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Abstract	

High-mobility	 group	 box	 1	 (HMGB1),	 a	 paradigmatic	 damage-associated	 molecular	 pattern	

(DAMP),	 is	 a	 major	 proinflammatory	 factor	 following	 tissue	 damage.	 Release	 following	

necroptotic	cell	death	or	active	secretion	by	immunocompetent	cells	induces	the	infiltration	of	

immune	cells	and	inflammatory	responses.	HMGB1	has	repeatedly	been	suggested	as	a	potent	

therapeutic	target	for	inflammatory	and	infectious	diseases	like	polymicrobial	abdominal	sepsis	

or	bacterial	and	viral	 infections.	However,	 it	has	not	been	clearly	established	from	which	cells	

HMGB1	originates	during	inflammation	and	whether	relevant	functions	arise	from	extracellular	

HMGB1	 or	 the	 involvement	 in	 intracellular	 processes	 like	 autophagy.	 Due	 to	 the	 recent	

availability	of	cell-specific	knockouts,	these	analyses	are	now	possible.	Therefore,	the	aim	of	this	

thesis	was	 to	 investigate	 the	 role	 and	 cellular	 origin	of	HMGB1	 in	 the	 initiation	of	 the	 innate	

immune	response	following	infection	with	Listeria	monocytogenes,	a	well-established	model	for	

gram-positive	 bacterial	 infection,	 in	 order	 to	 further	 elucidate	 the	 cell-specific	 function	 of	

HMGB1	and	its	applicability	as	a	therapeutic	target.		

Using	 cell-specific	 knockout	 mice	 of	 HMGB1,	 this	 study	 could	 show	 that	 while	 hepatocyte-

derived	HMGB1	 is	dispensable	 for	 the	 innate	 immune	 response	 to	a	 controlled	 infection	with	

Listeria	monocytogenes,	 antibody-mediated	neutralization	and	myeloid	cell-specific	ablation	of	

HMGB1	 (Hmgb1ΔLysM)	 led	 to	 uncontrolled	 infection	 and	 exacerbated	 hepatic	 inflammation,	

which	 is	 characterized	 by	 increased	 gene	 expression	 of	 proinflammatory	 mediators	 and	

aggravated	 tissue	 damage.	 Previous	 postulations	 that	 HMGB1	 ablation	 caused	 defects	 in	

phagocyte	 autophagy,	 resulting	 in	 impaired	 bacterial	 clearance	 and	 attenuated	 immune	

responses,	 were	 largely	 ruled	 out	 as	 the	 cause	 for	 uncontrolled	 Listeria	 infection	 in	 the	

experimental	settings	in	this	work.	Instead,	it	was	observed	that	myeloid	cell-specific	ablation	of	

HMGB1	 resulted	 in	 increased	 hepatic	 infiltration	 of	 neutrophils	 and	 decreased	 infiltration	 of	

proinflammatory	 monocytes	 into	 the	 liver	 early	 after	 infection.	 Proinflammatory	 monocytes	

have	been	shown	to	differentiate	into	tumor	necrosis	factor	and	inducible	nitric-oxide	synthase-

producing	dendritic	cells	(Tip-DCs)	and	type	1	(M1)	monocyte-derived	macrophages	in	the	liver	

and	 the	 reduced	 number	 of	 these	 cells	 presumably	 results	 in	 the	 hampered	 containment	 of	

Listeria,	which	likely	accounts	for	the	more	severe	infection	in	Hmgb1ΔLysM	mice.	While	this	early	

effect	 of	 HMGB1	 depletion	 could	 be	 the	 reason	 for	 increased	 hepatic	 bacterial	 titers,	 the	

subsequent	 accumulation	 of	 dead	 cells	within	 the	 granulomas	 of	Hmgb1ΔLysM	mice	 could	 then	

lead	 to	 the	 exacerbation	 of	 inflammation	 and	 infection	 by	 enhancing	 bacterial	 pathogenesis.	

Adoptive	 transfer	 of	 Hmgb1-deleted	 cells	 demonstrated	 that	 tissue-resident	 and	 circulating	

immune	cells	contribute	to	infection	control	in	the	liver.	



	

Overall,	 this	 study	demonstrates	 the	 critical	 importance	of	HMGB1	 signaling	originating	 from	

myeloid	cells	during	the	systemic	infection	with	Listeria	monocytogenes,	while	establishing	the	

highly	context-dependent	nature	of	HMGB1	activity	during	infection	and	inflammation.		

	

	 	



	

Zusammenfassung	

High-mobility	 group	 box	 1	 (HMGB1),	 ein	 paradigmatisches	 damage-associated	 molecular	

pattern	 (DAMP),	 ist	 ein	 wichtiger	 proinflammatorischer	 Faktor	 nach	 Gewebeschäden.	 Die	

Freisetzung	 nach	 nekrotischem	 Zelltod	 oder	 die	 aktive	 Sekretion	 durch	 immunkompetente	

Zellen	 induziert	 die	 Infiltration	 von	 Immunzellen	 und	 anschließende	 Entzündungsreaktionen.	

HMGB1	wurde	wiederholt	als	wirksames	 therapeutisches	Ziel	 für	entzündliche	und	 infektiöse	

Erkrankungen	wie	polymikrobielle	abdominelle	Sepsis	oder	bakterielle	und	virale	 Infektionen	

vorgeschlagen.	Es	 ist	 jedoch	nicht	eindeutig	geklärt,	welches	die	Ursprungszellen	von	HMGB1	

während	der	Entzündung	sind	und	ob	die	Funktion	von	HMGB1	eher	extrazellulär	besteht	oder	

aus	der	Beteiligung	 an	 intrazellulären	Prozessen	wie	der	Autophagie	 resultiert.	 Aufgrund	der	

kürzlichen	 Verfügbarkeit	 von	 zellspezifischen	 Knockout-Mäusen	 sind	 Analysen	 zur	 Klärung	

dieser	 Fragen	 jetzt	 möglich.	 Ziel	 dieser	 Arbeit	 war	 es	 daher,	 die	 Rolle	 und	 den	 zellulären	

Ursprung	von	HMGB1	bei	der	Auslösung	der	angeborenen	Immunantwort	nach	einer	Infektion	

mit	 Listeria	 monocytogenes,	 einem	 etablierten	 Modell	 für	 eine	 grampositive	 bakterielle	

Infektion,	 zu	untersuchen,	um	die	 zellspezifische	Funktion	von	HMGB1	und	seine	Eignung	als	

Ziel	therapeutischer	Interventionen	zu	untersuchen.		

Unter	 Verwendung	 von	 zellspezifischen	 Knockout-Mäusen	 von	 HMGB1	 konnte	 diese	 Studie	

zeigen,	dass	HMGB1	aus	Hepatozyten	für	die	angeborene	Immunantwort	auf	eine	kontrollierte	

Infektion	 mit	 Listeria	 monocytogenes	 entbehrlich	 ist.	 Im	 Gegensatz	 dazu	 führte	 die	 durch	

Antikörper	 vermittelte	 Neutralisierung	 bzw.	 die	 Depletion	 von	 HMGB1	 in	 myeloiden	 Zellen	

(Hmgb1ΔLysM)	 zu	 einer	 unkontrollierten	 Infektion	 sowie	 Leberentzündung,	 die	 sich	 durch	

erhöhte	 Genexpression	 proinflammatorischer	 Mediatoren	 und	 verstärkte	 Gewebeschädigung	

auszeichnete.	Frühere	Annahmen,	dass	die	Depletion	von	HMGB1	zellintrinsische	Defekte	in	der	

Induktion	 von	 Autophagie	 in	 Phagozyten	 im	 Kontext	 von	 Infektionen	 verursacht	 und	 die	

Immunantwort	beeinträchtigt,	wurden	als	Ursache	für	eine	erhöhte	Listerien-Infektion	in	dieser	

Arbeit	 weitgehend	 ausgeschlossen.	 Stattdessen	 wurde	 beobachtet,	 dass	 die	 zellspezifische	

Deletion	von	HMGB1	in	myeloiden	Zellen	zu	einer	erhöhten	Infiltration	von	Neutrophilen	und	

zusätzlich	 zu	 einer	 verminderten	 Infiltration	 von	 proinflammatorischen	 Monozyten	 führte.	

Proinflammatorische	 Monozyten	 differenzieren	 im	 Zielgewebe	 zu	 tumor	 necrosis	 factor	 and	

inducible	nitric-oxide	synthase-producing	dendritic	cells	(Tip-DCs)	und	type	1	(M1)	monocyte-

derived	 macrophages,	 und	 die	 verringerte	 Anzahl	 dieser	 Zellen	 führt	 potentiell	 zu	 einer	

beeinträchtigten	 bakteriellen	 Eindämmung	 und	 liefert	 daher	 eine	 Begründung	 für	 die	

schwerwiegendere	 Infektion	 bei	 den	 Hmgb1ΔLysM	 Mäusen.	 Während	 dieser	 frühe	 Effekt	 der	

HMGB1-Depletion	 der	 Grund	 für	 eine	 verminderte	 frühe	 immunologische	 Kontrolle	 der	



	

Infektion	 sein	 könnte,	 könnte	 die	 anschließende	 Akkumulation	 toter	 Zellen	 innerhalb	 der	

Granulome	 von	 Hmgb1ΔLysM	 Mäusen	 zu	 einer	 Verschärfung	 der	 Entzündung	 und	 Infektion	

führen.	 Der	 adoptive	 Transfer	 von	 Hmgb1-deletierten	 Zellen	 zeigte	 zusätzlich,	 dass	 sowohl	

Gewebe-residente	 als	 auch	 zirkulierende	 Immunzellen	 zur	 Infektionskontrolle	 in	 der	 Leber	

beitragen.	

Zusammenfassend	 konnte	 diese	 Studie	 die	 entscheidende	 Bedeutung	 der	 HMGB1-

Signalübertragung	 ausgehend	 von	myeloiden	 Zellen	während	 der	 systemischen	 Infektion	mit	

Listeria	 monocytogenes	 belegen,	 während	 gleichzeitig	 die	 kontextabhängige	 Aktivität	 von	

HMGB1	während	der	Infektion	und	Entzündung	gezeigt	wurde.	
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Introduction	
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I.		 Introduction	

1.		 The	Danger	Model	

For	 60	 years,	 a	 general	 concept	 in	 immunology	 was	 that	 the	 immune	 system	 differentiates	

between	‘self’	and	‘non-self’	for	the	induction	of	an	immune	response.	This	‘self-nonself	model’	

(SNS),	 first	 proposed	by	F.	M.	Burnet,	 suggested	 that	 any	 foreign	 entity	 (non-self)	 induces	 an	

immune	response	in	an	organism,	whereas	endogenous	factors	(self)	are	not	recognized	by	the	

immune	 system,	 and	 therefore	 do	 not	 lead	 to	 an	 immune	 response.	 Surface	 receptors	 on	

lymphocytes	 were	 stated	 to	 recognize	 foreign	 entities,	 thereby	 initiating	 immune	 responses.	

Self-reactive	 lymphocytes,	 on	 the	other	hand,	would	be	 eliminated	 at	 an	 early	 time	point	 [1].	

This	theory	was	modified	several	times	to	accommodate	new	findings	in	immunology	research,	

i.e.,	adding	co-stimulatory	signals	by	T	helper	cells	[2]	and	antigen	presenting	cells	(APCs)	[3]	in	

order	 to	 account	 for	 the	possibility	 of	 autoimmunity	by	B	 and	T	 cells.	 In	1989,	 C.	A.	 Janeway	

proposed	 that	 otherwise	 dormant	 APCs	 are	 activated	 upon	 recognizing	 conserved	 pathogen-

associated	 molecular	 patterns	 (PAMPs),	 common	 components	 on	 bacteria	 or	 viruses	 (e.g.	

lipopolysaccharide,	 LPS),	 via	 pattern	 recognition	 receptors	 (PRRs)	 and	 are	 thereby	 able	 to	

differentiate	 between	 ‘infectious-nonself’	 and	 ‘noninfectious-self’.	 This	 was	 termed	 the	

‘infectious-nonself	 model’	 (INS)	 [4].	 And	 even	 though	 these	 models	 underwent	 multiple	

revisions	 to	address	several	unanswered	problems,	 inflammatory	phenomena	associated	with	

autoimmunity,	 transplant	 rejection	 or	 the	 immunological	 clearance	 of	 cancer	 cells	 were	 not	

sufficiently	 explained	 by	 this	 model.	 These	 questions	 led	 to	 the	 development	 of	 the	 ‘Danger	

Model’	by	P.	Matzinger	[5].	

The	‘Danger	Model’	proposes	that	the	immune	system	is	actually	less	focused	on	foreign	entities	

but	has	evolved	to	respond	to	factors	conferring	non-physiological	cell	death,	damage	or	stress.	

This	means	that	the	immune	system,	rather	than	differentiating	whether	an	entity	is	foreign	or	

not,	 reacts	 to	 alarm	 signals	 released	 by	 damaged	 tissue.	 Any	 intracellular	 component	 can	

potentially	act	as	a	danger	signal	(damage-associated	molecular	pattern,	DAMP)	upon	active	or	

passive	 release.	 In	 the	 absence	 of	 infection	 or	 tissue	 damage,	 DAMPs	 have	 physiological	

functions	 associated	 with	 the	 cell,	 and	 during	 controlled	 cell	 death	 (apoptosis),	 cellular	

components	 are	 degraded	 and	 endogenous	 damage	 signals	 are	 not	 released	 into	 the	

surroundings	 of	 dying	 cells.	 In	 contrast,	 during	 necrosis,	 a	 form	 of	 uncontrolled	 cell	 death,	

cellular	 components	 are	 released	 into	 the	 surroundings	 and	 alarm	 signals	 can	 subsequently	

activate	 adjacent	 immune	 cells.	 DAMPs	 are	 therefore	 not	 released	 by	 healthy	 cells	 or	 cells	

undergoing	 physiological	 cell	 death	 [6].	 Both	 the	 ‘INS	model’	 and	 the	 ‘Danger	Model’	 assume	
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that	APCs	are	activated	by	signals	in	their	surroundings,	either	PAMPs	or	DAMPs,	respectively,	

by	binding	 to	PRRs	 like	 toll-like	receptors	(TLRs),	which	 induce	signaling	cascades	within	 the	

cell	 that	 ultimately	 lead	 to	 the	 induction	 of	 an	 immune	 response.	 Using	 the	 Danger	 Model,	

several	 issues	 could	 be	 addressed	 by	 connecting	 cell	 death	 to	 the	 initiation	 of	 an	 immune	

response.	 For	 example,	 during	 ischemia	 and	 reperfusion	 injury,	 due	 to	 the	 absence	 of	

microorganisms	termed	‘sterile	inflammation’,	DAMPs	are	released	following	tissue	damage	and	

elicit	adverse	effects	[6].	This	induction	of	an	immune	response	in	the	absence	of	PAMPs	could	

previously	not	be	explained	by	the	‘INS	model’.	

	

2.		 High-mobility	group	box	1	

Damage-associated	molecular	 patterns	 are	 defined	 as	molecules	 that	 during	 homeostasis	 are	

immunologically	inert,	however,	following	tissue	damage	induce	an	immune	response.	Based	on	

this,	High-mobility	box	group	1	(HMGB1),	a	highly	conserved	nucleoprotein,	has	been	described	

as	 a	 paradigmatic	 DAMP.	 Within	 the	 nucleus,	 HMGB1	 functions	 as	 a	 DNA	 chaperone	 by	

transiently	 binding	 and	 bending	 DNA,	 and	 thereby	 enabling	 assembly	 of	 nucleosomes	 and	

regulating	 gene	 expression	 [7,8].	 During	 necrotic	 cell	 death,	 but	 not	 apoptosis,	 HMGB1	 is	

released	 into	 the	 extracellular	milieu,	where	 it	 induces	 an	 immune	 response	 (Fig.	 1).	HMGB1	

adjuvanticity	was	demonstrated	through	its	ability	to	activate	dendritic	cells	(DCs)	in	vitro	[9]	as	

well	as	promote	macrophage	migration	and	reprogramming	in	vivo	[10].		
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Figure	1	|	Roles	of	HMGB1.	During	homeostasis,	HMGB1	transiently	binds	DNA	in	the	nucleus,	thereby	
regulating	gene	expression.	During	necrotic	cell	death,	HMGB1	is	passively	released	into	the	extracellular	
space.	 Inflammation	 can	 induce	 active	 secretion	 of	 HMGB1	 by	 immunocompetent	 cells.	 Extracellular	
HMGB1	then	binds	to	pattern	recognition	receptors	(e.g.	RAGE,	TLR2,	TLR4)	and	induces	gene	expression	
of	 inflammatory	mediators	 via	 NF-κB.	 In	 contrast	 to	 its	 inflammatory	 role,	 HMGB1	 is	 retained	 during	
apoptotic	 cells	death,	 resulting	 in	non-immunogenic	 cell	death.	Adapted	 from	Lotze	and	Tracey	 (2005)	
[11].		
	

2.1.		Regulation	of	HMGB1	

HMGB1	consists	of	two	DNA	binding	motifs,	Box	A	and	Box	B,	as	well	as	an	acidic	C	tail	(Figure	

2)	 [12].	 Analysis	 of	 truncated	 forms	 of	 HMGB1	 showed,	 that	 Box	 B	 elicits	 pro-inflammatory	

activity	[13],	whereas	Box	A	displayed	anti-inflammatory	properties	[14].	During	homeostasis,	

HMGB1	is	localized	within	the	nucleus,	where	it	is	transiently	bound	to	DNA.	Due	to	two	nuclear	

localization	sequences	(NLSs),	HMGB1	is	able	to	shuttle	between	the	cytoplasm	and	the	nucleus.	

Acetylation	of	HMGB1	at	the	NLS	sites	is	necessary	for	active	secretion,	but	it	does	not	seem	to	

change	binding	specificities	or	signaling	activity	of	HMGB1	once	it	is	released	[15].		

Whereas	passive	release	of	HMGB1	due	to	necrosis	is	a	direct	effect,	active	release	via	a	specific	

secretory	pathways	is	much	slower	[16].	Hyperacetylation	of	lysine	residues	within	the	two	NLS	

sites	 prevents	HMGB1	 from	 shuttling	 back	 into	 the	 nucleus	 and	 leads	 to	 the	 accumulation	 of	
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HMGB1	 in	 the	cytoplasm	[17].	Afterwards,	HMGB1	 is	 released	 into	 the	extracellular	space	via	

programmed,	pro-inflammatory	cell	death	called	pyroptosis	[18,19]	or	via	secretory	lysosomes	

[16].	 	 Acetylation	 of	 HMGB1	 has	 been	 defined	 as	 a	 molecular	 signature	 of	 actively	 secreted	

HMGB1.	Differentiation	 of	 passively	 and	 actively	 released	HMGB1	 in	 the	 serum	 still	 relies	 on	

mass	 spectrometry	 analysis.	 The	 differentiation	 of	 passive	 and	 active	 release	 of	 HMGB1	

demonstrated	 that	 cell	 death	 is	 not	 necessary	 for	 the	 presence	 of	 extracellular	 HMGB1,	 but	

rather	that	its	active	secretion	can	also	signal	severe	cell	stress	or	the	presence	of	PAMPs	during	

an	infection	[8].		

	

	

Figure	2	|	Regulation	of	HMGB1.	HMGB1	exists	in	three	distinct	isoforms	with	differing	functions.	Fully-
reduced	HMGB1,	which	has	three	cysteine	thiol	residues,	forms	a	heterocomplex	with	CXCL12,	binding	to	
CXCR4	 and	 resulting	 in	 chemotactic	 activity.	 Disulfide	 HMGB1	 has	 a	 disulfide	 bond	 between	 cysteine	
residues	C23	and	C45	and	 signals	via	 the	TLR4/MD2	complex	 to	 induce	 inflammation.	The	 third	 form,	
sulfonyl	HMGB1,	which	possesses	a	sulfonyl-group	on	each	of	the	three	cysteine	residues,	does	not	have	a	
known	function	in	inflammation.	Adapted	from	Antoine	et	al.	(2014)	[20].		
	

The	redox	status	of	each	of	its	three	cysteine	residues	(C23	and	C45	in	Box	A,	and	C106	in	Box	

B),	though,	plays	an	essential	role	 in	receptor	binding	and	biological	activity.	The	nucleus	und	

cytosol	 have	 a	 reducing	 redox	potential,	 therefore	HMGB1	within	 the	 cell	 is	mainly	 the	 fully-

reduced	 form,	 which	 has	 three	 cysteine	 thiol	 residues	 [21,22].	 In	 contrast,	 the	 extracellular	

milieu	has	a	more	oxidizing	potential,	which	is	even	further	increased	during	inflammation.	This	

leads	 to	 the	 formation	 of	 a	 disulfide	 bond	 between	 cysteines	 C23	 and	 C45	 upon	 release	 of	

HMGB1.	Reactive	oxygen	species	can	then	further	oxidize	the	cysteines	to	sulfonates	[22]	(Fig.	

2).	These	distinct	molecular	 conformations	 result	 in	different	 functions	of	each	redox-form	of	

HMGB1.	 Fully-reduced	HMGB1	 forms	 a	 heterocomplex	with	 CXCL12,	which	 binds	 CXCR4	 and	

thereby	elicits	chemotactic	activity,	promoting	cell	migration	and	tissue	invasion	[23].	Similar	to	

LPS,	 disulfide	HMGB1	 binds	 and	 signals	 via	 the	 TLR4/myeloid	 differentiation	 factor-2	 (MD2)	

complex	 to	 induce	NF-κB	activation	and	 subsequent	 cytokine	expression	and	 release	 [24-26].	
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Sulfonyl	HMGB1	does	not	have	an	 identified	 function	within	 inflammation.	The	first	 identified	

receptor	 for	 HMGB1	 was	 the	 receptor	 for	 advanced	 glycation	 endproducts	 (RAGE)	 [27].	 By	

binding	 to	 this	 receptor,	 HMGB1	 induces	 the	 nuclear	 translocation	 of	 NF-κB	 and	 a	 transient	

phosphorylation	of	MAP	kinases,	and	the	subsequent	production	of	tumor	necrosis	factor	(TNF)	

and	nitric	oxide	(NO)	[28,29].	Another	study	showed	that	signaling	via	RAGE	leads	to	HMGB1	

endocytosis	and	subsequent	cell	pyroptosis,	leading	to	the	release	of	pro-inflammatory	factors,	

both	 in	vitro	 and	 in	vivo	 [30].	Additionally,	 activation	of	RAGE	signaling	 is	 responsible	 for	 the	

secretion	 of	 chemokines,	 among	 others	 CXCL12	 [31],	 which	 can	 subsequently	 form	 a	

heterocomplex	 with	 HMGB1	 and	 induce	 a	 positive	 feedback	 loop	 within	 inflammation	

development.	

2.2.		HMGB1	in	inflammation	and	regeneration	

HMGB1	has	been	shown	to	 initiate	post-necrotic	 inflammation	 in	various	 tissues,	 for	example	

the	 skin	 [32],	 liver	 [33,34]	 and	 pancreas	 [35,36].	 For	 instance,	 following	 ischemia	 and	

reperfusion	injury	in	the	liver,	HMGB1	released	from	necrotic	hepatocytes	initiated	neutrophil	

infiltration,	 which	 greatly	 amplified	 liver	 injury	 [34].	 Neutralization	 of	 extracellular	 HMGB1	

reduced	the	development	of	severe	acute	pancreatitis	[35],	LPS-induced	septic	shock	[37]	and	

lethality	in	polymicrobial	abdominal	sepsis	[14].		In	addition,	studies	have	also	suggested	roles	

for	HMGB1	during	viral	[38,39]	and	bacterial	[40]	infections.	For	example,	secreted	HMGB1	has	

been	 proposed	 to	 protect	 hepatocytes	 from	Hepatitis	 C	 virus	 (HCV)	 infection	 by	 acting	 as	 an	

early	 warning	 signal	 for	 uninfected	 cells	 [39].	 At	 an	 early	 time-point	 after	 infection	 with	

Staphylococcus	aureus,	antibody-mediated	neutralization	of	HMGB1	resulted	in	attenuated	lung	

pathology	 [40].	 It	 has	 therefore	 been	 suggested	 that	 HMGB1	 would	 be	 a	 potent	 therapeutic	

target	for	inflammation	and	infection.		

