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RESUMO 

O Mycoplasma pneumoniae é uma bactéria com características únicas quanto a seus 

aspectos morfológicos e metabólicos, sendo um dos principais patógenos associados à 

pneumonia, que mata cerca de três milhões de pessoas anualmente, e que tem se tornado 

mais incidente nos últimos anos graças ao sucesso da vacina pneumocócica. As 

peculiaridades relacionadas ao M.pneumoniae corroboram com a resistência à certos tipos 

de antibióticos, além da evidente capacidade de resistir aos fármacos atuantes, ademais, esse 

patógeno é extremamente difícil de ser cultivado e trabalhado em laboratório. A carência por 

vacinas contra a pneumonia é uma questão de preocupação global visto o aumento de 

patógenos resistentes, custos hospitalares associados à doença e a alta taxa de mortalidade. 

Métodos de desenvolvimento de vacinas utilizando dados genômicos por meio de ferramentas 

de bioinformática, demonstram ser estratégias promissoras, principalmente para 

microorganismos de difícil cultivo como o M.pneumoniae. Dessa forma, por meio da 

Vacinologia Reversa e Imunoinformática, foi construído, in silico, uma vacina multi-epítopo de 

alta cobertura contra o M.pneumoniae. A vacina construída contém epítopos pertencentes á 

lipoproteínas e proteínas adesinas altamente imunogênicas, selecionadas criteriosamente a 

fim de pertencerem à todas 88 linhagens de M.pneumoniae estudadas e serem reconhecidos 

por moléculas do complexo de histocompatibilidade frequentes na população mundial. Testes 

estruturais demonstraram estabilidade e qualidade relacionada aos parâmetros físico-

químicos. O docking molecular do complexo vacina-receptor do tipo Toll, juntamente com a 

simulação da dinâmica molecular demonstraram satisfatória interação com o sistema imune, 

além das avaliações de imunogenicidade e simulação imunológica. A vacina demonstrou ser 

segura e sem potencial alérgico. Dessa forma, essa prospecção contribui para o 

desenvolvimento de uma vacina e prevenção da pneumonia causada pelo M.pneumoniae, 

demonstrando uma estratégia alternativa para formulação de vacinas contra patógenos de 

difícil cultivo, corroborando para o entendimento da interação e dos mecanismos imunológicos 

decorrentes das infecções por M.pneumoniae.  

 

Palavras-chave: Vacina baseada em epítopo, vacina, dinâmica molecular, simulação imune, 

pneumonia adquirida na comunidade. 
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ABSTRACT 

Mycoplasma pneumoniae is a bacterium with unique characteristics in terms of its 

morphological and metabolic aspects, being one of the main pathogens associated with 

pneumonia, which kills about three million people annually, and which has become more 

incident in recent years thanks to the success pneumococcal vaccine. The peculiarities related 

to M.pneumoniae corroborate the resistance to certain types of antibiotics, in addition to the 

evident ability to resist active drugs, also, this pathogen is extremely difficult to be cultivated 

and used in the laboratory. The lack of pneumonia vaccines is a matter of global concern given 

the increase in resistant pathogens, hospital costs associated with the disease and the high 

mortality rate. Vaccine development methods using genomic data applying bioinformatics tools, 

have demonstrated to be promising strategies, mainly for microorganisms of difficult cultivation 

such as M. pneumoniae. Thus, through Reverse Vacinology and Immunoinformatics, a high 

coverage multi-epitope vaccine against M.pneumoniae was built in silico. The constructed 

vaccine contains epitopes belonging to highly immunogenic lipoproteins and adhesin proteins, 

carefully selected to belong to all 88 M.pneumoniae strains studied and to be recognized by 

molecules of the histocompatibility complex common in the world population. Structural tests 

have demonstrated stability and quality related to physical-chemical parameters. The molecular 

docking of the Toll-like vaccine-receptor complex, together with the simulation of molecular 

dynamics, demonstrated satisfactory interaction with the immune system, besides to 

evaluations of immunogenicity and immunological simulation. The vaccine has been shown to 

be safe and without allergic potential. Thus, this prospecting contributes to the development of 

a vaccine and prevention of pneumonia caused by M.pneumoniae, demonstrating an alternative 

strategy for formulating vaccines against pathogens that are difficult to cultivate furthermore, 

corroborating to the understanding of the interaction and the immunological mechanisms 

resulting from infections by M.pneumoniae. 

 

Keywords: Epitope-based vaccine, vaccine, molecular dynamics, immune simulation, 

community acquired pneumonia 
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Desenvolvimento Científico e Tecnológico (CNPq) e Coordenação de Aperfeiçoamento de 

Pessoal de Nível Superior (CAPES) 

I.II Introdução geral 

O   Mycoplasma pneumoniae é uma das principais bactérias responsáveis por causar 

a pneumonia adquirida na comunidade (PAC), uma parte considerável dessas infecções 

necessita de cuidados hospitalares, gerando custos financeiros altos, especialmente em 

países com dificuldades socioeconômicas.  

A falta de métodos diagnósticos rápidos e específicos para detecção do M. 

pneumoniae corrobora com o início do tratamento empírico, o que contribui para a ampla 

resistência à certas classes de antimicrobianos que vem se tornado um problema cada vez 

mais preocupante. Esses fatos, juntamente com a falta de métodos de prevenção eficientes,  

sustentam  a  necessidade de se buscar por vacinas,  que  são uma das melhores estratégias 

para prevenir a  infecção e desenvolvimento de doenças (CAO et al., 2017; WIEMKEN et al., 

2020). 

Com o avanço nas tecnologias de sequenciamento e análises genômicas, ferramentas 

de bioinformática que visam avaliar proteínas quanto seus potenciais imunogênicos vêm 

sendo desenvolvidas. A Vacinologia Reversa, permite a identificação, via sequências 

genômicas de uma ou mais espécies de interesse, de proteínas conservadas, sem homologia  

com o hospedeiro e com localização celular propícia à interação e reconhecimento  pelos 

receptores do sistema imunológico. Após posterior avaliação quanto ao caráter imunogênico 
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dessas proteínas, os alvos candidatos têm melhores chances de resultar em desfechos 

promissores. Essa abordagem, além de contribuir para formulação de vacinas de forma mais 

rápida e com menor exigência de recursos financeiros, é crucial no desenvolvimento de 

imunógenos contra patógenos fastidiosos de difícil manipulação. O M.pneumoniae é um dos 

microorganismos de vida livre com capacidade de replicação com menor tamanho físico e 

genômico, implicando em laborioso trabalho para isolamento e cultivo da espécie (RAZIN et 

al., 1996). Dessa forma, metodologias in silico são grandes aliadas no processo de 

desenvolvimento de vacinas e drogas contra essa bactéria. 

As ferramentas de imunoinformática, foram desenvolvidas com base na identificação 

e categorização de epítopos imunogênicos de proteínas de interesse. Os epítopos 

considerados com melhores condições de interação e indução de respostas imunes, são 

destinados à construção de proteínas quiméricas que são utilizadas em estudos de 

diagnóstico e de vacinas. No presente estudo, essas ferramentas são aplicadas para 

construção de um imunógeno e a capacidade de interação com o sistema imune e indução 

de respostas protetoras, bem como as propriedades físico-químicas da proteína construída 

são avaliadas detalhadamente (TOMAR; DE, 2014). 

O grupo responsável por desenvolver o presente trabalho vem aplicando a abordagem 

de vacinologia reversa extensivamente, com diversos patógenos de relevância clínica, como 

contra Treponema pallidum, (ARAÚJO et al., 2019; KUMAR JAISWAL et al., 2017), 

Mycobacterium lepromatosis (JAISWA et al., 2021) e Haemophilus ducreyi (SAROM et al., 

2018). 

Juntamente com a vacinologia reversa, diversos trabalhos utilizando a 

imunoinformática vem sendo desenvolvidos pela equipe responsável por este trabalho 

(SANCHES et al., 2021; SANTOS et al., 2013; TOSTA et al., 2021). 

As perspectivas futuras são baseadas no aprimoramento da metodologia, à medida 

que programas e algoritmos robustos são desenvolvidos, com posterior produção dessas 

proteínas quiméricas, validação da estabilidade estrutural e análise in vivo da capacidade de 

induzir respostas imunes protetivas. 

I.III Estrutura do manuscrito 

  Esta dissertação está dividida em introdução e dois capítulos baseados em artigos de 

pesquisa, como descrito a seguir: 

a. Na introdução, está presente a descrição do patógeno abordado no estudo, o 

Mycoplasma pneumoniae, informações morfológicas e características genômicas são 

abordadas, bem como os fatores determinantes na patogenicidade, resposta imune e 

complicações ao causar a pneumonia. Posteriormente é abordada uma visão geral da 

pneumonia, bem como as principais classes existentes e patógenos associados, seguido da 
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descrição detalhada da pneumonia adquirida na comunidade, com informações 

epidemiológicas, fisiopatológicas, fatores de risco, diagnóstico e tratamento. Por fim há uma 

breve descrição sobre as vacinas e os tipos existentes, com foco nas abordagens tratadas 

nesta prospecção, vacinologia reversa e imunoinformática. 

b. O capítulo I se refere ao artigo publicado, em que abordagens de vacinologia reversa 

foram aplicadas à 88 genomas de M.pneumoniae, a fim determinar potenciais alvos vacinais 

e de drogas contra essa bactéria. Ferramentas de genômica comparativa foram utilizadas 

para encontrar o genoma central (core) do patógeno e a genômica subtrativa foi empregada 

para determinar os genes não homólogos ao hospedeiro (core-non-host). As proteínas 

selecionadas através dessas análises foram caracterizadas quanto à localização subcelular, 

essencialidade e imunogenicidade para os alvos de vacinais, enquanto os alvos de drogas 

foram submetidos à ancoragem, docking molecular, contra um banco de dados de moléculas 

com potencial ao uso como drogáveis. 8 candidátos à alvos vacinais e 5 potenciais alvos de 

drogas foram encontrados. 

c. O capítulo II trata-se do artigo submetido, já revisado, em que proteínas encontradas 

por vacinologia reversa ou selecionadas da literatura pelo alto potencial imunogênico, foram 

submetidas a análises de imunoinformática, com o intuito de construir uma proteína quimérica 

de alta cobertura e com características imunogênicas contra o M.pnemoniae. A proteína 

construída foi submetida a análises de alergenicidade, toxicidade e homologia com o 

hospedeiro. A proteína construída foi avaliada quanto as suas características estruturais e 

submetida ao docking molecular contra receptores do sistema imunológico. A simulação 

imune in silico e a clonagem imune in silico também foram realizadas, ambas com resultados 

satisfatórios. 

Ao final de cada capítulo foi apresentada uma breve conclusão e posteriormente, a 

bibliografia e sessão de anexos com materiais suplementares referentes à cada capítulo, 

juntamente com o curriculum vitae.
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1. INTRODUÇÃO 

1.1 MYCOPLASMA PNEUMONIAE 

Os micoplasmas pertencem à uma classe dos Molicutes, um grupo procarionte 

separado dos demais por agregar organismos que não possuem parece celular (RAZIN et al., 

1996). Essas bactérias singulares, são consideradas as menores com capacidade de 

autorreplicação, de forma que são compostas apenas das organelas e estruturas essenciais 

para seu desenvolvimento, o que também confere um genoma consideravelmente pequeno. 

A hipótese de que os micoplasmas evoluíram de bactérias Gram-positivas é sustentada por 

diversos achados genéticos obtidos através de estudos filogenéticos (ROGERS et al., 1985). 

Durante esse processo evolutivo, os micoplasmas sofreram uma perda genética significante, 

mas simultaneamente, adquiriram capacidades metabólicas e variações proteicas capazes de 

permitir o escape do sistema imune hospedeiro e manter seu desenvolvimento na forma 

parasitária (RAZIN; YOGEV; NAOT, 1998). Existem mais de 200 espécies de micoplasmas 

conhecidas, dentre elas, o M.pneumoniae é um patógeno parasitário exclusivo de humanos e 

é a espécie mais estudada por sua incidência nos casos de pneumonia (WAITES; 

TALKINGTON, 2004). 

O tamanho do genoma da espécie M.pneumoniae é de cerca de 820 kb, que codifica 

700 operons, o que é mais curto do que uma grande parte das bactérias conhecidas 

(HIMMELREICH et al., 1996). Uma das proteínas mais importantes para a genotipagem é a 

proteína de superfície adesina P1, que divide as cepas de M.pneumoniae em tipo 1 e tipo 2 

(DORIGO-ZETSMA et al., 2001). Estudos comparando genomas de sequência dos dois tipos, 

demonstraram que mesmo com a alta similaridade entre as cepas (> 99% de identidade), os 

tipos diferem em cerca de 1.500 polimorfismos de nucleotídeo único (SNP) e variantes indel. 

O mesmo estudo também revela que o genoma de M.pneumoniae se manteve estável ao 

longo do tempo e em diferentes regiões do mundo, o que demonstra baixa taxa de 

transferência gênica (XIAO et al., 2015). Essas informações foram sustentadas por outros 

estudos que também não encontraram evidências de plasmídeos ou fagos, demonstrando a 

estabilidade genômica entre as cepas, com poucos SNPs e a clonalidade entre as linhagens 

de M.pneumoniae (LEE et al., 2019; XIAO et al., 2015). 

O M.pneumoniae não apresenta parece celular, sua membrana é composta em grande 

parte por lipídeos e proteínas diversas. Dentre essas proteínas, destacam-se as lipoproteínas, 

as quais já foram identificados mais de 50 tipos, elas possuem além da alta capacidade 

imunomodulatória, funções espécificas de transporte, citoaderência e síntese de subunidades 

proteicas (CHRISTODOULIDES et al., 2018). Ademais, as lipoproteínas auxiliam também na 

evasão imunológica através de variação antigênica e formação de uma “capa micoplasmática” 

evitando a interação com anticorpos (CHAMBAUD; WRÓBLEWSKI; BLANCHARD, 1999).  
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1.1.1 Mecanismos de patogenicidade 

Os mecanismos patogênicos associados ao M.pneumoniae se devem a diversos 

fatores de virulência. (1) Visto que o M.pneumoniae não apresenta parede celular, a 

capacidade de adesão as células respiratórias hospedeiras é mediada por um complexo de 

proteínas adesinas, sendo as principais as adesinas P1 e a P30, que além da citoaderência 

também apresentam propriedades imunogênicas (DRASBEK et al., [S.d.]) (Figura 1). (2) O 

processo inflamatório é mediado de forma intensa pelas lipoproteínas membranares, pela 

produção de metabólitos reativos de oxigênio e algumas enzimas (CHOI et al., 2012; 

GROSSHENNIG et al., 2016); (3) ao mesmo tempo, nucleases e proteínas de ligação à 

imunoglobulina como a Ibpm, auxiliam no escape imunológico (BLÖTZ et al., 2020; 

YAMAMOTO et al., 2017). (4) A Toxina da Síndrome do Desconforto Respiratório Adquirido 

na Comunidade (Toxina CARDS) é um importante agente citotóxico, também existem 

proteínas associadas à motilidade como à P24, P30, P41 e P65 (HASSELBRING; KRAUSE, 

2007; HASSELBRING; SHEPPARD; KRAUSE, 2012; KANNAN et al., 2014). 

 

Figura 1. Componentes proteicos importantes na citoaderência e motilidade do M. pneumoniae. 
A imagem retrata o complexo de proteínas de alto peso molecular HMW, que fazem parte de complexos 
proteicos que transmitem a força gerada dos complexos de Bowl para o complexo Paired, até o 
Terminal button e a estrutura NAP. A estrutura NAP consiste no conjunto de proteínas de adesão à 
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superfície que juntamente com a adesina P30 permitem a fixação da bactéria ao epitélio hospedeiro e 
a integração intracelular. 
Fonte: Zhulin et all., 2021. 

1.1.2 Resposta imune ao M.pneumoniae 

A colonização do trato respiratório pelo M.pneumoniae leva a ativação e infiltração 

pulmonar de linfócitos T CD4+ e células B, ocasionando uma amplificação de resposta 

mediada pelas citocinas pró-inflamatórias e imunoglobilinas. Anticorpos como IgG, IgM e IgA 

são produzidos em altas titulações e a produção de IgE também é relatada (OPITZ et al., 

1997; STELMACH et al., 2005). O perfil de resposta predominante é o Th2 nas respostas ao 

M.pneumoniae, embora estudos também relatam produção de citocinas características de 

resposta Th1 (KOH et al., 2001).  

Grande parte do potencial inflamatório induzido pelo M.pneumoniae se dá pelos 

fatores de virulência que são altamente imunogênicos. Os glicolipídeos de membrana, ativam 

mecanismos de resposta imune inata não específicos mediados por anticorpos, alexina, 

fagócitos e componentes do sistema complemento (HE et al., 2016). As lipoproteínas, também 

são cruciais nesse processo, favorecendo a imunidade mediada por células através do 

recrutamento neutrofílico e induzindo a produção de citocinas inflamatórias como a IL-2, IL-6 

e TNF-α (GARCIA et al., 1998). A interação com receptores do sistema imune inato como os 

do tipo Toll-like Receptor (TLR) 2(CACCIOTTO et al., 2016), TLR-4 (SHIMIZU et al., 2014) e 

TLR-6 (TAKEUCHI et al., 2002) também compõem uma parte importante no reconhecimento 

antigênico, eles reconhecem padrões associados à patógenos, pertencentes em grande parte 

às lipoproteínas e induzem a liberação de citocinas, quimiocinas, fazendo parte também do 

recrutamento celular (ANDREWS et al., 2013; SHIMIZU, 2016). Os receptores intracelulares 

também são importantes mediadores do reconhecimento de padrões moleculares associados 

ao M.pneumoniae e ativam citocinas pró-inflamatórias como IL-1β (SUGIYAMA et al., 2016). 

Processos de autofagia também são relatados como indutores de respostas inflamatórias, 

com recrutamento de macrófagos e produção de citocinas, no qual a citoaderência é um fator 

crucial (SHIMIZU et al., 2014). As proteínas envolvidas no processo de adesão e fixação as 

células epiteliais respiratórias, como as adesinas P1, também são potentes estimuladoras da 

liberação de citocinas como IL-4 pelos mastócitos e da precoce produção de anticorpos 

(HOEK et al., 2005; HU et al., 1983).  

1.1.3 M.pneumoniae e a Pneumonia Adquirida na Comunidade (PAC) 

O M.pneumoniae é um dos principais agentes causadores da PAC, com taxas de 

incidência que variam de 10 a 40% (M. WINCHELL, 2013). As infecções causadas por esse 

patógeno podem ser endêmicas e ocasionar surtos de tempos em tempos, com índices de 

até 50% dos casos de PAC causadas por M. pneumoniae (FOY et al., 1973; 
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HAMMERSCHLAG, 2001). Esse tipo de infecção atinge mais crianças e adultos jovens, 

porém, esse número pode ser ainda maior devido à falta de protocolos de diagnóstico 

microbiológico específico, surtos não detectados e ao fato de parte significativa dos infectados 

apresentar apenas sintomas leves (WAITES et al., 2017; WINCHELL, 2013). Os surtos 

relatados ao M.pneumoniae ocorreram em lares de idosos, universidades e escolas, onde 

uma parte significativa dos pacientes adquiriram pneumonia agressiva, com manifestações 

neurológicas e cutâneas, nas quais as taxas de mortalidade atingiram 13% em um d e s s e s  

surtos ocorrido em Nebraska (BAJANTRI; VENKATRAM; DIAZ-FUENTES, 2018; HASTINGS 

et al., 2015; RALSTON, 1979; WALLER et al., 2014). 

As características físicas auxiliam no diagnóstico de infecções por M. pneumoniae, 

como as condições pulmonares, entretanto esses achados clínicos e radiológicos não são 

específicos. Dessa forma a determinação microbiológica é extremamente importante na 

decisão terapêutica. Porém, a espécie é extremamente difícil de ser cultivada em laboratório. 

Por não possui parede celular, a visualização pelo Gram não é possível, então exames como 

Reação em cadeia da polimerase (PCR), cultura e sorologia são indicadas para o diagnóstico, 

mas também apresentam desafios quando os resultados não são concordantes (WAITES et 

al., 2017). Além disso, o M.pneumoniae é um organismo fastidioso e requer culturas 

específicas, sendo bactéria de crescimento lento que torna o processo mais difícil. Dessa 

forma, o padrão ouro é uma sorologia quádrupla que mede os títulos de anticorpos ao longo 

do tempo (BAJANTRI; VENKATRAM; DIAZ-FUENTES, 2018). 

O tratamento contra o M.pneumoniae é um desafio complexo. Por não produzir 

compostos da parede celular como os peptídeosglicanos, as classes de antimicrobianos que 

atuam nesta estrutura, como os β-lactâmicos, fosfomicinas e glicopeptídeos, não podem ser 

usadas no tratamento e opções como sulfonamidas, trimetoprim, rifampicina, polimixinas e 

ácido nalidíxico também não demonstraram eficácia terapêutica (WAITES et al., 2017). Devido 

a isso, aqueles antimicrobianos cujo mecanismo de ação contemple a síntese de proteínas 

ou que inibam a replicação do DNA são as escolhas mais utilizadas, como macrolídeos, 

cetolídeos tetraciclinas, estreptograminas e fluoroquinolonas (Figura 2) (WAITES; 

TALKINGTON, 2004). Os macrolídeos são os antimicrobianos de primeira linha usados para 

tratar essas infecções, no entanto, desde 2000, cepas resistentes a essa classe de 

antibióticos têm sido cada vez mais isoladas em todo o mundo (MOROZUMI; TAKAHASHI; 

UBUKATA, 2010). As infecções disseminadas por M.pneumoniae resistente a macrolídeos 

(MRMP) estão relacionadas à pneumonia grave com sintomas severos e evidências 

radiológicas mais agressivas (HSIEH et al., 2012; KOGA et al.,2012). 

As infecções causadas por M. pneumoniae geram principalmente sintomas leves como 

febre, dor de cabeça, dor de garganta, dor no peito e tosse que pode ocorrer com a produção 

de muco. A PAC causada por M.pneumoniae também é conhecida como “pneumonia 
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ambulante” devido às suas manifestações clínicas leves. Porém, as infecções podem se 

agravar causando pneumonia agressiva com sintomas de asma, encefalite, anemia hemolítica 

e até disfunção renal (“Mycoplasma pneumoniae | Home | CDC”, [S.d.]). A doença pulmonar 

obstrutiva crônica (DPOC) também está relacionada às infecções por M. pneumoniae 

(LIEBERMAN et al., 2002). 

 

Figura 2. Antimicrobianos utilizados no tratamento à infecções por M.pneumoniae 
A imagem retrata os principais antimicrobianos utilizados no tratamento à infecções por M.pneumoniae, 
uma breve explicação do mecanismo de ação e sua respectiva estrutura química.  
Fonte: Dados obtidos de WAITES e TALKINGTON, 2004. 

1.2. PNEUMONIA 

A pneumonia é uma infecção pulmonar aguda que pode ser causada por diversos 

microrganismos como vírus, bactérias e fungos. Essa doença é responsável por uma enorme 

morbidade e mortalidade, levando também a problemas socioeconômicos. A pneumonia é 

considerada uma das quatro principais causas de morte no mundo e também está no ranking 

das internações (“The top 10 causes of death”, [S.d.]). Ela pode ser classificada de diferentes 
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formas, mas as principais são: Pneumonia Adquirida na Comunidade (PAC) referente a 

infecções adquiridas fora do hospital e Pneumonia Adquirida em Hospital (PAH) que se 

relaciona com as infecções adquiridas após 48 horas da internação hospitalar (LANKS; 

MUSANI; HSIA, 2019).  

