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II.	ABSTRACT	

The	 rise	 of	 antibiotic	 resistance	 calls	 for	 alternative	 strategies	 to	 treat	 bacterial	
infections.	 One	 attractive	 strategy	 is	 the	 direct	 interference	 with	 bacterial	 virulence	
factors	 using	 anti-virulence	 drugs,	 thereby	 reducing	 the	 bacterial	 in	 vivo	 fitness	 and	
enabling	the	host	immune	defense	to	clear	the	invading	pathogen.	However,	expression	
of	 virulence	 traits	 by	 pathogens	 is	 not	 constitutive	 but	 rather	 provoked	 by	 the	
physiological	conditions	of	the	microenvironment	during	infection.	As	these	conditions	
are	shaped	by	the	host’s	innate	immune	response	to	infection,	inter-individual	variation	
in	 the	 resistance	 to	 a	 pathogen	 could	 influence	 the	 expression	 of	 targeted	 virulence	
factors	and,	consequently,	pose	a	potential	problem	for	the	general	applicability	of	anti-
virulence	 strategies.	 Therefore,	 the	 aim	 of	 this	 study	 was	 to	 evaluate	 the	 impact	 of	
variability	 in	 the	host’s	 resistance	 to	 infection	on	 the	bacterial	expression	of	virulence	
factors	during	infection.	For	this	purpose,	two	mouse	strains	that	have	previously	been	
shown	 to	 be	 susceptible	 (A/J)	 or	 resistant	 (C57BL/6)	 to	 infection,	were	 infected	with	
Staphylococcus	 aureus,	 an	 opportunistic	 human	 pathogen	 notorious	 for	 acquiring	
antibiotic	 resistances,	 and	 the	 transcriptional	 profiles	 of	 host	 and	 pathogen	 were	
analyzed	 by	 dual	 RNA-sequencing	 (RNA-seq).	 While	 the	 resistant	 C57BL/6	 mice	
efficiently	 controlled	 bacterial	 multiplication	 and	 developed	 mild	 infection,	 S.	 aureus	
multiplied	progressively	 in	 the	 susceptible	A/J	mice	 leading	 to	 severe	 sepsis	 that	was	
manifested	 by	 excessive	 expression	 of	 pro-	 and	 anti-inflammatory	 mediators	 and	
altered	 coagulation.	 These	 inherent	 differences	 in	 host	 resistance	 strongly	 influenced	
the	 transcriptional	 response	 of	 S.	 aureus	 during	 in	 vivo	 infection.	 Specifically,	 genes	
encoding	important	virulence	factors	such	as	alpha-hemolysin,	the	alpha	phenol-soluble	
modulins	and	the	extracellular	proteases	were	expressed	to	a	greater	extent	by	S.	aureus	
during	the	infection	of	resistant	C57BL/6	than	during	infection	of	susceptible	A/J	mice.	
The	dependence	of	S.	aureus	expression	of	virulence	factors	on	the	strength	of	the	host	
immune	 defense	 was	 validated	 by	 reducing	 the	 resistance	 of	 C57BL/6	 mice	 through	
chemotherapeutic	 depletion	 of	 Apolipoprotein	 B,	 a	 factor	 previously	 shown	 to	
contribute	to	resistance	against	S.	aureus	and	that	was	higher	expressed	in	the	kidneys	
of	C57BL/6	than	in	the	kidneys	of	A/J	mice,	and	by	genetic	deletion	of	the	cytoplasmic	
adaptor	 molecule	 MyD88,	 a	 critical	 adaptor	 of	 innate	 immune	 signaling.	 Moreover,	
targeting	the	extracellular	protease	aureolysin,	which	was	expressed	at	a	higher	level	by	
S.	aureus	during	 infection	 of	 C57BL/6	 than	 during	 infection	 of	 A/J	mice,	 resulted	 in	 a	
significant	reduction	of	S.	aureus	fitness	in	C57BL/6	mice,	but	did	not	affect	the	bacterial	
fitness	 during	 infection	 of	 A/J	 mice.	 These	 findings	 indicate	 that	 the	 dependence	 of	



		 		 ABSTRACT	

	 III	

bacterial	 gene	 expression	 on	 the	 level	 of	 host	 resistance	 has	 a	 strong	 impact	 on	 the	
efficacy	of	anti-virulence	approaches.	

In	 summary,	 by	 combining	 the	 analysis	 of	 the	 transcriptional	 response	 of	
pathogen	and	of	the	resistant	and	susceptible	hosts	in	a	single	experimental	system,	this	
study	 provides	 evidence	 of	 the	 remarkable	 impact	 of	 host	 intrinsic	 variability	 on	 the	
gene	 expression	 of	 S.	 aureus	 during	 infection.	 Moreover,	 the	 results	 of	 this	 study	
highlight	 a	 potential	 limitation	 for	 the	 general	 implementation	 of	 anti-virulence	
strategies	 and	 urge	 careful	 validation	 of	 novel	 anti-virulence	 strategies	 in	 hosts	 with	
varying	levels	of	resistance	to	infection.	
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III.	ZUSAMMENFASSUNG	

	 Die	 Zunahme	 von	 Antibiotikaresistenzen	 in	 bakteriellen	 Pathogenen	 erzwingt	
die	 Entwicklung	 alternativer	 Strategien	 zur	 Behandlung	 bakterieller	 Infektionen.	 Eine	
vielversprechende	Strategie	ist	das	direkte	Blockieren	bakterieller	Virulenzfaktoren	mit	
Hilfe	von	Anti-Virulenzmedikamenten,	welche	die	bakterielle	in	vivo	Fitness	reduzieren	
und	es	dem	Wirt	zu	ermöglichen	das	eindringende	Pathogen	zu	beseitigen.	Allerdings	ist	
die	 Expression	 von	 Virulenzfaktoren	 durch	 Pathogene	 während	 einer	 Infektion	 nicht	
konstitutiv,	 sondern	 beeinflusst	 von	 den	 physiologischen	 Konditionen	 der	 direkten	
Umgebung.	 Da	 diese	 Konditionen	 durch	 die	 unmittelbare	 Antwort	 der	 angeborene	
Immunität	auf	die	 Infektion	geprägt	werden,	könnten	Unterschiede	 in	der	 individuelle	
Resistenz	 gegenüber	 Pathogenen	 die	 Expression	 bakterieller	 Virulenzfaktoren	
beeinflussen	und	 folglich	 ein	 Problem	 für	 die	Anwendung	 von	Anti-Virulenzstrategien	
darstellen.	 Daher	 war	 es	 das	 Ziel	 dieser	 Studie,	 den	 Einfluss	 der	 Variabilität	 in	 der	
Wirtsresistenz	 gegenüber	 Pathogenen	 auf	 die	 bakterielle	 Expression	 von	
Virulenzfaktoren	 während	 einer	 Infektion	 zu	 charakterisieren.	 Hierfür	 wurden	 zwei	
Mausstämme,	 deren	 Anfälligkeit	 (A/J)	 oder	 Resistenz	 (C57BL/6)	 gezeigt	 wurde,	 mit	
Staphylococcus	aureus,	 einem	 opportunistischen	Humanpathogenen	 berüchtigt	 für	 das	
Erwerben	 von	Antibiotikaresistenzen,	 infiziert	 und	die	 Transkriptionsprofile	 von	Wirt	
und	 Pathogen	 während	 der	 Infektion	 mittels	 dualer	 RNA	 Sequenzierung	 (RNA-seq)	
analysiert.	 Während	 die	 resistenten	 C57BL/6	 Mäuse	 die	 bakterielle	 Multiplikation	
effektiv	eindämmten	und	nur	eine	milde	Infektion	entwickelten,	multiplizierte	S.	aureus	
progressiv	 in	den	 anfälligen	A/J	Mäusen,	was	 zu	 eine	 schwerwiegenden	Sepsis	 führte,	
die	 sich	 in	 der	 übermäßigen	 Expression	 von	 pro-	 und	 anti-inflammatorischen	
Mediatoren	 und	 einer	 deregulierten	 Koagulation	 manifestierte.	 Diese	 inhärenten	
Unterschiede	 in	 der	Wirtsresistenz	 beeinflussten	 die	 transkriptionelle	 Antwort	 von	 S.	
aureus	während	der	 Infektion.	Speziell	Gene	die	wichtige	Virulenzfaktoren,	wie	Alpha-
Hemolysin,	 die	 alpha	 Phenol-löslichen	 Moduline	 und	 die	 extrazelullären	 Proteasen,	
kodieren	wurden	stärker	von	S.	aureus	während	der	Infektion	der	resistenten	C57BL/6	
Mäuse	 als	 während	 der	 Infektion	 der	 anfälligen	 A/J	 Mäuse	 exprimiert.	 Durch	
Reduzierung	 der	 Resistenz	 von	 C57BL/6	 Mäuse	 mittels	 chemotherapeutischer	
Depletion	 von	 Apolipoprotein	 B,	 einem	 Faktor	 von	 dem	 gezeigt	 wurde	 das	 er	 zur	
Resistenz	gegenüber	S.	aureus	beiträgt	und	der	stärker	in	den	Nieren	von	C57BL/6	als	in	
denen	 von	 A/J	 Mäusen	 exprimiert	 wurde,	 und	 genetischer	 Deletion	 des	
Adaptermoleküls	 MyD88	 wurde	 die	 Abhängigkeit	 der	 S.	 aureus	
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Virulenzfaktorexpression	von	der	Stärke	der	Wirtsimmunantwort	validiert.	Außerdem	
resultierte	 das	 Ausschalten	 der	 extrazellulären	 Protease	 Aureolysin,	 die	 von	 S.	aureus	
signifikant	stärker	während	der	 Infektion	von	C57BL/6	als	während	der	 Infektion	von	
A/J	 Mäusen	 exprimiert	 wurde,	 in	 einer	 signifikanten	 Reduzierung	 der	 Fitness	 von	 S.	
aureus	 in	den	resistenten	C57BL/6	Mäusen,	 jedoch	nicht	 in	den	anfälligen	A/J	Mäusen.	
Diese	 Beobachtung	 zeigt	 den	 starken	 Einfluss	 der	 Abhängigkeit	 der	 bakteriellen	
Expression	von	der	Wirtsresistenz	auf	die	Effizienz	von	Anti-Virulenzstrategien.		

	 Zusammenfassend	 zeigt	 diese	 Studie,	 mittels	 der	 kombinierten	 Analyse	 der	
Transkription	des	Pathogens,	sowie	des	resistenten,	beziehungsweise	anfälligen	Wirtes	
in	 einem	 einzigen	 experimentellen	 System,	 den	 bemerkenswerten	 Einfluss	 der	
inhärenten	Wirtsvariabilität	auf	die	Genexpression	von	S.	aureus	während	der	Infektion.	
Außerdem	 zeigen	 die	 Ergebnisse	 eine	 mögliche	 Limitation	 für	 die	 generelle	
Implementierung	 von	 Antivirulenzstrategien	 auf	 und	 drängen	 auf	 eine	 sorgsame	
Validierung	 von	 Antivirulenzstrategien	 in	 Wirten	 mit	 verschieden	 starken	
Infektionsresistenzen.		
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1.	INTRODUCTION	

1.1.	Staphylococcus	aureus	

1.1.1.	Background	

Staphylococcus	 aureus	 is	 a	 gram-positive,	 facultative	 anaerobic	 cocci	 from	 the	
phylum	 Firmicutes	 that	 was	 first	 described	 for	 its	 involvement	 in	 sepsis	 and	 abscess	
formation	 by	 Alexander	 Ogston	 in	 the	 late	 19th	 century1,2.	 The	 opportunistic	 human	
pathogen	 S.	 aureus,	 named	 for	 its	 golden	 (Latin,	 ‘aureus’)	 colony	 pigmentation	 when	
growing	 on	 solid	 medium,	 is	 also	 found	 on	 food	 as	 well	 as	 associated	 to	 livestock3-5.	
Albeit	 S.	 aureus	 can	 cause	 a	 wide	 range	 of	 infections6	 and	 is	 a	 leading	 cause	 of	
nosocomial	 infections7,8,	 it	 can	 also	 asymptomatically	 colonize	 the	 human	 skin,	
predominantly	 the	 anterior	 nares9,10.	 Around	 20%	 of	 the	 human	 population	 are	
persistent	 nasal	 carriers	 of	 S.	 aureus,	 while	 30%	 percent	 are	 intermittently	 colonized	
and	50%	are	estimated	to	be	non-carriers11.	The	asymptomatic	carriage	of	S.	aureus	is	a	
major	risk	factor	for	S.	aureus	infections12,13	and	studies	have	reported	that	patients	with	
S.	aureus	bacteremia	 are	 usually	 infected	with	 their	 own	 colonizing	 strain14,15.	 Several	
risk	 factors	 for	 the	 colonization	with	S.	aureus	have	 been	 identified,	 including	 age16,17,	
race18,	gender19,	underlying	diseases	and	immunodeficiency20-25.	

The	 strong	 adaptation	 of	 S.	 aureus	 to	 the	 human	 host	 and	 its	 high	 pathogenic	
potential,	exemplified	by	the	range	of	different	diseases	that	 it	causes,	are	reflected	on	
the	 S.	 aureus	 genome.	 The	 size	 of	 the	 relatively	 G+C	 poor	 genome	 of	 most	 S.	 aureus	
strains	 is	 around	 2.8Mbp26.	 Around	 80%	 of	 the	 genome	 is	 highly	 conserved	 between	
different	S.	aureus	strains,	while	 the	 variable	 genomic	 islands	 are	mostly	 acquired	 via	
horizontal	 gene	 transfer	 and	 contain	 a	 high	 number	 of	 antibiotic	 resistance	 and	
virulence	related	genes26.	This	genetic	variability	of	virulence	factors	could	explains	the	
association	 of	 specific	 S.	 aureus	 strains	 with	 certain	 types	 of	 infection.	 Functional	
classification	 of	 the	 open	 reading	 frames	 showed	 that	 toxins,	 colonization	 factors	 and	
mobile	 genetic	 elements	 are	 more	 abundant	 in	 the	 genome	 of	 S.	 aureus	 than	 in	 the	
genome	of	the	closely	related	bacterium	Bacillus	subtilis27.	The	high	genomic	plasticity	of	
S.	aureus,	 largely	 facilitated	through	 lateral	gene	transfer	 from	other	species,	underlies	
its	notable	ability	to	adapt	to	the	different	environments	encountered	during	infection.	
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1.1.2.	Infectious	diseases	caused	by	S.	aureus	

S.	aureus	causes	a	wide	variety	of	infections	in	humans6	and	is	a	leading	cause	of	
bacterial	 infections	 worldwide28,29.	 Even	 though	 reports	 of	 community-acquired	
bloodstream	infections	and	pneumonia	caused	by	S.	aureus	are	frequent30-32,	it	has	long	
been	recognized	as	a	major	nosocomial	pathogen.	S.	aureus	is	the	predominant	bacterial	
pathogen	causing	nosocomial	respiratory	tract	and	surgical	site	infections,	while	it	is	the	
second	 leading	 cause	 of	 hospital-acquired	 pneumonia,	 cardiovascular	 infections	 and	
bloodstream	infections8,33.	Following	a	breach	of	the	protective	barrier	of	the	skin,	either	
by	injury	or	surgical	intervention,	S.	aureus	can	be	transferred	into	the	wound	and	cause	
invasive	 infections34.	 After	 gaining	 entry	 to	 the	 bloodstream,	 S.	 aureus	 can	 cause	
bacteremia35.	 Despite	 advances	 in	 treatment	 options,	 the	 30	 day-mortality	 associated	
with	 bacteremia	 remains	 high35,36	 and	 has	 not	 changed	 since	 the	 1990s36.	 Major	 risk	
factors	for	the	development	of	S.	aureus	bloodstream	infection	are	catheters,	implanted	
devices	 and	 prosthesis37.	 S.	 aureus	 bacteremia	 is	 associated	 with	 subsequent,	 major	
complications,	such	as	 infective	endocarditis,	which	 is	an	 infection	of	the	endocardium	
of	 the	 heart38.	S.	aureus	 circulating	 in	 the	 bloodstream	 can	 attach	 to	 the	 endocardium	
and	 form	vegetations	which	consists	of	 fibrin,	platelets	and	proliferating	bacteria.	The	
absence	of	vasculature	in	these	vegetations	prevents	infiltration	of	phagocytic	cells	and	
protects	 S.	 aureus	 from	 antibiotic	 treatment39.	 Also,	 acute	 osteomyelitis	 and	 septic	
arthritis	can	be	caused	when	S.	aureus	spreads	through	the	bloodstream,	affecting	bones	
and	synovial	joints40.	If	not	properly	treated,	these	infections	can	be	linked	to	sequelae	
such	as	growth	failure,	joint	destruction	and	death41.	Moreover,	S.	aureus	bacteremia	can	
result	in	sepsis	and	septic	shock42	or	metastatic	infections	in	different	organs34.	

1.1.3.	S.	aureus	sepsis	

The	 definition	 of	 sepsis	 is	 problematic43,44.	 Generally,	 it	 is	 understood	 as	 the	
dysregulation	of	the	host’s	initial	immune	response	to	infection	leading	to	an	imbalance	
between	pro-inflammatory	and	anti-inflammatory	responses45.	Sepsis	is	a	major	global	
health	 burden	 with	 between	 15	 and	 19	 million	 cases	 yearly,	 a	 number	 which	 is	
reportedly	rising	in	recent	years46,47.	Gram-positive	bacteria	are	the	predominant	cause	
for	the	development	of	sepsis48,49	and	S.	aureus	is	the	most	frequent	among	them49.	This	
is	 probably	 due	 to	 the	 capacity	 of	 S.	 aureus	 to	 infect	 intravascular	 catheters	 and	
prosthetic	devices	as	well	as	to	the	spread	of	antibiotic-resistant	strains	of	S.	aureus50.		
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Figure	1.	The	pathophysiology	of	sepsis	
The	host	 response	during	severe	sepsis	 is	 characterized	by	a	 simultaneous	activation	of	a	pro-	
and	 anti-inflammatory	 response.	 Initially	 the	 invading	 pathogen	 is	 detected	 via	 pattern	
recognition	 receptors,	 leading	 to	 leukocyte	 activation	 and	 the	 release	 of	 proinflammatory	
mediators.	Excess	activation	of	proinflammatory	mediators	and	 the	 complement	as	well	 as	 the	
coagulation	 system	 is	 causing	 tissue	 damage,	 resulting	 in	 an	 amplification	 of	 the	
proinflammatory	 response	 through	 the	 release	 of	 damage	 associated	molecular	 patterns	 from	
necrotic	 tissue.	 Simultaneously	 a	 anti-inflammatory	 host	 response	 is	 mounted,	 that	 can	 cause	
impaired	 function	 of	 immune	 cells,	 resulting	 in	 progressive	 multiplication	 of	 the	 invading	
pathogen.	Reproduced	with	permission	from51,	Copyright	Massachusetts	Medical	Society.	
	

Initially	 the	 detection	 of	 an	 invading	 pathogen	 leads	 to	 the	 activation	 of	 pro-
inflammatory	 mechanisms	 (Fig.	 1).	 The	 detection	 is	 mediated	 by	 pattern	 recognition	
receptors	(PRRs)	expressed	by	the	vascular	endothelium	and	by	innate	immune	cells52-
54.	 These	 receptors	 recognize	 invariant	 pathogen-associated	 molecular	 patterns	
(PAMPs)	such	as	carbohydrates,	CpG-DNA	or	bacterial	proteins55-57.	Toll-like	receptors	
(TLRs),	 located	in	the	endosome	or	the	cell	surface58,	are	the	best-characterized	family	
of	 PRRs	 relevant	 for	 S.	 aureus	 recognition59.	 Together	 with	 other	 receptor	 families	
(NOD-like,	 scavenger,	 formyl-peptide	 receptors,	 lectins)	 that	 are	 involved	 in	 the	
recognition	 of	 invading	 S.	 aureus60-62,	 TLRs	 play	 a	 key	 role	 in	 the	 onset	 of	 sepsis	 by	
inducing	the	simultaneous	release	of	pro-	and	anti-inflammatory	cytokines63.		

Cytokines	are	immune	modulatory	proteins	that	orchestrate	the	innate	immune	
response	to	pathogens,	including	the	migration	of	immune	cells	to	the	site	of	infection64,	
which	 prevents	 systemic	 infection,	 a	 crucial	 step	 in	 containing	 the	 infection.	 Thus,	
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production	of	cytokines	is	important	for	the	host	defense	against	infection.	However,	a	
dysregulated	 cytokine	 release	 can	 also	 drive	 the	 progression	 of	 sepsis	 and	 promote	
tissue-necrosis	 rather	 than	 pathogen	 eradication65,66.	 Among	 the	 different	 cytokines	
implicated	 in	 sepsis,	 TNF-α,	 interleukin-1β	 (IL-1β),	 and	 IL-6	 have	 pro-inflammatory	
effects.	 IL-1	 cytokines	 and	TNF-α	 are	potent	pro-inflammatory	 cytokines	 that	mediate	
the	 systemic	 release	 of	 acute	phase	proteins67,	 the	 activation	 of	 immune	 cells	 and	 the	
influx	 of	 neutrophils	 into	 the	 infected	 tissue56,68-70.	 However,	 hyperproduction	 of	 IL-1	
and	TNF-α	leads	to	 increased	vascular	permeability,	release	of	reactive	oxygen	species	
and	activation	of	the	coagulation	system65,71,72.	Similarly	to	IL-1	and	TNF-α,	the	plasma	
level	of	pro-inflammatory	IL-6,	mediating	hematopoiesis	and	the	acute-phase	response	
to	infection73,74,	is	significantly	elevated	during	sepsis75.	

While	 tissue	 necrosis	 amplifies	 the	 pro-inflammatory	 immune	 response,	
deregulated	 apoptosis	 hampers	 an	 efficient	 immune	 response	 during	 sepsis76-78.	 The	
induction	 of	 apoptosis	 during	 sepsis	 is,	 among	 others,	 triggered	 by	 pro-inflammatory	
cytokines	 and	 reactive	 oxygen	 species76.	 Phagocytes	 remove	 apoptotic	 cells	 causing	
them	 to	 release	 anti-inflammatory	 cytokines,	 particularly	 interleukin	 10	 (IL-10)	 and	
transforming	growth	factor	β	(TGF-β)65,79,80.	Both	IL-10	and	TGF-β	repress	the	release	of	
various	pro-inflammatory	cytokines81,82,	act	as	negative	regulators	of	TLR	signaling83,84	
and	 activate	 the	 release	 of	 factors	 that	 inhibit	 proinflammatory	 effectors,	 like	
proinflammatory	cytokine	antagonists	and	soluble	cytokine	receptors85,86.	Consequently,	
the	 excessive	 release	 of	 anti-inflammatory	 effectors	 elicits	 anergy	 on	 immune	 cells	
during	 sepsis,	 further	 impairing	 the	 efficient	 clearance	 of	 invading	 pathogens	 and	
enhancing	the	susceptibility	to	subsequent	infections51,76.		

While	 leukocyte	 influx	 and	 activation	within	 the	 infected	 tissue	 are	 critical	 for	
the	 control	 of	 invading	 S.	 aureus87,	 they	 also	 contribute	 to	 the	 pathophysiology	 of	
sepsis51.	Of	particular	importance	are	neutrophils,	which	make	up	60%	of	the	leukocyte	
population	in	the	blood	and	are	key	mediators	for	S.	aureus	killing88.	After	entering	the	
infected	 tissue,	 neutrophils	 phagocyte	 and	 degrade	 S.	 aureus	 cells	 that	 are	 either	
opsonized	by	complement	factors,	antibodies	or	recognized	via	PAMPs89,90.	Neutrophils	
kill	 internalized	S.	aureus	by	producing	reactive	oxygen	and	nitrogen	species91,	making	
this	phagocytic	cells	uniquely	equipped	to	control	the	invading	pathogen.	Furthermore,	
neutrophils	 release	extracellular	 traps	 (NETs),	which	are	structures	composed	of	DNA	
and	 granular	 anti-microbial	 proteins,	 in	 which	 S.	 aureus	 is	 entraped	 and	 killed92,93.	
During	 sepsis,	 however,	 disproportionate	 leukocyte	 activation	 causing	 the	 excessive	
release	 of	 reactive	 oxygen	 species,	 proteases	 and	 cytokines	 leads	 to	 extensive	 tissue	
damage51.		
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The	 proteins	 of	 the	 complement	 system	 form	 a	 cascade	 of	 protein–protein	
interactions	 during	 which	 zymogens	 are	 activated	 through	 proteolytic	 cleavage,	
resulting	 in	 direct	 lysis	 of	 bacterial	 cells	 by	 pore	 formation,	 immune	 modulation,	
proinflammatory	effects	and	opsonization	of	 the	pathogens	cell	 surface,	marking	 them	
for	 phagocytic	 uptake94.	 The	 complement	 cascade	 is	 activated	 either	 through	 the	
classical,	 lectin	 or	 alternative	 pathway,	 all	 of	which	 are	 triggered	by	S.	aureus95-98	 and	
lead	 to	 cleavage	 of	 complement	 factor	 3	 (C3).	 C3	 cleavage	 is	 the	 central	 step	 of	 the	
complement	 cascade	 that	 mediates	 its	 protective	 effects.	 The	 cleavage	 product	 C3a,	
similarly	to	the	downstream	cleavage	products	C4a	and	C5a,	 is	a	potent	anaphylatoxin	
capable	 of	 modulating	 the	 recruitment	 of	 innate	 immune	 cells	 and	 has	 strong	 pro-
inflammatory	effects99-103.	While	a	functional	complement	system	is	essential	to	control	
invading	 S.	 aureus104,105,	 strongly	 elevated	 C3a	 and	 C5a	 plasma	 levels	 are	 measured	
during	sepsis,	inflicting	direct	harm	towards	the	host	itself66,106.		

Altered	coagulation	is	closely	associated	with	the	development	of	sepsis.	During	
infection,	 the	 coagulation	 cascade	 is	 either	 activated	 by	 the	 release	 of	 tissue	 factor	
following	 tissue	 damage	 (extrinsic	 pathway)	 or	 resulting	 from	 contact	 activation	
(intrinsic	pathway)	(Fig.	2).	This	causes	the	amplification	of	thrombin	(‘thrombin	burst’)	
on	the	surface	of	platelets	bound	to	the	vessel	wall.	Subsequently,	a	fibrin	plug	is	formed	
by	 fibrinogen	 clotting,	 stabilizing	 the	 initial	 platelet	 plug	 and	 preventing	 bacterial	
dissemination	 through	 the	 blood	 by	 sealing	 wounds	 in	 the	 blood	 vessel56,107-109.	
Anticoagulatory	 mechanisms,	 like	 activated	 protein	 C,	 antithrombin,	 tissue	 factor	
pathway	inhibitor	and	the	fibrinolytic	system,	prevent	excess	coagulation.	During	sepsis,	
however,	 these	 anti-coagulation	mechanisms	 are	 impaired	 leading	 to	 thrombosis	 and	
subsequent	tissue	hypoperfusion51.	Together	with	the	loss	of	barrier	function	caused	by	
tissue	necrosis,	tissue	hypoperfusion	results	in	multiple	organ	failure	by	reduced	tissue	
oxygenation,	 a	 process	 that	 is	 responsible	 for	 the	 high	 mortality	 of	 about	 30%	
associated	with	sepsis43,51.		
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Figure	2.	Schematic	of	the	coagulation	cascade	and	the	fibrinolytic	system	
The	coagulation	cascade	(blue)	can	either	be	triggered	through	the	intrinsic	(red)	or	the	extrinsic	
pathway	 (gray).	 Both	 pathways	 result	 in	 thrombin	 activation,	 which	 is	 converts	 fibrinogen	 to	
fibrin	 forming	 the	 fibrin-clot.	 Fibrinolysis	 is	mediated	by	plasmin	 that	degrades	 the	 fibrin-clot.	
Adapted	without	modifications	from	Loof	et	al.,	2015110.	
	

1.1.4.	S.	aureus	pathogenicity	

S.	aureus	 expresses	 an	 array	 of	 virulence	 determinants	 that	 facilitate	 bacterial	
survival	 in	 the	 bloodstream,	 host	 colonization	 and	 evasion	 of	 the	 innate	 immune	
defenses7,111-113.	They	can	loosely	be	classified	into	cell	wall-anchored	proteins,	secreted	
adhesive	 proteins,	 secreted	 enzymes	 and	 toxins.	 The	 expression	 of	 these	 virulence	
factors	 is	 controlled	by	 a	 highly	 interconnected	network	of	 regulatory	 systems,	which	
enables	 S.	 aureus	 to	 adapt	 to	 the	 conditions	 at	 on	 the	 site	 of	 infection	 and	 the	
encountered	environmental	stress114-116.	

	
Cell	wall-anchored	proteins	

	
Cell	 wall	 anchored	 proteins	 (CWA)	 aid	 several	 functions	 that	 are	 crucial	 for		

S.	 aureus	 within-host	 survival	 and	 spread,	 including	 innate	 immune	 evasion,	 host	
invasion	 and	 adhesion	 to	 host	 cells	 and	 tissues117,118.	 CWA	 proteins	 show	 functional	
redundancy	while	 having	multiple	 functional	 activities,	 highlighting	 the	 importance	 of	
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these	 factors	 for	 successful	 host	 colonization.	 All	 CWA	 proteins	 are	 exported	 via	 the	
general	 secretory	pathway	 (SEC)119,120	 and	 are	 covalently	 anchored	 to	 the	 cell	wall	 by	
the	 transpeptidase	 activity	 of	 sortase	 A	 and	B118,121.	 On	 the	 base	 of	 structure-function	
analysis,	 it	has	been	suggested	that	the	CWA	proteins	 fall	 into	 four	different	classes117.	
The	 largest	 class	 of	 CWAs	 is	 the	 microbial	 surface	 component	 recognizing	 adhesive	
matrix	molecules	(MSCRAMMs).	Although	all	staphylococcal	surface	proteins	mediating	
adhesion	 to	 the	 host	 extracellular	matrix	were	 formerly	 classified	 as	MSCRAMMs,	 the	
current	 characterization	of	 this	 family	 is	based	on	 the	presence	of	 two	 IgG-like	 folded	
domains117.	Following	 the	contemporary	definition,	 the	MSCRAMM	family	 includes	 the	
two	 clumping	 factors	 A	 and	B	 (ClfA,	 ClfB),	 the	 serine-aspartate	 repeat	 proteins	 (SdrC,	
SdrD,	 SdrE),	 the	 bone	 sialoprotein-binding	 protein	 (Bbp),	 the	 fibronectin-binding	
proteins	A	and	B	(FnBPA,	FnBPB)	and	the	collagen	adhesion	protein	Cna117.	Particularly	
the	 two	 clumping	 factors	 have	 been	 extensively	 studied.	 They	mediate	 activation	 and	
subsequent	aggregation	of	human	platelets,	thereby	generating	foci	for	attachment	and	
establishment	 of	 infection122-124.	 Clumping	 factor	 A	 can	 moreover	 bind	 complement	
factor	 I,	 leading	 to	 decreased	 phagocytosis	 through	 hindrance	 of	 C3b	 mediated	
opsonization125.	The	role	of	FnBPA,	FnBPB,	the	Sdr	proteins	and	Cna	in	the	pathogenesis	
of	S.	aureus	is	less	well	understood,	even	though	their	role	for	the	initial	attachment	and	
invasion	 of	 different	 types	 of	 host	 cells	 has	 been	 emphasized126-130.	 Clumping	 factor	A	
and	 B,	 FnBPA	 and	 Cna	 are	 present	 in	 the	 majority	 of	 S.	 aureus	 lineages131	 and	 their	
importance	 for	 successful	 host	 colonization	 has	 been	 validated	 in	 animal	 models	 of	
endocarditis,	septic	arthritis	and	keratitis127,128,132-135.	

The	other	three	families	of	CWA	proteins	are	the	near	iron	transporter	(NEAT)	
proteins	(isdA,	isdB,	isdC,	isdH),	the	three	helical	bundle	protein	A	and	the	G5-E	repeat	
family	(Sas	family)117.	While	the	main	role	of	the	NEAT	proteins	is	iron	acquisition	under	
iron	deprived	conditions	during	 infection136,137,	 their	 role	 in	 invasion	of	non-phagoytic	
host	 cells138,	 resistance	 to	 antimicrobial	 peptides139,140	 and	 degradation	 of	 host	
opsonins141	has	been	highlighted	by	recent	studies.	Protein	A	is	used	for	DNA-sequence	
based	strain	typing	of	S.	aureus142.	Moreover,	it	mediates	inhibition	of	opsonin-mediated	
phagocytosis97	and	has	pro-inflammatory	effects	via	the	activation	of	TNFR1143.	Finally,	
the	S.	aureus	surface	protein	G	(SasG)	plays	a	role	in	adherence	to	epithelial	cells144.		

	
Secreted	adhesive	proteins	

	
A	group	of	secreted	proteins	was	first	characterized	on	the	basis	of	their	ability	

to	 bind	 host	 derived	 ligands	 and	 therefore	 categorized	 as	 adhesins145.	 These	 proteins	
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are	covalently	attached	to	the	cell	wall	and	bind	to	a	broad	spectrum	of	host	effectors,	
thus	 interfering	 with	 host	 defense	 mechanisms	 and	 facilitating	 successful	 host		
colonization	118,145.		

