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RESUMO

Introdugdo: Colite Ulcerativa (UC) ¢ uma Doenga Inflamatoria Intestinal (DII) caracterizada por uma
resposta imune exacerbada, com sintomas como diarreia, perda de peso e sangue nas fezes. Apesar dos
medicamentos disponiveis, a remissdo da doenga nem sempre consegue ser alcangada e ha a necessidade
de terapias alternativas. A colite induzida por DSS (Dextran Sulfate Sodium) ¢ um modelo animal utilizado
na investigagdo de novas terapias por sua semelhanga a UC humana. DSS provoca dano a barreira epitelial
do cdlon, induzindo uma resposta imune exacerbada; entretanto, o exato mecanismo ndo esta totalmente
esclarecido. O Ultrassom Terapéutico (TUS) foi utilizado para tratamento de injuria renal em modelo
experimental, sua agdo se d4 através da estimulacdo do nervo vago (VN) e consequente ativagdo da via anti-
inflamatoéria colinérgica (CAIP). Uma vez que pacientes com DII podem exibir atividade disfuncional do
VN, TUS pode ser investigado como terapia alternativa. Objetivos: Investigar temporalmente o perfil
clinico, protedmico, histologico e imunologico da colite aguda induzida por DSS; e determinar os efeitos
de TUS na colite induzida por DSS. Métodos: No primeiro estudo, a severidade da colite foi avaliada pela
administracdo de DSS 1-3%, observando a resposta clinica e histologica. A analise temporal de DSS 3%
incluiu uma avaliagdo protedmica e histologica do célon, ¢ a resposta imune celular no bago, linfonodo
mesentérico (MLN) e célon. No segundo estudo, utilizando o modelo de DSS 2%, TUS foi aplicado no
abdomen dos animais e foram observados os sintomas clinicos, dano histologico, proteémica do colon e
respostas imunes celulares no bago, MLN e célon. Animais esplenectomizados ou knockout para a7nAChR
(marcador classico para ativacdo de CAIP) foram utilizados. Resultados: No primeiro estudo, observou-se
que a severidade da doenga foi aumentada seguindo concentragcdes de 1-3% DSS. A analise temporal de
DSS 3% demonstrou que os macrofagos (F4/80") se apresentam como a primeira resposta celular, seguidos
por células T CD25", CD4" ¢ CD8". A piora clinica da doenca correspondeu ao aumento progressivo de
fatores pro-inflamatérios e dano tecidual no cdlon, exceto no dia 8. Foram observados menores niveis dos
marcadores de células T CD25", CD4" ¢ CD8" no MLN e/ou bago, sugerindo a ocorréncia de tropismo
destas células para o intestino. No segundo estudo, a aplicagdo de TUS diminuiu a severidade da doenga
através da melhora de sintomas clinicos, danos teciduais e encurtamento do célon. A proteémica do célon
demonstrou uma resposta anti-inflamatoria durante a fase de injuria (D0-7), induzindo uma resolugao
acelerada da doencga na fase de recuperagdo (D8-14). TUS diminuiu os niveis de células T CD8" e
normalizou os niveis de células T CD25" no c6lon. Animais esplenectomizados nio demonstraram melhora
clinica ou histologica, enquanto animais a7nAChR KO apresentaram piora da colite experimental. Além
disso, TUS aumentou os niveis de células F4/80°'a7nAChR" no intestino de animais WT DSS 2%.
Conclusdo: Nossos resultados demonstram que a severidade da doenga depende da concentragdao de DSS,
relacionada com as respostas clinica, protedmica e imune no modelo animal de DSS 3%; e TUS diminuiu
a severidade da colite induzida por DSS presumidamente pela da estimulagdo do VN e consequente ativagao
de CAIP através do bago.

Palavras-chave: Colite Ulcerativa; Dextran Sulfate Sodium; Ultrassom; Protedmica; Doengas
Inflamatorias Intestinais; Via Anti-inflamatoria Colinérgica; Nervo Vago; Alpha 7 Nicotinic Acetylcholine
Receptor.



ABSTRACT

Introduction: Ulcerative Colitis (UC) is an Inflammatory Bowel Disease (IBD) characterized by
uncontrolled immune response, presenting with symptoms of diarrhea, weight loss and bloody stools.
Despite available treatments, UC sustained remission is not achievable and there is still the need for
alternative therapies. Dextran Sulfate Sodium (DSS)-induced colitis is a mouse model used to investigate
novel therapies, since it closely mimics human UC. DSS damages the colonic epithelial barrier, leading to
an exacerbated immune response. However, the exact mechanism is not totally understood. Previous studies
showed the use of Therapeutic Ultrasound (TUS) to prevent kidney injury in mice through stimulation of
the vagus nerve (VN) and activation of the cholinergic anti-inflammatory pathway (CAIP). Since IBD
patients can present with dysfunctional VN activity, TUS could be studied as an alternative therapy.
Objectives: To investigate the temporal clinical, proteomic, histological and cellular immune profiles of
DSS-induced acute colitis; and to determine the effects of TUS directed toward the VN and spleen in the
course of DSS-induced colitis. Methods: First, we analyzed DSS-induced colitis severity by administration
of 1-3% DSS, observing the clinical course and histological damage. A time course analysis was performed
at 3% DSS, including colon proteomics, colon histology and immune cell responses in the spleen, MLN
(mesenteric lymph node) and colon. Next, utilizing 2% DSS in drinking water, we applied TUS over the
mice abdomen and analyzed clinical symptoms, histological damage, colon proteomics and immune cell
responses in the spleen, MLN and colon. Splenectomized and a7nAChR (key indicator of CAIP activation)
KO animals were also used. Results: In the first study, we observed worsening of the disease when
increasing DSS concentrations from 1 to 3%. Time course analysis of 3% DSS revealed macrophages to be
the first responders, followed by CD25", CD4" and CDS8" T cells. Worsening of the disease corresponded
to a progressive increase in pro-inflammatory colonic factors and histological damage, except at day 8.
Lower levels of CD25", CD4" and CD8" T cells in MLN and/or spleen suggest an immune cell tropism to
the gut. In the second study, TUS attenuated DSS induced colitis through amelioration of clinical
symptoms, histological damage and colon shortening. Proteomic colon analysis demonstrated an anti-
inflammatory profile during the injury phase (D0-7), whilst inducing an early resolution of the disease
during the recovery phase (D8-14). TUS decreased CD8" and normalized CD25" T cell levels in the gut.
Splenectomized animals demonstrated no improved clinical and pathological outcomes, and a7nAChR KO
mice presented with worsening of the disease. Furthermore, there were increased levels of
F4/80"a7nAChR" cells in the colon of 2% DSS WT mice under TUS treatment. Conclusion: Our results
demonstrate that the severity of colitis is dependent on DSS concentration, correlated with clinical,
proteomic and cellular immune responses on 3% DSS; and TUS significantly improved DSS-induced acute
colitis presumably through stimulation of the VN and consequent activation of CAIP through the spleen.

Keywords: Ulcerative Colitis; Dextran sulfate sodium; Proteomics; Therapeutic Ultrasound; Inflammatory
Bowel Diseases; Cholinergic Anti-Inflammatory Pathway; Vagus Nerve; Alpha 7 Nicotinic Acetylcholine
Receptor.



APRESENTACAO

Esta tese estd organizada da seguinte maneira: Introducdo e Revisdo Bibliografica,
Justificativa, Questdo da Pesquisa, Hipotese, Objetivos, Artigos Cientificos, Conclusdes,
Perspectivas e Consideragdes Gerais, ¢ Referéncias Bibliograficas.

A Introducio e Revisao Bibliografica mostram a base tedrica utilizada para a proposta
deste trabalho e formulacao da hipotese de estudo. Os Capitulos I e II contém os artigos cientificos
produzidos durante o periodo do doutorado, apresentando os materiais € métodos, resultados e
discussao. As Conclusoes referem-se as conclusdes gerais baseadas nesta tese. As Perspectivas e
Consideracoes Gerais abordam as futuras pesquisas a serem desenvolvidas baseadas neste
trabalho. As Referéncias Bibliograficas contém a literatura utilizada na Introdu¢ao e Revisdo
Bibliografica, sendo que cada artigo cientifico possui sua propria lista enumerada de referéncias

bibliograficas.
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1. INTRODUCAO

As Doengas Inflamatorias Intestinais (DII) incluem duas principais apresentacdes, a Doenca
de Crohn (CD) e a Colite Ulcerativa (UC). Sintomas tipicos da UC incluem perda de peso, diarreia,
sangue nas fezes e anemia. Sua causa ainda ¢ desconhecida, porém sabe-se que fatores genéticos,
ambientais e associados a microbiota levam a uma resposta imune exacerbada, atingindo
especificamente o célon e o reto na UC (1-3). A incidéncia de DII tem aumentado rapidamente,
com os maiores niveis sendo encontrados na América do Norte e Europa (4). Entretanto, o
tratamento medicamentoso atualmente disponivel nao fornece uma remissao definitiva da doenca
(5, 6), demonstrando a necessidade pela busca de terapias alternativas.

Modelos animais tém sido estudados de modo a esclarecer o desenvolvimento de UC e a
investigacao de novos tratamentos. Entre eles destaca-se o modelo experimental de colite induzida
por DSS (Dextran Sulfate Sodium), amplamente utilizado por sua facil manipulacao e
reprodutibilidade. O DSS adicionado a agua de beber dos animais leva ao dano da barreira epitelial
do cdlon e do reto, provocando uma resposta imune exacerbada, semelhante a UC humana (7-9).
Apesar de estudos anteriores demonstrarem aspectos temporais individuais deste modelo animal
(10-15), uma analise integrada dos aspectos clinicos, histologicos, protedmicos e da resposta
imune celular ainda se faz necessaria. Desta forma, o entendimento detalhado da colite aguda
induzida por DSS poderé auxiliar no desenvolvimento de novas terapias.

Neste sentido, a estimulagao do nervo vago (VNS) tem sido investigada como uma terapia nao-
farmacologica em DII, visando a ativacdo da via anti-inflamatoria colinérgica (CAIP) e
consequentemente a diminuicao da inflamagao (16). VNS leva a secre¢ao de acetilcolina (ACh)
tanto no bago quanto no intestino, onde sua ligagao em a7nAChR (receptor nicotinico a7) presente

nos macrofagos leva a diminuicao da inflamagdo (17-20). A ativagdo do nervo vago (VN) e



consequentemente de CAIP foi previamente demonstrada em modelo de colite induzida por DSS,
resultando na diminuicdo da severidade da doenga (21). Além disso, pacientes com UC podem
apresentar uma disfungao do VN (22), levantando a possibilidade da utilizagdo de VNS como uma
op¢ao terapéutica.

A estimulacdo do VN no tratamento de epilepsia, depressao e até em estudos pilotos de CD,
possui caracteristicas altamente invasivas. O procedimento geralmente ¢ realizado por um
neurocirurgido, durando em torno de 1h, e possui riscos associados a proximidade do VN a veia
jugular e a artéria cardtida. Além disso, o eletrodo que envolve o VN geralmente nao ¢ retirado
quando o aparelho ¢ removido, na tentativa de evitar danos a regido vasculo-nervosa (23). Portanto,
alternativas nao-invasivas t€ém sido buscadas. Nesse sentido, a estimulacao elétrica transcutanea
do nervo vago tem sido estudada para o tratamento de enxaquecas, doengas cardiacas ou estresse
poOs-traumatico (24, 25). Além disso, o aparelho GammaCore® foi aprovado pelo FDA (US Food
and Drug Administration) em abril de 2017 para o tratamento das “dores de cabeca suicidas”
(clustered headaches), sendo aplicado no pescoco pelo proprio paciente, a fim de provocar a
estimulagdo elétrica do VN e o alivio dos sintomas (26). A aplicagdo de ultrassom (US), por sua
vez, tem sido utilizada desde 1950 como uma terapia ndo-invasiva. US induz efeitos bioldgicos
através de aquecimento, forcas radiativas acusticas e efeitos mecanicos (27). Além disso, o uso
terapéutico de US (TUS) foi demonstrado em modelo animal de lesdao renal, onde VNS levou a
ativacdo de CAIP no bacgo e prevengao da lesdo renal aguda (28, 29). Deste modo, TUS aplicado

no abdoémen pode ser considerado uma alternativa terapéutica ndo-invasiva para VNS em DII.



2. REVISAO BIBLIOGRAFICA

2.1 Colite Ulcerativa

Colite Ulcerativa (UC) consiste de uma doenga cronica que afeta continuamente o colon € o
reto, apresentando sintomas como diarreia, dor abdominal, sangue nas fezes, fadiga e perda de
peso (30). UC faz parte das chamadas Doengas Inflamatdrias Intestinais (DII), as quais nao
possuem cura ou uma causa definida. H4 o envolvimento de fatores genéticos, ambientais e da
microbiota intestinal no desenvolvimento de UC, os quais levam ao desequilibrio imunologico da
mucosa entérica e uma resposta inflamatéria exagerada (2). Inicialmente foi relatado o aumento
da incidéncia das DII na Europa e na América do Norte, relacionado principalmente a dieta e ao
estilo de vida ocidental. Entretanto, dados recentes indicam o crescimento desta incidéncia em
paises em desenvolvimento, como a China e a India (2, 4, 31). Estas mudangas esto relacionadas
com diversos fatores ambientais e de estilo de vida, como o consumo de comidas processadas,
ansiedade, depressdo, uso de cigarro, falta de amamentagao, uso de antibioticos, entre outros (2).

Embora a UC tenha sido inicialmente classificada como uma resposta Th2 (IL-4, IL-5, IL-13),
estudos demonstraram o envolvimento das respostas Th1 (IL-12, IL-27, IFNy, TNFa., IL-2), Th17
(IL-17, IL-23) e Th9 (IL-9) na imunopatogénese da doenca (32). A primeira linha de defesa da
mucosa intestinal consiste da barreira epitelial, onde as células epiteliais sdao firmemente
organizadas por juncdes celulares e protegidas por uma camada de muco. Durante o
desenvolvimento da UC, ha o aumento da permeabilidade da barreira epitelial que permite maior
acesso dos antigenos do limen a lamina propria da mucosa, levando a uma resposta imune
exacerbada (33). Os macrofagos presentes na mucosa, normalmente em estado de anergia
inflamatoéria, reagem juntamente com as células dendriticas na defesa intestinal. Ambos liberam

fatores inflamatorios, como IL-1B, IL-6, IL-12 ¢ TNFa, os quais aumentam o dano a barreira



epitelial e promovem a ativagdo de células T helper (Th) (32-34). Apesar da presenga de células T
regulatérias (Treg) funcionais na mucosa intestinal de pacientes com DII, ¢ sugerido que o
aumento exagerado de células T efetoras cause um desequilibrio direcionado a uma resposta pro-
inflamatoria, restringindo o efeito das células Treg (32). Além disso, as células T efetoras podem
ser menos responsivas a imunossupressao induzida por células Treg em pacientes com DII (35),
levando a um quadro pré-inflamatoério.

A UC também apresenta um elevado influxo de eosinéfilos e neutrofilos na mucosa intestinal,
principalmente em eventos agudos da doenca, em resposta a alta invasdo de antigenos e
inflamacao. Ambas as células estdo presentes no trato gastrointestinal em homeostase, onde atuam
na defesa contra microrganismos, mas quando em excesso aumentam a inflamagdo e destruicao
tecidual (36, 37). O papel das células B tem sido visto como patogénico em UC, pela producao de
anticorpos e ativagao de células T. Porém, estudos recentes t€ém reportado a funcao das células B
regulatérias (Breg) no controle da inflamacao, onde as mesmas interagem e potencializam o efeito
das células Treg, diminuindo a severidade da doenca (38, 39). Além disso, Wang et al. (2016) (40)
demonstraram que pacientes com UC apresentam niveis reduzidos de células Breg, ressaltando a
importancia destas células no controle da inflamagdo. Por fim, o desequilibrio imunolégico e
aumento da inflamacao intestinal sdo responsaveis pela quimioatracao de linfocitos. O aumento
das proteinas de adesdo facilita a transmigracao destas células ao tecido inflamado, aumentando
ainda mais a resposta imune exacerbada (32). A Figura 1 demonstra o processo dindmico que
ocorre nas DII entre a estrutura intestinal, células imunes e citocinas.

Atualmente, o tratamento medicamentoso da UC ¢ realizado através de aminossalicilatos,
corticosterdides, tiopurinas, inibidores de calcineurina e anticorpos monoclonais (41). As terapias

biologicas mais recentemente utilizadas e aprovadas pelo 6rgao americano FDA (US Food and
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Figura 1. Imunopatogénese nas DII. Representagdo do envolvimento da resposta imune inata e adaptativa na
patogénese das DII, incluindo dano tecidual, alteragdo nos niveis de citocinas e quimioatracdo de células T efetoras
e mondcitos. Ahluwalia et al. (2018)

Drug Administration) incluem anticorpos monoclonais anti-TNFo e anti-moléculas de adesdo,
visando interferir na migragao de leucocitos a mucosa intestinal. Apesar dos avangos recentes no
tratamento medicamentoso disponivel, nem todos os pacientes respondem as terapias bioldgicas,
ou entdo deixam de responder com o passar do tempo (42). Além disso, a introdug@o de anticorpos
monoclonais no tratamento de UC ndo diminuiu a necessidade de intervengdo cirtrgica, a qual

ainda ¢ recomendada em situacdes de colite aguda severa, colite ulcerativa refratiria ou
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displasia/carcinoma (43). Com isso ressalta-se a atual necessidade do desenvolvimento de

alternativas terapéuticas ¢ o melhor entendimento do desenvolvimento de UC.

2.1.1 Modelo Animal de DSS

Diversos modelos animais tém sido utilizados no estudo das DII, incluindo colite espontanea,
modelos transgénicos, nocautes, modelos de transferéncia adotiva de células, e colite induzida por
drogas. Nesta ultima categoria encaixa-se o modelo de colite induzida por Dextran Sulfato de
Sodio (DSS), amplamente utilizado desde 1985 pela facilidade de inducao e semelhanga a UC
humana (10, 44). O DSS ¢ um polissacarideo com propriedades anticoagulantes facilmente diluido
em agua, normalmente utilizado em concentracdes entre 1-5% e administrado aos animais entre 4-
10 dias. A severidade da colite induzida por DSS pode ser modificada com a alteragdo da
concentracdo da droga, seu peso molecular, a quantidade de dias administrados, de ciclos de
administracao (colite aguda ou cronica), a espécie e linhagem dos animais, a microbiota intestinal
e as condigdes do ambiente em que os animais sao acomodados (45-47). A acao primaria do DSS
ocorre pela perturbacao da barreira epitelial intestinal, permitindo maior acesso de antigenos do
limen a camada mucosa, provocando uma resposta imune exacerbada e aumento do dano tecidual
(Figura 2) (44, 46).

A resposta imune inata ¢ a primeira observada no modelo de DSS. O influxo de neutréfilos e
macr6fagos no colon leva a um aumento na produgdo de citocinas pro-inflamatdrias e eventual
quimioatracdo de linfocitos ao tecido inflamado. Além disso, foi observada a interacao de
neutréfilos e macrofagos com células T, demonstrando sua participagdo na ativacao da resposta
adaptativa no colon. Um aumento na quantidade e ativagao de células dendriticas no linfonodo
mesentérico (MLN) também foi observado em resposta ao insulto quimico de DSS. Sua posterior

possivel migracao ao célon poderia promover a interacao de células dendriticas com células B,
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Figura 2. Acio de DSS na barreira epitelial intestinal. Administragéo de DSS leva a maior permeabilidade da barreira
epitelial, infiltracdo de antigenos na camada mucosa e uma resposta imune exacerbada. Chassaing et al. (2014)

induzindo a producao de plasmocitos e anticorpos (12). Apesar da indugdo da colite por DSS ndo
ser dependente de células T ou B (48), o acimulo destas células foi observado na fase aguda tardia
(D12) e na fase cronica (D25) no colon destes animais. Ao mesmo tempo, uma redugdo do nimero
de células T e B foi visto no bago, sugerindo o movimento migratorio ao célon (12). A resposta

imune pro-inflamatoria leva ao aumento do dano tecidual no cdlon, caracterizado por tulceras,
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perda das criptas, edema, perda de células caliciformes, formagdo de abcessos e aumento do
infiltrado de células imunes. Estas mudancas sao traduzidas em sintomas clinicos no modelo DSS,
incluindo diarreia, sangue nas fezes, perda de peso, anemia e eventual obito (49).

