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▪ Consequence of “genetic capitalisms”

▪ Association with high-risk clones

- Efficiently colonize human hosts during long periods of time

- Ability to be transmitted with high efficiency among patients

- Ability to produce severe or invasive infections

- Major role to spread resistance mechanisms of critical importance

▪ Consequence of selection and co-selection processes

- Different antimicrobials might select the same resistant bacteria

- A single antimicrobial might select different resistant bacteria

Antimicrobial resistance: a microbiological view

Baquero et al. ASM News 2003; 69: 547-51; Cantón et al. Curr Opin Infect Dis 2003; 16:315-25; 
Canton, Ruiz-Garbajosa Curr Opin Pharmacol 2011; 11:477-85 
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High risk clones and antimicrobial resistance

High-risk clones:

Highly specialized genetic 

populations or subpopulations 

with enhanced ability to colonize, 

spread and persist in particular 

niches after having acquired a 

diversity of adaptative traits 

that increase their epidemicity

and/or pathogenic potential, 

including antibiotic resistance

Baquero F, Coque TM. Multilevel population 
genetics in antibiotic resistance. 

FEMS Microbiol Rev. 2011;35:705-6



Cantón et al. Front Microbiol 2012;3:110; Baquero F et al. Clin Microbiol Rev. 2021; 34(4):e0005019

Associated with
high-risk clones

Antibiotic resistance: genetic capitalisms and high-risk clones



ST131 Escherichia coli high-risk clone

Phillips I et al. Lancet 1988; 8593:1038-41; Coque TM et al. Emerg Infect Dis. 2008;14:195-200;Nicolas-Chanoine MH, et al. Clin Microbiol Rev 2014; 27:543-74; 
Mathers AJ, et al. Adv Appl Microbiol 2015;90:109-54; Pitout JDD, Finn TJ. Infect Genet Evol. 2020; 81:104265.

▪ Classified as an extra-intestinal pathogenic E. coli (ExPEC)

▪ Belongs to phylogroup B2 and are serotype O16:H5 or O25b:H4

▪ World wide distributed, most frequently isolated in patients with urinary 
tract infections (UTI) and bacteremia emanating from the urinary tract  

▪ Initially describe late 80’, most commonly associated with community-onset healthcare

▪ Involved in the spread of multi-drug resistance

1980s - emergence of ciprofloxacin resistance  
- 70% of total ESBL-producing isolates (IncF plasmids)
- 80% of total fluoroquinolone resistant isolates
- high co-existence (>50%) of ESBL and fluoroquinolone resistance

2020s - emergence and spread of carbapenemase producers

▪ Described causing community acquired uncomplicated urinary tract and nosocomial infections



ST307 Klebsiella pneumoniae high-risk clone

▪ 1990s   Emerged in Europe during the early to mid-1990s
- linked with gyrA S831 and parC S810 mutations (QRDR region) devoting quinolone resistance

▪ 2000s   3rd gen. cephalosporin resistance (FIB-like plasmids with blaCTX-M-15)
- associated with aminoglycoside [strA, strB, aac(3)-IIa, aac(6’)-Ib-cr], quinolone [qnrB1, oqxAB]

and other resistances genes [sul2, dfrA14, catB, fosA] 

▪ 2010s   Carbapenem resistance due to OXA-48, OXA-181, KPC-2, KPC-3, VIM-1, NDM-1 carbapenemases 
Colistin resistance associated with mcr-1
Ceftazidime-avibactam resistance due to KPC mutations 

▪ Widely distributed and currently endemic in Italy,
Colombia, Argentina, United States, Spain, China, …

▪ High ability to colonized

▪ Enhanced pathogenicity

Peirano G, Chen L, Kreiswirth BN, Pitout JDD. Emerging antimicrobial-resistant high-risk Klebsiella
pneumoniae clones ST307 and ST147. Antimicrob Agents Chemother 2020 Sep 21;64(10):e01148-20



Magiorakos et al. Clin Microbiol Infect

2012; 18:268-81 

*therapeutic categories (i.e., aminoglycosides, fluoroquinolones, cephalosporins, carbapenems, …)

Antimicrobial resistance: the clinical view

Term Definition Comment
Multi-drug 
resistant  
(MDR)