In	contrast	to	its	role	during	sterile	inflammation,	HMGB1	has	also	been	shown	to	confer	tissue	

regeneration	 by	 stimulating	 stem	 cell	 migration	 and	 proliferation	 as	 well	 as	 angiogenesis	

[41,42].	H.	Yanai	et	al.	demonstrated	a	protective	effect	of	intracellular	HMGB1	for	endotoxemia	

and	bacterial	infection	[43].	Similarly,	genetic	ablation	of	HMGB1	did	not	alleviate	inflammation	

or	lethality	following	LPS-induced	shock[34].		

These	differences	in	the	effect	of	HMGB1	in	varying	settings	may	potentially	be	explained	by	the	

different	 redox	 forms	of	HMGB1.	The	 three	mutually	exclusive	 isoforms	of	HMGB1	have	been	

proposed	to	have	sequential	functions	during	inflammation.	The	initial	release	of	fully-reduced	

HMGB1	 leads	 to	 the	 infiltration	 of	 immune	 cells.	 The	heterocomplex	 of	 CXCL12	 and	disulfide	

HMGB1	then	activates	these	cells	and	induces	the	production	and	secretion	of	proinflammatory	
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cytokines	 and	 chemokines.	 Further	 oxidation	 of	 HMGB1	 will	 then	 produce	 sulfonyl	 HMGB1	

which	 inactivates	 the	 pro-inflammatory	 function	 of	 HMGB1	 and	 enables	 regeneration	 of	 the	

tissue	and	return	to	homeostasis	[22,44].	

	

3.		 Listeria	monocytogenes	

Infection	with	Listeria	monocytogenes,	a	Gram-positive	bacterium	first	described	 in	1926	[45],	

which	 in	 the	1980s	was	 identified	as	 a	 food-borne	pathogen	 [46],	 is	 a	paradigmatic	model	of	

Gram-positive	 bacterial	 infection.	 The	 number	 of	 infections	 with	 Listeria	monocytogenes	 per	

year	is	relatively	low,	but	the	mortality	rate	among	Listeria-infected	individuals	is	very	high	(20	

-	30	%)	[47].	Listeria	monocytogenes	 is	able	 to	cross	the	blood-brain	barrier	and	fetoplacental	

barrier,	which	makes	it	especially	hazardous	for	pregnant	women,	where	it	can	lead	to	abortion	

of	the	pregnancy	or	life	threatening	infection	of	the	newborn	[48].		

After	 ingestion	 of	 Listeria-contaminated	 food	 by	 the	 host,	 the	 pathogen	 reaches	 the	

gastrointestinal	 tract,	 traverses	 the	 epithelial	 barrier	 and	 is	 then	 able	 to	 disseminate	 via	 the	

lymph	 and	 blood	 into	 its	 target	 organs,	 liver	 and	 spleen	 [49].	 The	 bacteria	 are	 then	 either	

phagocytized	 by	 macrophages	 or	 enter	 epithelial	 cells	 by	 binding	 to	 cell	 surface	 molecules.	

Within	 the	 cells,	 Listeria	 are	 able	 to	 proliferate	 and	 thereby	 forego	 the	 recognition	 by	 the	

humoral	immune	system.		
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Figure	 3	 |	 Listeria	monocytogenes	 infection.	After	 reaching	 their	 target	 organs,	 Listeria	 enter	 their	
target	cells	either	via	phagocytosis	or	by	binding	to	receptors	with	 Internalin	A	(InlA)	and	Internalin	B	
(InlB).	Within	 the	 cell,	 Listeriolysin	O	 (LLO)	 is	 then	employed	by	 the	bacteria	 to	physically	disrupt	 the	
phagosome,	enabling	the	escape	of	the	bacteria	into	the	cytoplasm.	Listeria	are	then	able	to	proliferate	in	
the	cytoplasm	and	use	actin-based	motility	to	move	within	the	cell	and	spread	from	one	cell	to	the	next.	
Adapted	from	Pamer	(2004)	[50].	
	

For	 the	 receptor-mediated	 entry	 into	 epithelial	 cells,	Listeria	monocytogenes	 employs	 the	 cell	

surface	molecules	Internalin	A	(InlA)	and	Internalin	B	(InlB).	InlA	binds	Cadherin-1	(CDH1)	on	

epithelial	cells	and	induces	changes	in	the	cytoskeleton,	which	are	essential	for	bacterial	entry	

into	the	cell	[51].	Whereas	InlA	has	a	high	affinity	for	the	human	CDH1,	it	does	not	bind	well	to	

the	murine	version,	which	explains	the	low	infection	rate	via	the	oral	transmission	route	in	mice	

[52].	 InlB	 binds	 the	 tyrosine-protein	 kinase	 Met	 (MET)	 on	 hepatocytes,	 which	 subsequently	

activates	phosphoinositide	3-kinase	(PI3K)	and	mitogen-activated	protein	kinase	(MAPK)	[53].	

Similar	 to	 the	mechanism	 induced	by	 InlA,	activation	of	 these	kinases	 leads	 to	changes	 in	 the	

actin-cytoskeleton,	mediating	vacuole	formation	and	internalization	of	bacteria.		

After	 phagocytosis	 or	 receptor-mediated	 entry	 into	 the	 cell,	 Listeria	monocytogenes	 escapes	

from	 the	 phagosome	 into	 the	 cytoplasm	 by	 physically	 rupturing	 the	 vacuolar	membrane	 via	

Listeriolysin	O	(LLO)	[54].	Listeria	within	the	cytosol	proliferate	and	by	exploiting	actin-based	

motility	 are	 able	 to	 spread	 to	 neighboring	 cells,	 like	 hepatocytes.	 Actin	 assembly-inducing	

protein	(ActA)	polymerizes	Actin	on	the	bacterial	cell	surface,	propelling	bacteria	 through	the	

cytoplasm	and	enabling	cell-to-cell	spread	[55,56].		

Since	mice	are	not	very	susceptible	to	oral	infection	with	Listeria	monocytogenes,	most	studies	

employ	intravenous	injection	of	bacteria	and	therefore	analyze	immune	responses	to	systemic	
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listeriosis,	 which	 is	 a	 well-characterized	 model	 of	 Gram-positive	 bacterial	 infection	 and	

therefore	used	in	this	study	to	analyze	infectious	inflammation.	

	

4.		 Innate	immune	response	following	Listeria	infection	

Following	 infection	 with	 Listeria	 monocytogenes,	 initial	 immune	 responses	 are	 elicited	 via	

innate	immune	cells	like	macrophages,	monocytes	and	neutrophils,	which	are	essential	for	the	

survival	of	the	host	organism.	Mice	lacking	both	T	cell	and	humoral	immunity	were	shown	to	be	

able	 to	 control	 the	 initial	 infection,	 but	 were	 unable	 to	 clear	 the	 infection	 in	 the	 long	 run,	

demonstrating	the	importance	of	innate	immunity	in	the	early	phase	of	infection	[57].		

The	innate	immune	response	is	the	first	line	of	defense	against	pathogens,	which	is	immediately	

activated	upon	infection.	It	is	a	very	fast,	relatively	non-specific	defense	mechanism	that	induces	

inflammation.	Cells	of	the	 innate	 immune	response,	 for	example	macrophages,	monocytes	and	

neutrophils,	are	able	to	phagocytize	and	destroy	pathogens.	This	initial	control	of	the	infection	

allows	 for	 the	 development	 of	 antigen-specific	 lymphocytes	 during	 the	 subsequent	 adaptive	

immune	 response,	 that	 are	 then	 able	 to	 fully	 eliminate	 pathogens	 and	 confer	 protective	

immunity,	preventing	reinfection	[58].				

After	reaching	the	liver,	Listeria	are	taken	up	by	the	liver-resident	macrophages,	called	Kupffer	

cells.	 Phagocytosis	 of	 Listeria	 induces	 Kupffer	 cell	 necroptosis,	 which	 leads	 to	 the	 rapid	

infiltration	of	pro-inflammatory	monocytes,	expressing	high	levels	of	Ly6C	(Ly6Chi	monocytes),	

and	 neutrophils.	 At	 the	 site	 of	 infection,	 infiltrating	 neutrophils	 initially	 form	microabscesses	

[59].	 Infiltrating	monocytes	subsequently	replace	the	dying	neutrophils	and	form	granulomas,	

which	 are	 characteristic	 for	 Listeriosis	 [60,61].	 Histomorphologically,	 these	 granulomas	

correlate	with	 the	cell-mediated	 immune	response	 to	Listeria	monocytogenes,	 and	presumably	

act	 as	 a	 physical	 barrier,	 constraining	 the	 infectious	 foci	 and	 preventing	 further	 cell-to-cell	

spread	of	bacteria	[62].	

Recruitment	of	monocytes	is	controlled	by	the	chemokine	CCL2,	which	is	produced	during	the	

early	 phase	 of	 Listeria	 infection	 in	 the	 liver.	 Binding	 to	 its	 receptor	 CCR2	 on	 the	 surface	 of	

monocytes	 prompts	 their	 egress	 from	 the	 bone	 marrow	 and	 migration	 into	 the	 liver.	 After	

infiltrating	 the	 infected	 tissues,	Ly6Chi	monocytes	differentiate	 into	 tumor	necrosis	 factor	and	

inducible	nitric-oxide	synthase-producing	dendritic	cells	(Tip-DCs)	and	type	1	(M1)	monocyte-

derived	macrophages.		
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Figure	 4	 |	 Innate	 immune	 responses	 following	 Listeria	monocytogenes	 infection.	 Tissue-resident	
Kupffer	cells	are	the	main	targets	of	Listeria	monocytogenes	in	the	liver	and	infection	leads	to	necroptotic	
cell	death	of	these	cells.	Secretion	of	the	chemokine	CCL2	and	the	release	of	PAMPs	and	DAMPs	triggers	
the	infiltration	of	neutrophils	and	inflammatory	monocytes,	which	initially	differentiate	into	Tip-DCs	and	
M1	monocyte-derived	macrophages	required	for	the	immunological	control	of	the	infection,	by	producing	
TNFα	and	iNOS,	among	others.		
	

Tip-DCs	have	been	shown	to	play	an	integral	part	 in	 increasing	bacterial	clearance	[63-65]	by	

producing	tumor	necrosis	factor	(TNF)	and	inducible	nitric-oxide	synthase	(iNOS).	TNF	induces	

the	activation	of	macrophages	and	monocytes	and	the	production	of	further	pro-inflammatory	

cytokines	 like	 interleukin-1β	 (IL-1β),	 interleukin-6	 (IL-6)	 and	 interferon-γ	 (IFN-γ).	 Similar	 to	

TNF	[66],	 IFN-γ	 is	also	essential	 for	 the	 initial	defense	against	Listeria	[67]	and	mice	that	 lack	

either	TNF	or	IFN-γ,	or	their	respective	receptors,	are	not	able	to	control	the	infection	[68-70].	

Nitric	oxide,	synthesized	by	the	enzyme	iNOS,	is	able	to	efficiently	enter	cells	due	to	it	small	size	

and	 subsequently	 induce	 apoptosis.	 This	 is	 especially	 important	 for	 the	 elimination	 of	

intracellular	Listeria.		

Whereas	 the	 indispensable	 role	 of	 infiltrating	monocytes	was	demonstrated	by	 inhibiting	 the	

recruitment	 of	monocytes	 to	 the	 sites	 of	 infection	 by	 blocking	 the	 surface	 protein	 CD11b	 or	

knocking	out	CCR2,	which	led	to	increased	susceptibility	to	infection	[71,72],	the	neutralization	

of	neutrophils	during	Listeria	infection	led	to	conflicting	results.	Where	Shi	et	al.	postulate	that,	

in	 contrast	 to	 monocytes,	 neutrophils	 are	 dispensable	 for	 the	 anti-bacterial	 defense	 against	

systemic	 listeriosis	 [73],	 Carr	 et	 al.	 state	 that	 neutrophils	 are	 essential	 for	 the	 TNF-mediated	

immune	response	[74].	More	recently,	a	study	proposed	more	efficient	bacterial	containment	by	

neutrophils	 in	 comparison	 to	 monocytes	 during	 in	 vitro	 studies.[75]	 In	 an	 attempt	 to	



Introduction	
	

10	

accommodate	these	studies,	it	has	been	suggested,	that	neutrophils	are	especially	important	in	

mice	 infected	 with	 higher	 doses	 of	 Listeria	 [74,76]	 and	 that	 they	 contribute	 more	 to	 the	

containment	of	 the	bacteria,	by	phagocytizing	Listeria	and	 limiting	the	spread,	 than	the	actual	

killing	[77].	

Taken	together,	the	innate	immune	response	towards	Listeria	consists	of	the	initial	production	

of	 pro-inflammatory	 cytokines	 by	 tissue-resident	 Kupffer	 cells	 and	 infiltrating	 monocytes,	

which	 leads	 to	 the	production	of	 IFN-γ,	 subsequently	promoting	phagocytosis	of	bacteria	and	

bactericidal	activity.		

4.1		 Differentiation	of	type	1	and	2	macrophages	

Macrophages	are	classified	into	different	subtypes,	according	to	their	role	during	inflammation	

and	their	production	of	cytokines.	

Differentiation	 of	 infiltrating	monocytes	 into	M1	pro-inflammatory	macrophages	 is	 driven	 by	

IFN-γ	[78]	and	signaling	via	PRRs	like	TLR2	and	TLR5	[79].	The	pro-inflammatory	phenotype	of	

these	cells	 is	characterized	by	 increased	phagocytosis	of	pathogens	and	 increased	nitric	oxide	

production	 by	 iNOS,	 an	 important	 effector	 molecule	 with	 bactericidal	 properties	 [80].	 By	

additional	 secretion	 of	 pro-inflammatory	 cytokines	 and	 promotion	 of	 Th1	 development,	 M1	

macrophages	 induce	 a	 highly	 microbicidal	 environment.	 In	 contrast,	 M2	 macrophages	 are	

generally	 considered	 to	 be	 anti-inflammatory	 and	 regenerative,	 and	 are	 divided	 into	 three	

subtypes.	 Most	 M2	 macrophages	 correspond	 to	 the	 M2a	 subtype.	 Differentiation	 of	 M2a	

macrophages	 is	 induced	by	 the	cytokines	 IL-4	 [81]	and	 IL-13	 [82].	The	main	effector	of	 these	

cells	 is	 the	 enzyme	 arginase,	which	 converts	 the	 amino	 acid	 arginine	 to	 ornithine,	which	 can	

induce	 cell	 proliferation	 and	 repair	 [83].	 Since	 arginase	 and	 iNOS	 compete	 for	 the	 same	

substrate,	M2a	macrophages	are	able	to	counterbalance	the	pro-inflammatory	phenotype	of	M1	

macrophages	 and	 shift	 the	 immune	 response	 towards	 tissue	 regeneration.	 In	 contrast	 to	 the	

categorization	 of	 T	 cells,	 macrophages	 are	 highly	 plastic	 and	 therefore,	 a	 clear	 distinction	

between	the	subtypes	is	not	always	possible.	It	is	currently	assumed	that	over	the	course	of	the	

Listeria	 infection,	monocytes	 initially	 differentiate	 into	 pro-inflammatory	M1	macrophages	 to	

reduce	 the	bacterial	 burden	 in	 the	 liver,	 followed	by	 the	development	 of	M2	macrophages	 in	

order	to	return	the	tissue	to	homeostasis	[84].	
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5.		 Impact	of	cell	death	and	autophagy	on	inflammation	

Tissue	damage	and	inflammation	is	generally	followed	by	infiltration	of	immune	cells	as	well	as	

controlled	cell	death	in	order	to	remove	damaged	cells	and	enable	tissue	regeneration.	During	

infection	with	Listeria	monocytogenes,	several	cell	death	pathways,	 including	programmed	and	

non-programmed,	play	a	role	 in	the	progression	of	 the	 infection	and	 induction	of	 the	 immune	

response.	Listeria	has	an	almost	exclusively	intracellular	lifecycle	and	is	therefore	able	to	escape	

the	 cellular	 and	 humoral	 immune	 response	 [74,85,86].	 Necroptosis,	 a	 form	 of	 programmed	

necrosis	 or	 inflammatory	 cell	 death,	 has	 been	 proposed	 as	 a	 defense	 mechanism	 against	

intracellular	pathogens	[87].	The	necroptotic	death	of	Kupffer	cells	in	the	liver	following	Listeria	

infection	 leads	 to	 the	 release	 of	 intracellular	 components,	 which	 initially	 triggers	 the	

differentiation	of	M1	macrophages	for	bacterial	clearance,	followed	by	the	development	of	M2	

macrophages	for	tissue	regeneration	[84].		

Programmed	 cell	 death,	 apoptosis,	 also	 plays	 a	 critical	 role	 in	 the	 pathogenesis	 of	 Listeria	

monocytogenes.	Apoptosis	is	defined	morphologically	by	cell	rounding	and	shrinkage,	chromatin	

condensation	and,	nuclear	fragmentation	and	membrane	blebbing	[88].	During	apoptosis,	cells	

also	 undergo	 DNA	 fragmentation	 and	 their	 plasma	 membranes	 are	 inverted,	 exposing	

membrane-bound	phosphatidylserine.	Both	lymphocytes	[89]	and	hepatocytes	[90,91]	undergo	

apoptosis	 over	 the	 course	 of	 the	 infection	 with	 Listeria	monocytogenes.	 Production	 of	 type	 I	

interferons	 during	 the	 early	 infection	 leads	 to	 lymphocyte	 apoptosis	 [92],	 which	 favors	

pathogen	growth,	since	it	is	associated	with	the	induction	of	an	immunosuppressive	state	[93].	

Impaired	 defense	 mechanisms	 promote	 the	 infection	 by	 facilitating	 the	 dissemination	 of	

intracellular	bacteria.	Mice	deficient	of	the	pro-apoptotic	B	cell	lymphoma	2	homology	domain	3	

(BH3)-only	proteins	 [94]	or	TNF-related	apoptosis-inducing	 ligand	(TRAIL)	 [95],	 respectively,	

showed	a	more	efficient	anti-bacterial	immune	response	compared	to	control	mice.	Dead	cells,	

that	 underwent	 apoptosis,	 are	 usually	 rapidly	 cleared	 by	 phagocytes,	which	 is	 considered	 an	

anti-inflammatory	process,	or	they	undergo	secondary	necrosis,	which	is	then	considered	a	pro-

inflammatory	process	[96].		

Cells	also	induce	autophagy	during	inflammation,	a	pro-survival	process	during	which	damaged	

cellular	components	are	degraded	to	generate	metabolites	needed	for	cellular	functions	under	

conditions	of	 substrate	depravation	or	 cellular	 stress	 [97].	Apoptosis	and	autophagy	compete	

and	interact	within	the	cell	due	to	common	protein	effectors	that	are	needed	for	both	pathways	

[98].	Autophagy	is	a	mechanism	for	the	cell	to	cope	with	stress,	and	can	ultimately	also	end	in	

apoptosis	 of	 the	 cell	 [99].	 During	 autophagy,	 cytoplasmic	 components	 are	 enclosed	 in	

autophagosomes,	and	are	ultimately	degraded	in	matured	autolysosomes	[100],	a	process	that	
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relies	on	the	interaction	of	over	30	different	proteins	[101].	Autophagy	can	be	beneficial	during	

an	infection,	since	it	can	control	the	replication	of	intracellular	pathogens	and	control	cytokine	

production	 and	 release	 [102-104].	 Intracellular	 pathogens,	 like	 Listeria	monocytogenes,	 have	

evolved	 mechanisms	 to	 selectively	 suppress	 autophagy	 and	 autophagy-induced	 intracellular	

degradation	 to	 induce	 their	 pathogenesis	 [102].	 Listeria,	 for	 example,	 use	 ActA	 to	 prevent	

identification	 by	 ubiquitin	 ligases	 and	 autophagy	 adaptors,	 thereby	 circumventing	 autophagy	

and	favoring	their	intracellular	survival	[105].		

	

6.	Aim	of	the	thesis	

It	 is	 generally	 assumed	 that	 the	 immune	 system	differentiates	between	 ‘self’	 and	 ‘non-self’	 to	

detect	 infection	and	initiate	an	immune	response.	By	contrast,	 the	danger	theory	incorporates	

noninfectious	inflammatory	processes,	and	is	conceptually	based	on	the	immunological	sensing	

of	 danger	 signals	 (damage-associated	 molecular	 patterns,	 DAMPs)	 –	 cellular	 components	

released	 by	 distressed	 or	 disintegrating	 cells	 that	 indicate	 tissue	 damage	 and	 trigger	

inflammation.	During	the	course	of	an	infection,	pathogens	cause	tissue	damage,	consequently	

leading	 to	 the	 release	 of	 DAMPs.	 The	 specific	 functions	 of	 these	 alarm	 signals	 in	 contrast	 to	

pathogen-derived	signals	(pathogen-associated	molecular	signals,	PAMPs)	during	the	course	of	

an	 infection	and	the	ensuing	 immune	response	are	 incompletely	understood.	Previous	studies	

showed	 that	 neutralization	 of	 HMGB1,	 a	 prototypical	 DAMP,	 conferred	 protection	 in	 various	

animal	 models	 of	 inflammation	 and	 also	 greatly	 reduced	 lethality	 during	 LPS-induced	 septic	

shock.	However,	 the	early	postnatal	 lethality	of	HMGB1-knockout	animals	has	 long	precluded	

functional	analyses	of	 the	molecule	 in	vivo.	 Surprisingly,	 findings	 from	recently	available	mice	

with	 conditional	 HMGB1	 deficiency	 have	 demonstrate	 unexpected	 intracellular	 functions	 of	

HMGB1	 that	 are	 beneficial	 for	 the	 host	 in	 the	 context	 of	 infection.	 Therefore,	 the	 aim	 of	 this	

work	 was	 to	 analyze	 the	 role	 of	 HMGB1	 during	 the	 systemic	 infection	 with	 Listeria	

monocytogenes,	 and	 to	 specifically	 address	 the	 question	 how	 genetic	 and	 pharmacological	

disruption	 of	 HMGB1-mediated	 injury	 sensing	 would	 interfere	 with	 anti-bacterial	 immune	

responses.	

