liu, M. Gilliet, Plasmacytoid dendritic cells sense self-DNA coupled with
antimicrobial peptide, Nature 449 (2007) 564-569, https://doi.org/10.1038/
nature06116.

F. Niyonsaba, H. Ushio, N. Nakano, W. Ng, K. Sayama, K. Hashimoto, I. Nagaoka,
K. Okumura, H. Ogawa, Antimicrobial peptides human p-defensins stimulate
epidermal keratinocyte migration, proliferation and production of
proinflammatory cytokines and chemokines, J. Investig. Dermatol. 127 (2007)
594-604, https://doi.org/10.1038/sj.jid.5700599.

A. Batycka-Baran, J. Maj, R. Wolf, J.C. Szepietowski, The new insight into the role
of antimicrobial proteins-alarmins in the immunopathogenesis of psoriasis,

J. Immunol. Res 2014 (2014) 1-10, https://doi.org/10.1155/2014/628289.

M. Farshchian, S. Daveluy, Rosacea, in: StatPearls, 2022.

K. Yamasaki, A. Di Nardo, A. Bardan, M. Murakami, T. Ohtake, A. Coda, R.

A. Dorschner, C. Bonnart, P. Descargues, A. Hovnanian, V.B. Morhenn, R.L. Gallo,
Increased serine protease activity and cathelicidin promotes skin inflammation in
rosacea, Nat. Med. 13 (2007) 975-980, https://doi.org/10.1038/nm1616.

K. Yamasaki, K. Kanada, D.T. Macleod, A.W. Borkowski, S. Morizane,

T. Nakatsuji, A.L. Cogen, R.L. Gallo, TLR2 expression is increased in rosacea and
stimulates enhanced serine protease production by keratinocytes, J. Invest.
Dermatol. 131 (2011) 688-697, https://doi.org/10.1038/jid.2010.351.

C. Moali, D.J. Hulmes, Extracellular and cell surface proteases in wound healing:
new players are still emerging, Eur. J. Dermatol. 19 (2009) 552-564, https://doi.
org/10.1684/€jd.2009.0770.

H. Chopra, S. Kumar, I. Singh, Strategies and therapies for wound healing: a
review, Curr. Drug Targets 23 (2022) 87-98, https://doi.org/10.2174/
1389450122666210415101218.

M.L. Mangoni, A.M. McDermott, M. Zasloff, Antimicrobial peptides and wound
healing: biological and therapeutic considerations, Exp. Dermatol. 25 (2016)
167-173, https://doi.org/10.1111/exd.12929.


https://doi.org/10.1016/j.bbamem.2015.11.003
https://doi.org/10.1016/j.bbamem.2015.11.003
https://doi.org/10.3390/ph14121245
https://doi.org/10.3390/ph14121245
https://doi.org/10.1016/j.bbamem.2007.08.005
https://doi.org/10.1016/j.bbamem.2007.08.005
https://doi.org/10.1371/journal.pone.0133454
https://doi.org/10.1016/j.semcdb.2018.02.002
https://doi.org/10.1016/j.semcdb.2018.02.002
https://doi.org/10.1007/978-981-13-3588-4_10
https://doi.org/10.1016/j.imbio.2020.151936
https://doi.org/10.1016/j.imbio.2020.151936
https://doi.org/10.1371/journal.pone.0026632
https://doi.org/10.1177/1753425915610643
https://doi.org/10.1177/1753425915610643
https://doi.org/10.1128/AAC.00452-08
https://doi.org/10.1128/AAC.00452-08
https://doi.org/10.1007/s43440-020-00190-3
https://doi.org/10.4049/jimmunol.178.3.1829
https://doi.org/10.3390/ijms21207607
https://doi.org/10.3390/ijms21207607
https://doi.org/10.1016/j.smim.2013.09.005
https://doi.org/10.1016/j.smim.2013.09.005
https://doi.org/10.1016/j.jaad.2017.09.078
https://doi.org/10.1111/exd.12159
https://doi.org/10.2174/138161209788682271
https://doi.org/10.1615/critrevimmunol.v26.i6.60
https://doi.org/10.1248/bpb.b19-00088
https://doi.org/10.1248/bpb.b19-00088
https://doi.org/10.1111/j.0022-202X.2005.23935.x
https://doi.org/10.1111/j.0022-202X.2005.23935.x
https://doi.org/10.1074/jbc.M111.277152
https://doi.org/10.1074/jbc.M111.277152
https://doi.org/10.25259/IJDVL_22_2021
https://doi.org/10.1056/NEJMra0804595
https://doi.org/10.1126/scitranslmed.3002001
https://doi.org/10.1126/scitranslmed.3002001
https://doi.org/10.1038/jid.2011.259
https://doi.org/10.1038/nature06116
https://doi.org/10.1038/nature06116
https://doi.org/10.1038/sj.jid.5700599
https://doi.org/10.1155/2014/628289
https://doi.org/10.1038/nm1616
https://doi.org/10.1038/jid.2010.351
https://doi.org/10.1684/ejd.2009.0770
https://doi.org/10.1684/ejd.2009.0770
https://doi.org/10.2174/1389450122666210415101218
https://doi.org/10.2174/1389450122666210415101218
https://doi.org/10.1111/exd.12929

Pharmacology & Therapeutics 252 (2023) 108559

Contents lists available at ScienceDirect

Pharmacology
. &
Pharmacology & Therapeutics Therpeiis
journal homepage: www.elsevier.com/locate/pharmthera
From exploring cancer and virus targets to discovering active peptides L))

Check for

through mRNA display

José Brango-Vanegas *%!, Michel Lopes Leite !, Kamila Botelho Sampaio de Oliveira ¢,
Nicolau Brito da Cunha €, Octavio Luiz Franco *%*

2 Centro de Andlises Protedmicas e Bioquimicas, Programa de Pés-Graduagdo em Ciéncias Gendmicas e Biotecnologia, Universidade Catélica de Brasilia, Brasilia, DF, Brazil
b Departamento de Biologia Molecular, Instituto de Ciéncias Biolégicas, Universidade de Brasilia, Campus Darcy Ribeiro, Brasilia, DF, Brazil

¢ Universidade de Brasilia, Faculdade de Agronomia e Medicina Veterindria, Campus Darcy Ribeiro, Brasilia, DF, Brazil

4 S-inova Biotech, Programa de Pés-Graduagéo em Biotecnologia, Universidade Catélica Dom Bosco, Campo Grande, MS, Brazil

ARTICLE INFO ABSTRACT
Available online 10 November 2023 During carcinogenesis, neoplastic cells accumulate mutations in genes important for cellular homeostasis, pro-
ducing defective proteins. Viral infections occur when viral capsid proteins bind to the host cell receptor, allowing
Associate editor: Beverly A Teicher the virus to enter the cells. In both cases, proteins play important roles in cancer development and viral infection,
so these targets can be exploited to develop alternative treatments. mRNA display technology is a very powerful
gfg';)"; %Ldlsn . topl for the deyelopment of peptides capable of a;ting on speciﬁc targets ir'1 neopl.astic cglls oron \(iral capsid pro-
Display technology teins. mRNA display technology al}ows Fhe selection and evolution of peptldgs with desired functional propertles
Peptides from libraries of many nucleic acid variants. Among other advantages of this technology, the use of flexizymes
Flexizymes allows the production of peptides with unnatural amino acid residues, which can enhance the activity of these
Puromycin molecules. From target immobilization, peptides with greater specificity for the targets of interest are generated

during the selection rounds. Herein, we will explore the use of mRNA display technology for the development of
active peptides after successive rounds of selection, using proteins present in neoplastic cells and viral particles as
targets.

© 2023 Elsevier Inc. All rights reserved.

Abbreviations: 10Fn3, The 10th type IIl domain of human fibronectin; ABT, 2-(aminoethyl)-amidocarboxybenzyl thioester; ACE2, Angiotensin-converting enzyme 2; aFx, Amino-
flexizyme; AIDS, Acquired immunodeficiency syndrome; Akt kinase family, Protein kinase B; AMPs, Antimicrobial peptides; AXL, Tyrosine-protein kinase receptor UFO; BAX, BCL-2
Associated X, Apoptosis regulator gene; BCL-2, B-cell lymphoma 2; Biotin-Phe-CME, N-biotinylated-phenylalanine-cyanomethyl ester; C-Myc, Cellular Myelocytomatosis gene expression;
CASP-3, Cysteine-aspartic acid protease 3 (Caspase-3); CASP-8, Cysteine-aspartic acid protease 8 (Caspase-8); CASP-9, Cysteine-aspartic acid protease 9 (Caspase-9); CBT, 4-chlorobenzyl
thioester; CCR5, C-C chemokine receptor type 5; CD14, Cluster of differentiation 14 protein; CD4™T, T cells with a cluster of differentiation 4 protein; CD81, Tetraspanin (a cell surface pro-
tein) - Cluster of differentiation 81; CDK-4, Cyclin-dependent kinases-4 gene expression; CDK-6, Cyclin-dependent kinases-6 gene expression; cDNA, Complementary deoxyribonucleic
acid; CME, Cyano methyl ester; COP1, Constitutional morphogenic protein 1; COVID-19, Coronavirus disease of 2019; COX-2, Cyclooxygenase-2 gene expression; CXCR4, C-X-C chemokine
receptor type 4; DBE, DiBasic Ester; DC-SIGN, Dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin; DENV, Dengue virus; dFx, Dinitro-flexizymes; DGEs,
Differentially expressed genes; DLC1, Deleted in liver cancer 1protein; DNA, Deoxyribonucleic acid; DNLS, Deregulated de novo lipid synthesis; E2s, Ubiquitin-conjugating enzymes; E3,
E3 Ubiquitin ligase; EGAP, E6-associated protein; ECsq, Half maximal effective concentration; eFx, Enhanced flexizyme; elF4E, Eukaryotic translation initiation factor 4E; EWI-2,
Member of an immunoglobulin subfamily that comprises proteins with a conserved Glu-Trp-Ile (EWI) motif-2; ExoN, Exoribonuclease; FIT, Flexible in vitro translation; GAG,
Glycosaminoglycan; GBM, Glioblastoma; gp120, Glycoprotein on the HIV envelope number 120; gp41, Glycoprotein on the HIV envelope number 41; GRP78, 78 kDa glucose-regulated
protein; GSCs, Glioma stem cells; HIN1, A strain of influenza; HECT, Homologs of the C-terminal domain; HER2, Human epidermal growth factor receptor type 2; HIV, Human immuno-
deficiency virus; HIV-1, Human immunodeficiency virus type 1; HSP70, Heat shock proteins 70; HSP90, Heat shock proteins 90; HTRF, Homogeneous time-resolved fluorescence; HYNIC,
Hydrazinonicotinamide; ICG, Indocyanine green; MCF-7, A breast cancer cell line (Michigan Cancer Foundation-7); MDA-MB-231, A triple-negative breast cancer cell line isolated from
M.D. Anderson in Metastatic Breast - 231; MDA-MB-453, A triple-negative breast cancer cell line isolated from M.D. Anderson in Metastatic Breast - 453; MDM2, Murine double minute
2; MERS-CoV, Middle East respiratory syndrome coronavirus; MERTK, Proto-oncogene tyrosine-protein kinase MER; mRNA, Messenger ribonucleic acid; N7-MTase, Guanine-N7-methyl-
transferase; nAbs, Neutralizing antibodies; NIR-II, Near-Infrared window two; NRPs, Non-ribosomal peptides; nsp14, Non-structural protein 14; NSPs, Non-structural proteins; NTA,
Nitrilotriacetic acid; ORF, Open reading frame; p53, Tumor protein with 53 kDa; p53, Protein 53; P68, Prototypic multifunctional protein (ATPase and RNA helicase) gene expression;
PD-1, Programmed cell death protein 1; PD-L1, Programmed cell death ligand 1; PURE, Protein synthesis using recombinant elements; RaPID, Random nonstandard Peptides
Integrated Discovery; RBD, Receptor binding domain; RBM38, RNA binding motif protein 38; SARS-CoV-2, Severe acute respiratory syndrome coronavirus-2; SAvB, Streptavidin-coated
magnetic beads; SCD, Stearoyl CoA desaturase; TAM receptors, TYRO3, AXL and MERTK; TAP, Totipotent “all-in-one” peptide; tRNA, Transfer ribonucleic acid; USP38, Ubiquitin-specific
peptidase 38; USP7, Ubiquitin-specific peptidase 7; UTR, Untranslated Region; Wnt, Wingless/Integrated; ZIKV, Zika virus; VEGFR-2, Vascular endothelial growth factor receptor 2.

