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P> Neuroimunologia

O que é neuroimunologia?



P Neuroimunomodulacéo

A neuroimunomodulacao é a regulacao bidirecional entre os sistemas nervoso e
imunoldgico.

Sinais neurais influenciam as respostas imunes.

Sinais imunoldgicos afetam a funcao neural.



p Comunicacao bidirecional

O sistema nervoso regula as respostas imunes por meio de
neurotransmissores e neuropeptideos, enquanto o sistema
imunoldgico influencia a funcao cerebral por meio de citocinas e

outras moléculas sinalizadoras.



P Homeostase e defesa

A neuroimunologia investiga como essa comunicacao bidirectional
ajuda a manter a homeostase e a defender o organismo contra

infeccoes, lesdes e estresse



P Doencas e disfungoes

A neuroimunologia examina como a desregulacao dessa interacao
pode contribuir para condicoes como esclerose multipla, doenca de

Alzheimer, inflamacao cronica e até disturbios psiquiatricos, como a

depressao.



> Neuroinflamacao e a Encefalomielite Autoimune Experimental
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1885 - Development of the rabies vaccine by Louis Pasteur.




P Neuroimmunomodulation — Brief History

- 1984 - Norverva Spector organizes 1" International Neuroimmune modulation

Symposium at NIH;
- 1990 - International Society for Neuroimmunomodulation

- The Journal of Neuroimmunology (1981), Brain, Behaviour and Immunity

(1987), Neuroimmunomodulation (1994) and Journal of Neuroinflammation
(2004)



> I nteraqaes Infectious Disease
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P Citocina imunoregulatorias

Immunoregulatory Feedback Between Interleukin-1
and Glucocorticoid Hormones

HuGo BESEDOVSKY, ADRIANA DEL REY, ERNST SORKIN,
CHARLES A. DINARELLO

(IL-1), are inhibited by glucocorticoid hormones in vivo and in vitro. Conversely,
shmmmundhhudkvdswmmuﬂudbymrdﬂmdhyhumlﬂlhmym

antibody to IL-1. Therefore the capacity of IL-1 to stimulate the pituitary-adrenal axis
was tested. Administration of subpyrogenic doses of homogeneous human monocyte—
dﬂiﬁdﬂrlurﬂuﬂ?funnufhummmhmmtﬂr]mmandﬂumnd
blood levels of adrenocorticotropic hormone (ACTH) and glucocorticoids. Another
monokine, tumor necrosis factor, and the lymphokines IL-2 and y-interferon had no
such effects when administered in doses equivalent to or higher than those of IL-1. The
stimulatory effect of IL-1 on the pituitary-adrenal axis seemed not to be mediated by
the sccondary release of products from mature T lymphocytes since IL-1 was
endocrinologically active when injected into athymic nude mice. These results strongly
support the existence of an immunoregulatory feedback circuit in which I1-1 acts as an
afferent and glucocorticoid as an efferent hormonal signal.
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Fig. 1. in ACTH and corticosterone

blood levels in C3H/He] mice after injection of
different doses of rIL-1. The rIL-1 was obtained
as described in the legend to Table 2. C3H/He]
mice were given different dilutions of rIL-1 inject-
ﬁdmtﬂ toneally. Two hours later, the animals

and{ﬂ] ACTH and (B) corticosterone
serum levels were determined by radioim-
munoassay. Each point in the curves represents
the mean =+ SEM of hormone determinations
from seven or cight animals.

P> Administragao de IL-1 e ACTH e Corticosterona
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Fig. 2. Time course of increase in ACTH and
corticosterone  after rIL-1 administration to
C3H/He] mice. The mice received 1 pg of rIL-1
mﬂsmmuoluwdlmn(—)urﬂﬁnﬂof
control um (- ]mpa:ted mtrapmtoncall}r
At the time indicared, animals were killed, and
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determinations from seven or eight ani-



P> Administragao de IL-1 em camundongos Nude
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a Plasma corticosterone
e Control 9 12.50 + 3.16

8 Control + anti-IL-1 12 12.51 + 2.82

S 20 HPBL + NDV 11 52.99 + 4.23

o HPBL + NDV + ant-IL-1 13 14.47 + 3.78

0 Control iL-1 Control IL-1

Fig. 3. Changes in corticosterone blood levels in
athymic nude mice after administration of rIL-1.