Using	 antibody-mediated	 and	 several	 genetic	 deletion	models,	 the	 aim	was	 to	 investigate	 the	

role	 of	 HMGB1	 during	 the	 initiation	 of	 innate	 immune	 responses	 towards	 Listeria	

monocytogenes	in	vivo.	Bacterial	burden,	immune	cell	activation	and	expression	of	inflammatory	

factors	 were	 determined	 in	 order	 to	 assess	 the	 induction	 of	 bacterial	 clearance	 and	 hepatic	

inflammation.	To	further	elucidate	the	role	of	different	cellular	subsets,	in	vitro	studies	and	bone	
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marrow	transfer	experiments	were	performed.	Activation	and	functionality	of	macrophages	and	

neutrophils	were	analyzed	 in	vitro,	 employing	different	experimental	 setups	and	readouts,	 i.e.	

bacterial	degradation	or	induction	of	apoptosis.	Together,	these	findings	might	contribute	to	a	

better	understanding	of	the	interplay	between	HMGB1	and	the	innate	immune	system	following	

bacterial	infection.	
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II.		 Materials	and	Methods	

1.		 Materials	

1.1		 Instruments	

Instrument	 Producer	

accu-jet®	pro	 Brand	GmbH	+	Co.	KG,	Germany	

BD	LSRFortessa™		 BD	Biosciences,	USA	

Biowizard	Xtra	Line	Clean	Bench	 Kojair®,	Finland	

Centrifuge	5424R	 Eppendorf	AG,	Germany	

Centrifuge	5810	 Eppendorf	AG,	Germany	

Centrifuge	MC	6	 Sarstedt,	Germany	

CO2	Incubator	KM-CC17RU2	
Panasonic	Industry	Europe	GmbH,	
Germany	

Cooled	Incubator	MIR-154-PE	
Panasonic	Industry	Europe	GmbH,	
Germany	

Cryotome	SLEE	CUT	5062	 Thermo	Scientific™,	USA	

Fusion	FX	Imager	 Vilber	Lourmat,	France	

Improved	Neubauer	Chamber	 Hartenstein,	Germany	

Infinite®	F50	microplate	reader	 Tecan	Trading	AG,	Switzerland	

Microscope	BZ-X710	 Keyence,	Japan	

Microscope	DM	IL	LED	 Leica,	Germany	

Microtome	HM	550	 Thermo	Scientific™,	USA	

Microwave	HMT882L	 Bosch,	Germany	

Mini-PROTEAN	Tetra	Cell	 BioRAD	Laboratories,	USA	

Multipette®	E3	 Eppendorf	AG,	Germany	

nCounter®	SPRINT	Profiler	 NanoString	Technologies,	Inc.,	USA	

ND-1000	spectrophotometer	 NanoDrop	Technologies,	USA	

peqSTAR	Thermocycler	732-3242	 peqlab,	Germany	

PowerPac™	Basic	Power	Supply	 BioRAD	Laboratories,	USA	

Research	plus	pipettes	 Eppendorf	AG,	Germany	

Semi-dry	blotter	 peqlab,	Germany	
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Surgical	instruments	 Fine	Science	Tools,	Inc.,	USA	

T3	Thermocycler	 Biometra®,	Germany	

Thermomixer	Comfort	 Eppendorf	AG,	Germany	

Tuberoller	RS-TR5	 Phoenix	Instrument,	Germany	

Viia™	7	System	 Applied	Biosystems™,	USA	

Table	1	|	List	of	instruments.	

1.2.		Reagents	

General	reagents	 Producer	

10x	Annexin	V	Binding	Buffer	 BD	Biosciences,	USA	

Acrylamide,	Rotiphorese®	gel	40	 Carl	Roth	GmbH	+	Co.	KG,	Germany	

Albumin	Fraktion	V,	biotinfrei	 Carl	Roth	GmbH	+	Co.	KG,	Germany	

Ammoniumchlorid	 Sigma-Aldrich,	Germany	

Antibiotika/Antimykotika-Lsg.	(100x)	 Gibco™,	USA	

Antibody	Diluent	 Dako	(Agilent),	USA	

Aprotinin	 Sigma-Aldrich,	Germany	

Ammonium	persulfate	(APS)	 AppliChem	GmbH,	Germany	

Benzamidine	 Sigma-Aldrich,	Germany	

Distilled	Water	Dnase/Rnase	free	 Invitrogen™,	USA	

Dithiothreitol	(DTT)	 Sigma-Aldrich,	Germany	

Dulbecco’s	Phosphate	Buffered	Saline	
(DPBS)	 Sigma-Aldrich,	Germany	

EDTA	Dinatriumsalz	Dihydrat	>99%	 Carl	Roth	GmbH	+	Co.	KG,	Germany	

EDTA-solution	pH	8.0	(0.5	M)	 AppliChem	GmbH,	Germany	

Entellan®	neu	 Sigma-Aldrich,	Germany	

Eosin	G-Lösung	0,5%	wässrig	 Carl	Roth	GmbH	+	Co.	KG,	Germany	

Ethanol	vergällt	≥99,8%	 Carl	Roth	GmbH	+	Co.	KG,	Germany	

Fetal	Bovine	Serum,	heat	inactivated	 Gibco™,	USA	

Fluorescent	Mounting	Medium	 Dako	(Agilent),	USA	

Formaldehyde	solution	for	molecular	
biology	 Sigma-Aldrich,	Germany	

Gentamicin	(10	mg/ml)	 Gibco™,	USA	
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Glycerol	ReagentPlus®	≥99%	(GC)	 Sigma-Aldrich,	Germany	

Goat	Serum	(Normal)	 Dako	(Agilent),	USA	

Hemalum	solution	acid	cc.	to	Mayer	 Carl	Roth	GmbH	+	Co.	KG,	Germany	

Histopaque	1077	 Sigma-Aldrich,	Germany	

Histopaque	1119	 Sigma-Aldrich,	Germany	

Hoechst	33258	 Invitrogen™,	USA	

Hydrogenperoxide	30%	EMSURE®		 Merck	KGaA,	Germany	

Leupeptin	 Sigma-Aldrich,	Germany	

Liquid	DAB+	Substrate	Chromogen	
System	 Dako	(Agilent),	USA	

LPS	from	E.	coli	 Sigma-Aldrich,	Germany	

M-CSF	(Animal	Free),	rec.	murine	 PeproTech,	Inc.,	USA	

MEM	Alpha	Medium	(1x)	 Gibco™,	USA	

Methanol	z.A.	>99,8%	 ChemSolute®	(Th.	Geyer),	Germany	

PageRuler™	Plus	Prestained	Protein	
Ladder,	10	to	250	kDa	 Thermo	Scientific™,	USA	

PE	Annexin	V	 BD	Biosciences,	USA	

Percoll	 GE	Healthcare	Life	Sciences,	UK	

Phenylmethanesulfonyl	fluoride	
(PMSF)	 Sigma-Aldrich,	Germany	

Potassium	bicarbonate	 Sigma-Aldrich,	Germany	

Protein	Block	Serum-Free	 Dako	(Agilent),	USA	

Proteinase	K,	recombinant	PCR	Grade	 Roche	Diagnostics	GmbH,	Germany	

Recombinant	mouse	IFN-gamma	
(carrier-free)	 BioLegend,	Inc.,	USA	

Roti®-Histofix	4%	 Carl	Roth	GmbH	+	Co.	KG,	Germany	

RPMI	medium	1640	(1x)	+	GlutaMAX™	 Gibco™,	USA	

Skimmed	milk	powder	 Spinnrad	GmbH,	Germany	

Sodium	chloride	>99,8%	 Carl	Roth	GmbH	+	Co.	KG,	Germany	

Sodium	dodecyl	sulfate	(SDS)	 BioRAD	Laboratories,	USA	

Sodium	orthovanadate	 Sigma-Aldrich,	Germany	

Sucrose	 Sigma-Aldrich,	Germany	

Sulfuric	acid	1	mol/l	–	2N	Maßlösung	 Carl	Roth	GmbH	+	Co.	KG,	Germany	
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TaqMan™	Fast	Advanced	PCR	Master	
Mix	 Applied	Biosystems™,	USA	

TaqMan™	Universal	PCR	Master	Mix	 Applied	Biosystems™,	USA	

Tetramethylethylenediamine	(TEMED)	 Sigma-Aldrich,	Germany	

Tissue-Tek	O.C.T.™	Compound	 Sakura	Finetek,	Japan	

Tri-sodium	citrate	dihydrate	for	
analysis	EMSURE®		 Merck	KGaA,	Germany	

Triton™	X-100	 Sigma-Aldrich,	Germany	

Trizma®	hydrochloride	 Sigma-Aldrich,	Germany	

Trypan	Blue	solution	0.4%	for	
microscopy	 Sigma-Aldrich,	Germany	

TSB	Agar	 Sigma-Aldrich,	Germany	

Tween®20	for	molecular	biology	 AppliChem	GmbH,	Germany	

UltraComp	eBeads	 Invitrogen™,	USA	

Xylol	z.A.	 ChemSolute®	(Th.	Geyer),	Germany	

Table	2	|	List	of	general	reagents.	

1.3.		Commercial	Assays	

Kit	 Producer	

BCA	Protein	Assay	Kit	 Pierce,	USA	

High-Capacity	cDNA	Reverse	Transcription	Kit	 Applied	Biosystems™,	USA	

HMGB1	ELISA	
IBL	International	/	Tecan,	
Germany	/	Switzerland	

In	Situ	Cell	Death	Detection	Kit,	TMR	red	 Roche,	Germany	

Mouse	IFN-gamma	DuoSet	ELISA	 R&D	Systems,	Inc.,	USA	

Mouse	IL-1	beta/IL-1F2	DuoSet	ELISA	 R&D	Systems,	Inc.,	USA	

nCounter®	mouse	myeloid	innate	immunity	
panel	V2	

Nanostring	Technologies,	Inc.,	
USA	

NucleoSpin®	RNA	
Macherey	Nagel	GmbH	und	Co.	
KG,	Germany	

Substrate	Reagent	Pack	 R&D	Systems,	Inc.,	USA	

Super	Signal	West	Dura	Chemiluminescent	
Substrate	 Pierce,	USA	

Table	3	|	List	of	commercial	assays.	
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1.4.		Software	

Software	 Producer	

Adobe	Photoshop	CS5	 Adobe	Systems,	USA	

BD	FACSDive™	Software	 BD	Biosciences,	USA	

Evolution	Capt	 Vilber	Lourmat,	France	

FlowJo	Software	 Tree	Star,	Inc.,	USA	

GraphPad	Prism	8	 GraphPad,	USA	

Image	Lab	 BioRAD	Laboratories,	USA	

ImageJ	 ImageJ,	USA	

Magellan™	 Tecan	Trading	AG,	Switzerland	

QuantityOne	Software	 BioRAD	Laboratories,	USA	

ViiA™	7	System	 Applied	Biosystems™,	USA	

Table	4	|	List	of	software.	

	

2.		 Methods	

2.1.		Experimental	Models	

2.1.1.		Animal	studies	

Mouse	experiments	performed	during	the	course	of	this	study	were	approved	by	the	Behörde	

für	Gesundheit	und	Verbraucherschutz	of	 the	Freie	und	Hansestadt	Hamburg	 (Nr.	42/15).	All	

experiments	were	carried	out	in	strict	accordance	with	the	state	guidelines.	Mice	were	bred	and	

kept	in	the	Animal	Research	Facility	at	the	University	Medical	Center	Hamburg-Eppendorf.	All	

Animals	 were	 kept	 under	 specific	 pathogen-free	 (SPF)	 conditions	 in	 individually	 ventilated	

cages,	with	water	and	food	ad	libitum.		

For	 the	 in	vivo	 studies,	 female	 littermates,	 ages	 8-12	weeks	 old,	 were	 used.	 During	 infection	

experiments,	mice	were	monitored	daily	and	mice	with	signs	of	severe	distress	were	euthanized	

to	minimize	suffering.	
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2.1.2.		Strains	and	organisms	

Hmgb1f/f	mice	were	kindly	provided	by	Robert	Schwabe	at	Columbia	University,	New	York,	USA	

[106].		

	

Name	 Background	 	

C57BL/6J	 	 Control	group	

Hmgb1f/f	 B6.129S-Hmgb1tmRfs/J	
Exons	2-4	of	HMGB1	flanked	by	loxP	
sites	(Fig.	8A);	control	group	

Hmgb1∆hep	
B6.129S-Hmgb1tmRfs/J	x		

B6.Cg-Tg(Alb-cre)21Mgn/J	
Hepatocyte-specific	ablation	of	HMGB1	

Hmgb1∆LysM	
B6.129S-Hmgb1tmRfs/J	x		

B6.129P2-Lyz2tm1(cre)lfo/J	
Myeloid	cell-specific	ablation	of	HMGB1	

Table	5	|	Genetic	background	of	mice.	

Cell	specific	knockouts	were	generated	by	crossing	Hmgb1f/f	mice	with	albumin-Cre	[107]	and	

Lyz2-Cre	 [108]	 mice,	 resulting	 in	 hepatocyte-	 (Hmgb1∆hep)	 and	 myeloid	 cell-specific	

(Hmgb1∆LysM)	ablation	of	HMGB1	(Fig.	8).		

2.1.3.		Bacterial	infection	

Female	 mice	 between	 8	 and	 12	 weeks	 old	 were	 infected	 with	 2	 ×	 104	 wild	 type	 Listeria	

monocytogenes,	 strain	 EGD	 (Lm)	 [45]	 in	 200	 µl	 sterile	 PBS	 via	 tail	 vein	 injection.	 Bacterial	

inocula	 were	 controlled	 by	 serial	 dilutions	 and	 plating	 on	 tryptic	 soy	 agar.	 Plates	 were	

incubated	overnight	at	37	°C	and	colony	forming	units	(CFU)	were	counted	the	next	day.	Mice	

were	euthanized	and	analyzed	24	and	72	hours	post	infection	(h.p.i.)	(Fig.	5).		
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Figure	5	|	Experimental	setup	for	Listeria	monocytogenes	infection.	Female	mice	were	infected	with	
2	 ×	 104	 wild	 type	 Listeria	monocytogenes	 in	 200	 μl	 sterile	 PBS	 via	 i.v.	 injection.	 Bacterial	 burden	 and	
parameters	of	inflammation	in	the	liver	were	analyzed	24	hours	and	72	hours	following	infection.		
	

As	 a	 readout	 for	 the	 infection,	 hepatic	 bacterial	 titers	were	 determined.	 Small	 pieces	 of	 liver	

were	mechanically	homogenized	in	0.1%	Triton	X-100	in	H2O.	Suspensions	were	serially	diluted	

and	plated	on	TSB-agar	plates.	Plates	were	incubated	at	37	°C	overnight	and	CFUs	were	counted	

the	next	day	to	calculate	the	bacterial	titer.			

To	 inactivate	 the	 bacteria	 (heat-killed	 Listeria	 monocytogenes,	 HKLM),	 Listeria	 stock	 was	

incubated	 at	 60	 °C	 for	 1	 h.	 The	 sample	was	 plated	 on	 TSB	 Agar	 to	 validate	 inactivation	 and	

subsequently	stored	at	-80	°C.	

2.1.4.		In	vivo	depletion	of	HMGB1	

Antibodies	for	the	in	vivo	depletion	of	HMGB1	were	kindly	provided	by	Masahiro	Nishibori	and	

Hidenori	Wake	at	Okayama	University,	Japan	[109].	

For	the	depletion	of	HMGB1,	mice	received	daily	doses	of	100	μg	of	anti-HMGB1	antibodies	or	

IgG	 control	 antibodies	 respectively	 for	 three	 consecutive	 days	 of	 the	 infection.	 Analysis	 was	

performed	72	hours	after	infection.	

	

	

Figure	6	 |	 Experimental	 setup	 for	antibody-mediated	neutralization	and	Listeria	monocytogenes	
infection.	Mice	were	infected	with	2	×	104	wild	type	Listeria	monocytogenes	in	200	μl	sterile	PBS	via	i.v.	
injection.	Additionally,	these	mice	received	i.p.	injections	of	100	μg	anti-HMGB1	or	IgG	control	antibodies,	
respectively,	on	three	consecutive	days	of	the	infection.	Analysis	was	performed	72	hours	post	infection.		
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2.1.5.		Bone	marrow	transplantation	

For	the	generation	of	bone	marrow	chimera,	bone	marrow	transfer	was	performed	as	described	

previously	[106].	In	short,	bone	marrow	recipients	were	irradiated	using	9	Gray	for	10	min	and	

received	 4	 ×	 106	 bone	 marrow	 cells	 (see	 section	 2.2.4.)	 on	 the	 following	 day	 via	 tail	 vein	

injection.	 After	 4	 weeks	 of	 reconstitution,	 mice	 were	 infected	 with	 2	 ×	 104	 Listeria	

monocytogenes,	as	described	previously	(see	section	2.1.3.).	

2.2.		Cellular	biological	methods	

2.2.1.		Isolation	of	intrahepatic	immune	cells	

For	 the	 isolation	 of	 intrahepatic	 immune	 cells,	 the	 organ	was	 passed	 through	 a	 100	 μm	 cell	

strainer	into	a	50	ml	falcon	tube,	washed	with	PBS	and	placed	on	ice.	The	sample	was	brought	to	

a	 total	 volume	 of	 30	ml	 with	 cold	 PBS,	 centrifuged	with	 450	 ×	 g	 for	 5	min	 at	 4	 °C,	 and	 the	

supernatant	was	discarded.	The	cells	were	then	washed	with	15	ml	cold	FACS	buffer	(2.5	%	FBS	

in	 PBS),	 centrifuged	with	 450	 ×	 g	 for	 5	min	 at	 4	 °C,	 and	 the	 supernatant	 was	 discarded.	 To	

isolate	the	immune	cells	from	hepatocytes,	the	pellet	was	then	resuspended	in	37.5	%	Percoll	in	

FACS	Buffer	and	the	sample	was	centrifuged	with	450	×	g	with	the	off-brake	setting	(accelerate:	

2;	 decelerate:	 0)	 for	 30	 min	 at	 RT.	 	 The	 supernatant	 was	 then	 carefully	 taken	 off	 without	

disturbing	 the	 pellet.	 The	 leukocyte-containing	 pellet	 was	 resuspended	 in	 1	 ml	 ACK	 Lysing	

Buffer	(150	mM	NH4Cl,	10	mM	KHCO3,	0.1	mM	EDTA)	and	incubated	at	room	temperature	for	up	

to	10	min	with	frequent	inversion	in	order	to	lyse	the	red	blood	cells	in	the	sample.	Afterwards,	

10	ml	FACS	Buffer	was	added	to	the	sample	and	it	was	centrifuged	at	450	×	g	for	5	min	at	4	°C.	

The	supernatant	was	again	discarded	and	the	pellet	was	resuspended	in	1	ml	FACS	Buffer	 for	

the	subsequent	cell	counting	and	staining.	In	order	to	determine	the	cell	number,	samples	were	

diluted	 using	 trypan	 blue	 and	 cells	 were	 counted	 using	 an	 improved	 Neubauer	 Chamber	

(Hartenstein,	Germany).	

2.2.2.		FACS	staining	

For	 the	 extracellular	 FACS	 staining,	 samples	 were	 washed	 with	 200	 μl	 FACS	 buffer	 and	

centrifuged	with	1700	rpm	at	RT	for	3	min	in	FACS	tubes.	Supernatants	were	then	discarded	by	

decanting.	The	cells	were	resuspended	in	100	μl	PBS	containing	1	μl	Zombie	Aqua	dye	(1:100,	

Biolegend,	USA)	for	the	live/dead	cell	staining.	Samples	were	incubated	at	RT	in	the	dark	for	15	

min.	Afterwards,	cells	were	washed	and	centrifuged,	and	the	supernatant	was	discarded.	Cells	
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were	then	incubated	in	Fc	block	solution	containing	an	FcγIII/II	receptor	(CD16/CD32)-specific	

antibody	 (1:200)	 for	 10	 min	 at	 4	 °C	 to	 minimize	 background	 signals.	 Antibodies	 targeting	

extracellular	markers	 (Biolegend,	 USA)	were	 diluted	 in	 FACS	 buffer	 according	 to	 table	 6	 and	

added	directly	to	the	Fc	block.		

Antibody	 Final	dilution	 Clone	

APC	anti-mouse	CD11b	(101212)	 1:400	 M1/70	

PE	anti-mouse	CD11c	(117308)	 1:200	 N418	

Purified	anti-mouse	CD16/32	(101302)	 1:400	 93	

FITC	anti-mouse	F4/80	(123108)	 1:400	 BM8	

PE/Cy7	anti-mouse	F4/80	(123114)	 1:400	 BM8	

PerCP/Cy5.5	anti-mouse	Ly-6C	(128012)	 1:800	 HK1.4	

Brilliant	Violet	421™	anti-mouse	Ly-6G	(127628)	 1:400	 1A8	

Table	6	|	Flow	cytometry	antibodies.	

Samples	were	incubated	an	additional	20	min	at	4	°C.	Cells	were	washed	and	centrifuged	again.	

The	 cells	were	 then	 fixed	 using	 a	 4%	 PFA	 solution	 for	 10	min,	washed	 and	 centrifuged.	 The	

supernatant	was	discarded	and	the	samples	were	resuspended	 in	200	μl	FACS	buffer	 for	 flow	

cytometry	analysis.		

2.2.3.		Flow	cytometry	analysis	

Cell	 analysis	was	done	using	 a	BD	LSRFortessa™	 cell	 analyzer	 (BD	Biosciences,	USA).	 For	 the	

analysis,	single	color	stainings	of	each	fluorophore	as	well	as	unstained	samples	were	prepared	

in	 order	 to	 compensate	 the	 fluorescent	 channels.	 Cellular	 events	 were	 acquired	 using	 BD	

FACSDiva™	software	(BD	Biosciences,	USA)	and	subsequently	analyzed	using	FlowJo	software	

(Tree	Star,	Inc.,	USA).	Gating	strategies	are	shown	in	figure	7.		
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Figure	 7	 |	 Gating	 strategy	 for	 flow	 cytometry	 analysis	 of	 intrahepatic	 immune	 cells.	 Employing	
forward	and	sideward	scatter,	 single	 immune	cells	are	gated,	 followed	by	 live	cells	using	 the	 live/dead	
cell	marker	Zombie.	The	lower	panel	shows	the	analysis	of	live	immune	cells.	First,	using	an	anti-CD11c	
antibody,	 the	 gate	 is	 used	 to	 separate	 CD11c+	 dendritic	 cells.	 The	 center	 scatter	 plot	 is	 used	 to	
differentiate	CD11b+Ly6G+	neutrophils	and	CD11b+Ly6G-	monocytes.	The	latter	are	then	further	divided	
into	Ly6Clow	and	Ly6Chigh	monocytes	(lower	right	plot).	
	

2.2.4		 Isolation	and	differentiation	of	bone	marrow-derived	macrophages	(BMDMs)	

The	bone	marrow	was	isolated	from	the	femurs	of	Hmgb1f/f	and	Hmgb1ΔLysM	mice	and	collected	

in	a	petri	dish	containing	medium.	The	solution	was	transferred	to	a	falcon	tube	and	centrifuged	

for	10	min	at	500	×	g	at	RT.	The	cell	pellet	was	resuspended	in	5	ml	supplemented	MEM	alpha	

medium	(10	%	FBS,	1	%	antimicotic-antibiotic)	without	M-CSF,	counted	and	diluted	 to	a	 final	

concentration	 of	 5	 ×	 106	 cells/ml.	 Cells	 were	 then	 distributed	 at	 a	 concentration	 of	 250.000	

cells/well	onto	a	12-well	 tissue-culture	plate	 in	supplemented	MEM	alpha	medium	containing	

10	ng/ml	M-CSF	and	incubated	at	37	°C.	After	two	days,	fresh	medium	was	added	to	each	well	

and	after	an	additional	two	days,	the	cells	were	washed	with	PBS	and	fresh	supplemented	MEM	

alpha	medium	containing	M-CSF	was	added.	The	cells	were	considered	fully	differentiated	after	

7	to	9	days	of	incubation	with	M-CSF.	
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2.2.5.		Stimulation	of	BMDMs	using	Listeria	monocytogenes	

After	 7	 to	 9	 days	 of	 differentiation	 with	 M-CSF,	 bone	 marrow-derived	 macrophages	 were	

primed	using	IFN-γ	(0.01	μg/ml)	for	16	h	at	37	°C.	Stimulation	of	the	cells	was	then	done	using	

live	or	heat-inactivated	Listeria	monocytogenes	(MOI	=	10)	(see	section	2.1.3.).	Supernatant	from	

the	cells	was	collected	and	stored	at	 -20	 °C.	RNA	 from	cells	was	 isolated	according	 to	section	

2.3.1..	

2.2.6.		Gentamicin	protection	assay		

In	 order	 to	 quantify	 bacterial	 entry,	 intracellular	 survival	 and	 replication,	 the	 gentamicin	

protection	 assay	 was	 performed	 as	 described	 previously	 [110].	 Bone	 marrow-derived	

macrophages	were	washed	 three	 times	with	 PBS	 to	 remove	 all	 traces	 of	 antibiotics	 from	 the	

cells	and	subsequently	infected	with	Listeria	monocytogenes	(MOI	=	10)	and	incubated	for	1	h	at	

37	 °C.	The	cells	were	 then	washed	 three	 times	with	PBS	 to	remove	extracellular	bacteria	and	

fully	supplemented	medium	containing	gentamicin	(200	μg/ml)	was	added.	After	30	min,	cells	

were	again	washed	with	PBS.	Cells	in	one	part	of	the	wells	were	then	lysed	using	0.1	%	Triton	X-

100	in	ddH2O	and	lysates	were	plated	on	TSB	agar	plates.	This	time	point	is	considered	0	hours	

post	 infection.	 The	 rest	 of	 the	 wells	 containing	 cells	 were	 incubated	 for	 another	 2	 and	 4	 h	

respectively	 with	 fully-supplemented	 medium	 and	 then	 lysed	 and	 plated	 like	 the	 first	 time	

point.	Agar	plates	were	then	incubated	at	37	°C	overnight	and	bacterial	colonies	subsequently	

quantified.			