O DSS induz uma colite caracterizada pelas respostas Th1, Th2 e Th17 (11), similar ao padrao
apresentado na UC humana (32). Alex et al. (2009) (11) reportaram uma resposta imune inicial de
Th1-Th17 (TNFa, IL-6, IL-17, KC) na fase aguda de colite induzida por DSS, enquanto a fase
cronica foi marcada por uma resposta predominante Th2 (IL-4, IL-10). Entretanto, ja foi observado
que diferentes populacdes de microbiota em camundongos isogénicos resultaram em diferentes
suscetibilidades a colite induzida por DSS. Além disso, o desenvolvimento da colite envolveu
diferentes respostas do sistema imune (adaptativa ou inata) dependendo da microbiota presente
(50). Estas diferengas podem estar relacionadas aos variados resultados obtidos por diferentes
grupos de pesquisa e laboratorios.

Estudos prévios tém focado em caracteristicas individuais ou pouco abrangentes do modelo
DSS em suas andlises temporais. Yan et al. (2009) (10) reportaram diferengas ao longo de 14 dias,
observando aumento da atividade de MPO (mieloperoxidase), permeabilidade da barreira epitelial
e citocinas pro-inflamatorias (IL-13, TNFa, IFNy, IL-6, IL-10, IL-12, MIP-2, KC) com a piora
dos sintomas clinicos. A comparacao entre camundongos C57BL/6 ¢ BALB/c também ja foi
reportada, focando na transi¢ao da doenca aguda para a doenga cronica induzida por DSS. A
analise temporal revelou mudangas histoldgicas, clinicas e nas citocinas pro-inflamatorias (IL-1a.,
IL-1B, IL-6, IL-12(p70), IL-12(p40), IL-17, IL-18, IFNy, G-CSF) ao longo de 34 dias (13). O
grupo do Dr. Christopher Kevil, por sua vez, focou em mudangas gendmicas do modelo DSS e sua
relagdo com a UC humana adulta e pediatrica (14, 15). Nosso grupo de pesquisa também tem

desenvolvido estudos utilizando a colite induzida por DSS, visando o entendimento do modelo e
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a aplicacao de diferentes terapias (47, 51-54). Todos estes estudos agregam conhecimento quanto
ao modelo animal e a UC humana. Entretanto, a investigacdo temporal da resposta imune,
protedmica, histologica e clinica de maneira integrada da colite aguda induzida por DSS ainda nao
foi reportada. O entendimento mais completo, temporal e detalhado do modelo podera auxiliar no

desenvolvimento de novas terapias € no estudo da patogénese de UC.

2.2 Via Anti-inflamatéria Colinérgica

O intestino € inervado por ambos 0s sistemas nervosos simpatico e parassimpatico. Os nervos
do sistema simpatico interagem com os nervos entéricos distribuidos ao longo do intestino. Eles
inervam desde a camada muscular até a camada mucosa intestinal, controlando a contracao e o
relaxamento muscular. Os nervos do sistema parassimpatico, por sua vez, inervam somente a
camada muscular, especificamente o plexo mioentérico, onde regulam as fungdes intestinais de
secrecao, absor¢ao e motilidade (16, 20, 55). O nervo vago (VN), como parte do sistema nervoso
parassimpatico, regula respostas inflamatorias pela via anti-inflamatoria colinérgica (CAIP). Os
terminais eferentes do VN promovem a secrecao de ACh e estimula uma resposta anti-inflamatoria
por sua ligagdo em células imunes possuidoras do receptor nicotinico alfa 7 (7nAChRs). Este
mecanismo faz parte do “reflexo inflamatério”, onde o sistema nervoso central detecta a
inflamacao e modula a resposta imune inata através da inibi¢ao da ativagao de NFkB, diminuindo
a secrecao de citocinas pro-inflamatorias (Figura 3) (55-57).

Neste sentido, a estimulagao do VN (VNS) tem sido investigada como terapia. A ativagao do
VN leva a estimulagdo do nervo esplénico e secrecao de norepinefrina (NE) no bago. A ligagdo

deste neurotransmissor em receptores 3 adrenérgicos nas células T estimula a liberacao de ACh, a

qual liga-se em macrofagos a7nAChR" e inibe a secregdo de fatores pro-inflamatorios (TNFa
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principalmente). Da mesma forma, a estimulacdo do VN leva a ativacdo dos nervos entéricos e
liberagdo de ACh no intestino, diminuindo a inflamagao através de macrofagos a7nAChR* (Figura

4 (19, 20).
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Figura 3. Representacao do reflexo inflamatorio. A inflamacio induzida por diferentes fatores é detectada pelo sistema
nervoso central, levando a ativag@o da via anti-inflamatoria colinérgica (CAIP) através do nervo vago e consequente
secrecdo de ACh. Sua ligagdo em células imunes contendo a7nAChR leva a inibig¢ao da ativacdo de NFkB e da secrecdo
de citocinas pro-inflamatorias. Tracey et al. (2009)
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Figura 4. Representacio da via anti-inflamatoria colinérgica. Ativagdo do nervo vago induz a ativagido de CAIP
através do bago ou diretamente no intestino, diminuindo a inflamacdo pela secrecdo de ACh e sua ligagdo em

macrofagos o 7nAChR™. Matteoli et al. (2013)

Entretanto, Matteoli et al. (2014) (58) demonstraram a ativagcdo de CAIP através do VN na
auséncia do bago e de células T, sugerindo um efeito majoritario diretamente no intestino.
Utilizando um modelo experimental de inflamagdo intestinal, o grupo observou o contato das
terminagdes eferentes do VN com os neurdnios mioentéricos colinérgicos, mas ndo o contato

direto do VN com os macréfagos mioentéricos (Figura 5). Estes resultados sugerem a atividade
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dos neurdnios entéricos como ampliadores do estimulo vagal no intestino, onde a expressao de

o7nAChR nos macrofagos € essencial para a ativagao de CAIP (20, 58).
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Figura 5. Representacio do contato do sistema nervoso e o sistema imune intestinal. (A) Distribuicio das fibras do sistema simpatico
alcangando até a camada mucosa, enquanto o sistema parassimpatico encontra-se restrito ao plexo mioentérico. (B) Fibras dos nervos
entéricos alcangam a camada mucosa e liberam neurotransmissores (incluindo ACh), influenciando macrofagos, células dendriticas e células
T. (C) Fibras eferentes do nervo vago liberam norepinefrina, estimulando os nervos entéricos a liberarem ACh e induzir uma resposta anti-
inflamatoria pela reducdo de TNFa e inducdo de células T regulatorias. Goverse et al. (2016).

2.2.1 Via Anti-inflamatéria Colinérgica em Colite induzida por DSS

Estudos em colite induzida por DSS tém demonstrado a estimulacdo da CAIP como uma

possivel alternativa terapéutica. Salaga et al. (2016) (59) revelaram os efeitos de encenicline, um

agonista parcial de a7nAChR, em modelo de colite induzida por DSS. A aplicacao da droga desde
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o dia 0 resultou em redugdo no dano histolégico, melhora da consisténcia das fezes, perda de peso
e comprimento do célon. Além disso, houve reducdo dos niveis de células Th17 e aumento da
presenca de células T regulatorias FoxP3" no colon. Porém, a droga administrada com a inflamagao
ja estabelecida (dia 3 do modelo experimental) ndo promoveu os mesmos efeitos terapéuticos,
sugerindo um papel preventivo do tratamento. Da mesma forma, Ji et al. (2014) (21) demonstraram
a ativacao de CAIP e reducgdo da severidade da colite induzida por DSS através da ativacao da via
colinérgica. A administracao diaria de Galantamine (inibidor de acetilcolinesterase) ou de
agonistas do receptor muscarinico de acetilcolina foi iniciada 1 dia antes da indu¢do da colite
experimental. Seus resultados mostraram a reducao da inflamag¢ao da mucosa, e menores niveis de
citocinas pro-inflamatorias, o que foi atribuido a ativacdo de a7nAChRs no baco. Os efeitos
terapéuticos foram perdidos quando os animais passaram por esplenectomia, vagotomia ou
neurectomia esplénica, demonstrando a participagao do eixo VN e baco no controle da inflamagao.

Além do efeito de CAIP no sistema imune, ja foi relatado o efeito benéfico da ativagao de
o7nAChR em hiperalgesia mecanica (dor sentida fora do local da lesdo) na colite induzida por
DSS. Um dos sintomas apresentados por pacientes com DII ¢ a hipersensibilidade visceral, a qual
causa dor abdominal e desconforto. Neste sentido, o tratamento oral com nicotina utilizado no
modelo DSS inibiu a hiperalgesia mecanica estabelecida, apesar de nao apresentar melhora na
inflamacao do coélon. Além disso, quanto a nicotina foi administrada juntamente com um
antagonista de a7nAChR, o efeito foi completamente perdido (60). Snoek et al. (2010) (61)
também utilizaram a nicotina como tratamento em colite induzida por DSS. A sua injecdo
intraperitoneal diaria resultou em niveis reduzidos de citocinas pré-inflamatérias no célon, mas
nao provocou alteragdo no restante dos parametros da doenga. Sugere-se que uma dose maior fosse

necessaria, mas que a mesma seria toxica aos animais. O mesmo trabalho demonstrou que
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agonistas de a7nAChRs levaram a piora da doenga, aumento da inflamacao no célon ou a auséncia
de resposta. Quando doses maiores foram utilizadas, houve a melhora dos sintomas clinicos mas
nao da inflamagao intestinal. Os autores sugerem que este efeito se deva a atividade inespecifica
dos agonistas, podendo alterar o curso da doencga pela vasta expressao de nAChRs em diferentes
tipos celulares e tecidos. Em contraste, outro estudo demonstrou que a administragao de DSS em
camundongos nocaute para a7nAChR levou a diferentes niveis de severidade da doenca,
dependendo do género dos animais. Machos nocaute (KO) apresentaram uma piora da colite e
maiores niveis de TNFa, enquanto nas fémeas KO a doenca foi semelhante a observada nos
animais wild type (WT). Perante a administragao de agonistas de a 7nAChR, os machos WT foram
os Unicos que responderam ao tratamento e demonstraram reducdo da severidade da doenca,
sugerindo uma participagdo hormonal na falta de resposta das fémeas WT (62). As diferencas
observadas nestes estudos podem ser relacionadas a diferentes dosagens, métodos de
administracao das drogas, género dos animais e severidade da doenca.

Por fim, considerando que a via colinérgica ¢ ativada através da VNS, estudos em colite
induzida por DSS também demonstraram o envolvimento do VN neste modelo experimental. A
utilizacao de animais vagotomizados para a indugao de colite por DSS resultou em piora no quadro
da doenca. Houve uma maior inflamagdo e dano histolégico, piora dos sintomas clinicos, e
aumento de IL-1B, IL-6 ¢ TNFa no colon. O pré-tratamento com nicotina dos animais
vagotomizados levou a uma melhora da doenga, demonstrando o envolvimento da via colinérgica
(63). Em modelo cronico de colite induzida por DSS, foi também observado o efeito protetor do
VN nas fases de recidiva aguda da doenca (64). Além disso, estudos de imagem revelaram que a
inducdo de colite experimental por DSS resultou em aumento da ativagdo de NFkB em animais

vagotomizados, levando a uma piora da doenca (65).
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Logo, o estudo da ativacdo do VN e de CAIP tornam-se alternativas no tratamento de colite

induzida por DSS, além de sua possivel aplicagdo clinica no tratamento de DII (Figura 6) (66).
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Figura 6. Representacio da interacio do sistema nervoso e o sistema imune. A estimulacio do nervo vago leva a
ativacdo da via anti-inflamatoria colinérgica e consequente diminuig@o da inflamagdo. Diversas condi¢des inflamatorias
podem ser beneficiadas com o estudo desta via como intervengao terapéutica, incluindo a colite. Inoue et al. (2016). IRI
— Ischemia Reperfusion Injury; NE — Norepinephrine; ACh — Acetylcholine.

2.2.2 Via Anti-inflamatéria Colinérgica em Doencas Inflamatérias Intestinais
Atualmente, estudos clinicos em fase I, II e I1I estdo em andamento para o estudo terapéutico
de CAIP em CD através da estimulagio do VN (ClinicalTrials.gov NCT02951650;

NCTO02311660; NCT01569503), porém, resultados ainda ndo foram publicados. Levando em
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consideragdo que a estimulagdo elétrica do VN ja ¢ aprovada para o tratamento de epilepsia e
depressao, VNS torna-se uma opg¢ado valida para o tratamento de DIIs (58, 67, 68). Bonaz et al.
(2016) (69) conduziram um estudo clinico piloto com 7 pacientes apresentando Doenga de Crohn
(CD) com severidade moderada. Seus resultados demonstraram propriedades anti-inflamatodrias
com a estimulacao cronica do VN, onde 5 pacientes apresentaram remissao profunda apos 6 meses
da aplicagdo, incluindo a restauragcdo da atividade vagal. Além disso, a utilizacdo de nicotina
transdérmica foi demonstrada em pacientes com colite ulcerativa, resultando em melhora no
quadro da doenca quando comparado ao grupo placebo. Entretanto, ndo houve vantagens quando
comparado ao tratamento medicamentoso padrao, e efeitos colaterais (tontura, ndusea, dermatite
por contato) limitam o seu uso terapéutico pelo alto nivel de desisténcia dos pacientes (70, 71).
Analise da atividade do VN revelou que até 35% dos pacientes com UC apresentam disfunc¢ao do

nervo vago eferente (22), demonstrando uma oportunidade para novas intervengdes terapéuticas.

2.3 Uso Terapéutico de Ultrassom

O ultrassom (US) tem sido utilizado como terapia desde 1950, baseando-se principalmente no
aquecimento do tecido alvo (72). Ultrassom consiste de vibragdes acusticas de frequéncia entre 20
KHz (quilohertz) e 50 MHz (megahertz), as quais sdao inaudiveis ao ouvido humano. Para a
aplicacao clinica de US utiliza-se o transdutor ultrassonico, o qual converte voltagem elétrica em
energia mecanica, produzindo efeitos bioldgicos (73). A propagacdo da energia mecanica
produzida pelo US atravessa o meio condutor, geralmente gel, e penetra o tecido alvo
consequentemente criando areas alternadas de compressao e rarefacao (vacuo) (74). Estas areas
sdo caracterizadas pela sua pressao positiva e negativa, respectivamente, observadas na amplitude

das ondas de vibragao (Figura 7) (73).

22



. A R
AWARARWA
| ,
VR VARV,
-Po
|
Po = wave amplitude
A = wavelength

I

Figura 7. Representacdo do comprimento e amplitude de onda no ultrassom. Os picos da amplitude de onda
representam os picos de pressdo positiva e negativa, medidas em MPa (MegaPascal), representando o movimento de
compressdo e rarefagio realizado pelo ultrassom. McDicken et al. (2011).

O US pode ser aplicado de maneira continua ou pulsada (Figura 8) de acordo com o objetivo

da terapia, levando em consideragdao que o ultrassom aplicado continuamente provoca o aumento

da temperatura com mais facilidade (27, 73).
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Figura 8. Representacio da geracio de ondas de ultrassom continua ou pulsadas. Partindo de uma fonte de
vibragdo (como o transdutor ultrassonico), as ondas podem ser aplicadas de modo continuo (A) ou pulsado (B).

McDicken et al. (2011).
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O efeito bioldgico observado no uso terapéutico do US deve-se aos efeitos térmicos e nao-
térmicos do tratamento (75). O aumento da temperatura pode ser causado pelo aumento da
intensidade (Watt/cm?), frequéncia (MHz) e/ou do tempo de exposi¢do ao US. Além do mais, cada
tecido possui um nivel diferente de absorcao da energia transmitida pelo ultrassom. Quanto maior
a absor¢do, maior a possibilidade do aumento de temperatura. Por exemplo, o tecido 6sseo possui
o maior poder de absorcao, seguido pela pele, gordura, tecido mamario, musculos, cérebro e
figado, sendo o tecido sanguineo o que possui a menor capacidade de absorcdo (76). O
aquecimento local pode ser benéfico de modo a aumentar a circulacdo sanguinea e acelerar o
reparo tecidual, mas deve ser controlado de modo a evitar queimaduras e danos teciduais (27). Os
efeitos nao-térmicos do US, por sua vez, podem causar mudangas em fungdes celulares e
moleculares, como na adesdo celular, permeabilidade da membrana, fluxo de célcio, proliferagao
celular, atividade fagocitaria de macréfagos, producao de proteinas relacionadas a inflamagao e
reparo tecidual, entre outros (77, 78).

Visando a regularizagdo do uso do US, o 6rgdo americano FDA (US Food and Drug
Administration) determina que o uso clinico de US nio pode ultrapassar o Indice Mecanico (MI)
de 1.9 de modo a minimizar o dano tecidual direto (79, 80). Este indice mede o poder mecanico

nao-térmico do US utilizado em determinada terapia, calculado como segue abaixo (81):

M| = Peak Negative Pressure (MPa)

\/ Frequency (MHz)
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No uso terapéutico de US deve-se considerar que a intensidade energética transmitida para o
tecido ¢ progressivamente diminuida ao longo do trajeto. Este fato deve-se a absor¢ao ou dispersao

da onda inicialmente produzida pelo transdutor ultrassonico (Figura 9) (73).

) W/

Figura 9. Representacio da transmissio de ultrassom em um tecido complexo. Ao longo da penetragdo no
tecido, a energia transmitida pelo ultrassom ¢é progressivamente diminuida. McDicken et al. (2011).

