The Antibiotic Resistome




Antibiotic Resistance is a Clinical Problem

Newborn infant girl with fussiness, 1 day of low-
grade fever.

CSF CULTURE & SMEAR 2008-01-25 14:00

SFECIMEN DESCRIPTION: CEREBROSFINAL FLUID

GRAM SMEAR: FEW WBCS SEEN

GRAM SMEAR: FEW GRAM POSITIVE COCCI IN CHAINS IN PAIRS

GRAM SMEAR: C ALLED WITH READ BACK TONNNGGGGEEEE, - (.00 ON01/25/08
CULTURE: LIGHT GROWTH OF STREPTOCOCCUS GROUP B (sens)

CULTURE: CALLED WITH READ BACK TO NO1/26/08 @ 0B15.

Caollection time: 2008-01-25 14:00 Receps 2008-01-25 14:00

Status: Final, Accno:

LIGHT GROWTH OF STREPTOCOCCUS GROUP B#
METHOD:E-TEST MIC
198 50 125§ 258§ 508




Antibiotic Resistance is a Clinical Problem

5 year old girl presents with perforated
appendicitis, intraabdominal abscesses.

oed [A]
Im: 25 Study Cate: |27 72005
Study Time: 1:26:00 PM
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SPECIMEN DESCRIPTION: ABSCESS ABDOMEN

GRAM SMEAR: MANY POLYS

GRAM SMEAR: MANY GEAM POSITIVE COCCI IN CHAINS IN PAIRS
GERAM SMEAR: MANY GRAM NEGATIVERODS

CULTURE: HEAVY ESCHERICHIA COLI (sers)

CULTURE: MODERATE STREEFTOCOCCUS VIRIDANS GROUP (sens)
Collection time: 2008-01-28 16:00 Received time: 2008-01-28 16:00

statwe: Final, Aceno:

HEAVY ESCHERICHIA COLI»

METHOD:VITEK MIC
AMP A PTCELZICPM CFTCEZ CTX IMP AZM AMI [GEN TOB [CIP LVX [T/S CEFUROXIME SODIUMMER

~—32 R>=32 R32 132 Ri<=1 88 <=1 Si<=1 S=<=1 S/<=1 Sl<=2 Si<=1 Sl<=1 8<=0 258/<=0258>=320R4 § <={) 255

MODERATE STREPTOCOCCUS VIRIDANS GROUPw»
METHOD:E-TEST MIC

FEN YA Lla LR Y LYA CIP

0478 108 38S 0328 38S




Antibiotic Resistance is a Clinical Problem

18 month old girl with fevers and swelling under
her left arm.

LEFT AXILLA SAG




Antibiotic Resistance is a Clinical Problem

CULTURE & SMEAR SITE 2007-02-24 16:30
SPECIMEN DESCRIPTION: WOUND NO.2
GRAM SMEAR: NO POLYS SEEN
GRAM SMEAR: FEW GRAM POSITIVE COCCIIN CLUSTERS IN PAIRS

CULTURE: HEAVY STAPHYLOCOCCUS AUREUS, METHICILLIN RESISTANT (sens)
Collection time: 2007-02-24 16:30 Received time: 20070224 17:17

e _

HEAVY STAPHYLOCOCCUS AUREUS, METHICILLIN RESISTANT #

METHOD:MICROSCAN MIC
T/S RIF TET |OXA PEN (VAN [ERY [CLN GEN (CIP LV

%-E.-?-E-S <18 <4§ >2R >8R <25 >4R <0258 2§ <1§ <28




Antibiotic Resistance is a Clinical Problem

Teenage boy with cystic fibrosis, long history of
lung infections has worsening function, awaits
transplant.

b i




Antibiotic Resistance is a Clinical Problem

SPFECIMEN DESCRIFTION: SFUTUM
GRAM SMEAR: <25 SQUAMOUS EPITHELIAL CELLS/LPF

GRAM SMEAR: NO POLYS SEEN

GRAM SMEAR: MODERATE GRAM NEGATIVE RODS
CULTURE: HEAVY MUCOID PSEUDOMONAS AERUGINOSA (sens)

CULTURE: MIXED COMMENSAL FLORA
Collection time: 2008-02-1002:24 Received time: 2008-02-10 12:07

HEAVY MUCOID PSEUDOMONAS AERUGINOSA“#®
METHOD:E-TEST MIC

POLYMIXIN B
385

HEAVY MUCOID PSEUDOMONAS AERUGINOSA"#

METHOD:KIRBY BAUER
AMI AZM CPM CEZ GEN IMP LVX MER T TOB [TVS
5 R R R R . R R R R R




Antibiotic Resistance is a Clinical Problem

TABLE 1. SELECTED CURRENT PROBLEMS WITH ANTIMICRORIAL-
DRUG RESISTANCE, ACCORDING TO DRUG CLASS.

