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RESUMO

Serratia marcescens € uma bactéria gram-negativa patogénica nosocomial
oportunista com resisténcia intrinseca e adquirida a diversas classes de antibidticos.
Vacinas sdo um meio eficiente, rapido e com o melhor custo-beneficio para proteger
de uma variedade de doencgas graves e de suas complicagdes. A abordagem de
Vacinologia Reversa permite a identificagao de potenciais alvos de vacina através de
analises computacionais, reduzindo o tempo e dinheiro gastos em relagdo as
abordagens tradicionais. Neste estudo, a abordagem de vacinologia reversa e
subtracdo protebmica foi realizada contra 49 proteomas de S. marcescens
depositados no NCBI para a identificagao de potenciais alvos de vacina. Um total de
5 proteinas eram conservadas entre as cepas, tinham perfil de essencialidade,
resisténcia ou viruléncia e se encontravam na porcao extracelular da bactéria, além
de serem antigénicas. Destas proteinas, foram identificados 7, 16 e 12 epitopos de
MHC-I, MHC-lIl e células B, respectivamente, considerados antigénicos,
imunogénicos, conservados, hidrofilicos, ndo téxicos e nao alergénicos. Esses
epitopos de MHC-I, MHC-II e de células B foram selecionados e ligados através de
linkers entre si e com adjuvantes, compondo 4 modelos de vacina, denominados
SMV1, SMV2, SMV3 e SMV4. A estrutura secundaria e terciaria dos modelos de
vacina foram analisadas, assim como sua antigenicidade, toxicidade, alergenicidade
e hidrofilicidade. Os modelos foram dockados com o complexo TLR4-MD2. O modelo
SMV4, que possuia o adjuvante de proteina ribossomal 50s L7/L12 apresentou a
melhor afinidade de ligacdo. Em seguida, a vacina SMV4 foi analisada para a
identificacdo de epitopos conformacionais de linfocitos B e utilizada em duas
simulagdes: uma simulagdo molecular de dinamica e uma simulagédo imune. Analises
in silico de tradugéo reversa, adaptacao de codons e clonagem através do vetor pET-
28a (+) foram realizadas, e a constru¢gdo mostrou-se estavel para futuras analises de
expressao em E. coli K12. Embora, a vacina SMV4 se mostra como um candidato
promissor, mais estudos laboratoriais para definir sua real seguranga e eficacia sao

necessarios.

Palavras-chave: Serratia marcescens. Vacinologia Reversa. Resisténcia

antimicrobiana.



ABSTRACT

Serratia marcescens is a nosocomial opportunistic gram-negative bacterium with
intrinsic and acquired resistance to several antibiotic classes. Vaccines are an efficient,
fast way to improve public health with a great cost-benefit. Reverse Vaccinology allows
the identification of potential vaccine targets through computational analysis, reducing
time and money spent in vaccine development. In this study, Reverse Vaccinology and
Subtractive Proteomics were utilized to identify potential vaccine targets of 49 S.
marcescens proteomes recovered from NCBI. Five proteins were conserved between
strains and were associated with essential, resistance or virulence functions. Those
proteins were present in the extracellular environment and were antigenic. A total of 7,
16 and 12 MHC-I, MHC-II and B cell epitopes, respectively, were identified from those
5 proteins. These epitopes were antigenic, immunogenic, conserved, hydrophilic,
nontoxic, and non-allergenic. The MHC-I epitopes, 12 MHC-II epitopes and 12 B cell
epitopes were conjugated among themselves and with adjuvants with the help of
linkers, creating four vaccine constructs. The secondary and tertiary structure of the
vaccine constructs were analyzed, along with their antigenicity, toxicity, allergenicity
and hydropathicity. All the four models were docked Against TLR4-MD2 complex and
the SMV4 model, which had the 50s ribosomal protein L7/L12 had the better binding
affinity. The protein was in silico reverse-translated and was codon adapted to E. coli
K12. The protein was also in silico cloned in the vector pET-28a (+). Although SMV4
is a promising vaccine candidate, further experimental validation is necessary to

confirm its safety and efficacy.

Key words: Serratia marcescens. Reverse Vaccinology. Antimicrobial Resistance.
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1 INTRODUGAO

Os resultados obtidos no trabalho descrito adiante geraram um artigo cientifico
internacional intitulado “A systematic Immuno-Informatic Approach to Design a
Multiepitope-Based Vaccine Against Emerging Multiple Drug Resistant Serratia
marcescens”, publicado na revista Frontiers in Immunology, (Fator de Impacto: 8.786),
em 2022, sob o0 DOI: 10.3389/fimmu.2022.768569.

Os antibioticos foram responsaveis por uma grande revolugdo na medicina a partir da
segunda metade do século 20, tratando diversas infecgbes ocasionadas por bactérias
até entdo incuraveis e se tornando rotineiramente utilizados na pratica médica
(HUEMER et al., 2020). Concomitantemente com o aumento do uso de antibibticos, a
resisténcia antimicrobiana (AMR) surgiu e se disseminou, e, infelizmente, nao foi
acompanhada pelo surgimento de novos antibidticos, causando um grande risco de
falha de tratamento, relapso e aumento da taxa de mortalidade dos pacientes. Essa
situagdo ocasionou um grande problema de saude publica, além de ser um grande
desafio social e econémico para organizagdes globais (BLOOM et al., 2018; HUEMER
et al., 2020; JANSEN; ANDERSON, 2018; MICOLI et al., 2021; MURRAY et al., 2022).
Estima-se que até 2050, a resisténcia antimicrobiana causara 10 milhdes de mortes e
uma perda cumulativa de até $100 trilhdes, levando a Organizagdo Mundial de Saude
(OMS) a direcionar seus esforgos e tragar estratégias para a prevengao e combate a
disseminacao da AMR. Adicionalmente a descoberta por novos farmacos, busca-se o
desenvolvimento de novas estratégias para o combate das bactérias AMR, como a
producdo de vacinas. (ASLAM et al., 2021; BLOOM et al., 2018; JANSEN;
ANDERSON, 2018; LOPEZ-SILES; CORRAL-LUGO; MCCONNELL, 2021; MICOLI et
al., 2021).

1.1 Serratia marcescens

A espécie Serratia marcescens foi descoberta em 1819, na ltalia, através de um
evento conhecido como “polenta sangrenta”. Em julho de 1819, na regido de Padua,
uma onda de calor e umidade maior que o normal fez com que a polenta — um prato
tradicional da regido — adquirisse a coloragcdo vermelha. As familias camponesas
acreditavam que este evento estava associado com espiritos malignos. A policia foi
chamada e enviou uma amostra para a Universidade de Padua, onde Bartolomeo

Bizio, um farmacéutico, conseguiu cultivar a bactéria, erroneamente categorizando-a
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como um fungo (MAHLEN, 2011). Atualmente, sabemos que se trata de uma
enterobactéria em forma de bacilo, extremamente plastica, podendo sobreviver no
solo, agua e alimentos (como a polenta), além de ser capaz de infectar plantas,
invertebrados e vertebrados, incluindo seres humanos (MAHLEN, 2011). Sua alta
adaptabilidade a permite causar uma variedade de infec¢des, incluindo infecgoes
respiratdrias, urinarias, oculares e na pele, além de ser capaz de causar sepse e
meningite em pacientes imunocomprometidos ou hospitalizados (Figura 1)
(FERREIRA et al., 2020; KHANNA; KHANNA; AGGARWAL, 2013).

Figura 1. Infecgdes comuns por S. marcescens.

Sist. Respiratdrio . .
Sist. Urinario Sist. Gl

Fonte: Autoria propria.

Os principais fatores de risco para aquisi¢cao da infecgao por S. marcescens parecem
ser a baixa imunidade presente em neonatos, pacientes idosos ou
imunocomprometidos; o tempo de estadia durante hospitalizagdes; ma administracao
de antibidticos e utilizacdo de equipamentos invasivos como cateteres venosos,
intraperitoneais ou urinarios, além de equipamentos de ventilagdo mecanica
(CRISTINA; SARTINI; SPAGNOLO, 2019).

A utilizacdo de antibidticos B-lactamicos, como os carbapenémicos, € preconizada
para o tratamento de enterobactérias. No entanto, a disseminacao de resisténcia aos
antimicrobianos preconizados tem feito com que diversos surtos de infecgdo ocorram
em hospitais. Até o momento, o melhor manejamento clinico para enterobactérias
resistentes nao foi estabelecido, embora algumas abordagens como o tratamento com
polimixinas, tigeciclinas ou aminoglicosideos e a combinagdo de drogas diferentes
tenham sido propostas (TRECARICHI e TUMBARELLO, 2017). Estudos recentes

mostram que a resisténcia a estes antibiéticos de ultimo recurso ja esta presente em
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ambientes hospitalares, chegando a 35% dos isolados, em alguns casos (GIACOBBE,
et al., 2015).

A espécie S. marcescens apresenta resisténcia intrinseca e adquirida a diversas
classes de antibidticos, que dificultam seu tratamento (FERREIRA et al., 2020), além
de fatores de viruléncia que permitem sua sobrevivéncia em equipamentos
hospitalares, facilitam sua transmissao entre pacientes e facilitam a transferéncia
horizontal de genes (SANDNER-MIRANDA et al., 2018). Diversos estudos
demonstram um aumento no numero de casos de infecgdes multirresistentes por
cepas de S. marcescens ao redor do mundo, normalmente relacionados surtos em
Unidades de Terapia Intensiva (UTIs), com progndstico clinicos severos e uma alta
taxa de mortalidade (ENGEL et al., 2009; FERREIRA et al., 2020; KHANNA; KHANNA;
AGGARWAL, 2013; KIM et al., 2015; MORADIGARAVAND et al., 2016). Além disso,
S. marcescens corresponde a 15% de todos os isolados de infecgcdes nosocomiais em
UTINs (GASTMEIER, et al., 2007). Neste contexto, S. marcescens se encontra na lista
das 12 espécies prioritarias da Organizagdo Mundial de Saude de bactérias
multirresistentes com maior ameaga a saude humana e que exigem o
desenvolvimento de novas abordagens terapéuticas e profilaticas (Organizagéo
Mundial de Saude, 2021).

1.1.1 Resisténcia antimicrobiana de S. marcescens

A espécie S. marcescens possui resisténcia intrinseca, isto é, codificada
cromossomicamente, a diversos antibidticos como: penicilinas, cefalosporinas,
macrolideos, glicopeptideos, rifampicina e colistina (CHEN et al., 2003; CRISTINA,;
SARTINI; SPAGNOLO, 2019; MAHLEN, 2011; PARENTE et al., 2016; RUIZ et al.,
2003a). Além disso, € conhecida por ter adquirido resisténcia a tetraciclina, diversos
agentes [3-lactdmicos, aminoglicosideos, quinolonas e tetraciclinas (BARCHIESI et al.,
2012; FERREIRA et al., 2020; HUANG et al., 2021; IGUCHI et al., 2014; KHANNA;
KHANNA; AGGARWAL, 2013; MAHLEN, 2011; PARENTE et al., 2016).

Um patogeno pode se tornar resistente ao antimicrobiano através da redugéo da
concentracdo intracelular da molécula, modificagdo do alvo de acdo ou

modificagao/inativagdo da molécula (Figura 2) (BLAIR et al., 2015).
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Figura 2. Mecanismos de resisténcia.

\. Moadificagédo
W\ do alvo

Redugdo da
concentragdo
intracelular

Modificagdo
do antibiético

Fonte: Autoria propria.

A reducédo da concentragao intracelular do antibidtico pode ser atingida de duas
principais formas: reducao da permeabilidade de membrana e através de bombas de
efluxo (MUNITA; ARIAS, 2016).

A entrada de moléculas hidrofilicas, incluindo antibidéticos como B-lactédmicos,
tetraciclinas e algumas fluoroquinolonas é severamente afetada por mudancas na
permeabilidade de membrana de bactérias gram-negativas (PAGES; JAMES;
WINTERHALTER, 2008). A mudancga de permeabilidade celular ocorre principalmente
por conta de modificagdes nas porinas, proteinas que atuam como canais de
membrana (NIKAIDO, 2003; PAGES; JAMES; WINTERHALTER, 2008). Estas
modificagdes incluem a mudancga no tipo de porina expressa, diminuicdo do nivel de
expressao de porinas ou mutagdes que levam a perda de fungéo da porina (NIKAIDO,
2003). Em S. marcescens, acredita-se que a perda de fungcdo de porinas esteja
associada com um aumento de resisténcia aos antibidticos [-lactamicos,
principalmente quando essa perda de funcdo de porinas esta combinada com a
presencga de B-lactamases (CAl et al., 2008; RUIZ et al., 2003b).

Bombas de efluxo consistem em um sistema proteico responsavel pela extrusdo da
molécula antibiética do meio celular, podendo ser substrato especifico ou, mais
comumente encontrado em bactérias MDR, com um amplo espectro de substratos
(POOLE, 2005). Este mecanismo ¢é responsavel pela resisténcia de diversas classes
de antimicrobianos, incluindo B-lactamicos, carbapenémicos, fluoroquinolonas e

polimixinas (MUNITA; ARIAS, 2016). Interessantemente, os genes codificantes para
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bombas de efluxo podem estar localizados em Elementos Genéticos Méveis (MGES)
ou no cromossomo bacteriano. Os MGEs sado responsaveis por transferéncias
horizontais de diversos genes, inclusive genes de resisténcia, entre diferentes
microrganismos (FROST et al., 2005). Estas transferéncias horizontais podem ocorrer
através 3 mecanismos diferentes: transformacdo (coleta de DNA do ambiente),
transducédo (transferéncia de DNA através de um vetor bacteriéfago) e conjugacgéo
(transferéncia de DNA dependente de contato célula-célula, normalmente mediada
por plasmideos e transposons) (RANKIN; ROCHA; BROWN, 2011). Bombas de efluxo
presentes no cromossomo bacteriano pode explicar a resisténcia intrinseca de
algumas bactérias para diversas classes de antibidticos (MUNITA; ARIAS, 2016;
POOLE, 2005). Bombas de efluxo sdo categorizadas conforme seu mecanismo de
acgao, sendo RND (Resistance Nodulation Cell Division Superfamily) a principal familia
de bombas de efluxo em bactérias gram-negativas, um sistema tripartite cuja forga
motriz para a extrusdo de molecular parece ser o potencial eletroquimico de prétons
(Figura 3) (TOBA et al., 2019). Em S. marcescens, 3 bombas de efluxo RND (SdeAB,
SdeCDE, SdeXY) foram descritas, sendo associadas com resisténcia intrinseca a
fluoroquinolonas, cloranfenicol, novobiocina, SDS e brometo de etideo e baixa
susceptibilidade a ciprofloxacina, tigeciclina, tetraciclina e cefpiroma (FERREIRA et
al., 2020; TOBA et al., 2019). Além disso, um novo estudo demonstrou que a presenca
de uma bomba de efluxo homdloga a MacAB (bomba de efluxo tipo ABC) em S.
marcescens diminuia a sensibilidade do patégeno a aminoglicosideos e polimixinas e

estava associada com motilidade e formagao de biofilme (SHIRSHIKOVA et al., 2021).
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Figura 3. Bomba de efluxo RND genérica.

Membrana externa

Membrana interna

Fonte: Autoria propria

A modificagdo do alvo de uma molécula antibidtica ocorre através de 4 principais
mecanismos: protecao do sitio alvo, através da producio de pequenos peptideos que
se ligam ao sitio alvo de maneira competitiva; mutagdes pontuais no sitio alvo ou
alteracdes enzimaticas no sitio alvo, dificultando a atuacéo do antibidtico; substituicao
do alvo original, por exemplo, ao utilizar proteinas homélogas para a mesma fungéo
molecular mas que nédo sao inibidas pela molécula antimicrobiana (MUNITA; ARIAS,
2016).

A estratégia mais bem sucedida consiste na inativagao (através de modificagdes como
acetilacédo, fosforilagdo e adenilagdo) ou destruicdo da molécula antibidtica,
impedindo-o de interagir com seu alvo (MUNITA; ARIAS, 2016). S. marcescens é
conhecida por carregar genes de resisténcia que promovem a acetilagdo de
antibiéticos aminoglicosidicos ou fluoroquinolonas (FERREIRA et al., 2020;
MORADIGARAVAND et al., 2016). O exemplo mais conhecido para a destruicdo de
antibidticos talvez seja a produgao de B-lactamases, enzimas presentes naturalmente
em algumas bactérias e que desde a invencdo da penicilina, tem se disseminado
amplamente em diversos grupos taxonémicos (D’COSTA et al., 2011). Mais de 1000
B-lactamases ja foram descritas na literatura e sua classificacao é feita principalmente
pelo sistema de Ambler, dividindo-as em 4 grupos (A, B, C e D) (BUSH, 2013).

A classe A possui um grande leque de enzimas, incluindo penicilinases (capazes de
hidrolisar apenas penicilinas, como TEM-1 e SHV-1), ESBLs ([Extended-Spectrum
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Beta-Lactamases] como CTX-M) e carbapenemases como KPC (Klebsiella
pneumoniae carbapenemase) (MUNITA; ARIAS, 2016). Enzimas ESBL sao capazes
de hidrolisar penicilinas, cefalosporinas de 32 geragao (sua principal caracteristicas) e
monobactamicos, mas possuem baixa atividade contra carbapenémicos e
cefamicinas (SIROT et al., 1987). Em contraste, carbapenemases s&do enzimas
capazes de degradar carpanémicos e s&o divididas em serino-carbapenemases e
metallo-carbapenemases (TZOUVELEKIS et al., 2012). A classe B consiste em
enzimas conhecidas como metallo-B-lactamases, pois utilizam ions metalicos como
cofatores enzimaticos, e sao bastante semelhantes com as carbapenemases da
classe A (QUEENAN; BUSH, 2007). A classe C de B-lactamases confere resisténcia
a todas as penicilinas e cefalosporinas (JACOBY, 2009), e a classe D possui uma
grande variedade de enzimas, inicialmente diferenciada das penicilinases da classe A
devido a sua capacidade de hidrolisar oxacilina (EVANS; AMYES, 2014). S.
marcescens carrega um gene de AmpC, uma [3-lactamase de classe C, em seu
cromossomo, conferindo resisténcia intrinseca a penicilinas e cefalosporinas
(MAHLEN, 2011). Sua resisténcia adquirida a demais classes de B-lactamicos, como
carbapenémicos, se deve a aquisicdo de carbapenemases como KPC e os genes
OXA (FERREIRA et al., 2020; HUANG et al., 2021).

1.1.2 Mecanismos de viruléncia de S. marcescens

Fatores de viruléncia consistem em um grande e variado grupo de moléculas
produzidas por microrganismos patogénicos, como toxinas e enzimas hidroliticas, que
conferem a habilidade de burlar as defesas do hospedeiro, estimulam a proliferacao

bacteriana e causam doencas (Figura 4) (LEITAO, 2020).

Figura 4. Propriedades dos fatores de viruléncia.

Hemdlise celular il
Multiplicagdo

Escape imune
P! Doengas

Fonte: Autoria propria.
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Um caminho importante da patogénese de S. marcescens é o caminho RssAB-FIhDC-
ShIBA. ShlA consiste numa hemolisina capaz de formar poros quando expressa junto
com ShiB, responsavel por sua ativacdo, sendo responsaveis por causar
citotoxicidade em diversas células eucarioticas, incluindo células vermelhas do
sangue, epiteliais e fibroblastos (SHIMUTA et al., 2009). FIhDC s&o responsaveis por
controlar a biogénese flagelar, formacao de biofilme, swarming e é responsavel por
regular positivamente a expressao de ShIBA, fazendo com que o patégeno se torne
mais virulento ao ter FIhDC ativo (MAHLEN, 2011). O sistema bipartite RssAB é
responsavel por regular negativamente FIhDC, promovendo a formagéo de biofilme
bacteriano, inibindo o swarming e reduzindo a quantidade de hemolisina produzida
(MAHLEN, 2011). Outro fator de viruléncia importante de S. marcescens é a
fosfolipase PhIA, responsavel por perturbar as membranas celulares, resultando em
hemolise e morte celular (SHIMUTA et al., 2009).

S. marcescens é capaz de realizar um movimento coletivo conhecido como swarming,
um comportamento onde um grande grupo bacteriano se locomove sob uma
superficie umida, incluindo equipamentos médicos, aumentando a sobrevida do
grupo, diminuindo a eficacia de antibidticos e ativando outros fatores de viruléncia,
incluindo hemolisinas (YANG et al., 2017). A formagao de biofilme e a capacidade de
swarming € dependente de um sistema de comunicagédo célula-célula, conhecido
como QS (Quorum Sensing) (MAHLEN, 2011). Em S. marcescens, a comunicagao
célula-célula por QS ocorre principalmente através da expressédo dos genes swr, que
consistem em um sistema de QS semelhante ao sistema LuxIR (MAHLEN, 2011). O
sistema LuxIR foi previamente descrito em Vibrio fischeri, e possui homélogos em
diversas espécies de bactérias gram-negativas. O sistema utiliza moléculas N-acil
homoserina lactonas (Acyl-Homoserine Lactones) para conseguir identificar a
densidade populacional bacteriana no local (ABISADO et al., 2018).

