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RESUMO

A sepse ¢ definida como disfungdo organica com risco de vida causada por uma
resposta desregulada do hospedeiro a infeccdo. Essa condicao ¢ potencialmente fatal
e o tratamento desafiador, necessitando de abordagens alternativas que possam
reduzir a carga do agente infeccioso e modular a resposta imunoldgica do paciente.
Nesse contexto, as B-glucanas surgem como candidatos potenciais, devido as suas
atividades biologicas, em especial a atividade imunomoduladora e antimicrobiana.
Objetivo: Investigar o efeito do tratamento com B-glucana de Auricularia auricula
em modelo de infec¢do sistémica do tipo sepse letal. Métodos: Capitulo I - Foi
realizada uma revisao integrativa da literatura baseada em etapas sistematicas, com
buscas realizadas nas bases de dados PubMed, ScienceDirect, Scopus, Web of
Science e Embase. As buscas foram conduzidas usando palavras-chave e descritores
controlados pelo Medical Subject Headings (MeSH) e os termos ndo controlados
“glucan,” “sepsis,” e “cecal ligation and puncture,” juntamente com os operadores
booleanos “AND” e “OR,” adaptando-os a cada base de dados especifica quando
necessario. A plataforma Rayyan foi utilizada para organizar os artigos obtidos e
auxiliar na exclusdo de artigos fora dos critérios de selecdo. Capitulo II (Sera
submetido Microbial Pathogenesis) - Uma preparagdo contendo B-glucana, oriunda
do basidiomiceto Auricularia auricula, foi administrada via gavagem, por 15 dias
antes da indug¢do da sepse, na dose de 5 mg/kg como forma de tratamento profilatico.
Os camundongos (C57BL/6) fémeas foram divididos em 3 grupos: SHAM (falso-
operado), CLP (sepse induzida pelo modelo de ligadura e perfuracdo cecal - sem
tratamento) e CLP GLU (sepse induzida pelo modelo CLP, e tratamento administrado
via gavagem 15 dias antes da indug@o da sepse). Resultados: Capitulo I - Na maioria
dos estudos, o principal tipo de glucana investigada foi a B-glucana (88,2%), foi
descrito a reducdo de citocinas inflamatorias (TNF-a e IL-6), aumento de atividade
antioxidante, reducdo da ocorréncia de danos teciduais, levando ao aumento da
sobrevivéncia animal. Capitulo II - O tratamento com f-glucana estimula a
proliferagdo dos linfocitos e granulodcitos circulantes no sangue, atenua os danos
pulmonares causados pela sepse, reduz as CFU’s no peritdnio e sangue, evita a
ocorréncia de plaquetopenia, regula os niveis séricos de citocinas e prolonga a
sobrevida de camundongos sépticos. Conclusées: Em conjunto, os dados
apresentados nos capitulos I e II indicam que a B-glucana ¢ um nutracéutico que
representa uma nova estratégia terapéutica com potencial para modular a resposta
imunoldgica, controlar a proliferacdo microbiana e melhorar a sobrevida em um
estado de sepse grave, induzida em camundongos. B-glucana pode ser considerado
uma alternativa terapéutica para estimular e/ou modular a resposta imune em quadros
de sepse, pode também atuar como adjuvante ao tratamento do uso de farmacos
padrao na clinica, contribuindo assim com um melhor progndstico em sepse letal.

Palavras-chave: Auricularia auricula; beta-glucana; sepse; infec¢cdo; imunomodulagio;



ABSTRACT

Sepsis is defined as life-threatening organ dysfunction caused by a deregulated host
response to infection. This condition is potentially fatal and treatment challenging,
requiring alternative approaches that can reduce the burden of the infectious agent and
modulate the patient's immune response. In this context, B-glucans have emerged as
potential candidates due to their biological activities, especially their immunomodulatory
and antimicrobial activity. Objective: To investigate the effect of treatment with 3-glucan
from Auricularia auricula in a lethal sepsis-type systemic infection model. Methods:
Chapter I - An integrative literature review based on systematic steps was carried out,
with searches conducted in the PubMed, ScienceDirect, Scopus, Web of Science and
Embase databases. The searches were conducted using keywords and descriptors
controlled by the Medical Subject Headings (MeSH) and the uncontrolled terms
“glucan,” “sepsis,” and “cecal ligation and puncture,” along with the Boolean operators
“AND” and “OR,” adapting them to each specific database when necessary. The Rayyan
platform was used to organize the articles obtained and to help exclude articles that did
not meet the selection criteria. Chapter II (Microbial Pathogenesis will be submitted) - A
preparation containing B-glucan from the basidiomycete Auricularia auricula was
administered via gavage for 15 days before inducing sepsis, at a dose of 5 mg/kg as a
form of prophylactic treatment. The female mice (C57BL/6) were divided into 3 groups:
SHAM (“false-operated”), CLP (sepsis induced by the cecal ligation and perforation
model - no treatment) and CLP GLU (sepsis induced by the CLP model, and treatment
administered by gavage 15 days before the induction of sepsis). Results: Chapter I - In
the majority of studies, the main type of glucan investigated was B-glucan (88.2%), a
reduction in inflammatory cytokines (TNF-o and IL-6), an increase in antioxidant
activity, a reduction in the occurrence of tissue damage, leading to an increase in animal
survival were described. Chapter II - Treatment with B-glucan stimulates the proliferation
of circulating lymphocytes and granulocytes in the blood, attenuates lung damage caused
by sepsis, reduces CFU in the peritoneum and blood, prevents the occurrence of
thrombocytopenia, regulates serum cytokine levels and prolongs the survival of septic
mice. Conclusions: Taken together, the data presented in Chapters I and II indicate that
B-glucan is a nutraceutical that represents a new therapeutic strategy with the potential to
modulate the immune response, control microbial proliferation and improve survival in a
state of severe sepsis induced in mice. B-glucan can be considered a therapeutic
alternative to stimulate and/or modulate the immune response in cases of sepsis, and can
also act as an adjuvant treatment to the use of standard drugs in the clinic, thus
contributing to a better prognosis in lethal sepsis.

Keywords: Auricularia auricula; beta-glucan; sepsis; infection; immunomodulation;
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1. INTRODUCAO

A sepse ¢ uma disfun¢do organica gravissima que apresenta risco de vida ao
hospedeiro, ela surge em decorréncia de uma resposta imunologica desregulada frente
a uma infeccdo. O choque séptico ¢ sua forma agravada, que ocorre quando
anormalidades circulatorias, celulares e metabolicas induzidas pela infec¢do causam

disfung¢do organica grave e risco substancial de morte (Singer et al., 2016).

Os dados epidemiolodgicos da sepse variam de acordo com a regiao e a populacao
estudada. Em 2020, a pesquisa Global Burden of Sepsis calculou 48,9 milhdes de
casos de sepse ocorridos globalmente, em 2017 (Rudd et al., 2020). Metade dos casos
ocorreu em criangas, sendo a maioria delas menores de cinco anos. Ainda nesse ano,
estimou-se que 19,8% das mortes globais eram sepse, representando 11,0 milhdes de
obitos. Conforme a pesquisa Global Burden of Sepsis, a incidéncia de sepse e a taxa
de mortalidade relacionada apresentaram uma reducdo de 37,0 % e 52,8%,
respectivamente, entre 1990 e 2017. No Brasil, uma anélise epidemioldgica constatou
113.059 mil 6bitos registrados por sepse, entre 2018 e 2022. Com maior prevaléncia
entre mulheres (51,16%), individuos de cor branca (52%), idosos com idade >80 anos
(37,9%), e residentes na regido Sudeste (52,96%). Também foram relatadas 660.257
hospitalizagdes, com maior prevaléncia no sexo masculino (52,16%), entre esses 0s
de cor branca (36,54%), com idade >80 anos (21,07%) e residentes nas regides
Sudeste (51,08%), onde o carater de atendimento foi a urgéncia (95,58%). (dos Santos
et al., 2024). Dado o exposto, observa-se como visdao geral de dados disponiveis
publicamente, que a sepse continua a ser um grande problema de saude publica em

todo o mundo, com altas taxas de incidéncia e mortalidade.

O tratamento convencional dado aos pacientes sépticos inclui o uso de
antimicrobianos de amplo espectro, ressuscitagdo volémica e suporte hemodindmico
(Rhodes et al., 2017). Entretanto, ainda existem dificuldades no tratamento que
eventualmente levam a morte dos pacientes: como a resisténcia aos antibioticos
(Legese et al., 2022) e a disfun¢dao imunologica induzida pela sepse (Mithal et al.,
2022). Além disso, ha fatores de risco associados a piora do quadro séptico, como a
idade avangada e presenga de comorbidades, por exemplo, doencas cardiacas e
pulmonares (Rowe & McKoy, 2017), bem como a imunossupressao induzida (Torres

et al., 2022) que incorrem na piora do quadro séptico. Tais fatores, além de
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contribuirem para o agravamento do quadro séptico, impdem um Onus significativo
aos sistemas de saude, devido aos altos custos relacionados ao tratamento e

internagdes em unidades de terapia intensiva (UTI) (Angus et al., 2001).

Nos ultimos anos, pesquisadores tém estudado exaustivamente estratégias
eficazes para tratar pacientes com sepse e restaurar o equilibrio imunologico. Uma
estratégia promissora ¢ o uso de produtos naturais com potencial anti-inflamatorio
e/ou imunomodulador. Nesse contexto, surgem as -glucanas (Lull et al., 2005), elas
sao consideradas prebioticos. A Agéncia Nacional de Vigilancia Sanitaria (ANVISA)
em 1999 regulamentou o Alimento Funcional “[...] como um alimento ou ingrediente
que, além das fun¢des nutricionais basicas, quando consumido como parte da dieta
usual, produz efeitos metabdlicos e/ou efeitos benéficos a satde, devendo ser seguro
para consumo sem supervisdo médica” (Sanitaria, 2018). As B-glucanas ja sdo
amplamente comercializadas no Brasil, muitas vezes em forma de suplementos
alimentares destinados a fortalecer o sistema imunoldgico. Um exemplo ¢ a B-glucana
da Biolab, oferecida em capsulas com 765 mg de B-glucana. Ela ¢ extraida da levedura
Saccharomyces cerevisiae e purificada com vitaminas A, E, D3 e Zinco. Outro
produto disponivel é a B-glucana da BioVittare, oferecida em céapsulas de 250 mg,
indicada para o reforco do sistema imunoldgico e melhora de alergias. Esses
suplementos sdo facilmente encontrados em farmacias e lojas especializadas,
refor¢ando suas facilidades no mercado como coadjuvantes no fortalecimento

imunologico.

Estudos mostram que o tratamento com B-glucanas apresenta efeito protetor,
regulando células supressoras mieloides (MDSCs) (Liu et al., 2017) e modulando
citocinas importantes para o quadro inflamatoério, como IL-6, IL-10 e TNF-a
(Senoglu et al., 2008). Um estudo investigou os efeitos de uma suplementagdo oral
de B-glucanas em camundongos infectados via intraperitoneal com Escherichia coli
(Walachowski et al., 2022). Os dados apresentados indicaram melhora no combate a
infeccdo, os grupos tratados apresentaram menor carga bacteriana e diminui¢do do
dano tecidual associado a resposta inflamatéria exacerbada. Outros estudos também
demonstraram efeitos protetores associados ao tratamento com [-glucanas contra
danos pulmonares associados a sepse, reduzindo as porcentagens de neutrofilos e
linfocitos do lavado broncoalveolar, além de atenuar a liberagdo de citocinas
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inflamatorias, prevenir lesdo pulmonar aguda e aumentar a taxa de sobrevivéncia de

animais sépticos (Babayigit et al., 2005).

A B-glucana utilizada nesse trabalho tem origem do cogumelo Auricularia
Auricula, uvm basidiomiceto que apresenta atividade anticancerigena (Kang et al.,
2020; Liu et al., 2021), antidiabética (Xu et al., 2021), imunoestimulatoria (Kong et
al., 2020), entre outras. Conforme caracterizado por (Basso, 2017) a composi¢ao
monossacaridica da fragdo soluvel e insoltvel desse cogumelo ¢ constituida por
fucose, xilose, manose, galactose e glicose, com arabinose, presente apenas na fracao
insoltivel, ¢ ribose, na fragdo soluvel. Além disso, na analise estrutural feita
ressonancia magnética nuclear foram identificados os agucares manose ¢ glicose (p3-
D-Glcp 6 e a-D-Manp 2,6), com identificacdo do polissacarideo beta-1,6-glucana.
Portanto, a B-glucana utilizada nesse estudo ¢ purificada, estabelecendo um padrao
de qualidade em relagdo as B-glucanas comerciais de origem fingica, que por sua vez

podem conter residuos de quitina em sua composigao.

O grupo de pesquisa do Laboratorio de Imunologia Aplicada (LIA-UnB) também
j& possui trabalhos publicados com o estudo de [-glucanas. Carbonero e
colaboradores (Carbonero et al., 2024) descreveram a estrutura quimica e efeitos
biologicos de glucanas presentes no Bionutri-AR1, como o a-D-Glucano 1—4 e f3-
D-Glucano 1—3, 1 —6. Os resultados indicaram que ambos os glucanos apresentaram
potencial antioxidante, atuando na eliminacao de radicais livres 2,2-difenil-1-
picrilhidrazil (DPPH). Além disso, foi identificada a capacidade de estimular a
secre¢do das citocinas TNF-a, IL-6 e IL-10 em macréfagos derivados da medula
ossea (BMDMs), exercendo sua atuagao em vias inflamatorias. Da mesma maneira,
outro estudo avaliou a atividade imunoestimulatoria de exopolissacarideos (EPS)
contendo [B-(1,3)-glucano de cogumelos comestiveis semelhantes ao Auricularia
auricula em BMDMs de camundongos infectados com Cryptococcus neoformans,
um fungo responsavel por micoses graves em imunocomprometidos (Basso et al.,
2020). Os resultados indicam que os EPS contendo B-(1,3)-glucanos exercem forte
atividade imunomoduladora: ativando macrofagos e células dendriticas via receptor
Dectina-1. Além disso, o tratamento induz repolarizacdo de macrofagos para um
perfil pré-inflamatorio, aumentando a produgdo de 6xido nitrico e a capacidade
microbicida contra C. neoformans. Adicionalmente, observou-se maior transcri¢ao
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de genes associados a protecdo do hospedeiro e melhoria significativa da
sobrevivéncia de camundongos infectados apos administragdo oral de EPS. Esses
achados destacam a experiéncia do grupo de pesquisa no estudo com B-glucanas, além
de reforgar em especial o potencial de B-glucanas como objeto de estudo no combate

a infecgoes.

