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• Overview of antimicrobial resistance (AMR)

• New agents to treat carbapenem resistant organisms (CROs)

• Ways to combat AMR/Detection of AMR

• Future steps

Outline



• Identify the methods used by the laboratory to determine 
carbapenem resistance

• List the antibiotics that are commonly tested for carbapenem
resistant organisms

• Discuss the limitations of the methods used to test for 
antimicrobial resistance

Learning Objectives



Antimicrobial Resistance is not a new concept

Alexander Fleming, NY Times, June 26th, 1945



CDC Threats Report 2019

Antimicrobial 

resistance is a big deal







A primer on beta-lactam antibiotics

Microbeonline.com



Introduction to beta-lactamase enzymes

Bush, Antimicrob Agents Chemother, 2018



A dissertation on 

beta-lactamase 

enzymes

Bush, Antimicrob Agents 

Chemother, 2018



Beta-lactamase inhibitor activity

Mechanism Beta-lactamase inhibitor

Tazobactam Avibactam Vaborbactam Relebactam

Class A ESBLs 

(SHV, TEM, CTX)
+ + + +

Class C ESBLs 

(AmpC, CMY, PDC)
+/- + +/- +

Class A CP (KPC) - + + +

Class B CP

(NDM, VIM, IMP)
- - - -

Class D CP (OXA) - + - +/-



Ceftolozane-tazobactam

PubChem



C/T vs Levo for cUTI

Wagenlehner Lancet 2015 16;385



C/T for CR-Pseudomonas

McCracken J Antimicrob Chemother 2019; 74(S4)



Ceftazidime-avibactam (C/A)

PubChem



Carmeli, Lancet Inf Dis, 2016. 16(6)

Clinical performance of C/A vs BAT



Impact of avibactam on ceftazidime MICs of 
Enterobacterales

Stone, Antimicrob Agents Chemother, 2017. 61(2)



Activity of C/A 

against MDR 

Pseudomonas

and 

Enterobacterales

Sadler, Dign Microbiol Infect Dis, 2018. 92(1)



Meropenem-vaborbactam (M/V)

PubChem



M/V vs Piperacillin-tazobactam for cUTI

Kaye, JAMA, 2018. 319(8)



Activity of meropenem-vaborbactam (M/V)

Hackel, Antimicrob Agents Chemother, 2018. 62(1)



Imipenem-relebactam

PubChem



I/R vs imipenem+colistin for imipenem non-
susceptible GNRs

Motsch Clin Infect Dis 2019



Activity of I/R against MDR Pseudomonas

Karlowsky Diagn Microbiol Infect Dis 2019; 95(2)



• Which of the following beta-lactam/beta-lactam inhibitor 
combinations is rarely effective against carbapenem resistant 
Pseudomonas aeruginosa?

• Ceftazidime/Avibactam

• Ceftolozane/Tazobactam

• Meropenem/Vaborbactam

• Imipenem/Relebactam

Learning Assessment #1



• Which of the following beta-lactam/beta-lactam inhibitor 
combinations is rarely effective against carbapenem resistant 
Pseudomonas aeruginosa?

• Ceftazidime/Avibactam

• Ceftolozane/Tazobactam

• Meropenem/Vaborbactam

• Imipenem/Relebactam

Learning Assessment #1 (Answer)

Vaborbactam is most useful for inhibiting 

serine carbapenemases (e.g. KPC) which 

are rarely found in Pseudomonas as the 

cause of CRPA.  The other inhibitors have 

good activity against the PDC enzymes 

that can lead to carbapenem resistance



• Phenotypic Determination

• Broth dilution

• Disk Diffusion

• Gradient Testing

• Commercial Systems

• Genetic Determination

• PCR

• Whole Genome Sequencing (WGS)

Determination of Resistance to 
Antimicrobials



• Most rely on the determination or approximation of a minimum 
inhibitory concentration or MIC

• Disk diffusion utilizes the zone of inhibition

• Interpretations are performed using established standards or 
manufacturers recommendations

Phenotypic Methods



Broth Microdilution



Disk diffusion

Disk diffusion requires the availability of interpretive criteria as zone 

diameter itself is not readily useful information!



Gradient diffusion



Automated commercial systems



• Not all systems are created equal

• Not all systems/methods have all the new agents available for 
testing

• A multipronged approach is often needed

Antimicrobial Testing



• Which of the following is true regarding susceptibility testing for 
antimicrobial resistance?

