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In	the	beginning…



Cyanobacteria	release	oxygen	into	the	atmosphere	via	
photosynthesis	paving	the	way	for	more	complex	life	forms



Dinosaurs	appears	265	million	years	ago

Dinosaurs



Hominids	arrived	a	few	million	years	ago	

Earliest hominids



Life	depends	on	microbes

• Microbes	outnumber	all	other	species	and	make	up	most	living	
matter	(~60%	of	the	earths	biomass).	

• Less	than	0.5%	of	the	estimated	2	to	3	billion	microbial	species	have	
been	identified.	

• Microbes	generate	half	the	oxygen	that	we	breathe



Microbes	were	also	the	cause	of	death
All causes (United States, 1900) 1548.4

1
1- Tuberculosis
2- Pneumonia and influenza
3- Heart disease
4- Diarrhea, enteritis, ulcers
5-Intrachrania lesions – vascular
6- Nephritis
7- Accidents excluding automobile
8- Cancer 
9- Senility
10- Bronchitis

174.2
161.3
145.4
104.9
103.9
90.6
72.5
66.3
45.2
39.4

CDC/NCHS – National Vital Statistics Mortality vol48



But	no	longer
All causes (United States, 2000)
19

864.7

1- Heart Disease
2 - Malignant neoplasm's (cancer)
3 - Cerebrovascular diseases
4- COPD
5- Accidents Automobile/Others
6- Pneumonia and influenza
7- Diabetes mellitus
8- Suicide 
9 - Nephritis
10- Chronic Liver Disease

268.2
200.3
58.6
41.7
16.1/2
0
34.0
24.0
11.3
9.7CDC/NCHS – National Vital Statistics Mortality vol48



Death	Rates	for	Common	Infectious	Diseases	in	the	United	
States	
(per	100,000	Population) 1900 1935 1970

Influenza and Pneumonia 202.2 104 31

Tuberculosis 194.4 55 3

Gastroenteritis 142.7 14 1

Diphtheria 40.3 3 0

Typhoid fever 31.3 3 0

Measles 13.3 3 0

Dysentery  12 2 0

Whooping Cough 12 4 0

Scarlet fever (including strep throat) 9.6 2 0

Meningococcal infections 6.8 2 0



Bassett et al, Science, 1980



Alexander Fleming
1881-1955



When I woke up just after dawn on September 28, 1928, I certainly didn't plan to 
revolutionise all medicine by discovering the world's first antibiotic, or bacteria killer. But I 
suppose that was exactly what I did.

— Alexander Fleming









Alexander Fleming
1881-1955

Giuseppe Brotzu
1895-1976





Cephalosporium acremonium





Mortality	rates	of	patients	with	bacteremic
pneumococcal	pneumonia

Treatment No. %  mortality
Symptomatic1 356 80
Penicillin1 (1940s) 333 17

1M. Finland. Clinical Pharmacology and Therapeutics 13:469-511, 1972.



I.	 Drug	resistance	is	rising	worldwide	and	threatens	gains	made	in	reducing	the	
burden	of	infectious	diseases







D’Costa,	Nature,	2011



















Woerther,	Clin Microbiol Rev.	2013

ESBL	carriage	rates	are	increasing	over	time
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Numbers	of	unique	β-lactamase	enzymes	identified	since	introduction	
of	first	β-lactam	antibiotics	

Davies	and	Davies,	Microbiol.	Mol.	Biol.	Rev.	2010.



Mortality	outcomes	are	worse	in	neonates	with	
resistant	infections

Kayange M,	Kamugisha E,	Mwizamholya DL,	Jeremiah	S,	Mshana SE.	2010.	Predictors	of	positive	blood	culture	and	deaths	among	
neonates	with	suspected	neonatal	sepsis	in	a	tertiary	hospital,	Mwanza- Tanzania.	BMC	Pediatrics	10:	39.
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DeNIS Study,	Lancet	ID,	2016





Laxminarayan	et	al	Lancet,	2015





Absolute risk reduction (ARR) of infection with antibiotic prophylaxis in 
common surgical procedures and blood cancer chemotherapy in the 

USA

Teillant et	al,	Lancet	Infect	Dis,	2015



Number of additional infections per year in the USA under 
a 30% decreased efficacy of antibiotic prophylaxis

