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Abstract
Inflammatory	 bowel	 diseases	 (IBDs)	 are	 chronic	 inflammatory	 disorders	 char-
acterized	by	relapsing	intestinal	inflammation,	but	many	details	of	pathogenesis	
remain	to	be	fully	unraveled.	Glucocorticoid	(GC)-	induced	leucine	zipper	(GILZ)	
is	a	mediator	of	the	anti-	inflammatory	effects	of	GCs,	the	most	powerful	drugs	
for	IBD	treatment,	but	they	cause	several	unwanted	side	effects.	The	fusion	pro-
tein	TAT-	GILZ	has	been	successfully	used	in	some	pre-	clinical	models	of	inflam-
matory	and	autoimmune	diseases.	To	test	the	efficacy	of	TAT-	GILZ	for	treating	
dextran	sulfate	sodium	(DSS)-	induced	colitis	and	explore	 its	 impact	on	the	gut	
microbiome,	colitis	was	induced	by	DSS	in	C57BL/6J	mice	and	treated	with	TAT-	
GILZ	or	dexamethasone.	Various	hallmarks	of	colitis	were	analyzed,	 including	
disease	activity	index,	gut	permeability,	and	expression	of	pro-	inflammatory	cy-
tokines	and	tight	junction	proteins.	TAT-	GILZ	treatment	showed	a	therapeutic	
effect	when	administered	after	the	onset	of	colitis.	Its	efficacy	was	associated	with	
improved	gut	permeability,	as	evidenced	by	zonula	occludens-	1	and	CD74	up-
regulation	in	inflamed	colonic	tissue.	TAT-	GILZ	also	ameliorated	the	changes	in	
the	gut	microbiota	induced	by	the	DSS,	thus	potentially	providing	an	optimal	en-
vironment	for	colonization	of	the	mucosa	surface	by	beneficial	bacteria.	Overall,	
our	results	demonstrated	for	the	first	time	that	TAT-	GILZ	treatment	proved	ef-
fective	after	disease	onset	allowing	restoration	of	gut	permeability,	a	key	patho-
genic	 feature	of	colitis.	Additionally,	TAT-	GILZ	restored	gut	dysbiosis,	 thereby	
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1 	 | 	 INTRODUCTION

Inflammatory	bowel	disease	 (IBD)	encompasses	chronic	
relapsing	 inflammatory	 disorders	 of	 the	 gastrointestinal	
tract,	 mainly	 Crohn's	 disease	 (CD),	 and	 ulcerative	 coli-
tis	 (UC),	 whose	 pathogenic	 mechanisms	 remain	 poorly	
understood.	 IBD	 is	characterized	by	a	disrupted	mucosa	
structure,	 altered	 gut	 microbial	 composition	 (dysbiosis),	
and	systemic	biochemical	abnormalities.	There	is	a	need	
to	 establish	appropriate	 therapeutic	approaches	 for	 IBD,	
and	various	studies	have	explored	the	molecular	pathways	
underlying	these	conditions.	Both	CD	and	UC	are	consid-
ered	immune-	mediated	inflammatory	diseases,	 in	which	
CD4+	T	 cells	 play	 a	 pivotal	 role.	 CD	 is	 typically	 charac-
terized	by	a	prevalent	and	inflammatory	Th1	cell	pheno-
type,	whereas	UC	is	associated	with	a	pathogenic	Th2	cell	
phenotype.1,2	Different	drugs	are	available	 for	IBD	treat-
ment,	including	biologicals,	but	none	can	completely	cure	
IBDs.3–	6	Among	effective	drugs,	glucocorticoids	(GCs)	are	
the	first	line	of	treatment	for	IBDs,	since	they	can	achieve	
complete	remission,	albeit	with	various	caveats,	including	
the	development	of	resistance	and	the	occurrence	of	se-
vere	adverse	effects.	Alternative	and	efficacious	therapies	
are	 urgently	 needed	 due	 to	 the	 high	 prevalence	 among	
populations	all	over	the	world,	which	is	increasing	espe-
cially	in	young	people.7

Glucocorticoid-	induced	 leucine	 zipper	 (GILZ,	 or	
tsc22d3)	 is	 an	 early-	transcribed	 anti-	inflammatory	 gene	
induced	 by	 glucocorticoid	 treatment.	 GILZ	 mediates	
glucocorticoid	functions	without	eliciting	the	adverse	ef-
fects	that	are	typical	of	glucocorticoid	treatment.8–	10	The	
use	 of	 GILZ-	based	 proteins	 as	 pharmacological	 tools	 to	
treat	 inflammatory	 or	 autoimmune	 diseases	 has	 been	
described	 in	 successful	 pre-	clinical	 studies,	 including	
mouse	 models	 of	 Dinitrobenzene	 sulfonic	 acid	 (DNBS)-	
induced	 colitis	 and	 experimental	 autoimmune	 encepha-
lomyelitis	(EAE).5,11–	13	A	recombinant	TAT-	GILZ	protein	
reversed	the	symptoms	of	DNBS-	induced	colitis	in	GILZ	
B	cell-	conditional	knock-	out	mice,	as	well	as	in	wild	type	
(WT)	mice.14	Similarly,	administration	of	TAT-	GILZ	pro-
tein	ameliorated	colitis	in	IL- 10-	KO	mice,	which	sponta-
neously	develop	this	disease.13	The	mechanisms	by	which	
GILZ	exerts	its	therapeutic	effects	are	not	completely	un-
derstood,	but	cells	related	to	 innate	and	adaptive	immu-
nity	are	involved	in	this	process.15,16

The	aim	of	the	present	work	was	to	explore	the	treat-
ment	of	dextran	sulfate	sodium	(DSS)-	induced	colitis	with	
a	recombinant	TAT-	GILZ	protein	following	a	curative	dos-
ing	 protocol,	 in	 which	 test	 compound	 was	 administered	
soon	after	disease	onset.	The	results	revealed	that	the	ben-
eficial	effects	exerted	by	the	recombinant	TAT-	GILZ	pro-
tein	were	associated	with	 improving	 intestinal	epithelial	
barrier	function	and	ameliorating	colitis-	associated	dysbi-
osis,	which	characterizes	intestinal	inflammation.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Animals

C57BL/6	male	mice	weighing	20–	25	g,	6-		 to	8-	week	old,	
were	 purchased	 from	 Janvier	 Labs	 (Saint	 Berthevin	
Cedex,	 France).	 All	 mice	 were	 housed	 under	 specific	
pathogen-	free	conditions	and	a	12–	12-	h	light/dark	cycle,	
receiving	water	and	food	ad	libitum,	in	accordance	with	
the	Animals	(Scientific	Procedures)	Act	1986	Amendment	
Regulations	(SI	2012/3039)	and	the	EU	Directive	2010/63/
EU	and	in	compliance	with	the	ARRIVE	guidelines.17