AnTieiOTIC CLASS
Cephalosporins

B-Lactamase inhibitors

Carbapenems
Vancomycin, teicoplanin
Quinolones
Trimethoprim-sulfa-
methoxazole
Erythromycin, new

macrolides

Aminoglycosides

MEecHANISM OF RESISTANCE

Extended-spectrum B-lactamases, chromo-
somal cephalosporinases

Hyperproducers ot B-lactamases, new 3-lac-
tamases resistant to inhibitors, chromoso-
mal cephalosporinases

Zinc metalloenzymes and other B-lacta-
mases

Moditied cell-wall precursors with decreased
attinity tor vancomycin

Alterations in DNA topoisomerase, eftlux
mechanisms, permeability changes

Resistant enzymes in folate-synthesis
pathway

Methylation of the bacterial ribosome pro-
ducing resistance to macrolides, clindamy-
cin, and streptogramin B antibiotics

Aminoglycoside-modifying enzymes

The New England Journal of Medicine

Volume 335 Number 19 1445-




Invasive Methicillin-Resistant
Staphylococcus aureus Infections
in the United States

B. Momna Klevens, DS, MIPH
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for the Active Bacterial Core
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Context As the epidemiclogy of Infections with methicillin-resistant S taphylococ-
cus auraws (MRSA) changes, accurate information on the scope and magnitude of MBSA
Infections In the US population 1S needed.

Objecives To describe the incidence and distibution of invasive MRSA disease in
S LS commu nities and to estimate the burden of invasive MRSA Infections in the Un fed
States in 2005,

Design and Sefting Active, population-bassd survel llance for invasive MR5A In 9
sites participating In the Active Bacterial Core survelllance (ABCs)/Emerging Infec-
tions Program Network from July 2004 through Decemnber 2005, Reports of MRSA
were investigated and classified as either health care-associated (elther hospital-
onsetor com munity-onset) or community-assodated (patients without established he alth

care fsk factors for MRSA).

Main Outcome Measures |ncidence ratesand estimated number of Invasive MRSA
Infections and In-hospital deaths among patients with MRSA in the United States in
20065; interval estimates of incidence excluding 1 site that appeared to be an outlier
with the highest incidence; molecular characte rization of infecting strains.

Resulls Therewere 8987 observed cases of invasive MRSA reported during the sur-
welllance period. Most MRESA Infections were health care—assoclated: 5250 (58.4 %)
were community-onset infections, 2389 (26.6% ) were hiospifal-onset infections, 1234
(13.7 %) were comm unity-associated Infections, and 1714 (1.3% ) could not be classi-
fied. In 2005, the standardized incidence rate of invasive MRSA was 31.8 per 100000
finterval estimate, 24 4-35.2). Incidence rates were highest among persons 65 years
and older (127.7 per 100 000 interval estimate, 92.6-156.9), blac ks (66.5 per 100 000;
interval estimate, 43.5-62.1), and males (37.5 per 100 000; interval estimate, 26.8-
39 .5). There were 15598 in-hospital deaths among patie nts with MRSA infection dur-
Ing the surveillance perod. In 2005, the standard zed mortality rate wase3 per 100 000
(Interval estimate, 3.2-7.5). Maolecular testing ldentified strains historcally associated
with commu nity-associated dissase outbreaks recovered from cuttures in both hospital-
onsetand community-onset health care—associated infections in all surveillance areas.

Conclusions |nvasive MRSA infection affects certaln populations dispropaortion-
ately. It is a major public health problemn pimarily related to health care but no longer
confined to intensive care units, acute care hospitals, or any health care institution.