2.2.7.		Isolation	of	bone	marrow-derived	neutrophils	(PMNs)	

For	 the	 isolation	 of	 bone	 marrow-derived	 polymorphonuclear	 neutrophils	 (PMNs),	 isolated	

bone	 marrow	 from	 femurs	 and	 tibias	 of	 Hmgb1f/f	 and	 Hmgb1ΔLysM	 mice	 was	 suspended	 in	

medium	 (RPMI)	 supplemented	 with	 2	 mM	 EDTA	 and	 filtered	 through	 a	 100	 µm	 filter.	 The	

solution	was	 centrifuged	 (500	×	 g,	 7	min)	 and	 the	 supernatant	 subsequently	discarded.	Next,	

hypotonic	lysis	was	performed	in	order	to	lyse	the	red	blood	cells.	The	pellet	was	resuspended	

in	5	ml	of	0.2	%	NaCl	solution	and	after	20	s	5	ml	of	1.6	%	NaCl	solution	was	added.	The	sample	

was	then	again	centrifuged	and	the	supernatant	discarded.	Afterwards,	 the	cells	were	washed	

with	medium	 supplemented	with	 1	mM	EDTA,	 centrifuged	 and	 resuspended	 in	 1	ml	 PBS.	 To	

separate	the	neutrophils	from	the	rest	of	the	cells,	a	gradient	was	performed.	Histopaque	1119	

(3	 ml)	 was	 overlaid	 with	 Histopaque	 1077	 (3	 ml),	 which	 in	 turn	 was	 overlaid	 with	 the	 cell	

suspension.	 The	 gradient	 was	 centrifuged	 (30	 min,	 2000	 rpm,	 RT,	 without	 brake)	 and	 the	
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neutrophils	were	collected	at	the	interface	of	the	two	Histopaque	layers.	The	cells	were	washed	

twice	with	medium,	counted	and	checked	for	viability.	

2.2.8.		Neutrophil	killing	assay	

After	the	neutrophils	were	isolated,	their	ability	to	control	the	bacterial	infection	was	analyzed.	

For	 this,	neutrophils	were	seated	onto	96	well	plates	and	rested	 for	1	h	at	37	°C.	Afterwards,	

cells	were	 infected	with	Listeria	monocytogenes	 (MOI	=	0.05)	and	incubated	for	1	and	4	hours	

respectively	 at	37	 °C.	Neutrophils	were	 then	 lysed	by	 the	 addition	of	Triton	X-100	and	 serial	

dilutions	of	the	samples	were	plated	on	TSB	agar	plates.	After	incubating	the	plates	overnight,	

bacterial	colonies	were	counted	and	bacterial	killing	was	calculated.	

2.2.9.	Annexin	V	staining	

Isolated	 bone	 marrow-derived	 neutrophils	 were	 used	 to	 analyze	 the	 induction	 of	 apoptosis.	

Cells	 were	 again	 seeded	 onto	 96	 well	 plates	 and	 rested	 for	 10	 min	 at	 37	 °C.	 Listeria	

monocytogenes	(MOI	=	10)	were	added	to	the	wells	and	the	cells	were	incubated	for	2	hours	at	

37	°C.	After	the	infection,	the	cells	were	transferred	to	FACS	tubes	and	the	wells	were	washed	

twice	 with	 PBS.	 PMNs	 were	 stained	 for	 extracellular	 markers	 according	 to	 section	 2.2.2.,	

followed	by	the	staining	with	PE	Annexin	V	(1:20)	in	Binding	Buffer	(BD	Biosciences,	USA)	for	

15	min	at	RT	in	the	dark.	Afterwards,	200	µl	Binding	Buffer	was	added	to	each	sample	and	the	

samples	were	analyzed	according	to	section	2.2.3..	

2.3.		Molecular	biological	methods	

2.3.1.		RNA	isolation,	cDNA	synthesis	and	qRT-PCR	

RNA	from	tissue	and	cell	culture	was	extracted	using	the	NucleoSpin®	RNA	kit	(Macherey	Nagel	

GmbH	und	Co.	KG,	Germany)	according	to	manufacturer’s	instructions.	RNA	concentration	was	

determined	 using	 a	 ND-1000	 spectrophotometer	 (NanoDrop	 Technologies,	 USA).	 cDNA	 was	

synthesized	 using	 the	 High-Capacity	 cDNA	 Reverse	 Transcription	 Kit	 (Applied	 Biosystems™,	

USA)	with	a	starting	amount	of	2	µg	RNA	from	tissue	samples	and	150	ng	from	cell	culture.		

To	 determine	 expression	 levels	 of	 pro-	 and	 anti-inflammatory	 genes	 in	 liver	 and	 cell	 lysates,	

qualitative	real-time	polymerase	chain	reaction	(qRT-PCR)	was	performed.	Primers	and	Probes	
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used	 for	 specific	 recognition	 of	 transcripts	 are	 listed	 in	 table	 7	 (Taqman™	 Gene	 Expression	

Assays,	Applied	Biosystems,	USA).		

TaqMan®	Gene	Expression	Assays	 Identification	

Adgre1	 Mm00802529_m1	

Arg-1	 Mm00475988_m1	

Ccl2	 Mm00441242_m1	

Cxcl2	 Mm00436450_m1	

Hmgb1	 Mm04205650_gH	

Ifng	 Mm01168134_m1	

Il-1b	 Mm00434228_m1	

Il-6	 Mm00446190_m1	

Nos2	 Mm00440502_m1	

Tnfa	 Mm00443258_m1	

Table	7	|	TaqMan®	Gene	Expression	Assays.	

qRT-PCR	was	performed	using	TaqMan™	Universal	PCR	Master	Mix	(Applied	Biosystems,	USA)	

in	an	ABI	Viia7	(Applied	Biosystems,	USA)	under	the	following	conditions:	UNG	incubation	50	°C	

2	 min;	 polymerase	 activation	 95	 °C	 10	 min;	 40	 cycles	 denaturation	 95	 °C	 15	 s	 and	

anneal/extend	60	°C	1	min.	Samples	were	normalized	to	18S	by	comparative	CT	(ΔΔCT).		

2.3.2.		Western	Blot	

For	the	isolation	of	protein	from	liver	tissue,	RIPA	buffer	(50	mM	Tris/Hcl,	150	mM	NaCl,	pH	7.4,	

1	%	Triton	X-100,	50	mM	NaF,	2	mM	EDTA,	10	%	Glycerol)	was	supplemented	with	proteinase	

and	 phosphatase	 inhibitors	 (10	 mM	 Benzamidine,	 2	 mM	 Sodium	 orthovanadate,	 1	 µg/ml	

Leupeptin,	3.4	µg/ml	Aprotinin,	1	mM	PMSF).	1	ml	supplemented	RIPA	Buffer	per	100	mg	tissue	

was	added	to	the	frozen	samples	and	the	tissue	was	then	homogenized	on	ice	using	pistils.	After	

incubation	of	the	samples	for	5	min	on	ice,	the	samples	were	centrifuged	for	20	min	with	2500	g	

at	 4	 °C.	 Protein	 concentration	was	determined	using	 the	BCA	Protein	Assay	Kit	 (Pierce,	USA)	

according	 to	 the	provided	 instructions	and	 subsequently	diluted	 to	 the	desired	 concentration	

and	supplemented	with	5×	Laemmli	Buffer	(250	mM	Tris/HCl,	10%	SDS,	50%	Glycerol,	0.5	M	

DTT).		
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30	-	45	µg	of	protein	isolated	from	liver	tissue	was	denatured	at	95	°C	for	5	min,	separated	on	a	

16	%	polyacrylamide	gel	and	blotted	onto	a	0.2	µm	PVDF	transfer	membrane	(Thermo	Fisher,	

USA).		

Antibody	 Dilution	 Source	

anti-HMGB1	(neutralization)		 1:200	
Masahiro	Nishibori	and	Hidenori	
Wake,	Okayama	University,	Japan	

IgG	Ctrl	(neutralization)	 1:200	 Masahiro	Nishibori	and	Hidenori	
Wake,	Okayama	University,	Japan	

HMGB1	(ab18256)	 1:1000	 Abcam,	USA	

LC3	(2775)	 1:500	 Cell	Signaling	Technology,	Inc.,	USA	

SQSTM1	/	p62	(ab109012)	 1:4000	 Abcam,	USA	

α-Tubulin	(3873)	 1:5000	 Cell	Signaling	Technology,	Inc.,	USA	

β-Actin	(A5441)	 1:5000	 Sigma-Aldrich,	Germany	

HRP-linked	anti-rabbit	IgG	
(7074)	

1:10000	 Cell	Signaling	Technology,	Inc.,	USA	

HRP-linked	anti-rat	IgG	(61-
9520)	

1:10000	 Invitrogen™,	USA	

HRP-linked	anti-mouse	IgG	
(7076)	 1:10000	 Cell	Signaling	Technology,	Inc.,	USA	

Table	8	|	Primary	antibodies	for	western	blot	analyses.	

Blocking	reagent	used	was	TBS-T	with	5	%	non-fat	dry	milk	and	membranes	were	washed	three	

times	 using	 TBS-T	 after	 primary	 and	 secondary	 antibodies.	 Primary	 antibodies	 for	 protein	

detection	are	 listed	 in	 table	8.	After	 incubation	with	HRP-linked	secondary	antibodies,	 signals	

were	visualized	using	Super	 Signal	West	Dura	Chemiluminescent	 Substrate	 (Pierce,	USA)	 and	

Fusion	FX	Imager	(Vilber,	France).	Densitometry	analysis	for	the	quantification	of	proteins	was	

performed	 using	 Fusion	 FX	 Evolution	 Capt	 software	 (Vilber	 Lourmat,	 France).	 Normalization	

was	performed	with	α-Tubulin	or	β-Actin,	respectively.		

2.3.3.		ELISA	

The	HMGB1	ELISA	(IBL	International,	Germany)	for	analysis	of	serum	samples	as	well	as	tissue	

culture	 supernatants	 was	 performed	 according	 to	 the	 manufacturer’s	 protocol.	 Signals	 were	

detected	 at	 450	 nm	 (wavelength	 correction:	 620	 nm)	 using	 an	 ELISA	 reader	 (Infinite®	 F50	

microplate	reader,	Tecan	Trading	AG,	Switzerland).	Serum	IFN-γ	and	IL-1β	levels	in	mouse	sera	
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were	 determined	 using	 R&D	 systems	 ELISAs	 (R&D	 Systems,	 USA)	 according	 to	 provided	

protocols.	Samples	and	standard	dilutions	were	detected	at	450	nm	with	wavelength	correction	

at	540	nm.	

2.3.4.		Nanostring	

For	 the	 gene	 expression	 analysis	 of	 liver	 samples	 the	 nCounter®	 mouse	 myeloid	 innate	

immunity	panel	V2	(Nanostring	Technologies,	Inc.,	USA)	was	used,	which	comprises	754	unique	

gene	barcodes	 in	19	pathways	 for	7	different	myeloid	 cell	 types.	50	ng	of	RNA	was	prepared	

according	 to	 the	manufacturer’s	 protocol	 and	 subsequently	 analyzed	 on	 a	 nCounter®	 SPRINT	

Profiler.	Collected	data	was	normalized	and	analyzed	using	nSolver	 analysis	 software	version	

4.0	and	no	low-count	quality	control	flags	were	observed	for	any	of	the	samples.	Visualization	of	

the	 normalized	 counts	 of	 differentially	 expressed	 genes	 was	 performed	 using	 the	 statistical	

framework	R	(v3.5.1)	and	an	over-representation	enrichment	analysis	for	GeneOntology-terms	

(Biological	Process)	was	carried	out	with	WebGestalt	(vfcc27621)	[111].	Genes	with	an	FDR	<	

0.05	 for	 the	 comparison	within	 control	 groups/injected	 groups	were	 considered	 significantly	

differentially	expressed.		

2.4.		Histology	

2.4.1.		Preparation	of	samples	

For	 the	 preparation	 of	 paraffin-embedded	 tissue	 sections,	 liver	 samples	 were	 fixed	 in	 4	 %	

formalin	 (Roti®-Histofix,	 Carl	 Roth,	 Germany)	 at	 4	 °C	 for	 24	 h.	 Subsequent	 dehydration	 and	

paraffin	 embedding	 of	 the	 samples	 were	 performed	 in	 the	 Institute	 of	 Pathology	 at	 the	

University	Medical	Center	Hamburg-Eppendorf.	For	all	 immunohistochemistry	stainings,	4	μm	

paraffin	 sections	of	mouse	 livers	on	 superfrost	 slides	were	 initially	deparaffinized	 (4	×	5	min	

Xylene),	rehydrated	using	a	descending	ethanol	series	(4	min	each:	100	%	EtOH,	90	%	EtOH,	70	

%	EtOH,	50	%	EtOH)	and	washed	in	ddH2O.	Dehydration	after	the	staining,	was	performed	using	

an	ascending	ethanol	series	(50	%	dip	twice,	70	%	30	s,	90	%	1	min,	100	%	2	min)	and	xylene	(3	

×	5	min).		

For	the	preparation	of	frozen	tissue	sections,	liver	samples	were	fixed	in	4	%	PFA	at	4	°C	for	24	

h.	Afterwards,	samples	were	incubated	in	30	%	sucrose	at	4	°C	for	24	h	and	finally	embedded	in	

Tissue-Tek®	and	stored	at	-20	°C.	For	all	immunofluorescence	stainings,	6	μm	cryostat	sections	

were	mounted	onto	superfrost	slides	and	stored	at	-20	°C	until	stained.		
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All	antibodies	for	the	immunohistochemical	and	immunofluorescent	stainings	are	listed	in	table	

9.	

Antibody	 Dilution	 Source	

CD45	(ab10558)	 IHC-P:	1:1000	 Abcam,	USA	

F4/80	(123102)	
IHC-P:	1:100	
IF:	1:100	

BioLegend,	Inc.,	USA	

HMGB1	(ab18256)	
IHC-P:	1:1000	
IF:	1:100	

Abcam,	USA	

Listeria	monocytogenes	(ab35132)	 IHC-P:	1:400	 Abcam,	USA	

Ly6G-PE	(127608)	 IF:	1:100	 BioLegend,	Inc.,	USA	

SQSTM1	/	p62	(ab109012)	 IF:	1:400	 Abcam,	USA	

Table	9	|	Primary	antibodies	for	immunohistochemical	and	immunofluorescence	stainings.	

2.4.2.		Hematoxylin-Eosin	staining	

For	 the	 hematoxylin-eosin	 staining,	 rehydrated	 tissue	 sections	 (as	 described	 in	 2.4.1.)	 were	

incubated	in	hematoxylin	for	10	min,	followed	by	15	min	under	running	tap	water.	Afterwards,	

slides	 were	 stained	 for	 1	 min	 in	 an	 acidified	 eosin	 solution.	 After	 being	 dehydrated,	 tissue	

sections	were	mounted	using	Entellan.		

2.4.3.		Immunohistochemistry	

For	 immunohistochemical	 stainings,	 rehydrated	 tissue	 sections	 (as	 described	 in	 2.4.1.)	 were	

cooked	 in	 plastic	 cuvettes	 in	 citrate	 buffer	 (10	 mM	 tri-sodium	 citrate	 dihydrate,	 0.05	 %	

Tween20;	pH	6.0)	in	a	microwave	for	20	min.	Slides	were	then	rinsed	with	PBS-T,	followed	by	

10	 min	 incubation	 in	 3	 %	 H2O2	 in	 methanol	 to	 block	 endogenous	 peroxidase	 activity.	

Subsequent	washing	steps	were	always	performed	three	times	for	2	min	in	PBS-T.	After	being	

washed,	 tissue	 sections	were	covered	with	protein	blocking	 solution	and	 incubated	 for	30-90	

min	 in	a	humid	chamber	at	RT.	Afterwards,	 the	 tissue	sections	were	drained	and	rinsed	with	

PBS-T,	covered	with	the	primary	antibody	and	incubated	overnight	in	a	humid	chamber	at	4	°C.	

If	 the	 host	 species	 of	 the	 primary	 antibody	 is	 rat,	 the	 slides	 were	 then	 incubated	 with	 a	

secondary	 antibody	 (rabbit	 anti-rat	 IgG,	 HRP	 (61-9520,	 Invitrogen™,	 USA),	 1:200)	 and	

incubated	 for	60	min	 in	a	humid	chamber	at	RT.	After	being	washed,	 the	slides	were	covered	

with	 the	 serum	block	 (2	%	normal	 goat	 serum	 in	PBS)	 and	 incubated	 for	10	min	 in	 a	 humid	
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chamber	 at	 RT.	 The	 sections	 were	 then	 rinsed	 and	 incubated	 with	 the	 secondary/tertiary	

antibody	(Dako	Envision	labeled	polymer	HRP-conjugate	anti-rabbit)	for	30-60	min	in	a	humid	

chamber	at	RT.	Afterwards,	the	tissue	sections	were	washed	and	incubated	with	DAB	substrate	

until	 brown	 to	 visualize	 the	 staining.	 Last,	 the	 slides	 were	 counterstained	with	 hematoxylin,	

dehydrated	and	mounted	using	Entellan.		

2.4.4.		Immunofluorescence	

For	the	 immunofluorescence	stainings,	cryostat	sections	were	washed	 in	PBS	(2	×	5	min)	and	

blocked	using	1	%	BSA	in	PBS	for	60	min	at	RT.	The	blocking	solution	was	then	tipped	from	the	

slides	and	the	slides	were	incubated	with	the	primary	antibody	solution	overnight	 in	a	humid	

chamber	at	4	°C.	After	being	washed	in	PBS	(2	×	5	min),	the	sections	were	incubated	with	the	

secondary	 antibody	 or	 fluorophore-linked	 antibody	 for	 60	 min	 in	 a	 humid	 chamber	 at	 RT.	

Afterwards,	 the	sections	were	washed	 in	PBS	 (2	×	5	min)	again	and	 incubated	 in	a	HOECHST	

solution	(1:10,000	in	PBS)	for	1	min.	The	sections	were	then	washed	once	more	in	PBS	(2	×	5	

min),	mounted	using	Dako	Fluoromount	and	stored	at	4	°C.		

Antibody	 Dilution	 Source	

goat	anti-rabbit	IgG,	Alexa	Fluor	555	(A-21428)	 IF:	1:1000	 Invitrogen™,	USA	

goat	anti-rabbit	IgG,	Alexa	Fluor	488	(A11008)	 IF:	1:1000	 Invitrogen™,	USA	

Table	10	|	Secondary	antibodies	for	immunofluorescence	stainings.	

2.4.5.		TUNEL	staining	

TUNEL	staining	of	cryostat	sections	was	performed	according	to	the	protocol	provided	with	the	

In	Situ	Cell	Death	Detection	Kit	(Roche,	Germany).	In	short,	tissue	sections	were	permeabilized	

using	Proteinase	K	 in	Tris/HCl	 for	 20	min	 at	 37	 °C.	After	washing	 the	 sections	with	PBS,	 the	

TUNEL	 reaction	mixture	was	 given	 onto	 the	 sections	 and	 incubated	 for	 60	min	 at	 37	 °C	 in	 a	

humid	chamber.	The	slides	were	then	washed	in	PBS,	counterstained	using	HOECHST	(1:10,000	

in	 PBS)	 for	 1	 min,	 washed	 in	 PBS	 once	 more	 and	 mounted	 using	 Dako	 Fluoromount.	 The	

sections	were	 dried	 at	 RT	 and	 subsequently	 stored	 at	 4	 °C.	 The	 area	 positive	 for	 the	 TUNEL	

staining	was	quantified	using	black/white	ratio	in	ImageJ.	
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2.5.		Statistical	analysis	

All	results	are	expressed	as	mean	±	SEM,	except	for	bacterial	titers,	which	are	shown	with	their	

median.	 Data	 was	 analyzed	 using	 Graphpad	 Prism	 8.	 For	 comparison	 of	 two	 groups,	 Mann-

Whitney	test	was	used,	for	multiple	groups,	Kruskal-Wallis	test	with	Dunn’s	post-test.	A	p-value	

<	0.05	was	considered	statistically	significant.		
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III.		Results	

1.		 Efficient	cell-specific	depletion	of	HMGB1	

The	study	of	HMGB1	during	sterile	and	 infectious	 inflammation	was	 long	 impaired	due	to	 the	

early	postnatal	lethality	of	mice	with	a	global	genetic	HMGB1	knockout	[112].	Only	during	the	

last	 years,	 several	 cell-specific	 HMGB1	 knockouts	 using	 the	 Cre-Lox	 system	 have	 been	

developed	[106,113].	The	hepatocyte-specific	knockout	of	HMGB1	was	studied	extensively	and	

subsequently	 shown	 to	have	no	defects	 in	 autophagy,	 regulation	of	 gene	 expression	or	organ	

function.	 	 Additionally,	 this	 was	 also	 shown	 for	 mouse	 embryonic	 fibroblasts	 and	

cardiomyocytes	[106].		

In	 this	study,	HMGB1	was	depleted	using	 floxed	mice	(Hmgb1f/f),	 in	which	 the	 loxP	sites	span	

exons	2	–	4	of	the	Hmgb1	gene	(Fig.	8A),	encoding	156	of	215	amino	acids	of	Hmgb1.	Mating	of	

these	mice	with	albumin-Cre	and	LysM-Cre	mice	resulted	 in	 the	efficient	depletion	of	HMGB1	

from	 albumin-producing	 cells,	 which	 are	 mainly	 hepatocytes,	 (Hmgb1Δhep)	 and	 myeloid	 cells	

(Hmgb1ΔLysM),	 respectively	 (Fig.	 8B).	 Analysis	 of	 gene	 expression	 and	 protein	 localization	 of	

HMGB1	via	histological,	western	blot	and	qRT-PCR	analysis	 (5-fold	reduction)	shows	efficient	

depletion	of	HMGB1	from	hepatocytes	in	Hmgb1Δhep	mice	compared	to	control	mice	(Fig.	8C-D).	

Analysis	 of	 isolated	 bone	marrow-derived	macrophages	 (BMDMs)	 demonstrated	 comparable	

reduction	 of	 HMGB1	 expression	 on	 RNA	 (5-fold	 reduction)	 and	 protein	 level	 in	 Hmgb1ΔLysM	

compared	to	Hmgb1f/f	mice	(Fig.	8D).	Additionally,	histological	analysis	of	HMGB1	expression	in	

Kupffer	cells	clearly	showed	reduced	numbers	of	HMGB1+	and	F4/80+	Kupffer	cells	in	the	livers	

of	Hmgb1ΔLysM	mice	compared	to	Hmgb1f/f	mice	(Fig.	8F).		
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Figure	8	|	Efficient	cell-specific	depletion	of	HMGB1.	Hmgb1	gene	 including	 loxP	sites	(A)	as	well	as	
deletion	 strategy	 using	 cell-specific	 Cre	mice	 (B).	 HMGB1	 protein	 expression	 in	 the	 liver	 of	 untreated	
Hmgb1f/f	and	 Hmgb1Δhep	 mice	 (C,	 immunohistochemical	 staining).	 HMGB1	 protein	 levels	 (D,	 WB)	 and	
Hmgb1	 expression	 levels	 (E,	 qRT-PCR)	 in	 whole-liver	 lysates	 and	 isolated	 BMDMs	 of	 the	 indicated	
genotypes	(n	=	3	-	4	mice	per	group).	All	expression	levels	were	normalized	to	18S	and	are	shown	as	fold	
induction	 (ΔΔCT).	 Protein	 expression	 of	 F4/80	 and	 HMGB1	 in	 the	 livers	 of	 untreated	 Hmgb1f/f	and	
Hmgb1ΔLysM	mice	 (F,	 immunofluorescent	 staining;	arrow	heads	show	HMGB1-proficient	F4/80+	 cells	on	
the	left,	and	HMGB1-deficient	F4/80+	cells	on	the	right).	Scale	bars	=	100	μm	(C)	and	50	μm	(F).	*	p	<	0.05.			
	