The	 extracellular	 adherence	 protein	 (Eap),	 also	 called	 MHC	 class	 II	 analogous	
protein	 (MAP)146,	 binds	 a	 variety	 of	 components	 of	 the	 extracellular	 matrix147	 and	 is	
highly	prevalent	in	S.	aureus	clinical	isolates148.	Eap	specifically	interacts	with	the	ICAM-
1	 receptor,	 which	 is	 essential	 for	 neutrophil	 attachment	 to	 the	 vessel	 endothelium,	
thereby	 effectively	 inhibiting	 neutrophil	 recruitment	 to	 the	 site	 of	 infection	 and	
impairing	wound	healing149,150.	Moreover,	Eap	is	a	potent	inhibitor	of	angiogenesis	and	
vascular	 cell	 proliferation145,	 while	 also	 promoting	 S.	 aureus	 internalization	 into	
fibroblasts	and	epithelial	cells151.	The	importance	of	Eap	for	S.	aureus	pathogenesis	has	
been	 validated	 in	 animal	 models	 of	 renal	 abscess	 formation	 and	 peritonitis149,152.	
Another	secreted	adhesin,	the	extracellular	fibrinogen	binding	protein	(Efb),	is	a	potent	
inhibitor	of	 the	host’s	complement	system.	Efb	binds	C3,	blocks	C3	and	C5	convertase,	
which	leads	to	hindrance	of	C3b	deposition	on	the	bacterial	cell	surface	and	inhibition	of	
the	 classical	 and	 alternative	 pathway	 of	 the	 complement	 system153-155.	 This	 results	 in	
reduced	 neutrophil	 activation	 and	 impaired	 opsonin	 mediated	 phagocytosis153-155.	
Moreover,	Efb	can	bind	C3	as	well	as	C3b	simultaneously	with	host	plasminogen156.	The	
bound	plasminogen	 is	converted	to	plasmin	upon	host	or	pathogen	derived	activation,	
causing	degradation	of	the	bound	complement	compound	and,	consequently,	protecting	
S.	aureus	from	the	host	innate	immune	defenses156.	

While	Eap	and	Efb	facilitate	S.	aureus	immune	evasion,	the	role	of	other	secreted	
adhesins	 is	 less	well	 understood.	 The	 extracellular	matrix-binding	 protein	 homologue	
(Ebh)	 and	 the	 extracellular	 matrix	 binding	 protein	 (Emp	 or	 Ssp),	 show	 high	 binding	
affinity	 to	 the	 extracellular	 matrix	 components	 fibrinogen,	 fibronectin	 and	
vitronectin157,158,	 while	 no	 functional	 in	 vivo	 role	 has	 yet	 been	 assigned	 to	 them.	
However	 Ebh	 was	 speculated	 to	 be	 important	 for	 the	 tolerance	 to	 hyperosmotic	
stress159	and	Emp	is	reported	to	be	expressed	by	S.	aureus	within	abscesses160.	Similarly,	
conflicting	 results	 have	 been	 reported	 regarding	 the	 function	 of	 the	 secreted	 adhesin	
coagulase	 (Coa),	 which	 binds	 prothrombin161.	 Even	 though	 several	 studies	 failed	 to	
show	a	significant	reduction	in	virulence	of	S.	aureus	Coa	deletion	mutants	 in	different	
murine	models162,163,	a	functional	role	during	S.	aureus	pathogenesis	has	been	proposed	
repeatedly164-166.	
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Toxins	

	
S.	 aureus	 produces	 a	 range	 of	 toxins	 that	 damage	 host	 cells,	 have	 immune-

modulatory	 activity	 or	 disband	 cell	 junctions.	 The	 majority	 of	 toxins	 are	 located	 on	
mobile	genetic	elements,	while	only	the	hemolysins,	the	phenol	soluble	modulins	and	a	
single	superantigen	(selx)	are	encoded	on	the	core	genome	of	S.	aureus	that	is	shared	by	
95%	of	the	analyzed	strains167.	The	functional	redundancy	and	the	inter-strain	plasticity	
of	 S.	 aureus	 toxins	 directly	 influence	 disease	 severity168.	 The	 S.	 aureus	 toxins	 can	 be	
divided	 into	 three	major	 categories;	 pore-forming	 toxins,	 exfoliative	 toxins	 and	 super	
antigens167.	The	exfoliative	toxins	(eta,	etb,	etd)	are	only	present	in	a	small	fraction	of	S.	
aureus	 strains169,170	 and	 facilitate	 skin	 invasion171.	 The	 superantigens	 are	 significantly	
more	 abundant	 in	S.	aureus	strains172,173	 and	 interfere	with	 the	host	 adaptive	 immune	
response167.		

S.	aureus	expresses	an	arsenal	pore-forming	toxins	that	can	directly	damage	the	
membrane	 of	 host	 cells	 and	 cause	 cell	 death174.	 Moreover,	 they	 are	 potent	 pro-
inflammatory	effectors	that	elicit	strong	reactions	by	the	host	immune	system175.	Alpha-
hemolysin	(α-toxin;	Hla),	the	most	studied	virulence	factor	of	S.	aureus,	is	present	on	the	
genome	 of	 95%	 of	 S.	 aureus	 strains167.	 Hla	 forms	 homoheptameric	 pre-pores	 in	 the	
membrane	 of	 host	 cells	 that	 develop	 into	 β-barrel	 transmembrane	 pores	 and	 lead	 to	
necrosis	 of	 epithelial	 cells,	 fibroblasts,	 erythrocytes,	 macrophages,	 monocytes,	 and	
lymphocytes176-181.	Moreover,	 Hla	 has	 strong	 pro-inflammatory	 effects179,182,183.	 ADAM-
10	has	recently	been	identified	as	the	receptor	mediating	the	initial	binding	of	Hla,	while	
caveolin-1	 is	 speculated	 to	 cause	 membrane	 integration	 of	 the	 toxin	 through	 the	
induction	 of	 conformational	 changes175,178,184.	 The	 importance	 of	 Hla	 for	 the	
pathogenesis	 of	 S.	 aureus	 has	 been	 shown	 in	 murine	 models	 of	 abscess	 formation,	
pneumonia	 and	 skin	 infection185-187.	 S.	 aureus	 also	 possesses	 hetero-oligomeric	 pore	
forming	 toxins,	 which	 lyse	 host	 cells	 by	 formation	 of	 a	 hetero-octameric	
transmembrane,	β-barrel	pore175.	These	toxins,	which	are	highly	homolog188,	include	γ-
hemolysin	 (HlgA	 or	 HlgC/HlgB),	 the	 Panton-Valentine	 leukocidin	 (LukF-PV/LukS-PV),	
and	two	leukocidins	(LukE/LukD;	LukG/LukH).	The	hlg	gene	cluster	 is	encoded	on	the	
core	 genome	 and	 is	 found	 in	 virtually	 all	 clinical	 isolates	 of	 S.	 aureus189,	 while	 the	
prevalence	of	LukE/D	is	estimated	at	around	87%190.	Conversely,	the	Panton-Valentine	
leukocidin	is	only	present	in	around	5%	of	the	methicillin-susceptible	S.	aureus	(MSSA)	
isolates191,	 but	 is	 frequently	 associated	 with	 methicillin-resistant	 S.	 aureus	 (MRSA)	
strains192,193.	Even	though	their	respective	receptors	on	host	cells	remain	elusive175,	bi-
component	 toxins	 have	 been	 described	 as	 cytotoxic	 towards	 human	 neutrophils188,194,	
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macrophages	 and	monocytes175,190.	 Their	 role	 in	 virulence,	 particularly	 for	nosocomial	
MRSA,	 has	 been	 intensely	 studied	 in	 recent	 years190,195,196.	 Animal	models	 of	 infection	
have	 shown	 that	 they	 contribute	 to	 S.	 aureus	 pathogenesis	 during	 pneumonia197,	
bacteremia188,190,	abscess	formation188,	septic	arthritis198,	endophthalmitis199,	skin200	and	
soft	 tissue	 infections201.	The	third	group	of	pore-forming	toxins	 is	comprised	by	the	α-
helical	amphipathic	phenol	soluble	modulins	(PSM)	and	includes	the	26	amino	acid	(AA)	
long	 α-PSMs	 (Hld,	 PSMα1-4)	 and	 44	 AA	 long	 ß-PSMs	 (PSMβ1,	 PSMβ2).	 The	 PSMs	 are	
encoded	 in	 the	 genome	of	 all	S.	aureus	strains196	 and	 can	 effectively	 lyse	 erythrocytes	
and	 granulocytes89,196,202,	 exert	 pro-inflammatory	 effects196	 and	 are	 potent	 chemo-
attractants	 of	 neutrophils	 via	 the	 FPR2	 receptor203.	 Studies	 in	 animal	 models	 have	
demonstrated	 the	 importance	 of	 PSMs	 for	 S.	 aureus	 virulence	 during	 bacteremia	 and	
skin	infections196.	

	
Proteases	

	
Highly	 conserved,	 secreted	 proteases	 are	 major	 virulence	 factors	 used	 by	 S.	

aureus	 to	 evade	 the	 host	 innate	 immune	 system204.	 S.	 aureus	 expresses	 two	 cysteine	
proteases	 staphopain	 A	 and	 B	 (ScpA,	 SspB),	 a	 serine	 protease	 (SspA),	 the	
metalloproteinase	 aureolysin	 (Aur)	 and	 six	 serine-like	 proteases	 (SplABCDEF).	 While	
little	 is	known	about	 the	biological	 function	of	 the	six	serine-like	proteases	apart	 from	
their	role	as	allergens	in	airway	reactions	to	S.	aureus205,		the	role	of	the	other	proteases	
in	immune	evasion	has	been	well	investigated.	Collectively	extracellular	proteases	have	
shown	 to	 be	 important	 for	 the	 resistance	 to	 antimicrobial	 peptides206.	 Specifically,	
aureolysin	 can	 inactivate	 the	 human	 defensin	 cathelicidin	 LL-37,	 thereby	 promoting	
staphylococcal	 survival	 after	 phagocytosis207.	 Furthermore,	 Staphopain	 A	 and	 B	
interfere	 with	 neutrophil	 mediated	 immune	 defense.	 Staphopain	 A	 and	 B	 inhibit	
neutrophil	activation	and	chemotaxis	through	CXCR2	cleavage208,209,	while	staphopain	B	
also	induces	cell	death	through	CD11b	cleavage210.	Staphopain	A	can	interfere	with	the	
innate	 immune	 activation	 during	 lung	 infection211	 and	 contribute	 to	 septic	 shock	 by	
inducing	 vascular	 leakage	 through	 the	 release	 of	 bradykinin212.	 Moreover,	 both	
Staphopain	 A	 and	 B	 degrade	 collagen	 and	 fibrinogen,	 thereby	 interfering	 with	 the	
clotting	process	and	promoting	host	 tissue	destruction	 that	can	yield	nutrients	 for	 the	
pathogen213.	 The	 secreted	 proteases	 have	 major	 effects	 on	 the	 activation	 of	 the	
complement	system,	by	decreasing	deposition	of	 the	opsonins	C1q	and	C3b	 leading	 to	
decreased	 complement	 activation	 and	 reduced	 phagocytosis214,215.	 Additionally,	
aureolysin	and	staphopain	A	and	B	can	manipulate	complement	activation	by	increasing	
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C5a	generation,	impairing	neutrophil	activity	and	nitric	oxide	mediated	bacterial	killing	
by	macrophages215.	The	secreted	proteases	collectively	modulate	the	stability	of	several	
secreted	 and	 surface	 associated	 virulence	 factors	 as	 well	 as	 regulatory	 proteins	 of	 S.	
aureus,	thereby	controlling	the	overall	pathogenic	process206,216.	

	
Virulence	regulation	

	
It	 is	 assumed	 that	 the	 regulation	 of	 the	 broad	 spectrum	 of	 virulence	 factors	

expressed	 by	S.	aureus	 takes	 place	mainly	 on	 the	 transcriptional	 level217,	 even	 though	
several	factors	are	subsequently	regulated	during	translation218.	Expression	of	virulence	
factors	 by	 S.	 aureus	 is	 controlled	 through	 a	 complex	 network	 of	 two-component	
regulatory	 systems	 and	 regulatory	 proteins	 that	 responds	 to	 external	 and	 internal	
signals114.	 In	 vitro	 studies	 have	 shown	 a	 transition	 in	 the	 expression	 of	 S.	 aureus	
virulence	 factors	 from	 the	 synthesis	 of	 adhesins	 during	 the	 early	 exponential	 growth	
phase,	 to	 the	 expression	 of	 exoproteins	 during	 late	 exponential	 growth114,219.	 This	
transition	is	thought	to	be	coordinated	through	the	sequential	activation	and	interplay	
between	 the	 staphylococcal	 accessory	 regulator	 A	 (SarA)	 and	 the	 accessory	 gene	
regulator	(agr)220-222.	SarA	is	a	DNA	binding	winged	helix	protein223,224	that	can	regulate	
target	genes	directly	by	binding	to	the	gene	promoter	or	indirectly	via	effects	on	other	
regulators	and	through	mRNA	stabilization225,226.	The	expression	of	several	adhesin	and	
toxin	 encoding	 genes	 is	 up-regulated	 by	 SarA,	 while	 the	 expression	 of	 extracellular	
proteases	 is	repressed227.	The	expression	of	SarA	peaks	 in	the	 late	exponential	growth	
phase228,	at	the	time	that	the	expression	of	the	agr	system	is	initiated218.	SarA	has	been	
shown	to	be	a	positive	regulator	of	agr	expression220,229.	The	agr	quorum	sensing	system	
is	central	 to	S.	aureus	virulence	regulation224.	The	agr	system	comprises	two	divergent	
transcripts,	RNAII	and	RNAIII,	which	are	controlled	by	 two	 inverse	promoters,	P2	and	
P3,	 respectively.	 RNA	 II	 encodes	 the	 quorum-sensing	 elements	 AgrB,	 AgrD,	 AgrC	 and	
AgrA,	 which	 represent	 an	 autocatalytic	 sensory	 transduction	 system.	 The	 response	
regulator	of	this	loop,	AgrA,	is	promoting	not	only	RNAII	and	RNAIII	expression,	but	also	
the	expression	of	the	PSMs230.	RNAIII	encodes	delta-hemolysin	(Hld)	and	is	itself	a	major	
regulatory	RNA,	inducing	the	transcription	of	various	extracellular	proteases	and	toxins,	
while	 repressing	 expression	 of	 cell	 wall	 associated	 proteins116,227.	 A	 plethora	 of	 other	
regulators	 are	 known	 to	 fine-tune	 this	 fundamental,	 density-dependent	 expression	 of	
virulence	 factors	 in	 response	 to	environmental	and	 internal	 signals231.	Two	regulatory	
factors	 that	 have	 received	 particular	 attention	 because	 of	 their	 involvement	 in	 the	
response	to	external	stressors	are	the	Sae	system	and	the	regulatory	protein	SarR.	The	
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Sae	 two-component	 system,	which	 is	positively	 regulated	by	agr,	 induces	adhesin	and	
represses	protease	gene	expression	in	response	to	external	signals	 like	copper	and	pH	
stress	 or	 host	 derived	 signals229,232.	 Moreover,	 SarR,	 a	 SarA	 homolog	 that	 is	 likely	
responsive	 to	 environmental	 signals,	 represses	 SarA	 and	 RNAII	 expression,	 while	
directly	activating	the	expression	of	extracellular	proteases228,233,234.	

	The	density	dependent	transition	from	SarA-mediated	expression	of	adhesins	to	
agr-mediated	expression	of	exoproteins	during	 in	vivo	infection	 is	 thought	 to	 facilitate	
bacterial	 adaptation	 during	 the	 different	 stages	 of	 infection.	 While	 adhesion	 might	
facilitate	 the	 initial	 colonization	 of	 host	 tissue,	 secreted	 effectors	 are	 believed	 to	 aid	
bacterial	 dissemination	 and	 invasion	 into	 deeper	 tissue114.	 Indeed,	 SarA	 regulation	 of	
virulence	 factors	 was	 reported	 to	 be	 essential	 for	 S.	 aureus	 pathogenesis	 in	 murine	
models	 of	 bacteremia	 and	 biofilm	 associated	 infections216,235.	 Moreover,	 it	 has	 been	
shown	 in	 several	 animal	models	 that	 SarA	 is	 specifically	 important	 for	 adherence	 and	
tissue	invasion	during	the	initial	steps	of	host	colonization236.	The	importance	of	the	agr	
system	for	S.	aureus	virulence	during	 in	vivo	infection	has	been	validated	using	several	
animal	models	and	the	in	vivo	activation	of	RNAIII	has	been	well-documented237-240.		

	
Cell	wall	stress	stimulon	

	
The	cell	wall	is	critical	for	S.	aureus	viability	and	its	integrity	must	be	kept	under	

the	pressure	generated	by	the	host	immune	defenses.	The	cell	membrane	of	S.	aureus	is	
surrounded	 by	 a	 thick	 layer	 of	 peptidoglycan	 that	 is	 interweaved	 by	 lipoteichoic	 acid	
anchored	 to	 the	 cell	 membrane,	 and	 wall	 teichoic	 acid,	 which	 is	 covalently	 bound	 to	
peptidoglycan241,242.	Because	cell	wall	integrity	is	critical	for	bacterial	survival,	S.	aureus	
responds	 to	 cell	 wall	 perturbations	 by	 activating	 a	 cell	 wall	 stress	 response,	 the	 so-
called	cell	wall	 stress	stimulon	(CWSS),	aimed	 to	sustain	structural	 integrity243,244.	The	
CWSS	is	activated	by	stressors	like	cell	wall	damaging	antibiotics243,	but	also	by	factors	
of	the	hosts	 innate	immune	response	like	antimicrobial	peptides245,246.	While	 induction	
of	the	CWSS	is	thought	to	be	mainly	regulated	by	the	two-component	regulatory	system	
VraRS247,	 other	 regulators	 like	 GraRS,	 ArlRS	 and	WalKR,	 	have	 also	 been	 reported	 to	
modulated	the	expression	of	CWSS	genes	in	response	to	cell	envelope	perturbations248-
250.	Consequently,	the	interplay	of	several	regulatory	systems	might	be	required	for	fine-
tuning	the	transcriptional	response	of	the	S.	aureus	CWSS	to	achieve	optimal	protection	
and	ensure	bacterial	viability	during	in	vivo	infection.	

The	 CWSS	 comprises	 proteins	 with	 diverse	 functions	 in	 cell	 wall	 repair,	
synthesis,	modification	and	resistance	 to	 specific	 stressors243,246.	The	net	 charge	of	 the	
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bacterial	 cell	wall	 plays	 a	 key	 role	 in	 the	 resistance	 to	 cationic	 antimicrobial	 peptides	
(AMPs)251.	The	regular	negative	charge	of	the	S.	aureus	cell	wall	is	essential	for	the	initial	
interaction	 and	 efficient	 lysis	 of	 the	 pathogen	 by	 cationic	 AMPs241.	 Consequently,	 S.	
aureus	responds	to	cell	wall	stress	by	producing	proteins	that	modify	the	net	charge	of	
the	bacterial	 cell	wall.	For	example,	 the	proteins	encoded	by	 the	dlt	operon	 (dltABCD)	
induce	 a	 net	 positive	 charge	 of	 lipoteichoic	 acid	 through	 d-alanylation252,	 while	MprF	
(formerly	 FmtC)	 confers	 resistance	 through	 l-lysinylation of phosphatidylglycerol,	
reducing	the	negative	charge	of	the	staphylococcal	membrane	and	thereby	contributing	
to	bacterial	virulence	in	infection	models251,252.	Genes	encoding	proteins	involved	in	the	
synthesis	 of	 cell	 wall	 components,	 like	 teichoic	 acid	 synthase,	 or	 in	 amino	 acids	
biogenesis,	 such	 as	 glutamate	 synthase	 or	 homoserine	 dehydrogenase,	 are	 also	
upregulated	in	response	to	cell	wall	perturbations243,247.	Furthermore,	perturbations	of	
the	cell	wall	have	been	shown	to	activate	the	expression	of	S.	aureus	autolysin	encoding	
genes	(isaA,	lytM	and	ssaA)253.	Autolysins	are	potent	peptidoglycan	hydrolases	that	play	
a	role	in	cell	wall	metabolism	and	cell	division254,	thereby	contributing	to the resistance	
to	stressors	and	interactions	with	the	host254.	Moreover,	autolysins	are	necessary	for	the	
incorporation	of	proteins	and	other	factors	into	the	cell	wall255,256.	Recent	research	has	
shown	 that	 S.	 aureus	 autolysins	 contribute	 to	 innate	 immune	 evasion	 by	 trimming	
peptidoglycans	from	the	cell	wall	resulting	in	reduced	detection	by	host	peptidoglycan	
recognition	receptors	and,	therefore,	facilitating	bacterial	in	vivo	survival257.	Methionine	
sulfoxide	reductases,	which	confers	resistance	to	oxidative	stress,	are	also	members	of	
the	 CWSS258,259.	 Together	 these	 proteins	 facilitate	 the	 repair	 and	 modification	 of	 the	
bacterial	 cell	 wall	 and	 enhance	 tolerance	 to	 and	 protection	 from	 external	 stressors,	
ensuring	bacterial	survival	under	the	pressure	of	the	host	immune	defenses.	

	
The	arginine	deiminase	pathway	

	
The	 ability	 to	 adapt	 its	 metabolism	 to	 rapidly	 changing,	 nutrient-deprived	

environments	 is	 critical	 for	 S.	 aureus	 in	 vivo	 success.	 The	 enzymes	 of	 the	 arginine	
deiminase	 (ADI)	 pathway,	 arginine	 deiminase	 (ArcA),	 ornithine	 carbamoyltransferase	
(ArcB)	 and	 carbamate	 kinase	 (ArcC),	 enable	 the	 conversion	 of	 arginine	 to	 ammonia,	
carbon	 dioxide	 and	 ornithine,	 while	 generating	 ATP260.	 Together	 with	 the	 genes	
encoding	 the	 arginine/ornithine	 antiporter	 (ArcD)	 and	 the	 transcriptional	 regulator	
ArcR,	the	ADI	pathway	genes	comprise	the	arc	operon	(arcABCDR).	Expression	of	the	arc	
operon	 is	 repressed	 by	 the	 presence	 of	 preferred	 carbon	 sources	 (catabolite	
repression),	 but	 its	 expression	 is	 induced	 in	S.	aureus	 under	 anaerobic	 conditions	 and	
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through	 the	presence	of	arginine	 in	an	ArcR-dependent	way261,262.	Moreover,	ArcR	has	
been	 shown	 to	 have	 regulatory	 activity	 for	 the	 induction	 of	 other	 genes	 that	 are	
expressed	 during	 anaerobic	 growth262,263,	 highlighting	 its	 importance	 for	 the	 bacterial	
adaptation	to	severe	oxygen	limitation.	Interestingly,	the	ADI	pathway	also	contributes	
to	 pH	 homeostasis264.	 The	 ammonia	 generated	 in	 the	 ADI	 pathway	 influences	 the	
environmental	pH264	 and	 facilitates	S.	aureus	 survival	 in	 low-pH	environments265.	This	
effect	has	been	shown	to	be	crucial	for	the	in	vivo	fitness	of	S.	aureus	in	a	murine	model	
of	skin	infection265.		

1.2.	 Challenges	 and	 perspectives	 for	 the	 treatment	 of	 S.	 aureus	 and	

other	bacterial	infections	

Besides	 the	wide	 repertoire	 of	 virulence	 factors	 and	 its	 enormous	 capacity	 to	
adapt	 to	 the	 host	 environment	 during	 infection,	 the	 capacity	 of	 S.	 aureus	 to	 develop	
antibiotic	 resistance	 is	 a	 major	 obstacle	 for	 the	 treatment	 of	 infections.	 Strains	 of	 S.	
aureus	resistant	 to	penicillin	emerged	only	a	 few	years	after	 the	 initial	 introduction	of	
penicillin	 for	 therapeutic	 use	 in	 the	 early	 1940s266	 and	 resistance	 to	 penicillin	 is	 now	
almost	 universal	 in	 S.	 aureus.	 Methicillin	 was	 used	 to	 cure	 infections	 caused	 by	
penicillin-resistant	S.	aureus	strains	 in	 the	 late	 1950s267	 and	 the	 first	S.	aureus	 strains	
resistant	 to	 methicillin	 (MRSA)	 appeared	 in	 the	 early	 1960s268.	 By	 the	 1980s,	 MRSA	
became	pandemic	in	hospitals	worldwide269	and	has	remained	a	pressing	problem	until	
today270,271.	 Similarly,	 the	 later	 introduction	 of	 other	 antibiotics	 like	 vancomycin,	 has	
been	followed	by	the	rapid	emergence	of	resistant	S.	aureus	strains272.	The	most	recent	
and	 most	 problematic	 development,	 however,	 has	 been	 the	 spread	 of	 formerly	 only	
hospital-associated	 strains	 of	 S.	 aureus	 resistant	 to	 multiple	 antibiotics	 into	 the	
community273,274.	 Though	 initially	 limited	 to	 certain	 regions,	 outbreaks	 of	 community-
acquired,	multidrug-resistant	S.	aureus	have	now	become	a	worldwide	phenomenon275.	
Therefore,	one	of	the	most	challenging	problems	in	the	current	research	of	S.	aureus	 is	
the	development	of	novel	therapeutic	strategies	to	treat	infections	caused	by	multidrug-
resistant	strains.	

Multi-drug	resistance	 is,	however,	not	 limited	to	S.	aureus	but	 it	 represents	 the	
major	 challenge	 for	 effective	 treatment	 of	 many	 bacterial	 infections	 worldwide276-278.	
Antibiotic	 resistance	 in	 bacteria	 is	 highly	 problematic,	 as	 it	 has	 been	 linked	 to	 high	
mortality	 rates279,280.	 Antibiotic	 resistant	 bacterial	 clones	 can	 either	 arise	 by	
spontaneous	mutation281	 or	 by	 horizontal,	 inter-	 or	 intra-species	 gene	 transfer282	 and	
become	increasingly	prevalent	under	the	selective	pressure	of	antibiotic	treatment.	The	
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problem	of	antibiotic	resistance	is	further	aggravated	by	the	misuse	of	antibiotics	and	by	
the	sparse	development	of	novel	classes	of	antibiotics	with	different	modes	of	action283.	

In	the	light	of	these	developments,	the	call	for	new	treatment	strategies	that	do	
not	impose	similar	levels	of	selection	pressure	as	classical	antibiotics	for	the	treatment	
of	S.	aureus	and	other	bacterial	pathogens	has	become	a	pressing	issue	in	recent	years.	
Alternative	therapeutic	approaches	based	on	proteinaceous	toxins	produced	by	bacteria	
(bacteriocins),	 host	 antimicrobial	peptides,	 bacteriophages	or	phage	 lysins,	which	 rely	
on	their	direct	bactericidal	activity	against	bacterial	pathogens	have	been	considered284.	
All	 of	 them	 have	 proven	 to	 be	 effective	 to	 treat	 bacterial	 pathogens	 in	 pre-clinical	
studies285-287.	These	strategies,	however,	share	the	major	drawback	of	classic	antibiotics	
in	that	all	of	them	can	cause	the	rapid	development	of	pathogen	resistances	due	to	their	
bactericidal	mechanism	of	action288-292.		

1.3.	Anti-virulence	strategies	

One	 alternative	 approach	 that	 received	 increasing	 attention	 in	 recent	 years	 is	
the	 so-called	 anti-virulence	 strategy293-295.	 Rather	 than	 to	 interfering	 with	 bacterial	
growth,	this	strategy	aims	to	specifically	inhibit	bacterial	virulence.	This	inhibition	may	
reduce	bacterial	 in	vivo	 fitness	and	enable	the	immune	system	to	successfully	clear	the	
invading	 bacterial	 pathogen296.	 Because	 anti-virulence	 approaches	 do	 not	 kill	 bacteria	
directly	and	most	bacterial	virulence	factors	are	non-essential	for	bacterial	growth,	they	
are	 thought	 to	 impose	 less	 selective	pressure	on	 the	pathogen	 for	 the	development	of	
resistances296.	Moreover,	 the	 increased	 specificity	of	 anti-virulence	drugs	 compared	 to	
classic	 antibiotics	 could	 avoid	 the	 eradication	 of	 commensal	 microbiota	 and	 thereby	
prevent	 secondary	 infections	 associated	 with	 the	 disruption	 of	 the	 barrier	 function	
exerted	by	the	microbiota	against	colonization	by	pathogenic	microorganisms297.		

Anti-virulence	 drugs	 against	 a	 variety	 of	 bacterial	 virulence	 factors,	 such	 as	
those	 interfering	with	either	 the	assembly	or	 the	biogenesis	of	 adhesion	complexes	of	
different	bacterial	species	are	currently	being	explored.	For	example,	the	type-I	fimbriae	
adhesin	of	multidrug-resistant	uropathogenic	E.	coli298,	sortase	A,	a	protein	that	anchors	
cell	 wall	 adhesins,	 of	 Streptococcus	mutants299	 or	 steric	 hindrance	 of	 the	 adhesins	 of	
Helicobacter	 pylori300	 have	 been	 investigated	 with	 some	 success	 as	 potential	 anti-
virulence	targets.	Interfering	with	S.	aureus	adhesion	to	the	host	cells	has	been	the	focus	
of	 extensive	 research	 as	 a	 potential	 target	 for	 anti-virulence	 drugs.	 Examples	 include	
treatment	 with	 serratiopeptidase,	 a	 protein	 secreted	 by	 Serratia	 marcescens,	 which	
inhibits	 S.	 aureus	 adherence	 to	 eukaryotic	 cells	 by	 removal	 of	 cell	 wall	 anchored	
fibrinonectin-binding	 proteins,	 IgG-binding	 protein	 SBI,	 alpha-enolase	 and	 a	 major	
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autolysin301.	Moreover,	curcumin,	extracted	from	Curcuma	longa	L.	rhizome,	and	(Z)-3-
(2,	5-dimethoxyphenyl)-2-(4-methoxyphenyl)	acrylonitrile	(DMMA)	has	been	shown	to	
inhibit	 sortase	 A	 and,	 consequently,	 interfere	 with	 S.	 aureus	 adhesion	 mediated	 by	
fibronectin	binding302.	 	DMMA	 treatment	has	 shown	promising	 results	 in	 a	 septicemia	
mouse	model	by	attenuating	S.	aureus	fitness	and	 increasing	mouse	 survival	 in	a	dose	
dependent	manner303.		

A	second	group	of	anti-virulence	agents	are	those	targeting	toxins	and	proteases	
secreted	 by	 bacterial	 pathogens,	 as	 their	 inhibition	 can	 prevent	major	 damage	 to	 the	
host,	while	 also	 being	 non-essential	 for	 bacterial	 growth304.	Most	 notably,	 the	 anthrax	
toxin	of	Bacillus	anthracis	 and	 the	 shiga	 toxin	 from	enterohaemorrhagic	E.	coli	(EHEC)	
have	 been	 subject	 of	 intensive	 search	 for	 anti-virulence	 drugs	 because	 of	 their	
devastating	effect	during	infection305-308.	 In	S.	aureus	 the	development	of	anti-virulence	
approaches	for	staphylococcal	infections	has	been	focused	on	α-toxin.	In	this	regard,	the	
natural	 compounds	 baicalin	 and	morin	 hydrate	 exhibited	 strong	 inhibition	 of	 α-toxin	
heptamer	 formation	 without	 having	 anti-S.	 aureus	 activity309,310.	 Also	 Liquiritigenin,	 a	
active	 component	 of	 licorice,	 suppresses	 α-toxin	 synthesis311.	Moreover,	 screening	 for	
substances	with	anti-virulence	activity	has	shown	that	perilla	and	peppermint	oil	inhibit	
the	production	of	Enterotoxins	A	and	B	and	toxic	shock	syndrome	toxin	1	(TSST-1)312,313.	
Other	 secreted	 virulence	 factors	 discussed	 as	 potential	 targets	 are	 the	 extracellular	
proteases	 of	 S.	 aureus314,315	 and	 some	 effectors	 with	 inhibitory	 activity	 have	 already	
been	identified316,317.	

