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¥ Development of T cells and Innate lymphoid cells (ILC) *

AN

HSC- hematopoietic stem cells
CLP- common lymphoid progenitor
ID2- inhibitor of DNA binding 2
ETP- early T cell progenitor
CILCP- common ILC progenitor
CHILP- common helper ILC
ILCPs- PLZF* ILC progenitors

Immunity. 2018 Jun 19;48(6):1091-1103.
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~/ Innate lymphoid cell (ILC)

ILC groups Group 1ILCs Group 2 ILCs Group 3 ILCs
Cytokines required IL-15
for development
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VIP- Vasoactive intestinal peptide
5HTT- 5-hydroxytryptamine transporter
Nat Rev Immunol. 2006 Apr; 6(4): 318-328.
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% Neural Regulation of ILC
ARTICLE

Worm &/@ e The neuropeptide NMU amplifies

doi:10.1038/nature24029
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M* Hypothesis

Adrenergic neuron regulates ILC2 responses and type 2
iInflammation after exposure to helminth infection and
allergens.
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% Specific aims
Aim 1:
To Investigate adrenergic receptor expression on ILC
and localization of ILC2 in gut associated tissues

Adrenergic receptor ?
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f\. Adrenergic neuron
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»-%ﬁ ILC2 co-localize with TH* neurons in the small intestine
Bcl11b-td Tomato reporter mouseiﬁ

Bcl11b CD3¢

ILC2 ®» KLRG1*Bcl11b*CD3e-NKp46-

TH- tyrosine hydroxylase

Green KLRG1- killer cell lectin-like receptor G member 1 SI- small intestine
Red Bcll1llb- B cell leukemia 11b V- villi

Blue CD3e- T-cell surface glycoprotein CD3 epsilon S- submucosa
Cyan NKp46- mouse CD335 (natural cytotoxicity receptor) M- muscularis
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ILC2 co-localize with TH* neurons in the small intestine

|11 3tm1(YFP/cre)Lky Sortm 14(CAGtdTomato)Hze

x\_} &

Balb/c C57BL/6J lI13-fate mapping mouse
‘ - tdTomato (l113-fate mapping) CD3¢

ILC2 B KLRG1*tdTomato*CD3g"

TH- tyrosine hydroxylase
Green KLRG1- killer cell lectin-like receptor G member 1
Red Il13—fate mapping

Blue CD3e- T-cell surface glycoprotein CD3 epsilon SI- small intestine
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%;M* ILC2 were also observed in mesenteric lymph node

Bclllb-td Tomato reporter mouse i
C57BL/6J

Bcl11b CD3e

ILC2 ®» KLRG1*Bcl11b*CD3¢"IgD-

Green KLRG1- killer cell lectin-like receptor G member 1
Red Bcll1lb- B cell leukemia 11b

Blue CD3g- T-cell surface glycoprotein CD3 epsilon
Cyan IgD mLN- mesenteric lymph node B8
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»;\{i Summary 1

1. B2AR gene is highly expressed in murine and
human ILC2 both from gut and lung tissue.

2. Murine ILC2 and adrenergic neurons
(TH*) are In proximity in gut tissue.

Adrenergic receptor
BZAR  Adrp2

"7 1\ Adrenergic neuron l w
/ bl d>
TH*
- LC2 M
i_ Co-localization
KLRG1*Bcl11b*CD3g-NKp46-

Adrb2- B2 adrenergic receptor gene
B2AR- beta 2 adrenergic receptor
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i~ Specific aims

Aim 2
To clarify whether B2AR signaling inhibits ILC2
responses in anti-helminth responses

Type 2
Inflammation

Goblet cell

B2AR- beta 2 adrenergic receptor
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¥ Anti-helminth responses was
Adrb2*" or 7* enhanced in B2AR-deficiency mice
Adrb2/
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4 ¥ ILC2 population and responses 15

?i“ decreased in B2 agonist-treated mice

S.C. 500
* N. brasiliensis
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W Anti-helminth responses was