> A conversa entre
Sistema Nervoso e
Sistema Imune

Besedovsky and del Rey, Endocrine Reviews, 1996
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P Comunicagao entre os sistemas nervoso e imunolégico

Sistema Nervoso

Hormonios
Neurotransmissores
Citocinas

Receptores

Sistema Imune § >~ Sistema Neuroendocrino

Besedovsky and del Rey, Endocrine Reviews, 1996



Nervous System
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Norepinephrine
Dopamine
Neuropeptide Y
Adenosina

(Straub, 2004; Kin, 2006)
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} Sistema Nervoso Autonomo
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P> Sistema
Nervoso
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> Inervacgao dos tecidos linfoides e da mucosa

Thymus ‘II
Sistema Nervoso Simpatico (SNS) I
- medula espinhal toracolombar Lymph node l
=

Sistema Nervoso Parassimpatico (PaNS)

- nervos cranianos e medula espinhal sacral

Spleen

Sistema Nervoso Entérico (ENS)
- dentro das paredes do trato gastrointestinal

\

o—— sympathetic nerve Bone marrow
.—( Parasympathetic nerve (inferior limb)



p Mediadores quimicos do Sistema
Nervoso

® ACh Muisculo Sistema somatico
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p Mediadores quimicos do Sistema Nervoso

Role of some presynaptic inhibitory and stimulatory receptors in Ca®"-
dependent transmitter release from noradrenergic axon terminals in the

CNS and periphery”

Receptor Ligand Receptor Subtype Effect

Norepinephrine as” (A and C) Inhibition

B, (spleen®) Potentiation
Acetylcholine M, Potentiation

M," (M,) Inhibition

N? (neuronal) Potentiation
Neuropeptide Y Y, (spleen®) Inhibition
Dopamine D, (spleen”) Inhibition
Adenosine A’ Inhibition
ATP P, Potentiation
Opioid peptide” L Inhibition

& Inhibition

K Inhibition
Prostaglandin PGE, (thymus”) Inhibition
Serotonin 5-HT 5 Inhibition
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p Sistema Nervoso Parassimpatico

Figure 1 The cholinergic anti-inflammatory pathway.
Efferent activity in the vagus nerve leads to
acetylcholine (ACh) release in organs of the
reticuloendothelial system, including the liver, heart,
spleen and gastrointestinal tract. Acetylcholine
interacts with e-bungarotoxin-sensitive nicotinic

receptors (ACh receptor) on tissue macrophages, N 7 ', i;. . f
which inhibit the release of TNF, IL-1, HMGB1 and - l»,;;‘f,‘ ‘ S
other cytokines. _. . )

Efferent vagus
nerve activity

Organ compartment
of the
reticuloendothelial
system

IL-1

TNF -,
HMGB1

ACh receptor




p Sistema Nervoso Autonomo

Cholinergic neurons
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p Reflexo anti-inflamatorio
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P Inervacdo dos érgaos . [
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p Estrutura das
principais

catecolaminas
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P Classificacdo dos receptores adrenérgicos

Classificagao dos receptores adrenérgicos

«  Aprincipal dassificacdo farmacoldgica em subtipos a e p baseou-se, a principio, na ordem de poténcia entre agonistas e, depois, em antagonistas seletivos
+  Subtipos de receptores adrenérgicos:
—  Dois subtipos principais de receptor a-adrenérgicos, a, e a,, cada um dividido em trés subtipos adicionais (a,,, 0;g, 0;p € 055, 05, Gyc)