O estudo com produtos naturais, em especial B-glucanas, tem se mostrado cada
vez mais importante, sugerindo uma estratégia promissora no combate a infecgdes,
especialmente pelos papéis desempenhados na defesa, atividade anti-inflamatoria e
na modulag¢ao clinica da resposta imune do hospedeiro, possibilitando novos usos e o
desenvolvimento de novas terapias de intervencdo na sepse. Portanto, o presente
estudo buscou aprofundar o conhecimento sobre os efeitos das -glucanas no contexto
da sepse, avaliando sua capacidade de modular a resposta imune de maneira a reduzir
a inflamagdo exacerbada e melhorar os avangos clinicos. A melhor compreensao
desses mecanismos podera contribuir para o avango de estratégias terapéuticas mais

eficazes e menos dependentes de intervengdes convencionais.

FUNDAMENTACAO TEORICA
2.1. SEPSE
2.1.1. O conceito de sepse

Inicialmente, a definicdo de sepse estava fortemente associada a sindrome da
resposta inflamatoéria sistémica (SIRS). A primeira defini¢do foi descrita em 1992 por
especialistas do American College of Chest Physicians/Society of Critical Care
Medicine (ACCP/SCCM) e baseava-se na suspeita de infec¢do, com a presenga de no
minimo 2 critérios da SIRS. Os critérios estabelecidos para SIRS eram: febre
(temperatura corporal > 38°C) ou hipotermia (temperatura corporal < 36°C),
taquipneia (frequéncia respiratoria > 20 incursdes respiratdrias por minuto) ou
pressao parcial de dioxido de carbono (PaCO.) <32 mmHg (4,3 kPa), ou taquicardia
(frequéncia cardiaca > 90 batimentos por minuto), neutrofilia (contagem de leucocitos
> 12.000/mm?) ou neutropenia (contagem de leucdcitos < 4.000/mm?), ou presenca
de mais de 10% dos neutrofilos circulantes no sangue periféricos imaturos. Além
disso, as formas mais graves, como a sepse grave ¢ o choque séptico, foram definidas
como: sepse grave € a “sepse associada a disfungdo organica, anormalidade de

hipoperfusdo (acidose lactica, oliglria e alteragdo aguda do estado mental) ou
13



hipotensao induzida por sepse”. E choque séptico € a “hipotensao induzida por sepse,
persistindo apesar da ressuscitagdo fluidica adequada, juntamente com a presenca de

anormalidades de hipoperfusao ou disfuncdo orgéanica” (Bone et al., 1992).

Entretanto, apesar de todos os esforcos para definir e diagnosticar corretamente a
sepse, a primeira definicdo destacava a ocorréncia inflamatéria, mas nao entendia a
complexidade do choque séptico e da disfungdo organica. Sendo assim, ela ndo foi
suficiente para distinguir os pacientes sépticos dos que apresentavam resposta
inflamatéria normal, ou de origem nao infecciosa. Dada a necessidade de melhor
entender a fisiopatologia da sepse, em 2003, a defini¢ao foi ampliada para incorporar
critérios extras e um foco mais acentuado na disfuncao organica. Por defini¢do, sepse
ainda continuava como uma resposta inflamatoria sist€émica a infecgcdo, mas
indicadores clinicos e laboratoriais foram introduzidos com o intuito de simplificar o
diagnéstico de sepse (Levy et al., 2003). Contudo, a defini¢do ainda estava presa ao
conceito de SIRS, que nem sempre estd presente em pacientes sépticos e pode surgir

em situagdes nao infecciosas, como traumas, pancreatite ou queimaduras.

Por fim, a terceira e mais recente definicdo de sepse foi uma reformulagdo, que
redefiniu completamente o conceito de sepse, abandonando o uso de SIRS como
critério principal. Em 2016, a Society of Critical Care Medicine (SCCM) e European
Society of Intensive Care Medicine (ESICM) conduziram O Terceiro Consenso
Internacional de Defini¢des para Sepse e Choque Séptico (Sepsis-3), que definiu
sepse como ‘“‘disfuncdo organica com risco de vida causada por uma resposta
desregulada do hospedeiro a infeccdo” e choque séptico como “um subconjunto de
sepse em que anormalidades circulatdrias e celulares/metabdlicas subjacentes sdo
profundas o suficiente para aumentar substancialmente a mortalidade” (Singer et al.,
2016). Além disso, também foi incluido como critério principal para diagnostico de
sepse o uso do escore SOFA (Sequential Organ Failure Assessment). O diagnostico
de sepse pode ser reconhecido por uma alteragdo na pontuagdo SOFA total >2 pontos,

resultante da infec¢do, seguindo a Figura 1.
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Tabela 1.0- Pontuacio de avaliacio de falha de érgio sequencial [relacionada & sepse]. Critério SOFA
(originally the Sepsis-related Organ Failure Assessment) predispée pontuacio de 0-4.

SISTEMAS/ORGAO PONTUACAO
0 1 2 3 4
RESPIRACAOQO
=
Pa0 1 /FO; (mmHg) =400 <400 <300 <200 <100
CARDIOVASCULAR ) )
Dopamina Dopamima
Doses de PAM Dopamina <5 ou :’l.u;:;ﬁ?ﬁ . bhllszilula
(mmHg) e PAM > 70 MAPA < 70 dobutamina E':D L on E_ﬂ -
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Escala de coma de 15 13-14 10-12 6-0 <6
Glasgow
RENAL
Creatinina (mg/dL) =12 1.2-19 20-34 3549 =30
RENAL
Débito unnano (mL/d) <300 <200

Figura 1. a- Adaptado de Singer et al., 2016, b- As doses de catecolaminas sdo calculadas como ug/kg/min
durante pelo menos 1h. Abreviaturas: PaO2 = pressdo parcial de oxigénio,; FiO2 = fragdo inspirada de oxigénio;
PAM = pressdo arterial média.

Para evitar atraso no tratamento e agilizar o diagnostico de pacientes em leitos
hospitalares ou interna¢des de urgéncia, foi desenvolvido o Quick SOFA (qSOFA),
uma versao simplificada do escore SOFA que estabelece critérios basicos para o
diagnostico de pacientes adultos. Os critérios para o qSOFA sdo: frequéncia
respiratoria >22/min, mentalidade alterada e pressdo arterial sistélica <100 mmHg. E
importante ressaltar que qSOFA nao define a sepse, mas possibilita a detecgdo rapida
de pacientes com potencial risco de sepse, uma vez que sinaliza um risco elevado de

piora clinica.
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2.1.2. Tratamento

O tratamento inicial ¢ feito de forma empirica com o uso de antimicrobianos de
amplo espectro, com o objetivo de eliminar os possiveis patogenos causadores da
infeccdo, seguido da reposi¢ao de fluidos (cristaloides) e administracdo de agentes
vasoativos (noradrenalina), a fim de estabilizar a pressdo arterial e aumentar as
chances de sobrevivéncia do paciente em situacdes mais criticas (Evans et al., 2021;
Guarino et al., 2023; Vincent, 2022). Dito isso, o manejo de pacientes sépticos
envolve trés aspectos principais: o controle da infec¢ao subjacente, a estabilizagao
hemodindmica e a modulagdo da resposta do hospedeiro. Guias como o "Surviving
Sepsis Campaign: International Guidelines for Management of Sepsis and Septic
Shock 2021" e 0 "Guia Prético de Terapia Antimicrobiana na Sepse - Instituto Latino
Americano de Sepse (ILAS)" oferecem recomendacdes abrangentes para clinicos no
manejo da sepse, auxiliando na padronizacdo do tratamento, com orientacdes
especificas para administracdo de antimicrobianos e terapias de suporte, além de
abordar estratégias para ajustes do tratamento com base nos resultados

microbioldgicos e na evolucao clinica do paciente.

As orientagdes do ILAS destacam a importancia da administracdo imediata de
antimicrobianos, por via endovenosa, o mais rapido possivel, preferencialmente
dentro da primeira hora ap6s o diagnostico. Concomitante a isso, devem ser coletadas
amostras microbioldgicas para identificar o patéogeno e direcionar a terapia,
entretanto, o inicio do tratamento ndo deve ser atrasado enquanto se aguarda pelos
resultados microbiologicos. Além disso, pacientes com sinais de hipoperfusdo devem
ser submetidos a ressuscitacdo hemodinamica, utilizando cristaloides para restaurar a
perfusao e estabilizar os parametros hemodinamicos. As diretrizes do ILAS também
solicitam atencdo aos fatores de risco para patdogenos resistentes, como internagdes
hospitalares recentes, uso de dispositivos invasivos € exposicao prévia a antibidticos,
visto que pacientes com historico de infecgdes hospitalares ou exposigdo prolongada
a antibidticos apresentam maior risco de infecgdes por microrganismos
multirresistentes, e portanto, nesses casos, pode ser necessaria a combinagdo de
terapias antimicrobianas especificas. Vale ressaltar que apenas parte das orientagdes
sdo apresentada aqui, o guia atualizado aborda de forma completa os fatores a serem

considerados no manejo da sepse, com o auxilio de tabelas de terapia antimicrobiana
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otimizada para adultos e criangas, incorporando indicagao de doses, dilui¢des e
interagdes medicamentosas. As orientagdes estdo disponiveis de forma integral no

Guia Pratico de Terapia Antimicrobiana na Sepse (ILAS, 2021).

As diretrizes internacionais para o manejo da sepse € do choque séptico de 2021
(Evans et al., 2021), assim como o ILAS, destacam a importancia da identificagdo
antecipada e o tratamento adequado nas horas iniciais ap6s o desenvolvimento da
sepse como melhora do prognostico do paciente. Porém, diferente de outras
recomendacdes, o guia em questdo orienta suspender o uso de antimicrobianos de
forma empirica, em caso de infeccdo ndo confirmada, e reavaliar/buscar
continuamente diagnoésticos alternativos, para maximizar as chances de pacientes
infectados receberem terapia antimicrobiana otimizada e pacientes nao infectados
evitarem terapia ndo recomendada. Vale lembrar que as instru¢des disponiveis nesses
documentos ndo substituem a capacidade de tomada de decisdo do clinico, elas
servem como orientagdes para os profissionais que atuam em leitos hospitalares no

tratamento dessa condicao tao desafiadora que ¢ a sepse.

2.1.3. Imunossupressao induzida por sepse

Pacientes com sepse apresentam diferentes estagios da disfuncdo organica.
Inicialmente, a sepse desencadeia uma resposta inflamatdria intensa mediada pela
liberacdo macica de citocinas pro-inflamatdrias, conhecida como tempestade de
citocinas, podendo resultar em lesdes teciduais e disfuncdo de multiplos 6rgaos
(MODS) (Carcillo & Shakoory, 2024). No entanto, ela também ¢ marcada por um
estagio de imunossupressdo, caracterizado por liberacdo de citocinas anti-
inflamatorias, alteracdes metabolicas nos leucocitos, morte de células efetoras e
alteragdes na expressao genética que comprometem as funcdes das células
imunoldgicas (Torres et al., 2022). A continuidade deste cendrio de imunossupressao
predispde os pacientes a infecgdes oportunistas e complicagdes graves, aumentando

a morbimortalidade a longo prazo.

Torres e colaboradores (Torres et al., 2022) fornecem uma visdo geral dos
mecanismos envolvidos na imunosupressdo induzida por sepse, representados na
Figura 2. O inicio da sepse ¢ desencadeado pela interagdo entre receptores de

reconhecimento de padrao (PRRs) e padrdes moleculares associados a patogenos
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(PAMPs) ou associados a danos (DAMPs). A interagdo ativa o sistema imunolégico,
promove o recrutamento de leucécitos e liberagdo de mediadores inflamatorios que,
em pacientes sépticos, podem ser excessivos, contribuindo para os agravamentos
citados anteriormente. Além disso, alteragdes transcriptomicas, modificacdes
epigenéticas e disfungdes metabolicas nas células imunes sao observadas durante esse
processo. Simultaneamente, sdo ativados mecanismos anti-inflamatorios, muitas
vezes como uma resposta contra a inflamagdo inicial. Esta etapa ¢ marcada por
anergia celular, apoptose e/ou prejuizo na fungdo efetora de linfocitos T e B, com
aumento na expressao de moléculas inibidoras de checkpoints (ex: PD-1, PD-L1,
CTLA-4), reprogramagdo de mondcitos e macréfagos por alteragdes epigenéticas,
entre outras disfungdes. Além disso, alguns agentes administrados em pacientes
sépticos podem agravar a imunossupressdo, como a norepinefrina, utilizada para
estabilizacdo hemodinamica, e hidrocortisona, para controle da inflamagdo. Esses

agentes tém sido associados a maior persisténcia desse estado imunossuprimido.

Mecanismos de Imunossupresséao Induzida por Sepse
sepse Terapias que Infl iam Negati a

Fungéo Imunoldgica

Noradrenalina

Fendtipo Anti-inflamatério /

PAMPs I"‘P’"’f‘l:"“’“““é“"“ imunossupresséo
Imunolagicas .
e —_ r'espusta . —»  AlteragbesTranscriptomicas ——  Anergia Celular — Induzida por
DAMPs pro-inflamatdria Modificacéio Epigenética Sepse
Disfuncao Metabélica
\ Morte da célula /. 3 q
,,;mmmgica Hidrocortisona
Caracteristicas: Caracteristicas:
- Mudanca metabélica de fosforilacio oxidativa para glicélise aerébica - Diminuigdo da expressdo de genes que codificam citocinas pré-inflamatdrias.
(Efeito Warburg). - Aumento da expressdo de genes que codificam citocinas anti-inflamatdrias.

- Expressao e producdo de citocinas pré-inflamatdrias.
- Producdo de EROs (Espécies Reativas de Oxigénia).
- Ativacdo do sisterma nervoso autdnomo.

- Dimetilagdo da histona 3 lisina 9 (H3K9me2).

- Mudanca de células Th1 para Th2

- Expansao de linfacitos T reguladores (Treg)

- Defeitos nas principais vias metabdlicas: glicélise, fosforilagdo oxidativa e B-oxidagdo.

Figura 2. Mecanismos de imunossupressdo induzida pela sepse. Adaptada de Torres et al., 2022.
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2.2. B-GLUCANAS
2.2.1. Primeiros relatos

E provavel que o uso de polissacarideos como agentes imunomoduladores date da
década de 1940, com os estudos de Shear e colaboradores (Shear et al., 1943). Neste
estudo foi descrito uma substancia, oriunda de culturas de Serratia marcescens, e que
apresentava atividade antitumoral. Essa substincia veio a ser conhecida como
polissacarideo de Shear. Alguns anos depois, Srivastava e colaboradores (Srivastava
et al., 1962), caracterizaram o polissacarideo de Shear como uma mistura
polissacarideos com a cadeia principal consistindo de unidades de d-glicose e d-
manose unidas por ligacdes glicosidicas (1—3), com a ressalva de que ndo fora
descartado completamente a possibilidade da presenca de uma mistura de uma

glucana e uma manana no complexo polissacarideo celular.