M* attenuated In B2 agonist-treated mice

S.C.500
Wild type * N. brasiliensis
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¥ B2 agonist-mediated inhibition of ILC2 responses and Y

1™ inflammation occurred in the absence of CD4*T cells
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%% (\@Antl helminth responses of IL-7R* B2AR ILC2 were enhanced
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> The inhibitory effect of B2AR signaling is directly on ILC2

ILC2P- ILC2 progenitor

Rag2- Recombination activating gene 2 ?\&\0 W
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m summary 2

1. B2AR signaling negatively regulates ILC2-
mediated anti-helminth responses in intestinal tissue.

2. B2ZAR-mediated negative regulation on ILC2is T
cell independent.
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Helminth growth D N ‘ ' |
B2 agonist »“_ 13 mucus Type 2
mflammatlon
Jic: ¥0O - @

Goblet CeII

B2AR- beta 2 adrenergic receptor
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>~ Specific aims
Aim 3: R

To clarify whether B2AR signaling inhibits ILC2
responses In lung inflammation

| Type 2
Inflammation

Goblet cell

n 5,

Lung inflammation
Hng | ! IL-33

Allergen

B2AR- beta 2 adrenergic receptor
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»3%@ B2AR deficient enhanced ILC2 numbers in lung inflammation
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%BZAR activation inhibited ILC2 responses in lung inflammation
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¥ P2ARsignaling to reduce ILC2 responses 24

17 inlungis also T cell independent

. ﬁ Alternaria [.N.
I17r Cret+ &_ lI7r Crefr Adrb2 ¥ (10 pg in 40 pl PBS)

X » &i D!y 1* * Day 4 Day 7 Analysis
—
Adrb2 i C57BL/6J * * * f N

F a-CD4 (250 yg/mouse/day)

Alternaria Alternaria Alternaria
0.5- . 50- 30-
+ * (7))
1 ()}
O = — 20-
c £ "
& 0.3- in 297 S 0
O © o o ™
—_ = =0 = 10
'-E o q6 OO B o
-0 O o2 o 52 o)
Alternaria- Alternaria extract 0.1 0 - o 0 — -
|.N.- intranasal W7ree [7rce+ Wzr<e l7r=e+ W7ree 7re+
Adrb2 Adrb2" Adrb2"

|.P.- intraperitoneal
a-CD4- anti CD4 monoclonal antibody a-CD4 o-CD4 a-CD4




%3%@ Summary 3

1. B2AR signaling dampen ILC2 responses in lung inflammation.

2. B2ZAR-mediated negative regulation is directly on ILC2 but not

through T cell pathway.
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B2 AR
o 4
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Lung inflammation
Hng | ! IL-33

Goblet cell

Allergen

B2AR- beta 2 adrenergic receptor
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| Mx Specific aims
Alm 4:

To Iinvestigate the mechanism through which B2AR

sighaling attenuates ILC2 responses and type?2
iInflammation
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Y ¥ PB2AR signaling downregulates gene

?% expression related to cell cycle

RNA-seq GSEA (Gene set enrichment analysis)

B Cell cycle 1
Cell cycle process 1
Nuclear division - |
Mitotic cell cycle process I
Nitrogen compound metabolic process - |
Mitotic cell cycle A |
Cellular nitrogen compound metabolic process - |
Cell division |
Chromosome segregation - |
Nuclear chromosome segregation - . |

A

10° -

109 -

Mean normalized counts
(agonist-treated, infected )

0.0 25 5.0
1 NES
10 C Cell cycle
0.127 NES = 4.85

FDR < 0.01

100 10° 108
Mean normalized counts (infected)

KLRG1*CD127*CD45*CD90*Lin-mLN ILC2
sorted from N. brasiliensis-infected Adrb2** mice

Enrichment score

|d2- ILCP marker
Gata3, Rora- ILC2 transcription factor

ILIRL1- IL-33R (ST2)

IL4ARa- IL4 Receptor a chain )
Crlf2- TSLP Receptor FDR- false discovery rate

NES- Normalized enrichn Lower in Higher in
agonist-treated agonist-treated
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Y ¥ PB2AR stimulation suppressed ILC2
7’7?‘ proliferation but dose not regulate apoptosis
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*J [SZAR stimulation negatively regulated ILC2-intrinsic 2

M cell proliferation in vitro and in vivo
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Y
»;&i Summary 4
1.B2AR stimulation reduce the gene expression of cell cycle.