- Trés subtipos de receptores 3-adrenérgicos (B, B, Bs)
—  Todos pertencem a superfamilia de receptores acoplados a proteina G (ver Capitulo 3)
+  Segundos mensageiros:
—  Os receptores a, ativam a fosfolipase C por meio da G,, produzindo trifosfato de inositol e diacilglicerol como segundos mensageiros
Os receptores a, modulam os canais de Ca** e de K* por meio de subunidades Ba da proteina G e inibem a adenilato ciclase por meio da a; (todavia, o0 AMPc citoplasmatico nas terminagdes nervosas em geral esta baixo em condicdes basais, o que limita aimportancia

desse sequndo mecanismo)
— Todos os tipos de receptores p estimulam a adenilato ciclase por Gg

«  Os principais efeitos da ativacao dos receptores sao:
—  Receptores a,: vasoconstrido, relaxamento do musculo liso gastrointestinal e glicogendlise hepatica
Receptores a,: inibicio da liberacdo de transmissores (incluindo a liberagéo de noradrenalina e de acetilcolina dos nervos autdnomos), causada pela abertura dos canais de K* e inibicio dos canais de (a®*; agregacdo plaquetdria; contragio do misculo liso vascular;

inibicao da liberagdo de insulina Painel de leitura do documento
Receptores B,: aumento da frequéncia e da fora cardiacas

Receptores B,: broncodilatacdo, vasodilatacdo, relaxamento do musculo liso visceral, glicogendlise hepatica, tremor muscular

Receptores B: lipdlise e termogénese, relaxamento do musculo detrusor da bexiga.



P Expressdo dos receptores adrenérgicos nas células
do sistema imune

a and B adrenergic receptor

a2 adrenergic receptor .
B2 adrenergic receptor &
5 TJ
Noradrenaline * CANMIP

T

linfonodo




> Expressao dos receptores adrenérgicos nas células imunologicas

Adrenergic receptors

Receptor Subtypes Ligand affinity Canonically Main outcomes

family coupled G protein

al ala NORADRENALINE Gq phospholipase C beta (PLC-B) activation; T DAG
alb > ADRENALINE and TIP3
alc

a2 o2a Gi | cAMP
a2b
alc

B p1 ADRENALINE > Gs 1 cAMP — protein kinase A (PKA) and/or ex-

NORADRENALINE change protein directly activated by cAMP (EPAC)

p2

B3




} Papel distinto dos receptores adrenérgicos nas células imunologicas

TNFa
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P SNS e a geracao da resposta imune adaptativa

, IFNy
‘ STAT4
: T-bet
\ Peptide-MHC 3 N |
) ¢ molecule 0 3 |SL1::T6
( ) Noradrenaline o, i — Y | GATAS
5 \‘ E \\—ﬁ “" ==
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p Estratégias para avaliar a funcao do SNS

Agonistas adrenergicos
| 2 Noradrenalina

Antagonistas adrenérgicos
Deplecao quimica

SNS



p Encefalomielite Autoimune Experimental (EAE)

CNS
Modelo animal da Esclerose Multipla

EAE
Doenca inflamatdria desmielinizante do SNC Inflammation
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p Sistema nervoso simpatico e EAE

~ SNS |
| ! NE

6-OHDA |

_| Sympathectomy | 7 @,

A EAE
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P> Inducio Ativa e Passiva da EAE

Active Induction Passive Induction

Day 0: Myelin antigen/CFA Day 0: Myelin antigen/CFA

{ '

Day 10: Onset EAE Day 10: Isolate lymph node and
spleen cells. Restimulate T cells
with myelin antigen (T-17-

promoting reagents can be
included in this step)

:

Day 12: Irradiate recipient mice
~400 rad

S Y}
.
Day 13: Transfer T cells
{ -

)

.