2.2	 |	 DSS- induced colitis

All	 animal	 studies	 were	 carried	 out	 in	 accordance	 with	
the	 ‘Guide	 for	 the	Care	and	Use	of	Laboratory	Animals’	
as	promulgated	by	the	National	Institute	of	Health.	Mice	
were	randomly	allocated	into	five	groups	with	eight	mice	
in	 each,	 including	 one	 non-	colitic	 and	 four	 DSS-	treated	
groups.	 Colitis	 was	 induced	 by	 adding	 3%	 DSS	 (36–	55	
KDa;	MP	Biomedicals,	Santa	Ana,	CA,	USA)	in	autoclaved	
drinking	water	ad	libitum	until	day	4.	From	day	4	to	day	
9	 the	 four	 colitic	 groups	 were	 treated	 with	 dexametha-
sone	(DEX,	1 mg/Kg)	(Eurogenerici,	Milan,	Italy),	freshly	
prepared	TAT	(0.1 mg/kg)	and	TAT-	GILZ	(0.2 mg/kg),	a	
cell-	permeable	 GILZ	 fusion	 protein,	 dissolved	 in	 saline	
solution,	or	saline	solution	(200	μl).	TAT	and	TAT-	GILZ	
proteins	 were	 produced	 in	 a	 Lipopolysaccharide	 (LPS)-	
free	 system	 as	 described	 previously.13	 TAT-	GILZ	 dosage	
was	 chosen	 according	 to	 previously	 published	 studies.18	
Two	hundred	microliter	of	each	treatment	were	adminis-
tered	intraperitoneally	(i.p.)	daily.	All	mice	were	fed	with	

contributing	to	healing	mechanisms.	Interestingly,	we	found	unprecedented	ef-
fects	of	exogenous	GILZ	that	did	not	overlap	with	those	of	GCs.
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standard	chow	for	the	whole	experiment.	The	disease	ac-
tivity	index	(DAI)	was	evaluated	daily	for	each	animal	ac-
cording	to	the	scores	listed	in	Table 1.

DAI	value	is	the	combined	scores	for	weight	loss,	stool	
consistency,	and	rectal	bleeding	divided	by	3.

Each	 mouse	 weight	 was	 registered	 daily.	 At	 day	 9,	
mice	 were	 sacrificed	 and	 colons	 removed,	 emptied,	 and	
weighted.	The	distal	part	of	 the	colon	(rectum)	was	sep-
arated	 and	 fixed	 in	 4%	 formaldehyde	 for	 histological	
studies.

2.3	 |	 In vivo intestinal permeability assay

Mice	from	each	group	(n = 4)	were	fasted	for	12 h	to	empty	
the	colon	prior	to	dextran-	4000-	FITC	(350 mg/kg)	admin-
istration	by	oral	gavage.	After	four	hours,	blood	samples	
were	 collected	 by	 cardiac	 puncture	 and	 centrifuged	 for	
10  min	 at	 4°C.	 Plasma	 was	 diluted	 (1:20)	 in	 phosphate-	
buffered	 saline	 (PBS)	 and	 the	 dextran-	4000-	FITC	 was	
measured	using	Fluorostart	fluorescence	spectrophotom-
eter	 (BMG	 Lab	 Technologies,	 Offenburg,	 Germany)	 at	
an	excitation	wavelength	of	485 nm	and	emission	wave-
length	of	535 nm.	Standard	curves	were	obtained	by	serial	
dilution	of	dextran-	4000-	FITC	in	PBS.

2.4	 |	 qRT- PCR

Five	milligram	sample	of	each	colon	was	used	for	mRNA	ex-
traction	with	an	RNeasy	Plus	Mini	Kit	(Qiagen).	Conversion	
of	 total	 mRNA	 to	 cDNA	 was	 performed	 using	 a	 High-	
Capacity	cDNA	Reverse	Transcription	Kit	(Qiagen,	Hilden,	
Germany).	 All	 real-	time	 PCR	 steps	 were	 performed	 using	
the	7300	Real	Time	PCR	System	(Applied	Biosystem)	and	
cDNA	amplified	by	using	TaqMan	Gene	Expression	Master	
Mix	 (Applied	 Biosystem)	 and	 cDNA	 was	 amplified	 using	
TaqMan	Gene	expression	Master	Mix	(Applied	Biosystem).	
mRNA	 expression	 was	 detected	 using	 the	 probes:	 CD74,	
CD44,	Tbx21,	Gata3,	RorC,	FoxP3,	Il-	10,	Tgf	β,	Il-	1β,	IL-	6,	
and	TNF-	α,	(Thermo	Fisher	Scientific,	Waltham,	MA,	USA).	
Normalization	was	performed	using	the	18S	ribosomal	RNA	
housekeeping	 gene,	 and	 relative	 expression	 levels	 were	

calculated	using	the	2−ΔCt	method.	SYBR	Green	Master	Mix	
(Thermo	 Fisher	 Scientific)	 was	 used	 to	 detect	 cyclins	 D1,	
D2	and	D3	with	 the	 following	primers:	 forward	primer	5′	
CGTGGCCTCTAAGATGAAGG	 3′	 and	 reverse	 primer	 5′	
TGAGCTTGTTCACCAGAAGC	 to	amplify	 cyclin	D1;	 for-
ward	primer	5′	GCCAAGATCACCCACACTG	3′	and	reverse	
primer	5′	ATGACGAACACGCCTCTCTC	3′	to	amplify	cy-
clin	D2;	forward	primer	5′	CGAGCCTCCTACTTCCAGTG	
3′	and	reverse	primer	5′	AGGCAGACGGTACCTAGAAGC	
3′	to	amplify	cyclin	D3.

2.5	 |	 Western blotting

Total	 colon	 proteins	 were	 extracted	 using	 RIPA	 buffer	
(10 mM	Tris-	HCl,	pH	8.0,	1 mM	EDTA,	1%	NP-	40,	0.1%	
SDS,	140 mM	NaCl)	with	inhibitors	(PMSF	1:100,	protease	
inhibitor	 cocktail	 1:1000,	 sodium	 orthovanadate	 1:200,	
phosphatase	inhibitor	1:100).	Following	protein	quantifi-
cation,	20 μg	of	protein	per	sample	were	subjected	to	10%	
SDS-	PAGE.	Membranes	were	blocked	for	1 h	with	TBST	
with	5%	non-	fat	dried	milk	(NFDM)	and	incubated	over-
night	at	4°C	with	primary	antibodies	specific	to	phospho-	
ERK	(9101s,	26),	 total	ERK	(#9102s,	26)	 (Cell	Signaling,	
Leiden,	 the	 Netherlands),	 and	 lamin-	β	 (#ab16048,	 GR	
3369248-	1)	(Abcam,	Cambridge,	UK).	After	five	washes	in	
1×	 tris-	buffered	saline	 (TBS),	0.1%	Tween	20,	 secondary	
anti-	rabbit	antibody	labelled	with	horseradish	peroxidase	
(Pierce,	 Thermo	 Fisher	 Scientific,	 Waltham,	 MA,	 USA)	
was	 diluted	 1:5000	 in	 5%	 NFDM	 and	 incubated	 for	 1  h	
at	 r.t.	Antigen-	antibody	complexes	were	detected	by	en-
hanced	chemiluminescence	in	accordance	with	the	man-
ufacturer's	 instructions	 (Millipore,	 Billerica,	 MA,	 USA).	
Band	signal	intensities	of	western	blot	films	were	assessed	
using	 ImageJ	 software.	 Lamin-	β	 was	 used	 as	 a	 loading	
control,	and	activation	of	ERK	was	expressed	as	a	ratio	of	
phosphorylated/total	protein	levels.