2.		 Antibody-mediated	 HMGB1	 neutralization	 impairs	 defense	 against	 Listeria	
monocytogenes	

Previous	studies	employing	antibody-mediated	HMGB1	neutralization	demonstrated	beneficial	

effects	 during	 LPS-induced	 shock	 and	 polymicrobial	 abdominal	 sepsis	 [14,37].	 Therefore,	 the	
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first	aim	was	to	ascertain	whether	this	effect	of	antibody-mediated	neutralization	of	HMGB1	on	

the	immune	reaction	could	also	be	seen	towards	systemic	infection	with	Listeria	monocytogenes.		

Wild	 type	 mice	 were	 infected	 intravenously	 with	 Listeria	monocytogenes	 and	 concomitantly	

received	 three	 consecutive	 intraperitoneal	 injections	 of	HMGB1-neutralizing	 antibodies	 (anti-

HMGB1)	or	control	antibodies	(IgG	Ctrl),	respectively.	The	antibodies	used	are	well-established	

[109,114,115]	 and	 their	 affinity	 towards	 HMGB1	was	 confirmed	 using	western	 blot	 analysis,	

demonstrating	the	absent	binding	of	the	control	antibody	to	HMGB1	(Fig.	9A).		

In	contrast	though	to	previous	studies,	after	three	days	of	infection,	mice	that	received	HMGB1-	

neutralizing	antibodies	displayed	a	10-fold	increase	of	bacterial	burden	in	the	liver	(p	=	0.0140),	

compared	 to	 mice	 treated	 with	 IgG	 Ctrl	 antibodies	 (Fig.	 9B).	 HE	 stainings	 of	 liver	 sections	

showed	 characteristic	 granuloma	 formation	 in	 both	 treatment	 groups	 (Fig.	 10A)	 and	

immunohistochemical	 staining	 of	 Listeria	 monocytogenes	 revealed	 localization	 of	 bacteria	

within	these	granulomas	(Fig.	9C).		

	

	

Figure	 9	 |	 Hepatic	 bacterial	 burden	 following	 antibody-mediated	 HMGB1	 neutralization.	 WB	
analysis	of	HMGB1-neutralizing	antibody	(anti-HMGB1),	IgG	control	antibody	(IgG	Ctrl)	and	a-Tubulin	of	
wild-type	whole-liver	lysates	(A).	Hepatic	bacterial	burden	(B,	n	=	7	–	8	mice	per	group)	and	localization	
of	Listeria	monocytogenes	in	the	liver	(C,	immunohistochemical	staining)	of	IgG	control-	and	anti-HMGB1-
treated	mice	 (n	=	7	–	8	mice	per	group)	72	hours	after	 i.v.-injection	of	2	×	104	Listeria	monocytogenes.	
Scale	bars	=	200	μm	(a,	c)	and	50	μm	(b,	d).	*	p	<	0.05.			
	



Results	
	

36	

Gene	 expression	 analysis	 of	 both	 treatment	 groups	 revealed	 that	 Listeria	 infection	 was	

accompanied	by	induction	of	pro-inflammatory	cytokines	and	chemokines	like	Ccl2,	Tnfa,	Ifng,	

Il1b	and	Nos2	(Fig.	10B).	Whereas	the	expression	of	Tnfa,	Ifng	and	Il1b	was	comparable	between	

both	groups,	 expression	of	Ccl2,	a	 chemokine	which	promotes	 the	hepatic	 infiltration	of	bone	

marrow-derived	 CCR2-expressing	 monocytes	 [116,117],	 and	 Nos2	 was	 increased	 3.8-fold	 in	

mice	 treated	 with	 anti-HMGB1	 antibodies	 compared	 to	 the	 control	 group	 (p(Ccl2)	 =	 0.0293,	

p(Nos2)	=	0.0426).	This	demonstrates	the	intact	induction	of	an	immune	response,	accompanied	

by	 increased	 expression	 of	 pro-inflammatory	 mediators	 in	 line	 with	 the	 increased	 bacterial	

burden	in	the	liver.	

	

	

Figure	10	|	Hepatic	inflammation	following	antibody-mediated	HMGB1	neutralization.	HE	staining	
of	liver	sections	of	mice	treated	with	either	IgG	control	antibodies	or	anti-HMGB1	antibodies,	repectively,	
and	 infected	with	2	×	104	Listeria	monocytogenes	 for	72	hours,	as	well	as	control	mice	treated	with	the	
respective	antibodies	and	PBS	(A).	RNA	expression	levels	of	pro-inflammatory	genes	of	IgG	control-	and	
anti-HMGB1-treated	mice	(n	=	6	–	8	mice	per	group)	72	hours	post	infection	were	determined	using	qRT-
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PCR	(B).	All	expression	levels	were	normalized	to	18S	and	are	shown	as	fold	induction	(ΔΔCT)	compared	
to	untreated	mice.	Scale	bars	=	200	μm	(a,	c,	e,	g)	and	50	μm	(b,	d,	f,	h).	*	p	<	0.05.	
	

Clearance	of	Listeria	monocytogenes	from	the	liver	relies	on	adequate	infiltration	of	monocytes	

and	neutrophils	into	the	liver	[57].	CD45	immunohistochemical	staining	depicts	the	infiltration	

of	immune	cells	into	the	liver	72	hours	after	the	infection,	comparable	in	mice	treated	with	anti-

HMGB1	 as	 well	 as	 IgG	 control	 antibodies	 (Fig.	 11A).	 Consistent	 with	 this,	 flow	 cytometry	

analysis	 of	 intrahepatic	 immune	 cells	 revealed	 increased	 numbers	 of	 CD11c+	 dendritic	 cells,	

CD11b+Ly6G+	neutrophils	and	CD11b+Ly6G-Ly6Chi	inflammatory	monocytes	in	the	liver	in	both	

groups	 after	 72	 hours	 (Fig.	 11B).	 Whereas	 numbers	 of	 dendritic	 cells	 as	 well	 as	 pro-

inflammatory	 monocytes	 were	 comparable	 between	 both	 treatment	 groups,	 neutrophil	

infiltration	 was	 only	 increased	 by	 trend	 in	 mice	 treated	 with	 anti-HMGB1	 antibodies,	 even	

though	the	hepatic	bacterial	burden	showed	a	10-fold	increase	in	these	mice.	
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Figure	11	 |	 Immune	cell	 infiltration	 following	antibody-mediated	HMGB1	neutralization.	 Protein	
expression	 of	 CD45	 (A,	 immunohistochemical	 staining)	 in	 the	 livers	 of	 mice	 treated	 with	 IgG	 control	
antibodies	or	anti-HMGB1	antibodies	72	hours	after	 injection	of	2	×	104	Listeria	monocytogenes	or	PBS,	
respectively.	Flow	cytometry	analysis	was	used	to	determine	 infiltrating	 intrahepatic	 immune	cells	 (B).	
Relative	numbers	of	CD11c+	dendritic	cells,	CD11b+Ly6G+	neutrophils	and	CD11b+Ly6G-Ly6Chi	monocytes	
are	shown	for	indicated	treatments	(n	=	6	–	8	mice	per	group).	Scale	bars	=	200	μm	(a,	c,	e,	g)	and	50	μm	
(b,	d,	f,	h).		
	

These	results	indicate	that	antibody-mediated	neutralization	of	extracellular	HMGB1	during	the	

systemic	infection	with	Listeria	monocytogenes	leads	to	impaired	control	of	bacterial	growth	in	

spite	of	a	suitable	induction	of	hepatic	inflammation	and	that	extracellular	HMGB1	is	necessary	

for	 an	 adequate	 control	 of	 the	 infection.	 This	 effect	 of	 antibody-mediated	 neutralization	 of	

extracellular	HMGB1	also	stands	in	contrast	to	the	proposed	intracellular	role	of	HMGB1	during	

systemic	Listeriosis[113].	
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3.		 Hepatocyte-derived	 HMGB1	 is	 dispensable	 for	 the	 immune	 response	 to	
infection	with	Listeria	monocytogenes	

During	 systemic	 listeriosis,	 hepatic	 Kupffer	 cells	 and	 splenic	macrophages	 phagocytize	 blood	

borne	 bacteria.	 In	 the	 liver,	 bacteria	 afterwards	 migrate	 from	 Kupffer	 cells	 directly	 into	

hepatocytes	 while	 inducing	 an	 immune	 reaction	 [50].	 Hepatocyte-derived	 HMGB1	 has	

previously	been	shown	to	be	a	key	driver	of	post-necrotic	inflammation	in	the	liver	[33,34,118],	

therefore,	 the	 role	 of	 hepatocyte-derived	 HMGB1	 during	 the	 infection	 with	 Listeria	

monocytogenes	was	analyzed	next.	

To	 investigate	 whether	 anti-bacterial	 immune	 responses	 are	 affected	 by	 hepatocyte-derived	

HMGB1,	 hepatocyte	 specific	 knockout	 mice	 of	 HMGB1	 were	 infected	 with	 Listeria	

monocytogenes	and	analyzed	24	and	72	hours	after	the	infection.	In	contrast	to	its	role	in	sterile	

inflammation	 [34],	 depletion	 of	 hepatocyte-derived	 HMGB1	 did	 not	 influence	 the	 hepatic	

bacterial	burden	in	Hmgb1Δhep	compared	to	control	Hmgb1f/f	mice	(Fig.	12A).	The	development	

of	 microabscesses	 in	 the	 liver	 24	 hours	 after	 the	 infection	 as	 well	 as	 the	 progression	 to	

granulomas	 72	 hours	 post	 infection	 was	 also	 similar	 in	 both	 groups	 (Fig.	 12D).	 In	 addition,	

induction	 of	 pro-inflammatory	 cytokines	 and	 chemokines	 such	 as	 CCL2,	 IFN-γ	 and	 iNOS	 (Fig.	

12E),	 as	 well	 as	 the	 amount	 of	 infiltrating	 immune	 cells	 like	 CD11c+	 dendritic	 cells,	

CD11b+Ly6G+	 neutrophils	 and	 CD11b+Ly6G-Ly6Chi	 inflammatory	monocytes	were	 comparable	

between	both	groups	24	and	72	hours	post	infection	with	Listeria	monocytogenes	(Fig.	13A).		
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Figure	12	|	Listeria	infection	in	mice	with	hepatocyte-specific	depletion	of	HMGB1.	Bacterial	titers	
in	the	livers	of	Hmgb1f/f	and	Hmgb1Δhep	mice	(n	=	6	–	9	mice	per	group)	24	and	72	hours	after	infection	
with	Listeria	monocytogenes	(A).	Expression	levels	of	Hmgb1	RNA	in	whole-liver	lysates	over	the	course	
of	 the	 infection	 analyzed	 via	 qRT-PCR	 (B).	 Serum	 levels	 of	 HMGB1	 0	 and	 72	 hours	 after	 infection	 (C,	
ELISA).	HE	staining	of	liver	sections	of	Hmgb1f/f	and	Hmgb1Δhep	mice	24	and	72	hours	after	infection	(D).	
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Gene	expression	analysis	of	whole-liver	 lysates	using	qRT-PCR	over	 the	 course	of	 the	 infection	 (E).	All	
expression	levels	were	normalized	to	18S	and	are	shown	as	fold	induction	(ΔΔCT).	Scale	bars	=	200	μm	(a,	
c,	e,	g,	i,	k)	and	50	μm	(b,	d,	f,	h,	j,	l).	**	p	<	0.01,	***	p	<	0.001.		
	

Despite	efficient	deletion	of	Hmgb1	expression	from	hepatocytes	of	Hmgb1Δhep	mice	(Fig.	8C-E,	

Fig.	12B),	circulating	HMGB1	levels	in	the	serum	of	Hmgb1f/f	and	Hmgb1Δhep	mice	were	elevated	

after	 bacterial	 infection	 (Fig.	 12C),	 but	 to	 a	 similar	 extent,	 indicating	 release	 of	HMGB1	 from	

other	 cells	 than	 hepatocytes.	 Additionally,	 immunohistochemical	 staining	 of	 HMGB1	 in	 the	

livers	72	hours	post	infection	showed	no	translocation	of	HMGB1	from	the	nuclei	of	hepatocytes	

into	the	cytoplasm	(Fig.	13B),	which	is	considered	a	step	in	the	secretion	mechanism	of	HMGB1	

[119].	The	staining	also	revealed	strong	HMGB1	localization	in	immune	cells	within	granulomas,	

and	even	a	 few	cells	 that	 seemed	 to	have	 secreted	HMGB1,	due	 to	 their	 lack	of	 staining.	This	

suggests	 that	 tissue-resident	 or	 infiltrating	 innate	 immune	 cells	 could	 be	 responsible	 for	 the	

increased	serum	levels	of	HMGB1	after	the	infection	and	that	myeloid	cell-derived	HMGB1	could	

be	orchestrating	the	immune	response	towards	Listeria	monocytogenes.	
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Figure	13	|	HMGB1	protein	expression	and	immune	cell	infiltration	following	Listeria	infection	in	
Hmgb1Δhep	 mice.	 Hepatic	 immune	 cells	 infiltration	 analyzed	 via	 flow	 cytometry	 (n	 =	 3	 –	 9	 mice	 per	
group).	 Relative	 numbers	 of	 CD11c+	 dendritic	 cells,	 CD11b+Ly6G+	 neutrophils	 and	 CD11b+Ly6G-Ly6Chi	
monocytes	 are	 shown	 for	 indicated	 treatments	 (A).	 HMGB1	 protein	 expression	 0	 and	 72	 hours	 post	
infection	with	Listeria	monocytogenes	in	Hmgb1f/f	and	Hmgb1Δhep	mice	(B,	immunohistochemical	staining).	
Scale	bars	=	200	μm	(a,	c,	e,	g)	and	50	μm	(b,	d,	f,	h).		
	

4.		 Myeloid	 cell-derived	 HMGB1	 coordinates	 the	 immune	 response	 towards	
Listeria	monocytogenes	

To	 investigate	whether	 innate	 immune	 responses	 following	Listeria	 infection	 rely	 on	myeloid	

cell-specific	HMGB1,	Hmgb1f/f	and	Hmgb1ΔLysM	mice	were	 infected	with	Listeria	monocytogenes	

and	analyzed	24	and	72	hours	post	infection.	Using	LysM-Cre	mice	for	the	myeloid	deletion	of	

HMGB1	resulted	in	effective	ablation	of	HMGB1	from	Kupffer	cells,	monocytes,	neutrophils	and	

a	 minority	 dendritic	 cells	 (Fig.	 8)	 [108].	 Already	 after	 24	 hours,	Hmgb1ΔLysM	 mice	 displayed	

higher	 hepatic	 bacterial	 burden	 (p	 =	 0.0093),	 which	 after	 72	 hours	 was	 increased	 100-fold	

compared	to	control	mice	(Fig.	14A;	p	=	0.0012).	This	compelling	difference	could	also	be	seen	
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in	immunohistochemical	stainings	of	Listeria	monocytogenes	on	liver	sections	after	72	hours	of	

infection	which	showed	localization	of	bacteria	in	Hmgb1ΔLysM	mice	especially	in	the	periphery	

of	 granulomas.	 In	 comparison,	 Listeria	 staining	 on	 liver	 sections	 of	 Hmgb1f/f	 mice	 showed	

substantially	 lower	numbers	of	bacteria,	which	could	mainly	be	 seen	within	 the	center	of	 the	

granulomas	(Fig.	14B).	HE	stainings	after	24	hours	showed	microabscess	development	in	both	

groups,	 displaying	 accumulation	 of	 immune	 cells.	 72	 hours	 post	 infection,	 livers	 of	Hmgb1f/f	

mice	showed	granuloma	formation	whereas	livers	of	Hmgb1ΔLysM	mice	showed	larger	amounts	

of	granulomas	(Fig.	15A).	

	

	

Figure	 14	 |	 Listeria	 infection	 in	 mice	 with	 myeloid	 cell-specific	 depletion	 of	 HMGB1.	 Hepatic	
bacterial	 burden	 of	Hmgb1f/f	and	Hmgb1ΔLysM	 mice	 (n	 =	 7	 –	 8	mice	 per	 group)	 24	 and	 72	 hours	 after	
infection	with	Listeria	monocytogenes	(A).	Localization	of	Listeria	monocytogenes	in	livers	of	Hmgb1f/f	and	
Hmgb1ΔLysM	mice	72	hours	after	infection	(B,	immunohistochemical	staining).	Scale	bars	=	200	μm	(a,	c)	
and	50	μm	(b,	d).	**	p<0.01.		
	

Gene	expression	analysis	showed	a	continuous	increase	of	key	pro-inflammatory	cytokines	over	

the	 course	 of	 the	 Listeria	 infection	 in	 both	 Hmgb1f/f	 and	 Hmgb1ΔLysM	 mice	 (Fig.	 15B).	 In	

Hmgb1ΔLysM	 mice	 gene	 expression	 of	 pro-inflammatory	 cytokines	 and	 chemokines	 Ccl2,	 Tnfa,	

Cxcl2,	 Il1b	 and	 Il6	 was	 already	 significantly	 increased	 after	 24	 hours	 of	 Listeria	 infection	

compared	 to	 control	mice,	 and	 increased	 even	 further	 over	 the	 next	 48	 hours,	 resulting	 in	 a	

highly	pro-inflammatory	milieu	72	hours	after	infection.	Especially	Ccl2,	Cxcl2	and	Il6	showed	a	

strikingly	 increased	 gene	 expression	 72	 h.p.i..	Ccl2,	 a	 chemokine	which	 promotes	 the	 hepatic	

infiltration	 of	 bone	marrow-derived	CCR2-expressing	monocytes	 [116,117],	 displayed	 a	 43.4-

fold	 increase	 in	 gene	 expression	 compared	 to	 Hmgb1f/f	 mice	 after	 72	 hours	 (p	 =	 0.0012).	
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Comparably,	 Cxcl2,	 responsible	 for	 the	 accumulation	 of	 neutrophils	 in	 the	 liver,	 which	

subsequently	release	reactive	oxygen	species	and	proteases,	allowing	for	pathogen	control	and	

induction	of	hepatocyte	necrosis	[120],	was	increased	36.63-fold	(p	=	0.0012).	Gene	expression	

of	 Il6	was	 increased	47.35-fold	72	hours	post	Listeria	 infection.	 IL-6	 is	 initially	also	 important	

for	 the	 recruitment	 of	 neutrophils	 resulting	 in	 a	 pro-inflammatory	 milieu	 [121],	 but	 is	 also	

responsible	 for	 transitioning	 to	 mononuclear	 cell	 recruitment	 during	 inflammation	 [122].	

Expression	of	Ifng	was	also	significantly	increased	after	24	hours	in	Hmgb1ΔLysM	mice	compared	

to	 Hmgb1f/f	 mice	 (2.4-fold	 increase,	 p	 =	 0.0012),	 but	 interestingly	 did	 not	 increase	 further	

during	 the	 infection,	 resulting	 in	 comparable	 levels	 of	 Ifng	 expression	 in	 Hmgb1ΔLysM	 and	

Hmgb1f/f	 mice	 72	 hours	 post	 infection,	 seemingly	 independent	 of	 the	 severely	 increased	

bacterial	 burden	 in	 these	 mice.	 Increased	 hepatic	 inflammatory	 activity	 is	 probably	 due	 to	

increased	levels	of	bacteria	in	the	liver	and	demonstrates	the	disease	severity	in	these	mice.	
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Figure	 15	 |	 Hepatic	 inflammation	 following	 infection	with	 Listeria	monocytogenes	 in	mice	with	
myeloid	 cell-specific	 depletion	 of	 HMGB1.	 HE	 staining	 of	 liver	 sections	 of	Hmgb1f/f	and	Hmgb1ΔLysM	
mice	0,	24	and	72	hours	post	infection,	respectively	(A).	Expression	analysis	of	pro-inflammatory	genes	in	
whole-liver	 lysates	 using	 qRT-PCR	 over	 the	 course	 of	 the	 infection	 (n	 =	 6	 –	 9	 mice	 per	 group).	 All	
expression	 levels	were	normalized	to	18S	and	are	shown	as	 fold	 induction	(ΔΔCT)	compared	to	control	
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mice	at	0	h.p.i..	Scale	bars	=	200	μm	(a,	c,	e,	g,	i,	k)	and	50	μm	(b,	d,	f,	h,	j,	l).	*	p	<	0.05,	**	p	<	0.01,	***	p	<	
0.001.	
	

Immune	 cell	 infiltration,	 analyzed	 by	 CD45	 immunohistochemistry	 staining	 of	 liver	 sections,	

increased	over	the	course	of	the	infection	in	both	groups,	and	was	increased	in	Hmgb1ΔLysM	mice	

compared	to	control	mice	(Fig.	16A).	Flow	cytometry	analysis	revealed	larger	numbers	of	dead	

intrahepatic	immune	cells	in	these	mice	(mean	75.25	%	live	cells)	compared	to	the	control	mice	

(mean	92.92	%	live	cells;	p	=	0.0022)	72	h.p.i.	(Fig.	16B),	possibly	reflecting	increased	cellular	

injury	and/or	impeded	immune	cell	removal	by	phagocytic	cells.	Considering	only	live	cells	for	

further	 flow	 cytometry	 analysis,	 both	 groups	 showed	 comparable	 numbers	 of	 dendritic	 cells	

(CD11c+)	over	the	course	of	the	 infection.	Live	neutrophils	(CD11b+Ly6G+),	on	the	other	hand,	

were	 increased	 significantly	 after	 24	 hours	 (1.4-fold	 increase,	 p	 =	 0.0245)	 before	 being	

significantly	 reduced	 after	 72	hours	 of	 infection	 in	Hmgb1ΔLysM	mice	 (1.77-fold	 reduction,	 p	 =	

0.0087).	 Inflammatory	 monocytes	 (CD11b+Ly6G-Ly6Chi)	 were	 significantly	 reduced	 24	 hours	

post	 infection	 in	 Hmgb1ΔLysM	 mice	 (2.4-fold	 decreased,	 p	 =	 0.0041)	 and	 this	 could	 still	 be	

observed	as	a	trend	72	hours	post	infection	(Fig.	16C).		
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Figure	16	|	Hepatic	immune	cell	 infiltration	in	mice	with	myeloid	cell-specific	HMGB1	depletion.	
CD45	protein	expression	in	the	livers	of	Hmgb1f/f	and	Hmgb1ΔLysM	mice	0,	24	and	72	hours	post	infection	
(A,	 immunohistochemical	 staining).	 Flow	 cytometry	 analysis	 of	 liver	 infiltrating	 immune	 cells	 over	 the	
course	of	infection	of	the	indicated	genotypes	(n	=	6	–	11	mice	per	group)	using	a	live/dead	marker	(B).	
Relative	numbers	of	CD11c+	dendritic	cells,	CD11b+Ly6G+	neutrophils	and	CD11b+Ly6G-Ly6Chi	monocytes	
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at	specified	time	points	in	both	genotypes	(C,	flow	cytometry).	Scale	bars	=	200	μm	(a,	c,	e,	g,	i,	k)	and	50	
μm	(b,	d,	f,	h,	j,	l).	*	p	<	0.05,	**	p	<	0.01.	