EAE



P> Modelos de EAE em roedores

a 357
o A —e— Chronic EAE
§ l —a— Relapsing-remitting EAE
5 ., | —&— Monophasic EAE
o 3
o]
(&
= 2
[
-9 \0“/ ‘LMW
=
o 17
0 - v TR A

0o 5§ 10 15 20 25 30 35 40 45 50 55 60

Days post immunization

Stromnes, IM & Goverman, JM. Nature Protocols 1, 1810 - 1819 (2006)



p Obijetivo

Avaliar o efeito do aumento da atividade do sistema nervoso

simpatico (SNS) durante o curso da encefalomielite autoimune

experimental (EAE)



Pp Hipoteses

1) A auséncia dos receptores alfa 2-adrenérgicos (ADRA2) nas

células imunoldgicas interfere no desenvolvimento da EAE;

2) A hiperatividade do sistema nervoso simpatico modula a EAE

via receptor beta2-adrenérgico (ADRB2);
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P> Hyperactivity of the SNS

(A) Cytoplasmic 0., Receptors
Activation of the
NE : d
a,-Adrenergic receptor decreases
production of cAMP,

Inhibits receptor leading to an inhibition

NE channel of further release of a
NE opening norepinephrine from T 1,500 -
o \ the neuron. E “.“““““““““““““.“:““: ......................
Ca B g Two functionally distinct
A Ve 0& £ 1,000 .
NE 5 ox-adrenergic receptors regulate
s | - hetic neurotransmission
| . sympat i
. E Lutz Hein*, John D. Alimant & Brian K. Kobilka
ek NE 8 0 R NATURE | VOL 402| 11 NOVEMBER 1999 |
o TR R ' |
Extracellular

© 2001 Sinauer Associates, Inc.

Adra2ac”’- mice miss the negative feedback



P Liberacdo de noradrenalina (NA) pelo SNS
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P Liberagdo de NA na hiperatividade do SNS
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P Marcadores de ativacao das células T

Amplificacao Centiolaida

Retencao o jjiteracio  das funca
no linfonodo ¢ o Whigees resposta
efetoras
CD69 e CTLA-4

(CD25) CD40L

Célula T,TCR
naive

Tempo apos ativagao 4




P Ativacdo das células T CD4* WT e KO in vitro

Anti-CD3/CD28

-

100
80
x o]
S 607
T ]
= 40+
20
D _|“"I'““ R | T LR LY | T LN LA |
0102 _10® 10t 10°
Lin ‘
e CD25
30000-
T 20000
=
n
a
O 10000
0

T
WT  ADRug5¢c KO

100
80

60-

% of Max

40-

20

A B wT
.'I|I I' |'1 - ADRGZA/ZC KO

8000+

6000+

4000+

CD69 (MFI)

2000+

T L B T
0102 10®  10* 10°

*%*

WT  ADRaa2c KO



P Auséncia dos receptores alfa2ac adrenérgicos na
proliferacdo das células T CD4+
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P> Auséncia dos ADRA2AC polarizacdo das células T CD4+

Diferenciacao de Th1
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P> Auséncia dos ADRA2AC nas células T CD4+ in vivo

- WT 2D2—Rag1”

(&)

1 = Adra2ac’ 2D2 —»Rag1”

Clinical Score EAE
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Pp Hipoteses

2) A hiperatividade do sistema nervoso simpatico modula a EAE

via receptor beta2-adrenérgico (ADRB2);



P Sinalizagdo via ADRB2 reduz a proliferagdo de
células T CD4+
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> Modelo de encefalomielite autoimune experimental (EAE)

Camundongos: WT e ADRa,,,,c KO

150 ug MOG;5.55/CFA s.C.

a ]
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Dias 01234567891011121314151617 18192021 222324
ADRa ¢ KO- ' | |

*_—7—) . ﬂ ﬂ Score Clinico

Pertussis 200 ng i.p. 0 - sem sintomas
1 - perda do ténus da cauda

—

2 - paresia da patas traseiras

3 - paralisia das patas traseiras
4 - paresia das patas dianteiras
5 - moribundo



p Sistema nervoso simpatico modula a EAE
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P> SNS reduz inflamacao durante EAE

CNS Activated Microglia/M¢ Resting Microglia
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P> SNS diminui as células T CD4+ produtoras de IFN-y