* Corresponding author at: Universidade Catélica de Brasilia, Pés-graduagdo em Ciéncias Gendmicas e Biotecnologia, Brasilia, QS 07, Lote 01, Taguatinga Sul - Taguatinga, 71966-700,
Brazil.
E-mail address: ocfranco@gmail.com (O.L. Franco).
! Both authors contributed equally.

https://doi.org/10.1016/j.pharmthera.2023.108559
0163-7258/© 2023 Elsevier Inc. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.pharmthera.2023.108559&domain=pdf
https://doi.org/10.1016/j.pharmthera.2023.108559
mailto:ocfranco@gmail.com
https://doi.org/10.1016/j.pharmthera.2023.108559
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/pharmthera

J. Brango-Vanegas, M.L. Leite, K.B.S. de Oliveira et al.

Pharmacology & Therapeutics 252 (2023) 108559

Contents
1. Introduction . . . . . . .. L e e e e e e 2
2. mRNAdisplay technology . . . . . . . . . . e e e e e e e 3
3.  Biological sources of nucleic acids with potential use in mRNAdisplay . . . . . . . . . . . . ... ... ... 8
4,  Peptides libraries and molecular targets for the development of alternative cancer treatments . . . . . . . . . . 8
5. Peptides libraries and molecular targets in viruses: Potential infection inhibitors . . . . . . . . . . .. .. .. 12
6. Prospects and concluding remarks . . . . . . . . L L L L L e e e e e e 13
Declaration of Competing Interest . . . . . . . . . . . .. L L. Lo 13
Acknowledgments . . . . . . . . L L e e e e e e e e e e e e e e e e 13
References. . . . . . . . . . L e e e e e e 13

1. Introduction

At first glance, cancer and viral infections have nothing in common -
and, indeed, the differences run deep. However, from a treatment point
of view, knowledge about both families of diseases can be exploited to
develop alternative therapies. This is because both present several tar-
gets (either because they are present in an overexpressed form on the
surface of neoplastic cells, in host cell receptors specific to viruses, or be-
cause they have specific target proteins for both diseases). A wide range
of upregulated molecular targets (transmembrane proteins) on the sur-
face of neoplastic cells, surrounding stroma, and tumor endothelium
have been characterized for tumor cells (Sergeeva, Kolonin, Molldrem,
Pasqualini, & Arap, 2006). These receptors could be explored and used
in cancer treatment because this disease is the second leading cause of
death worldwide (Tran et al., 2022), with approximately 10 million
deaths in 2020 alone (Sung et al., 2021).

Another global public health problem is infections caused by viruses.
In 2019, the world witnessed a pandemic caused by coronavirus disease
(COVID-19), which is provoked by SARS-CoV-2 (severe acute respira-
tory syndrome coronavirus 2) (Bakhiet & Taurin, 2021; Kirtipal,
Bharadwaj, & Kang, 2020). The human immunodeficiency virus (HIV),
responsible for the acquired immunodeficiency syndrome (AIDS), is an-
other important virus with global impacts. The syndrome continues to
kill hundreds of thousands per year worldwide, although there has
been a decrease in the number of deaths related to HIV (Frank et al.,
2019; Ghosn, Taiwo, Seedat, Autran, & Katlama, 2018). Arbovirus, dis-
eases transmitted by hematophagous arthropod bite (Higuera &
Ramirez, 2019), such as dengue (DENV), chikungunya (CHIKV) and
zika (ZIKV), have been widely studied in recent years due to their global
dissemination and epidemiological impacts (Jones et al., 2020), result-
ing in increased rates of morbidity and mortality (Mercado-Reyes
et al., 2019). Every year, approximately 390 million people worldwide
are infected with dengue (Kutsuna, Saito, & Ohmagari, 2020). Although
the number of deaths is lower when compared to cancer, arboviruses
are responsible for a greater number of comorbidities that can last for
weeks or even years (Burt et al., 2017). A critical step in the infectious
process of viruses involves both recognition and interactions with re-
ceptors exposed on the target cell membrane since these receptors
play fundamental roles in viral pathogenesis, tissue tropism, and host
range (Maginnis, 2018).

Blocking disease-related markers present on cell surfaces (both can-
cer cells and/or healthy cells), on viruses, as well as other key proteins,
can be considered a crucial step for the development of new therapeutic
approaches, such as in vitro display technologies (Sergeeva et al., 2006).
Such approaches involve three main steps for the display and selection
of bioinspired peptides: (i) the production of a library (a collection of
variants to be tested); (ii) biopanning, which consists of several rounds
of enrichment of variants that bind to the desired target (genotype-phe-
notype linkage); and (iii) the functional screening and characterization
of selected variants using appropriate assays (Galan et al., 2016).
Currently, there are several types of display technologies, such as

virus/phage display (Guliy, Evstigneeva, & Dykman, 2023; Jaroszewicz,
Morcinek-Ortowska, Pierzynowska, Gaffke, & Wegrzyn, 2022;
Ledsgaard et al., 2022; Zhang, Tang, Chen, & Liu, 2022), (bacterial,
yeast, and mammalian) cell surface display (Huang et al., 2020;
Shibasaki & Ueda, 2023; Wang et al., 2021), enzyme surface display
(Davenport & Hallam, 2022), and in vitro display technologies (Ribo-
somes, mRNA and covalent DNA display) (Sergeeva et al., 2006).

When compared to other display techniques, mRNA display is more
advantageous because it provides a powerful means for the selection of
proteins and peptides through an effective “reverse translation”
(Kamalinia et al., 2020; Wang & Liu, 2011). Although both ribosome dis-
play and mRNA display can interrogate very large libraries of peptide
variants, the advantage of mRNA display is that the mRNA itself is cova-
lently linked to the peptide, facilitating the selection process, rather
than using a ribosome to connect the mRNA and its peptide in a
noncovalent ternary complex (Blanco, Verbanic, Seelig, & Chen, 2020).
Additionally, when compared to phage display, mRNA display (and its
variants such as transcription-translation coupled to puromycin ligand
association (TRAP)), which do not require bacterial transformation, pro-
duce libraries on the order of 10'2-10"3 diversity, which is somewhat
higher than phage display (10°-10'!) (Umemoto, Kondo, Fujino,
Hayashi, & Murakami, 2023).

mRNA display is a useful technique for developing new therapies
against cancer, as well as viral infections. Regarding antitumor treat-
ments, mRNA display can be employed to refine peptides to bind
more specifically to important targets (Shiheido, Takashima, Doi, &
Yanagawa, 2011). Obviously, mRNA display is widely explored for the
development of new peptides with activity against neoplastic lineages
through interaction with specific molecular targets (Yang et al., 2015).
Through several rounds of enrichment using a 10-amino acid mRNA dis-
play library, the H10 peptide was generated. This peptide binds to Ante-
rior Gradient 2 (AGR2), a protein whose level of extracellular (eAGR2)
increases, provoking a poor prognosis in cancer patients (Garri et al.,
2018). Another example of using mRNA display for the production of
new antitumor peptides is the signal peptide-based affinity matured li-
gand (SPAM) peptide, an 18-residue linear peptide that is nonhomolo-
gous to known programmed death ligand 1 (PD-L1). PD-L1 is a pivotal
immune checkpoint ligand that provides an escape mechanism from
immune surveillance when overexpressed in the cells (Kamalinia
et al., 2020).

Regarding the use of mRNA display for the treatment or inhibition of
viral infection, studies focus on specific proteins on the viral surface
(Tanaka et al., 2022). Furthermore, it is possible to combine the mRNA
display technique with others, such as high-throughput sequencing
(mRNA-HST), to identify peptide mimotopes that play a crucial role in
neutralizing monoclonal antibodies (mAb) (Guo et al., 2015). Another
advantage of using this technique is the possibility of examining
protein-protein interactions (PPIs). By utilizing the mRNA display
method with a uniform distribution library (md-LED), researchers
were able to gain insight into the interactions of the influenza virus
NS1 protein (Du et al., 2020). Consequently, in addition to selecting
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specific peptides for important targets, mRNA display enables the study
of PPIs, which can be further explored to construct protein-protein in-
teraction networks in massively parallel experiments (Du et al., 2020).
Throughout this review, we will address mRNA display technology for
the treatment of diseases such as viral infections and several types of
cancer, targeting important receptors and membrane proteins, both in
the process of carcinogenesis and in the process of virus entry into
host cells, as well as other proteins related to diseases.

2. mRNA display technology

Although the mRNA display was first reported in 1997 (Nemoto,
Miyamoto-Sato, Husimi, & Yanagawa, 1997; Roberts & Szostak, 1997),
it was the contributions made by David Wilson, Anthony Keefe, and
Jack Szostak, in 2001 (Wilson, Keefe, & Szostak, 2001), that led to true
revolutions in the selection and evolution of peptides and proteins
(Gold, 2001). mRNA display is a robust in vitro experiment similar to
combinatorial chemistry that allows the selection of peptides and pro-
teins with desired functional properties from libraries of trillions of
nucleic acids (DNA and RNA) variants (Fig. 1) (Liu, Barrick, Szostak, &
Roberts, 2000; Morioka, Loik, Hipolito, Goto, & Suga, 2015; Newton,

Pharmacology & Therapeutics 252 (2023) 108559

Cabezas-Perusse, Tong, & Seelig, 2020). The main characteristic of this
method is that the nascent polypeptide chain remains covalently linked
to the 3’ end of its coding mRNA, allowing for the direct amplification of
each protein (Golynskiy & Seelig, 2010; Wang & Liu, 2011). The protein-
mRNA covalent complex is formed through puromycin, an antibiotic
protein synthesis inhibitor, by mimicking the ribosome substrate (the
3’ end of an aminoacyl-tRNA) (Galan et al., 2016; Huang, Wiedmann,
& Suga, 2019).

mRNA display technology comprises several different steps. It begins
with an acquisition of a library of random DNA sequences from different
sources (either chemically synthesized or of genomic origin) (Keefe,
2001). In the first step of the process, the DNA library is converted
into mRNA through transcription by the RNA polymerase enzyme
(Golynskiy & Seelig, 2010). Then, each of the mRNA molecules is enzy-
matically linked to a synthetic spacer, which consists of a DNA strand
containing puromycin at its 3’ end (second step) (Nemoto et al., 1997;
Roberts & Szostak, 1997). Puromycin mimics the aminoacyl portion of
the transfer RNA (tRNA) and, during the in vitro translation process, en-
ters the site called “A” of the ribosome, attaching itself via a peptide
bond to the nascent polypeptide chain (Wilson et al., 2001). After the in-
corporation of puromycin at the C-terminus of the peptide, a phenotype

e dsDNA library
Transcription r ﬂ
Modification with Amblificati
: i mplification
puromycin (p) Promoter ~ 5'UTR  Open reading frame lfy PCR
Immobilized
target

Puromycin

mRNA

In vitro

; &P gu® —

HiN Solid

support

translation

Anticancer peptides
Antiviral peptides
Protein inhibitors

with unnatural aa

6]

Peptide
selection

mRNA-displayed
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4]

cDNA

NH N.H

/

Reverse
transcription

(5]

Fig. 1. Formation of a mRNA-displayed protein and mRNA display cycle. (1) dsDNA library. DNA library is obtained from biological extraction or synthetic methods, and modified for in-
sertion of promoter in 5’ end. (2) Transcription and ligation. DNA is amplified and transcribed to start the cycle. mRNA pool is obtained and modified with puromycin at its 3’ end. (3) In
vitro translation. After finishing reading the mRNA-ORF, the ribosome stops at the poly(dA) junction, where the modified tyrosine of puromycin is recognized by the ribosome, which cat-
alyzes the transfer of the nascent peptide to the non-hydrolyzable modified tyrosine of puromycin at the 3’ end of the mRNA display template. (4) mRNA-displayed protein. The mRNA is
now covalently attached to the corresponding translated peptide via the puromycin, having obtained a stable molecular conjugate referred to as an mRNA-peptide fusion. (5) Reverse
transcription. cDNA is produced to stabilize the mRNA by complementarity. (6) Selection. It is the process of immobilization of nascent proteins, based on interaction with the target,
with subsequent isolation. (7) Amplification and mutagenesis. cDNA is amplified and some variations can be made by exchanging base pairs in the sequence to start the cycle again.