1.2 Vacinas

A vacinacéo foi uma tecnologia revolucionaria na medicina, salvando milhdes de vidas
ao longo de anos e que representa um dos meios mais eficientes, rapidos e com o
melhor custo-beneficio para melhorar a saude publica, além de ser uma maneira

plausivel de erradicar diversas doencgas infecciosas (LATA et al., 2018).
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A histéria da vacinacéo data do final do século XVIII, com os experimentos de Jenner,
gue inoculava a variola de vacas em humanos para conferir protecdo contra a variola
humana (PLOTKIN, 2014). A atenuagao de microrganismos virulentos consistiu a
primeira ideia para o desenvolvimento de vacinas, seguido da inativagao completa do
microrganismo, através de morte induzida por calor ou tratamentos quimicos, por
exemplo (PLOTKIN, 2014). O desenvolvimento de estudos gendmicos levaram ao
surgimento de abordagens como a vacinologia reversa, a subtragao protedmica e a
modelagem de proteinas de interesse vacinal. As abordagens de vacinologia reversa
e subtragcdo protedmica sdo chamadas assim pois, ao contrario da metodologia
tradicional, ndo exigem a cultura do microrganismo, apenas os dados genémicos do
mesmo. Sao especialmente Uteis para o desenvolvimento de vacinas proteicas ou de
subunidades, pois permitem a identificagdo in silico de antigenos imunogénicos e
alvos de drogas. Estas abordagens, além de reduzirem drasticamente o tempo e gasto
econdmico (Naz et al., 2020), garantem maior estabilidade e seguranga durante o
desenvolvimento de vacinas (MOXON; RECHE; RAPPUOLI, 2019). Isto é
especialmente interessante pois as vacinas de subunidades contém diversos
componentes imunogénicos especificos contra o patégeno e favorece o
desenvolvimento de uma imunizagdo mais ampla e eficiente contra o patdégeno, além
de auxiliar no problema de cobertura vacinal caso ocorram mutagdes no patégeno
(RAHMAN et al., 2020). Além disso, vacinas que utilizam epitopos sé&o responsaveis
por desencadear respostas celulares e humorais mais eficientes (BIBI et al., 2021). A
imunidade celular € mediada por linfécitos T auxiliares (Helper T Lymphocytes),
responsaveis por desencadear as respostas imunes através de citocinas e por
linfécitos T citotdxicos (Cytotoxic T Lymphocytes), responsaveis por eliminar células
infectadas com patogenos (KRONKE et al., 1982). A imunidade humoral consiste na
imunidade desenvolvida apés o encontro de um antigeno com um linfocito B,
resultando na producdo de anticorpos, que irdo facilitar a identificacdo e destruicdo do
antigeno (KANELLOPOULOQOS; OJCIUS, 2019).

A primeira aplicagcdo destas abordagens in silico foi para o desenvolvimento de uma
vacina contra o sorogrupo B da bactéria Neisseria meningitidis (MenB) (PIZZA et al.,
2000) e, deste entédo, tem sido utilizada para a identificagcdo de numerosos candidatos
de vacina contra patégenos bacterianos, incluindo Mycroplasma pneumoniae
(RODRIGUES et al., 2019), Pseudomonas aeruginosa (SOLANKI; TIWARI; TIWARI,
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2019), Mycobacterium tuberculosis (MONTERRUBIO-LOPEZ; GONZALEZ-Y-
MERCHAND; RIBAS-APARICIO, 2015) e Acinetobacter baumannii (SOLANKI,
TIWARI, 2018).

O desenvolvimento de vacinas contra bactérias tem um longo histérico de falhas
durante os Uultimos testes clinicos. Acredita-se que o principal desafio para o
desenvolvimento de vacinas contra bactérias seja a alta variabilidade genética entre
serotipos (BEKEREDJIAN-DING, 2020). No entanto, estudos e experimentos médicos
prévios sugeriram que S. marcescens poderia ser utilizada para o desenvolvimento
de vacinas. Field e colaboradores (FIELD; ALLEN; FRIEDMAN, 1970) realizaram um
experimento de imunizagdo em camundongos adultos com lipopolissacarideos (LPS)
antigénicos de S. marcescens e com os patégenos mortos por calor. Observaram uma
rapida presenca de células produtoras de anticorpos especificos contra o patégeno
no bago, timo e nos linfonodos mesentéricos. Posteriormente, Kreger e colaboradores
(KREGER et al.,, 1986) demonstraram que a severidade de doengas corneas
induzidas por S. marcescens é consideravelmente reduzida através da imunizacao
com endotoxinas lipopolissacarideas ou com proteases da bactéria. Kumagai e
colaboradores (KUMAGAI; OKADA; SAWAE, 1992) demonstraram que a protegéo
contra infecgdes experimentais de S. marcescens em camundongos podia ser atingida
através da inoculagdo de amostras mortas com formalina ou de bactérias viaveis da
mesma cepa, sugerindo que a imunidade humoral e celular estavam associadas com
a protecao contra a infecgao sistémica causada pela bactéria.

Apesar destes estudos, atualmente ndo existe uma vacina comercial disponivel para
S. marcescens. Além disso, poucos estudos sistematicos para a identificacdo de

potenciais alvos de vacina contra o patdgeno foram realizados.
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2 OBJETIVO GERAL

Projetar uma vacina de subunidades contra S. marcescens através de abordagens

computacionais, usando protedmica subtrativa e vacinologia reversa.

2.1 Objetivos especificos

Coletar dados de sequenciamento completo de diversas cepas de S.
marcescens depositadas no NCBI e identificar proteinas conservadas.
Identificar proteinas essenciais, de resisténcia e de viruléncia, presentes no
ambiente extracelular, com caracteristicas antigénicas e de facil purificagao e
que nado possuam homologia com proteinas humanas ou da microbiota
intestinal.

Identificar epitopos de linfécitos B e de linfocitos T e analisar as caracteristicas
de imunogenicidade, antigenicidade, hidropaticidade, conservagéao, toxicidade,
alergenicidade e indugéo de IFN-y.

Realizar o docking molecular dos epitopos de células T com diversos alelos de
MHC para a selecao dos epitopos com maior afinidade a multiplos alelos.
Construir modelos de vacina e analisar sua antigenicidade, solubilidade,
toxicidade, alergenicidade, ponto isoelétrico, estabilidade e sitios de clivagem
proteassomal e de catepsinas.

Identificar a estrutura secundaria, realizar a modelagem tridimensional dos
modelos e refinar os modelos produzidos.

Realizar o Docking molecular dos modelos tridimensionais de vacina contra o
complexo TLR4-MD2 e identificar o modelo com maior afinidade ao complexo.
Realizar a simulacdo da dindmica molecular, simulacdo da resposta imune e
identificar os epitopos tridimensionais de linfécitos B do modelo de maior
afinidade ao complexo TLR4-MD2.

Realizar in silico a traducao reversa do modelo de maior afinidade ao complexo
TLR4-MD2,

Projetar in silico a adaptagao de cédons para E. coli e a clonagem do modelo
no vetor pET-28a (+).
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3 METODOLOGIA
Através da analise de diversos trabalhos cientificos, a metodologia empregada
consistiu na protedmica subtrativa e vacinologia reversa para identificar potenciais

candidatos a vacina contra S. marcescens.

3.1 Colecao de proteomas e identificagao de proteinas conservadas

As sequéncias protedmicas de 49 isolados de S. marcescens foram recolhidas do
banco de dados do Projeto Genoma do National Center for Biotechnology Information
(NCBI) (https://www.ncbi.nim.nih.gov/genbank/). Destas 49 sequéncias, uma
correspondia ao proteoma representativo da espécie (Serratia marcescens subsp.
Marcescens Db11) e as demais sequéncias correspondiam a isolados associados
com infec¢gdes humanas. A ferramenta de analise Bacterial Pan Genome Analysis

(BPGA), versao 1.3, foi utilizada para identificar as proteinas conservadas.

3.2 Identificagdo de proteinas essenciais, fatores de viruléncia e proteinas
associadas com resisténcia

As familias proteicas conservadas dos 49 isolados foram utilizadas em uma analise
de BLASTp (BLAST — Basic Local Alignment Search Tool, uma ferramenta utilizada
para alinhar sequéncias com referéncia a banco de dados), utilizando os parametros
de E-value < 10 e bitscore = 100, contra o banco de dados Database of Essential
Genes (DEG 10), fornecendo informagao sobre a essencialidade de cada uma. Além
disso, dois bancos de dados contendo informagdes sobre fatores de viruléncia (VFdb
— Virulence Factor database e MvirDB — Microbial virulence DataBase)
(http://www.mgc.ac.cn/VFs/ e http://mvirdb.linl.gov/) foram utilizados, seguindo os
mesmos parametros, para identificacdo de potenciais fatores de viruléncia. Por ultimo,
uma andlise de BLASTp, com parametros de E-value < 104, contra dois bancos de
dados contendo informacdes sobre proteinas associadas a resisténcia antibiotica:
ARG-ANNOT (Antibiotic Resistance Gene-ANNOTation) e CARD (Comprehensive
Antibiotic Resistance Database), foi realizada.
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3.3 Subtracao de proteinas homoélogas a microbiota intestinal e a proteinas
humanas

Proteinas identificadas como essenciais, de viruléncia ou associadas com resisténcia
antimicrobiana foram filtradas quanto a sua homologia com proteinas pertencentes ao
hospedeiro Homo sapiens (taxid:9606), através de um BLASTp, considerando um E-
value < 10*. Um banco de dados de proteinas customizado, contendo informagdes
sobre 79 espécies da microbiota intestinal humana foi utilizada para subtracdo de
homadlogos presentes no patdgeno, utilizando um E-value < 10 e cuja similaridade
fosse maior que 50%. As proteinas identificadas como homologas foram excluidas

das analises futuras.

3.4 Predicao de localizagao subcelular

Os servidores PSORTb v.3.02 (https://www.psort.org/psortb/) e CELLO v2.5
(http://cello.life.nctu.edu.tw) foram utilizados para identificagdo da localizagao
subcelular (membrana citoplasmatica, membrana externa, periplasma, citoplasma ou

extracelular) das proteinas selecionadas.

3.5 Analise de propriedades fisico-quimicas e antigenicidade das proteinas
Propriedades fisico-quimicas como o comprimento da sequéncia e peso molecular
foram analisados através do servidor Expasy-ProtParam
(https://web.expasy.org/protparam/) e do servidor UniProt (https://www.uniprot.org/). A
predicdo de antigenicidade foi feita com os servidores Vaxiden v2.0 (http://www.ddg-
pharmfac.net/vaxijen/Vaxiden/Vaxiden.html), que analisa propriedades fisico-
quimicas da sequéncia peptidica para determinagcao da antigenicidade, com um valor
de corte = 0,50 e AntigenPRO (http://scratch.proteomics.ics.uci.edu/), que prediz a
antigenicidade baseado em sequéncia com uma acuracia de 79%.

3.6 Identificagado de hélices trans-membranas e caminhos secretorios

As proteinas de membrana externa, periplasmaticas e extracelulares foram utilizadas
para analise de suas respectivas topologias, através do servidor TMHMM v2.0
(https://services.healthtech.dtu.dk/service.php? TMHMM-2.0) e para a presenga de
peptideos sinais, através do servidor SignalP-5.0

(https://services.healthtech.dtu.dk/service.php?SignalP-5.0). As proteinas que
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possuiam mais de 3 dominios topoldgicos transmembrana foram excluidas de

analises futuras.

3.7 Caminhos metabdlicos unicamente associados ao patégeno e analise de
funcionalidade proteica

Uma comparagao manual foi feita entre os caminhos metabdlicos associados com S.
marcescens e seres humanos, utilizando o banco de dados KEGG (Kyoto
Encyclopedia of Genes and Genomes), permitindo a identificacdo de proteinas que
possuiam fungdes unicas no patdégeno ou compartilhadas com o hospedeiro. A
predicao de funcédo das proteinas selecionadas foi feita utilizando os servidores do
UniProt, KEGG e InterPro (https://www.ebi.ac.uk/interpro/).

3.8 Predicao de epitopos de células T e de células B

A predigao de epitopos de MHC-I foi feita através de 3 servidores: IEDB (Immune
Epitope DataBase) Tepitool (http://tools.iedb.org/tepitool/), utilizando 27 alelos que
cobrem mais de 97% da populacéao global, seguindo a metodologia recomendada pelo
servidor e filtrando os epitopos para aqueles que possuiam um IC50 < 50 nM para os
respectivos alelos analisados; NetMHCpan 4.1
(https://services.healthtech.dtu.dk/service.php?NetMHCpan-4.1), um servidor que
utiliza redes neurais artificiais (ANNs), seguindo a metodologia recomendada e
filtrando os epitopos de alta afinidade baseado em um IC50 < 50 nM e rank percentual
< 0,20 para os respectivos alelos analisados; por ultimo, o servidor NetCTLpan 1.1
(https://services.healthtech.dtu.dk/service.php?NetCTLpan-1.1), cuja predicao
integrada analisa a ligacao do peptideo ao MHC-I, terminais de clivagem proteassomal
e transporte TAP, seguindo um valor de corte de 0,75 para a identificacdo dos
epitopos.

Para a predicao de epitopos de MHC-II, utilizados o servidor IEDB Tepitool, através
do método recomendado. Um conjunto de 26 alelos de MHC-Il mais frequentes em
humanos, dos loci DP, DQ e DR foi selecionado e o critério de selegao foi um IC50 <
50 nM para os respectivos alelos analisados.

Epitopos lineares de células B (epitopos BCL) foram preditos com multiplos
servidores. O servidor do IEDB foi utilizado, performando analises de antigenicidade,

acessibilidade e baseado na sequéncia peptidica. O servidor ABCpred
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(https://webs.iiitd.edu.in/fraghava/abcpred/) utiliza ANNs e possui uma acuracia de
65,93% em seus padroes recomendados. Por ultimo, o servidor Bcepred
(https://webs.iiitd.edu.in/raghava/bcepred/bcepred_instructions.html) realiza a
predicdo baseada em propriedades dos aminoacidos (hidrofilicidade, flexibilidade,
polaridade e exposigao a superficie), com 58,70% de acuracia a um valor de corte de
2,38.

3.9 Determinagao da imunogenicidade de epitopos de MHC-I

A ferramenta de imunogenicidade do IEDB
(http://tools.immuneepitope.org/immunogenicity/) foi usada para avaliar a potencial
imunogenicidade dos epitopos de MHC-I identificados, onde quanto maior o valor,
maior a chance de estimular uma resposta imune. Aqueles com valores positivos

foram selecionados para analises futuras.

3.10 Antigenicidade, toxicidade e alergenicidade dos peptideos selecionados

Os epitopos identificados para MHC-I, MHC-Il e BCL foram analisados quanto a sua
antigenicidade pelo servidor Vaxiden 2.0, considerando um valor de corte 2 0,50 para
MHC-I e MHC-Il e = 0,70 para BCL. Os epitopos BCL considerados antigénicos que
possuiam 9 ou mais aminoacidos sobrepostos entre as diferentes ferramentas de
predicéo (IEDB, ABCpred e Bcepred) foram utilizados para as analises posteriores. A
predicdo de toxicidade do conjunto de epitopos foi feita pelo servidor ToxinPred
(http://www.imtech.res.in/raghava/toxinpred/index.html) nos parametros
recomendados e a antigenicidade foi predita através do servidor AllerTOP v2.0
(https://www.ddg-pharmfac.net/AllerTOP/feedback.py). Epitopos né&o-alérgenos e

nao-toxicos foram selecionados para analises posteriores.

3.11 Conservacao, hidrofobicidade e indugdo de IFN-y dos peptideos
selecionados

A conservacgéo dos epitopos identificados de MHC-I e MHC-II entre todas as cepas
coletadas foi analisada pela ferramenta de conservagao do IEDB, considerando uma
identidade de 100% entre as diferentes cepas. Uma analise de GRAVY, que avalia a
hidrofobicidade de uma sequéncia peptidica, foi realizada pelo servidor Expasy-

ProtParam, para identificar o potencial hidrofilico das sequéncias. Além disso, os
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epitopos de MHC-II foram avaliados quanto a sua capacidade de induzir IFN-y,
através do servidor IFN epitope (http://crdd.osdd.net/raghavalifnepitope/).

3.12 Modelagem tridimensional dos peptideos selecionados e docking
molecular

Os epitopos mais bem conservados, hidrofilicos e capazes de induzir IFN-y foram
selecionados e submetidos ao servidor PEP-FOLD3 (http://bioserv.rpbs.univ-paris-
diderot.fr/services/PEP-FOLD3/), responsavel por gerar uma estrutura tridimensional
de novo das sequéncias. O experimento de docking molecular foi realizado pelo
servidor PatchDock (https://bioinfo3d.cs.tau.ac.il/PatchDock/php.php), usando os
parametros recomendados e cujos resultados foram refinados pelo servidor FireDock
(http://bioinfo3d.cs.tau.ac.il/FireDock/), classificando os modelos pela sua energia
global. Os epitopos de MHC-I foram dockados com os alelos: HLA-A*0101 (PDB:
6AT9), HLA-A*0201 (PDB: 3UTQ), HLA-B*1501 (PDB: 1XR8), HLA-B*3501 (PDB:
1ZSD), HLA-B*3901 (PDB: 402E), HLA-B*4403 (1SYS), HLA-B*5301 (PDB: 1A1M) e
HLA-B*5801 (PDB: 5IM7). Os epitopos de MHC-II foram dockados com os alelos:
HLA-DRB1*0101 (PDB: 2FSE), HLA-DRB1*0301 (PDB: 1A6A), HLA-DRB1*0401
(PDB: 2SEB), HLA-DRB1*1501 (PDB: 1BX2), HLA-DRB3*0101 (PDB: 2Q6W), HLA-
DRB3*0202 (PDB: 3C5J) e HLA-DRB5*0101 (PDB: 1H15). Os resultados foram
visualizados com o software PyMol. Os epitopos com a melhor afinidade de ligagao

foram selecionados para a construgcio de vacina.

3.13 Construgao de vacinas

Para a construgao de vacinas, a ligagao dos epitopos CTL, HTL e BCL, foram através
dos linkers GGGS, GPGPG e KK. Os linkers GGGS foram utilizados para conjugar a
sequéncia PADRE (Pan HLA DR sequence) com os epitopos CTL e os epitopos CTL
entre si. Ja a sequéncia GPGPG foi utilizada para conjugar os epitopos CTL com os
epitopos HTL e os epitopos HTL entre si. Por ultimo, os linkers KK foram utilizados
para conjugar os epitopos HTL com os epitopos BCL e os epitopos BCL entre si.
Sequéncias adjuvantes foram conjugadas através da sequéncia EAAAK nas regides
N- e C-terminais e com a sequéncia PADRE (Figura 5). Foram utilizados 5 adjuvantes
diferentes: Proteina ribossomal 50s L7/L12, beta-defensina, proteina HBHA e dominio

conservado da proteina HBHA.
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Figura 5. Representacéo da construgao de vacina.

EAAAK EAAAK GGGS GGGS GPGPG GPGPG KK KK KK GGGS
Adjuvante PADRE L CTL HTL HTL BCL BCL PADRE

Fonte: Autoria propria.

3.14 Antigenicidade, alergenicidade solubilidade e propriedades fisico-quimicas
das construgoes de vacina

A antigenicidade das construgdes foi avaliada através dos servidores Vaxiden 2.0 e
ANTIGENpro. Os servidores AllerTOP e AlgPred
(http://crdd.osdd.net/raghava/algpred/) foram utilizados para avaliar a alergenicidade
dos constructos. SOLpro foi responsavel por estimar a solubilidade da sequéncia de
cada constructo e o servidor Expasy-ProtParam foi usado para determinar
propriedades fisico-quimicas, como o tamanho da sequéncia, peso molecular, ponto-

isoelétrico tedrico, index de instabilidade e alifatico e os valores de GRAVY.

3.15 Clivagem peptidica dos epitopos nas construcdes de vacina

Clivagem proteassomal é importante no contexto de apresentagéo a células T e, por
isso, o servidor NetChop 3.1 (http://www.cbs.dtu.dk/services/NetChop/) foi utilizado
para analisar possiveis sitios de clivagem proteassomal para os epitopos de MHC-| e
o) servidor SitePrediction (http://www.dmbr.ugent.be/prx/bioit2-
public/SitePrediction/index.php) foi utilizado para predizer sitios de clivagem por
catepsinas para os epitopos de MHC-II.

3.16 Predicao de estrutura secundaria e terciaria das construgées de vacina

A sequéncia peptidica de cada constructo foi submetida ao servidor PSIPRED 4.0
(http://bioinf.cs.ucl.ac.uk/psipred/) para determinagcdo da estrutura secundaria das
vacinas e ao servidor I-TASSER (lterative Threading ASSEmbly Refinement)
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/), classificado como o melhor

servidor para predicdo de estrutura 3D em cinco experimentos de CASP.

3.17 Refinamento e validagao das construgoes de vacina
As estruturas tridimensionais geradas pelo servidor I-TASSER foram refinadas pelo
servidor 3Drefine (http://sysbio.rnet.missouri.edu/3Drefine/), responsavel por realizar

optimizagdes na rede de ligagdes de hidrogénio e implementar campos de forga que
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geram minimizacdo de energia ao nivel atdbmico. A validagdo do processo de
refinamento foi feita através de uma analise de Ramachandran pela ferramenta
PROCHECK (https://servicesn.mbi.ucla.edu/PROCHECK/), pela analise de Z-score,
através do servidor ProSA-web (https://prosa.services.came.sbg.ac.at/prosa.php) e
pela analise de qualidade geral, da ferramenta ERRAT
(http://services.mbi.ucla.edu/ERRATY/).

3.18 Docking proteina-proteina

Cada construgdo de vacina foi dockada contra o complexo TLR4-MD2 (PDB: 3FXIl),
através de dois servidores: ClusPro 2.0 (https://cluspro.bu.edu/login.php), cujos
resultados foram refinados pela ferramenta PRODIGY (https://haddock.science.uu.nl/)
do servidor HADDOCK, classificando os modelos pela afinidade de ligagao e através
do servidor PatchDock, cujos resultados foram refinados pelo servidor FireDock,
classificando os resultados pela energia global.

3.19 Simulagao de dindmica molecular

A melhor construgao de vacina (SMV4), complexada com TLR4-MD2 foi enviado para
o servidor online iIMODS (http://imods.chaconlab.org/), responsavel pela simulagéao de
dindmica molecular, em termos de deformabilidade, rede elastica, mapa de

covariancia e demais propriedades.

3.20 Epitopos descontinuos de células B

A construgdo SMV4 foi submetida ao servidor ElliPro (http://tools.iedb.org/ellipro/),
responsavel por predizer epitopos descontinuos de células B baseado em
acessibilidade ao solvente e flexibilidade. A pontuagdo minima foi definida como 0,70

e os demais parametros utilizados foram os recomendados pelo proprio servidor.

3.21 Simulagao imune da construgao de vacina

O servidor C-ImmSim (http://150.146.2.1/C-IMMSIM/index.php?page=1) foi utilizado
para realizar a simulagdo de resposta imune. As regides anatdmicas de mamiferos
utilizadas para simulagao foram o timo, medula 6ssea e um 6rgao linfatico qualquer,

para exibir a resposta imune. Todos os parametros foram mantidos no recomendado.
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O esquema de dose de vacina foi de 3 doses, com 30 dias de intervalo; o volume
simulado foi de 10 e o numero de passos de simulagao foi de 600.