2.2AR signaling negatively regulates ILC2-intrinsic cell
proliferation in vitro and Iin vivo.
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S :
~i~ Conclusion
Adrenergic neuronal derived regulatory circuit through 2AR

pathway limits ILC2 proliferation and ILC2-dependent type 2
Inflammation in intestinal and lung tissues.
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Lc2 O qy

& proliferation
Goblet cell

Lung mflammatlon %

Allergen |
B2AR- beta 2 adrenergic receptor
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' Possible anti-asthma mechanism of 2 agonist
717 in addition to bronchodilation

Protease allergens, Asthma

fungi and viruses

[ Triggers

v AT
oo

Mast cell T, cel /

@

Basophil

PGD,, LTD,

Nat Rev Immunol. 2017 Nov;17(11):665-678.

Lung

IL-25, IL-33,
TSLP

IL-13

IL-2

IL-4

IL-10

ICOS,
ICOSL

ILC2

OX40L
MHC class Il

L@

® Goblet cell
hyperplasia
® Mucus
production
e TASM
contractility
® Collagen
deposition

IL-13

DC
T.2 cell ™~

OX40

IL-13

IL_4’ @
IL-5

IL-13  Eosinophil

isotype
switch

TABLE 35-1

Airway Receptors and Their Effects in the
Cardiopulmonary System*

Location Receptor Effect
Heart Beta-1 adrenergic Increased rate, force
Bronchiolar smooth Beta 2-adrenergic Bronchodllatlon
muscle M--cholinergic Bronchoconstriction
Pulmonary blood Alpha-1-adrenergic  Vasoconstriction
vessels Beta-2-adrenergic Vasodilation
Ms-cholinergic Vasodilation
Bronchial blood Alpha-1-adrenergic ~ Vasoconstriction
vessels Beta-2-adrenergic Vasodilation
Submucosal glands  Alpha-1-adrenergic  Increased fluid, mucin
Beta-2-adrenergic Increased fluid, mucin
Ms-cholinergic Exocytosis, secretion

M., M, Subtypes of muscarinic (M) cholinergic receptors.
*Adrenergic and muscarinic cholinergic receptor subtypes are indicated.
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PREFERRED
CONTROLLER
CHOICE

Other
controller
options

RELIEVER

Symptoms
Exacerbations
Side-effects
Patient satisfaction
Lung function

STEP1 STEP2
Low dose ICS
Consider low Leukotriene receptor antagonist (LTRA) ,&
dose ICS Low dose theophyiline™

llation

Symptom control & risk factors
(including lung function)

Inhaler technique & adherence
Patient preference

Asthma medications

Non-pharmacological strategies
Treat modifiable risk factors

QO Med/high
ICS/ILABA
ow fose
‘;@U\BA"
N\
Med/high dose ICS } Add tiotropium**
Low dose ICS : Med/high dose ICS;
+LTRA :+[TRA
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4 1n addition to bronchodilation
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Nat Rev Immunol. 2017 Nov;17(11):665-678. Q “

Possible anti-asthma mechanism of B2 agonist
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%;i Clenbuterol

In the U.S., clenbuterol is not approved for human use
it is only approved for use in horses.

Side effect:

cardiovascular and neurological effects

Retrieve palpitations, muscle tremors, and nervousness.
exhibits were identified ability to increase lean muscle mass

and reduce body fat, although the downstream mechanisms

After ingestion, clenbuterol is readily absorbed (70-80%) and
remains in the body for awhile (25-39 hours).

