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ABSTRACT	
	

The	 cholinergic	 anti-inflammatory	 pathway	 reduces	 systemic	 TNF	 via	

acetylcholine	 producing	 memory	 T-cells	 in	 the	 spleen.	 These	 choline	

acetyltransferase	(ChAT)	expressing	T-cells	are	also	found	in	the	intestine,	where	

their	 function	 is	 unclear.	 We	 aimed	 to	 characterize	 these	 cells	 in	 mouse	 and	

human	intestine	and	delineate	their	function.	

We	 made	 use	 of	 the	 ChAT-eGFP	 reporter	 mice.	 CD4Cre	 mice	 were	 crossed	 to	

ChATfl/fl	mice	to	achieve	specific	deletion	of	ChAT	in	CD4+	T-cells.	We	observed	

that	 the	majority	of	ChAT	expressing	T-cells	 in	 the	human	and	mouse	 intestine	

have	 characteristics	 of	 Th17	 cells,	 and	 co-express	 IL17A,	 IL22	 and	 RORC.	 The	

generation	 of	 ChAT	 expressing	 T-cells	 was	 skewed	 by	 dendritic	 cells	 after	

activation	of	their	adrenergic	receptor	β2.	To	evaluate	ChAT	T-cell	 function,	we	

generated	CD4	specific	ChAT	deficient	mice.	CD4ChAT-/-	mice	showed	a	reduced	

level	of	epithelial	antimicrobial	peptides	(AMP)	lysozyme,	defA,	and	ang4,	which	

was	 associated	with	 an	 enhanced	 bacterial	 diversity	 and	 richness	 in	 the	 small	

intestinal	 lumen	in	CD4ChAT-/-	mice.	We	conclude	that	ChAT	expressing	T-cells	

in	 the	 gut	 are	 stimulated	 by	 adrenergic	 receptor	 activation	 on	 dendritic	 cells.	

ChAT	 expressing	 T-cells	 may	 function	 to	 mediate	 the	 host	 AMP	 secretion,	

microbial	growth	and	expansion.	
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INTRODUCTION	
	

The	 efferent	 vagus	 nerve	 is	 recognized	 as	 a	 negative	 regulator	 of	 immune	

responses	 to	 injury	 and	 infection,	 via	 its	 peripheral	 release	 of	 acetylcholine	

(ACh)	 (1).	 Stimulation	 of	 the	 vagus	 nerve	 efferent’s	 activity	 inhibits	 cytokine	

release	 and	 ameliorates	 inflammation-mediated	 injury	 in	 a	 number	 of	

experimental	models	for	inflammation	such	as	endotoxemia,	ileus	(2),	and	colitis	

(3).	 This	 inflammatory	 reflex	 requires	 action	 potentials	 arising	 in	 the	 vagus	

nerve,	 and	 ACh	 interacting	 with	 the	 α7	 subunit	 of	 the	 nicotinic	 ACh	 receptor	

expressed	on	cytokine	producing	macrophages	in	the	spleen	(1,4,5).	However,	it	

is	now	recognized	that	vagal	immune-regulation	acts	indirectly,	and	requires	the	

activation	of	sympathetic/adrenergic	fibers	to	the	spleen	(2,4,5).	To	explain	the	

vagal	 anti-inflammatory	 pathway,	 a	 synaptic	 connection	 has	 been	 proposed	

between	 vagal	 preganglionic	 neurons	 and	 sympathetic	 postganglionic	 neurons	

that	 innervate	 the	 spleen	 (3,6),	 although	 it	 is	 unclear	 whether	 this	

neuroanatomical	route	accounts	for	direct	vagal	anti-inflammatory	reflexes	(7,8).		

In	 the	 spleen,	 the	 cellular	 source	 of	 ACh	 that	 mediates	 the	 cholinergic	 anti-

inflammatory	 pathway	 has	 been	 shown	 to	 be	 T-	 and	 B-cell	 populations	 that	

express	 choline	 acetyltransferase	 (ChAT;	 EC	 2.3.1.6)	 (6,9),	 the	 rate	 limiting	

enzyme	for	the	production	of	ACh	(9).	In	the	context	of	intestinal	inflammation,	

vagal	 efferent	 innervation	 is	 restricted	 to	 resident	 macrophages	 in	 the	

muscularis	 externa,	 not	 mucosa	 (8)	 and	 hence	 vagal	 modulation	 of	 intestinal	

inflammation	 as	 shown	 in	 models	 of	 intestinal	 inflammation	 (10)	 involves	

activation	of	indirect,	i.e.	sympathetic	or	enteric,	neural	pathways.	This	is	in	line	

with	 earlier	 reports	 that	 intestinal	 mucosa,	 lymph	 nodes,	 and	 Peyer’s	 patches	

have	 sympathetic	 innervation	 (11).	 Coherent	 with	 this,	 norepinephrine	 (NE),	

rather	than	ACh,	augments	skewing	of	naive	T-cells	towards	Treg	and	Th17	cells	

(12).		

Despite	 the	 lack	 of	 direct	 vagal	 interactions	 with	 immune	 cells,	 cholinergic	

immune-modulation	in	the	gut	is	likely	to	play	a	significant	role.	ChAT	expressing	

T-cells	have	been	detected	in	the	intestinal	lymphoid	tissue	(9,13),	and	a	number	

of	 non-neuronal	 cell	 types	 in	 the	 intestine	 express	 cholinergic	 receptors,	
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including	Paneth	cells	and	epithelial	cells	(14,15).	This	suggests	a	potential	role	

for	 T-cell	 derived	 ACh	 to	 modulate	 epithelial	 function,	 additive	 to	 cholinergic	

(enteric)	 neurons.	 Cholinergic	 receptors	 mediate	 for	 instance	 in	 antimicrobial	

peptide	 (AMP)	 secretion	 by	 Paneth	 cells	 (16),	 epithelial	 cell	 proliferation	 (15),	

and	ion	transport	(17).		

Hence,	 we	 reasoned	 that	 ChAT	 expressing	 T-cells	 could	 contribute	 to	 immune	

homeostasis	 in	 the	 intestinal	 mucosa	 and	 relay	 sympathetic	 neuro-immune	

signaling	in	the	gut.	In	the	current	study,	we	reveal	that	ChAT	expressing	T-cells	

in	the	intestine	mainly	reflect	Th17	cells	that	express	IL17A,	IL22	and	IFNγ.	We	

demonstrate	that	these	cells	are	generated	by	adrenergic	receptor	β2	activation	

acting	 on	 dendritic	 cells	 (DCs).	 Further	 analyses	 of	 conditional	 T-cell	 specific	

ChAT	 deficient	 mice	 suggest	 that	 these	 ACh	 producing	 ChAT+	 T-cells	 act	 on	

cholinergic	 receptors	 on	 intestinal	 epithelia	 to	 stimulate	 antimicrobial	 peptide	

(AMP)	 secretion.	 We	 found	 that	 reduced	 AMP	 expression	 coincided	 with	 an	

enhanced	bacterial	diversity	 in	 the	small	 intestinal	 lumen,	which	represents	an	

as	yet	unidentified	link	between	sympathetic	immune-regulation,	gut	microbiota,	

and	intestinal	inflammation.		

	

	

MATERIALS	AND	METHODS	
	

Mice	

Female	 C57BL/6	 inbred	mice	were	 purchased	 from	 Charles	 River	 (Maastricht,	

The	Netherlands).	All	mice	were	 female,	2-3	months	old	and	maintained	 in	our	

animal	 facility	under	standard	12-h	photoperiod,	at	21	±	10	 °C	 ,	with	 food	and	

water	ad	 libitum.	Female	mice	were	 chosen	 to	avoid	 fighting	behavior	prior	 to	

cell	 harvesting.	 The	 original	 ChAT(BAC)-eGFP	 breeding	 pairs	 were	 purchased	

from	 Jackson	 laboratories.	 For	 OVA	 specific	 T-cell	 skewing	 assays,	 ChAT-eGFP	

mice	were	crossed	into	OT-II	(+/-)	mice.	CD4CreChATfl/fl	mice	were	generated	by	

crossing	ChATfl/fl	(Jackson	 laboratories;	 strain	number	16920,	backcrossed	 into	

C57/Bl6	 over	 10	 generations)	 and	 CD4Cre	mice	 (a	 gift	 from	D	 Amsen,	 Sanquin	

Blood	 Supply,	 Amsterdam).	 All	 animal	 experiments	 were	 performed	 in	
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accordance	to	regulations	of	the	local	animal	ethical	committee	of	the	University	

of	Amsterdam.	