This figure was created using Inkscape, version 1.3.0.
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(peptide)-genotype (MRNA) connection is created, facilitating the se-
lection and evolution of biomolecules of desired interest (Peacock &
Suga, 2021). When compared to ribosome display, the mRNA-
puromycin conjugates are more stable due to the covalent link between
the mRNA coding and the displayed protein (Nemoto et al., 1997;
Roberts & Szostak, 1997).

Both cell lysate and protein synthesis using recombinant elements
(PURE system) translation systems, as well as other reconstituted mix-
tures of individually purified components, can be used for the in vitro
translation reaction (third step) (Peacock & Suga, 2021). In the fourth
step, the library preparation is completed. Puromycin-conjugated
mRNA is commonly reverse-transcribed to generate a library of mole-
cules containing the mRNA/cDNA-puromycin-peptide. Complementary
DNA (cDNA) acts to protect the mRNA against non-specific interactions
that may occur during the polypeptide selection process (Wilson et al.,
2001). Isolation of high-affinity ligands through repeated attempts at
using mRNA display has resulted in the production of several combina-
torial or semi-combinatorial peptide libraries (Jaroszewicz et al., 2022).
In the last step of mRNA display, the in vitro peptide selection takes
place through interaction tests with immobilized targets (Wilson
etal, 2001).

All these steps, from the DNA library transcription into mRNA,
through its binding with puromycin, in vitro selection against
immobilized targets to cDNA production (if done after the selection of
the peptides), are commonly referred to as a round of selection
(Josephson, Ricardo, & Szostak, 2014), which can be repeated many
times to produce more specific molecules. The mRNA display technique
makes it possible to incorporate unnatural amino acids into the poly-
peptide chain, increasing the diversity of molecules that can be gener-
ated (Huang et al,, 2019).

2.1. Diversifying peptides by inserting unnatural amino acids

In some fields of importance, when compared to peptides and small
molecules, peptides indicated high activity and selectivity, low toxicity,
and no accumulation, even though they are unstable in biological fluids
due to rapid degradation by proteinases (Sabatino et al., 2016). Cyclic
peptides have been considered advantageous in combating challenging
targets where interactions such as protein-protein, protein-nucleic acid,
and transcription factors occur. Cyclic peptide structures with at least 12
atoms have been classified as macrocyclic and have been observed to
provide an appropriate organization for the radical groups, as well as
allowing for a semi-rigid structure for the scaffolding of this molecule
type. These characteristics enable macrocyclic peptides to adopt specific
conformations against targets, granting them affinity for biological re-
ceptors, as well as resistance to protease degradation. Moreover, when
compared to small molecules, macrocyclic peptides possess the thera-
peutic benefits of larger biomolecules, including high potency, reason-
ably low selectivity, and low production costs (Huang et al., 2019).
Another category of peptides is antimicrobial peptides (AMPs), which
are produced by the innate system of living organisms. AMPs have
been employed as multifunctional molecules due to their reported ac-
tivities. (Scavello, Amiche, & Ghia, 2022).

Both types of peptides could be explored as a starting point for the
search for peptides against therapeutic targets for diseases such as can-
cer and viral infections. The exploration of cancer and virus targets using
methodologies such as mRNA display, and the utilization of DNA or RNA
sources that encode AMPs, can be useful in generating cyclic and acyclic
peptides. In such peptides, structural modifications at the level of mod-
ified side chains, N-methylated amino acids, and the configuration of
the alpha-carbons will allow the generation of highly diverse peptide li-
braries for drug discovery. The introduction of amino acids with modi-
fied chains, containing functional groups that react with each other, is
a benefit of mRNA display technology as it enables the production of
cyclic peptides through a spontaneous formation step prior to the selec-
tion process (Huang et al., 2019). Thus, the formation of non-biological
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polymers (with unnatural amino acids) represents a significant advan-
tage as it greatly expands the range of potential ligand targets, as well
as the biological stability of these molecules (Sergeeva et al., 2006).

Since 2003, several amino acid residues have been introduced to the
mRNA display platform, including modified a-amino acids (D-stereo-
chemistry, N-acyl, and N-alkyl), as well as 3-amino acids and <y-amino
acids (Murakami, Kourouklis, & Suga, 2003). Additionally, other amino
acids such as a-hydroxy acids, a-mercapto acids, and thio acids have
successfully been incorporated into translated peptides using the Flexi-
ble in vitro Translation (FIT) System (Tables 1 and 2). This system uti-
lizes flexizymes integrated with a custom-made in vitro translation
apparatus, enabling genetic code reprogramming (Goto, Katoh, &
Suga, 2011).

In the mRNA display methodology, flexizymes are a class of
ribozymes (flexible ribozymes) that can incorporate unnatural amino
acids into tRNAs. Through a catalyzed reaction, they can aminoacylate
the 3’ end of the tRNA by reading the corresponding anticodon.
Flexizymes tolerate a plethora of different tRNAs as an aminoacyl-
acceptor, as well as an amino benzyl ester as an aminoacyl-donor part
(Murakami et al., 2006; Ohuchi, Murakami, & Suga, 2007). The produc-
tion of aminoacyl-tRNAs containing unnatural amino acids can be done
in an in vitro selection step, and this complex (aminoacyl-tRNAs) can be
used so that the ribosome can add the respective unnatural amino acids
in the translation process. This new tRNA aminoacylation tool is an ad-
vantage for the methodology of peptide synthesis in cell-free translation
systems. This innovation in the form of in vitro translation reprogram-
ming, which uses flexizymes, was developed by Suga and colleagues
in 2006 (Murakami et al., 2006). They applied an in vitro selection, not
precisely to select proteins, but to select mRNA sequences that func-
tioned as flexizymes and incorporated unnatural amino acids in the 3’
end of the same sequence, which resulted in selective hydrolysis of
the mRNA at the corresponding aminoacyl-tRNA (Ohuchi et al., 2007).

After generating selection cycles, the authors were able to produce
flexizymes highly capable of mediating the aminoacylation of tRNAs.
This was done by creating an open reading frame (ORF), in which the
5’ region contained 70 nucleotides randomly, and from there, the end
of the 3’ region had a tRNA sequence. For the selection cycles, the reac-
tion between the mRNA pool and the N-biotinylated-phenylalanine-
cyanomethyl ester (Biotin-Phe-CME) was performed. After its
aminoacylation reaction, which was performed using a streptavidin
resin, the first generation of flexizymes (r24mini) was generated.
r24mini was used for randomization evolution to obtain a new ribo-
zyme with lower substrate selectivity but high aminoacylation activity,
obtained through a cycle of mutagenesis and the exchange of the end of
the 3’ region for a microhelix. In this way, they were able to obtain
aminoacylation in the presence of 6-(N-biotinyl)amino-o-(S)-
hydroxybutanoic acid DBE (DiBasic Ester), giving rise to dinitro-
flexizymes (dFx) (Ohuchi et al., 2007). Then followed the enhanced
flexizyme (eFx), which favors Cyano Methyl Ester (CME)-activated
amino acids with an aromatic group or bulky hydrophobic group close
to the carbonyl site or 4-chlorobenzyl thioester (CBT)-activated general
amino acids; and the amino-flexizyme (aFx) that prefers 2-
(aminoethyl)-amidocarboxybenzyl thioester (ABT)-activated hydro-
phobic amino acids. The dFx, eFx, and aFx can undergo aminoacylation
in all tRNAs with a 3’-terminal CCA motif when provided with a suitable
amino acid substrate (Fig. 2).

The first flexizyme (r24mini) generation showed the function of cis-
regulation (intramolecular action), but also trans-regulation (intermo-
lecular action) on the ribosome. Because the generation showed trans-
regulation, it cannot be used as a versatile catalyst because it prefers
the particular tRNA used in selection. However, dFx came to accept a
wide range of DBE esters, from unnatural a-L-amino acids, «-N-methyl
L-amino acids, a-N-acyl L-amino acids, a-D-amino acids, 3-amino acids,
as well as a-hydroxy acids. This made dFx useful for choosing, in an
almost unlimited number of ways, amino acids in any desired tRNAs
(Ohuchi et al.,, 2007). In this way, the authors were capable of
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Table 1
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Some examples of unnatural amino acids incorporate into the nascent peptide through the FIT System in mRNA display technology. DBE (DiBasic Ester), CME (CyanoMethyl Ester),and CBT
(4-ChloroBenzyl Thioester) are the leaving groups used in the autocatalytic aminoacylation reaction.

Type of Structure and name Leaving References
unnatural group
amino acids
D-Amino o OH O (o} DBE/CME/CBT (Goto, Murakami, & Suga, 2008; Murakami, Ohta,
acids X Ashigai, & Suga, 2006
\_)J\OH /\_)J\ oH </N J/\_)J\ oH g g )
NH, NH, HN NH,
D-alanine D-threonine D-histidine
N-Methyl o (e] (0] DBE/CME/CBT (Kawakami, Murakami, & Suga, 2008a)
amino acids H S \/\HL
-
N, OH OH
H HN HN
N-methyl alanine. N-methyl methionine N-methyl phenylalanine
N-substituted o} DBE (Kawakami, Murakami, & Suga, 2008b)
glycines H Q N vU\
N y © OH
o _H_L
~ OH
N-isopentyl glycine N-ethyl glycine N-phenethyl glycine
Aromatics and CME (Murakami et al., 2003; Yamagishi, Ashigai, Goto,
heterocycles Murakami, & Suga, 2009)
H.N OH
H,N Y,
o
(¢} HO
p-benzoyl phenylalanine S-hydroxy-tryptophan.  4-aminomethyl-phenylalanine
Reactive o o) DBE or CME (Murakami, Ohta, Ashigai, & Suga, 2006; Sako,
roups Morimoto, Murakami, & Suga, 2008
group NsM on HN O MOH g )
NH, 5—/—/{ OH I NH.
L-azidohomoalanine Propargylglycine p-iodo-L-phenylalanine
Aliphatics (0] DBE or CME (Kawakami, Ishizawa, & Murakami, 2013;
OO P g 8o Miurakami, O, Aehigal, B uge. 3008)
)\ ; NJ\OH < y OH H ) ) gal, 24,
o7 NH 0 NH, 5— v/
&-N-biotinyl-lysine L-thiazolidine-4-carboxylic acid  (S)-2-amino-3-cyclopropylpropanoic acid
a-hydroxy o DBE/CME (Murakami, Ohta, Ashigai, & Suga, 2006; Ohta,
! HO (6] R .
acids . Murakami, Higashimura, & Suga, 2007)
\)OL > < > ¢.*<OH ©/ “¢” SOH
HO OH OH
Glycolic acid  (S)-2-hydroxy-3- (4-isopropylphenyl)propanoic acid (S)-2-hydroxy-3-phenylpropanoic acid

synthesizing unnatural peptides using flexizymes in a cell-free transla-
tion system, reallocating the codons of natural amino acids to unnatural
amino acids, and directing peptide synthesis at will.