A	 third	 group	 comprises	 those	 anti-virulence	 approaches	 targeting	 specialized	
secretory	 systems	 that	 facilitate	 the	 export	 of	 effectors	 from	 the	 bacterial	 cell	 or	 the	
delivery	of	virulence	factors	 into	host	cells.	Particularly	type	III	secretory	systems	that	
enables	 bacterial	 pathogens	 to	 transfer	 virulence	 factors	 into	 the	 host	 cell	 cytoplasm	
have	been	the	target	of	extensive	studies	searching	for	interference	approaches318-320.	In	
S.	 aureus,	 particular	 focus	 has	 been	 put	 on	 the	 suppression	 of	 the	 general	 protein	
secretory	 pathway	 (SEC)	 and	 several	 substances	 have	 shown	 promising	 inhibitory	
effects321-323.	 Besides,	 the	 ABC	 transporter	 that	 exports	 wall	 teichoic	 acid324	 can	 be	
inactivated	 by	 7-chloro-N,N-diethyl-3-(phenylsulfonyl)-[1,2,3]triazolo[1,5-a]quinolin-5-
amine	and	has	been	proposed	as	a	potential	target	for	therapeutic	intervention.	Finally,	
because	 of	 its	 importance	 for	 toxin,	 protease	 and	 general	 virulence	 factor	 expression,	
possible	 interference	 with	 the	 S.	 aureus	 agr	 quorum-sensing	 system	 has	 also	 been	
evaluated.	 Strategies	 include	 agr-blockage	 by	 heterologous	 auto-inducing	 peptides	
(AIP)325	and	the	competitive	or	non-competitive	inhibition	of	AIP326-328.		
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Even	though	anti-virulence	has	received	extensive	interest	and	several	effectors	
have	already	been	tested	with	a	certain	level	of	success	in	animal	models325,329,330	as	well	
as	in	Phase	I	clinical	trials331,	several	questions	about	their	potential	applicability	remain	
open.	For	example,	it	has	been	questioned,	whether	anti-virulence	drugs	could	be	used	
as	solo	therapeutics	or	if	they	should	be	used	in	combination	with	classic	antibiotics	or	
other	 therapeutic	 effectors297.	 Moreover,	 because	 of	 their	 pathogen	 specificity,	 the	
successful	application	of	this	strategy	for	infection	treatment	would	depend	on	real-time	
determination	 of	 the	 causative	 microorganism297.	 Most	 importantly,	 anti-virulence	
approaches	 will	 only	 convey	 therapeutic	 benefit	 if	 the	 targeted	 virulence	 factors	 are	
expressed	by	the	bacterium	during	infection	and	if	the	inherent	defense	mechanisms	of	
the	host	are	strong	enough	to	clear	the	weakened	pathogen.	In	this	regard,	the	influence	
of	 inherent	differences	 in	 the	host	response	 to	 infection	on	 the	bacterial	expression	of	
virulence	determinants	has	not	been	evaluated	yet.	This,	however,	seems	critical	since	
considerable	 inter-individual	 variation	 in	 the	 potency	 of	 the	 immune	 response	 to	
infection	 has	 been	 described332	 and	 specific	 characteristics	 of	 the	 host	 can	 be	
predispositions	 for	 acquiring	 particularly	 severe	 S.	 aureus	 infections333,334.	
Consequently,	 the	 environment	 encountered	 by	 S.	 aureus	 in	 different	 hosts	 may	 vary	
significantly,	 prompting	 the	 bacterium	 to	 adjust	 its	 gene	 expression	 to	 best	 fit	 the	
respective	conditions	resulting	in	different,	highly	specific	transcriptional	patterns.	

1.4.	Transcriptional	profiling	of	host	and	pathogen	

As	 mentioned	 above,	 it	 is	 critical	 to	 understand	 the	 expression	 of	 virulence	
factors	by	pathogens	during	in	vivo	infection.	Methods	for	simultaneous	transcriptional	
profiling	 of	 host	 and	 pathogen	 can	 significantly	 advance	 the	 understanding	 of	 the	
reciprocal	 host-pathogen	 adaptation	 during	 infection,	 facilitate	 the	 identification	 of	
novel	 regulatory	 circuits	 and	 uncover	 the	 importance	 of	 previously	 uncharacterized	
factors	 for	 in	 vivo	 bacterial	 survival.	 This,	 however,	 is	 technically	 challenging	 and	 a	
number	of	methods	have	been	applied	with	varying	levels	of	success.	

	Microarray	technology,	based	on	the	hybridization	of	fluorescent-labeled	cDNA	
from	 diverse	 samples	 onto	 immobilized	 DNA	 probes,	 was	 developed	 in	 the	 1990s335.	
Different	fluorescence	intensities	enable	the	quantification	of	transcript	frequencies,	but	
the	technology	is	restricted	to	known	transcripts,	a	limitation	that	was	overcome	by	the	
development	of	tiling	arrays	that	could	represent	the	whole	genome	of	organisms336,337.	
Even	though	microarrays	allowed	first	insights	into	global	changes	of	S.	aureus	and	host	
gene	 expression	 during	 in	 vivo	 infection237,338,339,	 they	 suffered	 from	 the	 general	
drawbacks	of	the	microarray	technology.	Probe	cross-reactivity	forced	the	separation	of	
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host	 and	 pathogen	 RNA	 and	 limited	 the	 dynamic	 range	 of	 microarrays,	 while	 probe	
dependence	also	 caused	space	and	price	 restrictions340.	Moreover,	 the	 technology	was	
unable	 to	 reliably	 discriminate	 mRNA	 isoforms	 or	 define	 transcript	 boundaries	 and	
splicing	junctions340.		

The	 advent	 of	 RNA	 sequencing	 (RNA-seq)	 technology	 overcame	 these	
limitations.	 The	 technology	 is	 based	 on	 sequencing	 of	 cDNA-libraries	 generated	 from	
RNA	 using	 high-throughput,	 next-generation	 sequencing	 platforms	 and	 thus	 provides	
coverage	of	the	whole	genome	with	a	theoretically	unlimited	dynamic	range340.	Strand-
specific	library	preparation	protocols,	moreover,	preserve	the	information	of	transcript	
directionality,	 a	 crucial	 property	 when	 analyzing	 dense	 genomes	 with	 overlapping	
features	and	active	antisense	 transcription341,342.	 In	 recent	years,	high-resolution	RNA-
seq	has	been	used	to	analyze	the	host	responses	to	S.	aureus	infection343	as	well	as	the	
transcriptional	response	of	S.	aureus	to	defined	stressors	in	vitro344-347	and	during	in	vivo	
infection348.	 The	 simultaneous	 characterization	 of	 host	 and	 pathogen	 transcriptional	
profile	 (dual	 RNA-seq,	 Fig.	 3)	 during	 in	 vivo	 infection	 has,	 however,	 remained	 elusive	
since	 there	 are	major	 challenges	 associated	with	 the	 application	 of	 such	 an	 approach.	
First,	 eukaryotic	 genomes	 exceed	 prokaryotic	 genomes	 in	 size	 by	 multiple	 orders	 of	
magnitude,	 resulting	 in	a	need	 for	 the	enrichment	of	 the	bacterial	 fraction	 in	 the	 total	
RNA	pool340.	Second,	ribosomal	RNA	(rRNA)	accounts	for	the	majority	of	around	80%	of	
the	 total	 RNA	pool	 in	 both	 eukaryotic	 and	prokaryotic	 organisms,	making	 a	 depletion	
technique	for	rRNA	species	a	necessary	requirement	for	good	coverage	of	the	bacterial	
genome,	 present	 in	 only	 miniature	 proportions340.	 Lastly,	 RNA	 degradation	 during	
extraction	 and	 enrichment	 procedures	 needs	 to	 be	 kept	 at	 a	 minimum	 to	 limit	 the	
introduction	 of	 biases	 into	 the	 dataset340.	 To	 overcome	 these	 problems	 a	 number	 of	
methods,	 like	 RNA	 stabilization	 solutions,	 selective	 rRNA	 depletion	 kits	 and	 bacterial	
RNA	 enrichment	 protocols,	 have	 been	 developed349,350.	 Several	 studies	 have	 already	
applied	dual	RNA-seq	approaches	to	study	host	pathogen	transcriptional	response	in	in	
vitro	 systems351-354,	 but	 studies	 using	 RNA-seq	 for	 investigating	 the	 in	 vivo	
transcriptional	profile	of	host	and	pathogen	during	infection	are	still	missing.	
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Figure	3.	Fundamental	concept	of	dual	RNA-seq	
Schematic	 overview	 of	 the	 concept	 of	 dual	 RNA-seq.	 Total	 RNA	 is	 isolated,	 followed	 by	 cDNA	
preparation	and	deep	sequencing.	The	generated	sequencing	datasets	of	host	and	pathogen	are	
separated	 in	 silico	 by	mapping	 the	 reads	 to	 the	 appropriate	 reference	 genomes.	 Reprinted	 by	
permission	 from	 Macmillan	 Publishers	 Ltd:	 Nature	 Reviews	 Microbiology	 Westermann	 et	 al.,	
copyright	2012340.	
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2.	AIM	OF	THE	STUDY	

	The	 difficult-to-treat	 infections	 caused	 by	multi-drug	 resistant	 pathogens	 urge	
the	implementation	of	novel	treatment	approaches.	Anti-virulence	strategies	that	target	
key	virulence	 factors,	which	are	essential	 for	 the	bacterial	 in	vivo	survival	and	thereby	
reduce	the	in	vivo	fitness	of	the	pathogen,	have	recently	attracted	increased	attention	as	
a	 potential	 alternative	 for	 the	 treatment	 of	 infections	 caused	 by	 multi-drug	 resistant	
bacteria.	However,	 anti-virulence	 strategies	will	 only	 convey	 therapeutic	benefit	 if	 the	
targeted	 virulence	 factor	 is	 substantially	 expressed	 by	 the	 pathogen	 during	 infection.	
Since	expression	of	virulence	factors	by	the	invading	pathogen	may	be	influenced	by	the	
physiological	conditions	of	the	microenvironments	during	infection	that	are	shaped	by	
the	 host’s	 innate	 immune	 response,	 inter-individual	 variation	 in	 the	 resistance	 to	 a	
pathogen	could	pose	a	potential	problem	for	the	general	applicability	of	anti-virulence	
strategies.	 Therefore,	 the	 overall	 aim	 of	 this	 study	 was	 to	 evaluate	 if	 the	 within-host	
transcriptional	response	of	S.	aureus,	an	important	human	pathogen	that	is	notorious	for	
its	capacity	to	develop	antibiotic	resistances,	was	affected	by	differences	in	the	level	of	
host	 resistance	 to	 infection.	 For	 this	 investigation,	 two	 mouse	 strains	 previously	
confirmed	to	express	opposite	phenotypes	when	 infected	by	S.	aureus	(A/J	susceptible	
and	C57BL/6	resistant)	were	chosen	as	the	experimental	system	and	dual	RNA-seq	was	
used	 to	 simultaneously	 determine	 the	 transcriptional	 response	 of	 host	 and	 pathogen	
during	infection.		To	fulfill	the	main	aim,	the	following	steps	were	required:	

(I) Development	of	a	protocol	 for	RNA	extraction	and	processing	 that	enabled	 the	
simultaneous	characterization	of	 the	gene	expression	of	S.	aureus	and	resistant	
(C57BL/6)	or	susceptible	(A/J)	host,	overcoming	the	substantially	lower	amount	
of	prokaryotic	RNA	in	the	total	RNA	pool	isolated	from	infected	tissue.	

(II) Compilation	 of	 a	 bioinformatics	 and	 statistical	 toolset,	 enabling	 the	 in	 silico	
separation	 and	 analysis	 of	 the	 pathogen	 and	 host	 transcriptome	 datasets	
generated	by	Illumina	deep-sequencing	technology.	

(III) Validation	of	the	findings	from	the	RNA-seq	analysis	using	RT-PCR,	at	the	protein	
level	using	ELISA	and	by	analysis	of	 the	bacterial	 in	vivo	gene	expression	using	
different	host	backgrounds.		

(IV) Determination	 of	 the	 impact	 of	 differential	 expression	 of	 a	 virulence	 factor	
during	 infection	 of	 the	 two	 hosts,	 exhibiting	 different	 level	 of	 resistance	 to	
infection,	on	the	efficiency	of	anti-virulence	strategies	in	these	host	backgrounds.	
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3.	MATERIAL	AND	METHODS	

3.1.	Materials	

3.1.1.	Bacterial	strains	

Table	1.	Bacterial	strains	used	in	this	study	
	

S.	aureus	strain	 Description	 Reference	

8325-4	
NCTC	8325	(RN6390)	cured	of	the	three	prophages	
Φ11,	Φ12,	Φ13	

355	

SH1000	 8325-4	rsbU+	 356	

8325-4∆aur	 8325-4	aur-	erm+	 357	
	

3.1.2.	Mouse	strains	

Table	2.	Mouse	strains	used	in	this	study	
	

Mice	strain	 Description	

C57BL/6	 Harlan-Winkelmann	(Borchen,	Germany)	

A/J	 Harlan-Winkelmann	(Borchen,	Germany)	
	

3.1.3.	Chemicals,	Kits	

Table	3.	Chemicals,	kits	and	their	suppliers	used	in	this	study	
	

Chemical/kit	 Supplier	

2-mercaptoethanol	≥	99%	 Sigma	Aldrich,	Munich,	Germany	

3.3-diaminobenzidine-tetrachloride	 Sigma	Aldrich,	Munich,	Germany 

4-Aminopyrazolo[3,4-d]pyrimidine	98%	 Sigma	Aldrich,	Munich,	Germany	

Acetic	acid	100%	(C2H4O2)	 Carl	Roth,	Karlsruhe,	Germany	

Agarose	NEEO	Ultra	quality	 Carl	Roth,	Karlsruhe,	Germany	

Albumine,	IgG	free	 Carl	Roth,	Karlsruhe,	Germany	

BD	Columbia	Agar	with	5%	Sheep	Blood	 BD	PharmingenTM,	Heidelberg,	Germany	

Brain-Heart-Infusion	Broth	 Carl	Roth,	Karlsruhe,	Germany	
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Buffer	RLT	 Qiagen,	Hilden,	Germany	

Chloroform:Isoamyl	alcohol	24:1	 Sigma	Aldrich,	Munich,	Germany	

Disodium	hydrogen	phosphate	dihydrate	

(Na2HPO4·2H2O)	
AppliChem,	Darmstadt,	Germany	

dNTP	Mix	(10	mM	each)	 Thermo	Scientific,	Bonn,	Germany	

Dynabeads®	M-280	Sheep	Anti-Rabbit	IgG	 Thermo	Scientific,	Bonn,	Germany	

Erythromycin	 Thermo	Scientific,	Bonn,	Germany	

ERCC	RNA	Spike-In	Control	Mixes	 Ambion,	Austin,	TX,	USA	

Ethanol	absolute	 AppliChem,	Darmstadt,	Germany	

Ethidiumbromid	 Carl	Roth,	Karlsruhe,	Germany	

FailSafe	PCR	Enzyme	Mix,	100	units	 Illumina,	San	Diego,	CA,	USA	

Goat	anti-rabbit	antibody	 Vector	Laboratories,	Burlingame,	CA,	USA	

Glycerine,	ROTIPURAN®	≥86	%,	p.a.	 Carl	Roth,	Karlsruhe,	Germany	

Glycogen	 Thermo	Scientific,	Bonn,	Germany	

Hydrochloric	acid,	37%,	p.a.	(HCl)	 Carl	Roth,	Karlsruhe,	Germany	

Lysing	matrix	B	 MP	Biomedicals,	Solon,	OH,	USA	

Lysostaphin	 Sigma	Aldrich,	Munich,	Germany	

MinElute	PCR	Purification	Kit	 Qiagen,	Hilden,	Germany	

Mouse	CXCL1/KC	DuoSet	ELISA	 R&D	Systems,	Minneapolis,	MIN,	USA	

Mouse	CXCL2/MIP-2	DuoSet	ELISA	 R&D	Systems,	Minneapolis,	MIN,	USA	

Mouse	IL-10	ELISA	MAX	Standard	 Biolegend,	San	Diego,	CA,	USA	

Mouse	IL-1beta	ELISA	MAX	Standard	 Biolegend,	San	Diego,	CA,	USA	

Mouse	IL-6	ELISA	MAX	Deluxe	 Biolegend,	San	Diego,	CA,	USA	

Mouse	MCP-1	ELISA	Set	 BD	Bioscience	San	Jose,	CA,	USA	

Nuclease-free	water	 Qiagen,	Hilden,	Germany	

Polyclonal	rabbit	anti-mouse	apolipoprotein	B-
specific	antibody	

Abcam,	Cambridge,	UK	

Potassium	chloride	(KCl)	 Carl	Roth,	Karlsruhe,	Germany	

Potassium	dihydrogen	phosphate	(KH2PO4)	 Carl	Roth,	Karlsruhe,	Germany	
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QIAquick	Gel	Extraction	Kit	 Qiagen,	Hilden,	Germany	

Ribo-ZeroTM	Gold	rRNA	Removal	Kit	
(Epidemiology)	

Illumina,	San	Diego,	CA,	USA	

RiboGuardTM	RNase	Inhibitor	40	U/µl	 Epicenter,	Madison,	WI,	USA	

RNAlater®	Stabilisation	Solution	 Ambion,	Austin,	TX,	USA	

RNaseZap	 Ambion,	Austin,	TX,	USA	

Roti®-Aqua-Phenol	pH	4.5-5	 Carl	Roth,	Karlsruhe,	Germany	

ScriptSeqTM	Index	PCR	Primers	 Illumina,	San	Diego,	CA,	USA	

ScriptSeqTM	RNA	Seq	Library	Preparation	Kit	 Illumina,	San	Diego,	CA,	USA	

SensiFASTTM	SYBR	No-ROX	One-Step	kit	 Bioline,	Luckenwalde,	Germany	

Sodium	acetate,	anhydrous	≥99.0%	
(CH3COONa)	

Sigma	Aldrich,	Munich,	Germany	

Sodium	chloride	(NaCl)	 Carl	Roth,	Karlsruhe,	Germany	

Sodium	hydroxide	(NaOH)	 Carl	Roth,	Karlsruhe,	Germany	

Taq	DNA	Polymerase	 Qiagen,	Hilden,	Germany	

TURBO	DNA-free™	Kit Thermo	Scientific,	Bonn,	Germany 

VECTASTAIN	Elite	ABC	HRP	Kit		 Vector	Laboratories,	Burlingame,	CA,	USA	
	

3.1.4.	Media	and	buffers	

Table	4.	Media	and	buffers	used	in	this	study	
	

Buffer/medium	 Amount	of	chemical/solution	

0.5	M	EDTA,	pH	8.0	(1	L)		

186.12	g	EDTA	Na2·2H2O	

ad	1	L	Aq.	dest.	

	

adjust	pH	8	with	NaOH	

0.5	µg/ml	Ethidium	Bromide	(1	L)	
800	µl	Ethidium	Bromide	

ad	1	L	H2O	dest.,	autoclaved	

1	×	PBS,	pH	7.4	(1	L)		
50	mL	20	×	PBS,	pH	7.4	

ad	1	L	H2O	dest.,	autoclaved	
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1	M	HCl	(100	mL)		
8.4	mL	37%	HCl	

ad	100	mL	H2O.	dest.,	autoclaved	

1	M	NaOH	(100	mL)	
4	g	NaOH	

ad	100	mL	H2O.	dest.,	autoclaved	

1	x	TAE,	pH	8.5	(1	L)	
20	ml	50	x	TAE	

ad	1	L	H2O	dest.,	autoclaved	

10	%	BSA	(25	ml)	

2.5	g	Albumine,	IgG	free	

ad	25	ml	1	x	PBS,	pH	7.4	

	

filter-sterilized	(ø	0.22	µm),	stored	at	-20°C	

2	%	agarose	gel	(100	ml)	
2	g	Agarose	NEEO	Ultra	quality	

ad	100	ml	1x	TAE	

2	M	Acetic	acid	(112	ml)	
12	ml	Acetic	acid	

ad	100	ml	H2O	dest.	

2	M	Sodium	acetate	(100	ml)	
16.4	g	Sodium	acetate	(anhydrous)	

ad	100	ml	H2O	dest.	

2	M	Sodium	acetate	pH	4.0	(50	ml)	

45	ml	2	M	Sodium	acetate	

5	ml	2	M	Acetic	acid	

	

adjust	pH	with	2	M	Acetic	acid	to	pH	4.0	

20	×	PBS,	pH	7.4	(1	L)		

160	g	NaCl	

4	g	KCl	

15.2	g	Na2HPO4·2H2O	

4	g	KH2PO4	

ad	1	L	H2O.	dest.	

	

adjust	pH	7.4	with	NaOH	
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50	×	TAE,	pH	8.5	(1	L) 

	

242	g	Trizma	Base	

57.1	ml	Acetic	acid	

100	ml	0.5	M	EDTA,	pH	8.0	

ad	1	L	H2O.	dest.	

	

adjust	pH	7.4	with	NaOH 

BHI	broth	(1	L)	
37	g	Brain-Heart-Infusion	Broth	

ad	1	L	H2O	dest.,	autoclaved	

  

3.1.5.	Primer	

Table	5.	Oligonucleotide	primer	used	in	this	study	
	

Target	
Forward-	
Reverse	

Sequence	(5’-3’)	
Annealing	
temperature	

(°C)	

16S	ribosomal	RNA	
for	

rev	

CGGTCCAGACTCCTACGGGAGGCAGCA	

GCGTGGACTACCAGGGTATCTAATCC	
70	

Accessory	gene	
regulator	A	(agrA)	

for	

rev	

AACTGCACATACACGCTTACA	

GGCAATGAGTCTGTGAGATTT	
60	

Alpha-hemolysin	
(hla)	

for	

rev	

GGCCTTATTGGTGCAAATGT	

AGCGAAGTCTGGTGAAAACC	
60	

Apolipoprotein	B	
(Apob)	

for	

rev	

GAAGCGCCACCAAGATCAAC	

CAGCTTGAGTTCGTACCTGGA	
60	

Arginine/ornithine	
antiporter	(arcD)	

for	

rev	

TGATATGGGCGGTAAAGCCG	

ACGCTGAGAACCAATATCCCC	
60	

Beta-actin	(Actp)	
for	

rev	

TGGAATCCTGTGGCATCCATGAAAC	

TAAAACGCAGCTCAGTAACAGTCCG	
60	

D-serine/D-
Alanine/glycine	
transporter	(aapA)	

for	

rev	

CGGCATATTCGCTAAAGGTGC	

GATAACCGCTAACGCCCCAA	
60	
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Glutamate	synthase	
subunit	beta	(gltD)	

for	

rev	

CTGGTGATACAGGGGCAGAC	

TGCACGTGGTTCCTTACCAA	
60	

Glutamyl	
endopeptidase	
(sspA)	

for	

rev	

GTTCGTCTGGGTTGTTAGGGT	

GGAATTCATTTGGGGCGGT	
60	

Hypothetical	
protein	
(SAOUHSC_02853)	

for	

rev	

GACACACCATTAGGTGAATTGGTT	

TGGTTGAAAACTGATAGTGCCC	
60	

Protein	VraX	(vraX)	
for	

rev	

TTTATCGACAGTATCACCATGA	

TCATATGATCTATATCGTCTTGTA	
60	

Regulatory	RNAIII	
(RNAIIII/hld)	

for	

rev	

TAGCACTGAGTCCAAGGAAACT	

AGGAGTGATTTCAATGGCACAAG	
60	

Transcriptional	
regulator	SarR	
(sarR)	

for	

rev	

TTTAGTCAACGCAACATTTCAAGT	

ACTGTTCTTTCGTCTTGTAAACTTC	
60	

Transcriptional	
regulator	(arcR)	

for	

rev	

TTTCGCCACAAGAAAGTAGCA	

AGGCCATCAATTCTCTAGGCA	
60	

Zinc	
metalloproteinase	
aureolysin	(aur)	

for	

rev	

AGCGTCTCCCTCTTTTCCAG	

GCATGGATCGGTGACAAAAT	
60	

	

3.1.6.	Materials	

Table	6.	Instruments	used	in	this	study	
	

Instrument	 Company	

12-Tube	Magnetic	Separation	
Rack	

NEB,	Ipswich,	MA,	USA	

Acculab	vicon	VIC612	 Sartorius	AG,	Gießen,	Germany	

Agilent	2100	Bioanalyzer	 Agilent	Technologies,	Santa	Clara,	CA,	USA	

BRL	Horizon®	58	
electrophoresis	chamber	

Invitrogen,	Karlsruhe,	Germany	

Centrifuge	5417R	 Eppendorf,	Hamburg,	Germany	
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Centrifuge	5424R	 Eppendorf,	Hamburg,	Germany	

Centrifuge	5804R	 Eppendorf,	Hamburg,	Germany	
Dispersing	aggregate	PT-DA	
12/12	EC-D148	 Kinematica,	Lucerne,	Switzerland	

Dispersing	aggregate	PT-DA	
2112/2	WEC	

Kinematica,	Lucerne,	Switzerland	

DNA-/RNA-UV-Reinigungsbox		
UVC/T-M-AR	 Biosan,	Latvia,	Riga	

Eppendorf	Research®	plus	
pipettes	

Eppendorf,	Hamburg,	Germany	

FastPrep®-24	 MP	Biomedicals,	Solon,	OH,	USA	

Geldoc	XR	system	 Bio-Rad	Laboratories,	Hercules,	CA,	USA	
Heratherm™	Advanced	
Protocol	Incubator	 Thermo	Scientific,	Bonn,	Germany	

HiSeq	2500	System	 Illumina,	San	Diego,	CA,	USA	

iFuge	M08VT	 Neuation	Technologies,	Gandhinagar,	India	

Light	Cycler®	480	Real-Time	 Roche	Diagnostics,	Mannheim,	Germany	

Mastercycler®	pro	 Eppendorf,	Hamburg,	Germany	

Mettler	AE	260	DeltaRange	 Mettler-Toledo,	Giesen,	Germany	

NanoDrop®	1000	
Spectrophotometer	

Thermo	Scientific,	Bonn,	Germany	

Novaspec	II	Visible	
Spectrophotometer	 Amersham	Bioscience,	Freiburg,	Germany	

POLYTRON®	PT	2100	
Homogenizer	

Kinematica,	Lucerne,	Switzerland	

Rotor-Gene	Q	platform	 Qiagen,	Hilden,	Germany	

Thermomixer	5436	 Eppendorf,	Hamburg,	Germany	
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3.2.	Methods	

3.2.1.	Bacterial	inoculum	preparation	

The	 S.	 aureus	 strains	 used	 in	 this	 study	 were	 strain	 SH1000356,	 the	 parental	
strain	 8325-4355	 and	 the	 aureolysin-deficient	 (8325-4Δaur)	 S.	aureus	mutant	 strain357.	
Inoculi	 for	 in	 vivo	 infection	 were	 prepared	 by	 growing	 the	 bacteria	 in	 brain-heart	
infusion	 (BHI)	medium	 at	 37°C	 and	 120	 rpm	 overnight.	 The	 following	 day,	 100	ml	 of	
fresh	BHI	medium	were	inoculated	from	the	overnight	culture	in	a	ratio	of	1:1000	(v/v)	
and	 grown	 to	 an	 optical	 density	 of	 0.5	 at	 600	 nm	 wavelength	 (OD600).	 The	 bacterial	
cultures	were	centrifuged	at	8000	x	g	for	6	minutes	at	4°C	and	washed	twice	with	cold	
PBS.	 After	 washing	 the	 bacterial	 pellets	 were	 re-suspended	 in	 PBS,	 adjusted	 to	 the	
required	 concentration	 and	 frozen	 in	 aliquots	 at	 -80°C.	 Bacterial	 numbers	 were	
determined	 by	 plating	 the	 inoculi	 in	 serial	 dilution	 on	 Columbia	 Agar	with	 5%	 Sheep	
Blood.	Bacterial	colonies	(CFU)	were	counted	after	incubation	at	37°C	for	24	hours	and	
calculated	as	CFU	per	ml.	

3.2.2.	Murine	bloodstream	infection	model	

Pathogen-free	10	weeks-old	female	C57BL/6	and	A/J	mice	were	purchased	from	
Harlan-Winkelmann	(Borchen,	Germany),	while	MyD88-deficient	C57BL/6	were	kindly	
provided	 by	 Tim	 Sparwasser	 (Medizinische	 Hochschule	 Hannover).	 The	 mice	 were	
infected	 intravenously	with	4	 x	107	CFU	of	S.	aureus	 in	200	µl	 of	 PBS	via	 a	 lateral	 tail	
vein.	For	determination	of	bacterial	numbers,	mice	were	sacrificed	by	CO2	asphyxiation	
at	 48	 hours	 after	 bacterial	 inoculation,	 designated	 organs	 were	 removed	 and	
homogenized	in	PBS.	Serial	dilutions	of	organ	homogenates	were	plated	on	blood	agar	
plates.	 Bacterial	 colonies	 were	 counted	 after	 incubation	 at	 37°C	 for	 24	 hours	 and	
calculated	as	CFU	per	organ.	

Animal	experiments	were	performed	in	accordance	with	the	German	regulations	
of	the	Society	for	Laboratory	Animal	Science	(GV-	SOLAS)	and	the	European	Health	Law	
of	 the	 Federation	 of	 Laboratory	 Animal	 Science	 Associations	 (FELASA).	 The	 ethical	
board	 of	 the	 Lower	 Saxony	 State	 Office	 for	 Consumer	 Protection	 and	 Food	 Safety	
approved	 all	 experiments	 (Niedersächsisches	 Landesamt	 für	 Verbraucherschutz	 und	
Lebensmittelsicherheit,	 Oldenburg,	 Germany	 -	 LAVES;	 permit	 N.	 33.9-42502-04-
13/1195).	
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3.2.3.	 Preparation	 of	 antibody-coupled	 magnetic	 beads	 for	 immunomagnetic	

enrichment	of	S.	aureus	

To	improve	the	yield	of	bacterial	RNA	in	the	total	RNA	extracted	 from	infected	
kidneys,	 a	 immunomagnetic	 separation	 approach	 was	 applied	 as	 previously	
described348.	Briefly,	2	x	107	Dynabeads®	M-280	sheep	anti-rabbit	 IgG	magnetic	beads	
were	 washed	 twice	 with	 sterile	 PBS	 containing	 0.1%	 BSA	 using	 a	 12-Tube	 magnetic	
separation	rack.	2	µg	of	purified	rabbit	anti-S.	aureus	IgG	antibodies	were	added	to	the	
beads	and	 incubated	under	continuous	shaking	 for	30	minutes	at	RT.	After	 incubation	
the	magnetic	beads	were	washed	four	times	with	sterile	PBS	containing	0.1%	BSA,	re-
suspended	in	1	ml	of	PBS	containing	0.1%	BSA	and	stored	at	4°C	until	use.	

3.2.4.	Enrichment	of	S.	aureus	from	tissue	homogenates	

Mice	 were	 sacrificed	 48	 hours	 after	 inoculation	 with	 4	 x	 107	 S.	 aureus	 strain	
SH1000	 or	 PBS	 as	 a	 control	 by	 CO2	asphyxiation	 and	 both	 kidneys	were	 immediately	
removed	 and	 incubated	 for	 15	 minutes	 at	 RT	 in	 3	 ml	 of	 RNAlaterTM	 solution.	
Subsequently,	 the	kidneys	were	 stored	at	4°C	overnight.	Three	 independent	biological	
replicates	from	each	mouse	strain	were	analyzed.	Each	biological	replicated	consisted	of	
a	pool	of	kidneys	from	five	mice.		

Following	overnight	incubation,	individual	kidneys	were	homogenized	on	ice	in	
2	 ml	 of	 sterile	 PBS	 supplemented	 with	 1%	 ß-mercaptoethanol	 at	 11.000	 rpm.	
Homogenates	were	centrifuged	at	200	x	g	and	4°C	for	8	minutes	and	supernatants	were	
transferred	 into	 a	 new	 tube	 and	 centrifuged	 again	 to	 remove	 remaining	 tissue	debris.	
The	supernatant	was	transferred	to	RNase	free	2	ml	tubes,	supplemented	with	100	µl	of	
anti-S.	aureus	 antibodies-coupled	magnetic	beads	and	 incubated	at	RT	 for	30	minutes.	
Following	incubation,	magnetic	beads	were	recovered	in	a	12-tube	magnetic	separation	
rack	 and	 washed	 with	 PBS	 containing	 0.1%	 BSA.	 	 After	 washing	 the	 magnetic	 beads	
were	re-suspended	in	200	µl	of	 lysostaphin	(10	µg/ml)	and	incubated	for	5	minutes	at	
RT.		