Os microrganismos causadores da pneumonia podem ser organizados em duas 

classes, organismos típicos, que se referem a aqueles corados pelos métodos de Gram e 

cultivados utilizando meios de cultura padrão; e os atípicos, que possuem diagnóstico que não 

se enquadra nos convencionais. As principais bactérias típicas são Streptococcus 

pneumoniae, Staphylococcus aureus, estreptococos do Grupo A, Moraxella catarrhallis, 

bactérias aeróbias Gram-negativas como Klebsiella pneumoniae e Pseudomonas aeruginosa 

e alguns anaeróbios. Os microorganismos atípicos comumente causadores da pneumonia 

são: Mycoplasma pneumoniae, Legionella e Chlamydia pneumoniae (RAMYA, 2014). Entre 

os vírus, Influenza e o coronavírus são os grandes responsáveis por causar a pneumonia 

(“Causas da pneumonia | CDC”, [S.d.]). 

1.2.1 Pneumonia adquirida em hospital 

Se trata das infecções pulmonares adquiridas nas unidades de tratamento intensivo 

(UTI). As principais bactérias associadas são Staphylococcus aureus, Pseudomonas 

aeruginosa, espécies de Klebsiella spp, Escherichia coli, Enterobacter e Acinetobacter. Uma 

grande preocupação a respeito dessas infecções, é que devido ao alto nível de debilidade 

dos pacientes nessas condições, o tratamento empírico é o mais utilizado, muitos casos sendo 

prescritos até 3 classes de antimicrobianos de amplo espectro, como β-lactâmicos, com 

aminoglicosídeos ou com fluoroquinolonas o que agrava ainda mais a resistência à 

antibióticos que vem sendo desenvolvida por diversas bactérias (MARTIN-LOECHES; 

RODRIGUEZ; TORRES, 2018; LYNCH, 2001). 

1.2.2 Pneumonia associada à ventilação 

Essa classificação de pneumonia, que se enquadra dentro da PAH, consiste das 

infeções adquiridas entre 48-72 horas após a intubação. O índice de pacientes que 

necessitam de suporte ventilatório varia de 8 a 28%, com taxas de mortalidade alarmantes. 

Os principais organismos responsáveis por esse tipo de pneumonia são S. aureus e P. 

aeruginosa (CHASTRE; FAGON, 2002). 

1.2.3 Pneumonia por aspiração 

Pneumonia causada por aspiração, é outro termo utilizado para caracterizar infeções 

pulmonares causadas após aspiração de grandes volumes de conteúdo gastrointestinal ou 

oriundos da orofaringe. Esse tipo de aspirado normalmente contém muitas bactérias, grande 
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parte delas anaeróbicas, provenientes do trato gastrointestinal superior e orofaringe que 

levam a infecções. Esse tipo de pneumonia apresenta fisiopatologia diferente da PAC e PAH, 

o que condiz com diferentes protocolos de tratamento (DIBARDINO; WUNDERINK, 2015). 

1.3 PNEUMONIA ADQUIRIDA NA COMUNIDADE 

A PAC é caracterizada como uma doença grave que atinge principalmente menores 

de 5 anos de idade e idosos portadores de comorbidades, além disso é a mais comum das 

pneumonias (JAIN; WILLIAMS; et al., 2015; PAHAL; SHARMA, 2018). Outro aspecto 

importante é que essa morbidade frequentemente requer cuidados hospitalares de custo 

elevado e embora não seja uma doença restrita à países menos desenvolvidos, esse fato 

corrobora com a mortalidade intensificada em regiões com problemas econômicos, 

demonstrando a expressiva importância das ações políticas e socioeconômicas para 

tratamento e prevenção da doença (SULTANA et al., 2019). A incidência da PAC 

provavelmente é subestimada devido aos casos não notificados ou diagnosticados ao fato de 

que na maioria dos casos as infecções são brandas, dispensando a procura dos serviços 

hospitalares. (ANGUS et al., 2001). Entretanto, apenas nos Estados Unidos, mais de 4 milhões 

de pessoas são atendidas por ano com PAC, levando a 1,5 milhões de hospitalizações 

(RAMIREZ et al., 2017). 

1.3.1 Agentes Etiológicos 

Algumas bactérias são comumente introduzidas no trato respiratório inferior por 

aspiração normal como bacilos Gram-negativos, S.pneumoniae e H.influenzae. Vírus e 

bactérias intracelulares, como M. pneumoniae, C.pneumoniae e Legionella spp, podem ser 

inalados para o trato respiratório inferior em micropartículas. Na maioria dos casos, o sistema 

imunológico inibe a progressão para pneumonia, porém, dependendo da frequência ou 

volume de bactérias aspiradas, virulência da cepa, fatores de risco e condições imunológicas, 

a aspiração pode levar à pneumonia (MICHAEL SCHELD; MANDELL, 1991). 

O principal microrganismo responsável pela PAC é o S.pneumoniae, sendo isolado em 

cerca de 25% dos casos, causando pneumonias leves a graves (SAID et al., 2013). Vírus e 

outras espécies como M. pneumoniae e C.pneumoniae causam infecções leves em geral, mas 

podem desenvolver sintomas mais agressivos. Os organismos relacionados à evolução grave 

da doença são os vírus como influenza e espécies de bactérias como S.aureus, Legionella e 

H.influenzae. Bactérias Gram-positivas como S.aureus também estão relacionadas com a 

PAC assim como bactérias Gram-negativas, sendo as mais conhecidas Pseudomonas 

aeruginosa, Klebsiella pneumoniae e Enterobacter spp (GROSSO; FAMIGLIETTI; LUNA, 

2015). 
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1.3.2 Fatores de risco e manifestações clínicas 

Comorbidades e idade avançada são fatores que aumentam o risco de desenvolver 

pneumonia. As principais comorbidades consistem em problemas respiratórios crônicos, 

doenças cardiovasculares e renais. Hábitos diários como fumo, uso constante de álcool, 

desnutrição e falta de cuidado odontológico podem aumentar o potencial para desenvolver 

pneumonia. Além disso, variações genéticas foram determinadas como fatores de risco para 

pneumonia, como as encontradas no gene FER do proto-oncogene da proteína tirosina- 

quinase. Essa variante está relacionada a um menor risco de morte por pneumonia, pois a 

proteína codificada por esse gene está associada à adesão, quimiotaxia e migração celular 

(RAUTANEN et al., 2015). 

A infecção do trato respiratório inferior que leva à PAC causa tosse, febre, dispneia, 

pleurisia e produção de escarro como os sintomas mais comuns. Nesse ínterim, a doença 

pode levar a uma pneumonia atípica, principalmente em pessoas de idade avançada, com 

manifestações não respiratórias como diarreia, mialgia, confusão e mal-estar, que também 

aumentam as taxas de mortalidade (BISCEVIC-TOKIC; TOKIC; MUSANOVIC, 2013; 

NONIKOV, 2001). 

1.3.3 Diagnóstico 

Com o avanço da tecnologia, o diagnóstico é um desafio no PAC, pois o patógeno não 

é identificado em cerca de 50% dos casos (JAIN; SELF; et al., 2015). Com a disseminação da 

resistência antimicrobiana, a definição específica precoce do patógeno para rápida decisão 

terapêutica contribui tanto para um bom prognóstico do paciente quanto para retardar o 

aumento da resistência. 

A radiografia e a tomografia computadorizada (TC) podem definir o comprometimento 

pulmonar, assim como os infiltrados pulmonares. No entanto, ambas as opções têm suas 

limitações. A radiografia tem menos sensibilidade que a TC, mas esta última, por mais que 

seja o padrão ouro, expõe o paciente à radiação e não pode ser realizada no leito de 

internação. Outra abordagem é a ultrassonografia, que tem melhor sensibilidade que a 

radiografia e pode ser realizada à beira do leito com os resultados avaliados no momento do 

exame (XIROUCHAKI et al., 2011). 

Os exames laboratoriais para pacientes com pneumonia são os de rotina, nos quais 

exames de sangue podem indicar infecções agudas por leucocitose e os testes bioquímicos 

realizados com o soro podem indicar a associação da doença com outros órgãos, como rins 

ou fígado. Outros resultados fornecem informações sobre o tipo de infecção PAC e podem 

auxiliar no direcionamento do tratamento. Por exemplo, a detecção de procalcitonina indica 

respostas à infecção bacteriana, enquanto a falta dessa proteína sérica é um sinal para 

infecções virais (LANKS; MUSANI; HSIA, 2019; SELF et al., 2017). 
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O diagnóstico microbiológico, pode ser desafiador em muitos casos, mas tem sua 

importância na determinação do tratamento e deve ser realizado de acordo com um protocolo 

que considera a condição do paciente. Portanto, de acordo com os achados clínicos e 

epidemiológicos de um paciente, esse tipo de investigação é altamente recomendável, pois 

pode modular o início do tratamento. Com a identificação do patógeno, o tratamento que era 

empírico pode ser alterado quanto à dosagem, espectro da mesma classe, o que também 

diminui a pressão para resistência aos antibióticos. Algumas diretrizes indicam ampla 

cobertura empírica como primeira conduta, pois a redução ou a escolha errada do antibiótico 

pode aumentar o risco de mortalidade. No entanto, a seleção do antibiótico com base no 

diagnóstico pode reduzir as reações adversas, o custo do tratamento e o potencial de induzir 

resistência aos antibióticos (ARANCIBIA et al., 2000; MANDELL et al., 2007). 

A coloração por Gram e cultura são indicadas para todos os pacientes com escarro 

purulento, entretanto, a cultura de pacientes sem esse sintoma ou outra amostra do trato 

respiratório inferior pode ser ineficaz devido à grande possibilidade de cultivo não patogênico. 

As hemoculturas são destinadas a pacientes de gravidade moderada ou alta, devido às 

dificuldades de isolamento e de crescimento a partir desse tipo de amostra. Também podem 

ser realizados testes específicos para identificar algumas bactérias como S. pneumoniae e 

Legionella pneumophila. Com o teste do antígeno urinário, essa espécie causadora de 

pneumonia pode ser identificada, mas não substitui as culturas (LANKS; MUSANI; HSIA, 

2019). 

A reação em cadeia da polimerase (PCR) é um teste muito comum usado para 

identificar patógenos no escarro como a possibilidade de detectar uma variedade de espécies 

de vírus e bactérias. O teste é altamente sensível e específico, porém não diferencia os 

patógenos do trato respiratório superior do inferior. De fato, o uso de PCR juntamente com 

técnicas de cultura pode melhorar a capacidade de detecção do patógeno (JOHANSSON et 

al., 2010; LANKS; HSIA, 2019). O principal problema é que em mais da metade dos casos de 

PAC o patógeno causador é mal diagnosticado, devido à falta de exames específicos, 

protocolos laboratoriais avançados ou existência de equipamentos e recursos para 

confirmação via PCR (VAN WERKHOVEN; HUIJTS, 2018).   

1.3.4 Abordagem terapêutica 

Os antimicrobianos são a linha de frente do tratamento da PAC. Em geral, as 

respostas são adequadas, no entanto, os tratamentos empíricos podem levar a falhas na 

resposta à terapia escolhida e o paciente pode desenvolver pneumonia progressiva. Essa 

condição é caracterizada por deterioração clínica nas primeiras 24 horas após o tratamento, 

com alterações notáveis na radiografia e complicações vitais (ARANCIBIA et al., 2000; 

MENÉNDEZ; PERPIÑÁ; TORRES, 2003). A definição do tratamento não está apenas 
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relacionada a ser empírico ou baseado em testes microbiológicos, mas também segue outras 

orientações quanto à farmacocinética, custo, espectro e perfil de segurança (FILE, 2003). O 

tratamento empírico recomendado para pacientes com PAC é o uso de antimicrobianos de 

amplo espectro, com eficácia contra os principais agentes causadores da doença, por 

exemplo, amoxicilina e macrolídeos. Além disso, as instruções diferem quanto à possibilidade 

de patógenos multirresistentes como S. aureus resistente à meticilina (MRSA) e 

Pseudomonas aeruginosa, com a prescrição de β-lactâmicos ou fluoroquinolonas (METLAY 

et al., 2019). O tratamento dirigido por patógenos pode ser aplicado após o diagnóstico 

específico, porém pode levar até 72 horas para ser determinado. 

1.4 VACINAS 

É um consenso que as vacinas previnem milhões de mortes anualmente e reduzem a 

mortalidade e morbidade da população vacinada. Com os programas globais de vacinação, a 

varíola foi erradicada e a prevenção de outras doenças como a pneumonia é extremamente 

importante. No entanto, atualmente existem apenas duas vacinas implementadas contra 

pneumonia, mas ainda sem uma concordância geral sobre a eficácia, elas são: a vacina 

polissacarídica pneumocócica (VPP) e a vacina contra influenza, ambas estão disponíveis e 

são recomendadas pelo CDC (Centers for Disease Control and Prevention) (“General 

Recommendations on Immunization”, [S.d.]). 

Vacinas podem ser definidas como um produto biológico, que contém antígenos 

oriundos de um patógeno ou sintetizados para seus componentes. Esses antígenos devem, 

de forma segura, induzir respostas imunes protetivas contra futura exposição ao determinado 

patógeno ou à uma doença (POLLARD; BIJKER, 2021). As vacinas vivas têm potencial 

replicativo no hospedeiro e com isso, grande poder de induzir respostas imunes de eficácia. 

Entretanto, em pacientes imunocomprometidos, essa replicação pode se dar de forma 

exacerbada, o que faz com que o uso dessas vacinas seja limitado nestes indivíduos (RUBIN 

et al., 2014). Vacinas contra sarampo, caxumba e rubéola são exemplos de vacinas vivas. 

Para equilibrar a capacidade replicativa que auxilia no desenvolvimento de resposta imune 

adequada, pode haver a atenuação do patógeno para impedir sua replicação descontrolada 

sendo necessário um alto controle e entendimento do organismo, além de alguns tipos de 

vacinas necessitarem de doses extras (MILLIGAN et al., 2018). 

As vacinas de antígenos não vivos podem ser compostas pelo organismo inteiro morto, 

como a vacina da poliomielite, mas também podem ser compostas por frações dos organismos 

como proteínas recombinantes (vacinas de subunidade) ou polissacarídeos como as vacinas 

da hepatite B e a vacina pneumocócica respectivamente.   As vacinas formuladas a partir 

de toxinas, como as contra tétano e difteria, também se enquadram nessa classificação 

(POLLARD; BIJKER, 2021). 
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Dentre as vacinas de subunidade, aquelas baseadas em epítopos, têm demonstrado 

serem opções promissoras para prevenir doenças. Os epítopos são partes de um antígeno 

capazes de serem reconhecidos por receptores do sistema imune e através dessa interação, 

induzir imunidade protetiva contra determinado patógeno (PARVIZPOUR et al., 2020). 

Com as tecnologias de sequenciamento de próxima geração, a acessibilidade a 

sequências genômicas de vários bancos de dados por exemplo - NCBI (AGARWALA et al., 

2018), GenBank (CLARK et al., 2016), EuPathDB (WARRENFELTZ et al., 2018), WormBase 

(HOWE et al., 2012) e Virus Pathogen Database and Analysis Resource (ViPR) (PICKETT et 

al., 2012) orientaram de forma notável a identificação de alvos de vacinas e novos candidatos 

a medicamentos. A área da genômica abrange técnicas in silico de alto rendimento como 

Vacinologia reversa e Imunoinformática para triagem e identificação de alvos vacinais (BAH 

et al., 2018). 
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Figura 3. Diferentes tipos de vacinas 

A imagem mostra as diferentes classes de vacinas existentes, os exemplos de vacinas já disponíveis 
no mercado para cada uma das classes e as classes de vacinas que ainda estão em fase de teste. 
Fonte: Adaptado de Pollard e Bijker., 2020. 

1.4.1 Vacinologia Reversa 

Com os avanços nos métodos de sequenciamento e análise de genomas, foi 

determinado a “vacinômica”, que utiliza ferramentas de bioinformática aplicadas à 

farmacogenômica e geraram uma massiva quantidade de dados (HU et al., 2004). A partir 

dessas informações, surgiu a Vacinologia Reversa, que consiste no processo de descoberta 

de um antígeno, começando com a interrogação de todo o repertório antigênico do patógeno 
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a partir de dados genômicos. Essa abordagem permite a análise de todo repertório proteico 

do patógeno de interesse, permitindo a avaliação de cada uma delas em relação ao 

potencial imunogênico para assim determinar quais os meljores candidatos vacinais 

(RAPPUOLI, 2000). O desenvolvimento convencional da vacina se baseia principalmente nos 

conceitos de Pasteur, com isolamento, manipulação e injeção do agente causador da doença 

e avaliação das condições para produção da vacina, que acarreta à uma alta demanda de 

recursos financeiros e trabalho laboratorial que pode levar anos (DEL TORDELLO; 

RAPPUOLI; DELANY, 2017). Por outro lado, a abordagem da vacinologia reversa não 

necessita necessariamente que os patógenos sejam cultivados em laboratório, já que existe 

a possibilidade de trabalhar com os dados já sequenciados (RAPPUOLI, 2000). A vacinologia 

reversa (Figura 4)  usa uma triagem in silico de todo o genoma de patógenos específicos, para 

determinar os genes adequados ou proteínas candidatas para melhores alvos vacinais. 

Primeiramente, através de genômica comparativa, as proteínas do genoma central, aquelas 

conservadas em todas as linhagens estudadas, são determinadas. Posteriormente, através 

da genômica subtrativa, são excluídas todas as proteínas do genoma central, core, que 

apresentam similaridade com o proteoma do hospedeiro humano, sobrando apenas o core-

non-host, correspondendo ao grupo de proteínas conservadas, mas que não apresenta 

relação com proteínas humanas (RINAUDO et al., 2009). Por fim, essas proteínas são 

avaliadas quanto a localização subcelular, aquelas consideradas de membrana, expostas a 

superfície ou secretadas são submetidas a análises quanto seu potencial imunogênico. Essa 

abordagem permite o reconhecimento não só de antígenos já estudados por métodos 

anteriores mas também de novos antígenos com aspectos diferentes e que podem atuar de 

maneira eficaz na proteção imunológica (KANAMPALLIWAR, 2020). Outras aplicações se 

dão a partir da utilização dessa estratégia para construir vacinas capazes de atuar contra um 

gênero de interesse ou contra diferentes patógenos. Após a identificação dos alvos mais 

adequados, estes podem ser expressos e testados in vitro ou in vivo para validar as 

propriedades imunogênicas (SEIB; ZHAO; RAPPUOLI, 2012).  Rino Rappuoli foi o primeiro a 

usar o termo vacinologia reversa (RAPPUOLI, 2001). Ele desenvolveu um trabalho com 

Neisseria  meningitides  serogrupo  B (MenB),  uma  bactéria Gram- negativa responsável 

por 50% dos casos de meningite meningocócica globalmente, foi o primeiro patógeno a ser 

submetido à esta técnica para desenvolvimento de vacinas (KELLY; RAPPUOLI, 2005). A 

partir desses avanços na genômica, proteômica e imunoinformática, ferramentas dessas 

abordagens vêm sendo consecutivamente aplicadas no diagnóstico, na terapêutica e no 

desenvolvimento de vacinas. 
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Figura 4. Vacinologia Reversa 
A imagem abrange os principais passos da Vacinologia Reversa, desde a obtenção dos dados 
genômicos aos testes em modelos animais. 
Fonte: Imagem gerada com BioRender (biorender.com) 

1.4.2 Imunoinformática 

A ampla produção de dados relacionados ao sistema imunológico, seus componentes 

e interações gerou uma demanda de softwares específicos para analisar esse tipo de material. 

Esses fatos corroboraram para o surgimento da imunoinformática, que se constitui de 

ferramentas e algoritmos para, entre outros, distinguir epítopos ligantes de linfócitos T e B, de 

epítopos não ligantes (BACKERT; KOHLBACHER, 2015). Dentre as grandes subáreas dessa 

abordagem, se destacam a predição de epítopos para design de proteínas quiméricas com 

potencial de serem usadas em testes diagnósticos e vacinas. (TOMAR; DE, 2010). 

As aplicações da imunoinformática no desenvolvimento de vacinas têm aguçado a 

construção de vacinas multi-epitópo, que possuem grande potencial de enfrentar os atuais 

desafios para desenvolvimento de vacinas contra patógenos de importância clínica. As 

vacinas multi-epítopos baseadas em abordagens de imunoinformática, são compostas por 

uma proteína quimérica formada por epítopos selecionados por diversas técnicas e geralmente 

um adjuvante, conectados por peptídeos de ligação, ou linkers (NEGAHDARIPOUR et al., 

2018). Os peptídeos de ligação, além de conectarem os epítopos, auxiliam na manutenção 

da atividade biológica (IKEBE et al., 1998), no dobramento e estabilidade proteica, além de 
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dar assistência no processo de expressão (CHEN; ZARO; SHEN, 2013) e em certos casos 

pode melhorar a indução de respostas imunes (HU et al., 2004). 

Dentre as vantagens sobre as vacinas de epítopo único e clássicas, estão por 

exemplo: 1) O acúmulo de vários epítopos identificados a partir de antígenos específicos, 2) 

vários receptores de células T podem identificar determinantes nas vacinas a partir das várias 

moléculas de MHC presentes no hospedeiro, 3) essas vacinas podem ser confortavelmente 

moduladas para aumentar a imunogenicidade, 4) também podem ser construídas para ativar 

respostas imunológicas mediadas por anticorpos e células, na medida em que seus epítopos 

de linfócitos T auxiliares são sobrepostos aos epítopos de células T citotóxicas e epítopos de 

células B, e 5) antígenos indesejados podem ser removidos para reduzir a possibilidade de 

consequências adversas ou respostas imunológicas que provavelmente causam efeitos 

colaterais (OLI et al., 2020). 

Através desta abordagem, a fusão de epítopos específicos para induzir respostas 

imunes eficazes implica no desenvolvimento de respostas imunes direcionadas, levando a um 

risco menor de induzir reações adversas. Além disso, não há possibilidade de integração 

genética como nas vacinas de DNA e nenhum risco de reversão para a forma virulenta como 

nas vacinas atenuadas. Outros benefícios potenciais importantes sobre vacinas multi-epítopos 

estão relacionados à produção, armazenamento e transporte. A possibilidade de produzir 

essas vacinas na forma liofilizada facilita o manejo e custos para sintetizar peptídeos também 

estão diminuindo com o avanço das tecnologias (MOYLE; TOTH, 2008; PURCELL; 

MCCLUSKEY; ROSSJOHN, 2007). 

O grande desafio das vacinas de epítopos está relacionado à imunogenicidade. 

Peptídeos sintéticos tendem a ser menos imunogênicos devido ao seu baixo tamanho e 

quantidade de determinantes imunogênicos portanto, para administrar esse viés, são 

utilizados adjuvantes para melhorar a capacidade imunogênica (AZMI et al., 2014; LEI et al., 

2019). Apesar de ainda não haver vacina multi-epítopo disponível no mercado contra 

pneumonia, devido às dificuldades de estabilidade, entrega e quanto à variabilidade 

imunogenética humana, novas abordagens para contornar essas características estão em 

estudo (PURCELL; MCCLUSKEY; ROSSJOHN, 2007). 

Com os avanços tecnológicos no desenvolvimento no geral de vacinas, tornou-se mais 

acessível a busca por imunógenos multi-epítopos a partir de antígenos de proteínas 

pertencentes a patógenos de difícil cultivo. Esses fatos, contribuíram para a determinação 

desse trabalho. 

1.4.2 Imunologia e resposta a vacinas multi-epítopo 

As respostas imunológicas são divididas em sistema inato e sistema adaptativo. A 

resposta imune humoral e a resposta imune citotóxica compreendem os dois braços do 
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sistema adaptativo. O primeiro contato com as proteínas estranhas é feito pelo sistema inato, 

além disso as células responsáveis por este contato têm uma enorme lacuna na apresentação 

de antígenos ao sistema adaptativo. (TURVEY; BROIDE, 2010). 