Com o passar do tempo, novos agentes imunomoduladores foram surgindo, e entre
eles as B-glucanas. O estudo com B-glucanas teve inicio nos Estados Unidos da
América (EUA), com base nos estudos do zymosan, e no Japao, com o consumo de
cogumelos medicinais. Nos EUA, Pillemer & Ecker (Pillemer & Ecker, 1941)
investigaram o zymosan, um polissacarideo oriundo de isolados da parede celular de
Saccharomyces cerevisiae. Outros estudos que vieram posteriormente, como o de Di
Luzio & Riggi (Di Luzio & Riggi, 1970) e Williams e colaboradores (Williams et al.,
1980) também sao considerados pioneiros e foram de extrema importancia no estudo
com B-glucanas. No Japao, o surgimento de B-glucanas estava fortemente associado
a medicina tradicional, com o consumo de cogumelos medicinais, como shiitake,
maitake, entre outros. Chihara e colaboradores (Chihara et al., 1969), isolaram o
lentinan, uma B-glucana oriunda do cogumenlo shiitake (Lentinula edodes) que
apresentou atividade antitumoral em camundongos inoculados com sarcoma. Os
estudos em questdo serviram de base para investigagdes posteriores que levaram a
caracterizac¢ao de -glucanas. Portanto, € possivel que estes sejam os primeiros relatos

documentados sobre os efeitos associados a esses polissacarideos.
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2.2.2. Caracterizacio e Fontes das f-glucanas

B-glucanas sao polissacarideos formados por mondmeros de glicose unidos por
ligagdes glicosidicas B (beta) (Synytsya & Novak, 2014). A estrutura linear central ¢
formada por mondmeros de B-1,3 glicose, e devido a possibilidade de variagdes no
seu comprimento de ramificagdo principal, ligagdes e padrdes de ramificagdo, uma
diversidade de moléculas de B-glucanas sdo formadas, desempenhando diferentes
atividades biologicas (Murphy et al., 2021). Este grupo de moléculas geralmente ¢
obtido a partir da parede celular de fungos, leveduras, cereais e bactérias (Kaur et al.,
2020), e dada a diversidade estrutural de B-glucanas, as classificacdes sao
amplamente baseadas na estrutura, pois os B-glucanas de fonte cereal apresentam

estrutura diferente daqueles de fontes nao cereal.
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0.0
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Figura 3. A estrutura quimica do p-glucano de diferentes fontes. (4) f-glucano de bactérias; (B) f-glucano de
cereais ou liguenes; (C) p-glucano de algas marinhas; (D) f-glucano de fungo ou levedura; (Kaur et al., 2020)

Conforme demonstrado na Figura 3 por Kaur e colaboradores (Kaur et al., 2020),
as B-glucanas diferem em sua estrutura quimica dependendo da fonte: Cereais, como
a aveia e cevada, possuem f-glucanas compostas principalmente por ligacdes B(1—3)
e B(1—4), sem a presenga de ligacdes B(1—6) (Gupta et al., 2010; Johansson et al.,
2000). Leveduras, como Saccharomyces cerevisiae apresentam [-glucanas com
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cadeias lineares (1—3) e longas ramificagdes unidas por ligacdes f(1—6) (Manners
et al., 1973). Fungos contém B-glucanas com cadeias lineares de f(1—3) e curtas
ramificagdes unidas por ligacdes f(1—6) (Han et al., 2008; Manners et al., 1973).
Bactérias, como Agrobacterium biobaris, possuem B-glucanas com cadeias lineares
B(1—3)-D-glucano, sem ramificacdes (Mclntosh et al., 2005). E algas marinhas,
como os kelps marrons do género Laminaria, podem apresentar f-glucanas de cadeias
B(1—3) lineares ou com ramificagdes P(1—6), dependendo da espécie (Bonfim-

Mendonga et al., 2017; Teas, 1982).

2.2.3. Ligantes, Sinalizacio e Atividade Biologica

No sistema imunologico, as [-glucanas interagem com receptores de
reconhecimento de padrao (PRR) especificos, como o receptor de complemento 3
(CR3) (Xia et al., 1999), a Dectina-1 (Brown et al., 2003; Herre et al., 2004) e TLR-
2/6 (Schorey & Lawrence, 2008), induzindo resposta imunologica protetora. A
Dectina-1 ¢ um receptor transmembrana tipo II, que compde a familia das lectinas
tipo-c (CLRs) (Bauer & Steinle, 2017). Inicialmente, esse receptor foi descrito como
o principal receptor de B-glucanas em macréfagos (Brown et al., 2003; Brown et al.,
2002), entretanto existem uma série de ligantes endégenos e exdgenos com relevancia

fisiologica em diferentes patologias, conforme demostrado na Figura 4.
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Ligand Structure Pathology Recognized by Physiological relevance References
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Figura 4. Ligantes de Dectina-1 (Mata-Martinez et al., 2022).

Além de B-1,3-glucanas com ramificagao -1,6 constituirem os principais ligantes
da Dectina-1, outras moléculas, tais como: Galectina-9, Annexinas, Vimentina,
Tropomiosina e N-glicano, se ligam a esse receptor, participando do desenvolvimento
de patologias como doengas autoimunes, cancer, aterosclerose, obesidade, alergias
entre outras (Bode et al., 2019; Gour et al., 2018; Weyd et al., 2013; Yang et al., 2021;
Yang et al., 2008).
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Figura 5. Sinalizag¢do da Dectina-1 mediante a ligagdo por f-glucana. A p-glucana é reconhecida por dectina-1, que
entdo é fosforilada em seu dominio hemITAM, facilitando o encaixe para Syk. A cascata de sinalizagdo de Syk engloba
o complexo proteico CARDI/BCL10/MALTI e PI3K/AKT, resultando na ativa¢do de NF-xB e produ¢do de TNF-a e
IL-6. E por meio de PLC-y2, resulta na ativagdo de NFAT, impulsionando a produgdo de IL-2.

Ap6s a ligacao de B-glucanas, a Dectina-1 desencadeia uma cascata de sinalizagao
ativando vias dependentes de Syk, que incluem o complexo CARD9/BCL10/MALT1
e PIK3/AKT, resultando na ativagdo de NF-kB e producdo de citocinas pro-
inflamatérias (como TNF-a e IL-6). Além disso, a cascata de sinalizagdo leva a
ativacdo de NFAT, culminando na produgao de IL-2 (Figura 5) (Mata-Martinez et al.,
2022). Adicionalmente, o estimulo inicial induz mudangas epigenéticas,
possibilitando maior acessibilidade a cromatina e as histonas, como a H3K27ac,
H3K4mel e H3K4me3 (Wang et al, 2024), resultando em estado de maior
responsividade de longo prazo em células imunes inatas, conhecido como imunidade
treinada — um estado de memoria funcional da imunidade inata que amplifica
respostas a estimulos secundarios (Cheng et al., 2024). No contexto da sepse, a
modulacdo da via da Dectina-1 por B-glucanas pode equilibrar a resposta imune,
evitando sintomatologia desencadeadas pela sepse, isso ocorre porque a sinalizagao

via Dectina-1 pode regular a produ¢do de mediadores inflamatorios (Wang et al.,
23



2024). Dessa forma, a ativagdo controlada desse receptor por B-glucanas, como as
derivadas de 4. auricula, pode representar uma estratégia terapéutica promissora para

modular a resposta imune em condigdes criticas, como a sepse.

Além dos efeitos biologicos descritos anteriormente, as B-glucanas possuem
também efeitos como: redugdo nos niveis de colesterol (Behall et al., 1997; Keogh et
al., 2003; Whitehead et al., 2014), efeito antitumoral (Akramiene et al., 2007;
Lemieszek & Rzeski, 2012) e efeito imunomodulador. Um estudo demonstrou que
uma B-glucana de levedura melhora as respostas antitumorais das células NK (natural
killers) contra cancer, ao modular o perfil fenotipico de macréfagos (Zhu et al., 2023).
Além disso, também ja foi descrito o papel de B-glucanas na defesa contra infecgoes
bacterianas: Moorlag e colaboradores (Moorlag et al., 2020), demonstraram que o
tratamento com [-glucana aumenta a atividade antimicrobiana de mondcitos
humanos e aumenta a resisténcia de camundongos a infec¢do por Mycobacterium
tuberculosis. Ainda no contexto de infecgdes, a administracdo de glucanas também
demonstrou efeitos protetores contra Leishmania major (Al Tuwaijri et al., 1987),
Staphylococcus aureus (Liang et al., 1998), Trypanosoma cruzi (Williams et al.,

1989) e outros agentes etiologicos.

Esta vasta variedade de fungdes bioldgicas evidencia a importancia do estudo com
B-glucanas em 4reas como a saide humana e a biotecnologia. Além disso, a
capacidade das B-glucanas de interagir com PRRs e modular a resposta imunolodgica
faz delas potenciais agentes terap€uticos no desenvolvimento de novas estratégias
para condigdes como a sepse, que requer uma abordagem capaz de modular a resposta

imunolégica do paciente.
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3. OBJETIVOS
3.1. GERAL

Investigar o efeito do tratamento com B-glucana de Auricularia auricula em

modelo de infecgdo sistémica do tipo sepse letal polimicrobiana.

3.1.1. ESPECIFICOS

e Apurar o efeito do tratamento profilatico de B-glucana sobre a

migragao e prolifera¢do de leucdcitos;

e Quantificar a celularidade nos o6rgaos linfoides e no foco

infeccioso;
e Investigar o perfil de citocinas em animais com ou sem infec¢ao;
e Averiguar as possiveis alteragdes histopatoldgicas no pulmao;

e Investigar o efeito do tratamento profilatico sobre a disseminacao
bacteriana in vivo;

e Acompanhar a sobrevida dos animais tratados com a B-glucana;

4. CAPITULOS

Os dados obtidos neste estudo embasaram a construcao de dois produtos:

I.  Artigo de revisdo publicado na revista Journal of Immunology
Research, intitulado: “Glucans: A Therapeutic Alternative for Sepsis
Treatment”. Fator de Impacto do Periddico em 2023 (Clarivate): 3.5.
CiteScore em 2023 (Scopus): 6.9. Qualis A3 (Quadriénio 2017-2020).

II.  Artigo em processo de submissdo, na revista International Journal of
Food Sciences and Nutrition, intitulado: “Auricularia auricula’s
polysaccharides confers protection in murine Sepsis via Immune
Modulation”. Fator de Impacto do Periddico em 2024: 3.3. CiteScore
em 2024 (Scopus): 7.1. Qualis A2 (Quadriénio 2017-2020).
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Sepsis treatment is a challenging condition due to its complexity, which involves host inflammatory responses to a severe and
potentially fatal infection, associated with organ dysfunction. The aim of this study was to analyze the scientific literature on the
immunomodulatory effects of glucans in a murine model of systemic infection induced by cecal ligation and puncture. This study
comprises an integrative literature review based on systematic steps, with searches carried out in the PubMed, ScienceDirect,
Scopus, Web of Science, and Embase databases. In most studies, the main type of glucan investigated was ff-glucan, at 50 mg/kg,
and a reduction of inflammatory responses was identified, minimizing the occurrence of tissue damage leading to increased animal
survival. Based on the data obtained and discussed in this review, glucans represent a promising biotechnological alternative to
modulate the immune response and could potentially be used in the clinical management of septic individuals.

1. Introduction

Sepsis is a global public health problem, causing an estimated
11 million deaths annually [1]. Despite a decrease in its inci-
dence and mortality rates, sepsis remains one of the main
contributors to decline in health on a worldwide scale, affecting
almost 50 million individuals globally [2]. Sepsis can develop
from bacterial, viral, fungal, or parasitic infections [3], and it is
characterized by a deregulated inflammatory response to an
infection, culminating in multiple organ dysfunctions. Cur-
rently, the most widely used therapeutic interventions for sepsis
aim to controlling the infectious agent through the administra-
tion of antimicrobials, combined with supportive approaches,
such as fluid resuscitation. Individual immunomodulatory
treatments have been used and were able to reduce mortality

in some but not all patients including IFN-y, GM-CSF, IL-7,
PD-1 antagonists, cannabinoids, thymosin a-1, PMX-HP, IL-6
inhibitors, and IL-1/ antagonists [4]. Thus, there is a constant
search for immunomodulators motivated by the lack of specific
drugs to treat patients with sepsis. In this context, investigations
of new therapeutic strategies, such as f-glucan, a natural com-
pound that is abundant in nature and has immunomodulatory
propetties, remain a focus [5, 6].

Glucans are a group of natural polysaccharides with wide
structural diversity, found in various sources, such as cereals,
mushrooms, and yeasts. Their consumption has been linked
to anticancer [7], antidiabetic [8], and immune system stim-
ulatory [9] activities, as well as to the treatment of infections
[10] and sepsis [11]. #-Glucans are structurally described as
D-glucose polymers joined via f-glycosidic bonds [12].
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Despite the diversity of available sources for the extraction of
f-glucans, the most widely investigated are the fruiting bod-
ies of different types of mushrooms, notably yielding (1 — 3) and
(1 = 6)-f-glucans [13]. The immunomodulatory activity of glu-
cans occurs mainly through the stimulation of immune cells via
pattern recognition receptors (PRRs), such as Toll-like receptors
(TLRs), complement receptor-3 (C3), and receptor for glucans
on dendritic cells (dectin-1) [14].

Dectin-1 is the most well-studied receptor for #-glucans,
originally described as the “f-glucan receptor expressed on
myeloid cells, playing essential roles in immune responses
against fungi” [15]. It is a glycoprotein that has a carbohy-
drate recognition domain, allowing it to identify glucans
[16]. This receptor is mainly expressed on cells of myeloid
origin, such as dendritic cells, macrophages, and neutrophils,
although its expression has been also observed on cells of
lymphoid origin, such as T and B lymphocytes [17]. Ni et al.
[18] demonstrated that the interaction of a monoclonal anti-
body (mADb) anti-dectin-1 with dectin-1 receptors induces
dendritic cells to stimulate CD8" T lymphocyte responses.
As a result of this interaction, a positive regulation of costi-
mulatory molecules and secretion of cytokines and chemo-
kines, leading to increased antigen presentation, activation,
and expansion of CD8" T cells, were observed [14]. Similar
effects on CD8" T cells were attributed to ff-glucans [19].