Non-susceptibility to at least one 
agent in three or more 
antimicrobial categories*

• R  to multiple antimicrobial agents (≥3), classes or 
subclasses 

• Includes XDR and PDR
• Definition based on in-vitro susceptibility data with 

the aim to alert clinicians when treating patients and 
infection control

Extremely drug 
resistant (XDR)

Non-susceptibility to at least one 
agent in all but two or fewer 
antimicrobial categories*

• R to all, or almost all, approved antimicrobial agents 

Pan-drug 
resistant (PDR)

Non-susceptibility to all agents in 
all antimicrobial categories *

• Organisms resistant to: 
- almost all commercially available antimicrobials
- all antimicrobials routinely tested 
- all antimicrobial available for empirical treatment 

& &



Difficult to treat resistant 
(DTR) pathogens

Resistant to all first-line 
high efficacy, low-toxicity 
agents, but susceptible to 
‘reserve agents’, including 
colistin, aminoglycosides

and tigecycline

Multi-drug resistant (MDR)

Non-susceptible to at least one
antimicrobial in three or more 

antimicrobial categories

Extensive-drug resistant (XDR)   

Non-susceptible to at least one 
antimicrobial in all but two or
fewer antimicrobial categories

Pan-drug resistant (PDR)

Non-susceptible to all 
antimicrobial agents

ESKAPE microorganisms
Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter spp

Multi-drug resistant (MDR) versus difficult to treat resistant (DTR) pathogens 

Magiorakos AP et al. Clin Microbiol Infect. 2012; 18:268-81. Strich JR et. Respir Crit Care Med. 2019; 40:419-34. Kadri SS et al. Clin Infect Dis. 2018; 67(12):1803-14. 
Cantón R et al. Curr Opin Crit Care. 2020; 26:433-441. 



SARS-CoV-2 – COVID-19

SARS-CoV-2

Total cases*
641.069.082

Total deaths*
6.629.849 

*Disponible en: https://coronavirus.jhu.edu/map.html. Último acceso 26/ 11/2022

https://coronavirus.jhu.edu/map.html


COVID-19 – coinfections/superinfections and excess of antimicrobial use

Indicator Proportion of 
patients (95% CI)

Bacterial coinfection (at admission) 3.5 (0.4-6.7)

Secondary infection (during admission) 14.3 (9.6-18.9)

Overall infections 6.9 (4.3-9.5)

Antibiotic use 71.9 (56.1-87.7)



COVID-19 and antimicrobial resistance

Cantón R, et al. Curr Opin Crit Care. 2020; 26:433-41; Ruiz-Garbajosa P, Cantón R. Rev Esp Quimioter. 2021; 34 (Suppl 1):63-8

Antimicrobial use

Increase of antimicrobial 

resistance 

Insufficient infection control

Increase of

superinfections 

COVID-19



Antibiotic resistance and COVID-19

https://www.cdc.gov/drugresistance/pdf/covid19-impact-report-508.pdf



Multi-drug resistant microorganisms

Antibacterial agents in clinical development: an analysis of the antibacterial clinical development pipeline, including tuberculosis. Geneva: World Health 
Organization; 2017 (WHO/EMP/IAU/2017.11). https://www.who.int/medicines/publications/WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf

WHO priority list of pathogens to guide research and  

development of new antibiotics

Tacconelli and Magrini, 25 Feb 2017 



Carbapenem resistant microorganisms

Microorganisms
Porin

deficiency

Porin deficiency 

+ ESBL

PBP

modifications

Eflux pumps

overexpresion
Carbapenemases

Enterobacterales √ √√√

Pseudomonas

aeruginosa
√√ √ √√ √√

Acinetobacter

baumannii
√ √ √ √√√

Stenotrophomonas

maltophilia
√ √√ √√√

ESBL: extended spectrum β-lactamase; CP: carbapenemase

Information obtained from Eichenberger EM, Thaden JT. Antibiotics 2019 Apr 6;8(2):37; Gil-Gil T, et al. Anti Infect Ther 2020; 18:335-47; Glen KA, Lamont IL. Pathogens 2021 Dec 18;10(12):1638; 
Mancuso G, et al. Pathogens 2021 Oct 12;10(10):1310;  Kyriakidis I et al. Pathogens. 2021 Mar 19;10(3):373; Lepe JA, Martínez-Martínez L. Med Intensiva 2022; 46:392-402; 