2.6	 |	 Hematoxylin and eosin staining

Sections	of	colon	tissue	were	fixed	in	4%	formalin	for	24 h,	
dehydrated	using	70%,	80%,	90%,	95%,	and	100%	ethanol	

T A B L E  1 	 Disease	activity	index	(DAI)	score	used	to	evaluate	DSS-	induced	colitis

Bleeding Stool consistency Weight loss (WL, %)
Value assigned according 
to WL

0:	normal 0:	normal 0 0

1:	presence	of	blood 1:	moderate	soft	stools 1–	5 1

2:	moderate	bleeding 2:	soft	stools 6–	10 2

3:	moderately	high	bleeding 3:	soft	stools	and	diarrhea 11–	20 3

4:	abundant	bleeding 4:	diarrhea >	20 4

Bold	values	originate	the	DAI	score.



4 of 15 |   GENTILI et al.

and	xylene,	and	finally	embedded	 in	wax	blocks.	Blocks	
were	cut	in	4 µm	slices,	placed	on	a	glass	support,	dewaxed,	
stained	with	hematoxylin	for	5 min,	washed	with	PBS,	dif-
ferentiated	in	1%	hydrochloric	acid	alcohol,	stained	with	
eosin	 solution	 for	 30  s,	 dehydrated	 in	 gradient	 alcohol,	
and	 mounted	 in	 water-	based	 mountant.	 Examination	 of	
IHC	was	performed	as	described	previously.19	Epithelial	
damage	 and	 crypt	 loss	 analysis	 was	 performed	 accord-
ing	 to	 standardized	 criteria	 as	 previously	 described	 and	
blinded	evaluated.20

2.7	 |	 Immunohistochemistry

Paraffin-	embedded	 colons	 where	 sliced	 into	 4  µm	 sec-
tions,	mounted	on	polylysined-	coated	glass,	washed	twice	
for	 10  min	 each	 time	 in	 Xilolo	 to	 deparaffinize	 the	 sec-
tions,	 and	 rehydrated	 with	 decreasing	 concentrations	 of	
ethanol	in	water.	Immunohistochemistry	was	performed	
using	the	diaminobenzidine	(DAB)	solution	method	with	
a	2-	step	plus	Poly-	HRP	Anti	Rabbit	IgG	Detection	System	
(With	 DAB	 Solution)	 (Elabscience,	 Houston,	 TX,	 USA).	
Antigen	retrieval	was	achieved	by	boiling	in	sodium	cit-
rate	buffer	(pH	6.0)	for	1 h,	and	subsequently	cooling	for	
20  min.	 Endogenous	 peroxidases	 were	 blocked	 by	 incu-
bating	10 min	with	3%	hydrogen	peroxide.	Sections	were	
then	washed	with	PBS	for	10 min	and	then	incubated	for	
20 min	with	blocking	buffer	(supplied	in	the	kit).	Anti-	ZO1	
(Abcam	 ab96587,	 GR	 3283386-	5,	 1:500)	 was	 added	 and	
incubated	overnight	at	4°C.	Sections	were	rinsed	in	PBS	
(2 × 10 min)	and	incubated	for	45 min	at	room	tempera-
ture	with	biotinylated	goat	anti-	rabbit	antibody	(supplied	
in	the	kit),	then	washed	in	PBS	for	10 min.	Signal	detection	
was	performed	using	3′-	diaminobenzidine	and	 the	reac-
tion	was	stopped	with	water	after	microscope	observation.	
Slides	 were	 counterstained	 with	 Mayer's	 hematoxylin	
(BIO-	OPTICA,	Milan,	Italy)	and	washed	in	running	water.	
Slides	 were	 finally	 dehydrated	 in	 graded	 ethanol,	 defat-
ted	 in	xylene	and	covered	with	Entellan	New	Mountant	
(Merck,	Darmstadt,	Germany).	Stained	sections	were	ex-
amined	under	bright-	field	illumination	on	a	Nikon	Eclipse	
E800	 microscope	 (Nikon	 Canada,	 Mississauga,	 ON).	
Digital	 images	were	acquired	with	an	Optronics	camera	
using	Neurolucida	software	(Microbrightfield,	Winooski,	
VT,	USA)	and	optical	density	quantization	was	performed	
using	ImageJ	Fiji	software.

2.8	 |	 Microbiota characterization, DNA 
extraction, and sequencing analysis

Colonic	luminal	contents	were	collected	from	all	animals	
at	the	endpoint	of	the	experiment	and	immediately	stored	

at	−80°C	until	DNA	extraction.	Total	DNA	was	 isolated	
following	 a	 procedure	 described	 previously.21	 Amplicon	
fragments	were	amplified	by	PCR	in	duplicate	using	sepa-
rate	 template	 dilutions	 (1:10)	 with	 high-	fidelity	 Phusion	
polymerase.	A	single	round	of	PCR	was	performed	using	
fusion	primers	targeting	16S	V4-	V5	regions	via	multiplex-
ing	on	an	Illumina	MiSeq	instrument	(Illumina	Inc.,	San	
Diego,	CA,	USA).	PCR	products	 from	the	same	samples	
were	pooled	in	one	plate,	purified	and	normalized,	 then	
pooled	 to	 make	 one	 library	 that	 was	 quantified	 fluoro-
metrically	 before	 sequencing.	 In	 details,	 the	 normaliza-
tion	procedure	required	different	steps.	Firstly,	after	DNA	
sequencing,	all	reads	were	scored	for	quality,	and	any	poor	
quality	and	short	reads	were	removed.	Then,	the	resulting	
sequences	were	clustered	and	taxonomically	assigned	on	
the	 basis	 of	 97%	 similarity	 level	 against	 the	 Greengenes	
Database	 using	 QIIME	 software	 package	 (Version	 1.9.1)	
(Knight	 Lab,	 San	 Diego,	 CA,	 USA).	 Sequences	 were	 se-
lected	to	estimate	the	total	bacterial	diversity	of	the	DNA	
samples	 in	 a	 comparable	 manner	 and	 were	 trimmed	 to	
remove	barcodes,	primers,	chimeras,	plasmids,	mitochon-
drial	DNA	and	any	non-	16S	bacterial	reads	and	sequences	
<150  bp.	 Lastly,	 the	 normalization	 procedure	 was	 per-
formed	 by	 operational	 taxonomic	 unit	 matrices	 by	 rar-
efying,	in	which	the	samples	with	total	counts	below	the	
threshold	were	excluded	and	the	rarefaction	curves	were	
determined.	For	microbiota	evaluation,	the	Metagenomic	
Analysis	 Server	 (MG-	RAST)22	 and	 the	 Greengenes	
Database	 were	 employed.	 The	 output	 file	 was	 further	
analyzed	using	the	SPSS	Statistics	17.0	software	package	
(SPSS	Inc.,	Chicago,	IL,	USA)	and	the	Statistical	Analysis	
of	Metagenomic	Profiles	software	package	(version	2.1.3).