Although the biological effects of f-glucan exposure are
not yet fully understood, the literature suggests these polysac-
charides are strong stimulators of the immune system.
Recently, f-glucans were found to have the ability to induce
trained immunity. Indeed, this group of molecules can stim-
ulate innate immune responses by acting on cells such as
neutrophils, monocytes, and macrophages, resulting in repro-
gramming of their metabolic and epigenetic states. Once the
body is exposed to a second stimulus with f-glucans or other
infectious challenges, an amplified innate immune response
results, translating into the enhanced recruitment of immune
system cells. This contributes to a more effective eradication
of invading pathogens and consequently improves the ability
of the body to fight the infection and survive [5].

In summary, the study of glucans has become increasingly
important, especially because of their immunomodulatory effects.
Research has demonstrated their protective properties against the
lung damage caused by sepsis, evidenced by a reduction in the
percentages of neutrophils and lymphocytes in the bronchoalveo-
lar lavage [20], and increased survival rates in septic animals [21].

The aim of this integrative review is to describe the immu-
nomodulatory potential of glucan treatment by focusing in a
murine model of sepsis induced by cecal ligation and punc-
ture. At the end of this review, we provide a comprehensive
understanding of the biotechnological potential of glucans
from a clinical perspective in order to provide with informa-
tion for both healthcare professionals treating patients with
sepsis and researchers seeking better therapeutic approaches.

2. Materials and Methods

An integrative literature review was developed to provide an
extensive analysis of the potential of glucans to treat sepsis.

Journal of Immunology Research

The steps followed to construct this review were as follows:
identification of the topic and elaboration of the guiding
research question; selection and extraction of data; categori-
zation of studies; data analysis; synthesis of results; and pre-
sentation of the integrative review [22]. We developed the
research strategy following the PICO strategy, using the
guidelines of the Joanna Briggs Institute (JBI), an acronym
where “P” represents the population (glucan), “I” the interest
(cecal ligation and puncture), and “CO” the context (sepsis).
We thus obtained the following guiding question, from
which we selected keywords for the database search: “What
is the scientific evidence related to the effects of glucans in a
model of cecal ligation and puncture in septic conditions?”

To find relevant studies, five databases were searched,
PubMed, ScienceDirect, Scopus, Web of Science, and Embase;
these were chosen because of their wide coverage and impor-
tance in the research area. The searches were conducted using
keywords and descriptors controlled by Medical Subject Head-
ings (MeSH) and the noncontrolled terms “glucan,” “sepsis,”
and “cecal ligation and puncture,” along with the Boolean
operators “AND” and “OR,” adapting them to each specific
database when necessary.

The Rayyan platform was used to organize the articles
obtained and to help excluding duplicated articles and
reviews [23]. The inclusion criteria considered only studies
that addressed the effects of f-glucans in sepsis models of
cecal ligation and puncture. Studies published in English and
available in full were included. Articles that did not include
all the proposed descriptors were duplicates and narrative,
integrative, or systematic reviews, and meta-analyses were
excluded from the current review, as well as theses, disserta-
tions, and unavailable articles. We used an adaptation of the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) flowchart to describe the stages of article
selection [24]. The data were collected based on the following
information: year of publication, title, objective, type of
study, type of glucan, dose, route of administration, treat-
ment schedule, and conclusions. After extracting the data,
the immunomodulatory and therapeutic potential of f-
glucans was considered for a clearer understanding of the
topic.

3. Results

Following the searches in the databases, 476 studies were
identified. Of these, 76 duplicates were excluded, leaving 400
studies. Then, 372 studies were excluded either for having
missing descriptors or being review articles. After screening,
28 studies were selected to be read in full, with 11 of them being
removed for being either out of context or unavailable in full.
Therefore, 17 articles were included in this review (Figure 1).

To clarify the immune mechanisms associated with glu-
can treatment, the most relevant aspects observed in the
studies were summarized (Table 1). Based on the data
extracted after reading the selected articles and after analysis
of Table 1, a figure was generated in order to illustrate the
mechanisms of action of glucans in the immune and inflam-
matory responses (Figure 2).
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Figure 1: Article selection flowchart (adapted from PRISMA 2020 flowchart).

According to the selected studies, the modulatory actions
of the glucans are mainly due to their abilities to reduce
proinflammatory cytokines and the activity of enzymes
directly linked to the inflammatory process including mye-
loperoxidase, preventing multiple organ failure and increas-
ing the survival of septic animals (Figure 2).

4. Discussion

p-Glucan was the main type of glucan studied among the
selected articles (88.2%). f-Glucans are polysaccharides widely
present in the cell wall structure of various plants and micro-
organisms, and they have a high affinity for receptors linked to
the immune response in mammalians. These macromolecules
are formed through the union of smaller monosaccharides, via
glycosidic bonds, and play a fundamental role in the structure
of the cell wall of the organisms in which they are present.
Glucans are subject to the action of various enzymes responsi-
ble for generating the bonds that join the smaller units of
monosaccharides and that participate in the construction and
conformation of the polysaccharide [39]. This is an important
factor since various studies have described how the chemical
structure of glucans is directly related to their biological
activity [40].

The characteristic glycosidic bonds of these molecules are
related to their origin and bioactivity. The j-glucans isolated
from fungi have a 1—3 bond with branches at 1—6,
whereas those isolated from cereals, such as wheat, oats,
and rice, have bonds at 1 — 3 and 1 — 4 and have long linear
chains [41]. The positions of these bonds have a direct effect

on the biological activity of f-glucans, with the 1 — 3 bond
being most associated with strong immune responses,
whereas the 1 — 4 bond is associated with a lower or no
immune responses [40]. Among the selected articles, six
[26, 27, 28, 29, 30, 35] specified the use of (1 — 3)-f-glucan
with associated increases in IL-10 [26] and IL-6 [26], reduc-
tions of TNF-a [27, 35] and IL-6 [27, 35], and increased
survival rates [27, 30, 34, 35]. These effects prevented cardiac
dysfunction and inhibited cardiomyocyte apoptosis [28],
reducing TLR4 expression [29], NF-kB activity [29], and
cytoplasmic levels of HMGBI1 [29], in addition to decreasing
myeloid suppressor cells [35]. Meanwhile, two studies
[36, 37] reported that 1 — 3-1— 6-f-glucans are associated
with a reduction in zinc and copper levels [36] in the liver,
lung, kidney, heart, and diaphragm; a reduction in TNF-a
[37] and MDA [37] levels; and a reduction of neutrophil
infiltration in all tissues investigated such as the lung, heart,
liver, kidney, diaphragm, and brain [37].

Among the articles included in the review, only one eval-
uated the activity of a-glucans in a model of sepsis [35]. The
a-glucan YCP isolated from the fungus Phoma herbarum
showed significant immunomodulatory activities, reducing
inflammatory cytokines, such as IL-6 and serum TNF-a, in
septic mice and regulating the frequency of myeloid suppres-
sor cells [42]. The a-glucans synthesized by fungi have com-
plex structures and different glycosidic, and although there
are more studies on the bioactivity of f-glucans, a-glucans
isolated from the walls of fungi have shown immunomodula-
tory activity similar to that of #-glucans, as well as antitumor
activity after modifications to improve their solubility [43].

28

891 suoUIOn) AAnEa1) A[qrotidde a1 £q PALIAAOS A SAIIE YO 125N J0 ST 10] KMIQET AUIUQ £3[1A U (SUONIPUO?-PUR-SULID A0 K[y KIIqIauIfHO//: ANy ) SUOMIPUO,) pub SWI] M) 99§ (FZ07/L0/81] 10 AIIqr] auruey K211 SV AQ L6T9,89/Z0T/SS [ 101/10p/0a Ko Aeaqupouriuoyysdiny woiy paprofusod *1 4707 091



1607, 2024 1, Downloaded from htps:/fon

ibrary.wiley com/doif10.1155/2024/6876247 by CAPES, Wiley Online Library on [18/07/2024]. See the Terms and Conditions (https:/fonlinelibrary wiley.com/terms-and-conditions) on Wiley Online Library for rules of use: OA articles are governed by the applicable Creative Commons License

(4vysip| appur :spoa) (O ‘SmoT 1§

=
2
<
51
o
51
o~
y [e€] 2100§ UOISAYPE aANBWND 1 sso[ 1ySopm T JTD JO uononpur 1y NI (3y) Swr g Aapreq pue [ea1ad Jue[J
© : : N ’ : oAl uf ‘earwayy ewdig) ueonn-(-¢
[} -
= . . 410 Jo (asH/DI (oreydsoyd 0ISI2420 S
m [ze] Anoe Neld | 2,00 4q peaiaing | uonINPUI 210§2q Iy | dl (B S op DU [aIMULY OMIA U] ueon(3) ueon[n-q-(€ < 1) qseak ‘ws1ueSI0001N
.Im. uean(d Hong 03 asuodsai ay) pareSoiqe :Awoioatiea0 o 5 :EM&“:P‘MW Lo (N “ueSeq) 2015142420 °§ ‘Uurens
B [1€] Aoy ur NgD T 0111 pue (9-11) 9-upfnapyut 1 porrd — © ujﬁ__wm . dl (®) Swor e _M_ 5 SWQ. (DDd-swadur) 1584 JURUIQUOIIUOU
= Aep-Q1 ® 1940 [PAIAINS | :[EWd] 1 {7 A[UO [AIAINS | B[R]y HenpuL e AT o :w > :w ) onia up ueon(d Hng uesno)-g wsTuRS 10011
= E !
5 [o€] uorssardxa uaroxd FYTI J10 Jo @ Butgs (ASHAIOI 2ppui :22141) (areydsoyd aDISIN4D) 'S
2 ue ouad %07 "SA 9 BAIAINS ULI3)-FU0" uonINpUI 210j2q 1Y | i L oA u, ueon(d) uesn[n-(J-(¢ « | 9seal swstued00101
P PITAL 1 (%0 H0T) [eAL T} uononput alojaq Iy 1 u] 13) ueonD-a-(€ < 1) ! W
g¥-N wnrpredsofur (puIes 03n[0S us2 (ASHAIOT 21pui :a2141) (areydsoyd ADISIA4D) 'S
lez] uorssardxe TLT TIOWH Wo :o_:,‘.uo_m:wu L1 moovﬂwwﬂw_“” .MVW%_MHW i (@ Swor oAld uJ ) ueoni3) uesn[n-(-(¢ < 1) 9seak “Eﬂ:u.m.uood_g
Z-Pd ur aseandap
a1 pajuaaaid tfg-ysn-oydsoyd pue pyy-oydsoyd B dsoud .
[82] asea1nap ay) pajuasad ‘sisoydode ajlrodworpres 1 410 30 d1 (8y) Sw op (ASHAIDI 212ut 221t (regdsoy . VI S
wotssaadxo I [erpaeookus 1 Aemued ppy/eseuny- uonINpUI 310J2q Iy | oAl uf ueon[3) ueann-q-(¢ < 1) 15824 wstueS10001A
apuisoutoydsoyd ayy sajeanse uondungsip serpae) 1
9-11 Pue DN, Sun[ 1
o-INJ, oneday 1 459 Aq a1ex [earams | (9[- N
pue q¥-IN Sun| T 9T[-IN Pue gy-IN 1eA1] T :21eydsoyd d10 taye WS w0
2] ueon8 juauneanisod 9,6/ UL 3B [BAIAINS saseandUl | ulw ¢ juawujearysod @) Swos (CASH/ADL (ueonSoiaps pue eydsoyd Sam, :%552\_’&8@ w
£ 971~ ue gy-IN Sunj 1 9[- Te - N JOAT ue 210391 dl 1 ppud 131d) 0AlA UT ueong) sueon|-(-g-(€ « 1 faumy pue vl S
TI-IN PUe gY-IN 3un[ 1 97N Pue g¥-IN A T pue d70 210)2q ! ) 1) OAFED il wsuedroony
uean(B012s (9] pue »-IN L Sun| 1 9-T] pue n-INL  JY [ JUSWnE21 ] .. :
oneday 1 %9 £q e [eataIns | (97N pue g¥-IN Sun| T
TN Pue gy-gN Joar 1 :21eydsoyd ueonid quauneenaig
vsn
AsaBms (9/19£50 —/— 4IRID>d {
l97] 9-1r 4 0111 | Al (B Sw 0g . YIN ‘qnowed ‘pop aden payiads JoN
d10-1s0d 19 pue ¢ aqpuaf 2o1ur) oAl uf Jo saepossY) UeI(PEd
410 1ye <
R (OW ‘smoT3§
[oz] LINVOT Bunt 1 Odi Sung 1 Ay e vondafuy d1 (8y) Swe (wrsti ‘Auedwon Aapreq pue [eaxad ue[g
9-TI Pue ‘1= “D-gN.L JO S[2A3] 3} T %E£9 0} 21e1 [EAIAING | auo [euonIppe a[pu isppL) 0AlA U]
- earway) ewsis) uedno--¢
afeyuioway Je[oda[e T ‘9- ] (ouigw
[61] wmnass |41V 25 ﬂw_ saudouou | Tyd s ut ,mm§ucsa=—3 uains dI (8y) Swg ADISTAL mN.St spo) m<mD ‘O smo 1§ Aapreq pue [eaIad ue(
pue sprydonnau 1 fpooyq ay) ur spydonnau 1 ¢poofq ay) ur - gD-1sod swn auQ ons 1] ewig) ueonyo-(J-¢
sa1foouow | ‘poofq Aty ut smAdoNna] | {QJIN Areuowmg ’
TAL[ oY) Ul (VAN) 4’10 21052q (saxas . x»::%w_.l.zm sw AVIS1N42D
e apAyap[RIpUORL T aNSSI) AL AU} UL (YD) ISE[RIEd pue urw (¢ + sAep O ) 3y) Sw g 10q fo sipi ouiq)p o [ -Pswos 520011040220
pAYaperpuOEw T [ 24 LV [e1e p P OIC i Hoq 4 ourpes qum papuadsns ‘woy Y200
(10S) aseynwstp aprxoradns | 0108 -1 | “9-11 T D-INL T I10j/4ep swrn auy ADISIAL SI) 0ATA U] asenonedomIw) uEnj-¢ 1seak wstueS00 I
790 Aj1anoe [eoidojounuwy]  AMPaYRs JUAUIIERAI], EOMMMM”H,ME@ :oﬁﬂ”w%g Apms jo adAT, adAy ueonyn 221n0g

'$90UBIAJRI pue A)ATOR

[ed130[0UNUITUT 9TNPaTJs JUITIRAT) “‘UOTIRISTUTLIPE JO AJNOI ‘UBIN[S 21]) JO WONEBIU2OU0I/As0p pue ad4) ‘Apnys Jo ad£) ‘wonenuuio] o) Surpiodde sarpnis Pajoa[as Jo UONNqINSI(] T 414V,