Canton R et al. Expert Rev Anti Infect Ther 2022; 20:1077-94

Relative contribution of different resistance mechanism in 
carbapenem resistance in different pathogens 



Inhibited by avibactam

Serin-
enzymes

A C D

Zinc 
enzymes

B

B-LACTAMASES

Active site

Nucleotidic

sequence

CARBAPENEMASES

(METALO-β-LACTAMASES

VIM, NDM, IMP, …)

ESBL (CTX-M)

CARBAPENEMASES

(KPC)

CARBAPENEMASES

(OXA-48)
AmpC

Information obtained from Bush & Bradford. Cold Spring Harb Perspect Med. 2016; 6(8). pii: a025247; Bush & Bradford Nat Rev Micobiol 2019; 17:295-306

Inhibited by tazobactam
and clavulanic acid

Inhibited by vaborbactam
and relebactam

Carbapenemases and β-lactamase inhibitors



β-lactamase

inhibitor

A

ESBL        CP                

(KPC)

C

AmpC

D

ESBL        CP

(OXA-48)

B

CP

(VIM, NDM)

Clavulanic ac. +++ - - - - -

Sulbactam ++ - - - - -

Tazobactam +++ - + / - - - -

Avibactam +++ +++ ++ ++ / - ++ -

Vaborbactam +++ +++ ++ - - -

Relebactam +++ +++ ++ - - -

ANT431 - - - - - ++

Taniborbactam +++ +++ ++ +++ +++ ++/+

ESBL: extended spectrum β-lactamase; CP: carbapenemase

Information obtained from Bush & Bradford Nat Rev Micobiol 2019; 17:295-306

▪ Inhibit the enzymatic action of β-lactamases

▪ Marketed in association with β-lactam 
antibiotics depending on the type of enzyme 
to be inhibited and their pharmacokinetics

▪ In general, they act as suicide inhibitors:
- β-lactamases hydrolyse the inhibitors 
leaving the β-lactam to act

▪ There is no universal β-lactamase inhibitor

▪ Used in the laboratory to recognize the 
different enzymes

Carbapenemases and β-lactamase inhibitors



Carbapenem (meropenem) resistant K. pneumoniae – SMART database

Non-susceptible heatmap for meropenem resistance in K. pneumoniae (n = 10015) in 2019. CLSI criteria

https://globalsmartsite.com/#/heatmaps



Klebsiella pneumoniae (invasive isolates, EARS-net, 2005-2021)

15.9%

5.9%

Data obtained from https://www.ecdc.europa.eu/en/antimicrobial-resistance/surveillance-and-disease-data/data-ecdc [Accessed 20/11/2022]

% of carbapenem resistant isolates

https://www.ecdc.europa.eu/en/antimicrobial-resistance/surveillance-and-disease-data/data-ecdc


Klebsiella pneumoniae (invasive isolates, EARS-net, 2005-2021)

18.2%

% of MDR* isolates
(R ≥3 antimicrobials: piper/tazob, ceftazidime, fluoroquinolones, aminoglycosides and/or carbapenems)

18.2%

Data obtained from https://www.ecdc.europa.eu/en/antimicrobial-resistance/surveillance-and-disease-data/data-ecdc [Accessed 20/11/2022]

https://www.ecdc.europa.eu/en/antimicrobial-resistance/surveillance-and-disease-data/data-ecdc


Carbapenem (meropenem) resistant P. aeruginosa – SMART database

Non-susceptible heatmap for meropenem resistance in P. aeruginosa (n = 10015) in 2019. CLSI criteria

https://globalsmartsite.com/#/heatmaps



Pseudomonas aeruginosa (invasive isolates, EARS-net, 2005-2021)

% of carbapenem resistant isolates

17.2%

Data obtained from https://www.ecdc.europa.eu/en/antimicrobial-resistance/surveillance-and-disease-data/data-ecdc [Accessed 20/11/2022]

