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m Around 600 bacterial species are of medical interest

m 10 species represent 75% of isolates from a hospital laboratory
Staphylococcus aurens, Enterococcus faecalts, Streptococcus sp.
Escherichia coli, Proteus mirabilis, Klebsiella pneumoniae
Pseudomonas aeruginosa

m Around 70 antibiotics divided into 14 categories

m More than 2000 phenotypes of resistance



How the antibiotics work

Cyclic polypeptides

B-lactams

Glycopeptides

— -

Aminoglycosides

Macrolides Fluoroquinolones

Nitroimidazoles

Rifamycines
Triméthoprime
Nitrofuranes



Proportion of prescriptions in the United States for

injectable antibiotics by class for years 2004—2014.

B Tetracyclines

B Trimethoprim/sulfa

B Macrolides/ketolides
B Fluoroquinolones

B Aminoglycosides

B Glycopeptides

W Polymyxins

M All other antibacterials
B p-Lactams

m  B-lactams, 65.24%,; glycopeptides, 9%; fluoroquinolones, 8%; macrolides/ketolides,
6%; aminoglycosides, 5%; polymyxins, 1%; trimethoprim/sulfamethoxazole, 0.5%;
tetracyclines (excluding tigecycline), 0.4%; all other antibiotics, 4.21%. IMS MDART
Quarterly Database on file at AstraZeneca.)



m bacteria that are not controlled or killed by one or
several antibiotics after a standard course of treatment

Multidrug resistant bacteria (MDR)= Resistant to at least
one antibiotic in three or more antimicrobial categories

m Resistance in bacteria can be intrinsic or acquired



Intrinsic resistance

Intrinsic resistance is a naturally occurring trait characteristic of
a specie, a genus....

Examples:
" Glycopeptide resistance for Gram negative bacteria: structure

" Macrolides-Lincosamides-Streptogramins resistance for Gram
negative bacteria : hydrophobicity

= Aminoglycosides resistance for anaerobic bacteria: quinone defect

= Penicillin resistance for genus Klebsiella: penicillinase



Acquired resistance

m Endogenous: mutation (10-20%)

Antibiotic independent

m Exogenous: acquisition of foreign DNA (80-90%)

Transformation

Conjugation with mobile genetic elements
- Conjugative plasmids, mobilizable
- Conjugative transposons, mobilizable

Integrons

Transduction with bacteriophage



I. Mechanisms of resistance to antibiotics

e Production of inactivating enzymes
e Changing the target

e Membrane impermeability ) Lack of entry of

the antibiotic to

: L - reach its target
o Efflux (excretion) of the antibiotic

by enzymatic systems




1) Production of inactivating enzymes
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A) Enzymes targeting B-Lactam antibiotics

B -Lactamases

= gene present on the bacterial chromosome or may be acquired via plasmid
transfer

= [-lactamase gene expression may be induced by exposure to B-lactams

= can be found either extracellularly or within the periplasmic space of bacteria

hydrolysis of the B-lactam ring: =2 inactivation

EnE Ser-oH
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Different substrats for the -
lactamases

Penicillins

Péni.G, V

Peni M: Oxacillin

Peni A: Amoxicillin

CarboxyP: Ticarcillin

Cephalosporins

C1G:

Cephalothin

UreidoP: Piperacillin

Aztreonam

(monobactam)

Carbapenems:
Imipenem..;

C2G:
Cefuroxim
Cefamandole

Cefoxitin
(céphamycine)

Cefotetan
(céphamycin)

C3G:
Cefotaxime
Ceftazidime
Ceftriaxone

C4G:

Cefepime
Cefpirome

Ceftaroline
Ceftobiprole




Classification of the B-lactamases

m Ambler : Molecular (based on nucleotide sequence)

Ambler Molecular

Type Class Characteristics Examples of Enzymes

MNarrow-spectrum [3- A Hydrolyze penicillin; produced primarily by Staphylococcal penicillinase,
lactamases'*'®" Enterobacteriaceae TEM-1, TEM-2, SHV-I

Extended-spectrum A Hydrolyze narrow and extended-spectrum [3- SHV-2, CTX-M-15, PER-I, VEB-|
B-lactamases™® lactam antibiotics

Serine carbapenemases®’ A Hydrolyze carbapenems KPC-1, IMI-1, SME-|

Metallo-p-lactamases’'* B Hydrolyze carbapenems VIM-1, IMP-1, NDM-|

Cephalosporinases'***** C Hydrolyze cephamycins and some oxyimino [i- AmpC, P99, ACT-|, CMY-2,

lactams; inducible; chromosomally mediated FOX-I, MIR-|
OXA-type enzymes™ D Hydrolyze oxacillin, oxyimino p-lactams, and OXA enzymes

carbapenems; produced by Pseudomonas
aeruginosa and Acinetobacter baumannii

= > 900
m Metallo 3-lactamases are structurally similar to RNase Z

m Serine beta-lactamases have evolved from DD-transpeptidases
(penicillin-binding proteins)