29



1607, 2024, 1. Downloaded from https:/fonlinel

rary.wiley com/doif10.1155/2024/6876247 by CAPES, Wiley O

e Library on [18/07/2024]. See the Terms and Conditions (hitps:/fonlinelibrary wiley.com/terms-and-conditions) on Wiley Online Library for rules of

e: OA articles are governed by the appl

'$30URIAJAI Jay dseprxotadofphur ‘QJIA PIdjowr

UOISAYPE IR[A[[3I)UL ‘[ Y] L10198) A1ojiquyur uonerdiu A 9Seae] 1e[oaa[eoyduolq “Ty g @mjpund pue uones [833d ‘4770 A[snousaenur ‘A ‘Alrenosnuwenjut ‘W A[eauojuadenur ( @8eaed suseSenun ‘oo

(B) ueanfi-g

(VSN ‘OW S1oT 18

[8¢€] VAW 2a1 T VAW Sunf T vAN/ddOY/OdIN ewseld T Sw p jo asop a[durs dI (3) Bury (s04) onta ug ewig ‘wesn[3--¢/) ueonioy-¢f Aopaeq pue [eased Jued
(¥) 410 Summoyiog
uotssardxa y Ny
BB S S— (o ot (our rueys)
[9] : [Pt I§ puv uonezy S Nt ot dI ur) 81 Qs (ona ajpwaf 901ut) oA Ul ewidIS (6-22-TF06 'SYD) Ad[req pue [ea1ad JUE[J

lical

‘ueon(3-g) sem Iej0aAfe Ay} Ul erwaradAy pue wonenyuT

Arorewnepur 1 4(QI1ds + ueanS-g pue ueon(s-¢)

wnauojuad pue poo[q 1D 1 Ainfut raar pue Sung t

210J2q YoM B DIM],

un) (ur) 34 gg

(£'9FZ MvA) 04314 U]

ueon(3-¢

uonenyur

41D 3y 1y 149 pue

(saxas

21511203 *§ "IN
S § AL 215112422 "g—)seak

[z6] nydonmau 1 23] 4SO ) pasiaaal urerq pue ‘wdeiyderp 0y Joud unu p¢ pue (3} 3} (8y) Burpg 110q fo spp1 owgpv Auedwor) 1ezAsN eJRISIIA) g
‘Buny reay ASUPD IGAI[ Y} UT SPAI] VAW 2ULT P-INLT sAep 0T J0j A[rep asuQ ADISIAL SIA) OALA UT uesn(-q-g-9 « 1-¢ < 1 TSRS I00DIN
opIsiAa.40 °g Aapng,
afewep anssty, | weiyderp (4vpsin ouqp sjpa) ( V15142430 °§
[9¢] : . skep o1 105 Lep e 22U DD (8yy) Surpg : : ‘fueduror) 1ezaaN ejeIsny) . o
ue ‘1ean ‘Aaupry ‘Suny Taar] a1 jo sjaaaf raddod pue sur; oaln u qsead wstueS100101
pue JIeat “ASupry 1 19 JO spPad] P 71 1aup W[ (g9 — [—€ — 1 ! W
KLemyed
gY-AN 21 pajeande pue ‘SONY[-S1y | Apuspuadap-asop
dDA 'SIP2 L M paInI-02 2424 SOSCIN PaAL2p-IN] Iaye X ue I D v 201 1Bun wnIeqiay WInIvqiay
[sel uaU D-dNL 2 9711 T (8-a]) §-1010t iorenBas cﬂ_w E_,M “m“uﬁwﬁ_ﬂzm dl (B Fuwtoz G\SRM;L uf " MEGM&EMM«%MV :mas_n_o‘kw “afuny HEwEsmumch_m
uozapayu] | uoneande emyyed ¢1yvIS T S19AI pue ¥ i : - o founy st :
s3uny ayy ut (SDSAIN) s[> Jossaxddns pasrrap-projadur
d71D-150d Q1 P U0 %7/ 01 %6€ WO [PAIAMS | {dDX
(VT ‘SUBdMQ MIN "OIZNTI(T
N I 21 23 jo LiojeioqeT)
) skep (Ao -anSpids N K i
[¥€]  (upordwe + j-ueond 1o/pue g-uean(d) Lep-/ [eslamng | sAnn3ssU05 ¢ 10§ A2l Al (8y) Sw o1 ajou isyos) oA uf J-ueon[S pue (AN ‘Anqisapm payads JoN
“d1o) oynuapg pue
[BOIAYD) 2]RINDIY) J-UBdN[D)
. UOHERLSIUNUPE  UOHBIUDUOD
1oy Ayanoe esidojounwiur]  3[NPaYds JUIWLIL], Jo oy 1o8esoq Apms jo ad4, ad£y ueonin 01n0g

Journal of Immunology Research

‘ponunIuOy) (T 14V,

ble Creative Commons License

30



Journal of Immunology Research

Septic animal

Puncture
Cecum e

-4
\

Ligation
Y B

Glucan treatment

Burgelman et al. [70]

Immunomodulatory potential of f-glucan in sepsis

Immune modulation

I;

b

<

4

[ TLR4 MPO  Lung damage CFU }

71L-10 ]

o

{ Cytokines: | TNF-a L 1IL-6

T

| Organ
failure

T Survival in septic mice

FiGure 2: Mechanism underlying the protective effects of glucan treatment in cecal ligation and puncture (CLP)-induced infections.
Prophylactic and/or therapeutic treatment enables a better immune response from the host in the fight against infection. The mechanism
involved in the response involves the modulation of the expression of genes related to mortality, such as TLR-4. The treatment made it
possible to reduce the expression of these genes, as well as related proteins, correlating with improved long-term survival. In addition, it
allows control of colony-forming units and facilitates a reduction in plasma levels of enzymes that actively participate in the inflammatory
process, such as myeloperoxidase (MPO), which is strongly associated with neutrophil infiltration and subsequent tissue damage. The
immune response stimulated through treatment with glucan protects the host, not only by increasing its survival rate but also by controlling
exacerbated inflammatory response, preventing multiple organ dysfunction syndrome (MODS), highlighting the effectiveness of this natural

product as a therapeutic intervention against serious infections.

Similar to that of other polysaccharides and dietary
fibers, the mechanisms underlying the effects of j-glucans
include increased absorption of nutrients and improvement
of the viscosity of intestinal contents. In addition, f-glucans
might represent a potential source for fermentation by
microorganisms in the small intestine, promoting a prebiotic
effect [44]. Arena et al. [45] conducted a study evaluating the
symbiotic potential between f-glucans and probiotic strains.
Mixtures of probiotic microorganisms and barley f-glucans
presented synergistic effects, modulating at transcriptional
level, proinflammatory genes encoding TNF-a, NF-«B,
IL-8, and IL-1f. In addition, incubation with probiotics sig-
nificantly increased IL-10 gene expression, leading to an
anti-inflammatory effect.

p-Glucans were shown to reduce proinflammatory cyto-
kines, stimulate the release of anti-inflammatory cytokines, and
increase the formation of antioxidants [46, 47, 48]. Among
the studies analyzed in the review, it was observed that during
sepsis, treatment with glucans can reduce inflammatory
mediators. With respect to these mediators, of the articles
included in this review, 29% reported reductions of TNF-a
[20, 25, 27, 35, 37], 29% described attenuated levels of IL-6
[20, 25, 27, 31, 35], and 5.8% diminished production of IL-1/
in glucan-treated septic mice. However, in contrast to the
aforementioned data, Babayigit [19] showed an increase in
IL-6; however, the administered dose of glucan was 2 mg/kg,
i.e.,, lower than that tested in other studies in which decreased
IL-6 was observed, such as the study by Newsome et al. [31]

that used a dose of 10 mg/kg. Also, Pan et al. [6] described an
increase in TNF-a and IL-6 in septic individuals treated with
f-glucans (dose of 500 ug). The varied results observed for
glucans on IL-6 may be due their different doses in the studies.
In addition, Murphy et al. [49] showed that -glucans from
the same Lentinus edodes mushroom, one isolated using hot
water extraction and the other of commercial origin, had
different effects, specifically reducing inflammatory cytokines
and reducing macrophage phagocytic activity after stimula-
tion with LPS. This suggests that the source and extraction
methods can influence the results.

In this study, four articles [25, 26, 31, 32] addressed the
impact of glucans on IL-10 production and its subsequent
effects on sepsis outcome. In one of these [25], increased
IL-10 reduced TNF-a, IL-6, and IL-1/ levels which were noted,
whereas in Newsome et al. [31], it was obtained reductions in
IL-10 and IL-6. The authors showed a reduction in colony-
forming unit (CFUs) and an increase in animal survival.

In addition, certain genes, transcription factors, and
receptors related to the inflammatory response were ana-
lyzed. NF-«B and nuclear factor interleukin 6 (NF-IL6 or
CCAAT enhancer binding protein (C/EBP)) are transcrip-
tional activator proteins that participate in the induction of
numerous cellular genes and are intrinsically involved in the
regulation of inflammatory cytokine genes [50, 51, 52]. NF-xB
was evaluated in three (17.6%) of the studies analyzed in this
review [27, 29, 35]. In Williams et al. [27], a reduction in
nuclear binding activity NF-kB and NF-IL6 in addition to
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TNF-a and IL-6 levels was observed regardless of glucan
treatment schedule (pre- and postsepsis treatment). In the
studies by Ha et al. [29] and Liu et al. [35], it was demon-
strated that glucans increase NF-«B activation. Also, Liu et al.
[35] showed decreased TNF-a and IL-6 quantities following
glucan treatment. These variable results could be related to
the different experimental approaches adopted in each study.

The expression of TLR-2 and TLR-4 in patients with
sepsis was upregulated compared to that of healthy indivi-
duals [53, 54]. In this review, two studies (11.7%) evaluated
these receptors; both reported a decrease in the expression of
TLR-2 and TLR-4 [29, 30]. In these studies, the treatment
protocol, form of administration, and evaluation period were
identical, differing only in the dose administered, specifically
40 mg/kg for Ha et al. [29] and 50 mg/kg for Williams
et al. [30].

The mechanisms underlying the protective effects of glu-
cans against CLP—induced sepsis are due to an enhanced host
immune response against the infection. A key aspect is the
modulation of the expression of mortality-related genes, such
as the overexpression of TLRs, contributing to the progression
of the inflammatory injury cycle during sepsis [17]. Thus, treat-
ment with glucans, by modulating the expression of these
genes, attenuated proinflammatory responses through signal
transduction pathways mediated by downregulating receptors,
which may lead to improved long-term survival. Additionally,
glucans activate the phosphoinositide 3-kinase signaling path-
way in CLP sepsis; this pathway limits the activation of signal-
ing and the expression of proinflammatory mediators [55, 56].

Another important assay when studying septic condi-
tions is the level of myeloperoxidase (MPO), as it is directly
related to neutrophil infiltration and activation. In Babayigit
[19], Bedirli [20], and Demir et al. [38], the production of
this enzyme was evaluated, and its increase in CLP animals
was attenuated by f-glucan treatment [19, 20, 38]. Also,
MDA, a biomarker of lipid peroxidation induced by oxida-
tive stress and indicative of severe sepsis [57], was described
in three studies [25, 37, 38] corresponding to 17.6% of the
total; these demonstrated MDA formation is reduced after
treatment with glucans.

It is worth mentioning that different routes of adminis-
tration were observed among the articles selected (intragastric
gavage, intraperitoneal, subcutaneous, intramuscular, and
intravenous), with the intraperitoneal route being the most
used among the articles included [11]. There is no established
consensus on the best route of administration of f-glucan in
septic models. Among the articles selected in this study, the
intraperitoneal administration achieved greater animals sur-
vival and significant immunomodulatory activity. However, it
is worth noting that the subcutaneous route was also one of the
main choices for the treatment of septic mice [21, 58, 59, 60],
reaching satisfactory beneficial results. Thinking ahead and
acceptance in humans, the subcutaneous routes have advan-
tages in that no professional qualification is required for appli-
cation in contrast to IV and IM administrations, the injections
are less painful, the risk of infection is lower with SC injections
than with IV injections, and, if it does occur, the infeccion is
generally limited to a local infection rather than a systemic

infection. In addition, SC injections offer a wider range of
alternatives sites than IM injections for patients requiring mul-
tiple doses [61, 62]. Another systematic study highlighted
patient compliance, with time savings and autonomy for
home treatment being some of the reasons for preferring the
subcutaneous route of administration [63].

The ability of glucans to act as modulators of the inflam-
matory response not only reveals their therapeutic potential but
also highlights their biotechnological relevance, providing pro-
spects for the medical community in the prognosis of septic
individuals. In this context, glucans emerge as a promising
alternatives as therapies and adjuvants. In a phase 2 random-
ized clinical trial evaluating the effect of oral #-glucan supple-
mentation, this potential was observed through an increase in
IgG in patients who received a vaccine booster associated with
f-glucan supplementation. The research aimed to improve IgG
antibody titers and seroconversion rates, which are associated
with improved survival in patients with high-risk neuroblas-
toma. To do this, the authors selected 107 patients, divided into
groups: group 1 did not receive f-glucan for the first 5 weeks,
and group 2 received an oral regimen of f-glucan (40 mg/kg/d
for 14 consecutive days and then 14 days without) from week 1.
From week 6, all 107 patients received the f-glucan regimen for
1 year or until disease progression. Seven subcutaneous vaccine
injections were administered (weeks 1, 2, 3, 8, 20, 32, and 52),
each consisting of 30ug of GD2 and 30 ug of GD3. It was
observed that by administering f-glucan early during the initi-
ation phase (group 2), the IgG1 anti-GD2 antibody response in
vaccinated patients was statistically higher than in the control
(group 1). In addition, a high antibody response (>230 ng/mL)
at week 8 of the vaccine correlated significantly with improved
progression-free survival. The authors also emphasized that
treatment with f-glucan meets many of the requirements for
an effective adjuvant [64]. Vetvicka [65] states that f-glucans
have been widely used to protect against infections. Using vari-
ous experimental models, f-glucans have been shown to pro-
tect against bacterial and protozoan infections, as well as to
increase the efficacy of antibiotics in infections caused by
antimicrobial-resistant bacteria. In addition, this review has
shown its effectiveness in modulating immune response med-
iators such as cytokines, reducing inflammatory infiltrates and
preventing tissue damage, corroborating its crucial role in
attenuating the exacerbated inflammatory response character-
istic of septic conditions. It is necessary to invest in more in vivo
studies, especially in a mouse model of lethal sepsis, so that the
prospects for the future in the clinics can be confirmed, ensur-
ing the use of glucans in systemic infections.