2.9	 |	 Data and statistical analyses

All	 data	 are	 expressed	 as	 mean	 ±	 standard	 error.	
Differences	 between	 mean	 values	 were	 tested	 for	 statis-
tical	significance	using	one-	way	analysis	of	variance	and	
post-	hoc	least	significance	tests.	All	statistical	analysis	was	
performed	using	GraphPad	Prism	6.0	software	(*p < .05,	
**p < .01,	***p < .001,	****p < .0001).

3 	 | 	 RESULTS

3.1	 |	 TAT- GILZ treatment ameliorates 
colitis symptoms

To	 investigate	 the	 effect	 of	 recombinant	 TAT-	GILZ	 pro-
tein	 in	 the	context	of	 colitis	as	a	potential	pharmaceuti-
cal	 tool,	 we	 induced	 DSS-	driven	 colitis	 in	 C57Bl/6	 mice	
and	included	one	non-	colitic	control	group.	After	4 days	
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of	 the	 disease,	 at	 the	 onset	 of	 colitis	 symptoms,	 TAT-	
GILZ,	 control	 TAT,	 glucocorticoid	 DEX	 or	 saline	 were	
administered	daily	for	the	next	5 days.	Daily	weight	loss	
percentage	and	DAI	scores	 for	each	group	are	shown	in	
Figure 1A.	Interestingly,	both	weight	loss	percentage	and	
DAI	 score	 decreased	 significantly	 with	 TAT-	GILZ	 treat-
ment,	 compared	with	control	 (TAT	and	DSS)	and	DEX-	
treated	 groups.	 TAT-	GILZ	 treatment	 reduced	 the	 colon	
weight/length	ratio	significantly	compared	with	controls,	
similar	 to	 DEX	 group	 (Figure  1B,C).	 Hematoxylin	 and	
eosin	(H&E)	staining	of	distal	colons	was	analyzed	to	as-
sess	 histological	 damage	 and	 infiltration	 rate.	 Epithelial	
damage	 and	 crypt	 loss,	 as	 well	 as	 leukocyte	 infiltration,	
were	observed	in	DSS	control,	TAT	and	DEX-	treated	mice,	
whereas	 these	 parameters	 were	 significantly	 decreased	
following	TAT-	GILZ	treatment	(Figure 1D).

3.2	 |	 TAT- GILZ treatment increases 
IFNγ levels

Since	 GILZ	 can	 control	 T	 cell	 functions,	 we	 investigated	
the	 effects	 of	 TAT-	GILZ	 treatment	 on	 the	 immune	 cell	
environment.15,23–	29	 To	 this	 end,	 we	 first	 analyzed	 tran-
scription	factors	and	cytokines	that	identify	specific	T	cell	
subpopulations	in	colon	extracts	on	the	day	of	sacrifice.	As	
shown	in	Figure 2A,	while	TAT-	GILZ	non-	significantly	up-
regulated	the	Th1	transcription	factor	Tbx21,	interestingly	
increased	IFNγ	levels	significantly	if	compared	to	TAT	and	
the	 DEX	 group.	 Th2	 and	 Th17	 cells	 were	 not	 affected	 by	
TAT-	GILZ	treatment,	whereas	the	Treg	specific	transcrip-
tion	factor	FoxP3	was	upregulated	by	TAT-	GILZ	and	unex-
pectedly,	also	by	TAT.	So	we	conclude	that	TAT-	GILZ	does	
not	affect	FoxP3	expression,	since	the	effects	of	TAT-	GILZ	
treatment	are	quite	 similar	 to	 those	 induced	by	TAT,	but	
different	from	control.	The	cytokines	TNFα,	IL-	6,	and	IL-	1β	
are	typically	upregulated	during	colitis,	but	these	were	not	
affected	by	TAT-	GILZ	administration,	and	they	were	down-
regulated	by	DEX,	as	expected	(Figure 2B).

3.3	 |	 TAT- GILZ treatment improves 
colon permeability

Next,	 we	 investigated	 the	 effect	 of	 TAT-	GILZ	 treatment	
on	 epithelial	 permeability,	 one	 of	 the	 most	 important	
pathogenic	alterations	during	colitis.	Specifically,	we	per-
formed	a	FITC-	dextran	permeability	assay.	On	the	day	of	
sacrifice,	4 h	after	administration	of	FITC-	dextran,	blood	
samples	were	collected	and	sera	were	used	to	determine	
the	 plasmatic	 FITC-	dextran	 concentration.	 As	 shown	 in	
Figure  3A,	 TAT-	GILZ	 treatment	 reduced	 permeability	
significantly	versus	both	control	and	DEX-	treated	groups,	

which	 conversely	 showed	 an	 increase	 in	 colon	 perme-
ability.	Interestingly,	the	permeability	value	in	the	group	
treated	with	TAT-	GILZ	decreased	close	to	the	level	of	the	
non-	colitic	group.

3.4	 |	 TAT- GILZ treatment affects zonula 
occludens- 1 expression

In	order	to	search	for	possible	players	in	permeability	con-
trolled	by	GILZ,	we	examined	the	expression	of	zonula	oc-
cludens-	1	(ZO-	1),	the	most	important	scaffolding	protein	
that	plays	a	pivotal	role	in	the	formation	of	tight	junctions	
within	intestinal	epithelial	cells.	At	the	time	of	sacrifice,	
analysis	of	ZO-	1	mRNA	expression	levels	in	colon	extracts	
revealed	a	downregulation	in	all	colitic	groups	except	for	
the	TAT-	GILZ	group,	in	which	the	level	of	ZO-	1	expres-
sion	was	very	similar	to	that	measured	in	non-	colitic	mice	
(Figure 3B).	To	confirm	the	mRNA	data,	we	quantified	the	
expression	levels	of	ZO-	1	by	immunohistochemistry	anal-
ysis.	ZO-	1	was	downregulated	in	all	groups	but	increased	
to	 levels	 similar	 to	 those	 of	 non-	colitic	 mice	 following	
TAT-	GILZ	 treatment	 (Figure  3C).	 We	 also	 analyzed	 the	
expression	 of	 another	 important	 tight	 junction	 protein,	
Claudin-	2,	which	forms	paracellular	cation	and	water	per-
meable	channels,	but	no	differences	were	observed	across	
all	groups,	and	DEX	only	slightly	but	not	significantly	sup-
pressed	Claudin-	2	expression	(data	not	shown),	consistent	
with	previous	reports.15,30,31

