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Year	 Deaths	 Population	 Death	Rate	
(per	100,000)	

1936	 277,541	 129,083,333	 216.3	

The World Before Antibiotics 



The Discovery of Penicillin 



The Antibiotic Era 



Year	 Deaths	 Population	 Death	Rate	
(per	100,000)	

1936	 277,541	 129,083,333	 216.3	

1952	 93,014	 155,758,376	 59.7	

1960	 90,345	 179,321,462	 50.4	

2002	 110,202	 289,055,601	 38.1	

The Antibiotic Era 



Antibiotic Resistance 



Dearth	of	new	drugs	



“Each	year	in	the	United	States,	at	
least	2	million	people	become	
infected	with	bacteria	that	are	
resistant	to	antibiotics	and	at	least	
23,000	people	die	each	year	as	a	direct	
result	of	these	infections.”	
	
“Many	more	people	die	from	other	
conditions	that	were	complicated	by	
an	antibiotic-resistant	infection.”	
	
“Antibiotic-resistant	infections	can	
happen	anywhere….most	deaths	
related	to	antibiotic	resistance	happen	
in	healthcare	settings	such	as	hospitals	
and	nursing	homes.”	

The	burden	of	antibiotic	resistant	infections	



Untreatable	infections	



“A	problem	so	serious	that	it	
threatens	the	achievements	of	
modern	medicine.	
	
A	post-antibiotic	era,	in	which	
common	infections	and	minor	
injuries	can	kill,	far	from	being	
an	apocalyptic	fantasy,	is	
instead	a	very	real	possibility	
for	the	21st	century.”	

A	post-antibiotic	era?	



The future burden of antibiotic resistant infections? 





Enterobacter cloacae 

Gram-negative, facultative anaerobe 
Opportunistic pathogen 
Causes urinary tract and respiratory tract infections in 
hospital patients 
Often contaminates hospital  
equipment (ventilators and 
catheters) 



Multi-drug resistant (MDR) E. cloacae 

Highly resistant Enterobacter cloacae 
isolate from a kidney transplant 
patient at Emory Hospital 



Polymyxins 

Older class of antibiotics, includes polymyxin B and colistin 

Used infrequently due to nephrotoxic and neurotoxic side 
effects and low bioavailability 

Drug of last resort to treat highly resistant bacteria 

Attacks cell wall components,  
mechanism similar to host  
antimicrobial peptides 



28%	Enterobacter	cloacae	strains	were	
colistin	resistant.	(Jean	SS,	2015	J	Microbiol	Immunol	Infect)	

Colistin	resistance	in	Klebsiella	pneumoniae	
infections	increased	to	12%	in	two	years.	
(Parisi	S,	2015	BMC	Infect	Dis)	

30%	mortality	due	to	evolution	of	colistin	
resistance	in	Acinetobacter	baumannii	
infections	treated	with	colistin.	(Qureshi	ZA,	2015	
Clin	Infect	Dis)	

93-case	hospital	outbreak	of	colistin	resistant	
Klebsiella	pneumoniae	due	to	increased	
colistin	usage.	(Gianni	T,	2015	J	Clin	Microbiol)	

Polymyxin resistance is a global concern 



Susceptible Resistant Heteroresistant 

E-test to determine antibiotic susceptibility 



Initially reported in 1946, but still only partially characterized 
    

Organisms	

Gram	Positive	
-  Staphylococcus	aureus	
-  Streptococcus	pneumoniae	
	

Gram	Negative	
-  Escherichia	coli	
-  Klebsiella	pneumoniae	
-  Acinetobacter	baumannii	
-  Enterobacter	cloacae	

Antibiotics	

Glycopeptides	

Penicillins	

Carbapenems 		

Cephalosporins	

Polymyxins	

 
The clinical significance and genetic mechanisms that 

underlie heteroresistance are poorly defined 

Antibiotic heteroresistance 



Highly resistant subpopulation 

Heteroresistant 



Distinct from mutational resistance 



Phenotypically distinct cells behave identically 
after passage 



Phenotypically distinct cells behave identically 
after passage 



Phenotypically distinct cells behave identically 
after passage 



Phenotypically distinct cells behave identically 
after passage 

DNA sequences are identical 



Selection	against	sensitive	population	Resistant	population	unaffected	

In	vitro	colistin	treatment	

Distinct from persistence 



Resistant subpopulation increases in frequency 
during in vivo infection 



Resistant subpopulation leads to inefficacy of colistin 
treatment 



Resistant subpopulation mediates treatment failure 



Summary 

Genetically identical, but phenotypically distinct, 
subpopulation of colistin-resistant bacteria can 

mediate in vivo treatment failure  



Transcriptome analysis identifies genes preferentially 
expressed by the resistant subpopulation  

686 genes significantly differentially expressed in the resistant subpopulation 
(325 up-regulated, 361 down-regulated) 

PhoP/PhoQ signature 

DNA	sequences	identical	



Adapted	from	Gunn	JS.	Trends	Microbiol	2008		

Enhanced	survival	and	increased	colistin	resistance	

Lipid	A	Modification	 Other	stress	responses	(acid	tolerance,	etc)	

PhoP/PhoQ 



	∆phoQ	mutant	Wild-type	

PhoQ is required for colistin heteroresistance 

∆phoQ	comp	



PhoQ is required for colistin heteroresistance 



phoQ mutant is sensitive to colistin therapy 
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Conclusions 

PhoQ is critical for colistin heteroresistance 

Absence of PhoQ sensitizes the bacteria to colistin therapy 



Highly resistant subpopulation 



Lower frequency colistin heteroresistant isolate 



Resistant subpopulation mediates treatment failure 



Undetected resistant subpopulation increases in 
frequency during in vivo infection 



Undetected resistant subpopulation increases in 
frequency during in vivo infection 



Undetected resistant subpopulation increases in 
frequency during in vivo infection 



Undetected resistant subpopulation increases in 
frequency during in vivo infection 



Model 



Model 

Low level heteroresistance is undetected in the clinical 
lab and may cause unexplained treatment failures 
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