	

Salbutamol	in	vivo	treatment		

Mice	 were	 restrained	 and	 injected	 intraperitoneally	 with	 50	 µL	 of	 1	 mg/ml	

salbutamol	 sulphate	 (Sigma-Aldrich,	 Zwijndrecht,	 The	 Netherlands)	 or	 vehicle	

(0.9%	 saline).	We	 administered	 the	 β-agonist	 by	 i.p.	 injection	 to	 closely	mimic	

the	in-vivo	release	of	adrenaline	by	nerve	fibers	in	the	intestinal	mucosa.	On	day	

5,	 mice	 were	 killed,	 and	 intestines	 were	 harvested	 in	 saline.	 Single	 cell	

suspensions	 were	 prepared	 from	 the	 Peyer’s	 patches	 excised	 from	 the	 small	

intestine.	

	

Genotyping	and	breeding	scheme		

ChATfl/fl	mice	possess	 loxP	sites	on	either	side	of	exons	3	and	4	of	 the	targeted	

gene,	and	are	viable,	fertile,	normal	in	size	and	do	not	display	any	gross	physical	

or	behavioral	abnormalities	(18).	These	mutant	mice	were	bred	to	CD4Cre	mice	

that	 express	 Cre	 recombinase,	 and	 resulting	 offspring	will	 have	 exons	 3	 and	 4	

deleted.	Genotyping	of	the	offspring	CD4CreChATfloxed	offspring	was	performed	by	

PCR	of	genomic	DNA	using	 the	 following	primers	 to	determine	CD4cre:	 forward	

primer:	 CGATGCAACGAGTGATGAGG;	 reverse	 primer:	

CGCATAACCAGTGAAACAGC	 and	 to	 determine	 ChAT	 common	 forward	 primer:	

GCCCTGCCAGTCAACTCTA;	 reverse	 primer	 WT:	 GAAATCCTGACAGATTCCAACA;	

reverse	primer	mutant:	TTTCCGCCTCAGGACTCTTC.	Demonstration	of	successful	

deletion	 of	 exon3-4	 was	 performed	 by	 RT-PCR	 of	 CD4+	 enriched	 splenocytes	

using	 forward	 primer	 (exon	 2):	 GTCGGCAGCTCTGCTACTCTGG	 and	 reverse	

primer	 (exon	 8):	 CGCTCCATTCAAGCTGCAGCCTC	 as	 described	 earlier	 (18).	 A	

single	cell	suspension	was	obtained	from	the	spleen	and	CD4+	cells	were	isolated	

by	a	Magnisort	mouse	CD4	positive	 selection	kit	 (eBioscience,	 San	Diego,	USA)	

according	to	manufacturer’s	instructions.	

	

Antibodies	used	

Single	cell	suspensions	obtained	from	tissues	(1,19)	were	incubated	with	Human	

BD	Fc	Block	(BD	Pharmingen)	followed	by	specific	antibodies	(BD	Pharmingen,	
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Biolegend	 or	 eBioscience)	 using	 appropriate	 combinations	 of	 fluorochromes	

(FITC,	PE,	PE-Cy7,	BV450,	PerCP,	PE	Texas	Red,	PerCPCy5.5,	PE-Cy5.5,	PE-Cy7,	

Pacific	Blue,	APC	and	APC-Cy7):	CD3	(145-	2C11),	CD4	(L3T4),	CD45	(30-F11),	

B220	 (RA3-6B2),	 CD11b	 (M1/70),	 CD11c	 (N418),	 F4/80	 (BM8),	CD8α	 (53-6.7)	

and	TCRγδ	(ebioGL3).	

 

SDS–PAGE and Western Blotting 

Tissues were lysed in SDS sample buffer with protease and phosphatase inhibitors (1 

mM EDTA, 1 mM EGTA, 20 mM sodium pyrophosphate, 1 mM sodium fluoride, 1 

mM activated sodium orthovanadate; all from Sigma). Protein concentrations were 

determined by the bicinchoninic acid (BCA) method (Perbio Science Ltd, Tattenhall, 

UK). Membranes were probed with appropriate unconjugated primary antibody, 

ChAT (polycloncal, cat. Number: AB144P; Merck, Darmstadt, Germany). All blots 

were probed with anti- β-actin as a loading control and this was used to normalize all 

protein reactivity in order to ensure validity of quantitative blotting data. The bolts we 

subsequently probed with appropriate HRP conjugates secondary antibodies (Dako). 

The ECL Plus kit (Amersham Biosciences) was used as HRP substrate reaction mix. 

Blots were scanned, quantified densitometrically with Gene Gnome system and Gene 

Snap software (Syngene Corporation, Cambridge, UK) and normalized for β-actin 

protein loading. 

	

BMDC	generation	and	culture	

Murine	 BMDCs	 from	 femur	 and	 tibia	 of	 C57BL/6	 mice	 were	 generated.	 Cells	

were	 cultured	 in	 10	 cm	 petri	 dishes	 (Greiner	 Bio	 One,	 Germany)	 at	 a	

concentration	of	5	x	106	cells/10	ml	at	37°C,	5%	CO2	in	complete	medium:	RPMI	

1640	 (Gibco,	 Paisley,	 UK)	 containing	 10%	 heat	 inactivated	 FCS,	 2	 mM	 l-

glutamine,	 100	 U/ml	 Penicillin	 100	 µg/ml	 streptomycin	 all	 from	 (Lonza,	

Belgium),	 50	 µM	 2-mercaptoethanol	 (Sigma),	 and	 20	 ng/ml	

granulocyte/macrophage-colony-stimulating	factor	(GM-CSF,	Peprotech).	At	day	

3,	10	ml	of	fresh	medium	was	added	to	each	plate	supplemented	with	10	ng/ml	

GM-CSF.	 At	 day	 6	 half	 of	 culture	 medium	 was	 replaced	 with	 fresh	 medium	

supplemented	with	10	ng/ml	GM-CSF.	At	day	8	non-adherent	cells	were	collected	
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as	immature	BMDCs.	The	purity	of	CD11c+	cells	obtained	was	routinely	>	90%	as	

assessed	by	flow	cytometry.	

	

Organoid	cell	culture	and	T	cell	co-culture	

Organoid	 cultures	were	 derived	 from	mouse	 crypts	 and	 cultured	 according	 to	

Sato	et	al(2,20).	Spleens	 from	ChAT-GFP	mice	were	 isolated	and	 incubated	 in	a	

solution	 of	 DNaseI	 and	 Liberase	 TL	 (Roche	 Applied	 Science)	 in	 RPMI	 1640	

medium	 (Gibco,	 Bleiswijk,	 The	 Netherlands)	 at	 37°C	 for	 20	 min	 and	 then	

homogenized	 on	 a	 70	 µm	 cell	 strainer	 to	 obtain	 a	 single	 cell	 suspension.	 The	

spleen	 cell	 count	was	 determined	 after	 lysing	 a	 fraction	 of	 the	 cell	 suspension	

and	 quantified	 using	 a	 coulter	 counter.	 Spleen	 single	 cell	 suspensions	 were	

incubated	with	a	Fc-receptor	blocking	antibody	2.4G2,	and	subsequently	stained	

and	 FACS	 sorted	 for	 CD45+,	 CD4+	 and	 GFP+	 cells.	 CD45+CD4+GFPneg	 or	

CD45+CD4+GFPpos	 cells	were	 collected	 in	 RPMI	 1640	medium	 (containing	 10%	

FCS)	 and	 quantified	 using	 a	 coulter	 counter.	 T-cells	 were	 centrifuged	 and	

suspended	 in	normal	RPMI	1640	medium	to	 the	 final	density	of	4.5	x	105	 cells	

per	ml.	 Organoid	 cultures	 (day	 3	 after	 split)	 were	 incubated	 with	 500-50,000	

CD45+CD4+GFP	positive	or	negative	cells	for	72	hours.	The	organoids	were	then	

washed	 with	 warm	 PBS,	 centrifuged	 at	 600g	 for	 10	 mins	 and	 suspended	 in	

RNeasy	isolation	buffer	for	RNA	isolation.	

 

Quantitative Reverse Transcriptase-Mediated PCR 

RNA	was	 isolated	with	either	 the	RNeasy	Micro	kit	 (Qiagen)	or	 the	NucleoSpin	

RNA	 XS	 kit	 (Macherey-Nagel)	 according	 to	 the	 manufacturer's	 protocol.	

Complementary	 DNA	 was	 synthesized	 with	 cDNA	 synthesizing	 kit	 (Thermo	

scientific).	 Quantitative	 PCR	 was	 done	 on	 a	 LightCycler	 480	 Instrument	 II	

(Roche)	with	SYBR	Green	 I	master	mix	(Roche).	The	primers	used	are	 listed	 in	

Supplementary	Table	1.	LinRegPCR	software	was	used	to	quantify	expression.	

	

Antigen	specific	proliferation	assays	

Day	8	immature	BMDCs	were	incubated	for	6	hours	with	Ovalbumin	(Grade	VI,	

Sigma-Aldrich)	 at	 a	 concentration	 of	 250	 µg/ml.	 Cells	 were	 washed	 and	 pre-

incubated	with	vehicle,	NE	or	salbutamol,	at	concentration	varying	from	0	to	10	
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µM	 for	45	min,	 before	 stimulation	with	 IL1β,	 or	TGF-β1	plus	 IL6	 for	24	hours.	