17.2%

https://www.ecdc.europa.eu/en/antimicrobial-resistance/surveillance-and-disease-data/data-ecdc


Pseudomonas aeruginosa (invasive isolates, EARS-net, 2005-2021)

11.4%

Data obtained from https://www.ecdc.europa.eu/en/antimicrobial-resistance/surveillance-and-disease-data/data-ecdc [Accessed 20/11/2022]

% of MDR* isolates
(R ≥3 antimicrobials: piper/tazob, ceftazidime, fluoroquinolones, aminoglycosides and/or carbapenems)

11.4%

https://www.ecdc.europa.eu/en/antimicrobial-resistance/surveillance-and-disease-data/data-ecdc


Carbapenem (meropenem) resistant A. baumannii – SMART database

https://globalsmartsite.com/#/heatmaps

Non-susceptible heatmap for meropenem resistance in A. baumannii (n = 2553) in 2019. CLSI criteria



Acinetobacter baumannii (invasive isolates, EARS-net, 2013-2021)

57.0%

Data obtained from https://www.ecdc.europa.eu/en/antimicrobial-resistance/surveillance-and-disease-data/data-ecdc [Accessed 20/11/2022]

% of carbapenem resistant isolates

57.0%

https://www.ecdc.europa.eu/en/antimicrobial-resistance/surveillance-and-disease-data/data-ecdc


Acinetobacter baumannii (invasive isolates, EARS-net, 2013-2021)

53.3%

% of MDR* isolates
(R ≥3 fluoroquinolones, aminoglycosides and/or carbapenems)

53.3%

Data obtained from https://www.ecdc.europa.eu/en/antimicrobial-resistance/surveillance-and-disease-data/data-ecdc [Accessed 20/11/2022]

https://www.ecdc.europa.eu/en/antimicrobial-resistance/surveillance-and-disease-data/data-ecdc


Carbapenem resistant Enterobacterales (CRE)

CDC. COVID-19: U.S. Impact on Antimicrobial Resistance, Special Report 2022. Atlanta, GA: US Department of Health and Human Services, CDC; 2022. https://www.cdc.gov/drugresistance/covid19.html

▪ The rate of CRE cases declined significantly from 2017 to 2018, but began 
to rise again in 2019 and continued into 2020 (↑ 35% hospital-onset) due 
to challenges created by the pandemic 

https://www.cdc.gov/drugresistance/covid19.html


Carbapenemase distribution in Enterobacterales: pre-COVID-19 pandemic

Carbapenemase genes (%) in carbapenemase-producing Enterobacterales isolates 
(Atlas program 2016-2018) 

Kiratisin P et al. Journal of Global Antimicrobial Resistance. 2021; 27:132-41 



Carbapenemase-producing Enterobacterales infections in COVID-19 patients

Infect Dis (Lond) 2022; 54:36-45

▪ More frequent CPE infections in COVID-19 patients (1.1 vs. 0.5%, p=0.005). 

▪ COVID-19 patients were younger, had lower frequency of underlying diseases (p=0.01), and lower median Charlson 
score (p=0.002) than controls

▪ Predisposing factors: antimicrobial use, mechanical ventilation, ICU admission (p<0.05). 

▪ More frequent

- hospital acquired infections (UTI, 47.9%; pneumonia, 23.3%) diagnosed at the ICU (p<.001)
- severe sepsis or shock (p=0.01) with higher median SOFA score (p<0.04)
- overall 30-d mortality rate 30% vs 16.7% (p=0.25).

▪ CPE: K. pneumoniae (80.8%), S. marcescens (11%) and E. cloacae (4.1%) 

▪ Carbapenemases: KPC 56.2%, OXA-48 26% and VIM 17.8%)



Impact of COVID-19 on antimicrobial resistance

▪ Changing epidemiology during COVID-19

Increased prevalence of 

- carbapenemase producing K. pneumoniae high-risk clones

- KPC carbapenemases, including KPC-variants       

J Hosp Infect. 2022 Feb 6:S0195-6701(22)00038-X.