3.5	 |	 TAT- GILZ prevents CD74/CD44 
complex downregulation and activates 
ERK and cyclin D1

Since	CD74	has	been	recently	shown	to	promote	epithelial	
cell	 regeneration	 during	 colitis,	 thereby	 contributing	 to	
ameliorate	gut	permeability,	we	 investigated	 the	expres-
sion	 of	 this	 protein	 in	 total	 colon	 extracts	 by	 RT-	PCR.32	
Interestingly,	 CD74	 levels	 were	 similar	 to	 those	 of	 non-	
colitic	mice	in	the	TAT-	GILZ-	treated	group,	whereas	in	all	
other	groups	CD74	expression	was	reduced	(Figure 4A).	
A	 second	 receptor	 that	 is	 part	 of	 the	 CD74	 signalling	
complex	is	CD44.33	We	analyzed	CD44	expression	levels	
and	found	a	similar	regulation	by	TAT-	GILZ	(Figure 4B).	
CD74	signalling	results	in	phosphorylation	of	ERK,	hence	
we	explored	activation	of	ERK	in	the	same	samples.32	As	
shown	 in	 Figure  4C,	 TAT-	GILZ	 treatment	 significantly	
increased	 the	ratio	of	pERK	over	 total	ERK,	similarly	 to	
non-	colitic	 group,	 whereas	 low	 activation	 levels	 of	 ERK	
were	observed	in	all	colitic	groups,	except	for	DEX-	treated	
mice.	 ERK	 signalling	 cascade	 involves	 the	 activation	 of	
cyclins	 D,	 so	 we	 analyzed	 the	 expression	 of	 cyclin	 D1,	
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F I G U R E  1  Effects	of	TAT-	GILZ	treatment	in	DSS-	induced	colitis.	(A)	Mice	were	exposed	to	3%	DSS	for	4 days,	with	the	exception	of	
one	group	(non-	colitic).	Mice	received	daily	the	indicated	treatments	for	the	subsequent	5 days.	Body	weight	loss	and	clinical	score	(DAI)	are	
shown	(n = 8	per	group).	TAT-	GILZ	*p < .05	versus	TAT,	Ctrl	and	DEX.	(B	and	C)	Representative	colons	for	each	group	and	mean	weight/
length	ratio	values.	(D)	Representative	H&E	stained	images	for	each	group	and	relative	histology	score.	Values	are	expressed	as	means	±	
standard	error	mean	(SEM).	n = 8.	*p < .05,	**p < .01,	****p < .0001	versus	non-	colitic;	°p < .05	versus	Ctrl	mice;	§p < .05	versus	TAT	group;	
+p < .05	versus	DEX-	treated	mice

(A)

(B)

(D)

(C)
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D2,	and	D3.34	TAT-	GILZ	treatment	increased	only	cyclin	
D1	but	was	ineffective	on	cyclin	D2	and	D3	(Figure 4D).	
Additionally,	since	GILZ	affects	the	MAPK	pathway	and	

NF-	κB,	we	investigated	activation	of	other	members	such	
as	AKT,	p38,	and	NF-	κB,	but	none	were	differently	modi-
fied	by	TAT-	GILZ	treatment	(not	shown).29,35–	38

F I G U R E  2  Analysis	of	T	cell	subtypes	and	cytokine	expression	in	colon	extracts	of	non-	colitic	and	colitic	treated	mice,	assessed	by	qRT-	
PCR.	(A	and	B)	Typical	transcription	factors	and	cytokines	identifying	CD4+	Th-	specific	subtypes	and	pro-	inflammatory	cytokines	of	colitis	
were	evaluated	in	colon	extracts	at	day	9.	Values	are	expressed	as	means	±	SEM.	n = 8.	*p < .05	versus	non-	colitic;	°p < .05	versus	Ctrl	mice;	
§p < .05	versus	TAT	group;	+p < .05	versus	DEX-	treated	mice

(A)

(B)
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3.6	 |	 TAT- GILZ restores gut dysbiosis

To	 determine	 the	 effects	 of	 TAT-	GILZ	 treatment	 on	 the	
gut	 microbiota,	 we	 analyzed	 the	 composition	 of	 colon	
microbiota.	 Intestinal	 inflammation	affected	 the	gut	mi-
crobiota	 composition,	 with	 the	 greatest	 differences	 in	
the	 phyla	 Firmicutes,	 Bacteroidetes,	 and	 Proteobacteria	
when	 control	 colitic	 and	 non-	colitic	 groups	 were	 com-
pared	(Figure 5A).	Interestingly,	in	the	TAT-	GILZ-	treated	

group,	 these	 phyla	 were	 restored	 to	 proportions	 simi-
lar	 to	 those	 observed	 in	 non-	colitic	 mice	 (Figure  5A).	
Additionally,	 we	 observed	 significant	 changes	 in	 the	
proportion	of	sequences	of	different	bacterial	classes	and	
orders.	 Specifically,	 five	 classes	 (Mollicutes,	 Bacteroidia,	
Bacilli,	 Clostridia,	 and	 Verrumicrobiae)	 showed	 signifi-
cant	differences	in	DSS	colitic	mice	when	compared	with	
non-	colitic	 controls	 (Figure  5B).	 Clostridia,	 Mollicutes,	
and	Bacilli	are	bacterial	members	of	Firmicutes	phylum.	

F I G U R E  3  Colonic	permeability.	(A)	FITC-	dextran	permeability	assay	at	day	of	sacrifice	(n = 4).	(B	and	C)	qRT-	PCR	(n = 8)	and	
immunohistochemistry	(n = 3)	analyses	of	ZO-	1	expression	in	colon	extracts	and	distal	colon	sections,	respectively.	Values	are	expressed	
as	means	±	SEM.	*p < .05,	**p < .01,	***p < .001,	****p < .0001	versus	non-	colitic;	°p < .05,	°°°°p < .00	versus	Ctrl	mice;	+++p < .001,	
++++p < .0001	versus	DEX-	treated	mice;	§§§§p < .0001	versus	TAT	group

(A)

(C)

(B)
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Among	 them,	 Mollicutes	 and	 Bacilli	 populations	 were	
increased,	 whereas	 Clostridia	 abundance	 was	 reduced	
compared	 with	 colitic	 and	 non-	colitic	 control	 mice	
(Figure 5B).	The	TAT-	GILZ	treated	group	re-	established	
the	abundance	of	Bacilli	and	Clostridia,	but	it	was	not	able	

to	 restore	 the	 Mollicutes	 population	 to	 the	 level	 of	 non-	
colitic	control	group	(Figure 5B).	Bacteroidia	is	a	bacterial	
class	belonging	to	the	Bacteroidetes	phylum,	and	this	class	
was	 significantly	 reduced	 in	colitic	mice	compared	with	
the	non-	colitic	group.	TAT-	GILZ	treatment	increased	the	