Todas as células nucleadas podem processar proteínas intracelulares a fim de 

apresentar epítopos através do complexo principal de histocompatibilidade classe I para 

células CTL. Células apresentadoras de antígenos especializadas (APCs), como macrófagos 

e células dendríticas, pertencem à imunidade inata e têm um papel importante para preencher 

a lacuna entre a imunidade inata e adaptativa. Essas células processam proteínas  

extracelulares e apresentam os epítopos para células T auxiliares (ou TCD4 +) por meio do 

complexo principal de histocompatibilidade de classe II. O reconhecimento das moléculas de 

MHC mediadas pelos linfócitos T auxiliam na propagação de respostas imunes específicas 

contra o antígeno e no controle adicional da infecção (KOTSIAS; CEBRIAN; ALLOATTI, 2019). 

As células CTL atuam destruindo as células infectadas diretamente. As células B são 

as principais responsáveis pela atividade humoral devido à sua produção de anticorpos. As 

células T helper (Th) ou CD4 + participam tanto da produção de anticorpos quanto da 

proliferação de CTL, pois produzem citocinas que modulam e melhoram as respostas 

imunológicas para células B completas reconhecerem antígenos por meio de receptores de 

células B (BCRs). A ativação das células B depende do reconhecimento direto do receptor 

BCR com os epítopos do patógeno e por meio de co-estimuladoras nas células Th e B. Eles 

também respondem a citocinas secretadas para células Th e expressam receptores para 

citocinas que auxiliam na proliferação de células B (JONES, 2005; LEI et al., 2019). 

As vacinas multi-epítopos são projetadas com um conjunto selecionado de epítopos 

pertencentes a um ou mais patógenos. A proteína quimérica construída é composta por 

epítopos de células B, epítopos de células T auxiliares (HTL) e epítopos de linfócitos T 

citotóxicos (CTL) (LEI et al., 2019). 

A fim de prever os alvos potenciais da vacina, diferentes abordagens de vacinologia 

reversa foram testadas. Um deles utilizou 88 genomas de M. pneumoniae para identificar 

proteínas de superfície não similares as proteínas do hospedeiro, com características de 

essencialidade e potencial de antigenicidade para selecionar as melhores vacinas candidatas 

(VILELA RODRIGUES et al., 2019). 

Usando abordagens imunoinformáticas, Unni e colaboradores 2019, desenvolveram 

uma vacina de peptídeo baseada em epítopos contra M. pneumoniae, usando 12 proteínas 

de membrana e 5 proteínas de citoaderência como conjunto de dados. Os epítopos previstos 

foram submetidos à análise de interações com moléculas HLA por meio dos escores de 

energia de ligação e os três melhores epítopos foram direcionados à simulação dinâmica para 

garantir essa afinidade (UNNI et al., 2019). 
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Outro estudo com o mesmo aspecto foi proposto por Mahmood e colegas, no entanto, 

eles usaram o proteoma de uma cepa M129 de M. pneumoniae para selecionar as proteínas 

não homólogas com propensão antigênica como alvos da vacina. Eles previram os epítopos 

e construíram uma vacina candidata de múltiplos epítopos com um adjuvante. O docking 

molecular com o receptor Toll-like 4 e simulação dinâmica também foram realizados 

(MAHMOOD et al., 2021). 

Devido a esses achados promissores, uma vacina para prevenir infecções por M. 

pneumoniae é necessária, além disso, está vacina também pode avançar na prevenção da 

asma e PAC (BAJANTRI; VENKATRAM; DIAZ-FUENTES, 2018). 
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2. JUSTIFICATIVA 

Diante da atual preocupação mundial acerca dos dados epidemiológicos referentes a 

PAC, principalmente devido ao crescimento da resistência antimicrobiana e as altas taxas de 

mortalidade, a necessidade de medidas de prevenção eficazes se torna mais evidente. Nesse 

contexto, o Mycoplasma pneumoniae é um dos principais patógenos associados e tem sido 

detectado de forma mais expressiva nos últimos anos, possivelmente devido ao sucesso da 

vacina pneumocócica e pelos avanços nos métodos diagnósticos.  

Ainda não existe nenhuma vacina disponível para prevenção de infecções por 

M.pneumoniae ademais, são restritos os métodos de tratamento para essa bactéria devido às 

suas características morfofisiológicas e a existência de muitas linhagens resistentes a certas 

classes de antibacterianos. Essas peculiaridades no metabolismo e a arquitetura estrutural do 

M.pneumoniae também são obstáculos significativos no cultivo e manuseio da bactéria em 

laboratório. Sendo assim, abordagens in silico demonstram ser alternativas viáveis e de 

eficácia para busca de novos alvos vacinais contra patógenos fastidiosos. Essa abordagem 

além de agilizar o processo para determinação de uma vacina, diminui os recursos financeiros 

necessários para seu desenvolvimento reduzindo também de forma significativa, a quantidade 

de animais submetidos aos experimentos.  

Portanto, o presente estudo visou determinar através de ferramentas de 

bioinformática, proteínas candidatas à alvos de drogas, vacinais e um imunógeno multi-

epítopo de ampla cobertura para prevenir infecções causadas pelo M. pneumoniae. 
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3. OBJETIVOS 

3.1 Objetivo principal 

Predizer por meio de Vacinologia Reversa potenciais proteínas candidatas à alvos 

vacinais e de drogas e desenvolver in silico um imunógeno multi-epítopo de alta cobertura 

contra Mycoplasma pneumoniae através de ferramentas de imunoinformática. 

3.2 Objetivos específicos 

• Selecionar os genes do genoma central e que não estejam presentes no hospedeiro 

(core-non-host) 

• Caracterizar as proteínas codificadas pelo core-non-host de acordo com a localização 

subcelular  

• Avaliar as proteínas de superfície e extracelulares quanto seu potencial imunogênico 

• Realizar a predição de ilhas de patogenicidade e verificar se alguma das proteínas 

candidatas se encontra dentro dessas ilhas 

• Identificar epítopos específicos de células B, CTL e HTL 

• Avaliar os epítopos quanto a antigenicidade, potencial tóxico e alérgico, cobertura 

populacional e imunogenicidade 

• Construir a sequência de aminoácidos da proteína quimérica do imunógeno e realizar 

a modelagem estrutural 

• Avaliar a interação da vacina com o sistema imune do hospedeiro através de 

ferramentas de bioinformática 
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4. CAPITULO I 

Reverse vaccinology and subtractive genomics reveal new therapeutic targets 

against Mycoplasma pneumoniae: a causative agent of pneumonia 

Thaís Cristina Vilela Rodrigues, Arun Kumar Jaiswal, Alissa de Sarom, Letícia de 

Castro Oliveira, Carlo José Freire Oliveira, Preetam Ghosh, Sandeep Tiwari, Fábio Malcher 

Miranda, Leandro de Jesus Benevides, Vasco Ariston de Carvalho Azevedo and Siomar de 

Castro Soares 

 

O Mycoplasma pneumoniae é um patógeno comumente associado à CAP. Devido às 

particularidades morfológicas e ao aumento da resistência aos antimicrobianos, as opções 

para tratar esse tipo de infecção são cada vez menores. Dessa forma, métodos de prevenção 

e tratamento demonstram ser opções necessárias de se buscar, para esse tipo de infeção. A 

fim de prever novos alvos de vacinas e de drogas contra M. pneumoniae, ferramentas in silico 

da abordagem de vacinologia reversa foram utilizadas. Os genomas de 88 cepas de 

M.pneumoniae foram submetidos a diversas análises como a genômica comparativa, para 

encontrar genes do genoma central (core genome), mas que não apresentam similaridade 

com o genoma humano. As proteínas selecionadas por meio da análise, possibilitaram avaliar 

sua capacidade de ligação ao complexo MHC, entre outros, encontrando 8 alvos com 

potencial imunogênico e cinco prováveis alvos de drogas.   
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Pneumonia is an infectious disease caused by bacteria, viruses or

fungi that results in millions of deaths globally. Despite the

existence of prophylactic methods against some of the major

pathogens of the disease, there is no efficient prophylaxis

against atypical agents such as Mycoplasma pneumoniae, a

bacterium associated with cases of community-acquired

pneumonia. Because of the morphological peculiarity of M.

pneumoniae, which leads to an increased resistance to antibiotics,

studies that prospectively investigate the development of

vaccines and drug targets appear to be one of the best ways

forward. Hence, in this paper, bioinformatics tools were used

© 2019 The Authors. Published by the Royal Society under the terms of the Creative
Commons Attribution License http://creativecommons.org/licenses/by/4.0/, which permits
unrestricted use, provided the original author and source are credited.
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for vaccine and pharmacological prediction. We conducted comparative genomic analysis on the

genomes of 88 M. pneumoniae strains, as opposed to a reverse vaccinology analysis, in relation to

the capacity of M. pneumoniae proteins to bind to the major histocompatibility complex, revealing

seven targets with immunogenic potential. Predictive cytoplasmic proteins were tested as potential

drug targets by studying their structures in relation to other proteins, metabolic pathways and

molecular anchorage, which identified five possible drug targets. These findings are a valuable

addition to the development of vaccines and the selection of new in vivo drug targets that may

contribute to further elucidating the molecular basis of M. pneumoniae–host interactions.

1. Introduction
The genus Mycoplasma belongs to the class Mollicutes, which are bacteria without a cell wall. Through

comparative genomics and phylogenetic analysis, it has been suggested that these bacteria probably

originated from Gram-positive ancestors [1–3]. Bacteria of the genus Mycoplasma are the smallest known

microorganisms in cell and genomic size with a capacity for self-replication [4]. Owing to the fact that

the Mycoplasma genome comprises fewer than 1000 genes, its metabolic capacities are reduced, thus it

requires specific cellular compounds for its survival. For their growth in culture media, these

microorganisms require singular components such as sterols that protect them against their osmotic

fragility. The absence of a cell wall in the genus Mycoplasma makes it difficult to classify these

microorganisms as cocci or bacilli; furthermore, this characteristic confers a natural resistance to β-lactams

and impairs Gram staining [5,6]. Among the 16 Mycoplasma species that infect humans, six of them are

pathogenic and, of these, Mycoplasma pneumoniae is the one with the highest clinical significance [7,8].

Mycoplasma pneumoniae, the main causative agent of community-acquired pneumonia (CAP), has a

genome of approximately 800 000 base pairs that encodes approximately 700 different proteins [9].

Studies have demonstrated a prevalence rate of CAP for M. pneumoniae that can reach 40% among

confirmed cases [10]; however, it is still extremely difficult to make a specific diagnosis in

asymptomatic cases. CAP is an acute lung infection responsible for high morbidity and mortality rates

and tends to be contracted by individuals outside the healthcare system [11]. In most cases, the

pathogen is not identified and the diagnosis is sometimes based only on clinical signs; consequently,

the treatment is not specific, and therapeutic intervention may compromise the patient’s life and even

contribute to the development of antibiotic-resistant bacteria [12].

Because of the absence of the cell wall, infections caused byM. pneumoniae are treated using antibiotics

from the macrolide, tetracycline and quinolone classes [13,14]. It is known that a mutation in the 23S rRNA

gene conferred resistance to macrolides in several strains, reducing treatment options to only two classes

of antibiotics. Asia is the continent with the highest rate of resistance, where about 90% of the strains of this

bacterium have already demonstrated this mutation. This high rate was due to the frequent and

indiscriminate antibiotic use in this region. Cases of resistance in Europe and America have also been

reported and the proportion of resistant strains has been growing progressively. Thus, there is a need

to promote not only restrictions for the use of macrolides, but also advancement of research for the

development of new drugs and prophylactic methods [15–17]. There are currently vaccines against

Streptococcus pneumoniae and Haemophilus influenzae, the most common causative agents of pneumonia.

On the other hand, for atypical pathogens that cause this disease, such as M. pneumoniae and Chlamydia

pneumoniae, studies are still needed to achieve the same level of progress [18]. Such studies can be

extremely important since, according to the World Health Organization [19], pneumonia vaccines

prevent the deaths of almost 2 million children per year [20].

With the advancement of genome sequencing technologies, the number of microorganism species with

completed genome sequences has increased rapidly, adding thousands of new sequenced genomes to

databases and providing material for numerous types of studies, including the prediction of new drug

targets and vaccines, through approaches such as comparative and subtractive genomics [21–23]. Another

approach is reverse vaccinology, which is also based on the use of the genomic sequence of a given

microorganism for in silico analysis. Using this bioinformatics tool, it is possible to investigate, in several

ways, all of the proteins that can be produced by the bacterium and evaluate their ability to induce an

adaptive immune response or to bind to drugs [24,25]. Reverse vaccinology optimizes the prediction of

drug and vaccine targets, especially for microorganisms that are difficult to grow in the laboratory, such

as intracellular bacteria including M. pneumoniae. In addition, reverse vaccinology allows the simultaneous

analysis of targets in multiple genomes, which is important for the predicted targets to achieve greater
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coverage among lineages [26]. The use of reverse vaccinology gained prominence in 1995 with the

publication of the complete genome of the bacterium H. influenzae [27]. Subsequently, this methodology

was used for the screening of antigens to prepare vaccines against Neisseria meningitidis [28,29],

Acinetobacter baumannii [30], Streptococcus agalactiae [31], human cytomegalovirus, respiratory syncytial

virus, human immunodeficiency virus, influenza and dengue virus [32,33], among other pathogenic agents.

Given the relevance of the problem, the objective of this work was to predict drug and vaccine targets

through bioinformatics tools, by selecting those that act against all 88 M. pneumoniae strains whose

genomes are already deposited in GenBank. This study will facilitate future in vitro and in vivo tests

for the production of drugs and prophylactic targets against a species of bacteria with high clinical

relevance for CAP, especially among children.

2. Methodology
2.1. Genomes
The 88 genomes of M. pneumoniae strains available in the GenBank database were downloaded through

the National Center for Biotechnology Information (NCBI) for the bioinformatics analysis. For this, both

the complete and incomplete downloaded genomes were converted to the FASTA format.

2.2. Identification of conserved proteins of M. pneumoniae and subtractive genomics
The FASTA format files containing the amino acid sequences were submitted to the software OrthoFinder

under its default parameters. The algorithm developed for this software performs calculations based on

searches through BLAST and the MCL clustering algorithm to identify the regions of homology, thereby

generating the orthogroups with the protein sequences. Subsequently, in-house scripts were employed

to classify genes into three groups: core genes, which represent those present in all studied strains;

shared genes, which are present in some, but not all, strains; and the singletons, which are strain-

specific genes present in only one strain [34]. With the amino acid sequences (faa), a BLASTp was

performed against the proteins of the human genome, also using the OrthoFinder, to identify the

proteins belonging to the bacterium M. pneumoniae that have no homology with those from the host.

This stage is called subtractive genomics and was essential to avoid the selection of drug targets or

vaccines without protective effect or even those that may cause autoimmunity [35].

2.3. Characterization and prediction of the subcellular location of proteins of M. pneumoniae
To verify the importance of each of the identified proteins, we used the Database of Essential Genes (DEG),

which includes all essential bacterial and eukaryotic gene records [36]. This online platform contains

information on genes from bacteria, archaea and eukaryotes, responsible for the production of several

proteins, as well as data from non-coding RNAs (http://www.essentialgene.org/). Only proteins

considered essential to the microorganism were used in the prediction of candidate vaccine antigens and

drug targets. SurfG+ is a software that predicts the subcellular localization of the proteins of interest. The

prediction consists of identifying peptide signal, retention signals, transmembrane helices and secretion

pathways to classify proteins as secreted, PSE (putatively exposed to the surface) and membrane

proteins. Among the identified proteins, the cytoplasmic proteins were subjected to an analysis for

potential drug targets, because of their involvement in the basic survival processes of the organism,

while proteins characterized as membrane, PSE and secreted were directed to reverse vaccinology

analysis, since they are the first proteins to come into contact with the immune response of the host [37].

2.4. Selection of drug targets and druggability analysis
The MHOLline program was used to model three-dimensional (3D) cytoplasmic proteins. This software

combines other programs such as HMMTOP, BLAST, BATS, MODELLER and PROCHECK to analyse

and classify potential drug targets according to their structural quality. BLAST performs a random

search against protein databases (PDBs) and provides three-dimensional structures of the targets. The

BATS (Blast Automatic Targeting for Structures) program selected the proteins in which the

comparative modelling technique was applied and rated the models in seven groups according to

quality (from ‘very high’ to ‘very low’). Three-dimensional models and global alignment were
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produced by the MODELLER program and evaluated for stereochemical quality through PROCHECK.

To complement the process, transmembrane helix topology studies were performed by the software

HMMTOP. The BATS program organized the BLAST output files into four groups—G0, G1, G2

and G3—following the criteria: G0, non-aligned sequence; G1, E > 10 × 10−5 or identity < 15%; G2,

E≤ 10 × 10−5, identity≥ 25% and length variation index (LVI)≤ 0.7; G3, E≤ 10 × 10−5, identity≤ 15% to

<25% or LVI > 0.7 [38]. The 3D structures with identity < 25%, corresponding to groups G1 and G3,

did not fit into the comparative modelling technique of the MHOLline program, and, thus, only the

G2 group sequences were submitted to the next stages of docking.

Furthermore, for the druggability analyses, the final lists of drug target proteins were subjected to

DoGSiteScorer. The DoGSiteScorer is a web-based automated pocket detection and analysis tool for

calculating the druggability of protein cavities. For each detected cavity, the tool returns the pocket

residues and a druggability score ranging from 0 to 1. Values closer to 1 indicate highly druggable

protein cavities, i.e. the predicted cavities are likely to bind ligands with high affinity [39]. The

druggable cavity for each target with value greater than 0.8 was used for the docking analysis.

2.5. Ligand library preparation and docking analysis
The ligand library of ZINC drug-like molecules (Natural Product and its derivatives) was downloaded

from the ZINC database [40,41]. The 5008 ligands obtained in .SDF format were then converted into

.PDB by using the OpenBabel (v. 2.4.1) tool [42]. After converting the file into .PDB format, the

Gasteiger atomic partial charges were assigned to convert all the ligand compounds to the PDBQT

format by using the prepare_ligand4.py script on the terminal. Furthermore, for the docking analysis,

the final identified drug target proteins’ 3D structures were examined and converted to the required

PDBQT format using the AutoDockTools MGL tool (v. 1.5.4) [43]. A grid box parameter for each

target comprising the residues of the DoGSiteScorer [44] druggable pocket with drug score greater

than 0.8 was used for virtual screening of the ligand using AutoDock Vina [45]. The top 10 ranked

ligand molecules were identified by virtual screening using the Python script topmolecule.py.

Furthermore, the flexible docking was performed with the identified top 10 molecules, keeping the

residues obtained from DoGSiteScorer for each target. The 3D poses of docked molecules were

analysed in Chimera [46], whereas Pose View was used for two-dimensional (2D) representation [47].

2.6. Selection of vaccine targets
In order to test the adhesion and binding capacity to major histocompatibility complex (MHC) class I and

class II, all membrane, secreted and PSE protein targets of M. pneumoniae were submitted to the Vaxign

tool, a system based on genomic features for predicting vaccine targets in the reverse vaccinology

platform. In this software, we used default parameters except for subcellular localization and

transmembrane helices that were already predicted by means of SurfG+. This system has tools to identify

the subcellular localization of the product of the studied sequences, analyses the transmembrane helices

and is able to exclude the sequences present in non-pathogenic strains. SPAAN is a program with

sensitivity of 89% and specificity of 100% that evaluates the adhesion capacity of the targets, establishing

a cut-off of 0.51. The prediction of MHC-I- and MHC-II-binding epitopes is performed by Vaxitope,

which searches the Immune Epitope Database (IEDB) and calculates the affinity of each molecule [48].

Sequences of the 46 PSE, secreted or membrane proteins were submitted to this platform in the

FASTA format for analysis of antigenic properties. This presents the option ‘Dynamic Vaxign

Analysis’, which is configured as the desired parameter for the prediction based on the binding

capacity to MCH-I and MCH-II. Thus, proteins theoretically arising from the 88 genomes with

adhesion capacity greater than 0.51 were considered immunogenic and selected for further analysis [49].

The sequences of the proteins with good MHC-binding capabilities were subsequently subjected to

B-cell epitope prediction analysis to verify their ability to develop humoral immune responses. For

this, we used the IEDB with a threshold of 0.5. In the platform, it is possible to analyse the proteins of

interest to find the main epitopes and the value of each residue [50].

2.7. Analysis of proteins of interest and their interactions
To understand the metabolic interactions of the proteins of interest, we used the STRING program with

default parameters, which shows the specific interactions between the proteins of M. pneumoniae and

those present in its database, allowing the pathways’ functional activities to be understood in greater
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detail. For each protein–protein interaction, a score is generated. These scores represent the confidence

interval ranging from 0 to 1, with 1 being the highest probability of the interaction being true. In

addition to the STRING platform, other platforms were also used to contribute and reinforce the

identification of the functions and metabolic pathways of proteins of M. pneumoniae [51].

In summary, we used the Universal Protein Resource (UniProt), which is a protein sequence and

annotation database [52]. Proteins that had signal peptide were directed to the secretory pathway and

were identified using the SignalP program that located the cleavage sites of each signal peptide [53]. To

predict transmembrane helices, we submitted the amino acid sequences of each M. pneumoniae protein

to the TMHMM server, which predicted the topology of these proteins by the Markov method [54].

To find out whether any of the proteins had already been tested for drug targets in previous studies,

DrugBank searches were performed. DrugBank is an online database that contains information about

drugs, their binding targets, interactions with other drugs, and their relationships with metabolism,

gene expression and protein. Potential drugs being tested in clinical trials are also found on this

platform [55].

It is well known that the use of antibiotics affects the human microbiota and is associated with

immunological and metabolic alterations detrimental to the normal functioning of the organism [56].

To determine whether the proteins investigated in this study are also part of the metabolism of some

of the bacteria most commonly found in the intestinal microbiota, BLASTp was performed through

NCBI. Each potential drug target was submitted to the platform and compared with the bacterial

protein sequences of the genera Bacillus, Lactobacillus and Streptococcus, which are some of the major

genera found in the gut [57].

2.8. Analysis of genomic similarities and phylogenetic reconstruction
To compare the 88 genomes studied and to understand the differences present in each strain of

M. pneumoniae that could enable future identification of reference genomes for pathogenicity island

prediction, we used the Gegenees [58] tool; this tool fragments genomes at predefined sizes and

makes an alignment of all fragments against all using the tools BLASTn, tBLAST and FASTA. With

the data from this alignment, a heat map is generated that demonstrates the similarity between the

lines and that ranges from 0% to 100%. The results from the Gegenees software were exported in

the ‘Nexus’ format for later phylogenetic reconstruction using the software SplitsTree4, by using the

neighbour-joining method [59].

2.9. Prediction of genomic islands
Prediction of genomic islands was carried out in order to identify the existence of potential drug and

vaccine targets within these islands. Genomic Island Prediction Software (GIPSy) was used for the

prediction of genomic islands that were classified as follows: (i) pathogenicity islands, which contain

virulence factors; (ii) metabolic islands, with genes related to proteins important for metabolic pathways;

(iii) resistance islands, which have genes involved in the processes of resistance to antibiotics; and (iv)

symbiotic islands, with genes coding for proteins that allow the symbiotic interaction of the bacterium

with the host. The characteristics analysed for predicting whether a given genome region is a genomic

island were: deviations in genome signature (GC content and codon usage); the presence of transposase

genes, high concentrations of virulence factors, genes related to antibiotic resistance, metabolic pathways

and symbioses for pathogenicity, resistance, and metabolic and symbiotic islands, respectively; the

presence of insertion sequences or flanking tRNA genes; and size ranging from 6 to 200 kb [60].