	

	

Using	 histology	 analysis,	 localization	 of	 F4/80-expressing	 Kupffer	 cells	 could	 be	 determined,	

demonstrating	a	severe	reduction	of	F4/80+	cells	24	and	72	h.p.i.,	indicating	Kupffer	cell	death	

due	to	Listeria	 infection	(Fig.	17A).	Monocyte-derived	macrophages	only	express	 low	levels	of	

F4/80	 [123],	 therefore,	 these	 cells	were	probably	not	detected	here.	The	 reduction	of	F4/80-

expressing	cells	was	also	confirmed	by	RNA	expression	of	Adgre1,	the	gene	encoding	for	F4/80,	

which	 showed	 a	 significant	 reduction	 72	 h.p.i.	 in	 Hmgb1ΔLysM	 mice	 (2.8-fold	 reduction,	 p	 =	

0.0012).	 Polarization	 of	 macrophages	 is	 also	 important	 during	 anti-bacterial	 inflammation.	

Whereas	pro-inflammatory	M1-polarization	 is	 important	 for	 the	 clearance	of	pathogens,	 anti-

inflammatory	M2-polarization	of	macrophages	leads	to	regeneration	of	the	tissue	and	a	return	

to	 homeostasis.	Whereas	 expression	 of	Nos2,	 encoding	 for	 iNOS,	 an	 important	 effector	 of	M1	

polarized	 macrophages,	 was	 progressively	 increased	 in	 Hmgb1f/f	 mice,	 this	 expression	 was	

significantly	increased	in	Hmgb1ΔLysM	mice	24	(5.9-fold	increase,	p	=	0.0006)	and	72	h.p.i.	(21.7-

fold	 increase,	p	=	0.0012),	 correlating	with	 the	 increased	bacterial	burden	 in	 these	mice	 (Fig.	

17B).	Expression	of	 arginase,	 the	main	effector	of	M2a	macrophages,	was	 stably	expressed	 in	

control	animals,	but	significantly	reduced	in	Hmgb1ΔLysM	mice	after	72	hours	(5-fold	reduction,	p	

=	0.0012),	 indicating	an	 impaired	differentiation	 to	 tissue-regenerating	M2	macrophages	 (Fig.	

17B).	 This	 could	 be	 part	 of	 the	 explanation	 for	 the	 increased	 tissue	 damage	 evident	 in	 these	

mice	72	hours	after	infection	(HE).	
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Figure	17	|	Kupffer	cell	localization	and	macrophage	polarization	during	Listeria	infection.	F4/80	
expression	 in	 the	 livers	 of	 Hmgb1f/f	 and	 Hmgb1ΔLysM	 mice	 0,	 24	 and	 72	 hours	 post	 infection	 (A,	
immunohistochemical	 staining).	 Expression	 analysis	 of	 Adgre1,	 Nos2	 and	 Arg1	 in	 whole-liver	 lysates	
using	qRT-PCR	over	 the	 course	of	 the	 infection	 (n	=	6	 –	9	mice	per	 group).	All	 expression	 levels	were	
normalized	to	18S	and	are	shown	as	fold	induction	(ΔΔCT)	compared	to	control	mice	at	0	h.p.i..	Scale	bars	
=	200	μm	(a,	c,	e,	g,	i,	k)	and	50	μm	(b,	d,	f,	h,	j,	l).	**	p	<	0.01,	***	p	<	0.001.	
	

Using	immunohistochemical	staining	of	liver	tissue,	localization	of	Ly6G+	neutrophils	during	the	

infection	of	Hmgb1f/f	and	Hmgb1ΔLysM	mice	was	determined.	After	24	hours	of	infection,	forming	

microabscesses	largely	consisted	of	infiltrating	Ly6G+	neutrophils	(Fig.	18).	This	could	be	seen	

in	both	groups.	After	72	hours,	neutrophils	were	not	clustered	together	anymore,	but	scattered	
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within	 the	granulomas.	 In	 contrast	 to	 the	 flow	cytometry	analysis,	where	only	 live	 cells	were	

considered	for	Ly6G+	cells,	immunohistochemistry	stains	live	and	dead	cells	within	the	tissue.		

	

	

Figure	 18	 |	 Neutrophil	 infiltration	 and	 localization	 during	 Listeria	 infection.	 Immunofluorescent	
staining	 of	 Ly6G	 on	 liver	 sections	 of	Hmgb1f/f	and	Hmgb1ΔLysM	 mice	 0,	 24	 and	 72	 hours,	 respectively,	
following	infection	with	Listeria.	Scale	bars	=	200	μm	(a,	c,	e,	g,	i,	k)	and	50	μm	(b,	d,	f,	h,	j,	l).		
	

During	homeostasis,	HMGB1	is	localized	within	the	nuclei	of	cells,	which	can	be	observed	in	the	

livers	 of	 untreated	 mice.	 Secretion	 of	 HMGB1	 is	 characterized	 by	 preceding	 translocation	 of	

HMGB1	 from	 the	 nucleus	 into	 the	 cytoplasm	 [119].	 72	 h.p.i.	 hepatocytes	 surrounding	

granulomas	 in	Hmgb1ΔLysM	mice	 translocated	HMGB1	 from	 the	nuclei	 into	 the	 cytoplasm	 (Fig.	

19A).	This	effect	could	not	be	observed	in	Hmgb1f/f	mice,	suggesting	that	this	effect	is	due	to	the	

increased	 bacterial	 burden	 in	 the	 liver,	 which	 possibly	 induces	 stress	 mechanisms	 in	

hepatocytes	 or	 early	 apoptosis.	 Serum	 levels	 of	 HMGB1	 were	 also	 increased	 2.3-fold	 in	

Hmgb1ΔLysM	mice	compared	to	control	mice	72	h.p.i.	(p	=	0.0087),	presumably	due	to	the	release	

from	hepatocytes	(Fig.	19B).		
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Serum	 IL-1β	 levels	 over	 the	 course	 of	 the	 infection	 were	 comparable	 between	 both	 groups,	

initially	being	greatly	increased	after	12	hours	of	infection,	due	to	the	immediate	availability	of	

the	cytokine.	Subsequently,	serum	levels	decreased	almost	to	base	line	24	h.p.i.	and	were	then	

increased	again	after	72	hours	of	 infection	 in	Hmgb1f/f	and	Hmgb1ΔLysM	mice	(Fig.	19C).	Serum	

IFN-γ	 on	 the	 other	 hand	 increased	 in	 both	 groups	 after	 24	 hours	 of	 infection.	 In	Hmgb1ΔLysM	

mice,	the	serum	IFN-γ	level	remained	high	after	72	hours	of	infection,	whereas,	in	Hmgb1f/f	mice	

the	amount	of	IFN-γ	in	the	serum	was	reduced	2.4-fold	compared	to	the	level	of	Hmgb1f/f	mice	

24	h.p.i.	(Fig.	19C).	
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Figure	 19	 |	 Hepatic	 HMGB1	 localization	 and	 pro-inflammatory	 factors	 during	Listeria	 infection.	
HMGB1	 protein	 expression	 in	 the	 livers	 of	 Hmgb1f/f	and	 Hmgb1ΔLysM	 mice	 0,	 24	 and	 72	 hours	 post	
infection	(A,	 immunohistochemical	staining).	Arrows	indicate	hepatocytes	with	translocation	of	HMGB1	
into	 the	cytoplasm.	Serum	HMGB1	 levels	 (A,	ELISA)	as	well	as	serum	IL-1β	and	 IFN-γ	 levels	 (B,	ELISA)	
over	the	course	of	the	Listeria	infection	for	the	indicated	genotypes	(n	=	6	–	8	mice	per	group).	Scale	bars	
=	200	μm	(a,	c,	e,	g,	i,	k)	and	50	μm	(b,	d,	f,	h,	j,	l).	**	p	<	0.01.		
	

Taken	 together,	 cell-specific	 depletion	 of	HMGB1	 from	myeloid	 cells	 led	 to	 an	 impaired	 early	

immune	response	resulting	in	strikingly	increased	bacterial	titers	and	tissue	damage	as	well	as	

vastly	 elevated	 inflammation.	 Overall,	 this	 data	 suggest	 that	 myeloid	 cell-derived	 HMGB1	 is	

critically	involved	in	the	early	immune	response	towards	Listeria	monocytogenes.	
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5.		 Induction	 of	 autophagy	 and	 bactericidal	 activity	 of	 macrophages	 and	
neutrophils	 is	 preserved	 following	 Listeria	 infection	 despite	 HMGB1	
depletion	

5.1.		Induction	of	autophagy	and	apoptosis	following	Listeria	infection	

During	the	process	of	autophagy,	the	cytosolic	form	of	light	chain	3	(LC3-I)	is	initially	cleaved,	

followed	 by	 the	 conjugation	 to	 phosphatidylethanolamine	 (LC3-II),	 which	 is	 then	 associated	

with	 the	membrane	 of	 autophagosomes.	 Autophagy	 and	 autophagy-related	 processes	 can	 be	

detected	 by	 western	 blot	 or	 histological	 analysis	 of	 LC3	 [124],	 where	 the	 progression	 of	

autophagy	is	marked	by	an	increase	of	LC3-II.	Another	marker	protein	for	autophagy	analysis	is	

p62	(or	also	SQSTM1).	P62	expression	is	increased	following	oxygen	radical	stress	[125]	and	its	

accumulation	is	indicative	of	impaired	autophagy	within	the	cell	[126].		

Previous	 studies	 have	 proposed	 HMGB1	 as	 a	 regulator	 of	 apoptosis	 and	 autophagy	 under	

cellular	stress,	indicating	HMGB1	as	a	pro-autophagic	protein.	Following	cellular	stress,	HMGB1	

is	 translocated	 into	 the	cytoplasm	where	 it	binds	Beclin1,	disrupting	 the	bond	with	Bcl-2	and	

thereby	progressing	autophagy	[127,128].	Although	the	mice	used	in	this	project	had	previously	

not	 shown	 any	 defects	 in	 the	 regulation	 of	 autophagy	 at	 baseline	 or	 under	 metabolic	 stress	

despite	HMGB1	ablation	[106],	autophagy	induction	in	the	specific	context	of	Listeria	 infection	

was	analyzed.		
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Figure	20	|	Autophagy	induction	during	Listeria	monocytogenes	infection.	Western	blot	analysis	of	
autophagy	factors	LC3-I,	LC3-II	and	p62	and	α-Tubulin	as	housekeeper	in	whole	liver	extracts	of	Hmgb1f/f	
and	Hmgb1ΔLysM	mice	(n	=	1	–	3	mice	per	group)	at	0,	24	(A)	and	72	(C)	hours	post	Listeria	infection	and	
corresponding	 densitometry	 analysis	 (B,	 D).	 p62	 protein	 expression	 in	 the	 livers	 of	 Hmgb1f/f	 and	
Hmgb1ΔLysM	mice	72	hours	post	Listeria	infection	(E,	immunofluorescent	staining).	Scale	bars	=	50	μm.	
	

As	 in	previous	analyses,	comparable	 levels	of	LC3	protein	expression	were	observed	 in	whole	

liver	 extracts	 of	 mice	 infected	 with	 2	 ×	 104	 Listeria	monocytogenes	 over	 the	 course	 of	 the	

infection	(Fig.	20A-D).	The	ratio	of	LC3-II/LC3-I	was	increased	about	3-fold	in	Hmgb1ΔLysM	mice	

72	h	after	infection,	which	could	possibly	be	attributed	to	the	increased	amount	of	stressed	cells	

due	to	copious	amounts	of	tissue	damage	in	the	liver	at	this	point	of	the	infection.	This	increase	

in	the	LC3-ratio	was	also	accompanied	by	increased	accumulation	of	p62	in	the	liver,	which	was	
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not	 observed	 at	 the	 earlier	 time	 point	 (Fig.	 20C-D).	 However,	 immunofluorescence	 analysis	

revealed	 accumulation	 of	 p62	 in	 cells	 outside	 of	 myeloid	 cell-containing	 hepatic	 granulomas	

(Fig.	 20E).	 This	 suggests	 that	 the	 accumulation	 of	 p62	 is	 not	 due	 to	 a	 defect	 in	 autophagy	 in	

HMGB1-depleted	 myeloid	 cells,	 but	 more	 likely	 a	 result	 of	 stressed	 hepatocytes	 due	 to	 high	

bacterial	burden	and	 inflammation	 in	 the	 liver.	To	 further	support	 this	hypothesis,	autophagy	

induction	in	bone	marrow-derived	macrophages	(BMDMs)	infected	with	Listeria	(multiplicity	of	

infection	(MOI)	=	10)	in	vitro	was	investigated.	After	4	hours,	analysis	of	cell	lysates	by	western	

blot	 showed	 an	 increase	 of	 LC3-II	 as	 well	 as	 accumulation	 of	 p62,	 but	 at	 similar	 levels	 in	

Hmgb1f/f	 and	 Hmgb1ΔLysM–derived	 BMDMs	 (Fig.	 21A-B).	 This	 effectively	 rules	 out	 defects	 in	

autophagy	due	to	the	depletion	of	HMGB1	as	an	explanation	of	the	amplified	Listeria	infection	in	

Hmgb1ΔLysM	mice.	

	

	

Figure	21	|	Autophagy	induction	in	BMDMs	during	in	vitro	Listeria	infection.	Western	blot	analysis	
of	LC3-I,	LC3-II,	p62,	HMGB1	and	α-Tubulin	in	lysates	of	bone	marrow-derived	macrophages	(n	=	2	mice	
per	group,	A)	and	corresponding	densitometry	analysis	(B).	
	

As	previously	described,	 the	processes	of	 autophagy	and	apoptosis	within	 the	 cell	 are	 closely	

linked.	Increased	levels	of	dead	intrahepatic	immune	cells	had	already	been	observed	using	flow	

cytometry	 analysis.	 Therefore,	 following	 infection	 with	 Listeria	 monocytogenes,	 livers	 of	

Hmgb1f/f	and	Hmgb1ΔLysM	mice	were	analyzed	using	TUNEL	staining.	TUNEL	assays	are	used	to	

visualize	 apoptotic	 cells	 by	 detecting	 DNA	 fragmentation,	 a	 hallmark	 of	 late-stage	 apoptosis	

[129].	Immunofluorescence	analysis	showed	significantly	increased	levels	of	TUNEL+	cells	in	the	

livers	of	Hmgb1ΔLysM	mice	24	(1.6-fold	increase,	p	=	0.0175)	and	72	hours	(19.5-fold	increase,	p	=	

0.0043)	 after	 infection	 (Fig.	 22A-B).	 These	 late-apoptotic	 cells	 were	 in	 both	 groups	 located	

within	the	Listeria-containing	granulomas,	consisting	mostly	of	neutrophils	and	monocytes.	The	

amount	of	apoptotic	cells,	especially	in	Hmgb1ΔLysM	mice,	increased	over	the	last	48	hours	from	

mean	0.2	%	to	3.9	%	TUNEL+	cells	of	the	area,	filling	almost	entire	granulomas	at	72	hours	post	
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infection.	 This	 striking	 amount	 of	 late-apoptotic	 cells	 within	 the	 livers	 of	 Listeria-infected	

Hmgb1ΔLysM	 mice	 indicates	 increased	 cellular	 injury	 and	 death	 and/or	 defective	 cellular	

turnover	and	removal	of	dead	cells	from	the	liver.		

	

	

Figure	22	|	Apoptotic	cells	in	the	liver	of	mice	infected	with	Listeria	monocytogenes.	TUNEL+	cells	in	
the	 livers	 of	 Hmgb1f/f	 and	 Hmgb1ΔLysM	 mice	 0,	 24	 and	 72	 hours	 post	 Listeria	 infection	 (A,	
immunohistochemical	staining)	and	their	quantification	(n	=	3	–	7	mice	per	group,	B).	Scale	bars	=	200	μm	
(a,	c,	e,	g,	i,	k)	and	50	μm	(b,	d,	f,	h,	j,	l).	*	p	<	0.05,	**	p	<	0.01.	
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5.2.		Antibacterial	activity	of	macrophages	in	vitro	

Considering	 the	 profound	 defects	 in	 anti-bacterial	 defense	 mechanisms	 in	 Hmgb1ΔLysM	 mice	

following	 infection	with	Listeria	monocytogenes,	 the	 next	 step	was	 to	 analyze	 the	 bactericidal	

activity	 of	macrophages	 and	neutrophils,	 two	 effector	 cells	 during	Listeria	 infection,	which	 in	

Hmgb1ΔLysM	mice	are	depleted	of	HMGB1	(Fig.	8D-F)[108].		

As	stated	before,	 following	systemic	infection,	Listeria	 target	Kupffer	cells	within	the	liver	and	

induce	 necroptotic	 cell	 death,	 which	 leads	 to	 the	 release	 of	 intracellular	 components	 [84].	

Therefore,	 infected	 Kupffer	 cells	 could	 release	 HMGB1	 as	 a	 DAMP	 following	 Listeria-induced	

necroptosis.	 In	vitro	 infection	 of	 bone-marrow	 derived	 macrophages	 (BMDMs)	 derived	 from	

Hmgb1f/f	mice	with	Listeria	monocytogenes	(MOI	=	10)	led	to	the	release	of	HMGB1	into	the	cell	

culture	supernatant	(mean	=	51.5	ng/ml)	compared	to	cells	treated	only	with	medium	(mean	=	

20.46	ng/ml).	BMDMs	from	Hmgb1ΔLysM	mice	expectedly	did	not	show	an	increase	of	HMGB1	in	

the	supernatant	(mean	=	16.34	ng/ml)	(Fig.	23A).	Differentiated	macrophages	within	the	liver	

are	also	responsible	for	the	phagocytosis	and	subsequent	clearance	of	bacteria	in	the	liver.	To	

analyze	 the	 bactericidal	 activity	 of	 isolated	 BMDMs,	 cells	 were	 infected	 with	 Listeria	

monocytogenes	 (MOI	 =	 10)	 and	 after	 1	 hour	 extracellular	 bacteria	 were	 removed	 using	

gentamicin	 treatment.	 This	 allowed	 for	 the	 analysis	 of	 phagocytosis	 activity	 (0	 h.p.i.)	 and	

subsequent	incubation	of	intracellular	bacteria	and	macrophages	demonstrated	the	bactericidal	

activity	of	 the	BMDMs.	This	 test	 showed	a	 slightly	 increased	phagocytosis	activity	of	HMGB1-

depleted	 cells,	 but	 the	 progression	 of	 bacterial	 clearance	 was	 comparable	 in	 both	 groups,	

resulting	 in	more	 than	80	%	degraded	bacteria	8	hours	 after	phagocytosis	of	Listeria	 in	both	

Hmgb1f/f	and	Hmgb1ΔLysM	BMDMs	(Fig.	23B).		
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Figure	23	|	Bactericidal	function	and	inflammatory	capacity	of	BMDMs	in	vitro.	HMGB1	levels	in	the	
supernatants	of	Hmgb1f/f	and	Hmgb1ΔLysM	BMDMs,	 (n	=	2	–	3	 samples	per	group)	untreated	or	 infected	
with	 Listeria	 monocytogenes	 (MOI	 =	 10)	 for	 12	 hours	 (A,	 ELISA).	 Analysis	 of	 phagocytosis	 and	
intracellular	 bacterial	 degradation	 of	 Hmgb1f/f	and	 Hmgb1ΔLysM	 BMDMs	 (n	 =	 4	 samples	 per	 group,	 B,	
gentamicin	 assay).	 Expression	 levels	 of	Tnfa,	Nos2,	Ccl2	and	Il1b	 in	 BMDM	 lysates	 using	 qRT-PCR	 after	
stimulation	with	HKLM	(MOI	=	10)	and	 IFN-γ	 for	1	hour	(n	=	5	–	6	samples	per	group).	All	expression	
levels	were	normalized	to	18S	and	are	shown	as	fold	induction	(ΔΔCT)	compared	to	untreated	BMDMs.	*	p	
<	0.05,	**	p	<	0.01.	
	

Additionally,	the	responsiveness	of	Hmgb1f/f	and	Hmgb1ΔLysM	BMDMs	to	heat-inactivated	Listeria	

monocytogenes	 (HKLM)	 as	well	 as	 IFN-γ	was	 tested	by	 analyzing	 the	 gene	 expression	of	 pro-

inflammatory	 mediators	 (Fig.	 23C).	 IFN-γ	 in	 combination	 with	 a	 secondary	 signal	 via	 PRR	

recognition	induces	the	differentiation	of	M1	macrophages,	enabling	phagocytosis	of	pathogens	

and	bactericidal	activity	[79,130,131].	Therefore,	this	analysis	enabled	the	investigation	of	the	

capability	of	Hmgb1f/f	and	Hmgb1ΔLysM	BMDMs	to	differentiate	into	M1	macrophages	in	order	to	
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clear	the	bacterial	infection.	In	control	BMDMs,	stimulation	with	HKLM	and	IFN-γ	respectively	

led	 to	a	slight	 increase	 in	Tnfa	 expression,	which	was	 increased	 further	with	 the	combination	

treatment	of	HKLM	and	IFN-γ.	Expression	of	Tnfa	was	comparable	in	Hmgb1f/f	and	Hmgb1ΔLysM	

BMDMs	 and	 only	 after	 treatment	 with	 HKLM	 alone	 significantly	 increased	 in	 Hmgb1ΔLysM	

BMDMs	compared	to	Hmgb1f/f	BMDMs	(1.85-fold	increase,	p	=	0.0022).	Treatment	of	BMDMs	of	

both	groups	with	HKLM	did	not	change	the	expression	of	Nos2	compared	to	non-treated	cells,	

but	 treatment	 with	 IFN-γ	 alone	 and	 the	 combination	 of	 IFN-γ	 and	 HKLM	 led	 to	 a	 striking	

increase.	 Comparing	Hmgb1f/f	 and	Hmgb1ΔLysM	 BMDMs,	Nos2	 showed	 a	 higher	 expression	 in	

Hmgb1ΔLysM	BMDMs,	untreated	and	HKLM-stimulated	(1.8-fold	increase,	p	=	0.0303).	This	slight	

difference	was	 also	maintained	 after	 treatment	with	 IFN-γ	 alone	 as	well	 as	 IFN-γ	 and	HKLM	

(1.9-fold	 increase,	 p	 =	 0.0260).	 Expression	 of	Ccl2	 was	 comparably	 increased	 in	 both	 groups	

after	 treatment	with	 IFN-γ,	 but	 increased	 even	 further	 after	 addition	 of	HKLM	 in	Hmgb1ΔLysM	

BMDMs	 compared	 to	 Hmgb1f/f	 BMDMs	 (1.7-fold	 increase,	 p	 =	 0.0152).	 Il1b	 expression	 was	

already	 significantly	 increased	 in	 Hmgb1ΔLysM	 BMDMs	 compared	 to	 Hmgb1f/f	 BMDMs	 after	

treatment	with	HKLM	 alone	 (3.2-fold	 increase,	 p	 =	 0.0022),	 a	 level	 that	was	 only	 reached	 in	

Hmgb1f/f	BMDMs	after	treatment	with	both	IFN-γ	and	HKLM.	Addition	of	IFN-γ	to	the	treatment	

with	HKLM	did	not	affect	the	expression	of	Il1b	in	Hmgb1ΔLysM	BMDMs.		

Taken	together,	HMGB1-depleted	macrophages	displayed	a	slightly	higher	phagocytic	activity,	

but	this	did	not	affect	their	ability	to	eliminate	intracellular	bacteria.	Interestingly,	Hmgb1ΔLysM–

derived	macrophages	demonstrated	a	slight	hyper-responsiveness	to	HKLM	treatment	in	vitro,	

on	 the	one	hand	ruling	out	a	 lack	of	 inflammatory	mediators	after	 infection	as	 the	reason	 for	

reduced	 anti-bacterial	 activity	 and	 suggesting	 this	 increased	 production	 of	 pro-inflammatory	

mediators	 as	 a	 reason	 for	 increased	 hepatic	 inflammation	 observed	 in	Hmgb1ΔLysM	mice	 after	

Listeria	infection.		