3.2.5.	Total	RNA	extraction	and	purification	

The	 lysostaphin-treated	 beads	 were	 supplemented	 with	 650	 µl	 of	 RLT	 buffer	
containing	1%	ß-mercaptoethanol	and	 transferred	 to	a	 lysing	matrix	B,	 containing	0.1	
mm	 silica	 beads.	 Bacterial	 cells	 were	 disrupted	 twice	 using	 a	 FastPrep-24®	 for	 40	
seconds	 at	 intensity	 5.5.	 The	 tubes	 were	 cooled	 on	 ice	 for	 2	 minutes	 between	 runs.	
Following	 cell	 disruption,	 the	 tubes	were	 centrifuged	 for	 3	minutes	 at	 12.000	 x	g	 and	
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4°C.	 500	 µl	 of	 the	 supernatant	 were	 transferred	 to	 2	 ml	 RNase-free	 tubes	 and	
sequentially	 supplemented	 with:	 50	 µl	 of	 2	 M	 sodium	 acetate	 (pH	 4.0),	 500	 µl	 aqua	
saturated	phenol	and	100	µl	of	Chloroform:Isoamylalcohol	(24:1).	After	addition	of	each	
chemical,	 the	 tubes	 were	 inverted	 to	 mix	 solutions.	 Following	 supplementation	 with	
Chloroform:Isoamylalcohol,	the	tubes	were	shaken	vigorously	for	10	seconds,	incubated	
on	 ice	 for	15	minutes	and	subsequently	centrifuged	 for	20	minutes	at	10.000	x	g.	The	
upper	 phase	 containing	 RNA	 was	 transferred	 to	 a	 new	 1.5	 ml	 RNase-free	 tube	 and	
washed	twice	with	300	µl	of	Chloroform:Isoamylalcohol.	The	tubes	were	vortexed	for	30	
seconds	 between	washing	 steps	 and	 centrifuged	 for	 3	minutes	 at	 10.000	 x	g	 and	4°C.	
After	the	second	washing	step,	the	upper	RNA	containing	phase	was	transferred	to	new	
2	 ml	 RNase-free	 tubes	 and	 supplemented	 with	 2.5	 volumes	 Ethanol	 (absolute),	 0.1	
volume	2	M	sodium	acetate	(pH	4.0)	and	2	µl	Glycogen	(5	µg/µl)	to	precipitate	the	RNA.	
Samples	 were	 stored	 at	 -20°C	 overnight.	 Subsequently,	 RNA	 was	 pelleted	 by	
centrifugation	for	30	minutes	at	21.130	x	g	and	4°C,	washed	once	with	70%	ethanol	and	
centrifuged	 for	 15	minutes	 at	 21.130	 x	g	 and	 4°C.	 The	RNA	pellet	was	 air-dried	 for	 5	
minutes	 and	 resuspended	 in	75	µl	Nuclease-free	H2O.	RNA	quantity	 and	 integrity	was	
assessed	using	a	NanoDrop	1000	spectrophotometer	and	an	Agilent	2100	Bioanalyzer.		

To	 remove	 DNA	 contamination,	 the	 samples	 were	 subjected	 to	 DNase	 TURBO	
treatment.	 For	 this	 purpose,	 a	 volume	 containing	 8	 µg	 of	 nucleic	 acids	 from	 every	
sample	 was	 treated	 with	 DNase	 TURBO	 for	 30	 minutes	 at	 37°C	 according	 to	 the	
manufacture’s	 instructions.	 DNase	 Turbo	 was	 then	 removed	 from	 the	 solution	 by	
addition	of	10	µl	of	DNase	Inactivation	reagent	followed	by	centrifugation	for	2	minutes	
at	10.000	x	g.	The	RNA	containing	supernatant	was	transferred	to	a	new	1.5	ml	tube	and	
subjected	to	RNA	precipitation	at	-20°C	as	described	above.	Subsequently,	RNA	quantity	
and	 integrity	were	analyzed	with	a	NanoDrop	1000	spectrophotometer	and	an	Agilent	
2100	Bioanalyzer.	Total	RNA	extracted	 from	both	kidneys	of	 five	 individual	mice	 from	
each	mouse	strain	was	pooled	at	similar	quantities	 to	generate	 independent	biological	
replicate	containing	500	ng	of	total	RNA.	Each	replicate	was	spiked	with	1	µl	of	a	1:100	
(v/v)	 dilution	 of	 either	 Mix	 1	 or	 Mix	 2	 of	 the	 ERCC	 RNA	 Spike-In	 Control	 Mixes	 to	
determine	the	dynamic	range	and	lower	limit	of	detection.		

DNA-depleted	RNA	samples	were	subjected	to	ribosomal	RNA	(rRNA)	depletion	
using	 the	 Ribo-ZeroTM	 Gold	 epidemiology	 kit.	 Briefly,	 225	 µl	 of	 magnetic	 beads	 were	
twice	washed	with	RNase-free	H2O,	re-suspended	in	65	µl	of	resuspension	solution	and	
supplemented	with	 1	 µl	 of	 RiboGuard	 RNase	 Inhibitor.	 Samples	 containing	 500	 ng	 of	
total	RNA	were	mixed	with	10	µl	of	rRNA	removal	solution	and	4	µl	of	reaction	solution	
and	 incubated	 for	 10	 minutes	 at	 68°C	 and	 subsequently	 for	 5	 minutes	 at	 RT.	 The	
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samples	 were	 then	 added	 to	 the	 washed	 magnetic	 beads	 and	 mixed	 thoroughly	 by	
vortexing.	The	magnetic	bead	containing	samples	were	 incubated	 for	5	minutes	at	RT,	
followed	by	incubation	at	50°C	for	5	minutes,	after	which	beads	and	supernatant	were	
separate	in	a	magnetic	rack.	The	rRNA-depleted	supernatant	was	then	transferred	to	an	
RNase-free	 tube	 and	 subjected	 to	 ethanol	 precipitation	 as	 described	 earlier.	 The	 RNA	
quantity	was	measured	with	a	NanoDrop	1000	spectrophotometer	and	rRNA	depletion	
was	confirmed	using	an	Agilent	2100	Bioanalyzer	(Fig.	4).	

	

	
Figure	4.	Exemplary	electropherogram	of	a	sample	before	and	after	rRNA	depletion.		
The	depletion	of	rRNA	was	assessed	using	the	Agilent	2100	Bioanalyzer.	The	upper	graph	depicts	
the	electropherogram	before	rRNA	depletion	showing	clear	peaks	of	the	16s	and	23s	rRNA	(RIN	
value	 =	 10).	 The	 lower	 graph	 shows	 the	 sample	 depleted	 of	 rRNA	 after	 RiboZeroTM	 treatment	
(RIN	value	=	2.6).	

	

3.2.6.	RNA-seq	library	preparation	and	sequencing	

The	cDNA	libraries	were	generated	from	total	RNA	of	biological	replicates	using	
the	ScriptSeqTM	RNA-seq	 library	preparation	kit.	The	 initial	RNA	fragmentation	step	of	
the	ScriptSeqTM	protocol	was	omitted	due	to	the	strong	fragmentation	of	RNA	samples.	
cDNA	 was	 generated	 from	 10	 ng	 of	 rRNA-depleted	 samples	 using	 random	 hexamer	
primer	 including	 a	 5’-end	 tagging	 sequence.	 RNA	was	 removed	 and	 the	 3'-end	 of	 the	
generated	 cDNA	 was	 blocked	 via	 Terminal-Tagging	 Oligos.	 The	 generated	 di-tagged	
cDNA	 was	 purified	 using	 the	 MinElute	 PCR	 Purification	 kit	 according	 to	 the	
manufacturer’s	 instructions.	 Subsequently,	 RNA-seq	 libraries	 were	 generated	 by	
amplifying	 the	 di-tagged	 cDNA	 with	 addition	 of	 an	 index	 bar	 code	 for	 sample	
multiplexing.	 Following	 removal	 of	 excess	 PCR	 Primers,	 the	 generated	 libraries	 were	
purified	 using	 the	 MinElute	 PCR	 Purification	 kit	 according	 to	 the	 manufacturer’s	
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instructions.	 The	 libraries	 were	 subjected	 to	 size	 selection	 by	 agarose	 gel	
electrophoresis	and	fragments	between	200	and	650	bp	were	enriched	by	gel	extraction	
using	the	QIAquick	gel	extraction	kit	to	exclude	remaining	contamination	by	other	RNA	
species.	 Library	 quality	 and	 size-selection	 were	 assessed	 using	 the	 Agilent	 2100	
Bioanalyzer,	 followed	 by	 sequencing	 on	 a	 Illumina	 HiSeq	 2500	 platform	 using	 the	
TruSeq	single-read	cluster	kit	v3-cBot-HS.	Two	libraries	were	multiplexed	on	a	 lane	to	
generate	–100	million	reads	per	sample	and	sequencing	was	performed	unidirectional	
for	58	cycles.	

3.2.7.	RNA-seq	data	processing	

A	bioinformatic	workflow	was	developed	in	this	thesis	that	was	tailored	for	the	
specific	 challenges	 of	 analyzing	 simultaneously	 murine	 and	 S.	 aureus	 RNA-Seq.	
Demultiplexed	 libraries	were	 quality	 controlled	 using	 the	 open-access	 quality	 control	
tool	 FastQC	 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).	 To	 limit	
sequencing	 error	 inclusion	 in	 the	 datasets,	 the	 sequencing	 transcripts	 (reads)	 were	
trimmed	 of	 remaining	 adapter	 sequences	 and	 quality	 and	 length	 filtered	 using	 fastq-
mcf358.	Reads	were	trimmed	from	the	3’-end	if	the	Phred	quality	score	for	a	base	call	was	
≤	20	(Phred+33)	and	generally	excluded	if	their	length	was	≤35.	Two	different	aligners	
were	 utilized	 to	map	 the	 sequencing	 reads	 to	 the	 reference	 genome	 of	Mus	musculus	
assembly	 GRCm38.p3	 (GCA_000001635.5)	 and	 to	 the	 reference	 genome	 of	 S.	 aureus	
strain	 NCTC	 8325359	 revised	 for	 the	 changes	 of	 the	 strain	 SH1000360.	 The	 ‘spliced	
transcripts	 alignment	 to	 a	 reference’	 (STAR)	 software361,	 which	 is	 an	 aligner	 of	 high	
computational	 speed,	 alignment	 sensitivity	 and	 precision,	 particularly	 when	 dealing	
with	spliced	reads361,362	was	used	to	map	the	trimmed	sequencing	reads	to	the	modified	
reference	 genome	 of	 the	 S.	 aureus	 strain	 NCTC	 8325	 and	 to	 the	 murine	 reference	
genome.	 The	 number	 of	 allowed	 mismatches	 was	 set	 at	 2	 and	 the	 minimal	 mapping	
length	was	set	at	35.	The	mapped	reads	aligned	to	murine	and	staphylococcal	reference	
genome	were	sorted	and	indexed	using	the	SAMtools	suite363.	Subsequently,	the	number	
of	transcripts	aligned	to	a	certain	gene	were	counted	using	HTSeq-Count364.	Sequencing	
reads	were	also	aligned	to	the	individual	transcript	sequences	of	the	ERCC	RNA	spike-in	
control	mixes	using	STAR	and	 the	number	of	 aligned	 reads	 to	 specific	 transcripts	was	
counted	using	SAMtools.		
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3.2.8.	Statistical	analysis	of	the	transcriptional	profiles	

Global	 analysis	 of	 the	 transcriptional	 data	 was	 carried	 out	 using	 PRIMER-E	
(Version	6.1.6,	Plymouth	Marine	Laboratory),	GraphPad	Prism	(Version	5.04,	GraphPad	
Software,	Inc.)	and	DAVID	Informatics	Resources365,	while	analysis	for	differential	gene	
expression	was	performed	using	the	statistical	computing	software	R366.	Before	further	
analysis	the	reads	assigned	to	S.	aureus	and	to	the	murine	host	were	normalized	using	
the	library	size	factor	as	described	by	Szafranska	et	al.348.	Briefly,	the	library	size	(sum	of	
all	 aligned	 reads)	 of	 the	 smallest	 library	was	 divided	 by	 the	 library	 size	 of	 a	 specific	
larger	library	to	generate	a	scaling	factor.	Subsequently,	the	number	of	aligned	reads	for	
each	feature	(gene)	of	the	larger	library	was	multiplied	by	this	scaling	factor	to	generate	
libraries	of	similar	size	for	all	biological	replicates.	This	method	adjusts	for	the	variation	
in	 sequencing	 depths	 between	 replicates.	 Low	 read	 counts	 were	 filtered	 from	 the	
murine	datasets	applying	a	strict	threshold	at	the	lower	limit	of	detection	for	a	two	fold	
increase	in	transcript	abundance	as	determined	by	analysis	of	the	ERCC	spike-in	mixes	
(12	 reads).	 Genes	with	 low	 number	 of	 aligned	 reads	were	 filtered	 from	 the	 S.	 aureus	
transcriptional	profiles	using	a	even	stricter	threshold	at	a	minimal	transcripts	levels	of	
0.05%	 (<16	 copies	 per	 33,228	 reads),	 to	 avoid	 misinterpretation	 resulting	 from	 low	
sequencing	depth.	

To	assess	the	global	similarity	between	biological	replicates,	a	distance	matrix	of	
the	 transcripts	 of	 the	 biological	 replicates	 was	 generated	 using	 Euclidean	 distance	
measurement.	The	transcriptional	profiles	were	compared	based	on	this	distance	matrix	
using	 principal	 coordinates	 analysis	 (PCA)	 and	 group-average	 agglomerative	
hierarchical	 clustering.	 A	 permutational	 multivariate	 analysis	 of	 variance	
(PERMANOVA)	 was	 performed	 to	 determine	 the	 statistical	 significance	 of	 differences	
between	the	global	transcriptional	profiles	from	the	different	treatment	groups.	For	the	
one-way	 PERMANOVA,	 the	 resemblance	matrix	 was	 derived	 using	 euclidean	 distance	
measurement	with	type	III	(partial)	sums	of	squares	and	a	fixed	effects	sum	to	zero	for	
mixed	terms.	The	exact	P	values	and	Pseudo-F	statistic	were	calculated	using	unlimited	
permutation	 of	 the	 data.	 Pairwise	 tests	 of	 the	 different	 treatment	 groups	 were	 also	
conducted	 using	 PERMANOVA.	 If	 low	 permutations	 were	 obtained,	 Monte	 Carlo	
simulations	 in	 the	 pairwise	 test	 function	 were	 used.	 Differences	 between	 treatment	
groups	 were	 considered	 statistically	 significant	 if	 p-value	 was	 <	 0.05.	 KEGG	 pathway	
enrichment	 analysis	 was	 performed	 using	 DAVID	 Informatics	 Resources365.	 KEGG	
pathways	with	a	FDR	<	0.05	were	considered	significantly	enriched.	
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Since	 the	accuracy	and	sensitivity	of	different	methods	 for	 the	 identification	of	
differentially	expressed	genes	(DEG)	is	strongly	influenced	by	sequencing	depth367	and	
the	murine	and	staphylococcal	transcriptional	profiles	differed	noticeably	in	this	aspect,	
different	 tools	 and	 processing	 steps	were	 employed	 for	 analyzing	 transcripts	 derived	
from	bacteria	and	mouse.	The	murine	transcriptional	profiles	were	analyzed	using	the	
well-established	 DESeq2	 method368.	 Differences	 in	 transcript	 abundance	 were	
considered	statistically	significant	if	the	adjusted	p-value	was	<	0.05	and	the	fold	change	
was	 ≥2.	 Because	 of	 the	 low	 sequencing	 depth	 of	 the	 staphylococcal	 libraries	 (32,228	
reads),	 NOISeq369,	 a	 non-parametric	 algorithm	 that	 is	 less	 dependent	 on	 sequencing	
depth367,370,	 	was	used	for	differential	gene	expression	analysis.	A	gene	was	considered	
significantly	 differential	 expressed	 between	 conditions	 if	 the	 probability	 value	 prob,	
which	can	be	interpreted	as	prob	=1-FDR,	was	>	0.95.		

3.2.9.	Apolipoprotein	B	depletion		

Mice	 were	 treated	 twice	 with	 200	 µl	 of	 2.5	 µg/ml	 4-Aminopyrazolo[3,4-
d]pyrimidine	 (4-APP)	 in	 0.9%	 NaCl	 solution	 or	 0.9%	 NaCl	 solution	 (vehicle)	 applied	
intraperitoneally	 at	 24	 and	 48	 hours	 prior	 to	 infection	with	 S.	aureus.	 The	 4-APP	 has	
been	shown	to	alter	low-density	lipoprotein	secretion	thereby	depleting	apolipoprotein	
B	 (ApoB)	 371.	 Following	 treatment,	 the	mice	were	 infected	 intravenously	with	 2	 x	 107	
CFU	 of	 S.	 aureus	 strain	 SH1000	 in	 200	 µl	 of	 PBS	 via	 a	 lateral	 tail	 vein.	 Mice	 were	
sacrificed	by	CO2	asphyxiation	48	hours	after	bacterial	inoculation	and	the	kidneys	were	
used	for	the	determination	of	bacterial	loads	as	well	as	for	RNA	isolation.	

3.2.10.	qRT-PCR	

RNA	was	extracted	from	kidneys	of	infected	mice	treated	with	4-APP-treated	or	
vehicle	 control	 as	 described	 above.	 Expression	 of	 selected	 S.	 aureus	 genes	 was	
determined	by	qRT-PCR	using	the	SensiFASTTM	SYBR®	No-ROX	kit	and	the	Rotor-Gene	Q	
platform	 or	 the	 Light	 Cycler®	 480	 Real	 Time	 (Table	 7).	 The	 oligonucleotide	 primers	
were	 designed	 using	 the	 NCBI	 Primer-Blast	 tool	
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/).	 	 The	 primer	 efficiency	 was	
determined	prior	to	their	experimental	use.	For	relative	quantification,	RNA	was	reverse	
transcribed,	 amplified	 for	 40	 cycles	 and	 the	 specificity	 of	 the	 detected	 signal	 was	
evaluated	by	a	melting	curve.	
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Table	7.	Cycling	conditions	RT-PCR	
	

Step	 Reaction	
Temperature	

(°C) 

Time		

(seconds)	
Number	of	cycles	

1	 cDNA	synthesis	 45 1200	 1	
2	 Initial	denaturation	 95 300	 1	

3	
Denaturation	 95 20	

40	Annealing	 60	or	70 20	
Extension	 72 20	

4	 Final	Extension	 72 600	 3	
5	 Melting	curve	 72	-	99 -	 1	

	
The	 reaction	 volume	 was	 12.5	 µl	 containing	 2	 µl	 (50	 ng)	 total	 RNA.	 A	 cycle	

threshold	was	set	and	the	relative	fold-change	in	gene	expression	was	calculated	using	
the	method	described	by	Pfaffl372.		

3.2.11.	Enzyme-linked	immunosorbent	assay	(ELISA)	

Kidneys	were	taken	from	S.	aureus-infected	or	from	mock-treated	C57BL/6	and	A/J	
mice	 at	 48	 hours	 after	 inoculation	 with	 4	 x	 107	 S.	 aureus	 SH1000	 or	 PBS	 and	
homogenized	 in	 tissue	 lysis	 buffer.	 Homogenized	 samples	 were	 centrifuged	 twice	 at	
2300	 x	 g,	 the	 supernatant	 was	 collected	 and	 snap-frozen	 in	 liquid	 nitrogen.	 The	
supernatants	were	then	used	for	the	determination	of	IL-6,	IL-1ß,	IL-10,	Cxcl1,	Cxcl2	and	
Ccl2	 concentrations	 using	 matched	 antibody	 pairs	 and	 recombinant	 proteins	 as	
standards	 using	 commercially	 available	 ELISA-kits.	 Briefly,	 96–well	 microtiter	 plates	
were	coated	overnight	at	4°C	with	the	purified	anti-mouse	capture	monoclonal	antibody	
in	the	coating	buffer	(Na3PO4	pH	6.5,	Na2CO3	pH	9.5	or	PBS).	Plates	were	washed	three	
times	with	PBS-0.05%	Tween-20	and	blocked	with	1%	BSA-PBS	or	10%	FCS-PBS	for	1	
hour	 at	 RT.	 Following	 three	 washing	 steps	 tissue	 supernatants	 as	 well	 as	 a	 serial	
dilution	 of	 the	 purified	 standard	 protein	 (1:2	 dilution	 from	 2000	 µg/ml	 to	 15.625	
µg/ml)	 were	 added	 to	 the	 plate	 in	 technical	 triplicates	 at	 previously	 established	
dilutions	 and	 incubated	 for	 2	 hours	 at	 RT.	 Plates	 were	 washed	 three	 times	 and	
monoclonal	anti-mouse	detection	antibody	was	added.	The	plates	were	incubated	for	1	
hour	 at	 37°C,	 washed	 five	 times	 and	 further	 incubated	 with	 avidin-horseradish	
peroxidase	 for	 30	 minutes	 at	 RT	 in	 the	 dark	 (this	 step	 was	 omitted	 for	 Ccl2	
quantification	 since	 the	 detection	 antibody	 was	 already	 HRP	 coupled).	 After	 five	
additional	 washing	 steps	 the	 plates	 were	 developed	 using	 TMB	 as	 substrate	 for	 30	
minutes	 at	 RT	 in	 the	 dark.	 Absorbance	 was	 measured	 at	 495	 nm	 and	 570	 nm	 as	
reference.	Protein	concentrations	were	calculated	using	the	standard	curve.	
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3.2.12.	Apolipoprotein	B	immunohistochemistry	

Kidneys	from	uninfected,	female	C57BL/6	and	A/J	mice	were	collected,	fixed	in	10%	
formalin	 and	 embedded	 in	 paraffin.	 Immunohistochemistry	 was	 performed	 using	 a	
polyclonal	rabbit	anti-mouse	apolipoprotein	B-specific	antibody.	Paraffin	sections	were	
rehydrated	 through	 graded	 alcohols.	 To	 block	 the	 endogenous	 peroxidase,	 formalin-
fixed	and	paraffin-embedded	tissue	sections	were	treated	with	0.5%	H2O2	 in	methanol	
for	30	minutes	at	RT.	Subsequently,	the	sections	were	heated	for	20	minutes	in	10	mM	
Na-citrate	buffer	pH	6.0	using	a	microwave	(800	W).	After	30	minutes	of	incubation	with	
20%	 goat	 serum,	 blocking	 non-specific	 binding	 sites,	 the	 primary	 polyclonal	 antibody	
(dilution	 1:50)	was	 added	 and	 the	 sections	were	 incubated	with	 for	 1.5	 hours	 at	 RT.	
Rabbit	 serum	 served	 as	 a	 negative	 control.	 The	 sections	 were	 treated	 with	 the	
secondary	goat	anti-rabbit	antibody	for	30	minutes	at	RT.	Subsequently,	the	slides	were	
incubated	with	a	peroxidase-conjugated	avidin-biotin	complex	for	30	minutes	at	RT.	All	
antibodies	 were	 diluted	 in	 PBS.	 After	 visualization	 of	 positive	 antigen-antibody	
reactions	by	incubation	with	3.3-diaminobenzidine-tetrachloride	for	5	minutes,	sections	
were	counterstained	with	hematoxylin.		

3.2.13.	In	vivo	competition	experiments	

Mice	were	 intravenously	 inoculated	with	 a	 1:1	mixture	 of	 the	 S.	 aureus	strain	
8325-4	and	the	8325-4∆aur	erm+	mutant	strains	with	a	 total	of	approximately	4	x	107	
bacteria.	Mice	were	sacrificed	48	hours	after	 injection	and	 the	kidneys	were	removed.	
The	infected	kidneys	from	each	animal	were	homogenized	on	ice	in	2	ml	of	sterile	PBS	
and	 the	 amount	 of	 each	 bacterial	 strain	 was	 determined	 by	 plating	 a	 10-fold	 serial	
dilution	 of	 the	 kidney	 homogenates	 in	 the	 absence	 or	 in	 the	 presence	 of	 7.5	 µg/ml	
erythromycin	on	Columbia	blood	agar	plates.		The	amount	of	bacterial	colonies	from	the	
8325-4	strain	was	calculated	by	subtracting	the	number	of	bacterial	colonies	grown	on	
the	 plate	 containing	 erythromycin	 from	 the	 amount	 of	 colonies	 on	 the	 plate	 without	
antibiotic.	 The	 competitive	 index	 (CI)	was	 defined	 as	 the	 8325-4∆aur/8325-4	 ratio	 in	
the	homogenate	of	the	infected	kidneys.	
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4.	RESULTS	

4.1.	The	experimental	model	of	S.	aureus	bacteremia	

Previous	 studies	 reported	 that	 different	 strains	 of	 inbred	 mice	 varied	
significantly	 in	 their	 levels	 of	 susceptibility	 to	 S.	 aureus	 following	 intravenous	
injection373.	 Therefore,	 the	 two	mouse	 strains	 that	were	 reported	 to	 have	 particularly	
opposed	phenotypes	in	response	to	S.	aureus	infection,	A/J	mice	being	highly	susceptible	
to	infection	and	C57BL/6	mice	highly	resistant373,	were	selected	to	analyze	the	impact	of	
inherent	 differences	 of	 host	 resistance	 on	 the	 transcriptional	 adaptation	 on	 S.	 aureus	
during	 in	 vivo	 infection.	 To	 validate	 the	 different	 levels	 of	 resistance	 to	 S.	 aureus	
exhibited	 by	 these	 two	 mouse	 strains,	 A/J	 and	 C57BL/6	 mice	 were	 injected	
intravenously	 with	 4	 x	 107	 CFU	 of	 S.	 aureus	 strain	 SH1000	 and	 the	 survival	 of	 the	
infected	animals	was	monitored	for	a	period	of	10	days	following	bacterial	inoculation.	
All	infected	A/J	mice	died	within	72	hours	of	infection,	while	all	C57BL/6	mice	survived	
the	infection	(Fig.	5a).	To	determine	if	the	increased	mortality	of	infected	A/J	mice	was	
due	 to	 a	 reduced	 capacity	 of	 these	 mice	 to	 control	 S.	 aureus	multiplication,	 bacterial	
numbers	were	determined	in	the	kidneys	and	liver	at	48	hours	after	 injection	(Fig.	5b,	
c).	The	bacterial	loads	of	S.	aureus	in	the	kidneys	and	liver	of	A/J	mice	were	significantly	
higher	than	the	bacterial	number	in	those	organs	of	C57BL/6	mice.	Therefore,	these	two	
mice	 strains	 offer	 an	 optimal	 tool	 to	 study	 the	 transcriptional	 adaptation	 of	 S.	aureus	
during	infection	of	hosts	strongly	differing	in	their	level	of	susceptibility	to	infection.	
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Figure	 5.	 Survival	 curves	 and	 bacterial	 loads	 of	 A/J	 and	 C57BL/6	 mice	 following	
intravenous	infection	with	S.	aureus	
(a)	Plot	of	the	Kaplan	Meier	estimate	for	A/J	and	C57BL/6	mice	following	infection	with	4	x	107	
CFU	S.	aureus	SH1000	(p	<	0.01	by,	log-rank	test).	(b)	Bacterial	loads	in	the	kidneys	and	(c)	liver	
of	A/J	(blue	circles)	and	C57BL/6	(red	squares)	mice	at	48	hours	after	intravenous	injection	of	4	
x	107	CFU	of	S.	aureus.	Each	symbol	represents	an	individual	mouse.	Mean	±	SD	are	depicted	(*,	p	
<	0.05,	t-test).		
	

The	 kidneys	 are	 the	 target	 organ	 of	 S.	 aureus	 in	 this	 experimental	 model	 of	
infection373,374,	therefore	kidney	tissue	was	used	for	the	characterization	of	the	host	and	
pathogen	 transcriptional	 response	 during	 infection	 using	 dual	 RNA-Seq	 analysis.	 A	
schematic	overview	of	the	experimental	setup	is	presented	in	Fig.	6.	

a 

b c 
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Figure	6.	Schematic	summary	of	the	experimental	design	for	dual	RNA-seq	analysis	
Susceptible	A/J	and	resistant	C57BL/6	mice	were	infected	intravenously	with	4	x	107	CFU	of	S.	
aureus	 SH1000,	 their	kidneys	removed	at	48	hours	after	bacterial	 inoculation	and	subjected	 to	
dual	RNA-seq	analysis	 to	simultaneously	determine	the	gene	expression	profile	of	 the	host	and	
pathogen	in	the	same	sample.	
	

4.2.	Dual	RNA-seq	analysis	of	S.	aureus	and	the	infected	host		

Illumina-based	dual	RNA-seq	methodology	allows	simultaneous	RNA	profiling	of	
host	 and	 pathogen	 and	was	 used	 in	 this	 study	 to	 investigate	 the	 interplay	 between	S.	
aureus	and	the	resistant	or	susceptible	host	during	infection.	For	this	purpose,	total	RNA	
was	extracted	from	the	kidneys	of	A/J	and	C57BL/6	mice	at	48	hours	after	inoculation	
with	4	 x	107	CFU	of	S.	aureus	SH1000	or	with	PBS	as	 reference	 condition	 for	 the	host	
gene	 expression	 analysis.	 RNA	 obtained	 from	 the	 kidneys	 of	 5	 mice	 was	 pooled.	
Subsequently,	 cDNA	 libraries	 were	 prepared	 and	 analyzed	 by	 Illumina	 HiSeq	 deep-
sequencing	technology.	Illumina	sequencing	of	cDNA	libraries	rendered	between	129.12	
and	84.18	million	reads	per	sample	of	the	infected	A/J	and	C57BL/6	mice.	Of	these	reads	
between	51.69	and	19.43	million	could	be	uniquely	aligned	 to	protein	coding	 features	
within	 the	M.	musculus	reference	 genome,	while	 between	 538.32	 and	 33.23	 thousand	
were	uniquely	aligned	to	the	transcriptome	of	S.	aureus	(Table	8).	 Illumina	sequencing	
of	 cDNA	 libraries	prepared	 from	 the	RNA	extracted	 from	 the	kidneys	of	mock-treated	
uninfected	A/J	and	C57BL/6	mice	rendered	transcriptional	profiles	with	between	34.47	
and	21.84	million	uniquely	mapped	reads,	aligned	to	protein	coding	features	within	the	
M.	musculus	reference	genome	(Table	8).	
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Table	 8.	Mapping	 results	 of	 the	 samples	 from	 the	 uninfected	 and	 S.	aureus-infected	 A/J	
respectively	C57BL/6	mice		

	

Mouse	
strain	

Infection	 Replicate	
Total	number	of	

reads	
M.	musculus	

reads	
S.	aureus	reads	

A/J Yes 1 120,713,088	 51,698,638	 5,383,181	
A/J Yes 2 84,181,059	 30,746,825	 618,877	
A/J Yes 3 95,795,486	 38,579,430	 1,180,133	

C57BL/6 Yes 1 98,861,934	 19,427,248	 206,385	
C57BL/6 Yes 2 129,117,750	 39,861,500	 33,235	
C57BL/6 Yes 3	 139,100,214	 21,896,397	 126,706	
A/J	 No	 1	 41,699,475	 22,079,721	 -	
A/J	 No	 2	 74,431,676	 21,843,824	 -	
A/J	 No	 3	 47,658,571	 23,642,890	 -	

C57BL/6	 No	 1	 42,446,071	 34,470,651	 -	
C57BL/6	 No	 2	 73,659,300	 30,764,080	 -	
C57BL/6	 No	 3	 65,897,690	 31,414,271	 -	

	
For	analysis	of	the	transcriptional	profile	of	the	host,	hierarchical	clustering	(Fig.	

7a)	and	principal	component	analysis	(PCA)	(Fig.	7b)	of	the	transcriptional	data	of	the	
tissue	 of	 uninfected	 and	 infected	 A/J	 and	 C57BL/6	mice	were	 performed.	 The	 results	
indicated	high	within-group	reproducibility	and	substantial	between-group	differences.	
While	 the	gene	expression	patterns	of	uninfected	A/J	 and	C57BL/6	mice	 showed	high	
similarity	 (Fig.	7b),	S.	aureus	 infection	 induced	a	 large	shift	 in	gene	expression	 in	both	
mouse	 strains	 (Figure	 7a,b).	 However,	 the	 changes	 in	 gene	 expression	 induced	 by	
infections	in	A/J	mice	differed	significantly	from	that	induced	by	infections	in	C57BL/6	
mice	(Fig.	7a,b).	
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Figure	7.	Clustering	and	ordination	of	the	murine	transcriptomes	
(a)	Hierarchical	clustering	and	(b)	principal	component	analysis	of	the	transcriptional	profiles	of	
kidney	tissue	from	uninfected	(open	symbols)	and	infected	(solid	symbols)	A/J	(blue	circles)	and	
C57BL/6	 (red	 squares)	 mice	 based	 on	 a	 euclidean	 distance	 matrix	 of	 the	 normalized	
transcription	data.	Each	symbol	 represents	one	biological	 replicate.	A	circle	encloses	replicates	
clustering	together,	with	1	enclosing	uninfected	A/J	and	C57BL/6	samples,	2	enclosing	infected	
C57BL/6	samples	and	3	enclosing	infected	A/J	samples.	

Pair-wise	comparison	of	the	transcriptional	profiles	using	a	posteriori	testing	by	
permutational	 analysis	 of	 variance	 (PERMANOVA)	 indicated	 that	 the	 transcriptional	
profiles	 of	 infected	 tissue	 were	 significantly	 different	 from	 that	 of	 uninfected	 tissue,	
independent	 of	 the	 mouse	 strain	 (Table	 9).	 More	 interestingly,	 the	 transcriptional	
profiles	of	infected	tissue	from	A/J	mice	were	significantly	different	from	the	profile	of	
infected	tissue	from	C57BL/6	mice	(Table	9).	
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Table	 9.	 Permutational	 multivariate	 analysis	 of	 variance	 (PERMANOVA)	 of	 the	
transcriptional	 profiles	 of	 kidney	 tissue	 from	 uninfected	 and	 infected	 A/J	 and	 C57BL/6	
mice	

	

Main-test	

	 	 	 	 Test-statistic	 p-values	

Source	 dfa	 SSb	 MSc	 pseudo-Fe	 Permutations	
Monte	
Carlod	

Samples	 3	 1.9425E12	 6.4749E11	 24.804	 0.0001	 0.0001	
Residual	 8	 2.0884E11	 2.6104E10	 	 	 	
Total	 11	 2.1513E12	 	 	 	 	

Pair-wise	test	

Pair-wise	comparisons	 Test-	
statistice	 p-valued	 Average	distance	

between	samplesf	

Uninfected	A/J	vs	Uninfected	C57BL/6	 1.316	 0.1959	 2.7141E5	
Uninfected	A/J	vs	Infected	A/J	 6.1476	 0.0005	 8.3287E5	
Uninfected	C57BL/6	vs	Infected	C57BL/6	 4.756	 0.0015	 6.5137E5	
Infected	A/J	vs	Infected	C57BL/6	 5.2082	 0.0014	 6.4454E5	
	
a		degrees	of	 freedom;	 b	 Sum	of	Squares;	 c	Mean	of	 Squares;	 d	Monte	Carlo	p-values	were	generated	 (using	
9999	 Monte	 Carlo	 samples)	 from	 the	 asymptotic	 permutation	 distribution;	 e	 The	 test-statistic	 was	
generated	 using	 either	 the	main	 test	 or	 the	 pair-wise	 test	 (a	posteriori)	within	 the	 PERMANOVA	 routine	
using	PRIMER	v.	6;	 f	The	average	distance	between	pairs	of	conditions	was	calculated	using	 the	euclidean	
distance	algorithm	

	
Regarding	 the	 transcriptional	 profiles	 of	 the	 pathogen,	 hierarchical	 clustering	

(Fig.	 8a),	 PCA	 (Fig.	 8b)	 and	 PERMANOVA	 (Table	 10)	 indicated	 high	 within-group	
reproducibility	 and	 significant	 differences	 between	 the	 gene	 expression	 of	 S.	 aureus	
during	infection	of	A/J	and	C57BL/6	mice.	