F I G U R E  4  Analysis	of	CD74	complex	expression	and	ERK-	derived	signalling	pathway	in	colon	extracts.	(A)	qRT-	PCR	analysis	of	CD74	
expression	in	non-	colitic	and	treated	groups	(n = 8).	(B)	qRT-	PCR	analysis	of	CD44	expression	in	non-	colitic	and	treated	groups	(n = 8).	
(C)	Western	blotting	of	ERK	phosphorylation	(two	representative	mice	per	group,	n = 6).	Densitometric	analysis	refers	to	eight	mice	per	
group.	(D)	qRT-	PCR	analysis	of	cyclins	D1,	D2,	and	D3.	Values	are	expressed	as	means	±	SEM.	***p < .001,	****p < .0001	versus	non-	colitic;	
°p < .05,	°°°p < .001	versus	Ctrl	mice;	++p < .01	versus	DEX-	treated	mice;	§p < .05,	§§p < .01,	§§§§p < .0001	versus	TAT	group

(A)

(C)

(D)

(B)
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proportion	of	sequences	of	this	bacterial	class	(Figure 5B).	
Moreover,	 the	 Verrumicrobiae	 class	was	 significantly	 in-
creased	 in	 the	 control	 colitic	 group,	 compared	 with	 the	
non-	colitic	 group	 (Figure  5B),	 and	 administration	 of	
TAT-	GILZ	 to	 colitic	 mice	 reversed	 this	 increase,	 albeit	
without	 statistical	 differences	 compared	 to	 the	 colitic	
group	(Figure 5B).	When	the	microbial	diversity	 indices	
were	also	determined,	significant	reductions	in	microbial	
species	 richness	 (Chao1)	 and	 diversity	 (Shannon)	 were	
observed	in	DSS-	treated	colitis	mice	compared	with	non-	
colitic	mice	(Figure 6A).	However,	TAT-	GILZ	treatment	
resulted	in	a	significantly	higher	diversity	index	compared	
with	 the	 DSS	 group	 (Figure  6A).	 The	 community	 struc-
ture	of	the	microbiota	was	also	analyzed	using	principal	

coordinate	analysis	(PCoA).	Based	on	the	PCoA	plot,	there	
was	 a	 clear	 demarcation	 between	 bacterial	 assemblages	
from	 non-	colitic	 and	 colitic	 control	 groups	 (Figure  6B).	
The	PCA	plot	showed	that	the	communities	in	TAT-	GILZ-	
treated	colitic	mice	clearly	differed	from	those	in	control	
colitic	 mice,	 and	 were	 more	 similar	 to	 the	 non-	colitic	
group	(Figure 6B).

4 	 | 	 DISCUSSION

GILZ	 exerts	 anti-	inflammatory	 effects	 in	 several	 mouse	
models	of	autoimmune	and	inflammatory	diseases,	hence	
it	has	been	used	as	a	protein-	based	pharmacological	tool	

F I G U R E  5  Effect	of	DSS-	colitis	treatments	on	(A)	bacterial	community	at	phylum	level,	and	(B)	bacterial	composition	at	class	level.	
Values	are	expressed	as	means	±	SEM.	n = 8.	*p < .05,	**p < .01,	***p < .001	versus	non-	colitic;	°p < .05,	°°p < .01	versus	Ctrl	mice

(A)

(B)
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in	preclinical	studies	of	IBD,	EAE	and	other	diseases,	and	
it	 is	 considered	 an	 efficacious	 therapeutic	 agent.11,18,39,40	
To	determine	the	efficacy	of	treatment	with	recombinant	
TAT-	GILZ	 protein	 in	 our	 model	 of	 DSS-	induced	 colitis,	
we	administered	TAT-	GILZ	protein	soon	after	 the	onset	
of	disease,	causing	symptoms	of	overt	diarrhoea	and	sig-
nificant	weight	loss.	Previous	observations	demonstrated	
the	efficacy	of	TAT-	GILZ	in	DNBS-	induced	colitis	when	
administered	 at	 the	 time	 of	 disease	 induction,	 thus	 af-
fecting	either	Th1	cells	or	B	 lymphocytes,	depending	on	
the	experimental	model	or	the	type	of	transgenic	animal	
used.13,14	 In	 our	 model,	 TAT-	GILZ	 administration	 was	
able	 to	 ameliorate	 the	 disease	 score	 for	 the	 entire	 dura-
tion	of	 the	experiment	compared	with	 the	other	groups,	
demonstrating,	 for	 the	 first	 time,	 that	 GILZ	 protein	 can	
reduce	the	colitis-	associated	symptoms	once	established.	
Surprisingly,	 GILZ-	derived	 effects	 were	 different	 from	
those	induced	by	DEX.	We	can	reasonably	hypothesize	that	
a	clear	beneficial	effect	of	DEX	on	weight	gain	would	ei-
ther	require	a	prolonged	treatment	duration	in	our	model,	
or	 earlier	 initiation	 of	 treatment.	 Moreover,	 several	 and	
unknown	factors	influence	the	glucocorticoid	response	in	

IBDs,	since	some	patients	either	do	not	respond	or	show	
resistance	 to	 glucocorticoid	 treatment.41,42	 However,	 as	
observed	at	the	end	of	the	treatment,	and	as	expected	at	
the	molecular	 level,	DEX	was	efficacious	 in	suppressing	
the	 pro-	inflammatory	 cytokines	 IL-	6	 and	 IL-	1β,	 as	 well	
as	 Th-	specific	 cytokines,	 IFNγ,	 IL-	4,	 IL-	17,	 and	 IL-	10	
(Figure 2),	albeit	non-	significantly	with	the	exception	of	
IL-	17,	 thereby	 improving	 the	 underlying	 inflammatory	
process	in	the	gut.	This	tendency	and	the	non-	significant	
difference	in	DEX-	treated	animals	may	reflect	an	underly-
ing	partial	recovery	from	the	disease	after	5 days	of	DSS	
suspension,	which	was	necessary	to	establish	a	model	of	
mild	 colitis.	 Conversely,	 GILZ-	derived	 beneficial	 effects	
resulted	in	body	weight	gain	as	well	as	an	improved	DAI	
score,	 but	 did	 not	 affect	 T-	cell	 subtype-	specific	 markers	
like	 Tbx21,	 GATA3,	 and	 ROR-	C.	 Surprisingly,	 TAT	 and	
TAT-	GILZ	increased	the	expression	of	FoxP3	significantly	
over	controls,	raising	the	question	whether	TAT	can	elicit	
some	 off-	target-	effects,	 which	 will	 be	 investigated	 in	 fu-
ture	studies.	However,	such	an	effect	was	not	observed	in	
any	 other	 experiments	 of	 this	 work,	 thus	confirming	that	
TAT-	GILZ	itself	functions	differently	from	TAT	control.	IFNγ	

F I G U R E  6  Effect	of	DSS-	colitis	
treatments	on	(A)	microbiome	diversity	
(Chao1	and	Shannon	index),	(B)	Beta-	
diversity	by	principal	coordinate	analysis	
score	plot.	Data	are	expressed	as	means	
±	SEM.	n = 8.	*p < .05,	**p < .01,	
***p < .001	versus	non-	colitic;	°°°p < .001	
versus	Ctrl	mice;	+p < .05	versus	DEX-	
treated	mice