Além disso, baixas frequéncias de US (1MHz) sdo capazes de penetrar tecidos complexos mais
profundamente (3-5cm), enquanto maiores frequéncias (3MHz) possuem um alcance menor (1-
2cm) e sdo recomendadas no tratamento de lesdes mais superficiais (78). No Brasil, TUS ¢
amplamente utilizado na ortopedia e fisioterapia. Entretanto, ndo ha um padrao de dosagem na
pratica clinica e ¢ observada a falta de conhecimento dos profissionais em relacdo aos seus
fundamentos basicos (82). Além do uso fisioterapeuta, com a utilizagdo de aparelhos como o
Heccus®, aprovado pela Anvisa (registro 10360310021), TUS ¢ utilizado para drenagem linfatica,
fortalecimento muscular, celulite, flacidez da pele, analgesia, remog¢ao de gordura localizada, entre
outros. Mais recentemente, o Hospital de Transplante Doutor Euryclides de Jesus Zerbini (Sao
Paulo, Brasil) iniciou o recrutamento de pacientes apresentando cancer de prostata para estudo do
tratamento com ultrassom focalizado de alta intensidade (clinicaltrials.gov, NCT03255135). Em
sua lista de terapias aprovadas, o FDA demonstra diferentes aplicacdes de US, como: ultrassom
nao focalizado para aquecimento tecidual (como o utilizado em fisioterapia); hipertermia no

tratamento do cancer; ultrassom focalizado de alta intensidade para ablagdao de fibroma uterino;
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ultrassom focalizado para o tratamento de rugas; litotripsia intra ou extracorpdrea para
fragmentacdo de pedras nos rins; lipoaspiracao assistida por ultrassom para remogado de tecido
adiposo; ultrassom intravascular para dissolu¢do de trombos; ultrassom pulsado de baixa
intensidade para tratamento de fraturas Osseas; entre outros (27). Neste sentido, em pesquisa
conduzida pelo grupo do Dr. Mark Okusa, foi demonstrado o uso de ultrassom no tratamento de
lesdo renal aguda (AKI) experimental. Os animais receberam a terapia 24h antes da inducao de
AKI, resultando na prevencao do dano renal. Em andlise detalhada foi demonstrado que o
tratamento com US estimulou a via anti-inflamatoria colinérgica (CAIP) através do bago. Foi
observada a participagao essencial de células a7nAChR™ de origem hematopoiética e a necessidade
do nervo esplénico intacto (Figura 10). Além disso, o efeito terapéutico do US também foi
demonstrado em modelo experimental de sepse (28, 29), sugerindo o potencial uso deste
tratamento nas mais variadas condic¢des clinicas. Entretanto, muito ainda precisa ser estudado a

fim de entendermos detalhadamente os efeitos biologicos deste tipo de tratamento.
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Figura 10. Representacio da ativacao de CAIP pela terapia com Ultrassom. A estimulagdo do nervo esplénico por
Ultrassom leva a ativagdo de CAIP e diminuigdo da inflamag@o, protegendo os animais do dano renal causado por IRI
(ischemia reperfusion injury). Gigliotti et al. (2013). NE — Norepinephrine; ACh — Acetylcholine; BT — a-bungarotoxin
(antagonista de a7nAChR); IRI — Ischemia Reperfusion Injury.
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3. JUSTIFICATIVA

Apesar dos diversos tratamentos medicamentosos atualmente disponiveis, ndo ha uma terapia
que forneca a remissdo definitiva da UC. Além disso, alternativas terapéuticas que melhorem a
qualidade de vida dos pacientes também se fazem necessarias. O modelo experimental de colite
induzida por DSS tem sido amplamente utilizado na investigagdo de novas terapias. Entretanto,
uma analise temporal integrada deste modelo ainda nao tinha sido realizada. Desta forma,
propusemos inicialmente a comparagao de diferentes concentragdes de DSS, seguido do estudo
detalhado da colite aguda induzida por DSS. Analisamos temporalmente a correlagdo dos sintomas
clinicos, mudangas protedmicas, danos histologicos e alteracdes da resposta imune inata e
adaptativa. Apos o estabelecimento do modelo no laboratorio do NIH, propusemos a aplicagao da
terapia com US. Estudos prévios demonstraram a prevengdo e diminuicdo da inflamagdo em
modelo de lesdo renal com a aplicacdo de US. Andlise detalhada revelou a ativagdo do VN e
consequente ativacao de CAIP. Este efeito foi dependente do bago e dos receptores o 7nAChR
presentes nos macrofagos. Considerando os efeitos benéficos previamente reportados no modelo
DSS seguindo a estimulacao do VN e ativagdo de CAIP, propusemos a estimulagao desta via pela

aplicacao de US no modelo agudo de colite induzida por DSS.
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4. QUESTAO DE PESQUISA

O tratamento de ultrassom ¢ capaz de atenuar a severidade da colite aguda induzida por DSS?

5. HIPOTESE

O tratamento de ultrassom diminui a severidade da colite aguda induzida por DSS através da

estimulagdo do nervo vago e ativagao da via anti-inflamatodria colinérgica.
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6. OBJETIVOS

Avaliar os efeitos terapéuticos da terapia com ultrassom no modelo de colite aguda induzida

por DSS.

7. OBJETIVOS ESPECIFICOS

Capitulo I: Temporal clinical, proteomic, histological and cellular immune responses of DSS-

induced acute colitis

1.

2.

Comparar as mudangas clinicas e histologicas de DSS 1, 2 e 3%.
Realizar a anélise temporal integrada da colite aguda induzida por DSS em relagdo
aos sintomas clinicos, mudangas protedmicas do colon, dano tecidual e resposta

celular imune inata e adaptativa.

Capitulo II: Abdominal therapeutic ultrasound attenuates DSS-induced acute colitis through

the cholinergic anti-inflammatory pathway

3.

Analisar os sintomas clinicos, danos histoldgicos, mudancgas protedmicas do colon,
e resposta celular imune inata e adaptativa em colite aguda induzida por DSS com

ou sem a aplicacdo de ultrassom.

. Analisar o envolvimento do baco ¢ de CAIP com a utilizacdo de animais

esplenectomizados ou a7nAChR KO em colite aguda induzida por DSS com ou
sem a aplicacao de ultrassom.
Analisar o envolvimento de CAIP pela quantifica¢ao de células F4/80*a7nAChR"

em colite aguda induzida por DSS com ou sem a aplicagdo de ultrassom.
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Abstract
AIM
To investigate the temporal clinical, proteomic, histological and cellular immune profiles

of Dextran Sulfate Sodium (DSS)-induced acute colitis.

METHODS

Acute colitis was induced in C57bl/6 female mice by administration of 1, 2 or 3% DSS in
drinking water for 7 days. Animals were monitored daily for weight loss, stool
consistency and blood in the stool, while spleens and colons were harvested on day 8. A
time course analysis was performed in mice ingesting 3% DSS, which included colon
proteomics through multiplex assay, colon histological scoring by a blinded investigator,
and immune response through flow cytometry or immunohistochemistry of the spleen,

mesenteric lymph node and colon.

RESULTS

Progressive worsening of clinical colitis was observed with increasing DSS from 1 to 3%.
In mice ingesting 3% DSS, colon shortening and increase in pro-inflammatory factors
starting at day 3 was observed, with increased spleen weights at days 6 and 8. This
coincided with cellular infiltration in the colon from days 2 to 8, with progressive
accumulation of macrophages F4/80*, T helper CD4* (Th), T cytotoxic CD8* (Tcyt) and T
regulatory CD25* (Treg) cells, and progressive changes in colonic pathology including
destruction of crypts, loss of goblet cells and depletion of the epithelial barrier. Starting
on day 4, mesenteric lymph node (MLN) and/or spleen presented with lower levels of

Treg, Th and Tcyt cells, suggesting an immune cell tropism to the gut.

CONCLUSION
These results demonstrate that the severity of experimental colitis is dependent on DSS

concentration, correlated with clinical, proteomic and cellular immune response on 3%

DSS.
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Core tip: Our study contributes to a better understanding of the Dextran Sulfate Sodium
(DSS) acute colitis model in order to provide a stronger basis for novel therapies. Colonic
proteomic temporal analysis reveals an increase in cytokines with a strong influx of
immune cells. The highest cytokine levels were observed when animals were no longer
drinking DSS, suggesting a rebound response. Secondary lymphoid organs contribute by
sending different immune cells to the colon during the acute phase, such as CD4*, CD8*
and CD25* T cells. Our results demonstrate involvement of the adaptive and innate

immune responses during the acute phase of DSS-induced colitis.

Nunes NS, Kim S, Sundby M, Chandran P, Burks SR, Paz AH, Frank JA. Temporal
clinical, proteomic, histological and cellular immune responses of DSS-induced acute

colitis. World | Gastroenterol 2018; In press
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INTRODUCTION

Inflammatory Bowel Diseases (IBD) are chronic inflammatory diseases and consist
mainly of Ulcerative Colitis (UC) and Crohn’s Disease (CD). UC usually presents with
symptoms of diarrhea, weight loss, abdominal pain and blood in the stool and the
development of IBD is associated with genetic, environmental and microbial factors!2l.
Despite the rapid rise of IBD in the United States (US) and Europe, even with the advent
of biological therapies, there are no current treatments that will sustain remission.
Numerous animal models, including the chemically inducible colitis model of Dextran
Sulfate Sodium (DSS), have been developed to understand the pathobiology of IBD and
evaluate novel therapiesl3->l. When DSS is added to drinking water, mice develop colitis
that can be modulated by altering the DSS concentration, molecular weight and
microbiotal®7l. DSS primarily causes disruption of the intestinal barrier, allowing access
of antigens and pro-inflammatory factors from the intestinal contents to the mucous layer
of the large bowel. Moreover, the exact mechanism has not been thoroughly elucidated
(6891, Histological characteristics of DSS colitis includes the depletion of crypts, infiltration
of neutrophils, ulceration and inflammation of the mucosal and submucosal layers(l.
Initial studies['!l suggested that human UC was predominantly associated with a Th2
immune response (Interleukin (IL)-5), however it has been shown that other factors from
Thl (Tumor necrosis factor alpha (ITNFa)) and Th17 (IL-17, IL-23) profiles are also
implicated in the development of the diseasell?>15l. Although the DSS acute and chronic
colitis models are not solely dependent on B and T cell responses, a complex interplay
between innate and adaptive immune system occurs, in which neutrophils (N),
eosinophils (E), macrophages (M), dendritic cells (DC), T cells and B cells participate in
the exaggerated presentation of the diseasell>-18l.

Previous studies have individually investigated the relationship between the
clinical manifestations of DSS induced colitis with temporal proteomic, immune cells
infiltration, histological changes in the colon and transcriptional genomics[®151619-21], In
the current study, the relationship between daily clinical activities along with temporal

molecular analysis, histological features and immune cell trafficking were investigated
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during the acute phase of DSS colitis, to further the understanding of the interaction of

these factors in disease development.

MATERIALS AND METHODS

Animals

The protocol was approved by the Animal Care and Use Committee at our institution.
C57BL/ 6 female mice 6-8 weeks old from Charles River Laboratories (Wilmington, MA)
were used for the experiments. Animals were housed in specific pathogen-free conditions

with 12-12h light-dark cycles under controlled humidity and temperature.

DSS Colitis Model

Experimental acute colitis was induced by administration of 1, 2 or 3% (wt/vol) DSS
(36,000-50,000 Da - MP Biomedicals, Solon, OH) in drinking water ad libitum for 7 days
and euthanized at day 8. Control animals were allowed sterilized tap water ad libitum.
For the time course analysis, mice received 3% DSS for 7 days and were euthanized on
days O, 2, 3, 4, 5, 6 and 8. Euthanasia was performed through isoflurane anesthesia

followed by cervical dislocation for collection of biological samples.

Clinical Activity

Animals (n = 6/DSS group and n = 6/time point) were daily evaluated through Disease
Activity Index (DAI), as previously described[”22l. Table 1 contains the grading criteria
used for the DSS colitis model. Briefly, animals were evaluated for weight loss (0-4), stool
consistency (0-4) and blood in the stool (0-4), in which DAI reaches a maximum score of
12. After euthanasia at different time points, the entire colon was collected and cleaned
with flushing PBS (Phosphate buffered saline) 1x. Colon was weighed, and the colon
length was measured from the caecum to the anus. Spleen was weighted and further

processed for flow cytometry analysis.
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Proteomics

Colon samples from animals (n = 6/each time point) receiving 3% DSS were snap frozen
and later homogenized for protein extraction. Briefly, frozen colon samples were
processed in cell lysis buffer containing 150 mM NaCl, 1 mM EDTA, 20 mM Tris-HCI and
0.05% Tween-20, with addition of protease inhibitor (Thermo Scientific, Waltham, MA)
and 1.0 mm Zyrconium Beads. Samples were centrifuged twice at 14,000 rpm at 4°C for
20min and supernatant was collected. Aliquots were kept at -80°C until further analysis.
Samples were quantified through bicinchoninic acid assay (BCA - Thermo Scientific,
Waltham, MA) and diluted to a final concentration of 1 mg/mL of total protein. Colon
homogenates were analyzed by MILLIPLEX Map Mouse Cytokine/Chemokine Panel
(EMD Millipore, Billerica, MA) using Bio-Plex 200 (Bio-Rad) according to manufacturer

specifications.

Flow Cytometry

Spleen and Mesenteric Lymph Nodes (MLN) (n = 6/each time point) were collected and
processed for flow cytometry analysis. Tissue samples were smashed between two
frosted glass slides in the presence of Ammonium-Chloride-Potassium (ACK) lysing
buffer (Lonza, Walkersville, MD) until they were dissociated. PBS 1x was added and
samples were centrifuged at 1,500 rpm at 4°C for 10min. Cells were re-suspended in PBS
1x, filtered through a 70 pm filter and centrifuged at 1,500 rpm at 4°C for 10min. The
pellet was incubated in 10% Formalin for 35min at 4°C and washed in PBS 1x. Samples
were kept at 4°C until flow cytometry analysis. The single cell suspension was incubated
with the proper amounts of antibodies in Stain Buffer (BD Pharmingen, San Jose, CA) for
35min on ice protected from light, following manufacturer instructions. Samples were
loaded in a V-bottom 96-well plate and read in Accuri C6 Flow Cytometer (BD
Biosciences, San Jose, CA). Data were analyzed using Accuri C6 Flow Cytometer
software. Immune cells were characterized for T helper cells (CD3*CD4*), T regulatory
cells (CD3*CD4+*CD25%), T cytotoxic cells (CD3+*CD8*), B cells (B220*) and Macrophages
(F4/80%). Antibodies used were FITC F4/80 (Rat, 0.5 mg/mL, eBioscience), PE CD25 (Rat,
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0.2 mg/mL, BD Pharmingen), Alexa Fluor 488 B220 (Rat, 0.5 mg/mL, Biolegend), APC
CD4 (Rat, 0.2 mg/mL, BD Pharmingen), FITC CD3 (Rat, 0.5 mg/mL, BD Pharmingen)
and PE CD8a (Rat, 0.2 mg/mL, BD Pharmingen). Enriched F4/80* and CD3*CD4*CD25*
populations were separated prior to flow cytometry analysis using Magnetic Cell
Separation MicroBeads (MACS - Miltenyi Biotec, Bergisch Gladbach, Germany)
following manufacturer instructions in CD4*CD25* Regulatory T cell isolation kit and
with F4/80 MicroBeads Ultrapure. There were collected 20,000 events for each sample
and results are presented as the mean = SD percentage of the total number of cells.
Isotypes were also analyzed for each antibody and sample. Flow cytometry gating can be

found in Supplementary Figures 1 and 2.

Histological and Immunohistochemistry Evaluation

For bright field microscopy, colon samples (n =4/DSS group and n =4/ each time point)
freshly collected from animals receiving 3% DSS were washed with PBS 1x, cut
longitudinally and kept in 10% NBF (neutral buffered formalin) as a Swiss roll for 24h at
room temperature (RT). Tissue was kept in PBS 1x until further processed into paraffin
blocks. 3 pm sections were stained with Guills II hematoxylin and Eosin-Y (H&E) for
morphologic analysis. The histological evaluation was performed as previously
describedl”l. Briefly, the tissue was analyzed for grade of inflammation (0-3), extent
within the intestine layers (0-3), regeneration (0-4), crypt damage (0-4) and percentage of
involvement (0-4), reaching a maximum score of 56 (Table 2)[3l. Images were obtained
on a Leica Aperio ScanScope CS using a 20x air objective (NA = 0.75, Leica Microsystem:s,
Buffalo Grove, IL) and Aperio ImageScope software. H&E staining was done on spleen

and MLN using the same method as colon samples.

For immunohistochemistry studies, FFPE (formalin fixed paraffin embedded) 3 pm colon
and MLN samples (n = 4/each time point) were cut using a Leica Manual Microtome,
mounted on adhesive slides, left at 20°C overnight and then baked for 1h at 65°C the next

day. Samples were incubated in antigen unmasking solution (citrate-based, pH = 6.0;
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Vector Laboratories, Burlingame, CA) at 100°C for 40min and blocked with SuperBlock
Blocking Buffer (Thermo Scientific, Waltham, MA) for 20min at RT. Primary antibodies
CD4 (Rabbit, 0.623 mg/mL, Abcam), CD8 (Rabbit, 1 mg/mL, Abcam), F4/80 (Rabbit, 0.23
mg/mL, Novus Biologicals), B220 (Rat, 0.5 mg/mL, Invitrogen) and CD25 (Goat, 0.2
mg/mL, Invitrogen) were incubated at RT for 1h. Samples were incubated with
Peroxidazed 1 (BioCare Medical, Pacheco, CA) for 5min at RT, followed by incubation
with the respective secondary HRP (Horseradish Peroxidase) antibody for 30min at RT.
Samples were incubated with Immpact DAB (3,3-diaminobendizine) Peroxidase HRP
substrate (Vector Laboratories, Burlingame, CA) for 5min at RT. All samples were
counterstained for 5min with warmed 60°C Methyl Green (Vector Laboratories,
Burlingame, CA). Respective isotypes were also analyzed. Images were obtained on a
Leica Aperio ScanScope CS using a 10x air objective (NA = 0.75, Leica Microsystemes,
Buffalo Grove, IL) and Aperio ImageScope software. Photomicrographs were obtained
from the whole area of the colon or MLN and analyzed through Image]. The
quantification was done following the ratio of positive cells by the total area, multiplied

by 100 and represented in percentage.

Statistical Analysis

Statistical analysis was performed using Prism 7 (Graph Pad Inc., La Jolla, CA).
Experiments were evaluated through multiple student’s t-test and one-way ANOVA
followed by Dunnett post-hoc test. P<0.05 was considered statistically significant. Data

are presented as mean + SD.

RESULTS

This study demonstrates the progressive aggressiveness of colitis with increasing DSS
concentration from 1-3% based on clinical and histological results. That led us to focus on
the evaluation of the proteomic profile and immune cell infiltration in the colon of mice
ingesting 3% DSS. We observed worsening of colonic pathology with lymphocytic,

macrophage and eosinophilic infiltration that was associated with increasing pro and
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anti-inflammatory cytokines, chemokines and trophic factors (CCTF) expression in the

colon over days 2-8.

Comparison between 1%, 2% and 3% DSS

Acute DSS chemically induced colitis was evaluated at three dose levels of 1, 2 and 3%
for 7 days in the drinking water of mice and the clinical course was monitored and scored
for the presence of bloody stools, watery diarrhea and weight loss for 8 days. In
comparison to the control group, increasing the ingestion of all three percentages of DSS
in water resulted in progressive and increased clinical scores (Figure 1). The 1% DSS
group exhibited weight loss starting on day 7, while the 2% DSS group showed variability
in decreasing weight starting at day 6 (Figure 1). In comparison, mice that ingested 3%
DSS showed prominent weight loss from day 5, reaching around -20% by day 8. For all
DSS groups, colon lengths significantly decreased (p<0.05) compared to control mice
(Figure 1). The mean splenic weights significantly increased (p<0.05) in mice ingesting
2% and 3% DSS compared to the control group, indicative of a robust systemic immune
response (Figure 1). Histological scores were significantly higher (p<0.05) in the 2% and
3% DSS groups, with clear evidence of destruction of crypts, loss of goblet cells, depletion
of the epithelial barrier and infiltration of neutrophils and eosinophils at time of
euthanasia (day 8) on H&E staining (Figures 2 and 3). While there was no difference in
colon weights amongst the groups compared to control mice, colon shortening was
apparent in the 3% DSS cohort starting on day 3 (Figure 3). Splenic weights were
significantly increased at days 6 and 8, representing a systemic response one day before
3% DSS withdrawal and an increased histological inflammation (Figure 3). Overall, mice
ingesting 3% DSS had greater clinical scores, weight loss, colon shortening, spleen
weights and histological scores that led us to investigate the proteomic and

immunological changes over time.

Colon Proteomics
Proteomic changes following the introduction of 3% DSS in water were determined based

on multiplex ELISA and showed a significant increase (p<0.05, ANOVA compared to
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control) in expression of pro-inflammatory cytokines and chemokines: IL-1a., IL-1p, IL-5,
IL-6, IL-9, IL-17, eotaxin, granulocyte-colony stimulating factor (G-CSF), interferon [
(IFNy), keratinocyte chemoattractant (KC), leukemia inhibitory factor (LIF),
lipopolysaccharide-induced CXC chemokine (LIX), monocyte chemoattractant protein 1
(MCP-1), monokine induced by gamma interferon (MIG), macrophage inflammatory
protein 1o (MIP-1at), MIP-18, MIP-2, regulated on activation, normal T cell expressed and
secreted (RANTES) and TNFa starting at day 3 (Figure 4; Supplementary Figure 1 for
raw data). Both pro and anti-inflammatory CCTF were elevated on day 8, when animals
were ingesting water. There was a significant (p<0.05) decrease in detection of IL-2, IL-
10, IL-15, macrophage-colony stimulating factor (M-CSF) and vascular endothelial
growth factor (VEGF) compared to control while animals were administered 3% DSS. We
observed no changes in expression of IL-4, IL-7, IL12p40 and IL12p70 while animals
ingested 3% DSS (Figure 4; Supplementary Figure 1). These results show that there are
progressive inflammatory alterations in the colonic microenvironment that peaks one

day after discontinuing DSS.