	
Figure	8.	Clustering	and	ordination	of	S.	aureus	transcriptome	during	infection	of	A/J	and	
C57BL/6	mice.	
(a)	Dendogram	and	 (b)	PCA	of	S.	aureus	 transcriptional	profile	during	 infection	of	A/J	 (SAO	 in	
A/J)	 and	 C57BL/6	 (SAO	 in	 C57BL/6)	 mice.	 Circles	 are	 drawn	 around	 groups	 of	 samples	
clustering	together.	
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Table	 10.	 PERMANOVA	 analysis	 of	 differences	 in	 gene	 expression	 between	 S.	 aureus	
infecting	A/J	and	C57BL/6	mice	

	

Main-test	

	 	 	 	 Test-statistic	 p-values	

Source	 dfa	 SSb	 MSc	 pseudo-Fe	 Permutations	
Monte	
Carlod	

Samples	 1	 3.21E6	 3.21E6	 4.9673	 0.0994	 0.0262	
Residual	 4	 2.58E6	 6.46E5	 	 	 	
Total	 5	 5.79E6	 	 	 	 	
	
a		degrees	of	 freedom;	 b	 Sum	of	Squares;	 c	Mean	of	 Squares;	 d	Monte	Carlo	p-values	were	generated	 (using	
9999	 Monte	 Carlo	 samples)	 from	 the	 asymptotic	 permutation	 distribution;	 e	 The	 test-statistic	 was	
generated	 using	 either	 the	main	 test	 or	 the	 pair-wise	 test	 (a	posteriori)	within	 the	 PERMANOVA	 routine	
using	PRIMER	v.	6;	 f	The	average	distance	between	pairs	of	conditions	was	calculated	using	 the	euclidean	
distance	algorithm	
	

4.3.	Transcriptional	 response	of	 susceptible	A/J	and	 resistant	C57BL/6	

mice	to	S.	aureus	infection	

4.3.1.	 General	 analysis	 of	 changes	 in	 genes	 expression	 induced	 by	 S.	 aureus	

infection	in	A/J	and	C57BL/6	mice	

The	 DESeq2	 algorithm368	 was	 used	 to	 identify	 differentially	 expressed	 genes	
(DEGs)	between	infected	A/J	and	C57BL/6	mice	and	their	respective	uninfected	mock-
treated	controls.	In	A/J	mice,	a	total	of	5,540	DEGs	between	the	uninfected	and	S.	aureus-
infected	 group	 with	 a	 fold-change	 ≥	 2	 or	 ≤	 -2	 were	 identified.	 	 Of	 those,	 2,756	 were	
found	 to	 be	 up-regulated	 in	 response	 to	 infection,	 while	 2,784	 were	 down-regulated	
(Fig.	 9a,	 Supplementary	 Data	 1).	 In	 C57BL/6	 mice,	 3,559	 genes	 were	 significantly	
differential	expressed	with	a	fold	change	≥	2	between	uninfected	and	S.	aureus-infected	
mice,	of	which	1,758	were	up-regulated	and	1,801	were	down-regulated	in	response	to	
infection	(Fig	9b,	Supplementary	Data	2).	A/J	and	C57BL/6	mice	shared	a	set	of	genes	
with	 significant	 changed	 expression	 in	 response	 to	 infection	 that	 included	 967	 genes	
with	increased	expression	(Fig.	9c)	and	1,012	genes	with	decreased	expression	(Fig.	9d).	
On	the	other	hand,	3,511	genes	with	significant	changed	expression	levels	in	response	to	
infection	 were	 unique	 to	 A/J	 mice,	 1,789	 genes	 with	 increased	 expression	 and	 1,722	
genes	with	decreased	expression	respect	to	uninfected	controls	(Fig.	9c,d).	1,580	genes	
were	unique	to	C57BL/6	mice,	with	791	genes	with	increased	expression	and	789	genes	
with	decreased	expression	respect	to	uninfected	controls	(Fig.	9c,d).	
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Figure	9.	Summary	of	DEGs	between	infected	and	uninfected	A/J	and	C57BL/6	samples	
Volcano	 plot	 of	 changes	 in	 gene	 expression	 between	 uninfected	 and	 infected	 (a)	 A/J	 and	 (b)	
C57BL/6	samples.	The	log2	fold	change	is	plotted	against	the	negative	log10	p-value	of	differential	
gene	expression.	Each	dot	represents	a	single	gene.	Genes	 identified	as	differentially	expressed	
by	DESeq2	analysis	with	a	fold	change	≥2	or	≤	-2	are	labeled	in	blue	(a)	or	red	(b).	Venn	diagram	
showing	 the	number	of	DEGs	with	 increased	 (c)	 or	decreased	 (d)	 expression	 in	 response	 to	S.	
aureus	infection	 that	are	unique	 to	or	common	between	A/J	and	C57BL/6	mice.	Genes	 that	are	
significantly	regulated	by	both	mouse	strains	are	depicted	in	the	intersection	of	the	two	circles.	
Genes	with	a	Benjamini-Hochberg	adjusted	p-value	<	0.05	and	a	 fold	change	of	≥	2	or	≤	 -2	are	
included.	

4.3.2.	 A/J	mice	 develop	 a	 significantly	more	 severe	 inflammatory	 response	 to	 S.	

aureus	infection	than	C57BL/6	mice	

While	 several	 immune	 mechanisms	 responsible	 for	 the	 more	 pronounced	
susceptibility	 of	 A/J	 mice	 to	 S.	 aureus	 compared	 to	 C57BL/6	 mice	 have	 been	
proposed154,373,	 a	 global	 understanding	 of	 the	 differences	 between	 the	 tissue	
environments	 within	 the	 two	 mice	 strains	 at	 the	 molecular	 level	 is	 important	 to	
interpret	 the	 changes	 in	 bacterial	 gene	 expression	 during	 infection	 of	 these	 mouse	
strains.	For	 this	purpose,	 enrichment	analysis	of	up-regulated	DEGs	 in	 infected	versus	
uninfected	A/J	and	C57BL/6	mice	on	the	basis	of	the	Kyoto	Encyclopedia	of	Genes	and	
Genomes	(KEGG)	pathway	annotation375	was	performed.	This	analysis	allows	mapping	
of	 DEGs	 to	 knowledge-based	 pathway	 maps	 of	 molecular	 interaction	 and	 reaction	
pathways.	Overall,	 DEGs	were	 significantly	 enriched	 in	 18	KEGG	pathways	 in	 infected	
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A/J	mice,	while	16	KEGG	pathways	showed	a	significant	enrichment	of	DEGs	in	infected	
C57BL/6	mice	(Table	11).		

Table	 11.	 KEGG	 pathway	 annotation	 of	 DEGs	 between	 infected	 and	 uninfected	 A/J	 and	
C57BL/6	mice	

	

KEGG	pathway	

A/J	 C57BL/6	

Number	of	
DEGs	

FDR	
Number	of	
DEGs	

FDR	

Cytokine-cytokine	receptor	
interaction	 102	 1.33E-22	 73	 3.04E-19	
NOD-like	receptor	signaling	
pathway	 38	 2.78E-13	 26	 1.21E-08	

Chemokine	signaling	pathway	 70	 3.14E-12	 57	 2.36E-15	
Jak-STAT	signaling	pathway	 60	 1.10E-10	 43	 3.74E-09	
Toll-like	receptor	signaling	
pathway	 45	 6.78E-10	 26	 7.04E-04	

MAPK	signaling	pathway	 82	 1.00E-08	 46	 6.91E-03	
Apoptosis	 40	 1.05E-08	 19	 n.s.	
Natural	killer	cell	mediated	
cytotoxicity	 43	 3.08E-05	 30	 3.57E-04	

Hematopoietic	cell	lineage	 32	 3.67E-04	 26	 2.06E-05	

T	cell	receptor	signaling	pathway	 39	 1.01E-03	 26	 2.11E-02	
Complement	and	coagulation	
cascades	 29	 1.05E-03	 14	 n.s.	

B	cell	receptor	signaling	pathway	 30	 1.37E-03	 20	 4.10E-02	

Cytosolic	DNA-sensing	pathway	 23	 4.18E-03	 11	 n.s.	

Pathways	in	cancer	 78	 4.83E-03	 48	 n.s.	
RIG-I-like	receptor	signaling	
pathway	 26	 5.61E-03	 11	 n.s.	

Chronic	myeloid	leukemia	 27	 1.65E-02	 16	 n.s.	

Regulation	of	actin	cytoskeleton	 56	 1.94E-02	 42	 1.12E-03	

ErbB	signaling	pathway	 29	 2.86E-02	 15	 n.s.	
Intestinal	immune	network	for	
IgA	production	 17	 n.s.	 20	 5.50E-05	

Cell	adhesion	molecules	 37	 n.s.	 35	 2.29E-04	
Type	I	diabetes	mellitus	 16	 n.s.	 19	 4.10E-03	
Fc	gamma	R-mediated	
phagocytosis	 23	 n.s.	 24	 7.69E-03	

Graft-versus-host	disease	 17	 n.s.	 17	 2.34E-02	
	

A	total	of	11	KEGG	pathways	exhibited	a	significant	enrichment	of	DEGs	in	both	
infected	mouse	strains,	of	which	8	pathways	fell	in	the	KEGG	pathway	category	immune	
system	(Table	11).	This	overlap	illustrates	the	importance	of	the	central	pathways	of	the	
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immune	 system	 in	 response	 to	 S.	 aureus	 infection.	 However,	 while	 the	 number	 of	
differentially	 expressed	 genes	 in	 the	 pathways	 enriched	 during	 infection	 did	 not	 vary	
substantially	between	the	two	mouse	strains,	 the	average	 fold-change	of	expression	 in	
this	 set	 of	 genes	was	markedly	 higher	 in	 	infected	A/J	 than	 in	 infected	 C57BL/6	mice	
(Fig.	10).	

	
	

Figure	10.	Enriched	KEGG	pathways	for	DEGs	in	the	category	‘immune	system’	
Heat	 map	 illustrating	 the	 mean	 log2-fold	 change	 of	 gene	 expression	 of	 the	 significantly	 up-
regulated	genes	determined	between	S.	aureus-infected	versus	uninfected	A/J	and	C57BL/6	mice	
within	 the	 KEGG	 “immune	 system”	 category	 (left	 part).	 The	 corresponding	 numbers	 of	
significantly	up-regulated	genes	in	response	to	S.	aureus	infection	in	A/J	(blue	bars)	and	C57BL/6	
(red	bars)	are	shown	in	the	right	part	of	the	figure.		
	

Cytokines	 are	 important	mediators	 of	 the	 inflammatory	 response	 to	 infection.	
The	transcription	data	indicated	that	genes	encoding	important	inflammatory	cytokines	
such	 as	 Il6	 (Il-6),	 Il1b	 (Il-1β)	 or	 Tnfa	 (TNF-α)	 were	 significantly	 upregulated	 in	 the	
kidneys	 of	 both	 infected	C57BL/6	 and	A/J	mice	 in	 comparison	 to	 uninfected	 controls.	
However,	 the	 fold	 changes	 in	 gene	 expression	 were	 substantially	 higher	 in	 the	
susceptible	A/J	than	in	the	resistant	C57BL/6	mice	(Fig.	11a,	Supplementary	Data	1,	2).	
Similarly,	 genes	 encoding	 important	 chemokines	 mediating	 the	 influx	 as	 well	 as	 the	
activation	 of	 neutrophils,	 monocytes	 and	 other	 effector	 cells	 of	 the	 innate	 immune	
system,	were	substantially	higher	expressed	in	kidneys	of	infected	A/J	than	in	kidneys	of	
infected	C57BL/6	mice	(Fig.	11b,	Supplementary	Data	1,	2).		
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Figure	11.Expression	of	selected	cytokine	and	chemokine	encoding	genes	
Fold	change	in	gene	expression	of	selected	DEGs	genes	encoding	(a)	cytokines	or	(b)	chemokines	
in	 the	 kidneys	 of	 infected	 A/J	 (blue	 bars)	 and	 C57BL/6	 (red	 bars)	 mice	 in	 comparison	 to	
uninfected	control	mice.	Missing	bars	indicate	no	significant	change	in	gene	expression	compared	
to	the	control	(n.s.).		
	

Interestingly,	 the	 gene	 encoding	 the	 potent	 anti-inflammatory	 cytokine	 IL-10	
was	significantly	increased	in	expression	only	in	A/J	mice	in	response	to	infection	(Fig.	
11a),	 while	 expression	 of	 Il1rn,	 the	 gene	 encoding	 the	 IL-1	 receptor	 antagonist,	
exhibited	greater	increased	after	infection	in	A/J	than	in	C57BL/6	mice	(Fig.	11a).		

The	presence	of	 very	high	 levels	 of	 inflammatory	 as	well	 as	 anti-inflammatory	
mediators	indicates	that	infected	A/J	mice	developed	severe	sepsis	that	correlates	with	
the	 high	 mortality	 rates	 observed	 in	 these	 animals.	 Indeed,	 the	 deregulation	 of	 the	
immune	 response	 associated	 with	 the	 septic	 condition	 as	 well	 as	 the	 overwhelming	
production	 of	 pro-inflammatory	 cytokines	 can	 induce	 pathological	 disorders	 such	
altered	coagulation,	capillary	leakage,	tissue	damage,	organs	failure	and	death376.		
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4.3.3.	 The	gene	 expression	profile	 indicates	 altered	 coagulation	and	 complement	

activation	by	A/J	mice	in	response	to	S.	aureus	infection	

As	mentioned	above,	severe	sepsis	is	associated	with	altered	blood	coagulation,	
leading	 to	 excess	 fibrin	 deposition	 and	 impaired	 anti-coagulation	 mechanisms51.	
Enrichment	 analysis	 of	 DEGs	 based	 on	 KEGG	 pathway	 classification	 indicated	 DEGs	
enriched	in	the	category	‘complement	and	coagulation	cascades’	in	infected	A/J	but	not	
in	infected	C57BL/6	mice	(Table	11).		For	example,	the	expression	of	genes	encoding	the	
factors	 of	 the	 extrinsic	 (tissue	 factor)	 pathway	 of	 coagulation	 F3,	 F7	 and	 F10	 was	
significantly	increased	solely	in	the	kidneys	of	infected	A/J	mice	(Fig.	12,	Supplementary	
Data	1).	This	is	an	indication	of	an	ongoing	thrombin	burst	in	the	infected	tissue	of	A/J	
mice,	 resulting	 in	excessive	 fibrin	deposition	and	disseminated	coagulation.	Moreover,	
the	 simultaneous	 up-regulation	 of	 the	 gene	 encoding	 the	 plasminogen	 activator	
inhibitor	Serpine1/PAI-1,	which	 is	 the	main	suppressor	of	 fibrinolysis	 in	sepsis377,	and	
the	 down-regulation	 of	 the	 gene	 encoding	 protein	 C	 (PROC/PC),	 a	 key	 inhibitor	 of	
coagulation	 and	 Serpine-1/PAI-1378,	 in	 the	 tissue	 of	 infected	 A/J	 mice	 indicated	 the	
impairment	 of	 anti-coagulant	 mechanisms	 (Fig.	 12,	 Supplementary	 Data	 1).	
Simultaneous	 induction	of	pro-coagulation	 resulting	 in	 excess	 fibrin	deposition	on	 the	
one	 hand,	 and	 impairment	 of	 anti-coagulant	 mechanisms	 on	 the	 other,	 lead	 to	
microvascular	thrombosis	that	causes	tissue	hypoperfusion	and	perturbations	in	tissue	
oxygenation51.	 Tissue	 hypoxia	 leads	 to	 the	 activation	 of	 the	 hypoxia-inducible	 factor	
alpha	(Hif-1-α)379,380.	Indeed,	the	gene	encoding	Hif-1-α	was	significantly	induced	only	in	
the	kidneys	of	 infected	A/J,	but	not	 in	 infected	C57BL/6	mice	(Supplementary	Data	1).	
This	corroborates	the	more	intense	hypoxia	in	the	kidneys	of	infected	A/J	mice	than	in	
those	 of	 C57BL/6	mice.	 Taken	 together	 the	 changes	 in	 expression	 of	 genes	 from	 the	
coagulation	 cascade	 by	 A/J	 mice	 following	 S.	 aureus	 infection	 indicate	 a	 net	 pro-
coagulant	status	and	resulting	tissue	hypoxia	that	is	typical	for	severe	sepsis51.	
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Figure	12.	Changes	in	gene	expression	in	the	KEGG	pathway	‘complement	and	coagulation	cascades’	in	the	kidneys	of	S.	aureus-infected	A/J	mice	
Gene	expression	change	in	response	S.	aureus	infection	in	the	kidneys	of	A/J	mice	compared	to	the	uninfected	control.	Reduced	expression	of	a	gene	encoding	the	
depicted	 factor	 following	S.	aureus	 infection	 is	 indicated	 in	blue,	 increased	expression	 is	highlighted	 in	 red,	non-significantly	 changed	genes	 are	 shown	 in	 grey.	
Picture	was	generated	using	the	KEGG	database375.	
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Figure	13.	Changes	in	gene	expression	in	the	KEGG	pathway	‘complement	and	coagulation	cascades’	in	the	kidneys	of	S.	aureus-infected	C57BL/6	mice		
Gene	expression	change	in	response	S.	aureus	infection	in	the	kidneys	C57BL/6	mice	compared	to	the	uninfected	control.	Reduced	expression	of	a	gene	encoding	
the	depicted	factor	following	S.	aureus	infection	is	indicated	in	blue,	increased	expression	is	highlighted	in	red,	non-significantly	changed	genes	are	shown	in	grey.	
Picture	was	generated	using	the	KEGG	database375.	
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In	contrast	to	A/J	mice,	no	changes	in	the	expression	of	genes	encoding	factors	of	
the	 extrinsic	 coagulation	 pathway	 were	 observed	 in	 the	 kidneys	 of	 C57BL/6	 mice	 in	
response	 to	 S.	 aureus	 infection.	 In	 these	mice,	 the	 genes	 encoding	 the	 important	 pro-
coagulation	 factors	 such	as	pro-thrombin	 (F2)	and	coagulation	 factor	V	 (F5),	 the	gene	
encoding	 the	anti-coagulation	 factor	protease	antithrombin-III	 (AT3/Serpinc1)	as	well	
as	 genes	 encoding	 components	 of	 the	 fibrinolytic	 system	 (Plg,	 PLAT/tPA,	 PLAU/uPA)	
were	 significantly	 down-regulated	 in	 response	 to	 infection	 (Fig.	 13),	 indicating	 a	 fine-
tuned	control	of	thrombin	formation	and	the	absence	of	excess	fibrin	deposition.	

Furthermore,	differences	in	the	expression	of	genes	encoding	factors	involved	in	
the	 complement	 cascade	 were	 also	 observed	 between	 A/J	 and	 C57BL/6	 mice	 in	
response	 to	 S.	 aureus	 infection.	 Thus,	 the	 gene	 encoding	 C3,	 the	 central	 factor	 of	 the	
different,	complement	pathways	and	the	genes	encoding	the	complement	 factor	H	and	
the	C4b-binding	protein,	which	control	the	activation	of	the	complement	cascade,	were	
up-regulated	in	the	kidneys	of	 infected	A/J	mice	(Fig.	12,	Fig.	13).	 In	C57BL/6	mice	on	
the	 other	 hand,	 while	 the	 gene	 encoding	 complement	 factor	 D	 that	 activates	 the	 C3b	
complex	was	significantly	up-regulated,	the	genes	encoding	C1	and	C4b-binding	protein,	
both	 inhibitors	 of	 the	 net	 activation	 status	 of	 C3,	 were	 significantly	 down-regulated.	
Together	 these	 observations	 suggest	 that	 activation	 of	 the	 complement	 system	 in	
response	to	S.	aureus	infection	may	be	more	pronounced	in	A/J	than	in	C57BL/6	mice,	a	
situation	that	is	also	associated	with	severe	sepsis51.	
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4.3.4.	Validation	of	gene	expression	obtained	from	RNA-seq	by	qRT-PCR	and	ELISA	

Quantitative	real-time	PCR	was	performed	on	a	set	of	selected	genes	to	validate	

the	 differences	 in	 gene	 expression	 in	 the	 kidneys	 of	 infected	 A/J	 and	 C57BL/6	 mice	

respect	to	uninfected	controls	determined	by	the	RNA-seq	analysis.	The	RT-PCR	results	

depicted	in	Fig.	14	confirmed	the	results	of	the	RNA-seq	analysis.	

	
Figure	14.	Validation	of	fold	change	in	cytokine	and	chemokine	expression	by	qRT-PCR	
Host	RNA-seq	data	were	validated	by	comparing	the	fold	change	in	expression	of	a	selected	set	of	
genes	encoding	cytokines	and	chemokines	in	the	kidneys	of	S.	aureus-infected	versus	uninfected	
A/J	 (blue	circles)	and	C57BL/6	(red	squares)	mice	determined	by	DESeq2	analysis	of	RNA-seq	
data	 (x-axis)	with	 the	 fold	change	 in	expression	of	 those	genes	calculated	by	qRT-PCR	(y-axis).	
The	Pearson	correlation	coefficient	r	between	the	two	methods	is	shown.	
	

Moreover,	 the	RNA-seq	 data	were	 validated	 at	 the	 protein	 level	 by	 ELISA.	 For	

this	 purpose,	 the	 concentrations	 of	 selected	 cytokines	 and	 chemokines	 found	 to	 be	

increased	 in	 infected	A/J	 and	C57BL/6	mice	were	measured	 in	 homogenate	 prepared	

from	 kidney	 tissues	 of	 infected	 and	 uninfected	mice	 of	 the	 two	 strains	 by	 ELISA.	 The	

results	confirm	that	the	fold	change	in	gene	expression	observed	with	RNA-seq	analysis	

did	translate	to	substantially	different	protein	concentrations	at	the	site	of	infection	(Fig.	

15).	

r = 0.93 
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Figure	15.	Validation	of	the	RNA-seq	dataset	at	the	protein	level	using	ELISA		
Comparison	of	(a)	cytokine	and	(b)	chemokine	 levels	of	mRNA	given	as	 transcripts	per	million	
(TPM)	 (upper	 panels)	 and	 the	 corresponding	 proteins	 concentrations	 (ng/g	 tissue)	 (lower	
panels)	 between	 kidney	 tissue	 from	uninfected	 controls	 and	 S.	aureus-infected	A/J	 (blue	 bars)	
and	C57BL/6	(red	bars).*,p	<	0.05,	**,	p	<	0.01,	***,	p	<	0.001.	

	

The	 results	 of	 the	 ELISAs	 corroborated	 the	 significantly	 higher	 production	 of	

inflammatory	cytokines	and	chemokines	of	A/J	mice	in	response	to	S.	aureus	infection.	

Taken	 together	 the	 gene	 expression	 patterns	 of	 A/J	 and	 C57BL/6	 mice,	

selectively	 validated	 via	 qRT-PCR	 and	 ELISA,	 suggest	 that	 S.	 aureus	 encounters	

completely	 different	 physiological	 environments	 during	 the	 infection	 of	 A/J	 and	

C57BL/6	 mice.	 While	 the	 environment	 within	 A/J	 mice	 is	 characterized	 by	 the	
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hyperinflammatory	 response,	 hypoxic	 microenvironments	 and	 tissue	 necrosis,	 the	

environment	 in	 C57BL/6	mice	 is	marked	by	 a	 balanced	 innate	 immune	 response	 that	

controls	bacterial	multiplication	more	effectively.	

4.4.	 The	 transcriptional	 response	 of	 S.	 aureus	 during	 infection	 of	 A/J	

and	C57BL/6	mice	

4.4.1.	Global	analysis	of	gene	expression	by	S.	aureus	during	 infection	of	A/J	and	

C57BL/6	mice	

To	determine	the	influence	of	inherent	variability	of	the	host	immune	response	

encountered	during	infection	on	the	transcription	profile	of	S.	aureus,	analysis	of	genes	

differentially	 expressed	 by	 S.	 aureus	 during	 infection	 of	 susceptible	 A/J	 and	 resistant	

C57BL/6	mice	was	performed	in	parallel	to	the	host	gene	expression	analysis.	To	reduce	

the	number	of	false	positives	during	differential	gene	expression	analysis	resulting	from	

low	 gene	 specific	 coverage367,	 genes	 with	 less	 than	 16	 uniquely	 mapped	 reads	 were	

filtered	 from	 the	 datasets.	 The	 chosen	 threshold	 corresponds	 to	 0.05%	 of	 the	 total	

number	of	mapped	reads	after	 library	 size	 factor	normalization.	While	2,623	genes	or	

97.76%	of	 the	 genome	were	 covered	previous	 to	 filtering	 the	dataset,	 only	679	 genes	

were	left	for	differential	gene	expression	analysis	after	the	filtering	procedure.	

Differential	 gene	 expression	 analysis	 using	 NOISeq369	 identified	 a	 total	 of	 85	

genes	 as	 differentially	 expressed	 (probability	 value	 ≥	 0.95)	 by	 S.	 aureus	 between	 the	

infection	 of	 the	 susceptible	 A/J	 and	 resistant	 C57BL/6	mice	 (Fig.	 16a,	 Supplementary	

Data	3).	Of	those,	transcripts	of	20	genes	were	more	abundant	in	S.	aureus	infecting	A/J	

mice	 (Fig.	16b),	65	genes	exhibited	greater	expression	by	S.	aureus	during	 infection	of	

C57BL/6	mice	(Fig.	16b)	and	594	were	expressed	at	a	similar	 level	by	S.	aureus	 in	A/J	

and	C57BL/6	mice	(Supplementary	Data	3,	Fig.	16b).	
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Figure	16.	Global	analysis	of	the	differential	gene	expression	by	S.	aureus	during	infection	
of	A/J	and	C57BL/6	mice	
(a)	Volcano	plot	 of	 gene	 expression	by	S.	aureus	 during	 infection	of	 C57BL/6	 compared	 to	 the	
expression	of	those	genes	by	S.	aureus	during	infection	of	A/J	mice.	The	log2	fold	change	is	plotted	
against	 the	 negative	 log10	 false	 discovery	 rate	 (FDR)	 of	 differential	 gene	 expression.	 Each	 dot	
represents	 a	 single	 gene.	 Genes	 identified	 as	 differentially	 expressed	 by	 NOISeq	 analysis	 are	
labeled	in	red.	(b)	Venn	diagram	showing	the	number	of	genes	expressed	by	S.	aureus	exclusively	
during	infection	of	either	A/J	(blue	shade)	or	C57BL/6	mice	(red	shade).	Genes	expressed	by	S.	
aureus	to	a	similar	extent	during	infection	of	both	mouse	strains	are	depicted	in	the	intersection	
of	the	two	circles.	

	

4.4.2.	Genes	encoding	oxidative	stress	response	proteins	are	highly	expressed	by	S.	

aureus	during	infection	of	both	A/J	and	C57BL/6	mice	

	 While	 differential	 gene	 expression	 analysis	 identified	 a	 number	 of	 genes	 with	

significantly	different	transcript	abundance	in	S.	aureus	infecting	C57BL/6	and	S.	aureus	

infecting	A/J	mice,	594	genes	were	substantially	expressed	by	S.	aureus	during	infection	

of	the	both	mice	strains	(Fig.	16b).	These	included	genes	related	to	central	metabolism,	

such	 as	 genes	 related	 to	 gluconeogenesis	 (pycA,	 pckA,	 eno,	 gpmA,	 pgk,	 gap,	 tpiA,	 fbaA,	

fdaB	and	pgi)	(Supplementary	Data	3).	The	lack	of	expression	of	genes	encoding	factors	

involved	in	the	glycolysis	pathway	indicated	the	predominant	use	of	non-carbohydrate	

as	 carbon	 substrates	 by	 S.	 aureus	 during	 infection	 of	 both	 C57BL/6	 and	 A/J	 mice.	

Additionally,	high	expression	of	 genes	 related	 to	mixed	acid	 fermentation	 (pflAB,	 ldh1,	

ldh2,	adh1,	adhE	and	ackA)	was	observed	(Supplementary	Data	3).	Since	these	genes	are	

expressed	by	S.	aureus	under	anaerobic	conditions261,	their	expression	indicated	oxygen	

limitation	in	the	kidneys	of	both	mouse	strains.	

A	second	set	of	genes	expressed	by	S.	aureus	to	a	similar	extent	in	C57BL/6	and	

A/J	mice	were	those	involved	in	the	oxidative	stress	response.	These	included	the	genes	

encoding	catalase	(katA),	alkylhydroperoxide	reductase	(ahpCF),	thioredoxin	reductase	

(trxB)	 and	 superoxide	 dismutase	 (sodA)	 (Fig.	 17).	 These	 enzymes	 are	 essential	 for	 S.	

aureus	 to	 cope	 with	 oxygen	 stress381,382	 and,	 consequently,	 to	 evade	 the	 killing	
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mechanisms	of	host	phagocytes,	which	partly	depend	on	reactive	oxygen	species, such	

as	superoxide,	hydrogen	peroxide	and	hydroxyl	radicals,	and	nitric	oxide91.		

	
Figure	 17.	 Expression	 of	 genes	 encoding	 factors	 of	 the	 oxidative	 stress	 response	 by	 S.	
aureus	during	infection	of	A/J	and	C57BL/6	mice	
Expression	 of	 the	 genes	 encoding	 catalase	 (katA),	 alkylhydroperoxide	 reductase	 (ahpCF),	
thioredoxin	 reductase	 (trxB)	 and	 superoxide	 dismutase	 (sodA)	 in	 S.	 aureus	 infecting	 A/J	 (blue	
bars)	or	C57BL/6	(red	bars)	mice.	Each	bar	represents	the	mean	of	TPM	±	SD	of	triplicates.		
	

4.4.3.	Genes	encoding	proteins	of	the	stress	response	and	of	the	ADI	pathway	are	

expressed	by	S.	aureus	preferentially	during	infection	of	A/J	mice	

Differential	 gene	 expression	 analysis	 identified	 20	 genes	 with	 significantly	

higher	 transcript	 abundance	 in	 S.	 aureus	 infecting	 A/J	 mice	 (Table	 S1).	 Of	 these	 20	

genes,	 12	 have	 been	 implicated	 in	 S.	 aureus	 responses	 to	 diverse	 environmental	

stressors.	Most	prominently,	the	genes	encoding	the	transcriptional	regulator	ArcR	and	

the	arginine/ornithine	antiporter	ArcD	were	significantly	higher	expressed	by	S.	aureus	

during	infection	of	A/J	mice	than	during	infection	of	C57BL/6	mice.	Although	only	arcR	

and	 arcD	 expression	 reached	 statistical	 significance,	 all	 other	 genes	 of	 the	 arginine	

deiminase	 operon	 (arc	 operon)	 exhibited	 higher	 expression	 levels	 in	 S.	aureus	 during	

infection	of	A/J	compared	 to	S.	aureus	during	 infection	of	C57BL/6	mice	(Fig.	18).	The	

ADI	 pathway,	 which	 is	 induced	 under	 anaerobic	 conditions273,	 is	 involved	 in	 the	

conversion	 of	 arginine	 to	 ornithine,	 ammonia	 and	 CO2,	 resulting	 in	 the	 generation	 of	

ATP260.	Therefore,	 the	activity	of	 the	ADI	pathway	enables	S.	aureus	to	use	arginine	as	

energy	 source	 under	 anaerobic	 conditions262.	 It	 can	 be	 anticipated	 that	 the	 increased	

expression	 of	 the	 arc	 operon	 by	 S.	 aureus	 is	 likely	 a	 direct	 adaptation	 to	 the	 hypoxic	

environment	encountered	within	A/J	mice,	as	was	already	 indicated	by	 the	analysis	of	

the	transcriptional	profile	of	these	animals.	
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Figure	18.	Expression	of	the	arc	operon	by	S.	aureus	during	infection	of	A/J	and	C57BL/6	
mice	
Expression	of	 the	arc	operon	genes	by	S.	aureus	during	 infection	of	A/J	(blue	bars)	or	C57BL/6	
(red	bars)	mice.	The	individual	genes	are	depicted	according	to	their	organization	in	the	operon.	
Each	bar	represents	the	mean	of	TPM	±	SD	of	triplicates.	*,	FDR	<	0.05.	
	