Taking advantage of flexizymes' ability to add unnatural amino
acids, Yamagishi and colleagues in 2011 presented a new way of synthe-
sizing macrocyclic peptides with N-methylated amino acids using trans-
lation machinery through the reprogramming of the genetic code
(Yamagishi et al., 2011a). Coupled with mRNA display, this was called
the Random nonstandard Peptides Integrated Discovery (RaPID) sys-
tem. This system allows the rapid selection of strong ligands in an arbi-
trarily chosen therapeutic target.

The in vitro selection step can be divided into two categories. The
first is selection by catalysis, which is of great interest because the
chemistry of molecular recognition and catalysis in living systems is
largely done by polypeptides. In this category, peptides and/or proteins
generated in fusion are separated by interaction with fixed molecular
targets in a matrix (Keefe, 2001), in addition to having information
about their biological functionality. It is common for peptides and/or
proteins isolated via mRNA display to maintain the binding property
with targets in a similar way to when they are in the fused molecule
(Liu et al., 2000), which makes this methodology a fast and powerful
tool for the screening of biologically active polypeptides when there is
no in vivo selection strategy, or it is too difficult to design. However, if
the objective is the synthesis of biologically active peptides, a

disadvantage in selection is that mRNAs may interact to form aptamers
with the target proteins, rather than the fused-generated proteins or
peptides (Liu et al., 2000), This selection by aptamers constitutes the
second category of in vitro selection. To reduce this problem in the
search for catalytic interactions made by peptides, it is convenient to
make a previous selection before cDNA synthesis, thus having informa-
tion about the formation of mRNA aptamers (Liu et al., 2000).

Selection by catalysis is faster and easier to perform in the laboratory
(Keefe, 2001), and is the most widely used category to detect active cy-
clic peptides. For large fused proteins, which may have enzymatic activ-
ity, it has been established that the general scheme for selection by
catalysis is bond formation, where the reaction product formed is the
sole criterion of the bond formed, allowing the isolation of new activi-
ties without knowledge of the reaction mechanism. It can also be mod-
ified to look for enzymes that catalyze bond-breaking reactions or
products, or reactions that involve covalent modifications (Seelig,
2011).

For low molecular mass peptides, the purpose of selection is to sep-
arate sequences that catalyze a reaction from those that do not. One way
to achieve separation is to arrange selection so that library members
that catalyze the desired reaction covalently attach to the substrate
once the substrate is covalently attached to a tag (such as biotin). There-
fore, the tag can be used as a basis for separating library members that
do not catalyze the reaction by immobilization, for example, employing
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Peptide name
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Cyclopeptides containing natural and unnatural amino acids with anticancer or antiviral activity identified by mRNA display technology.
Structure
CM;;-1

Target

References
The peptide bound E6AP and inhibited
polyubiquitination in cell lysates

(Yamagishi et al., 2011a)

Pakti-L1 OH Selective inhibitor of Akt2 isoform (Hayashi, Morimoto and Suga, 2012)
-
)|
Q N 9 3
N H)\
O. o HN._O
NH W ACLYf
HZNXHN%T M, i o
o HN/&O HN"SNH c \\‘/\u "
Lo M
HN HN HN """"r)kou
07 NH W ©° &‘*o
N\AN NH
PRI
I
Pakti-L2

Inhibitor of Akt1/2/3

(Hayashi, Morimoto and Suga, 2012)

Pakti-L3

Inhibitor of Akt1/2/3

(Hayashi, Morimoto and Suga, 2012)

w Y uY Inhibitor of VEGFR-2
Ho N NT%"“Q
H
HNLO o ) 0)\

(Kawakami et al., 2013)
o
LNH OH \E
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Table 2 (continued)

Peptide name Structure Target References
Cyclic peptide 4 Bind to RBD of S-glycoprotein (Norman et al., 2021)
Cyclic peptide 5 Bind to RBD of S-glycoprotein (Norman et al., 2021)

aa*-LG R, BEE 2 cer 3 CME
5' DS e e et
q! Unnatural amino acids (aa*) - leaving groups (LG)
Aminoacylation
Flexizyme
(Fx)

In vitro
translation

Fig. 2. Flexizyme autocatalytic aminocylation reaction and amino acid incorporation into the peptide growing on the ribosome. (1) Aminoacylation. Flexizyme-catalyzed aminoacylation
using as substrate aa*-DBE, aa*-CBT or aa*-CME to give charged tRNAs. DBE (DiBasic Ester), CME (CyanoMethyl Ester) and, CBT (4-ChloroBenzyl Thioester) are the leaving groups in the
substrate. (2) In vitro translation. aa*-tRNAs in combination with the machinery of translation and allowing peptide mRNA display libraries production. This figure was created using
Inkscape, version 1.3.0.
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affinity chromatography (binding biotin to an immobilized
streptavidin) (Lipovsek & Pliickthun, 2004). Substrate immobilization
before incubation with the library can also be done in an alternative
manner. Other mechanisms can be the one in which the entire library
is immobilized, and only those that manage to catalyze a specific reac-
tion can be released, isolating them in the free form (Keefe, 2001).
After the recovery or production of cDNAs, depending on the case,
they are amplified by PCR, where the amplification reaction can gener-
ate errors and, therefore, new sequences that can be used to increase the
diversity of the library (Lipovsek & Pliickthun, 2004).

3. Biological sources of nucleic acids with potential use in mRNA dis-
play

In 2005, griffithsin (GRFT) was isolated from red algae, Griffithsia
sp., found in New Zealand coastal waters (Lee, 2019; Mori et al.,
2005). It is a dimeric protein of 121 amino acid residues (~13 kDa),
with a domain-switched structure (Zi6tkowska & Wlodawer, 2006).
The cyanovirin-N (CV-N) lectin, which has 101 amino acid residues
inits primary structure (~11 kDa), was isolated in 1997 from a culture
of cyanobacteria (Nostoc ellipsosporum) (Botos et al., 2002; Boyd
et al., 1997). Scytovirin (SVN) is a protein composed of 95 amino
acid residues (9.7 kDa), which was isolated from aqueous extracts
of the cyanobacteria Scytonema varium (Bokesch et al., 2003). GRFT,
CV-N, and SVN have antiviral activity (ECso) against HIV-1 when
tested at 0.04, 0.1, and 0.3 nM, respectively (Balzarini, 2006). There-
fore, the genome of marine algae and cyanobacteria can be a promis-
ing source for the production of DNA libraries to be explored through
the mRNA display technique.

Proteins from the viral envelope are highly glycosylated, with ap-
proximately half of the total molecular mass of gp120 consisting of N-
glycans, with a small and variable contribution of O-glycans (Huskens
& Schols, 2012). Lectins interact with portions of these carbohydrates
in different ways, which inhibits the binding between the virus protein
and the host cell's plasma membrane receptors (Botos & Wlodawer,
2005; Koharudin & Gronenborn, 2014). In recent years, several lectins,
including GRFT, CV-N, and SVN, have been isolated from cyanobacteria
and red algae (Li, Zhang, Chen, Wei, & Chen, 2008). The native and re-
combinant forms of these lectins have broad antiviral activity against
both laboratory-adapted primary isolates and strains of HIV-1
(Alexandre et al., 2012).

Azurin is a 14 kDa redox-active protein containing copper secreted
by the bacterium Pseudomonas aeruginosa (Huang et al., 2020; Nar
etal., 1992; Yaghoubi et al,, 2020). Recently, this protein has aroused in-
terest in the development of new treatments (Gammuto, Chiellini,
lozzo, Fani, & Petroni, 2022), since the penetrating peptide Azurin-
p28, a sequence made up of 28 amino acids (Leu50-Asp77) of
cupredoxin azurine, demonstrated strong anticancer activity in clinical
trials (Warso et al., 2013). This peptide binds to the p53 protein (both
wild-type and mutant) inhibiting its ubiquitination, mediated by
COP1, preventing proteasomal degradation (Lulla et al., 2016). Further-
more, molecular docking analyses and dynamic simulations attribute an
antiviral activity to azurin and its azurin-p28 derivative against SARS-
CoV-2 (Sasidharan et al., 2021), and H1NT1 influenza (Sasidharan et al.,
2021). There are still many other proteins and peptides that can be
prospected from bacteria such as bacteriocins, enzymes (including argi-
nine deiminase and L-asparaginase), and non-ribosomal peptides
(NRPs) (Karpinski & Adamczak, 2018).

Another promising source for obtaining DNA libraries is the skin se-
cretions of frogs because, in recent decades, several peptides with anti-
tumor potential have been identified from them. Brevinin-1RL1 is a
peptide of 24 amino acids isolated from Rana limnocharis, which shares
a 7-member ring intramolecular disulfide bridge domain located at the
C-terminus. This peptide has preferential cytotoxicity against neoplastic
cells, inducing caspase-dependent necrosis and apoptosis (Ju et al.,
2021). HN-1, a host defense peptide produced by Amolops hainanensis,
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is capable of inhibiting local tumor growth and metastases in a xeno-
graft human breast tumor model (Qiao et al., 2019). Although many
peptides produced by these organisms act by destabilizing the plasma
membrane, such as dermaseptin-PS1 from Phyllomedusa sauvagei
(Long et al., 2019), exploring the genes and specific sequences of
amino acids present in these animals may allow the development of
new active molecules against cancer and viruses, through mRNA dis-
play. Table 3 summarizes these peptides and other, active agents against
cancer and virus targets.

Recently, it was reported that ubiquitin-specific peptidase 38
(USP38) represses ZIKV infection by binding to the envelope protein
(E) via its C-terminal domain and attenuating its K48-linked and K63-
linked polyubiquitylation (Wang et al., 2021). By binding to the E pro-
tein, the deubiquitinase gene USP38 can be used to produce a mRNA
display library, aiming not only to inhibit ZIKV but also DENV, since
both use the E protein to invade host cells.

4. Peptides libraries and molecular targets for the development of
alternative cancer treatments

Despite the development of new treatments, cancer remains a lead-
ing cause of death worldwide, and the development of new therapies
for its treatment is an area of intense research. Peptides have been con-
sidered a promising class of molecules with anticancer activity due to
their ability to selectively target cancer cells and induce cell death. Li-
braries of peptides generated by mRNA display have been used to iden-
tify peptides with anticancer activity against a variety of cancer types.
Several pivotal targets for cancer are discussed below and represented
in Fig. 3.

An example is the macrocyclic N-methyl-peptide that was selected
as an anti-E6AP, and these are strong inhibitors of polyubiquitination
of proteins such as p53. The p53 protein is an important protein that
acts as a key transcription factor in the correction of cancer-related mu-
tagenesis. Proteasomes are the enzymatic complexes responsible for the
degradation of proteins. This system is regulated by the enzymatic catal-
ysis of the enzymes ubiquitin-E1 activator, ubiquitin-conjugative E2,
and ubiquitin E3 ligase. Many ubiquitin E3 ligase families are responsi-
ble for the specific conjugation of polyubiquitin to a given protein
(e.g., the protein p53), leading to its proteolysis. Faulty regulation of pro-
tein proteolysis is, in many cases, due to the E3 ligase family, causing
failures in signal translation, which can develop into disorders such as
cancer. Homologs to the C-terminal domain of EGAP (HECT) belong to
the E3 family, and its N-terminal domain interacts with the E6 protein,
forming the E6AP-E6 complex, which provides the specific activity of
E3 ligase, transferring polyubiquitins to p53 and promoting its degrada-
tion in an E6-dependent pathway. The E6-independent pathway also
promotes the degradation of tumor-associated proteins (Yamagishi
etal, 2011a).