JAMA, 2007 281517621771 W, Ama Com




24 HOURS A DAY ——————————— [Recent  ¥) /G

SH OCKI N G hTEiTBT:::HEBDERG CLAIMS VOTE 'FRAUD
SUPERBUG NY TALLY

A LOT OF DOUGH!
BANK: TAKE THE %%
MORE

By SUSAN EDELMAN

Movember 25, 2007 — Outhreaks of the
superbug MRSA infected at least 242 patients -
and killed seven - in New York hospitals over the EMAIL TO A FRIEND
last three years, officials said. ) pIGE 1T

w7 PRINT

The state Department of Health released data % REDDIT
showing nearly 50 reported outbreaks of the

resistant bacteria in hospitals statewide
since 2003.

5 PERMALINK

Some hospital data was not available, state officials said.

Health Department spokeswoman Claire Pospisil sald hospitals that
report outbreaks should take extra steps to enforce infection controls
such as hand-washing and other hygiene to prevent the spread of
germs.




Where does antibiotic resistance come from?




Inappropriate use?
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Bad doctors?

T will wash my hands between patents...
T will wash my hands between patents...
I will wash my hands between patents...
I will wash my hands between patents...
T will wash my hands between patents...
I will wash my hands between patents...
I will wash my hands between patents...
T will wash my hands between patents...
T will wash my hands between patents...
I will wash my hands between patents...
I will wash my hands between patents...




Where does antibiotic resistance come from?

Was there antibiotic resistance before antibiotics
were used widely (ca. 1940s)?




Nothing in biology makes sense
except in the light of evolution.




“There is probably no chemotherapeutic drug to which
in suitable circumstances the bacteria cannotl react
by in some way acquiring ‘fastness’ [resistance].”

—Alexander Fleming, 1946

Antibiotic Resistance
Mechanisms
Transfer of resistance mechanisms

Evolution and Ecology of Antibiotic Resistance
Selective pressure vs. fithess cost
Concept of the pan-microbial resistome
Predicting the evolution of resistance
Strategies to combat the evolution of resistance




Timeline | Antibiotic drug discovery

Salvarasan
(arsenical)

(1940-1950)
* Cramicidin (peptide)
* Penicillin (f-lactam)

* Neomycin (aminoglycoside)

* Streptomycin laminoghycoside) Rifarmycin
* Caphalosporin (B-lactam) lansamycin}

Linezolid

(oxazolidinons)

Protonsil

(sulfenamide) * Chloramphenic ol (pherylpropanaoid)

(1950-1950)

Maladixic acid

iquinclone)

Daptormycin
(lipopeptide)

* Chlortetracycline (tetracycline)
* Polyrmyxin lipopeptide)

* Erythromycin imacrolide)

* Vancormyein (ghycopeptide)
*Virginiarmycin (streptogramin)

The class of the antiblotic Is shown In brackets.




Antibiotic Resistance Mechanisms
Physical barriers

Gram-positive Celf Wal
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Antibiotic Resistance Mechanisms
Efflux pumps

Gram-positive bacteria

“umerous
drugs
ABC superfamily
I

» | Numerous drugs

- MFS S
— s | Acriflavine Macrolides

H* .i Da-:..ﬁ._ Benzalkonium

Cetrimide
Chlarhexidine
Pentamidine

- MATE family

Nalidixic
.r‘—"\-

MNorid > - Hmiﬂﬂgl}-CGSidES [riner s sy, Ty Scid
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Gram-negative bacteria

Copyright @ 2006 Mature Publishing Groap
Mature Reviews | Microbiology




Antibiotic Resistance Mechanisms
Target modification
PBP, ribosome, DNA gyrase, cell wall

Enzymatic inactivation
B-lactamase

An Enzyme from Bacteria able to
Destroy Penicillin

F.. P. Aprawan.
E. Unams,
Sir William Dunn School of Pathology,
Oxford.
P, 5.

v 3713, DEC. 28, 1940 NATURE




Transfer of Resistance Mechanisms
Mutation (no transfer required)

Transformation

Free DNA Bacteriophage Plasmid
[ Transfaormation) { Tranaduction) (Conjugation)

!.I :: | J-
"

Transduction

Conjugation

Transposable
alemeant

_ _ HarisrnsHon Transpo 5_|1i-':.|r|_ and
Recombination B racombination
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Why understanding resistance mechanisms matters:

Multidrug Resistance in S. aureus

Resistance
mechanism

Antibiotic MSSA MRSA

1. Predicting the future (1930) (1994)

2. Slowing the progression

3. Intervening intelligently

Penicillin
Streptomycin
Tetracycline
Methicillin
Oxacillin
Cephalothin
Cefotaxime
Imipenem