Spleen	cells	 from	ChAT-eGFP-OT-II	mice	were	prepared	and	CD4+CD62L+	naive	

T-cells	 were	 isolated	 by	 magnetic	 cell	 sorting	 (MACS)	 according	 to	

manufacturer’s	instructions	(Miltenyi	Biotech).	At	day	5,	T-cells	were	harvested,	

washed	and	re-stimulated	with	100	ng/ml	phorbol	myristate	acetate	(PMA)	and	

1	 µg/ml	 ionomycin	 (both	 from	 Sigma-Aldrich).	 After	 two	 hours	 10	 µg/ml	

Brefeldin	A	(Sigma-Aldrich)	was	added	and	cells	were	incubated	for	6	hours	and	

analyzed	by	FACS	as	below.	

	

Intracellular	cytokine	staining	and	FACS	analyses	

Cells	cultured	ex	vivo	were	stimulated	 for	6	hours	with	PMA	(10	ng/ml;	Sigma)	

and	ionomycin	(500	nM;	Merck)	in	the	presence	of	10	µg/ml	Brefeldin	A	(Sigma-

Aldrich)	for	the	final	4	hours	of	culture.	A	Cytofix/Cytoperm	kit	(BD	Biosciences)	

was	 used	 for	 cell	 permeabilization,	 Foxp3	 (FJK-16s)	 staining	 and	 subsequent	

washing.	All	other	intracellular	cytokines	were	detected	with	few	modifications.		

The	 cells	 were	 fixed	 with	 2%	 paraformaldehyde	 (PFA;	 Sigma)	 in	 phosphate-

buffered	saline	(PBS;	Gibco,	Invitrogen),	followed	by	permeabilization	with	FACS	

buffer	(PBS	supplemented	with	2%	FBS	and	0.1%	sodium	azide)	containing	0.5%	

saponin	 (Sigma).	 Anti-mouse	 IL17A	 (eBIO17B7),	 IFNγ	 (XMG1.2),	 IL4	 (11B11),	

antibodies	were	diluted	in	permeabilization	buffer,	and	cells	were	washed	prior	

to	 antibody	 incubation.	 Data	 were	 acquired	 with	 LSRFortessa	 instrument	 (BD	

Biosciences)	and	analyzed	with	FlowJo	software	(TreeStar).	

	

Human	T-cell	assays		

Immature	DCs	were	primed	with	Candida	albicans-hyphae	and	co-cultured	with	

naive	 or	 memory	 T-cells	 in	 IMDM	 supplemented	 with	 5%	 heat-inactivated	

human	 serum.	After	4	days,	 cells	were	 split	 and	maintained	with	20	U/ml	 IL2.	

After	 12	 days,	 resting	 T-cells	 were	 re-stimulated	 with	 PMA/ionomycin	 and	

Brefeldin	A	(as	above),	fixed	in	4%	paraformaldehyde,	stained	with	antibodies	in	

saponin-buffer	 and	 analyzed	 on	 a	 FACSCanto.	 For	 ChAT	 expression,	 resting	 T-

cells	were	re-stimulated	for	2	hours	with	PMA/ionomycin	and	RNA	was	isolated	

using	Qiagen	microRNA	isolation	kit.	
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Human	intestinal	T-cell	isolation	

Tissue	 was	 obtained	 after	 approval	 by	 the	 Medical	 Ethics	 committee	 of	 the	

Catharina	Hospital	Eindhoven.	Fresh	human	colon	tissue	was	sampled	from	the	

resection	 specimen	 of	 patients	 undergoing	 a	 segmental	 colon	 resection.	 PBMC	

were	 obtained	 from	 patients	 with	 IBD	 and	 healthy	 individuals.	 Normal	 and	

inflamed	colonic	mucosa	were	obtained,	respectively,	 from	patients	undergoing	

surgery	 for	 colorectal	 cancer,	 and	 from	 patients	 undergoing	 surgery	 for	 IBD	

(Crohn	 disease	 or	 UC).	 Normal	 colonic	 mucosa	 was	 obtained	 from	 surgically	

resected	 tissue,	 taken	 approximately	 10	 cm	 downstream	 of	 the	 tumor.	 For	

normal	 mucosa,	 the	 lamina	 propria	 was	 separated	 from	 the	 epithelium	 after	

incubation	in	EDTA	buffer	(30	min)	and	then	minced	into	1	mm2	fragments	and	

washed	 with	 RPMI	 1640	 containing	 penicillin	 (10%)	 and	 gentamycin	 (0.1	

mg/ml;	 Sigma-Aldrich).	 Tissue	 fragments	 were	 digested	 with	 collagenase	 and	

DNase	 (2	mg/ml	 each;	 Sigma-Aldrich),	 with	 shaking	 at	 37°C.	 Mucus	 and	 large	

debris	were	 removed	 by	 filtration	 through	 a	 40-µm-cell	 strainer	 (BD).	 Human	

intestinal	 T-cells	 were	 isolated	 using	 Dynabeads	 Untouched	 Human	 T-cells	 kit	

(Invitrogen,	 Oslo,	 Norway)	 according	 to	 manufacturer’s	 instructions.	 Briefly,	

isolated	lamina	propria	cells	were	overlaid	on	Ficol	Paque	Plus	(GE	Healthcare,	

Uppsala,	Sweden),	centrifuged	and	the	intermediate	phase	containing	the	cells	of	

interest	 was	 isolated.	 Cells	 were	 then	 incubated	 for	 15	 minutes	 at	 room	

temperature	 with	 pre-washed	 Dynabeads	 and	 antibody	 mix.	 Afterwards	 cell	

were	 passed	 through	 the	 magnet	 twice	 and	 the	 supernatants	 containing	 the	

untouched	intestinal	T-cells	were	combined,	spun	down	and	the	cell	pellets	were	

frozen	at	-80°C	until	further	processing.	

	

Deep	sequencing	analysis	of	microbiota	

Following	 separation	 of	 products	 from	 primers	 and	 primer	 dimers	 by	

electrophoresis	 on	 a	 2%	 agarose	 gel,	 PCR	 products	 of	 the	 correct	 size	 were	

recovered	 using	 a	 QIAquick	 gel	 extraction	 kit	 (Qiagen,	 Mississauga,	 Ontario,	

Canada).	 A	 total	 of	 20,580,998	 reads	 before	 quality	 filtering	 (an	 average	 of	

343,017	reads	per	sample	with	a	range	of	3,326	-	557,642),	7,301,448	reads	after	

quality	 filtering	 (an	 average	 of	 121,690.800	 reads	 per	 sample	with	 a	 range	 of	

385-230,634),	 and	 15,604	 Operational	 taxonomic	 units	 (OTUs)	 (an	 average	 of	
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267.32	 OTUs	 per	 sample,	 after	 quality	 filtering)	 were	 obtained	 from	 the	 60	

samples	sequenced.	The	fecal	samples	included	were:	10	samples	from	ChATfl/fl	

mice	 for	 each	 intestinal	 section	 (small	 intestine,	 cecum,	 and	 colon),	 and	 10	

samples	from	CD4ChAT-/-	mice	for	each	intestinal	section	(small	intestine,	cecum,	

and	colon	 including	 feces).	Five	male	and	5	 female	mice	were	analyzed	 in	each	

group,	 derived	 from	 different	 litters,	 and	 in	 the	 age	 range	 of	 12-26	 weeks.	

Custom,	 in-house	 Perl	 scripts	 were	 developed	 to	 process	 the	 sequences	 after	

Illumina	 sequencing	 (3,21).	 Cutadapt	 was	 used	 to	 trim	 any	 over-read,	 and	

paired-end	 sequences	were	 aligned	with	PANDAseq	 (4,5,22)	with	 a	 0.7	 quality	

threshold.	 	 If	 a	 mismatch	 in	 the	 assembly	 of	 a	 specific	 set	 of	 paired-end	

sequences	was	 discovered,	 they	were	 culled.	 Additionally,	 any	 sequences	with	

ambiguous	 base	 calls	 were	 also	 discarded.	 OTUs	were	 picked	 using	 Abundant	

OTU+	 (4,5,23),	 and	 sequences	were	 clustered	 to	 97%	 sequence	 identity	 OTUs.	

Taxonomy	was	assigned	at	a	0.8	threshold	using	the	Ribosomal	Database	Project	

(RDP)	 (6,24)	 classifier	 v.2.2	 trained	 against	 the	 Greengenes	 SSU	 database	

(February,	2011	release).	For	all	downstream	analyses	we	filtered	the	obtained	

OTU	table	excluding	“Root”	and	excluding	any	sequence	that	was	not	present	at	

least	 3	 times	 across	 the	 entire	 dataset.	 Calculations	 of	 within-community	

diversity	(α-diversity)	and	between-community	diversity	(β-diversity)	were	run	

using	QIIME	(7,8,24),	and	the	phyloseq	package	(version	1.8.2)	implemented	in	R	

(version	3.1.0)	(6,9,25).	Alpha	diversity	index	(Shannon)	and	richness	(observed	

species)	 of	 each	 category	 (ChATfl/fl	 and	 CD4ChAT-/-)	 were	 compared	 using	 the	

script	compare_alpha_diversity.py	in	QIIME.		