From the arbitrary reallocation of codons from natural to unnatural
N-methylated amino acids, associated with the reconstituted E. coli
cell-free system and the use of flexyzymes, it was possible to generate
an mRNA model capable of producing fusion peptide libraries used in
a later selection step. In the selection step of the RaPID system, the
HECT domain of E6GAP was proposed as a biological target against the
fused-generated peptides. The HECT domain was expressed as Avi-
(His)s-GB1-HECT, and the N-terminal part was biotinylated and
immobilized with streptavidin-coated magnetic beads (SAvB)
(Yamagishi et al., 2011a).

The selection made it possible to identify a library of N-methylated
peptides of high complexity, quickly and reliably, due to the random-
ness of unnatural residues, in conserved regions. The similarity in com-
position, location, and type of N-methylated residues in the sequences
suggests that there are specific interactions between the residues and
the HECT domain of E6AP. The kinetic and dissociation constants of
some selected peptides were calculated, finding a strong and marked
activity against HECT; one of them, CM;;-1 (Table 2), containing
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Table 3 (continued)

References

Biological target

Activity

Secondary
structure

Amino acids sequences

Source

Peptide

strategy

(Shi et al,, 2023)

Targeting HER2

Anticancer/probe

ArK dimer (PKPLPRPLPEPWPNPR-NHCO

(CH,);NHCOCH(NHS)
(CH2)2CONH(CH3),

Synthetic peptide designed

99mTc_HP-Ark2

CONHPRPNPWPEPLPRPLPK)

(Biabani Ardakani et al.,

2023)

Targeting HER2

Anticancer/probe

[99™Tc]Te-HYNIC-(Ser)s-LTVPWY

Synthetic peptide designed

[9™Tc|Te-HYNIC-LY

(Cao, Li, Shi, Liu, &

Targeting HER2
Cheng, 2023)

Anticancer/probe

RSLWSDFYASASRGP

Screened from phage display

Herceptide

(Garri et al., 2018)

Targeting AGR2

Anticancer

MKMQVRIYLV

Screened from mRNA

display

H10

(Kamalinia et al., 2020)

Targeting human PD-L1

Anticancer

MPIFLDHILNKFWILHYA

Screened from mRNA

display

SPAM

TPE: Tetraphenylethylene, HYNIC: Hydrazinonicotinamide, **™Tc: Technetium-99 m.
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AcPW from the insertion of N-(2-chloroacetyl)-D-tryptophane (ClAc-
Pw), was the most abundant after the selection cycles. An additional
test was performed for the most active peptide (CMi;-1), by
observing HECT ubiquitination inhibition. This peptide inhibits thioester
bond formation in HECT at a concentration of 1 WM, observed by com-
paring different concentrations of the same peptide and similar pep-
tides (Yamagishi et al., 2011a).

A similar study implemented the RaPID system to search for selec-
tive peptides against the Akt kinase family (Hayashi, Morimoto &
Suga, 2012). The Akt family consists of serine/threonine kinases that
play a role in the regulation of various signal translation pathways. In
humans, they consist of three isomorphs (Akt1l, Akt2, and Akt3),
which are a target because their defective regulation generates changes
in apoptosis, cell proliferation, and metabolism. The high amounts of
Akt1 and its activation in some cancers are clues to disease develop-
ment. Akt2 is believed to be associated with the development of some
malignant phenotypes in cancer, and Akt3 (expressed in the brain) is
also known to contribute to cancer development by activating growth
factors through a mechanism of signal transduction (Hayashi,
Morimoto & Suga, 2012).

By constructing two libraries of thioester-macrocyclic peptides that
contained L or D N-(2-chloroacetyl)tyrosine (CIAC'Y or CIACPY) from
the template AUG-(NNK)n-UGC, where the codons AUG and UGC
were assigned to CIACYY or CIACPY, and cysteine residue respectively,
Hayashi and colleagues generated peptides of different conformation
due to the configuration of the initial amino acids (Hayashi, Morimoto
& Suga, 2012). Independent selection of libraries was performed on
Akt2, which was immobilized by the presence of hexaHis in the N-
terminal part, on Ni?*-NTA magnetic beads. In both libraries, peptides
with cycle members between 11 and 15 were found, some of which
had the same amino acid residues in the central region in a randomized
form. Among them, the peptide Pakti-L1 (Table 2), with 14 amino acid
residues, belonging to the CIAC'Y library, was found 28 times in the se-
lection step and was a highly selective inhibitor against Akt2 isoform,
with an ICsg of 110 nM. Unlike Pakti-L1, which is active only against
Akt2, Pakti-L2 and Pakti-L3 (other cyclopeptides from the same library)
are active against Akt1/2/3. Furthermore, Pakti-L2 and Pakti-L3 are se-
lective against Akt kinases, however, they are less specific with their tar-
gets when compared to the cyclopeptide Pakti-L1. On the other hand,
both peptides' libraries did not show similar sequences, despite having
started from the same mRNA sequence, a factor attributed to the Y-
initiator in the CIACY libraries, which allows a different conformational
sequence space when compared to of PY-initiator. This leads to different
amino acid sequences forming different conformations (Hayashi,
Morimoto & Suga, 2012).

The vascular endothelial growth factor receptor 2 (VEGFR-2) be-
longs to the VEGFR family, which are transmembrane tyrosine kinase
receptors that regulate the formation of blood and lymphatic vessels.
VEGFR-2 has a major role in mediating VEGF-induced responses and
is considered the earliest marker of endothelial cell development, as
well as directly regulates tumor angiogenesis. Suga and collaborators
show the selection of thioether-macrocyclized peptides against
VEGFR-2. The most potent selected peptide, L1 (Table 2), blocked
VEGF-induced human umbilical vein endothelial cell (HUVEC) prolif-
eration with an ICsg of 60 nM and inhibits the angiogenesis of HUVEC
in a tube formation assay (Kawakami et al., 2013). Other works that
show the application of mRNA display technology for the generation
of peptide libraries, as well as the selection against immobilized tar-
gets, are Goto, Ito, Kato, Tsunoda, & Suga, 2014 and Iwasaki et al.,
2015.

Antitumor peptides destroy the plasma membrane of neoplastic
cells through electrostatic interactions (Drayton et al., 2021); however,
other different alternatives can be explored through interactions of
cancer-related proteins and AMPs, by use of mRNA display technology.
Indeed, the plasma membrane lipid bilayer, directly or indirectly, con-
stitutes a target that can be druggable (Lirussi et al., 2023). Deregulated
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Fig. 3. Targets present in neoplastic cells that can be exploited for the development of antitumor peptides. These targets can be the receptors present in the plasmatic membrane (RTKs,
GPCRs, HER2), or intracellular targets such as the proteins involved in signaling life PI3K/Akt/mTOR, or p53 and its antagonist MDM2. Furthermore, the BCL2 protein can be exploited for
immobilization, as well as E6. RTK: receptor tyrosine kinases; GPCR: G protein-coupled receptor; PIP2: phosphatidylinositol 4,5-bisphosphate; PIP3: phosphatidylinositol (3,4,5)-trisphos-
phate; ubiquitin ligase E6-AP (E6-associated protein). This figure was created using Inkscape, version 1.3.0.

de novo lipid synthesis (DNLS) in glioblastoma (GBM) presents a
druggable potential. Therefore, the mRNA display technology can be
exploited in the development of peptides capable of acting on target en-
zymes in the process of forming the plasmatic membrane of neoplastic
cells. In addition, other cancer receptors or proteins key to cancer path-
ogenesis could be explored for the development of new drugs by mRNA
display screening.

In recent years, several peptides that bind to a specific cancer target
protein have been described, such as the synthetic peptide SKACP003
(FPLPCAYKGTYC, Table 3) (Selvarathinam et al., 2021). This peptide in-
hibits the growth of MDA-MB-231, MDA-MB-453, and MCF-7 breast
cancer cell lines through apoptotic mechanisms by selectively targeting
the cytoplasmic 3-catenin protein. Additionally, SKACP0O3 induces a
decrease in BCL-2 while increasing the expression of BAX, CASP-3,
CASP-8, and CASP-9 (caspases) gene (Selvarathinam et al., 2023). Fur-
thermore, when cells were exposed to the peptide, there was a reduc-
tion in the expression of Wnt/B-catenin targeting genes such as C-
Myc, P68, and COX-2, as well as a significant downregulation of CDK-4
and CDK-6 (Selvarathinam et al., 2023). CopA3 (PLPLPCPIPAPLPRPKPK-
NH,, Table 3) is a 9-mer dimeric D-type peptide with antitumor activity,
active against human colorectal cancer cells. This peptide can bind spe-
cifically to the MDM2 protein, suppressing the ubiquitination of p53, a
process mediated by MDM2. Consequently, CopA3 significantly de-
creases the interaction between p53 and its suppressor (MDM2), in-
creasing the concentration of p53 in the nucleus, resulting in cell
death by apoptotic mechanisms (Dey et al., 2023).

Recently, using an approach called peptide matrix technology, the
peptide P152 (CFMKRLRK, Table 3) was obtained from the fragments
of the EWI-2 protein, one of the main partners of CD81
(Suwatthanarak et al., 2023). P152 binds preferentially to the extracel-
lular loop presented in the CD81, preventing the migration of MDA-
MB-231 cells, which is one of the stages of metastasis (Suwatthanarak
et al, 2023).

The A11 peptide (Table 3) derived from annexin A1 (ANXA1), has
demonstrated the ability to decrease the stability and levels of
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programmed cell death ligand 1 (PD-L1), degrading it through the
ubiquitin-proteasome pathway. A11 competes with PD-L1
deubiquitinase USP7 for PD-L1 binding, promoting the ability of T cells
to kill breast cancer cells in in vitro tests, in addition to inhibiting
tumor immune evasion in xenograft tumors in mice (Yu et al., 2023).
Using a “3D-molecular-evolution” screening strategy, Zhang and col-
leagues developed a totipotent “all-in-one” peptide (TAP, sequence
TPE-SKDEEWHKNNFPLSPNTYYEDQG, where TPE is a
tetraphenylethylene motif, Table 3), that also acts on the PD-1/PD-L1
axis by self-assembly property. Once the PD-1/PD-L1 axis is blocked,
the complex formed by RNA binding motif protein 38 (RBM38) and eu-
karyotic translation initiation factor 4E (Rbm38-elF4E) is inhibited, acti-
vating p53 (Zhang et al., 2023).

Furthermore, the mRNA display technology can contribute to devel-
oping probes that can be used for cancer diagnosis through molecular
imaging of specific target expression, such as human epidermal growth
factor receptor type 2 (HER2). In recent work, Shi and colleagues devel-
oped a molecular probe targeting HER2 called **™Tc-HP-Ark2 (dimer of
DRPNPWPEPLPRPLPK, Table 3). The results demonstrated that, when
compared to the previous probes, it was able to increase its effectiveness
for the clinical detection of HER2 expression (Shi et al., 2023). Using a
similar approach, the small peptide LTVSPWY was labeled with
Technetium-99 m (°*™Tc) by an ethylenediaminediacetic acid/tricine
mixture and HYNIC as co-ligands, to produce [*°™Tc]Tc-HYNIC-LY
(Table 3). This complex is safe and viable for the identification of
HER2-positive lesions in patients with primary breast cancer, making
this peptide a valuable non-invasive approach to HER2-targeted ther-
apy (Biabani Ardakani et al., 2023). Another example is the HER2-
targeted herceptide peptide (RSLWSDFYASASRGP, Table 3), screened
from phage display, which was further conjugated to the near-
infrared (NIR) fluorescent dye indocyanine green (ICG) to obtain a
probe ICG-Herceptide, for used in NIR fluorescence imaging (Cao et al.,
2023).