Evolution of B-lactamases

Inhibitors
C3G -
o Plasmid- GRAM -
Ampicillin mediated (Bla
Péni G Inductible TEMI1,TEM2,
l Cephalosporinase ~ SHVI, PSE)
Penicillinase Penicillinase
- S. aureus Enterococcus GRAM +

1944 1965 1983 1990



Focus on the Extended-spectrum (-
lactamases (ESBL)

Some enzymes have a specificity directed
towards the cephalosporines of third
generation.

Active on all B-lactams except
cephamycins and carbapenems.

Synergy test (double disc with B-lactamase
inhibitors) = « champagne cork ».

Plasmid origin: transferable (diffusion and
evolution = 200 ESBL).



m ESBL-producing bacteria cost the highest for community-onset and
hospital-onset infections.

m Patients with ESBL-producing bacteremia = higher mortality rate

m Increase in the worldwide community prevalence
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New carbapenemase: NDM-1

®m New Delhi metallo-3-lactamase 1.
m Confers resistance to all B-lactams.

m Isolated first from Klebsiella and from other
Enterobacteriaceae.

m Carried by a plasmid with other resistance genes
(=MDR): strains are resistant to all antibiotics except
polymyxins (cyclic peptide antibiotics).




Inhibitors of P-lactamases

Suicide inhibitor. Covalently bonded to a serine residue in the
active site of the 3-lactamase.

Clavulanic acid + Amoxicillin

+ Ticarcillin (hospital)

Tazobactam + Piperacillin = Tazocin (hospital)



B) Enzymes targeting aminoglycosides

® Aminoglycoside: gentamicin,
amikacin, tobramycin, neomycin...

Amino acid

; Charged
tRNA
stk
Aminoglycosides

9 __ Uncharged tRNA

m Broad-spectrum antibacterial
activity

m Target: Aminoglycosides inhibit protein synthesis by
binding with high affinity to the A-site on the 16S ribosomal
RNA of the 30S ribosome subunit



Enzymes targeting aminoglycosides

= Aminoglycosides have amino or hydroxyl groups which can be the target
of three classes of enzymes:
Phosphotransferase (APH),
Adenylyl-transferase (AAD or ANT)
and Acetyltransferase (AAC)

acetylatiqn phosphorylation

6 4 o .
(0 3 R‘o“_ acelylation
., NH:
<9-NH
2-desoxystreptamine \
acetyiation

phosphorylation

adanylaton



Examples of inactivating enzymes of

aminoglycosides
Antibiotic/ | Kanamycin |Tobramycin | Amikacin | Gentamicin | Netilmicin
enzyme
APH(3)-LII |R S S S S
APH(3)-VI1 R S R S S
AAC(2)-I S I/R S I/R I/R
AAC(3)-11 S R S R R
AAC(6)- R R R S R
AAC()-T | R R S R R
ANT(27) R R S R S
ANT@#)-11 I/R R I/R S S

R=Resistant; I= intermediate; S=sensible




2) Impermeability
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®m Result in the change of the porin-mediated outer membrane
(OM) permeability (gram negative bacteria)

Porins provide a path through the OM to small hydrophilic antibiotics (-
lactams, chloramphenicol, fluoroquinolones...)

Regulation and balance of porins

- Different system of regulation of gene expression ( Two component
system, transcriptional regulator, extracytoplasmic sigma factor)

Substitution of a narrower porin

- reduced permeation rate = A hot spot for single or multiple mutations

LPS alteration can induce improper assembly or misfolding during
insertion, leading to porin degradation




Ex: Key mutations altering channel diameter
(Loop3)

m Three regions constitute the porin channel: the mouth, the eyelet and

the periplasmic exit

Hyper- | =

variable
7oy

loops ™

MOUTH ~

Ioop3
EYELET

m The first mutation, a G119D
substitution, was described in E. co/
Ompl obtained by selecting for

resistance to colicin ' PERIPLASMIC ¢/

EXIT »

m  JAntimicrob Chemother 2024; 79: 2460-2470



3) Modification of the target




pbp2b

Transpeptidase domain

S35 TMK  Sg45SN
v v

1) Penicillin-sensitive |

Streptococcus pneumoniae
can incorporate regions of
altered pbp genes from
commensal streptococct (.
mitis, 8. oralis) by transformation
and homologous recombination