3.22 Adaptacao de cédon e clonagem in silico

A traducao reversa e a adaptacédo de codons foi realizada pelo servidor JCat (Java
Codon Adaptation Tool) (http://www.prodoric.de/JCat). Os resultados do programa
incluem o index de adaptagao de codon (CAl) e a porcentagem de conteudo G+C. A
cepa E. coli K12 foi selecionada como hospedeiro para a clonagem do constructo,
evitando sitios de terminagcdo de transcricdo Rho-independentes, sitios de ligagéo
ribossomal procariéticos e sitios de clivagem de enzimas de restricdo. A construgao
foi clonada no vetor plasmidial Pet28A (+) através da adigao de sitios de restrigdo Xhol
e Ndel nas regides C- e N- terminal, respectivamente. A sequéncia otimizada foi
inserida  no vetor de expressdao utilizando o servidor Benchling

(https://www.benchling.com/).



4 RESULTADOS E DISCUSSAO

Os resultados e sua respectiva relevancia no estudo serao discutidos adiante.

4.1Colegao de dados iniciais
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O genoma representativo de S. marcescens (subsp. Marcescens Db11) e outros 48

genomas com associagao clinica, disponibilizados através do Projeto Genoma do

NCBI, foram utilizados neste estudo (Tabela 1). Os genomas foram utilizados para

extracado dos dados de proteoma, analisados pela ferramenta BPGA (Bacterial Pan

Genoma Analysis), que identificou 2832 proteinas conservadas entre todas as

amostras. Proteinas conservadas entre diferentes cepas de uma espécie sao

frequentemente essenciais para sua sobrevivéncia e sdo reconhecidas por receptores

imunoldgicos (JALAL et al., 2021). Portanto, essas proteinas devem ser priorizadas

durante a identificacdo de alvos de vacina para se obter uma alta cobertura contra o

maior numero de cepas possivel (ALLEMAILEM, 2021).

Tabela 1. Relagdo de cepas de S. marcescens usadas no estudo.

NO, Cepa Fonte de Isolamento Pais Numero de acesso RefSeq
1 95 Escarro EUA GCA_003031545.1
2 332 Ferida EUA GCA_003186475.1
3 1602 Sangue China GCA_009858195.1
4 2838 Fluido corporal China GCA_009909405.1
5 3024 Sangue China GCA_009909365.1
6 4201 Escarro China GCA_009909345.1
7 1140- Fluido corporal China GCA_009909385.1
8 AR_0027 Associado a paciente Desconhecido GCA_002947235.1
9 AR_0091 Associado a paciente Desconhecido GCA_002996885.1
10 AR_0099 Associado a paciente Desconhecido GCA_002997125.1
11 AR_0121 Associado a paciente Desconhecido GCA_003071625.1
12 AR_0122 Associado a paciente Desconhecido GCA_003204405.1
13 AR_0123 Associado a paciente Desconhecido GCA_003071605.1
14 AR_0124 Associado a paciente Desconhecido GCA_003071565.1
15 AR_0130 Associado a paciente Desconhecido GCA_003071585.1
16 AR_0131 Associado a paciente Desconhecido GCA_003204075.1
17 BWH-23 Sangue EUA GCA_003032415.1
18 BWH-35 Escarro EUA GCA_003031645.1
19 C110 Escarro China GCA_009909425.1
20 CAV1492 Respiratdrio EUA GCA_001022215.1
21 CAV1761 Peri-retal EUA GCA_003146705.1
22 FDAARGOS_65 Aspirado endotraqueal EUA GCA_000783915.2
23 SER00094 Escarro EUA GCA_011769885.1
24 SM39 Septicemia Japdo GCA_000828775.1
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25 SMB2099 Associado a paciente Alemanha GCA_900029885.1
26 SmUNAMS836 Amostra bronquial México GCA_001294565.1
27 U36365 Urina india GCA_001672055.1
28 UMH1 Bacteremia EUA GCA_002220615.1
29 UMH10 Bacteremia EUA GCA_002220695.1
30 UMH11 Bacteremia EUA GCA_002220575.1
31 UMH12 Bacteremia EUA GCA_002220595.1
32 UMH2 Bacteremia EUA GCA_002220515.1
33 UMH3 Bacteremia EUA GCA_002220655.1
34 UMH5 Bacteremia EUA GCA_002220635.1
35 UMH6 Bacteremia EUA GCA_002220675.1
36 UMH7 Bacteremia EUA GCA_002220715.1
37 UMHS8 Bacteremia EUA GCA_002220535.1
38 UMH9 Bacteremia EUA GCA_002220555.1
39 WVU-001 Sangue EUA GCA_006838705.1
40 WVU-002 Sangue EUA GCA_006842785.1
41 WVU-003 Sangue EUA GCA_006711105.1
42 WVU-004 Sangue EUA GCA_006711125.1
43 WVU-005 Sangue EUA GCA_006711145.1
44 WVU-006 Sangue EUA GCA_006711245.1
45 WVU-007 Sangue EUA GCA_006711405.1
46 WVU-008 Sangue EUA GCA_006711525.1
47 WVU-009 Sangue EUA GCA_006716725.1
48 WVU-010 Sangue EUA GCA_006716825.1
49 Db-11 Patogeno de inseto Suécia GCA_000513215.1

Fonte: Autoria propria.

4.2 Identificacao de proteinas essenciais, fatores de viruléncia e proteinas de
resisténcia e subtragao de homaélogos a flora intestinal e a proteinas humanas

As 2832 proteinas conservadas identificadas foram analisadas quanto a sua
essencialidade e fung¢des de viruléncia e resisténcia, através da analise de BLASTp.
Foram identificadas um total de 879 proteinas unicamente essenciais, 155 unicamente
associadas com viruléncia e 98 unicamente associadas com resisténcia, 370
proteinas tinham caracteristicas de viruléncia e eram consideradas essenciais, 70
eram associadas com resisténcia e essenciais, 42 eram associadas com resisténcia
e viruléncia e 201 proteinas eram associadas com as trés caracteristicas
(essencialidade, viruléncia e resisténcia), totalizando 1815 proteinas (Figura 6). A
essencialidade é uma caracteristica importante na busca de alvos de vacinas e drogas
terapéuticas, tendo em vista que as proteinas essenciais para a sobrevivéncia
bacteriana nao serao facilmente perdidas no processo evolutivo e estdo envolvidas
em vias metabdlicas basicas (KATHWATE, 2022). Os fatores de viruléncia garantem

tracos adaptativos para a sobrevivéncia do patégeno em meio hostil, incluindo seu
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hospedeiro, além de serem frequentemente imunogénicos e responsaveis pelo
desenvolvimento da imunidade de longo prazo contra o patogeno (DELANY;
RAPPUOLI; SEIB, 2013; WASSENAAR; GAASTRA, 2001). Alvejar determinantes de
resisténcia ja foi proposto como uma maneira eficiente para neutralizar a pressao de
selecdo que existe para o desenvolvimento de resisténcia antimicrobiana (JOICE;
LIPSITCH, 2013). Além disso, estudos prévios demonstram que animais imunizados
com estes determinantes induziam fortes respostas humorais e possuiam uma carga
bacteriana significantemente menor (CIOFU, 2003; CIOFU; BAGGE; HOIBY, 2002).

Figura 6. Quantidade de proteinas essenciais, de viruléncia e de resisténcia.

Essencialidade
879

70 370
201

Resisténcia 42  Viruléncia
155 98

Fonte: Autoria propria.

Das 1815 proteinas com fungdes essenciais, de resisténcia e viruléncia, 1106 eram
nao homologas as proteinas humanas e destas, 20 eram ndo homologas as proteinas
da microbiota intestinal, portanto, foram utilizadas para analises posteriores. A relagao
entre a flora intestinal e os seres humanos n&do é meramente comensal, mas
simbidtica, com diferentes fungdes benéficas (Guarner & Malagelada, 2003; Seib et
al., 2012). O bloqueio ou inibicdo de proteinas presentes na microbiota intestinal pode
levar a efeitos negativos adversos no hospedeiro (SEIB; ZHAO; RAPPUOLLI, 2012) e
deve ser evitada durante a identificacdo de alvos de vacina. Paralelamente, proteinas
do patégeno homologas as proteinas humanas podem causar reagbes autoimunes
(MONTERRUBIO-LOPEZ; DELGADILLO-GUTIERREZ, 2021).
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4.3 Localizagao subcelular e caracterizagao das proteinas selecionadas

A localizacéo subcelular € um importante fator a ser considerado, pois as proteinas
presentes na superficie celular da bactéria ou que sejam secretadas sao facilmente
acessiveis e identificadas pelo sistema imune do hospedeiro (MURUATO et al., 2017),
0 que as caracterizam como potenciais alvos de medicamentos e vacinas (BALIGA;
SHEKAR; VENUGOPAL, 2018; MICHAEL; DOMINEY-HOWES; LABBATE, 2014). A
antigenicidade é a propriedade de uma proteina de ser reconhecida pelo sistema
imunoldgico do hospedeiro e, portanto, € desejavel utilizar proteinas antigénicas no
desenvolvimento de vacinas (HE; XIANG; MOBLEY, 2010).

A localizagao subcelular das 20 proteinas ndo-homologas foi avaliada e resultou em
10 proteinas, das quais 3 eram proteinas de membrana externa (D-alanil-D-alanina,
fosfolipase semelhante a patatina, receptor dependente de TonB) e 2 proteinas eram
extracelulares (fosfolipase C fosfocolina-especifica e spore coat contendo o dominio
U). Estas 5 proteinas apresentavam um bom perfil antigénico (> 0,50) e a analise de
peptideo sinal demonstrou que 2 proteinas possuiam peptideo sinal secretério pelo
translocon Sec e clivagem pela Peptidase Sinal | (Sec/SPIl); 1 proteina possuia
peptideo sinal lipoproteico pelo translocon Sec e clivagem pela Peptidase Sinal I
(Sec/SPIl); uma proteina possuia peptideo sinal Tat, transportado pelo respectivo
translocon e clivagem pela Peptidase Sinal | (Tat/SPI) e uma delas nao teve peptideo
sinal identificado (Tabela 2). Nenhuma delas tinha dominio de hélices-
transmembrana. Portanto, as 5 proteinas foram selecionadas para as analises de

identificacdo de epitopos.
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Tabela 2. Caracteristicas das 5 proteinas selecionadas para analise de identificacdo de epitopos.

Sequéncia de A Comprimento HEED Peptideo N - 9 Antlgenlllcldade
e Nome da proteina (a.:a) molecular sinal Localizagao Descricdo funcional TMHMM (\{axuen,
o (kDa) AntigenPRO)
Proteinas
Essenciais
D-alanil-D- Sec/SPIl (17 . '-.I'F’a‘fi? 2
WP_041033700.1 alanina 489 51,35 €18, LAG- Membrana externa ~ Pefchinaiivividade 0 0,5856, 0,5066
carboxipeptidase CS) endopept@ca contra
serina
Fosfolipase Nzo Atividade de
WP_084827239.1 semelhante a 323 35,68 identificado Membrana externa hidrolase/processo 0 0,6024, 0,8235
patatina catabdlico de lipideos
Proteinas de
viruléncia
Fosfolipase C, Tat/SPI (31 Toxina de membrana,
WP_141960268.1 fosfocolina 715 79,68 e 32, ALA- Extracelular hidrolase diéster- 0 0,4097, 0,6277
especifica IP) fosférica
Proteina spore Sec/SPI (23 Envolvida em
WP_048321499.1 coat contendo o 311 33,28 e 24, AFA- Extracelular motilidade e formagéo 0 0,6887,0,8719
dominio U DC) de biofilme
Proteina de
Resisténcia
Receptor Sec/SPI (44 Receptor prot]ei(l:o de
WP_033636744.1  dependente de 697 76,9 e 45 VNA- Membrana externa _Complexos férricos, 0 0,6847, 0,7910
TonB AE) canal transportador de

sideréforos

Fonte: Autoria propria.

A carboxipeptidase D-alanil-D-alanina (DD-CPase), € uma carboxipeptidase
periplasmatica essencial para a sobrevida bacteriana, membro da familia de proteinas
ligantes da penicilina (PBPs), inibidas pela acdo de antibidticos B-lactdmicos e
envolvidas na sintese e remodelamento do peptidioglicano (RIOSERAS et al., 2016).
A familia de enzimas PNPLA (fosfolipases semelhantes a patatina) consiste em uma
familia de enzimas essenciais de membrana externa, conservada em organismos
eucariotos e procariotos, com funcdes de homeostasia de lipideos e associada com o
escape de fagossomo em diversas bactérias patogénicas (CUI et al., 2020; GASPAR,;
MACHNER, 2014). A fosfolipase C, fosfocolina-especifica (PLC-PC) & considerada
um fator de viruléncia importante, exportado para fora do citoplasma pelos caminhos
Tat ou Sec e fortemente associado com o processo infeccioso bacteriano, incluindo
lise de membrana celular, sinalizagao intracelular e metabolismo de lipideos (DEDIEU
et al., 2013; SCHMIEL; MILLER, 1999). A spore coat contendo o dominio U foi outra
proteina selecionada para analises. O dominio U é encontrado em proteinas
associadas com o pili bacteriano, envolvido na viruléncia através da motilidade e
formagéo de biofilme (GOLLOP; INOUYE; INOUYE, 1991; TOMARAS et al., 2003).
Os receptores dependentes de TonB consistem em uma familia de proteinas beta-
barrii de membrana externa, associada com resisténcia antibiotica progressiva,

transporte de complexos férricos-sideréforos, vitaminas e carboidratos (GOMEZ-
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SANTOS et al., 2019; KOEBNIK; LOCHER; VAN GELDER, 2000; LI et al., 2021;
SCHALK; MISLIN; BRILLET, 2012; ZHANG et al., 2020).

4.4 Predicao, analise e caracterizagao dos epitopos de MHC-l e MHC-lI

Os epitopos consistem na menor porgdo de um antigeno proteico capaz de gerar uma
resposta imune, sendo cruciais para o desenvolvimento da imunidade celular e
humoral (de Groot et al., 2020). Os epitopos de células T sdo processados de duas
maneiras diferentes: as proteinas intracelulares sdo processadas e seus peptideos
sao apresentados no complexo de MHC-I, enquanto as proteinas extracelulares sao
processadas em compartimentos proteoliticos e seus peptideos sao apresentados no
complexo de MHC-II (DE GROOT et al., 2013). O potencial imunogénico dos epitopos
de células T é altamente dependente da afinidade de ligacdo ao Complexo de
Histocompatibilidade Maior (MHC) (GHAFFARI-NAZARI et al., 2015; RASHID et al.,
2019). Ao projetar uma vacina, alguns critérios dos epitopos precisam ser
considerados, como por exemplo: os epitopos que permanecem conservados em
varias cepas possuem maior prioridade, pois fornecem protecdo mais ampla,
abrangendo diversas cepas; os epitopos devem ser hidrofilicos, para maior
acessibilidade e facilitagdo no reconhecimento pelo sistema imune do hospedeiro (BUI
et al., 2007); os epitopos devem ser nao-alergénicos e nao-toxicos, deste modo, néo
serao capazes de induzir reagdes indesejadas no hospedeiro, ao mesmo tempo que
mantém sua antigenicidade, para ativar as respostas linfocitarias (ANDREAE;
NOWAK-WEGRZYN, 2017).

As sequéncias das 5 proteinas selecionadas foram utilizadas para a identificacao de
todos os epitopos. Para os alelos de MHC-I, foram encontrados 284 epitopos de alta
afinidade, sendo que 123 destes eram comuns dentre todos os servidores utilizados
e foram selecionados para a analise de imunogenicidade, resultando em 59 epitopos.
Destes, 31 eram antigénicos, nenhum era téxico e 17 eram nao-alergénicos. A analise
de conservacao mostrou que dos 17 epitopos, 14 eram completamente conservados
(100% de identidade) em pelo menos 50% das cepas e, destes, 7 eram hidrofilicos.
Estes 7 peptideos foram selecionados para as analises futuras (Tabela 3).
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Tabela 3. Epitopos de MHC-I considerados e suas caracteristicas.

Nome e ID da - o

No. proteina Comego Fim Epitopo Imunogenicidade Antigenicidade Tc Alergenicidade Conservagdao Hidropaticidade
WP_041033700.1 156 164 TPFGAGWSW 0,23238 0,5798 Nao téxico  N&o alérgeno 100,00% 0,12
1 D-alanil-D-alanina
carboxipeptidase 471 479  LEDRLVETL 0,19452 0,7321 Nao téxico  Nao alérgeno 100,00% -0,01
WP_141960268.1
o  Fosfolipase G, 74 82  FTIPLPGDR 0,1275 0,983 Nao téxico  Nao alérgeno 63,27% 0,08
fosfocolina
especifica
WP_048321499.1
3 Proteina spore 127 135 SSNVNFPLY 0,1275 0,983 Nzo téxico  Nao alérgeno 63,27% -0,08
coat contendo o
dominio U
WP_033636744.1 469 477 QTYGAKIAR 0,00318 1,2908 Nao toxico Nao alérgeno 100% 0,69
4 Receptor 499 507 SEYVWNYEL 0,30533 1,4052 Nzo téxico  N&o alérgeno 100% 0,76
dependente de
Tong 608 616 YQFLKGWEL 0,09418 0,561 Nao téxico  Nao alérgeno 100% 0,34

Fonte: Autoria propria.

Um aspecto importante do patdogeno S. marcescens é sua capacidade de invadir
células nao-fagocitarias, como as células epiteliais (BARCHIESI et al., 2012;
FEDRIGO et al., 2011; HERTLE; SCHWARZ, 2004). Depois de sua internalizagdo, o
patégeno é capaz de controlar o trafico autofagico, gerando um nicho apropriado para
sua sobrevivéncia e replicagdo dentro da célula hospedeira (FEDRIGO et al., 2011;
XIONG et al., 2019). A protecdo contra patdgenos intracelulares é extremamente
dependente da imunidade celular, mediada por células T citotoxicas e por isso a
identificacdo de epitopos de MHC-I é crucial para a projecdo de uma vacina contra o
patégeno (KAUFMANN, 2005; OZAWA et al., 2009).

Com relagédo aos alelos de MHC-Il, foram encontrados 415 peptideos de alta
afinidade, dos quais 196 eram antigénicos, nenhum destes foi considerado toxico e
114 tinham uma natureza nao-alergénica. Noventa e trés epitopos apresentaram
100% de identidade entre mais de 50% das cepas analisadas e 70 deles tinham
natureza hidrofilica.

Os epitopos de MHC-II que possuem um alto potencial indutor de IFN-y s&o desejaveis
em uma vacina, tendo em vista que estas citocinas possuem um papel crucial nas
respostas imunes inata e adaptativa, estimulam macroéfagos e células NKs e provocam
uma resposta acentuada aos antigenos (SHEY et al., 2019). Portanto, dos 70 epitopos
selecionados, 31 com perfis mais antigénicos, conservados, hidrofilicos e que eram
nao alergénicos e nao téxicos, foram escolhidos para determinar o potencial de
inducdo de IFN-y. A analise resultou em 16 epitopos capazes de induzir IFN-y, que

foram selecionados para a analise de docking molecular (Tabela 4).
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Tabela 4. Epitopos de MHC-II considerados e suas caracteristicas.
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Indugao

No. proteina Comego Fim Epitopo Antigenicidade Toxicidade Alergenicidade Conservacdao Hidropaticidade de IEN
7 21 WLLPAILALAGCSSS 1,0376 NZotoxico  Nao alérgeno 83,67% 0,93 0,476
WP_041033700.1 170 184  AFAAPISALNYAFTP 0,6842 NZo toxico  N&o alérgeno 75,51% 0,89 0,228
1 D-alanil-D-alanina
carboxipeptidase 197 211 PGARAGAPGRVSFYP 1,0191 N&o toéxico  Nao alérgeno 61,22% -0,1 0,329
451 465  PLAFAIISNNYLVPG 0,5584 Nzo toxico  Nao alérgeno 100% 0,92 0,089
WP_084827239.1
2 Fosfolipase 40 54  SGASAGAIAALLVGL 0,8684 Nzo toxico  N&o alérgeno 100% 0,71 0,416
semelhante a
patatina
WP_141960268.1 243 257 RQYRAASIQVGNPAR 0,5796 NZo toxico  Nao alérgeno 97,96% 0,93 0,131
3 Fosfohpas_e C,
Z’:;‘;‘;‘I’f'l'(’;‘: 452 466 EKRFQVHEPNISAWR 0,8644 Nao téxico  Nao alérgeno 100% -1,34 0,673
WP_048321499.1 447 431  SLNLLSLILISSNVN 0,6343 Nzo téxico  N&o alérgeno 97,96% 0,82 0,041
4 Proteina spore
C"fgocnﬁ?r:ﬁjngf’ o 121 135  LSLILISSNVNFPLY 0,5934 Nao toxico  Nao alérgeno 63,27% -1,05 0,41
125 139 NVGANAFLSGTRPRL 0,7968 Nzo toxico  Nao alérgeno 87,76% 0,11 0,314
129 143  NAFLSGTRPRLNLSL 0,8159 N&o toxico  Nao alérgeno 87,76% -0,03 0,136
WP_033636744.1 339 353 TDFNINRPTAYNIQY 0,6574 Nzo toéxico  Nao alérgeno 87,76% 0,93 0,154
5 Receptor 372 386 ADSRLHGLAGLRYFH 0,5227 Nzo toxico  N&o alérgeno 100% 0,27 0,494
dependente de
TonB 565 579 RWDFELFGNLGLLKT 0,5005 Nzo toéxico  Nao alérgeno 87,76% 0,03 0,108
595 609 ARAPAYTANMGAKYQ 0,9467 Nzo toéxico  Nao alérgeno 87,76% 0,65 0,04
606 620 AKYQFLKGWELSSNV 0,7445 N3o toxico  Nao alérgeno 87,76 0,41 0,63

Fonte: Autoria propria.

4.5 Modelagem tridimensional dos epitopos e docking molecular

Todos os 7 epitopos de MHC-I e os 16 epitopos de MHC-II foram modelados

tridimensionalmente pelo servidor PEP-FOLD3 e foram dockados com 8 alelos de

MHC-I e 7 alelos de MHC-II, respectivamente. Dentre eles, 5 epitopos de MHC-I

(Tabela 5) e 12 de MHC-II (Tabela 6) apresentaram os melhores resultados, com a

menor energia global de -34,89 e -70,54, respectivamente e foram utilizados nos

constructos de vacina.

Tabela 5. Docking molecular dos epitopos de MHC-I.