The	genes	encoding	the	heat-shock	protein	YflT383,	the	two	cold-shock	proteins	

CspA384	 and	 CsbD	 (SAOUHSC_00845)385,	 the	 holing-like	 protein	 associated	 protein	

CidB386	 induced	 under	 acidic	 stress387,	 the	 gas	 vesicle	 protein	 GvpP	 regulated	 under	

osmotic	 stress388	 and	 the	 Clp	 protease	 ClpL	 induced	 by	 diverse	 stressors389	 were	

expressed	 by	 S.	aureus	 to	 significantly	 higher	 levels	 during	 infection	 of	 A/J	mice	 than	

during	 infection	 of	 C57BL/6	mice	 (Fig.	 19a).	 Moreover,	 the	 genes	 encoding	 GraF	 and	

AapA	were	also	preferentially	expressed	by	S.	aureus	during	infection	of	A/J	mice.	Both	

genes	 have	 been	 described	 to	 be	 induced	 in	 response	 to	 stress,	 with	 GraF	 being	

important	 for	 cell	wall	 thickening	 in	 response	 to	cell-wall	damaging	substances390	and	

the	amino	acid	permease	AapA	playing	a	important	role	for	bacterial	growth	under	high	

temperatures391	(Fig.	19b).	

Together,	 these	 data	 indicate	 that	S.	aureus	adapted	 to	 the	 hyperinflammatory	

environment	 within	 septic	 A/J	 mice	 by	 increasing	 its	 tolerance	 to	 different	 stressors	

through	the	increased	expression	of	a	wide	range	of	stress	responsive	genes.	

arcD arcB arcA arcC arcR 

* * 
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Figure	 19.	 Expression	 of	 genes	 encoding	 factors	 involved	 in	 the	 stress	 response	 of	 S.	
aureus	in	A/J	and	C57BL/6	mice	
(a)	Expression	of	DEGs	of	the	alternative	sigma	factor	σB	regulon	by	S.	aureus	during	infection	of	
A/J	(blue	bars)	or	C57BL/6	(red	bars)	mice.	(b)	Expression	of	DEGs	responsive	to	environmental	
stress	 with	 higher	 expression	 by	 S.	 aureus	 during	 infection	 of	 A/J	 (blue	 bars)	 compared	 to	
C57BL/6	(red	bars)	mice.	Each	bar	represents	the	mean	of	TPM	±	SD	of	triplicates.	*,	FDR	<	0.05.	
	

4.4.4.	 Genes	 of	 the	 cell	 wall	 stress	 stimulon	 are	 expressed	 by	 S.	 aureus	

preferentially	during	infection	of	C57BL/6	mice	

Among	 the	65	 genes	with	 significantly	 higher	 expression	 in	 C57BL/6	mice,	 13	

genes	have	been	described	to	belong	to	the	cell	wall	stress	stimulon	(CWSS)	(Fig.	20a,b).		

	
Figure	20.	Expression	of	genes	belonging	to	the	CWSS	by	S.	aureus	during	infection	of	A/J	
and	C57BL/6	mice	
(a)	Expression	of	the	genes	vraX	and	isaA	belonging	to	the	CWSS	in	S.	aureus	infecting	A/J	(blue	
bars)	or	C57BL/6	(red	bars)	mice.	Each	bar	represents	the	mean	of	TPM	±	SD	of	triplicates.	(b)	
Expression	of	DEGs	belonging	to	cell	wall	stress	by	S.	aureus	during	infection	of	A/J	(blue	bars)	or	
C57BL/6	(red	bars)	mice.	Each	bar	represents	the	mean	of	TPM	±	SD	of	triplicates.	*,	FDR	<	0.05.	
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The	high	expression	of	genes	of	the	CWSS,	such	as	the	gene	encoding	the	protein	

VraX	 (Fig.	 20a),	 which	 is	 thought	 to	 be	 a	 early	 warning	 signal	 for	 cell	 envelop	

pertubations253,	indicated	that	S.	aureus	was	more	exposed	to	cell	wall	damaging	agents	

during	 infection	 of	 C57BL/6	mice	 than	during	 infection	 of	A/J	mice.	 Furthermore,	 the	

gene	encoding	phosphatidylglycerol	lysyltransferase	(mprF),	which	mediates	resistance	

to	 cationic	 AMPs	 by	 reducing	 the	 net	 negative	 charge	 of	 the	membrane	 surface251,252,	

was	expressed	to	a	significantly	greater	extent	by	S.	aureus	in	C57BL/6	than	in	A/J	mice.	

Other	S.	aureus	genes	encoding	factors	that	are	responsible	for	cell	wall	homeostasis	and	

that	are	generally	expressed	under	conditions	of	cell	wall	damage	by	host	factors	were	

expressed	 to	 a	 significantly	 higher	 extent	 during	 infection	 of	 C57BL/6	 mice.	 These	

included	lipoteichoic	acid	synthase	encoding	gene	 ltaS,	responsible	for	the	synthesis	of	

the	 essential	 cell-wall	 component	 lipoteichoic	 acid244,392,	 and	 four	 autolysins	 encoding	

genes,	 lytM,	 isaA,	 amiD2	 and	 ssaA,	 with	 roles	 cell-wall	 metabolism.	 Moreover,	 the	

amidase	encoding	gene	sle1	and	the	gene	gpsB	(also	known	as	divB)	as	well	as	the	genes	

encoding	 a	 glutamate	 synthase	 subunit	 (gltD)	 and	homoserine	dehydrogenase	 (dhoM)	

were	significantly	higher	expressed	by	S.	aureus	during	infection	of	C57BL/6	mice	than	

during	infection	of	A/J	mice	(Fig.	20a,b).	All	these	genes	are	induced	in	response	to	cell	

wall	 stress247,393,394.	 Similarly,	 the	 genes	 encoding	 the	 chaperonin	 groEL	 (groEL)	 and	a	

methionine	 sulfoxide	 reductase	 (msrB),	 which	 have	 been	 shown	 to	 be	 expressed	 in	

response	 to	cell	wall	 stress259,393,	was	more	prominently	expressed	 in	S.	aureus	during	

the	infection	of	C57BL/6	(Fig.	20b).	

Taken	 together,	 the	 higher	 expression	 of	 a	 variety	 of	 genes	 belonging	 to	 the	

CWSS,	which	are	involved	in	maintaining	cell	wall	integrity	and	homeostasis,	reflects	an	

adaptive	 response	 of	 S.	 aureus	 to	 the	 higher	 pressure	 imposed	 by	 cell	 wall	 damaging	

agents	in	the	tissue	of	C57BL/6	mice	than	in	the	tissue	of	A/J	mice.	

4.4.5.	The	expression	of	genes	encoding	important	virulence	factors	by	S.	aureus	is	

significantly	higher	during	infection	of	resistant	C57BL/6	mice	

S.	aureus	expresses	an	array	of	toxins,	proteases	and	adhesins	to	circumvent	the	

incessant	attack	of	 the	host	 immune	defense	during	 infection112,113,357.	During	 infection	

of	 C57BL/6	 mice,	 the	 genes	 encoding	 the	 exoproteases	 staphopain	 (SspB2),	 serine	

proteases	SplA,	SspA,	SplE,	SplF,	staphostatin	B	(SspC),	aureolysin	(Aur)	and	a	cysteine	

protease	(SspB)	were	expressed	by	S.	aureus	to	a	significant	greater	extent	than	during	

infection	 of	 A/J	 mice	 (Fig.	 21a,	 Fig.	 22).	 The	 extracellular	 proteases	 of	 S.	 aureus	 are	

potent	 virulence	 factors	with	multifaceted	activities,	 since	 they	 can	mobilize	nutrients	

from	the	host213,	interfere	with	complement	activation215,	exert	antimicrobial	activity207,	
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interfere	 with	 neutrophil	 function210	 and	 regulate	 the	 stability	 of	 other	 virulence	

factors206.	 Moreover,	 the	 gene	 encoding	 the	 pore-forming	 cytolysin	 alpha-toxin	 (hla),	

which	 can	 lyse	epithelial	 cells,	 fibroblasts,	 erythrocytes,	macrophages,	monocytes,	 and	

lymphocytes176-181,	 and	 the	 genes	 encoding	 the	 amphipathic,	 α-helical	 phenol-soluble	

modulins	 psma1,	 psma2	 and	 psma3,	 which	 can	 kill	 host	 cells	 by	 lysing	 their	 plasma	

membrane175,	 were	 significantly	 higher	 expressed	 by	 S.	 aureus	 during	 infection	 of	

C57BL/6	mice	than	during	infection	of	A/J	mice	(Fig.	21b).	

	
Figure	21.	Expression	of	exoproteases	and	toxins	by	S.	aureus	during	infection	of	C57BL/6	
and	A/J	mice	
Expression	of	exoproteases	(a)	and	toxins	(b)	by	S.	aureus	during	the	infection	of	A/J	(blue	bars)	
and	 C57BL/6	 (red	 bars)	 mice.	 Each	 bar	 represents	 the	 mean	 of	 TPM	 ±	 SD	 of	 triplicates.		
*,	FDR	<	0.05.	
	

Additionally,	 other	 genes	 encoding	 important	 virulence	 factors	 such	 as	 the	

immunodominant	 staphylococcal	 antigen	B	 (isaB),	 the	extracellular	 fibrinogen	binding	

protein	Efb	 (efb),	which	 is	 contributing	 to	 the	 inhibition	of	phagocytosis395,	 and	 the	1-

phosphatidylinositol	 phosphodiesterase	 PI-PLC	 (plc),	 that	 can	 specifically	 act	 on	

eukaryotic	 plasma	 membranes396,397,	 were	 also	 significantly	 higher	 expressed	 by	 S-	

aureus	during	 infection	 of	 C57BL/6	mice	 (Table	 S2).	 The	 genes	 encoding	 SecG,	which	

increases	 export	 efficiency	 of	 α-hemolysin	 and	 PI-PLC	 via	 the	 general	 secretory	 (Sec)	

pathway398,	 were	 also	 expressed	 to	 a	 greater	 extent	 by	 S.	 aureus	 during	 infection	 of	

C57BL/6	 mice.	 Taken	 together,	 these	 findings	 indicate	 that	 S.	 aureus	 counteracts	 the	

stronger	 defense	 mechanisms	 of	 C57BL/6	 mice	 by	 expressing	 a	 large	 arsenal	 of	

virulence	factors	that	enable	bacterial	survival	within	the	resistant	host.	

The	 expression	 of	 virulence	 factors	 in	 S.	 aureus	 is	 tightly	 controlled	 by	 a	

regulatory	 network	 of	 two-component	 regulatory	 systems	 (TCRS)	 and	 transcriptional	

regulators231.	 The	 staphylococcal	 quorum-sensing	 system	 accessory	 gene	 regulator	

(agr)	 that	 is	 central	 to	 this	 regulation	 by	 repressing	 adhesins	 while	 activating	 the	

expression	 of	 extracellular	 proteases	 and	 toxins221,	 was	 found	 to	 be	 expressed	 to	 a	
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similar	 extent	 by	 S.	 aureus	 during	 infection	 of	 both	 A/J	 and	 C57BL/6	 mice	 (Fig.	 22,	

Supplementary	Data	3).	The	agr	system	 	comprises	 two	divergent	 operons,	RNAII	 and	

RNAIII,	 which	 are	 under	 the	 control	 of	 two	 	distinct	 promoters,	 P2	 and	 P3,	

respectively116.	 RNA	 II	 encodes	 the	 quorum-sensing	 elements	 	AgrB,	 AgrD,	 AgrC	 and	

AgrA	 that	 represent	 an	 autocatalytic	 sensory	 transduction	 system116.	 	RNAIII	 encodes	

delta-hemolysin	and	is	itself	a	major	regulator	of	virulence	factors	in		S.	aureus,	inducing	

the	 transcription	 of	 various	 extracellular	 proteases	 and	 toxins116.	 	While	 as	 already	

mentioned,	the	genes	of	the	RNAII	operon	(agrBDCA),	encoded	under	control	of	the	P2	

promoter,	 were	 expressed	 by	 S.	 aureus	 to	 a	 similar	 level	 in	 both	 mouse	 strains,	 the	

major	 regulator	 of	 virulence	 factor	 RNAIII,	 also	 encoding	 delta-hemolysin	 (hld),	 was	

expressed	to	a	significantly	greater	extent	by	S.	aureus	during	infection	of	C57BL/6	mice	

(Fig.	22,	Table	S2).	This	apparent	discrepancy	could	be	explained	by	the	 interaction	of	

other	transcriptional	regulators	with	the	agr	locus.	In	this	regard,	the	gene	encoding	the	

transcriptional	regulator	SarR	was	significantly	higher	expressed	by	S.	aureus	 infecting	

C57BL/6	 mice	 than	 by	 S.	 aureus	 infecting	 A/J	 mice	 (Fig.	 22,	 Table	 S2).	 Since	 SarR	

mitigates	 the	 expression	of	 the	 autocatalytic	 circle	of	 the	agr	 operon,	while	having	no	

apparent	 effect	 on	 the	 expression	 of	 RNAIII221,	 the	 increased	 expression	 of	 sarR	by	 S.	

aureus	 during	 infection	 of	 C57BL/6	 could	 explain	 the	 apparent	 discrepancy	 in	 the	

expression	 level	of	 the	 two	agr	promoters.	Moreover,	 since	both	RNAIII399	and	sarR400	

activate	 the	 transcription	 of	 proteases,	 a	 hypothetical	 model	 of	 virulence	 factor	

regulation	 by	 S.	 aureus	 in	 which	 the	 increase	 in	 virulence	 factor	 expression	 is	

coordinately	regulated	by	RNAIII	and	sarR	during	infection	of	highly	resistant	C57BL/6	

mice	can	be	proposed	(Fig.	22).		
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Figure	22.	Model	of	virulence	regulation	by	S.	aureus	during	infection	of	C57BL/6	mice	
Schematic	representation	and	level	of	expression	of	genes	encoding	the	global	regulator	agr	and	
SarR.	Red	bars	show	expression	values	of	the	genes	expressed	by	S.	aureus	in	C57BL/6	mice	and	
blue	 bars	 show	 expression	 values	 of	 the	 genes	 expressed	 by	 S.	 aureus	 in	 A/J	 mice.	 Each	 bar	
represents	the	mean	TPM	±	SD	of	triplicates.	*,	FDR	<	0.05	
	

Gene-directed	 RT-PCR	 was	 performed	 to	 validate	 the	 differences	 of	 the	 fold	

change	 in	 gene	 expression	 determined	 by	 the	 RNA-seq	 data	 analysis	 using	 NOISeq	

(Supplementary	Data	3).	The	results	of	the	analysis	support	the	results	of	the	RNA-seq	

analysis	for	the	selected	set	of	genes	(Fig.	23).	
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Figure	23.	Validation	of	dual	RNA-seq	data	using	qRT-PCR	
Bacterial	RNA-seq	data	were	validated	by	comparing	the	fold	change	of	a	selected	set	of	genes	by	
S.	aureus	during	infection	of	C57BL/6	mice	versus	A/J	mice	as	determined	by	NOISeq	analysis	of	
the	RNA-seq	 data	 (white	 bars)	with	 the	 fold	 change	 of	 the	 same	 genes	 calculated	 by	 qRT-PCR	
(black	bars).	Each	bar	represents	the	mean	value	of	three	independent	experiments.	
	

4.5.	 The	 effect	 of	 decreasing	 host	 resistance	 in	 C57BL/6	 mice	 in	 the	

transcriptional	response	of	S.	aureus	during	infection	

4.5.1.	 Apolipoprotein	 B	 depletion	 renders	 C57BL/6	 mice	 highly	 susceptible	 to	 S.	

aureus	infection	and	alters	the	bacterial	expression	of	virulence	factors	

To	validate	 the	hypothesis	 that	 the	 strength	of	 the	host	 resistance	 to	 infection	

drives	 the	 transcriptional	 adaptation	 of	 S.	 aureus	 during	 infection,	 the	 effect	 of	

decreasing	host	resistance	on	the	pathogen’s	gene	expression	was	investigated.	Analysis	

of	 the	 RNA-seq	 data	 from	 the	 control	 mice	 showed	 that	 the	 gene	 encoding	

Apolipoprotein	B	 (Apob),	 the	major	 structural	protein	of	 very	 low-density	 (VLDL)	and	

low-density	 lipoproteins	 (LDL),	 was	 expressed	 to	 a	 significantly	 higher	 extent	 in	 the	

kidneys	 of	 uninfected	 C57BL/6	 than	 in	 the	 kidneys	 of	 uninfected	 A/J	mice	 (Fig.	 24a).	

Also,	 ApoB	 has	 been	 shown	 to	 contribute	 to	 the	 host	 defense	 against	 S.	 aureus	 in	

experimental	 models	 of	 skin401	 and	 respiratory402	 infection	 by	 antagonizing	 the	 agr	

quorum	sensing	system	of	S.	aureus.	Consequently,	 it	was	hypothesized	that	ApoB	may	

contribute	 to	 the	 resistance	 exhibited	 by	 C57BL/6	 mice	 to	 S.	 aureus	 in	 the	 infection	

model	used	in	this	study.	

To	 confirm	 that	 the	 significantly	 lower	 gene	 expression	 of	 ApoB	 detected	 in	

uninfected	A/J	compared	to	C57BL/6	mice	translates	to	different	protein	concentrations	

in	 the	 investigated	 organ,	 ApoB	 specific	 immunohistochemistry	 was	 performed.	 The	
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results	confirm,	that	the	ApoB	concentration	was	substantially	higher	in	the	kidneys	of	

uninfected	C57BL/6	than	in	the	kidneys	of	A/J	mice	(Fig.	24b).	Moreover,	the	difference	

in	 the	 expression	of	ApoB	 in	 the	 kidneys	 of	A/J	 and	C57BL/6	mice	was	 also	 apparent	

after	infection	(Fig.	24c).		

To	 determine	 the	 contribution	 of	 ApoB	 to	 resistance	 of	 C57BL/6	 mice	 to	 S.	

aureus	infection,	C57BL/6	mice	were	treated	with	4-aminopyrazolopyrimidine	(4-APP),	

a	 compound	 that	 diminishes	 low-density	 lipoprotein	 secretion371,	 and	 subsequently	

infected	intravenously	with	S.	aureus.	A/J	mice	treated	with	4-APP	were	included	in	this	

experimental	 setting	 for	 comparison.	 Treatment	 with	 4-APP	 rendered	 C57BL/6	 mice	

more	susceptible	 to	S.	aureus,	exemplified	by	the	significantly	higher	bacterial	 loads	 in	

kidneys	at	48	hours	of	infection	of	the	4-APP-treated	compared	to	the	control	mice	(Fig.	

24d).	On	the	other	hand,	4-APP	treatment	did	not	affect	the	level	of	susceptibility	of	A/J	

mice,	 as	 the	 bacterial	 loads	 of	 treated	 and	 control	 animals	 did	 not	 differ	 significantly	

(Fig.	24d).	Together	these	findings	indicated	that	ApoB	plays	a	role	in	the	resistance	of	

C57BL/6	mice	to	S.	aureus,	while	the	lack	of	ApoB	expression	in	the	kidneys	of	A/J	mice	

might	 already	 predispose	 A/J	 mice	 to	 severe	 S.	 aureus	 infection,	 rendering	 4-APP	

treatment	ineffective.	
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Figure	24.	Apolipoprotein	B	(ApoB)	contributes	to	the	resistance	of	C57BL/6	mice	to	S.	
aureus	infection		
(a)	 Relative	 fold	 change	 of	 Apob	 expression	 values	 in	 the	 kidneys	 of	 uninfected	 C57BL/6	 in	
respect	 to	 those	 in	 the	 kidneys	 of	 uninfected	 A/J	 mice	 determined	 by	 either	 RNA-Seq	 (white	
bars)	 or	 qRT-PCR	 (black	 bars).	 Each	 bar	 represents	 the	 mean	 relative	 fold	 change	 ±	 SD	 of	
triplicates.	 (b)	 Expression	 of	ApoB	 in	 the	 kidneys	 of	 uninfected	A/J	 (left)	 and	C57BL/6	 (right)	
mice	 determined	 by	 immunostaining	 of	 kidney	 tissue	 using	 specific	 antibodies	 against	 ApoB.	
Magnification	X40.	(c)	Relative	fold	change	of	Apob	expression	values	in	the	kidneys	of	S.	aureus-
infected	C57BL/6	in	comparison	to	those	in	the	kidneys	of	S.	aureus-infected	A/J	mice	at	48	h	of	
infection	 determined	 by	 either	 RNA-Seq	 (white	 bars)	 or	 qRT-PCR	 (black	 bars).	 Each	 bar	
represents	the	mean	relative	fold	change	±	SD	of	triplicates.	(d)	Bacterial	loads	in	the	kidneys	of	
A/J	 (blue	 symbols)	 and	 C57BL/6	 (red	 symbols)	 mice	 treated	 with	 4-Aminopyrazolo[3,4-
d]pyrimidine	 (4-APP)	 (open	 symbols)	 or	 with	 vehicle	 alone	 (solid	 symbols)	 at	 48	 after	
intravenous	 inoculation	 with	 2	 x	 107	 CFU	 of	 S.	 aureus.	 Each	 symbol	 represents	 the	 bacterial	
counts	determined	in	an	individual	mouse	and	the	horizontal	lines	represent	the	average	±	SD	for	
each	mouse	strain	(n=6,	t-test,	**	p	<	0.01,	***	p	<	0.001).	
	

Subsequently,	the	effect	of	the	reduced	resistance	of	C57BL/6	mice	following	4-

APP	treatment	on	the	transcriptional	response	of	S.	aureus	was	investigated.	Therefore,	

the	level	of	transcription	of	a	set	of	genes	expressed	by	S.	aureus	during	infection	of	4-

APP-treated	C57BL/6	mice	was	compared	with	 the	 levels	of	 transcription	of	 the	 same	

genes	in	S.	aureus	infecting	C57BL/6	mice	treated	with	vehicle	alone.	The	results	show	

that	the	level	of	expression	of	all	virulence	and	cell	wall	stress-associated	genes	tested	

(hld/RNAIII,	 sarR,	 hla,	 sspA,	 aur,	 vraX	and	 gltB)	was	 decreased	 in	 4-APP-treated	mice	

compared	 to	 the	 vehicle	 control	 mice,	 while	 the	 expression	 level	 of	 the	 hypothetical	

alanine	 permease	 (aapA)	 was	 higher	 (Table	 12).	 These	 findings	 demonstrated	 the	
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remarkable	 influence	 of	 the	 level	 of	 host	 resistance	 on	 gene	 expression	 by	 S.	 aureus	

during	infection.	

Table	12.	Level	of	expression	of	a	subset	of	genes	by	S.	aureus	during	infection	of	4-APP-
treated	and	vehicle-treated	C57BL/6	mice	determined	by	RT-PCR	

	

Locus	tag	
Gene	

symbol	
Description	

Relative	fold	change	

in	4-APP-treated	to	

vehicle-treated	

C57BL/6	mice	

[mean(SE)]	

SAOUHSC_02265	 agrA	
Accessory	gene	regulator	

protein	A	
-1.60(0.22)	

SAOUHSC_02566	 sarR	 Accessory	regulator	R	 -1.83(0.22)	
SAOUHSC_01121	 hla	 Alpha-hemolysin	 -3.32(1.56)	

SAOUHSC_02971	 aur	
Zinc	metalloproteinase	

aureolysin	
-2.31(0.96)	

SAOUHSC_00988	 sspA	 Glutamyl	endopeptidase	 -2.19(0.01)	
SAOUHSC_00561	 vraX	 Protein	VraX	 -3.91(2.76)	

SAOUHSC_00436	 gltD	
Glutamate	synthase	subunit	

beta	
-2.41(1.11)	

SAOUHSC_01803	 aapA	
D-serine/D-alanine/glycine	

transporter	
1.21(2.32)	

	 RNAIII	 Regulatory	RNA	 -1.80(0.53)	
	

4.5.2.	MyD88-deficiency	in	C57BL/6	mice	alters	gene	expression	by	S.	aureus	during	

infection	

To	further	demonstrate	the	strong	influence	of	the	level	of	host	resistance	on	the	

transcriptional	response	of	S.	aureus	during	infection,	the	influence	of	genetic	deletion	of	

MyD88,	a	cytoplasmic	adaptor	molecule	essential	for	the	signaling	of	IL-1R/TLR	family	

and,	 consequently,	 for	 the	 host	 response	 to	 bacterial	 cell	 wall	 components	 like	

peptidoglycan403,	 on	 the	 transcriptional	 response	 of	 S.	 aureus	 during	 infection	 was	

investigated.	 Myd88-deficient	 C57BL/6	 mice	 have	 been	 previously	 shown	 to	 be	

significantly	more	 susceptible	 to	 S.	aureus	 infection	 than	 the	 corresponding	wild	 type	

parental	 C57BL/6	 strain403.	 To	 assess	 the	 impact	 of	 the	 reduced	 host	 resistance	 of	

MyD88-deficient	C57BL/6	compared	to	wild	type	mice	on	the	transcriptional	profile	of	

S.	 aureus,	 the	 level	 of	 expression	 of	 the	 same	 set	 of	 genes	 as	 in	 the	 ApoB	 depletion	

experiment	 (Table	 12)	 between	 S.	 aureus	 infecting	 wild	 type	 C57BL/6	 mice	 and	 S.	

aureus	infecting	MyD88-deficient	mice	was	compared.	The	results	showed	that	a	decline	

in	host	resistance	after	genetic	deletion	of	a	critical	receptor	also	had	a	strong	influence	
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on	S.	aureus	gene	expression,	particularly	on	the	expression	of	hla	and	genes	encoding	

proteases	 (Table	 13),	 These	 findings	 further	 highlight	 the	 impact	 of	 the	 level	 of	 host	

resistance	on	the	staphylococcal	in	vivo	gene	expression.	

Table	13.	Level	of	expression	of	a	subset	of	genes	by	S.	aureus	during	infection	of	MyD88-
deficient	and	relative	to	wild	type	C57BL/6	mice	determined	by	RT-PCR	

	

Locus	tag	 Gene	
symbol	 Description	

Relative	fold	change	
in	MyD88-deficient	

to	wild	type	
C57BL/6	mice	
[mean(SE)]	

SAOUHSC_02265	 agrA	
Accessory	gene	regulator	

protein	A	
-1.62(0.5)	

SAOUHSC_02566	 sarR	 Accessory	regulator	R	 -1.23(0.09)	
SAOUHSC_01121	 hla	 Alpha-hemolysin	 -18.06(0.16)	

SAOUHSC_02971	 aur	
Zinc	metalloproteinase	

aureolysin	
-2.59(0.75)	

SAOUHSC_00988	 sspA	 Glutamyl	endopeptidase	 -2.32(0.46)	
SAOUHSC_00561	 vraX	 Protein	VraX	 1.11(0.04)	

SAOUHSC_00436	 gltD	
Glutamate	synthase	subunit	

beta	
-6.03(1.66)	

SAOUHSC_01803	 aapA	
D-serine/D-alanine/glycine	

transporter	
1.69(0.29)	

	 RNAIII	 Regulatory	RNA	 -2.52(0.08)	
	

4.6.	 The	 effectiveness	 of	 targeting	 a	 virulence	 factor	 to	 reduce	 S.	

aureus	fitness	in	vivo	strongly	depends	on	its	level	of	expression	

After	 having	 demonstrated	 the	 influence	 of	 the	 level	 of	 host	 resistance	 on	 the	

transcriptional	 response	of	S.	aureus,	 it	was	 important	 to	determine	 the	effects	of	 this	

dependency	on	the	effectiveness	of	anti-virulence	strategies.	For	this	purpose,	the	effect	

of	neutralizing	aureolysin,	which	has	been	shown	to	be	important	for	full	virulence	of	S.	

aureus	in	experimental	infection	models404,405	and	was	expressed	to	a	significantly	larger	

extent	 by	S.	aureus	during	 infection	 of	 the	 C57BL/6	 than	 during	 infection	 of	 A/J	mice	

(Fig.	22),	 on	 the	bacterial	 in	vivo	 fitness	was	assessed.	For	 this	purpose,	C57BL/6	and	

A/J	mice	were	simultaneously	challenged	with	wild	type	S.	aureus	8325-4	as	well	as	its	

isogenic	 aureolysin-deficient	 mutant	 8325-4∆aur	 and	 the	 amount	 of	 each	 bacterial	

strain	 was	 determined	 in	 the	 kidneys	 of	 infected	 mice	 at	 48	 hours	 of	 infection.	 The	

overall	 bacterial	 load,	 counting	 both	 the	 wild	 type	 and	 ∆aur	 strain,	 was	 significantly	

higher	 in	 the	kidneys	of	A/J	 than	 in	 the	kidneys	of	C57BL/6	mice	(Fig.	25a).	However,	

while	a	significantly	lower	amount	of	∆aur	than	wild	type	S.	aureus	was	recovered	from	

the	 kidneys	 of	 C57BL/6	 mice,	 the	 amount	 of	 ∆aur	 recovered	 from	 A/J	 mice	 was	
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comparable	to	that	of	wild	type	strain	(Fig.	25b).	Consequently,	the	∆aur	mutant	had	a	

competitive	 disadvantage	when	 co-administered	with	wild	 type	 S.	 aureus	 in	 C57BL/6	

mice	 (mean	 competitive	 index	 for	 ∆aur/wild	 type	 S.	 aureus	of	 0.013),	 while	 the	 ∆aur	

mutant	 and	 the	 wild	 type	 S.	 aureus	 strain	 were	 equally	 competitive	 after	 co-

administration	 in	 A/J	 mice	 (mean	 competitive	 index	 for	 ∆aur/wild	 type	 S.	 aureus	 of	

1.595)	(Fig.	25c).		

The	in	vitro	growth	of	8325-4∆aur	was	compared	to	that	of	the	wild	type	8325-4	

strain	 to	 validate	 that	 8325-4∆aur	 had	 no	 inherent	 growth	 deficiency.	 The	 results	

indicated	that	no	growth	defect	of	the	mutant	strain	(Fig	25d).	

	
Figure	25.	In	vivo	competitive	fitness	of	aureolysin-deficient	(∆aur)	and	wild	type	S.	aureus	
during	infection	of	C57BL/6	or	A/J	mice.	
C57BL/6	and	A/J	mice	were	injected	intravenously	with	a	1:1	mixtures	of	∆aur	and	wild	type	S.	
aureus	8325-4	containing	a	total	of	approximately	4	×	107	bacteria.	(a)	Total	number	of	bacterial	
cells	 in	kidneys	homogenates	 at	48	hours	of	 infection.	Mean	±	SD	are	depicted.	 (b)	Number	of	
∆aur	and	wild	type	S.	aureus	8325-4	bacteria	in	the	kidney	homogenate	at	48	hours	of	infection.	
A	broken	line	connects	symbols	representing	counts	from	the	same	animal.	(c)	Competitive	index	
representing	the	ratio	of	the	recovered	∆aur	divided	by	the	recovered	wild	type	bacteria,	within	
resistant	C57BL/6	and	susceptible	A/J	mice	(n=7,	t-test,	*	p<0.001).	(d)	In	vitro	growth	curves	of	
∆aur	and	wild	type	S.	aureus	8325-4	in	BHI-media	at	37°C	and	120	rpm.	
	

Taken	 together,	 these	 results	 indicate	 that	 the	 efficacy	of	 targeting	 a	 virulence	

factor	by	anti-virulence	strategies	will	strongly	depend	on	its	level	of	expression	by	the	

pathogen	during	 infection,	which	 in	 turn	 is	 highly	 influenced	by	 the	 intrinsic	 levels	 of	

host	resistance	to	infection.		

a b 

c d 
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5.	DISCUSSION	

S.	aureus	 was	 first	 isolated	 from	 the	 purulent	 exudate	 of	 a	 surgical	 abscess	 in	

18812.	 Since	 its	 initial	 recognition	 135	 years	 ago,	 this	 human	 pathogen	 remains	 a	

leading	cause	of	bacterial	infections	worldwide28,29,	particularly	in	the	hospital	setting33.	