S. pneumoniae
(sensitive strain)

Viridans Streptococci (S. mitis or S. oralis)
(resistant strain)

recombination and gene transfer

21%

e —

S. pneumoniae
(resistant strain)

21%
Isolate 1| |
23%
Isolate 2 | | | |

0
solates [ TN

22%

Isolate 4 |

21%

v/

20%

22%
| W/



m 2) Methicillin resistant Staphylococcus aureus

Resistance due to acquisition of the mecA gene, which expresses
a unique penicillin-binding protein (PBP2a) with low atfinity for
methicillin and other beta-lactams

Expression of PBP2a is

controlled by a regulation REPRESSED )~ INDUCED
: : inducer

system, including a repressor ‘

Mecl and a receptor MecR1. O

. MecR1

Mecl represses transcription & ] \

of mecA 4 9
1 MecI

Upon binding of B-lactam to  —fes W — —t ,

mecl mecR1 mecA mecI mecR1 mecA

sensor domain of MecRI,
intracellular peptidase domain
cleaves Mecl repressor, which
triggers mecA and mecl
transcription



A OM B

m Glycopeptides are peptides that Hg"“g),o Son O

contain carbohydrate moieties °ro‘°c{’ (-)HSugar sttt zation

@ycans) covalently attached 1o the 2 T L 2Tl y

side chains of the amino acid residues " 0 ow A

that constitute the peptide "°’f£ SSFon N\ M —
m They act by binding to the D-Ala-D- - Tﬁ«"‘--n-‘:‘. ﬂ_ °0 p—

Ala dipeptide terminus of the i;':" "°l

peptidoglycan precursors: D-lae e =
the substrate is sequester from (SoHED —sh—— | }2}%3}:
transpeptidation and transglycosylation -é e

|

Ceall iysis Dy CEMONLC prassie

Example : vancomycin



Reduction of antibiotic affinity
through cell wall modification

m Change in peptidoglycan precursor D-alanine-
D-alanine to precursors like D-alanine-D-

lactate or D-alanine-D-serine

m Results in a 1,000-fold decrease in binding
constant between vancomycin and

peptidoglycan

® Due to the acquisition of an operon (van): a
two component system, a dehydrogenase
(reduces pyruvate to D-Lactate), a ligase
(synthesizes D-alanine-D-lactate) and a
dipeptidase. (hydrolyses D-alanine-D-alanine
precursors).

m rapid emergence and spread of vancomycin
resistance amongst Gram-positive bacteria
(enterococcus spp)




Several operon van

m VanA to N

m Carried by conjugative plasmid or transposon : ex

tn1549 (vanbB)

D-Ala-D-lac mechanism

VanA vanR,  vanS, vanH, mm vany, vanZ,
1E4E 1R44
VanB vanR_ van§, vanW, vanH, vanB
5HNM, 5ZH

VanD vanR, vans, vanyY, vanH, vanD vanX,
VanF vanR, vansS, vanY, vanZ, vanH, vanF vanX,
VanM vanR,  vanS, vanyY, vanH, vanM vanX,,

S. coelicolor vanS, vanR,  vanl vanK vanH, vanA, vanX__

D-Ala-D-Ser mechanism

VanC vanC m vanT,, vanR, vans,
40AK

VanE vanE vanXy, vanT,  vanR,  vanS,

VanG mvanng vans, vanY, vanW, m vans, m
3TYS amuaQ 4ECL

VanL vanL vanXY, vanTm, vanTr, vanR, van§s,

VanN vanN vanXy.. vanT.. vanR._. vans..



: [
c) Resistance to fluoroquinolones
®m  Quinolone: Isolated during the : DNA synthesis :
1 i W Gram- ositive bacter
synthesis of chloroquine G2 SEmpE===—"

(antimalarial agent) with
bactericidal action - A
: —

erase IV
s ‘sl\'\-
AV
—

m The second generation,

“fluoroquinolones” has a Supercolled t
. . . DpA / s Replicated
NORVNOVO[VOVOVONINNN i :
fluorine atom in the sixth : W\ o bacterial DNA
Bacterial = (decatenated DNA)
DNA . e

position of the quinolinic e
nucleus = improved biological \ AN

activity.

Catenated
DNA

0 B i

. . .y o 1stand 2nd | . | g /)\R

m  Fluoroquinolones inhibit two beeriost P L
enzymes used for DNA 34,4%, and 5% generations

(Fluoro)Quinolones inhibit the activity of DNA gyrase and topoisomerase IV

synthesis : DNA gyrase and
topoisomerase IV
Rusu, A et al. Pharmaceutics 2021, 13, 1289.