Energia Global

o Nome e ID da Epitopo HLA- HLA- HLA- HLA- HLA- HLA- HLA- HLA-
. proteina A*0101 A*0201 B*1501 B*3501 B*3901 B*4403 B*5301 B*5801 ..
(PDB: (PDB: (PDB: (PDB: (PDB: (PDB: (PDB: (PDB:
6AT9) 3UTQ) 1XR8) 1ZSD) 402E) 18SYS) 1A1M) 5IM7)
WP_041033700.1 TPFGAGWSW -54,89 -18,06 -34,65 -42,60 13,15 -43,74 -38,83 33,18 -34,89
1 D-alanil-D-alanina
carboxipeptidase LEDRLVETL -41,35 22,48 -43,79 24,36 -35,34 16,97 384 2362  -30,79
WP_141960268.1
2 Fosfolipase C, FTIPLPGDR -46,08 24,55 15,99 24,14 6,21 15,41 33,75 2374 2373
fosfocolina
especifica
WP_048321499.1
3 Proteina spore coat SSNVNFPLY -56,28 -23,22 -32,65 -9,88 -19,00 -36,62 -37,51 -30,24  -30,68
contendo o dominio
u
WP._033636744.1 QTYGAKIAR -43,86 -4,69 22,38 419,36 15,9 256 18,49 2675  -2213
Receptor
4 dependente de SEYVWNYEL -40,96 17,05 -33,96 25,68 8,14 15,25 -42,89 39,22 -27,89
Tong YQFLKGWEL -49,03 18,24 15,98 8,29 15,5 25,71 -47,98 3574 27,06

Fonte: Autoria propria. Os epitopos em negrito correspondem aos utilizados nas analises posteriores.
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Tabela 6. Docking molecular dos epitopos de MHC-II.

Energia Global

Nome e ID da HLA- HLA- HLA- HLA- HLA- HLA- HLA-

B proteina EDICES DRB1'010 DRB1'030 DRB1'040 DRB1*150 DRB3010 DRB3'020 DRB5010 ...
1(PDB: 1(PDB: 1(PDB: 1(PDB: 1(PDB: 2(PDB: 1 (PDB:
2FSE) 1AGA) 2SEB) 1BX2) 2Q6W) 3C5J) 1H15)

WLLPAILALAGCSSS -89,74 79,65 74,83 -68,81 -65,01 43,2 7252 -70,54
WP_041033700.1 PGARAGAPGRVSFYP 74,58 62,83 62,02 62,94 41,19 -30,71 64,83  -57,01

1 D-alanil-D-alanina
carboxipeptidase LAVTFLKVSNNGYGE 66,12 73,03 51,81 -54,69 -36,28 -30,34 6155  -5340
PLAFAIISNNYLVPG 72,30 57,61 -55,05 62,76 -58,50 47,77 89,92 6342

WP_084827239.1
2 Fosfoliipase SGASAGAIAALLVGL 58,55 72,12 64,58 75,20 59,65 41,55 6448 62,30

semelhante a
patatina
WP_141960268.1 RQYRAASIQVGNPAR 61,17 55,80 47,44 47,05 13,96 230,96 69,12 -46,50
Fosfolipase C,
’ fosfocolina EKRFQVHEPNISAWR 38,13 38,77 45,12 8,34 16,93 24,41 27,34 28,43
especifica e e o e > e “n e
WP_048321499.1 SLNLLSLILISSNVN -88,21 -56,66 -52,15 -68,53 20,65 -50,1 -89,29 62,08
4 Proteina spore c’ufat

C°”te”d°Lj’ dominio LSLILISSNVNFPLY -93,62 -65,33 -50,97 -82,72 -16,16 -46,28 -45,35 -57,20
NVGANAFLSGTRPRL -65,95 52,33 -55,04 61,88 -20,96 31,18 58,32 -49,38
NAFLSGTRPRLNLSL 74,06 -48,43 -59,42 -37,86 -35,10 231,70 3566 -46,03
TDFNINRPTAYNIQY 42,87 44,67 -49,32 -32,67 13,94 34,32 4383 -37,37

WP_033636744.1
5 Receptor ADSRLHGLAGLRYFH -62,54 -47,66 -53,30 -61,08 -24,56 -25,95 -58,13 -47,60
dependente de TonB

RWDFELFGNLGLLKT -45,56 -55,26 -56,56 -51,49 -16,14 -32,27 -63,07 -45,76
ARAPAYTANMGAKYQ -45,59 -44,37 -51,96 -44,44 -22,36 -29,58 -34,58 -38,98
AKYQFLKGWELSSNV -54,33 -61,70 -39,90 -69,14 -18,93 -25,68 -38,05 -42,53

Fonte: Autoria propria. Os epitopos em negrito correspondem aos utilizados nas analises posteriores.

Em seres humanos, as moléculas de MHC sao conhecidas como antigenos
leucocitarios humanos (HLAs). Altamente polimorficos, suas frequéncias alélicas
variam entre diferentes grupos populacionais (LATA et al., 2018). Epitopos
considerados promiscuos, isto €, que possuem uma alta afinidade de ligagdo a
diversos alelos diferentes e que cobrem uma grande parcela da populagdo (como
HLA-A1, HLA-A2, DRB1) ajudam a contornar o problema da alta variabilidade de HLAs
na populagao humana (EBRAHIMI; MOHABATKAR; BEHBAHANI, 2019).

4.6 Identificagao e caracterizagao dos epitopos lineares de células B

Os epitopos de células B sdo responsaveis por ativar a resposta humoral que ira
produzir anticorpos (JESPERSEN et al., 2017). Estes epitopos podem ser divididos
em dois grupos: epitopos conformacionais, que formam uma estrutura tridimensional
ou epitopos lineares, que consistem em uma sequéncia direta de aminoacidos
(JESPERSEN et al., 2017). Embora os epitopos conformacionais correspondam a

vasta maioria dos epitopos de células B, frequentemente, estas regides possuem
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epitopos lineares também, tornando interessante sua identificagdo numa projecéao de
vacina (GALANIS et al., 2021; JESPERSEN et al., 2017).

Um total de 503 epitopos identificados entre os servidores foram sujeitos a avaliagao
de antigenicidade, dos quais, 236 foram considerados antigénicos. Através de uma
analise manual, 23 epitopos com regides sobrepostas de aminoacidos preditas pelos
diferentes servidores foram selecionados e testados para sua toxicidade,
alergenicidade, conservagao e hidrofilicidade, resultando em 12 epitopos com
caracteristicas desejadas e selecionados para a constru¢ao de vacina (Tabela 7). Os
receptores de células B (BCR) apresentam uma alta variabilidade devido aos
processos de recombinagdo somatica que a célula sofre para gerar a cadeia de
imunoglobulina do receptor (TREANOR, 2012). Por conta desta alta variabilidade,
uma analise de docking molecular se torna inviavel, considerando o alto numero de
possibilidades de BCRs. Os epitopos lineares de células B sdo, portanto, introduzidos
diretamente na sequéncia de vacina e posteriormente avalia-se a presenca de

epitopos conformacionais.

Tabela 7. Epitopos de células B e suas caracteristicas.

Nome e ID da . . L L

proteina Comeco Fim Comprimento Epitopo Antigenicidad T Alerg Hidropaticidad

100 108 9 TGEQRGDTL 1,4316 Néo toxico N&o alérgeno 1,49
WP_041033700.1
D-alanil-D-alanina 117 127 11 SGDPTLHPDDL 0,7116 Nao téxico Nao alérgeno -1,02
carboxipeptidase

331 339 9 GRKTQGKGD 2,7203 N&o téxico NZo alérgeno 2,36
WP_084827239.1 147 159 13 QREVYSHRTTPRM 0,7944 N&o téxico NZo alérgeno 2,05
2 Fosfolipase
Ser‘;‘aet';::;e a 214 229 16 SSQRINTRTLGLRLDS 1,7872 Nao téxico Nao alérgeno 0,77
WP_141960268.1
3 Fosfolipase C, 620 629 10 QPEVRLRPTG 1,3449 N&o toxico N&o alérgeno 1,23
fosfocolina
especifica
WP_048321499.1 81 91 11 MAVANTDGSGD 1,8801 N0 téxico NZo alérgeno 0,28
4 Proteina spore
Co‘zlocrﬂ?r:i,”ff ° 263 277 15 TTVWDSTNKQSGAGT 1,023 Nao téxico Nao alérgeno 0,97
5 15 " FAAQRHESVGN 0,8087 Nao toxico Nao alérgeno -0,80
WP_033636744.1 45 55 11 AETKSNETYQD 1,6267 N30 toxico NZo alérgeno 2,10
5 Receptor
depe?gsgte de 233 243 11 DRQRRRSEADL 1,2989 Nao toxico Nao alérgeno 2,47
429 439 11 RLEREHRRRDG 1,6679 Né&o toxico Néo alérgeno -2,98

Fonte: Autoria propria.

4.7 Construcao de sequéncia e caracterizagao das vacinas
A construgcdo de 4 modelos de vacina (SMV1, SMV2, SMV3 e SMV4) foi realizada
através da combinagao de um adjuvante, a sequéncia PADRE, 5 epitopos CTL (MHC-

1), 12 epitopos HTL (MHC-II) e 12 epitopos BCL (Células B), de maneira sequencial e
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separada por linkers GGGS, GPGPG e KK e finalizada com um linker EAAAK. Cada
constructo diferia apenas no seu adjuvante, sendo utilizados a proteina ribossomal
50s L7/L12, B-defensina, proteina HBHA e sequéncia conservada da proteina HBHA.
A sequéncia PADRE consiste em um peptideo sintético universal, capaz de induzir
células T CD4+, aumentando a eficiéncia e poténcia de uma vacina baseada em
epitopos, além de auxiliar no contorno do problema do alto polimorfismo dos alelos de
HLA (GHAFFARI-NAZARI et al., 2015; KHAN et al., 2021). Os adjuvantes HBHA e
proteina ribossomal L7/L12 sdo agonistas do complexo TLR4/MD2 e a beta-defensiva
pode atuar como agonista do TLR1, TLR2, TLR4, favorecendo o processo de
apresentacdo de antigeno (AZIM et al., 2019). Os epitopos CTL, HTL e BCL foram
conjugados através de linkers GGGS, GPGPG e KK, respectivamente, responsaveis
por garantir a separacao efetiva dos epitopos individuais in vivo e favorecer sua
apresentacado (HAJIGHAHRAMANI et al., 2017).

Cada construgdo possuia 668 (SMV1), 659 (SMV2), 554 (SMV3) e 639 (SMV4)
residuos de aminoacidos de comprimento e um peso molecular de 70,335, 69,217,
57,867 e 66,147 kDa, respectivamente. O ponto-isoelétrico tedrico variou de 9,85 até
10,36, sugerindo que cada construgdo possuia carga positiva em condi¢cdes
fisiologicas (KOZLOWSKI, 2016). O index de instabilidade variou entre 28,01 até
35,66, demonstrando a natureza estavel das vacinas e, ao mesmo tempo, o index
alifatico variou entre 66,68 até 74,19, sugerindo a estabilidade das proteinas em
diferentes temperaturas (CHUKWUDOZIE et al., 2021). As construgbes de vacina
também possuiam uma natureza hidrofilica e todas apresentaram uma boa
solubilidade (> 0,873) quando em expressao heteréloga em E. coli, algo importante
para muitos estudos bioquimicos, de caracterizacdo funcional e de purificagdo da
proteina (CHEN et al., 2021). Além disso, nenhuma construgdo apresentou
caracteristicas toxicas ou alergénicas, todas foram consideradas antigénicas e devido
a sua natureza soluvel, estavel e hidrofilica (Tabela 8), todas foram mantidas para os

experimentos seguintes.
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Tabela 8. Construcbes de vacina e suas caracteristicas.

Peso

V_amnal Antigenicidade  Alergenicidade CEmITED molecular pl . Inde_x_de Index alifatico Hidropaticidade  Solubilidade
adjuvante de a.a. (kDa) instabilidade
Vaxijen:
1.0377
SMV1 (HBHA) Né&o alérgeno 668 70,335 9,91 33,33 72,46 -0,525 0,967
ANTIGENpro:
0.835
Vaxijen:
(S::m:‘)l:cia 1.0449
Conservada Nao alérgeno 659 69,217 9,86 35,66 73,87 -0,510 0,974
ANTIGENpro:
de HBHA) 0.851
Vaxijen:
1.1417
SMV3 (- No alérgeno 554 57,867 10,36 31,21 66,68 -0,547 0,873
Defensina)  \\miGENpro:
0.827
Vaxijen:
e, ot
ribosomal 50s Nao alérgeno 639 66,147 9,85 28,01 74,19 -0,389 0,957
ANTIGENpro:

L7/L12) 0.818

Fonte: Autoria propria.

Interessantemente, foram identificados 17 sitios de clivagem proteassomal, 15 sitios
de clivagem para catepsina B, 3 sitios para catepsina D, 8 sitios para catepsina E, 3
sitios para catepsina G, 6 sitios para catepsina K e 1 para catepsina L, todos com
mais de 99% de especificidade, majoritariamente préximos dos linkers. Isto demonstra
que a utilizacdo dos linkers pode auxiliar o processamento e apresentacdo dos
epitopos individuais para o sistema imune do hospedeiro, induzindo respostas
humorais e celulares (MAJID; ANDLEEB, 2019).

4.8 Predicao de estrutura secundaria e modelagem tridimensional, refinamento
e validagao das vacinas

A analise da estrutura secundaria e terciaria € necessaria durante um
desenvolvimento de uma vacina por metodologias in silico, pois permite observar as
possiveis interacdes da vacina com componentes do sistema imune, sua estabilidade
e seu enovelamento (MAJID; ANDLEEB, 2019). As estruturas secundarias das
construcdes de vacina foram avaliadas pelo servidor PSIPRED. A vacina SMV1
possuia 48,35% de seus aminoacidos em estrutura desordenada, 40,12% em a-hélice
e a menor porcentagem de aminoacidos em folhas-f3, 11,23%. SMV2 tinha 49,75% da
sua estrutura desordenada, 38,56% em a-hélice e 11,69% em folhas-3. SMV3 teve a
maior porcentagem de estrutura desordenada (55,05%), 27,62% da estrutura em a-
hélice e a maior porcentagem de folhas-[3, 17,33%. Por ultimo, SMV4 tinha 54,23% de
sua estrutura desordenada, 30,05% em a-hélice e 15,72% em folha-B. E interessante

destacar que todas as construgcbes possuiam boa parte de sua estrutura como
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desordenada ou em a-hélice e que essas formas estdo associadas com importantes
estruturas antigénicas e sensiveis aos anticorpos induzidos durante a infecgéo (BIBI
et al., 2021; SHEY et al., 2021). Os resultados estdo apresentados na Figura 7.

Figura 7. Estrutura secundaria de cada construgéo de vacina.

Fonte: autoria prépria. As regides azuis representam as regides desordenadas, as rosas, de a-hélice,
as amarelas, de folhas-p. A) SMV1, B) SMV2, C) SMV3, D) SMV4.

A estrutura 3D das vacinas foi obtida utilizando o servidor I-TASSER. O C-score € uma
medida que varia de -5 até 2, onde um valor maior representa um modelo de maior
confidéncia e topologia correta. SMV1 teve um Z-score de 0,64 até 2,42 e um C-score
de -2,41. SMV2 teve um Z-score de 0,65 até 2,39 e um C-score de -2,41. SMV3 teve
um Z-score de 1,08 até 3,43 e um C-score de -1,92. SMV4 apresentou um Z-score de
1,06 até 5,61 e o maior C-score, 1,34 (Figura 8A). Além dessas classificagbes, 0
servidor também atribui um TM-score, uma métrica para mensurar a similaridade de
duas estruturas proteicas e que visa contornar a possibilidade de um baixo C-score,
mesmo com a topologia geral entre as duas sequéncias sendo semelhantes e um
valor de RMSD (desvio médio quadratico). Os valores do TM-score variaram de 0,43
+ 0,14 até 0,55 = 0,15; um TM-score maior que 0,50 indica uma maior acuracia na
predicdo da topologia geral. J4 0o RMSD variou de 11,1 +4,6 A até 14,0 + 3,9 A (Figure
8B).
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Figura 8. Caracteristicas e estruturas das construgées de vacina.

A

Nomeda - ore TM-Score RMSD  Z-Score
vacina

SMVL  -2.41 0.43:0.14 14.0:3.9A 0.64t02.42
SMV2 241 0.43:0.14 13.9+3.9A 0.65t02.39
SMV3  -1.92 0.48:0.15 12.2¢4.4A 1.08t03.43

SMV4 -1.34 0.55:0.15 11.1#4.6A 1.06105.61

Fonte: Autoria propria. A) Caracteristicas, B) Estruturas. a) SMV1, b) SMV2, c) SMV3, d) SMV4.

As estruturas tridimensionais das construgdes foram submetidas ao servidor 3Drefine,
responsavel pelo refinamento e otimizacdo das energias de ligacdo dentro da
proteina. Os modelos refinados com o menor valor de MolProbity foram selecionados,
pois quanto menor o valor de MolProbity, maior a qualidade do modelo (Figura 9A).
A validacdo do refinamento foi feita através de diferentes servidores. O servidor
ERRAT atribui um fator de qualidade para a estrutura da proteina, entre 0 e 100. Todas
as construgdes de vacina obtiveram fatores de qualidade superiores a 75 (Figura 9A).
O servidor ProSA-web foi utilizado para avaliar o Z-score das constru¢des de vacina.
O Z-score, neste contexto, € uma medida de desvio de energia entre duas estruturas
proteicas de tamanho semelhante (WIEDERSTEIN; SIPPL, 2007). No servidor, o Z-
score das construcdes de vacina € comparado com o Z-score de proteinas nativas
analisadas por cristalografia de raio-X ou por espectroscopia NMR (Nuclear magnetic
resonance), cuja estrutura tenha sido depositada no PDB (Protein Data Bank). Todas
as proteinas apresentaram um Z-score semelhante ao de proteinas nativas, como
demonstrado na Figura 9B, pelos pontos negros em relagéo as areas azuis. Além
disso, a estrutura tridimensional das vacinas foi avaliada através da plotagem de
Ramachandran. A plotagem de Ramachandran € uma maneira de visualizar regides
energeticamente permitidas na “espinha dorsal” da proteina (ZHOU; O'HERN;
REGAN, 2011). Todas as construgbes de vacina tinham mais que 97% dos

aminoacidos em regides energeticamente permitidas (Figura 9A), representados
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pelos pontos pretos nas regides amarelas e vermelha, na Figura 9C. Os resultados

indicaram, portanto, uma boa qualidade geral da estrutura tridimensional das vacinas.

Figura 9. Validagao da estrutura tridimensional da proteina.

A Nomeda MolProbity Fatorde Aminodcidosna Pro-SAweb
vacina Score qualidade regido permitida  Z-Score
SMV1 3,454 88,601 97,1% -4,60
sMvz 3,565 85,162 98,1% -4,42
SMV3 3,554 79,607 97,4% -2,02
sSMva 3,455 84,751 97,6% -5,16
a b c d
| = ; = ~
i | i 1 E
| | | L
VI J I i L
M? a e f, B
) ) \ 1 ‘

Fonte: autoria propria. A) Caracteristicas da estrutura refinada, B) Z-score do ProSA-web, C)
plotagem de Ramachandran. a) SMV1, b) SMV2, c) SMV3, d) SMV4.

4.9 Docking proteina-proteina e simulagao molecular dinamica

O docking molecular € muito utilizado para explorar a afinidade de ligacdo entre
proteinas e consiste numa estratégia essencial para o desenvolvimento de vacinas
(ALOM et al., 2021). Cada construcao foi avaliada quanto sua interacdo com o
complexo TLR4-MD2 (PDB: 3FXI), um complexo presente em células do sistema
imune inato. A vacina SMV4 foi a que apresentou a melhor afinidade de ligagéo, -28,3
kcal/mol, com um Kd (constante de dissociagédo) de 1,1E-20 a 37°C, uma energia
global de -55,38 e uma energia de ligagcao de hidrogénio (HB) de -12,81 (Figura 10A).
Estes resultados demonstram a interacdo estavel de SMV4 com o complexo. Deste
modo, dentre as quatro vacinas, a SMV4 foi selecionada para a continuidade dos
experimentos (Figura 10B).
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Figura 10. Caracteristicas do docking molecular de SMV4 com o complexo TLR4-MD2 e estrutura do

complexo dockado.

A Nome da Energia Afi“i‘{ade o Ka (M) em
vacina global L IFEEBhie 37,02 C
keal/mol
SMvV1 -29,19 -4,15 -22,5 1,4E-16
SMv2 -13,40 -5,31 -26,2 3,4E-19
SMv3 -34,88 -0,21 -25,0 2,6E-18
SMv4 -55,38 -12,81 -28,3 1,1E-20

Fonte: autoria propria. A) Caracteristicas, B) Complexo dockado. Em laranja, SMV4 e em azul, TLR4-
MD2

A simulagao molecular dinamica (MD) e analise de modo normal (NMA) do complexo
SMV4-TLR4-MD2 foi realizada pelo servidor iMODS. A simulagdo MD consiste numa
maneira intuitiva de se ilustrar as dindAmicas de um complexo proteico a nivel atdmico,
mostrando o movimento molecular realizado, sua funcdo e estabilidade
(HILDEBRAND; ROSE; TIEMANN, 2019). O complexo SMV4-TLR4-MD2 é
representado na Figura 11A. Os picos no grafico de deformabilidade do complexo
indicam as regides com maior deformabilidade (Figura 11B). O grafico do Fator-B do
complexo traz um facil entendimento e visualizacdo da comparacao entre o NMA e o
campo PDB do complexo (Figura 11C). O complexo € sugerido como estavel,
conforme Figura 11D. Os gréaficos de variancia e co-varidncia sdo mostrados na
Figura 11E e Figura 11F. O mapa elastico (Figura 11G) do complexo descreve a
conexdo entre atomos, onde as regides cinza-escuras representam regides
endurecidas. Os resultados obtidos demonstram a natureza estavel do complexo em

ambiente bioldgico.
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Figura 11. Simulagdo molecular dindmica do complexo SMV4-TLR2-MD2.
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Fonte: autoria propria. A) Estrutura do complexo, B) Deformabilidade, C) Fator-B, D) Eigenvalue, E)

Variancia, F) Co-variancia, G) Rede elastica.