Immune Cells Reaction to DSS 3%

Immune cells population trafficking into the colon from the spleen and MLN were
characterized from mice receiving 3% DSS by flow cytometry and IHC. The presence of
macrophages (F4/80%) progressively increased (p<0.05) in the colon between days 2 to 8,
while the spleen and MLN did not show differences when compared to control, besides
a small increase in the MLN at day 4 (Figures 5 and 6). This observation would suggest
that monocyte tropism to the colon probably originated from bone marrow instead of the
secondary lymphoid organs. Cytotoxic T cells and Th cells were significantly elevated
(p<0.05) in the colon starting around days 6 and 8, whereas Treg started to increase on
day 4 as a countermeasure to the inflammatory environment in the colon. In comparison,
Th cells were decreased only in the spleen from day 4 and forward, while both spleen
and MLN demonstrated lower levels of Tcyt cells around days 6 and 8. Treg were

significantly (p<0.05) decreased in the spleen and MLN starting on days 4 and 6. B-cells
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(B220*) were significantly (p<0.05) elevated in the MLN on day 8 after cessation of DSS,
otherwise there was no changes compared to the control in the spleen and colon during
the experiment. Figure 8 summarizes the fold changes in immune cell populations
compared to day O (control) in the colon, spleen and MLN over the course of 8 days in
this experiment and depict the trafficking of cells from secondary lymphoid tissues into
the colon that resulted in an inflammatory response to 3% DSS. Detailed data on flow
cytometry analysis can be found in supplementary figures 2 and 3. Images from H&E

and/or IHC analysis can be found in supplementary figures 4 and 5.

DISCUSSION

DSS is a chemically induced model of colitis characterized by a disruption of the
epithelial barrier, resulting in microfloral substances entering the colonic mucosa and
activating an innate immune response that produces local inflammatory factors(?4l. It
closely resembles human UC, which affects over 3.5 million people worldwidel?>2¢l. The
acute tissue damage is characterized by a Th1l/Th17 immune cell profile that leads to
disease progressionl'®l. Previous studies have approached the analysis of acute DSS colitis
by focusing on individual pathological features of the diseasel®151619-21]. However, in the
current study we demonstrate the temporal changes in clinical symptoms, histological
features, immune cell population and proteomic response during the acute phase of DSS
colitis.

We observed that the severity of experimental colitis was dependent on DSS
concentration, and that clinical changes started as early as day 1, following initial
ingestion. Increasing DSS concentration correlated with clinical disease severity,
although on gross pathological examination all groups presented the same level of colon
shortening. The difference between clinical and pathology suggest a mismatch (i.e.,
clinical disease severity does not correlate with histological scores) in the DSS colitis
model. Our data contradicts the previous report’], in which animals started to improve
clinically and histologically after DSS withdrawal. These differences between studies
may reflect the influence of the microbiome and/or the animals’ age, as previously

reported in experimental DSS colitis?”2]. In addition, it has been reported that UC
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patients in clinical and endoscopic based remission presenting with active histological
inflammation possess a higher risk for clinical relapsel?30. In this way, our study may
provide an understanding of the pathological and clinical response of severe human UC,
with higher chances of relapsing and chronic disease. Since histological improvement
could be seen as a new therapeutic approach and predictor of clinical relapsel332, the
DSS clinical and molecular time course may be useful for evaluating novel therapeutic
approaches with the goal of clinical pathological complete remission.

Morphological examination of the colon following 7 days of 3% DSS ingestion
revealed that there is colonic shortening starting by day 3 and progressively decreases in
size to day 8. In comparison, the weight of the colon does not change during DSS
ingestion but splenic weight increases on days 6 and 8, in agreement to previous studies
in which splenic hypertrophy was observed in DSS colitis[33-3¢l. The increase in splenic
size may represent congestion associated with an apparent proliferation of immune cells
by H&E staining. 3% DSS induces temporal changes in CCTF during the 8 days that can
be segregated into four patterns: A) Progressive decreased expression of CCTF starting
around day 4 (i.e., IL-2, IL-10 and IL-15); B) Progressive increased expression of CCTF
starting around day 4 (i.e., IL-6, Eotaxin, G-CSF, KC, LIF, MCP-1, MIP-2 and TNFa); C)
Increased expression of CCTF after stopping 3% DSS (i.e., day 8) of IL-1a,, IL1p, IL-5, IL-
17, IFNy, LIX, MIG, MIP-1a MIP-1b, and RANTES; and D) Little or no change in CCTF
from controls (i.e., IL-4, IL-7, IL-9, IL-12(p40), IL-12(p70), M-CSF and VEGEF). The four
patterns contain a mixture of pro-inflammatory and anti-inflammatory CCTF as well as
chemoattractants associated with the influx of immune cell populations (i.e., neutrophils,
eosinophils and macrophages) into the inflamed colon associated with loss of the normal
epithelial barrier. For patterns A and B, changes in CCTF expression coincided with
clinical worsening of colitis.

The decreased expression of IL-2, IL-10, and IL-15 starting on day 4 corresponds
to the inflammatory response and progressive colonic damage. Decreased expression of
IL-2 was previously seen in mononuclear cells derived from UC patient’s gut
mucosal®38l, as well as the disruption of the IL-2 gene in an animal model that

exacerbated activation of lymphocytes, resembling auto-immunity[3940l. In addition, the
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decreased expression of IL-10 would result in increased mucosal barrier disruption and
increased TNFa and reactive oxygen species in the DSS model*ll. In the current study,
there was a decrease in IL-15 starting at day 4, which should have attenuated colitis,
based on results from DSS administration in the knockout mouse modell*2l. It has been
reported that the absence of IL-15 provokes a decrease in Foxp3 (Treg) and an increase in
RORyt (Th17) by CD4* T cells in the colon!*}l. Such effect was not observed in our study,
possibly due to a significant increase in IL-17 that may have contributed with other
CCTFs to disease worsening.

Starting around day 4 of 3% DSS exposure, a progressive increase in IL-6, Eotaxin,
G-CSF, KC, LIF, MCP-1, MIP-2 and TNFa was observed. IL-6 and TNFa interfere with
epithelial tight junctions, increasing intestinal barrier permeability allowing for water
loss and the para-cellular influx of molecules including the intrusion of pathogens that
perpetuates the inflammatory processl*4l. Elevation in IL-6 levels has an anti-apoptotic
effect on lymphocytes, in addition to the increase of adhesion molecules that facilitate
their migration to the gut[*47l. Eotaxin, G-CSF, KC, LIF, MCP-1 and MIP-2 are
chemokines associated with the influx of eosinophils, neutrophils and macrophages in
the colon in active IBDM8-%0l. Eotaxin is observed in DSS induced eosinophilic
inflammation and promotes the recruitment of F4/80*CD11b*CCR2*Ly6Chigh
inflammatory monocytes to the colon that correlates with eosinophilic inflammation[®0l.
MIP-2 has also been associated with increased inflammatory response in DSS induced
colitis with increased myeloperoxidase activity and neutrophils infiltration in the colon
and small intestine in a transgenic mouse model®!l.

Increased expression of G-CSF, KC, LIF, and MCP-1 in DSS models has been
associated with anti-apoptotic, anti-inflammatory phenotype with improvement in
clinical scores, regulation of the immune response and morphological changes in the
colon. G-CSF has been reported to reduce apoptosis of epithelial cells and along with
other cytokines, helps in bacterial clearance through neutrophil recruitment to maintain
the mucosal barrier integrity in IBDI5254l. Treatment with recombinant G-CSF ameliorated
DSS colitis by attenuating weight loss, stool score and shortening of the colon. In addition,

inflammation, epithelial damage and cell apoptosis were attenuated in the rectum/®4. DSS
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acute colitis in KC deficient mice results in the increase of weight loss, bloody stools,
inflammation and a moribund appearance, presenting higher histological scores but
lower neutrophil infiltration compared to wild type (WT) animals®l. LIF was found to
be elevated in IBD patients>¢! and has been shown to act in tissue damage by recruiting
inflammatory cells to the injury sitel>”58. However, studies have shown that LIF also has
an anti-inflammatory effect, stimulating repair and up-regulating Treg cells>¥*1. In our
study, LIF expression increased on day 6 and could be responsible for modulating
inflammation in the colon. In UC patients, the level of MCP-1 is directly related to disease
activityl2060-66] [t has been reported that intraperitoneal administration of MCP-1
significantly inhibited acute DSS colitis with lower clinical scores, increased survival,
reduced weight loss, decreased production of IL-12 and IFNy associated with less
inflammationl®’l. MCP-1 may contribute to inflammation and colon shortening in our
study, as well as inducing the elevation of pro-inflammatory CCTF by the end of 8 days.
Although several CCTF included in Pattern B could be associated with improvements in
clinical and pathological outcomes, in the current study, a predominant inflammatory
microenvironment with disruption of the epithelium and infiltration of N and E into the
lamina propria was observed in the colon.

Following cessation of DSS on day 7 (i.e., Pattern C), we detected significant
increased expression of IL-1a, IL-1B, IL-5, IL-17, IENy, LIX, MIG, MIP-1o. MIP-1f, and
RANTES in the colon on Day 8. It is unclear how Pattern C relates to the removal of the
DSS and the apparent rebound of primarily pro-inflammatory CCTF in the
microenvironment. IL-1a and IL-1p can be potent chemoattractants for neutrophils and
macrophages into the microenvironment by the induction and propagation of the
inflammatory responsel®®l. IL-1a. and IL-1B can induce increases in pro-inflammatory
chemokines as well as cell adhesion molecules, activate macrophages, dendritic cells and
neutrophils, and support Th17 cells’ differentiation!®®70l. IL-5 is characteristic of a Th2
immune response in UC that stimulates eosinophil growth, development, survival and
activation, mobilizing them from the bone marrow to the peripheral blood. IL-5 along

with Eotaxin serve as chemoattractants of E to the gutl”-75. IL-17 may also play a dual
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role in DSS colitis models as it has been reported to stimulate the production of matrix
metalloproteinase, increase the expression of other pro-inflammatory factors (e.g., IL-6,
IL-18, TNFa, KC, MCP-1, MIP-2, GM-CSF), and to be involved in the proliferation,
maturation and chemotaxis of NI76-801. In IL-17A deficient mice, the DSS colitis model is
associated with improved survival and histological scores with less epithelial damage
and immune cell infiltration in the intestine, when compared to WT micel’3l. However,
studies have shown IL-17 to stabilize the epithelial barrier and to aggravate colitis when
absent in the animall768182]. In the current study, it is unclear if the contribution of IL-17
to the inflammatory responses in the colon or improvement in the clinical score at the end
of 8 days.

IFNy expression was significantly increased at day 8 and is highly expressed by
CD8* T cells from IBD patients, when in contact with colonic epithelial cells!®l. IFNy
stimulates the disruption of the intestinal epithelial barrier and supports the exacerbated
immune response in IBD[#484. It is also essential for DSS colitis model, since IFNy~/-
knockout mice do not develop colitis when challenged with DSSI#4I. In this study, high
levels of Tcyt cells and F4/80 macrophages were found in the colon that may be
responsible for the increased levels of IFNy and the observed inflammatory response. LIX
was found to be elevated in UC patients and contributes to the inflammatory response in
DSS colitis. Of note, pre-treatment of mice with antisense oligonucleotides to LIX in the
DSS colitis model reduces neutrophils” infiltration and the severity of the disease®l. MIG
can act as a chemoattractant for activated Tcyt cells, E and natural killer (NK) cells, along
with having an angiostatic effect on endothelial cells by inhibiting cell division in colitis
modelst®687]. MIP-1a and MIP-1f are chemoattractants for T cells into the lamina propria
that can lead to mucosal damage and worsening of colitis[®¢#]. Finally, RANTES has been
shown to be elevated in chronic experimental colitis[®l and in the colonic mucosa of IBD
patients, supporting both innate and adaptive immune responsesl®1.90-1. Taken together,
Pattern C appears to be associated with a rebound increased expression of inflammatory

CCTF that contributed to colon pathology and higher histological scores.
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Pattern D includes IL-4, IL-7, IL-9, IL-12(p40), IL-12(p70), M-CSF and VEGEF that
do not significantly change or were elevated at a random single time point over 8 days.
IL-9 was elevated at day 3 coinciding when colon shortening was first detected. T cells
expressing IL-9 are found in the intestinal mucosa in experimental colitis and UC
patients. IL-9 is responsible for disruption of the intestinal barrier and the impairment of
mucosal tissue repair through suppression of epithelial cell proliferation!®*%I], which
relates to the mucosal injury during the disease course. M-CSF, which mainly induces M2
macrophage phenotypel®”%9, that was significantly (p<0.05) decreased at day 6, when the
pro-inflammatory CCTFs in Pattern B were increasing, associated with a possible
predominance of M1 macrophages. M-CSF has also been proposed as an alternative
therapy in treating UC and DSS colitis[1%101]. VEGF was found downregulated at day 4
and is usually found elevated in DSS model, however, it is also associated with
lymphangiogenesis, which would aid in the clearance of interstitial fluid and immune
cells from the colonl192104. With low VEGF levels, there could be impaired drainage
function and lymphatic obstructionl193105], Jeading to the accumulation of immune cells
in the gut and disease worsening. In summary, the CCTF profiles observed following DSS
are consistent of a pro-inflammatory microenvironment. The changes in CCTF over time
serve as chemoattractants for neutrophils, eosinophils and macrophages as well as
disrupting the integrity of the epithelial barrier and production of mucin. The
inflammatory response in the colon leads to a clinical course that includes a
malabsorption like syndrome accompanied by weight loss, bloody stools and diarrhea.

Analysis of immune cell populations revealed a progressive accumulation of
macrophages and T cells (Th, Tcyt and Treg cells) in the colon compared to controls. It
has been previously shownl(®l that colonic CD3* T cells and F4/80* macrophages were
upregulated in later time points when evaluating acute and chronic DSS colitis, as
compared to the current study. In addition, splenic and MLN F4/80* population were
highly elevated whereas we did observe little or no change compared to control mice.
Another study has reported that intestinal inflammation in UC presents as the initial fast
response with increased number of macrophages originating from tissue-resident or

infiltrating systemic macrophages in the intestinal mucosall®l. The early arrival of
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macrophages in the gut at day 2 contributes to the initiation of inflammation coinciding
with increase in pro-inflammatory CCTF and translating into clinical symptom:s.

In the current study, T-cell phenotypes in the colon begin to increase 4 days after
initiation of 3% DSS, which contributes to the perpetuation of inflammation and the high
levels of CCTF seen at day 8. Decreased levels of Th and Tcyt cells were observed in the
spleen, and to lesser extent in the MLN, starting at day 6 when compared to controls.
Moreover, there were no significant differences in percentage of B220* cells in the colon
or lymphoid organs compared to control levels, other than an increase in the MLN at day
8, suggesting the transition to a chronic state. Although T and B cells are not required for
the development of DSS colitisl®l, in this study T cells appear to contribute to the
activation of the inflammatory response in the colon. In addition, Treg cells seem to be
leaving the secondary lymphoid organs migrating towards the colon in an attempt to

contain the exacerbated immune response.

CONCLUSION

There have been few reports describing the temporal distribution of immune cells
along with proteomic changes in the colon in DSS colitis modell’617l. In this study we
observed that severity of colitis is dependent on DSS concentration, while presenting
discrepancies amongst clinical and pathological results. When mice were administered
3% DSS, we observed increased clinical and histological scores that were accompanied
by changes in CCTF and immune cell infiltration in the colon, with important
participation of the secondary lymphoid organs. One limitation of this study is that DSS
colitis was induced in C56Bl/6 mice from a single vendor and it is unclear if the same
mouse strain containing a different microbiota may have influenced the temporal clinical,
proteomic and pathological changes we observed in the current study. Further
investigations are needed to determine the role of the gut flora in the development of
colitis and the response to novel therapeutic interventions that could translate to clinical
trials. Furthermore, acknowledging the time frame where these factors play a role in

developing novel therapies for treating ulcerative colitis.
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ARTICLE HIGHLIGHTS

Research background

Ulcerative colitis (UC) is an inflammatory bowel disease (IBD) that affects the colon and
the rectum, being characterized by uncontrolled immune response and inflammation.
There is no specific cause for this disease and no current treatment that provides
sustained remission. The animal model of colitis induced by Dextran Sulfate Sodium
(DSS) is largely used as a tool to better investigate human UC. Although not completely
understood, DSS induces an uncontrolled immune response through disruption of the
epithelial layer, providing a higher access of antigens to the colonic mucosa, this way

perpetuating inflammation and tissue destruction.

Research motivation

There is no current study providing a detailed integrative temporal analysis of DSS-
induced acute colitis regarding clinical symptoms, proteomics, immune cell profile and
histology. Understanding the interaction of these factors may contribute to the research

of novel UC therapies.

Research objectives

The aim of this study was to compare different concentrations of DSS in the induction of
acute colitis, followed by a temporal analysis of clinical symptoms, colon proteomics,
immune cell profile and histology of the most characteristic presentation of colitis
amongst the different DSS concentrations. The changes seen throughout the 8 days may

provide a clearer understanding of the DSS model mechanisms.

Research methods

1, 2 and 3% DSS in drinking water was used for the induction of acute colitis. Clinical
symptoms were daily scored for weight loss, stool consistency and blood in the stool.
After 8 days, colon, spleen and mesenteric lymph nodes (MLN) were collected.

Histological scores were evaluated through H&E staining and grading of colonic samples
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for inflammation, extent, regeneration, crypt damage and percent of involvement. Colon
proteomics was analyzed through multiplex ELISA for 3% DSS at different time points,
in addition to immune cell profiling of the colon, spleen and MLN through
immunohistochemistry and flow cytometry for B220*, CD4*, CD8*, CD25* and F4/80*

cells.

Research results

Severity of colitis is related to the increase in DSS concentration. When analyzing 3% DSS-
induced colitis, worsening of histological inflammation agrees with an increase of
immune cells” influx to the colon and changes in the pro- and anti-inflammatory
cytokines colonic profile. Macrophages are the first ones to respond to the damage caused
by DSS, followed by changes in the colonic cytokine profile and influx of CD25* T cells.
Next, there is an increase in colonic CD4* and CD8* T cells and the highest level of pro-
inflammatory cytokines is seen at day 8. Levels of T cells are progressively decreased in
the spleen and MLN, while worsening of clinical symptoms corresponds with the

progressive increase in histological inflammation, with exception of day 8.

Research conclusions

Our study demonstrates the correlated temporal changes of clinical, proteomic,
immunological and histological characteristics of DSS-induced acute colitis. There is an
important initial response by the innate immune system, mainly coordinated by
macrophages, followed by increasing inflammation, further tissue damage and influx of
T cells. T cells may be leaving the secondary lymphoid organs progressively towards the
gut, as a response to the changes in colonic cytokine levels. There is a mixed response of
pro- and anti-inflammatory cytokines in the colon, with the highest increase occurring
after DSS withdrawal. Interestingly, amelioration of clinical symptoms is seen on day 8,
demonstrating a mismatch to the histological/immunological / proteomic worsening of
the disease. Since histological inflammation is seen in UC patients endoscopically and
with clinical remission, this model could be used as a tool for the development of novel

therapies targeting complete remission and prevention of disease relapse.