The genomes used in this step were selected from the results of the phylogenetic analysis. The

phylogenetically closest lineages according to the SplitsTree [56] program were organized into clusters

and, from that result, 15 genomes were selected for prediction analyses of genomic islands. The

genome of the species Mycoplasma gallinarum, which is phylogenetically close to the species

M. pneumoniae but is not pathogenic to humans, was selected as a reference in predicting the islands.

The results obtained by GIPSy were later plotted in a circular figure using the software BRIG [61,62].

3. Results
The key steps for target identification, the methodologies used and the total number of proteins described

in each step are summarized in the workflow of figure 1.
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3.1. Identification of M. pneumoniae conserved proteins and subtractive genomics
Using the software OrthoFinder, we found 441 genes belonging to the core, 289 shared genes and 50

singletons. After the subtractive genomic analysis with these core genes, the number was reduced

from 441 to only 101 potential targets.

3.2. Localization of target proteins
As described previously, for the prediction of protein localization we employed the software SurfG+. From

the 101 targets, 55 proteins were predicted as cytoplasmic and directed to drug targeting. The other 46

proteins, considered PSE, secreted or frommembranewere directed to analyses for vaccine targets (table 1).

3.3. Drug target identification and druggability analysis
The proteins predicted as cytoplasmic and essential for the bacteria are frequently considered good

candidates for drug targets [35]. Thus, the protein sequences predicted as cytoplasmic were submitted

to MHOLline, which used the HMMTOP, BLAST, BATS, MODELLER and PROCHECK software to

predict 3D modelling. Based on the drug target analysis, only those proteins from the G2 group (E≤

10 × 10−5, identity≥ 25% and LVI≤ 0.7) were selected. Five proteins with very high classification were

identified within the program criteria and one with high potential (electronic supplementary material,

file S1). The other proteins with lower level of quality were discarded. These six proteins were also

submitted to the DEG and only five of them were considered vital for M. pneumoniae, following the

criteria of bit score of 100 and E-value with a cut-off of 1 × 10−4 (table 2).

The five proteins identified as potential candidates for drug action were ribosome-binding factor A

(WP_010874513.1), division/cell-wall cluster transcriptional repressor MraZ (WP_010874670.1),

dTIGR00282 family metallophosphoesterase (WP_010874705.1) and the hypothetical proteins

WP_010874779.1 and WP_014325598.1.

Ribosome-binding factor A (WP_010874513.1) is one of the most important bacterial proteins that

assist in the late stages of maturation of the 30S ribosomal subunit. Furthermore, such a protein is

retrieval of 88 genomes of M. pneumoniae

orthoMCL
441 genes

orthoMCL
101 genes

55 proteins

5 essential drug targets 8 essential vaccine targets

5 drug molecules
2 proteins in
pathogenic island

molecular
docking

DEG

genomic island

prediction

very high: 5
high: 1

12 proteins with
adhesion >0.51

46 proteins

identification of core genome

identification of core non-host

cytoplasmic

candidate drug target
identification

candidate vaccine target
identification

PSE + secreted + membrane

SurfG

host

NCBI

pathogen

core non-host

prediction of subcellular localization

protein structure
prediction

antigenic properties
analysis

Figure 1. Workflow projected with the methodologies used and the total number of proteins identified in each step.

royalsocietypublishing.org/journal/rsos
R.
Soc.

open
sci.

6:190907
6

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 3

0
 M

ay
 2

0
2
1
 

47



essential for the efficient processing of 16S rRNA and may interact with the 5’-terminal helix region of

16S rRNA (116 aa). Its metabolic interactions occur through interactions with the following proteins:

(i) translation initiation factor (IF); (ii) phenylalanine–tRNA ligase; (iii) translation elongation factor;

and (iv) ribosomal protein S15. Ribosomal protein S15 is one of the major rRNA-binding proteins that

binds directly to the 16S rRNA, where it assists in the assembly of the 30S subunit platform by

ligating and joining several helices of 16S rRNA [63]. Aminoglycosides are antibiotics that bind to the

30S ribosomal subunit, causing base modifications that consequently modify codon reading by

interfering with mRNA translation [64]. Thus, although no ribosome-binding factor A

(WP_010874513.1) studies have been found as a potential drug target, it is believed that interfering

with its binding to the 30S subunit may interfere with its structural function and lead to

transcriptional errors that may affect bacterial protein synthesis (electronic supplementary material,

files S2 and S3).

Division/cell-wall cluster transcriptional repressor MraZ (WP_010874670.1) is a DNA-binding

transcription factor, which interacts with (i) HrcA transcription repressor, which is a negative regulator

of class I heat shock genes (operons grpE-dnaK-dnaJ and groELS); (ii) protein B of segregation and

condensation, which acts on the chromosomes during cell division; (iii) IF-3, which binds to the 30S

ribosomal subunit, increasing the availability of those subunits in which the initiation of the protein

synthesis begins; (iv) chaperone proteins that prevent aggregation of stress-depleted proteins; and (v)

protein RecA, which can catalyse the hydrolysis of ATP in the presence of single-stranded DNA

(electronic supplementary material, files S4 and S5).

WP_010874705.1 is a protein of the metallophosphoesterase family, which is related to DNA repair

(electronic supplementary material, files S6 and S7) [65]. WP_010874779.1 is a hypothetical protein

whose function remains incompletely elucidated, but, according to STRING’s predictions, it

participates in interactions with chromosomal segregation proteins, carrier proteins and endonucleases

(electronic supplementary material, files S7 and S9). Finally, WP_014325598.1 is also a hypothetical

protein. It is related not only to the folding and transport of proteins, but also to tRNA ligase of

threonine and arginine in addition to the tRNA responsible for thiamine synthesis (electronic

supplementary material, files S10 and S11).

When comparing these proteins with the proteome of a group of bacteria present in the intestinal

microbiota (Bacillus/Lactobacillus/Streptococcus group) through BLAST NCBI, we observed that three of

the five potential drug targets present a protein profile similar to those of the database. 30S ribosome-

binding factor showed 28% identity with the protein 30S ribosome-binding factor RbfA, which is

present in Lactobacillus sanfranciscensis, and 24% identity with the same protein in Lactobacillus

pantheris. The transcriptional regulator MraZ showed identity of about 40% with a series of Bacillus

species, a result similar to that found through the BLAST analysis of the protein dTIGR00282 from the

metallophosphoesterase family.

3.4. Molecular docking and virtual screening
Natural products have played important roles in recent drug development, where an enormous number

of natural product-derived compounds in various stages of clinical development were highlighted [66].

For each target protein, 5008 drug-like compounds (Natural Product and its derivatives) were screened

from the ZINC database. The top 10 compounds obtained by means of the AutoDock Vina binding

affinity score (electronic supplementary material, file S12) were further used for flexible docking

analysis with the residues of the most druggable cavity identified by DoGSiteScorer (table 4). As a

result, the predicted protein–ligand interactions for best ligands with each target are displayed in

Table 1. Localization of target proteins.

location number of proteins

cytoplasmic 55

PSE 15

secreted 3

membrane 28

total 101
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Table 3. Identified druggable pocket with its volume, surface area and drug score of each target protein obtained from
DoGSiteScorer.

protein name
volume
(Å3)

surface
area (Å2)

drug
score residues

30S ribosome-binding factor

(WP_010874513.1)

1125.38 1672.38 0.82 TYR1, LYS5, LYS6, GLU7, ARG8, LEU9,

GLU10, ASN11, ASP12, ILE13, ILE14,

LEU16, ILE17, ASN18, VAL21, VAL30,

LYS31, THR32, GLY33, HIS34, VAL35,

THR36, HIS37, VAL38, LYS39, LEU40,

ASP42, ASP43, LEU44, VAL47, VAL49,

LEU51, VAL63, PHE66, ASN67, ALA69,

LYS70, PHE73, VAL76, LEU77, ASN80,

ILE89, HIS90, PHE91

division/cell-wall cluster

transcriptional repressor

MraZ (WP_010874670.1)

395.39 672.27 0.76 ASN33, ARG34, GLY35, PHE36, GLU37,

ASN38, CYS39, LEU40, GLU41, TYR51,

LEU68, LEU71, ILE72, ASP72, ASP96,

ALA97, ILE106, GLN108, HIS111, GLU113,

TRP115, TYR120, TYR123, LEU124

dTIGR00282 family

metallophosphoesterase

(WP_010874705.1)

177.28 311.54 0.31 LYS49, ASN71, HIS72, TRP74, PHE75, PHE99,

LEU130, PRO131, PHE132

hypothetical protein

(WP_010874779.1)

423.81 585.63 0.66 PHE62, SER66, VAL69, VAL86, LYS87, CYS89,

CYS90, PHE93, TYR94, LEU97, PHE100,

ILE101, LEU104, TYR115, LEU119,

GLY120, PHE123, GLY124, VAL125

hypothetical protein

(WP_014325598.1)

568.26 839.56 0.81 LYS45, GLU130, ILE131, THR132, VAL135,

VAL139, ILE140, TYR143, TYR144,

GLU145, THR147, ASN148, TYR154,

VAL164, ALA167, LEU168, GLU171,

ARG172, LEU175

Table 4. Docking studies of drug-like molecules (compounds) from the ZINC database with five drug target proteins. The table
shows the binding scores/affinity, number of hydrogen bonds and the residues of proteins interacting with the respective
compounds.

ZINC compound ID AutoDock Vina binding affinity no. of H-bond/residues

30S ribosome-binding factor (WP_010874513.1)

ZINC04259381 −10.5 3/ASN18, ARG15

division/cell-wall cluster transcriptional repressor MraZ (WP_010874670.1)

ZINC04235924 −10.2 1/ARG34

dTIGR00282 family metallophosphoesterase (WP_010874705.1)

ZINC04259703 −8.9 3/LYS49, ASN71

hypothetical protein (WP_010874779.1)

ZINC05415832 −11.1 1/PHE93

hypothetical protein (WP_014325598.1)

ZINC04236030 −10.3 2/LYS45, TYR154
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table 4, with ZINC database compound ID, AutoDock Vina binding affinity for the selected ligands as

well as interactions of hydrogen bonds with the targets’ residues involved in the interaction.

Based on structural comparison with a crystallographic structure of 30S ribosome-binding factor

(WP_010874513.1) template (PDB ID: 1pa4) (putative ribosomal protein), we performed active site

identification analysis with DoGSiteScorer [44], an online tool for active site residues (table 3). By

performing virtual screening of 5008 drug-like molecules, we identified the top 10 molecules

(electronic supplementary material, file S12); then flexible docking was performed on the identified

top 10 molecules to find interactions with residues of the 30S ribosome-binding factor

(WP_010874513.1) protein. We found that compound ZINC04259381 interacts with the active residue

ASN18 from our active site identification analysis (table 4). Figure 2 shows the 3D and 2D

representations of compound ZINC04259381.

Target MraZ (cell-wall cluster transcriptional repressor) protein, which is a transcription factor of

Escherichia coli, regulates its own operon, also known as the division and cell wall (DCW) cluster [67];

active residue ARG34 evidenced an interaction with compound ZINC04235924 (table 4), while

figure 3 shows the 3D and 2D representations of compound ZINC04235924. The target dTIGR00282

family metallophosphoesterase showed interaction with compound ZINC04259703 and interacts with

the active residues LYS49 and ASN71 (table 4). Figure 4 shows the 3D and 2D representations

of compound ZINC04259703. The hypothetical protein WP_010874779.1 showed interaction with

compound ZINC05415832, by interacting with residue PHE93 (table 4). Figure 5 displays the 3D and

2D molecular representations of compound ZINC05415832. The hypothetical protein WP_014325598

evidenced interaction with compound ZINC04236030, by interacting with residues LYS45 and

TYR154. Figure 6 depicts the 3D and 2D molecular representations of compound ZINC04236030.

3.5. Vaccine targets
From the 46 proteins predicted as membrane, PSE or secreted and whose structures were evaluated

positively for adhesion capacity to MHC-I and MHC-II, 12 were noted with probability higher than

0.51 and considered good targets. They were also submitted to the DEG database, which indicated

that eight of them were considered essential for M. pneumoniae. Among the eight potential vaccine

targets found through these analyses, seven were lipoproteins and three of these belong to a specific

group of membrane proteins of M. pneumoniae, with a lipid binding site and characterized as a

membrane anchor (table 5).

The pro-lipoprotein diacylglyceryl transferase (WP_010874581.1) is an enzyme that catalyses the first

step in the biogenesis of lipoproteins. It transfers the n-acyl diglyceride group into an N-terminal cysteine

of the membrane lipoproteins. It is also an integral membrane protein that participates in a number of

interactions; for example, the signal peptidase protein II that catalyses the removal of peptides that

(b)(a)

Figure 2. The (a) 3D and (b) 2D representation docking analyses of protein 30S ribosome-binding factor (WP_010874513.1) with
compound ZINC04259381.
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signal pro-lipoproteins. In addition, it is also involved with proteins that present DNA repair properties.

The targets found by Vaxign with better MHC adhesion capacity were the proteins WP_014325486.1,

with an adhesion index of 0.618, and WP_010874862.1, with index of 0.667. These two lipoproteins,

which are predicted to belong to the cytoplasmic membrane or exposed to the surface, include 793

amino acids in their composition. The WP_010874581.1 protein showed seven transmembrane

domains while the WP_014325660.1 protein showed one domain. The other proteins displayed no

predicted domains through TMHMM (table 5).

The candidate proteins for vaccine targets were subjected to the antigenic prediction of B-cell

epitopes. For each protein, the number of peptides with ability to induce the humoral immune

response was predicted. We found 19 epitopes on the WP_010874862.1 protein and 16 epitopes on the

WP_014574866.1 protein. Epitopes with fewer than seven amino acids were discarded from the study

because they are considered too small to induce immunogenicity (electronic supplementary material,

files S13–S20).

(b)(a)

Figure 3. The (a) 3D and (b) 2D representation docking analyses of protein division/cell-wall cluster transcriptional repressor MraZ
(WP_010874670.1) with compound ZINC04235924.

(b)(a)

Figure 4. The (a) 3D and (b) 2D representation docking analyses of protein dTIGR00282 family metallophosphoesterase
(WP_010874705.1) with compound ZINC04259703.

royalsocietypublishing.org/journal/rsos
R.
Soc.

open
sci.

6:190907
11

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 3

0
 M

ay
 2

0
2
1
 

52



3.6. Analysis of genomic similarities and phylogenetic reconstruction
The 88 genomes studied showed a high similarity. The heat map generated by the software Gegenees

presented colours ranging from green (high similarity) to red (low similarity). Most genomes

presented approximately 99% similarity, with the lowest being 95%. In the phylogenetic reconstruction

performed through the software SplitsTree4, we can note the formation of seven clusters of

M. pneumoniae genomes organized according to their phylogenetic characteristics (electronic

supplementary material, files S21 and S22).

3.7. Prediction of genomic islands
In order to predict genomic islands, we selected 15 genomes belonging to the different clusters observed

in the phylogenetic analyses. A genome of the species M. gallinarum was used as a reference for this

(b)(a)

Figure 5. The (a) 3D and (b) 2D representation docking analyses of hypothetical protein (WP_010874779.1) with compound
ZINC05415832.

(b)(a)

Figure 6. The (a) 3D and (b) 2D representation docking analyses of hypothetical protein (WP_014325598.1) with compound
ZINC04236030.
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prediction, given that this species is not pathogenic for humans. Four pathogenicity islands common to

15 genomes were predicted. These islands were common to all strains of M. pneumoniae tested and are

very similar, as seen in the image generated by BRIG. For example, PAI1 is present in all strains and

exhibits minimal deletions only in the CIP12355 and MP4807 strains. Among the vaccine targets, the

WP_014574866.1 protein was predicted within PAI1 and the WP_014325486.1 protein within PAI4.

The other proteins indicated as vaccine targets were not found in regions of pathogenicity islands. No

potential drug targets were predicted among the genomic islands (figure 7).

4. Discussion
Mycoplasma pneumoniae is the main pathogen for pneumonia in children and, while the diagnosis is often

limited, its incidence and number of antimicrobial-resistant cases have increased worldwide [68,69]. The

scenario gets even worse if we consider the persistent absence of prophylactic methods and the fact that

there are few treatment options for acute and chronic infections by this pathogen [18,70]. In the present

study, comparative genomics and reverse vaccinology of 88 M. pneumoniae genomes were carried out in

an attempt to predict vaccine and drug targets that could be tested in the near future in order to solve this

public health problem. In the present study, employing the software OrthoFinder, 441 proteins belonging

to the core genome were found and these targets were common to all 88 strains analysed throughout all

coding sequences. Through subtractive genomics, we identified the proteins homologous to human

proteins and removed them from the study, so that the selected targets act only against M.

pneumoniae, preventing possible adverse reactions. After this filtration, 101 proteins remained. In order

to evaluate the 101 proteins for their usefulness as drug targets or vaccines, we defined the

subcellular location as the main parameter. Of the 101 proteins, 44 proteins considered membrane,

PSE or secreted were, therefore, selected for the analysis of vaccine targets. The other 55 were

analysed for their ability to act as drug targets. Finally, using reverse vaccinology, we found seven

proteins with high potential for vaccine use and five with great potential for drug targeting.

The immune system can identify molecules foreign to our body and generate an immune response

acquired through the interaction of these molecules with the MHC present in antigen-presenting cells

GC content

GC skew

GC skew(-)

GC skew(+)

Mp_C267

Mp_54524

Mp_309

Mp_FLl

Mp_4802

Mp_549

54089

Mp_4807

Mp_M29

Mp_Pl1428

Mp_M1139

Mp_2592

Mp_cip12355

Mp_E57

Mp_85084

PAl

vaccine targets

drug targets

Figure 7. Pathogenicity islands predicted using 15 strains of M. pneumoniae having M. pneumoniae C267 as reference and
M. Gallinarum as non-pathogenic reference.
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such as dendritic cells and macrophages. At the MHC-binding site, these foreign antigens are presented

to CD4+ and CD8+ T cells in a process called antigen presentation, a process essential for the activation of

the adaptive immune response and generation of the differential pattern of CD4+ and CD8+ T-cell

immunity [71,72]. B cells are also involved in this immune response because they are also important

antigen-presenting cells whose presentation is essential for the development of humoral immunity.

The potential antigenic targets found in this study have not yet been tested in vivo for their ability to

induce one or another pattern of immune response. Thus, further studies must be performed in order

to test these targets and ascertain whether the best humoral and/or cellular immune response pattern

is induced [73,74].

In the present study, 12 proteins were found capable of adhering to MHC-I and MHC-II with an index

greater than 0.51, which means that they may induce either cellular or humeral adaptive immune

responses [75]. As mentioned previously, these proteins are found either in the membrane, PSE or

secreted by M. pneumoniae and, therefore, are the first to come into contact with host defences, given

that M. pneumoniae has no cell wall and its location leaves them more exposed to the extracellular

environment, which in turn facilitates recognition and specific memory immune responses [76,77].

Eight of the 12 proteins tested for M. pneumoniae essentiality were found to be strictly essential

according to the software DEG.

From the amino acid sequences of these proteins, we predicted their B-cell epitopes. These epitopes

can be recognized by the immune system, thus contributing to the development of immunity through the

production of antibodies. Thus, in the present study, all eight proteins presented regions with B-cell

interaction capabilities and could be used as vaccine targets [50].

Of these, only two proteins showed transmembrane domains. WP_010874581.1, belonging to

the cytoplasmic membrane, presented seven transmembrane helices while the PSE protein

WP_014325660.1 presented a predicted domain. These helices cross the outer membrane several times,

forming loops where the epitopes are exposed, with precisely organized amino acids, thus enabling

contact with the immune system [78]. However, proteins with more than one transmembrane helix in

their structure hamper purification in assays for vaccine production [79].

Cytoplasmic proteins act in the maintenance of cell survival, and, for this reason, all 55 sequences of

the 55 cytoplasmic proteins found were analysed for their potentials as drug targets. For this, the

MHOLline tool was used, which identifies the set of 3D models of proteins on the core non-host.

We found six proteins with E≤ 10 × 10−5, identity≥ 25% and LVI≤ 0.7, criteria used to verify the

significance in modelling. We prioritized the five proteins considered essential by the software DEG

for further study because, if the target interferes with some vital metabolic pathway of the bacteria,

the effectiveness of the possible drug that will come into contact with this protein will probably

be greater.

The first protein found with potential as a drug target was WP_010874513.1 (ribosome-binding factor

A) and this molecule is essential in the processing of 16S rRNA. The protein WP_010874670.1 (division /

cell-wall cluster transcriptional repressor MraZ) interacts with components of cell division; this aspect

when analysed with regard to drug targets is interesting since it is a vital cellular process. The third

predicted protein, WP_010874705.1, from the metallophosphoesterase family, may also be considered a

potential target since it relates to DNA repair, another very important process for cell integrity. The

functions of the other two proteins found as potential drug targets remain incompletely elucidated.

WP_010874779.1 is a hypothetical protein that according to STRING’s predictions interacts with

endonucleases, carrier proteins and proteins of the chromosomes, a property that may be theoretically

important. The last protein, WP_014325598.1, is also a hypothetical protein related to the folding and

transport of protein. These activities are intrinsically related to many important functions of any cell

and, therefore, changes in these activities may compromise all cell biology.

The software AutoDock Vina was used for docking analysis. The five protein targets 30S ribosome-

binding factor (WP_010874513.1), division/cell-wall cluster transcriptional repressor MraZ

(WP_010874670.1), dTIGR00282 family metallophosphoesterase (WP_010874705.1), hypothetical

protein (WP_010874779.1) and hypothetical protein (WP_014325598.1) were tested for their efficacy in

binding to natural compounds obtained from the ZINC database that can act as drugs. Lower levels

of energy and other parameters are related to greater interaction capacities [80]; so, we found 50

ligands with high druggability and, for each protein target, one of those ligands was selected to verify

the structural interaction. ZINC04259381, ZINC04235924, ZINC04259703, ZINC05415832 and

ZINC04236030 are the identified compounds with high affinity to bind the proteins. ZINC04259381 is

the molecule with the best affinity score and binds to 30S ribosome-binding factor (WP_010874513.1),

a target that is involved with RNA processing; and any alteration in this pathway can lead to cell

royalsocietypublishing.org/journal/rsos
R.
Soc.

open
sci.

6:190907
15

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 3

0
 M

ay
 2

0
2
1
 

56



death. Therefore, ZINC04259381 is identified as the best drug candidate in our analysis and both

identified molecules could be considered a candidate for antimicrobial chemotherapy in future studies

for the development of drugs against pneumonia caused by M. pneumoniae.

The phylogenomic analysis was performed through two software programs, Gegenees and

SplitsTree. This evaluation demonstrated the relationships and differences between the strains

and modifications that normally occur during the evolution of microorganisms, including bacteria.

These data reveal that, despite the differences between the strains of M. pneumoniae, visible in the

phylogenetic tree generated by SplitsTree, the genomes were very similar. This proved to be very

important given that the main goal of this work was to find potential targets for drugs and vaccines

that could act against all strains of M. pneumoniae. This high level of genetic similarity is seen as a

result of a degenerative evolution process, in which losses of genomic regions occurred over time,

leaving only those genes essential for the species [81,82].

To understand the relationship of M. pneumoniae with eukaryotic cells, as well as their evolution, the

studies on pathogenicity islands and virulence factors were essential. This information has already been

shown to be important for the development of new methods of treatment and vaccination against

bacteria [83]. From the methodology, we found four pathogenicity islands present in all 15 strains

used. Comparison of the genomes performed via the software BRIG showed that there are few

regions of deletion between the genomes, which indicates a small difference between the islands. This

fact suggests that these islands already existed in the ancestral species that gave rise to M. pneumoniae.