• Disk diffusion provides an MIC result

• Disk diffusion requires interpretive criteria

• Broth microdilution requires interpretive criteria

• CLSI is the only interpretive criteria used in the US

Learning Assessment #2



• Which of the following is true regarding susceptibility testing for 
antimicrobial resistance?

• Disk diffusion provides an MIC result 

• Disk diffusion requires interpretive criteria

• Broth microdilution requires interpretive criteria

• CLSI is the only interpretive criteria used in the US

Learning Assessment #2

DD provides zone diameters

BMD provides reference MICs which can be 

used without associated interpretive 

criteria

CLSI, FDA, and EUCAST all have 

interpretive criteria that are 

used in the US

Zone diameters cannot be 

used without interpretive 

criteria



• Currently only one commercial panel contains imipenem-
relebactam

• Gradient strips and disks are available

• Strips may be preferred over disks because of the ability to report 
an MIC without needed interpretive criteria

Imipenem-Relebactam a case study



Performance of LFC strips vs AR Bank 
isolates



Performance of bioMerieux Etest® strips 
against AR Bank isolates

Enterobacterales Pseudomonas aeruginosa



Performance of Hardy disk against AR 
Bank isolates

Enterobacterales Pseudomonas aeruginosa



• Based on our evaluation we adopted the disk diffusion 
methodology for testing imipenem-relebactam

Performance Summary



• Determination of the mechanism of resistance in Gram negative 
bacteria can be challenging

• Increased access to WGS allows for the possibility of a better 
understanding of the mechanisms of resistance

What’s coming next for CROs in the lab?



CRE example 1



Routine additional testing

CarbaR PCR

Additional Antimicrobial Agents



CRE example 2



Routine additional testing

CarbaR PCR

Additional Antimicrobial Agents



Enter whole genome sequencing

OmpK mutations associated with 

decreased uptake of BLIs, vaborbactam

more than avibactam

qnrB is associate with low level FQ resistance 

(most FQ resistance driven by gyrA

mutations)

aac(6’)-lb-cr is associated with low level FQ 

resistance as well



CRE case 3



Routine additional testing

CarbaR PCR

Additional Antimicrobial Agents



WGS Case 3

Isolate showed elevated but not resistant MICs 

to ceftazidime-avibactam and meropenem-

vaborbactam

WHAT???



Shields, Antimicrob Agents Chemother, 2017. 61(3)

An example of NGS for Gram negative resistance

• CRE K. pneumoniae, treated with ceftazidime-avibactam for 10 days

• 4 days later patient has recurrence of pneumonia and C/A restarted

• 14 days later meropenem susceptible “ESBL” K. pneumoniae
recovered and patient transitioned to meropenem

• Both isolates had C/A MICs >256



C/A MIC values of various KPC-3 mutants 

Isolate C/A MIC Mero MIC Mutation

1-A 2/4 128 WT

1-B 256/4 0.5 D179Y, 

T243M

1-C 256/4 0.25 D179Y,

T243M

2-A 4/4 32 WT

2-B 32/4 8 V240G

2-C >256/4 4 D179Y

2-D 4/4 4 T243A

3-A 2/4 32 WT

3-B 128/4 0.25 D179Y

3-C 64/4 0.125 D179Y

Adapted from Shields, Antimicrob Agents Chemother, 2017. 61(3)



What’s next for sequencing?



What’s next for sequencing?







What are the barriers to real time 
sequencing for AST?

• Cost
• Sequencing costs continue to drop

• Bioinformatic and computational power needed 
continue to rise

• Genotype vs phenotype (the mind-body problem of 
microbiology)
• Limited data on what is more important in terms of 

clinical response

• What to do about novel drugs without known 
mechanisms of resistance



• Which of the following is true regarding antimicrobial 
susceptibility testing

• Commercial PCR tests identify all common mechanisms of CRE

• New antimicrobials are readily available for testing on commercial 
AST panels

• Bacterial WGS can easily replace phenotypic AST methods

• There is wide variation in the performance of phenotypic AST 
methods

Learning Assessment #3
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Commercial PCRs detect some 

carbapenemase genes, but many 

CRE do not carry carbapenemases

It takes many years for new drugs 

to be available on most 

commercial panels

Bacterial WGS while 

exciting is still costly and 

too time consuming for 

most indications



• Antimicrobial resistance is a issue

• Genome sequencing can be a tool for identifying not only 
relatedness between strains but novel mechanisms of resistance

• A combination of genetic and phenotypic information is needed to 
best address treatment options

Summary