Long-term adverse effects have been debated to ensure the
safety of glucan supplementation. Studies such as that by
Cardenas et al. [66] evaluate the toxicity of f-glucan extract
derived from yeast which was evaluated in 44 patients, and in
general, good tolerance was obtained, even at the highest doses.
In addition, the 27 patients who survived had no adverse effects
after 5 years of treatment. Meng [67] evaluated the ability of /-
glucan (orally 1 time/day for 12 weeks) to prevent the number
of infections in children during the cold season, and even at
higher concentrations, no relevant adverse effects were
recorded. In the work of Urbancikova et al. [68], the effect of
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f-glucan in the treatment of herpes was observed, and even
with the glucan extract being used for 120 consecutive days, no
adverse effects were observed. Therefore, the evidence suggests
that the use of extracts containing -glucans has not caused any
adverse effects.

Sepsis is a very complex disease which depends on inflam-
matory and anti-inflammatory pathways to comprise effective
immune responses as well as accomplish homeostasis. The
intricate network of players and pathways underlying sepsis
fatality or recovery means that disease management depends
on a timely and appropriate management, which therefore
reflect on its outcome. It is important to highlight that sepsis
control goes beyond a single compound given at a unique
time point, such as the importance of rehydration, hemody-
namic support, antibiotic administration, and control of the
source of infection, among other measures [69]. This is spe-
cially important when nutritional ingredients such as glucans
can be taken daily way before and even during the course of
sepsis, greatly influencing disease evolution. This means that a
successful treatment all depends on a series of factors which
include therapy and patients immune background. Nonethe-
less, glucans as other natural products are powerful resources
to be individually considered to sepsis and other mechanisti-
cally similar diseases.

Considering the complexity of sepsis, as well as the con-
tinuous search for novel effective therapies, glucans have
emerged as promising threrapies or adjuvants for conven-
tional treatments. The potential of glucans is evidenced by
their ability to modulate the immune response and reduce
tissue damage. Glucans therefore appear to be a promising
biotechnological alternative for sepsis management.
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ABSTRACT:

Sepsis is a life-threatening condition characterized by severe organ dysfunction
resulting from an uncontrolled host response to infection. The sepsis treatment is a
challenge due to its complexity and the need for effective therapeutic approaches. The
objective of this study was to evaluate the immunomodulatory and antimicrobial
effects of exopolysaccharides (EPS) from Auricularia auricula in a murine model of
lethal sepsis. Our findings demonstrated that treatment with EPS significantly
enhances the proliferation of circulating lymphocytes and granulocytes, which is
associated with improved host defense mechanisms. Additionally, EPS
administration effectively mitigates sepsis-induced pulmonary damage, as evidenced
by preserved lung function. Furthermore, B-glucan treatment significantly reduces
microbial translocation to the bloodstream, maintaining a lower colony-forming unit
(CFU) count and thereby restricting systemic infection. The polysaccharides also

prevent the development of thrombocytopenia in septic animals, thereby preserving
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platelet homeostasis. The compound modulates serum cytokine profiles, contributing
to a more regulated inflammatory response. The interactome analysis reveals that the
Dectin-1—Syk pathway activates NF-kB/AP-1 and involves p38 MAPK, thereby
explaining the observed cytokine modulation. The presence of Nod2/Ripk2 suggests
that the EPS primes leukocytes to effectively combat both fungi and bacteria, leading
to a reduced bacterial load and increased survival. Collectively, these data indicate
that EPS, a prebiotic agent, represents a novel therapeutic strategy with potential for
modulating immune responses, controlling microbial proliferation, and improving

survival outcomes in a model of severe sepsis.

keywords: infection; inflammation; beta-glucan; polysaccharides; prebiotic; survival;

cytokines;

1. INTRODUCTION

Sepsis is a potentially fatal organ dysfunction resulting from a dysregulated host
response to infection (Singer et al., 2016). This definition underscores the complex
and heterogeneous nature of the phenomenon, highlighting that an uncontrolled host
response can eventually lead to multiple organ dysfunction syndrome (MODS) due
to various complications. Furthermore, an exacerbated inflammatory response can
precipitate septic shock. This critical condition arises when a patient becomes
unresponsive to fluid resuscitation, developing persistent hypotension accompanied
by cellular and metabolic dysfunctions. These dysfunctions significantly increase the

risk of mortality in sepsis (Levy et al., 2003).

Sepsis poses a severe public health problem due to its high incidence, mortality
rates, and significant treatment costs. Recent epidemiological data from 2020 reveal
that sepsis affects approximately 49 million people annually worldwide, resulting in
11 million deaths. This staggering figure represents about 20% of all global deaths
(Rudd et al., 2020). The mortality rate from sepsis is particularly high in low and
middle-income countries, where limited resources and inadequate medical
infrastructure exacerbate the issue. Moreover, it's estimated that one in three cases of

sepsis annually results in death (Evans et al., 2021).
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A variety of pathogens, including bacteria, viruses, fungi, and protozoa, can cause
sepsis in humans, with bacteria being the predominant culprits (Singer et al., 2016).
Among the primary bacterial agents, Staphylococcus aureus, Escherichia coli, and
Streptococcus pneumoniae are particularly notable, in addition to multidrug-resistant
pathogens (Parrillo & dellinger, 2007; Vincent et al., 2020). The increasing
antimicrobial resistance further complicates the treatment of sepsis. When the
causative pathogens are resistant to multiple medications, therapeutic options become
limited, leading to less effective treatments, more prolonged and severe infections,
and ultimately, higher mortality rates. Moreover, the direct and indirect costs
associated with sepsis treatment impose a significant burden on healthcare systems.
This includes extended intensive care, often requiring ventilatory support and surgical
interventions, leading to prolonged stays in Intensive Care Units (ICUs) (Paoli et al.,
2018). Beyond acute care, there are also substantial costs related to rehabilitation and
long-term care, as patients frequently suffer from lasting physical, cognitive, and
emotional sequelae (Fleischmann et al., 2016; Iwashyna et al., 2010). Thus, the
combination of high mortality, growing antimicrobial resistance, and the substantial
economic burden positions sepsis as a critical global health challenge (La Via et al.,
2024). This scenario highlights the urgent need for novel alternative and/or
complementary therapies that can mitigate the infectious agent's load on the host, as
well as strategies to modulate the immune response, ultimately aiming for a better

prognosis.

In this context, B-glucans emerge as a promising subject of study for treating
infections, given that they are natural and easily obtainable polysaccharides. Found
in the cell walls of fungi, yeasts, cereals, and algae, polysaccharides are well-known
for their immunomodulatory properties (Vetvicka et al., 2020), exhibiting prebiotic
activity that promotes the growth of beneficial bacteria in the gut microbiota while
inhibiting the proliferation of undesirable pathogens. Thus, B-glucans play a crucial
role in maintaining the balance of the gastrointestinal microbiota (Ciecierska et al.,
2019). A systematic review of randomized clinical trials investigates the effect of
exclusive oral administration of fungal beta-(1—3,1—6)-D-glucans, in various forms
and dosages, on maintaining homeostasis in healthy or susceptible individuals

showing that the majority of studies highlighted beneficial effects on
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immunomodulation and immune system potentiation. A reduction in the incidence
and symptoms of common colds, influenza, and upper respiratory tract infections is
evidence of these effects (Vlassopoulou et al., 2021). Further supporting these
findings. Walachowski et al (Walachowski et al., 2022) evaluated the effects of oral
supplementation with purified B-glucans from Saccharomyces cerevisiae in mice
infected intraperitoneally (I.P.) with E. coli. The results showed improved infection
control, demonstrated by a lower bacterial load and a reduction in tissue damage
associated with necrosis in the liver and spleen. Another notable effect of yeast j3-
glucan treatment is its ability to stimulate the activation of monocytes/macrophages,
promoting increased cytokine secretion during a secondary challenge—a
phenomenon termed "immune training.". Saeed et al (Saeed et al.,, 2014)
demonstrated in vitro that monocytes incubated with -glucan induce trained immune
cells, characterized by an increase in TNF-a and IL-6 secretion. Following an
infectious challenge, monocytes can retain this "trained immunity" from a previous

encounter, entering a state of either tolerance or heightened responsiveness.

Given the increasing relevance of polysaccharides as therapeutic agents in
modulating the immune response, this study aims to investigate the effect of a
mushroom-derived polysaccharide, containing a high concentration of -glucan, in a
lethal cecal ligation and puncture (CLP) model of sepsis. Through this investigation,
we seek to provide insights into how B-glucans can contribute to mitigating the
dysregulated inflammatory response, reducing mortality, and improving clinical
outcomes in animals with induced systemic infection. Ultimately, we propose
incorporating this polysaccharide into the diets of patients at risk of developing sepsis,

suggesting a novel approach to mitigate this life-threatening condition.
2. MATERIALS AND METHODS
2.1. Cultivation of Auricularia auricula and polysaccharide extraction

The Auricularia auricula (CC 309) mushrooms were sourced from the Mushroom
Germplasm Bank for Human Use at the Brazilian Agricultural Research Corporation
(EMBRAPA), Genetic Resources and Biotechnology Unit - Cenargen, under the

coordination of Dr. Arailde Fontes Urben. Access to this genetic heritage was
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authorized by the National Council for Scientific and Technological Development

(CNPq), as documented in authorization term number 010342/2014-1.

The basidiomycete Auricularia auricula was cultivated on solid medium, Potato
Dextrose Agar (Acumedia, ref. 7585A), prepared according to the manufacturer's
instructions with 10% agar (Kasvi, ref. K25-611001), and incubated at 25°C until the
mycelium covered the entire plate area. A submerged culture method was employed
to obtain polysaccharides. An initial inoculum was prepared with mycelium
fragments in an Erlenmeyer flask containing 100 mL of Potato Dextrose medium.
The culture was kept for 7 days at 30°C with agitation. After this period, fresh culture
medium was added to the inoculum, and again, it was cultivated under the same
conditions. The mycelium was separated by filtration and washed to remove low-
molecular-weight components. Subsequently, polysaccharides were extracted as
described before (Basso et al., 2020), and were precipitated, centrifuged, and washed
with acetone. After washing, the material was resuspended in deionized water and
lyophilized before proceeding to further characterization and biological activity
assays. The exopolysaccharide composition was described previously (Coelho et al.,

2025).
2.2. Murine model of Sepsis

This study utilized female C57BL/6 mice, aged 8—12 weeks (average weight: 25
g). The animals were obtained from the Bioterium of the Federal University of
Uberlandia (UFU) and housed in the Bioterium of the Department of Genetics and
Morphology (GEM) at the Institute of Biological Sciences (ICB), University of
Brasilia (UnB). The mice were housed under controlled conditions with a temperature
of 26 + 2°C, relative humidity of 40%—60%, and a 12-hour light/dark cycle, and had
free access to food and water. The study was conducted in accordance with the
guidelines approved by the Animal Use Ethics Committee of the Federal University
of Brasilia (Protocol: 23115.002346/2005-45), which considered protocols to

minimize pain, suffering, and distress.

Each group used five C57BL/6 mice, in two independent experiments. They were
randomly assigned to one of three experimental groups: Sham group, which

underwent a laparotomy procedure without cecal ligation and puncture. CLP group:
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which was subjected to cecal ligation and puncture (CLP) without any additional
treatment. CLP/GLU group: which received prophylactic treatment with EPS (5
mg/kg) via gavage for 15 days before the CLP procedure.

Polymicrobial sepsis was induced using the cecal ligation and puncture method
described by Benjamim et al (Benjamim et al., 2000), with minor modifications.
Briefly, all mice were intraperitoneally anesthetized with a mixture of 100 mg/kg
ketamine hydrochloride and 10 mg/kg xylazine hydrochloride. Laparotomy was
performed, and the cecum was mobilized, ligated below the cecal valve, and
punctured 8 times using an 18-gauge needle to induce lethal sepsis. The cecum was
placed back into the peritoneal cavity, and the abdomen was closed in two layers.
Saline (0.5 mL/10 g body weight) was administered subcutaneously to the animals as

a hydration fluid.

We conducted two distinct in vivo experiments: a survival analysis and an
evaluation of cellular, immunological, and functional parameters. In the survival
analysis, mice were observed every 24 hours for a period of five days. At the end of
the observation period, or if humane endpoints were met, they were euthanized with
an anesthetic overdose (150 mg/kg ketamine hydrochloride and 120 mg/kg xylazine
hydrochloride) (Oliveira et al., 2019). For the assessment of cellular, immunological,
and functional parameters, biological samples were collected 12 hours after the CLP
procedure. Blood and tissue samples were then analyzed to evaluate antimicrobial,
anti-inflammatory, and immunological (Sousa et al., 2019).

2.3. Evaluation of cellular, immunological, and functional parameters

A survival analysis and an evaluation of cellular, immunological, and functional
parameters were conducted. In the survival analysis, mice were observed every 24
hours for a period of five days. At the end of the observation period, or if humane
endpoints were met, they were euthanized with an anesthetic overdose (150 mg/kg
ketamine hydrochloride and 120 mg/kg xylazine hydrochloride) (Oliveira et al.,
2019). For the assessment of cellular, immunological, and functional parameters,
biological samples were collected 12 hours after the CLP procedure. Blood and tissue
samples were then analyzed to evaluate antimicrobial, anti-inflammatory, and

immunological (Sousa et al., 2019).
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After euthanasia, blood samples were collected from the retro-orbital plexus into
conical plastic tubes pre-coated with EDTA. A Hematoclin Haematology Analyser
2.8 VET - R666 was used to analyze the hematological parameters. These parameters
included the percentages of leukocyte subpopulations and their total counts, as well

as platelet counts (PLT).
2.4. Determination of Bacterial Burden

To quantify bacterial load, 10 uL samples of both blood and peritoneal lavage
fluid were collected. The blood sample was serially diluted (10> CFU/mL) by adding
90 pL of phosphate-buffered saline (PBS) to each well of a 96-well plate. The
peritoneal lavage fluid sample followed the same dilution parameters, with a serial
dilution of 10° CFU/mL. Subsequently, 100 puL aliquots of these dilutions were then
plated onto Brain Heart Infusion (BHI) agar plates (Difco Laboratories, Detroit) and
spread using a Drigalski spatula. The CFUs were counted after overnight incubation

at 37°C. Results are expressed as CFU/mL (Sousa et al., 2019).
2.5. Determination of Cellularity

Following euthanasia, the femur, spleen, and mesenteric lymph node were
collected. The femur was perfused with 1 mL of ice-cold PBS to isolate bone marrow
cells. The spleen was then mechanically dissociated and washed with 5 mL of PBS
and subsequently passed through a 70 um cell strainer. Similarly, the mesenteric
lymph node was dissociated and washed with 1 mL of PBS, and then passed through
a 70 um cell strainer. Finally, the isolated cells were stained with 0.05% crystal violet
(in 30% acetic acid) and counted using a Neubauer chamber (Sigma—Aldrich) under

a light microscope at 400x magnification.