5.3.		Antibacterial	activity	of	neutrophils	in	vitro	

Since	 neutrophils	 have	 also	 been	 repeatedly	 discussed	 as	 potent	 effector	 cells	 during	 the	

immune	 response	 following	 infection	 with	 Listeria	monocytogenes	 [74,75],	 isolated	 primary	

polymorphonuclear	 granulocytes	 (PMNs)	 were	 analyzed	 next.	 First,	 isolated	 PMNs	 from	

Hmgb1f/f	 and	 Hmgb1ΔLysM	 mice	 were	 analyzed	 in	 respect	 to	 their	 ability	 to	 control	 the	

proliferation	of	Listeria	monocytogenes	in	vitro	(Fig.	24A).	PMNs	were	infected	with	live	Listeria	

monocytogenes	at	a	MOI	of	0.05.	After	1	and	4	hours,	PMNs	were	lysed,	the	culture	was	plated	on	

Agar	plates	and	colony-forming	units	 (CFU)	were	counted	 the	next	day.	This	analysis	 showed	

that	after	one	hour,	incubation	of	Listeria	monocytogenes	with	PMNs	from	either	group	did	not	
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affect	 the	 bacterial	 proliferation.	 In	 contrast,	 after	 4	 hours,	 PMNs	 from	 both	 Hmgb1f/f	 and	

Hmgb1ΔLysM	mice	were	able	 to	reduce	bacterial	proliferation	by	about	40	–	50	%	compared	to	

bacterial	proliferation	 in	 the	absence	of	cells	 (p(Hmgb1f/f)	=	0.0327;	p(Hmgb1ΔLysM)	=	0.0066),	

suggesting	that	PMNs	derived	from	Hmgb1f/f	and	Hmgb1ΔLysM	mice	have	a	comparable	cytotoxic	

activity.		

	

	

Figure	24	 |	Anti-bacterial	 function	and	 induction	of	apoptosis	of	neutrophils	 in	vitro.	 Analysis	 of	
bactericidal	 activity	of	neutrophils	 isolated	 from	Hmgb1f/f	and	Hmgb1ΔLysM	mice	 (n	=	5	–	6	 samples	per	
group)	 1	 and	 4	 hours	 after	 infection	 with	 Listeria	monocytogenes	 (MOI	 =	 0.05)	 (A).	 Flow	 cytometry	
analysis	 of	 live/dead	 marker	 (Zombie)	 and	 AnnexinV	 of	 neutrophils	 isolated	 from	 Hmgb1f/f	 and	
Hmgb1ΔLysM	mice	(n	=	3	samples	per	group)	2	hour	post	infection	in	order	to	differentiate	live,	apoptotic	
and	dead	cells		of	CD11b+Ly6G+	neutrophils(B,	C).	*	p	<	0.05,	**	p	<	0.01.	
	

After	24	and	72	hours	of	 infection,	granulomas	in	the	livers	of	Hmgb1ΔLysM	mice,	which	mainly	

consisted	 of	 neutrophils	 at	 24	 h.p.i.,	 showed	 increased	 numbers	 of	 late	 apoptotic	 cells.	 A	

possible	 explanation	 could	 be,	 that	 neutrophils	 depleted	 of	 HMGB1	 increasingly	 died	 due	 to	

apoptosis	compared	 to	control	 cells.	 In	order	 to	 investigate	 this	 theory,	 staining	of	Annexin	V	

and	 a	 live/dead	 marker	 (Zombie)	 was	 used	 to	 analyze	 the	 induction	 of	 apoptosis	 in	 PMNs	

following	 infection	 with	 Listeria	 monocytogenes	 in	 vitro.	 Annexin	 V	 is	 used	 to	 stain	

phosphatidylserine,	which	 is	 usually	 located	 in	 the	 intracellular	 leaflet	 of	 the	membrane,	 but	
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externalized	 continuously	 during	 the	 progression	 of	 apoptosis	 [132].	 Co-staining	 using	 a	

live/dead	marker	 allows	 for	 the	 distinction	 of	 live	 (AnnexinV-Zombie-)	 and	 dead	 (AnnexinV-

Zombie+)	cells,	as	well	as	early	(AnnexinV+Zombie-)	and	late	(AnnexinV+Zombie+)	apoptotic	cells	

(Fig.	24B).	Incubation	of	PMNs	and	Listeria	monocytogenes	resulted	in	similar	induction	of	cell	

membrane	disintegration	and	apoptosis	in	Hmgb1f/f	and	Hmgb1ΔLysM	PMNs,	demonstrated	by	the	

2-	 to	 3-fold	 increase	 of	 late	 apoptotic	 and	 dead	 cells	 following	 infection	 in	 vitro	 (Fig.	 24C).	

Interestingly	 though,	 the	amount	of	early	apoptotic	cells	was	already	 twice	as	high	 in	 the	cell	

culture	 of	 Hmgb1ΔLysM	 PMNs	 compared	 to	 Hmgb1f/f	 PMNs,	 an	 effect	 that	 was	 reduced	 after	

addition	of	Listeria	 to	 the	 culture.	This	 suggests	 that	HMGB1	at	baseline	 could	be	 involved	 in	

intracellular	 anti-apoptotic	 effects,	 that	 leads	 to	 early	 induction	 of	 apoptosis	when	HMGB1	 is	

removed	from	these	cells.	

Overall,	this	data	suggests	that	HMGB1	is	not	involved	in	the	induction	of	anti-bacterial	activity	

of	macrophages	or	neutrophils	 in	vitro,	 but	might	play	 a	 role	 in	 anti-apoptotic	 signaling.	This	

could,	at	least	partially,	be	the	reason	for	the	striking	accumulation	of	dying	cells	in	the	liver	of	

Hmgb1ΔLysM	mice	3	days	post	infection	with	Listeria	monocytogenes	witnessed	in	flow	cytometry	

and	TUNEL	analysis.		

	

6.		 HMGB1	from	liver-resident	and	circulating	immune	cells	contributes	to	anti-
bacterial	immune	response	

During	the	systemic	infection	with	Listeria	monocytogenes,	Kupffer	cells	are	targeted	by	bacteria	

and	 subsequently	 die	 due	 to	 necroptosis,	 followed	 by	 the	 infiltration	 of	 monocytes	 and	

neutrophils	to	the	sites	of	infection	and	induction	of	a	Type	1	inflammatory	immune	response	

[84].	To	further	investigate	the	role	of	tissue-resident	macrophages	and	infiltrating	monocytes	

and	 neutrophils,	 bone-marrow	 chimeric	 mice	 were	 generated	 and	 infected	 with	 Listeria	

monocytogenes.	 While	 microglia	 (tissue-resident	 macrophages	 in	 the	 brain)	 [133]	 and	

Langerhans	cells	(tissue-resident	macrophages	in	the	epidermis)	[134]	are	able	to	survive	lethal	

doses	of	irradiation,	Kupffer	cells	are	comparably	less	radioresistant	and	only	a	subset	survives	

lethal	 irradiation	 [135,136].	 The	 survival	 of	 this	 subset	 allows	 for	 the	 distinction	 of	 the	

importance	 of	 HMGB1	 in	 liver-resident	 cells	 and	 infiltrating	 immune	 cells	 in	 respect	 to	 the	

induction	of	an	immune	response	following	infection.	Irradiated	wild-type	and	Hmgb1ΔLysM	mice	

were	 each	 reconstituted	 with	 wild-type	 bone	 marrow	 and	 ΔLysM	 bone	 marrow	 cells,	

respectively,	and	analyzed	72	hours	post	infection	with	Listeria	monocytogenes.	
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Hmgb1ΔLysM	mice	replenished	with	ΔLysM	bone	marrow	(ΔLysM	>	ΔLysM)	displayed	increased	

bacterial	burden	 in	the	 liver,	heightened	expression	of	pro-inflammatory	mediators	as	well	as	

exacerbated	 hepatic	 granuloma	 formation	 and	 tissue	 injury,	 compared	 to	 wild-type	 mice	

reconstituted	with	wild-type	 bone	marrow	 (wt	 >	wt)	 (Fig.	 25A).	 This	was	 comparable	 to	 the	

effect	 previously	 observed	 in	 the	 genetic	 model	 of	 myeloid	 cell-specific	 ablation	 of	 HMGB1	

(section	 4).	Wild-type	mice	 that	 received	 bone	marrow	 from	Hmgb1ΔLysM	mice	 (ΔLysM	 >	wt)	

showed	a	slightly	increased	bacterial	burden	(4.6-fold	increase)	compared	to	Hmgb1ΔLysM	mice	

reconstituted	 with	 wild-type	 bone	 marrow	 (wt	 >	 ΔLysM)	 (Fig.	 25A).	 Gene	 expression	 of	

inflammatory	markers	Ccl2,	Tnfa	 and	Nos2	 in	 ΔLysM	>	wt	 and	wt	 >	ΔLysM	mice	 though	was	

comparably	increased	in	comparison	to	wt	>	wt	mice,	but	to	a	lesser	extent	than	ΔLysM	>	ΔLysM	

mice	 (Fig.	 25B).	 Analyzing	 live	 intrahepatic	 immune	 cells	 via	 flow	 cytometry	 revealed	

significantly	 decreased	 levels	 of	 dendritic	 cells	 in	 ΔLysM	 >	 ΔLysM	 and	 ΔLysM	 >	 wt	 mice	

compared	 to	 wt	 >	 wt	 mice,	 suggesting	 a	 role	 of	 HMGB1	 in	 circulating	 immune	 cells	 for	 the	

infiltration	of	dendritic	cells,	although	this	could	not	be	seen	in	mice	with	myeloid-cell	specific	

ablation	of	HMGB1	(section	4).	Infiltration	of	neutrophils	and	inflammatory	monocytes	72	hours	

post	 infection	was	comparable	between	 the	 four	groups,	possibly	with	a	 slight	 trend	 towards	

reduced	numbers	in	ΔLysM	>	ΔLysM	mice,	although	this	is	not	completely	clear	due	to	the	small	

numbers	of	mice	(n	=	3	mice	per	group)	and	scattering	of	samples	within	the	groups	(Fig.	25D).		
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Figure	 25	 |	 Hepatic	 inflammation	 in	 bone	marrow	 chimera	 following	 Listeria	 infection.	 Hepatic	
bacterial	burden	in	bone	marrow	chimera	of	wild-type	and	Hmgb1ΔLysM	mice	(n	=	3	–	7	mice	per	group)	
after	 infection	with	 2	 ×	 104	 Listeria	monocytogenes	 (A).	 Expression	 analysis	 of	 Ccl2,	Tnfa	 and	Nos2	 in	
whole-liver	lysates	using	qRT-PCR	72	hours	after	infection	(n	=	3	–	7	mice	per	group,	B).	All	expression	
levels	were	normalized	to	18S	and	are	shown	as	relative	expression	levels.	HE	staining	of	liver	sections	of	
the	indicated	chimeric	mice	72	hours	post	infection	(C).	Flow	cytometry	analysis	of	intrahepatic	immune	
cells	 72	 hours	 after	 infection,	 showing	 relative	 numbers	 of	 CD11c+	 dendritic	 cells,	 CD11b+Ly6G+	
neutrophils	and	CD11b+Ly6G-Ly6Chi	monocytes	(n	=	3	–	7	mice	per	group,	D).	Scale	bars	=	200	μm	(a,	c,	e,	
g)	and	50	μm	(b,	d,	f,	h).	*	p	<	0.05,	**	p	<	0.01.	
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Taken	together,	it	seems	that	HMGB1	in	both	tissue-resident	and	infiltrating	immune	cells	plays	

a	 critical	 role	 in	 the	 activation	 of	 anti-bacterial	 immune	 responses.	 Immune	 cell	 and	 tissue	

crosstalk	needs	to	be	analyzed	further	for	a	more	decisive	conclusion	on	the	role	of	HMGB1	in	

different	cell	types	during	bacterial	infection.	

	

7.		 HMGB1	 deficiency	 in	 myeloid	 cells	 is	 associated	 with	 differential	 hepatic	
inflammatory	 gene	 expression	 early	 after	 infection	 with	 Listeria	
monocytogenes	

Since	HMGB1	from	myeloid	cells	plays	a	crucial	role	in	anti-bacterial	activity	following	infection	

with	Listeria	monocytogenes,	and	in	vitro	analyses	of	macrophages	and	neutrophils	did	not	show	

inherent	 cellular	 deficiencies,	 NanoString	 analysis	was	 used	 to	 analyze	 expression	 profiles	 of	

734	myeloid	cell-related	genes.	NanoString	technology	uses	probes	carrying	specific	barcodes	to	

identify	 and	 quantify	 single	 mRNA	 molecules.	 For	 this	 analysis,	 samples	 from	 Hmgb1f/f	 and	

Hmgb1ΔLysM	mice	with	 similar	hepatic	bacterial	 titers	after	24	hours	of	 infection	were	used	 to	

ensure	comparable	amounts	of	bacteria	in	the	liver	as	well	as	comparable	exposure	of	immune	

cells	to	PAMPs,	highlighting	only	differences	as	a	result	of	HMGB1	(Fig.	26A).		

Heatmap	analysis	showed	clear	clustering	of	mice	according	to	their	treatment	as	well	as	their	

genotype,	 illustrating	 transcriptional	differences	due	 to	 the	presence	or	absence	of	HMGB1	 in	

myeloid	 cells	 (Fig.	 26B).	 In	 general,	 infection	 with	 Listeria	 monocytogenes	 led	 to	 the	

upregulation	of	pro-inflammatory	mediators	in	both	groups.	For	example,	transcription	of	Tlr2	

as	 well	 as	 Cxcl9,	 Cxcl10	 and	 Cxcl11,	 chemokines	 that	 regulate	 migration,	 differentiation	 and	

activation	 of	 immune	 cells	 [137],	 were	 clearly	 upregulated	 after	 infection	 with	 Listeria,	

indicating	 an	 induction	 of	 an	 immune	 response	 in	 both	Hmgb1f/f	 and	Hmgb1ΔLysM	 animals.	 In	

contrast,	some	pro-inflammatory	mediators	were	differentially	expressed.	As	an	example,	Ca2+	

sensors	S100a8	and	S100a9	as	well	as	Cd14	were	upregulated	in	Hmgb1ΔLysM	mice.	S100A8	and	

S100A9	 are	 constitutively	 expressed	 in	 neutrophils	 and	monocytes.	During	 inflammation,	 the	

heterodimer	S100A8/9	is	actively	released	and	subsequently	induces	leukocyte	infiltration	and	

cytokine	secretion	[138].	CD14	acts	as	a	co-receptor	for	PAMPs	such	as	LPS	and	lipoteichoic	acid	

and	is	therefore	directly	involved	in	the	recognition	of	pathogens	[139,140].		
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Figure	 26	 |	 Nanostring	 analysis	 of	 myeloid	 genes	 24	 hours	 after	 infection	 with	 Listeria	
monocytogenes.	Hepatic	bacterial	burden	of	Hmgb1f/f	and	Hmgb1ΔLysM	mice	(n	=	7	–	8	mice	per	group)	24	
hours	after	infection	with	Listeria	monocytogenes	(A).	Whole	liver	lysates	of	titer-matched	samples	(blue	
box)	 were	 used	 for	 Nanostring	 analysis.	 Heatmap	 analysis	 of	 hepatic	 gene	 expression	 of	 indicated	
samples	at	baseline	and	24	hours	after	infection(B).	Overrepresentation	enrichment	analysis	of	Hmgb1f/f	
and	Hmgb1ΔLysM	samples	(C).	
	

When	 analyzing	 the	 activation	 of	 signaling	 pathways	 rather	 than	 single	 mediators,	

overrepresentation	enrichment	analysis	 revealed	differentially	activated	 immune	pathways	 in	

Hmgb1f/f	and	Hmgb1ΔLysM	mice	despite	comparable	hepatic	bacterial	burden	(Fig.	26C).	Listeria	

infection	 in	Hmgb1f/f	mice	 led	 to	 a	 strong	 activation	 of	 NF-κB	 -mediated	 signaling	 pathways,	

leading	to	the	transcription	of	a	vast	array	of	inflammatory	mediators.	Also,	myeloid	cells	from	

Hmgb1f/f	mice	displayed	increased	responses	to	cytokines,	especially	TNF-α	following	infection.	

In	 striking	 contrast,	 infected	Hmgb1ΔLysM	mice	upregulated	 anti-bacterial	 defense	mechanisms	

and	antimicrobial	humoral	immune	responses.		
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This	 data	 indicates	 that,	 even	 though	 only	 a	 small	 number	 of	 genes	 are	 significantly	

differentially	 expressed	 due	 to	 the	 ablation	 of	 HMGB1	 from	 myeloid	 cells,	 it	 results	 in	 a	

strikingly	 different	 activation	 of	 immune	 pathways	 in	 response	 to	 infection	 with	 Listeria	

monocytogenes.	The	absence	of	NF-κB	signaling	pathways	in	Hmgb1ΔLysM	mice	also	suggests	that	

HMGB1	might	be	directly	involved	in	the	activation	of	NF-κB	-mediated	immune	pathways	and	

the	subsequent	responses	towards	bacterial	pathogens.		
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IV.		Discussion	

Comparable	to	the	properties	of	PAMPs	in	the	initiation	of	immune	responses,	DAMPs,	released	

from	 stressed	 or	 decaying	 cells,	 induce	 inflammation	 following	 tissue	 damage,	 as	 well	 as	

subsequent	wound	healing	[141].	Elevated	levels	of	circulating	DAMPs	can	be	detected	during	

viral	 [38,142]	 and	 bacterial	 [40,143]	 infections,	 most	 likely	 due	 to	 tissue	 damage	 caused	 by	

infections	and	activated	 immune	and	parenchymal	cells.	Since	 the	prototypical	DAMP	HMGB1	

has	 been	 shown	 to	 be	 highly	 conserved	 across	 species	 and	 is	 greatly	 expressed	 in	 nearly	 all	

cells,	 it	 is	 believed	 to	have	 important	 functions,	 not	only	during	homeostasis,	 but	 also	during	

inflammation,	since	it	has	been	suggested	to	facilitate	inflammation	by	acting	as	an	adjuvant	for	

the	 immune	 response	 [144-146].	 Until	 recently,	 the	 limited	 availability	 of	 genetic	 models	

hindered	 the	discoveries	 concerning	HMGB1.	This	 study,	 using	 genetic	models	 of	 cell-specific	

depletion	 of	 HMGB1,	 analyzed	 the	 role	 of	 HMGB1	 in	 inducing	 an	 immune	 response	 towards	

Listeria	monocytogenes.	While	HMGB1	 from	hepatocytes	was	 shown	 to	be	dispensable	during	

the	 controlled	 infection,	 myeloid	 cell-derived	 HMGB1	 seems	 to	 be	 a	 critical	 co-activator	 of	

immune	responses	towards	Listeria	monocytogenes,	by	inducing	gene	expression	of	an	array	of	

pro-inflammatory	 mediators	 as	 well	 as	 early	 monocyte	 infiltration	 following	 infection.	

Additionally,	this	work	raises	concerns	about	antibody-mediated	neutralization	of	HMGB1	as	a	

general	therapeutic	strategy	for	sepsis,	due	to	its	negative	impact	during	systemic	Listeriosis.	

	

1.		 Antibody-mediated	 HMGB1	 neutralization	 impairs	 defense	 against	 Listeria	
monocytogenes	

The	positive	effect	of	antibody-mediated	HMGB1	neutralization	has	previously	been	shown	for	

LPS-induced	 septic	 shock	 [37]	 and	 polymicrobial	 abdominal	 sepsis	 [14].	 The	 lethality	 of	

established	 sepsis	 could	 be	 reversed	 by	 inhibiting	 endogenous	 HMGB1,	 suggesting	 HMGB1	

inhibition	as	a	relevant	clinical	therapeutic	option	for	sepsis	[14].	 In	striking	contrast	to	these	

findings,	 HMGB1	 neutralization	 in	 the	 context	 of	 systemic	 Listeria	 monocytogenes	 infection	

resulted	in	increased	bacterial	titer	and	aggravated	tissue	damage	and	inflammation	in	the	liver	

72	hours	after	infection.	Infiltration	of	neutrophils	into	the	liver	following	infection	seemed	to	

be	 slightly	 increased	 in	 HMGB1-neutralized	mice,	 which	was	 also	 accompanied	 by	 increased	

expression	levels	of	the	monocyte-attracting	chemokine	CCL2	and	effector	molecule	iNOS.	This	

confirms	previous	results	showing	no	survival	benefit	following	LPS-induced	shock	even	though	

HMGB1	 release	 was	 suppressed	 [34].	 Possible	 explanations	 for	 these	 differing	 results	 are	

adverse	 effects	 of	 antibody	 injections,	 subtle	 differences	 in	mouse	models	 due	 to	 genetics	 or	
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housing	 (e.g.	 intestinal	 microbiome),	 or	 context-dependent	 differences	 in	 the	 function	 of	

HMGB1.	 For	 example,	 differing	 roles	 of	 HMGB1	 could	 be	 due	 to	 varying	 release	mechanisms	

from	different	cell	subsets	(active	release	from	immunocompetent	cells	or	passive	release	from	

dying	or	decaying	cells)	or	due	to	varying	infection	and	inflammation	mechanisms	(e.g.	viral	and	

bacterial	infections).		

	

2.		 Aggravated	bacterial	infection	in	mice	with	myeloid	cell-specific	ablation	of	
HMGB1	is	not	caused	by	defects	in	autophagy	

In	 contrast	 to	 its	 role	 during	 sterile	 inflammation	 [34],	 hepatocyte-derived	 HMGB1	 was	

dispensable	for	the	anti-bacterial	immune	response	during	the	systemic	infection	with	Listeria	

monocytogenes.	However,	specific	HMGB1	ablation	in	myeloid	cells	demonstrated	a	comparable	

phenotype	 to	 mice	 with	 antibody-mediated	 HMGB1	 neutralization.	 The	 notion,	 that	 HMGB1	

from	 myeloid	 cells	 plays	 a	 critical	 role	 during	 the	 immune	 response	 towards	 Listeria	

monocytogenes,	is	supported	by	the	fact,	that	the	initial	target	of	Listeria	in	the	liver	and	spleen	

are	 phagocytes	 [147],	 which	 die	 due	 to	 necroptosis	 releasing	 DAMPs	 into	 their	 surrounding.	

This	indicates	a	potential	DAMP	role	of	HMGB1	during	systemic	Listeriosis.		

The	 phenotype	 that	 was	 observed	 in	Hmgb1ΔLysM	 mice	 is	 also	 in	 accordance	with	 a	 previous	

study	of	the	consequences	of	HMGB1	depletion	from	myeloid	cells	during	systemic	Listeriosis,	

which	concluded	that	 the	 impaired	anti-bacterial	 immune	response	was	a	result	of	autophagy	

defects	in	phagocytes	due	to	the	absence	of	HMGB1	[148].	In	this	current	study,	analysis	of	LC3,	

a	marker	for	the	induction	of	autophagy,	was	not	differentially	induced	following	infection	with	

Listeria	 monocytogenes	 in	 either	 HMGB1-proficient	 or	 –deficient	 mice.	 Additionally,	

macrophages	of	both	mice	in	vitro	showed	a	comparable	upregulation	of	LC3	following	infection	

with	 Listeria	monocytogenes.	 However,	 in	 vivo,	 an	 upregulation	 of	 p62	 could	 be	 observed	 in	

Hmgb1ΔLysM	 mice,	 which	 could	 be	 shown	 to	 localize	 mainly	 in	 hepatocytes	 surrounding	

granulomas	in	the	liver.	Inhibition	of	p62	degradation	within	cells	has	usually	been	suggested	to	

indicate	 defects	 in	 autophagy	 [126].	 In	 contrast	 to	 this,	 heightened	 p62	 expression	 and	

subsequent	accumulation	has	also	been	suggested	to	aid	in	autophagy	and	therefore	restriction	

of	 intracellular	 replication	 of	 bacteria	 [149].	 Activation	 of	 p62	 has	 also	 been	 shown	 to	 have	

beneficial	effects	in	prion	diseases	[150],	as	well	as	activation	of	NLRP3	inflammasome	during	

mycobacterium	 infection	 [151],	 indicating	 various	 important	 roles	 of	 p62	 during	 innate	

immunity.	 In	 addition	 to	 the	 in	 vivo	 analysis,	 protein	 levels	 of	 p62	 in	 extracts	 of	 BMDMs	

stimulated	 with	 heat-inactivated	 Listeria	 monocytogenes	 were	 comparable	 in	 Hmgb1f/f	 and	
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Hmgb1ΔLysM	 cells,	 confirming	the	absence	of	autophagy	defects	 in	myeloid	cells	due	 to	HMGB1	

ablation.	