(A)

(B)
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identifies	Th1	cells	together	with	the	Tbx21	transcription	
factor,	hence	an	increase	in	IFNγ	suggests	that	TAT-	GILZ	
may	favour	a	shift	 towards	Th1	cells,	 restoring	the	Th1/
Th2	cell	balance,	which	is	altered	in	DSS-	induced	colitis	
with	 Th2-	type	 prevalent	 cells.	 Accordingly,	 IFNγ	 levels	
were	 significantly	 increased,	 as	 well	 as	 levels	 of	 Tbx21,	
although	not	significantly,	in	TAT-	GILZ	group	compared	
with	TAT	control	group.	Such	finding	is	at	odds	with	the	
suppression	of	IFNγ	in	B	cells	in	another	model	of	colitis,	
in	which	the	recombinant	GILZ	protein	was	administered	
at	 the	 induction	of	 the	disease.	Experimental	conditions	
were	 completely	 different	 from	 ours,	 since	 B-	cell	 condi-
tional	 GILZ-	KO	 mice	 and	 Th1-	type	 disease	 model	 were	
used.14	Furthermore,	 IFNγ	 levels	can	change	during	 the	
development	 of	 the	 experimental	 disease,	 making	 it	 dif-
ficult	to	detect	similarities	in	the	effect	of	TAT-	GILZ	pro-
tein.	Alternatively,	we	cannot	rule	out	the	possibility	that	
the	source	of	IFNγ	is	in	a	different	cell	type,	such	as	NK	
cells	 or	 macrophages.	 Nevertheless,	 according	 to	 recent	
findings,	 IFNγ	 has	 been	 attributed	 a	 protective	 role	 in	
promoting	inflammation	resolution	in	models	of	autoim-
mune	diseases	including	IBDs.43,44	Additionally,	it	is	well	
known	 that	 the	 intestinal	 immune	 system	 can	 establish	
immune	tolerance	towards	a	huge	variety	of	beneficial	mi-
croorganisms	while	preserving	immune	responses	against	
pathogenic	 microbes.	 Moreover,	 the	 interplay	 between	
the	 microbiota	 and	 the	 immune	 system	 is	 an	 extensive	
bidirectional	 communication.	 Although	 most	 of	 studies	
have	focused	on	the	ability	of	the	microbiota	to	modulate	
the	host	immune	system,	it	is	clear	that	the	host	immune	
system	 also	 has	 a	 great	 influence	 on	 the	 composition	 of	
the	microbiota.45	Indeed,	our	current	results	support	this	
because	IFNγ	signalling	can	influence	cross-	talk	between	
the	host	and	 the	microbiota,	and	can	modify	 the	micro-
biota	composition.46–	48	However,	it	is	not	known	whether	
this	 is	a	direct	effect	of	 IFNγ	on	 the	epithelium.	 In	 fact,	
the	intestinal	therapeutic	effects	of	TAT-	GILZ	are	associ-
ated	with	the	restoration	of	gut	dysbiosis,	which	could	be	
mediated,	 at	 least	 partially,	 by	 the	 increased	 expression	
of	 IFNγ	 in	 the	colonic	mucosa,	 thus	contributing	 to	 im-
proved	healing	of	inflamed	intestinal	tissue.

Notably,	our	data	demonstrate	that	not	all	the	effects	of	
GILZ	treatment	overlapped	with	those	of	GCs,	as	previously	
demonstrated	in	other	experimental	settings.49–	51	GILZ,	un-
like	 the	 GC	 receptor,	 cannot	 directly	 interact	 with	 DNA,	
but	it	can	heterodimerize	with	other	partner	proteins	and	
therefore	 influence	 their	 target	 genes.	 Thus,	 target	 genes	
may	diverge	between	GCs	and	GILZ.	In	our	experimental	
system,	 in	 sharp	 contrast	 with	 DEX	 treatment,	 adminis-
tration	of	TAT-	GILZ	protein	ameliorated	gut	permeability,	
an	effect	that	has	not	been	reported	previously.	From	this	
point	 of	 view,	 DEX-	induced	 worsening	 of	 permeability	 is	
in	line	with	previously	reported	studies	in	mice,	in	which	

DEX	treatment	increased	gut	permeability	mimicking	that	
of	stressed	animals,	and	in	adrenalectomized	rats,	in	which	
stress	did	not	cause	any	observable	increase	in	gastrointes-
tinal	permeability,	demonstrating	that	glucocorticoids	can	
exert	deleterious	effects	during	the	treatment	of	colitis.52–	54

Among	 distinct	 effectors	 controlling	 gut	 permeabil-
ity,	 ZO-	1	 is	 one	 of	 the	 most	 important	 proteins	 charac-
terizing	 tight	 junctions,	 which	 form	 an	 active	 barrier	 in	
intestinal	 epithelial	 cells	 that	 regulates	 the	 transcellular	
trafficking.55	 Previous	 studies	 demonstrated	 that	 ZO-	1	
is	 downregulated	 from	 day	 1	 after	 DSS-	colitis	 induc-
tion.56	Our	current	results	showed	that,	 in	contrast	with	
all	 other	 experimental	 groups,	TAT-	GILZ	 treatment	 was	
able	 to	 increase	 ZO-	1	 expression,	 thereby	 ameliorating	
permeability.	Conversely,	DEX	reduced	ZO-	1	expression,	
which	represents	another	distinctive	feature	of	the	effects	
of	 TAT-	GILZ	 versus	 DEX.	 For	 the	 first	 time,	 we	 herein	
demonstrated	that	TAT-	GILZ	acts	therapeutically	to	ame-
liorate	gut	permeability	defects.