As a result of its long half life, the adverse effects of
clenbuterol are often prolonged

Drug Enforcement Administration
Clenbuterol (Street Names: Clen)
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Alternaria Balb/c i.p. 2 x 10° spores in Alum i.n. 2 x10° spores 1/d for 3d
alternata (d13-15)

Med Mycol. 2010 Mar;48(2):217-28

i Asthma animal model

Increased
lymphocytes,
eosinophilic &
neutrophilic
inflammation

Increased IgE,

IgG

1

Adaptive asthma protocol

1 yg HDM or PBS 10 pg HDM Sacrifice and
intratracheally intranasally analysis
0 6 7 8 9 10 14 days

sensitization challenge

Curr Protoc Mouse Biol. 2016 Jun 1;6(2):169-84.
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%% ILC markers

Table 1| Phenotypical markers of mouse ILC subsets

Marker Group 1ILCs Group 2 ILCs
NK cells ILC1s ILC2s (natural
helper cells)
CD4 - - -
CD25 +* low -~
CD90 (also known as THY1) —/+% ND +

CD127 (also known as IL-7Ra)

/4

ILC2s
(nuocytes)

ILC2s
(1,2 cells)

Group 3 ILCs

LTi cells NCR* Colitogenic

ILC3s* NCR"ILC3s
- 10% -
+(75%) ND +
- - -

SCA1 (also known as LYBA) +* ND +
ICOS low!! ND ND
NKp46 (also known as NCRl) - -
IL-1R —~ + -
IL-23R — — ND
IL-12Rp2 + + _
ST2 (a subunit of IL-33R) - - +
IL-17RB (a subunit of IL-25R) - - -

ND
ND
+

+

- ND +
ND | ND
_ _
- - -
+ + +
- ND ND

ICOS, inducible T cell co-stimulator; |,2, innate helper 2; I, interleukin; ILC, innate lymphoid cell; LTi, lymphoid tissue-inducer; NCR, natural cytotoxicity triggering
receptor; ND, not determined; NK, natural killer; SCA1, stem cell antigen 1. *Also referred to as NK22 cells, NCR22 cells, NKR-LTi cells and ILC2 2s. *Following

activation. 50n subset of cells./As determined by microarray analysis; natural helper cells do not respond to IL-1p.

Nat Rev Immunol. 2013 Feb;13(2):145-9.
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y;i ILC markers

Table 2 | Phenotypical markers of human ILC subsets

Marker Group 11LCs Group 2 ILCs Group 3 ILCs
NKcells ILC1ls ILC2s LTicells NCR*ILC3s*

CD4 - - - - _
CD25 —/+* low low ND low
CD56 + - ND - 50%
CD117 (also known as KIT) - - +/— L +
CD127 (also known as —/+5 + i + +
IL-7Ra)

CD161 —/+8 +/— i +/— +
NKp44 (also known as NCR2) —/+! — - - +
ICOS low - - ND +
NKp46 (also knownas NCR1) + — - - +
CRTH2 ~ - + - _
IL-1R — + + + +
IL-23R - - ND + +
IL-12R2 + + - - _
ST2 (asubunit of IL-33R) - - + - —
IL-17RB (asubunit of IL-25R) - - - - -

Nat Rev Immunol. 2013 Feb;13(2):145-9.



ILC markers

Group 1 Group 2 Group 3
Cell lineage ILC1 NK ILC2 ILC3 LTi

Surface markers

Key regulators

Cytokine signature

Immune association

ILC, innate lymphoid cell; NK, natural killer; LTi, lymphoid tissue inducer; LIN,” lineage negative (CD3, CD4, CDS8
CD19, CD11b, CD11¢c, CD123, CD14, FceR1, T-cell receptor (TCR)yd, TCRaf; NKG2D, natural killer group 2,
member D; IL-7Ra, interleukin-7 receptor alpha; KIR, killer cell immunoglobulin-like receptor; CRTH2,
chemoattractant receptor-homologous molecule expressed on TH2 cells; Thet, T box expressed in T cells; ROR,
retinoic acid receptor-related orphan receptor; IFN, interferon; TNF, tumour necrosis factor; LT, lymphotoxin; AD,
atopic dermatitis.