54



Research perspectives

Our study demonstrates that no individual factor develops this disease model, but rather
a coordination between anti- and pro-inflammatory cytokines. Therefore, researchers
should seriously consider a temporal analysis before investigating new therapies. The
disease course here described would be highly recommended for the study of novel
treatments aiming resolution of histological inflammation during disease remission.
Further temporal analysis of DSS-induced chronic colitis would add to a better

understanding of this animal model.
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Figure 1. Comparison between 1, 2 and 3% DSS. Experimental colitis was induced by
the administration of DSS in drinking water for 7 days at three different concentrations.
Were performed daily clinical evaluations for (A) disease activity index and (B) weight
loss. At the end of 8 days, animals were euthanized and were collected measurements for
(C) colon length, (D) colon weight and (E) spleen weight. Multiple student’s t test for
clinical scores and one-way ANOVA followed by Dunnett post-hoc test for colon length,

colon weight and spleen weight. *p<0.05 compared to control. N = 6/DSS group.
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Figure 2. Histological comparison between 1, 2 and 3% DSS. At the end of 8 days, the
difference between DSS concentration was visible in (A) colonic damage (crypt depletion,
inflammation, loss of epithelial barrier) compared to control. (B) Histological scores were
similar between 2 and 3% DSS, where at the end of 8 days it is possible to visualize (C)
the loss of the epithelial layer (Ep) and (D) infiltration of eosinophils (E) and lymphocytes
(L). One-way ANOVA followed by Dunnet post-hoc test. *p<0.05 compared to control. N
=4/DSS group.
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Figure 3. Colon and spleen in 3% DSS time course. Experimental colitis was induced by
the administration of DSS 3% in drinking water for 7 days. (A) Colon shortening started
as early as day 3, (B) with no changes in colon weight. (C) Spleen weight was increased
on days 6 and 8, at the same time as (D) histological scores were augmented,
demonstrating crypt depletion, loss of goblet cells, loss of the epithelial layer and
inflammatory cells” infiltration. One-way ANOVA followed by Dunnett post-hoc test.
*p<0.05 compared to control (day 0). N = 4/each time point for histology and n = 6/each

time point for colon and spleen measurements.
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Figure 4. Colonic proteomic analysis from 3% DSS time course. After induction of
ulcerative colitis with 3% DSS, colon samples were collected at different time points from
day 0 to 8. Proteomics was analyzed through multiplex ELISA assay and revealed four
patterns: A) Progressive decreased expression of IL-2, IL-10 and IL-15 around day 4; B)
Progressive increased expression IL-6, Eotaxin, G-CSF, KC, LIF, MCP-1, MIP-2 and TNFa
around day 4; C) Increased expression of CCTF after stopping DSS 3% (i.e., day 8) of IL-
1o, IL1B, IL-5, IL-17, IFNYy, LIX, MIG, MIP-1a MIP-18, and RANTES; and D) Little or no
change in IL-4, IL-7, IL-9, IL-12(p40), IL-12(p70), M-CSF and VEGF. One-way ANOVA
followed by Dunnett post-hoc test. *p<0.05 fold increases compared to control (day 0).
#p<0.05 fold decreases compared to control (day 0). N = 5-6/each time point.
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Figure 5. Immune cell profile in the colon, spleen and MLN of 3% DSS animals. Tissue
samples were collected at different time points and IHC or flow cytometry were
performed for temporal analysis of immune cells’ profile. Results showed progressive
increased presence of colonic (A) F4/80* macrophages, (B) CD8* Tcyt cells, (C) CD4* Th
cells and (E) CD25* Treg cells and no change in (D) B220* B cells. There was no difference
in splenic (F) F4/80* macrophages and (I) B220* B cells, however, there was a decrease in
(G) CD8* Tcyt cells, (H) CD4* Th cells and (J) CD25* Treg cells starting at day 4. MLN
analysis resulted in decreased levels of (L) CD8* Tcyt cells and (O) CD25* Treg cells, along
with a slight increase of (K) F4/80* macrophages at day 4, (N) B220* B cells at day 8 and
no changes in (M) CD4* Th cells. One-way ANOVA followed by Dunnett post-hoc test.
*p<0.05 compared to control (day 0). N = 4/each time point analyzed through IHC (All
colon samples and MLN F4/80* and CD25*). N = 6/each time point analyzed through
flow cytometry (All spleen samples and MLN CD8*, CD4* and B220%).
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Figure 6. Immune cell population in the spleen, MLN and colon of 3% DSS animals.
Tissue samples were collected from 3% DSS animals at different time points and analyzed
through either immunohistochemistry or flow cytometry. The heatmap shows a possible
movement of different immune cell types from the spleen and MLN into the gut
progressively during the 8 days of disease. *p<0.05 increased fold changes compared to

control (day 0). #p<0.05 decreased fold changes compared to control (day 0).
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Supplementary Figure 1. Colonic proteomic analysis from 3% DSS time course.

Individual graphs for each CCTF (cytokines, chemokines and trophic factors) analyzed

through multiplex assay from colon samples of 3% DSS at different time points. One-way

ANOVA followed by Dunnett post-hoc test. *p<0.05 compared to control (day 0).
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Supplementary Figure 2. Immune cell profile in the spleen of 3% DSS animals.
Representative gating of flow cytometry performed at different time points in the spleen
of 3% DSS animals. F4/80* macrophages and CD3*CD4+*CD25* T regulatory cells were

enriched through magnetic separation before flow cytometry analysis.
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Supplementary Figure 3. Immune cell profile in the MLN of 3% DSS animals.

Representative gating of flow cytometry performed at different time points in the MLN

of 3% DSS animals.
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Supplementary Figure 4. IHC of immune cell profile in the colon of 3% DSS animals.

Colon samples were collected at different time points and IHC was performed for

temporal analysis of immune cells” profile (F4/80*, CD8*, CD4*, B220*, CD25*").
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Supplementary Figure 5. IHC and/or H&E of immune cell profile in the MLN and

spleen of 3% DSS animals. MLN samples were collected at different time points and
analyzed through immunohistochemistry for F4/80* and CD25*. H&E images do not
show major differences in morphology, except on days 6 and 8, where it appears to have
fewer immune cells present. Spleen was significantly enlarged at days 6 and 8, where it
appears to have increased immune cell presence towards the end of 8 days. N = 4/each

time point.
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Score Weight Loss Stool Consistency | Bleeding

0 none normal no bleeding

1 1-5% - -

2 5-10% loose stools slight bleeding
3 10-15% - -

4 more than 15% watery diarrhea gross bleeding

Table 1. Disease activity index scoring.
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Feature graded Grade Description
0 None
Inflammation ! Slight
2 Moderate
3 Severe
0 None
1 Mucosa
Fxtent 2 Mucosa and submucosa
3 Transmural
4 No tissue repair
3 Surface epithelium not intact
Regeneration 2 Regeneration with crypt depletion
1 Almost complete regeneration
0 Complete regeneration or normal tissue
0 None
1 Basal 1/3 damaged
Crypt damage 2 Basal 2/3 damaged
3 Only surface epithelium intact
4 Entire crypt and epithelium lost
1 1-25%
2 26-50%
Percent involvement
3 51-75%
4 76-100%

Table 2. Histological scoring.
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Abstract

Ulcerative Colitis (UC) is an Inflammatory Bowel Disease (IBD) characterized by uncontrolled
immune response, presenting with symptoms of diarrhea, weight loss and bloody stools. Despite
available treatments, UC sustained remission is not achievable and there is still the need for
alternative therapies. Dextran Sulfate Sodium (DSS)-induced colitis is a mouse model used to
investigate novel therapies, since it closely mimics human UC by triggering an exacerbated
immune response due to colonic epithelial damage. It has been previously shown that
Therapeutic Ultrasound (TUS) was able to prevent kidney injury in mice through stimulation of the
vagus nerve (VN) and activation of the cholinergic anti-inflammatory pathway (CAIP). Since IBD
patients can present with dysfunctional VN activity, the aim of this study was to determine the
effects of therapeutic ultrasound (TUS) directed toward the VN and spleen in the course of DSS-
induced colitis. Acute colitis was induced by 2% DSS in drinking water of C56BI/6 mice for 7d.
Animals were treated with TUS over the abdomen from days 4-10, 7min/day, with a 1Mhz 5cm?
transducer, 2W/cm? and 10% duty cycle. Mice were scored daily for clinical symptoms and
euthanized at day 14 for collection of biological material. In addition, colons were collected at
different timepoints for proteomics during the disease course. TUS improved colitis by reducing
clinical scores, colon shortening and histological damage (p<0.05). TUS downregulated colonic
IL-1a, IL-5, IL-17, Eotaxin, MCP-1, LIF, M-CSF, MIG, RANTES and TNFa, whilst upregulating IL-
18, IL-2, IL-4, IL-5, IL-7, IL-9, IL-12(p70), G-CSF, LIX, MIP-1a, MIP-18, MIP-2, compared to 2%
DSS (p<0.05) at different timepoints. TUS downregulated CD8" T cells and normalized CD25" T
cell levels in the colon (p<0.05). Splenectomized mice with DSS colitis and treated with TUS did
not result in improved clinical and pathological outcomes, while a7nAChR knockout animals
presented with worsening of the disease. Furthermore, increased levels of F4/80*a7nAChR" in
the colon suggest activation of CAIP (p<0.05). These results suggest that TUS significantly
improved DSS-induced acute colitis presumably through stimulation of the VN and consequent

activation of CAIP through the spleen.
Key Words: Ulcerative Colitis, Cholinergic Anti-Inflammatory Pathway, Vagus Nerve, Alpha 7

Nicotinic Acetylcholine Receptor, Inflammatory Bowel Diseases, Therapeutic Ultrasound, Dextran

Sulfate Sodium
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Introduction

Ulcerative Colitis (UC) is an inflammatory bowel disease (IBD) that affects the colon and
the rectum, characterized by a disease course that includes symptoms of diarrhea, weight loss,
fatigue, anemia and blood in the stools. There is no specific cause for UC, however, genetic,
environmental and microbiome factors altogether are known to unbalance the immune system,
eventually leading to IBD!"l. IBD incidence has been increasing rapidly over the last few decades
in newly industrialized countries, whereas the highest prevalence is reported in Europe and North
Americal¥. To date, there is no cure for UC, a disease that results in poor quality of life, increased
risk of colorectal cancer, and the morbidity and mortality associated with colectomy for possible
symptomatic relief®®. Despite recent advances and the development of biological therapies, a
major fraction of patients does not respond to treatment. There is currently no drug available to
provide sustained remission of IBD!"®. Therefore, a possible non-pharmacological approach to
mitigate UC would be vagal nerve stimulation (VNS), which leads to activation of the cholinergic
anti-inflammatory pathway (CAIP) and an anti-TNFa response!®. It has been previously reported
that UC patients may present with vagal nerve (VN) dysfunction, regardless of disease activity
and previous colectomy historyl', making VNS a possible adjunct or alternative to
pharmacological or biological therapeutic approaches.

Activation of CAIP through VNS acts on the spleen and the intestinel'"'? by stimulating
the splenic nerve and causing secretion of norepinephrine, which binds to 32 adrenergic receptors
on T cells resulting in the release of acetylcholine (ACh)["™®. ACh has been shown to bind to o7
nicotinic acetylcholine receptors (7nAChR) on macrophages, thereby decreasing inflammation
through inhibition of pro-inflammatory cytokine release. Moreover, VNS stimulation of enteric
neurons have been shown to release ACh and bind to a7nAChR on intestinal macrophages, thus
decreasing inflammation in the gut!"*'®. Previous studies have stimulated the VN in IBD animal

models and have shown amelioration of the diseasel'’""®.

It has been reported that the
administration of acetylcholinesterase (AchE) inhibitor in the dextran sodium sulfate (DSS)-
induced colitis mouse model decreased disease severity through activation of the efferent VN=2°!.
Moreover, vagotomy or splenectomy abolished the cholinergic anti-inflammatory pathway
therapeutic effects in the DSS-induced colitis mouse model. Stimulation of the VN has been used
for the clinical treatment of depression and epilepsy?", and a pilot study using VNS in Crohn’s
Disease (CD) patients has demonstrated promising results with the achievement of clinical-

biological-endoscopical remission’?? (clinicaltrials.gov, NCT01569503).
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VNS is a highly invasive neurosurgical procedure that needs to be performed with caution
due to VN proximity to the jugular vein and external carotid artery!®®!. Non-invasive methods have
been sought to stimulate the VN, such as low power Therapeutic Ultrasound (TUS) in order to
activate CAIP. TUS has been used in physical therapy since the 1950s, in which ultrasound
oscillation and pressure are capable of inducing biological effects through heating, radiation
forces and other mechanotransducive effects®. It has been previously reported that diagnostic
US to the left kidney and spleen can result in the activation of the cholinergic anti-inflammatory
pathway in acute kidney injury (AKI) experimental model®. The application of US to the VN and
the splenic nerve while sonicating the kidney led to the activation of CAIP in the spleen, which
prevented AKI in the mouse model®® %!, Therefore, the application of TUS to the abdomen may
provide a non-invasive low risk alternative to the VNS technique in IBD.

This study evaluated for the first time the therapeutic effects of TUS in DSS-induced acute
colitis. As opposed to the protective effect previously mentioned, our results demonstrate that
TUS attenuated DSS-induced colitis when clinical symptoms were already visible. Amelioration
of colitis was determined by decreased clinical scores, colon shortening and histological damage,
in addition to changes in the proteomic and immune cell profiles aiming disease resolution.
Splenectomy resulted in abolishment of the effects of TUS, while a7nAChR knockout animals
presented with worsening of the disease. Furthermore, increased levels of F4/80*a7nAchR" in
the colon suggest activation of CAIP. These results suggest that TUS ameliorated DSS-induced

acute colitis through stimulation of the VN and consequent activation of CAIP through the spleen.

Materials and Methods

Animals

This study was approved by the Animal Care and Use Committee at the Clinical Center, National
Institutes of Health. Wild type and splenectomized female C57BL/6 mice 10-12 weeks old from
Taconic Biosciences (Rensselaer, NY) were used in our experiments. Female C57BL/6 wild type
and a7nAChR homogeneous knockout mice purchased from Jackson Laboratories (Bar Harbor,
ME) were used at 7-11 weeks old. Mice were housed in controlled 12-12h dark-light cycles, under

specific pathogen-free conditions and regulated humidity and temperature.
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DSS Colitis Model and Ultrasound Treatment
Acute ulcerative colitis was induced by adding DSS (36,000-50,000 Da — MP Biomedicals, Solon,

OH) to the mice drinking water at 2% (wt/vol) ad libitum for 7 days. Control animals received

sterilized tap water ad libitum. Mice were distributed in 3 groups: Control, 2% DSS and 2% DSS
+ TUS, including C57BL/6 wild type, C67BL/6 splenectomized and a.7nAChR KO mice. Mice were
shaved over the abdomen prior to TUS, then placed on a 37°C heating pad for TUS treatment.
Water-based ultrasound gel was applied to the shaved abdominal area and the animals were
treated with a 5 cm? transducer at 1 MHz, 10% duty cycle and intensity of 2 w/cm? (Mettler 740x;
Anaheim, CA) for 7 min from days 4-10, under isoflurane anesthesia. Calibration of the ultrasound
transducer was performed by measuring the effective transducer output utilizing a needle-type
hydrophone (HNA series; Onda, Sunnyvale, CA) in degassed water at RT (Supplementary Figure
1). Mice were euthanized at different time points through isoflurane anesthesia and cervical
dislocation for the collection of the spleens, mesenteric lymph nodes (MLN) and colons for further

analysis.

Clinical Activity

Mice (n = 10-15/group) were daily evaluated for clinical symptoms, as previously described??’ 28!,
Briefly, animals were clinically evaluated for weight loss, stool consistency and blood in the stool,
where which parameter varied from a score of 0-4, totalizing a Disease Activity Index (DAI) of 12
when presenting severe colitis. The specific criteria for DAl are presented in Table 1. Upon
euthanasia, colons were collected, cleaned with PBS (Phosphate Buffered Saline) 1x, weighted
and measured before processed for histological and proteomic analysis. Spleens were weighted
before further processing for histology and flow cytometry analysis, and MLN was collected for

histological analysis.

Proteomics

Colonic samples (n = 5-6/group per time point) were collected from C57BL/6 female mice
receiving 2% DSS or 2% DSS + TUS. Collection was performed at days 0, 3, 5,7, 9, 11 and 14.
After PBS 1x cleaning, samples were snap frozen and processed for further proteomic analysis.
Briefly, frozen colonic samples were homogenized in cell lysis buffer (1 mM EDTA, 150 mM NacCl,
0.05% Tween-20 and 20 mM Tris-HCI in ultrapure water) containing protease inhibitor (Thermo
Scientific, Waltham, MA) and 1.0 mm Zyrconium Beads. Homogenates were centrifuged at

14,000 rpm at 4°C for 20 min and the supernatant was collected. The process was repeated two
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times and aliquots were stored at -80°C. Bicinchoninic acid assay (BCA — Thermo Scientific,
Waltham, MA) was used for protein quantification and samples were further diluted to 1 mg/mL
of total protein. MILLIPLEX Map Mouse Cytokine/Chemokine Panel (EMD Millipore, Billerica, MA)
was used for proteomic analysis of colonic homogenates according to manufacturer specifications
in a Bio-Plex 200 (Bio-Rad Laboratories, Hercules, CA). The same control samples (day 0) were
used for multiplex ELISA experiments in the 2% DSS and 2% DSS + TUS exposed mice.

Flow Cytometry

Spleens (n = 6/group) were collected at days 0 and 14 from C57BL/6 female mice receiving 2%
DSS or 2% DSS + TUS. Tissue dissociation was performed in Ammonium-Chloride-Potassium
(ACK) lysing buffer (Lonza, Walkersville, MD) using two frosted glass slides for cell isolation. Cells
were washed in PBS 1x (1,500 rpm, 4°C, 10 min), filtered through a 70 um filter and washed one
more time. Samples were fixed in 10% NBF (neutral buffered formalin) for 35 min at 4°C, washed
in PBS 1x and stored at 4°C until further analysis. Cells were incubated with specific antibodies
for 35 min in Stain Buffer (BD Pharmigen, San Jose, CA) on ice and protected from light, following
manufacturer instructions. Flow cytometry was performed using a V-bottom 96-well plate in Accuri
C6 Flow Cytometer (BD Biosciences, San Jose, CA) and analyzed through Accuri C6 Flow
Cytometer software. Immune cell population of the spleen was characterized using the following
antibodies: FITC CD3 (Rat, 0.5 mg/mL, BD Pharmingen), APC CD4 (Rat, 0.2 mg/mL, BD
Pharmingen), PE CD8a (Rat, 0.2 mg/mL, BD Pharmingen), PE CD25 (Rat, 0.2 mg/mL, BD
Pharmingen), FITC F4/80 (Rat, 0.5 mg/mL, eBioscience) and Alexa Fluor 488 B220 (Rat, 0.5
mg/mL, Biolegend). F4/80* and CD3"CD4*CD25" spleen populations were enriched prior to flow
cytometry analysis through Magnetic Cell Separation MicroBeads (MACS - Miltenyi Biotec,
Bergisch Gladbach, Germany) following manufacturer instructions. Each sample was analyzed
for 20,000 events and results are shown as mean + SD percentage of the total number of cells.
Isotypes were also analyzed, and flow cytometry gating is represented in Supplementary Figure
2.

Histological and Immunohistochemistry Evaluation

Colons were collected on days 0, 7 and 14 from C57BL/6 female mice receiving 2% DSS or 2%
DSS + TUS (n = 5/group per time point), and at day 14 for C57BL/6 splenectomized or a7nAChR
KO female mice receiving either 2% DSS or 2% DSS + TUS (n = 10/group). Freshly collected

samples were washed with PBS 1x, longitudinally cut, positioned as a Swiss Roll in 10% NBF
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and incubated at RT (room temperature) for 24 h. Afterwards, all tissue samples were keptin PBS
1x until imbedded in paraffin. Colons were sectioned at 3 um, deparaffinized and stained with
H&E (Guills Il hematoxylin and Eosin-Y) for histological grading by two independent masked
investigators to treatment groups. Samples were analyzed as previously described®®, including
grade of inflammation (0-3), extent within the intestine layers (0-3), regeneration (0-4), crypt
damage (0-4) and percentage of involvement (0-4). Detailed scores are shown in Table 2. Images
were acquired with a 20x air objective from Leica Aperio ScanScope CS (NA = 0.75, Leica

Microsystems, Buffalo Grove, IL) and using Aperio ImageScope software.