4.10 Analise de epitopos descontinuos de células B e simulagdao imune de
eficiéncia

A maioria dos epitopos de células B é conformacional, ou seja, seus aminoacidos
constituintes se encontram préximos uns aos outros apés o dobramento da proteina,
criando uma estrutura tridimensional capaz de interagir com anticorpos (PALATNIK-
DE-SOUSA; SOARES; ROSA, 2018). A estrutura da vacina SMV4 foi analisada no
servidor Ellipro para a identificacdo de epitopos conformacionais de células B. Um
total de oito epitopos conformacionais, com pontuacdes variando de 0,713 até 0,872
foram encontrados. O mais curto e mais longo epitopo possuiam 3 e 63 residuos de
comprimento, respectivamente. Os aminoacidos presentes nos epitopos, o numero de
residuos, suas pontuagdes e a representacao tridimensional destes epitopos estédo

presentes na Figura 12.
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Figura 12. Epitopos descontinuos de células B presentes em SMV4.

A Ne

ID Residuos . Pontuacdo
residuos

V:T548, V:N549, V:K550, V:Q551, V:5552, V:G553, V:A554, V:G555, V:T556, V:K557, V:R565, V:T586, V:K587, V:S588,

V:N589, V:ES90, V:T591, V:Y592, V:Q593, V:D594, V:K595, V:K596, V:D597, V:R598, V:R600, V:R602, V:5603, V:E604,

V:A605, V:D606, V:L607, V:K608, V:K609, ViR610, V:iL611, V:E612, ViRE13, VIEG14, V:HO15, VIR616, V:RO17, VIRO18, 63 0,872

VD619, V:G620, V:K621, ViK622, V:AB23, V:K624, ViF625, V:V626, V:AG27, V:AG28, VIW629, V:iT630, ViL631, V:K632,
V:AG33, V:AB34, V:AG35, V:G636, V:G637, V:G638, V:5639

b VA4S, V:ASO, V:G51, V:AS2, V:AS3, VP54, VIASS, V:G56, V:AST, V:AS8, V59, V:E6D, AGL, V:AG2, VIEGS, V:EGL, 29 0,841
ViI71, ViL72, V:ET3, VEAT4, VIATS, ViG76, V:D77, V:KT8, V:K79, V1180, V:GB1, V:V82, V:183 i

V:A3, V:M6, V:A7,V:K8, V:19, V:510, ViT11, V:D12, V:E13, V:L14, V:L15, V:D16, V:A17, V:F18, V:K19, V:E20, V:M21,
c | ViT22, Vil23, Vil24, V:E25, V:L26, V:S27, V:D28, V:F29, V:V30, V:K31, ViK32, V:F33, V:E33, ViT36, V:F37, V:K96, V:K99, 48 0,825
V:D100, V:V102, V:D103, V:G104, V:A105, V:P106, V:K107, V:P108, V:L109, V:L110, V:E111, V:K112, V:K115, V:E116

o

V:G181, V:S183, V:5184, V:5185, V:N186, V:V187, V:N188, V:F189, V:P190, V:L191, V:Y192, V:G193, V:G194, V:G195 14 0,763

e VY326, VIR327, V1347 3 0,762

VK150, V:A152, V:A153, V:G154, VG155, V:G156, V:S157, V:T158, V:P159, V:F160, V:G161, V:W164, V:S165, V:W166,
V:G167, V:G168, V:G169
V:EL77, V:F245, V1A246, V:A247, V:P248, V11249, V:5250, V:A251, V:L252, V:N253, V:¥254, V:A255, ViF256, V:T257,
g | V:P258, V:G259, ViP260, V:G261, V:P262, V:G263, V:P264, V:G265, V:A266, V:R267, V:A268, V:G269, V:A270, V:P271, 36 0,722
V:G272, V:R273, V:V274, V:5275, V:F276, VY277, V:P278, V:G279

i
]

0,733

V:G379, V:P380, V:G381, V:P382, V:G383, ViN384, V:V385, V:G386, V:1407, V:5408, V:G409, V:T410, V:R411, V:P412 0,713

Fonte: autoria propria. A) Caracteristicas dos epitopos descontinuos, B) Estrutura tridimensional dos

epitopos.

Os epitopos de células B e T presentes na vacina devem ser capazes de estimular
respostas humorais e celulares. A simulacdo imune com a vacina SMV4 no servidor
C-ImmSim, com exposigao repetida ao antigeno, mostrou um aumento consistente na
geracdo de respostas imunes. ApOs a primeira exposi¢do, ocorreu um grande
aumento de niveis de IgM e a segunda e terceira exposi¢ao obteve respostas ainda
maiores, distinguiveis pelo maior numero de anticorpos IgM + IgG, IgG1 + 1gG2, IgG1
e pela rapida limpeza na concentracdo do antigeno (Figura 13A). Populagdes de
células B de isotopos IgM e IgG1 foram geradas de maneira consideravel junto com
células B de memoria (Figura 13B). Além disso, células T, incluindo células TH
(helper) e TC (citotoxicas) foram geradas em grande numero (Figura 13C, 13D). Um
nivel significante de células T regulatérias (Treg) foi encontrado apds a exposicéo e

sua consequente redugéo apos alguns dias de exposi¢cao ao antigeno (Figura 13E).
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Os niveis de IFN-y e IL-2 tiveram um aumento apds a primeira injecdo e foram
induzidos nas exposigdes seguintes (Figura 13F).

A presenca de células B de isétopos IgM, 1IgG1 e de memoria sao requeridas para
uma resposta humoral eficiente e para aquisigdo da imunidade de longo prazo (SHEY
et al., 2019). As populagdes de células TH e TC demonstram uma resposta celular
para defesa contra o patdgeno em sua fase intra- e extracelular (QIN et al., 2021).
Além disso, citocinas como IFN-y e IL-2 contribuem para o desenvolvimento de
respostas imunes celulares e pds-vacinagao (CHAUDHURI et al., 2020). Ademais, o
Index de Simpson demonstra que a vacina € capaz de estimular uma resposta imune
robusta e diversa (RAHMAN et al., 2020).

Figura 13. Simulagdo imune de SMV4.

B cell population (cells per mm?)

TH cell population per state {cells per mm?)

100000 N

TR (regulatory) cell population per state (cells per mm3)

450000

Total

400000

350000

300000

250000

r state (cells per mm?)
RESTING
ANERGIC (y2)
405
800
Y
5 &
600 o g
g
r«
400 \

0 20 40 60 80 100 120 140 160 180 200 0 20 4 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 150 180 200
days days days

ngimi

200000

0 20 40 50 801001201 40150 8R00
150000

100000

Fonte: Autoria propria. A) Imunoglobulinas apds a inje¢do do antigeno, B) Populagbes de células-B,
C) Geracéo de células HTL, D) Geracao de células CTL, E) Niveis de células T-reg, F) Niveis de
citocina e Index de Simpson.

4.11 Adaptacao de cédon e clonagem in silico

Durante a construgao de uma vacina de epitopos, um estagio critico é a clonagem
eficiente e expressdo em um vetor compativel (OBAIDULLAH et al., 2021). A
adaptacao de codons é essencial por conta da degeneracdo do codigo genético, que
permite que os aminoacidos sejam incorporados através de diversos cdédons (SHEY

et al., 2021). Os cdédons de SMV4 foram adaptados para o vetor de expressao E. coli
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K12, pelo servidor JCAT. A construgcdo otimizada possuia 1917 pb de comprimento,
um conteudo G+C de 54,17%, além de possuir um CAl (Codon Adaptation Index, uma
medida para avaliagdo da adaptagao de codons), excelente (0,958), demonstrando a
alta chance de expressao. Posteriormente, a sequéncia foi inserida entre os sitios
Xhol e Ndel do plasmideo pET-28a (+). O vetor tinha um comprimento total de 7212
pb (Figura 14).

Figura 14. Vetor de expressdo pET28A (+) contendo SMV4.

Alol,BsaX],Bsaal,Dralll BspEl, Styl,Blpl,PaeR71,T1il, Xhol
SspI,Psil BlpI, Agel,Acc651,Kpnl
Bael
Agel
PshAL

Nsil Acc65I,Kpnl

AsiSI,Pvul, +2 Mlul
EcoNI, Sspl,Bsal BfuAl
Nsil,BsmI BspMI
Clal
BspDI SexAl
Nrul Kf1L,+1
EcoRV
BspQl, +1
ALwNI
+1
+1
pET-28a(+)
7212 bp "
Accl
Ndel
Pcil Neol, +3
Sapl Bglll
BspQI Sgral
Tatl
PFIFL, +4
Sphl
EcoNI

BstaPl

BspEl Mlul,Bell
Bpulel BsrDI
Bgll, Fspal, Fspl, PpuMl NmeAILL PspOMI, Apal
BsaXl,PshAl BssHI1
BsrDI, EcoRV

Fonte: Autoria propria.
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5 CONCLUSAO

Um total de 49 isolados clinicos de S. marcescens completamente sequenciados
foram utilizados e 5 proteinas essenciais, de viruléncia ou resisténcia, ndo homodlogas
a humanos, antigénicas, foram identificadas. Destas proteinas, epitopos de linfocitos
T com alta afinidade a diversos alelos de HLA foram utilizados na construgcao de 4
modelos vacinais com diferentes adjuvantes. A modelagem tridimensional das
construcdes foi satisfatéria e SMV4 possuia a maior afinidade ao receptor TLR4. A
vacina SMV4 apresentou 8 epitopos conformacionais de linfécitos B, que eram
estaveis em meio fisiologico. A vacina era capaz de induzir respostas imunes celulares
e humorais, através de estudos de simulacdo imune. Através dos resultados in silico,
a construgao possui a capacidade de ser expressa em E. coli K12. Futura validagao
experimental como a clonagem, expressao e purificagado da vacina proposta, seguida
da sua inoculacdo em murinos e ensaios citotdxicos serdo necessarios para

estabelecer sua poténcia, eficacia e seguranca.
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Serratia marcescens is now an important opportunistic pathogen that can cause serious
infections in hospitalized or immunocompromised patients. Here, we used extensive
bioinformatic analyses based on reverse vaccinology and subtractive proteomics-based
approach to predict potential vaccine candidates against S. marcescens. We analyzed
the complete proteorme sequence of 49 isolate of Serratia marcescens and identified 5
that were conserved proteins, non-homologous from human and gut flora, extracellular or
exported to the outer membrane, and antigenic. The identified proteins were used to
select 5 CTL, 12 HTL, and 12 BCL epitopes antigenic, non-allergenic, conserved,
hydrophilic, and non-toxic. In addition, HTL epitopes were able to induce interferon-
gamma immune response. The selected peptides were used to design 4 multi-epitope
vaccines constructs (SMV1, SMV2, SMV3 and SMV4) with immune-modulating
adjuvants, PADRE sequence, and linkers. Peptide cleavage analysis showed that
antigen vaccines are processed and presented via of MHC class molecule. Several
physiochemical and immunological analyses revealed that all multiepitope vaccines were
non-allergenic, stable, hydrophilic, and soluble and induced the immunity with high
antigenicity. The secondary structure analysis revealed the designed vaccines contain
mainly coil structure and alpha helix structures. 3D analyses showed high-quality
structure. Molecular docking analyses revealed SMV4 as the best vaccine construct
among the four constructed vaccines, demonstrating high affinity with the immune
receptor. Molecular dynamics simulation confirmed the low deformability and stability of
the vaccine candidate. Discontinuous epitope residues analyses of SMV4 revealed that
they are flexible and can interact with antibodies. In silico immune simulation indicated that
the designed SMV4 vaccine triggers an effective immune response. In silico codon
optimization and cloning in expression vector indicate that SMV4 vaccine can be
efficiently expressed in E. coff system. Overall, we showed that SMV4 multi-epitope
vaccine successfully elicited antigen-specific humoral and cellular immune responses and




Multiepitope-Based V:

ne Against Serrafia marcescens

may be a potential vaccine candidate against S. marcescens. Further experimental
validations could confirm its exact efficacy, the safety and immunogenicity profile. Our
findings bring a valuable addition to the development of new strategies to prevent and
control the spread of multidrug-resistant Gram-negative bacteria with high

clinical relevance.

Keywords: Serratia marcescens, reverse vaccinology, multidrug resistance, computaticnal approaches,

subtractive proteomics

INTRODUCTION

The spread of antimicrobial resistance (AMR) is urgent,
especially regarding bacteria (1). Once resistant strains emerge,
the options for effective antibiotic therapy become limited and
their alarming spread around the globe has not been followed by
the development of novel antibiotics (2, 3). AMR produces
significant impacts on human health around the world, causing
troublesome levels of morbidity and mortality leading to
dramatic economic consequences (4). It has been estimated
that 10 million lives a year will be lost to AMR by 2050, and
cumulative loss of world economies might be as high as $100
trillion (2, 5). AMR is a serious issue that demands an organized
global action plan (4, 6, 7). Developing novel and integrated
strategies are paramount to effectively fight AMR; these strategies
include the development of monoclonal antibodies, new
antibiotics, new diagnostics, new vaccines that target
antibiotic-resistant bacteria, and increasing coverage of existing
vaccines (3, 4, 8).

Serratia spp. is within the World Health Organization (9)
global priority list of multidrug-resistant (MDR) bacteria that
poses a major threat to human health around the world. Hence,
there is an urgent need to development new and effective
treatments and prevention strategies. Serratia marcescens is a
Gram-negative Enterobacteriaceae species that has emerged as a
neglected opportunistic human pathogen (10). This species can
cause a variety of infections, including respiratory, bloodstream,
skin, ocular, urinary, and catheter-related infections, as well as
meningitis and sepsis in immunocompromised or critically ill
patients, especially those in intensive care units (ICUs) and
neonatal intensive care units (NICU). Studies have reported an
increase in the number, and it of multidrug-resistant S.
marcescens strains worldwide (11) and this increase has been
related to severe outcomes (12) and a high mortality rate (13, 14).

Several studies and medical experiments have supported that
S. marcescens may be promising for vaccine development. For
instance, Field et al. (15) immunized adult mice with
lipopolysaccharide (LPS) somatic antigen, or a heat-killed
vaccine of Serratia marcescens and observed a rapid presence
of specific antibody-forming cells in the spleen, in the mesenteric
nodes, and in the thymus. Kreger et al. (16) showed that the
severity of experimentally induced corneal disease by S.
marcescens is considerably reduced by immunization against
either the lipopolysaccharide endotoxins or the proteases of the
bacteria. Kumagai et al. (17) showed that the protection against
an experimental Serratia marcescens infection in mice was

enhanced by prior injection of formalin-killed or viable
bacteria of the same strain. They suggested that the humoral
immunity and T-cell-mediated immunity were associated with
protection against systemic Serratia infection. Shi et al. (18)
reported that S. marcescens vaccine was effective for malignant
pleural effusion and presented tolerable toxic effects. In the late
19th century, William Coley developed a formulation containing
Streptococcus pyogenes and S. marcescens called by various
names, such as Coley’s fluid, Coley’s vaccine, mixed bacterial
vaccine (MBV), Coley’s toxins, and Vaccineurin. This
formulation was used to treat sarcoma in many countries until
1990 (19-21). In the 1970s, Coley’s mixture (MBV) was further
investigated, and it has been used in clinical trials against
different types of cancer presenting variable results (22-27).
The recent interest in MBV is motivated by humoral and
cellular immunity to cancer antigens, which has the ability to
spontaneous induce antibody responses. The stimulation of the
innate immune system produces a complex cascade of cytokines
that contribute to the immune recognition of cancer, possibly
inducing apoptosis (22).

Vaccination is one of the most effective means to efficiently,
rapidly and affordably improve public health; it is also the most
feasible way to eradicate a variety of infectious diseases (28). Current
vaccine research has mostly focused on peptide and subunit
vaccines instead of whole organism vaccines. This is because
subunit vaccines contain specific immunogenic components of
the pathogens responsible for the infection rather than the whole
pathogen. Traditional approaches for vaccine production have also
been considered less efficient than computational approaches for a
variety of reasons, including inaccuracy, safety, stability, high cost,
hypersensitivity, and specificity.

Reverse vaccinology (RV), subtractive proteomics (SP), and
genomics studies have emerged as powerful computational tools
that have revolutionized the identification of drug targets and
potential vaccine candidates (29). These methodologies are able to
identify in silico the complete repertoire of immunogenic antigens
and druggable targets that an organism is capable of expressing
without the need of culturing the microorganism (30). In addition, it
reduces the dependence on conventional animal testing based
screening for getting a potentially suitable candidate, minimizing
the time consuming and cost of the vaccine and drug development
processes (31). Since the first application of reverse vaccinology that
was used to development of a vaccine against serogroup B Neisseria
meningitidis (MenB) (32), this tool has been used in the
identification of numerous promising vaccine candidates against
many bacterial pathogens, including Mycoplasma pneumoniae (33),
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Pseudomonas aeruginosa (34), Mycobacterium tuberculosis (30),
Acinetobacter baumannii (35), and Neisseria meningitidis (36).

In this study, we have applied RV and SP based computational
strategies and selected a new multi epitope-based vaccine
candidate against Serratia marcescens, which can be used in
further experiments to validate its efficacy, safety, and
immunogenic profile.

MATERIAL AND METHODS

Subtractive proteomics and reverse vaccinology approaches were
used to identify potential vaccine candidates against the S.
marcescens strain. A flowchart summarizing the methodology
is shown in Figure 1.

Data Collection of Proteome and Selection
of Core Proteins

The proteome sequences of 49 S. marcescens were downloaded from
the Genome Project database of the National Center for
Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.
gov/genbank/). Out of these proteomic sequences, one
corresponded to the representative proteome of Serratia
marcescens subsp. marcescens Dbll and 48 sequences were from
S. marcescens associated with human infections. Bacterial Pan
Genome Analysis (BPGA) tool (37) version 1.3 was used to
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FIGURE 1 | A schematic flowchart diagram showing the procedure used in
the current study. Orange: subtractive proteome analysis. Green: identification,
characterization, and selection of peptide epitopes. Blue: construction and
analysis of the multiepitope vaccine.

identify core (conserved) protein families (Supplementary Data
Sheet 2). BPGA uses USEARCH as a default protein clustering tool
with an identity cut off = 50%. Strain names, source of isolation,
country, RefSeq assembly accession numbers, assembly levels, and
references are shown in Supplementary File Table S1.

Screening of Essential Proteins, Virulence
Factors and Resistance Proteins

The identified core protein families related to 49 bacteria species
were subjected to BLASTp searches against the Database of
Essential Genes (DEG 10) providing the essential information of
the proteins (35, 38—42). DEG is a database for essential genes that
is frequently updated (43, 44). The parameters of the analysis were
E-value < 10" and bitscore > 100 (Supplementary Data Sheet 3).
The core proteins of S. marcescens were also subjected to BLASTp
search against Virulence Factor database (VFdb) (http://www.
mgc.ac.cn/VFs/) (45) and Microbial virulence DataBase
(MvirDB) (http://mvirdb.lInl.gov/) Supplementary Data Sheet 4
(46). In both databases, the E-value cut-off was set to < 10" and
bitscore > 100. The resistance associated proteins were found
through a BLASTp against two databases, ARG-ANNOT
(Antibiotic Resistance Gene-ANNOTation), which provides
protein sequences associated with antibiotic (47), and CARD
(Comprehensive Antibiotic Resistance Database), a database of
peer-reviewed antibiotic resistance determinants (Supplementary
Data Sheet 5) (48). The E-value cut-off for both antibiotic
resistance analyses was < 10,

Subtracting Gut-Human Homologous and
Human Non-Homology Proteins

The identified essential, virulent or resistance associated proteins
were filtered against the proteome of host Homo sapiens
(taxid:9606), using BLASTp with E-value of < 107*
(Supplementary Data Sheet 6). The host non-homologue
proteins were filtered against a custom protein database
containing 79 human gut floral species [see supplementary Text 1
from (44, 49)]. For subtraction of homologous sequence between
gut microbiota and S. marcescens, we carried out BLASTp analysis.
The obtained hits with an E-value of < 10~ and similarity = 50%
were considered as gut-flora homologous proteins and excluded
from further analyses (Supplementary Data Sheet 7).

Prediction of Subcellular Localization
Prediction of selected proteins subcellular localization was done
by using two different web servers: PSORTb v3.0.2 (50)
algorithm (https://www.psort.org/psortb/) that determines
different subcellular localization like cytoplasmic membrane,
outer membrane, periplasm, extracellular, cytoplasmic, and
unknown; and CELLO v2.5 (http://cello life.nctu.edu.tw) (51), a
web-based system which is also used for predicting protein
subcellular localization.

Physicochemical Property and Antigenicity
Analysis of Proteins

Physicochemical properties such as number of amino acids and
molecular weight were examined on the online servers Expasy
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ProtParam (52) (https://web.expasy.org/protparam/) and
UniProt (https://www.uniprot.org/). Antigenicity of proteins
was predicted using two online servers: VaxiJen v2.0 (53),
(http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html)
which predicts whether a protein could be a protective antigen
based on physicochemical properties of amino acid sequence and
has a threshold value = 0.5; and AntigenPRO (http://scratch.
proteomics.ics.uci.edu/), an alignment-free, sequence-based and
pathogen-independent predictor of protein antigenicity with
79% accuracy and an area under curve (AUC) of 0.89 (54).

Identification of Trans-Membrane Alpha-
Helices and Secretory Pathway Analysis

To assess the proteins getting embedded in the plasma
membrane and to subtract those being exported, we submitted
the amino acid sequences from the outer membrane, periplasm
and extracellular proteins of S. marcescens to the TMHMM v.2.0
(https://services.healthtech.dtu.dk/service.php? TMHMM-2.0)
server, which predicted the topology of these proteins by the
Markov method (55). Secretory pathway was analyzed using
SignalP 5.0 (https://services.healthtech.dtu.dk/service.php?
SignalP-5.0), a server based on deep neural network method
that predicts signal peptide (SP) sequences and discriminates
among three main types of SPs (56).

Pathogen-Specific Pathways and
Functionality Analysis of Selected Proteins
The comparison between metabolic pathways of S. marcescens
and human pathways was done manually, using KEGG (Kyoto
encyclopedia of gene and genome) pathway database. Proteins
that play a role in unique and shared pathways in both pathogen
and host were enlisted (Table S$2) (35). Protein function
prediction was made by three different servers: UniProt, KEGG
Genes Database, and InterPro (https://www.ebi.ac.uk/interpro/),
a server that provides family classification, biological process and
molecular function of the protein (57).