Emergence of KPC-variants ceftazidime/avibactam resistant

Multiple evolutionary trajectories conferring resistance to ceftazidime/avibactam due to amino 
acid substitutions, insertions, and deletions in the Ω-loop of KPC-3 β-lactamase

Carattoli A et al. Antimicrob Agents Chemother. 2021; 65(10):e0057421



Emergence of KPC-variants with resistance to new antimicrobials

Patient Sample KPC CAZ-AVI IMP IMP-REL MER MER-VAB FDC

1
1-1 KPC-3 2/4* 16 0.25/4 8 ≤.006/4 0.5

1-2 KPC-46 32/4 ≤1 0.25/4 ≤.12 ≤.006/4 1

2
2-1 KPC-3 2/4 16 0.5/4 >16 ≤.006/4 1

2-2 KPC-66 8/4 ≤1 0.25/4 ≤.12 ≤.006/4 2

3 3-1 KPC-3 1/4 16 0.25/4 >16 ≤.006/4 1

3-2 KPC-92 8/4 ≤1 0.25/4 ≤.12 ≤.006/4 2

*MIC (mg/L); CAZ-AVI = ceftazidime-avibactam; IMP= imipenem; IMP = imipenem-relebactam
MER = meropenem; MER-VAB = meropenem-vaborbactam: FDC = cefiderocol

Susceptibility to imipenem/relebactam
and meropenem/vaborbactam due to 

collateral sensitivity and/or relebactam
and vaborbactam inhibitory activity 



Collateral sensitivity

Collateral sensitivity: 

Phenomenon in which an organism that has
developed resistance to one drug displays 
increased sensitivity to a second drug

▪ Frequently occurs during the evolution of antibiotic resistance

▪ Associated with  
- mutational resistance, including target or enzymatic mutations and those affecting drug

uptake and efflux 
- gene expression

▪ Future clinical applications: 
- drug combinations and 

cycling strategies

Pál C et al. Trends Microbiol 2015; 23:401
Roemhild R, Andersson DI. PLoS Pathog. 2021; 17(1):e1009172





Enterobacterales with several carbapenemases 

Prevalence of carbapenemase-producing 
K. pneumoniae according to carbapenemase groups

Antibiotic susceptibility of 377 carbapenemase-producing K. pneumoniae isolates

▪ 377 K. pneumoniae isolates (Feb-May 2019)

blaOXA-48     69.8% 

blaKPC-3       16.4%

blaVIM-1          7.4%

blaNDM-1 3.2% 

Others       5.5%

8 isolates (2.1%) with
two carbapenemases

2 OXA-48 + VIM-1
2 OXA-48 + KPC
1 OXA-48 + NDM-1
1  VIM-1  + NDM-1
1 NDM-1 + GES-2
1  VIM-1  + NDM-3



Cefiderocol: resistance mechanism

Gijón Cordero D, Polo Castillo JA, Ruiz Garbajosa P, Cantón R. Antibacterial spectum of cefiderocol. Rev Esp Quimioter 2022; 35(Suppl 2)



Resistance mechanism to new compounds: beta-lactamases

Microorganisms Enzyme C/T CAZ-AVI IMP-REL MER-VAB FCD

E. coli TOP10

- 0.25* ≤0.125 0.25 0.03 ≤0.125

SHV-12 32 0.5 0.25 0.03 4

CTX-M-33 4 0.25 0.5 0.03 ≤0.125

GES-1 8 0.25 0.25 0.03 ≤0.125

GES-6 32 2 0.5 0.03 ≤0.125

BEL-2 8 1 0.25 0.03 0.5

PER-1 64 16 0.5 0.03 4

GIM-1 16 16 4 0.25 ≤0.125

DIM-1 64 16 2 0.25 ≤0.125

*MIC, mg/L

Poirel L et al. Antimicrob Agents Chemother. 2022 Apr 19;66(4):e0003922

Impact of different beta-lactamases in the susceptibility of new beta-lactams 



Multi-drug resistant Pseudomonas aeruginosa

CDC. COVID-19: U.S. Impact on Antimicrobial Resistance, Special Report 2022. Atlanta, GA: US Department of Health and Human Services, CDC; 2022. https://www.cdc.gov/drugresistance/covid19.html