Colons, spleens and MLNs (n = 4/group) collected on days 0 and 14 from all groups were
evaluated through immunohistochemistry for immune cell population. Samples were cut at 3 um
of thickness using a Leica Manual Microtome, left on adhesive slides at RT overnight and baked
for 1 h at 65°C. Antigen retrieval was achieved after 40 min of incubation at 100°C in antigen
unmasking solution (citrate-based, pH = 6.0; Vector Laboratories, Burlingame, CA), followed by
15 min incubation with SuperBlock Blocking Buffer (Thermo Scientific, Waltham, MA) at RT. After
blocking, samples were incubated overnight at 4°C with the following primary antibodies: CD4
(Rabbit, 0.623 mg/mL, Abcam), CD8 (Rabbit, 1 mg/mL, Abcam), CD25 (Goat, 0.2 mg/mL,
Invitrogen), F4/80 (Rabbit, 0.23 mg/mL, Novus Biologicals), B220 (Rat, 0.5 mg/mL, Invitrogen)
and a7nAChR (Goat, 0.5 mg/mL, Abcam). Next, samples were incubated for 5 min at RT with
Peroxidazed 1 (BioCare Medical, Pacheco, CA) followed by a 30 min incubation with their
respective secondary HRP (Horseradish Peroxidase) antibodies. When co-staining for
a7nAchR*F4/80" cells, the secondary antibodies used were chicken anti-rabbit Alexa Fluor 488
and donkey anti-goat Alexa Fluor 594. Isotypes were also analyzed. Images were acquired at 10x
magnitude on a Leica Aperio ScanScope CS using a 10x air objective (NA = 0.75, Leica
Microsystems, Buffalo Grove, IL) and Aperio ImageScope software. Photomicrographs were
taken from the whole area of the colon, spleen or MLN (30-40 images/organ for each animal) and
analyzed with ImageJ software (NIH, Bethesda, MD). Results are represented as percentage

following the ratio of positive cells by the total area, multiplied by 100.

Statistical Analysis

Software Prism 7 (Graph Pad Inc., La Jolla, CA) was used for all statistical analysis, which was

performed through student’s t-test, two-way ANOVA followed by Sidak post-hoc test, or one-way
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ANOVA followed by Dunnett post-hoc test. P<0.05 was considered statistically significant. Data

are presented as mean =+ standard error of the mean (SEM), unless otherwise indicated.

Results

Therapeutic Ultrasound Improves DSS Colitis

Acute colitis was induced in C57BL/6 female mice by the addition of 2% DSS in drinking water for
7 days, while TUS was initiated to the abdomen starting on day 4 through day 10 after animals
presented with clinical symptoms. Clinical scores daily measured (Figure 1) demonstrated
improvement of colitis severity from days 9 to 13 when TUS was applied (p<0.05 compared to
2% DSS). The greatest clinical improvement was observed in stool consistency from days 10 to
14, decreased weight loss at days 10 and 11, and diminished blood in the stools at day 5 (Figure
1; p<0.05 compared to 2% DSS). TUS decreased the amount of colon shortening, with no change
in colon or spleen weight at day 14 (Figure 2; p<0.05 compared to 2% DSS). Histological scores
revealed lessened colonic damage on day 14 with partial preservation of the epithelial barrier and
goblet cells, decreased destruction of the crypts and immune cell infiltration (Figure 2; p<0.05
compared to 2% DSS). Animals under TUS treatment over the abdominal area had a measured
~2°C increase in their core temperature (Supplementary Figure 1), assessed by a rectal

thermocouple (Omega Engineering Inc., Norwalk, CT).

Changes in Colon Proteomics by Ultrasound Treatment

Proteomic analysis comparing cytokines, chemokines and trophic factors (CCTF) of 2% DSS and
2% DSS + TUS groups was performed at different time points over 14 days. TUS decreased the
levels of the following CCTF in the colon compared to 2% DSS alone: IL-1q, IL-5, IL-17, eotaxin,
monocyte chemoattractant protein 1 (MCP-1), leukemia inhibitory factor (LIF), macrophage-
colony stimulating factor (M-CSF), monokine induced by gamma interferon (MIG), regulated on
activation, normal T cell expressed and secreted (RANTES) and tumor necrosis factor a (TNFa)
(Figure 3; p<0.05). TUS to the abdomen resulted in significant increases in the following
compared to 2% DSS alone: IL-1B3, IL-2, IL-4, IL-5, IL-7, IL-9, IL-12(p70), granulocyte-colony
stimulating factor (G-CSF), lipopolysaccharide-induced CXC chemokine (LIX), macrophage
inflammatory protein 1a (MIP-1a), MIP-13 and MIP-2 (Figure 3; p<0.05). No differences compared
to 2% DSS were observed in IL-6, IL-10, IL-12(p40), IL-15, interferon y (IFNy), keratinocyte

chemoattractant (KC) and vascular endothelial growth factor (VEGF) (Figure 3). Heat maps of
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fold changes in CCTF for each group are shown in Supplementary Figure 3, comparing each time

point to control animals (Day 0).

Changes of Immune Cells populations in colon, spleen and mesenteric lymph nodes

Immunohistochemistry analysis of colonic immune cell population revealed no differences when
comparing 2% DSS and 2% DSS + TUS groups for CD4", B220" and F4/80" cells. CD8" T cells
were downregulated in the TUS group at day 14 compared to 2% DSS alone (Figure 4; p<0.05)
and the levels of CD25" T cells were not different from control, while significantly elevated in 2%
DSS group compared to control (Figure 4; p<0.05). Flow cytometry analysis (FACS) of the spleen
showed no differences in CD4", CD25" and F4/80" cells across groups. However, CD8" and
B220" cells’ levels were normalized at day 14 in 2% DSS + TUS group, along with increased
levels of B220* B cells compared to 2% DSS alone (Figure 4; p<0.05). MLN
immunohistochemistry analysis demonstrated no changes regarding CD8*, CD25" and F4/80"
cells across the three groups, while the percent increase in CD4" and B220" cells was detected

in the 2% DSS + TUS group compared to controls (Figure 4; p<0.05).

TUS Treatment in Splenectomized Mice

Acute DSS colitis was induced in splenectomized C57BL/6 mice by adding 2% DSS in their
drinking water for 7 days, and the animals were treated with TUS from days 4 to 10. There was
no overall difference between 2% DSS and 2% DSS + TUS splenectomized groups when
evaluating disease activity index, weight loss and stool consistency. However, TUS did diminish
the presence of blood in the stools on days 6 and 7 compared to 2% DSS cohort (Figure 5;
p<0.05). There were also no differences between the two groups in CD4*, CD8", B220" and
F4/80" cells in the colon. A percent increase in CD25" T cells by day 14 was detected in the 2%
DSS + TUS compared to 2% DSS group (Figure 6; p<0.05). There was no difference observed
between the groups when analyzing colon length, colon weight and histological scores (Figures
5 and 6).

TUS Treatment in a7nAchR KO mice
Acute DSS colitis was induced in WT C57BL/6 and a7nAchR KO mice, where one KO group

received TUS treatment from days 4 to 10. There was worsening of disease activity index, weight

loss, blood in the stools and stool consistency at different time points in the KO mice 2% DSS and
2% DSS + TUS groups when comparing to WT 2% DSS alone group (Figure 7; p<0.05). In
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addition, TUS treatment resulted in shorter colons at day 14 when compared to WT 2% DSS
(Figure 8; p<0.05). No difference was seen amongst all groups for colon weight and histological
scores, whereas spleen weight was increased in both KO groups compared to WT 2% DSS
(Figure 7 and 8; p<0.05). No difference was observed in CD4*, CD8*, CD25", F4/80* and B220*

cells in the colon (Figure 8).

TUS Activation of CAIP

To confirm the involvement of the cholinergic anti-infammatory pathway, co-staining of

histological sections for a7nAchR*F4/80* macrophages were performed in the spleen, MLN and
colons for control, 2% DSS and 2% DSS + TUS animals (C57BL/6 WT). There was no difference
amongst all groups regarding the spleen and MLN. However, TUS upregulated the levels of
a7nAchR*F4/80" cells in the colon at day 14 compared to control and 2% DSS exposed mice
(Figure 9; p<0.05).

Discussion

IBD are chronic gastrointestinal disorders that have been increasing rapidly in worldwide
prevalence and incidence!®. Despite recent advances, improvement in therapeutic options is
needed since a definitive remission is currently not achievablel’®. Previous studies have explored
the VNS using invasive approaches as an alternative treatment for UC!'72°23  Qur study
investigated the effects of TUS as a non-invasive technique to the abdomen as a potential the
treatment of DSS-induced acute colitis through activation of the CAIP. We demonstrate that the
application of TUS attenuated the severity of colitis by improving clinical symptoms, colon
shortening and histological damage that is dependent upon the response of the spleen and
a7nAChR* macrophages.

Our previous work showed a temporal analysis of the 3% DSS-induced colitis model*”!
during the acute phase demonstrating changes in several anti- and pro-inflammatory CCTF. In
the current study, a similar pattern was detected in the 2% DSS group with increased colonic IL-
1a, IL-1B, IL-17, Eotaxin, G-CSF, KC, LIF, LIX, MCP-1, MIG, MIP-1a, MIP-1B, MIP-2, RANTES
and TNFa, and decreased IL-2 and IL-10, with an increase in CCTF after DSS withdrawal.
Evaluation of the proteomic changes induced by TUS in DSS colitis mice out to day 14, revealed
two different CCTF patterns when compared to 2% DSS group: A) downregulation of colonic IL-

1a, IL-5, IL-17, Eotaxin, MCP-1, LIF, M-CSF, MIG, RANTES and TNFa at different time points
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during TUS treatment (days 5 to 9); and B) upregulation of colonic IL-1p, IL-2, IL-4, IL-5, IL-7, IL-
9, IL-12(p70), G-CSF, LIX, MIP-1a, MIP-13 and MIP-2 at different time points starting at day 5
with TUS treatment.

The initial response when starting TUS treatment is a decrease in IL-5, followed by
downregulation of Eotaxin at day 9. Both chemokines are responsible for eosinophils
chemoattraction during inflammation®' %2 and it has been suggested that these immune cells
have different roles during acute inflammation and mucosal healing in DSS colitis. The initial
decrease in IL-5 levels would be consistent with a decreased chemoattraction of eosinophils
resulting in decreased tissue damage; whereas the increase of IL-5 seen after the end of TUS
treatment may be responsible for the influx of eosinophils with the aim towards mucosal
healing®®. Moreover, the decreased levels of IL-1a detected with TUS treatment may be the result
of lessened tissue damage and may have contributed to a decrease of colitis severity during the
recovery phase, since IL-1a is considered the early sign of danger released by the epithelial cells,
leading to increased inflammation®¥. Additionally, the increased levels of TNFa in the 2% DSS
group can cause defective cellular tight junctions, higher permeability of the epithelial barrier and
increased inflammation®®; whereas the decreased TNFa levels as detected in the TUS cohort
could be a response to activated CAIP™. The decrease in TNFa. levels may have contributed to
the attenuation of clinical symptoms, considering that a functional epithelial barrier is related to
the amelioration of stool consistency® *1,

The decreased expression of IL-17, LIF, MCP-1, MIG, M-CSF and RANTES in the TUS
treated cohort may also contribute to the attenuated pro-inflammatory response. IL-17 KO mice
with DSS-induced colitis present with less severe disease course®®, whereas IL-17 is also known
to upregulate the levels of RANTESP®, a known T cells’ chemoattractant that can result in
increased mucosal damage®?. Along with decreased levels of MIG*", these CCTF may contribute
to the decrease of CD8" T cells presence in the colon by day 14 in our study. Furthermore, the
decrease of colonic LIF, M-CSF and MCP-1 in TUS-treated mice may have attenuated
macrophage inflammatory functions?**! and contributed to the decrease in inflammation and
damage.

In comparison, the early increase of IL-2, IL-4 and IL-9 with TUS treatment (days 5 and 7),
may contribute to a more tolerogenic response to the antigens in the gut. It has been reported
that IL-9 protects against DSS colitis in an IL-4 dependent mannert®l, and along with increased
IL-2 levels can be responsible for reducing tissue damage and ameliorating colitis through anti-

inflammatory effects in the mucosa by activating and maintaining T regulatory cells in the gut*’.
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The increased expression of IL-7, G-CSF, LIX, MIP-1a, MIP-18 and MIP-2 can result in the influx
of neutrophils and macrophages!*®-*%!, which may contribute to a shorter temporal disease course
in the TUS treated group. G-CSF has been evaluated as an IBD therapy because it strengthens
the epithelial barrier and serves as a chemoattractant and activator of neutrophils for bacterial
clearance®®. We observed the upregulation of IL-1p and IL-12 during the recovery phase in the
TUS group, which may suggest a shift towards a M1 macrophage phenotype that can perform
endocytosis of dead cells and debris®® °®, decreasing intestinal inflammation. Furthermore, G-
CSF therapy has been shown to ameliorate DSS-induced colitis, by increasing tropism of
macrophages and stimulating an M2 macrophage phenotype!. Although an increase of classical
pro-inflammatory cytokines/chemokines seems counterintuitive, our results suggest that TUS
treatment induced a tolerogenic response in the gut during the injury phase, whilst promoting
early resolution and recovery of DSS colitis.

In the TUS cohort there were reduced levels of CD8" T cells, while the levels of CD25* T cells
were similar to control, resulting in decreased inflammation and epithelial damage in the gut. In
addition, CD8" T cells’ levels were normalized in the spleen of 2% DSS + TUS animals, which
could have resulted in less inflammation. We have previously reported the increase of colonic
CD8" and CD25" T cells in the DSS model of colitis in response to disease worsening and
histological damagel®®, both cell types were attenuated by TUS in the current study. Furthermore,
the presence of CD8" T cells may indicate a higher chance of disease relapse?®’ %8, We also
observed an increase of CD4" T cells and B220* B cells in the MLN that may indicate a transition
to a chronic state of the diseasel®®, however the upregulation of B220* B cells in the spleen and
MLN may contribute to gut homeostasis and attenuation of colitis while interacting with T
regulatory cells®. Further studies need to be performed in a chronic relapsing DSS colitis model
to determine if TUS treatment to the abdomen will result in decreased morbidity and durable
positive clinical outcomes.

It has been previously shown that VNS ameliorated intestinal inflammation independently of
the spleen, but instead, by activating CAIP directly in the gut®®"’. In the current study, there was
no difference in the clinical and pathological scores in the splenectomized mice when comparing
2% DSS to 2% DSS + TUS cohorts. This observation would suggest that VN activation and
improvement of colitis in intact animals involves the presence of the spleen and most likely the
splenic nerve activation. It has been reported that the VN stimulates the secretion of ACh by
enteric neurons, which in turn reduces the production of pro-inflammatory factors by macrophages
and induces a tolerogenic response in the gut!’. However, VN innervation of the colon has been

shown to be limited®. In this study, the reduced effects of TUS in splenectomized mice with DSS
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colitis on solely decreasing the amount of blood in the stool and increasing Treg cells in the colon,
while demonstrating a lack of significant clinical response, would underscore the importance of
an intact spleen.

It has previously been reported that there is a dependence on the spleen and the direct VN
stimulation for the activation of CAIP in the DSS colitis model®. VNS has been shown to be
ineffective for the treatment of intestinal inflammation in a7nAChR KO mice®!, or to worsen the
disease when inducing DSS colitis in a7nAChR KO mice®. VNS activates the splenic nerve
through the celiac ganglion to release norepinephrine in the spleen. T cells respond by producing
ACh that binds on splenic a7nAChR" macrophages and inhibits the secretion of pro-inflammatory
cytokines, specially TNFo!®% 6 3 |n this study, the absence of a7nAChR abolished TUS
therapeutic effects in DSS colitis, resulting in worsening of the clinical disease. Furthermore,
histological evaluation of the colon in the 2% DSS + TUS WT group for F4/80*a7nAChR" cells
revealed increased detection of these anti-inflammatory macrophages compared to controls and
2% DSS, indicative of CAIP activation. The early rise of F4/80* gut macrophages in DSS colitis
previously reported by our group®®” confirms the high influence of their modulation for disease
outcome. Thus, there was no difference when analyzing the spleen and MLN, but only a trend in
the spleen for decreased levels of F4/80*a7nAChR" macrophages, which might indicate their
migration to the gut. The absence of significant results in the spleen could also be due to the small
sample size (n=3). Moreover, our results agree with the previous therapeutic use of ultrasound,
where stimulation of the VN and the splenic nerve attenuated AKI through activation of CAIP,
resulting in improvement of tissue morphology and function. There was also no improvement in
AKI when US was applied to the abdomen in splenectomized animals, confirming the need for an
intact spleen, while 07nAChR KO confirmed the involvement of CAIP!?> 28],

In the current study, the TUS exposure would result in a mechanical radiation force or peak
rarefactional pressure of ~250KPa based on our calibration studies of the transducer, which would
translate into a mechanical index (Ml) of 0.25, below the food and drug administration (FDA) MI
= 1.916%8 |n addition, core body temperatures obtained during TUS treatment to the abdomen
demonstrated ~2°C rise over the 7min of exposure (Supplementary Figure 1). Hyperthermia has
been previously reported to ameliorate intestinal inflammation when reaching core body
temperatures of 42-43°C and maintaining it from 5 to 20min, mainly by upregulating heat shock
proteins (HSP) like HSP70 or HSP32!%7" Since TUS treatment did not induce such high core
body temperatures in our study, it is possible that heating did not contribute to the attenuation of
experimental colitis. However, heat shock proteins have been shown to be protective in

gastrointestinal diseases, including DSS colitis* !, and could possibly be involved in the
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therapeutic effect seen in the current study. Further investigations are needed to determine how
TUS causes VNS stimulation of CAIP that may result in the shift of immune cell phenotypes, and
how it translates into a clinical and pathological response in the DSS colitis model.

There were several limitations of this study that need to be discussed. This study was
performed in female mice from one vendor and it is unclear if the effects of TUS in the DSS colitis
model will have a gender bias. As previously reported, male mice are more responsive to
amelioration of DSS colitis with the use of a7 agonists. Female mice are less sensitive possibly
due to hormonal influence!®, and therefore need further investigation. Thus, it is possible that the
microbiome in the same strain of mice but obtained from different vendors or the same vendor
from a different location may alter our observed results. Further studies would be needed to
determine how TUS to the abdomen may alter the gut microbiome and how that could contribute
to altering the DSS colitis model. We also were limited by small sample sizes for
immunohistological analysis in the spleen and MLN resulting in lack of differences between
cohorts with and without TUS. Lastly, proteomic analysis of the colon for splenectomized and
a7nAChR KO mice treated with TUS in the DSS colitis model could also provide insight into the
lack of clinical and histological response.

The results of this study demonstrated that TUS treatment decreased the severity of colitis
most likely via VNS and activation of CAIP. We observed that the proteomic and immune cell
profile in the gut was altered by TUS with decrease in clinical symptoms and reduced histological
damage during the recovery phase of the DSS colitis. TUS exposures in splenectomized or
a/nAChR KO mice receiving DSS confirmed that the activation of the cholinergic anti-
inflammatory pathway and the spleen were involved in the TUS therapeutic effects. Since TUS is
a non-invasive technique that has been used in the clinic for decades, it may be possible to use
such an approach as an adjuvant in combination with pharmacological or biological treatments to
improve clinical outcomes and reduce morbidity in patients with IBD. Further investigation needs
to be done to understand the effects of TUS in chronic DSS colitis and in combination with

pharmacological or biological treatments in IBD.