The	distance	matrix	calculated	with	Bray	Curtis	method	on	normalized	data	(all	

samples	were	subsampled	to	 the	same	depth)	was	analyzed	with	PERMANOVA	

analysis	using	the	script	compare_categories.py	 in	QIIME	in	order	 to	assess	 the	

strength	and	statistical	significance	of	sample	groupings	(ChATfl/fl	and	CD4ChAT-

/-).	Statistical	analyses	on	the	taxonomic	composition	of	the	colonic	samples	were	

done	 with	 the	 script	 group_significance.py	 in	 QIIME,	 which	 determines	 with	

Kruskal	 Wallis	 test	 whether	 OTU	 relative	 abundance	 is	 different	 between	

categories.	Before	running	the	script,	the	OTU	table	was	filtered,	removing	OTUs	

not	 present	 in	 at	 least	 25	 percent	 of	 samples.	 The	 P	 values	 obtained	 from	 the	

comparison	between	categories	 (ChATfl/fl	 and	CD4ChAT-/-)	were	 then	corrected	
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with	 the	 “False	 discovery	 rate”	 (FDR)	 method.	 Secondly,	 we	 analyzed	 the	

taxonomic	composition	of	the	samples	with	multiple	t-tests	on	the	table	L6	(the	

highest	 assigned	 taxonomic	 level)	 generated	 by	 running	 the	 script:	

summarize_taxa_through_plots.py	 in	 QIIME.	 The	 P	 values	 obtained	 from	 the	

comparison	 between	 groups	 were	 corrected	 with	 the	 “False	 discovery	 rate”	

(FDR)	method,	accepting	a	5%	FDR.	

	

Total	 bacterial	 load	 and	 Segmented	 Filamentous	 Bacteria	 (SFB)	 relative	

quantification	

50	ng	of	DNA	from	each	intestinal	section	of	ChATfl/fl	and	CD4ChAT-/-	mice	were	

amplified	using	the	following	primer	pairs,	HDA-1	(5’-	AC	TCC	TAC	GGG	AGG	CAG	

CAG)	and	HDA-2	(5’-	GTA	TTA	CCG	CGG	CTG	CTG	GCA	C)	for	total	bacterial	load		

(9,26),	 and	 779	 F	 (5'-TGTGGGTTGTGAATAACAAT)	 and	 1380R	 (5'-

GGTTAGCCCACAGGCTTCGG)	 for	 SFB	 (8,27).	 The	 amplification	 was	 carried	 out	

with	 an	 iCycler	 iQ5	 (Bio-Rad,	 Hercules,	 CA)	 using	 SsoFast	 EvaGreen	 Supermix	

(Bio-Rad,	 Hercules,	 CA).	 For	 total	 bacterial	 load	 the	 data	 were	 normalized	 in	

reference	to	pure	bacterial	gDNA,	while	 for	SFB	relative	quantification	the	data	

were	 normalized	 against	 unit	 mass	 (ng	 of	 DNA)	 and	 analyzed	 with	 the	 2-ΔCt	

method,	using	the	group	ChATfl/fl	mice	as	control	group.	

	

Antimicrobial	peptide	killing	assay	

To	analyze	epithelial	AMP	activity,	proteins	were	extracted	from	jejunum	and	we	

assayed	bacterial	killing	capacity	as	described	elsewhere	 (10,28).	Tissues	were	

homogenized	with	an	ultra-turrax	in	5%	acetic	acid	and	proteins	were	extracted	

under	gentle	 agitation	 for	2	hours	 in	 the	presence	of	protease	 inhibitors.	After	

centrifugation	the	supernatant	was	dried	under	vacuum	and	suspended	in	0.01%	

acetic	 acid.	 Subsequently	 from	 a	 part	 of	 the	 whole	 protein	 extract	 cationic	

proteins	 were	 extracted	 with	 a	 weak	 cation	 exchange	matrix	 (MacroPrep	 CM;	

Bio-Rad	 Laboratories,	 Hercules,USA)	 and	 dried	 under	 vacuum.	 The	 pellet	 was	

resolved	 in	 0.01%	 acetic	 acid.	 Protein	 concentrations	 of	 whole	 extract	 and	

cationic	 fractions	were	 determined	by	Bradford	 assay.	E.	coli	 ATCC	25922	 and	

Bacteroides	 vulgatus	 ATCC	 8482	 were	 grown	 in	 Schaedler	 broth	 (BD,	 Sparks,	

USA)	 overnight	 (B.	 vulgatus	 under	 anaerobic	 conditions	 with	 Anaero	 Gen	
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(Thermo	Scientific,	Hampshire,	UK).	1.5	x	106	mid-logarithmic-phase	bacteria/ml	

in	 Schaedler	broth	1:6	with	distilled	water	were	 incubated	with	whole	protein	

extracts	or	with	cationic	peptides	extracted	from	10	mg	total	biopsy	protein	in	a	

final	volume	of	100	µl.		

After	 90	 minutes	 incubation	 with	 protein	 extracts	 bacterial	 viability	 was	

analyzed	 by	 flow	 cytometry	 (FACS	 Calibur,	 BD	 Biosciences,	 Sparks,	 USA).	 The	

suspensions	were	incubated	with	1	mg/ml	of	the	membrane	potential	sensitive	

dye	 DiBAC4	 (Invitrogen	 Life	 Technologies,	 Carlsbad,	 USA)	 for	 10	 minutes	 and	

after	centrifugation	the	pellet	was	resolved	in	PBS	and	in	each	suspension	30,000	

events	were	analyzed	for	ϒ.	We	distinguished	viable	 from	nonviable	bacteria	at	

the	single	cell	level.	The	antimicrobial	activity	was	determined	as	percentage	of	

depolarized	bacteria	compared	with	untreated	controls.		

	

Statistical	analysis	

Statistical	analysis	was	performed	using	SPSS	software.	For	multi-experimental	

group	analysis,	data	were	subjected	to	one-way	or	two-way	ANOVA	(analysis	of	

variance)	 followed	 by	 post	 hoc	 test	 (Bonferroni	 post	 hoc	 testing)	 for	 group	

differences.	All	data	are	expressed	as	means	±	standard	error	of	mean	(SEM).	The	

two-tailed	 level	 of	 significance	 was	 set	 at	 P≤0.05,	 0.01,	 0.001	 for	 group	

differences.	

	

	

RESULTS	
	

ChAT	expressing	T-cells	in	the	intestine	have	Th17	characteristics	

We	used	ChAT-eGFP	reporter	mice	(11,13)	to	 identify	the	ChAT	expressing	cell	

populations	 in	different	body	compartments.	CD4+ChAT+	cells	were	detected	 in	

brain	 tissue	 and	 intestine,	 but	 not	 in	 lung	 (not	 shown).	 We	 characterized	 the	

ChAT	 expressing	 T-cell	 subsets	 in	 the	 intestinal	 mucosa,	 Peyer’s	 patches,	 and	

mesenteric	 lymph	nodes	 (MLN).	Flow	cytometry	 revealed	 that	CD4+ChAT+	cells	

represented	 approx.	 2%	of	 the	 total	 CD3+CD4+	cells	 in	 the	 Peyer’s	 patches	 and	

MLN,	which	indicated	that	a	distinct	subset	of	CD4+	T-cells	expresses	ChAT	(fig.	



Chapter	6		 	 ChAT+ T-cells in the intestine	

 
 

119 

1A	and	C).	 ChAT+	 cell	 populations	present	 in	 intestinal	mucosa	 and	MLN	were	

not	 expressing	 CD11b,	 CD11c	 and	 F4/80	 (fig.	 1B)	 largely	 excluding	 myeloid	

macrophages	 or	 DCs.	 Notably,	 an	 equal	 number	 of	 B220+CD4-	 cells	 were	

expressing	ChAT	(fig.	1A).	The	relative	number	of	ChAT+	T-cells	identified	in	the	

intestinal	Peyer’s	patch	was	a	factor	10	higher	than	reported	previously	in	spleen	

(9,12).	 As	 to	 the	 high	 autofluorescence	 in	 tissue,	 we	 analyzed	 ChAT	 T-cells	

further	 using	 flow	 cytometry.	 ChAT+	 T-cells	 were	 CD3+CD4+	 (fig.	 1D)	 and	

CD3+CD4+ChAT+	 sorted	 cells	were	 not	 expressing	 detectable	 levels	 of	Gzma	 or	

Gzmb	 (not	 shown).	 In	 correspondence,	 Lin-CD117+NKp44+	 (ILC3)	 and	 Lin-

CD127+	 (ILC1)	 cells	 from	 mucosal	 preparations	 were	 not	 expressing	 ChAT	

transcripts	 largely	 excluding	 CD3-CD4+	 innate	 lymphoid	 cell	 populations	 (not	

shown).	 ChAT+	 T-cells	 were	 negative	 for	 TCRγδ	(fig.	 1E),	 confirming	 earlier	

reports	 (9,13).	 CD3+CD4+ChAT+	 T-cells	 were	 found	 equally	 distributed	

throughout	duodenum	to	colon	mucosa	(fig.	1F).		