Peritoneal cells were collected by lavaging the peritoneal cavity with 5 mL of
sterile, ice-cold PBS. Following collection, the cells were stained with 0.05% crystal
violet (in 30% acetic acid) and counted using a Neubauer chamber (Sigma—Aldrich)

under a light microscope at 400x magnification.
2.6. Cytokine Quantification

Serum cytokine levels were measured using the BD™ Cytometric Bead Array
Mouse Inflammatory Cytokine Kit (Cat. No. 552364). This assay quantified the
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concentrations of tumor necrosis factor-alpha (TNF)-a, monocyte chemoattractant
protein-1 (MCP-1), interleukin (IL)-6, IL-10, IL-12, and interferon (IFN)-y in serum
samples. The procedure followed the protocol described by Hodge et al. (Hodge et
al., 2004). Samples were analyzed on a FACS Calibur flow cytometer (BD
Biosciences, San Jose, CA, USA), and data were processed using FCAP Array
Version 3.0 software (BD Biosciences, San Jose, CA, USA). Results are expressed in

pg/mL for each cytokine.
2.7. Histological Analysis

Lungs were removed and fixed in 10% formalin. Tissue samples were then
processed through a series of alcohol baths and embedded in paraffin. Thin sections
(5 wm) were prepared using a microtome, mounted on slides, and stained with
hematoxylin and eosin (H&E). These sections were examined for circulatory
changes, inflammatory infiltrates, necrosis, and edema. Histological images of the
lungs were captured using an Aperio Scanner and analyzed with Aperio
ImageScope™ Pathology Slide Visualization software. Images were acquired at
various magnifications: 1x (2 mm), 2x (1 mm), 4% (500 pm), 5x (400 um), 10x (200
pum), and 20x (100 pm).

2.8. Protein-Protein Interaction Network Analysis

To map the functional interaction networks among proteins within the Dectin-1
signaling pathway, we utilized STRING v12. This bioinformatics resource integrates
data from diverse sources, including public databases and high-throughput datasets,
enabling the creation of detailed maps of the protein interactome. Evidence for protein
associations within the STRING database originates from independent sources,
referred to as "channels." These include genomic context information (neighborhood,
gene fusion, gene co-occurrence), co-expression, text mining, biochemical/genetic
data ("experiments"), and previously curated pathway and protein complex datasets
("databases") (Szklarczyk et al., 2019). For our analysis, we queried the default
settings for functional interaction networks specific to Dectin-1 signaling proteins in
the Mus musculus. The association sources employed for identifying functional
interactions were text mining, experiments, databases, co-expression, neighborhood,

and co-occurrence. In the generated network, nodes represent proteins, and edges
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denote protein-protein associations. Interactions were mapped with a medium

confidence score (0.400).
2.9. Statistical Analysis

Results are expressed as the mean + standard deviation (SD). The normality of the
data was assessed using the D’Agostino—Pearson test. Statistical analysis was
performed using ANOVA with Tukey's post hoc test via GraphPad Prism version
8.0.2 software. Differences were considered statistically significant when p < 0.05.
For survival analysis, Kaplan—Meier curves were employed, and the log-rank test was

used to compare the curves.
3. RESULTS

3.1. EFFECT OF EPS TREATMENT ON PERIPHERAL BLOOD CELL
RECRUITMENT IN SEPTIC MICE

Treatment with EPS in septic mice (CLP/GLU) significantly increased the
absolute number of lymphocytes (p = 0.0093) and granulocytes (p = 0.0017) in
peripheral blood when compared to the CLP group (Figure 2A). Conversely, the CLP
group exhibited a reduction in circulating granulocytes (p = 0.0138) (Figure 2A).
Furthermore, the CLP group also presented with thrombocytopenia (p =0.0427) when
compared to the Sham group (Figure 2B).
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Figure 2. Determination of Absolute Leukocyte and Platelet Counts in Peripheral Blood. The absolute
number of leukocytes (A) and platelets (B) in the peripheral blood of the experimental groups. Animals
were divided into three groups: Sham: Untreated C57BL/6 mice without sepsis. CLP: Untreated
C57BL/6 mice subjected to cecal ligation and puncture (sepsis induction). CLP GLU: C57BL/6 mice
were treated via oral gavage with a B-glucan solution (5 mg/kg) for 15 days, and subcutaneously 30
minutes before sepsis induction. Our results show that B-glucan treatment in septic mice led to a
significant increase in circulating lymphocytes (p = 0.0093) and granulocytes (p = 0.0138) compared
to the CLP group. No statistical difference was observed between the Sham and CLP GLU groups for
these cell types. Furthermore, a reduction in platelet count (thrombocytopenia) was observed between

the CLP and Sham groups (p = 0.0427). Data are presented as mean = SD (n=5).
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3.2. EFFECT OF EPS TREATMENT ON CELLULARITY OF BONE
MARROW, SPLEEN, LYMPH NODE, AND PERITONEUM IN SEPTIC
MICE

The CLP group, when compared with the SHAM, showed a reduced cellularity in
the bone marrow (Figure 3A), an increase in spleen (Figure 3B), and peritoneum
(Figure 3D). The treatment with EPS significantly reduced the number of cells in the
bone marrow, compared with SHAM group, and for other analysis there is no
difference between these groups. When comparing the CLP-treated and non-treated
with EPS, there is a decrease in cell numbers in the spleen and peritoneum. No

difference was observed in lymph node cellularity across any groups (Figure 3C).
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Figure 3. Effect of f-Glucan Treatment on Cellularity of Septic Mice. Animals were divided into three
groups: Sham: Untreated C57BL/6 mice without sepsis. CLP: Untreated C57BL/6 mice with sepsis
induced by cecal ligation and puncture. CLP GLU: C57BL/6 mice treated via oral gavage with a -

glucan solution (5 mg/kg) for 15 days, and subcutaneously 30 minutes before sepsis induction. Our
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findings indicate that B-glucan treatment resulted in a reduction in cell numbers in the bone marrow,
spleen, and peritoneum compared to the CLP group. Statistical differences were observed between the
CLP and Sham groups for bone marrow, spleen, and peritoneum. No statistically significant difference

was found in lymph node cellularity across any of the groups. Data are presented as mean + SD (n=5).

3.3. EFFECT OF EPS TREATMENT ON LUNG HISTOLOGY IN SEPTIC
MICE

Histological analysis was performed to assess hemorrhage in the lungs of septic
mice from the Sham, CLP, and CLP GLU groups. The Sham group exhibited normal
alveolar architecture, while the CLP group displayed significant alveolar hemorrhage.
Notably, the B-glucan-treated group (CLP/GLU) showed a restored normal alveolar

structure.

Sham
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CLP GLU

/" haemorrhage
1 : bronchiole
2 : pulmonary alveolus

Figure 4. Effect of B-Glucan Treatment on Lung Histology in Septic Mice. Animals were divided into
three groups: Sham: Untreated C57BL/6 mice without sepsis. CLP: Untreated C57BL/6 mice with
sepsis induced by cecal ligation and puncture. CLP GLU: C57BL/6 mice treated via oral gavage with
a B-glucan solution (5 mg/kg) for 15 days, and subcutaneously 30 minutes before sepsis induction.
Images were acquired at various magnifications: 1x (2 mm), 2x (1 mm), 4% (500 um), 5x (400 pm),
10x (200 pm), and 20% (100 pm).

In the Sham group, the lung architecture was preserved, with normal bronchioles
and alveolar sacs, and no signs of edema, inflammatory infiltrates, or interalveolar

septal thickening. However, a minor circulatory alteration was noted in the
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peribronchiolar vessels. In contrast, the CLP group, while generally maintaining
preserved pulmonary architecture with normal bronchioles and alveolar sacs,
exhibited moderate to severe congestion in the peribronchiolar vessels and a
heightened presence of leukocytes adhering to the vascular endothelium, suggesting
potential future alveolar infiltration. Importantly, in the CLP GLU group, the lung
architecture remained normal, with no significant histological changes, although mild

to moderate congestion was observed in the peribronchiolar vessels.

3.4. EFFECT OF EPS TREATMENT ON SERUM CYTOKINE RELEASE IN
SEPTIC MICE

The CLP induced an increase in all cytokines when compared with the SHAM
group (Figure 5). The analysis of serum cytokine levels revealed that EPS treatment
significantly reduced systemic levels of TNF-a (p<0.0001), MCP-1 (p<0.0001), IL-
10 (p<0.0001), and IFN-y (p = 0.0005) in septic mice compared to the CLP group
(Figure 5). However, this treatment also resulted in a significant increase in IL-6
levels compared to both the CLP group (p = 0.0030) and the Sham group (p<0.0001).
Additionally, IL-12 levels showed a significant difference only between the CLP and
Sham groups (p = 0.0100).
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Figure 5: Effect of B-Glucan Treatment on Serum Cytokine Release in Septic Mice. Animals were
divided into three groups: Sham: Untreated C57BL/6 mice without sepsis. CLP: Untreated C5S7BL/6
mice with sepsis induced by cecal ligation and puncture. CLP GLU: C57BL/6 mice were treated via
oral gavage with a B-glucan solution (5 mg/kg) for 15 days, and subcutaneously 30 minutes before
sepsis induction. After serum collection, levels of IL-6, IL-10, MCP-1, IFN-y, TNF-a, and IL-12 were
evaluated. Data are presented as mean £+ SD (n=5).
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3.5. ANTIMICROBIAL EFFECT OF EPS TREATMENT IN SEPTIC
MICE

In septic mice, B-glucan treatment led to a significant reduction in CFU levels in
both the peritoneum (Figure 6A) and peripheral blood (Figure 6B) compared to the
CLP group. Our findings demonstrate the inhibition of bacterial translocation into the

bloodstream as a result of B-glucan administration.
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Figure 6. B-Glucan Reduced Colony-Forming Units (CFUs) in the Peritoneum (A) and Peripheral
Blood (B). Animals were divided into three groups: Sham: Untreated C57BL/6 mice without sepsis.
CLP: Untreated C57BL/6 mice with sepsis induced by cecal ligation and puncture. CLP GLU:
C57BL/6 mice treated via oral gavage with a B-glucan solution (5 mg/kg) for 15 days and

subcutaneously 30 minutes before sepsis induction. Data are presented as mean = SD (n=5).
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3.6. EFFECT OF EPS TREATMENT ON SURVIVAL OF SEPTIC MICE

All mice in the control CLP group (100%) died within 1 day following the
induction of lethal sepsis. In contrast, all Sham group mice (100%) survived. Notably,
60% of the mice in the CLP GLU group survived until the 5th day after sepsis

induction (Figure 7).
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Figure 7: B-Glucan Increased Survival Rate. B-glucan treatment increased survival to 80% by the
second day of observation and 60% by the fifth day of observation. Animals were divided into three
groups: Sham: Sham-operated mice without sepsis. CLP: Untreated mice with sepsis induced by the
CLP model. CLP GLU: Mice treated with B-glucan (5 mg/kg) orally for 15 days and subcutaneously
30 minutes before sepsis induction. Data are presented as mean £ SD (n=5). Asterisks (*) denote a

significant difference compared to the CLP group.

3.7. PROTEIN-PROTEIN INTERACTION NETWORK ANALYSIS

In living cells, proteins do not function in isolation; instead, they establish intricate
networks of functional interactions that underpin cellular processes. To further
elucidate the interaction of Dectin-1 with its associated proteins and their impact on
cellular functions, we performed a protein-protein interaction network analysis using
the STRING system (https://string-db.org/). The results were used to generate an

interactome (Figure 8).
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Figure 8: Protein-Protein Interaction Network Analysis using the STRING System. Nodes represent
proteins and edges represent protein-protein associations. Interactions were mapped with a confidence

score of 0.4.

The STRING analysis revealed a significant protein association network (Figure
8). The central cluster identified included proteins involved in the immune response,
specifically in cytokine production (Syk, Card9, Maltl, Bcll0, Casp8, Mapkll,
Mapk14, Irf3, Nod2, Ripk2). Furthermore, the analysis also highlighted other
biological processes in which these proteins participate, namely the
lipopolysaccharide-mediated signaling pathway, response to muramyl dipeptide, and

the stress-activated MAPK cascade.
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4. DISCUSSION AND CONCLUSION

Sepsis involves a complex immune response, characterized by both pro-
inflammatory and immunosuppressive alterations. This includes a significant
increase in the production of pro-inflammatory cytokines such as IL-1, IL-2, IL-6,
and TNF-a, along with chemokines that help mobilize immune cells to the infection
site (Hotchkiss et al., 2013; van der Poll et al., 2017). During this process, which
initially presents as an intense inflammatory response, a subsequent phase of
immunosuppression can develop. Here, the function of immune cells becomes
compromised, predisposing the individual to a numerical loss and/or functional
impairment of T cells. This contributes to the worsening clinical outcomes observed

in septic patients (Venet & Monneret, 2018).

Numerous studies have consistently shown that lymphocyte counts decrease in
the initial phase of sepsis, a phenomenon associated with increased mortality in septic
patients. Drewry et al (Drewry et al., 2014) observed that persistent severe
lymphopenia (absolute lymphocyte count <0.6x10° cells/uL on the fourth day post-
sepsis diagnosis) is linked to an elevated risk of mortality. Similarly, Girardot et al
(Girardot et al., 2017) identified lymphopenia as a predictor of mortality,
demonstrating a higher risk of death in septic shock patients admitted to the ICU. This
finding is further corroborated by Vahedi et al (Sheikh Motahar Vahedi et al., 2019),
who also highlighted lymphocytopenia as a mortality predictor in septic patients. In
another study, Jie Jiang et al (Jiang et al., 2019) demonstrated that lymphocytopenia
is prevalent in most severe bacterial infections, even when neutrophil counts are not
necessarily elevated. In such cases, patients with neutropenia are even more
vulnerable to invasive infections that can rapidly progress to septic shock and death
(Clarke et al., 2013). Our results, presented in Figure 3, indicate that B-glucan
treatment (CLP GLU) significantly increased the number of circulating lymphocytes,
suggesting a potential protective effect. This increase may prevent the lymphopenia
frequently associated with high mortality in sepsis. A similar result was observed for
granulocyte counts. This rise is likely related to the critical functions granulocytes
perform during sepsis, particularly neutrophils, which are rapidly mobilized from the
bloodstream to infection sites (Delano & Ward, 2016a, 2016b). The increased
absolute number of granulocytes observed in the present study suggests a possible
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proliferation of neutrophils, which are key cells in the innate immune response during
infectious and inflammatory processes. While activated neutrophils can release
neutrophil extracellular traps (NETs), structures crucial for pathogen containment,
their unregulated production can contribute to tissue and vascular damage
(Brinkmann et al., 2004; Papayannopoulos, 2018). Excessive NET formation can be
linked to the development of vasculitis, an inflammatory condition of blood vessels
that can lead to vascular compromisse (Kessenbrock et al., 2009). However, in our
current study, we observed an absence of histopathological signs of severe
inflammation and a preservation of pulmonary architecture, suggesting a potential
control over neutrophilic activation. One factor that might have contributed to this
outcome is the control of TNF-a. Although a beneficial cytokine, dysregulated TNF-
a can lead to pathological conditions. In essence, it is plausible that the modulation
of neutrophilic activity mediated by TNF-a prevented the unregulated formation of
NETs and, consequently, the development of vasculitis, thereby protecting tissues
from collateral damage. This finding aligns with studies highlighting the role of
cytokines in regulating NET release and maintaining tissue homeostasis (Kaplan &
Radic, 2012; Masuda et al., 2016). Alves-Filho et al (Alves-Filho et al., 2005) also
underscored the importance of neutrophils in sepsis infection resolution, correlating
the worsening of septic conditions with a failure in neutrophil migration toward the
infection site. This mechanism is dependent on the TLR-4 receptor, as it was not
observed in TLR-4 knockout mice. Our results provide evidence that B-glucan
treatment was capable of preventing this failure in neutrophilic migration to the

infectious focus, thereby reducing the vulnerability of the animals.