Different	elements	of	the	gut	mucosa	clearly	contribute	
to	its	role	as	a	physical	and	immunological	defence	barrier,	
including	the	outer	mucus	layer	containing	the	commen-
sal	 gut	 microbiota,	 antimicrobial	 proteins	 and	 secretory	
immunoglobulin	A	molecules,	the	central	single	cell	layer	
harboring	specialized	epithelial	cells	and	the	inner	lamina 
propria,	where	 innate	and	adaptive	 immune	cells	 reside	
such	as	T	cells,	B	cells,	macrophages	and	dendritic	cells.	
It	 has	 been	 reported	 that	 dysfunction	 of	 the	 intestinal	
barrier,	 which	 leads	 to	 an	 uncontrolled	 flux	 of	 antigens	
across	 the	 intestinal	 epithelium,	 may	 challenge	 the	 im-
mune	system	and	affect	the	host-	microbiome	balance.57–	59	
Although	 many	 studies	 indicate	 that	 the	 microbiome	 is	
a	key	player	 in	the	maintenance	of	both	the	mechanical	
epithelial	barrier	integrity	and	its	functionality,	this	inter-
action	is	complex	and	bidirectional.	Moreover,	the	intesti-
nal	barrier	is	not	a	static	structure,	but	is	highly	dynamic	
and	responsive	to	both	internal	and	exogenous	stimuli.60	
Therefore,	 a	 well-	organized	 epithelial	 barrier	 and/or	 an	
improvement	in	intestinal	barrier	function	can	stimulate	a	
specific	composition	of	potentially	beneficial	microbiota,	
and	this	can	be	achieved	directly	through	interaction	with	
epithelial	cells	or	indirectly	due	to	its	immunomodulatory	
effect.	As	a	consequence,	improvement	in	gut	functional-
ity	exerted	by	TAT-	GILZ	would	provide	an	optimal	envi-
ronment	for	colonization	of	mucosa	surface	by	potentially	
beneficial	bacteria,	including	bacteria	of	Bacteroidetes	and	
Proteobacteria	phyla,	as	well	as	 inhibiting	 the	growth	of	
potentially	 harmful	 bacteria,	 and	 enhancing	 their	 com-
petitive	 exclusion	 and/or	 excretion.	 However,	 the	 exact	
mechanism	 by	 which	 TAT-	GILZ	 treatment	 impacts	 on	
microbiome	 remains	 unknown.	 The	 interactions	 among	
microbes,	diet,	host	factors,	drugs,	and	cell	to	cell	involve	
intricate	 feedbacks,	 and	 no	 single	 component/pathway	
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can	account	for	the	final	outcome.	TAT-	GILZ	could	either	
be	effective	directly	or	indirectly	both	on	the	immune	cells	
and	on	the	epithelial	layer.	As	a	consequence,	the	micro-
biome	may	change	in	a	few	days,	as	described	in	previous	
studies	 in	DSS-	experimental	colitis,	 thus	contributing	 to	
the	healing	process.61,62

Since	CD74	was	recently	found	to	be	involved	in	pro-
tecting	 the	 host	 during	 colitis	 by	 promoting	 epithelial	
cell	 regeneration,	 we	 analyzed	 the	 expression	 of	 CD74	
in	 the	 gut	 of	 mice	 in	 our	 experimental	 model.32	 CD74	
was	found	to	be	increased	by	TAT-	GILZ	administration,	
in	contrast	with	all	other	groups	including	DEX,	further	
supporting	 a	 divergent	 action	 of	 exogenous	 GILZ	 over	
DEX.	In	addition,	CD74	downregulation	by	DEX	is	new	
and	in	line	with	the	increase	in	gut	permeability	we	ob-
served	 in	 our	 model,	 further	 supporting	 a	 pivotal	 role	
of	 CD74	 in	 contributing	 to	 the	 control	 of	 this	 import-
ant	 barrier	 function.	 We	 analyzed	 also	 the	 expression	
of	CD44,	a	surface	receptor	associated	to	the	signalling	
complex	 of	 CD74.33	The	 expression	 of	 CD44	 was	 simi-
lar	to	that	of	CD74,	suggesting	an	overall	increase	of	the	
entire	 receptor	 complex.	 To	 strengthen	 these	 findings,	
we	explored	those	intracellular	signalling	pathways	that	
lead	 to	 cell	 proliferation	 and	 previously	 described	 to	
be	 linked	 to	CD74	 functional	activity.	One	of	 the	main	
players	of	MAPK	pathway	is	ERK,	which	has	been	pre-
viously	 found	 to	 be	 activated	 downstream	 of	 CD74.32	
TAT-	GILZ,	as	well	as	DEX	treatment,	was	able	to	signifi-
cantly	restore	ERK	phosphorylation,	directly	involved	in	
cell	proliferation	and	regeneration.63	To	further	support	
this	result,	we	analyzed	the	expression	of	three	import-
ant	 cyclins	 such	 as	 cyclin	 D1,	 D2,	 and	 D3,	 which	 can	
be	 activated	 by	 ERK	 phosphorylation.34	 Only	 Cyclin	
D1	increased	in	expression	under	TAT-	GILZ	treatment,	
suggesting	 that	 cell	 proliferation	 was	 occurring.64	 The	
mechanism	underlying	ZO-	1	and	CD74	upregulation	by	
TAT-	GILZ	 is	 still	 unknown,	 but	 it	 is	 reasonable	 to	 hy-
pothesize	 a	 different	 mechanism	 from	 that	 of	 endoge-
nous	glucocorticoid-	induced	GILZ	protein.	For	example,	
pharmacokinetics	 of	 TAT-	GILZ	 and	 endogenous	 GILZ	
might	 be	 distinct;	 only	 GILZ	 expression	 variation	 over	
time	 has	 been	 investigated	 previously,	 revealing	 GILZ	
induction	by	glucocorticoids	 in	 the	 first	2–	6 h	of	 treat-
ment,	with	persistence	of	expression	up	to	24 h.65–	68	Data	
on	the	half-	life	of	TAT-	GILZ	has	not	been	reported	yet.

The	 beneficial	 effects	 of	 TAT-	GILZ	 in	 our	 model	
mirror	 those	 obtained	 in	 other	 pre-	clinical	 studies.	
Although	 in	 transgenic	 animals	 overexpressing	 GILZ	
in	 T	 cells,	 oxazolone-	induced	 colitis	 worsened	 the	
symptoms	 of	 the	 disease,	 in	 our	 model,	 exogenous	
administration	 of	 TAT-	GILZ	 elicited	 a	 healing	 effect,	
suggesting	that	distribution	of	GILZ	protein	in	all	cells	
exerts	multiple	effects	in	several	cell	types,	other	than	

immune	cells.13	In	the	LPS	pleurisy	model,	both	TAT-	
GILZ	 pre-	treatment	 and	 post-	treatment	 promoted	 the	
resolution	of	inflammation18;	in	a	model	of	acute	kid-
ney	 injury,	 TAT-	GILZ	 favored	 the	 suppressive	 pheno-
types	 of	 neutrophils	 and	 T	 cells,	 thus	 contributing	 to	
the	protection	of	kidney	against	damage69;	in	a	model	
of	LPS-	induced	inflammation,	administration	of	a	vec-
tor	 carrying	 the	 TAT-	GILZ	 gene	 protected	 mice	 from	
endotoxemia70;	 finally,	 in	 a	 model	 of	 DNBS-	induced	
colitis,	TAT-	GILZ	treatment	significantly	improved	dis-
ease	symptoms.13,14

5 	 | 	 CONCLUSIONS

Our	 current	 results	 further	 demonstrate	 the	 efficacy	 of	
TAT-	GILZ	treatment,	adding	a	piece	of	knowledge	on	the	
mechanism	by	which	GILZ	improves	the	outcome	of	co-
litis,	which	mainly	acts	on	the	permeability,	ameliorating	
also	gut	dysbiosis.	Thus,	GILZ	recombinant	protein	is	an	
agent	that	may	not	only	have	beneficial	effects	on	colitis,	
but	may	act	in	a	manner	superior	to	GCs,	thereby	circum-
venting	steroid-	associated	side	effects.
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