We	 next	 sorted	 CD3+CD4+ChAT+	 and	 CD3+CD4+ChATneg	 T-cells	 from	 the	 small	

intestinal	 Peyer’s	 patch	 and	 compared	 gene	 expression	 in	 these	 subsets.	

Importantly,	 the	 CD3+CD4+ChAT+	 population	 expressed	 IL17A,	 IL22,	 IFNγ	 and	

RORC,	suggesting	that	ChAT+	T-cells	in	the	gut	have	characteristics	of	Th1/Th17	

(fig.	1G).		

We	 examined	 whether	 human	 Th17	 cells	 were	 similarly	 enriched	 in	 their	

expression	 of	ChAT.	 Human	memory	 T-cells	 can	 be	 skewed	 to	 IL17	 producing	

Th17	 by	 co-culture	 with	 yeast-primed	 DCs	 (14,15,29).	 CD4-purified	 T-cells	

derived	 from	 yeast-primed	 human	 DCs	 were	 tested	 for	 ChAT	 expression.	

Stimulated	CD4+	T-cell	preparations	showed	elevated	expression	of	IL17A	as	well	

as	ChAT	when	 compared	 to	 unstimulated	 naive	 T-cells	 (fig.	 2A-B).	 In	 addition,	

ChAT	 protein	 was	 detected	 in	 human	 gut	 derived	 T-cells	 of	 ileum	 and	 colon	

resection	tissue	obtained	from	colorectal	surgeries	(fig.	2C),	and	CD4+ChAT+	cells	

were	detected	in	human	distal	ileum	mucosa	by	immune	fluorescence	(fig.	2D)	in	

not	 inflamed	 tissue	 (upper	 row)	or	distal	 ileum	 from	Crohn’s	Disease	 inflamed	

tissue	(lower	row).	
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Figure	1.	ChAT	positive	T-cells	in	the	intestine	represent	Th17.	A)	CD45+	lymphocytes	from	Peyer’s	patch	and	MLN	

tissue	and	analyzed	for	ChAT-eGFP	expression	by	FACS.	B)	Representative	FACS	plots	showing	CD45+	cells	isolated	from	

Peyer’s	patch	and	MLN	tissue,	analyzed	for	CD11b,	CD11c,	F4/80	and	ChAT-eGFP	expression.	C)	Small	intestinal	sections	

stained	with	anti-CD4	(red)	visualized	in	ChAT-eGFP	mice.	Arrowheads	indicate	CD4+	or	CD4-	ChAT	positive	cells;	f=nerve	

fiber,	b=B-cell,	 t=T-cell.	Bar	50µm.	D-E)	ChAT	expressing	T-cells	were	CD3+CD4+.	FACS	plot	showing	 lymphocytes	 from	

small	 intestine,	 further	 analyzed	 for	 CD3,	 TCRγδ	 and	 ChAT-eGFP	 in	 the	 lower	 panel	 E.	 Relative	 percentage	 of	 gated	

populations	 is	 indicated.	 Representative	 results	 are	 shown	 of	 3	 independent	 experiments.	 F)	 Relative	 CD4+	 (total	 and	

ChAT+)	 in	 the	GI	 tract.	Each	bar	corresponds	 to	 the	mean	±	SEM	of	 the	values	obtained	with	six	ChAT-eGFP	mice	(two	

independent	 experiments).	 G)	 qPCR	 analysis	 of	 FACS	 sorted	CD3+CD4+ChAT+	 (grey	 bars)	 and	CD3+CD4+ChATneg	 (white	

bars)	cells	isolated	from	Peyer’s	patches	(mean	±	SEM	of	duplicate	measurements	from	3	mice	per	group)	*P<0.05.		
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Figure	 2.	 Sympathetic	 generation	 of	 human	 ChAT+	 Th17	 cells.	 A)	 Human	 Th17	 cells	 generated	 in	 vitro	 using	

C.albicans-hyphae.	B)	Quantitation	of	 (%	of	parent)	 IL17A	protein	expressing	 cells	 in	unstimulated	and	 stimulated	 cell	

preparations	 from	 A.	 Right	 panel:	 expression	 of	 ChAT	 transcript	 in	 preparations	 from	 A.	 Shown	 are	 the	mean	 of	 five	

independent	 stimulation	 experiments.	 C)	 Immunoblot	 of	 ChAT	 protein	 expression	 in	 human	 oncological	 intestine	

resection	material	derived	 from	2	 independent	patients	 (Pt	1	and	Pt	2;	 total	muscularis	and	mucosal	 tissue;	 left	panel,	

isolated	 mucosal	 T-cells	 right	 panel).	 	 D)	 ChAT+	CD4+	 T-cells	 (white	 arrows)	 and	 ChAT+	CD4neg	 cells	 (yellow	 arrows)	

detected	in	human	ileum	(healthy:	non-inflamed	tissue,	colorectal	tumor	edge	tissue.	CD:	inflamed	tissue;	Crohn’s	Disease	

distal	ileum).	Insert	shows	CD4+ChAT+	cell.	*	P<0.05	one-way	ANOVA	with	Bonferroni’s	post	hoc	test.		

	

The	 generation	 of	 ChAT+	 Th17	 is	 driven	 by	 adrenergic	 receptor	 β2	

stimulation	on	dendritic	cells	

Next,	we	assessed	the	mechanisms	by	which	ChAT+	Th17	cells	are	generated.	As	

adrenergic	receptors	are	implicated	in	the	generation	of	ChAT	expressing	T-cells,	

we	studied	the	role	of	adrenergic	receptor	activation	in	the	generation	of	ChAT+	
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T-cells	 in	 our	 system.	Adrenergic	 receptor	 activation	on	naive	T-cells	 itself	 did	

not	enhance	ChAT	expression	(not	shown).		Alternatively,	we	wondered	whether	

DCs	 could	 be	 imprinted	 to	 skew	 ChAT+	 Th17	 cells	 by	 activation	 of	 adrenergic	

receptors	 expressed	 by	 DCs.	 To	 test	 this,	 ChAT-eGFP	 mice	 were	 crossed	 into	

OVA-specific	 OT-II	 TCR	 transgenic	mice,	 and	 spleen	T-cells	were	 used	 in	 an	 in	

vitro	OVA	antigen	specific	DC-T-cell	stimulation	assay.	OT-II+ChAT+	T-cells	were	

induced	after	adrenergic	receptor	activation	of	DCs	using	NE	in	a	dose	dependent	

fashion	 (fig.	3A).	This	 increase	was	specific	 to	yield	 IL17	expressing	Th17	cells	

(fig.	3A)	and	no	significant	differences	were	observed	in	Th1	or	Th2	cell	subsets.	

NE	 led	 to	 a	 significant	 induction	 of	 FoxP3	 expression	 and	 Tregs	 as	 reported	

earlier	 (12,16),	 but	 this	 increase	 was	 selectively	 seen	 in	 the	 ChATneg	 Treg	

population	(fig.	3B).	CD4+ChAT+	sorted	cells	expressed	increased	IL17A	(2.2	fold),	

IL22	 (43	 fold)	 and	RORC	 (21	 fold)	 transcript	 levels	 compared	 to	 CD4+ChATneg	

cells,	 suggesting	 that	 the	 in	 vitro	 induced	 ChAT+	 T-cells	 stimulated	 by	 β2	

adrenergic	 receptor	 activation	 mainly	 represent	 Th17	 cells	 that	 express	 IL22	

(fig.	3B).		