Prediction of T Cell and B Cell Epitope

The prediction of MHC-I epitopes was performed by three
servers: IEDB Tepitool prediction (http://tools.iedb.org/
tepitool/) server (58), NetMHCpan 4.1 BA (https://services.
healthtech.dtu.dk/service.php?NetMHCpan-4.1), and
NetCTLpan 1.1 (https://services.healthtech.dtu.dk/service php?
NetCTLpan-1.1). In the TEDB server, 27 different alleles that
cover more than 97% of the global population were selected for
MHC class T predictions (59). Identified T-cell epitopes having
alleles with IC50 value < 50 nM were considered of high binding
affinity. The default prediction method was set as the IEDB
recommended that uses the Consensus method consisting of
ANN (Artificial neural network, also called as NetMHC, version
3.4), SMM (Stabilized matrix method), CombLib (Scoring
Matrices derived from Combinatorial Peptide Libraries), and
NetMHCpan (version 2.8). NetMHCpan 4.1 server predicts
binding of peptides to any MHC molecule of a known
sequence using artificial neural networks (ANNs). We used a
threshold value IC50 = 50 nM and a percentile rank < 0.20 (34).

NetCTLpan 1.1 server performs integrate prediction of peptide
MHC class I binding, proteasomal C terminal cleavage, and TAP
transport efficiency. In this analysis, the threshold value was set
as 0.75 (35).

Predictions of MHC class II epitopes or HTL epitopes were
made by Tepitool, using the IEDB recommended method. A set
of the 26 most frequent human class II alleles from DP, DQ, and
DR loci was used. Selection criteria was peptides with binding
affinity < 50nM for IC50. Prediction of linear B-cell epitopes or
BCL epitopes for proteins was achieved by using IEDB server,
ABCpred, and Beepred. IEDB server predicted epitopes based on
antigenicity (60), accessibility (61), linear epitope (Bepipred-1.0)
(62) and sequential/conformational epitope (BepiPred-2.0) (63).
ABCpred (https://webs.iiitd.edu.in/raghava/abcpred/) uses
Artificial Neural Network (ANN) machine-learning to predict
B-cell epitopes and has an accuracy of 65.93%. In this server,
parameters were set to default. Beepred (https://webs.iiitd.edu.in/
raghava/bcepred/bcepred_instructions.html) predicted B-cell
epitopes based on four amino acid properties (hydrophilicity,
flexibility, polarity and exposed surface). We used a threshold of
2.38 that predicts epitopes with 58.7% accuracy

MHC Class | Immunogenicity
Determination

The MHC I immunogenicity prediction were assessed by the [EDB
server (64) (http//toolsimmuneepitope.org/immunogenicity/). A
high score suggests a higher probability of stimulating an immune
response. The epitopes with positive immunogenicity value were
selected for further studies.

Antigenicity, Toxicity, Allergenicity of
Selected Epitopes

The epitopes of MHC Class [, MHC Class II and LB were
screened for their antigenic properties by VaxiJen2.0. The
threshold for MHC class I and MHC class II epitopes was set
to = 0.5, and to = 0.70 for the B-cell epitopes (53). The antigenic
B-Cell epitopes obtained, with 9 or more amino acids in length
and those that overlapped with the amino acids sequences found
in IEDB, ABCpred and Beepred tools were selected for toxicity
and allergenicity analyses. The toxicity prediction was carried out
using ToxinPred (http://www.imtech res.in/raghava/toxinpred/
indexhtml), keeping all the parameters to default. This tool
predicts the antigenic behavior of epitopes through their
physicochemical properties and confirms that the specific
immune responses in the host cell will only target the bacteria
rather and not host tissue (65). Allergenicity analysis was
conducted with AllerTOP v2.0 server (https://www.ddg-
pharmfac.net/AllerTOP/feedback.py). This is a server based on
the main physicochemical properties of proteins (66), presenting
an accuracy of 88.7% (67).

Conservancy, Hydrophobicity and IFN-
Inducing Validation of Selected Epitopes
The conservancy of MHC Class I and MHC Class II selected
epitopes within protein sequences were predicted using IEDB
web server (68). For calculating the conservancy score, the
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sequence identity threshold was kept at 100%. Grand average of
hydropathicity of MHC Class I. MHC Class II and LB epitopes
were done using ProtParam (52) server. The GRAVY value is
described by the sum of hydropathy values of all amino acids
divided by the protein’s length (34). A negative value implies that
protein contains hydrophilic properties whereas a positive
GRAVY value indicates that the protein is hydrophobic (35).
For further refinements, we investigated whether Helper T cell
(HTL) epitope can induce IFN gamma immune response using
the IFN epitope server (69) (http://crdd.osdd.net/raghava/
ifnepitope/), an online tool with 82.10% accuracy. The server
constructs overlapping sequences from which the IFN-yepitopes
are predicted. The default prediction method was set as “Motif
and Support Vector Machine (SVM) hybrid” and “IFN-gamma
vs. Non-IFN-gamma” model to predict IFN-y-inducing peptides
based on score. The higher the score, the higher the chance of
inducing IFN-y (70). Although the IFN epitope server has
limitations regarding the number of residues that can be used
for prediction (71), it is a common online prediction server used
for vaccine design (70, 72-74). Therefore, the epitopes with
positive results for the IFN-y response were selected for
further prediction.

Predicting Three Dimensional (3D) Epitope
Structure and Molecular Docking of the
Selected Epitopes

The best-selected MHC class I and MHC class II epitopes were
submitted to PEP-FOLD3 server (http://bioserv.rpbs.univ-paris-
diderot.fr/services/PEP-FOLD3/), an online tool for generating
de nove peptide 3D structure (75). The docking experiments
were made using PatchDock (https://bioinfo3d.cs.tav.ac.il/
PatchDock/php.php) tool. The obtained models were refined
and re-scored by FireDock server (http://bioinfo3d.cs.tau.ac.il/
FireDock/), that ranks the docked models by their global energy,
and the lowest global energy represented the best prediction (76).
The MHC class I epitopes were docked with HLA-A*0101 (PDB:
6AT9), HLA-A*0201 (PDB: 3UTQ), HLA-B*1501 (PDB: 1XR8),
HLA-B*3501 (PDB: 1ZSD), HLA-B*3901 (PDB: 402E), HLA-
B*5301 (PDB: 1A1M), HLA-B*5801 (PDB: 5IM7), HLA-B*4403
(PDB: 15YS) alleles. The alleles used to MHC Class II epitopes
were: HLA-DRB1*0101 (PDB: 2FSE), HLA-DRB1*0301 (PDB:
1A6A), HLA-DRB1*0401 (PDB: 25EB), HLA-DRB1*1501 (PDB:
1BX2), HLA-DRB3*0101 (PDB: 2Q6W), HLA-DRB3*0202
(PDB: 3C5]) and HLA-DRB5*0101 (PDB: 1H15). The docked
structures were visualized using PyMol tool (https://pymol.org/
pymolhtml?) (67). The epitopes that showed the best binding
atfinity were selected for vaccine construction.

Vaccine Construction

Best binding peptides were selected for potential vaccine
candidate. To construct the vaccine, CTL, HTL and BCL
epitopes were linked together by GGGS, GPGPG and KK
linkers. GGGS linkers were used to conjugate the Universal
Pan HLA DR sequence (PADRE) sequence with CTL epitopes
and the CTL epitopes among themselves. GPGPG linkers were
used to conjugate the CTL epitopes with HTL epitopes and also

the HTL epitopes with the other HTL. KK linkers were used to
attach the HTL and BCL epitopes as well as the BCL epitopes
among themselves (67). Adjuvants sequences were linked with
the help of EAAAK linkers at both N- and C-terminus, and
EAAAK linkers were also used to conjugate the PADRE
sequence (AKFVAAWTLKAAA) (35). Five different adjuvant
sequences were used to attach the PADRE sequence: 50s
ribosomal L7/L12 protein (77), beta-defensin (78), HBHA
protein (M. tuberculosis, accession number: AGV15514.1), and
HBHA conserved sequence (79).

Antigenicity and Allergenicity of

Vaccine Constructs

VaxiJen 2.0 and ANTIGENpro server were used to determine the
antigenicity of the vaccine constructs. AllerTOP and AlgPred
(http://crdd.osdd.net/raghava/algpred/) servers were used to
evaluate the allergen potential of the multi-epitope vaccine
construct. Allergen prediction is based on similarity of known
epitope of any of the known region of the protein. It uses MAST
to search MEME/MAST allergen motifs and predict the allergen if it
has a motif. AlgPred is an SVM module based program which uses
amino acid or dipeptide composition for the prediction of allergen.
The parameters (IgE epitope + MAST + SVM + ARPs BLAST) were
combined to predict the allergenicity of vaccine constructs (35, 80).

Solubility Prediction and Physiochemical
Behavior Analysis of Vaccine Constructs
SOLpro of Scratch Protein predictor was used for vaccine
solubility estimation. SOLpro performs a two-stage SVM
architecture method based on multiple representations of the
primary sequence (81), The overall accuracy of SOLpro is
estimated in over 74% using multiple runs of ten-fold cross-
validation (81). Vaccine constructs physiochemical properties
were analyzed using Expasy ProtParam server, which determined
the number of amino acids, molecular weight, theoretical
isoelectric point (PI), instability and aliphatic index, and
hydropathicity GRAVY values.

Peptide Cleavage Analysis

Proteasomal cleavage is important for T Cell epitope presentation.
This was analyzed by NetChop 3.1 (http://www.cbs.dtu.dk/services/
NetChop/), a neural network-based method trained on MHC class T
ligands produced by the human proteasomes (Supplementary Data
Sheet 8) (82). Since cathepsins cleavage sites may play a vital role in
the immune antigen presentation, cathepsin specific peptidase
activity was analyzed with the SitePrediction (http://www.dmbr.
ugentbe/prx/bioit2-public/SitePrediction/index.php) server for
MHC class II epitopes (83).

Secondary and Tertiary Structure
Prediction of the Vaccine Constructs

The secondary structures of the multi-epitope vaccine constructs
were generated using online tool PSIPRED 4.0 (http://bioinf.cs.
uclac.uk/psipred/), a web-based freely accessible online server
that also predicts the transmembrane topology, transmembrane
helix, fold and domain recognition (74). PSIPRED 4.0 has a Q3
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secondary structure prediction precision of 84.2% (84). The 3D
structures of multi-epitope vaccine constructs were predicted
using the [-TASSER (Iterative Threading ASSEmbly Refinement)
server (https://zhanglab.ccmb.med.umich.edu/I-TASSER/). I-
TASSER is an integrated platform for automated protein
structure and function prediction based on the sequence-to-
structure-to-function paradigm. I-TASSER initial creates three-
dimensional (3D) atomic models from several threading
alignments and iterative structural assembly simulations
starting from an amino acid sequence. In five community wide
CASP (Critical Assessment of techniques for Structure
Prediction) experiments, I-TASSER has been ranked best
server for protein 3D structure prediction (70). Pymol program
was used to visualize the modeled 3D structures.

Refinement and Validation of

Vaccines Constructs

The 3D structures of the constructed vaccines were refined using
3Drefine server (http://sysbio.rnet.missouri.edu/3Drefine/).
3Drefine server is based in optimization of the hydrogen
bonding network and composite physics and knowledge-based
force fields to give atomic-level energy minimization using the
MESHI molecular modeling framework (85, 86). The validation
process was performed using the PROCHECK’s Ramachandran
plot analysis (https://servicesn.mbi.ucla.edu/PROCHECK/) (87)
that analyzes the geometry of the refined vaccine construct and
predict the best stereochemical quality of the construct (88);
ProSA (https://prosa.services.came.sbg.acat/prosa.php) (89) that
computes the overall quality score (Z score) for a specific 3D
structure (90); and ERRAT server (http://services.mbi.ucla.edu/
ERRAT/) (91) that analyzes the statistics of non-bonded
interactions between different atom types (92).

Protein-Protein Docking

Each vaccine construct was docked against TLR4-MD2 complex
(PDB:3FXI). The docking experiments were made using ClusPro
2.0 (https://cluspro.bu.edu/login.php) and PatchDock (https://
bioinfo3d.cs.tau.ac.il/PatchDock/php.php). ClusPro 2.0 ranks
the cluster of docked complexes based on their center and
lowest energy scores (93). PatchDock algorithm divides the
Connolly dot surface representation of the molecules into
concave, convex, and flat patches (94). ClusPro 2.0 and
PatchDock were further analyzed by the PRODIGY tool of
HADDOCK server (https://haddock.science.uu.nl/) and
FireDock server (http://bioinfo3d.cs.tav.ac.il/FireDock/php.
php), respectively. The PRODIGY server produces binding
affinity score (95) and the FireDock server accesses the global
energy of the docked complexes.

Molecular Dynamic Simulation

After performing the protein-protein molecular docking, the best-
scored vaccine construction (SMV4) complexed with TLR4-MD2
was subjected to molecular dynamic simulation by the online server
iMODS (http://imods.chaconlab.orgf) (96), using the parameters as
default. This server predicts the dynamics simulation of the protein
complex in terms of atomic B-factors, eigenvalue variance,
deformability, elastic network, and covariance map. The

deformability of a given protein mostly relies on the capability of
each of its residues to deform. The eigenvalue is related with the
energy that is required to deform the given structure; the lower the
eigenvalue value, the easier the deformability of the complex
(67, 97). Moreover, the eigenvalue of the given protein complex
provides its motion stiffness (79).

Discontinuous B Cell Epitopes

SMV4 vaccine construction selected was submitted to ElliPro
server (http://tools.iedb.org/ellipro/) that predicts epitopes based
upon solvent-accessibility and flexibility (98). The algorithms
implemented in this analysis were approximation of the protein
shape asan ellipsoid (99), protrusion index (PI) of residue (100),
and neighboring residues clustering based on their PI values. The
conformational B-cell epitopes with minimum score value set at
0.70 while the maximum distance was set as default.

Immune Simulation of the Vaccine
Construct

C-ImmSim server (http://150.146.2.1/C-IMMSIM/index.php?
page=1) was used for the immune simulation study. It uses
position-specific scoring matrix for immune epitope forecast and
machine learning techniques to estimate immune interactions
(101). The three mammalian anatomical regions to get simulated
by the server were thymus (T cell), bone marrow (lymphoid and
myeloid cell), and a lympathic organ to exhibit immune response
(102). All parameters were kept as default at the time of vaccine
introduction, and three injections were administered with the
recommended intervals of 30 days. The time steps followed for
three injections were 1, 90 and 180. The volume of simulation and
the steps of the simulation were set at 10 and 600, respectively (103).

Codon Adaptation and In Silico Cloning
Reverse translation and codon optimization were performed
using Java Codon Adaptation Tool (JCat) server (http://www.
prodoric.de/JCat) (104). The JCat output includes the codon
adaptation index (CAI) and percentage GC content, which can
be used to assess protein expression levels. CAI provides
information on codon usage biases; CAI score >0.8 is
considered a good score (105). The ideal GC content of a
sequence should range between 30-70% (80). The E. coli strain
K12 was chosen as host for cloning our vaccine construct. We
avoided rho-independent transcription termination, prokaryote
ribosome binding site, and restriction enzymes cleavage sites.
Vaccine construct was cloned in pET28a (+) plasmid vector by
adding XhoI and Ndel restriction sites at C and N terminus,
respectively. The optimized sequence of the vaccine was inserted
into the expression vector [pET-28a (+)] using Benchling
webserver (https://www.benchling.com/).

RESULTS
Pre-Screening of Primary Data

Primarily, we selected representative proteomes of 48 S. marcescens
associated with human infections, and a Serratia marcescens subsp.
marcescens Dbl1 as a reference strain for our vaccine prediction.
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The proteomes of all S. marcescens strains were retrieved from
Genome Project database of the National Center for Biotechnology
Information (NCBI). With the help of Bacterial Pan Genome
Analysis (BPGA) tool the number of core proteins found from
analyzing of the 49 proteomes was 2832 proteins.

Screening of Essential, Virulence,
Resistance and Non-Homology Against
Human and Gut Flora Proteins

All the 2832 proteins were subsequently analyzed for essential,
virulent and resistance functions. The analyses of the non-
redundant proteins resulted in 1815 proteins. Of these
proteins, we have found 879 essential proteins, 155 proteins
contained virulence property, 98 were resistant proteins, 370
proteins were found to be virulence and essential, 70 were
resistant and essential, 42 resistant and virulence, and 201
proteins were related with essential, virulence and resistance
functions, 1106 were non-homologous with human proteins. Of
these 1106 proteins, 20 were gut flora non-homologous proteins,
and were used for subsequent analysis

Subcellular Localization, Identification of
Essential Proteins, Virulence Factors and
Resistant Determinants

Next, the subcellular localization of 20 gut flora non-homologous
proteins revealed that 2 proteins were outer membrane proteins, 6
periplasmic, and 2 extracellular (Table 1). Of these 10 proteins, 4
protein were essential (D-alanyl-D-alanine carboxypeptidase, 51.35
kDa; patatin-like phospholipase, 35.68 kDa; lipoprotein 11.82 kDa;
helix-tum-helix domain-containing protein, 10.66 kDa), 4 virulence
(phospholipase C, 79.68 kDa; spore coat U domain-containing
protein, 33.28 kDa; protein of avirulence locus ImpE, 2948 kDa;
NADPH-dependent FMN reductase, 19.24 kDa; 1 was related to
resistance (TonB-dependent receptor, 76.90 kDa), and 1 protein
presented essential and virulent functions (MoaF domain-
containing protein, 16.27 kDa) (Table 1).

Peptide Signal, Trans-Membrane, and
Antigenicity Prediction

Of these 10 proteins selected, analyses of presence of signal
peptide/anchor resulted into 3 proteins with secretory signal
peptides that are transported by the Sec translocon and cleaved
by Signal Peptidase I (Sec/SPI), 2 proteins having lipoprotein
signal peptides transported by the Sec translocon and cleaved by
Signal Peptidase II (Sec/SPII), and 1 protein with Tat signal
peptides transported by the Tat translocon and cleaved by Signal
Peptidase I (Tat/SPI). Only 1 protein (MoaF domain-containing
protein) contained 1 transmembrane helix (Table 1). VaxiJen
v2.0 and AntigenPRO tools reveled 7 and 8 proteins with a good
antigenic nature (>0.50) (Table 1), respectively. Of these, 2
essential proteins (D-alanyl-D-alanine carboxypeptidase,
patatin-like phospholipase family protein), 2 virulent proteins
(Phospholipase C, phosphocholine specific; spore coat U
domain-containing protein), and 1 resistant protein (TonB-
dependent receptor) presented antigenicity profile, had
extracellular domain or were proteins located in the outer

Multiepitope-Based Vaccin

membrane. Therefore, these 5 protein were considered for
turther prediction of vaccine targets (Table 1).

MHC Class-I Epitopes Prediction and
Immunogenicity, Antigenicity, Toxicity,
Hydropathicity and Conservancy Analysis
of Selected Epitopes

The prediction of T-cell epitopes of MHC class-I of the 5
proteins (D-alanyl-D-alanine carboxypeptidase, patatin-like
phospholipase family protein, Phospholipase C phosphocholine
speciﬁc, spore coat U dumain—ccntaining protein, TonB-
dependent receptor) had the sequence length 9 residues.
Among the 284 predicted epitopes, the 123 common epitopes
found in three servers were selected for immunogenicity analysis
and resulted in 59 epitopes. From these, 31 epitopes were found
to be antigenic and we found no epitopes with toxicity. Out of 31,
17 epitopes were non-allergenic. Epitope conservancy analysis
found 14 peptides with a score of more than 50%. GRAVY
analysis resulted in 7 peptides with negative value score, which
suggests hydrophilic nature of peptides. For further analysis, we
selected 7 MHC class-I epitopes (TPFGAGWSW, LEDRLVETL,
SSNVNFPLY, FTIPLPGDR, QTYGAKIAR, SEYVWNYEL,
YQFLKGWEL) that were found to be immunogenic, antigenic,
non-allergenic, non-toxic, conserved, and with negative
hydropathicity (Table 2). We excluded the patatin-like
phospholipase family protein because its prediction analysis
did not reach all the recommended parameters (Table 2).

MHC-Il Epitopes and Antigenicity,

Toxicity, Conservancy, Hydropathicity,
IFN-y Analysis

The MHC-II binding prediction of the 5 proteins (D-alanyl-D-
alanine carboxypeptidase, patatin-like phospholipase family
protein, Phospholipase C phosphocholine specific, spore coat
U domain-containing protein, TonB-dependent receptor)
resulted in 415 MHC-II epitopes with higher affinity. From
these, 196 were antigenic, and all were subjected to toxicity
and allergenicity prediction. According with results, all selected
epitopes were non-toxic and 114 had non-allergic nature.
Conservancy analysis showed that 93 epitopes had score more
than 50%, and GRAVY analysis revealed that 70 epitopes had a
hydrophilic nature. Additionally, the 31 the best resultant
epitopes of all analyses conducted were analyzed for their
IFN-y inducing. A total of 16 epitopes (4 from D-alanyl-D-
alanine, 1 from patatin-like phospholipase family protein, 2 from
Phospholipase C phosphocholine specific, 2 from spore coat U
domain-containing protein and 7 from TonB-dependent
receptor) had a IFN-y inducing profile and were selected for
molecular docking analysis (Table 3).

B-Cell Epitope Prediction and

Antigenicity, Toxicity, Allergenicity

and Hydropathicity Analysis

The prediction of linear B-cell epitopes for D-alanyl-D-alanine
carboxypeptidase, patatin-like phospholipase family protein,
Phospholipase C, TonB-dependent receptor and spore coat U
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TABLE 1 | Predicted subcellular localization, physicochemical, antigenicity, trans-membrane alpha-helices and peptide signal analysis.