98



Bibliography

1 Lee SH, Kwon JE, Cho ML. Immunological pathogenesis of inflammatory bowel disease. Intest Res
2018; 16(1): 26-42 [PMID: 29422795 PMCID: PMC5797268 DOI: 10.5217/ir.2018.16.1.26]

2 Shouval DS, Rufo PA. The Role of Environmental Factors in the Pathogenesis of Inflammatory
Bowel Diseases: A Review. JAMA Pediatr 2017; 171(10): 999-1005 [PMID: 28846760 DOI:
10.1001/jamapediatrics.2017.2571]

3 Kaplan GG. The global burden of IBD: from 2015 to 2025. Nat Rev Gastroenterol Hepatol 2015;
12(12): 720-727 [PMID: 26323879 DOI: 10.1038/nrgastro.2015.150]

4 Ng SC, Shi HY, Hamidi N, Underwood FE, Tang W, Benchimol El, Panaccione R, Ghosh S, Wu
JCY, Chan FKL, Sung JJY, Kaplan GG. Worldwide incidence and prevalence of inflammatory bowel
disease in the 21st century: a systematic review of population-based studies. Lancet 2018; 390(10114):
2769-2778 [PMID: 29050646 DOI: 10.1016/S0140-6736(17)32448-0]

5 Ryan DP, Doody DP. Surgical options in the treatment of ulcerative colitis. Semin Pediatr Surg
2017; 26(6): 379-383 [PMID: 29126507 DOI: 10.1053/j.sempedsurg.2017.10.001]

6 Sairenji T, Collins KL, Evans DV. An Update on Inflammatory Bowel Disease. Prim Care 2017;
44(4): 673-692 [PMID: 29132528 DOI: 10.1016/j.pop.2017.07.010]

7 Dulai PS, Jairath V. Acute severe ulcerative colitis: latest evidence and therapeutic implications.
Ther Adv Chronic Dis 2018; 9(2): 65-72 [PMID: 29387331 PMCID: PMC5784461 DOI:
10.1177/2040622317742095]

8 Spencer EA, Dubinsky MC. Therapeutic Drug Monitoring in Inflammatory Bowel Disease: History
and Future Directions. Pediatr Clin North Am 2017; 64(6): 1309-1326 [PMID: 29173787 DOI:
10.1016/j.pcl.2017.08.008]

9 Bonaz B, Sinniger V, Pellissier S. Vagus nerve stimulation: a new promising therapeutic tool in
inflammatory bowel disease. J Intern Med 2017; 282(1): 46-63 [PMID: 28421634 DOI: 10.1111/joim.12611]

10 Lindgren S, Stewenius J, Sjélund K, Lilja B, Sundkvist G. Autonomic vagal nerve dysfunction in
patients with ulcerative colitis. Scand J Gastroenterol 1993; 28(7): 638-642 [PMID: 8362220]

11 Cailotto C, Costes LM, van der Vliet J, van Bree SH, van Heerikhuize JJ, Buijs RM, Boeckxstaens
GE. Neuroanatomical evidence demonstrating the existence of the vagal anti-inflammatory reflex in the
intestine. Neurogastroenterol Motil 2012; 24(2): 191-200, €193 [PMID: 22118533 DOI: 10.1111/j.1365-
2982.2011.01824.x]

12 Rosas-Ballina M, Ochani M, Parrish WR, Ochani K, Harris YT, Huston JM, Chavan S, Tracey KJ.
Splenic nerve is required for cholinergic antiinflammatory pathway control of TNF in endotoxemia. Proc Nat/
Acad Sci U S A 2008; 105(31): 11008-11013 [PMID: 18669662 PMCID: PMC2504833 DOI:
10.1073/pnas.0803237105]

13 Rosas-Ballina M, Olofsson PS, Ochani M, Valdés-Ferrer SI, Levine YA, Reardon C, Tusche MW,
Pavlov VA, Andersson U, Chavan S, Mak TW, Tracey KJ. Acetylcholine-synthesizing T cells relay neural

99



signals in a vagus nerve circuit. Science 2011; 334(6052): 98-101 [PMID: 21921156 PMCID: PMC4548937
DOI: 10.1126/science.1209985]

14 Matteoli G, Boeckxstaens GE. The vagal innervation of the gut and immune homeostasis. Gut
2013; 62(8): 1214-1222 [PMID: 23023166 PMCID: PMC3711371 DOI: 10.1136/gutjnl-2012-302550]

15 Goverse G, Stakenborg M, Matteoli G. The intestinal cholinergic anti-inflammatory pathway. J
Physiol 2016; 594(20): 5771-5780 [PMID: 26959627 PMCID: PMC5063935 DOI: 10.1113/JP271537]

16 Olofsson PS, Rosas-Ballina M, Levine YA, Tracey KJ. Rethinking inflammation: neural circuits in
the regulation of immunity. Immunol Rev 2012; 248(1): 188-204 [PMID: 22725962 PMCID: PMC4536565
DOI: 10.1111/j.1600-065X.2012.01138.x]

17 Sun P, Zhou K, Wang S, Li P, Chen S, Lin G, Zhao Y, Wang T. Involvement of MAPK/NF-kB
signaling in the activation of the cholinergic anti-inflammatory pathway in experimental colitis by chronic
vagus nerve stimulation. PLoS One 2013; 8(8): €69424 [PMID: 23936328 PMCID: PMC3732220 DOI:
10.1371/journal.pone.0069424]

18 Meregnani J, Clarengon D, Vivier M, Peinnequin A, Mouret C, Sinniger V, Picq C, Job A, Canini F,
Jacquier-Sarlin M, Bonaz B. Anti-inflammatory effect of vagus nerve stimulation in a rat model of
inflammatory bowel disease. Auton Neurosci 2011; 160(1-2): 82-89 [PMID: 21071287 DOI:
10.1016/j.autneu.2010.10.007]

19 Jin H, Guo J, Liu J, Lyu B, Foreman RD, Yin J, Shi Z, Chen JDZ. Anti-inflammatory effects and
mechanisms of vagal nerve stimulation combined with electroacupuncture in a rodent model of TNBS-
induced colitis. Am J Physiol Gastrointest Liver Physiol 2017; 313(3): G192-G202 [PMID: 28546285 DOI:
10.1152/ajpgi.00254.2016]

20 Ji H, Rabbi MF, Labis B, Pavlov VA, Tracey KJ, Ghia JE. Central cholinergic activation of a vagus
nerve-to-spleen circuit alleviates experimental colitis. Mucosal Immunol 2014; 7(2): 335-347 [PMID:
23881354 PMCID: PMC3859808 DOI: 10.1038/mi.2013.52]

21 Bonaz B, Picq C, Sinniger V, Mayol JF, Clarencon D. Vagus nerve stimulation: from epilepsy to the
cholinergic anti-inflammatory pathway. Neurogastroenterol Motil 2013; 25(3): 208-221 [PMID: 23360102
DOI: 10.1111/nmo.12076]

22 Bonaz B, Sinniger V, Hoffmann D, Clarengon D, Mathieu N, Dantzer C, Vercueil L, Picq C, Trocmé
C, Faure P, Cracowski JL, Pellissier S. Chronic vagus nerve stimulation in Crohn's disease: a 6-month
follow-up pilot study. Neurogastroenterol Motil 2016; 28(6): 948-953 [PMID: 26920654  DOI:
10.1111/nmo.12792]

23 Bonaz B. Is-there a place for vagus nerve stimulation in inflammatory bowel diseases? Bioelectron
Med 2018; 4(4) [DOI: 10.1186/s42234-018-0004-9]

24 Miller DL, Smith NB, Bailey MR, Czarnota GJ, Hynynen K, Makin IR, Medicine BCotAloUi.
Overview of therapeutic ultrasound applications and safety considerations. J Ultrasound Med 2012; 31(4):
623-634 [PMID: 22441920 PMCID: PMC3810427]

100



25 Gigliotti JC, Huang L, Ye H, Bajwa A, Chattrabhuti K, Lee S, Klibanov AL, Kalantari K, Rosin DL,
Okusa MD. Ultrasound prevents renal ischemia-reperfusion injury by stimulating the splenic cholinergic
anti-inflammatory pathway. J Am Soc Nephrol 2013; 24(9): 1451-1460 [PMID: 23907510 PMCID:
PMC3752954 DOI: 10.1681/ASN.2013010084]

26 Gigliotti JC, Huang L, Bajwa A, Ye H, Mace EH, Hossack JA, Kalantari K, Inoue T, Rosin DL, Okusa
MD. Ultrasound Modulates the Splenic Neuroimmune Axis in Attenuating AKI. J Am Soc Nephrol 2015;
26(10): 2470-2481 [PMID: 25644106 PMCID: PMC4587697 DOI: 10.1681/ASN.2014080769]

27 Banerjee A, Bizzaro D, Burra P, Di Liddo R, Pathak S, Arcidiacono D, Cappon A, Bo P, Conconi
MT, Crescenzi M, Pinna CM, Parnigotto PP, Alison MR, Sturniolo GC, D'Inca R, Russo FP. Umbilical cord
mesenchymal stem cells modulate dextran sulfate sodium induced acute colitis in immunodeficient mice.
Stem Cell Res Ther 2015; 6: 79 [PMID: 25890182 PMCID: PMC4455709 DOI: 10.1186/s13287-015-0073-
6]

28 Goncalves FaC, Schneider N, Pinto FO, Meyer FS, Visioli F, Pfaffenseller B, Lopez PL, Passos
EP, Cirne-Lima EO, Meurer L, Paz AH. Intravenous vs intraperitoneal mesenchymal stem cells
administration: what is the best route for treating experimental colitis? World J Gastroenterol 2014; 20(48):
18228-18239 [PMID: 25561790 PMCID: PMC4277960 DOI: 10.3748/wjg.v20.i48.18228]

29 Dieleman LA, Palmen MJ, Akol H, Bloemena E, Pena AS, Meuwissen SG, Van Rees EP. Chronic
experimental colitis induced by dextran sulphate sodium (DSS) is characterized by Th1 and Th2 cytokines.
Clin Exp Immunol 1998; 114(3): 385-391 [PMID: 9844047 PMCID: PMC1905133]

30 Nunes NS, Kim S, Sundby M, Chandran P, Burks SR, Paz AH, Frank JA. Temporal clinical,
proteomic, histological and cellular immune responses of DSS-induced acute colitis. World J Gastroenterol
2018; In press

31 Waddell A, Ahrens R, Steinbrecher K, Donovan B, Rothenberg ME, Munitz A, Hogan SP. Colonic
eosinophilic inflammation in experimental colitis is mediated by Ly6C(high) CCR2(+) inflammatory
monocyte/macrophage-derived CCL11. J Immunol 2011; 186(10): 5993-6003 [PMID: 21498668 PMCID:
PMC3423906 DOI: 10.4049/jimmunol.1003844]

32 Al-Haddad S, Riddell RH. The role of eosinophils in inflammatory bowel disease. Gut 2005; 54(12):
1674-1675 [PMID: 16284283 PMCID: PMC1774805 DOI: 10.1136/gut.2005.072595]

33 Reichman H, Moshkovits I, Itan M, Pasmanik-Chor M, Vogl T, Roth J, Munitz A. Transcriptome
profiling of mouse colonic eosinophils reveals a key role for eosinophils in the induction of s100a8 and
s100a9 in mucosal healing. Sci Rep 2017; 7(1): 7117 [PMID: 28769105 PMCID: PMC5540981 DOI:
10.1038/s41598-017-07738-z]

34 Scarpa M, Kessler S, Sadler T, West G, Homer C, McDonald C, de la Motte C, Fiocchi C, Stylianou
E. The epithelial danger signal IL-1a is a potent activator of fibroblasts and reactivator of intestinal
inflammation. Am J Pathol 2015; 185(6): 1624-1637 [PMID: 25864926 PMCID: PMC4450321 DOI:
10.1016/j.ajpath.2015.02.018]

101



35 Hering NA, Fromm M, Schulzke JD. Determinants of colonic barrier function in inflammatory bowel
disease and potential therapeutics. J Physiol 2012; 590(5): 1035-1044 [PMID: 22219336 PMCID:
PMC3381811 DOI: 10.1113/jphysiol.2011.224568]

36 Konig J, Wells J, Cani PD, Garcia-Rddenas CL, MacDonald T, Mercenier A, Whyte J, Troost F,
Brummer RJ. Human Intestinal Barrier Function in Health and Disease. Clin Transl Gastroenterol 2016;
7(10): e196 [PMID: 27763627 PMCID: PMC5288588 DOI: 10.1038/ctg.2016.54]

37 Zeissig S, Burgel N, Glnzel D, Richter J, Mankertz J, Wahnschaffe U, Kroesen AJ, Zeitz M, Fromm
M, Schulzke JD. Changes in expression and distribution of claudin 2, 5 and 8 lead to discontinuous tight
junctions and barrier dysfunction in active Crohn's disease. Gut 2007; 56(1): 61-72 [PMID: 16822808
PMCID: PMC1856677 DOI: 10.1136/gut.2006.094375]

38 Ito R, Kita M, Shin-Ya M, Kishida T, Urano A, Takada R, Sakagami J, Imanishi J, lwakura Y,
Okanoue T, Yoshikawa T, Kataoka K, Mazda O. Involvement of IL-17A in the pathogenesis of DSS-induced
colitis in mice. Biochem Biophys Res Commun 2008; 377(1): 12-16 [PMID: 18796297 DOlI:
10.1016/j.bbrc.2008.09.019]

39 Andoh A, Fujino S, Bamba S, Araki Y, Okuno T, Bamba T, Fujiyama Y. IL-17 selectively down-
regulates TNF-alpha-induced RANTES gene expression in human colonic subepithelial myofibroblasts. J
Immunol 2002; 169(4): 1683-1687 [PMID: 12165487]

40 Andres PG, Beck PL, Mizoguchi E, Mizoguchi A, Bhan AK, Dawson T, Kuziel WA, Maeda N,
MacDermott RP, Podolsky DK, Reinecker HC. Mice with a selective deletion of the CC chemokine receptors
5 or 2 are protected from dextran sodium sulfate-mediated colitis: lack of CC chemokine receptor 5
expression results in a NK1.1+ lymphocyte-associated Th2-type immune response in the intestine. J
Immunol 2000; 164(12): 6303-6312 [PMID: 10843684]

41 Egesten A, Eliasson M, Olin Al, Erjefalt JS, Bjartell A, Sangfelt P, Carlson M. The proinflammatory
CXC-chemokines GRO-alpha/CXCL1 and MIG/CXCL9 are concomitantly expressed in ulcerative colitis
and decrease during treatment with topical corticosteroids. Int J Colorectal Dis 2007; 22(12). 1421-1427
[PMID: 17703315 DOI: 10.1007/s00384-007-0370-3]

42 Marshall D, Cameron J, Lightwood D, Lawson AD. Blockade of colony stimulating factor-1 (CSF-I)
leads to inhibition of DSS-induced colitis. Inflamm Bowel Dis 2007; 13(2): 219-224 [PMID: 17206685 DOI:
10.1002/ibd.20055]

43 Linker RA, Kruse N, Israel S, Wei T, Seubert S, Hombach A, Holtmann B, Luhder F, Ransohoff
RM, Sendtner M, Gold R. Leukemia inhibitory factor deficiency modulates the immune response and limits
autoimmune demyelination: a new role for neurotrophic cytokines in neuroinflammation. J Immunol 2008;
180(4): 2204-2213 [PMID: 18250427]

44 Kerr BJ, Patterson PH. Potent pro-inflammatory actions of leukemia inhibitory factor in the spinal
cord of the adult mouse. Exp Neurol 2004; 188(2): 391-407 [PMID: 15246839 DOI:
10.1016/j.expneurol.2004.04.012]

102



45 Guimbaud R, Abitbol V, Bertrand V, Quartier G, Chauvelot-Moachon L, Giroud J, Couturier D,
Chaussade DC. Leukemia inhibitory factor involvement in human ulcerative colitis and its potential role in
malignant course. Eur Cytokine Netw 1998; 9(4): 607-612 [PMID: 9889404]

46 Kim HS, Chung DH. IL-9-producing invariant NKT cells protect against DSS-induced colitis in an
IL-4-dependent manner. Mucosal Immunol 2013; 6(2). 347-357 [PMID: 22892939 DOl:
10.1038/mi.2012.77]

47 West GA, Matsuura T, Levine AD, Klein JS, Fiocchi C. Interleukin 4 in inflammatory bowel disease
and mucosal immune reactivity. Gastroenterology 1996; 110(6): 1683-1695 [PMID: 8964392]

48 Weéra O, Lancellotti P, Oury C. The Dual Role of Neutrophils in Inflammatory Bowel Diseases. J
Clin Med 2016; 5(12) [PMID: 27999328 PMCID: PMC5184791 DOI: 10.3390/jcm5120118]

49 Meshkibaf S, Martins AJ, Henry GT, Kim SO. Protective role of G-CSF in dextran sulfate sodium-
induced acute colitis through generating gut-homing macrophages. Cytokine 2016; 78: 69-78 [PMID:
26687628 DOI: 10.1016/j.cyt0.2015.11.025]

50 Willis CR, Seamons A, Maxwell J, Treuting PM, Nelson L, Chen G, Phelps S, Smith CL, Brabb T,
Iritani BM, Maggio-Price L. Interleukin-7 receptor blockade suppresses adaptive and innate inflammatory
responses in experimental colitis. J Inflamm (Lond) 2012; 9(1): 39 [PMID: 23057802 PMCID: PMC3551718
DOI: 10.1186/1476-9255-9-39]

51 Muthas D, Reznichenko A, Balendran CA, Béttcher G, Clausen IG, Karrman Mardh C, Ottosson T,
Uddin M, MacDonald TT, Danese S, Berner Hansen M. Neutrophils in ulcerative colitis: a review of selected
biomarkers and their potential therapeutic implications. Scand J Gastroenterol 2017; 52(2): 125-135 [PMID:
27610713 DOI: 10.1080/00365521.2016.1235224]

52 Tokuyama H, Ueha S, Kurachi M, Matsushima K, Moriyasu F, Blumberg RS, Kakimi K. The
simultaneous blockade of chemokine receptors CCR2, CCR5 and CXCR3 by a non-peptide chemokine
receptor antagonist protects mice from dextran sodium sulfate-mediated colitis. Int Immunol 2005; 17(8):
1023-1034 [PMID: 16000328 DOI: 10.1093/intimm/dxh284]

53 Ohtsuka, Lee J, Stamm DS, Sanderson IR. MIP-2 secreted by epithelial cells increases neutrophil
and lymphocyte recruitment in the mouse intestine. Gut 2001; 49(4): 526-533 [PMID: 11559650 PMCID:
PMC1728474]

54 Martins A, Han J, Kim SO. The multifaceted effects of granulocyte colony-stimulating factor in
immunomodulation and potential roles in intestinal immune homeostasis. /[UBMB Life 2010; 62(8): 611-617
[PMID: 20681025 PMCID: PMC2916186 DOI: 10.1002/iub.361]

55 Arango Duque G, Descoteaux A. Macrophage cytokines: involvement in immunity and infectious
diseases. Front Immunol 2014; 5: 491 [PMID: 25339958 PMCID: PMC4188125 DOI:
10.3389/fimmu.2014.00491]

56 Prame Kumar K, Nicholls AJ, Wong CHY. Partners in crime: neutrophils and
monocytes/macrophages in inflammation and disease. Cell Tissue Res 2018; 371(3): 551-565 [PMID:
29387942 PMCID: PMC5820413 DOI: 10.1007/s00441-017-2753-2]

103



57 Nancey S, Holvoet S, Graber I, Joubert G, Philippe D, Martin S, Nicolas JF, Desreumaux P, Flourié
B, Kaiserlian D. CD8+ cytotoxic T cells induce relapsing colitis in normal mice. Gastroenterology 2006;
131(2): 485-496 [PMID: 16890603 DOI: 10.1053/j.gastro.2006.05.018]

58 Boschetti G, Nancey S, Moussata D, Cotte E, Francois Y, Flourié B, Kaiserlian D. Enrichment of
Circulating and Mucosal Cytotoxic CD8+ T Cells Is Associated with Postoperative Endoscopic Recurrence
in Patients with Crohn's Disease. J Crohns Colitis 2016; 10(3): 338-345 [PMID: 26589954 PMCID:
PMC4957475 DOI: 10.1093/ecco-jcc/jjv211]

59 Postovalova EA, Khochansky DN, Zolotova NA, Gao Y, Makarova OV, Dobrynina MT.
Morphological Changes in Mesenteric Lymph Nodes and Lymphocyte Subpopulation Composition in
Experimental Ulcerative Colitis. Bull Exp Biol Med 2016; 160(6): 835-839 [PMID: 27165070 DOI:
10.1007/s10517-016-3322-5]

60 Wang L, Ray A, Jiang X, Wang JY, Basu S, Liu X, Qian T, He R, Dittel BN, Chu Y. T regulatory
cells and B cells cooperate to form a regulatory loop that maintains gut homeostasis and suppresses
dextran sulfate sodium-induced colitis. Mucosal Immunol 2015; 8(6): 1297-1312 [PMID: 25807185 PMCID:
PMC4583327 DOI: 10.1038/mi.2015.20]

61 Matteoli G, Gomez-Pinilla PJ, Nemethova A, Di Giovangiulio M, Cailotto C, van Bree SH, Michel
K, Tracey KJ, Schemann M, Boesmans W, Vanden Berghe P, Boeckxstaens GE. A distinct vagal anti-
inflammatory pathway modulates intestinal muscularis resident macrophages independent of the spleen.
Gut 2014; 63(6): 938-948 [PMID: 23929694 DOI: 10.1136/gutjnl-2013-304676]