Adrenergic	 receptor	 activated	 generation	 of	 Th17	 cells	 involves	 adrenergic	

receptor	β2,	as	 this	effect	was	mimicked	by	 the	adrenergic	receptor	β2	agonist	

salbutamol,	 confirming	 earlier	 reports	 (12,15).	 Furthermore,	 this	 effect	 was	

counteracted	by	β-adrenergic	receptor	antagonist	propanolol	(fig.	3C).	Next,	we	

wondered	 which	 DC-derived	 mediators	 skewed	 ChAT+	 Th17	 cells.	 IL1β	 is	 a	

potent	 inducer	 of	 Th17	 cells	 (17,30,31),	 and	 in	 neuroblastoma	 cells	 IL1β was	

reported	to	induce	expression	of	ChAT	(18,32).	Hence,	we	analyzed	whether	IL1β	

release	was	responsible	for	the	observed	DC	skewing	of	ChAT+	Th17.	To	test	this,	

we	 studied	 whether	 IL1β	 would	 be	 additive	 in	 the	 adrenergic	 ChAT+	 T-cell	

induction	 in	 the	 mouse	 OT-II+ChAT-eGFP	 reporter	 splenic	 cells.	 NE	 and	 IL1β	

significantly	augmented	generation	of	ChAT+	Th17	cells,	added	either	alone	or	in	

combination	 (fig.	 3D-E),	 so	we	 conclude	 that	 IL1β	 signaling	 is	 involved	 in	 this	

process.	 Transforming	 growth	 factor-β1	 (TGF-β1)	 and	 IL6	 are	 also	 inducers	 of	

Th17	 cells	 (18,33).	 However,	 as	 shown	 in	 fig.	 3E,	 DCs	 exposed	 to	 NE	 in	

combination	with	TGF-β1	and	IL6	only	promoted	the	generation	of	ChATneg	Th17	

cells.	Given	that	we	did	not	observe	changes	in	IL1β	production	in	our	DC	culture	

(12),	we	anticipated	that	IL1R1	expression	on	T-cells	mediated	ChAT	expression.		
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Figure	3.	Adrenergic	agonists	stimulate	ChAT	T-cells.	A)	Histogram	displays	of	ChAT	expression	in	ChAT-eGFP-OT-II	

derived	 naive	 T-cells	 co-cultured	 with	 antigen	 loaded	 (OVA)	 BMDCs	 pre-incubated	 with	 NE	 (1	 nM	 -	 10	 µM	 where	

indicated);	ChAT	expression	is	shown	in	cells	gated	for	expression	of	CD4,	IL17A,	IFNγ,	and	FoxP3.	Arrow	indicates	the	

shift	 seen	 in	ChAT+	 IL17A+	 cells	 after	 co-culturing	with	BMDCs	pre-incubated	with	10	µM	NE.	B)	Expression	of	 IL17A,	

IL22,	FoxP3	and	RORC	in	FACS	sorted	CD3+CD4+ChATneg	and	CD3+CD4+ChAT+	T-cells,	primed	by	NE	stimulated	BMDCs	at	

indicated	concentration.	Data	are	means	±	SEM	from	3	mice	measured	in	independent	experiments.	C)	FACS	analysis	of	

CD4+	 IL17A+	 cells	 after	 5	 days	 of	 co-culturing	 with	 BMDCs	 pretreated	 with	 NE	 (100	 nM),	 salbutamol	 (100	 nM)	 and	

propranolol	(100	nM).	Representative	plots	of	3	independent	experiments.	D)	FACS	analysis	of	CD4+	cells,	after	5	days	of	

co-culturing	with	BMDCs	pretreated	with	NE	(100	nM),	stimulated	with	IL1β	(10	ng/ml)	or	TGFβ1	+	IL6	(5	ng/ml	and	10	

ng/ml	respectively).	E)	Quantification	of	percentage	of	cells	from	FACS	panel	D.	F)	IL1R1	expression	on	CD3+CD4+ChAT+	

and	 CD3+CD4+ChATneg	 sorted	 T-cells	 from	 the	NE	 treated	 cultures.	 Data	 are	mean	 ±	 SEM	 from	4	mice	 pooled	 from	2	

independent	experiments;	*	P<0.05,	**P<0.01,	one-way	ANOVA	with	Bonferroni’s	post	hoc	test.		
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Indeed,	when	analyzing	ChAT+	Th17	cells	in	culture,	ChAT+	Th17	cells	showed	a	

significantly	 higher	 expression	 of	 IL1R1	 (fig.	 3F)	 compared	 to	 ChATneg	 Th17	

fraction,	 indicating	 that	 the	 potential	 of	 adrenergic	 receptor	 β2	 activation	 to	

skew	ChAT+	Th17	cells	 can	be	driven	by	elevated	 IL1R	signaling	 in	 targeted	T-

cells.	

To	 assess	 whether	 activation	 of	 adrenergic	 receptor	 β2	 also	 stimulates	 the	

generation	of	 	ChAT+	Th17	 in	vivo,	 in	the	context	of	the	small	intestine,	we	next	

treated	 ChAT-eGFP	 mice	 with	 adrenergic	 receptor	 β2	 agonist	 salbutamol	 via	

intra-peritoneal	injections.	Three	days	of	treatment	with	salbutamol	significantly	

enhanced	the	number	of	CD4+IL17+ChAT+	T-cells	in	the	Peyer’s	patch	(fig.	4A-B)	

compared	 to	 vehicle	 treated	 mice.	 The	 CD4+IL17+ChATneg	 T-cell	 fraction	 was	

unaffected	 by	 salbutamol	 treatment.	 Notably,	 we	 observed	 no	 change	 in	 IL17	

expressing	 T-cell	 subsets	 in	 the	 MLN	 upon	 treatment	 with	 salbutamol	 (not	

shown).		

	

	
Figure	4.	Adrenergic	β2	receptor	activation	and	generation	of	ChAT+	IL17	cells	in	Peyer’s	patches.	A)	Lymphocytes	

isolated	 from	 Peyer’s	 patches	 of	 ChAT-eGFP	mice,	 injected	with	 salbutamol	 (3mg/kg,	 i.p.).	 Representative	 FACS	 plots	

from	three	independent	experiments	(saline	group	n=6;	salbutamol	n=7).	B)	Percentage	of	CD4+	sorted	cells	from	FACS	

panels	in	A.	Horizontal	bars	represent	mean	±	SEM	of	data	from	panel	A	(%	of	parent),	*P<0.05.		

	

ChAT+	T-cells	stimulate	epithelial	AMP	expression	in	vitro	and	in	vivo	

To	be	able	to	study	the	functional	characteristics	of	ChAT+	T-cells	in	the	gut,	we	
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generated	CD4CreChATfl/fl	mice	in	which	the	capacity	to	express	ChAT	was	deleted	

in	 the	 CD4	 compartment	 (referred	 to	 CD4ChAT-/-	 from	 now	 on).	We	 validated	

that	CD4+	T-cells	derived	from	CD4ChAT-/-	spleens	are	devoid	of	ChAT	transcript.	

Notably,	 in	 jejunum,	 the	 expression	 of	ChAT	 transcript	 is	 significantly	 lower	 in	

CD4ChAT-/-	compared	to	ChATfl/fl,	 indicating	a	surprisingly	large	contribution	of	

ChAT+	T-cells	 in	the	total	(neuronal	and	non-neuronal)	ChAT	 	pool	 in	the	small	

intestine	(fig.	5A).	

	

	
Figure	5.	CD4+ChAT+	 cells	affect	AMP	expression.	A)	Relative	expression	of	ChAT,	 lysozyme,	Reg3γ,	DefA	and	Ang4	 in	

jejunum	mucosa	of	CD4ChAT-/-	vs.	ChATfl/fl	mice	(n=6	per	genotype,	mean	±	SEM,	*P<0.05).	B)	Mouse	intestinal	organoids	

(insert)	treated	with	ACh	(white	bars:	controls;	light	gray	bars:	100	nM;	dark	gray	bars:	1	µM,	black	bars:	10	µM)	for	14	

hours.	 Relative	mRNA	 levels	 (normalized	 against	 respective	 vehicle	 condition	 for	 each	 group)	 of	 lysozyme,	Reg3γ	 and	

Ang4	are	shown	(mean	±	SEM	of	duplicate	measurements	of	3	independent	experiments).	C)	Expression	levels	of	Reg3γ	

and	DefA	in	organoids	18	hours	after	adding	sorted	CD4+ChAT+	(black	bars)	or	CD4+ChATneg	T-cells	(light	grey	bars)	to	the	

culture.	Shown	are	the	averages	of	5	mice	±	SEM	of	each	genotype.	D)	Microbiota	16S	rRNA	sequencing	analyses	in	jejunal	

tissue	of	ChATfl/fl	and	CD4ChAT-/-	mice.	Shown	are	analyses	of	8-9	mice	samples	per	group.	

	

Th17	 cells	 in	 the	 gut	 function	 as	 a	 “border	 patrol”	 in	 the	 intestine	 via	 their	

production	 of	 IL17	 or	 IL22;	 these	 cells	 are	 defined	 as	 CD4+TCRβ+	 T-cells	 that	
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express	 RORC,	 which,	 in	 turn,	 is	 required	 for	 Th17	 generation	 (34).	 IL22	

promotes	the	production	of	AMP	in	the	intestinal	epithelia	(35).	As	ChAT+	Th17	

cells	 in	 the	 gut	 fulfill	 these	 criteria,	 we	 wondered	 whether	 ChAT+	 Th17	 cells	

stimulate	the	expression	of	AMP	by	epithelia.	When	analyzing	the	small	intestine	

of	 CD4ChAT-/-	 mice	 expression	 levels	 of	 IL17A	 and	 IL22	 were	 unaffected,	

however	 a	 significant	 decrease	 in	 the	 expression	 of	 AMPs	 lysozyme,	defensin	A	

(DefA),	 and	angiogenin	4	 (Ang4)	 was	 observed	 (fig.	 5A),	 compared	 to	 ChATfl/fl.	