Even	though	the	introduction	of	antibiotics	and	the	improvement	of	social	standards	in	

the	20th	century	have	resulted	 in	a	dramatic	reduction	of	 the	total	number	of	bacterial	

infections406,	 the	 treatment	 of	 infections	 caused	 by	 S.	 aureus	 has	 become	 increasingly	

challenging	due	to	the	remarkable	capacity	of	this	microorganism	to	develop	antibiotic	

resistance275.	This	development	calls	for	innovative	therapeutic	strategies	alternative	to	

antibiotics	 for	 the	 treatment	 of	 infections	 caused	 by	multi-drug	 resistant	 strains	 of	 S.	

aureus.	 Among	 the	 alternative	 treatment	 options,	 anti-virulence	 strategies,	 which	 are	

based	on	the	attenuation	of	bacterial	pathogenesis	by	the	specific	inhibition	of	virulence	

factors407,	 have	 received	 increasing	 attention	 in	 recent	 years.	 Because	 anti-virulence	

drugs	are	non-bactericidal,	 they	are	expected	 to	 impose	 less	selective	pressure	 for	 the	

development	 of	 resistances,	 in	 comparison	 to	 antibiotic	 treatment296.	 Moreover,	 anti-

virulence	 agents	 could	 be	 designed	 to	 target	 only	 the	 invading	 bacterial	 pathogen,	

leaving	the	commensal	flora	unharmed.	While	several	anti-virulence	strategies	targeting	

S.	 aureus	 adhesins302,	 proteases316,317,	 toxins311	 or	 regulatory	 systems326-328	 have	 been	

developed	 and	 some	 even	 tested	 with	 promising	 results	 in	 animal	 models329,330,	

important	aspects	concerning	the	general	applicability	of	anti-virulence	strategies	need	

to	be	addressed	in	more	detail.	

A	critical	requirement	for	the	applicability	of	anti-virulence	strategies	is	that	the	

targeted	virulence	 factors	has	 to	be	expressed	by	 the	pathogen	during	 infection,	 since	

low	or	absent	expression	could	render	anti-virulence	treatment	completely	 ineffective.	

This	 potential	 hindrance	 is	 of	 particular	 importance	 as	 it	 is	 known	 that	 pathogens	

modulate	 their	 gene	 expression	 to	 rapidly	 adapt	 to	 the	 specific	 environmental	

conditions	encountered	within	the	host	and	these	conditions	differ	drastically	between	

individual	 patients	 during	 infection408,409.	 The	 primary	 driving	 force	 for	 bacterial	

adaptation	during	infection	is	the	stress	imposed	by	the	host	immune	response.	In	this	

regard,	 a	 considerable	 inter-individual	 variation	 in	 the	 quality	 and	 strength	 of	 the	

immune	response	to	 infection	has	been	observed332.	This	 is	particularly	obvious	 in	the	

case	 of	 S.	 aureus	 infections,	 where distinct	 characteristics	 of	 the	 host	 can	 predispose	

individuals	to	acquire	particularly	severe	infections.	These	predispositions	can	either	be	

genetically	 determined333,	 or	 caused	 by	 extrinsic	 factors	 that	 weaken	 the	 immune	
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system	 like	 age,	 HIV	 infection,	 chronic	 granulomatous	 disease	 or	 Job’s	

syndrome333,334,410,411.	 In	 this	 regard,	 the	 quality	 of	 the	 mounted	 immune	 defense,	

specifically	 the	 recruitment	 of	 immune	 cells	 to	 the	 site	 of	 infection,	 varies	 vastly	

between	 predisposed	 and	 non-predisposed	 individuals412.	 Consequently,	 inherent	

differences	in	the	individual	immune	response	to	infection	can	result	in	highly	different	

environmental	 conditions	 during	 infection	 that	 can	 influence	 the	 transcriptional	

adaptation	of	the	pathogen	and,	possibly,	the	expression	of	virulence	factors.	Therefore,	

the	objective	of	this	thesis	was	to	investigate	whether	variations	in	the	host	response	to	

infection	 influence	 S.	 aureus	 expression	 of	 virulence	 factor	 encoding	 genes	 during	

infection,	to	anticipate	the	general	applicability	of	anti-virulence	strategies.		

Many	of	the	factors	contributing	to	the	difference	in	an	individual’s	response	to	

infections	 such	 as	 host	 genetics,	 pre-existing	 immunity,	 and	 comorbidities	 are	

uncontrollable	and	often	unknown.	For	this	reason,	animal	models,	particularly	 inbred	

mice,	are	used	to	study	fundamental	questions	in	a	more	clearly	defined	system.	Similar	

to	humans,	infection	of	different	inbred	mouse	strains	with	specific	pathogens	results	in	

highly	 different	 outcomes373.	 This	 has	 also	 been	 shown	 for	 S.	 aureus,	where	 different	

mouse	 strains	 markedly	 differ	 in	 their	 capacity	 to	 control	 the	 pathogen	 after	

intravenous	 inoculation373.	 For	 example,	 A/J	mice	 develop	 severe	 infections	with	 high	

bacterial	 numbers	 in	 the	 kidneys	 and	 succumb	 to	 the	 infection	within	 48	 hours	 after	

bacterial	 inoculations.	 In	 contrast,	 C57BL/6	 mice	 were	 reported	 to	 develop	 mild	

infections	with	 significantly	 lower	bacterial	numbers	 in	 the	kidneys	and	practically	all	

mice	 surviving373.	 	 These	 differences	 in	 the	 capacity	 to	 control	 S.	 aureus	 infection	

between	 A/J	 and	 C57BL/6	were	 confirmed	 in	 this	 study	 and	 the	 two	 strains	 of	 mice	

were	 selected	 to	 explore	 the	 extent	 to	 which	 intrinsic	 host	 variability	 affects	 the	

expression	of	bacterial	virulence	factors	during	infection.		

A	dual	RNA-seq	approach	was	applied	to	determine	the	transcriptional	profile	of	

host	 and	 pathogen	 at	 48	 hours	 after	 infection.	 This	 global	 and	 unbiased	 approach	

enables	the	simultaneous	characterization	of	changes	in	the	gene	expression	of	host	and	

pathogen	 during	 infection	 and,	 therefore,	 provides	 valuable	 information	 about	 the	

micro-environmental	 conditions	 generated	 by	 the	 host	 immune	 response	 within	

infected	tissue	as	well	as	the	transcriptional	adaptation	of	the	pathogen	to	this	milieu340.	

However,	 dual	 RNA-seq	 analysis	 still	 faces	 technical	 limitations,	 imposing	 specific	

requirements	 on	 the	 experimental	 systems,	 sampling	 time	 points	 and	 samples	

preparation	 protocol	 that	 had	 to	 be	 addressed	 in	 this	 study340.	 Specifically,	 the	 use	 of	

dual	RNA-seq	is	 limited	by	the	differences	in	lysis	efficiency	of	host	and	pathogen	cells	

and,	particularly,	by	the	ratio	between	the	amount	of	host	and	pathogen	RNA	within	the	
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sample.	As	eukaryotic	cells	contain	approximately	100-200	times	the	amount	of	RNA	of	

prokaryotic	cells340,	the	bacterial	density	within	the	analyzed	samples	is	a	critical	factor	

for	the	applicability	of	dual	RNA-seq.	The	ratio	between	host	and	pathogen	RNA	is	even	

more	critical	when	the	analysis	of	gene	expression	in	performed	in	whole	organs	during	

in	vivo	infection,	explaining	why	published	dual	RNA-seq	studies	are	 limited	to	 in	vitro	

cell	culture	systems352-354.	This	issue	was	also	critical	for	this	study	since	the	amount	of	

bacteria	in	the	kidneys	of	resistant	C57BL/6	mice	at	48	hour	of	infection	was	low,	while	

the	 premature	 mortality	 of	 the	 infected	 A/J	 mice	 prohibited	 analysis	 later	 during	

infection.	 To	 overcome	 these	 limitations,	 a	 previously	 developed	bacterial	 enrichment	

protocol	 to	 increase	 the	 amount	 of	 bacteria	 within	 the	 samples348	 was	 modified	 and	

used	 for	 the	 sample	 preparation	 step	 in	 this	 study.	 The	 application	 of	 this	 protocol	

enabled	the	mapping	of	a	sufficient	amount	of	bacterial	reads	in	the	kidneys	of	C57BL/6	

mice	 at	 48	 hours	 following	 infection,	 a	 time	 point	 at	 which	 it	 was	 also	 possible	 to	

analyze	 the	 bacterial	 gene	 expression	 in	 A/J	mice.	 The	 results	 reported	 in	 this	 thesis	

represent	 the	 first	dual	RNA-seq	application	 in	a	murine	 in	vivo	infection	model,	while	

furthermore	illustrating	the	global	gene	expression	of	S.	aureus	in	two	different	strains	

of	mice	with	substantially	different	levels	of	susceptibility	to	infection.	

The	analysis	of	the	transcriptional	profile	of	A/J	and	C57BL/6	mice	at	48	hours	

of	 infection	 illustrated	 that	 the	 pathophysiology	 of	 the	 two	 mouse	 strains	 differed	

considerably	 and	 thus	 S.	 aureus	was	 confronted	 with	 the	 challenge	 to	 adapt	 to	 the	

substantially	 different	 environments	 within	 the	 infected	 tissue	 in	 each	 mouse	 strain.	

Differential	 gene	 expression	 analysis	 comparing	 S.	 aureus-infected	 with	 uninfected	

samples	identified	a	significantly	higher	number	of	DEGs	in	infected	A/J	than	in	infected	

C57BL/6	 mice.	 The	 higher	 number	 of	 DEGs	 observed	 in	 the	 context	 of	 the	

hyperinflammatory	 response	 developed	 by	 the	 A/J	 mice	 following	 infection	 is	 in	

agreement	 with	 previous	 findings	 describing	 that	 dysregulation	 of	 the	 inflammatory	

process	 can	 cause	 extensive	 alterations	 in	 the	 expression	 of	 a	 variety	 of	 functional	

pathways,	leading	to	extensive	changes	in	gene	expression413-416.		

Functional	 enrichment	 analysis	 enables	 the	 comprehensive	 evaluation	of	 high-

throughput	 sequencing	 data	 by	 grouping	 factors	 into	 gene	 sets	 based	 on	 previous	

biological	 knowledge	 of	 gene	 functions365.	 KEGG	 pathways	 represent	 one	 way	 of	

grouping	 genes	 according	 to	 their	 function,	 by	 utilizing	 the	 knowledge	 of	 molecular	

interaction	and	reaction	networks,	and	enable	the	biological	interpretation	of	regulated	

factors	 on	 their	 systemic	 function375.	 Consequently,	 classification	 of	 the	 significantly	

regulated	genes	identified	in	S.	aureus-infected	A/J	and	C57BL/6	mice	according	to	the	

KEGG	pathways	where	they	are	involved	in	can	generate	systemic	knowledge	about	the	
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host	response	to	 infection.	KEGG	pathway	enrichment	analysis	of	DEGs	with	 increased	

expression	 in	 response	 to	S.	aureus	infection	showed	a	significant	enrichment	of	DEGs	

within	 several	 pathways	 of	 the	 category	 ‘immune	 system	 processes’	 in	 both	 A/J	 and	

C57BL/6	 mice.	 DEGs	 with	 increased	 expression	 in	 response	 to	 infection	 were	

significantly	 enriched	 within	 the	 pathways	 ‘Cytokine-cytokine	 receptor	 interaction’,	

‘Chemokine	signaling	pathway’	and	the	PRR	receptor	pathways	in	both	infected	A/J	and	

C57BL/6	 mice.	 These	 findings	 indicate	 that	 A/J	 and	 C57BL/6	 mice	 share	 a	 basic	

response	to	the	S.	aureus	infection	that	reflected	the	core	functions	of	the	innate	immune	

response	 to	 infection.	However,	 the	 extent	 of	 gene	 expression	within	 the	 significantly	

enriched	 pathways	 was	 substantially	 higher	 in	 infected	 A/J	 mice	 than	 in	 infected	

C57BL/6	 mice.	 This	 suggests	 that	 while	 similar	 biological	 pathways	 were	 used	 to	

counteract	 S.	 aureus	 infection	 by	 both	 mouse	 strains,	 the	 failure	 to	 control	 bacterial	

multiplication	in	A/J	mice	led	to	a	disproportionate,	overshooting	activation	of	the	initial	

response	to	infection,	which	is	characteristic	for	severe	sepsis45.		

The	 excessive	 production	 of	 pro-inflammatory	 cytokines65,417,	 the	 so	 called	

‘systemic	 inflammatory	 response	 syndrome’	 (SIRS),	 is	 considered	 a	 hallmark	 in	 the	

pathophysiology	 of	 sepsis418.	 While	 cytokines	 are	 important	 immunomodulatory	

factors64,	 extensive	 release	 of	 pro-inflammatory	 cytokines	 during	 the	 pathophysiology	

of	 sepsis	 leads	 to	 an	 increase	 in	 vascular	 permeability,	 multiple	 organ	 failure	 and	

eventually	 death419.	 Consequently,	 increased	 concentrations	 of	 pro-inflammatory	

cytokines,	 particularly	 IL-6,	 are	 prognostic	 markers	 for	 increased	 mortality	 during	

sepsis420,421.	 A	 broad	 range	 of	 genes	 encoding	 pro-inflammatory	 cytokines	 exhibited	

substantially	 greater	 expression	 levels	 in	 infected	 A/J	 than	 in	 infected	 C57BL/6	mice,	

which	was	also	observed	at	the	protein	level,	confirming	the	overwhelming	production	

of	pro-inflammatory	cytokines	in	infected	A/J	mice.	Therefore,	the	excessive	production	

of	pro-inflammatory	mediators,	resulting	in	increased	vascular	permeability	and	release	

of	high	levels	of	damaging	reactive	oxygen	species	(ROS)51,	seems	to	be	a	major	driving	

force	for	the	pathophysiology	of	S.	aureus	infection	in	A/J	mice.	This	tissue	damage	can	

furthermore	 cause	 the	 release	of	DAMPs	 from	necrotic	 tissue,	 causing	a	 self-sustained	

aggravation	of	 the	pro-inflammatory	 immune	response,	as	DAMPs	are	sensed	by	PRRs	

and	 thereby	 amplify	 the	 release	 of	 pro-inflammatory	 mediators	 and	 activation	 of	

immune	processes51,418.	This	process	is	further	exacerbated	by	the	higher	expression	of	

PRRs	on	several	phagocytes422,423	and	increased	abundance	of	those	cells	within	infected	

tissue424.	The	significant	enrichment	of	DEGs	in	the	PRR	pathways	and	the	substantially	

higher	 induction	 of	 those	 genes	 in	 infected	 A/J	 compared	 to	 infected	 C57BL/6	 mice	

indicates	that	increased	expression	of	PRR	within	the	infected	tissue	contributes	to	the	
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aggravation	 of	 the	 self-sustaining	 pro-inflammatory	 response	 within	 those	 mice.	

Moreover	 the	 uncontrolled	 pro-inflammatory	 reaction	 within	 infected	 A/J	 mice	 is	

exemplified	by	the	disproportionate	induction	of	genes	encoding	a	range	of	chemokines.	

Similar	findings	have	been	reported	for	human	sepsis	patients425	and	in	a	mouse	model	

of	 polymicrobial	 sepsis424,	 which	 showed	 increased	 expression	 and	 subsequent	

production	 of	 a	 range	 of	 chemokines	 during	 sepsis.	 Lastly,	 sepsis	 is	 marked	 by	 the	

simultaneous	 release	of	 anti-inflammatory	 cytokines	 and	anti-inflammatory	mediators	

that	 hamper	 an	 effective	 immune	 response	 and	 increase	 susceptibility	 to	 secondary	

infection51,76.	 These	 anti-inflammatory	 cytokines	 can	 either	 be	 released	 by	 phagocytes	

removing	sepsis-induced	apoptotic	cells65,79	or	stem	from	phagocytic	cells	switching	to	a	

anti-inflammatory	phenotype51.	The	 fact	 that	 increased	 level	of	expression	of	 the	gene	

encoding	 anti-inflammatory	 IL-10,	 also	 validated	 at	 the	 protein	 level,	 as	 well	 as	 the	

substantially	 increased	 expression	 of	 the	 gene	 encoding	 IL-1	 receptor	 antagonist	was	

observed	 in	 infected	 A/J	 mice,	 indicated	 that	 a compensatory	 anti-inflammatory	
response	was	mounted	in	these	mice,	which	is	a	typical	feature	of	severe	sepsis51,426.	

The	 disproportionate	 inflammatory	 response	 during	 sepsis	 can	 also	 cause	

strong	 activation	 of	 the	 extrinsic	 pathway	 of	 coagulation,	 subsequent	 uncontrolled	

thrombin	 deposition	 and	 disseminated	 intravascular	 coagulation51,427,428.	 The	 gene	

expression	profile	of	infected	A/J	mice	indicated	the	activation	of	factors	of	the	extrinsic	

(tissue	 factor)	 pathway	 resulting	 in	 a	 thrombin	 burst	 and	 disseminated	 coagulation,	

while	 the	 up-regulation	 anti-fibrinolytic	 PAI-1377	 and	 the	 down-regulation	 of	 the	 gene	

encoding	 protein	 C	 indicated	 the	 impairment	 of	 anti-coagulant	 mechanisms.	 The	

disseminated	 intravascular	 coagulation	 caused	 tissue	 hypoxia	 in	 infected	 A/J	 mice,	

resulting	 in	 transcriptional	 reprogramming	 of	 the	 eukaryotic	 cells,	 evidenced	 by	 the	

induction	 of	 Hif1a	 that	 encodes	 the	 central	 mediator	 of	 transcriptional	 responses	 to	

hypoxia	HIF-1α429.	Therefore,	 the	major	challenge	faced	by	S.	aureus	 in	susceptible	A/J	

mice	was	to	adjust	its	gene	expression	to	withstand	the	adverse	conditions	imposed	by	

the	 hyperinflammatory	 response	 and	 hypoxic	 microenvironments	 at	 the	 site	 of	

infection.		

The	analysis	of	 the	transcriptional	response	of	S.	aureus	during	 infection	of	A/J	

mice	 showed	 that	 the	bacterium	 induced	 the	 expression	of	 a	 range	of	 genes	 encoding	

general	 stress	 response	proteins.	The	expression	of	 these	genes	 is	activated	as	part	of	

the	general	stress	response	of	S.	aureus	that	is	regulated	by	the	alternative	sigma	factor	

σB	430.	Yet,	the	expression	of	the	gene	encoding	σB	did	not	differ	significantly	between	S.	

aureus	 infecting	 A/J	 and	 S.	aureus	 infecting	 C57BL/6	mice.	 This	 apparent	 discrepancy	

could,	however,	be	explained	by	the	fact	that	the	regulatory	activity	of	σB	is	determined	



DISCUSSION		 		 	

	74	

at	 the	 posttranslational	 level	 via	 the	 anti-sigma	 factor	 RsbW,	 the	 anti-sigma	 factor	

antagonist	 RsbV	 and	 the	 phosphatase	 RsbU385,431.	 Moreover,	 it	 has	 been	 shown	 that	

exposure	of	S.	aureus	to	environmental	stressors	can	lead	to	σB-dependent	activation	of	

gene	expression	without	accumulation	of	σB	itself431.	Genes	of	the	σB	dependent	general	

stress	 response	 are	 important	 for	 S.	 aureus	 in	 vivo	 adaptation432	 and	 can	 either	 be	

induced	by	S.	aureus	as	 a	 response	 to	 specific	 external	 stressors	or	 in	 a	 growth	phase	

dependent	manner433,434.	 Theoretically	 both	of	 these	 stressors	 could	play	 a	 role	 in	 the	

differential	 regulation	 of	 the	 genes	 of	 the	 general	 stress	 response	 by	 S.	 aureus	 in	 A/J	

compared	to	in	C57BL/6	mice.	The	hyper-inflammatory	environment	in	the	infected	A/J	

mice	might	cause	a	greater	level	of	stressors,	but	the	higher	densities	of	S.	aureus	in	A/J	

than	in	C57BL/6	mice	could	also	result	in	a	different	bacterial	growth	phase.	However,	

no	 significant	 differences	 in	 the	 expression	 of	 genes	 coding	 for	 factors	 that	 are	

important	 for	 central	 metabolism	 were	 detected	 between	 S.	 aureus	 in	 A/J	 and	 in	

C57BL/6	mice,	 even	 though	 the	 extend	of	 their	 expression	has	 been	 connected	 to	 the	

growth	 phase	 of	 S.	 aureus	 in	 vitro435.	 Particularly	 the	 expression	 of	 genes	 coding	 for	

factors	 of	 glycolysis,	 gluconeogenesis	 or	 purin	metabolism	 are	 strongly	 dependent	 on	

the	growth	phase	in	S.	aureus435,436	and	closely	related	bacteria437,	while	being	similarly	

expressed	 during	 infection	 of	 susceptible	 A/J	 and	 resistant	 C57BL/6	 mice.	

Consequently,	the	specific	conditions	affecting	activation	of	the	general	stress	response	

in	S.	aureus	during	the	infection	of	susceptible	A/J	mice	remain	unclear.	

As	indicated	by	the	transcriptional	profile	of	the	infected	A/J	mice,	uncontrolled	

coagulation	led	to	disseminated	intravascular	coagulation	and	tissue	hypoxia,	illustrated	

by	the	significantly	increased	expression	of	Hif1a.	Moreover,	excess	coagulation	causes	

ischemia	 that	 results	 in	 acidosis	 within	 the	 affected	 tissue438.	 Interestingly,	 S.	 aureus	

expressed	 the	 genes	 of	 the	 arginine	 deiminase	 pathway	 to	 a	 higher	 extend	 during	

infection	of	 susceptible	A/J	mice	 than	during	 infection	of	 C57BL/6	mice.	 The	 arginine	

deiminase	 system	 is	 induced	 by	 ArcR	 under	 anaerobic	 conditions262.	 Furthermore,	

ammonia	 generated	 through	 the	 deimination	 of	 arginine	 has	 been	 speculated	 to	 be	

responsible	 for	 pH	 homeostasis	 and	 acid	 resistance265,439.	 The	 importance	 of	 the	 acid	

resistance	resulting	from	deamination	of	arginine	for	S.	aureus	during	infection	has	been	

shown	 in	 a	murine	model	 of	 skin	 infection265.	 Consequently,	 the	 induction	 of	 the	 ADI	

pathway	by	S.	aureus	in	the	kidneys	of	the	infected	A/J	mice	may	directly	result	from	the	

anaerobic	microenvironments	within	this	organ	and	could	confer	protection	against	the	

increasingly	 acidic	 environment	 caused	 by	 progressing	 ischemia.	 Interestingly,	 the	

genes	 encoding	 arginase	1	 and	2	 (Arg1,	Arg2)	were	 only	 significantly	 up-regulated	by	

A/J	mice	 in	 response	 to	 infection	 and	 the	 expression	 level	 of	 the	 gene	 encoding	nitric	
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oxide	 synthase	 2	 (Nos2)	 was	 considerably	 higher	 in	 infected	 A/J	 than	 in	 infected	

C57BL/6	mice	 (32.62	 fold	 to	 2.76	 fold,	 Supplementary	Data	 1,2).	 Arginases	 and	 nitric	

oxide	 synthase	 metabolize	 arginine	 and	 can	 limit	 its	 availability	 in	 the	 extracellular	

environment440.	 As	 the	 gradient	 between	 intracellular	 ornithine	 and	 extracellular	

arginine	 has	 been	 shown	 to	 be	 the	 driver	 of	 arginine	 uptake	 through	 the	

arginine/ornithine	 antiporter441,	 induction	 of	 the	 ADI	 pathway	 resulting	 in	 high	

intracellular	ornithine	concentrations	can	also	aid	S.	aureus	in	the	competition	with	the	

host	 for	 free	 arginine	 during	 infection	 of	 A/J	mice.	 Competition	 for	 arginine	 between	

host	and	pathogen	during	infection	is	well	documented	and	manipulation	of	the	pool	of	

free	 arginine	 is	 of	 particular	 importance	 for	 the	 invading	 bacterial	 pathogen	 to	 avoid	

nitric	oxide	mediated	killing442.	Consequently,	limiting	the	availability	of	arginine,	in	the	

face	of	the	high	expression	of	nitric	oxide	synthase	in	the	infected	A/J	mice,	could	enable	

S.	aureus	to	restrict	nitric	oxide	mediated	killing	in	the	susceptible	host.	

While	 the	 transcriptional	 profile	 of	 infected	 A/J	 mice	 indicated	 excessive	 up-

regulation	 of	 genes	 encoding	 key	 factors	 of	 the	 innate	 immune	 defense,	 the	

transcriptome	of	 infected	C57BL/6	mice	showed	more	moderate	 induction	of	 immune	

factors	 encoding	 genes.	Despite	 the	 lower	 level	 of	 gene	 expression,	 the	 efficacy	 of	 the	

immune	mechanisms	operating	 in	C57BL/6	mice	were	much	more	efficient	than	those	

in	A/J	at	controlling	S.	aureus	infection.	Previous	studies	have	shown	that	C57BL/6	mice	

reacted	faster	than	A/J	mice	to	S.	aureus	invasion,	by	producing	higher	amounts	of	key	

chemokines	 involved	 in	 the	 recruitments	 of	 neutrophils	 during	 the	 first	 hours	 of	

infection443.	Moreover,	A/J	mice	carry	a	genetic	deficiency	 that	 results	 in	 the	 impaired	

generation	 of	 the	 complement	 factor	 5444	 and,	 consequently,	 in	 the	 lack	 of	 detectable	

levels	 of	 C5a,	 one	 of	 the	 most	 potent	 factors	 for	 the	 recruitment	 of	 phagocytes445.	

However,	 it	 has	 been	 shown	 that	 C5	 deficiency	 contributed	 only	 partially	 to	 the	

impaired	bacterial	clearance	in	S.	aureus-infected	A/J	mice446.	ApoB	was	identified	as	an	

additional	 factor	 that	 contributes	 to	 the	 superior	 efficiency	 of	 C57BL/6	 mice	 at	

controlling	 S.	 aureus	 infection	 in	 this	 study,	 as	 the	 levels	 of	 ApoB	 were	 significantly	

higher	 in	 the	 kidneys	 of	 C57BL/6	 than	 in	 the	 kidneys	 of	 A/J	 mice.	 ApoB	 directly	

antagonizes	 the	agr	 quorum	 sensing	 system	 of	 S.	aureus	 by	 sequestering	 the	 AIP	 and	

reduction	 of	 ApoB	 concentrations	 in	 mice	 resulted	 in	 increased	 susceptibility	 to	 S.	

aureus	infection401.	Together,	these	observations	suggest	that	the	superior	resistance	of	

C57BL/6	compared	to	A/J	mice	 is	multifactorial	and	mediated	by	a	 fast	recruitment	of	

phagocytic	 cells	 to	 the	 site	 of	 infection	 as	 well	 as	 more	 efficient	 antimicrobial	

mechanisms.	 Consequently,	 during	 infection	 of	 C57BL/6	 mice,	 S.	 aureus	 faced	 the	

challenge	of	counteracting	the	more	powerful	mechanisms	of	host	defense	compared	to	
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infection	of	the	A/J	mice.	Among	the	genes	highly	expressed	by	S.	aureus	to	adapt	to	the	

adverse	 environment	 encountered	 during	 the	 infection	 of	 C57BL/6	 mice	 were	 those	

encoding	 factors	 of	 the	 CWSS.	 The	 expression	 of	 genes	 involved	 in	 the	 CWSS	 is	

important	to	sustain	the	structural	integrity	of	the	bacterial	cell	wall	upon	exposure	to	

cell	 wall	 damaging	 agents447.	 The	 significantly	 greater	 expression	 of	 the	 genes	 of	 the	

CWSS	 by	 S.	 aureus	 during	 infection	 of	 C57BL/6	 than	 during	 infection	 of	 A/J	 mice,	

including	 vraX,	 encoding	 a	 protein	 that	 is	 regulated	 in	 response	 to	 cell	 envelop	

perturbations253,	 and	mprF,	 which	 encodes	 phosphatidylglycerol	 lysyltransferase	 and	

mediates	 resistance	 to	 cationic	 AMPs251,252,	 indicates	 that	 the	 pathogen	 is	 confronted	

with	 higher	 levels	 of	 cell	 wall	 damaging	 agents	 in	 the	 former	 mice.	 Collectively,	 the	

induction	 of	 important	 genes	 of	 the	 CWSS	 shows	 that	 S.	 aureus	 adapts	 its	 gene	

expression	to	the	strength	of	the	cell	wall	stress	encountered	within	a	specific	host.	

Of	 particular	 interest	 was	 the	 observation	 that	 expression	 levels	 of	 genes	

encoding	 important	 virulence	 factors	 such	 as	 alpha-hemolysin	 (hla)	 and	 the	 phenol	

soluble	modulins	(psma1,	psma2,	psma3),	were	significantly	higher	in	S.	aureus	infecting	

C57BL/6	 mice	 than	 in	 S.	 aureus	 infecting	 A/J	 mice.	 Alpha-hemolysin	 is	 an	 important	

cytotoxin	 with	 lytic	 activity	 against	 a	 range	 of	 host	 cells179,180	 and	 also	 promotes	

bacterial	spreading	by	disruption	of	the	epithelial	barrier448.	Moreover,	the	importance	

of	 alpha-hemolysin	 for	 the	 establishment	 of	 S.	 aureus	 infection	 has	 been	 shown	 in	

murine	 models	 of	 lung	 infection	 and	 abscess	 formation185,187.	 Therefore,	 it	 can	 be	

speculated	 that	 higher	 levels	 of	 alpha-hemolysin	 expression	 facilitated	 S.	 aureus	 in	

counteracting	 the	more	efficient	mechanisms	of	host	defense	 in	C57BL/6	compared	to	

A/J	mice.	It	has	also	been	reported	that	the	expression	of	genes	encoding	alpha	phenol	

soluble	 modulins	 is	 strongly	 up-regulated	 by	 S.	 aureus	 following	 phagocytosis449	 and	

that	these	modulins	are	critical	for	the	phagosomal	escape89	and	cytoplasmic	replication	

of	S.	aureus450.	These	characteristics	highlight	their	importance	for	S.	aureus	in	surviving	

the	 confrontation	 with	 phagocytes,	 particularly	 neutrophils451	 during	 infection	 of	

C57BL/6	mice.		

The	 genes	 encoding	 extracellular	 proteases	 were	 expressed	 by	 S.	 aureus	 to	 a	

greater	 extent	 during	 the	 infection	 of	 C57BL/6	mice	 than	 during	 the	 infection	 of	 A/J	

mice.	 The	 role	 of	 the	 extracellular	 staphylococcal	 proteases	 during	 infection	 is	

multifaceted.	 On	 the	 one	 hand,	 they	 can	 digest	 host	 extracellular	matrix	 proteins	 and	

generate	 peptides	 in	 the	 extracellular	 environment	 that	 can	 be	 imported	 within	 S.	

aureus	via	specialized	transport	systems	and	used	to	retrieve	amino	acids213,452.	On	the	

other	 hand,	 extracellular	 proteases	 play	 an	 important	 role	 in	 the	 bacterial	 defense	

against	 host	 immune	 effectors,	 in	 particular,	 against	 antimicrobial	 peptides206,207	 and	



		 		 DISCUSSION	

	 77	

complement	factors214.	Proteases	are	also	involved	in	the	modulation	of	the	stability	of	

other	 virulence	 factors	 produced	 by	 S.	 aureus	during	 infection206.	 Consequently	 their	

higher	expression	during	the	 infection	of	C57BL/6	mice	can	facilitate	the	survival	of	S.	

aureus	 on	 several	 levels,	 while	 confronted	 with	 high	 levels	 of	 immune	 pressure.	

Moreover,	 the	 greater	 expression	 of	 genes	 encoding	 additional	 important	 virulence	

factors,	 like	 the	 immunodominant	 staphylococcal	 antigen	 B	 (isaB),	 the	 extracellular	

fibrinogen	binding	protein	Efb	 (efb)	and	 the	1-phosphatidylinositol	phosphodiesterase	

PI-PLC	 (plc),	 by	 S.	 aureus	 during	 infection	 of	 C57BL/6	 mice,	 further	 emphasizes	 the	

importance	of	immune	evasion	of	S.	aureus	during	infection	of	resistant	C57BL/6	mice.		

The	 expression	 of	 virulence	 factors	 by	 S.	 aureus	 is	 tightly	 controlled	 at	 the	

transcriptional	and	post-transcriptional	 level	by	a	wide	array	of	regulatory	systems114.	

In	this	regard,	the	genes	of	the	agr	quorum	sensing	system	agrBDCA	encoded	under	the	

P2	promoter,	were	expressed	 to	a	 similar	extend	by	S.	aureus	during	 infection	of	both	

A/J	 and	 C57BL/6	 mice,	 while	 the	 expression	 level	 of	 the	 transcriptional	 regulator	

induced	 by	 the	 quorum	 sensing	 system	RNAIII,	 encoded	 under	 the	 P3	 promoter,	was	

significantly	higher	 in	S.	aureus	infecting	C57BL/6	 than	 in	S.	aureus	infecting	A/J	mice.	