Gated CD3+CD4+
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P> SNS diminui a proliferagdo e a produgdo de citocinas
pelas células T CD4+
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pelas células T CD4+
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P A hiperatividade do SNS reduz a proliferagdo in vivo
das células T CD4+
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P> Bloqueio da sinalizacdo do ADRB2 restaura a EAE
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P> Bloqueio da sinalizacdo do ADRB2 restaura a producao
de citocinas inflamatarias
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P Auséncia do ADRB2 nas células imunes agrava a EAE
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P Auséncia do ADRB2 nas células T CD4+ reverte a
modvulacao da EAE pela hiperatividade do SNS
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P> Modelo de modulagdo da EAE pelo SNS
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> Paradigma da imunidade inata e adaptativa
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P> Células linfoides inatas espelham as células T auxiliares
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Eberl, et. al, Nature Immunology, 2015



} Caracterizacao fenotipica das células linfoides do grupo 3 (ILC3s)

Gated on live lymphocytes
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Lin 1: CD3 and TCR.
Lin 2: CD11¢, CD11b, B220.

Araujo, LP et al., Science Immunology, in press, 2024



P Distribuigdo anatdmica das ILC3s

Sonnenberg, et. al, Nat Rev Immunol, 2019
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} Funcoes das células linfoides inatas do grupo 3 (ILC3s)
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Trends in Immunology

Zhou and Sonnenberg, Trends Immunol., 2020



Neuronios entéricos peptideo intestinal vasoativo (VIP) estao proximos com ILC3
Article

Feeding-dependent VIP neuron-ILC3 circuit
regulates the intestinal barrier

https://doi.org/10.1038/s41586-020-2039-9  Jhimmy Talbot', Paul Hahn', Lina Kroehling', Henry Nguyen', Dayi Li' & Dan R. Littman?®

Received: 11 July 2019

Accepted: 13 January 2020 The intestinal mucosa serves both as a conduit for the uptake of food-derived
Published online: 12 February 2020 nutrients and microbiome-derived metabolites, and as a barrier that prevents
tissue invasion by microorganisms and tempers inflammatory responses to the
myriad contents of the lumen. How the intestine coordinates physiological and
immune responses to food consumption to optimize nutrient uptake while
maintaining barrier functions remains unclear. Here we show in mice how a gut
neuronal signal triggered by food intake is integrated with intestinal
antimicrobial and metabolic responses that are controlled by type-3 innate
lymphoid cells (ILC3)*. Food consumption rapidly activates a population of

M Check for updates




> Neuronios entéricos - peptideo intestinal vasoativo (VIP) estao proximos com ILC3
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> Inibicao dependente de VIPR2 das ILC3 CCR6* e da resposta antimicrobiana
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> A sinalizacao VIPérgica reduz a funcao da barreira mucosa

a b c d e
107P = 0.0009 10 100 o 10 10
= ® T P < 0.0001 L 3 T
g 8 z g|"=2 80| 3 g 2 g|P=00005
o . - & = g | P=00006 %
. ; — - ; w ;
@ 6 8g® ; 6 ) g 60 5 61 o° ; 6 &
g— 4 ™) a 4 ® ¢ 40 g' 4 o o nre
| = @ = 1 1 -
S o ° L |68 @ o Vehicle (n = 11) ‘ S | % =
S 21-Rp-e-e- 5 2 20{ @ CNO(n=11) 2 2pmemmt 2 O ©
E’ otcoo—o—- E’ 0ioo—— 0 F=0.0001 = E— E) 0
_ _ 01234567 89101112 0 — _
VIPergic neuron VIPergic neuron VIPergic neuron  VIPergic neuron

activation activation Time after C. rodentium inoculation (d) inhibition inhibition



> A alimentacao reduz a producgao de IL-22 por ILC3 CCR6* por meio da ativagao de

neuronios VIPérgicos
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P> Aalimentacéo reduz a produgéo de IL-22 por ILC3 CCR6* por meio da
ativacao de neuronios VIPeéergicos
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> Papel das ILC3 na inducao da EAE

MHC-1I Flox RORVyt-Cre

» W

|LC3AMHC-|I
==y EAE development
ILC3

MOG3>°%/CFA

ILC3

Pertussis



> ILC3s sao essenciais para a inducao de EAE

EAE Clinical Score
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} As ILC3s expressao receptores adrenérgicos
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> Infeccao por Citrobacter rodentium
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