This	decrease	in	AMP	was	not	due	to	a	loss	of	Paneth	cells	in	CD4ChAT-/-	mice	as	

similar	 distribution	 of	 Paneth	 cells	 were	 seen	 compared	 to	 WT	 or	 ChATfl/fl	

jejunum	(not	shown).		

We	validated	whether	T-cell	derived	ACh	contributed	directly	to	AMP	secretion	

in	 epithelia,	 as	 Paneth	 cells	 and	 epithelia	 express	 cholinergic	 receptors	 to	

mediate	 AMP	 secretion	 (16,36).	 To	 test	 this,	 we	 made	 use	 of	 crypt	 derived	

organoid	 cultures,	 that	 contain	 regular	 numbers	 of	 Paneth	 cells	 (20).	 When	

organoid	 cultures	were	exposed	 to	 the	 cholinergic	 agonist	ACh	and	muscarinic	

receptor	 agonist	 betanechol,	 the	 expression	 of	 the	 AMPs	 regenerating	 islet-

derived	protein	3γ	 (Reg3γ),	 and	DefA	was	 increased	 (fig.	 5B).	Moreover,	 sorted	

spleen	 CD4+ChAT+	 T-cells,	 and	 not	 CD4+ChATneg	 T-cells,	 added	 to	 the	 organoid	

culture,	 enhanced	 Reg3γ	 and	DefA	 expression	 in	 a	 dose-response	 fashion	 (fig.	

5C),	 demonstrating	 that	 ACh	 secreted	 by	 ChAT+	 T-cells	 stimulates	 AMP	

expression	in	epithelia.		

	

ChAT+	Th17	cells	impact	small	intestinal	microbiota	diversity	

To	 validate	 whether	 the	 reduced	 AMP	 production	 in	 CD4ChAT-/-	 mice	 led	 to	

functional	 defects	 in	 killing	 capacity	 by	 the	 epithelium,	 we	 assessed	 the	

bactericidal	 potential	 of	 CD4ChAT-/-	 intestine	 homogenates.	 In	 killing	 assays	

using	the	commensal	B.vulgatus	in	jejunum	homogenates	of	CD4ChAT-/-	mice,	we	

could	 not	 demonstrate	 a	 statistically	 significant	 impairment	 of	 killing	 in	

CD4ChAT-/-	intestinal	homogenates	compared	to	ChATfl/fl	(not	shown).	Next,	we	

analyzed	 the	 effect	 of	 deletion	 of	 the	 T-cell	 derived	 ChAT	 expression	 on	 the	

composition	 of	 the	 intestinal	 microbiota.	 To	 this	 end,	 we	 used	 16S	 rRNA	

sequencing	and	compared	small	intestinal,	cecum,	and	colon	lumen	microbiota	of	

ChATfl/fl	 and	 CD4ChAT-/-	 mice.	 Notably,	 deficiency	 of	 ChAT	 expression	 (and	



Chapter	6		 	 ChAT+ T-cells in the intestine	

 
 

127 

resulting	reduced	AMP	expression)	was	associated	with	a	significantly	increased		

	
Figure	6.	 Comparative	microbiota	 analyses	 in	 ChATflfl	 and	CD4ChAT-/-	 gut	 segments.	A)	alpha	diversity	 in	cecum,	

colon	and	jejunum	measured	in	ChATfl/fl	control	and	CD4ChAT-/-	mice.	The	same	panel	for	jenunum	diversity	(Shannon)	is	

shown	as	in	Fig	5D	for	comparison.	B)	Taxonomy	and	phyla	distribution	in	jejunum,	cecum	and	colon.	Shown	are	analyses	

of	8-9	mice	samples	per	group.	



Chapter	6		 	 ChAT+ T-cells in the intestine	

 
 

128 

	

diversity	and	richness	of	microbiota,	most	pronounced	in	jejunum	segments	(fig.	

5D	and	 fig.	6A).	 In	 the	 jejunum,	we	observed	a	 significant	 increase	 in	diversity	

and	richness	 in	CD4ChAT-/-	mice	 compared	 to	ChATfl/fl	 (p<0.05).	The	enhanced	

microbiota	diversity	measured	was	only	seen	in	CD4ChAT-/-	small	intestine	(fig.	

6A).	 When	 examining	 at	 the	 level	 of	 single	 operational	 taxonomic	 units,	 no	

particular	differences	were	found	between	jejunal	samples	from	both	groups	at	

phyla	 level	 (fig.	 6B),	 except	 for	 a	 higher	 relative	 abundance	 of	 Lactobacillus	

(corrected	 p<0.001),	 but	 lower	 relative	 abundance	 of	 unclassified	

Lachnospiraceae	 (corrected	 p<0.001)	 in	 CD4ChAT-/-	 compared	 to	 ChATfl/fl.	

Similarly,	in	cecal	sections	we	observed	lower	relative	abundance	of	unclassified	

Lachnospiraceae	 (corrected	 p<0.001)	 in	 CD4ChAT-/-	 mice	 (specific	 data	 not	

shown).	Notably,	 total	bacterial	 load	was	not	 significantly	different	 in	 jejunum,	

cecum	 and	 colon	 of	 CD4ChAT-/-	 mice	 versus	 ChATfl/fl	 controls	 (supplementary	

Table	S2);	 similarly	 total	 SFB	 load	 in	 the	 cecum	was	unaffected	 in	 	CD4ChAT-/-	

mice		(Supplementary	figure	S2).	

	

	
Figure	7.	Proposed	scheme	of	ChAT+	Th17	cell	generation	and	functions.	The	data	presented	suggest	the	following	

cascade	 of	 events.	 ChAT	 expressing	 Th17	 cells	 in	 the	 gut	 are	mediated	 by	 sympathetic	 activity	 and	 stimulate	 to	 AMP	

secretion	 by	 the	 gut	 epithelium,	 to	 maintain	 healthy	 gut	 homeostasis.	 This	 cascade	 of	 events	 demonstrates	 a	

sympathetic/adrenergic	potential	to	modulate	microbiota	diversity	in	an	array	of	disease	entities.		
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Taken	 together,	 our	data	 suggest	 that	 adrenergic	 receptor	 activation	positively	

regulates	 the	 generation	 of	 a	 ChAT+	T-cell	 populations	 in	 the	 gut,	 to	 positively	

regulate	 the	expression	of	AMPs	 (scheme	 in	 fig.	7).	 Loss	of	ChAT	 expression	 in	

CD4+	T-cells	 leads	 to	 enhanced	bacterial	 richness	 and	diversity,	 demonstrating	

the	ability	of	ChAT+	T-cells	to	modulate	the	epithelial	host	defense	mechanisms	

and	composition	of	intestinal	microbiota.		

	

	

DISCUSSION		
	

ChAT	expressing	T-cells	producing	ACh	in	the	spleen	were	previously	identified	

as	 critical	 effectors	 of	 the	 cholinergic	 anti-inflammatory	 pathway	 reducing	

endotoxic	 shock	 symptoms	 after	 systemic	 LPS	 (9).	 We	 now	 demonstrate	 that	

ChAT-expressing	T-cells	found	in	the	intestine	have	characteristics	of	Th17	cells	

where	their	generation	is	stimulated	by	adrenergic	receptor	β2	activation	acting	

on	DCs.	Although	the	relative	abundance	of	ChAT	expressing	CD4+	T-cells	is	only	

3-7%	in	PP	and	in	lamina	propria,	this	is	actually	a	higher	percentage	compared	

to	ChAT+	T-cell	populations	found	in	the	spleen	(9).	In	the	spleen,	this	relatively	

scarce	 ChAT+	 T-cell	 population	 was	 demonstrated	 critical	 for	 the	 vagal	 anti-

inflammatory	potential	 in	endotoxemia	(33).	These	data	 indicate	 that	ChAT+	T-

cells	are	cell	 intermediates	of	neuro-immune	signaling	to	the	gut	responding	to	

sympathetic	 stimulation.	 The	 findings	 of	 the	 current	 study	 give	 insight	 in	 the	

mechanism(s)	by	which	sympathetic	activity,	for	instance	during	chronic	stress,	

impacts	 inflammatory	 relapses,	 and	 interferes	 with	 host	 defense	 of	 intestinal	

mucosa.			