Beyond lymphocytes and granulocytes, platelets are another crucial component of
the immune response significantly affected during sepsis. Thrombocytopenia, or a
decrease in platelet count, occurs in septic individuals due to multiple factors
including blood dilution, decreased production, excessive consumption, and/or
destruction of platelets (Vardon-Bounes, Gratacap, et al., 2019; Vardon-Bounes,
Ruiz, et al., 2019). This phenomenon serves as an indicator of sepsis severity due to
the critical role platelets play in both the inflammatory response and coagulation
during infection. Platelets are not only essential for hemostasis but also actively

participate in the immune response by promoting neutrophil recruitment (Grommes
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et al.,, 2012). In the context of sepsis, platelet activation occurs through direct
interaction with pathogens, the inflammatory response, and coagulation cascades, all
triggered by endothelial tissue damage (Vardon-Bounes, Gratacap, et al., 2019;
Vardon-Bounes, Ruiz, et al., 2019). However, excessive activation and consumption
of platelets can lead to a significant reduction in their numbers, worsening tissue
perfusion, increasing the risk of bleeding, and contributing to organ dysfunction.
Consequently, thrombocytopenia becomes a negative prognostic marker in sepsis
(Levi & van der Poll, 2017). Our findings indicate that B-glucan treatment did not
cause platelet depletion (Figure 2B), suggesting it does not interfere with the

mechanisms that ensure vascular integrity and prevent hemorrhage.

Sepsis is known to induce injury and malfunction in multiple organs, with
the lungs being among the most severely affected. Sepsis-induced lung injury is
strongly associated with morbidity and mortality, primarily driven by the disruption
of the endothelial barrier (Dolmatova et al., 2022). Other contributing factors to lung
injury are linked to Acute Respiratory Distress Syndrome (ARDS), which is
characterized by an exacerbated inflammatory response in the lungs, leading to
pulmonary edema and, consequently, respiratory failure (Sheu et al., 2010). In our
histological analysis of the lung (Figure 4), we observed no signs indicative of
endothelial disruption in the B-glucan-treated animals. Furthermore, the results show
that animals treated with B-glucan (CLP GLU) exhibited characteristics similar to
those of uninfected animals (Sham): namely, the absence of edema and inflammatory
infiltrate, although mild to moderate congestion was noted. This protective effect
becomes even more evident when compared to septic animals (CLP), which displayed
moderate to severe congestion and potential alveolar infiltration. These findings
strongly suggest that the f-glucan treatment preserves normal pulmonary
architecture, preventing endothelial barrier rupture and pulmonary edema formation,
both of which are factors strongly associated with mortality in sepsis (Dolmatova et

al., 2022).

Our analysis of cellularity in various tissues revealed significant alterations in the
immune response between the treated (CLP GLU) and untreated (CLP) groups. In the

bone marrow, a reduction in cell numbers was observed in both groups, likely
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reflecting the mobilization of cells to the infectious focus—a common and expected
phenomenon in sepsis (Delano & Ward, 2016b). In the spleen, the increased
cellularity in the CLP group could be linked to an exacerbated immune response,
characteristic of the hyperinflammation seen in sepsis. Conversely, the reduction in
cellularity in the CLP GLU group suggests a potential modulatory effect of B-glucan,
controlling cell migration and activation. In the peritoneum, the primary site of
infection in the CLP model, the increase in cells in the CLP group reflects the massive
recruitment of leukocytes to the site. In contrast, the treated group showed a decrease,
suggesting that B-glucan may have reduced excessive cellular recruitment. No
statistically significant difference was observed in the cellularity of the lymph nodes

among the groups.

Cytokines play a crucial role in the pathology of sepsis, acting as key molecules
in the host's inflammatory response to infection. In sepsis, there is an excessive
release of pro-inflammatory mediators, which contribute to tissue damage (Dinarello,
2000). However, a phase of immunosuppression also occurs, characterized in part by
the presence of anti-inflammatory mediators (Hotchkiss & Nicholson, 2006). Our
study found that treatment with B-glucan from Auricularia auricula maintained
control over important inflammatory cytokines, specifically reducing TNF-a, IFN-y,
and MCP-1. It also suppressed the anti-inflammatory cytokine IL-10. Furthermore,
this treatment stimulated the production of IL-6 and did not interfere with IL-12

levels.

TNF-a is a pivotal cytokine that initiates cascades of other inflammatory cytokine
production, playing a crucial role in the onset of the immune response (Tracey et al.,
1987). However, its role can be either detrimental or protective depending on the
experimental model. Early studies correlated increased TNF-a secretion with elevated
mortality when stimulated by LPS injection or Escherichia coli (Beutler et al., 1985;
Tracey et al., 1987). Other research has yielded similar results (Suffredini et al., 1989;
Taveira da Silva et al., 1993; Waage et al., 1987). Our current study demonstrated
that B-glucan treatment reduced TNF-a production. This effect likely contributed to
the improved survival of the animals and prevented tissue damage that can arise from

excessive TNF-a levels.
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IFN-v is a cytokine regulated by the action of IL-12 and IL-18, which promote the
activation of macrophage effector functions, leading to pathogen elimination via the
production of nitric oxide (NO) and reactive oxygen species (ROS) (Lionakis et al.,
2023; Romero et al., 2010). In sepsis, high levels of IFN-y, as well as its
administration after CLP, are related to the intensification of inflammation and
consequently increased mortality (Miles et al., 1994). Conversely, the blockade or
reduction of IFN-y is associated with attenuated inflammation and increased survival
(Dinges & Schlievert, 2001; Yin et al., 2005; Yin et al., 1999). In the animals treated

with B-glucan, a reduction in IFN-y production was observed.

MCP-1 (monocyte chemoattractant protein-1) is a chemokine frequently
associated with the worsening of sepsis and the development of multiple organ
dysfunction (Wang et al., 2008) . This deterioration occurs due to the excessive
recruitment of immune cells to infection sites and the release of tissue-damaging
mediators, such as pulmonary myeloperoxidase (MPO). Ramnath et al (Ramnath et
al., 2008) observed a direct relationship between decreased levels of MCP-1 and
MPO and improvements in histological and hepatic analyses in CLP and LPS models
after treatment with MCP-1 blockers. Our results, consistent with the aforementioned
study, indicate a reduction in serum MCP-1 levels, which can be correlated with the
histological analysis of the lung (Figure 4). This suggests a possible protective effect
against pulmonary damage, thereby corroborating the findings of Ramnath et al.

(2008).

Interleukin-6 (IL-6) is a cytokine that can exert either beneficial or detrimental
effects on survival during bacterial infections, depending on the study model. It has
been observed to be beneficial in some contexts (Dalrymple et al., 1996; van der Poll
et al., 1997) while being harmful in others (Riedemann et al., 2003). For instance,
Dalrymple et al. (1996) found that IL-6-deficient mice showed increased
susceptibility to Escherichia coli infection, with higher mortality and elevated CFUs
in tissues. Similarly, van der Poll et al. (1997) reported that IL-6 knockout (IL-6 KO-
/-) mice exhibited impaired defenses against Streptococcus pneumoniae-induced
infection, leading to increased mortality and higher CFUs in the lung. Soltys and

Quinn (1999) observed an increase in IL-6 production by lymphocytes from mice
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pre-treated with B-glucan after LPS stimulation (Soltys & Quinn, 1999). Their study
discussed the role of IL-6 in modulating the apoptosis of these cells. This concept is
further supported by Naseem et al (Naseem et al., 2018), who reported a reduction in
the percentage of apoptosis in peripheral blood mononuclear cells (PBMCs)
following IL-6 stimulation. Our findings, consistent with these earlier studies,
indicate an increase in serum IL-6 levels (Figure 3) in B-glucan-treated animals. This
increase is likely associated with the prevention of lymphopenia in sepsis, thereby

contributing to improved outcomes.

The B-glucan treatment led to a reduction in pro-inflammatory cytokines such as
TNF-o and IFN-y, while notably increasing IL-6 levels. The interactome generated
provides a molecular map for this complex modulation. Firstly, Dectin-1 activation
by p-glucan initiates a cascade involving Syk—CARD9 — BCL10/MALTI.
Secondly, this pathway subsequently activates transcription factors like NF-kB and
AP-1, which are critical in controlling the expression of various cytokines. The
network analysis also highlights the presence of Mapk11 and Mapk14 (p38 MAPK).
The p38 pathway is known for its intricate regulation of TNF-a and IL-6 production.
It is plausible that B-glucan, acting through this pathway, promotes a selective
modulation, decreasing the production of certain cytokines (TNF-a) while sustaining
others (IL-6). This sustained IL-6 production may play a protective role in preventing
lymphopenia, a common and detrimental feature of sepsis. Furthermore, the presence
of Nod2 and Ripk?2 in the interactome is particularly intriguing. NOD2 recognizes
muramy! dipeptide, a component of the bacterial cell wall. The interaction between
the Dectin-1 and NOD2 pathways suggests that B-glucan effectively "primes"
leukocytes to respond more effectively not only to fungi but also to bacteria. This
mechanism provides a compelling explanation for the observed reduction in bacterial
load (CFUs) in both the peritoneum and blood (Figure 6), representing one of the
most significant findings of this study. In summary, the interactome analysis
demonstrates that Dectin-1 acts as a central hub, integrating signals from diverse
pathogens to mount a more balanced and effective immune response. This integrated

response ultimately results in the increased survival observed in the treated animals.
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B-glucans are frequently highlighted in the literature for their low toxicity risk
(Cardenas et al., 2021; Preece et al., 2021; Tatli Seven et al., 2021) and their
antimicrobial properties (Wzorek-Lyczko et al., 2024), which enable pathogen
eradication. Our results demonstrated that B-glucan reduced CFUs at the infectious
focus within the peritoneal cavity and was capable of reducing bacterial translocation
into the bloodstream, thereby preventing dissemination to distant tissues. Harriett et
al (Harriett et al., 2022) conducted a similar study, observing that immunization with
purified B-glucan preparations from Saccharomyces cerevisiae (1 dose of 1-4 mg, 7-
14 days before sepsis, via intraperitoneal) induced protection against Candida
albicans, Staphylococcus aureus, and Escherichia coli. This treatment resulted in an
80% survival rate up to the 10th day after sepsis induction. In our current work, we
demonstrated an increased survival rate in animals treated with B-glucan, with an 80%
survival rate by the second day of observation and 60% from the third to the fifth day
of observation. This corroborates the data from Harriett et al. (2022) and confirms
that B-glucan treatment modulated immunological parameters as demonstrated,

inducing protection against polymicrobial sepsis and providing increased survival.

The results presented in this study demonstrate that the impact of B-glucan
administration in a septic model is remarkably diverse. Treatment with B-glucans
conferred an increase in survival through several mechanisms. These include an
elevated absolute number of leukocytes and granulocytes in peripheral blood,
indicating a more robust immune response against the infectious agent. We also
observed a significant reduction in colony-forming units (CFUs) in both peripheral
blood and the infectious focus, highlighting improved control over bacterial
dissemination. Furthermore, the preservation of pulmonary architecture was evident,
reflecting a mitigation of inflammatory tissue damage and the prevention of acute

lung injury.

Given these findings, our discoveries suggest that administering pB-glucans can
mitigate critical factors that exacerbate sepsis and elevate mortality risk. Furthermore,
pre-administration of B-glucans, prior to sepsis development, may be particularly
beneficial. This is because it primes and enhances the immune system, enabling it to
respond more efficiently to polymicrobial infection. Thus, the possibility of utilizing

B-glucans as therapeutic agents and/or adjuvants in the management of sepsis
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represents an innovative perspective, aligning prevention with alternative therapy to

improve the clinical outcomes of septic patients.
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5. CONCLUSOES

A administracdo com B-glucana demonstrou efeitos promissores em modelo de
sepse letal, evidenciando seu potencial terapéutico. Em camundongos sépticos, a
administracao de B-glucana aumentou o numero absoluto de linfocitos e granulocitos
no sangue periférico, indicando uma estimulacdo da resposta imune. Além disso,
reduziu o nimero de células na medula 6ssea, bago e peritonio, sugerindo um possivel
controle da infiltragao celular excessiva nesses tecidos. A preservacao da arquitetura
pulmonar, sem alteragdes histologicas significativas, reforca seu papel protetor,
embora tenha sido observada congestao leve a moderada nos vasos peribronquiolares.
O tratamento também manteve o controle de citocinas desreguladas na sepse, como
TNF-a, INF-y, MCP-1 e IL-10, a0 mesmo tempo em que estimulou a produgao de IL-
6, sem interferir na produ¢do de IL-12. Adicionalmente, a B-glucana reduziu
significativamente os niveis de unidades formadoras de colonias no peritonio e no
sangue periférico, inibindo a translocacdo bacteriana e, consequentemente,
aumentando a sobrevida dos animais sépticos. Diante desses achados, o tratamento
com a B-glucana de Auricularia auricula pode ser considerado uma alternativa
terapéutica para estimular e¢/ou modular a resposta imune em quadros de sepse,
podendo também atuar como adjuvante ao tratamento com antimicrobianos padrdes

na clinica, contribuindo assim para a melhora do progndstico e sobrevida na sepse.
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