Chloramphenicol

Ciprofloxacin
Clindamycin
Erythromycin
Gentamycin
Rifampin
Vancomycin
Vancomycin
Teichoplanin
Trimeth/Sulfa
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Bacterial Genomes and Infectious Diseases

Whole-Genome Random
Sequencing and Assembly of
Haemophilus influenzae Rd

Robert D. Fleischmann, Mark D. Adams, Owen White, Rebecca A. Clayton,
Ewen F. Kirkness, Anthony R. Kerlavage, Carol J. Bult, Jean-Francois Tomb,
Brian A. Dougherty, Joseph M. Merrick, Keith McKenney, Granger Sutton,
Will FitzHugh, Chris Fields,” Jeannine D. Gocayne, John Scott, Robert Shirley,
Li-Ing Liu, Anna Glodek, Jenny M. Kelley, Janice F. Weidman, Cheryl A. Phillips,
Tracy Spriggs, Eva Hedblom, Matthew D. Cotton, Teresa R. Utterback,
Michael C. Hanna, David T. Nguyen, Deborah M. Saudek, Rhonda C. Brandon,
Leah D. Fine, Janice L. Fritchman, Joyce L. Fuhrmann, N. S. M. Geoghagen,
Cheryl L. Gnehm, Lisa A. McDonald, Keith V. Small, Claire M. Fraser,
Hamilton O. Smith, J. Craig Venterf

GOLD - (Foy
Genomes OnLine Database v 20

Contact: Last Update:
Genomesonline February 3, 2008 www.genomesonline.org

722 115
Search GOLD: 3595 genorme proects

Archaeal Ongoing Cenomes Bacterial Ongoing Cenomes Eukaryotic Ongoing CGenomes




-0mes

Genome OM|CS

Transcrl ptome A Journal of Int E-g rative Biology
Proteome ,_;5
Metabolome . :

Microbiome
(Resistome)

Concept of a species or microbial “pan-genome”




Evolution and Ecology of Antibiotic Resistance
Selective pressure vs. fithess cost
Concept of the pan-microbial resistome
Predicting the evolution of resistance
Strategies to combat the evolution of resistance

How does natural selection work?
Variation
Inheritance
Selection
Time
Adaptation




How does natural selection work?
VL ElilelsMNatural selection, in a nutshell:
Inheritance
Selection " Yum! Green beetles! Our favorite! >

Time T

. ﬁﬁﬁ
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How does natural selection work?
Variation
Inheritance
Selection
Time
Adaptation

<generations later...




How does natural selection work?
Variation ..generations later...

Inheritance
Selection
Time

Adaptation ﬁ: i #/1\ y

wmi~¢*! W

Green beetles have been selected against, and brown
beetles have flourished.




Selective pressure vs. fitness cost in resistance

Anrl biotics
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Predicting antibiotic resistance

Jose L. Martinez, Fernando Baquero and Dan I. Andersson




How IS resistance maintained?

Continued selective pressure?
direct pressure (antibiotics)
co-selection (clusters of genes)

Lack of fithess cost?
compensatory mutations

Effects of Environment on
Compensatory Mutations to
Ameliorate Costs of Antibiotic
Resistance

J. Bjérkman,2* |. Nagaev,2* 0. G. Berg,? D. Hughes,?
D. I. Andersson’t




Rationale for examining the soll resistome

. Antibiotics are ancient.

. Antibiotics are made by environmental
microbes.

Resistance Is essential for those microbes and
their neighbors.

Resistance can be transmitted from
environmental microbes to potential pathogens.




Sampling the Antibiotic Resistome

Vanessa M. D’Costa, Katherine M. McGrann,* Donald W. Hughes,2 Gerard D. Wrighll*
20 JAMUARY 2006 WOL 311 SCIENCE

precursor genes may have
important functions in
environmental survival (efflux
pumps, ability to use different
substrates for cell wall)

Pathogens

Cryptic
embedded

genes

Antibictic
producers

Precursor genes



Sampling the Antibiotic Resistome

Vanessa M. D’Costa, Katherine M. McGrann,* Donald W. Hughes,2 Gerard D. Wrighll*
20 JAMUARY 2006 WOL 311 SCIENCE
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Sampling the Antibiotic Resistome