Of all the targets that were detected in this research study, only the proteins WP_014574866.1 and

WP_014325486.1 were found on pathogenicity islands. In this reverse vaccinology approach, previous

studies reported that proteins associated with pathogenicity islands are considered to be excellent

vaccine targets [22]. The protein WP_014325486.1 is PSE. This protein does not have a well-elucidated

structure or functions, but it does have the highest capacity to bind to MCH-I and MHC-II, according

to the results generated through Vaxign; it was also the protein with the highest number of predicted

epitopes capable of activating B cells and developing the humoral immune response. All these

characteristics reinforce the inference that this may be a good candidate for vaccines. Therefore, we

believe that in vivo experiments should follow this direction and these targets should be tested in the

near future.

5. Conclusion
CAP causes millions of deaths worldwide, an outcome that could be avoided with the development of

appropriate prophylactic and treatment methods. In the present study, 88 genomes deposited in the

NCBI database were employed to predict in silico proteins that can be used as vaccine targets or

targets for new drugs. Through reverse vaccinology and subtractive genomic approaches, seven

proteins with potential to induce immune responses were predicted as vaccine targets for protection

against different strains of M. pneumoniae, a bacterium responsible for most of the infections that lead

to pneumonia. Since treatment for this type of infection is limited because of the bacterium’s high

resistance to antibiotics, the genomes were also submitted to comparative genomic analysis that

identified five possible drug targets. These targets were compared with different databases through

molecular docking and should be subjected to future analyses as potential therapeutic resources.

Taking all the data together, we can assert that the current work presents great relevance to world

health for finding new therapeutic targets for pneumonia due to M. pneumoniae infection. These

targets could be quickly tested on new vaccine formulations and drug tests identified, representing a

breakthrough in the area. In addition, further studies should also be performed on the other bacterial

species that cause pneumonia in order to find new methods of treating the disease.
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CONCLUSÃO CAPÍTULO I 

A pneumonia adquirida na comunidade causa milhões de mortes em todo o mundo, 

fato que poderia ser evitado com o desenvolvimento de métodos profiláticos e de tratamento 

adequados. No presente estudo, 88 genomas depositados no banco de dados do NCBI foram 

usados para predição, in silico, de proteínas que poderiam ser usadas como alvos de vacina 

ou de novas drogas. Através da vacinologia reversa e abordagens de genômicas comparativa 

e subtrativa, 8 proteínas com potencial para induzir respostas imunes foram preditas como 

alvos vacinais, para proteção contra uma ampla gama de linhagens de M. pneumoniae, uma 

bactéria responsável pela maioria das infecções atípicas que levam à pneumonia. Como o 

tratamento para esse tipo de infecção é limitado devido à alta resistência a antibióticos, os 

genomas também foram submetidos a análises de genômica comparativa e 5 possíveis alvos 

de drogas foram identificados. Esses alvos foram comparados a diferentes bancos de dados 

por meio de ancoramento, docking molecular, e podem ser submetidos a análises futuras para 

serem utilizados como recurso terapêutico.  

Tomando todos os dados juntos, este trabalho apresenta relevância ao determinar 

novos potenciais alvos terapêuticos e vacinais contra pneumonia causada por M. 

pneumoniae. Esses alvos de drogas e candidatos a vacinas podem ser futuramente validados 

em novas formulações de vacinas e testes de drogas identificadas, representando um avanço 

prevenção e tratamento da PAC. 
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6. CAPÍTULO II 

Prediction of multi-epitope vaccine for Mycoplasma pneumoniae infection 

applying immunoinformatics approaches 

Thaís Cristina Vilela Rodrigues, Arun Kumar Jaiswal, Marcela Rezende Lemes, Marcos 

Vinícius da Silva, Helioswilton Sales-Campos, Luiz Carlos Júnior Alcântara, Sthephane 

Fraga de Oliveira Tosta, Rodrigo Bentes Kato, Vasco Ariston de Carvalho Azevedo, 

Sandeep Tiwari, Siomar de Castro Soares,   

 

Com a predição dos alvos vacinais por meio do trabalho anterior, a etapa seguinte 

proposta foi a construção de uma vacina multi-epítopos contra o M.pneumoniae. Este 

processo consiste em avaliar proteínas em busca de determinantes imunogênicos para a 

construção de proteínas quiméricas imunogênicas. Nesse contexto, proteínas determinadas 

pela vacinologia reversa e outras proteínas imunogênicas selecionadas na literatura foram 

submetidas à predição dos epítopos MHC-I, MHC-II e B. Os epítopos que se enquadraram na 

cobertura populacional, afinidade de ligação e outros critérios de avaliação, foram combinados 

com ligantes de peptídeos e um adjuvante para finalizar a construção da vacina multi-

epítopos. A estrutura da proteína foi predita e submetida ao ancoramento, docking molecular 

contra um receptor de resposta imune inata, seguido de simulação dinâmica. Posteriormente, 

clonagem in silico e simulação imune in silico foram realizadas para avaliar o potencial da 

vacina. 
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ABSTRACT 

Pneumonia is a globally severe health problem, being the cause of death of over one million people 

annually. Mycoplasma pneumoniae is one of the most common pathogens, with a significant increase in 

cases during the last years. This study aims to identify epitopes with immunological foreseen properties 

through immunoinformatics approaches to construct a multi-epitope vaccine against M.pneumoniae. Our 

multi-epitope vaccine was constructed by CTL, HTL and B epitopes belonging to core proteins previously 

identified as vaccine candidates through reverse vaccinology approaches. The epitopes were filtered 

according to their immunogenicity, population coverage and among other criteria. The final 16 CTL and 

13 HTL epitopes were joined with peptide linkers and the heat-labile enterotoxin from Escherichia coli 

was used as an adjuvant. Those epitopes have high affinity with immunological receptors, are recognized 

by frequent receptors in the world population and belong to proteins previously described for having high 

immunogenic properties. The vaccine was considered stable, nontoxic, non-allergenic, non-host 

homologous, and with antigenic and immunogenic properties. The docking of the vaccine with the Toll-

Like Receptor 2 was performed, followed by the dynamic simulation demonstrating good immunogenic 

potential. We provide, through immunoinformatics approaches, a less laborious alternative to vaccine 

against M.pneumoniae, without the need to grow the bacteria, that with validation tests could contribute 

to the prevention of pneumonia on a massive scale. 

 

Keywords: Mycoplasma pneumoniae, multi-epitope vaccine, immunoinformatics, chimeric 

antigen, epitope vaccine
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1. INTRODUCTION 

Community-acquired pneumonia (CAP) is an acute lower tract infection affecting 

infants under 5 years old and elderly people with comorbidities [1,2]. CAP incidence is 

probably underestimated because of the non-notification or misdiagnosis [3]. Further, this 

morbidity commonly requires hospital care with high costs. Although this disease is not 

restricted to the less developed countries, the mortality rate is intensified in regions with 

economic issues, demonstrating the expressive importance of political and socioeconomic 

actions in disease prevention and treatment [4,5]. With the pneumococcal vaccine's success, the 

number of people developing CAP associated with Streptococcus pneumoniae infection has 

significantly decreased. However, the number of cases associated with Chlamydia pneumoniae 

and Mycoplasma pneumoniae infection has drastically increased, even in coinfection with 

COVID-19 [6–8]. M.pneumoniae infection is one of the major causes of morbidity and 

mortality worldwide and has been associated with 3 million deaths annually [9,10]. 

M.pneumoniae is pleomorphic because it cannot produce protein constituents of the cell 

wall [11,12]. These organisms are difficultly identified by conventional culture methods and 

are naturally resistant to the effects of antibiotics towards cell wall. This bacteria has a high rate 

of lineages resistant to macrolide, which was one of the most important therapeutic options 

[13,14], thus suggesting the importance of developing vaccines.   

There are two lineages of M.pneumoniae, Type 1 and Type 2, differentiated by the 

existing polymorphisms between the adhesin proteins P1 [15] and together with P30 adhesin 

has a crucial role in  M.pneumoniae’s virulence [16]. Those adhesins are key proteins in 

cytoadherence to the respiratory epithelium and activation of immune responses [16,17]. After 

adhesion, these Mycoplasmas can penetrate in cells and cause mild symptoms as is known as 

walking pneumonia; however, it can vary from nasal congestion and pharyngitis to pneumonia 

with the need for hospital services due to the severity of pulmonary commitment (Centers for 

Disease Control and Prevention) [18]. There is also a serious possibility to develop chronic 

infections, mainly in asthmatic patients [19,20].  

Computational methods of reverse vaccinology and immunoinformatics have 

demonstrated to be an excellent strategy to minimize time and resources in vaccine 

development, moreover, those strategies prove to be crucial alternatives in the development of 

vaccines against difficult-to-cultivate pathogens such as M.pneumoniae. In this context, multi-

epitope vaccines are constituted by judiciously selected epitopes, which can induce both cellular 

and humoral immune responses. The benefits of searching for these new vaccines candidates 
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are: the possibilities to direct the immune response to conserved regions of the pathogen and 

the ability to induce strong immunological response with no adverse reactions, which is more 

frequently observed with attenuated or inactivated vaccines. [21]. This fact supports the choice 

of these approaches, as several attempts to develop vaccines against M.pneumoniae have failed 

due to the exacerbation of immune responses which led to the disease associated with the 

vaccines [22]. Multi-epitope vaccines are safer and have uncomplicated pharmaceutical 

development [23–25]. Some studies have successfully used this platform for bacterial infections 

such as Staphylococcus aureus [26] and Helicobacter pylori [27]. Also, multi-epitope vaccines 

have been tested against viral infections such as influenza, yellow fever [28,29] and 

lymphocytic choriomeningitis virus (LCMV) [30]. 

To the best of our knowledge, only one vaccine platform, using attenuated strains of  M. 

pneumoniae has been tested [31], which was not effective to protect mice from developing 

infection. On other hand, in human, an inactivated vaccine demonstrated a moderate protective 

effect with some adverse reactions [32]. With the diversity of the lineages, hardness in 

diagnosing, and the alarming increase of macrolide-resistant strains, the development of new 

strategies to prevent and control CAP caused by M.pneumoniae is of paramount importance. 

Hence, based on the magnitude of CAP caused by M.pneumoniae and the fact that there is no 

vaccine available for this pathogen, we seek to determine a multi-epitope vaccine against it.  

2. METHODOLOGY 

2.1 Data selection  

For carrying out the antigenicity analysis and in silico construction of the vaccine, 

sequences of eight proteins previously determined through reverse vaccinology [33] were 

selected from the core genome of 88 genomes of M.pneumoniae. Core proteins have an elevated 

potential for being immunogenic due to its high expression level [34]. Further, these proteins 

were analyzed for similarity with human proteins, essentiality, and affinity with CTL/HTL and 

to the ability to induce specific B cell antibodies. Two other proteins, P1 and P30 adhesins, 

considered to be highly immunogenic by in vitro/in vivo studies, were also selected for this 

study. The amino acid sequence of each of these proteins was retrieved from NCBI (Nacional 

Center for Biotechnology Information) in FASTA format and used as a dataset for the analyzes. 

As there are two types of M.pneumoniae regarding P1 adhesins, we select the two P1 proteins 

responsible for this differentiation. One from M129 lineage (protein WP_010874498.1), which 

characterizes the lineages of type 1, and other protein from FH lineage (WP_053344075.1), 
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representing type 2. Hence, the initial analysis was performed with 11 protein sequences 

(Supplementary table 1). 

2.2 Prediction of epitopes that binds MHC-I alleles 

To predict the putative epitopes that bind MHC-I alleles, and therefore, are able to 

activate cytotoxic T lymphocytes (CTL), two different approaches and platforms were used to 

improve the selected epitope’s confidence. The Immune Epitope Database and Analysis 

Resource (IEDB) is a robust database that contains thousands of high and low-affinity epitopes 

used on training to enhance the accuracy of the predictor [35,36]. The MHC-I binding 

prediction tool was used for epitopes identification. As our study aimed to design in silico a 

vaccine that reaches the largest and more diverse population worldwide, the set of 27 alleles 

with high frequency in the global population observed were selected for epitope predictions of 

9 amino acid residues. [37]. For the prediction, default parameters, which are the most suitable, 

were applied because they combine Artificial Neural Network (ANN), Scoring Matrix Method 

(SMM), and combinatorial library. Only the peptides with percentile rank smaller than 1%, 

which are the ones with the more significant probability to be immunogenic, were chosen. 

Additionally, we applied an integrated epitope prediction method that asses the binding 

affinity and antigenic processing and transportation. The NETCTL-1.2 uses of ANN and SMM 

to make the predictions. The default parameters were applied to select the epitopes: 0.15 and 

0.05 to weight on C terminal cleavage and weight on transport efficiency respectively, and 0.75 

was the threshold for epitope identification [38,39]. All the available allele supertypes tested in 

the previously step that were also used for this prediction.  

2.3 Prediction of HTL epitopes that binds MHC-II alleles 

For exogenous epitopes of MHC-II, and therefore, able to activate helper T-

lymphocytes (HTL)  two predictors of high-quality were used to identify the best epitopes 

[40,41], the IEDB tool [35] in association with the results obtained from NetMHCII 2.3 Server 

[42]. Different the previous analysis with CTL, the HTL epitopes contain 13 to 25 amino acid 

residues due to the MHC cleft size formed by the alpha and beta chains. Thus, we set as standard 

15 residues for this prediction.  In this step, were selected only IEDB epitopes with percentile 

rank <3% and IC50 <1000 nM as indicated by the predictor. The IC50 is the metric used to 

determine the epitopes' affinity with the MHC and as indicated by the predictor [43]. 

Meanwhile, the NetMHCII 2.3 Server [44] uses Artificial Neural Network (ANN) with diverse 

epitope databases to enhance the data training and realize the predictions. The epitopes selected 

was those considered strong binders with the threshold 2. 

2.4 Prediction of B cell epitopes 
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Linear epitopes that interact with B cell receptors were selected through ABCpred 

[45,46] server, which makes predictions through ANN. The platform is commonly in those 

approaches and have high accuracy [47]. As it is possible to set the epitope size, we adopt 16 

residues for having shown better accuracy and the threshold of 0.51 [48–50].  

2.5 Filtering 

As there are two types of P1 adhesin (one from each lineage) and the study aims to 

develop a vaccine with wide coverage, only epitopes within the two P1 adhesin types were kept 

on the analyses. An in-house python script was applied to determine the epitopes shared among 

these proteins. We applied the scrip for each cell that can recognize it, CTL, HTL, or B 

lymphocytes.  

Afterwards, the same script was used to find predicted epitopes with high confidence among 

the 11 proteins, which was predicted by the two methods chosen. We searched for overlapping 

epitopes of different methods for each protein separately and each cell type, CTL, HTL, and B. 

Finally, to find epitopes capable of inducing both humoral and cellular responses, we applied 

the same script and only the epitopes with overlap between CTL with B or HTL with B were 

selected for further analysis. The complete workflows of epitopes prediction and selection steps 

are shown in Figure 1.  
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Figure 1: The overall workflow of the Methodology used in this study.   

To select the number of epitopes to define the final structure carefully, we performed 

some filtering (Supplementary Figure 2): 

a.    It was established as a new criteria the IC50 determined through IEDB results, it 

was kept the overlapping HTL epitopes with B with IC50 of up to 50nM [51]. 

b. The CTL epitope tool, Immunogenicity of the IEDB, was used to rank the epitopes 

found up to that stage and perform a new screening [52] with a cut-off of 0.1, which 

indicates a better probability of these epitopes being immunogenic. 

c.     Select only CTL and HTL overlapping epitopes. 

d.  The remaining epitopes with only 1 or 2 different amino acid residues were filtered 

according to the criteria: less population coverage is excluded (according to IEDB 

tool), if this criterion does not apply, the percentile rank or IC50 score is evaluated, 

and we exclude the epitope with the highest score. 

2.6 Construction of multi-epitope vaccine sequence 

The epitopes that comply with all criteria determined were merged with linker peptides 

to construct the final sequence of multi-epitope. These linker peptides assist in protein folding 

and processing. For CTL epitopes, linker AAY was used, and HTL epitopes were merged with 

the GPGPG linker [21]. These linkers play an important role in stability and protein folding, in 

addition its assisting in biological activity such as antigenic presentation [53]. As adjuvant the 

heat-labile enterotoxin B chain precursor from Escherichia coli (GenBank: ALO79813.1) 

[54,55] was chosen to enhance the immune activation, followed by the peptide linker EAAAK. 

Three linear sequences of amino acids were built, always starting with the adjuvant and later 

changing the order of the amino acids, in order to verify which sequence would result in the 

best structural quality.  

2.7 Antigenicity and IFN-γ inducing epitopes prediction 

The vaccine's final structure was analyzed given some crucial aspects related to the 

induction of immune responses, allergenicity, toxicity, and solubility using tools commonly 

used for this type of work. First, it was used the platform VaxiJen, which asses the antigenic 

capacity of an amino acid sequence through the automatic cross-covariance method. Thus, 

analyzing the physico-chemical properties and predicting the ability to induce immune 

responses without the need to do alignments [56]. The search for epitopes that able to induce 

IFN-γ production with subsequent consequently activation of TCD4+ (HTL) and TCD8+ (CTL) 
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lymphocytes was performed with the IFNepitope predictor, which uses a SVM hybrid method 

based on motifs to perform the prediction [57]. 

2.8 Determination of allergenicity and toxicity potential of a chimeric protein 

The chimeric protein sequence was submitted with default parameters to Toxinpred 

which uses a hybrid prediction method through machine learning and a quantitative matrix, 

combined with analyzing the physico-chemical properties for determination of toxicity epitopes 

[58]. Besides, the Allertop v. 2.0 server was used to asses allergenicity based on the different 

information obtained through the amino acid chain structure [59].  

2.9 Physico-chemical properties and host homology analyses  

Molecular mass, theoretical pI, extinction coefficient, aliphatic index, grand average of 

hydropathicity (GRAVY), estimated half-life for three model organisms (Escherichia coli, 

yeast, and mammal cells), and the instability index are the features analyzed through the final 

vaccine sequence using ProtParam tool [60]. Besides, the solubility index was also assessed by 

Protein-sol, which evaluates several particularities based on E.coli expression data. 

Autoimmunity reactions are generated by proteins similar to human proteins. To verify this 

similarity, a BlastP was performed with the chimeric protein vaccine against the human 

proteome. 

2.10 Secondary structure prediction 

In order to determine the secondary structure of the multi-epitope vaccine, due to its 

good performance and accessibility [61], it was used PSIPRED, an online tool that applies 

complex ANN and Position-Specific Scoring Matrix (PSSM) to predict the structure and 

generate the pictures, and to mensurate the percentage of β-strand, helix, and coil, was assessed 

by RaptorX [62,63].  

2.11 Tertiary structure and refinement 

For tertiary structure prediction, we use the Phyre 2 intensive model, RaptorX and I-

TASSER servers, to select the best structure, as they has demonstrated high accuracy in 

structural prediction [64]. Phyre 2 intensive method comprises the multiple alignments of the 

sequence of interest with homologous sequences followed by the secondary structure's 

prediction with the PSIPRED. Then, information from these two steps was combined to 

determine a hidden Markov model. A search for this model is performed in an HMM database 

of known structure proteins, and the models with the best scores are used to determine the 

modeling and error correction [65]. RaptorX predicts 3D structure proteins using multiple-

template threading (MTT) and scoring methods to indicate the quality of models predicted [63]. 

Finally, I-TASSER constructs the model with an iterative method based on templates according 
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to fragment assembly simulations with further refinement [66]. In order to verify the enhanced 

local and global structure of the multi-epitope vaccine, methods for refinement of amino acid 

side chains using light and aggressive relaxation were applied through the GalaxyRefiner [67]. 

To check the refined structure's quality, we used PROCHECK to generate the Ramachandran 

graph to compare the multi-epitope vaccine structure with the amino acid residues' geometry 

resulting from high-quality structures.  

2.12 Prediction of conformational B cell epitopes  

Conformational epitopes are indispensable in stimulating B cells effectively immune 

responses. Thus, the multi-epitope vaccine's refined structure was submitted to ElliPro web-

based tool to predict these discontinuous epitopes. Default parameters were kept with 0.5 as a 

minimum score and 6 as maximum Angstrom distance [68].  

2.13 Molecular docking between the chimeric protein and the TLR-2 receptor 

The Toll-Like Receptor 2 (TLR2) was determined as one of the most important on the 

recognition and immune response against M.pneumoniae [69]. Thus, we performed the retrieval 

of two structures from RCSB PDB referring to that receptor, PDB IDs: 2z7x and 6NIG. Both 

structures were edited with Chimera software, where water molecules and the ligands PCJ, 

MAN, BMA, NDG, and NAG were removed. The 2z7x structure contained chains referring to 

other molecules, which were also excluded [70]. The molecular docking was performed with 

the multi-epitope vaccine, and the two models of TLR-2 were selected to verify the interaction 

between the chimeric protein and the TLR-2. The Swarmdock server was chosen to address the 

global and flexible docking, seeking the lowest energy conformations [71]. The server was 

chosen due to its results regarding to CAPRI assessment and uncomplicated access [72].  

Hydrogen bonds and hydrophobic interactions were determined through LigPlot+ [73]. 

2.14 Molecular dynamic simulation of the receptor-ligand complex 

To better understand the microscopic structural properties of the interaction between the 

multi-epitope vaccine and the TLR-2, the molecular dynamic simulation was performed with 

the Gromacs v5.0 program. The full system simulation was performed with the CHARMM27 

all-atom force field. The models were solvated with an SPC/E water model in a cubic periodic 

box with a 1.5 nm distance from the edge of the complex atoms, and NaCl ions were introduced 

to neutralize the system. Besides, energy minimization was executed to ensure the quality of 

the system's geometry and vouch that there are no steric clashes, for this was applied the steepest 

descent algorithm. In the equilibration phase, the temperature was increased up to 300 K and 

pressure up to 1 bar during 100 ps. In production time, we used 10 ns for trajectory analysis. 
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The models obtained at the end of the production time were validated and taken for structural 

analysis. 

2.15 In silico cloning   

In silico cloning was performed to verify the capacity of cloning and expression of the 

multi-epitope vaccine in an appropriate expression vector. For this, we needed to adapt the 

codon of our peptide vaccine, according to the E. coli expression system's codon usage. So, we 

used the JCat tool for reverse translation. With the cDNA sequence, the codon optimization for 

E. coli k12 was performed, and it returned the codon adaptation index (CAI), which must have 

a score higher than 0.8 and the GC content rate should be between 30-70%. Furthermore, To 

clone the final vaccine constructs optimized gene sequence in E. coli pET28a(+) vector, Blpi, 

and BamHI restriction sites were introduced. Finally, the optimized sequence was inserted into 

the pET28a(+) vector using the SnapGene tool to ensure vaccine expression.  

2.16 Immuno simulation   

To better describe the immune response outlined by the multi-epitope vaccine, we 

conduct an immune stimulation through the widely used in immunoinformatics, C-ImmSim 

server [74]. The in silico method uses PSSM for epitope prediction and machine learning to 

assess interactions. The model also simulates the anatomical regions where important events of 

immune response occur: bone marrow, lymphoid and myeloid cell production; the thymus 

where the autoreactivity process happens and the tertiary lymphatic organ region the antigenic 

presentation to describe the immunogenic profile. For simulation, three injections containing 

1000 vaccine proteins each were given at intervals of four weeks. Time steps are set at 1, 84, 

and 168 (each time step is 8 hours in real life, and time step 1 is the time of injection =0). The 

incremental steps have been modified to 1050, and the other parameters were kept as default.  

In order to check the efficacy of the multi-epitope vaccine construct, only adjuvant sequence 

and vaccine construct without adjuvant were also used as simulating injections maintaining the 

other parameters described above. 