Th17	cells	are	often	present	at	 the	sites	of	 tissue	 inflammation	 in	autoimmune	

diseases,	 which	 has	 led	 to	 the	 conclusion	 that	 Th17	 cells	 are	 main	 drivers	 of	

autoimmune	 tissue	 injury.	 However,	 not	 all	 Th17	 cells	 are	 pathogenic;	 in	 fact,	

Th17	 cells	 generated	 with	 transforming	 growth	 factor-β1	 (TGF-β1)	 and	 IL6	

produce	 IL17	 but	 do	 not	 readily	 induce	 autoimmune	 disease	 without	 further	

exposure	to	 IL23	(33).	Th17	cells	are	generated	 in	 the	small	 intestine	(37)	and	
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act	on	epithelia	via	 IL17A	and	 IL17F	production.	This	directly	up-regulates	 the	

CCL20	 production	 by	 the	 intestinal	 epithelial	 cells,	 leading	 to	 the	 subsequent	

recruitment	of	CCR6-expressing	Th17	cells	(37).	Th17	cells	function	as	a	“border	

patrol”	in	the	intestine;	these	cells	are	defined	as	CD4+	TCRβ+	T-cells	that	express	

RORγt,	which,	in	turn,	promotes	the	transcription	of	IL17A	(38),	therefore	these	

cells	 are	 considered	 to	 be	 a	 subset	 distinct	 from	 Th1	 cells.	 Interestingly,	

IFNγ  (rather	 than	 classically	 thought	 TLR	 ligands)	 was	 recently	 shown	 to	

contribute	 to	 AMP	 expression	 in	 intestinal	 epithelia	 (16).	 The	 ChAT+	 Th17	

population	 that	 we	 identified	 produced	 IL17A,	 IL22	 and	 significantly	 elevated	

levels	of	 IFNγ,	 and	as	 such	 could	 further	 contribute	 to	AMP	expression	 in	vivo.	

Hence,	 ChAT+	 Th17	 cells	 can	 act	 on	 epithelial	 AMP	 production	 via	 multiple	

routes;	via	ACh	directly	acting	on	muscarinic	receptors	(39),	via	the	production	

of	 IL22	acting	on	epithelial	AMP	secretion	(35),	and	via	 the	production	of	 IFNγ	

 (16).	 However,	 we	 demonstrate	 that	 ACh	 is	 a	 critical	 contributor	 of	 AMP	

production	 in	 vivo	because	 CD4ChAT-/-	 mice	 showed	 reduced	 AMP	 expression	

while	IL17A	and	IL22	levels	were	similar.		

Our	 findings	 suggest	 that	 in	 the	 absence	 of	 ChAT	 expressing	 T-cells,	 reduced	

AMP	expression	is	associated	with	increased	bacterial	richness	and	diversity	 in	

the	 small	 intestine,	 whilst	 the	 total	 bacterial	 load	 remained	 equal.	 The	

significance	 of	 this	 result	 is	 intriguing	 because	 reduced	 bacterial	 diversity	 and	

richness	 in	 the	 colon	 has	 commonly	 been	 associated	 with	 inflammation	 (40).	

However,	the	pathological	significance	of	alterations	in	diversity	and	richness	in	

the	 upper	 GI	 tract	 that	 harbors	 a	 lower	 bacterial	 load	 than	 the	 colon	 remains	

unknown.	Increased	diversity	and	richness	in	the	small	intestine	may	indicate	an	

altered	host-microbiota	homeostasis	in	the	small	intestine	of	CD4ChAT-/-	mice.		

In	 the	gut,	efferent	vagal	activity	may	 lead	to	peripheral	release	of	 its	principal	

neurotransmitter	 ACh,	 but	 one	 should	 keep	 in	 mind	 that	 the	 vagal	 nerve	

particularly	projects	 to	 other	post-ganglionic	 enteric	 neurons,	 organized	 in	 the	

Enteric	Nervous	System	(ENS).	The	ENS	forms	a	dense	network	of	nerve	 fibers	

closely	 connecting	 to	 intestinal	 immune	 cells,	 both	 in	 the	 submucosal	 (lamina	

propria)	 and	muscular	 externa	 compartment	 of	 the	 intestine	 (8).	 The	 relay	 of	

vagal	signals	via	 the	ENS	 implies	 that	vagal	signals	are	amplified	by	the	ENS	to	

induce	 the	 release	 of	 a	 variety	 of	 neurotransmitters	 including	 ACh	 in	 the	
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intestinal	 microenvironment	 leading	 to	 modulation	 of	 the	 immune	 response.	

Although	a	direct	vagal	synapse	to	immune	cells	in	the	gut	lamina	propria	is	not	

evident	(41),	cholinergic	signaling	via	non-neuronal	cells	may	play	an	important	

role.	 Interestingly,	 we	 observed	 that	 adrenergic	 neurotransmitters	 stimulate	

ChAT+	 Th17	 cell	 generation	 in	vitro	 and	 in	vivo,	 via	 adrenergic	 receptor	 β2	 on	

DCs.	In	contrast	to	cholinergic	(vagal)	innervation,	adrenergic	innervation	is	very	

well	documented	for	spleen,	lymph	node,	thymus,	and	bone	marrow	(42).	Hence,	

adrenergic	“imprinting”	of	DCs	maturing	in	these	lymphoid	organs	represents	a	

very	powerful	 immune-modulatory	potential,	modulating	various	 inflammatory	

processes	 including	 lymphocyte	 egress	 from	 the	 spleen	 (43).	 We	 and	 others	

demonstrated	that	a	relatively	short	exposure	of	maturing	DCs	suffices	to	induce	

ChAT+	Th17	in	vitro,	confirming	earlier	observations	(12,44).		

In	accordance	to	a	role	for	T-cells	in	mediating	vagal	anti-inflammatory	effects	in	

intestinal	 inflammation,	vagal	nerve	stimulation	fails	 to	reduce	 inflammation	 in	

nude	mice	that	lack	T-cells	(9).	Adoptive	transfer	of	ACh-synthesizing	T-cells	into	

nude	 mice	 restores	 some	 vagal	 anti-inflammatory	 action.	 An	 exception	 is	 the	

specific	 anti-inflammatory	 actions	of	 vagus	nerve	 stimulation	 i.e.	 in	 a	model	 of	

post-operative	 ileus,	 where	 vagal	 efferent	 fibers	 act	 directly	 on	 muscularis	

macrophages	 and	 are	 independent	 of	 T-cells	 (45).	 As	 we	 demonstrate	 the	

presence	 of	 this	 cell	 population	 is	 not	 restricted	 to	 the	 spleen,	 but	 can	 also	 be	

found	in	other	lymphoid	structures	such	as	Peyer’s	patches	or	MLNs	that	present	

with	a	comparable	distribution	of	adrenergic	fibers	(11).	We	show	that	the	target	

cells	 in	 the	 intestinal	 mucosa	 affected	 by	 ChAT	 expressing	 T-cells	 include	

epithelia	 and,	 potentially,	 macrophages,	 but	 other	 cholinergic	 receptors	 are	

expressed	by	alternative	potential	target	cells	as	well	(14,46).	Notably,	intestinal	

macrophages	 in	 the	 intestinal	 mucosa	 do	 express	 functional	 nicotinic	 ACh	

receptors,	 although	 not	 of	 the	 α7	 ACh	 receptor	 subtype	 but	 rather	 of	 α4β2	

subtypes	(47).		

Our	 data	 implicate	 that	 ACh	 can	 no	 longer	 be	 considered	 simply	 as	 a	

neurotransmitter	 but	 rather	 as	 a	 ubiquitous	 intercellular	 messenger	 that	 is	

important	 in	 integrating	 many	 aspects	 of	 intestinal	 physiology	 in	 health	 and	

disease.	 In	 the	 intestine,	 we	 demonstrate	 the	 physiological	 relevance	 of	 non-
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neuronal	 ACh	 release	 by	 ChAT+	 Th17	 cells	 as	 novel	 regulatory	 system	 of	 the	

adrenergic	system	to	mediate	host	defense	mechanisms.		
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SUPPLEMENTARY	DATA	
	

	
Figure	 S1.	 Gating	 strategy.	 Gating	 strategy	 for	 analysis	 of	 ChAT-eGFP	 positive	 cells	 as	

performed	in	figure	1D-E.	Depicts	gating	for	lymphocytes,	singlets	and	living	cells.	

	

	
Figure	S2.	Relative	quantification		(2-ΔCt)	of	segmented	filamentous	bacteria	(SFB)	load	in	

the	cecum	of		CD4ChAT-/-	and	ChATfl/fl		mice.	ChATfl/fl		mice	were	used	as	the	control	group.	
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Table	 S1.	 Primer	 table.	 Primers	 used	 for	 the	 qPCR	 analysis.	 Forward	 and	 reverse	 primer	

sequences	are	presented.	

	

	
Table	 S2.	 Total	 bacterial	 load	 in	 intestinal	 contents	 from	 ChATfl/fl	 and	 CD4ChAT-/-	 mice.	

Data	are	shown	as	medians	and	minimum	and	maximum	of	Total	bacterial	load	measured	as	ng	

of	 DNA	 of	 total	 bacteria.	 Statistical	 differences	 were	 calculated	 using	 Mann-Whitney	 test.		

Significant	 differences	were	 established	 at	 P<0.05.	No	 statistical	 difference	was	 found	 for	 total	

bacterial	load	between	ChATfl/fl	and	CD4ChAT-/-	mice.	