Computational strategies can also be employed for studying targets
in neoplastic cells with the aim of developing mRNA display libraries.
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Bioinformatics tools can be applied to identify new targets with poten-
tial pharmacological applications in the treatment of various types of
cancer. From the analysis of data obtained through RNA-seq, a list of dif-
ferentially expressed genes (DGEs), as well as some biomarkers and
druggable targets, was identified in gastric cancer through analysis
and functional enrichment using the Database for Annotation, Visualiza-
tion, and Integrated Discovery (DAVID) tool (Yang, Bhat, Qazi, & Raza,
2023). Among these, a lower expression of the DLC1 gene was observed,
which represents higher recurrence risks and shorter survival rates in
patients with gastric cancer. Thus, DLC1 is a promising molecule for
the development of specific druggable targets for subsets of gastric can-
cer (Yang et al., 2023). Therefore, mRNA display technology can be em-
ployed for the development of specific probes for both the diagnosis and
treatment of various types of cancer. Furthermore, the examples men-
tioned here can be leveraged for the development of mRNA display li-
braries.

5. Peptides libraries and molecular targets in viruses: Potential
infection inhibitors

Viral infections are a significant global health concern, and the devel-
opment of new antiviral therapies is an area of active research. Peptides
have emerged as a promising class of antiviral agents due to their ability
to inhibit viral replication and entry into host cells. Due to the presence
of proteins in the viral capsid responsible for the entry of the virus into
the host cell, these targets can be exploited to prevent viral infection
(Fig. 4).

Recently, six cyclic peptides with affinity dissociation constant (Kp)
ranging from 15 to 550 nM, binding to the receptor binding domain
(RBD) of S-glycoprotein, were selected from three distinct libraries,
each containing over one trillion molecules, through mRNA display.
Among them, two cyclopeptides, 4 and 5 (Table 2), were the most active
against SARS-CoV-2 RBD, with Kp values of 15 nM and 96 nM,
respectively. Specifically, the cyclopeptide 4 demonstrated a higher
affinity with RBD, binding to a cryptic binding site, and displacing a -
strand near the C-terminus (Norman et al., 2021). In addition, other tar-
gets of SARS-Cov-2 can be explored using this technique, such as non-
structural protein 14 (nsp14). nsp14 is a bifunctional protein, as it con-
tains the 3’-to-5’ exoribonuclease (ExoN) and guanine-N7-methyl-
transferase (N7-MTase) domains. Recent data suggest that this protein
is essential for the replication of both Middle East respiratory syndrome
coronavirus (MERS-CoV) and SARS-CoV-2 (Mers-cov, Ogando,
Zevenhoven-dobbe, Van Meer, & Der, & Bredenbeek, 2020), which al-
lows the treatment of both diseases through mRNA display.

From a library based on 88 amino acid residue variants of the 10th
domain of human fibronectin type Il (10Fn3), antibody-like proteins
were developed that bind to the SARS-CoV nucleocapsid, modulating
the in vivo virus replication in a domain-specific way (Liao et al.,
2009). However, the growing number of SARS-Cov-2 variants capable
of evading the humoral protection conferred by exposure to the virus
itself or immunization (attenuated virus, mRNA vaccine, etc.) re-
quires the search for broadly reactive neutralizing antibodies
(nAbs), something that is already being pursued (Tanaka et al.,
2022). The examples demonstrate that the mRNA display technique
is important not only because it allows the design and selection of
candidate molecules but also a rapid response to pandemics, both
for treatment and diagnosis.

SARS-Cov-2 enters human cells through the interaction between its
capsid protein, S-glycoprotein (spike protein), and the receptor
angiotensin-converting enzyme 2 (ACE2) present on the surface of
host target cells. One way to combat the coronavirus is to inhibit its an-
chorage to its receptor, thus neutralizing the interaction between S-
glycoprotein and ACE2 (Saxena et al., 2022). This glycoprotein is an im-
portant target to be explored through the mRNA display technique,
aiming at the development of polypeptides with antiviral or diagnostic
potential.
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DENV and ZIKV belong to the Flavivirus genus (Flaviviridea family),
characterized by the presence of an approximately 11 kb long,
positive-strand RNA (+ ssRNA) linear virus molecule, which contains
a single ORF encoding a 3400 amino acid polypeptide flanked by two
non-coding regions (5’ and 3’ UTR) at the ends of the genome (de
Zanotto & de Leite, 2018). There are four DENV serotypes (DENV1,
DENV2, DENV3, and DENV4) capable of epidemic spread (Oliver, Carr,
& Smith, 2019). DENV infects different cell types, including mast cells,
epithelial cells, muscle cells, endothelial cells, dendritic cells, hepato-
cytes, monocytes, and bone marrow cells (Guzman, Gubler, Izquierdo,
Martinez, & Halstead, 2016). Several putative receptors have been pro-
posed for DENV, such as heparan sulfate, a type of glycosaminoglycan
(GAG), the lipopolysaccharide (LPS)-CD14 complex, the heat shock pro-
teins HSP70/90, the dendritic cell-specific intercellular adhesion
molecule-3-grabbing non-integrin (DC-SIGN), and the chaperone
GRP78, as well as the tyrosine-protein kinase receptor UFO (unidenti-
fied function) (AXL), which mediate the entry of the virus into host
cells (Nanaware, Banerjee, Bagchi, Bagchi, & Mukherjee, 2021). Addi-
tionally, other receptors such as phosphatidylserines (PS), T cells immu-
noglobulin (Ig) and mucin (TIM) receptors, the tyrosine-protein kinase
receptor (TYRO3), AXL, and the proto-oncogene tyrosine-protein kinase
MER (MERTK) (the TAM receptors) act as primary receptors or co-
receptors (Nanaware et al., 2021). The viral capsid proteins orchestrat-
ing virus-host interactions during entry are M and E. The E protein has
three domains (DI-DIII), with DIII being responsible for binding to
host receptors. To date, many mutations in this domain have been iden-
tified, affecting its binding to the receptor (Guzman et al., 2016). ZIKV is
also capable of infecting various types of cells and has been found in the
placenta, brain, eye, testicles, uterus, vagina, and body fluids such as
blood, tears, saliva, urine, semen, and cervical mucus, which increases
the risk of transmission through sexual contact (Ferraris, Yssel, &
Missé, 2019). Similar to DENV, ZIKV also has several identified recep-
tors, including DC-SIGN, TIM-1, and TAM receptors (Ferraris et al.,
2019). These receptors facilitate the entry of ZIKV into monocytes, mac-
rophages, neural progenitor cells (NPCs), and fetal cells (Mwaliko et al.,
2021). Among these receptors, AXL is suggested to play a pivotal role in
mediating ZIKV entry and is involved in cellular autophagy, which en-
hances viral replication in human skin fibroblasts (Hamel et al., 2015).
CHIKV belongs to the Alphavirus genus (Togaviridae family), and, like
the other two arboviruses mentioned, has a single-stranded RNA ge-
nome with positive polarity, with a size of 11.5 kb (Oliver et al., 2019).
It contains two ORFs, one encoding a nonstructural polyprotein that is
processed into four nonstructural proteins (NSPs), and the other
encoding a structural polyprotein expressed as a subgenomic RNA mol-
ecule (Higuera & Ramirez, 2019). CHIKV interacts with mammalian cell
receptors, including prohibitin (PHB), matrix remodeling-associated
protein 8 (MXRAS8), glycosaminoglycan (GAG) (as CHIKV can enter
GAG-free cells), DC-SIGN, and TIM1/4 (Khongwichit, Chansaenroj,
Chirathaworn, & Poovorawan, 2021). The E2 protein is considered the
major antibody neutralization target and is credited with the ability to
bind to cell receptors (Schnierle, 2019).

The HIV replicative cycle is divided into early and late phases. The
early phase begins with the virion binding to the cell surface and con-
cludes with the integration of the viral complementary DNA (cDNA)
into the host genome (Kirchhoff, 2013). HIV-1 infects CD4™" T cells
and macrophages through the interaction between gp120 and its
main surface receptor, CD4 (Engelman & Cherepanov, 2012). How-
ever, the virus requires C-C chemokine receptor type 5 (CCR5) and
the C-X-C chemokine receptor type 4 (CXCR4) co-receptors to enter
the cell. Different variants of HIV can interact with one or other che-
mokine receptors, but some can bind to both (Deeks, Overbaugh,
Phillips, & Buchbinder, 2015). After the second interaction, a hydro-
phobic region on gp41 is exposed and inserted into the plasma mem-
brane, allowing the cellular and viral membranes to come into close
proximity and create a fusion pore (Sudrez, Rocha-Perugini, Alvarez,
& Yafiez-M6, 2018). Once fusion occurs, the mature capsid is released
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Fig. 4. Targets present on the surface of virions that can be exploited for viral infection by inhibiting virus entry into host cells. On the left side of the panel, the human immunodeficiency
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proteins 70 and 90; GRP78: glucose-regulated protein 78. This figure was created using Inkscape, version 1.3.0.

into the cytoplasm of the newly infected cell (Campbell & Hope,
2015). From this point on, the p51 enzyme initiates the synthesis of
double-stranded DNA (dsDNA) through reverse transcription of the
virus's ssRNA, while the capsid migrates along microtubules toward
the nucleus (Novikova, Zhang, Freed, & Peng, 2019). The viral cDNA
is associated with proteins p12 (protease), p51 (reverse transcrip-
tase), p32 (integrase), and the viral protein R (Vpr), forming the
preintegration complex (PIC) (Archin, Sung, Garrido, Soriano-
Sarabia, & Margolis, 2014; Nisole & Saib, 2004). The PIC crosses the
nuclear pore complex (NPC) in a capsid protein (CA)-dependent pro-
cess, and the viral cDNA (provirus) is integrated into the host cell's
chromosome (Barré-Sinoussi, Ross, & Delfraissy, 2013). The late
phase begins after the transcription of the provirus, translation of
proteins, assembly, and release of viral particles (Kirchhoff, 2013).

6. Prospects and concluding remarks

Throughout this article, several examples have been given regarding
the potential that mRNA display technology holds for the development
of peptide-based drugs, particularly those with anticancer and antiviral
activity. One of the main advantages of mRNA display is that it provides
the selection of highly specific peptides for targets of clinical interest.
Therefore, this technology has unparalleled potential to revolutionize
the development of new medicines aimed at treating various types of
cancer, as well as preventing viral infections, in addition to several
other diseases in which interactions between proteins and receptors
occur. Furthermore, mRNA display can also be used in imaging, allowing
significant advances both in studying the spatial localization of proteins
(and other targets) in situ and in tracking protein binding sites. In this
way, mRNA display technology can be an important ally in precision
medicine, enabling personalized diagnoses and treatments, since essen-
tial targets in disease progression can be targeted by peptides capable of
acting specifically on these targets. Another advantage of this powerful
tool is its ability to improve the activity of bioinspired peptides, enhanc-
ing their activity against neoplastic cells, as well as inhibiting the entry
of viruses into host cells. Furthermore, with the increasing accumulation
of data generated by high-throughput sequencing of RNA and DNA and
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other “multi-omics” approaches, new potential targets have been eluci-
dated, which can be explored through mRNA display for the develop-
ment of new bioinspired drugs. Therefore, mRNA display is a
technique that promises to revolutionize the way both the search for
new medicines and the diagnosis and treatment of complex diseases
are carried out today.
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Microbial resistance is a major concern for public health worldwide, mainly because of the
inappropriate use of antimicrobials. In this scenario, antimicrobial peptides (AMPs) have emerged as
a potential therapeutic alternative means by which to control infectious diseases, because of their
broad spectrum of action. However, some challenges can make their clinical application problematic,
including metabolic instability and toxicity. Here, we provide a clear description of AMPs as promising
molecules for the development of unusual antimicrobial drugs. We also describe current strategies used
to overcome the main difficulties related to AMP clinical application, including different peptide

designs and nanoformulation.