While	 the	higher	expression	of	 the	RNAIII-regulated	genes,	 encoding	alpha-hemolysin,	

PLC	and	the	proteases116,227,		in	S.	aureus	infecting	C57BL/6	mice	could	be	explained	by	

the	higher	RNAIII	expression,	the	inconsistent	activation	of	the	P2	and	P3	promoter	in	S.	

aureus	during	 the	 infection	of	 these	mice	 seems	 to	be	contradictory.	However,	 several	

other	 regulatory	 systems	 modulate	 the	 activity	 of	 the	 two	 promoters	 of	 the	 agr	

system116.	 Thus,	 significantly	 greater	 expression	 of	 the	 gene	 encoding	 SarR,	 a	

transcriptional	 regulator	 that	 is	 likely	 responsive	 to	 environmental	 signals114	 was	

observed	in	S.	aureus	infecting	C57BL/6	mice	than	in	S.	aureus	infecting	A/J	mice.	SarR	

mitigates	the	expression	of	the	genes	of	the	autocatalytic	circle	by	blocking	accessibility	

of	the	P2	promoter,	while	having	no	effect	on	the	expression	of	RNAIII224,228.	Moreover,	

SarR	can	directly	 induce	 the	expression	of	genes	encoding	extracellular	proteases	 that	

are	also	regulated	by	RNAIII233.	Therefore,	SarR	may	act	in	synergy	with	RNAIII,	possibly	

in	 direct	 response	 to	 environmental	 signals,	 to	 increase	 the	 expression	 of	 virulence	

factors	 required	 by	 S.	 aureus	 to	 withstand	 the	 strong	 immune	 pressure	 encountered	

during	infection	of	C57BL/6	mice.	Surprisingly,	RNAIII	was	expressed	to	greater	extent	

by	S.	aureus	at	lower	bacterial	densities	during	infection	of	C57BL/6	mice	than	at	higher	

bacterial	 densities	 in	A/J	mice.	 This	 is	 a	 apparent	 paradox	 because	RNAIII	 expression	

has	 been	 shown	 to	 increase	 with	 increasing	 bacterial	 density	 in	 in	 vitro	 systems116.	

Nevertheless,	analysis	of	 the	expression	of	 the	agr	 system	during	 in	vivo	infection	 in	a	

murine	model	of	skin	infection	using	intravital	two-photon	microscopy	showed	that	agr	
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was	 preferentially	 expressed	 in	 areas	 of	 low	 bacterial	 densities	 rather	 than	 in	 high	

density	bacterial	aggregations453.	S.	aureus	aggregations	have	also	been	observed	in	the	

kidneys	of	 infected	A/J	mice	after	 intravenous	 inoculation373.	Therefore,	differences	 in	

the	spatial	location	of	S.	aureus	between	A/J	and	C57BL/6	mice	might	contribute	to	the	

differences	 in	 the	 level	 of	 RNAIII	 expression	 detected	 in	 the	 gene	 transcription	 data.	

Furthermore,	 a	 study	 mimicking	 the	 spatial	 confinement	 of	 S.	 aureus	 within	 a	

phagosome	 or	 endosome	 during	 infection,	 reported	 a	 stark	 effect	 of	 the	 agr	 quorum	

sensing	 system	 on	 the	 staphylococcal	 gene	 expression	 during	 entrapment,	 even	 in	 a	

single	 confined	 bacterium454.	 Consequently,	 the	 S.	 aureus	 gene	 expression	 patterns	

detected	 during	 bacterial	 growth	 in	 vitro	 cannot	 be	 directly	 translated	 to	 the	 gene	

expression	pattern	in	the	in	vivo	environment.		

The	 observation	 that	 the	 expression	 of	 virulence	 factors	 by	 S.	aureus	 is	 highly	

dependent	on	the	strength	of	the	host	immune	defense	was	further	substantiated	by	the	

strong	impact	of	reducing	the	resistance	of	C57BL/6	mice	on	the	S.	aureus	expression	of	

virulence	 factor	 encoding	 genes.	 Thus,	 chemotherapeutic	 reduction	 of	 ApoB	 after	

treatment	with	4-APP,	rendered	C57BL/6	mice	highly	susceptible	to	S.	aureus	infection,	

while	 the	 susceptibility	 of	 A/J	 mice	 to	 S.	 aureus	 infection	 remained	 unchanged.	 This	

observation	 clearly	 demonstrated	 the	 contribution	 of	 ApoB	 to	 the	 high	 resistance	 of	

C57BL/6	mice	to	S.	aureus	infection	and	is	consistent	with	previous	findings	in	a	mouse	

model	 that	 compared	 the	 outcome	 of	 S.	 aureus	 infection	 in	 wild	 type	 and	 genetically	

deficient	ApoB-/-	mice401.	 Assessment	 of	 the	 level	 of	 expression	 of	 selected	 genes	 by	S.	

aureus	during	the	infection	of	ApoB-depleted	and	non-depleted	C57BL/6	mice	indicated	

that	 virulence	 factor	 encoding	 genes	 (hla,	 aur,	 sspA)	 as	 well	 as	 genes	 encoding	 the	

important	 regulators	 SarR	and	RNAIII,	were	 expressed	 to	 a	 lesser	 extend	by	S.	aureus	

infecting	the	more	susceptible	ApoB-depleted	C57BL/6	mice.	The	fact	that	reducing	the	

levels	of	host	 resistance	had	a	strong	 impact	 in	S.	aureus	transcriptional	 response	was	

further	demonstrated	using	mice	deficient	 in	 the	 expression	of	 the	 important	 adaptor	

molecule	of	TLR	signaling	MyD88,	which	rendered	them	significantly	more	susceptible	

to	S.	aureus	 infection	than	 the	wild	 type	parental	 strain403.	The	expression	 level	of	 the	

above-mentioned	 genes	 was	 also	 significantly	 reduced	 in	 S.	 aureus	 infecting	 My88-

deficient	 mice,	 providing	 additional	 evidence	 of	 the	 dependence	 of	 the	 expression	 of	

virulence	 factor	 encoding	 genes	 on	 the	 strength	 of	 the	 encountered	 immune	 defense	

during	infection.		

After	having	demonstrated	 that	variations	 in	 the	strength	of	 the	host	 response	

influenced	 the	 gene	 expression	 of	 S.	 aureus	 during	 infection,	 the	 relevance	 of	 these	

findings	 for	 the	 effectiveness	 of	 anti-virulence	 strategies	was	 evaluated.	 Targeting	 the	
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extracellular	protease	aureolysin,	which	is	required	for	full	bacterial	virulence404,405	and	

was	expressed	by	S.	aureus	to	a	significantly	greater	extent	during	infection	of	C57BL/6	

than	during	infection	of	A/J	mice,	resulted	in	significant	reduction	of	S.	aureus	fitness	in	

C57BL/6	mice,	but	did	not	affect	the	bacterial	fitness	during	infection	of	A/J	mice.	This	

observation	 indicates	 that	 the	 efficiency	 of	 anti-virulence	 strategies	 would	 strongly	

depend	 on	 the	 expression	 of	 the	 targeted	 virulence	 factor,	 which	 is	 in	 turn	 greatly	

influenced	by	the	level	of	host	resistance	to	infection.	Therefore,	the	results	of	this	study	

highlight	 the	 risk	 of	 drawing	 conclusions	 regarding	 the	 efficacy	 of	 anti-virulence	

treatments	from	experiments	using	a	single	mouse	strain,	a	common	limitation	of	many	

pre-clinical	studies455-457.	

Given	the	strong	impact	of	genetic	variations	between	inbred	mouse	strains	on	

the	 level	of	S.	aureus	expression	of	virulence	 factor-encoding	genes,	 it	 can	be	assumed	

that	 the	significantly	more	diverse	situation	 in	humans	would	even	 further	complicate	

the	application	of	anti-virulence	strategies.	The	results	of	this	study	underscore	the	need	

for	 considering	 the	 features	 of	 the	 individual	 patients	when	 selecting	 the	 appropriate	

treatment	 strategy.	 In	 this	 regard,	 the	 emerging	 field	 of	 personalized	 medicine	 is	

starting	 to	 address	 this	 necessity458	 by	 investigating	 genetic	 traits	 contributing	 to	

disease	susceptibility459,	which	can	be	used	 for	disease	prognosis458.	 In	 the	 light	of	 the	

results	 of	 this	 study,	 such	 investigations	 seem	 crucial	 for	 the	 implementation	 of	 anti-

virulence	strategies	as	a	feasible	treatment	option.	

The	set	of	genes	found	to	be	similarly	expressed	by	S.	aureus	in	both	susceptible	

A/J	and	resistant	C57BL/6	mice	represent	good	options	for	the	application	of	targeted	

interference	strategies	since	they	might	be	crucial	for	the	staphylococcal	survival	during	

infection,	 irrespective	 of	 the	 encountered	 host	 resistance.	 For	 example,	 the	 genes	

encoding	 catalase	 (katA),	 superoxide	 dismutases	 (ywfl,	 sodA,	 sodM)	 or	 peroxidases	

(gpxA2,	 bsaA,	 bcp,	 tpx)	 that	 are	 essential	 for	 ROS	 detoxification382,460	 were	 highly	

expressed	by	S.	aureus	during	infection	of	both	A/J	and	C57BL/6	mice.	Reactive	oxygen	

species	are	released	by	phagocytes,	particularly	neutrophils461,	and	are	an	integral	part	

of	 the	 host	 immune	 defense	 against	 S.	 aureus,	 as	 demonstrated	 by	 the	 significantly	

increased	susceptibility	 to	bacterial	 infections	of	 individuals	with	a	hereditary	NADPH	

oxidase	 defect,	which	 are	 unable	 to	 produce	 ROS462.	 Following	 contact	with	 S.	aureus,	

phagocytes	release	ROS	in	a	process	called	oxidative	burst463,	causing	DNA,	proteins	and	

lipid	damage	for	the	invading	pathogen464.	Consequently,	expression	of	genes	encoding	

factors	 involved	 in	 ROS	 detoxification	 is	 an	 important	 adaptation	 of	 S.	 aureus	 during	

infection	and	could	be	a	promising	target	for	anti-virulence	approaches.	

Finally,	 the	 results	 of	 the	 present	 study	 show	 the	 average	 change	 of	 gene	
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expression	of	the	whole	bacterial	population	within	the	sampled	host	tissue.	However,	

heterogeneity	in	gene	expression	within	a	bacterial	population	have	been	demonstrated	

for	S.	aureus	during	 in	vivo	infection453.	This	heterogeneity	 in	gene	expression	will	add	

an	additional	layer	of	complexity	for	the	implementation	of	anti-virulence	strategies,	as	

only	 the	 bacterial	 subpopulation	 expressing	 the	 targeted	 factors	 will	 be	 the	 ones	

affected	 by	 the	 anti-virulence	 treatment,	 leaving	 the	 non-expressing	 sub-population	

unharmed.	 Therefore,	 a	 better	 understanding	 of	 the	 dependence	 of	 bacterial	 gene	

expression	on	specific	within-host	microenvironments	during	infection	is	essential.	This	

can	only	be	achieve	by	using	the	single	cell	RNA-seq	approach	introduced	in	2009465.	Up	

to	date,	this	approach	has	only	been	applied	to	in	vitro	infection	systems	and	the	use	of	

single	cell	RNA-seq	in	in	vivo	systems	is	still	hampered	by	technical	limitations.	

In	summary,	using	mouse	strains	of	varying	susceptibility	to	S.	aureus	infection,	

it	has	been	shown	that	host	intrinsic	variability	impacted	the	quality	and	quantity	of	S.	

aureus	gene	 expression	during	 infection.	 This	 host-dependent	 variation	 in	 the	 level	 of	

gene	expression	had	strong	consequences	for	the	efficacy	of	interfering	with	S.	aureus	in	

vivo	fitness	by	targeting	a	specific	virulence	factor,	highlighting	a	potential	limitation	for	

the	implementation	of	anti-virulence	strategies.		
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6.	OUTLOOK	

The	 results	 of	 this	 thesis	 clearly	 demonstrate	 the	 impact	 of	 varying	 host	

susceptibilities	 to	 S.	 aureus	 infection	 on	 the	 bacterial	 transcriptional	 response	 during	

infection.	While	these	observations	provide	novel	insights	on	the	pathophysiology	of	S.	

aureus	infections,	several	questions	remain	open	and	require	further	investigation:	

	

(I)	 The	 most	 important	 finding	 of	 this	 study	 is	 the	 differential	 expression	 of	

virulence	factors	by	S.	aureus	depending	on	the	 level	of	host	resistance	to	 infection.	As	

the	bacterial	density	is	different	between	resistant	C57BL/6	and	susceptible	A/J	mice,	it	

remains	 unclear	 whether	 the	 different	 expression	 of	 virulence	 factors	 is	 a	 direct	

response	 of	 the	 bacteria	 to	 the	 different	 micro-environmental	 conditions	 in	 the	 two	

mouse	 strains	 or	 indirectly	 enforced	 through	 the	 different	 levels	 of	 bacterial	

multiplication	 in	a	growth	phase	dependent	way.	This	question	could	be	addressed	by	

analyzing	the	time	course	of	bacterial	gene	expression	during	infection	of	the	resistant	

and	susceptible	host.		

	

(II)	The	results	of	this	thesis	are	based	on	the	transcriptome	obtained	from	the	

entire	 bacterial	 population.	 However,	 heterogeneity	 in	 the	 expression	 of	 virulence	

factors	 within	 the	 bacterial	 population	 infecting	 an	 individual	 host	 will	 pose	 an	

additional	problem	for	anti-virulence	strategies.	Only	the	specific	population	expressing	

the	 targeted	 virulence	 factors	 will	 be	 affected,	 leaving	 intact	 the	 rest	 of	 the	 bacterial	

population.	 The	 heterogeneity	 of	 bacterial	 gene	 expression	 during	 infection	 can	 be	

addressed	utilizing	specific	promoter	sequences	coupled	to	fluorescent	marker	protein	

that	enable	 the	 identification	and	 isolation	of	 the	bacterial	 sub-populations	expressing	

the	specific	virulence	factors.		

	

(III)	The	results	presented	 in	 this	 thesis	highlight	a	potential	 limitation	 for	 the	

applicability	 of	 anti-virulence	 strategies	 by	 indicating	 that	 the	 success	 of	 targeting	 a	

specific	virulence	factor	will	depend	on	its	level	of	expression.	However,	it	remains	to	be	

investigated	whether	factors	that	are	expressed	by	S.	aureus	during	infection	to	a	similar	

level	 in	 both	 mouse	 strains	 are	 more	 suitable	 as	 potential	 targets	 for	 anti-virulence	

strategies	 or	 whether	 anti-virulence	 treatments	 are	 generally	 not	 effective	 in	 highly	

susceptible	hosts.	This	question	could	be	addressed	by	 targeting	 factors	of	 the	oxygen	
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stress	response	that	are	highly	expressed	by	S.	aureus	in	both	resistant	and	susceptible	

mice.	

	

(IV)	The	 results	of	 this	 study	 indicate	 that	 the	 success	of	 targeted	 interference	

with	 a	 single	 bacterial	 virulence	 factor	 depends	 on	 its	 level	 of	 expression	 during	

infection.	 Therefore,	 it	 is	 important	 to	 evaluate	 if	 targeting	 a	 spectrum	 of	 virulence	

factors	 simultaneously	 increases	 the	 impact	 on	 the	 bacterial	 in	 vivo	 fitness.	 So,	 the	 in	

vivo	 fitness	of	 a	S.	aureus	mutant	 strain	 carrying	 several	 genetic	deletions	 in	 the	 same	

host	 backgrounds	 that	 are	 utilized	 in	 this	 thesis	 could	 be	 assessed	 to	 investigate	 this	

question.	

	

(V)	 The	 implicated	 limitations	 for	 the	 applicability	 of	 anti-virulence	 strategies	

determined	 in	 this	 study	 were	 particularly	 apparent	 as	 anti-virulence	 treatment	 was	

mimicked	 by	 genetic	 deletion.	 It	 remains	 to	 be	 established	 if	 the	 same	 effects	 can	 be	

observed	 after	 real	 treatment	of	 resistant	 and	 susceptible	mice	with	 an	 anti-virulence	

drugs.	

	

(VI)	Finally,	while	the	results	of	this	thesis	have	been	generated	using	inherently	

different,	chemotherapeutically	or	genetically	modified	mouse	strains	exhibiting	varying	

levels	 of	 resistance	 to	 infection,	 the	 effect	 of	 the	 host	 variability	 on	 the	 pathogen’s	

transcriptional	 response	 may	 be	 even	 more	 pronounced	 in,	 the	 much	 more	 complex	

situation	 in	 humans.	 Therefore,	 characterization	 of	 S.	 aureus	 gene	 expression	 during	

infections	of	varying	severity	in	different	patients	needs	to	be	performed	to	ensure	that	

the	results	of	this	thesis	are	translatable	to	the	human	situation.	
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8.	APPENDIX	

Table	S1.	DEGs	between	S.	aureus	infecting	A/J	and	C57BL/6	mice	with	greater	transcript	abundance	during	infection	of	A/J	mice	
	

Locus	tag	
Gene	

symbol	
Description	

Mean	TPM	in	

A/J	micea	

Mean	TPM	in	

C57BL/6	micea	

Fold	

change	
probb	 FDRc	

SAOUHSC_00845	 	 Hypothetical	 130486.7	 66410.36	 1.95	 1	 <1.00E-15	

SAOUHSC_02853	 	 Hypothetical	 36020.86	 3700.52	 9.44	 1	 2.00E-15	

SAOUHSC_00371	 yflT	 Hypothetical	 5693.38	 2736.38	 2.07	 0.997066435	 2.93E-03	

SAOUHSC_02964	 arcR	 Hypothetical	 787.21	 263.57	 2.95	 0.99444414	 5.56E-03	

SAOUHSC_01477	 	 Hypothetical	 6780.60	 3628.87	 1.84	 0.988480839	 1.15E-02	

SAOUHSC_01969	 gvpP	 Hypothetical	 1729.37	 594.54	 2.87	 0.980445174	 1.96E-02	

SAOUHSC_00101	 drm	 Phosphopentomutase	 1079.18	 600.27	 1.78	 0.977996915	 2.20E-02	

SAOUHSC_01181	 xynA	 Hypothetical	 5594.05	 1982.24	 2.71	 0.977767116	 2.22E-02	

SAOUHSC_02967	 arcD	 Arginine/ornithine	antiporter	 371.89	 132.03	 2.77	 0.974020986	 2.60E-02	

SAOUHSC_01191	 rpmB	
50S	ribosomal	

protein	L28	
19639.47	 8597.22	 2.21	 0.972792216	 2.72E-02	

SAOUHSC_00686	 	 Hypothetical	 4342.19	 1731.44	 2.48	 0.971625826	 2.84E-02	

SAOUHSC_01803	 aapA	 Hypothetical	 431.21	 196.35	 2.16	 0.971576556	 2.84E-02	

SAOUHSC_02862	 clpL	
ATP-dependent	Clp	protease.	

ATP-binding	subunit	ClpC	
884.79	 437.50	 1.99	 0.9704602	 2.95E-02	

SAOUHSC_01403	 cspA	 Cold	shock	protein	 3629.95	 1482.13	 2.42	 0.969955816	 3.00E-02	

SAOUHSC_02850	 cidB	 Hypothetical	 1088.77	 438.58	 2.45	 0.968994135	 3.10E-02	
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SAOUHSC_01002	 qoxB	 quinol	oxidase	AA3	subunit	II	 3569.46	 1518.99	 2.28	 0.968866128	 3.11E-02	

SAOUHSC_01024	 graF	 Hypothetical	 8582.01	 2646.52	 3.18	 0.968787341	 3.12E-02	

SAOUHSC_02702	 	 Hypothetical	 10868.04	 3204.10	 3.27	 0.968073025	 3.19E-02	

SAOUHSC_02697	 tcyC	
Amino	acid	ABC	transporter	

ATP-binding	protein	
551.76	 190.95	 2.84	 0.965357298	 3.46E-02	

SAOUHSC_02665	 	 Hypothetical	 2396.27	 926.44	 2.54	 0.961738206	 3.83E-02	

a	Transcripts	Per	Kilobase	Million;	b	Probability	of	differential	expression;	c	False	discovery	rate	
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Table	S2.	DEGs	between	S.	aureus	infecting	A/J	and	C57BL/6	mice	with	greater	transcript	abundance	during	infection	of	C57BL/6	
	

Locus	tag	
Gene	

symbol	
Description	

Mean	TPM	in	

A/J	micea	

Mean	TPM	in	

C57BL/6	micea	

Fold	

change	
Probb	 FDRc	

SAOUHSC_02260	 hld	 Delta-hemolysin	 42693.19	 121705.43	 -2.85	 1	 1.10E-14	
SAOUHSC_00411.1	 psma1	 Alpha	phenol	soluble	modulin	 8810.56	 33940.55	 -3.89	 1	 3.76E-10	
SAOUHSC_02566	 sarR	 Hypothetical	 896.41	 3189.00	 -3.53	 0.980309226	 1.97E-02	

SAOUHSC_02971	 aur	
Zinc	metalloproteinase	
aureolysin	

142.26	 421.39	 -2.99	 0.978038022	 2.20E-02	

SAOUHSC_00435	 gltB	
Glutamate	synthase	large	
subunit	

26.27	 87.09	 -3.37	 0.966534151	 3.35E-02	

SAOUHSC_01788	 thrS	 Threonyl-tRNA	synthetase	 198.20	 365.34	 -1.85	 0.965433999	 3.46E-02	
SAOUHSC_00987	 sspB	 Cysteine	protease	 153.57	 463.53	 -3.06	 0.96542764	 3.46E-02	
SAOUHSC_00248	 lytM	 Peptidoglycan	hydrolase	 66.97	 305.62	 -4.49	 0.965036005	 3.50E-02	
SAOUHSC_02571	 ssaA	 Secretory	antigen	 138.98	 338.24	 -2.48	 0.964991889	 3.50E-02	
SAOUHSC_00427	 sle1	 Autolysin	 429.09	 1055.24	 -2.42	 0.964980764	 3.50E-02	
SAOUHSC_02941	 nrdG	 Hypothetical	 1227.38	 2587.23	 -2.13	 0.964320831	 3.57E-02	
SAOUHSC_01001	 qoxA	 Quinol	oxidase	subunit	I	 697.44	 1145.04	 -1.67	 0.964256188	 3.57E-02	
SAOUHSC_00964	 	 Hypothetical	 556.54	 1940.78	 -3.40	 0.963480675	 3.65E-02	
SAOUHSC_00401	 	 Hypothetical	 1403.05	 3417.37	 -2.46	 0.963157589	 3.68E-02	
SAOUHSC_00717	 saeP	 Hypothetical	 454.09	 1428.65	 -3.19	 0.963014533	 3.70E-02	

SAOUHSC_00741	 nrdI	
Ribonucleotide	reductase	
stimulatory	protein	

126.39	 380.26	 -2.99	 0.962644542	 3.74E-02	

SAOUHSC_01942	 splA	 Serine	protease	SplA	 105.54	 359.35	 -3.44	 0.962415601	 3.76E-02	
SAOUHSC_00083	 sbnI	 Hypothetical	 363.87	 881.28	 -2.47	 0.962365372	 3.76E-02	
SAOUHSC_00348	 rpsF	 30S	ribosomal	protein	S6	 982.60	 1832.88	 -1.87	 0.962209199	 3.78E-02	

SAOUHSC_00436	 gltD	
Glutamate	synthase	subunit	
beta	

28.31	 115.63	 -4.17	 0.962088791	 3.79E-02	

SAOUHSC_00051	 plc	 1-phosphatidylinositol	 202.58	 448.04	 -2.24	 0.961868924	 3.81E-02	
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phosphodiesterase	
SAOUHSC_00411.2	 psma2	 Alpha	phenol	soluble	modulin	 6294.38	 16245.15	 -2.65	 0.961851107	 3.81E-02	
SAOUHSC_01121	 hla	 Alpha-hemolysin	 706.11	 1447.83	 -2.10	 0.961834859	 3.82E-02	
SAOUHSC_00272	 	 Hypothetical	 184.04	 859.78	 -4.58	 0.961776566	 3.82E-02	

SAOUHSC_00801	 secG	
Preprotein	translocase	subunit	
SecG	

584.74	 1362.06	 -2.34	 0.961539688	 3.85E-02	

SAOUHSC_01935	 splF	 Serine	protease	SplF	 5265.82	 14061.34	 -2.77	 0.961147762	 3.89E-02	

SAOUHSC_02369	 rpoE	
DNA-directed	RNA	polymerase	
subunit	delta	

172.87	 497.08	 -2.87	 0.960776584	 3.92E-02	

SAOUHSC_00268	 	 Hypothetical	 45.12	 113.29	 -2.56	 0.960395256	 3.96E-02	

SAOUHSC_01110	 efb	
Fibrinogen-binding	protein-
like	protein	

126.27	 250.44	 -1.99	 0.960278817	 3.97E-02	

SAOUHSC_01688	 lepA	 GTP-binding	protein	LepA	 39.12	 92.87	 -2.38	 0.960050254	 3.99E-02	

SAOUHSC_02855	 amiD2	
LysM	domain-containing	
protein	

358.40	 782.76	 -2.18	 0.960029998	 4.00E-02	

SAOUHSC_02762	 	 Hypothetical	 918.78	 1826.28	 -1.99	 0.960008689	 4.00E-02	
SAOUHSC_02114	 dagK	 Putative	lipid	kinase	 90.73	 194.18	 -2.15	 0.960006118	 4.00E-02	
SAOUHSC_02372	 	 Hypothetical	 137.84	 307.63	 -2.28	 0.95994154	 4.01E-02	

SAOUHSC_02430	 htsA	
ABC	transporter	periplasmic	
binding	protein	

274.46	 492.42	 -1.82	 0.958977681	 4.10E-02	

SAOUHSC_01320	 dhoM	 Homoserine	dehydrogenase	 362.47	 704.97	 -1.99	 0.958905848	 4.11E-02	
SAOUHSC_00986	 sspC	 Cysteine	protease	 451.73	 1107.05	 -2.49	 0.958676652	 4.13E-02	
SAOUHSC_00411.3	 psma3	 Alpha	phenol	soluble	modulin	 110.16	 301.80	 -2.77	 0.958605079	 4.14E-02	
SAOUHSC_02112	 	 Hypothetical	 186.12	 519.73	 -2.80	 0.957470594	 4.25E-02	
SAOUHSC_02972	 isaB	 Immunodominant	antigen	B	 677.00	 1537.03	 -2.23	 0.956063948	 4.39E-02	
SAOUHSC_02885	 	 Hypothetical	 132.07	 246.86	 -1.89	 0.955669456	 4.43E-02	
SAOUHSC_01326	 lysP2	 Hypothetical	 99.33	 202.49	 -2.04	 0.955660583	 4.43E-02	
SAOUHSC_02127	 sspB2	 Staphopain	thiol	proteinase	 43.14	 172.21	 -4.09	 0.955630096	 4.44E-02	
SAOUHSC_01936	 splE	 Serine	protease	SplE	 87.44	 249.28	 -2.90	 0.955621944	 4.44E-02	
SAOUHSC_00728	 ltaS	 Hypothetical	 272.82	 431.26	 -1.60	 0.955543211	 4.45E-02	
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SAOUHSC_00625	 mnhA	
Putative	monovalent	
cation/H+	antiporter	subunit	
A	

109.46	 262.11	 -2.44	 0.955398071	 4.46E-02	

SAOUHSC_02763	 opp-1F	
Peptide	ABC	transporter	ATP-
binding	protein	

121.15	 342.65	 -2.89	 0.955047715	 4.50E-02	

SAOUHSC_00988	 sspA	 Glutamyl	endopeptidase	 82.82	 281.94	 -3.41	 0.95493893	 4.51E-02	
SAOUHSC_00711	 	 Hypothetical	 108.83	 207.04	 -1.93	 0.95476044	 4.52E-02	
SAOUHSC_00561	 vraX	 Hypothetical	 18270.26	 34742.56	 -1.90	 0.954606095	 4.54E-02	

SAOUHSC_02550	 FdhD	
Formate	dehydrogenase	
accessory	protein	

158.68	 349.10	 -2.20	 0.954144948	 4.59E-02	

SAOUHSC_00875	 ndh2	 Hypothetical	 75.00	 161.09	 -2.17	 0.953936808	 4.61E-02	
SAOUHSC_01359	 mprF	 Hypothetical	 97.32	 172.27	 -1.77	 0.953927083	 4.61E-02	
SAOUHSC_01192	 vfrA	 Hypothetical	 80.35	 283.11	 -3.54	 0.95391581	 4.61E-02	
SAOUHSC_02887	 isaA	 Immunodominant	antigen	A	 2932.90	 4256.92	 -1.47	 0.953569593	 4.64E-02	
SAOUHSC_02254	 groEL	 chaperonin	GroEL	 116.75	 289.12	 -2.52	 0.953545852	 4.65E-02	

SAOUHSC_02485	 rpoA	
DNA-directed	RNA	polymerase	
subunit	alpha	

315.26	 1489.48	 -4.90	 0.953422764	 4.66E-02	

SAOUHSC_01462	 gpsB	 Hypothetical	 243.57	 577.38	 -2.40	 0.953097863	 4.69E-02	
SAOUHSC_00367	 tcyP	 Hypothetical	 66.01	 234.27	 -3.65	 0.953085711	 4.69E-02	
SAOUHSC_01062	 	 Hypothetical	 763.80	 1671.30	 -2.21	 0.952927742	 4.71E-02	
SAOUHSC_00893	 namA	 FMN	oxidoreductase	 217.11	 427.79	 -1.96	 0.952418385	 4.76E-02	
SAOUHSC_00144	 ausA	 Hypothetical	 75.27	 132.50	 -1.81	 0.952097951	 4.79E-02	

SAOUHSC_00652	 fhuA	
Iron	compound	ABC	
transporter	ATP-binding	
protein	

208.31	 411.63	 -1.99	 0.952073482	 4.79E-02	

SAOUHSC_02883	 ssaA	
LysM	domain-containing	
protein	

98.31	 253.33	 -2.56	 0.951724142	 4.83E-02	

SAOUHSC_01431	 msrB	
Methionine	sulfoxide	
reductase	B	

240.56	 441.65	 -1.85	 0.950957464	 4.90E-02	

a	Transcripts	Per	Kilobase	Million;	b	Probability	of	differential	expression;	c	False	discovery	rate	
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Supplementary	Data	1-3:	

Supplementary	Data	1,	2,	3	are	included	on	the	attached	electronic	disc.	

	

	



		 		 APPENDIX	

	 113	

Acknowledgments	
	

	 First	I	would	like	to	thank	my	supervisor	Prof.	Eva	Medina	for	the	three	years	of	

guidance	and	support	during	the	work	on	this	 thesis.	 I	couldn’t	have	asked	for	a	more	

committed	 supervisor.	 I	 am	 particularly	 grateful	 for	 the	 atmosphere	 of	 scientific	

freedom	she	created,	which	gave	me	the	space	to	develop	and	emerge	in	my	own	ideas	

and	hypothesis,	while	always	being	there	with	an	open	ear.	

	 I	would	 like	 to	 thank	my	mentor	Prof.	 Susanne	Engelmann	 for	 helping	me	out	

experimentally	 whenever	 needed,	 for	 her	 scientific	 guidance	 and	 particularly	 for	 her	

realistic	 view	 on	 things.	 Moreover	 I	 want	 to	 thank	 her	 for	 being	 part	 of	 my	 thesis	

committee	as	well	as	for	reviewing	this	thesis.	

	 I	would	 like	 to	 thank	 Prof.	 Ralf	 Schnabel	 for	 reading,	 digesting	 and	 evaluating	

this	thesis,	despite	the	plethora	of	tasks	he	has	to	fulfill.	Similarly	I	want	to	thank	Prof.	

Michael	Hust	 for	assessing	the	work	presented	in	this	thesis	and	being	the	head	of	my	

thesis	defense	committee.	

	 Moreover,	 I	 would	 like	 to	 express	 my	 gratitude	 towards	 the	 members	 of	 my	

thesis	 committee	during	 the	 last	3	years,	Dr.	Aaron	Nuss	and	Dr.	Robert	Geffers.	Both	

always	had	an	open	ear	and	a	helping	hand,	whenever	I	needed	advise.	

	 I	want	to	thank	the	current	and	former	members	of	my	research	group	(INI)	and	

the	former	(MMIK).	Specifically	I	want	to	thank	Dr.	Oliver	Goldmann,	for	his	open	mind	

when	 I	 came	up	with	 another	new	 theory	 and	his	 help	 in	 the	 lab	whenever	needed.	 I	

furthermore	 want	 to	 thank	 Sabine	 Lehne	 for	 her	 help	 and	 advise	 in	 the	 lab,	 Dr.	 (!)	

Matthias	Scheb-Wetzel	and	Anja	Eisenmann/Strehlitz	 for	 their	camaraderie	during	the	

last	years	and	specifically	Dr.	Andreas	 Itzek	 for	his	critical	view	on	things.	Moreover,	 I	

want	 to	 thank	 Prof.	 Dietmar	 Pieper	 for	 the	 opportunity	 of	 working	 on	 the	 INFECT	

project	for	the	upcoming	year.	

	 I	 want	 to	 express	 my	 gratitude	 towards	 Prof.	 Andreas	 Beineke	 for	 his	

spontaneous	 support	 with	 open	 experimental	 questions	 for	 our	 publication	 and	 Prof.	

Tim	Sparwasser	for	providing	the	needed	mice.	

	 I	want	to	thank	my	family,	specifically	my	parents,	for	their	support	that	enabled	

me	to	reach	this	point.	Thank	you	for	being	there	and	helping	me	out	whenever	needed.	

Lastly	I	want	to	thank	Maria.	Thank	you	for	your	patience	and	understanding.	Thank	you	

for	being	there	when	I	need	it	and	giving	me	the	space	to	chase	my	dreams.	Thank	you	

for	helping	me	with	advise	and	your	tremendous	editing	skills.	

	