Teillant et	al,	Lancet	Infect	Dis,	2015



Surgical	site	infections

• There	are	92	million	surgeries	in	low-income	countries	each	year
• 5.5	million	surgical	site	infections	or	SSIs	(6	per	100	procedures)	–
about	a	third	of	all	healthcare	associated	infections

• SSIs	are	the	leading	cause	of	infection	in	settings	with	limited	
resources

• Mortality	rate	from	SSI	Rates	of	mortality	from	surgical	site	infections	
are	3%	in	the	US	and	between	8	and	20%	in	low-income	countries

• Between	400,000	and	a	million	deaths	from	SSIs	each	year	with	an	
increasing	number	caused	by	resistant	pathogens.	



Lahra et	al,	Microbiology	Australia,	Nov	2016



II. Rising	incomes	and	increasing	access	to	antibiotics	are	saving	lives	(although	
lack	of	access	still	kills	more	people	than	antibiotic	resistance)	but	are	not	a	
good	substitute	for	public	health



Bacterial	diseases	are	still	major	killers	in	developing	countries	
because	of	lack	of	access	to	antibiotics

O’Brien	et	al,	Lancet	2009



Pneumococcal	pneumonia	deaths	avertable	with	
improved	antibiotic	access

Laxminarayan	et	al,	Lancet,	2015



What	are	we	asking	of	antibiotics?



Substitute	for	immunization,	infection	control	and	
water/sanitation

South Asia



Substitute	for	immunization,	infection	control	and	
water/sanitation

Sub-Saharan Africa



Population without access to improved 
sanitation, by MDG region 2012

Source: WHO/UNICEF 2014



Kyaw MH et al. N Engl J Med 2006;354:1455-1463.

Vaccines	can	be	effective
Invasive	disease	caused	by	Pneumococci	in	children	under	two	declined	in	the	US	post	pneumo
vaccination



Effect	of	PCV7	introduction	in	2000	on	antibiotic	prescriptions	and	
ambulatory	care	visits

Zhou et al, Pediatrics 2008



Effect	of	PCV7	introduction	in	2000	on	antibiotic	prescriptions	and	
ambulatory	care	visits

Zhou et al, Pediatrics 2008

Antibiotic prescriptions attributable to acute otitis media 
decreased from 1244 to 722 prescriptions per 1000 person-
years – a 41.9% reduction.



Laxminarayan	et	al	Lancet,	2015



Antibiotic consumption is increasing in developing countries...

Source: Based on data obtained under license from IMS Health MIDAS ™ (January 2005-December 2010);  IMS 
Health Incorporated. All Rights Reserved. 
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Percentage change in antibiotic consumption per capita 2000–2010*, by 
country

Source: Van Boeckel et al. 2015 (adapted; based on IMS MIDAS)

*Data for Costa Rica, El Salvador, Guatemala, Honduras, Nicaragua and Panama were available only as a group classified as Central America. Similarly, data for Benin, Burkina Faso, 
Cameroon, Côte d’Ivoire, Gabon, Guinea, Mali, Republic of the Congo, Senegal, and Togo were grouped and classified as French West Africa. The data for these countries represent the 
estimates for the corresponding regional groupings they belong to. For countries that did not have data available for 2000, the values for the earliest years for which data were available 
after 2000 were used to calculate the percentage changes. These countries and initial years are Algeria (2002), Bangladesh (2007), Croatia (2005), Netherlands (2005), and Vietnam 
(2005).



Total antibiotic consumption in selected countries, 2000 and 2010

Van Boeckel et al. 2014 (based on IMS MIDAS)





Antibiotic use per capita by income in selected countries, 2010

Source: Van Boeckel et al. 2014 (based on IMS MIDAS) and World Bank 2015



Carbapenem retail sales in selected countries, 2005–2010 
(per 1,000 population)

Source: Laxminarayan et al. 2013 (based on IMS MIDAS)

*An IMS grouping of Benin, Burkina Faso, Cameroon, Côte d’Ivoire, Gabon, Guinea, Mali, Republic of the Congo, Senegal, and Togo



Faropenem consumption	has	increased	by	154%	since	it	was	
approved	for	use	in	India	in	2010