Vanessa M. D’Costa, Katherine M. McGrann,* Donald W. Hughes,2 Gerard D. Wrighll*
20 JAMUARY 2006 WOL 311 SCIENCE

Number of strains Complete inactivation: %

Antibiotic
Resistant Screened for inactivation Of isolates screened Of library
Cephalexin 442 16 18.8 N/A*
Ciprofloxacin 52 52 0.0 0.0
Clindamycin 107 46 0.0 N/A
Daptomycin 480 80 80.0 N/A
Erythromycin 128 7.0 1.9
Novobiocin 12 12 0.0 0.0
Rifampicn 49 49 40.8 4.2
Synercid 294 71 18.3
Telithromycin 83 83 4.8 0.8
Tnmethoprim 478 80 0.0
Vancomycin 5 5 0.0 0.0

*Mot applicable. Statistic cannot be determined, because all resstant isolates were not assayed.




Sampling the Antibiotic Resistome

Vanessa M. D’Costa, Katherine M. McGrann,* Donald W. Hughes,2 Gerard D. Wrighll*
20 JAMUARY 2006 WOL 311 SCIENCE
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WaniC
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treptomyaces toyocaensis
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>_ Actinoplanes teichomyceticus
Amycolatopsis coloradensis
_:A mycolatopsis orientalis
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Predicting the evolution of resistance

K

8 168 128

Predicting the evolution of antibiotic
resistance genes

Barry G. Hall



Predicting the evolution of resistance

Greaen: Early 1984 1898 2000
Ganerat Mutat DMNA Shuffling DMA Analog Mutator
B a8 [ R TR 3x2 rounds of 3 rounds of Strain
Red: Later Directed Evolution Directed Evolution 3 rounds of
Generation Mutation iref. 1) fref. Z) Directed
Round 1: {1D.5) Evalution
ST-1_ ST-2_ R1G4S (MIC=0T8)  (this shudy)
ET04K,  [ET04%) Round 2: (2D.5) E104K
|G2385| |GZ3I8S)| R1645 lG2388
IM1B2T! IM182T) E1 04K jmics=3.129) 'MAB2T
A18Y AA42G Round 3: (3D.5) (MIC=500)
(MIC=18,000) GO2S [Eq0aK]
RZ41H |G2Z3BS5,
(MMC=E2 D00 :_"'_1 1_.!1_"_r_: MG =800
DIRECTED EVOLUTION
1946 1963 1981 1985 1986 1987 1988 1989 1994 1995 1996 1997 1998 1999 2000
{antibiotic resistant strains clinically chserved)
1946 1981 2000
Penicillin G  Cefotaxime -l
FDA approved FDA approved TEM Mutants
(ref. 14) |raf. 14) [red. J)
1963 1985 1987 1988 1889 1965 1996 1998 1998
TEM-1 (witd-type) TEM-3 TEM-5 TEM-7 TEM-B TEM-20 TEM-42 TEM-52 TEM-66 . .
M= E1D4K R164H R1645 R16435 G2385 EcalM {E104K, E104HK
frer.14]|‘ G238S E1D4d4K (rel 3] E1D4K M1B2T GZIBS G235, G2385 PrEd ICtlng the emergence
(MIC=ZET) {ruf, 3) G238S ref. 3) A2V \M182T, G9ZD .= = H
et 5 et 3 (rt. 3 me-ssn wme2en | OF @antibiotic resistance by

[red. 4p irel. 3)

directed evolution and
structural analysis

M. Cecilia Orencia’, Jun S. Yoon', Jon E. Ness?,
Willem P. C. Stemmer? and Raymond C. Stevens’

iDepartment of Molecular Biology, The Scripps Research Institute, La Jolla,
California 92037, USA. *Maxygen, Redweod City, California 94063, USA.



Strategies to combat the evolution of resistance

1. Minimize environmental selective pressure
hospital, outpatient, agriculture
vaccination

2. Understand the antibiotic resistome to predict

future resistance

3. New strategies for antibiotics
specific targeting of virulence factors
targeting of resistance mechanisms
Inhibition of mutation and/or stress responses

Inhibition of Mutation and Combating
the Evolution of Antibiotic Resistance

Ryan T. Cirz', Jodie K. Chin", David R. Andes?, Valérie de Crécy-Lagard®, William A. Craig?, Floyd E. Romesberg "
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