Keywords: antimicrobial peptides; microbial resistance; chemical design; nanoformulation

Introduction

Antimicrobial compounds discovered dur-
ing the early 1920s significantly reduced
morbidity and mortality from infectious
diseases, and became a milestone in phar-
macology.' Penicillin revolutionized the
medical treatment of infections caused by
Gram-positive bacteria, such as Staphylo-
coccus and Streptococcus, and the arrival of
streptomycin allowed the control of TB.?
Since then, different groups of antibiotics
have been discovered,® such as sulfon-
amides, B-lactams, aminoglycosides, qui-
nolones, cyclic peptides, tetracyclines,

macrolides, amphenicols, and nitroimida-
zoles, among others.* Nevertheless,
according to the guidelines of the Clinical
& Laboratory Standards Institute (CLSI),
many antibiotics are no longer effective
in treating infections.® Thus, novel antimi-
crobials are urgently needed against patho-
gens of medical importance represented by
the acronym ‘ESKAPE’: Enterococcus fae-
cium, Staphylococcus aureus, Klebsiella pneu-
moniae, Acinetobacter baumannii,
Pseudomonas aeruginosa and Enterobacter
spp.”® The WHO classified these patho-
gens as critical, high, and medium priority

according to the urgency for new treat-
ments. The critical priority group includes
carbapenem-resistant A. baumannii and P.
aeruginosa, along with extended-spectrum
B-lactamase (ESBL) or carbapenem-
resistant K. pneumoniae and Enterobacter
spp- The high-priority group list includes
vancomycin-resistant E. faecium (VRE)
and methicillin and vancomycin-resistant
S. aureus (MRSA and VRSA).®

During the search for
antimicrobial therapies to combat resistant
pathogens, AMPs have emerged as a
potential approach.’ Also known as host

innovative
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defense peptides (HDPs), these molecules
represent one of the oldest innate defense
mechanisms in living organisms and have
wide diversity in terms of composition,
structure, and biological effects. '° They
show activity against Gram-positive and -
negative bacteria and other pathogens,
such as fungi, viruses, and parasites. AMPs
can also exert potent antibiofilm activity
against multiresistant bacteria.''"'* This is
of relevance to clinical medicine because
biofilms cause 80% of nosocomial infec-
tions, and are one of the biggest global
health concerns.

A biofilm is formed by a community of
microorganisms adhered to biotic surfaces,
such as epidermal cells, mucosal surfaces,
or to medical devices."”” They are sur-
rounded by a self-produced extracellular
polymeric substance (EPS), which includes
exogenous DNA, lipids, polysaccharides,
and proteins.'*'® Biofilms exert different
degrees of antimicrobial resistance com-
pared with bacterial planktonic cells of
the same species, being capable of reduc-
ing drug penetration and diffusion via
their intrinsic structural properties.'>'¢
Mechanisms of action by which AMPs
can act against biofilms include: (i) sup-
pression of cell signaling against stressful
environments by blocking the synthesis
of guanosine tetraphosphate (ppGpp) and
pentaphosphate (pppGpp) signal nucleo-
tides; (ii) negative regulation of gene
expression involved in biofilm formation.
They also trigger the negative regulation
of genes involved in the transport of bind-
ing proteins and increase the regulation of
the expression of icaR genes, responsible
for inhibiting biofilm production;'’ and
(iii) membrane disruption of already-
formed biofilms by membranolytic mecha-
nisms of action, leading to destruction of
the cell membrane.'* They can also have
antitumor activity or modulate the
immune response.” In addition, AMPs
have a low tendency to accumulate in tis-
sues, and are generally free of adverse
effects.'®

Several AMPs are in clinical and preclin-
ical trials against different infections,'”>!
and some have US Food and Drug Admin-
istration (FDA) and European Medicines
Agency (EMA) certifications for market
entry and clinical application.”>** Thus,
there is no doubt that AMPs remain
promising compounds for developing
alternative therapies toward microbial

infections and other diseases.* Although
the global market for AMPs is growing, it
is still small compared with the antibiotic
market, which was worth ~US$42.53 bil-
lion in 2021. The total revenue from
antibiotics is expected to grow at a com-
pound annual growth rate (CAGR) of
4.5% from 2022 to 2029, reaching almost
US$60.48 billion in 2029.** The global
AMP market was valued at US$5 million
in 2022 and is estimated to reach ~US$7
million by the end of 2029, growing at a
7% CAGR from 2023 to 2029.%° Currently,
more than 60 peptides have been
approved by the FDA and more than 400
are in clinical trials.”® Only seven of those
peptides have reached the market, and are
used mainly as topical medications and, in
some cases involving serious infections, as
injectables.”’

Despite their favorable features, AMPs
are usually unstable in the gastrointestinal
tract and other body fluids, have poor
absorption and distribution and fast meta-
bolic degradation and excretion, which
result in low bioavailability.”® Here, we
describe the development value of AMPs
for clinical applications and the most
promising strategies to design and deliver
novel AMPs to improve their physical
and chemical properties with the aim of
overcoming the difficulties associated with
the introduction of AMP oral and systemic
therapy.

Drawbacks and attempts in AMP
therapeutic development

Despite the great potential of AMPs and
their diverse therapeutic applications, only
a few have entered clinical practice.'®
Unfortunately, along with their positive
features, AMPs have some drawbacks
(Box 1). The biological functions of AMPs
are directly associated with their 3D struc-
ture.”” However, the sequence-structure—f
unction relationships are not well under-
stood.* Different physicochemical proper-
ties, such as hydrophobicity, hydrophobic
moment, net positive charge, amphi-
pathicity and helical propensity, have
been associated with the structure—func-
tion relationships underlying AMP biolog-
ical function.?” In addition, these features
provide numerous possible peptide
sequences, generating great structural and
functional diversity. To develop AMPs
with broad-spectrum activity and to over-

Box 1 Drawbacks in AMPs therapeutic
development. One of the main limitations
associated with the clinical use of AMPs is
their low bioavailability. Generally, these
molecules have difficulty crossing biologi-
cal membranes, such as the cell mem-
brane, intestinal mucosa or blood-brain
barrier, which can lead to poor absorption
at the site of action. Therefore, topical use,
intravenous, intramuscular or subcuta-
neous administration are the most com-
mon applications.”?*?* Chemical reactions
such as hydrolysis by gastric acid or diges-
tive enzymes also reduce absorption and
therefore bioavailability. Rapid
from the circulation by high hepatic and
renal clearance is also a significant obsta-
cle’?"?? The low selectivity is another

removal

issue associated with the clinical apllica-
tion. Generally, the low target specificity
of these molecules is associated with cyto-
toxicity, which may exert hemolytic activ-
ity.”°  Furthermore, interactions with
different targets or receptors may occur,
leading to side effects and possible risk of
immunogenic effects.'’

come these drawbacks, AMPs need to be
redesigned.®!

Among the computational approaches
developed so far for the prediction of
AMPs, there are conventional predictors
based on machine learning, such as
Antimicrobial Peptide Collection (CAMP),
iAMP-2L, and iAMPpred, which apply
machine learning algorithms to extracted
features of peptide sequences to identify
AMPs.*? Such tools require prior knowl-
edge of AMP structure and mechanism
because they use conventional machine
learning methods and have predesigned
features.>*> One of the main approaches
to designing AMPs is to rationally design
new peptides through curated insights
into antimicrobial activity, such as the
Joker algorithm. This algorithm makes it
possible to insert patterns into sequences
to quickly produce new AMP sequences.>*

There are also methods based on deep
learning, which use encodings of original
sequences as input. In some cases, the
sequence information obtained from
sequences by some third-party tools is
added, features are extracted, and classifi-
cation labels are produced through a

2 www.drugdiscoverytoday.com
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neural network structure.’” Deep learning
methods generally outperform conven-
tional methods in many bioinformatics
tasks.”> There are studies that use a
machine learning approach that selects
physicochemical characteristics within a
given domain of knowledge in a nonlinear
way, in addition to information on amino
acid replacement frequencies, to rationally
design AMPs.**

Deep learning models developed for
AMP prediction include bidirectional
long-term memory recurrent neural net-
works (RNNs), (Bi-LSTM) for AMP predic-
tion, and the Deep-AmPEP30 online
server, which applies a convolutional neu-
ral network (CNN) for AMP prediction,

among others. However, these servers have
certain restrictions, such as the size of pep-
tides or specificity, such as the develop-
ment of AMPs against a certain
microorganism.*> AMP design has been a
field of great interest for the development
of antimicrobial agents with boosted spec-
trum activity, improved in vivo half-life
and decreasing cytotoxicity or hemolytic
activity against mammalian cells.>>™®
There are different chemical modifica-
tions, such as specific substitutions and/
or additions to the amino acid sequence
(Figure 1), that can be used in combination
with analysis of AMP physicochemical
properties and computational approaches
for AMP prediction to boost the spectrum

activity and also overcome AMP

limitations.*’

Amino acid substitution strategies

Most AMPs comprise cationic, hydrophi-
lic, and hydrophobic amino acids arranged
in a molecule that can assemble into an
amphipathic structure.*” Generally, only
a few amino acids appear to be essential
for antimicrobial activity. The cationic
amino acids lysine and arginine (Lys/Arg)
have a positive charge that enables interac-
tion with the anionic surface of the micro-
bial cytoplasmic membrane. Tryptophan
(Trp) has a key role in the formation of
the amphipathic helical structures of
AMP. Single or multiple substitutions
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lle

T‘wag,
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FIGURE 1

Chemical design strategies to improve antimicrobial peptide (AMP) stability. In the center, the native peptide; in pink, the C and N-terminal modifications; in
yellow, stapling peptides (the sticks represent the stapling reaction); in purple, L- to -D isomerization; in green, amino acid residue replacement; and finally, in
beige, the cyclization. The red arrows indicate the position of the amino acid modifications.
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using these amino acid residues could
improve the antimicrobial activity,
increase the half-life, and decrease the
hemolytic activity. Therefore, amino acid
substitution has been widely used in AMP
optimization.*!

Natural amino acids have close analogs
that can effectively replace crucial residues
to modify rigidity and peptide conforma-
tion.**>** The AMP melittin, isolated from
bee venom, has strong antimicrobial activ-
ity.'” However, it also has high hemolytic
activity and, therefore, its clinical use is
limited. Previous studies have shown that
melittin Trp at position 19 is significantly
involved with its hemolytic activity.
Therefore, replacing Leu — Trp in this
position decrease the hemolytic activity,
whereas replacing Pro — Trp in the 14th
position improved the o-helical conforma-
tion and also reduced the hemolytic effects
compared with the parental peptide. These
sequence substitutions for Trp, one of the
most hydrophobic residues, appear to pro-
mote peptide—peptide interactions
induced by Trp-Trp interactions, resulting
in a decrease in the hemolytic activity of
the analog compared with melittin
activity.**

L- to -D heterochiral isomeration
strategies

Most amino acids can form two (L- and p-)
optically active (enantiomeric) forms,
which have different physiological and
biological activities.*' The incorporation
of amino acid residues in the p-amino acid
configuration is capable of significantly
improving the metabolic stability of bio-
logically active peptides, because human
and microbe proteinases exclusively recog-
nize r-amino acids (.-AAs), rather than p-
amino acids (D-AAs).*>*%** p-AAs promote
increased resistance to host proteinases,
which generally cleave 1-AA peptide
bonds, and can be used to change one or
more of them, or even the entire
sequence.'” This strategy was used in the
AMP protonectin, primarily isolated from
the venom of the wasp Agelaia pallipes,
with an amino acid sequence of
ILGTILGLLKGL-NH,. The peptide demon-
strated potent antibacterial and antifungal
activity with a membrane-active mode of
action but, unfortunately, it is susceptible
to protease.*® All the amino acid residues
were replaced with the corresponding p-
amino acids, and the analog demonstrated

greater stability against trypsin, chy-
motrypsin, and human serum compared
with the original peptide, comprising -
amino acids. In addition, the b-
enantiomer of protonectin (p-prt) exhib-
ited strong antimicrobial activity against
bacteria and fungi.*®