Gandra et	al,	Clin Inf Dis,	2016



Carbapenem consumption in the hospital sector in selected European 
countries, 1997–2013

ESAC-Net 2015



Non-prescription	use	of	antimicrobials	is	common

Morgan	et	al,	Lancet	ID,	2011







Van Boeckel et al, Lancet Inf Dis, 2014

The	flu	season	is	a	key	driver	of	antibiotic	
consumption



Influenza	in	the	United	States	is	nearly	
perfectly	predicted	by	antibiotic	sales	data

Polgreen et	al	Inf Cont Hosp Epi,	2011



Hospital use of carbapenems is rapidly growing
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Global	availability	of	colistin

Wertheim et al, JGAR 2013 







III.	 Drivers	of	antibiotic	use	relate	to	incentives	and	behavior	of	patients,	
physicians,	pharma,	payers	and	healthcare	institutions.



Incentives	for	Physicians

• Satisfying	patient	expectations



Dosh,	J	
Fam	Pr	1999



Decision	fatigue	increases	inappropriate	prescribing

Linder	et	al,	JAMA	IM,	2014

Relative	to	the	first	hour	of	a	
session,	the	adjusted	odds	
ratios	of	antibiotic	prescribing	
in	the	fourth	hour	was	1.26	
(95%	CI,	1.13–1.41)



Hospital	Incentives

•Antibiotics	are	a	substitute	
for	infection	control

• Infection	control	is	often	
not	compensated



What	proportion	of	hospitalized	
patients	in	the	United	States	are	
administered	an	antimicrobial?

A. 25%
B. 40%
C. 55%
D. 70%



What	proportion	of	hospitalized	
patients	in	the	United	States	are	
administered	an	antimicrobial?

A. 25%
B. 40%
C. 55%
D. 70%



Compared	with	absence	of	complications,	complications	were	
associated	with	a	$39	017 higher	contribution	margin	per	patient	with	
private	insurance	($55	953	vs $16	936)	and	a	$1749	higher	contribution	
margin	per	patient	with	Medicare	($3629	vs $1880).





• At the start of therapy, 220 (30%) patients were 
afebrile and had normal white blood cell counts.

• Appropriate cultures were collected from 432 
(59%) patients, and 250 (58%) were negative. 

• By the 5th day of therapy, 12.5% of empirical 
antimicrobials were escalated, 21.5% were 
narrowed or discontinued, and 66.4% were 
unchanged. 

• Narrowing or discontinuation was more likely 
when cultures were collected at the start of 
therapy and no infection was noted on an initial 
radiological study.







IV. Antibiotic	use	in	animal	sector	is	increasing	globally	in	response	to	the	
tremendous	growth	in	demand	for	animal	protein.	

Meanwhile	antibiotic	manufacturing	is	expediting	the	accumulation	of	
resistance	genes	in	the	environment.





Antibiotic	use	for	growth	promotion	and	disease	
prevention



2/3rds	 of	the	tonnage	of	antibiotics	sold	worldwide	
are	used	in	agriculture





Demand	for	poultry	in	India	and	China	is	set	to	increase	two	to	seven	
fold	between	2000	and	2030

FAO, 2011



Growth	in	demand	for	poultry	meat	from	
2000	to	2030	in	Asia



Gilbert	M,	Conchedda	G,	Van	Boeckel	TP,	Cinardi	G,	Linard	C,	et	al.	(2015)	Income	Disparities	and	the	Global	Distribution	of	Intensively	Farmed	Chicken	and	
Pigs.	PLOS	ONE	10(7):	e0133381.	https://doi.org/10.1371/journal.pone.0133381
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0133381

Productivity	(kg	of	meat	per	animal	per	year)	as	a	
function	of	GDP	per	capita







• Total	consumption	in	China	
- 92700	tons	in	2013,

• 54000	tons	of	antibiotics	
excreted	by	human	and	
animals	- much	of	this	
entered	into	the	receiving	
environment	following	
various	wastewater	
treatments	into	58	river	
basins	of	China

Zhang	et	al,	Env Sci Tech,	2015	



High-capacity	quantitative	PCR	arrays	detected	149	
unique	resistance	genes	among	all	of	the	farm	
samples,	the	top	63	ARGs	being	enriched	192-fold	
(median)	up	to	28,000-fold	(maximum)	compared	
with	their	respective	antibiotic-free	manure	or	soil	
controls.