62 de Jonge WJ. The Gut's Little Brain in Control of Intestinal Immunity. ISRN Gastroenterol 2013;
2013: 630159 [PMID: 23691339 PMCID: PMC3649343 DOI: 10.1155/2013/630159]

63 AlSharari SD, Bagdas D, Akbarali HI, Lichtman PA, Raborn ES, Cabral GA, Carroll FI, McGee EA,
Damaj MI. Sex Differences and Drug Dose Influence the Role of the a7 Nicotinic Acetylcholine Receptor in
the Mouse Dextran Sodium Sulfate-Induced Colitis Model. Nicotine Tob Res 2017; 19(4): 460-468 [PMID:
27639096 DOI: 10.1093/ntr/ntw245]

64 Chavan SS, Tracey KJ. Essential Neuroscience in Immunology. J Immunol 2017; 198(9): 3389-
3397 [PMID: 28416717 PMCID: PMC5426063 DOI: 10.4049/jimmunol.1601613]

65 Pavlov VA, Tracey KJ. The vagus nerve and the inflammatory reflex--linking immunity and
metabolism. Nat Rev Endocrinol 2012; 8(12): 743-754 [PMID: 23169440 PMCID: PMC4082307 DOI:
10.1038/nrendo.2012.189]

66 Serra C, Menozzi G, Labate AM, Giangregorio F, Gionchetti P, Beltrami M, Robotti D, Fornari F,
Cammarota T. Ultrasound assessment of vascularization of the thickened terminal ileum wall in Crohn's
disease patients using a low-mechanical index real-time scanning technique with a second generation
ultrasound contrast agent. Eur J Radiol 2007; 62(1). 114-121 [PMID: 17239555 DOl:
10.1016/j.ejrad.2006.11.027]

104



67 Barnett SB, Ter Haar GR, Ziskin MC, Rott HD, Duck FA, Maeda K. International recommendations
and guidelines for the safe use of diagnostic ultrasound in medicine. Ultrasound Med Biol 2000; 26(3): 355-
366 [PMID: 10773365]

68 Mullick Chowdhury S, Lee T, Willmann JK. Ultrasound-guided drug delivery in cancer.
Ultrasonography 2017; 36(3): 171-184 [PMID: 28607323 PMCID: PMC5494871 DOI: 10.14366/usg.17021]

69 Goldhill JM, Stojadinovic A, Kiang J, Smallridge R, Shea-Donohue T. Hyperthermia prevents
functional, histological and biochemical abnormalities induced during ileitis. Neurogastroenterol Motil 1999;
11(1): 69-76 [PMID: 10087537]

70 Kokura S, Yoshida N, Okuda T, Nakabe N, Sakamoto N, Isozaki Y, Hattori T, Handa O, Takagi T,
Naito Y, Yoshikawa T. Hyperthermia ameliorates 2,4,6-trinitrobenzene sulphonic acid-induced colitis in rats:
the role of heat shock proteins. Int J Hyperthermia 2007; 23(1): 17-28 [PMID: 17575720]

71 Sakamoto N, Kokura S, Okuda T, Hattori T, Katada K, Isozaki Y, Nakabe N, Handa O, Takagi T,
Ishikawa T, Naito Y, Yoshida N, Yoshikawa T. Heme oxygenase-1 (Hsp32) is involved in the protection of
small intestine by whole body mild hyperthermia from ischemia/reperfusion injury in rat. Int J Hyperthermia
2005; 21(7): 603-614 [PMID: 16304713]

72 Tanaka K, Mizushima T. Protective role of HSF1 and HSP70 against gastrointestinal diseases. Int
J Hyperthermia 2009; 25(8): 668-676 [PMID: 20021227 DOI: 10.3109/02656730903213366]

73 Liao YF, Zhu W, Li DP, Zhu X. Heme oxygenase-1 and gut ischemia/reperfusion injury: A short
review. World J Gastroenterol 2013; 19(23): 3555-3561 [PMID: 23801856 PMCID: PMC3691047 DOI:
10.3748/wjg.v19.i23.3555]

105



rm———————————
I

TUS treatment !

| D§S I V’Iater |
A I : I 1 1 B
|
107 Control: : 57
x | — 2%Dss [ 1
@ 84 - 2%DSS+TUS : -
© 1
£ i i ! e
2 H g
39 2
S 1 s
o
; 4+ ! Q
o - Q
2 ! &
a :
|
r—rT——TTrTrTrTT T T 1T o-rTrrT—TTrrTrTrTrTrTTrT T
01 2 3 45 6 7 8 91011 1213 14 01 2 3 45 6 7 8 91011 1213 14
Time after DSS (d) Time after DSS (d)
4
10
_ 3
§ (7]
z £
) £
= 3
2 o
(=] o
11}
-15- Time after DSS (d) 0123 456 7 8 91011 1213 14
Time after DSS (d)

Figure 1. Clinical symptoms of 2% DSS colitis mice under TUS treatment. Experimental colitis was
induced by DSS for 7 days in drinking water and TUS treatment was administered from day 4 to 10 over
the abdomen. TUS attenuated clinical symptoms from day 9 and forward when measuring the (A) disease
activity index (DAI), including amelioration of (B) stool consistency, (C) weight loss and (D) blood in the
stool at different time points. *p<0.05 compared to 2% DSS + TUS. Two-way ANOVA followed by Sidak
post-hoc test. N = 15/group.
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Figure 2. Colon and spleen changes in 2% DSS colitis mice under TUS treatment. TUS attenuated
(A) colon shortening and (D, E) histological damage at day 14 only, increasing (B) colon weight at days 7
and 9, while decreasing (C) spleen weight at day 11. Histological analysis demonstrated reduced tissue
damage under TUS treatment at 14 days by partial preservation of the crypts, epithelial layer and goblet
cells, diminishing immune cells infiltration. *p<0.05 compared to 2% DSS in graphs A, B and C. Two-way
ANOVA followed by Sidak post-hoc test. *p<0.05 compared to control and #p<0.05 compared to 2% DSS
in histological comparisons. One-way ANOVA followed by Dunnett post-hoc test. N = 5/group at each time

point. Results are presented as mean + SD.
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Figure 3. Proteomic colon changes in 2% DSS colitis mice under TUS treatment. Experimental colitis

was induced by DSS for 7 days in drinking water and TUS treatment was administered from day 4 to 10

over the abdomen. The colons were collected at days 0, 3, 5, 7, 9, 11 and 14, homogenized and later

analyzed by multiplex ELISA assay. Results demonstrate downregulation of colonic IL-1a, IL-5, IL-17,
Eotaxin, MCP-1, LIF, M-CSF, MIG, RANTES and TNFa at different time points during TUS treatment (days
5 to 9); and upregulation of colonic IL-1B, IL-2, IL-4, IL-5, IL-7, IL-9, IL-12(p70), G-CSF, LIX, MIP-1a, MIP-
1B and MIP-2 at different time points starting at day 5 with TUS treatment. *p<0.05 compared to 2% DSS.
Two-way ANOVA followed by Sidak post-hoc test. N = 5-6/group at each time point. Results are presented

as mean + SD. Heat maps of these results are presented in Supplemental Figure 2.
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Figure 4. Immune cell population changes in colon, spleen and MLN in 2% DSS colitis mice under
TUS treatment. (A-E) Colon IHC analysis revealed no differences amongst all groups regarding B220* B
cells, increased levels of CD4*, CD8* and F4/80* cells in comparison to controls, while CD8* levels were
decreased when comparing TUS treated animals to 2% DSS group and CD25* T cells were increased in
2% DSS only group. (F-G) Spleen FACS analysis demonstrated no changes for CD4*, CD25" and F4/80*
cells. Increased percentage was seen for CD8* T cells and decrease in B220* B cells when comparing 2%
DSS to control. In addition, TUS treatment normalized CD8" T cells and B220* B cells when compared to
2% DSS. (K-O0) MLN IHC analysis demonstrated no difference amongst all groups for CD8*, CD25" and
F4/80* cells. TUS treatment increased CD4* and B220* levels compared to control. *p<0.05 compared to
control. #p<0.05 compared to 2% DSS. One-way ANOVA followed by Dunnett post-hoc test. N = 4/group

for IHC analysis and N = 6/group for FACS analysis. Results are presented as mean + SD.
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Figure 5. Clinical and histological analysis of splenectomized mice. There was no difference between
the groups in (A) disease activity index, (B) stool consistency, (D) weight loss and (E) histological colonic
damage at day 14. TUS decreased the amount of (C) blood in the stools on days 6 and 7. H&E staining of
the colons demonstrated destruction of the crypts, loss of the epithelial barrier, loss of goblet cells and high
immune cell infiltration for both groups. *p<0.05 compared to 2% DSS + TUS. Two-way ANOVA followed
by Sidak post-hoc test for clinical analysis and Student’s t test for histological scores. N = 10/group. Results

are presented as mean + SD for histological scores.
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Figure 6. Colon changes in splenectomized mice. There was no difference between the groups when
analyzing the colons for (A) CD4", (B) CD8*, (D) F4/80*, (E) B220* cells, (F) colon length and (G) colon
weight. TUS induced an increase in colonic (C) CD25* T cells. *p<0.05 compared to 2% DSS. Student’s t

test. N = 4/group for IHC analysis and N = 10/group for macroscopic colon analysis. Results are presented
as mean * SD.
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Figure 7. Clinical and histological analysis of a7nAChR KO mice. The absence of a7nAChR induced
worsening of the disease in both 2% DSS and 2% DSS + TUS groups (compared to 2% DSS WT mice) at
different time points regarding (A) disease activity index, (B) stool consistency, (C) blood in the stools and
(D) weight loss. 2% DSS + TUS a7nAChR KO group resulted in worsening of (D) weight loss when
compared to 2% DSS a7nAChR KO mice at days 9 and 11. There was no difference amongst all groups
when analyzing the colons for histological damage (E). H&E images of the colons reveal partial destruction
of the crypts, partial loss of goblet cells and infiltration of immune cells. *p<0.05 comparing 2% DSS
a7/nAChR KO and 2% DSS WT groups. #p<0.05 comparing 2% DSS + TUS a7nAChR KO and 2% DSS
WT groups. a p<0.05 comparing 2% DSS a7nAChR KO and 2% DSS + TUS a7nAChR KO groups. Two-
way ANOVA followed by Sidak post-hoc test for clinical analysis and one-way ANOVA followed by Dunnett
post-hoc test for histological scores. N = 10/group. Results are presented as mean + SD for histological

scores.
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Figure 8. Colon and spleen changes in a7nAChR KO mice. There was no difference amongst all groups
when analyzing the colons for (A-E) CD4*, CD8*, CD25", F4/80*, B220" cells, and (G) colon weight. (F)
Colons of a7nAChR KO mice under TUS treatment were shortened when compared to 2% DSS WT group,
and both a7nAChR KO groups presented with higher (H) spleen weights when compared to 2% DSS WT
group. *p<0.05 compared to 2% DSS WT. One-way ANOVA followed by Dunnett post-hoc test. N = 4/group
for IHC analysis and N = 10/group for macroscopic colon analysis. Results are presented as mean + SD.
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Colon Co-Staining for F4/80*a7nAchR* cells
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Figure 9. Colon, spleen and MLN analysis for F4/80*a7nAChR* cells. Photomicrographic images
revealed (A) increased levels of F4/80"a7nAChR" cells in the colons of 2% DSS and 2% DSS + TUS, and
even higher levels at the 2% DSS + TUS mice. No difference was seen across all groups in the (B) spleen
and (C) MLN. Images show staining for the nuclei (blue), F4/80 macrophages (green) and a.7nAChR (red).
Merged images demonstrate co-staining of F4/80*a.7nAChR* macrophages in orange (insert). *p<0.05
compared to control. #p<0.05 compared to 2% DSS. One-way ANOVA followed by Dunnett post-hoc test.
N = 3/group. Results are presented as mean + SD.
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Supplementary Figure 1. Ultrasound transducer calibration and temperature changes in mice. (A)
Calibration of the ultrasound transducer was performed by measuring the effective transducer output
utilizing a needle-type hydrophone in degassed water, reported as Peak Negative Pressure (kPa) vs Input
Power (W/cm?). (B) Temperature changes in mice under TUS treatment over the abdomen for 7min at
1MHz, 10% duty cycle and 2 w/cm?. Results demonstrate a change of ~2°C over 7min, with a decrease

when TUS is turned off. N = 3. Results are presented as mean + SD for body temperature changes.
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Supplementary Figure 2. FACS gating for Inmune cell profiling of the spleen. Representative gating
of flow cytometry performed at days 0 (control) and 14 (2% DSS and 2% DSS + TUS) in the spleen for
CD4*, CD8*, CD25", F4/80" and B220* cells. F4/80* macrophages and CD3*CD4*CD25" T cells were

enriched through magnetic separation before flow cytometry analysis.
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Supplementary Figure 3. Colonic proteomic analysis in both 2% DSS and 2% DSS + TUS groups.

Heat map of temporal proteomic analysis based on multiplex ELISA revealed mice receiving 2% DSS only
demonstrated increased fold changes of IL-1a, IL-1B, IL-6, IL-17, Eotaxin, G-CSF, KC, MCP-1, LIF, LIX,
M-CSF, MIG, MIP-1a, MIP-1B, MIP-2, RANTES and TNFa, and decreased fold changes of IL-2, IL-7, IL-
10 and IL-15 at different time points, normalized to normal control colons (day 0). Mice receiving 2% DSS
+ TUS treatment demonstrated increased fold changes of IL-1a, IL-18, IL-6, IL-9, IL12(p70), IL-17, Eotaxin,
IFNy, G-CSF, KC, MCP-1, LIF, LIX, MIG, MIP-1a, MIP-1B, MIP-2, RANTES, TNFa and VEGF, and

decreased proteomic levels of IL-2, IL-4, IL-7, IL-10 and IL-15 at different time points, compared to day 0

(control). *p<0.05 fold increases compared to day 0 (control). #p<0.05 fold decreases compared to day 0

(control). Two-way ANOVA followed by Sidak post-hoc test. N = 5-6/group at each time point.

117




Score Weight Loss Stool Consistency Bleeding

0 none normal stool no bleeding

1 1-5% slightly loose stool few blood-tinged stools

2 5-10% loose stools slight bleeding

3 10-15% watery stool gross bleeding

4 more than 15% severe diarrhea blood filling the whole colon

Table 1. Disease activity index scoring. Animals were evaluated daily for weight loss, stool

consistency and bleeding. Maximum scoring possible is 12 for severe colitis?”-2,
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Feature graded Grade Description

o

None
Slight

Moderate

Inflammation

Severe

None

Mucosa
Extent

Mucosa and submucosa

Transmural

No tissue repair

Surface epithelium not intact

Regeneration Regeneration with crypt depletion

Almost complete regeneration

Complete regeneration or normal tissue

None

Basal 1/3 damaged

Crypt damage Basal 2/3 damaged

Only surface epithelium intact

Bl WO DN 2O O =2 N WO A O N = O WO N =

Entire crypt and epithelium lost
1-25%
26-50%
51-75%
76-100%

Percent involvement

AW DN =

Table 2. Histological scoring. Colon samples were evaluated for inflammation, extent, regeneration,

crypt damage and percent of involvement. Maximum scoring possible is 56 for severe colitis?.
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8. CONCLUSOES

Os resultados deste trabalho nos permitem concluir:

1. A severidade da doenca corresponde ao aumento da concentragao de DSS.

2. Os macrofagos sdo a primeira resposta imune observada no modelo DSS 3%,
seguidos pelo influxo de células T CD25", CD4* ¢ CD8" no co6lon, possivelmente
vindas do baco e/ou MLN. Estas mudangas foram relacionadas ao aumento do dano
histologico e a mudanca dos niveis de fatores anti- e pro-inflamatérios no colon. A
severidade dos sintomas clinicos correspondeu ao aumento da inflamacgao
intestinal, exceto no dia 8, apds a retirada de DSS.

3. A terapia com Ultrassom atenuou a severidade da colite induzida por DSS 2%, o
que foi observado a partir da melhora dos sintomas clinicos ¢ dos niveis de
inflamacao tecidual. O perfil protedmico revelou a indugdo de uma resposta anti-
inflamatéria no codlon durante a fase de lesao induzida por DSS (D0-D7), e uma
acelerada resolucdo da doenga durante a fase de recuperagao (D8-D14).

4. Animais esplenectomizados nao apresentaram melhora clinica ou histoldgica
quando tratados com Ultrassom, enquanto animais nocaute para o receptor a7nACh
apresentaram uma piora da doenga, demonstrando uma dependéncia do baco e da
via anti-inflamatoria colinérgica.

5. O aumento da presenga de células F4/80"a7nAChR" foi encontrado no cé6lon de
animais WT DSS 2% tratados com Ultrassom, confirmando o envolvimento da via

anti-inflamatoria colinérgica terapeuticamente.
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9. CONSIDERACOES FINAIS E PERSPECTIVAS

Na presente tese foi demonstrada a crescente severidade da doenca com o aumento da
concentracdo de DSS. Em analise temporal, observamos a correlacdo da piora dos sintomas
clinicos com o aumento da destruicao histoldgica do colon, o influxo de células imunes e aumento
de fatores pré-inflamatorios. Entretanto, os animais apresentaram melhora clinica com a retirada
de DSS, enquanto demonstraram piora dos escores histologicos e dos niveis de fatores pro-
inflamatoérios intestinais. Sendo assim, este modelo seria ideal para a investigacdo de novas
terapias visando a resolucdo da inflamacao histoldgica e consequente prevengao da recidiva da
doenca. Além disso, uma analise temporal integrada seria altamente recomendada aos grupos de
pesquisa na utilizagao deste modelo, considerando que nao sdo fatores individuais os responsaveis
pelo desenvolvimento da doenga.

ApOs o estabelecimento do modelo de DSS, investigamos a utilizagdo da terapia nao-invasiva
de Ultrassom no tratamento da colite experimental. Demonstramos uma melhora clinica e
histologica ao longo de 14 dias, incluindo a melhora do encurtamento do colon. O perfil
protedmico revelou um resposta anti-inflamatéria durante a fase de indugao do modelo, enquanto
uma acelerada melhora da doenca foi observada durante a fase de recuperagdo. Vimos que
proteinas consideradas pro-inflamatorias atuaram na resolugdo da doenca, destacando ainda mais
a necessidade deste tipo de andlise temporal integrada no estudo de novas terapias. Além disso,
demonstramos a participacao necessaria do bago e da via anti-inflamatoria colinérgica quando os
efeitos terapéuticos foram abolidos em animais esplenectomizados, ¢ quando observamos uma

piora da colite experimental em animais nocaute para o receptor a7nACh. O aumento de células

F4/80"a7nAChR" no colon de animais WT DSS 2% apenas confirmou o envolvimento de CAIP
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no efeito terapéutico do Ultrassom. Desta forma, nossos resultados sugerem que a estimulagdo do
nervo vago e a consequente ativacdo da via anti-inflamatoria colinérgica dependente do bago
desempenha um papel na melhora da colite aguda induzida por DSS. Entretanto, estudos adicionais
sdo necessarios para investigar como o Ultrassom provoca a ativagao de CAIP pela estimulacao
do nervo vago, e de que forma estes resultados podem ser transpostos para a clinica.

Portanto, as perspectivas deste trabalho incluem a investigacao de TUS no modelo cronico de
colite induzida por DSS; a utilizagdo de animais vagotomizados € animais com neurectomia
esplénica; analise das mudangas na microbiota intestinal; comparagao entre animais provenientes
de diferentes vendedores; tratamento de ultrassom em machos C57BL/6; combinag¢ao do
tratamento de ultrassom com medicamentos atualmente utilizados na clinica; e anélise protedmica
temporal dos colons de animais esplenectomizados e o.7nAChR KO.

Concluindo, os resultados apresentados nesta tese sugerem um efeito terapéutico de ultrassom
na colite experimental, representando uma alternativa ndo-invasiva aos medicamentos atualmente

disponiveis para o tratamento de UC.
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