3. RESULTS 

3.1 Prediction of CTL epitopes  

We obtained 2063 epitopes with high frequency in the global population for all eleven 

proteins analyzed with the IEDB server's which can be recognized by the  

MHC-I alleles. To improve the confidence of the chosen epitopes, we also submit these 

proteins to the NetCTL 1.2 server; the searches were performed with the allelic supertypes: A1, 
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A2, A3, A24, A26, B7, B8, B44, and B58, as they fit in the population incidence and with a 

threshold set at 0.75, more than 1300 epitopes were found in total. 

3.2 Prediction of HTL and B cell epitopes 

Following the previous proposal, the MHC-II epitopes with 15 amino acid residues were 

predicted through IEDB and NetMHCII 2.3 server. It was predicted 1623 epitopes that bind the 

alleles most common in the overall population according to IEDB and 1404 strong binder 

epitopes through NetMHCII 2.3 server. For this last prediction, we chose all the alleles available 

in the tool that was described in Greenbaum's work [37]. 

The ABCpred server predicted 718 epitopes with the length of 16 mer and scored higher 

than 0.51 for all the eleven proteins according to the ability to interact with B lymphocytes 

receptors. 

3.3 Identification of epitope shared among P1 type FH and typed M129 proteins 

and selecting CTL and HTL epitopes with better confidence.  

As the aim of the study is to utilize only epitopes that belong to all known M. 

pneumoniae lineages, we applied an in house python script to choose only those epitopes 

common between M129 and FH P1 proteins, and it was performed for each protein from B, 

CTL, and HTL cells for each predictor separately. Only these epitopes were kept on the next 

steps as belonging to P1 protein. In the next steps, we analyze epitopes from 10 proteins. 

Aiming at selecting epitopes with improved confidence, we applied the same script to 

find the confidence epitopes, those that were predicted by the two methods for each category, 

CTL and HTL, for each protein at a time. It was found 862 epitopes predicted both by IEDB as 

NetCTL 1.2 server and 879 HTL epitopes predicted by IEDB and NetMHCII 2.3 server. 

The total number of B cell epitopes predicted, excluding the ones that are not shared 

between the two types of P1 proteins, was 555, and they were used for further analysis. 

3.4 Search for overlap between humoral and cellular epitopes and screening 

We found 642 B and CTL overlapping epitopes and 135 epitopes that bind both to HTL 

and B cell receptors through the sliding window method. Those epitopes were submitted to the 

next screening methods.  

a) The proteins WP_010874809 and WP_014325659 did not show overlapping epitopes 

that fit in the new IC50 threshold, thus, all their epitopes (CTL/B and HTL/B) were deleted. At 

this step, 61 HTL/B epitopes remain.  

b) According to the immunogenicity screening, 182 CTL/B epitopes with a score higher 

than 0.1 kept on the analyses.  
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c) Those remaining epitopes were submitted to search for CTL and HTL overlapping 

epitopes. Then, we kept 26 MHC-I epitopes with overlapping sequences with 24 MHC-II 

epitopes that belong to 6 proteins. 

After excluding the similar epitopes according to the aforementioned rules, 16 CTL/B 

and 13 HTL/B epitopes that belong to 5 proteins were considered the better qualified to 

construct the multi-epitope vaccine (Table 1). 

Table 1: Final epitopes selected for vaccine construct, highlighting the overlap between 

CTL and HTL epitopes and each population coverage score. 

 PROTEIN HTL POP. 

COVERAGE 

% 

RANK 

CTL POP. 

COVERAGE 

   % 

RANK 

1 WP_053344075/ 

WP_010874498 

DQIDFNRLFTHPVTD 36.46% 0.87  DQIDFNRLF      

53.55 % 

0.1 

 
 

  
  

FNRLFTHPV      

10.55%  

0.1 

 
 

TMLVYDQYIPLFIDI 96.21% 0.41 QYIPLFIDI      

40.52 % 

0.04 

2 WP_010874581 AEVYGAALVGSKNDT 74.36% 0.24 AEVYGAALV   

22.86%  

0.06 

 
 

FKYNTSIVFSALLIL 7.15%  0.14 NTSIVFSAL     

0.12%  

0.16 

 
 

FRIPLFLIESFFNTI 98.27% 0.02 FLIESFFNT      

42.84%  

0.03 

 
 

  
  

IPLFLIESF   

39.42 % 

0.01 

 
 

GTIGFSYFLATGIVR 88.84%  0.27 GTIGFSYFL   

61.37%  

0.06 

 
 

GYFWTYFFLYGWYKV 96.59%  0.03 GYFWTYFFL   

39.43 % 

0.14 

 
 

    
 

WTYFFLYGW   

16.45 % 

0.08 

 
 

KVAAFFTTLFMKDRT 97.48%  0.01 VAAFFTTLF      

55.61 % 

0.27 

3 WP_010874999 DKAKFTADFIFSYTP 94.3% 0.25 FTADFIFSY      

54.84 % 

0.03 

4 WP_014325517 YTFKASVFENWNELL 97.48% 0.24 VFENWNELL      

26.18 % 

0.75 

 
 

KQLISSNGLYINKGG 6.69% 0.41 SSNGLYINK      

43.03%  

0.01 

 
 

KDSIAALNTIYKKYK 4.47% 1.5  IAALNTIYK      

38.86 % 

0.2 

5 WP_014574866 LKRANFQTDFTINRI 27.97% 1.2 QTDFTINRI      

19.61%  

0.48 

 

3.5 Multi-epitope vaccine sequence constructs 

We have used the heat-labile enterotoxin from E. coli as an adjuvant to construct the 

multi-epitope vaccine, then the peptide linker EAAAK. The final epitopes with excellent 
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immunological foreseen properties were selected from the five proteins used in the vaccine 

construction and were joined together by appropriated linkers. A total of 13 HTL epitopes 

linked by GPGPG linkers and 16 CTL epitopes linked through AAY linkers were identified 

from five proteins out of 11 (Figure 2A).  

3.6 Tertiary structure prediction, refinement and structure properties assessment 

The best model obtained was modeled with Phyre2 from the second sequence built. The 

Ramachandran plot show that 74.8% of residues are in most favored regions, 18.5% in 

additional allowed regions, 4.0% of residues in generously allowed regions and 2.7% in 

disallowed regions (Figure 2D). Then, the refinement was carried out by the GalaxyWeb server 

to improve structure quality. The Ramachandran plot of the best structure had the followed 

scores: 87.3% of residues in most favored regions, 9.8% in additional allowed regions, 0.6% of 

residues in generously allowed regions and 2.3% in disallowed regions (Figure 2E).  
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Figure 2: Multi-epitope vaccine design and structure prediction.  

(A) The final vaccine construct with 574 amino acid residues. The heat-labile 

enterotoxin from E. coli as adjuvant shown in light green connected through the linker EAAAK 

in red. The HTL epitopes are shown in orange connected through the linker GPGPG in cyan, 

and CTL epitopes in blue connected through the linker AAY in yellow. 

 

(B) Tertiary representation of the multi-epitope vaccine structure modeled by the Phyre2 

server. (C) Represents the refined tertiary structure obtained from the GalaxyRefine server. The 
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Ramachandram graph represents the validation of the multi-epitope vaccine's tertiary structure 

using the Phyre2 (D) server; 74.8% of the amino acid residues were predicted in most favored 

regions. After the refinement using Galaxy algorithms (E), the refined model 4 presents the best 

score, with 87.3% of residues in the most favored regions.  

3.7 Secondary structure prediction  

The amino acid sequence of the multi-epitope vaccine was submitted to PSIPRED to 

investigate secondary structural properties, and it was observed that among the 574 residues of 

the sequence with 46% helix, 9% of β-sheet, and 43% of the loop (Supplementary Figure 1). 

3.8 Host homology  

BlastP was performed with the multi-epitope vaccine against the human proteome 

(taxid: 9606); no significant similarity was founded. 

3.9 Predicted epitopes capable to inducing IFN- γ production, antigenicity, and 

linear and conformational B epitopes prediction 

155 epitopes with positive and negative scores were predicted by the SVM method of 

the IFNepitope tool using the determined multi-epitope vaccine sequence. Among these, 57 

epitopes of size 15mer had a score greater than 1 and considered more capable of inducing this 

cytokine production (Supplementary Table 2). 

The multi-epitope vaccine's final structure was submitted to Ellipro. 3 linear and 4 

conformational epitopes with scores above 0.7 were predicted (Supplementary Table 3 & 

Figure 3). The vaccine is probably antigenic, according to VaxiJen. The score obtained was 

0.5274. 

 

 

 

 

 

 

Figure 3: Mycoplasma pneumoniae multi-epitope vaccine tertiary structure with 

the location of B-cell conformational epitopes.  
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The predicted conformational B-cell epitopes with a PI score of 0.947 (green), 0.931 

(yellow), 0.718 (orange), and 0.778 (blue) visualized in the 3D structure of the vaccine 

candidate. 

3.10 Toxicity and allergenicity assess 

According to the AllerTOP and ToxinPred tools, the multi-epitope vaccine's chimeric 

protein sequence has shown no prospect of being allergenic or toxic to the human organism 

3.11 Physico-chemical properties 

The vaccine's molecular mass is 62903.98 (62.91Kd), its isoelectric point (pI) is 8.78, 

showing behavior in a basic environment. The instability index II, which is related to the multi-

epitope vaccine's stability, is 12.76, characterizing it as stable. The half-life in mammalian 

reticulocytes is 30 hours in vitro, > 20 hours in yeasts in vivo, and > 10 in E. coli, in vivo. The 

aliphatic index associated with protein stability in the face of temperature changes was 82.60, 

with high indexes indicating stability. The great average of the hydropathy value (GRAVY) is 

0.202, and positive values indicate hydrophobicity. According to Protein-Sol, the predicted 

solubility was 0.383. This score was lower than the solubility threshold, 0.45, which is related 

to E. coli solubilities. Scores above have higher predicted solubility than the average. Further, 

the pI, according to this, the predictor was 9.09 [75]. 

3.12 Molecular docking of the multi-epitope vaccine and TLR2 receptor 

We evaluate the docking results according to energy, cluster members, and the number 

of hydrogen bonds. As a result, the best-docked structure between TLR2 (PDB ID: 2z7x) and 

the multi-epitope vaccine was selected based on minimum energy value, -50.76; exhibited 18 

hydrogen bonds and 22 hydrophobic interactions. Thus, this docked complex was selected for 

molecular dynamics simulation (Figure 4). 
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Figure 4: Molecular docking of the TLR2multi-epitope vaccine. 

 (A) The best dock complex was selected as the most favorable docking structure. (A) 

The 3D representation of the dock complex ligand (vaccine protein) is shown in green, and the 

receptor (TLR2) is shown in blue. (B) The 2D representation of the dock complex showing 

residues of chimeric protein (vaccine) - receptor (TLR) complex. 

 

 

3.13 Molecular dynamics simulation of vaccine-TLR2 complex 

The simulation was performed for the best-docked structure to check stable interactions 

between docked complexes. The minimization phase was performed to ensure that the system 

has no steric clashes or inappropriate geometry by 100 ps. The equilibration phases of 
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temperature and pressure were done to equilibrate the solvent and ions around the protein by 

100 ps. The temperature and pressure evaluation plot indicate that the system maintains 300 K 

(Figure 5A) and 1 bar (Figure 5B). This phase was performed to check the stabilities and then 

run the MD production.  

The system's equilibration phases are shown in figure 5A (temperature) and 5B 

(pressure). In both figures, we can see that the system quickly reaches the target value (300 K 

and 1 bar) and remains stable over the remainder of the equilibration. Two analyses were used 

to check the MD simulation result's stability: root-mean-square deviation (RMSD) and root-

mean-square fluctuation (RMSF) Figure 5C & 5D, respectively. 

Figure 5: Molecular dynamics simulation plots of the ligand-receptor complex: 

(A) Plots of the ligand-receptor (vaccine and human TLR-2) complex demonstrate that 

the temperature of the system reaches more than 300 K and remains around 300 k indicating 

the equilibration phase (100 ps) (B) These plots display the fluctuation of precision during the 

equilibration phase of 100 ps with pressure value on average of 0.5 bar. (C) RMSD – Root 
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Mean Square Deviation of the ligand-receptor complex indicates no expressive deviation, 

which means stable microscopic interaction. (D) RMSF- Root Mean Square Fluctuation plot, 

reflecting that the vaccine-TLR2 complex is flexible in the docking protein complex's side 

chain. 

The root mean square deviation (RMSD) and the root mean square fluctuations (RMSF) 

were calculated to analyze the interaction between the ligand (multi-epitope vaccine) and 

receptor (TLR-2). 

At the end of the production MD, the RMSD plot (Figure 5C) shows that error tends to 

remain constant during the rest of the simulation time, showing us the system's stability. RMSD 

analysis relative to the first frame in the MD trajectories showed an equilibrium tendency in the 

system. On the other hand, Figure 5D shows that the RMSF of all residues were computed. 

These fluctuations in some residues indicate the flexibility of complex with many loops area. 

3.14 Codon adaptation and in silico cloning 

 Jcat software analysis for codon adaptation resulted in 51.21% of GC content in the 

optimum range is 30-70%. Also, the CAI index calculated was 1.0, also inside the allowed 

range. Using the SnapGene software, we created BlpI and BamHI restriction sites and inserted 

our vaccine sequence into the expression vector pET28a(+) vector. The complete length of the 

clone was 1721 bp (Figure 6). 
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Figure 6: In silico cloning through SnapGene (+) software  

(A) The optimized multi-epitope vaccine sequence (represented in red in vector) was 

inserted into the pET28a(+) vector (black circle) via the restriction enzymes BlpI and BamHI. 

3.16 In silico immune simulation 

The results generated by C-ImmSim were compatible with the real and robust 

development of immunity. Innate immunity plays a crucial role in initiating immune responses, 

antigen presentation and T cell activation. In turn, after activation, cells from adaptive immunity 

amplify the innate immune response. Thus, it is clear that strategies aiming at modulating both 

immune branches, represent the most promising candidates for a protective immunity, and 

therefore, vaccine development. Our vaccine was able to activate and stimulate natural killer 

cells (NK) and macrophages. In general, it was observed an increase, mainly in the secondary 

and tertiary response, on cell types and cytokines essential to sustain an effective immune 

response with a peak on injection days. As expected, it was observed a decrease in the level of 
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active cells a few days after the third injection and, together with the evidence of the putative 

induction of anti-inflammatory cytokines, IL-10 and TGF-β, it is plausible to assume an attempt 

of the immune system to control the inflammatory response, thus, avoiding undesirable 

exacerbated inflammation (Figure 7, A-E). 

 

 

Figure 7: Immuno simulation results regarding innate immunity and cytokine 

production. A, B, C, D and E graphs are about the designed multi-epitope vaccine and the F-J 

graphs are the results regarding to the adjuvant simulation. Those graphs represents the immune 

simulation results about: (A and F) natural-killer cells population, (B and G) macrophages, (C 

and H) dendritic cells ( D and I) Epithelial cellspopulation, (E and J) Cytokine levels induced 

during the injections and the D value, which is related to diversity of T-cells clones.  
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The multi-epitope vaccine increased T helper populations with a strong Th1 

differentiation. Th1 lymphocytes are significant inducers of cytotoxic T lymphocyte 

proliferation and also increase their cytotoxic capacity, in addition, the vaccine stimulated the 

production of IFN-γ, a key cytokine in immune response against intracellular pathogens such 

as M.pneumoniae [76]. The results also indicate the growth of the active cytotoxic cell 

population with a decrease in the number of resting cells, which are essential to control 

intracellular bacterial infections (Figure 8, A-E) 

 

 

Figure 8: The Immuno simulation results regarding T lymphocytes.  

The results about the multi-epitope vaccine simulation are in the graphs A, B, C and D. 

The simulations regarding the adjuvant are display in the E, F, G and H graphs. (A and E) 

Represents the helper T-cell population per state, (B and F) effector helper T-cell types 

fluctuation during the injections, (C and G) memory or not memory cytotoxic T-cells graph, (D 

and H) Cytotoxic T-cell populations per state after the injections, purple line represents the 

active cells and the blue line represents resting cells.  

 

 Regarding the B cell population, it is a clear growing of memory cells throughout 

vaccine injections with strong differentiation and production of IgM and IgG, with a decrease 

in non-memory B-cells. Further, there is a significant production of IgM+IgG, IgG1, and 

IgG1+IgG2, which are increased over the injections (Figure 8 A, B and C). 
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Figure 9: Immuno simulation results regarding B cell population and 

immunoglobulins production. The A-C are the graphs related to the multi-epitope vaccine’s 

simulation and D-F are related to the adjuvant sequence simulation. (A, D) B-cell population 

per state, (B, E) changings in B-cell population in the three injections, (C, F) Differential 

production of immunoglobulins (colored peaks) during the antigen injections (black vertical 

lines).  

  

Comparing the results of the simulation using the full vaccine (with adjuvant) to those 

observed with the adjuvant only and the simulation with the vaccine construct without adjuvant 

(Supplementary Figure 3, 4 and 5), the vaccine without the adjuvant induced a less 

pronounced proliferation of B cells however the levels of cytokine production shown an inverse 

result (Figure 9 A and D, C and F). Thus, suggesting the contribution of the selected epitopes 

to the induction of B lymphocytes in silico. On the other hand, the production of 

immunoglobulins seemed to be more dependent on the presence of the adjuvant (Figure 9). 

Further, the stimulation of CTL was very similar in both simulations (Figure 8).  

4.0 DISCUSSION 

Vaccines are the best strategy to prevent infectious diseases and to elicit protective 

immunity. Current immunoinformatics approaches have accelerated the production process and 

allowed the screening of genomes to identify targets with the greatest potential to be used as 

vaccine candidates, such as multi-epitope vaccines. This vaccine platform is designed from 
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selected epitopes to stimulate innate and adaptative immune responses, thus inducing protective 

memory. Also, this approach is associated with a reduced occurrence of side effects and 

spontaneous reversions that may occur in attenuated vaccines [77]. Recent studies, have 

demonstrated positive results with animal tests with multi-epitope vaccines, indicating this 

plataform as a promising and safe method [78,79]. 

Unni and collaborators proposed, through immunoinformatics tools [80], epitopes with 

good potential to induce immune memory responses and be used as a vaccine against M. 

pneumoniae. Also Marvat and associates designed a epitope based vaccine against M. 

pneumoniae utilizing the proteome of one pathogenic strain as data base [81]. Their 

methodology besides quite similar to ours, differs in some important points. The proteins 

submitted for epitope prediction used at the beginning of our work, belongs to the core genome 

of the 88 known M.pneumoniae strains and was chosen through reverse vaccinology approaches 

[33]. This aspect implies a important role to strains coverage, and improves the vaccine 

potential regarding the diversity of the specie. Further, to understand the immunological 

potential of the selected epitopes, we performed the immune simulation with the different pieces 

of the designed chimeric protein, with the aim to check if the result generated by the complete 

protein is not just an adjuvant effect. 

Another important concern in vaccine development concerns the effectiveness among 

global populations, due to the great number of human leukocyte antigen (HLA) polymorphisms 

existing. In this regard, in the primary steps we predicted the epitopes that can be recognized 

by frequently HLA alleles in the global population; these epitopes overlapped among CTL, 

HTL, and B-cell epitopes to stimulate both cellular and humoral immunity. The assembly 

between epitopes to construct the vaccine was achieved by using linkers. In the perspective of 

multi-epitope vaccines, the main advantages of using linkers are the reduced probability of 

junctional antigens formation, ability to improve antigen processing and presentation, structural 

flexibility and rigidity [53].  

Despite the ability of inducing immune response, classical vaccines platforms can be 

formed by regions able to induce allergic reactions as they are formulated with several proteins 

from the target organism[82]. In contrast, the epitope-based vaccines, like the one proposed in 

this study, was designed with carefully selected epitopes that drastically reduced the possibility 

of undesirable side effects problems [83], thus, our vaccine candidate can be considered safe 

and non-allergenic. The half-life results suggests that our vaccine is a promising candidate as 

one of the biggest challenges regarding the use of proteins for therapeutic purposes is its low 

half-life [84]. Besides, the antigenic potential evidenced by our vaccine suggest a proper 
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activation of the immune system. Bench tests should be performed to ensure the safety of the 

vaccine. In terms of antigenicity; it needs an enhancer due to the lack of antigenic determinants, 

contrasted with whole pathogen vaccines. The heat-labile enterotoxin from E,coli was chosen 

as adjuvant due its strong antigenic properties to enhance and regulate immunogenicity (85, 

86). Those aspects, together with dynamics simulation results, are crucial as they demonstrate 

stability resulting from the analyzes, suggesting adequate perspectives for large-scale 

production. Further, the in silico cloning was performed properly, with parameters within the 

expected boundaries, strengthening this production potential. 

Even with high performance algorithms of the in silico predictors, one of the biggest 

challenges in the field of vaccines is to stimulate the immune system properly [85]. M. 

pneumoniae is known to induce strong inflamatory responses during infections and its virulence 

factors as lipoproteins and adhesines are important mediators of this process [86]. The selected 

epitopes belong to the protein part of lipoproteins (WP_010874999 and WP_014325517), the 

P1 adhesine (belonging to both types, FH – WP_053344075 and M129 – WP_010874498) and 

a pro-liporpotein diacylglyceryl transferase (WP_010874581.1). The lipoproteins are key 

components of M.pneumoniae virulence and immunogenicity, being recognized by Toll-like 

receptors, which improves the pro-inflammatory cytokine liberation and the cellular 

recruitment [87]. The P1 adhesine is essential in cytoadherence process, and this interaction is 

related to TLR-4 recognition in inflammasome induction and authophagy mechanisms [88].  

To build memory immunity against a specific pathogen and protect to possible 

infections, the vaccine must trigger innate immunity components which are indispensable in 

the primary recognition. The innate system also makes the link to the adaptative immunity 

where the CD4 and CD8 lymphocytes recognize MHC molecules to start specific responses 

targeting the vaccine components. The adaptative immune system is all connected to also 

induce the production of antibodies by specialized B-cells, which are crucial in pathogen 

neutralization during infections, this capacity of vaccines to induce the production of specific 

antibodies was one of the biggest challenges and that was explored in this work.   

The in silico immune simulation was performed to understand our vaccine's immune 

capacity predicted against M.pneumoniae. The results demonstrated that our multi-epitope 

vaccine is a potent inducer of different innate and adaptive immunity, with wide differentiation  

of B-cell populations and production of antibodies vital in pulmonary clearance in M. 

pneumoniae infections [89]. Further, the immune simulation showed good ability to induce the 

production of key cytokines in immunity against M.pneumoniae (IFN- γ) and immune balance 

such as TGF-β and Il-10 which give us a reasonable expectation not to induce exaggerated 
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responses. The in silico immune simulation comparation allowed the differentiation of 

responses mediated by the adjuvant from those induced by our vaccine, with the selected 

epitopes using the methods proposed here. Although some aspects of the immunology were 

quite similar, some interesting points were found, such as the proposed vaccine's unique ability 

to induce cytotoxic T cells' proliferation, which is also crucial in M.pneumoniae immunity 

development [87].  