Curr Opin Allergy Clin Immunol. 2014 Oct;14(5):397-403.
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CD25- activated T, B cell, ILC, monocyte
=IL-2Ra

CD45- all hematopoietic cell

=Leukocyte common antigen (LCA)

Tyrosine phosphatse T,B cell antigen receotor
CD90- T cell(mouse), ILC, NK

=Thy-1

Adhesion trafficking



Cell. 2018 Aug 23;174(5):1054-1066.
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Table 1. Main Phenotypic Markers of the Different Subsets of Murine and Human ILCs

Mouse Human
NKp46~ NKp46* NKp44~ NKp44*
NK ILC1 ILC2 LTi ILC3 ILC3 NK ILC1 ILG2 LTi ILC3 ILC3
Cell-surface  CD45 + + + int  + + CD45 + + ++ int  + +
molecules  cp127 (IL-7Ra) *  ° + + W w CD127 (IL-7Ra) —/+ °© + o+ +
CD161 (NK1.1)  + + - - - —/+ CD161 (NK1.1)  +/— + + +— 4+ +
ST2 (IL-33R) - nd +- nd nd nd ST2 (IL-33R) +H—- - +/— nd nd -
CD278(ICOS) W nd ++ nd W w CcD278(ICOS) - nd nd nd +
IL-17RB (IL25R) -  nd - = = IL-17RB (IL25R) -  — - nd =
CD294 (CRTH2) - nd nd nd nd CD294 (CRTH2) - - - - -
KLRG1 ++ - - - - KLRG1 + - - - -
CD117 (c-kit) - +H— - o+ W W CD117 (c-kit) W - +H— o+ + +
CD69 “ + nd nd nd nd CD69 W  +/- nd nd nd nd
CD254 (RANKL) nd nd nd + + CD254 (RANKL) - nd nd + +
CD196 (CCR6) - nd - +/— - CD196 (CCR6) - +—  +/— +/— +/—
CD335 (NKp46) + + - - - + CD335 (NKp46) + - - - -/W W/+
CD25 (IL-2Ra) -/W +H— /- +/— CD25 (IL-2Ra) +H— W + W 4/ -W
MHC-II - - - MHC-II +/— nd +/— nd nd +/—
IL23R - - nd IL23R +H— +- /W
IL1RB - nd IL1IR - + w + + +
Cbhi22 + W - - - CcD122 + nd nd -W W W
CD314 (NKG2D) + nd - - - + CD314 (NKG2D) + nd nd - -W -W
Ly49 +H—= 4= - - - - KIR +H—- - - - - -
CD94 +/— nd +- nd - +/— CD94 +H—- - - - - -
Perforin + w - - - - Perforin + - - - - -
CD253 (TRAIL) - + nd nd nd nd IL12RB + + - - - +/—
Sca-1 (Ly6a) d + - nd CD194 (CCR4) nd +/— + nd nd nd
CD49d nd nd - nd + CD56 + - - W +/— +/—
(integrin a4p7)
CD49a a + nd nd nd nd CD183 (CXCR3) nd + nd nd nd nd
(integrin a:1p1)
CD90 (Thy1) +— 4+ + + + + CD337 (NKp30) + + + +H— 4= +/—
CD160 ! + nd nd nd nd CD336 (NKp44) “ - - - - +
CD103 e - nd nd nd nd CD16 +- - - - - -
CD200R - + nd nd nd nd NKp80 + - nd nd nd nd
Transcription Tbet + - - +— + Tbet + + - - - -
factors Eomes +H- - - - - Eomes + H- - - - -
RORvyt - - - + + + RORyt - -W  -/W 4+ + +
GATA3 -W /W o+ -W /W /W GATAS -W /W + -W /W -W
AhR - nd nd + + + AhR -W W + + + +
ROR« nd nd + nd nd nd
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Cre- Cre recombinase

Cre Mouse

Cells with active Cre recombinase

Original gene function is disrupted,
a reporter gene is transcribed
instead.

X

LoxP (Floxed) Mouse

Stop Stop

loxP Target gene loxP eGFP

Cells lacking active Cre recombinase

Stop Stop

loxP® Target gene loxP eGFP

Original gene function is untouched.
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