Resistance 1s due to chromosomal mutations

®m Due to errors in the genes encoding the
GyrA subunits of DNA gyrase and
ParC (or ParE) of topoisomerase IV
resulting 1n decreased target affinity

80 83 87 90
Gyrase: His - Glv - Asp - Ser -Ala - Val - Tyr - Asp -Thr - Ile - Val
m Mutations localized to the amino Asp Gly @ o
terminal domains of GyrA or ParC. In v
. h - - hich 77 80 84 87
proximity to the active Sit€ WhICh ar€ 14,0 1v: His- Gly - Asp - Ser -Ala - Cys -Tyr - Glu -Ala -Met -Val
covalently linked to DNA Aw| | Arg =
e ys

B Domain named the guinolone resistance
determining region (QRDR) of GyrA and
ParC.



m Macrolides/ketolides are sensed by the
ribosome and selectively inhibit protein
synthesis by binding to the 23S
ribomomal RNA.

m Erm methyltransferases add one or two

methyl groups to the N-6 exocyclic
amino group of A2058 of the 23S
ribosomal RN A

m leads to co-resistance to macrolides, |
lincosamides and streptogramins type B :

(MLSB phenotype). m  Disruption the key hydrogen bond between
A2058 and the desosamine sugar at C5

ERY

m Cold Spring Harb Perspect Med 2016;6



4) Presence or increased number of
efflux-pump

Exterieur

Intérieur




Definition of the bacterial efflux pump

®= An efflux pump is an active m Five families, including:
transporter in cells that moves major facilitator superfamily (MFES),
out molecules, including small multidrug resistance (SMR),
antimicrobial agents, metabolites ATP-binding cassette (ABC transporter),
and quorum sensing signal resistance nodulation division efflux
molecules. pumps (RND HAE),

the multidrug and toxic compound

m Found in gram positive or gram _
extrusion (MATE) transporters

negative bacteria

= All bacterial genomes studied
contain several different efflux
pumps indicating their ancestral
origins.



m Efflux systems described from a number of clinically
important bacteria:
Campylobacter jejuni (CmeABC ),
E. coli (ActAB-TolC, ActEF-TolC, EmrB, EmrD ),

Pseudomonas aeruginosa (MexAB-OprM, MexCD-Opt],
MexEF-OprN and MexXY-OprM),

Streptococcus pneumoniae (PmrA),
Salmonella typhimurium (AcrB11),
Staphylococcus anrens INorA ).



Example: Efflux pump type RND

(Resistance Nodulation cell Division)

® 3 components :

» transport protein in the cytoplasmic
membrane

» protein in the periplasm forming a

channel connecting the two
membranes (MFP)

» protein in the outer membrane like

)
porin expelling the substrate (OMF) » * X

= Operate as a secondary proton/drug »

>



Ex: MexAB-OprM (P. aeruginosa) confers

resistance to a broad spectrum of antibiotics.

m MexB transporter works in a J—
conjunction with OprM
(OMF component), and TG o170
MexA (MFP component). Cmmi!n -

m MexB as well as the E coli ¥ m w /g
homologous AcrB are RS I
asymmetric homotrimers
for which the three
monomer conformations ’ '
representing consecutive
states were designated

Loose(or Access), Tight
(or Binding), and Open (ot

Extrusion) U

EMARERE R R

Inactive state

of MexB

Activated state
of MexB




II. Detection of a2 mechanism of resistance

m By disk diffusion methodology

® Broth micro-dilution (BMD)

m Gradient method (E-test) 2 e




E. coli

P. mirabilis

Enterobacteriaceae of groupe 1

Salmonella
No intrinsic resistance to B-lactams Shigella




Enterobacteriaceae of groupe 11

Klebsiella

Chromosomic penicillinase Citrobacter foseri

Escherichia bermannii
R to piperaciline, ticarcilline, amoxicilline










Staphylococcus aureus

m Multidrug resistant strain:

» Methicillin resistance
m Oxacillin (Ox)

= Fluroquinolone resistance
m pefloxacin (pef)

» Chloramphenicol resistance




® By chromogenic test:

A Cefinase disc 1s impregnated
with the chromogenic

cephalosporin: nitrocefin.

nitrocefin exhibits a color change
from yellow to red as the amide
bond in the B-lactam ring is
hydrolyzed by a 3-lactamase.




= By PCR:
Using real time PCR

machine

Detection of antibiotic

resistance gene (example:

beta lactamase gene)

Detection of mutation in
the gene by analyzing the
melting curve after PCR
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Knowing the mechanisms of antibiotic resistance is essential
to treat infections

Antibiotic resistance is associated with nearly 5 million deaths
and killed at least 1.27 million people worldwide in 2019
(CDC, 2020)

Among gram-positive spreading resistance to glycopeptides,
Among gram-negative rods, spreading of extended-spectrum
b-lactamases,and increased diffusion of carbapenemases

World Health Organization estimates that by 2050, 10 million
deaths worldwide could be due to infection linked to
multidrug-resistant strains.



Thank you for your

attention