5.0 CONCLUSION 

In this study immunoinformatics was used to develop a potent multi-epitope vaccine 

candidate against M.pneumoniae. Several criteria were applied to select the best epitopes to 

induce both humoral and cellular responses. The analysis also related to allergenicity and 

toxicity showed that the vaccine is safe. Therefore, a promising vaccine candidate for M. 

pneumoniae was designed with less potential to induce exacerbated reaction, however, to ensure 

the immunologic efficiency and memory development, validation experiments need to be 

performed. 
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7. CONCLUSÃO CAPÍTULO II 

Existem grandes desafios quando se trata da construção de vacinas multi-epítopos, 

principalmente a respeito da capacidade de induzir respostas imunes adequadas. Nesta 

prospecção, através de abordagens de imunoinformática, selecionamos de forma criteriosa, 

epítopos de alta cobertura populacional e alta afinidade com receptores do sistema 

imunológico para construir um imunógeno multi-epítopo contra o M. pneumoniae.  A proteína 

construída juntamente com um adjuvante, foi submetida à diversas análises, demonstrando 

ser segura, estável e com alto potencial de induzir respostas imunes protetoras. 

 Vacinas contra o M. pneumoniae ainda não estão disponíveis no mercado e muito se 

deve as respostas exacerbadas causadas por vacinas de proteínas inteiras ou inativadas. 

Portanto, a estratégia aqui abordada demonstra ser promissora, mas testes in vitro e in vivo, 

o que chamamos de bancada, são necessários para validar a estabilidade, segurança e 

imunogenicidade do imunógeno descrito. 
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8. DISCUSSÃO 

O M.pneumoniae é um patógeno único, suas características morfológicas conferem 

interações com o sistema imune hospedeiro capazes de induzir respostas inflamatórias 

potentes e ao mesmo tempo, esses microorganismos conseguem variar seus antígenos para 

promover o escape imunológico e proceder com a replicação e colonização do epitélio 

respiratório (CHAMBAUD; WRÓBLEWSKI; BLANCHARD, 1999). Essas propriedades 

corroboram com a alta incidência da espécie nos casos de PAC, o que se torna ainda mais 

agravante devido à resistência aos antimicrobianos. O repertório gênico restrito do 

M.pneumoniae, apoia as suas capacidades metabólicas limitadas, de forma que o cultivo em 

laboratório desse tipo de patógeno é lento, podendo levar cerca de 3 semanas, e requer meios 

de cultura específicos enriquecidos (ATKINSON; BALISH; WAITES, 2008). Esses fatos 

dificultam significantemente o desenvolvimento de vacinas e drogas específicas para esse 

patógeno e suportam a ideia de que estratégias in silico podem ser alternativas chave, de 

grande valia nesse processo. Diante da situação apresentada, propusemos construir um 

imunógeno de alta cobertura contra essa espécie e predizer potenciais alvos de drogas. 

A vacinologia reversa, tem demonstrado ser uma ferramenta poderosa para identificar 

alvos antigênicos através do repertório genômico de um organismo (DEL TORDELLO; 

RAPPUOLI; DELANY, 2017). Por mais que as linhagens de M.pneumoniae apresentem um 

alto padrão de similaridade, variações existem e no contexto de desenvolver vacinas e buscar 

alvos drogáveis, a intenção é que ambas estratégias tenham capacidade de induzir respostas 

imunes ou proteger contra a maior cobertura de cepas possível. Dessa forma, foram 

identificados os genes do genoma central (core) oriundos de 88 genomas completos e 

incompletos de M.pneumoniae para iniciar nossa busca. A genômica subtrativa foi uma 

abordagem chave para o estudo como um todo, ao permitir identificar os genes centrais que 

não apresentam homologia com o hospedeiro humano. Esses genes apresentam 

características importantes no âmbito do desenvolvimento das vacinas e de drogas, são 

essenciais para a sobrevivência do patógeno, auxiliando nas capacidades adaptativas, sendo 

componentes fundamentais para o metabolismo e estabilidade físico-química do patógeno 

(BARH et al., 2011). Foram encontrados 5 candidatos à alvos de drogas com possíveis 

ligantes oriundos do banco de dados ZINC. Além disso, 8 proteínas de superfície e 

extracelulares foram identificadas como potenciais alvos vacinais. Dentre essas proteínas, 7 

são lipoproteínas (ou putativas lipoproteínas), algumas ainda não caracterizadas e a última é 

a prolipopoproteína diacilgliceril transferase, com perfil enzimático. Essas proteínas foram 

selecionadas através da metodologia proposta, por estarem localizadas em regiões de alto 

contato com o sistema imune hospedeiro, por apresentarem propriedades imunogênicas. 

Ademais, 2 dessas proteínas foram encontradas em ilhas de patogenicidade putativas, 
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altamente conservadas entre os genomas estudados, demonstrando o potencial virulento 

dessas proteínas que está também relacionado com capacidade inflamatória. 

As 8 proteínas encontras por meio da vacinologia reversa, mais as proteínas adesinas 

P1 e P30 foram então submetidas às análises de imunoinformática, afim de construir um 

imunógeno multi-epítopo contra o M.pneumoniae. Após a predição de epítopos, diversas 

filtragens foram realizadas para selecionar aqueles reconhecidos com alta afinidade por 

moléculas de MHC, codificadas por alelos frequentes na população mundial, e capacidade de 

induzir tanto respostas imunes humorais quanto celulares. Dessa forma, foram selecionados 

para compor à proteína quimérica, 29 epítopos pertencentes à 5 proteínas, 4 delas uma 

lipoproteína do tipo 3, uma lipoproteína da família P80, uma proteína da família DUF31, 

lipoproteína putativa que possivelmente tem função de peptidase, a prolipopoproteína 

diacilgliceril transferase e a proteína adesina P1. As lipoproteínas são componentes 

extremamente imunogênicos e já foram relacionadas com o potencial de induzir respostas 

imunes exacerbadas quando submetidas à testes como alvos vacinais, enquanto a remoção 

das porções lipídicas dessas proteínas evitavam essas reações (MARA et al., 2020). Dessa 

forma, a abordagem multi-epítopo, por utilizar somente determinantes imunogênicos 

específicos e em baixa quantidade, se comparado com a proteína inteira, tem menor chances 

de induzir respostas intensivas. Esse aspecto foi sustentado pelo resultado obtido pela 

simulação imune in silico, onde o potencial de indução de resposta imune avaliado 

demonstrou boas perspectivas e ao mesmo tempo citocinas de caráter anti-inflamatório como 

TGF-β e IL-10 sugeriram a capacidade de equilíbrio da resposta imunológica. De toda forma, 

para validar esses aspectos estudos in vivo precisão ser realizados. A enzima 

prolipopoproteína diacilgliceril transferase atua na acetilação de lipoproteínas, processo que 

interfere no reconhecimento por receptores do tipo Toll (ZUO; WU; YOU, 2009), os epítopos 

de MHC-II dela selecionados, apresentaram cobertura populacional variando entre 74.36% e 

98.27%, com os melhores índices encontrados nestas análises. Já a proteína adesina P1, é 

uma das mais estudadas, já que é um potente fator de virulência de alta propriedade 

imunogênica e inclusive já foi alvo de estudos para construção de proteínas quiméricas para 

desenvolvimento de vacinas contra M.pneumoniae (UNNI et al., 2019). Esses achados, 

demonstram uma boa propensão do imunógeno construído em ser eficaz e induzir imunidade 

na população em geral e em proteger contra o M.pneumoniae sem induzir reações 

exacerbadas. 

Dentre as vantagens da imunoinformática para desenvolvimento de vacinas baseadas 

em epítopos, está a diminuição nos riscos de efeitos adversos ou reversão para modo 

virulento que podem ocorrer em vacinas de organismo morto ou atenuado. Essas 

adversidades, condicionadas pela alta carga antigênica dessas vacinas, podem ser 

minimizadas ao usar vacinas de epítopos, que contém poucos motivos antigênicos, mas que 
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foram criteriosamente selecionados para induzir respostas imunes específicas contra o 

patógeno de interesse. No entanto, a quantidade reduzida de determinantes imunogênicos 

leva ao maior desafio acerca das vacinas multi-epítopos, a indução de respostas imunes 

eficazes e duradouras (LI et al., 2014). Para contornar esse viés, o uso de adjuvantes é 

indispensável nessa abordagem e uma ampla gama desses potencializadores imunológicos 

são utilizados em estudos similares e no nosso caso, o adjuvante oriundo de uma enterotoxina 

de E. coli foi utilizado visto sua ampla utilização e potencial. Vacinas multi-epítopo também se 

destacam quanto ao uso de recursos financeiros, com o desenvolvimento tecnológico, a 

síntese de proteínas tem se tornado mais acessível, além disso, por não necessitar de cultivo 

do patógeno, da vacina ser um produto proteico, o transporte e armazenamento pode se dar 

pela forma liofilizada, o que também reduz significativamente os custos gerais (PURCELL; 

MCCLUSKEY; ROSSJOHN, 2007). No geral, a proteína quimérica construída através dessa 

abordagem, demonstrou características físico-químicas e estruturais positivas, o que remete 

à uma boa perspectiva quanto a sua síntese. 

A pneumonia é uma doença severa com impactos alarmantes em diversos aspectos. 

Além de contribuir enormemente nos índices de morbidade e mortalidade no mundo todo, 

muitas vezes a doença requer cuidados hospitalares de custos exorbitantes (ANDREWS, 

2006). Apesar de ser um problema de saúde global, regiões com piores índices 

socioeconômicos são os mais afetados. Atualmente existem apenas duas vacinas disponíveis 

para prevenir a PAC, e mesmo assim, os programas de vacinação conseguiram até o 

momento disponibilizar a vacina a somente 50% da população mundial (“WHO | 

Pneumococcal conjugate 3rd dose (PCV3) immunization coverage”, 2020). Além disso, a 

ampla resistência à antimicrobianos de diversas classes é uma preocupação que mostra ainda 

mais a necessidade de medidas inovadoras para tentar diminuir as taxas epidemiológicas 

alarmantes acerca da doença (PEYRANI et al., 2019). 

Dessa forma, a proposta apresentada demonstrou um desfecho favorável na 

construção in sílico de um imunógeno contra M.pneumoniae. Nossa estratégia foi buscar alvos 

presentes no core genoma, essenciais e presentes na superfície pois é considerado o método 

tradicional dentro dessa abordagem e corrobora com o nosso intuito de construir uma vacina 

de ampla cobertura. Entretanto, não descartamos a possibilidade de estudos futuros com os 

alvos excluídos através dessa metodologia para verificar a potencialidade deles como 

imunógenos já que existem estudos utilizando esses diferentes alvos. 
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9. CONCLUSÕES  

Através de ferramentas de Vacinologia Reversa e Imunoinformática, construímos um 

imunógeno multi-epítopo de alta cobertura e com alto grau de afinidade por moléculas de 

reconhecimento imune frequentes na população, contra uma bactéria de distribuição mundial, 

o M.pneumoniae. Por meio das simulações in silico, interações com receptores do sistema 

imune e a indução de respostas foram avaliadas e revelaram achados promissores em relação 

a capacidade protetora sem sinais de exacerbação inflamatória. Além disso, as propriedades 

físico-químicas demonstraram estabilidade e qualidade estrutural da proteína quimérica 

formada. Potenciais alvos de drogas também foram preditos e a interação com os ligantes 

também gerou resultados satisfatórios. 

Esses achados sugerem uma alternativa para produção de vacinas e drogas contra 

organismos de crescimento laborioso como M.pneumoniae, sem a necessidade do cultivo do 

patógeno, podendo ser aplicada contra outros patógenos emergentes. Contudo, os resultados 

encontrados por meio desta prospecção, necessitam de futuros ensaios in vitro/in vivo para 

validação experimental.  
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11. ANEXOS 

11. 1 MATERIAL SUPLEMENTAR REFERENTE AO CAPÍTULO I: 

MHOLline Supplementary Table 1: Template ID used by MHOLline for Identified targets for 

modeling with identity. 

Protein Name  Template ID Idenity (%) 

WP_010874513.1 1pa4 >=75% 

WP_010874670.1 1n0e >=75% 

WP_010874705.1 1t71 >=75% 

WP_010874779.1 2i15 >=75% 

WP_014325598.1 1zxj >=75% 
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MHOLline Supplementary  Table 2: Classification of each sequence in accordance with 

criteria in table 4. 

Sequence ID Sequence name 
MHOLline group 

name (only G2) 
Filters Quality 

6 WP_010874513.1 G2 Very High 

12 WP_010874670.1 G2 Very High 

13 WP_010874705.1 G2 Very High 

15 WP_010874779.1 G2 Very High 

40 WP_014325598.1 G2 Very High 

36 WP_014325566.1 G2 High 

1 WP_010874387.1 G2 Good 

2 WP_010874410.1 G2 Medium to Good 

8 WP_010874577.1 G2 Medium to Good 

25 WP_010875025.1 G2 Medium to Good 

29 WP_014325292.1 G2 Medium to Good 

37 WP_014325567.1 G2 Medium to Good 

42 WP_014325643.1 G2 Medium to Good 

43 WP_014325646.1 G2 Medium to Good 

44 WP_014325666.1 G2 Medium to Good 

46 WP_019830475.1 G2 Medium to Low 

47 WP_019830488.1 G2 Medium to Low 

5 WP_010874483.1 G2 Medium to Low 

20 WP_010874917.1 G2 Medium to Low 

27 WP_010875045.1 G2 Medium to Low 

32 WP_014325427.1 G2 Medium to Low 

35 WP_014325526.1 G2 Medium to Low 

39 WP_014325596.1 G2 Medium to Low 

17 WP_010874873.1 G2 Low 

48 WP_019830439.1 G2 Low 

45 WP_014325669.1 G2 Very Low 
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MHOLline Supplementary  Table 3: MHOLline criteria from G2Group 

 

 

Supplementary table 4: Top 10 Molecules from Virtual Screening for each Identified 

Targets. 

 ZINC Compound ID 
 

 Autodock vina 
Binding Affinity 

No of H-
bond/Residu

es 

 30S ribosome-binding factor (WP_010874513.1) 

ZINC04259381  -10.5 3/ASN18, 
ARG15 

ZINC04259578  -8.5 3/ALA78 

ZINC04259719  -6.0 2/ARG75 

ZINC04235426  -9.7 2/HIS37, 
LEU40 

ZINC05396219  -10.5 1/ASN11 

ZINC20503175   -7.2 1/ASN27 

ZINC04259499  -9.1 1/THR32 

ZINC08300280  -6.6 1/THR29 

ZINC31154666  -8.5 2/ARG75 

 division/cell wall cluster transcriptional repressor MraZ 
(WP_010874670.1) 

ZINC04237100  -9.4 1/GLN54 

ZINC08635277  -8.5 1/ASP64 

ZINC04237105  -10.0 1/ARG43 

Quality Identity Lenght Variation Index 

Very High >=75% <= 0.1 

High >=50% and <75% <= 0.1 

Good >=50% >  0.1 and <= 0.3 

Medium to Good >=35% and <50% <= 0.3 

Medium to Low >=25% and 35% <= 0.3 

Low >=25% >  0.3 and <= 0.5 

Very Low >=25% >  0.5 and <= 0.7 
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ZINC04258871  -10.4 2/ARG43, 
GLN54 

ZINC04235924  -10.2 1/ARG34 

ZINC04237101  -10.7  

ZINC04237091  -9.0 1/ASN38 

ZINC04260408  -9.5 1/ARG43 

1ZINC04222214  -10.6 1/CYS39 

ZINC04270981  -10.7 2/ARG34, 
GLU41 

 dTIGR00282 family metallophosphoesterase 
(WP_010874705.1) 

ZINC05396856  -8.5 1/LYS49 

ZINC04259703  -8.9 3/LYS49, 
ASN71 

ZINC04235924  -9.5 1/ASN71 

ZINC08300419  -8.7 1/LYS139 

ZINC04237082  -8.5 1/ASN71 

ZINC04259578  -9.7 1/ASN71 

ZINC20503625  -8.2 1/ASN71 

ZINC04270628  -9.5 3/LYS196, 
GLY174, 
THR177 

ZINC04259588  -9.6 1/ASN71 

ZINC04277685  -9.6 1/ARG264 

 Hypothetical protein (WP_010874779.1 ) 

ZINC08300419  -11.9 1/CYS90 

ZINC05415832  -11.1 1/PHE93 

ZINC05415069  -12.3 1/LYS108 

ZINC04236421  -10.5 1/SER51 

ZINC04235924  -11.0 1/CYS89 

ZINC15709489  -11.1 1/CYS89 

ZINC04237100  -11.5 1/TYR115 

ZINC08635277  -11.4 1/TYR115 

ZINC20503551  -11.1 1/TYR115 

ZINC20503308  -9.9 1/CYS89 

 Hypothetical protein (WP_014325598.1) 

ZINC04235924  -11.8 1/TYR143 



117 
 

 

ZINC04235884  -11.6 1/SER43 

ZINC15672005  -10.2 2/GLU49, 
LYS45 

ZINC04235972  -11.5 1/GLU145 

ZINC04258871  -9.5 1/HIS36 

ZINC04235928  -10.6 1/SER43 

ZINC04236030  -10.3 2/LYS45, 
TYR154 

ZINC04235880  -10.1 1/ARG39 

ZINC04235930  -10.8 2/SER43, 
ASN148 

ZINC03839937  -9.4 1/LYS62 
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Supplementary figure 1: Phylogenetic tree correlating the evolutive distance among the 

strains of M. pneumonia 
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Supplementary figure 2: Heatmap of similarity between the genomes of M. pneumoniae 
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11.2 MATERIAL SUPLEMENTAR REFERENTE AO CAPÍTULO II: 

Table 1: List of selected Mycoplasma Pneumoniae proteins  

List of selected proteins from the literature or reverse vaccinology, used in this work for the 

immunoinformatics analysis, and corresponding ID of the proteins. 

ID Name 

WP_010874999.1 Specific mycoplasma lipoprotein type 3 

WP_014574866.1 Hypothetical lipoprotein 

WP_010874581.1 Prolipoprotein diacylglyceryl transferase 

WP_010874862.1 P80 family lipoprotein 

WP_014325486.1 P80 family lipoprotein 

WP_014325517.1 P80 family lipoprotein 

WP_014325659.1 Lipoprotein 

WP_014325660.1 MPN647 family lipoprotein 

WP_010874498.1 Adhesin P1 (M129 type) 

WP_010874809.1 Adhesin P30 

WP_053344075.1 Adhesin P1 (FH type) 

 

Table 2: Predicted IFN-gamma inducing epitopes.  

57 MHC-II binding epitopes capable to induce IFN-gamma (positive) were predicted using 
IFNepitope server hybrid method (MERCI and SVM) default parameters. 

Epitope sequence Method Result Score 

GPGPGGYFWTYFFLY MERCI POSITIVE 2 

PGPGGYFWTYFFLYG MERCI POSITIVE 2 

GPGGYFWTYFFLYGW MERCI POSITIVE 2 

PGGYFWTYFFLYGWY MERCI POSITIVE 2 

GGYFWTYFFLYGWYK MERCI POSITIVE 2 

GYFWTYFFLYGWYKV MERCI POSITIVE 2 

YFWTYFFLYGWYKVG MERCI POSITIVE 2 

TYFFLAAYWTYFFLY MERCI POSITIVE 2 

YFFLAAYWTYFFLYG MERCI POSITIVE 2 

http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=GPGPGGYFWTYFFLY&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=PGPGGYFWTYFFLYG&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=GPGGYFWTYFFLYGW&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=PGGYFWTYFFLYGWY&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=GGYFWTYFFLYGWYK&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=GYFWTYFFLYGWYKV&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=YFWTYFFLYGWYKVG&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=TYFFLAAYWTYFFLY&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=YFFLAAYWTYFFLYG&method=hybrid&model=main
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FFLAAYWTYFFLYGW MERCI POSITIVE 2 

FLAAYWTYFFLYGWA MERCI POSITIVE 2 

LAAYWTYFFLYGWAA MERCI POSITIVE 2 

AAYWTYFFLYGWAAY MERCI POSITIVE 2 

AYWTYFFLYGWAAYV MERCI POSITIVE 2 

AGVSKTFKDKCASTT MERCI POSITIVE 1 

IPGGQYYPENYLSNE MERCI POSITIVE 1 

PGGQYYPENYLSNEM MERCI POSITIVE 1 

GGQYYPENYLSNEMR MERCI POSITIVE 1 

GQYYPENYLSNEMRK MERCI POSITIVE 1 

QYYPENYLSNEMRKI MERCI POSITIVE 1 

YYPENYLSNEMRKIA MERCI POSITIVE 1 

YPENYLSNEMRKIAM MERCI POSITIVE 1 

PENYLSNEMRKIAMA MERCI POSITIVE 1 

ENYLSNEMRKIAMAA MERCI POSITIVE 1 

NYLSNEMRKIAMAAV MERCI POSITIVE 1 

IVRGPGPGGYFWTYF MERCI POSITIVE 1 

VRGPGPGGYFWTYFF MERCI POSITIVE 1 

RGPGPGGYFWTYFFL MERCI POSITIVE 1 

FWTYFFLYGWYKVGP MERCI POSITIVE 1 

WTYFFLYGWYKVGPG MERCI POSITIVE 1 

TYFFLYGWYKVGPGP MERCI POSITIVE 1 

YFFLYGWYKVGPGPG MERCI POSITIVE 1 

TDFTINRIAAYVFEN MERCI POSITIVE 1 

DFTINRIAAYVFENW MERCI POSITIVE 1 

FTINRIAAYVFENWN MERCI POSITIVE 1 

TINRIAAYVFENWNE MERCI POSITIVE 1 

INRIAAYVFENWNEL MERCI POSITIVE 1 

NRIAAYVFENWNELL MERCI POSITIVE 1 

RIAAYVFENWNELLA MERCI POSITIVE 1 

IAAYVFENWNELLAA MERCI POSITIVE 1 

http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=FFLAAYWTYFFLYGW&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=FLAAYWTYFFLYGWA&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=LAAYWTYFFLYGWAA&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=AAYWTYFFLYGWAAY&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=AYWTYFFLYGWAAYV&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=AGVSKTFKDKCASTT&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=IPGGQYYPENYLSNE&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=PGGQYYPENYLSNEM&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=GGQYYPENYLSNEMR&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=GQYYPENYLSNEMRK&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=QYYPENYLSNEMRKI&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=YYPENYLSNEMRKIA&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=YPENYLSNEMRKIAM&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=PENYLSNEMRKIAMA&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=ENYLSNEMRKIAMAA&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=NYLSNEMRKIAMAAV&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=IVRGPGPGGYFWTYF&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=VRGPGPGGYFWTYFF&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=RGPGPGGYFWTYFFL&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=FWTYFFLYGWYKVGP&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=WTYFFLYGWYKVGPG&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=TYFFLYGWYKVGPGP&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=YFFLYGWYKVGPGPG&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=TDFTINRIAAYVFEN&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=DFTINRIAAYVFENW&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=FTINRIAAYVFENWN&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=TINRIAAYVFENWNE&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=INRIAAYVFENWNEL&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=NRIAAYVFENWNELL&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=RIAAYVFENWNELLA&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=IAAYVFENWNELLAA&method=hybrid&model=main
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AAYVFENWNELLAAY MERCI POSITIVE 1 

FSYFLAAYGYFWTYF MERCI POSITIVE 1 

SYFLAAYGYFWTYFF MERCI POSITIVE 1 

YFLAAYGYFWTYFFL MERCI POSITIVE 1 

FLAAYGYFWTYFFLA MERCI POSITIVE 1 

LAAYGYFWTYFFLAA MERCI POSITIVE 1 

AAYGYFWTYFFLAAY MERCI POSITIVE 1 

AYGYFWTYFFLAAYW MERCI POSITIVE 1 

YGYFWTYFFLAAYWT MERCI POSITIVE 1 

GYFWTYFFLAAYWTY MERCI POSITIVE 1 

YFWTYFFLAAYWTYF MERCI POSITIVE 1 

FWTYFFLAAYWTYFF MERCI POSITIVE 1 

WTYFFLAAYWTYFFL MERCI POSITIVE 1 

YWTYFFLYGWAAYVA MERCI POSITIVE 1 

WTYFFLYGWAAYVAA MERCI POSITIVE 1 

TYFFLYGWAAYVAAF MERCI POSITIVE 1 

YFFLYGWAAYVAAFF MERCI POSITIVE 1 

 

 

Table 3: Predicted B cell conformational epitopes.  