Fick	et	al	Env Tox and	Chem,	2009





Increase	of	
antibiotic	
resistance	genes
among	soils	
collected	at	five	
sites	in	The	
Netherlands	from
1940	to	2008.

Knapp	et	al	Env Sci Tech,	2010



Global antibiotic consumption in livestock (mg per 10 
km2 pixels) 2010

Van Boeckel et al., PNAS, 2015

Log10 [(mg/pixel) + 1]
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Global antibiotic consumption in livestock (mg per 10 
km2 pixels) 2010

Van Boeckel et al., PNAS, 2015

Log10 [(mg/pixel) + 1]
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Global	consumption	of	antimicrobials	in	food	animal	production	
• estimated	at	63,151	(±1,560)	tonnes in	2010
• projected	to	rise	by	67%,	to	105,596	(±3,605)	tonnes by	2030
• hotspots	like	India	where	areas	of	high	consumption	(30	kg	per	km2)	for	

industrial	poultry	production	are	expected	to	grow	312%	by	2030	



Antibiotic consumption in livestock, top ten countries 2010–2030 (projected 
for 2030)

Van Boeckel et al., PNAS, 2015



V. Is	finding	new	antibiotics	the	answer?





The	rich	pay	with	their	wallets,	the	poor	with	their	lives

Developed world cost per course of therapy
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Supplier

Pfizer

GSK

Ortho-McNeill

Bayer

Roche

Pfizer

Roche

GSK

IDA

Eli Lilly

Oscient

various

Branded product only

Generic product available

Price/full course of therapy

Notes: *Chloramphenicol is not available in developed world—price is therefore estimated. †Ceftriaxone and 
ciprofloxacin may be available in some tertiary settings in developing world.
Source: The Medical Letter (2006), Disease control priorities in developing countries, Lancet (2006), Expert 
interviews.
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Sulfonamides

Oxazolidinones

Trimethoprim

Streptogramins

Quinolones

Lincosamides

Chloramphenicol

Tetracyclines

Macrolides

Glycopeptides

Aminoglycosides

Penicillins

1930s        1940s         1950s          1960s          1970s         1980s      1990s        2000s

Discovery	of	new	classes	of	antibiotics



Pipeline	of	new	anti-microbial	drugs	growing	after	a	long	lag
But	prices	are	likely	to	be	high

...Is being addressed by large recent reinvestment in novel 
mechanism development 

*
*

#	of	molecules	in	non-standard	anti-
microbial	classes	in	all	phases	of	
development

#	of
molecules

Year Class of drug

1935
1941
1944
1945
1949
1950
1952

1956
1957
1959
1962
1968

2000
2003
2005
2007

Sulfonamides
Penicillins
Aminoglycosides
Cephalosporins
Chloramphenicol
Tetracyclines
Macrolides / Lincosamides /
Streptogramins
Glycopeptides
Rifamycins
Nitroimidiazoles
Quinolones
Trimethoprim

Oxazolidinones
Lipopeptides
Glycylcyclines
Pleuromutilins

Significant gap in first introduction of new antimicrobial classes...

Source:	“Bad	Bugs,	No	Drugs”	white	paper,	Pharmaprojects,	Rodman	and	Renshaw,	Nature	Reviews	Drug	Discovery,	BCG	Analysis

30	year	development	gap



Trends	in	development	of	new	antibiotics



Trends	in	development	of	new	antibiotics

Of	the	61	new	antibiotics	approved	between	1980	and	2009,	26	(43%)	
were	withdrawn	either	because	of	toxicity	or	lack	of	market,	compared	
with	a	13%	withdrawal	rate	for	other	therapeutic	categories	(Outterson
et	al	2013)



Laxminarayan, Science, 2014



Laxminarayan, Science, 2014

Incentives	for	new	antibiotics,	as	proposed	by	BARDA	
and	EU	may	encourage	new	drug	development	but	don’t	
impact	incentives	for	using	drugs	appropriately



Image	Courtesy	of	Shutterstock

• Diagnostics
• Vaccines	for	Staph	and	
Gram-negative	infection

• Bacteriophages
• Probiotics
• Quorum	sensing













Image	Courtesy	of	Shutterstock
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