Ref. Sequence Protein name ¥ Length  Mol. Signal peptide ® Localization  Functional Discription ~TMHMM Antigenicity
{amino Wt ] 789 (10) 11,12
acid) @  kDa

(]
Essential proteins
WP_041033700.1  * D-glanyl-D-alanine 489 51.35 Sec/SPliCleavage Outer Penicilin-binding protein/ 0 0.5856,
carboxypeptidase/D-alanyl-D- site (17 and 18, membrane/  Serine endopeptidase 0.5086
alanine-endopeptidase LAG-CS) Periplasm Aactivity

WP_084827239.1  * Patatin-like phospholipase 323 3568 Net identfied Outer Hydrolase activityAipid e} 0.6024,

Family protein membrane catabolic process 0.8235

WP_004939944.1  Lipoprotein 108 11.82 Sec/SPlCleavage Perplasm Lipoprotein with MoaF 0 0.5595,

site (16 and 17, domaln 0.4857
LSA-CA)
WP_047571040.1 Helix-turn-helix domain- 92 10.66 No identified Periplasm Uncharacterized conserved 0 0.2089,
containing protein protein with HTH_43 0.2900
domain
Virulent proteins
WP_141960268.1  * Phospholipase C, 715 79.68 Tat/SPICleavage Exiracelular — Membrane damaging toxin, 0 0.4097,
phosphocheline-specific site (31 and 32, phosphoric-diester 0.6277
(ALA-IP) hydrolase
WP_048321489.1  * Spore coat U domain- 311 33.28 Sec/SPICleavage Extracelular  Involved in motility and Q 0.6887,
contanng protein site (23 and 24, bicfim formation 0.8719
AFA-DC)
WP_148123533.1  Protein of avirulance locus 273 20.48 Not identified Periplasm Signaling, type VI secretion (o] 0.5895,
ImpE system component 0.7594
WP_004940045.1  NADPH-dependent FMN 183 19.24 Not identified Periplasm Electron transfer activity/ o] 0.4056,
reductase FMN binding 0.7386
Resistance protein
WP_033636744.1  * TonB-dependent receptor 697 76.90 Sec/SPICleavage Outer [ron complex receptor 0 0.6847,
site (44 and 45, membrane protein, channel transporter 0.7910
VNA-AE) of siderophores
Essential and virulent protein
WP_099783007.1 MoaF domain-containing 150 16.27 Sec/SPICleavage Periplasm Exported protein with MoaF 1 0.5898,
protein site (26 and 27, domain 0.9631
ATA-AQ)

Al data were analyzed using various server: 1, 2, 3 = NCBI/UniProt; 4 = Expasy; 5= SignalP5.0; 6 = PSORTW/CELLO; 7, 8, 9= Uniprot/KEGG/nterPro; 10 = TMHVIM, 71 = Vaxijen, 12=

AntigenPRO. * proteins considered for further analysis.

domain-containing protein is showed in Figure S1. Antigenicity
scale, and the most potent regions in epitopes found is showed in
yellow (Figure S81). A total of 503 B cell epitopes were predicted by
three servers, of which 236 epitopes were found to be antigenic. From
these antigenic epitopes, we manually selected 23 epitopes that had
regions overlapping with the amino acids sequences found in TEDB,
ABCpred and Beepred tools. These epitopes were subsequently tested
to toxicity, allergenicity, conservancy and hydropathicity. This
analysis resulted in 12 epitopes (TGEQRGDTL, SGDPTLHPDDL,
GRKTQGKGD, QREVYSHRTTPRM, SSQRINTRTLGLRLDS,
MAVANTDGSGD, TTVWDSTNKQSGAGT, QPEVRLRPTG,
FAAQRHESVGN, AETKSNETYQD, DRQRRRSEADL,
RLEREHRRRDG) non-allergen, non-toxic, conserved and having
hydrophilic nature. All 12 epitopes were selected for further analysis
and vaccine construction (Table 4).

Peptide Modeling and Molecular

Docking Analysis

All the 7 MHC class I and 16 MHC class II T-cell epitopes were
subjected to 3D structure generation by the PEP-FOLD?3 server, and
the predicted 3D structures found were docked with 8 MHC class I
alleles and 7 MHC class IT alleles, respectively. Among the epitopes,

5 MHC class I and 12 class IT epitopes showed the best result with
the lowest global energy of -34.89 and -70.54, respectively (Table 5)
and were used in multi-peptide vaccine construction.

Construction of Multi-Epitope Peptide
Vaccine, Physiochemical Properties and
Antigenicity, Allergenicity, Solubility
Analysis of Different Vaccine Constructs
‘We combined an adjuvant, PADRE sequence, CTL epitopes (MHC-
I epitopes), HTL epitopes (MHC-II epitopes) and BCL epitopes (B-
cell epitopes) in a sequential manner, and constructed four vaccines
candidates, named SMV1, SMV2, SMV3 and SMV4. All designed
vaccine proteins contained 5 CTL epitopes, 12 HTL, and 12 BCL
epitopes. The vaccines differed each other only by adjuvant
sequence, and the adjuvants used were 50s ribosomal L7/L12
protein, beta defensin, HBHA conserved sequence and HBHA
protein (M. tuberculosis, accession number: AGV15514.1)
(Table 6). For vaccine construction, the adjuvant sequence was
linked with PADRE sequence by EAAAK linker, GGGS linkers
were used to join the PADRE sequence with the CTL epitopes and
the CTL epitopes with the other CTL epitopes, GPGPG were used
to linked the CTL epitopes with the HTL epitopes and also the HTL
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Non-allergen 100%

Non-
toxin

1.2908

0.00318

; TonB- 469 477 QTYGAKIAR  HLA-A'68:01 HLA-A'31:01, HLA-A"68:01
HLA-AB8:01

dependent receptor

WP_033636744.1

5

-0.76

Non-allergen 100%

Non-

0.30533 1.4052

HLA-B*40:01,

HLA-B*40:01

507 SEYVWNYEL HLA-B40:01

499

toxin

HLA-B*44:03

-0.34

Non-allergen 100%

Non-
toxin

0.581

0.09418

HLA-A*02:01,

HLA-A*Q2:01,
HLA-A*02:06 HLA-A'02:06  HLA-A'02:06

608 616 YQFLKGWEL HLAA*02:01,

IEDB, 11 = GRAVY ProtParam.

ToxinFred: 9 = AlerTOPv2.0; 10

[EDB server; 7 = VaxiJen 2.0; 8

= JEDB Tepitool: 4 = NetMHCpan 4.1; 5 = NetCTLpan 1.1; 6

NCBIUniProt; 3

All data were analyzed using various server: 1, 2

epitopes among themselves, and KK linkers were used to conjugate
HTL with the BCL epitopes, the BCL with the other BCL epitopes,
and BCL with the PADRE sequence. Each vaccine construct was
finished by an additional GGGS linker.

Each designed vaccine construct contained 668 (SMV1), 659
(SMV2), 554 (SMV3) and 639 (SMV4) residues long, while the
molecular weight of each construction was found to be 70.335,
69.217, 57.867 and 66.147 kDa respectively. The theoretical pI of
each construct ranged from 9.85 to 10.36, suggesting that the
constructions have a negative charge if the pH is above the
isoelectric point and vice versa. The computed instability index of
constructions varied from 28.01 to 35.66 representing the stable
nature of the vaccine proteins. The high aliphatic index range (66.68
to 74.19) of all vaccine constructs suggest the protein stability in
several temperatures. The negative GRAVY value of the vaccine
constructs revealed that all of them has a hydrophilic in nature. All
four vaccine constructs showed good solubility (>0.873) during its
heterologous expression in the E. coli. Therefore, all of the vaccine
constructs showed be antigenic, non-allergenic, hydrophilic, stable
and soluble. The sequence of vaccine constructs and their
physiochemical properties are showed in Table 6.

Peptide Cleavage Analysis

We investigated both proteasomal and cathepsin specific
peptidase activity on the vaccine constructs. NetChop 3.1
server detected 17 proteasomal sites, which majority of them
were close to the linkers. SitePrediction server provided 1
peptidase and 14 peptidase links with 99.9% and 99%
specificity for cathepsin B, respectively; 1 peptidase and 2
peptidase links with 99.9% and 99% specificity for cathepsin D,
respectively; 8 and 3 peptidase links with 99% specificity for
cathepsins E and G, respectively; 2 peptidase links with 99.9%
and 4 peptidase links with 99% specificity for cathepsin K, and 1
peptidase link with 99% specificity for cathepsin L. Our results
indicates that these multi-epitope vaccine constructs might be
processed and presented in context of MHC class molecule.

Secondary Structure Prediction of the
Constructed Vaccines

The analyze of the secondary structure of vaccine constructs
showed that SMV1 had 48.35% of amino acids in coil structure,
40.12% of amino acids in alpha helix, and the lowest percentage
of the amino acids in beta sheet formation (11.23%). SMV2 had
49.75% of amino acids in coil structure, 38.56% in alpha helix
region, and 11.69% of the amino acids in the beta sheet
formation. SMV3 had the highest percentage of coil structure
(55.05%), 27.62% of the amino acids in alpha helix region, and
the highest percentage of the amino acids in the beta sheet
formation (17.33%). SMV4 presented coil structure in 54.23%,
30.05% of alpha helix region, and 15.72% of the amino acids in
the in beta sheet formation (Figure 2).

3D Structure Prediction of the

Constructed S. marcescens

The 3D structure was obtained by threading using I-TASSER
web server. For each vaccine sequence was predicted five 3D
models, and the first model of each construction was selected. All
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TABLE 3 | Idertffication of MHC-I epitopes and antigenicity, toxicity, consenancy, hydrpathicity and IPN-y inducing profile prediction.

No.  ProteinID iname ,  Start End Epitope Alleles Toxicity
@@ “ © © m L]
1 WP_041033700.1; D-alamy-0- 7 21 WLLPAILALAGCSSS  HLA-DRB1'01:01 10.378 Non- Non-allergen B83.67% -0.83
dlanine carboxypeptidase/ toxin
endopep 170 184 AFAAPISALNYAFTP HLA-DRB1°01:01 0.6842 Non- Non-allergan 75.51% -0.89
toxin
197 211 PGARAGAPGRVSFYP HLA-DQA1°05:01/DQB1°03:01 10,191 Non- Non-alergen 61.22% 0.1
toxin
451 485 PLAFAISNNYLVPG HLA-DRB1'04:06/HLA-DRB1'04.01/HLA- 0.5684 Mon- Non-allergen 100% -0.82
DRB1°15:01HLA-DRB1*07:01/HLA- foxin
DRB1°01:01/HLA-DRB1°13:02
2 WP_084827230.1; patatin-ike 40 54 SGASAGAIAALLVGL  HLA-DQA1'05:01/DQB1°03:01 0.8684 Nen- Non-allergen 100% 0.71
phospholipase famiy protein toxin
3 WP_141860268.1; 243 257 RQYRAASIQVGNPAR HLA-DRB1°01:01 0.5796 Non- Non-allergan 97.96% 0.83
Phospholpase C, touin
phesphocholing-specific 452 466 EKAFQVHEPNISAWR HLA-DRB1°01:01 0.8644 MNon- Nen-allergan 100% -1.34
toxin
4 WP_048321490.1;sporecoat 117 131  SLNLLSLILISSNVN HLA-DRB1°01:01 0.6343 Non- Non-dlergan 97.96% 0.82
U domain-containing protain toxin
121 135 LSUUSSNWNFPLY HLA-DRB1*13:02 HLA-DRB1°01:01 05984 Non- Non-allergan 83.27% -1.05
toxin
5  \WP_033836744.1; TonB- 125 133 NVGANARLSGTRPAL HLA-DRB5'01.01 0.7968 Non- Non-glergan a7.76% .11
dependent receptor toxin
128 143 NAFLSGTRPRLNLSL  HLA-DRE5'01:01, HLA-DRB101:01, HLA- 0.8159 Non- Non-allergen 87.76% -0.03
DRB111:01 toxin
338 353 TODFNINRFTAYNIGY HLA-DRB3'02:02, HLA-DRB1*13:02 08674 Non- Non-allergan B87.76% -0.83
toxin
372 386 ADSRLHGLAGLRYFH HLA-DRB1'01:01 05227 MNon- Non-allergen 100% 0.27
touin
565 579 RWDFELFGNLGLLKT HLA-DRB1°01:01 0.5005 Non- Non-alergan 871.76% .03
toxin
595 609 ARAPAYTANMGAKYQ HLA-DRB3'02:02 0.8467 Non- Non-allargan 81.76% -0.65
toxin
BO6 620 AKYQFLKGWELSSNV HLA-DRB1°01:01 0.7445 Non- Non-alargan B87.76 04
foxin

A clate weres anahzedt userg various cerver: 1, 2 = NCBYURPYot: 3 = IEDE Tatook 4 = Vaxiden 20; 5 = Toxnfred: 6 = AlerTop V2.0, 7 = IEDB; 8 = GRAVY ProtParan = IFN sotope.
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TABLE 4 | Identification of B-cell epitopes and antigenicity, toxicity, allergenicity and hydropathicity prediction of selected epitopes.

No. Protein ID ;); name () Start End Lenght Epitopes ;345 Antigenicity Toxicity Allergenicity Hydropathicity Conservancy
8 n @ (2] (o)
1 WP_041033700.1; D-alanyl-D- 100 108 9 TGEQRGDTL 1.4316 Non- Non-allergen 1.49 51.02%
alanine carboxypeptidase/ toxin
endopeptidase "7 127 11 SGDPTLHPDDL 0.7116 Non- Non-allergen -1.02 100%
foxin
331 339 ] GRKTQGKGD 2.7203 Non- Non-allergen 2.36 89,80%
toxin
2 WP_084827239.1; patatin-like 147 159 13 QREVYSHRTTPRM 0.7944 Non- Non-allergen -2.05 100%
phospholipase family protein toxin
214 229 16 SSQRINTRTLGLRLDS 17.872 Nen- MNen-allergen -0.77 71.43%
toxin
3 WP_141960268.1; Phospholipase 620 629 10 QPEVRLRPTG 1.3449 Non- Non-allergen -1.23 03.88%
C, phospheocholine-specific toxin
4 WP_048321499.1; spore coat U 81 91 1 MAVANTDGSGD 1.8801 Non- Non-allergen -0.28 63.27%
domain-centaining protein toxin
263 277 15 TTVWDSTNKOSGAGT 1.023 Non- Non-allergen -0.97 61.22%
toxin
5  WP_033636744.1; TonB- 5 15 11 FAAQRHESVGN 0.8087 Non- Non-allergen -0.80 97.96%
dependent receptor toxin
45 55 11 AETKSNETYQD 1.6267 Non- Non-allergen -2.10 100%
toxin
233 243 11 DRORRRSEADL 1.2989 MNon- Non-allergen -2A4F 87.86%
toxin
429 439 11 RLEREHRRRDG 1.8679 MNon- Non-allergen -2.98 87.86%
toxin

Al datawere anafyzed usingvarous an ine server: 1, 2 =NCBIUniPrat; 3, 4, 5 = ABCPred, Bospred, IEDB; 6 = Vaxien 2.0; 7 = ToxinPred; 8 =AlerTOPv2.0; 9 = GRAVY ProtParam; 10 = IEDB.

the model was ranked on their C-scores values, which measure
similarity between the query and template based on the
significance of threading template alignment and the query
coverage parameters. C-score values ranges between -5 and 2,
and a higher value represents a model with a higher confidence
and correct topology. SMV1 presented a Z-Score ranging from
0.64 to 2.42 and a C-Score of -2.41. SMV2 showed a Z-Score
ranging from 0.65 to 2.39 and a C-Score of -2.41. SMV3 had a C-
Score of -1.92 and a Z-Score ranging from 1.08 to 3.43. SMV4
exhibited a Z-Score 0f 1.06 to 5.61 and the highest C-Score, -1.34
(Figure 3A). In addition to C and Z score, I-TASSER predicted
the TM-score, a metric for measuring the similarity of two
protein structures, and the root mean square deviation
(RMSD) of atomic positions. TM-score obtained in vaccines
constructs ranged from 0.43 + 0.14 to 0.55 + 0.15. SMV4 had a
TM-score more than 0.5, indicating a higher accuracy in
topology. For all vaccines tested the RMSD ranged from 11.1 +
4.6A to 14.0 + 3.9 A (Figures 3A, B).

3D Structure Refinement and Validation

The 4 vaccine constructs 3D model were refined using the
3Drefine server. 3Drefine server provided five refined models
with different parameters, including the 3D refined score, GDT-
TS, GDTHA, RMSD, MolProbity, and RWPlus. Higher GDT-TS,
GDT-HA, and RMSD values, and lower 3D refine Score,
RWplus, and MolProbity values indicate a higher quality for
the models. The models number 1 in all 4 vaccine constructs
presented lowest MolProbity score, which ranged from 3.454 to
3.565 (Figure 4A). Therefore, these were validated by
PROCHECK’s Ramachandran plot, ERRAT and ProSA

webserver. ERRAT score for 3D models of four vaccines were
calculated as 88.601, 85.162, 79.607, and 84.751, respectively
(Figure 4A). The ProSA Z-Score for SMV1, SMV2, SMV3 and
SMV4 were -4.60, -4.42, -2.02 and -5.16 respectively, indicating
models were within the range of scores typically found for the
native proteins of similar size (Figures 4A, B). Ramachandran
plot analysis showed 97.1%, 97.4%, and 97.6% residues in
allowed region for vaccine SMV1, SMV3 and SMV4,
respectively. The SMV2 vaccine had 98.1% of residues in the
allowed regions (Figure 4C). These analyses authenticated the
reliability and stability of the predicted structures.

Protein-Protein Docking

Docking analysis was performed between SMV1, SMV2, SMV3
and SMV4 vaccine constructs and TLR4-MD2 complex
(PDB:3FXI), in order to find out the best constructed S.
marcescens vaccine. SMV4 showed binding affinity -28.3 kcal/
mol, a Kg of 1.1E-20 at 37°C, a global energy of -55.38, and an HB
energy of -12.81 (Figure 5A). Since SMV4 showed superior
results in the protein-protein docking study, it was considered as
the best vaccine construct among the four constructed
vaccines (Figure 5B).

Molecular Dynamics Simulation

The molecular dynamics simulation and normal mode analysis
(NMA) of SMV-4-TLR4 docked complex is showed in
Figure 6A. Deformability graphs of the complex illustrates the
peaks in the graphs, having regions of the proteins with high
deformability (Figure 6B). The B-Factor graphs of the complexes
provide easy understanding and visualization of the comparison
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TABLE 5 | Molecular docking of epitopes with HLA.

MHC Class |
No. Protein ID, name Epitope Global Energy
HLA-A*0101  HLA-A"0201  HLA-B*1501  HLA-B*3501 HLA-B*3901 HLA-B'4403  HLA-B'5301 HLA- Average
(PDB: 6AT9)  (PDB: 3UTQ) (PDB:1XR8) (PDB:1ZSD) (PDB:402E) (PDB:1SYS) (PDB: 1A1M)  B'5801
(PDB: 5IM7)

1 WP_041033700.1 D-alanyl-D- TPFGAGWSW -54.89 -18.08 -34.65 -42.60 -13.15 -43.74 -38.83 -33.18 -34.89
alanine carboxypeptidase/ LEDRLVETL -41.35 -22.48 -43.79 -24.36 -35.34 -16.87 -38.40 -23.62 -30.78
endopeptidase

2 WP_141960268.1 Phospholipsse  FTIPLPGDR -46.08 -24.55 -158.89 -24.14 -6.21 -154 -33.76 -23.74 23.73
€. phosphochoine-specfic

3 WP_048321400.1sporeccal U SSNVNFPLY -56.28 -23.22 -32.65 -0.88 -19.00 -36.62 -37.51 -30.24 -30.68
domain-containing protein

4 \WP_033636744.1 TonB- QTYGAKIAR -43.86 -4.69 -22.38 -19.36 -15.90 -25.60 -18.49 -26.76 2213
dependent receptor SEYVWNYEL -40.96 -17.05 -33.96 -25.68 -8.14 <16.25 42.89 -39.22 -27.88

YQFLKGWEL -49.03 -18.24 -16.88 820 -165 -26.1 -47.98 -36.74 -27.08

MHC Class Il

Global Energy
No. Protein ID, name Epitope HLA- HLA- HLA- HLA. HLA- HLA- HLA- Average
DRB1°0101 DRB1*0301 DRB1°0401 DRB1*1501 DRB3"0101 DRB3"0202 DRB5*0101
(PDB: 2FSE)  (PDB: 1A6A)  (PDB: 2SEB) (PDB:1BX2) (PDB:2Q6W) (PDB:3CS5J)  (PDB:1H15)

1 WP_041033700.1 D-alany-D- WLLPAILALAGCSSS -B9.74 -78.65 -74.83 -68.81 -65.01 -43.20 -72.52 -70.54
slanine carboxypeptidase/
endopeptidase

PGARAGAPGRVSFYP 7458 -62.83 -62.02 -62.94 -41.19 -30.71 -64.83 57.01
LAVTFLKVSNNGYGE -66.12 -73.03 -51.81 -54.69 -36.28 -30.34 -61.56 -53.40
PLAFAIISNNYLVPG -72.3 -57.61 -56.05 -62.76 -58.5 -47.77 -80.82 -63.42

2 WP_084827230.1 patatin-ike SGASAGAIAALLVGL 58.66 -72.12 -64.58 -76.20 ~50.656 4156 -64.48 62.30
phospholipase family protein

3 WP_141960268.1 Phospholipase RQYRAASIQVGNPAR B1.17 -55.80 -47.44 -47.06 -1396 -30.96 -69.12 -46.50
C. phosphochoine-speciic

EKRFQVHEPNISAWR -38.13 -38.77 -45.12 -8.34 -1693 2441 -27.34 2843

4 WP_048321498.1 spore coat LI SLNLLSLILISSNVN -88.21 -56.66 -52.15 -68.53 2085 -50.10 -89.29 -62.08

domain-containing protein
LSLILISSNVNFPLY -83.62 -85.33 -50.97 -82.72 -18.16 -16.28 -45.35 -57.20

5 WP_033636744.1 TonB- NVGANAFLSGTRPRL -65.85 -52.33 -56.04 -61.88 -20.96 -31.18 -68.32 -48.38

dependent receptor
MNAFLSGTRPRLNLSL 74.08 -48.43 -50.42 -37.86 -35.10 -31.70 35.66 -46.08
TDFNINRPTAYNIQY -42.87 -44.67 -49.32 3267 -13.94 -34.32 -43.83 -37.37
ADSRLHGLAGLRYFH -62.54 -47.66 -53.30 -61.08 -24.56 -25.95 -568.13 -47.60
RWDFELFGNLGLLKT -45.56 -65.26 -58.56 <5149 -18.14 -32.27 -83.07 -46.76
ARAPAYTANMGAKYQ -45.59 -44.37 -51.96 -A44.44 -22.36 -29.58 -34.58 -38.08
AKYQFLKGWELSSNV 54.33 -B81.70 -39.90 -60.14 -1893 -25.68 -38.08 4253

30 stiuctures wave generated by the PEP-FOLDS server, The docking was performed using PatehDock onine tool and the results were refined by FireDock online server.
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TABLE 6 | Characteristics of the constructed vaccines against S. marcescens strains.