The EliPro server was used to predict the conformational B cell binding epitopes via the 3D 

structure of the Mycoplasma pneumoniae multi-epitope vaccine.  

Conformational 

epitope 
Residues and position 

Number 

of 

residues 

Score 

1 _:Y524, _:G525, _:W526, _:A527, _:A528, _:Y529, 

_:V530, _:A531, _:A532, _:F533, _:F534, _:T535, 

_:T536, _:L537, _:F538, _:A539, _:A540, _:Y541, 

_:D542, _:Q543, _:I544, _:D545, _:F546, _:N547, 

_:R548, _:L549, _:F550, _:A551, _:A552, _:Y553, 

_:F554, _:N555, _:R556, _:L557, _:T559, _:H560, 

_:P561, _:V562, _:A563, _:A564, _:Y565, _:Q566, 

_:Y567 

43 0.947 

http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=AAYVFENWNELLAAY&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=FSYFLAAYGYFWTYF&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=SYFLAAYGYFWTYFF&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=YFLAAYGYFWTYFFL&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=FLAAYGYFWTYFFLA&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=LAAYGYFWTYFFLAA&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=AAYGYFWTYFFLAAY&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=AYGYFWTYFFLAAYW&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=YGYFWTYFFLAAYWT&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=GYFWTYFFLAAYWTY&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=YFWTYFFLAAYWTYF&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=FWTYFFLAAYWTYFF&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=WTYFFLAAYWTYFFL&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=YWTYFFLYGWAAYVA&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=WTYFFLYGWAAYVAA&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=TYFFLYGWAAYVAAF&method=hybrid&model=main
http://crdd.osdd.net/raghava/ifnepitope/pep_design.php?sequence=YFFLYGWAAYVAAFF&method=hybrid&model=main


123 
 

 

2 _:I568, _:P569, _:L570, _:F571, _:I572, _:D573, 

_:I574 
7 0.931 

3 _:P344, _:G345, _:P346, _:G347, _:D348, _:Q349, 

_:I350, _:D351, _:F352, _:N353, _:R354, _:L355, 

_:F356, _:T357, _:H358, _:P359, _:V360, _:T361, 

_:D362, _:G363, _:P364, _:G365, _:P366, _:G367, 

_:T368, _:M369, _:L370, _:V371, _:Y372, _:D373, 

_:Q374, _:Y375, _:I376, _:P377, _:L378, _:F379, 

_:I380, _:D381, _:I382, _:A383, _:A384, _:Y385, 

_:Q386, _:T387, _:D388, _:F389, _:T390, _:I391, 

_:N392, _:R393, _:I394, _:A395, _:A396, _:Y397, 

_:V398, _:F399, _:E400, _:N401, _:W402, _:N403, 

_:E404, _:L405, _:L406, _:A407, _:A408, _:Y409, 

_:S410, _:S411, _:N412, _:G413, _:L414, _:Y415, 

_:I416, _:N417, _:K418, _:A419, _:Y421, _:I422, 

_:A423, _:L425, _:N426, _:T427, _:Y429, _:F513, 

_:L514, _:A515, _:A516, _:Y517, _:W518, _:T519, 

_:Y520, _:F522, _:L523 

93 0.718 

4 _:M1, _:N2, _:F3, _:F29, _:K32, _:C33, _:A34, 

_:S35, _:T36, _:T37, _:A38, _:K39, _:V44, _:Q45, 

_:L46, _:V47, _:K48, _:L49, _:A50, _:S51, _:D52, 

_:T53, _:N54, _:K55, _:D56, _:S57, _:K58, _:G59, 

_:I60, _:Y61, _:I62, _:T63, _:D64, _:S65, _:T66, 

_:G67, _:K68, _:T69, _:R70, _:F71, _:I72, _:P73, 

_:G74, _:G75, _:Q76, _:Y77, _:E80, _:N81, _:Y82, 

_:L83, _:S84, _:N85, _:E86, _:M87, _:R88, _:K89, 

_:I90, _:A91, _:M92, _:A93, _:A94, _:V95, _:L96, 

_:S97, _:N98, _:V99, _:R100, _:V101, _:I103, 

_:C104, _:A105, _:S106, _:E107, _:A108, _:Y109, 

_:T110, _:P111, _:N112, _:H113, _:V114, _:W115, 

_:A116, _:I117, _:L119, _:A120, _:A121, _:E122, 

_:K249, _:N251, _:T252, _:S253, _:I254 

92 0.707 
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Figure 1: The representation of secondary structure of the multi-epitope vaccine. 

The result shows arrangement of alpha helices (46.0%), β-strand (9.0%), and coil formation 

(43.0%). 
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Figure 2. Scheme of using the script to search for overlap between epitopes. 

The figure represents with lines and boxes the method for seeking overlap between epitopes. 

Below each circle there is a box with the method used to predict epitopes. Leaving the CTL 

and HTL boxes, the lines indicate a new box containing the confidence epitopes, which were 

predicted by the two methods indicated. The next lines indicate the search for overlap between 

CTL and B and HLT and B epitopes. 
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Figure 3: Immuno simulation results regarding innate immunity and cytokine 
production.  

Those graphs represent the immune simulation with only the epitope sequence as injections.  
(A) natural-killer cells population fluctuation during the injections, (B) macrophages population, 
(C) dendritic cells population, (D) epithelial cells population, (E) cytokine levels induced during 
the injections and the D value, which is related to diversity of T-cells clones.  
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Figure 4: The Immuno simulation results regarding T lymphocytes.  

(A) Memory and not memory cytotoxic T-cells graph, (B) Cytotoxic T-cell populations per state 

after the injections, purple line represents the active cells and the blue line represents resting 

cells, (C) Represents the helper T-cell population per state, (D) effector helper T-cell types 

fluctuation during the injections.  
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Figure 5: Immuno simulation results regarding B cell population and immunoglobulins 

production.  

(A) B-cell population per state, (B) changings in B-cell population in the three injections, (C) 

B-cell population per state in the stages of injections (black vertical lines) (D) Differential 

production of immunoglobulins (colored peaks) during the antigen injections (black vertical 

lines).  
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2017 - 2017 II Workshop de Doenças Infecciosas. . (Carga horária: 12h). 

Universidade Federal de Uberlândia, UFU, Uberlandia, Brasil 

2017 - 2017 Curso de curta duração em Utilização de Técnicas de Bilogia Molecular 

Aplicadas ao Estudo da Imunolog. (Carga horária: 8h). 

Universidade Federal do Triângulo Mineiro, UFTM, Uberaba, Brasil 

2017 - 2017 Curso de curta duração em Avaliação da viabilidade celular através da 

colorimetria e fluorescência. (Carga horária: 5h). 

Universidade Federal de Uberlândia, UFU, Uberlandia, Brasil 

2016 - 2016 Curso de curta duração em Perícia em crimes sexuais. (Carga horária: 6h). 

Universidade Federal do Triângulo Mineiro, UFTM, Uberaba, Brasil 

2015 - 2015 Curso de curta duração em Extração e quantificação de DNA de células 

sanguíneas. (Carga horária: 6h). 

Universidade Federal do Triângulo Mineiro, UFTM, Uberaba, Brasil 

 

Atuação profissional 

1. Universidade Federal de Minas Gerais - UFMG 

Vínculo institucional 

2020 - 2021 Vínculo: Professor , Enquadramento funcional: Professor de estágio em 

docência, Regime: Parcial 

Outras informações: 

Participou das 15 semanas de aulas na disciplina Genética e Evolução (BIG 601), e ministrou 

04 (quatro) aulas para a graduação da Medicina Veterinária 

2020 - 2020 Vínculo: Professor estágio em docência , Enquadramento funcional: Professor 

de estágio em docência, Regime: Parcial 

2. hospital de câncer de Barretos – Fundação Pio XII - HCB 

Vínculo institucional 

2019 - 2019 Vínculo: Visita observacional , Enquadramento funcional: Estágio 

observacional dep. Biomedicina , Carga horária: 56, Regime: Integral 

3. Universidade Federal do Triângulo Mineiro - UFTM 

 

Vínculo institucional 
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2018 - 2018 Vínculo: Colaborador , Enquadramento funcional: Monitora da disciplina de 

Imunologia , Carga horária: 10, Regime: Parcial 

2018 - 2018 Vínculo: Voluntátio , Enquadramento funcional: Iniciação científica , Carga 

horária: 12, Regime: Parcial 

Outras informações: 

Estágio Supervisionado em Pesquisa I e II, da Universidade Federal do Triângulo Mineiro, 

UFTM, Uberaba/MG. O trabalho desenvolvido foi intitulado “Vacinologia reversa e genômica 

subtrativa revelam novos alvos terapêuticos contra Mycoplasma pneumonia, um agente 

causador da pneumonia”, sob orientação do Prof. Dr. Siomar de Castro Soares. 

2017 - 2018 Vínculo: Bolsista , Enquadramento funcional: Iniciação científica , Carga 

horária: 12, Regime: Parcial 

Outras informações: 

Projeto: ESTUDO MORFOMÉTRICO E MORFOLÓGICO DO INTESTINO DE FÊMEAS MIF 

NOCAUTE INFECTADAS POR TOXOPLASMA GONDII DURANTE A GESTAÇÃO Realizado 

pela bolsista, Thaís Cristina Vilela Rodrigues sob orientação de Angelica de Oliveira Gomes, 

sendo parte do Programa de Iniciação Científica BIC/FAPEMIG. 

2017 - 2017 Vínculo: Voluntário , Enquadramento funcional: Monitora de Imunologia , Carga 

horária: 30, Regime: Parcial 

2017 - 2017 Vínculo: Voluntário , Enquadramento funcional: Monitora de Imunologia , Carga 

horária: 30, Regime: Parcial 

 

Prêmios e títulos 

2021 Menção Honrosa na Categoria Melhor Trabalho do SIMBRAVAC - Análise Pan-

Genômica de Moraxella catarrhalis com Predição de Novos Alvos Vacinais e Alvos de Drogas, 

SIMBRAVAC 

2021 Menção Honrosa na Categoria Melhor Trabalho do SIMBRAVAC - Prospecção in silico 

de epítopos antigênicos para diagnóstico da Hanseníase, SIMBRAVAC 

2021 Menção Honrosa na Categoria Melhor Trabalho do SIMBRAVAC - trabalho intitulado: 

Uso de Abordagens de Imunoinformática para Construção de uma Vacina Multi-Epítopo 

Contra Mycoplasma pneumoniae, SIMBRAVAC 

2020 Prêmio de melhor poster para o trabalho intitulado: IMMUNOINFORMATICS 

APPROACHS TO DESIGN A CHIMERIC MULTIEPITOPE VACCINE AGAINST 

MYCOPLASMA PNEUMONIAE, na sessão de poster: Proteins and Proteomics no, X-meeting 

 

Produção bibliográfica 

Artigos completos publicados em periódicos 
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1.    Clique para acessar o artigo FELICE, ANDREI G.; ALVES, LEANDRO G.; FREITAS, 

ALISSA S. F.; RODRIGUES, THAÍS C. V.; JAISWAL, ARUN K.; TIWARI, SANDEEP; GOMES, 

LUCAS G. R.; MIRANDA, FÁBIO M.; RAMOS, ROMMEL T. J.; AZEVEDO, VASCO; 

OLIVEIRA, LETÍCIA C.; OLIVEIRA, CARLO J.; SOARES, SIOMAR D. C.; BENEVIDES, 

LEANDRO J. 

Pan-genomic analyses of 47 complete genomes of the genus and prediction of new vaccine 

targets and virulence factors of the species. JOURNAL OF BIOMOLECULAR STRUCTURE & 

DYNAMICS. Fator de Impacto(2018 JCR): 3,3100, v.39, p.1 - 15, 2021. 

2.    Clique para acessar o artigo VILELA RODRIGUES, THAÍS CRISTINA; JAISWAL, 

ARUN KUMAR; DE SAROM, ALISSA; DE CASTRO OLIVEIRA, LETÍCIA; FREIRE OLIVEIRA, 

CARLO JOSÉ; GHOSH, PREETAM; TIWARI, SANDEEP; MIRANDA, FÁBIO MALCHER; DE 

JESUS BENEVIDES, LEANDRO; ARISTON DE CARVALHO AZEVEDO, VASCO; DE 

CASTRO SOARES, SIOMAR 

Reverse vaccinology and subtractive genomics reveal new therapeutic targets against 

Mycoplasma pneumoniae : a causative agent of pneumonia. Royal Society Open Science. 

Fator de Impacto(2019 JCR): 2,6470, v.6, p.190907 - , 2019. 

 

Trabalhos publicados em anais de eventos (resumo) 

1.  MARCON, C. F.; RODRIGUES, T. C. V.; DE OLIVEIRA GOMES; FERREIRA, P.T.M.; 

CHICA, J.E.L. 

ESTUDO MORFOLÓGICO E MORFOMÉTRICO DO INTESTINO DELGADO DE FÊMEAS 

MIF NOCAUTE INFECTADAS POR Toxoplasma gondii In: 4ª JORNADA INTEGRADA DE 

ENSINO, PESQUISA E EXTENSÃO da UNIVERSIDADE FEDERAL DO TRIÂNGULO 

MINEIRO, 2018, Uberaba. 

  Anais da IV Jornada Integrada de Ensino, Pesquisa e Extensão da UFTM, 2018. , 2018. 

2.  RODRIGUES, T. C. V.; DE OLIVEIRA GOMES; MARCON, C. F.; CHICA, J.E.L.; 

FERREIRA, P.T.M. 

Estudo morfométrico e morfológico do intestino de fêmeas MIF nocaute infectadas por 

Toxoplasma gondii durante a gestação In: 4a JORNADA INTEGRADA DE ENSINO, 

PESQUISA E EXTENSÃO da UNIVERSIDADE FEDERAL DO TRIÂNGULO MINEIRO,, 2018, 

Uberaba. 

  Anais da IV Jornada Integrada de Ensino, Pesquisa e Extensão da UFTM, 2018.. , 2018. 

3.  OLIVEIRA , A. R.; LELIS, G. L.; RODRIGUES, T. C. V.; CIPRIANI, E. G.; 

GONCALVES , A. L. D.; MARCON, C. F.; LIMA, V. M.; CASTRO, J. A. 

Liga de Biologia Molecular In: JORNADA INTEGRADA DE ENSINO, PESQUISA E 

EXTENSÃO - JIEPE, 2018, Uberaba. 

  4ª Jornada Integrada de Ensino, Pesquisa e Extensão - JIEPE - Uberaba. , 2018. v.4. 
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Trabalhos publicados em anais de eventos (resumo expandido) 

1.  RODRIGUES, T. C. V.; ARISTON DE CARVALHO AZEVEDO, VASCO; SALES-

CAMPOS, H.; JAISWAL, ARUN KUMAR; KATO, R. B.; TOSTA, S. F. O.; GIOVANETTI, M.; 

SOARES, S. C.; TIWARI, S. 

PREDIÇÃO DE VACINA MULTI-EPÍTOPO CONTRA Mycoplasma pneumoniae APLICANDO 

ABORDAGENS DE IMUNOINFORMÁTICA In: VII Simpósio de Microbiologia da UFMG - 

CONECTA SIM 2020, 2020 

  ANAIS do CONECTA SIM 2020. , 2020. 

 

Artigos em jornal de notícias 

1.  RODRIGUES, T. C. V. 

A Liga de Biologia Molecular. Biomed Informa. , p.1 - 1, 2018. 

 

Apresentação de trabalho e palestra 

1.  WU, M. M. S.; CEBALLOS, V. A. S.; FELICE, A. G.; RODRIGUES, THAÍS C. V.; 

BENEVIDES, L. J.; OLIVEIRA, L.C.; SOARES, S. C. 

Análise Pan-Genômica de Moraxella catarrhalis com Predição de Novos Alvos Vacinais e 

Alvos de Drogas, 2021. (Simpósio,Apresentação de Trabalho) 

2.  LEMES, M. R.; VILELA RODRIGUES, THAÍS CRISTINA; TIWARI, S.; SOARES, S. 

C.; SILVA, M. V. 

Prospecção in Silico de Epítopos Antigênicos para Diagnóstico da Hanseníase, 2021. 

(Simpósio,Apresentação de Trabalho) 

3.  VILELA RODRIGUES, THAÍS CRISTINA; TIWARI, S.; AZEVEDO, V. A. C.; JAISWAL, 

A. K.; SALES-CAMPOS, H.; KATO, R. B.; SOARES, S. C. 

Uso de Abordagens de Imunoinformática para Construção de uma Vacina Multi-Epítopo 

Contra Mycoplasma pneumoniae, 2021. (Simpósio,Apresentação de Trabalho) 

4.  VILELA RODRIGUES, THAÍS CRISTINA 

Uso de abordagens de vacinologia reversa e imunoinformática para o design de vacina multi-

epitopo contra Mycoplasma pneumoniae, 2021. (Conferência ou palestra,Apresentação de 

Trabalho) 

5.  VILELA RODRIGUES, THAÍS CRISTINA; DE CASTRO SOARES, SIOMAR; KATO, 

R. B.; ARISTON DE CARVALHO AZEVEDO, VASCO; TIWARI, S. 

DESING OF MULTI-EPITOPE VACCINE AGAINST Mycoplasma pneumoniae APPLYING 

IMMUNOINFORMATICS APPROACHES, 2020. (Simpósio,Apresentação de Trabalho) 

6.  VILELA RODRIGUES, THAÍS CRISTINA 

Docking Molecular: Bioinformática na predição de alvos de drogas, 2020. (Conferência ou 

palestra,Apresentação de Trabalho) 
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7.  VILELA RODRIGUES, THAÍS CRISTINA; JAISWAL, A. K.; SALES-CAMPOS, H.; 

GIOVANETTI, M.; KATO, R. B.; TOSTA, S. F. O.; TIWARI, S.; AZEVEDO, V. A. C.; SOARES, 

S. C. 

IMMUNOINFORMATICS APPROACHS TO DESIGN ACHIMERIC MULTI-EPITOPE 

VACCINE AGAINST MYCOPLASMA PNEUMONIAE, 2020. (Congresso,Apresentação de 

Trabalho) 

8.  RODRIGUES, THAÍS C. V.; TIWARI, S.; AZEVEDO, V. A. C.; KATO, R. B.; TOSTA, 

S. F. O.; SOARES, S. C. 

In silico approaches for Mycoplasma pneumoniae multiepitope vaccine construction, 2020. 

(Congresso,Apresentação de Trabalho) 

9.  VILELA RODRIGUES, THAÍS CRISTINA; JAISWAL, A. K.; ANCHIETA, A. S. F. F.; 

OLIVEIRA, L.C.; OLIVEIRA, C. J. F.; GHOSH, P.; TIWARI, S.; MIRANDA, F. M.; BENEVIDES, 

L. J.; AZEVEDO, V. A. C.; SOARES, S. C. 

New vaccine and drug targets of Mycoplasma pneumoniae revealed by reverse vaccinology 

and subtractive genomics, 2019. (Congresso,Apresentação de Trabalho) 

10.  RODRIGUES, THAÍS C. V.; JAISWAL, A. K.; ANCHIETA, A. S. F. F.; OLIVEIRA, L.C.; 

OLIVEIRA, C. J. F.; GHOSH, P.; TIWARI, S.; MIRANDA, F. M.; BENEVIDES, LEANDRO J.; 

AZEVEDO, V. A. C.; SOARES, S. C. 

Reverse vaccinology and subtractive genomics reveal new therapeutic targets against 

Mycoplasma pneumoniae: a causative agent of pneumonia,, 2019. (Congresso,Apresentação 

de Trabalho) 

11.  RODRIGUES, T. C. V.; DE OLIVEIRA GOMES; MARCON, C. F.; CHICA, J.E.L.; 

FERREIRA, P.T.M. 

Estudo morfométrico e morfológico do intestino de fêmeas MIF nocaute infectadas por 

Toxoplasma gondii durante a gestação, 2018. (Outra,Apresentação de Trabalho) 

12.  VILELA RODRIGUES, THAÍS CRISTINA; ANCHIETA, A. S. F. F.; SOARES, S. C.; 

OLIVEIRA, C. J. F. 

Identificação de potenciais alvos vacinais de Mycoplasma pneumoniae via Genômica 

Comparativa, 2018. (Outra,Apresentação de Trabalho) 

13.  RODRIGUES, THAÍS C. V.; OLIVEIRA, C. J. F.; SOARES, S. C.; ANCHIETA, A. S. F. 

F. 

Identificação de potenciais alvos vacinais de Mycoplasma pneumoniae via Genômica 

Comparativa, 2018. (Congresso,Apresentação de Trabalho) 

14.  OLIVEIRA , A. R.; GONCALVES , A. L. D.; MARCON, C. F.; CIPRIANI, E. G.; LELIS, 

G. L.; CASTRO, J. A.; RODRIGUES, THAÍS C. V.; LIMA, V. M.; PEDROSA, A. L. 

Liga de Biologia Molecular, 2018. (Outra,Apresentação de Trabalho) 
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15.  MARCON, C. F.; CHICA, J.E.L.; FERREIRA, P.T.M.; RODRIGUES, THAÍS C. V.; DE 

OLIVEIRA GOMES 

MORFOLÓGICO E MORFOMÉTRICO DO INTESTINO DELGADO DE FÊMEAS MIF 

NOCAUTE INFECTADAS POR Toxoplasma gondii, 2018. (Outra,Apresentação de Trabalho) 

 

Produção técnica 

Trabalhos técnicos 

1.  RODRIGUES, THAÍS C. V.; OLIVEIRA , A. R. 

Liga de Biologia Molecular, 2018 

2.  CIPRIANI, E. G.; RODRIGUES, THAÍS C. V.; GONCALVES , A. L. D.; CASTRO, J. 

A.; LIMA, V. M.; MARCON, C. F.; LELIS, G. L.; OLIVEIRA , A. R.; PEDROSA, A. L. 

Liga de Biologia Molecular, 2017 

Demais produções técnicas 

1.  RODRIGUES, THAÍS C. V.; SOARES, S. C.; FELICE, A. G.; CEBALLOS, V. A. S.; 

ZEN, F. L. 

Bioinformática e Ciências Ômicas, 2020. (Extensão, Curso de curta duração ministrado) 

2.  VILELA RODRIGUES, THAÍS CRISTINA 

Perspectivas do Mestrado na Genética da UFMG, 2020. (Extensão, Curso de curta duração 

ministrado) 

3.  RODRIGUES, T. C. V. 

Aula teórica sobre Vacinologia Reversa e Genômica Subtrativa na Predição de Alvos Vacinais 

e de Drogas utilizando Bioinformática, 2019. (Extensão, Curso de curta duração ministrado) 

 

Citações 

 Web of Science 

Total de trabalhos: 1Total de citações: 6 Fator H: 1 

 

Totais de produção 

Produção bibliográfica 

Artigos completos publicados em periódico   2 

Jornais de Notícias      1 

Trabalhos publicados em anais de eventos   4 

Apresentações de trabalhos (Conferência ou palestra) 2 

Apresentações de trabalhos (Congresso)   5 

Apresentações de trabalhos (Simpósio)   4 

Apresentações de trabalhos (Outra)    4 
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Produção técnica 

Curso de curta duração ministrado (extensão) 3 

Extensão tecnológica     2 

 

Eventos 

Participações em eventos (congresso)  12 

Participações em eventos (seminário)  1 

Participações em eventos (simpósio)    

Participações em eventos (encontro)   3 

Participações em eventos (outra)   1 

Organização de evento (congresso)   4 

Organização de evento (outro)   3 
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