Another amino acid sequence, polybia-
CP AMP (ILGTILGLLKSL-NH,), was also
initially isolated from Polybia paulista wasp
venom.*” This AMP has antibacterial and
antifungal activity, in addition to antitu-
mor action. Nevertheless, polybia-CP is
susceptible to proteinases, which can
impair its pharmacokinetics.*”  The
replacement of all L-amino acids by b-
amino acids provided resistance to trypsin
and chymotrypsin degradation without
changing the antimicrobial activity.*’
The PDGu(7)-block-PBLK(13) it is an enan-
tiomeric block co-B-peptide comprising
two B-lactam monomers: a protected D-
glucose (DGup) B-lactam and a protected
cationic 1-lysine (BLKp) B-lactam, block
copolymerized in one shot. This co-p-
peptide is bactericidal against MRSA. It acts
on replication and, unlike classical antibi-
otics, is active against persistent MRSA
cells and biofilms. Furthermore, it is non-
cytotoxic and nonhemolytic in vitro.*

N- and C-terminal modification strategies
Another important issue is that different
amino acid residues at the N- or C-
termini directly influence proteolysis and
further peptide degradation. Residues,
such as Met, Ser, Ala, Thr, Val, and Gly,
at the N-terminus are more resistant to
degradation in the plasma, whereas Pro,
Glu, Ser, and Thr are more susceptible.
Modifications of the N- and C-terminal
sequences are widely used to modify and
improve AMP properties, such as enhanc-
ing the bioavailability without changing
the specificity and affinity of targeting.*>*°
Typical modifications include amidation
(C-terminus), acetylation and methylation
(N-terminus).*! Generally, the N-terminal
acetylation of an AMP increases its helicity
and prevents enzymatic degradation,
whereas  its  C-terminal amidation
enhances its structural stability and
antimicrobial activity. °° L1A AMP
(IDGLKAIWKKVADLLKNT-NH,) is a
mastoparan-like peptide, which exhibits
selective antibacterial activity against
Gram-negative bacteria without being
hemolytic. Peptide N-acetylation (ac-L1A)

showed that the helical content of the
peptide and also its lytic activity increased
in anionic lipid vesicles. N-terminus acety-
lation has a significant effect on the sec-
ondary structure of the peptide and its
insertion into the bilayer, favoring lipid
core bilayer perturbation by L1A, causing
higher membrane disruption.®’

Cyclization and stapling strategies
Cyclic peptides (cyclotides) can be found
in a variety of plants and have a head-to-
tail cyclized backbone and three conserved
disulfide bonds, creating a cyclic cysteine
knot motif.>? This structure confers greater
plasma and gastric fluid stability, oral
bioavailability and a variety of biological
activities.*! Furthermore, cyclotide struc-
tures exhibit considerable topological plas-
ticity, because changing the number and
type of amino acids in the loops does little
to distort the overall shape, making them
particularly amenable to molecular graft-
ing strategies.”>

Therefore, cyclization design is also
often used to improve antimicrobial effi-
cacy, increase the stability of peptides
and cell selectivity, and further reduce
host toxicity.>***>* One of the methods
used to generate cyclized peptides is the
formation of disulfide bonds (heterodetic
cyclization through a non-amide).
Heterodetic cyclization occurs via the oxi-
dation of cysteine (Cys) side-chain thiols,
which creates single or multiple disulfide
bridges. In addition, cyclic peptides can
be produced through amide bonds (ho-
modetic cyclization through an amide).*!
Lactamization can be used for the forma-
tion of stable cyclic AMPs. This strategy
involves the formation of intramolecular
peptide bonds to produce homodetic cyc-
lic peptides. Different modes for the for-
mation of additional peptide bonds
include head-to-tail, side chain-to-head/
tail, and side chain-to-side chain.*!

The AMP ZY4 is a cyclic peptide stabi-
lized by a disulfide bridge developed
based on the catelicidin-BF sequence, a
peptide isolated from Bungarus fasciatus
snake venom, which exhibits strong
and rapid antimicrobial activities. The
designed cyclic peptide showed excellent
activity both in vitro and in an animal
model against P. aeruginosa and A. bau-

mannii by permeabilizing the mem-
brane.’*  Cyclic derivates of the
immunomodulatory and  antibiofilm
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innate defense regulator peptide (IDR)-
1018 were designed based on three dif-
ferent synthetic strategies: head-to-tail
cyclization, side-chain-to-tail cyclization,
and a disulfide bond cross-linkage. All
three strategies enhance proteolytic sta-
bility and a decrease in vitro and in vivo
aggregation. Side-chain-to-tail cyclization
showed inflammation suppression capa-
bility and significantly reduced bacterial
loads in a high-density S. aureus murine
skin infection model.>®

Another widely used technique that has
the aim of improving proteolytic resis-
tance and increasing potency and cellular
permeability is peptide stapling.’® This
strategy has been used to support short
peptides in stable secondary structures,
which are mainly in o-helical conforma-
tions.>” Generally, a macrocycle peptide

is formed by linking two positions in the
peptide sequence through various chemi-
cal clamping methods, including disulfide
bonds, lactam bridges, triazole rings, or
hydrogen bond surrogate approaches.’”
The all-hydrocarbon peptide stapling strat-
egy [46] is one of the most recognized
techniques for peptide development. It is
performed through ring-closing metathe-
sis between olefin-bearing amino acids
and has been widely applied in the pro-
duction of short peptides with robust
pharmacological properties.*®

One example of stapling was its use
with  the peptide Bl-Leu (BI-L,
VKRFKKFFRKLKKLV-NH?2), a cathelicidin-
BF AMP found in Bungarus fasciatus snake
venom. This peptide showed anticancer
activity against drug-resistant cell lines,
such as MCF-7/ADM and K562/ADM, and

is considered a potential candidate for can-
cer therapy.” The design and synthesis of
various all-hydrocarbon stapled Bl-Leu
derivatives were proposed to improve the
pharmacokinetic properties of the pep-
tide.>” Researchers found that most stapled
derivatives showed a higher helicity level,
stronger protease stability, improved anti-
tumor activity, and low hemolytic activity.
The optimal derivatives, B1-L-3 and B1-L-
6, could be promising lead compounds
for the development of novel cancer
therapeutics.®”

Nanoencapsulation for AMP stability and
biodistribution improvement

Nanotechnology can be used to minimize
the disadvantages of natural and syn-
thetic AMPs. The delivery of drugs
through specialized vehicles (Figure 2)

Liposomes

Drug Discovery Today

Antimicrobial peptide
-

e

Au nanoparticles

Nanoformulation

Polymer

PEG formulation

FIGURE 2

Nanoencapsulation techniques for antimicrobial peptide (AMP) stability and biodistribution improvement. In yellow, the AMP; in green, lipid nanoparticles
(NPs; micelles and liposomes); in pink, silver (Ag) and gold (Au) NPs; in blue, polymer NPs, poly (ethylene glycol) (PEG) formulation.
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can improve the biological properties of
the therapeutic molecule,’ such as an
increase in the effectiveness of therapy,
direct administration to the target organ,
protection of the encapsulated peptide
from degradation, and reduction of toxic-
ity and adverse effects.”®” The conjuga-
tion of AMPs and nanoparticles (NPs) as
a type of carrier to deliver AMPs is an
effective solution for many problems asso-
ciated with AMP use.

Metal NPs have a large surface area:vol-
ume ratio, which makes it possible to load
a wide variety of molecules on their sur-
face.®” Metallic NPs commonly used in
the field of infectious diseases are silver
(Ag) and gold (Au)."°' AMPs conjugated
with AuNPs showed greater stability in
serum and in the presence of nonphysio-
logical concentrations of proteolytic
enzymes compared with soluble AMPs, as
well as low cytotoxicity against human
cells.®” The peptide indolicidin, when con-
jugated with AuNPs, demonstrated greater
efficacy in preventing cell adhesion and in
destroying biofilms formed by Candida
albicans in vitro compared with isolated
AuNPs and indolicidin, probably because
the peptide is protected from degradation
by proteases.®> AgNPs are one of the most
studied nanomaterials, because of their
own innate antimicrobial activity against
Gram-positive and -negative bacteria.
Indeed, Ag is a promising delivery system
for AMPs and one of the most popular
metals used in the synthesis of NPs.®*
Many studies related to the conjugation
of AgNPs and AMPs have obtained promis-
ing results. The AMP andersonin-Y1 was
first modified by adding a cysteine residue
to the N terminus (CAY1 peptide) and the
C terminus (AY1C peptide), to be later
conjugated with AgNPs. Conjugation of
AgNPs with a peptide containing cysteine
conferred stability to the nanopeptide con-
jugate. This nanoformulation system
increased binding of modified peptides to
AgNPs, and also increased their antimicro-
bial properties against various strains of
pathogenic bacteria, including K. pneumo-
niae. In addition, the hemolytic activity
of the conjugates was reduced.®®

In addition to metals, biodegradable
polymeric nanosystems can improve cell
penetration, intracellular retention, and
specific subcellular distribution of antimi-
crobial agents.®® In addition, water-
soluble synthetic polymers offer improved

solubility, biocompatibility and stability,
and extended circulation for the pay-
load.'” Several biodegradable polymers
have been used, such as poly (lactic acid)
(PLA), poly (glycolic acid) (PGA), poly
(lactide-co-glycolide) (PLGA), poly (capro-
lactone) (PCL) and poly (cyanoacrylate)
(PCA). As the hydrophilic segment, the
most used type is poly (ethylene glycol)
(PEG)."“° In addition to synthetic poly-
mers, there are many natural polymers,
such as DNA, cellulose, or chitosan.®”
PEGylation can promote a drastic reduc-
tion in cytotoxicity for a wide variety of
AMPs.?° Selective arginine PEGylation of
arginine-rich AMPs can reduce toxicity,
provides protection against serum pro-
teinases, and further allows the stable
release of the AMP bioactive form.®’
Derivatives of AMP esculentin-1 encapsu-
lated in PLGA NPs coated with poly (vinyl
alcohol) demonstrated better transport
through an artificial pulmonary mucus
and bacterial barrier and exhibited a four
to 17-fold increase in activity in a mouse
model with in vivo lung infection.®®

Lipid NPs are the most commonly used
vehicle for AMP delivery and can vary
from liposomes and micelles to liquid
crystalline NPs. They generally provide
high  biocompatibility, safety, and
biodegradability, decreasing the chances
of cytotoxicity and accumulation that
can arise in organs when using other
NPs.” Liposomes have been used for dec-
ades in drug delivery. They are lipid
bilayer vesicles, usually comprising phos-
pholipids, or other lipids and membrane
components.” For example, the liposome
LL-37 coated with PEG demonstrated less
toxicity and increased antiviral activity
compared with free AMP. The formula-
tion demonstrated long-term stability, in
addition to a high encapsulation yield,
which are favorable physicochemical
properties.®”

Concluding remarks and prospects

Microbial resistance is a significant threat
to global health, because it hinders the
treatment of infectious diseases, resulting
in increased hospitalization, higher medi-
cal costs, and elevated mortality. Given
that most conventional antibiotics are no
longer effective in combating some infec-
tious diseases, new treatment strategies
are being investigated. AMPs have great
potential as alternative therapeutic agents

in this scenario, because of their biological
activities against pathogenic and drug-
resistant microorganisms. Nonetheless,
they have some negative features, such as
systemic toxicity, susceptibility to protease
degradation, short half-lives, and rapid
renal clearance, which limit their clinical
progress.

In this regard, chemical modifications
and delivery systems have been reported
to improve AMP pharmacokinetics.
Approaches such as the incorporation of
the p-amino acid configuration, N- and
C-terminal modifications and cyclization
design, are used to improve AMP stability
and bioavailability and to decrease their
toxicity. AMP nanoencapsulation can also
be used to improve AMP biological prop-
erties. Metal NPs, polymeric nanosystems,
and lipid NPs can protect the encapsu-
lated peptide from degradation and toxic-
ity. They can also reduce adverse effects
and improve effectiveness. In the coming
decades, all these strategies could be used
to develop more potent and ‘personal-
ized’ drugs for each patient, reducing
adverse effects and enhancing their
effectiveness.
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