Listeria	monocytogenes	has	been	shown	to	evade	autophagy	using	actin-based	motility	via	ActA-

mediated	protection	from	ubiquitylation	[105,152].	Targeting	for	autophagy	is	increased	when	

Listeria	lack	ActA,	since	they	then	undergo	ubiquitylation,	followed	by	p62	and	LC3	recruitment	

and	 finally	 degradation	 by	 autophagy	 [105],	 implying	 that	 Listeria	 have	 found	 a	 functioning	

mode	 of	 autophagy	 escape.	 P62	 accumulation	 in	 hepatocytes	 surrounding	 granulomas	

containing	Listeria	can	therefore	be	the	result	of	stress	responses	and	antibacterial	activation	of	

hepatocytes	 due	 to	 overwhelming	 amounts	 of	 bacteria	 and	 defects	 in	 containment	 within	

granulomas	 in	 the	 liver,	 demonstrating	 an	 important	 role	 for	 p62-mediated	 autophagy	 as	 an	

innate	 immune	defense	mechanism.	Defects	 in	autophagy	due	 to	ablation	of	HMGB1	could,	 in	

this	model,	be	largely	ruled	out	as	the	cause	of	impaired	bacterial	control.		

Following	 infection	 with	 Listeria,	 no	 apparent	 defects	 in	 inflammatory	 gene	 induction	 or	

cytokine	 release	 could	 be	 observed	 in	 Hmgb1ΔLysM	 mice.	 Increased	 induction	 of	 pro-

inflammatory	 cytokines	 correlated	 with	 the	 increased	 hepatic	 bacterial	 burden	 in	 HMGB1-

ablated	animals.	This	indicates	that	these	essential	inflammatory	pathways	are	not	affected	by	

missing	 HMGB1,	 therefore,	 more	 likely	 induced	 by	 released	 PAMPs	 or	 DAMPs	 other	 than	

HMGB1,	because	of	the	infection.	

During	 the	overwhelming	 infection	with	Listeria	 in	Hmgb1ΔLysM	mice,	HMGB1	 is	 shuttled	 from	

the	nuclei	 of	 hepatocytes	 into	 their	 cytoplasm,	which	 is	 likely	 followed	by	 active	 secretion	of	

HMGB1	 [119],	 since	 increased	 levels	 of	 circulating	HMGB1	 in	 the	 serum	could	be	detected	 in	

these	animals.	This	release	is	most	likely	due	to	hepatocyte	stress	because	of	the	high	bacterial	

titer	 and	 inflammation	 in	 the	 liver	 and	 can	 serve	 as	 a	 reinforcement	 of	 immune	 activation	

following	bacterial	 infection.	This	 conclusion	 in	 connection	with	our	previous	observations	 in	

hepatocyte-specific	 knockouts	 of	 HMGB1	 urges	 the	 differentiation	 of	 controlled	 and	

uncontrolled	 infection	 with	 Listeria	 monocytogenes.	 Hepatocyte-derived	 HMGB1	 seems	

dispensable	 during	 a	 controlled	 bacterial	 infection,	 but	 may	 also	 be	 the	 cause	 of	 excessive	

inflammation	during	an	uncontrolled	bacterial	 infection,	which	 is	accompanied	by	aggravated	

tissue	 damage.	 These	 processes	 still	 need	 further	 analysis	 in	 order	 to	 elucidate	 the	 role	 of	

HMGB1	during	different	magnitudes	of	infection.		
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3.		 Reduced	monocyte	infiltration	possibly	contributes	to	impaired	antibacterial	
immune	response	in	Hmgb1ΔLysM	mice	

After	 24	 hours	 of	 infection,	 significantly	 lower	 numbers	 of	 Ly6Chi	 inflammatory	 monocytes	

could	be	detected	 in	 the	 liver	of	Hmgb1ΔLysM	mice,	 an	effect	 that	 could	 still	 be	observed	at	72	

hours	post	infection,	but	to	a	lesser	extent.	Since	the	differentiation	of	inflammatory	monocytes	

into	 Tip-DCs	 and	 M1	 monocyte-derived	 macrophages	 is	 required	 for	 an	 adequate	 immune	

response	towards	Listeria	monocytogenes,	this	decreased	infiltration	could	possibly	lead	to	the	

observed	 increase	 in	bacterial	burden	 in	 the	 liver	of	Hmgb1ΔLysM	mice.	HMGB1	has	previously	

been	shown	to	be	responsible	for	monocyte	recruitment	via	the	RAGE/NF-κB	signaling	pathway	

by	 inducing	the	production	of	CCL2	as	well	as	 inhibiting	apoptotic	cell	death	of	monocytes	by	

impeding	the	degradation	of	the	pro-apoptotic	protein	myeloid	cell	leukemia	1	(MCL-1)	via	the	

MAPK/ERK	signaling	pathway	[153,154].		

Inflammatory	 monocytes	 express	 high	 levels	 of	 CCR2,	 the	 receptor	 for	 the	 chemoattractant	

CCL2,	 and	 Ly6C	 [155].	 CCR2	 on	monocytes	 is	 necessary	 for	 the	 extravasation	 from	 the	 bone	

marrow	and	 subsequent	 recruitment	 to	 sites	 of	 infection,	where	monocytes	differentiate	 into	

Tip-DCs	in	order	to	support	bacterial	clearance	[156].	CCR2-deficient	mice	(CCR2-/-)	are	highly	

susceptible	to	Listeria	infection	[65,157]	with	increased	severity	of	the	infection	also	in	the	liver	

[72].	 Infection	 of	 CCR2-/-	 mice	with	 Listeria	monocytogenes	 infection	 resulted	 in	 a	 phenotype	

comparable	 to	 the	 one	 observed	 in	 Hmgb1ΔLysM	 mice	 in	 this	 study,	 including	 decreased	

infiltration	of	inflammatory	monocytes	into	the	liver	and	increased	bacterial	burden	already	24	

hours,	 resulting	 in	 100-fold	 increase	 72	 hours	 post	 infection.	 Immunofluorescent	 staining	

showed	that	on	day	3	of	the	infection,	monocytes	localized	to	the	periphery	of	granuloma	in	the	

liver	 [63].	 Interestingly,	 immunohistochemical	 analysis	 of	 Listeria	 in	 the	 liver	 of	Hmgb1ΔLysM	

mice	showed	localization	of	bacteria	also	in	the	periphery	of	the	granuloma	in	the	liver	72	hours	

post	infection.	This	was	in	contrast	to	Hmgb1f/f	mice,	where	Listeria	could	mainly	be	seen	in	the	

center	of	the	granulomas.	On	the	one	hand,	this	supports	the	notion	of	an	uncontrolled	infection,	

since	the	cells	in	the	granulomas	are	not	able	to	contain	the	bacteria	within	this	cellular	cluster.	

On	 the	 other	 hand,	 this	 raises	 the	 question	 whether	 the	 decreased	 infiltration	 of	 monocytes	

leads	to	lower	numbers	of	monocytes	in	the	periphery	of	the	granuloma	and	therefore	increased	

spread	 of	 bacteria	 or	 if	 the	 monocytes	 are	 even	 infected	 by	 Listeria,	 which	 is	 normally	 not	

observed	during	Listeria	 infection	 [63].	Additionally,	 the	 fact	 that	RNA	expression	of	Ccl2,	 the	

chemokine	 responsible	 for	 monocyte	 infiltration	 following	 infection[116,117],	 is	 already	

significantly	 increased	 24	 hours	 after	 Listeria	 infection	 in	 mice	 with	 myeloid	 cell-specific	

depletion	 of	HMGB1,	 suggests	 a	 direct	 effect	 of	HMGB1	 on	 the	 infiltration	 of	monocytes.	 The	

characterization	 of	 monocytes	 depleted	 of	 HMGB1	 during	 the	 infection	 with	 Listeria	
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monocytogenes	as	well	as	the	effect	of	HMGB1	on	the	extravasation	and	migration	of	monocytes	

following	infection	still	needs	further	analysis.	

In	contrast	to	decreased	levels	of	monocytes,	increased	levels	of	neutrophils	could	be	observed	

in	 the	 livers	 of	Hmgb1ΔLysM	mice	 24	 hours	 post	 infection,	which	 is	most	 likely	 in	 response	 to	

increased	 hepatic	 bacterial	 burden	 and	 inflammation.	 Histological	 analysis	 of	 neutrophils	

showed	granuloma	formation	with	large	amounts	of	neutrophils	in	the	center.	The	decrease	in	

living	neutrophils	in	the	liver	72	hours	post	infection,	compared	to	the	previous	time	point,	 in	

both	 groups	 can	 possibly	 be	 explained	 with	 increased	 levels	 of	 cell	 death,	 especially	 in	 the	

HMGB1-depleted	animals	due	 to	high	bacterial	burden	and	high	 levels	of	 inflammation	 in	 the	

liver,	 which	 correlates	 with	 the	 large	 amounts	 of	 TUNEL+	 cells	 within	 the	 granulomas	 of	

Hmgb1ΔLysM	mice.	

	

4.		 Increased	 accumulation	 of	 dead	 immune	 cells	 possibly	 contributes	 to	
exacerbated	inflammation	and	infection		

Histological	 and	 flow	cytometry	analysis	 revealed	exacerbated	apoptosis	 and	accumulation	of	

dead	 cells	 within	 disseminating	 hepatic	 granulomas	 in	 the	 livers	 of	 Hmgb1ΔLysM	 mice.	 Since	

granulomas	 were	 shown	 to	 largely	 contain	 neutrophils	 24	 hours	 post	 infection,	 it	 can	 be	

speculated	 that	 these	 accumulated	dead	 cells	 are	mainly	 consist	 of	 neutrophils,	which	 is	 also	

supported	by	the	decreased	levels	of	living	neutrophils	observed	in	flow	cytometry	analysis	72	

hours	post	infection	in	Hmgb1ΔLysM	mice.	Neutrophils	in	vitro	did	not	display	increased	apoptosis	

following	Listeria	 infection,	indicating	that	the	accumulation	of	dead	cells	could	more	likely	be	

due	 to	 decreased	 clearance	 of	 dead	 cells	 from	 the	 tissue.	 The	 mechanism	 of	 efferocytosis,	

phagocytosis	 of	 apoptotic	 cells,	 is	 a	 critical	 step	 towards	 the	 resolution	 of	 inflammation	 [96]	

since	it	leads	to	the	removal	of	potentially	pro-inflammatory	and	tissue-damaging	intracellular	

contents	of	dying	cells,	and	also	induces	the	release	of	anti-inflammatory	factors	like	IL-10	and	

TGF-β	and	suppresses	the	production	of	pro-inflammatory	cytokines	by	macrophages	[158].	In	

vitro,	M2	macrophages	show	an	increased	ability	to	ingest	apoptotic	cells	in	comparison	to	M1-

polarized	macrophages	 [159,160].	 Since	 the	 livers	 of	Hmgb1ΔLysM	 mice	 were	 still	 clearly	 M1-

polarized	72	hours	after	 infection	with	Listeria	monocytogenes,	 in	comparison	to	control	mice,	

which	displayed	signs	of	regenerative	M2	polarization,	this	could	support	the	notion	of	reduced	

efferocytosis	 in	 these	 livers.	 Impairment	 of	 efferocytosis	 can	 lead	 to	 prolonged	 inflammation	

due	 to	 the	 progression	 of	 apoptotic	 cells	 to	 necrosis	 and	 the	 concomitant	 release	 of	

proinflammatory	cellular	components.	Additionally,	reduction	in	efferocytosis	may	also	impede	
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phagocytosis	 of	 bacteria	 and	 other	 microorganisms,	 leading	 to	 prolonged	 proliferation	 and	

inflammation.			

It	 has	 been	 shown	 that	 both	 intra-	 and	 extracellular	HMGB1	 are	 able	 to	 decrease	 phagocytic	

activities	of	macrophages.	Since	hepatocytes	in	Hmgb1ΔLysM	mice	were	shown	to	translocate	and	

subsequently	 release	 large	 amounts	 of	 HMGB1	 after	 Listeria	 infection,	 extracellular	 HMGB1	

could	diminish	the	abilities	of	macrophages	to	phagocytose	apoptotic	neutrophils	in	Hmgb1ΔLysM	

mice.	A	previous	study	showed,	that	released	HMGB1	can	prevent	macrophage	efferocytosis	by	

binding	 to	 exposed	 phosphatidylserine	 (PS)	 on	 apoptotic	 neutrophils	 [161]	 as	 well	 as	

obstructing	the	activation	of	αvβ3	and	the	ensuing	phosphorylation	of	ERK	and	activation	of	Rac-

1	 [162],	which	 is	 required	 for	efficient	efferocytosis	 [163-166].	The	reduction	 in	efferocytosis	

due	to	the	large	amounts	of	extracellular	HMGB1	does	not	only	impede	phagocytosis	of	Listeria,	

leading	to	prolonged	proliferation	and	inflammation,	but	apoptotic	cells	have	also	been	shown	

to	 enhance	 the	 pathogenesis	 of	 Listeria	 monocytogenes	 [93],	 possibly	 adding	 to	 the	

overwhelming	bacterial	burden	in	Hmgb1ΔLysM	mice	72	hours	after	infection.		

	

5.		 HMGB1	from	both	tissue-resident	and	circulating	immune	cells	contributes	to	
the	immune	response	towards	Listeria	monocytogenes	

To	 further	 distinguish	 the	 role	 of	 HMGB1	 from	 tissue-resident	 and	 infiltrating	 immune	 cells,	

Listeria	monocytogenes	 infection	 was	 analyzed	 in	 chimeric	mice.	 Irradiation	 of	 mice	 led	 to	 a	

depletion	of	 immune	cells,	with	the	exception	of	 tissue-resident	Kupffer	cells,	and	allowed	for	

reconstitution	of	the	immune	system	with	bone	marrow	cells	from	mice	with	a	different	genetic	

background.	 Therefore,	 mice	 with	 HMGB1-proficient	 Kupffer	 cells	 and	 –deficient	 circulating	

immune	 cells	 as	 well	 as	mice	with	 HMGB1-deficient	 Kupffer	 cells	 and	 –proficient	 circulating	

immune	cells	could	be	analyzed.	The	only	very	slight	 increase	in	hepatic	bacterial	burden	and	

inflammatory	 markers	 in	 both	 groups	 compared	 to	 wild	 type	 mice	 infected	 with	 Listeria	

monocytogenes	could	be	because	only	a	subset	of	Kupffer	cells	resists	lethal	irradiation	and	the	

rest	is	subsequently	replaced	by	bone	marrow	monocyte-derived	Kupffer	cells	[135,136].	This	

might	 lead	 to	 an	 attenuated	 effect,	 since	 only	 a	 part	 of	 the	 Kupffer	 cells	 would	 be	 HMGB1-

deficient	or	–proficient,	respectively.	

The	 minor	 effect	 of	 HMGB1	 from	 either	 tissue-resident	 or	 circulating	 immune	 cells	 though,	

could	 also	 suggest	 a	 compensatory	 effect	 of	 HMGB1	 when	 it	 is	 missing	 from	 only	 one	

population,	and	that	therefore	the	depletion	of	HMGB1	from	all	myeloid	cells	is	detrimental	for	

the	 antibacterial	 immune	 response.	 This	 would	 indicate	 that	 HMGB1	 acts	 both	 as	 a	 DAMP,	
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released	 from	dying	 infected	 tissue-resident	phagocytes,	as	well	as	a	cytokine	and	chemokine	

actively	secreted	from	infiltrating	activated	immune	and	parenchymal	cells.		

	

6.		 HMGB1	 deficiency	 in	 myeloid	 cells	 is	 associated	 with	 differential	 hepatic	
inflammatory	 gene	 expression	 early	 after	 infection	 with	 Listeria	
monocytogenes	

Nanostring	analysis	of	 liver	samples	24	hours	after	 infection	with	Listeria	monocytogenes	was	

performed	 in	 order	 to	 gain	 more	 insight	 into	 the	 gene	 expression	 profile	 of	 myeloid	 cells	

proficient	 and	 deficient	 of	 HMGB1,	 respectively.	 According	 to	 this	 analysis,	 Hmgb1f/f	 liver	

samples	displayed	over-representation	of	NF-κB-related	pathways,	which	was	not	detectable	in	

Hmgb1ΔLysM	 animals.	 In	 contrast,	 livers	 of	 Hmgb1ΔLysM	 mice	 showed	 increased	 responses	 to	

pathogens,	which	was	absent	in	Hmgb1f/f	livers.	Therefore	one	possibility	would	be,	that	HMGB1	

during	 Listeriosis	 acts	 as	 a	 co-activator	 of	NF-κB	 signaling.	 Although	 the	 over-representation	

analysis	points	 towards	differing	activation	of	 immune	pathways,	 the	 increased	expression	of	

DAMPs	like	S100A8	and	S100A9,	the	TLR4-coreceptor	CD14	and	chemokines	CXCL2	and	CXCL3	

could	also	be	due	to	varying	amounts	of	infiltrating	immune	cells	in	the	livers	of	Hmgb1f/f	and	

Hmgb1ΔLysM	 mice.	 RNA	 sequencing	 analysis	 showed	 high	 expression	 levels	 of	 Cd14,	 S100a8,	

S100a9	 and	 Cxcl2	 in	 bone	 marrow	 and	 peritoneal	 neutrophils,	 but	 only	 very	 low	 levels	 in	

inflammatory	 monocytes	 [167].	 Therefore	 the	 increased	 expression	 seen	 in	 the	 Nanostring	

analysis	 correlates	 with	 the	 larger	 number	 of	 infiltrating	 neutrophils	 into	 the	 livers	 of	

Hmgb1ΔLysM	mice	24	hours	post	infection	in	comparison	to	Hmgb1f/f	mice.	

Increased	expression	of	the	Ca2+	binding	proteins	S100A8	and	S100A9	has	been	associated	with	

exacerbation	 of	 inflammation	 for	 example	 during	 HIV-1	 infection	 [168],	 Influenza	 A	 Virus	

infection	[142]	or	septic	shock	[169].	S100A8	and	S100A9	usually	form	heterodimers	in	order	

to	 aid	 in	 cytoskeleton	 rearrangement	 and	 arachidonic	 acid	metabolism.	 Excessive	 expression	

und	 secretion	 by	 neutrophils,	 monocytes	 and	 macrophages	 following	 bacterial	 infection	

exacerbate	innate	immune	responses	by	stimulating	increased	cytokine	release	by	neutrophils	

and	 macrophages,	 aggravating	 inflammation	 [138].	 CD14,	 combined	 with	 TLR4	 and	 MD2,	 is	

crucial	for	the	recognition	of	LPS	and/or	endotoxin	from	Gram-negative	bacteria,	which	results	

in	the	activation	of	an	immune	response.		

In	 order	 to	 really	 determine	 the	 role	 of	 these	 differentially	 regulated	 genes	 during	 Listeria	

infection	 in	 Hmgb1f/f	 and	 Hmgb1ΔLysM	 mice,	 further	 analysis	 of	 immune	 pathways	 and	

verification	of	these	results	using	qRT-PCR	is	needed.		
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7.		 Final	conclusion	

Elevated	 levels	of	serum	HMGB1	have	been	detected	 in	patients	with	surgical	sepsis	 [37]	and	

hemorrhagic	 shock	 [170]	 and	 has	 additionally	 been	 shown	 to	 increase	 in	 mice	 after	 LPS	

administration,	where	it	remains	elevated	for	more	than	36	hours	after	injection	[37],	indicating	

a	function	for	HMGB1	during	inflammation.	Therefore,	HMGB1	has	repeatedly	been	proposed	as	

a	potent	therapeutic	target	in	sterile	and	infectious	inflammation.	Especially	antibody-mediated	

neutralization	 has	 been	 shown	 in	 various	 settings	 like	 endotoxemia	 [37,171],	 sepsis	

[14,172,173]	 or	 gastrointestinal	 disorders	 [174,175]	 to	 have	 beneficial	 effects	 on	 the	 disease	

outcome.	In	this	study,	antibody-mediated	neutralization	and	myeloid	cell-specific	depletion	of	

HMGB1	were	shown	to	lead	to	exacerbated	systemic	listeriosis	and	concomitant	inflammation.	

The	 properties	 of	 released	 HMGB1	 seem	 to	 be	 highly	 context-dependent	 and	 therefore	 it	

requires	closer	analysis	in	order	to	function	as	a	therapeutic	target.		

The	limitation	of	this	study	lies	in	the	myeloid	cell-specific	knockout,	which	affects	multiple	cell	

types	 (neutrophils,	 monocytes,	 macrophages,	 dendritic	 cells),	 which	 complicates	 the	

differentiation	of	effects	according	to	cell	type,	especially	in	an	infection	that	involves	all	these	

different	 cell	 types.	 Isolating	 these	 cell	 populations	 and	 analyzing	 their	 effects	 in	vitro	 on	 the	

other	hand,	eliminates	interactions	with	other	cell	populations,	also	limiting	the	investigation.	In	

order	 to	 more	 accurately	 determine	 the	 role	 of	 HMGB1	 from	 each	 cell	 type,	 cell-specific	

depletion	models	 of	 HMGB1	 in	monocytes,	 neutrophils	 and	 dendritic	 cells	 would	 have	 to	 be	

analyzed.		

Overall,	the	performed	analyses	in	this	study	propose	a	time	course	of	HMGB1	influence	on	the	

innate	 immune	 response	 during	 Listeriosis.	 Initially,	 depletion	 of	 HMGB1	 from	myeloid	 cells	

leads	 to	 decreased	 infiltration	 of	 inflammatory	monocytes	 resulting	 in	 reduced	 anti-bacterial	

defenses	and	subsequent	increased	hepatic	bacterial	burden	and	heightened	inflammation.	This	

is	accompanied	by	 increased	 infiltration	of	neutrophils,	 further	exacerbating	 inflammation.	At	

the	 same	 time,	 it	 is	 possible,	 that	 differential	 activation	 of	 anti-bacterial	 gene	 regulatory	

pathways	 leads	 to	 a	 decreased	 activation	 of	 immune	 cells	 in	 HMGB1-depleted	 cells.	 This	

aggravated	 infection	and	 increased	 inflammation	 in	 the	 liver	 leads	 to	 the	secretion	of	HMGB1	

from	 hepatocytes,	 accumulation	 of	 dead	 cells	 in	 the	 liver	 due	 to	 reduced	 efferocytosis	 and	

subsequently	 further	 increase	 in	 bacterial	 burden.	 Finally,	 this	 study	 shows	 the	 context-

dependent	 nature	 of	 HMGB1	 activity,	 cautioning	 a	 universal	 application	 of	 HMGB1	 as	 a	

therapeutic	target	in	sterile	and	infectious	inflammation.	 	
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Infektionen.	

Besonders	 danke	 ich	 auch	 bei	 Jennifer	 Wigger,	 Sabrina	 Kreß,	 Anja	 Koop,	 Daria	 Krzikalla,	

Stephanie	Stein	und	Katja	Giersch	für	den	Austausch,	die	Aufmunterung	und	die	Freundschaft.	

Außerdem	 möchte	 ich	 mich	 bei	 meinen	 Freunden	 außerhalb	 des	 Labors	 bedanken,	

insbesondere	Steffeni	Mountford,	für	ihr	Verständnis	und	ihre	Unterstützung.		

Abschließend	 bin	 ich	meiner	 Familie,	meinen	 Eltern	 Birgit	 und	Heinz	 Volmari,	 sowie	meinen	

Geschwistern	Wiebke	und	Henrik	Volmari,	dankbar,	dass	sie	mich	auf	all	meinen	Wegen	immer	

unterstützt	 haben