Vaccine
name/adjuvant

SMV1/(HBHA)

SMV2/(HBHA

Sequence

EAAAKMAENPNIDOLPAPLLAAL GAADLALATUNDUANLRERAEE
TRAETRTRVEERRARL TKFQEDL PEQREL RDKFTTEELRKAAEGY
LEAATNRYNELVERGEAALORLRSOTAFEDASARAEGYVDQAVELT
QEALGTVASQTRAVGERAAKLYGIEL EAAAKAKFVAAWTLKAAAG
FDRLVETL YGGGSS
EYVWNYELGGGSYCFLKGWELGPGPGWLLPAILALAGCSSSGPG
PGAFAAPISALNYAFT RAGAPGRVSF LA
FAISNNYLVPCGPGF ALLVGLGPGPGROYRAASIO
VGNPARGPGPGSLNLLSLILISSNVNGPGPGLSLILISSNVNFPLYG
PGPGNVGANAFLSGT RPALGPGPGNAFLSGTRPRLNLSLGPGP
GADSALHOLAGLAYFHGPGPGRWDFELFGNLGLLKTKKTGEQR
GOTLKKSGDPTLHPDDLKKGRKTQGKGDKKQREVYSHRTTPRM
KKSSQRINTRTLGLRLDSKKMAVANTDGSGOKKT TVWDSTNKQ
SGAGTKKOPEVALRPTGKKFAAQRHE SVGNKKAETKSNETYQD
KKDRQRARSEADLKKALEREHRRADGKKAKFVAAWTLEAA
AGGGS
EAAAKMAENSN DDIKAPLLAAL GAADLALATVNELITNLRERAEE

SMV3/(B-Defensin)

SMVA/{50s ribosomal
L7/L12 protein)

TKLOEDLPEQLTELREKFTAEELRKAAEGYLEA

ATSELVERGEAALERLRSQQSFEEVSARAEGYVDQAVELTQEALG
TYASQUE LVGIEL] WL TPFG
EDRLVETL PLYGGGSSEYWWINY

ELGGGSYOFLKCWELGPGPGWLLPAILALAGCSSS GPGPGAFA
APISALNYAFTPGPGPGFGARAGAP GRVSFYPGPGPGPLAFAIISN
NYLVPGGPGPGSGASAGAIAALLVGLGPGPGROYRAASIOVGNP
GSLNLLSLILISSN LIL YGPGP
GNVGANAFLSGTRPRLGPGPGNAFLSGTRPALNLSLGPGPGADS
RUHGLAGLRYFHGPGPGRWDFELFGNLGLLKTKKTGEQRGDTL
KKSGDPTLHPDDLKKGRKTOGKGDKK OREVYSHRTTPRMKKS
SQRINTRTLGLRLDSKKMAVANTDGSGDKKTTVWWDSTNKOSGA
GTKKOPEVRLRPTGKKFAAQRHESVGNKKAETKSNETYQDKKD
RORRRSEADLKKRLEREHRRRDGKKAKFVAAWTL KAAAGGGS
EAAAKGINTLOKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKG
CHI AKFVAAWTLS E
DALVETLGGGSSSNYNFPLYGGGSSEYWINYELGGGS YOFLKGW
ELGPGPGWLLPAILALAGCSSSGPGPGAFAARISALNYAFTPGPG
PGP GARAGAPGRVSFYPGPGPGPLAFAIISNNYLVPGGPGPGSG
ASAGAIAALLVGLGPGPGROYRAASIQVGNPARGPGPGSLNLLEL
IL LIL NVNFPL? GANAFLSGTRPR
LGPGPGNAFLSGTRPALNLSLGPGPGADSALHGLAGLRYFHGPG
PGHWDFELFGNLGLLKTKKTGEQRGDTLKKSGDPTLHPDDLKK.
GRKTOGKGDKKOREVYSHRTTPRMKKSSORINTRTLGLALDSK
KMAVANTDGSGDKKTTVWDSTNKOSGAGTKKOPEVRLRPTGK
KFAAQRHESVGNKKAETKSNETYQDKKDRORARSEADLKKRLE
REHRRRDGKKAKFVAAWTLKAAAGGGS
EAAAKMAKLSTDELL DAFKEMTLLELSDFVKKFEETFEVTAAAPVA
VAAAGAAPAGAAVEAAEEGSEFDVILEAAGDKKIGVIKVWREVSGLG
LKEAKDLVDGAPKPLL EKVAKEAADEAKAIKLEAAGATVTVKEAAAK

Antigenicity Allergenicity Amino acids Mol. weight pl
[ B length kba

Vaijen: Non-allergen 668 70335 991
1.0377
ANTIGENpro:

0838

Vaxjen:
1.0449
ANTIGENpro:
0.851

Mon-aliergen 659 69.217 9.86

Vaxjen:
11417
ANTIGENRro:
0.827

Non-allergen 554 57867 1036

Vaxien
1.0210

MNon-allergen 633 66.147 985

Instability
index 5
3333

3566

a2

28.01

Aliphatic  GRAVY SOLpro

Iim!m - 3
7246 0526  0.967
7387 D510 0974
66.68 -0.547 D873
7419 -D388 0857

(Cantinued)
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between NMA and the PDB field of the docked complex
(Figure 6C). The SMV4-TLR4 docked complex suggested that
docked complex should be quite stable and should have relatively
less chance of deformability (Figures 6B, D). In the variance
graph (Figure 6E), red colored bars shows the individual
variance and green colored bars represent the cumulative
variance. Co-variance map of the complex showed a good
amount of amino acid pairs in the correlated motion
(Figure 6F). The eclastic map (Figure 6G) of the complex
describes the connection between atoms and darker gray
regions shows stitfer regions.

GRAVY SOLpro
5)

index

Instability  Aliphatic
index (5

Discontinuous B Cell Epitopes

Eight discontinuous B-cell epitopes with scores ranging from
0.713 to 0.872 were predicted by Ellipro online tool at IEDB.
Shortest and longest discontinuous B cell epitope ranged from 3
to 63 residues long respectively (Figure 7A). The amino acid
residues present in conformational epitopes, the number of
residues, their scores, and the 3D representation of
conformational B-cell epitopes are shown in Figure 7A, B.

kDa (5

length (5

Immune Simulation for Vaccine Efficacy

The vaccine primary response was characterized by high levels of
IgM, while the secondary and tertiary responses were higher than
the primary reaction and distinguished by greater IgM + IgG,
IgGl + IgG2, IgGl antibodies level, and a rapid clearance in
antigen concentration (Figure 8A). B cell activation were found
high, particularly B isotype IgM and IgGl, with prominent

Antigenicity Allergenicity Amino acids Mol. weight pl 5
@.4)

gz memory cell development (Figure 8B). The cell population of
Z 3 o TH (helper) and TC (cytotoxic) cells were also found high along
2 o with memory development (Figures 8C, D). A significant levels

(=]

of T regulatory (Treg cells) cells was found in the exposure to the
SMV4, and a Treg cell reduction few days after antigen exposure
(Figure 8E). The vaccine can induce both IFN-y and IL-2 with a
suitable Simpson Index (D) (Figure 8F), which is a measure
of diversity.

Codon Adaptation of the Final

Vaccine Construct

Codons of SMV4 construct were adapted as per codon utilization
of E. coli expression system, and JCAT server was used to
optimize the SMV4 codons according to E. coli K12, The
optimized SMV4 construct had a length of 1917 pb; an ideal
range of GC content 54.17% (30-70%), showing good probable
expression of the vaccine candidate in the E. coli K12; and CAI
value 0.958 (0.8-1.0), indicating a high gene expression potential.
In the next step, the SMV4 sequence was cloned between Xhol
and Ndel restriction sites at the multiple cloning-site of the
pET28a(+) vector. The clone had a total length of 7212
bp (Figure 9).

Sequence
AKFVAAWTLKAAAGGGSTPFGAGWSWGGGSLEDRLVETLGGG
SSSNVNFPLYGGGSSEYWWNYELGGGS YOFL KGWEL GPGPGW
LLPAILALAGCS SSGPGPGAFAARISALNYAFTPGPGPGFGARAG
APGRVSFYPGPGPGPLAFAISNNYLYPGGPGPGSGASAGAIAALL
VGLGPGPGRQYRAASIQVGNPARGPGPGSLNLLSLILISSNVNG
PGPGLSLILISSNYNFPLYGPGPGNVYGANAFLSGTRPRLGPGPGN
AFLSGTRPRLNLSLGPGPGADSRLHGLAGLRYFHGPGPGRWDF
ELFGNLGLLKTKKTGECRGDTLKKSGDPTLHFDOLKKGRKTQGK
GDKKQREVYSHRTTPRMKKSSQRINTRTLGLRLDS KKMAVANT
DGSGDKKT TVIWDSTNKQSGAGTKKQPEVRLRPTGKKFAAQRH
ESVGNKKAETKSNETYQDKKDRORRRSEADLKKRLEREHRRRD
GKKAKFVAAWTLKAAAGGGS

DISCUSSION

Vaccine development is one of greatest advances to prevent
global morbidity and mortality; not only does it halt the onset of

The bolded sequence represent the linker sequences. The flalic regions charactenze PADRE sequences. 1, 2: Vaxiden 2.0, ANTIGENpro; 3, 4: AlgPred,AlerTOP v2.0; 5, 6: ProtParam Expasy; 6: SOLPro. SMV, Sarmalia marcesoens vacdne.

TABLE 6 | Continued
Vaccine
name/adjuvant

Frontiers in Immunclogy | www.frontiersin.org 14 March 2022 | Volume 13 | Article 768569
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FIGURE 2 | Secondary structure prediction of the constructed S. marcescens vaccines using PESIPRED 4.0 server. (&) SMV1, (B) SMV2, {C) SMVZ, (D) SMV4.

A Vaccine
name

C-Score TM-Score  RMSD

Z-Score

SMVL | -2.41 ;0.53:0.14 14.0£3.9 A10.64 to 2.42

SMV2 | -2.41 ‘D.dZ:D.ld 139439 I\in.as to 2.39

SMV3 -1.92 {0.4810.15 12.244.4 A|1.08 10 3.43

SMVE -1.34 |

FIGURE 3 | (A) Characteristics and (B} 3D structure predicticn of the constructed S. marcescens vaccines

different diseases, but it also labels a gateway for its elimination
while reducing toxicity (74). Vaccines that prevent infections
caused by MDR bacterial species have a number of potential
benefits. They can be used prophylactically reducing antibiotic
use, emergence and spread of AMR, incidence of sensitive and
resistant infections, severity life-threatening diseases, sequelae
remaining after infection resolution, and health care costs
(3, 4, 8).

The main strategy in the present study was to design and construct
a multiepitope-based vaccine against S. marcescens, a gram-negative

!
0.55£0.15|11.1+4.6 A | 1.06 to 5.61

using I-TASSER server. a SMV1, b SMV2, ¢ SMV3, d SMV4.

rod frequently involved in diverse nosocomial infections and with
systemic mortality rate in immunocompromised and intensive care
patients (11, 13).

Using computational subtractive analysis, we enrolled non-
redundant proteome of S. marcescens to find proteins which had
essential, virulent, and resistance profile and, at the same time,
were non-homologous from human and gut flora, antigenic, had
extracellular domain and/or were secreted. The antigens used in
vaccines do not need to be virulence factors, although virulence
gene products are often immunogenic and responsible for
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“’:f:l"“ ¥ WF 2! theallowed the disallowed wehZ-
e 20T regions regians Score
SMvi 3454 88.601 97.1% 2.9% -4.60
SMv2 3.565 85.162 98.1% 1.9% -4.42
SMv3 3554 79.607 97.4% 2.6% -2.02
SMva 3455 84.751 97.6% 24% 5.16
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Ramachandran Plo
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FIGURE 4 | Refinament and validations characteristics of S. marcescens vaccine constructs (A} ProSA Z-score (highlighted as a black dot) (B) is displayed in a plot
that contains the Z-scores of all experimentally determined protein chains currently available in the Protein Data Bank; Ramachandran plotanalysis (G, indicating
residues in the favored regions (red), allowed regions (yellow), genercusly alowed regions {light vellow) and disallowed regions (white). & SMV1, b: SMV2, c: SMV3,

o SMV4.

A
Vaccine Global Binding Affinity  Ka (M) at
HB

name Energy AG keal/mol 37.0°C
SMV1 -29.19 -4.15 <225 L4E-16
SMVZ -13.40 -531 -26.2 3.4E-19
SMV3 34.88 0.21 250 16E-18
swa | ssae | s 283 L1E20

FIGURE 5 | (A) Docking analysis of vaccine constructs. (B) 3D representation of SMV4 vaccine construct and TLR4-MD2 complex. The SMV4 vaccine construct is
represented by orange color, and TLR4-MD2 complex is in blue. The docking was carried out by ClusPro 2.0 and PatchDock servers, and refined and re-scored by

the PRODIGY tool of HADDOCK server, and FireDock server, respectively.

acquired immunity that protects against the disease (106, 107).
The exclusion of human and gut flora homologs is necessary to
prevent autoimmunity in the host and to protect the symbiotic
environment of the gut flora (44). Antigenicity of a protein
means the potential to generate immune response against the
organism to which the protein belongs, an essential factor to use
the protein as a vaccine (82). Bacterial cell surface and secreted
proteins are of interest for their potential as vaccine candidates

because they are easily accessible and can significantly improve
therapeutic target identification (39, 108).

After shortlisting, we identified five novel antigenic proteins
of S. marcescens that were taken as suitable vaccine candidates.
The first filtered antigenic protein was D-alanyl-D-alanine
carboxypeptidase/endopeptidase, an essential membrane-
associated protein and member of the penicillin binding
proteins (PBPs), a family of proteins inhibited by f-lactam
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FIGURE 6 | Maolecular dynamic simulation of SMV4 and TLR4 docked complex. (A) NMA maoblity. (B) deformability. (C) B-Factor. (D) eigenvalue. (E) variance (red:
individual varianoe, green: cumulative variance). (F) co-variance map (corelated In red, uncorrelated in white, and anti-corelated in blue). (G) elastic network.

FIGURE 7 | Conformational B-cell epitopes prediction. (A) Amine acid residues present in conformational epitopes, the number of residues and their scores. 1D:
ldentification of Epitopes. (B) a-h: 3D representation of conformational B-cell epitopes of protein. The predicted epitope residues are represented by green color,
and the bulk of the polyprotein is represented in red color.
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antibiotics involved in peptidoglycan synthesis and remodeling
(109). The second identified protein was patatin-like
phospholipase family protein, an essential protein that has
been associated with infection in host cells and phagosome
escape of various pathogenic bacteria (110, 111). The third

selected protein was phospholipase C, phosphocholine-specific
(PLC-PC). PLCs are considered an important virulence factor
that can be exported out of the cytoplasm to their functional
locality through Tat or Sec pathway (112). In bacteria, PLCs have
been related in a wide variety of cellular function during
infection, including membrane lysis, intracellular signaling,
lipid metabolism and/or pathogenicity-associated activity (113,
114). The fourth protein was also antigenic and identified like
spore coat U domain-containing protein, a domain found in a
bacterial family of the secreted pili proteins involved in motility
and biofilm formation (115, 116). The fifth and last selected
protein was TonB-dependent receptor, a family of beta barrel
proteins located in the outer membrane that is associated to
progressive antibiotic resistance, transport ferric—siderophore
complexes, vitamins, nickel complexes, and carbohydrates
(117-121).

Prado et al. (122) introduced seven proteins that can be
considered as vaccine candidates against S. marcescens using
reverse vaccinology and subtractive genomic approaches.
Prediction of these proteins was based on non-host homologous
proteins, subcellular localization (putative surface exposed,
secreted; membrane), transmembrane helix, Signal IP, MHC-I
and MHC-IT adhesion probability, and essentiality. Some features
are required to select a potential vacdne candidate, such as sub-
cellular localization; presence of a signal peptide; transmembrane
domain; and antigenic epitopes. In addition to recognizing
antigenic and virulence factors, one of the main strategies
behind identifying potential vaccine candidates is predicting
epitopes that are likely to bind to major histocompatibility
complex molecules on the antigen presenting cells within the
host (123). Therefore, mapping of T-cell derived B-cell epitopes
for antigenic proteins is a critical step for designing vaccines (39).
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In addition to selecting five novel proteins as potential vaccine
candidates against 5. marcescens, we used the sequence these
proteins to predict MHC-class-I, MHC class-II allele and B cell
epitopes that would be capable of inducing effective cellular and
humoral immunity. All selected antigenic epitopes were antigenic,
so they could induce antigenic response; non-allergenic in nature,
thus not be able to induce any allergenic reaction; conserved
epitopes, which is an important feature for designing a broad
spectrum vaccine; hydrophilic in nature, hence able to interact
with water molecules; and non-toxic. We selected the IFN-y
inducing Helper T cell (HTL) epitopes since this cytokine plays
a significant role in innate and adaptive immune responses,
stimulates macrophages and natural killer cells, and provides an
enhanced response to MHC antigens (124).

In addition to S. marcescens having extracellular proliferation,
this bacterium is able to invade nonphagocytic cells, such as
epithelial cells (125-127). After internalization, S. marcescens can
control the autophagic traffic, generating an appropriate niche
for survival and replication inside the host cell (126, 128).
Efficient protection against intracellular pathogens is
dependent on the induction of cellular immunity, including
pathogen-specific cytotoxic T cell responses (129, 130). CTL
epitopes are essential for coherent vaccine design (131, 132).
Thus, we analyzed the immunogenicity of CD8+ T cell epitopes
to ensure that the epitope vaccine could effectively activate CD8
T cell-mediated immune response. In humans, MHC molecules
are known as human leukocyte antigens (HLAs), as they are
highly polymorphic; the frequency of expression of diverse HLA
alleles varies in ethnically different populations (28). Thus, the
HLA specificity of T-cell epitopes must be an important criterion
for epitopes selection (133). We used the molecular docking
simulation to delineate the interactions between the targeted T
cell epitopes and their respective HLA alleles. In the docking
results, five MHC class-I and twelve MHC class-II epitopes
produced global energies. This means they had the capacity to
bind specifically with their targets.

A total of 4 multi-epitope vaccines (SMV1, SMV2, SMV3,
SMV4) were constructed using five MHC class-1, twelve MHC
class-II and twelve B cell epitopes; four different adjuvants
HBHA protein (M. tuberculosis), HBHA conserved sequence,
beta-defensin, L7/L12 ribosomal protein (13) along with
PADRE; and four different linkers EAAAK, GGGS, GPGPG
and KK, which were used to bind the adjuvant, CTL, HTL and
B-cell epitopes, respectively. Adjuvant HBHA and L7/L12
ribosomal protein are agonists to the TLR4/MD2 complex
while beta-defensin adjuvant can act as an agonist to TLRI,
TLR2, and TLR4 (134). The PADRE peptide induces CD4+ T-
cells that increase efficacy and potency of peptide vaccine (135).
It also overcomes the problems caused by highly polymorphic
HLA alleles (88). Linkers ensure effective separation of individual
epitopes in vive (136). After that, several predicted
physiochemical and immunological properties showed that all
the vaccine constructions were safe with no possible allergenicity,
had the capability to induce immunity with high antigenicity,
were hydrophilic and soluble during its heterologous expression
in E. coli, which is important to many biochemical and functional

studies (137), and had negative charge. Neutral or negatively
charged molecules are preferred and a balance between its
hydrophobicity and hydrophilicity is important in designing
vaccine candidates (138). The molecular weight range (57.867
to 70.335) and the high pI value range (9.85 to 10.36) indicated
the efficacy and stability of the vaccine constructs (138). In
addition to evaluating the vaccine efficacy, the epitopes
separated by linker were sensitive to both degradation
proteasomal and cathepsin specific peptidase activity. Hence,
our data showed that the chosen linkers and their distribution
were suitable, and the epitope produced could be presented in the
host immune system, processed, and induced in the host
humoral and cellular immune pathway (139).

Secondary and tertiary structures are necessary for designing a
vaccine candidate (140). Analyses of the secondary structure of all
vaccine constructs showed that all the proteins mainly contained
amino acids in coil, and in alpha helix structure. Natively unfolded
protein regions and o-helical coiled-coils peptides have been
identified as important “structural antigen” forms (70). After 3D
modeling, the structure of the vaccine was refined, displaying
suitable characteristics and high-quality structure.

Molecular docking is a widely used computer simulation
approach to explore the binding affinity with a protein, a strategic
tool in vaccine design (141). Our findings showed stable interaction
and high affinity between the vaccine construct SMV4 and the TLR-
4/MD2 complex. The interaction between the TLR4 and adjuvant
enhance the immune response, while TLR3, TLR4 and TLR9
agonists have been used to improve vaccines against HBV,
influenza, malaria and anthrax (142). Furthermore, the physical
movement and stabilization of the docked complex were assessed by
molecular dynamics simulation, which confirmed that SMV4-TLR-
4/MD2 complex has low deformability and remains stable in a
biological environment.

Various discontinuous epitope residues were predicted from
SMV4 vaccine sequence and revealed that they can interact with
antibodies. The most B-cell epitopes are discontinuous epitopes
composed of amino acid residues located on separate regions of
the protein, joined together by the folding of the chain (143).
Thus, analysis of discontinuous epitope in the final vaccine
construct is essential (88).

Immune simulation through repeated exposure to the antigen
showed a consistent increase in the generated immune responses.
There was a notable generation of T- cells as well as memory B
cells, which is required for immunity, supporting a humoral
response (124). The levels of IFN-y and IL-2 increased after the
first injection and got induced following repeated exposures to
the antigen, which also contribute to the subsequent immune
response after vaccination (144). Interleukin induction is needed
for any kind of cellular immunity and the vaccine satisfies this
criterion having good induction potentiality (82). Considering
the designed vaccine is constituted of sufficient B- and T-cell
epitopes, the Simpson index (D) value suggests that the vaccine
can stimulate a large and diverse immune response.

When designing a multi-epitope vaccine candidate, the
efficacious cloning and expression in a suitable vector is a
critical stage (145). Codon optimization is essential because the
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genetic code’s degeneracy allows most of the amino acids to be
encoded by multiple codons (70). In this context, codon
optimization and in silico cloning were performed, and our
data showed expression and translation efficiency of the SMV4
vaccine using pET-28a (+).

In conclusion, our study identified a potential SMV4 vaccine
candidate against S. marcescens with the ability to stimulate both
cellular and humoral immunity. The epitopes used in the vaccine
construct are antigenic, non-toxic, and non-allergic. The SMV4
vaccine candidate were highly immunogenic, safe, non-toxic,
stable, and had high affinity and stability of binding to TLR4
innate immune receptor, which is vital in recognition and
processing by the host immune system. Altogether, our
findings have the potential to provide a novel strategy for the
protection against multidrug resistant Gram negative infection.
Future experimental validation of the proposed wvaccine
candidate is required to establish its potency as well efficacy
and safety.
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