▪ The increase of MDR P. aeruginosa in 2020 was driven by hospital-onset 
cases potentially due to longer hospitalizations and secondary bacterial 
infections associated with COVID-19 infections

https://www.cdc.gov/drugresistance/covid19.html


Carbapenemase distribution in P. aeruginosa: pre-COVID-19 pandemic

Carbapenemase genes (%) in carbapenemase-producing P. aeruginosa isolates 
(Atlas program 2016-2018) 

Kiratisin P et al. Journal of Global Antimicrobial Resistance. 2021; 27:132-41 



Multi-drug resistant Pseudomonas aeruginosa in Spain and Portugal

P. aeruginosa isolates from IAI, UTI and LRTI in 
ICU patients admitted to 11 Portuguese (STEP) 

and 8 Spanish (SUPERIOR) hospitals

▪ P. aeruginosa from ICU patients:
- 396 Portugal (2017-2018)
- 80 Spain  (2016-2017)

▪ Whole genome sequencing

▪ Inter-hospital clonal dissemination
- Portugal  CC235, CC244, CC348, C253
- Spain       CC175, CC309

▪ Different carbapenemase epidemiology 

2020 Oct 25:dkaa430. doi:10.1093/jac/dkaa430



Carbapenem resistance and carbapenemases in P. aeruginosa

Data from Clinical Microbiology Dept. Hosp. Ramón y Cajal. Madrid. Spain



Multi-drug resistant Pseudomonas aeruginosa in Spain

Cefepime-taniborbactam MICs and 
carbapenemases

▪ Carbapenem resistant Pseudomonas spp. isolates

- 163 P. aeruginosa; 4 P. putida; 3 others 

▪ 8 hospitals in 2020, whole genome sequencing

▪ 47.1% carbapenamase producers
- 26.5% VIM, 17.6% GES, 1.8% VIM+GES, 1.2% GES+KPC



Resistance mechanism to new compounds: beta-lactamases

Microorganisms Enzyme C/T CAZ-AVI IMP-REL MER-VAB FCD

P. aeruginosa PAO1

- 0.25 1 0.25 0.25 0.5

GES-1 16 1 0.25 0.25 0.5

GES-6 64 2 1 2 2

BEL-2 32 4 0.25 0.25 4

KPC-2 32 2 2 8 1

PER-1 >256 32 0.25 0.5 16

NDM-1 >256 256 32 >32 4

SPM-1 >256 128 4 32 8

OXA-427 >256 128 2 4 4

Poirel L et al. Antimicrob Agents Chemother. 2022 Apr 19;66(4):e0003922

*MIC, mg/L

Impact of different beta-lactamases in the susceptibility of new beta-lactams 



Resistance mechanism to new compounds: beta-lactamases

Comparison of sequence with plasmid pGM116-005_01 from K. pneumoniae CFSAN054110 and the chromosome of P. 
aeruginosa AR_0357 suggesting a plasmidic origin of an ≈19-kb fragment containing blaKPC-31

Chronic osteomyelitis patient treated with 
ceftazidime-avibactam in combination with 

other agents for 130 days (!)



▪ Resistance is a growing global problem that complicates its control

▪ High-risk clones play an important role in the maintenance and spread of resistance

▪ The COVID-19 pandemic has exacerbate the problem of resistance, particularly in 
carbapenemase-producing Enterobacterales and multidrug-resistant P. aeruginosa

▪ In Spain, an epidemiological change in carbapenemase-producing Enterobacterales, 
particularly in K. pneumoniae has been produced during the COVID-19 pandemics

- increase of KPC carbapenemases and emergence of new KPC variants determining
resistance to some of the beta-lactam/beta-lactamase inhibitors combinations

- maintenance of OXA-48 
- emergence of metallo-betalactamase (NDM), also in socio-sanitary institutions
- emergence of cefiderocol-resistant isolates

▪ In Spain, increased complexity of resistance mechanisms in multidrug-resistant P. aeruginosa

- consolidation of GES carbapenemases affecting ceftolozane-tazobactam, meropenem-
vaborbactam and imipenem-relebactam but not ceftazidime-avibactam

▪ There is a need for a continuous follow-up of antimicrobial resistance at local an international level 
with phenotypic and molecular techniques, including whole genome sequencing

Evolución de las resistencias



En busca del tesoro

“La evolución de las resistencias”


